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PILOT LlGHTS--Red neon light denotes unit
operation, green neon light for thermostat operation.

MODEL 7517A-A most populor oven, 12" x 12" x 12" inside. Temperotures to
(-32 deg. C. (100 to 450 aeg. F. ronge). Two odjustoble Stoinless Steel shelves, 6-foot
'cord ond plug. For 110 volt, 60 cycle, single phose A. C. current. 800 watts.. $97.50
MODEL 751711A-Some as 7517A, but 110 volt D. C $107.50
MODEL 75f8A-New, smoll size-only 8" x 8" x 8" inside. Temperotures to
204 deg. C. (100 to 400 deg. F. ronge). One Stoinless Steel shelf, thermometer,
6·foot cord ond plug. For 110 volt, 60 cycle, single phose A. C. current.
SOO wotls.............................................................................................................. . $57.50
MODEL 7518/1A-Some os 7518A, but 110 volts, D. C $67.50
MODEL 7520A-A Deluxe, lorge size, high temperolure oven, 18r." x 173,4" x

.14%" high inside. Temperotures up to 288 deg. C. (100 10 550 deg. F. ronge). Two
adiustoble Stoinless Steel shelves, thermometer. terminol block for electricol connec·
Jions. For 110 volt. 60 cycle, single phose A. C. current. 1750 wotls $197.50
MODEL 7520/1A-Some os 7520A, but for 220 volt, 60 cycle, single phose,
A. C. current , $197.50
MODEL 7519A-Similor to 7520A. Sloiniess Steel inlerior but boked enamel
exterior, and oluminum cooted shelves. For 110 volt. 60 cycle, single phose A. C.
current. 1750 wotls $152.50
MODEL 751 9/1 A-Same as 7519A, but for 220 volt, 60 cycle, single phose
A. C. cu;rent $'152.50'

..A~~~ FURNISHED WITH BUILT-IN TIMER SWITCH
rF~ . 11 MINUTE TO 1 HOURI $10 additional.
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An Expanding Program of Special Symposia
Analytical chemists will not lack opportunities dur

ing the first half of 1950 to exchange scientific and tech
nical information. The Third Symposium on Analyti
cal Chemistry of Louisiana State University, to be held
January 30 to February 2 at Baton Rouge, La., the
Pittsburgh Conference on Analytical Chemistry and
Applied Spectroscopy, to be staged in the William Penn
Hotel, February 15 to 17, the Fifth Annual Micro
chemical Symposium, to be conducted at the American
Museum of Natural History in New York on February
24 and 25, and the Third Annual Summer Symposium,
cosponsored by the A.C.S. Division of Analytica(
Chemistry and ANALYTICAL CHEMISTRY, are likely to
attract record attendances.

Our neighbor to the north, the Chemical Institute of
Canada, will stage its second analytical symposium in
the Royal Connaught Hotel, Hamilton, Ontario, on
March 2 and 3. Presentation of the Fisher Award to
I. M. Kolthoff, and a symposium on chemical analysis
by means of infrared spectrophotometry, will feature a
four-day program of the Division of Analytical Chem
istry at Houston, the last week in March.

The renaissance in analytical chemistry is world
wide. Word has reached us that the Austrian Society
for Microchemistry has definitely settled on July 2 to 6,
1950, as the date for the First International Micro
chemical Congress at Graz, and plans are maturing
satisfactorily for an International Congress on Analyti
cal Chemistry, to be held in Great Britain sometime in
1952, under the patronage of the International Union of
Pure and Applied Chemistry.

What a contrast these activities provide when com
parison is made with the situation prevailing but a few
years ago, when analytical chemistry was looked down
upon by most of the chemical profession and avoided as
one would a plague. The continued successes of special
symposia demonstrate conclusively that analytical
chemistry is no longer destined for a Cinderella role.

Analysts are to be congratulated for the initiative
and leadership required to operate so many and varied
symposia. Industry is sympathetic to these gatherings,
for it senses that more accurate, more rapid, more pre
cise methods of analysis will make possible introduc
tion of new large scale continuous processes, better prod
ucts, and much-needed economies in manufacturing.

It realizes also that new and revolutionary methods of
analysis can develop from but one source-increased
research of a fundamental nature.

The Challenge of Tomorrow
The Pittsburgh Section of the AMERICAN CHEMICAL

SOCIETY, in bestowing the Pittsburgh Award on H. V.
Churchill, has honored all analytical chemists, for he
typifies all the finest qualities and attributes of the pro
fession.

Over the years he has made many notable scientific
contributions to the field of analytical chemistry, but
over and above strictly scientific considerations, he has
provided at all times constructive leadership and
sound judgment in professional problems of direct con
cern to analysts. His geniality, his kindly humor, his
profound understanding of human nature, are widely
known throughout the entire chemical profession.
The mere listing of Mr. Churchill as toastm~ster is posi
tive assurance that a dinner or meeting will be a success.
In his humble way he has taught analysts that there is
nothing unprofessional about a good hearty laugh.

The philosophy of Mr. Churchill is easily discernible
in the following quotation from his speech of acceptance.

At meetings such as this, there is a strong temptation to be
reminiscent and to recall the days of the past. Upon the occasion
of an award such as this of tonight, a review of the past is probably
necessary to justify or explain the action of the award jury, but
in the field of science, whether it be pure or applied, it is always
morning-the beginning of tomorrow. It is a time when "dawn
stands tiptoe on the misty mountain-top." Out there lies a field
of active work, achievement,.and accomplishment. In my happy
experience the tasks that lie ahead-immediate and future-have
always been inviting. While there is much that has been done,
there is more to do. The challenge of the future is very real to all
men whose life work is along scientific and technological lines. I
yield to no one in my respect and admiration of the great, the near
great, and the unnamed workers who laid the foundation and
built the structure that has brought analytical chemistry to its
present high estate-and yet, analytical chemistry, today, is but a
promise of what is to come.

The part H. V. Churchill has played in the great re
surgence that has brought analytical chemistry to its
present position of high dignity, esteem, and recognized
importance in the hierarchy of both pure and applied
chemistry is gratefully acknowledged by the members of
the profession.
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Review of Analytiual Chemistry
O NE year ago we inaugurated this series of review articles to make widely available

the latest developments in the field of analysis. In that first group of articles the
authors covered a five-year period. The theoretical or fundamental material was given
in 29 articles in the January 1949 issue and the practical applications of new developments
in various fields of specialization were reviewed in II articles in the February issue.

The same general plan has been followed in the preparation of this second review ex
cept that only a one-year period, 1949, is covered. The fundamental developments are
given in 27 articles on the following pages of this issue, and the practical applications will
be written up inll articles in the February issue.

Because we believe that these reviews contain valuable material for the analyst in his
day to day work, a combined reprint of the 1949 articles comprising 260 pages was made
up for ready reference. Copies of this reprint are still available at -$1.50 per copy from
the reprint department, AMERICAN CHEMICAL SOCIETY. Reprints of the reviews in the
January and February 1950 issues will also be available at a later date. Advance orders
at a price of $1.50 will be accepted.

Once again we wish to call attention to the generous contributions of time and effort
by the authors in making these reviews possible. Our sincere thanks and appreciation
go to each and everyone of them. -The Editors

LIGHT ABSORPTION SPECTROMETRY
M. G. MELLON, Purdue University, Lafayette, Ind.

THE outline followed here is substantially that used earlier
(94). This means that the material included is considered

as being primarily chemistry or physics. Under chemistry come
the items dealing with whatever transformations are necessary,
in the form of preparative. treatment, to get the sample material
in condition for measurement. Under physics come the items
dealing with the operation of measurement, which means instru
ments and their use.

The chemistry and physics involved concern methods as
methods. Thus, the old thiocyanate method for iron may be
studied from the viewpoint of determining the variable factors
influencing the development of the color and/or the instrumental
arrangements and operations best suited for measuring the colored
system. Another kind of study concerns the application of such
a method, under specified experimental conditions, to the deter
mination of a constituent in some specific kind of material, as,
for example, the determination of iron in a beryllium bronze by
the thiocyanate method. In the latter case usually the major
problem is the chemical control of interfering reactions, although
it might be the measurement of a multicomponent colored system.
In general, the reviewer acquiesces in the recommendation of
physicists to restrict the word "colorimetry" to the determination
of color as color, or color specification. Qualitative and quan
titative analyses based on the determination of the light absorp
tivity of systems then belong under light absorptiometry. Ab
sorptiometry is listed as a dynamic property method in a new
classification of analytical methods (105).

There seems to be no decrease in the annual volume of publica
tions dealing in some way with light absorption spectrometry.
Because space cannot be taken to appraise the contribution of

2

each of the hundreds of separate items, this review is limited to
mention of what seem the most significant kinds of publications.
No doubt in many cases the references selected as representative
of the various kinds of contributions could have been replaced by
others equally as, or more, satisfactory.

CHEMISTRY

As in all other subdivisions of quantitative analysis, the work,
in this subdivision neither knows nor uses any particular kind.
chemistry. Fundamentally there is only one kind-that of t}

chemical elements of the periodic table and of combinations {
two or more of these elements in the form of radicals Gr con:
pounds. The analyst simply selects the reagents and the reac
tions which can be turned to use in ascertaining the qualitativt
and/or quantitative composition of a given material.

Work in this category seems to fall into two fairly well sepa
rated groups: study of various means of preparation of colored
systems for measurement, including occasionally systems for
permanent standards; and study -of the nature of the color
forming process, including the effect and possible control of any
variable factors affecting the final color desired.

Preparation of Systems for Measurement. From the stand
point of simplicity and efficiency, the analyst prefers a self-colored
desired constituent. If this system is colorimetrically sati&·
factory and if there is no interference, direct measurement. is pos
sible. Such cases, which involve no preparative chemistry, occur
infrequently.

Whenever this ideal situation is not found, at least one prepara
tive operation is necessary. Colorless constituents must be
rendered measurable in the visual region of the spectrum throu~h.
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some appropriate chemical reaction which gives a colored system
or changes one of known value already formed. Interfering con
stituents are rendered noninterfering through complexation,
separation, or compensation. With increasing recognition, then,
of the possibilities of absorptiometric measurements, the search
goes on for systems more nearly approaching the ideal for such
work (95).

ADAPTATION OF KNOWN REACTIONS AND REAGENTS. In gen
eral, the kind of item included here is a reaction already known.
Its use may become feasible through the discovery of some means
of providing for interference. New possibilities of control of
some variable factor affecting the reaction may provide for situa
tions otherwise troublesome. The adaptation may be chiefly a
refinement in technique in handling various operations. The
basic contribution of many publications is of this nature.

Thus, Cooper and Winter (27) have improved the method for
·the determination of vanadium as vanadotungstophosphate.
Keenan and Flick (73) have adapted the reaction of nitroso R salt
with cobalt to the determination of the metal in atmospheric
dust. Silverman (118) has recommended specific operative de
tails for using dithizone as a reagent for lead in high purity cop
pei'. A "reversion" process for using this reagent for certain
metals has been employed by Irving et al. (67). The precipita
tion separation of aluminum as oxinate has been utilized by
Wiberley and Bassett (128) for the colorimetric determination of
the metal, following extraction of the precipitate with chloro
form.

The spectrophotometric determination of hydrogen sulfide (43)
is based upon the known action of this compound to give an
equivalent amount of methylene blue under certain conditions.
The observation by Swank (121) that aluminum interferes in
the determination of iron with ferron is the basis of the recom
mendations to complex both metals and then to measure the
aluminum at 370 m)" and the iron at 600 m)" (28). Somewhat
similar is the use of 1,2-dihydroxybenzene-3,5-disulfonate for
iron and titanium (107). Following measurement at 560 m)",
the iron complex is bleached with sodium dithionate and the
titanium measured at 399 m)".

The reactions of hydrogen peroxide to give percolumbic acid
and of thiocyanate to give a tungsten complex have been
adapted (51) to the determination of these two metals in aliquots
of a solution containing both elements.

The rarely used colloidal dispersion is the basis of a method for
determining silver (63). The procedure is based on the old ob
servation that sugar reduces a dilute solution of silver ions.

NEW REACTIONS AND REAGENTS. The search for new reagents
or reactions is motivated by a need either for one not previously
available, or for one which in some respect will be an improve
ment over any already known. In the case of organic reagents
often the new one is simply a derivative of an old one, such as a
substituted 1,1O-phenanthroline. The factual knowledge ac
cumulated in this way is impressive, but the really important
contributions are disappointingly low. Perhaps more physical
chemistry is needed to enable one to predict effects beforehand
for example, the effect of a given substituent, such as fluorine
on the chelating capacity of a compound, such as 1,10-phenan
.throline. Now we laboriously make the reagent and then test its
action.

In a new indirect method (89) sulfate is precipitated as Co
(NH3)J3rSO. by means of hexamminocobaltic bromide. Colori
metric measurement of the cobalt in an aqueous solution of the
precipitate serves for calculation of the sulfate. A different kind
of indirect method serves for nitrite (22). The thiocyanic acid
li~rated by reaction of the nitrite with urea is complexed with a
known excess of ferric ion to give the measurable color system.

A method for determining gold in ores and 'concentrates (88)
involves various preparative steps, including separation of the
gold by precipitation and extraction. Finally the gold is com
plexed as the tetrabromoaurate ion for measurement.

New methods for iron continue, that of Shome (116) being
based upon complexation of the ion with isonitrosodimethyldi
hydroresorcinoI. A number of common complexers for iron,
such as fluoride, phosphate, and citrate, are stated not to interfere.

Determination of copper with dithio-oxamide (127, 129) in
volves the use both of gum arabic to stabilize the sol formed and of
malonic acid to buffer the solution and to prevent certain inter
ferences.

An example of capitalizing on an interference reaction is illus
trated in the method of Davenport and Thomason (29) for deter
mining uranium with thioglycolate. In his study on the use of
this reagent for determining iron Swank (122) had reported the
interference by uranium.

The difficulties encountered by the analyst working with com
plicated organic systems are illustrated in a method for the deter
mination of benzylpenicillin (18). Involved, closely prescribed
preparative and separative processes precede .the reaction of the
desired constituent with hydroxylamine to give a colored system
for measurement.

PERMANENT STANDARDS. The use of various simple kinds of
materials as permanent standards for numerous colorimetric
applications continues.

For pH determinations over the range of 2 to 10, mixtures of
solutions of chromium, cobalt, copper, and iron are recom
mended, using Bogen's universal indicator (42). Another pH
measurement is represented in neutralimetric titrimetry with
methyl yellow or methyl orange as indicators. (101). Mixtures
of solutions of potassium dichromate and cobaltous sulfate are
recommended for the end-point colors in daylight.

Although the work is no longer new, it may be well to remind
analysts of the data obtained at the National Bureau of Stand
ards on the transmission values for a solution of potassium chro
mate (61). The use of high purity potassium dichromate (N.B.S.
standard sample 136) provides a ready means for preparing this
solution to check photometric scales of instruments.

Interpretative Study of Colored Systems. Perhaps no analyst
understands fully all the intricacies of even the s.imple systems
he prepares for measurement. If the over-all procedure gives
desired results, he may not actually need much understanding.
But to the extent that the action of variable factors affects the
reliability of the result, careful work necessitates recognition of
the factors operative in a given case and of means utilizable for
their control, as far as this is possible.

Interpretation of the nature of the chemical systems analysts
employ is the province of physical chemistry. To the extent
that this kind of information becomes available, analysts profit.
Such understanding is the basis for knowing what to expect, for
instance, when dealing with the heteropoly compounds, pH-sensi
tive color-forming reagents, or instable systems. Some ex
amples of interpretative studies considered analytically signifi
cant are included here. As might be expected for light absorptio
metric work, they concern primarily the nature of complexes
and the conditions for their formation.

Korenman (77) has discussed the general theory of certain
organic analytical reagents, and specifically organic reagents for
boric acid. Kuznetsov (79) reviewed color format,ion with or
ganic reagents on the basis of the internal ionization in molecules
containing distinct dipole character. Recommendations were
made for i~proving such reagents.

Molybdo- and tungstoheteropoly acids are considered in detail
by Jean (70). Both molybdenum and tungsten blues, prepared
from heteropoly acids containing arsenic, phosphorus, or silicon
as the central atom, were studied by VaIsberg and DaIn (124).
Molybdenum blues from the same heteropoly acid.. gave anoma
lous absorbencies for Clausen and Schroyer (25) between 400 and
800 m)".

The constitution of cobalt(II) halogen complexes in acetone
was studied by Barvinok (11), and of copper(II) chloride in
aqueous solution by Brown (21).
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Light absorption measurements were used by Souchay and
Peschanski (119) in the study of condensation phenomena in
volving the formation of complexes. For pH-sensitive reactions
A. K. Babko (5) d,ecided that the range favorable to achieving
maximum color can be calculated from the instability-constant
of the complex and the dissociation constant of the complex
forming acid.

Ok:ic and Polster, after studying the red solutions obtained on
oxidation of the nickel salt of dimethylglyoxime, concluded that
the oxidation occurs on the oxime group rather than on the nickel
(103, lo.n. Such chelate-forming compounds have engaged the
interest of other workers. Calvin and Melchior (23) studied the
relative stabilities of the 5-salicylaldehyde sulfonates of cobalt
(II), copper(II), nickel, and zinc. Lee, Kolthoff, and Leussing
(81) determined the kinetics of formation and dissociation of
ferrous-l,lo-phenanthroline. Others (13, 78) have studied the
conditions affecting the formation and decomposition of ferrous
2,2'-bipyridine. The chelating possibilities of certain aminG
acids were reported by Martell and Bersworth (90).

The general question of the mechanism .of the reduction of
complex ions, some of which are colored, was studied by Fridm~n

(.m·
For certain molybdate, tungstate, and vanadate ions Feigl (38)

studied the possibilities of complexation with acidic fluoride
solutions, along with decomplexation of the systems so formed by
means of boric acid. In studying the effect of foreign ions on the
determination of metals A. K. Babko (6) concluded that the
ratio of the dissociation constant of the desired complex should
exceed that of each of the interfering complexes by a factor of
well over 1000 for satisfactory results, if the interfering complex is
colored. H. Babko and Rychkova (7) reported specific results
of this kind for salicylate complexes of aluminum.

The work of Lanford and Quinan (80) established the nature
of the reaction of ferric iron and citric acid. Similar work of Foley
and Anderson concerned complex formation of sulfosalicylic
acid with uranium (44) and with copper (45).

Experiments with azure blue dye solutions led Segal (113)
to the conclusion that absorption in the red end of the spectrum,
where most deviation from Beer's law was noted, is a function
of the degree of ionization of the coloring material.

PHYSICS

Because every absorptiometric method involves measurement,
the importance of the physics of instruments and their applica
tion is inescapable. Fortunately, physicists and engineers have
done reasonably well in providing adequate equipment. Of
course, one always wants devices which are at least better, more
nearly automatic, or cheaper than those now available. It seems
safe to state, however, that the chemistry of getting many con
stituents ready to measure is far behind the physics of the in
struments for the measurement.

Four new books may be mentioned which deal, at least in part,
with spectrometric instruments and their applications. Lothian's
book (83) covers various equipment employing visual, photo
graphic, photoelectric, and radiometric receptors for transmitted
or reflected radiant energy. It may be taken as representative

. of British viewpoint and symbolism. The work of Kortum (76)
is a German book on general colorimetry (absorptiometry) and
spectrophotometry. The American book by Harrison, Lord,
and Loofbourow (59) contains much practical information on
general spectrometry, with major emphasis on emission work.
The most comprehensive book on absorptiometry, edited by the
reviewer (96), is a composite work, of which only the chapter on
photographic techniques is not written by an American. The
material covers the chemistry concerned in the preparative treat
ment of the sample material, instruments for the spectral range
from 0.2 to 25 microns, and their general applications, including
color specification.

ANALYTICAL CHEM"!STRY

Instrumentation. Instrumental contributions deal primarily
with improvements in, and adaptations of, previously described
.kinds of apparatus.

Preston (108) has reviewed progress in photoelectric cells, with
special reference to their use in photometry and radiometry.
Jones has suggested a new classification system for detectors of
radiant energy (71), togetherwith a discussion of factors of merit
for such detectors (72). Macbeth and Nickerson (87) have sum
marized the spectral characteristics of various light sources.

Miller et al. (100) have described the new Beckman (Model B)
spectrophotometer, mentioned a year ago. Recently announced
accessories for the Beckman DU instrument include a test tube
holder, a temperature controller, a short path flow cell, and a
5o-cm. absorption cell. Recommendations from the Nation3J
Bureau of Standards deal with standards for checking the cali
bration of spectrophotometers (52). The problem of correcting
for slit width errors in precision work with monochromators has
been considered again (58). An auxiliary working standard has
been proposed as equivalent to magnesium oxide on a General
Electric spectrophotometer (48).

Several new filter photometers are available. The Fisher
Nefluorophotometer, a two-cell (photovoltaic) instrument de
signed to measure light transmitted, reflected, or emitted by a
sample in solution or suspension, is stated to serve as a colorim
eter, nephelometer, or fluorometer (41). The Ruoy photometer
(82) is a one-cell (photovoltaic), lO-filter instrument precalibrated
for many clinical test methods. By reference to a table accom
panying the instructions provided for each such constituent, the
amount may be read for a given scale value. The Coleman (26)
colorimeter (Model 8) may serve somewhat the same clinical
purpose with its six filters. Its ordinary absorbency-transmit
tancy scales are interchangeable with special scales serving £01'
various constituents. Adaptors provide for the use of semimicro
and micro absorption cells. Reinhold (109) has suggested a
direct-reading technique for any standard scale instrument.
The Farrand fluorometer (37) has a photomultiplier tube and uses
either plain or interference glass filters. Stross (120) has ex
tended the range of measurable absorbence on the Spekker ab
sorptiometer.

Two patents are of some interest. Gumaer's instrument (55)
serves for analyzing a fluid mixture by means of transmitted light,
and Merckel's color-test device (97) is a simple comparator, pre
sumably designed for field tests.

A new tristimulus integrator has been developed (30) for use
with the General Electric recording spectrophotometer. By
providing tristimulus values as the spectrophotometric curve is
being drawn, accurate to ±0.001, this device makes practical
the application of numerical methods to the solution of color
problems. Already Godlove (53) has reported its use for various
problems, such as statistical tests, small color difference colorim
etry, and different kinds of dye phenomena. This accessory
equipment is now commercially available· for the instrument.
Gummed spectrum strips, useful for explaining spectrophoto
metric curves, are now available for paper of the size used in the
General Electric instrument.

An improved photometric unit, with exposure heads designed
for reflectance measurements under various conditions, has been
announced (49).

Theory of Measurement. Coordinate with consideration of
instruments as such is consideration of the laws basic to the kind
of measurement concerned and of items related to the most ef
fective application of the procedure.

In a discussion of the validity of Beer's law Hardy and Young
(56) present data for a conforming two-component dye solu
tion, including a method for analyzing such a multicomponent
system.

Kortum (75) has evaluated the accuracy of visual absorbency
measurements made near the ends of the visible spectrum.

Instead of the familiar Beer's law calibration curves Ayres (4)
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recommends Ringbom's method in which absorbency (1 
transmittancy) is plotted against the logarithm of the concentra
tion. Inspection of such a curve shows the optimum range for a
given photometric error-that is, the concentration range having
the steepest slope. Use of transmittancy values directly, which
constitute the usual data on many spectrophotometers, gives
curves the mirror image of the absorbency curves.

An algebraic method has been suggested (123) for correction
for absorption by interfering constituents not readily handled
chemically or instrumentally. The underlying assumption is
that the absorbency of the interferer(s) can be represented by an
analytical function of wave length, and that this function does
not represent the absorbency of. any of the components being
determined.

Sacconi's method of indirect colorimetry (112) was devised for
systems in equilibrium, comprising two substances differing in
absorptivity and having an equilibrium constant, but not being
readily separable.

A new offset method of interpreting spectrophotometric curves
(117) provides for qualitative and quantitative analyses by direct
visual comparison of the curves linear in logarithm of absorbency
and plotted on transparent paper.

A color synthesizer provides (125) for visual demonstration of
the color corresponding to a given spectrophotometric curve.

APPLICATIONS

Whatever there may be in the way of a new or improved tech
nique, the final objective is the application of the procedure to a
practical problem. Much of the material being published repre
sents relatively minor contributions. Among the many papers,
however" appear certain kinds of significant applications.

Chemical Analysis. The use of the thiocyanate ion for com
plexing the ferric ion is one of the classic color-forming reactions.
Bezel (15) has applied it to the analysis of waters containing
part of the iron complexed with humic acids. This old reagent
has been applied to the determination of columbium (2) and of
rhenium (50, 93).

The determination of manganese in steel as permanganate is
the subject of a report by a committee of the British Iron and
Steel Research Association (98). Measurement in this form is
the basis of a method for determining manganese compounds in
air (39). A variation in application is the proposal of Andersson
(3) to standardize dilute (0.01 N) permanganate solutions by
measurement of their light absorptivity.

Methods involving heteropoly compounds indicate the con
tinuing .absorptiometric versatility of these systems. Thus,
phosphorus may be determined in phosphate rock as molybdo
vanadophosphoric acid (10) and in steel by reduction of molybdo
phosphoric acid to molybdenu,m blue with hydrazine sulfate (1)
or with chlorostannous acid (60). Egsgaard (34) recommends
amidol for forming the blue solution. The method of Brabson
et al. (19) provides for the determination of silica by reduction of
molybdosilicic acid to molybdenum blue in the presence of fluorine
and phosphorus. Molybdenum blue seems to be involved in a
method for columbium in steel (31). Molybdogermanic acid,
reduced to molybdenum blue by hydroquinone, is the basis for a
method for germanium in silicates (40). Similarly, molybdo
arsenic acid reduced to molybdenum blue by hydrazine sul
fate serves for copper in copper-base alloys (24). The use of
tungstosilicic acid in a method for ascorbic acid (8) illustrates the
application of heteropoly acids for determining certain reducing
substances through the formation of heteropoly blues. Benham.
(14) determined glucose similarly, but with the use of molybdo
phosphoric acid. Englis and Miles (35) established conditions for
using the mixed molybdenum-tungsten reagent for determining
levulose in the presence of dextrose. Rather than reduce such a
heteropoly acid to a blue, some analysts prefer to measure the
free acid itself, as in the determination of silicon as molybdo
silicic acid in hydrofluoric acid (32) or in steel (64).
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The diversity of current absorptiometric methods is illustrated
by the determination of antimony in alloys as the tetraiodoan
timonate (102), of copper in tin- and lead-base alloys as diethyl
dithiocarbamate (115), and of copper in aluminum and zinc die
casting alloys as the basic citrate (54). Multicomponent colored
systems may be handled absorptiometrically for chromium,
manganese, molybdenum, nickel, and phosphorus in gray iron
(62), and for chromium, molybdenum, nickel, and phosphorus in
other metals (1). A two-color syst~m is involved in the method
for dichromate in the presence of chromate (91).

The many possible determinations of organic compounds, in
addition to those just mentioned, are illustrated by procedures for
epinephrine (33) using ferrous sulfate, and for certain pyrimidines
(114) using 2-thiobarbituric acid. Conversely, the latter reagent
may be determined by mean; of its reaction with 2-sulfanilo
amidopyrimidine. Beznak (16) employed ratio measurements in
his spectrophotometric method for the simultaneous determina
tion of hemoglobin and myoglobin.

Occasional use is made of color-diminution methods, wherein
fading or decrease of a standard color system is a known func
tion of the amount of some constituent reacting with the desired
constituent, or something equivalent to it. This is the general
principle of the methods of Klement for calcium (74), of Rusconi
et al. for magnesium (111), and of Rider for thorium (110).

Slowly evidence accumulates to indicate the feasibility of em
ploying at least some spectrophotometric methods to ranges of
concentrations usually thought to be the domain of common
gravimetric or titrimetric procedures. With kojic acid as the
complexer (92), Mehlig has continued his work of handling ores
containing up to 58% of iron. Bastian (12) reported successful
determination of 78% of copper in a bronze with a Beckman (DU)
instrument. He set the absorbency scale for zero with a solution
containing 15 grams of copper per liter, using a spectral band
width of 25 mM to increase the light intensity. The solutions of
the copper samples were then read against this "blank." This
kind of measurement is in essence an application of the recom
mendation of Hiskey (65) for measuring the sample against a
similar system of fairly high absorbence rather than against pure
solvent.

Color Specification. As stated by R. M. Evans, color (as
color) "sprawls across the three enormous. subjects of physics,
physiology, and psychology." His superbly done book, men
tioned previously, deals with color from these viewpoints.
Complementing it, Bouma's new book (17) deals with the purely
physical aspects of color.

Probably the most generally used method of specifying colors,
the use of words, remains the least definite, primarily because too

&many people mean too many different things by the same word.
In the hope of alleviating. this difficulty somewhat, the Inter
Society Color Council has issued a comprehensive list of color
terms (66).

Another very old procedure is color matching in terms of some
kind of material color standards. The British Colour Council is
issuing a new dictionary (samples) of colors (20), the specific pur
pose being for interior decoration. Jacobson's new book (68) is a
detailed description of the Ostwald system of color specification.
A new, enlarged edition has been issued for the Color Harmony
Manual, which is based upon the Ostwald system (69). Still an
other example of a color matching set is the South American col
lection of 7279 samples in the atlas of Villalobos-Dominguez and
Villalobos (126). The Plochere standards (106) consist of 1248
painted papers, the colors of which are produced by systematic
pigment mixtures. Middleton (99) has reported comparison of
them with chips ot the well-known Munsell system. The general
considerations underlying all such color-order systems have been
treated by Foss (46).

Barnes (9) has discussed problems of measuring color, including
the suggestion of ten specific points of application for plant prob
lems involving color.
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Lykken &nd Rae (85) have recommended the measurement of
the absorbency of colored materials, such as lubricating oils,
relative to the absorbency of a liquid color standard selected to
approximate the hue and absorbency of the unknown. For
their work the standard solutions were mixtures of iron(lII) and
cobalt(lI) chlorides, acidified with hydrochloric acid. Compara
tive results were obtained with five different filter photometers.
[n an earlier publication Lykken (84) recommended glass stand
ards for such measurements. Evans et at. (36) have considered
the general methods of color measurement used in the petroleum
and allied industPies.

MacAdam (86) investigated the possibilities, in terms of dis
tribution of chromaticities, of making a variety of colors by mixing
various concentrations of ,suitably selected colorants. Results
were computed for 171 pairs of typical dyes.

When the spectral characteristics of the standard and the
sample are similar, it has been found feasible (57) to specify color
by measurement at a single ,selected ordinate by means of a photo
electric colorimeter.
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INFRARED SPECTROSCOPY
ROBERT C. GORE, American Cyanamid Company, Stamford, Conn.

I N THE first annual review of analytical chemistry (18) it was
reported that some 1000 papers dealing with infrared spec

troscopy had appeared since 1943. During 1948 more than 300
papers with bearing on the field were published. It appears
likely that this upward trend in popularity will remain with infra
red spectroscopy as more and more chemists discover its utility.

If it is possible to observe developmental tendencies in the field
over the passage of one year the following could be considered as
important: The increasing recognition by many chemists of the
infrared spectrum of a compound as an important physical prop
erty is shown by the fact that in one issue of the J oumal of the
American Chemical Society 33 spectra were reproduced. Papers
on instrument design are decreasing, while those dealing with
accessories and techniques involving novel application of the
field are increasing. Empirical qualitative studies are being
published from many new workers in the field on many different
classes of compounds. Quantitative analytical papers, represent
ing only about 7% of the total published, are not stressing gen
eral principles as often as reporting specific analyses. Funda
mental vibrational analyses with attendant calculation of ther
modynamic functions are on the increase, even though most of
the simpler molecules have been treated.

A more detailed review of the published work during the year
follows but no attempt is made to cite exhaustively all publica
tions. Lecomte (155) and Sutherland (240) have also published
reviews.

BOOKS

Early in the year "Practical Spectroscopy" by Harrison, Lord,
and Loofbourow (105) appeared with a useful treatment of infra
red spectroscopy, especially from the experimental standpoint.
Bhagavantam and Venkatarayudu (29) published a book on the
"Theory of Groups and Its Application to Physical Problems."
The monograph on "The Chemistry of Penicillin" (43) included
an extensive chapter on the infrared work done on that problem
both here and in England. In France Lecomte published two
volumes (152, 156), the first on biological applications, and the
second on infrared spectrometry and its physicochemical applica
tions. "Infrared Determination of Organic Structures" by Ran
dall, Fowler, Fuson, and Dangl (208) treats the subject from the
standpoint of a practicing spectroscopist and offers many sug
gestions for beginners. This work reproduces 355 spectra mainly
obtained while the authors were engaged with the penicillin prob
lem.

INSTRUMENTATION

During the year there were few major advances in instrumenta
tion. The manufacturers of all commercial spectrometers began
the production of percentage transmission recording instruments
following the lead of Hilger and Baird. The new Perkin-Elmer

Model 21 appears to be an exceptionally versatile instrument with
such features as variable scanning time, automatic suppression,
and relatively simple electronics. The Beckman instrument em
ploys the unique system in which a recorded trace of the spec
trum of the sO,urce is played back while the sample spectrum is be
ing taken. A new 13-cycle alternating current amplifier, devel
oped by Perkin-Elmer for use with modulated beam spectrom
eters, has advantages in stability, linearity, and freedom from beat
and pickup over the breaker-type amplifier. A similar amplifier is
described by Brown (33).

Radiation sources have shown little change, but there is re
newed interest in the Nernst glower (186). There has been fur
ther study of the Globar (229). Finkelnburg (72) has carefully
discussed the conditions for black-body radiation in gases. It has
been customary to blame many of the difficulties of infrared
spectroscopy on the relative inefficiency of the radiation sources
and the insensitivity of the usual broad-band detectors. Golay
(87) has described a method of multislit spectrometry which in
creases the over-all efficiency of a spectrometer over that ob
tained from the usual two-slit monochromator. The correction of
slit width errorshas been discussed by Hardy and Y-oung (104).

Radiation detectors have come in for their share of study with
important articles by Amdur (6), Daly and Sutherland (54),
Golay (88), and Jones (123-125). Jones has exhaustively dis
cussed the ultimate sensitivity, factors of merit, and a proposed
system of classifying radiation detectors.

Recording systems of the conventional type are treated by
several authors (34,64, 120), while oscillographic recording is de
scribed by others (36, 128, 188). Lecomte (153) has revived the
evaporographic technique of J. F. W. Herschel and M. Czerny to
record infrared effects.

The advent of research in the low temperature field has led sev
eral investigators to describe low temperature cells (166, 214) of
both transmission and reflection types. For use especially in bio
logical work a microcell has been devised (268) as well as a sol
dered cell (138), a cell constructed of fiuoropolymer (137), and a
holder for filamentous materials (117). Perhaps silicon and ger
manium may find some uses as cell windows, for they have been
shown to transmit fairly well beyond 2 microns (20, 21, 32).

Reflecting microscopical studies (17,28,37,66,91,94,95,148),
although not extensive in the infrared region, show promise in re
ducing the size of sample necessary to obtain a spectrum, as well
as in biological studies and crystal structure investigations.

POLARIZATIOl'l AND CRYSTAL STUDIES

In the future, polarization data will be taken as a matter of
course for the information they yield in solid phase studies, just as
spectroscopists now often run a sample in several states and
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solvents and with several prism materials. The present novelty
of polarization studies, perhaps, offers justification for the as
sembly of this special section at this time.

Transmission polarizers continue to be the devices of choice,
with Perkin-Elmer now offering one as an accessory to its spec
trometers. For those desiring to construct their own polarizers
according to the method of Elliott, Ambrose, and Temple which
utilizes selenium films, it has been reported that the evaporation
substrate may be Formvar (7) rather than the intractable solu
tions of nitrocellulose. There are experimenters who still prefer
the chemical reactivity and'scattering losses found in silver chlo
ride films to the fragility of selenium.

Because methods of orienting crystalline samples for polariza
tion studies are often troublesome, it is worth while to attempt
orientation by polishing and adsorption on suitable surfaces (10).
Proteins (4), polymers (5, 70), and silkworm gut (90) have all been
subjected to polarization studies with varying results. A field of
great utility is in the vibrational analysis of molecules, where
polarization measurements in the s'olid state aid materially in the
assignment of frequencies (100).

The theories of the spectra of crystals have received further at
tention this year with general papers by several authors (58, 119,
154, 214). Walsh and Willis (258) have reported no change in
band width on cooling several samples to low temperatures, an
observation that appears to be in disagreement with those of
others. Individual crystal studies include ammonium and thal
lous nitrate (132), ammonium halides (257), silicates (172),
naphthalene (206), n-butyl alcohol (13), and l3-quartz (217).

QUALITATIVE ANALYSIS

Spectroscopists engaged in qualitative analysis or molecular
structure studies, who must search for published spectra, are con
fronted with a multiplicity of journals now publishing these spec
tra. This outgrowth of the widespread realization of the value of
infrared data by chemists in many different fields will plague
spectroscopists until compound indexes or extensive collections of
standard spectra are available. Space limitations make it impos
sible to list here all spectra published during the year, even though
these are of prime importance in infrared analysis. Spectra re
ported in other sections of this review are not listed here again, but
must be sought under the different headings.

Qualitative studies were reported on the following molecules or
classes of compounds: alcohols and aldehydes (11), amino-sub
stituted a,l3-unsaturated ketones (52), anthraquinone (73), ben
zene hexachloride (gamma) (53), benzoyl cyanide dimer (171), the
carbonyl linkage (107), carboxylic acids (209), cyclopropane and
cyclobutane (61, 200), ketones (210), methyl isolinoleate (157),
minerals (151), naphthalene (255), organic compounds from 22 to
39 microns (199), 11- and 12-oxygenated steroids (126), penicillic
acid (187), Pennsylvania lubricating oils (77), phenyl and cyclo
hexyl eicosanes (191), quinoline thiols (103), silicones (213), sul
fones and related compounds (219), thiazine derivatives (165),
thiophosphoryl chloride (41), and uracil, 5-chlorouracil, and thy
mine (144).

QUANTITATIVE ANALYSIS

Few general papers in this branch have appeared during the
year. A discussion of the evaluation of accuracy in photometric
analysis (14) belongs in this class, along with the description of a
rapid method of computing spectra with a manually operated po
tentiometer and recorder (75,272). Tyler (254) gives a method of
computing the correct cell thickness to give optimum absorption.
St.arr and Lane (237) disCl:ISS the accuracy and precision of light
hydrocarbon analyses. Studies on pressure broadening (9, 169,
173, 174) are of certain interest in gas analysis. Special instru
ments such as multipoint and gas analyzers have also been dis
cussed (76, 139, 180,266).

The following specific quantitative analyses were discussed:
impurities in n-heptane concentrates (8), dimethyl ether in methyl
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chloride (42), assay of the procaine salt of benzylpenicillin (48),
estrone, equilin, and equilenin (40), ester carbonyl (102), benzene
hexachloride (170,252,265), one method utilizing a mass isotope
dilution method, gaseous hydrocarbons (181), vitamin Dz (197),
and leucine isomers in protein hydrolyzates (56). Fry reports the
use of infrared analysis in pilot plant control (79).

HYDROGEN BONDING

The influence of hydrogen bonding on specific absorption bands
has been recorded in many articles during the year, but specific
studies on bonding have been few. These include alcohol-amine
association (15), mononitronaphthylamines (108), bonding in
some 4-substituted cyclohexanols (196), the nature of the bond in'
potassium hydrogen fluoride (264), and the presence of bonding
in 4-triacetyl-D-xylosidaminopyrimidines (35).

BIOLOGICAL

An interesting and thought-provoking study is that reported
by Miles and Beck (19, 179) on olfaction in bees. Essentially,
their hypothesis is that the smell of substances, which do not re
act chemically with the olfactory organs, is dependent upon their
infrared absorption between 6 and 12 microns.

Most of the other papers of biological flavor might well be rele
gated to the other sections of this report. For the benefit of rapid
scanners, however, these articles include studies on synthetic
polypeptides (12), nucleic acids, nucleotides, and nucleosides
(30), cancerous tissue (31), proteins (55), deuterium-labeled ster
oids (63), aqueous solutions of organic acids and salts (92), anti
biotics derived from Bacillus polymyxa (93), native spruce lig
nin (122), the amide linkage in a native globular protein (141),
and natural proteins (albumin) and related substances (142).

POLYMERS

Hampton (101) has described an infrared analysis for cis-trans
forms in low temperature polymers; similar studies were reported
by Hart (106) and Treumann (253). Studies on polymers at 4 0 K.
are reported by King (136), and Kellner (133) has analyzed the
vibrations of long-chain methylene groups in polythene. Saun
ders and Smith (218) discuss the spectra and structure of Hevea
and gutta elastomers in an interesting article.

REACTIONS AND COMBUSTION

Although the techniques of reaction studies in the infrared re
gion are not as simple as those in the ultraviolet, some studies
are now beginning to appear. Rates cif deuterium exchange and
isomerization (62, 92), a comparison of carbonyl frequencies with
reaction rates (74), the autoxidation of linseed oil (118), the chlo
rination of bicycloheptane (215), and the hydrolysis of starch
grains by polarized radiation (221) were reported during the year.
Infrared researches on combustion were made by several investi
gators (3, 112, 230, 231).

ASTROPHYSICAL

As is usual, there was interest shown in analyses of the atmos
phere and related astrophysical subjects (1, 2, 22, 81, 167, 177,
178).

THEORETICAL AND MOLECULAR

The number of papers in this category is customarily the larg
est. Moreover, as methods of study develop and increased inter
est is manifested, this work must expand. Much of the work is
on the chemistry-physics borderline but· must be considered as
the ultimate goal in many cases of analysis. Certainly, the ther
modynamic studies are of major importance to the practicing
chemist and chemical engineer.

These papers have been divided roughly into two classes..The
first, the theoretical class, contains the more gen!lral papers while
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the second, the molecular class, contains papers dealing primarily
with specific molecules. This, of course, does not mean that there
is no overlapping of the two groups.

The theoretical papers include studies on cis-trans isomerism
(23), identical atomic groups (.1;6), homonuclear molecular ab
sorption induced by intermolecular forces (51,19.1;,263), forces and
force constants (130, 159, 160, 233, 2.1;7, 2.1;8, 250), integrals use
ful in molecular orbital calculations (195), redundant coordinates
(239), electronic states of conjugated systems (.1;5, 2.1;9), interac
tion terms (67, 1.1;9, 159), acyclic molecules (59), degenerate fun
damentals (60), the asymmetric rotor (89,98), condensed systems
(the solid state) (267), internal rotation (129, 135, 150, 18~, 18.1;,
185), the iteration method of solving secular equations (1.1;3), the
planar XYamolecule (109), the tetrahedral anions (110), the octa
hedral XY. molecule (111), overlapping spectral lines (190), the
Christiansen filter effect in slurries of organic crystals (205), in
tensity measurements (212), developments in the theory of secu
lar equwtions (2.1;6), the classification of symmetry coordinates
(2.1;3), symmetrical triatomic molecules (2.1;5), and the deforma
tion vibrations of hydrogen atoms attached to double bonds (227).

The specific molecular studies include papers on the following:
hydrocarbon molec.Iles in general (.1;.1;, 80, 82-85, 228, 23.1;),
benzene (16, .1;9, 50), methane (38, 11.1;, 161, 189,238,244,256),
halogenated and deuteromethane, the deutero ammonias (39),
ethane, including halogenated and deuteroethane (2.1;, 25, 27, 69,
183, 201, 22.1;, 235), propane, including deuterated (78, 168), sec
butyl alcohol (26), boron compounds (.1;7,203,20.1;,261), ethylene,
including halogenated (68, 1.1;5, 1.1;6, 158, 251), acetylene and
methyl acetylene (175,176,192,271,273), allene (113), ketene (65),
hydrogen halides (57, 193, 260), dimethyl cadmium, mercury and
zinc (96, 97), ethylene oxide (86, 259), carbon monoxide (115,
1.1;7), carbon dioxide (222), carbonyl fluoride (270), hydrogen cya
nide (116), malonitrile (100), ethyl alcohol (99), chlorine trifluo
ride (121), tritium deuteride (127), urea (131), the octenes (1.1;0),
formaldehyde (158), thiophene (162), arsine and deuteroarsine
(163, 16.1;), acetaldehyde (198), oxygen fluoride (202), the Ca to
C, diolefins and styrene (13.1;), cyclopentene and cyclohexene (71),
diazomethane (207), nitrous oxide (211), the picolines (216), hy
drazine (220), vinyl acetylene (236), the C. hydrocarbons (223),
ethyl mercaptan (22.1;), thioacetic acid (226), methyl and dimeth
ylbutanes (2.1;1), ethylbenzene (2.1;2), the C. hydrocarbons (225),
polythene (232), inorganic molecules and complex ions (262),
octatetraene (269), and oxalyl chloride (27.1;).
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RAMAN SPECTRA
W. G. BRAUN AND M. R. FENSKE, The Pennsylvania State Colle~e, State College, Pa.

THE literature of the past year on analytical Raman spectros
copy has been principally devoted to the extension of the

method in relatively narrow fields. Few changes in technique or
improvements in instrumentation have been reported.

Brief reviews of the subject have been given by Robert (83) and
Barcel6 (2). A chapter in the book by Harrison et al. (38) offers a
good discussion of the methods used.

APPARATUS

A principal instrumental development of the year has been the
introduction of a Raman spectrograph by the Lane-Wells Com
pany. This integrated equipment (Figure 1) consists of a stabi
lized source and a pen recording spectrometer that can also be
used as a photographic spectrograph. The packaged unit, fur
nished complete with all essential accessories, is said to be suit-

able for operation by laboratory technicians and makes available
to industry Raman equipment designed primarily for analytical
work.

The use of electron multiplier tubes in Raman spectroscopy has
been reviewed (.45) and a brief description of a photoelectric spec
trograph used industrially has appeared (39).

Kirby-Smith and Jones (46) have described a method of pre
paring optically clear fluorothene scattering tubes of superior
chemical resistance for handling fluorine compounds.

ANALYTICAL PROCEDURES

In general, analytical Raman spectroscopy discussed in the lit
erature during the past year has been done using the established
procedures outlined briefly in last year's review (7).

Heigl et al. (39) have developed an interesting method for th&
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-determination of total olefins and total aromatics in hydrocarbon
mixtures. Usual analyses for individual compounds are made by
determining the intensity (peak height) of selected lines. How
ever, in the analysis of complex hydrocarbon mixtures for total
aromatic or total olefin content, the Raman peaks characteristic
of the olefinic and aromatic double bond are the result of a large
number of individual compounds and because these lines vary
slightly in position among the various compounds, a broad band
is recorded at the position characteristic of each of these bond
types. These authors established that the area under a lecorded
peak can be employed as a measurement of the scattering power,
and that this is proportional to the concentration of the character
istic compound type. Using these scattering areas the minimum
detectable aromatic content was found to be approximately 5 vol
ume %and the minimum detectable olefin content corresponded
to the unsaturation present in a sample cont!tining 5 volume %
hexenes.

This method should prove of great value to petroleum chemists
because it provides results that may be obtained rapidly and gener
ally independently of the other constituents of the sample. It
could possibly be extended to the estimation of other groups which
have characteristic Raman lines such as the C=O, C-Br, C-Cl,
C==C, and C=N groups.

Tunnicliff et al. (95) have described an algebraic method for the
correction of interfering absorption in spectrophotometric analy
ses, which may be of value in correcting Raman spectra for the
effects of fluorescence or the scattering of interfering substances.
The method is based on the assumption that the interference can
be represented as an analytical function (power series or sum of
descending exponentials) of wave lengths.

Ideally the Raman spectrum of a mixture should be a superpo
sition of the spectra of the pure components, the intensities of the
bands being proportional to the concentrations of the substances
to which they belong. Fortunately, for mixtures of nonpolar or
slightly polar compounds, this is true. The usual assumption that
there is a superposition of spectra is satisfactory when applied to
the range of previous experience; it is, however, only a guide for
guessing the performance of mixtures of dissimilar substances.

Several papers bearing on the frequency or intensity changes
with concentration have appeared this year. The action of vari
ous solvents on the frequencies and particularly on the relative
intensities of several tetrahedral molecules (carbon
tetrachloride, silicon tetrachloride, and chloro
form) was investigated by Fedosow (22). The
intensities of the lines corresponding to the os
cillations perpendicular to the connecting line
between the central atom and the corner atom arc
subject to changes of as much as ±20%. These
changes are not correlatable with the magnitude
of the dielectric constant or the dipole moment
of the solvent.

The spectra of ten mixtures of phosphorus
trichloride and phosphorus tribromide were ob
tained by Theimer (92), who observed certain
frequency shifts. Bishui and Sanyal (6) pointed
out the change in the intensity ratio of two lines
of ethylene bromide in dilute solutions in methanol,
benzene, toluene, and hexane.

Mixtures of dioxane and benzene represent
another of the more unfavorable cases for quanti
tative Raman analysis, and Hanle and Heidenreich
reported large deviations in the additivity of the
spectra. Richards and Nielsen (82) carefully re
examined this system, correcting for the overlap
ping of the benzene and dioxane bands, and found
that the earlier results were erroneous and that the
spectra are additive.

Goubeau (32) has pointed out an empirical rela-
tionship developed by Otting which can be used for Figure 1.

ANALYTICAL CHEMISTRY

correcting the nonadditivity of spectra. Such corrections, how
ever, are not generally useful and whenever an analytical problem
is of more than semiquantitative interest the effects of frequency
shift and nonlinearity of the intensity-concentration relationship
should be investigated.

APPLICATIONS

The variety of applications of analytical Raman spectroscopy
continues to be as large as given in last year's review. With the
exception of the work of Heigl et al. (39), all the analyses were per
formed using procedures previously described.

Luther and Lell (60, 61) have devised a semiquantitative
scheme whereby type compounds such as olefins, aromatics, alkyl
cyclopentanes, alkylcyclohexanes, and alkylnaphthalenes can be
estimated in light colored lubricating oil fractions. Using these
data and Waterman analysis data on the colored portions, more
useful information on the composition of petroleum fractions is
said to be obtained than by any other analytical method. How
ever, the method for the determination of olefi.ns and aromatics
previously cited (39) is probably more accurate for these two
types alone.

Several additional papers have appeared on the analysis of pe
troleum fractions (2, 4, 62, 83, 94).

A few other applications of interest include the study of the re
action products of the aluminum chloride treatment of I-dodecene
(65), the cyclization products from the treatment of paraffin hy
drocarbons with platinized carbon (44), the products of the con
tact reaction of cyclohexene and cyclohexadienes with beryllium
oxide at 400° C. (1,101), and the reduction product of an acetone
ethyl caprylate mixture (99). Addition complexes studied are
those of phenol and acetone (58, 90), water and nitric acid, and
water and sulfuric acid (10), various amines and ketones (91), and
urotropine and acetic acid (8).

The pyrolysis products of various rosin oils (97) were studied.
The compound r-fenchene was identified by Raman spectra (42),
protein hydrolyzates were analyzed (81), and the extent of deute
rium substitution in deuteriomethyl halides (5) was determined.

COLLECTIONS OF SPECTRA

The variety of problems to which any spectral method of analy
sis can be applied dependR to some extent on the size of the "Ii-

Recording Raman Spectrograph of Lane-Wells Company
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brary" of spectra of pure materials available to the analyst. A
search of Chemical Abstracts will provide the spectra of a lieat
many compounds; however, most of these data are of little use
for analytical work because experimental conditions are not given,
intensities of lines are not indicated, or relatively impure materials
were used.

American Petroleum Institute Project 44 at the National Bu
reau of Standards is issuing a catalog of Raman spectra to remedy
the paucity of good data. The collection now includes 157 spectra
(November 1, 1949). Contributions from laboratories which have
obtained such data are welcomed, provided the materials exam
ined are relatively pure and the data accurate.

The spectra of 40 terpenes (9) and a number of alkyl substituted
benzenes (25) have also appeared in the literature.

STRUCTURAL STUDIES

A great many papers on the correlation of molecular structure
and spectra and on the vibrational analysis of molecules have ap
peared. Some general review articles are by Goubeau (32), who
reviewed the progress of the work in Germany during 1939 to
1946, Thompson (93), and Lecomte (57).

Sheppard (85) analyzed the Raman spectral data of a large
number of saturated aliphatic hydrocarbons and suggested assign
ments for the various vibrational frequencies of the CH2 groups.
SushchinskiI (88) examined the intensities of several spectral lines
of these same compounds and reported an increase in intensity as
the CH2 groups increase for the 2853 and 2908 em. -1 lines, while
Shorygin (86) studied the intensities of the C=C and CN groups
in various moleculeR. Considerable work has been done on the
correlation of molecular structure and spectra, but a great deal
still remains to be done before the Raman method can be used as a
qualitative and quantitative procedure for type compounds.

Other problems in the vibrational analysis of hydrocarbons
which have received attention are: the configuration of cyclohex
ane (80), and the force constants of substituted methylacetylenes
(68), 1,2-butadiene (89), spirohydrocarbons (3, 12), and olefins
(4).

Additional investigations of interest include: ketene (36),
methyl fluorides (20), hexafluoroethane (72), 1,4-dioxane (79),
acetonitrile (35), deuterated ethyl bromides (40, 56), terpene ox
ides (59), aldehydic and ketonic alcohols (100), carbonyls (11,48),
dichlorohexafluorocyclobutane (21), phosphoryl and thiophospho-'
ryl halides (18, 19), sulfoxylic and thiosuIfurous acid derivatives
(29), metal dialkyls (23), tetrahalides (41,98), pentahalides (70),
polychloro compounds (27), halogenated ethylenic compounds
(47), and the use of deuterium in the study of vibrational frequen
cies (34).

Various papers have appeared on the approximate computa
tion of vibration frequencies of alcohols, ethers, and amines (31,
84J, hydrocarbons (30), and other miscellaneous compounds
(24).

CRYSTAL STRUCTURE

A great deal of work has been done on the study of the Raman
,spectra of crystals, entirely devoted to crystal structure analysis
rather than to chemical analytical problems. The theory, which
is at present in a somewhat unsettled state, has been reviewed
(14,15,43,66,67, 73) and detailed studies of the spectra of it great
many crystals have been made. These include: diamond (50, 74,
87), sodium chloride (33, 51, 69, 75), magnesium oxide (76), alu
mina (53), topaz (54), calcite (13, 28), ammonium chloride (16,
49, 52), ammonium bromide (55), potassium bromide (33), lith
ium and sodium fluorides (77), oxalates (63), sylvite (78), alkali
sulfates (17), benzene (26), and the diphenylbenzenes (71).

The spectra of water of crystallization (64) and the differences
in the spectra of crystals at various temperatures have also been
examined (49, 52, 55, 96).

Harrand (37) has described a new arrangement for obtaining
the spectra of crystals.
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ULTRAVIOLET A~SORPII0N SPECTROPHOTOMETRY
E. J. ROSENBAUM, Sun Oil Company., Norwood, Pa.

DURING 1949 few really new developments in the field of
ultraviolet absorption spectrophotometry have come to the

attention of this reviewer. There has been some progress, but
this has been mostly in the direction of the refinement of existing
methods and' their extension to additional analytical problems.
The absorption spectra of a number of compounds have been re
ported, usually in connection with molecular structure investiga
tions. Of course, each spectrum is potentially the basis of a new
ll.Ilalytical application.

A rather detailed description of a method for determining indi
vidual C6, C7, and C8 aromatic hydrocarbons in mixtures contain
Ing up to six of these components is given by Tunnicliff, Brattain,
&nd Zumwalt (19). These authors include in their paper a con
~iderable amount of useful basic information on calibration, test
for and removal of interfering absorbers, etc.

Vaughn and Stearn (21) carry out the analysis of an isomeric
"{ylene mixture in an unconventional way by making absorption
measurements at four wave lengths, calculating two pairs of dif-

o ferences between these measurements, and using these differences
with a "working chart" set up during calibration to arrive atth~
desired analysis. The working chart is a ternary compo~ition
diagram based on absorption measurements on a series of mix
tures of known composition made up from pure xylene sample~.

This method eliminates errors due to background absorption
which is independent of wave length and it is not limited in
&ccuracy by deviations from Beer's law because the calibration is
based on mixture data.

The analysis of mixtures of xylene isomers is also treated by
Shostenko and Shtandel (15). The spectra of the four butylben
zenes and the three diethylbenzenes are reported by Stair (16),
who also discusses the analytical usefulness of the various absorp
tion bands. The determination of total aromatics in gasoline is
carried out by Yzu and DobIas (22), using absorption in the range
260 to 270 mI'.

The problem of correcting for interfering absorption when 11

is impractical to remove all of the interfering material is treated
by Tunnicliff, Rasmussen, and Morse (20). By making use of
spectrophotometric measurements at a sufficient number of
spectral positions, they algebraically obtain and correct for thf'
interfering absorption. This method is reported to give good re
sults when applied to the analysis of monocyclic aromatic hydro
carbons and of naphthalene in samples showing strong inter
ference.

The determination of naphthalene and the methylnaphthalenel:'
has received further attention. A method is described by Arm
strong, Grove, Hammick, and Thompson (1) who use a Hilger
spectrograph and photographic photometry to obtain their
analytical data. A similar photographic method is applied by
Bryant, Kennedy, and Tanner (3) to the determination of
naphthalene and its methyl derivatives in Trinidad petroleum.
Coggeshall and Glessner (.n describe a method of employing thf'
Beckman spectrophotometer which they apply to hydrocarbon
mixtures boiling in the kerosene range. An average error of 0.2%
based on the total sample is reported for analyses of known mix
tures. These authors present a simple empirical method for mak
ing a background correction in the determination of naphthalene.

A somewhat unusual application of ultraviolet spectrophotom
etry is the determination of biphenyl in orange peel by Steyn and
Rosselet (17). Murray (13) determines total phenols in gasoline!:'
by extracting them with aqueous alkali and measuring absorp
tion at 290 mI'. LeRosen and Wiley (10) extract pyridine and
related compounds from hydrocarbon mixtures by means of
dilute phosphoric acid and determine their concentration by
measurements at 255 mit. Benzaldehyde, present up to concen
tration of 0.1 % as a contaminant in benzyl alcohol, is determined
by Rees and Anderson (1·n who dissolve the sample in a water~

methanol mixture and measure absorption at 283 mit. A method
for determining acetaldehyde in monovinyl acetate at concentra-
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tions of the order of 0.001 % is given by Jullander and Brune (8).
A micromethod for the determination of pentoses (0.5- to 2-mg.
samples) is presented by Dunstan and Gillam (6). They dehy
drate the sugar with 85% phosphoric acid at 170°, steam-distill
the resulting furfuraldehyde, and measure its absorption at 278.5
mIL·

The ultraviolet absorption spectra of nicotine and related com
pounds have been intensively studied by Swain, Eisner, Wood
ward, and Brice (18). They point out the analytical applica
bility of their results. A rapid and precise method for caffeine is
described by Ishler, Finucane, and Borker (7). Two papers have
appeared on the absorption spectra of steroid derivatives. In
one, Mueller (12) describes the near-ultraviolet and visible
spectra of steroid-antimony trichloride reaction products. In the
other, Djerassi and Ryan (5) report the spectra of steroidal
dinitrophenylhydrazones. A method for the determination of
penicillin G (benzylpenicillin) which takes advantage of the
characteristic absorption of the benzyl group is presented by
Levy, Shaw, Parkinson, and Fergus (11). A background correc
tion is made by measuring absorption at a peak (264.5 m,u) and at
an adjacent valley (263 m,u) and using the difference for the
analysis.

The one instrumental development reported during the past
year is the ultraviolet analyzer described by Kivenson, Osmar,
and Jones (9). This is not a spectrophotometer but is actually a
filter photometer. It is used for the continuous analysis of a
flowing styrene-butadiene sample.

In a paper not directed specifically at ultraviolet methods-but
parts of which are clearly applicable-Ayres (2) discusses the
evaluation of accuracy in photometric analysis.
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X-RAY ABSORPTION
HERMAN A. LIEBHAFSKY, General Electric Company, Schenectady, N. Y.

T HE present review continues the classification and order
laid down in 1948 (7), but it is less theoretical and introduces

x-ray fluorescence and safety as new topics. Progress during
1949 in the use of analytical methods based upon x-ray absorption
has been steady and greater than the published literature taken
alone would indicate.

X-RAY ABSORPTION SPECTROMETRY

Work on the Dow automatic x-ray absorption spectrometer
continued during 1949 (3). X-ray tube space current and ex
citation potential have been stabilized until the statistical
fluctuation in the low intensity x-rays is the only evident S0urce
of error. The ratemeter circuit for recording the Geiger tube
output was improved by incorporating certain recent develop
ments in electrical circuits. Analyses by the method of Glocker
and Frohnmayer (see 7, Figure 3) have been carried out for
nickel, zinc, selenium, bromine, rubidium, strontium, and mer
cury. Routine determinations of hydrogen, carbon, nitrogen,
oxygen, silicon, sulfur, and chlorine in simple compounds have
been made by measuring the absorption of monochromatic
x-rays' in regions of continuous absorption.

X-RAY ABSORPTIOMETRY WITH POLYCHROMATIC BEAMS

With x-rays, as with radiant energy of longer wave lengths, it
is generally true that the precision of an absorptiometric method
is significantly increased by making the method comparative
Le., by commuting in the x-ray beam between the unknown and
a suitable standard, such commutation preferably being rapid.
This fact was applied inthe three recent investigations discussed
chronologically herewith.

Kehl and Hart (6) adapted the North American Philips (Geiger
counter) x-ray spectrometer to the quantitative determination
of sulfur in hydrocarbons. The sample, contained in a glass cell,
was placed in the direct beam from an iron-target tube. Six
readings were made in each determination,' taken alternately on
standard and unknown. Variations in the absorption of the

"hydrocarbon base stock were compensated by use of a calibration
curve that correlated transmitted intensity and specific gravity.
By the method developed, a technician could obtain in 10 minutes,
and to within "'0.025%, the sulfur content of a sample contain
ing from 0 to approximately 3% by weight of that element.

The comparative method lias been applied satisfactorily on a
laboratory photo\neter (13) to the identification of pure com
pounds, the determination of tetraethyllead fluid in gasolines,
and the determination of sulfur in crude oils. The determinations
of tetraethyllead fluid were carried out on gasolines supplied as
unknowns by the Ethyl Corporation. The x-ray results could be
expressed in eq\lations such as

Equivalent thickness (em. of AI) = 0.3815 + 0.0370x (1)
Eq).livalent thickness (cm. of AI) = 0.3830 + 0.0462x (2)

In these equations, which are of the slope-intercept type, the
intercept represents the absorption of the base stock, and the
amount of tetraethyllead present is established by the slope.
The precision attained was generally comparable with that (esti
mated to be "'0.02 mi. per gallon) of the chemical method for
tetraethyUead fluid. As Equations 1 and 2 indicate, the precision
was sufficiently great to warrant consideration of the difference
in'the base-stock gasolines.

Another of the deviations' that can occur with polychromatic



16

beams was pointed out in the foregoing investigation (in 13,
compare Figures 3 and 4).

An important paper by Vollmar, Petterson, and Petruzzelli
(12) reveals the extensive use being made of the General Electric
x-ray photometer in the control testing of petroleum products by
an industrial laboratory. The following determinations are dis
cussed: sulfur in hydrocarbon mixtures, tetraethyllead fluid in
gasoline, additives (such as metal soaps) in oils, and the metal
content of metallo-organic derivatives. Under the operating
conditions encountered, the base-stock problem implicit in
Equations 1 and 2 could be disposed of in a practical way.
Further experience with this photometer was described by
Vollmar at a symposium under the auspices of the American
Society for Testing Materials (11).

X-RAY FLUORESCENCE

It has long been known that characteristic x-rays can be
excited through the absorption by matter of x-rays shorter in.
wave length than the corresponding absorption edges (see 7,
figure 1). That the identification of these characteristic rays,
and a measurement of their intensities, could constitute a method
of qualitative and quantitative analysis was clearly appreciated
by von Hevesy (5), who even mentioned the possibility of in
vestigating liquids in this way. Recently, Friedman and Birks
(.~) have designed a Geiger counter spectrometer for measuring
the intensity of these fluorescent x-ray spectra. Here, as in the
ease of x-ray absorption, improved methods of x-ray detection
have operated to make a formerly difficult technique readily
accessible to the analytical chemist.

As a welcome consequence of the work of Friedman and Birks,
x-ray fluorescence promises to become an important method of
chemical analysis. For reasons inherent in the method, it seems
likely that the earliest applications may come in the metals
industries (1, 2). If the expected promise is fulfilled, the method
will be discussed more fully in a subsequent review.

ANALYTICAL CHEMISTRY

SAFETY

Silverman,- Elliott, and Greenfield (10) have published/ data
to show that the x-rays generated by their electron microscope
did, under certain circumstances, lead to dosage rates exceeding
the 300 milliroentgens per week considered permissible by the
National Bureau of Standards (8). All x-ray equipment, particu
larly that designed for continuous operation, should be.. sur
veyed from this point of view. Such surveys made on General
Electric x-ray photometers (7, Figure 8) running at full load have.
shown no x-rays detectable externally by an ionization chamber
with a threshold of about 1 milliroentgen per hour. The
chamber was calibrated with gamma-rays from radium, and the
survey was made with the chamber open, so that air was the only
absorbing medium (9).
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X-RAY DIFFRACTION
H. S. KAUFMAN, M. W. Kellogg COlnpany, New York, N. Y.

AND

I. FANKUCHEN, Polytechnic Institute of Brooklyn, Brooklyn, N. Y.

THE past year has witnessed the continued application of
x-ray diffraction to analytical problems. There have been

a number of developments in appara~us and technique which
have increased the utility of the method as an analytical tool, and
it is the purpose of this paper to review some~f these develop
ments together with some of the most recent applications. The
fundamentals of the technique have been reviewed in a previous
.paper (46).

APPARATUS AND TECHNIQUES·

The basic commercial x-ray diffraction units are essentially un
changed. The General Electric XRD-3 unit, announced in 1948,
has become available. This unit has provision for film c~meras
asweJl as a high-angle Geiger counter spectrometer, and also an
attachment for x-ray diffraction fluorescence analysis. This
last technique takes adVantage of the fact that each element has
a characteristic fluorescent radiation, Determination ,of the
'Wave length and intensity of emitted radiation provip,eS'a rapid
method of carrying out qualitative and semiquantititiYe analy
ses. Cordovi (24) hasi described. the technique as carried out
with a North American Philips instrument.

A high-angle spectrometerjs.being produced by North Ameri-

can Philips for attachment to the standard water-cooled diffrac
tion unit. This instrument and the General Electric spec
trometer provide a high usable. intensity combined with high
resolution, and are invaluable aids in analytical work.

Along these .lines, though more specialized, is' a high-intensity
rotating anode xcray tube, developed by Taylor' (76), which'is
capable of operating at 100 rna. 'in. contrast to the normal 20
rna. permitted with 'a stationary copper anode. This results in
much more rapid film exposures. An adjustable focus x-ray
tube has' been described by Arndt (6).

Continued increase in the use of the spectrometer for diffrac
tion work has resulted in greater attention to the fundamental
properties and techniques' of the system. The measurement of
dead time and nonlinearity of Geiger counter response h~ve been
discussed. (4). Attention.has been given to the geometricalfac
tors affecting the contours of x-ray diffraction spectrometer
maxima (1).. Arndt! (7) has described a stable x-ray· power
supply foru,s.e with a spectrometer assembly. McCreery. (53)
has described a mount. for powdered specimens which cuts doWn on
~rr9rsin,intensitythrough preferred orientation. The introduc
tion ofol or;~%carbon black into the specimen has also been recom
mended for this purpose (19). In order to increase reading ac-
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curacy, a method has been developed for producing a calibrating
mark on spectrometer charts (63).

There has been continued development of powder cameras and
associated techniques. De Wolff (25) has described a high-resolu
tion powder camera. Straumanis (72) has developed a camera
and technique for the precision determination of lattice con
stants. This technique minimizes errors due to camera radius
and film shrinkage. The latter problem 'has also been discussed
by Jellinek (43).

A number of high temperature cameras (27,31, 49, 69, 82) have
been described, including an apparatus for taking x-ray diffrac
tion diagrams of volatile systems (39). Low temperature tech
niques (47, 51) are very useful for the study of materials nor
mally liquid.

Powder method accessories include monochromators (29, 83), a
simple punch for cylindrical x-ray diffraction cameras (34), and
a film-to-specimen gage (79). Tables of d spacings for copper
and iron radiation (74) and tables of back-reflection d spacings
for different target materials (11) have been published. Stewart
and Lutton (70) discuss convenient methods for obtaining din
values from x-ray patterns.

An apparatus for preparing capillary tube samples for powder
diagrams has been described (35). Matthews and McIntosh
(58) have developed a method of obtaining powder diagrams from
single crystals.

The method of presentation of standard x-ray diffraction data
for identification purposes is still under discussion. Matthews
(57) has discussed the use of a punched card code for x-ray powder
data. The revised A.S.T.M: identification cards have been an
nounced (5) and will be available in normal index card form and
in punched card form, if there is sufficient interest.

There have been several developments in the field of small
angle x-ray scattering. Wright and Cole (84) have described
an improved small-angle camera. A double crystal spectrom
eter has been used to determine small-angle Bragg reflections
(45). Warren has discussed the total power of small-angle scat
tering and its relation to particle size (80). Yudowitch (85)
has described a method of obtaining very soft x-rays (using an
aluminum target) for the study of small-angle scattering and
particle size. Lund and Vineyard (52) have treated the prob
lem of interparticle interference and its effects on small-angle
scatter.

Fournier (30) has discussed the production and use of very
fine x-ray beams (of the order of 2 to 121-') for the study of inclu
sions and microspecimens. Bergmann and Fankuchen (12) have
modified the Philips microcamera to obtain longer film-to-speci
men distances.

The measurement of intensity is fundamental to the utilization
of x-ray diffraction for quantitative analysis. The Geiger counter
spectrometer is very satisfactory for this purpose, but other meth
ods have also been described. Baenziger's (9) method involves
the use of a radioactive toner on the x-ray film. The use of elec
tron multiplier tubes (62) has also been advocated. The sta
tistical factors affecting the intensity of x-rays diffracted by
crystalline powders have been discussed (3). A photometer (21)
for comparison of the intensities of two film patterns has been
found very useful for analytical applications.

APPLICATIONS

The speed and reliability of x-ray diffraction have been im
portant factors in its increased use as an analytical tool. Because
an x-ray diffraction diagram is characteristic of any given com
pound, the method is very useful for qualitative determination of
compounds present in an unknown. A particularly important"
application is the identification' of components in solid phase
reactions. A number of such systems have been investigated,
including barium-barium oxide (50), uranium-carbon (28), and
sodium bromide-sodium chloride solid solutions (61), and the
copper chromite catalyst system (73). .Jack (4~4-2) has studied
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the iron, carbon, and nitrogen system and described a new iron
carbide. The identification of iron carbides has been considered
by Hofer, Cohn, and Peebles (38), who used x-ray diffraction
and magnetic measurements.

Inorganic compounds characterized by x-ray diffraction in
clude the heavy metal orthovanadates (59), manganese dioxide
and its modifications (56), uranium hexachlorides (86), molybde
num oxides (81), basic sulfates of lead (48), the sulfides and sele
nides of tungsten (32), and the elements actinium to americium
(87). Boron-coated filaments of molybdenum and tungsten
(75) have been investigated, as have the corrosion products of
natural gas condensate wells (18). A spectrometer method has
been described for studying rapid phase changes in steels (37).

There have been a number of mineralogical studies involving
the use of x-ray diffraction: montmorillonite (33), chamosite
(16) (hydrous ferrous silicate), the transformation of montmorillo
nite minerals to micas (17), and the distinction among vermicu
lite, chlorite, and montmorillonite (78). Rustum (66) has in
vestigated the decomposition and resynthesis of micas. Micas
have also been studied with the aid of a spectrometer (10).
MacEwan (55) has discussed the general problem of clay analysis
with the aid of x-ray diffraction.

In the field of organic chemistry there have also been a number
of applications of x-ray diffraction analysis. Heavy metal soaps
(77), aluminumdisoaps (Napalm, 60), commercial soaps (36), and
surface-active agents (15) have been characterized by x-ray meth
ods. Blayden, Gibson, and Riley (14) have studied coal by this
method'. The various penicillins have been identified (22) and
determined quantitatively (19) by x-ray diffraction analysis.
Senti and Warner (68) have obtained the molecular weight of {J

lactoglobulin by x-ray methods. Christ, Burton, and Botty
(20) have described a method for the identification of small
amounts of amino acids separated by chromatography. Mc
Crone (54) has continued to present crystallographic data on
organic compounds.

The application of small-angle scattering to particle size dis
tribution has been developed further (80, 85). Ritter and
Erich (64) have discussed the determination of pore size from
small-angle scatter. Jellinek and Fankuchen (4-4-) have investi
gated the small-angle scatter of alumina gel. Arnell and Barss
(8) have compared x-ray surface areas with those obtained by
nitrogen absorption. Bertaut (13) has related Debye-Scherrer
line contours to distribution.

X-ray diffraction has also been applied to techniques of micro
analysis. Clifton and Smith (23) have described a method of
microsampling and microanalysis. Rooksby (65) discusses the
uses of x-ray diffraction in microanalysis.

In addition to the applications that involve identification or
qualitative analysis of compounds present, there have also been
a number of applications involving quantitative analysis. The
ease with which intensities can be obtained on the spectrometer
has provided an impetus for the use of this instrument for quan
titative work. The evaluation of such factors as x-ray absorp
tion (2) and statistical effects on intensity. (4) serves to increase
the precision of thes'e determinations. Duwez and Odell (26)
have used'the spectro'meter for the quantitative analysis of mix
tures of cubic and monoclini~zirconia. Christ, Barnes, and
Williams (19) have described· a technique for quantitative
analysis of organic compounds using a spectrometer,. and x-ray
diffraction methods have also been used for quantitative analysis
of calcium carbonate (71) and the allotropic forms of cobalt
(67). This technique may be expected to become increasingly
useful for analytical work.
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EMISSION SPECTROSCOPY
WILLIAM F. MEGGERS, 'National Bureau of Standards, Washington, D. C.

l AST year the writer (69) reviewed the principal spectro
~ scopic advances in fundamental research and applications

for three postwar years including most of 1948; that review is
hereby extended to 1949.

Because the quantum interpretation of atomic spectra con
tributed so greatly to knowledge of atomic structure and other
properties of atoms, basic research in spectroscopy was intensive,
and world wide until 1940. Then emphasis in physical research
shifted suddenly to ballistics, aerodynamics, electronics, and
atomic energy for military purposes. Ten years later this
emphasis is unchanged but, thanks mainly to a few faithful prewar
spectroscopists, progress has been made in standard wave

lengths, term analysis, Zeeman effect, isotope shifts, hyperfine
structure, and new elements.

STANDARD WAVE LENGTHS

The chain-reacting uranium piles, primarily constructed for
making atomic bombs, have yielded artificial elements that are
of inestimable value to science-for example, the abundance of
neutrons from ~~U fission makes possible plentiful production of
pure 199Hg by transmuting %Au. Spectroscopic light sources
containing this artificial isotope of mercury emit spectral lines of
greater sharpness than any found in nature and the wave length
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of the green line of l~gHg has been proposed (70) as the ultimate
standard of length. Preliminary measurements of the wave
lengths of the green and yellow lines of l~gHg have been re
ported (82) by the National Bureau of Standards in Washington,
the National Physical Laboratory near London, and the Inter
national Bureau of Weights and Measures near Paris. The values
in International Angstroms are: ~

This is probably the first time in history when three different
nations have come so close to nearly perfect agreement.

The only other contribution in recent years to precise measure
ments of wave lengths by interferometer technique is by Burns
and Sullivan (17), who observed the spectrum of nickel in the
vacuum arc from 2173 to 8968 A. They also reported some wave
lengths of cobalt, titanium, manganese, magnesium, chromium,
and aluminum lines observed incidentally as impurities in nickel.

TERM ANALYSIS

Although hydrogen emits the simplest of all spectra, it has been
the subj,ect of more than 1000 spectroscopic papers. The spec
trum of hydrogen has a fine stru!lture which, according to the
Dirac wave equation for an electron moving in a Coulomb field, is
due to the combined effects of relativistic variation of mass with
velocity and spin-orbit coupling. The ground state is 18 2S1/2 and
the first excited statesare 28 2SI/2 and 2p 2pol/ •• 3/2. According to
the DirlliC theory the 28 2S1/2 state coincides exactly with 2p 2po1/ 2•

Experimental attempts to confirm this through a study of the
Balmer lines have been frustrated by the large Doppler width of
the lines in comparison with the splitting of the n = 2 states,
which is about 0.36 em. -I for 2 2PI/2 - 2 2P3/ 2. However, the
great wartime advances in microwave techniques provided new
'methods for a study of the n = 2 states of the hydrogen atom.
Such a study by Lamb and Retherford (60) indicated clearly that
the 2 2S I /. state is higher thaB the 2 2PI /. state by about 1062
megacycles per second, or 0.035 em. -I

This result inspired several conventional spectroscopists to look
for an analogous shift of S-Ievels in the hydrogenlike spectrum of
ionized helium, and such investigations have been reported by
Fowles (29), Kopfermann and Paul (54), and Hirschberg and
'Mack (41). Microwave techniques were applied to this problem
by Skinner and Lamb (94).

Notable extensions of the principal series have been observed
in the absorption spectrlj. of sodium, potassium, rubidium, and
cesium. Thus, McNally (63) measured the sodium series to 32S
- 522P O, while Thackeray (98) observed it to 792PO. Kratz (56)
reported observations on the principal series of potassium to
792P O, rubidium to 772P O, and cesium to 732PO. McNally et al.
(66) observed the cesium series to the 62nd member. These long,
regular series have been extrapolated to limits from which five- or
six-figure ionization potentials can be derived. In addition to
these principal series, Kratz and Mack (57) have observed in long
path absorption "forbidden" lines of type 22S - n'D to 132D for
potassium, 2PD for cesium. A path of 24 meters of rubidium vapor
at 278° C. showed 5'8 - nl lines to 542D and also from 292Fo to
502F ° and from 29 q to 47 q where q is the I value of nonpenetrat
ing electrons with I > 3. With much difficulty Vancouleurs (102)
extended observation of potassium subordinate series in emission
from 42P O - I12D to 162D and 42PO - 132S to 1428.

By observing the hollow-cathode spectrum of cadmium over the
wave-length range 600 to 6500 A., 8henstone and Pittinger (90)
were able to refine and extend data and analysis for the first
three spectra of cadmium and calculate 37.6 electron volts as the
third ionization pote~tial.

Recent improvements in infrared spectrometers and detectors
have been. applied to observations of the speotra of noble gases
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beyond the long-wave limit accessible to photography. Many
new lines between 1.2 and 2.2", were observed for argon, krypton,
and xenon by Sittner and Peck (93), and by Humphreys (44) who
also observed neon and classified practically all new lines as com
binations of known and new levels, particularly those arising from
the 8 2p5f1 configuration.

Notable progress in the description and analysis of complex
atomic spectra can be reported for chromium, manganese, tan
talum, technetium, uranium, neon, argon, krypton, and xenon, al
though the details are mostly still unpublished. Kiess (49) re
measured are, spark, and Zeeman spectrograms of chromium and
has practically completed the structural analysis of Cr I and Cr II

spectra by finding atomic energy levels that account for ca. 2800
Cr I and 1400 Cr II lines. The Cr III spectrum was investigated by
Moore (76), who found 41 terms that accounted for 580 lines; he
is also investigating the spectrum of trebly ionized chromium.

Completely new measurements of are, spark, and Zeeman
spectra of manganese permitted Catalan (19) finally to complete
the analysis of Mn I which he began in 1921. Catalan's discovery
in chromium and manganese spectra of terms with five or six
levels each was the catalyst for the interpretation of complex
spectra and development of quantum theory. Catalan first pro
posed that a group of lines resulting from the combination of two
complex terms be called "a multiplet"; he has now recognized
more than 400 such multiplets in the Mn I spectrum comprising
about 2000 lines. Catalan is also working on the Mn III spectrum,
while Curtis (22) is extending the analysis of Mn II that he pub·
lished a dozen years ago. The wave lengths and relative inten
sities of more than 2000 lines characteristic of the first two
spectra of technetium (a uranium-fission product) have been de
termined by Meggers and Scribner (71), who have also classified
the stronger lines, of Tc I and Tc II spectra as combinations of
identified sextet and septet terms, respectively. The ground
state of 43Tc atoms is established as (4d558')6S21j, but the low
est energy level of (4d658 1)6D is only 2572.9 em. -I higher.

The wave lengths of several thousand lines characteristic of
promethium (another uranium-fission product) have been meas
ured by Meggers and Scribner (72) but the data are still inade
quate for the differentiation of successive spectra or the analysi~

of spectral structure. They confirm, however, the discovery of a
new element of rare-earth type-viz., 61Pm. The arc and spark
spectra of 75Re have been photographed with pure metal elec
trodes to provide complete and accurate data for the final analysis
of Re I and Re II spectra. The observed wave lengths range from
2000 to 12,000 A. Investigation of the spectra of tantalum has
been in progress for many years; a preliminary report on terms
and magnetic splitting factors established for Ta II was recently
sent to press by Kiess et al. (50). Progress in the analysis of the
second spectrum of 92U, supported by Zeeman effect, has been re
ported from the Massachusetts Institute of Technology (65) and
from the Zeeman Laboratory (7). In the latter a search for con·
nections between two independent groups of classified lines failed
but added 17 levels to one group and 63 to the other, thereby in
creasing the number of classified lines by 392 to a total of 743.
The relative energy of levels from 5j4781 and 5['782 is still un
known.

The spectra of the heavy elements, protactinium, neptunium,
plutonium, and americium, like those of thorium and uranium,
are characterized by very great complexity. Consequently, de
scriptions of these spectra to be adequate for term analysis and
assignment of electron configurations must include accurately
measured wave lengths, relative intensities, excitation criteria for
thousands of lines, and resolved Zeeman patterns for the stronger
ones. Because considerable effort and amounts of sample are re
quired, it will be some time before such descriptions are available.

It may be presumed that the production and purification of
these ponderous particles will be controlled by spectrochemical
analysis. For this purpose it is sufficient to have approximate
wave lengths and calibrated intensities of prominent lines in a
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convenient spectral region. Tomkins and Fred (100) have
published such data for 263 lines of protactinium from 2640.3 to
4371.7 A., 114 lines of neptunium from 2655.0 to 4363.8A., 220 lines
of plutonium from 2677.0 to 4358.1 A., and 227 lines of americium
from 2661.6 to 4374.9 A. Their line intensities are propor
tional to the reciprocal of the limiting dilutions at which they
could be recorded photographically with a copper spark source
and a 3-meter grating spectrograph. A striking resemblance of
americium and europium spectra (both elements have a few lines
of outstanding intensity) suggests by analogy that americium
has in its normal state seven 5f electrons and two 78 electrons.

Relatively little has been done recently on atomic spectra be
yond the IIIrd. (Edlen is building a new physical laboratory in
Sweden, and in the United States all prewar vacuum spectro
graphs are still idle except one at Princeton University.) In India
three spectra of multiple ionized iodine have been investigated:
I III (59), I VI (58), and I VII (27).

Most of the results for spectral terms of light elements reviewed
above will be found in Volume I of "Atomic Energy Levels" (74-),
which contains data on ionization potentials, electron configura
tions, spectral terms, quantum numbers, and magnetic splitting
factors (where known) for 206 spectra characteristic of the first 23
atomic numbers, IH to 23V, inclusive. The remainder (and more)
will appear in future volumes of this work, Volume II of which
(now in press or preparation) will contain similar data on all
known spectra of at least 18 atomic numbers, "Cr to 4lNb, in
clusive.

ZEEMAN EFFECT

Because the Zeeman effect is the most effective aid in the analy
sis and interpretation of spectra, further observations of line
splitting and polarization in magnetic fields are urgently needed.
Such observations have been reported recently for Au I and Au II by
Green and Maxwell (34-) and for U I and U II by Bosch and Berg
(8). In uranium magnetic splitting factors (g-values) are given
for 37 U I levels and for 82 U II levels. In both gold and uranium
departures from LS-coupling of the optical electrons are indi
cated by the observed magnetic splitting of spectral lines. The
paper by Kiess and Shortley (51) on the Zeeman effect for nitrogen
and oxygen is important not only because these are the lightest
elements for which magnetic splitting factors have been deter
mined, but also because it shows for the first time how g-values are
properly derived from unsymmetrical Zeeman patterns exhibiting
partial Paschen-Back effect, which is all too common in many
spectra.

The diamagnetic quadratic Zeeman effect in the principal
series of K I, Rb I, and Cs I spectra has been investigated by Harting
and Klinkenberg (37). This effect originates in atomic diamagne
tism and is therefore proportional to the mean square of the radius
of the electron orbit, or to the fourth power of the effective quan
tum number. It results in a quadratic shift of high levels, giving
rise to a quadratic displacement of the magnetic components to
shorter wave lengths. Measurements were made on wave lengths
of absorption lines to effective quantum numbers exceeding 30, in
magnetic fields of 22,600 oersteds, and the observed displacements
were found to agree closely with those predicted.

Zeeman spectrograms made in the Spectroscopy Laboratory at
the Massachusetts Institute of Technology have recently been
measured ·for the derivation of g-values of the Mn I and Mn II

terms (19) and of Fe II terms (104-). After 10 years of regretted
interruption, the M.LT. Zeeman-effect program was resumed in
1949 when superior Zeeman spectrograms were obtained with
arcs of "Cr, ..Mn, "Ru, 7,Hf, 73Ta, 7,Re, 760S, and 7711' in magnetic
fields of 80,000 to 90,000· oersteds. This practically completes
the observation of Zeeman effect for most of the common metals,
but a great deal still remains to be done with rare earths, whereas
the investigation of Zeeman effect for unstable elements created
either by transmutation or by fission has only been suggested.
There are good prospects that radiations from extremely rare and

A N A L Y TIC ALe HEM I S TR Y

radioactive elements will be investigated· in magnetic fields be
cause improvements in enclosed light sources permit observations
with minute samples that may be recovered for other purposes.

FORBIDDEN LINES

Atomic spectra almost universally obey simple selection rules
governing transitions between atomic energy levels, but from time
to time "forbidden lines" are detected in various sources. Thus,
three forbidden 0 I lines (5577, 6300, and 6363 A.) long ago de
tected in the spectrum of the aurora borealis have recently been
identified by Bowen (9) and by Cabannes and Dufay (18) as faint
absorption lines in the solar spectrum.

Six diffuse lines (2819 to 3005 A.) attributed to Cd F are now
explained (81) as Cd I forbidden transitions forced by ionic electric
fields in a high-current arc. This example shows that it is easy to
mistake asymmetrical atomic lines for band heads as well as vice
versa.

A suggestion that forbidden lines in the spectra of 30Zn, ,sCd,
and soHg arise from the magnetic moments of isotopic nuclei with
odd-mass numbers was tested for 4sCd by Deloume and Holmes
(23), who compared the intensities of 3320 A. (53P~ - 51So) and
3141 A. (5 3P; - 5'So) .emitted by an electrodeless discharge in
natural cadmium vapor containing 23% l~§Cd, with the same
lines emitted by cadmium vapor enriched with 64.5% laCd,
and reported that the intensities of the forbidden linei were in
deed proportional to the abundance of lilcd.

ISOTOPE SHIFI'S

The spectra of hydrogen, deuterium, and tritium differ slightly
and progressively, primarily because the isotopic nuclei have dif
ferent masses. Indeed, this f~ct was the inspiration for the dis
covery of heavy hydrogen. Later studies in other spectra made
it appear that factors other -than mass contributed to the ob
served displacements, but up to the present time no satisfactory
theory of isotopic shifts has been developed. Last year Andrew
and Carter (2) reported measurements of the isotope shift of the
red line (6678 A.) of ~He relative to ~He in agreement with the
theory of Hughes and Eckart. Other measurements on the same
and on other ,He lines by Bradley and Kuhn (10), by Manning
(68), and by Fred et al. (31) are neither in close agreement with
each other nor with the theory. Preliminary results on the line
shifts of i8Ne relative to i5Ne have been reported by Murakawa
andSuwa (78) for nine lines (3319.8 to 3727.1 A.)of the Ne II spe'c
trum. It appears that lines of the doublet system show larger
isotope shifts than those of the quartet system.

Because the isotope shift of Ba I line~ is too small to observe by
usual methods, Kopfermann and Wessel (55) studied the reso
nance line 5536 A. in absorption of an atomic beam illuminated by
light from a hollow cathode, and concluded that two barium iso
topes differing by two units of mass show line shifts of 0.012 :C

0.002 cm.-'
Isotope shifts in the spectrum of ..Sm have been carefully meas

ured by Brix and Kopfermann (11, 13) and by Brix (12). Com
parison (11) with earlier results for 60Nd leads to the discovery
that isotopes with equal numbers of neutrons (but different num
bers of protons) show the same isotope shifts of spectral lines.

Brix (12) measured .. 165lSm - 1l2'Sm isotope shifts of 80 lines
of Sm I between 5044 and 7132 A. The lines were sorted into
several groups according to magnitude and sign of shift, which in
turn were correlated 'Yith atomic energy'levels. This analysis of
isotope shifts confirmed almost completely the term analysis 6f
Albertson, and added four new levels. Furthermore, it was pos
sible with isotope shifts to group many of the observed levels into
terms and assign the proper electron configunition. This is the
first instance in which isotope shifts have made a real contribution
to the structural analysis of a complex spectrum.

Isotope shifts among hundreds of lines (2500 to. 4800 A.)
emitted by urltniumisotopes 2~~U, 2~~U, and2~~U were ob-
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served by Burkhart et al. (16), who concluded that any line
shifted from 2~~U to 2~~U was also shifted from 2~~U to 2~~U,

that the direction of shift of lighter isotopes is generally toward
shorter- waves, and that there appeared to be no correlation be
tween the actual shifts and-the mass numbers. When McNally
(64) compared the isotope shifts in uranium spectra with U I and
U II energy levels and electron configurations, he found a simple
shift arising from an interaction of a configuration with a nucleus,
a complex shift arising from perturbations between close-lying
levels, and the largest shifts involved configurations containing s'
electrons, indicating an additive type of interaction for the s-elec
tI;ons and the nuclei.

So long as there is no adequate theory or general understanding
of isotope shifts, it is perfectly proper to grope for correlations and
generalizations. How else can one hope to stumble upon the
basic laws of nuclear physics?

HYPERFINE STRUCTURE

When optical electrons interact with atomic nuclei that possess
magnetic momenta, the spectral lines are split into hyperfine com
ponents which, if resolved and measured, lead to quantitative
determination of the mechanical, magnetic, and quadrupole
moments of the nuclei. There is no ambiguity about the theory
and interpretation of hyperfine structure; the only difficulty is an
understanding of the manner in which the observed properties of
nuclei can be compounded from the known properties of the ele
mentary partieles that comprise the nuclei. In the meantime
rapid progress is being made in the accumulation of data on
properties of nuclei. From grating spectrograms of P III and P IV

lines exhibiting hyperfine structure Crawford and Levinson (21)
have deduced for np a spin of '/,(h/2... ) and a magnetic moment
of 1.15 nuclear magnetons. The hyperfine structure of Al II lines
(6226, 6231, and 6243 A.) was resolved with interferometers by
Suwa (97) who found good agreement with theory even when the
fine structure separations are small.

The hfs of an 80% enriched isotope l~~Te was found by Fowles
(30) to consist of doublets with intensity ratio 3 to 1, indicating a
spin of 'I.. Enriched samples of ~~Se and '~~Te in the hands of
Mack and Arroe (62) indicated for the former a spin greater than
1/., and for the latter 1/.. The electron structure of 6.Te is not
sufficiently well known to determine the nuclear magnetic mo
ment, but the hfs splitting of the two isotopes is found to be iden
tical except for a scale factor which yields the tentative value
!J.126/!J.l.7 = 1.208 for the ratio of the moments. For an enriched
sample of ~5Zr, Arroe and Mack (4) found a spin of 6/2•

No hyperfine structure could be detected in enriched samples of
~~Fe either by Gurevitch and Teasdale (35) or by Brossel (15).
It is pointed out (35) that many elements with odd atomic mass
but even nuclear charge have -no measurable magnetic moment.

The hyperfine structure of electromagnetically separated iso
topes of fJNe and gJKr has been excited in Geissler tubes and
resolved with Fabry-Perot interferometers by Koch and Rasmus
sen (53). For ~JKr a spin moment of 9/. is accurately deter
mined from the illterval rule, and by comparing intensities of hfs
components of Ne I lines 5852 and 6266 A., whose hfs arises from
splitting of lower and higher energy levels, respectively, a spin of
3/. (or greater) and a negative magnetic moment was indicated
for f5Ne. The hfs of two magnesium lines (5167 and 2796 A.)
excited in an atomic beam source was resolved (48) with a Fabry
Perot interferometer; the results show that f~Mg has a spin
moment of 6/. and a negative magnetic moment equal to -0.95
± 0.05 nuclear magneton.

Spectroscopic hfs studies of the resonance lines of Ba II from
concentrated samples of 199Ba and 19~Ba show, according to
Arroe (3), that both isotopes have the spin 3/2and that the split
tings in the latter are 12% larger than in the former.

Many other determinations of magnetic moments and gyro
magnetic ratios derived from magnetic resonance or from micro-

21

wave measurements could be included here if this review were not
restricted to conventional spectroscopy..

SPECTROCHEMICAL ANALYSIS

The most colossal contribution to spectrochemical analysis in
recent years is the "Atlas der Restlinien" in three magnificent
volumes published by Gatterer and Junkes (33) in the years 1937,
1945, and 1949, respectively. These volumes contain the most
trustworthy tables and photographic prints now available for arc
and spark spectra of 73 elements.

Volume 1 presents the spectra of 30 common elements (Ag, AI,
Ba, Bi, C, Ca, Cd, Co, Cr, Cu, Mg, Mn, Mo, Ni, Pb, Rb, Si, Sn,
Sr, Ti, Tl, V, W, and Zn); Volume 2, the spectra of 18 rare
earth and related elements (Ce, Dy, Er, Eu, Gd, Ho, La, Lu, Nd,
Pr, Sc, Sm, Tb, Th, Tm, Y, Yb, Zr); Volume 3, the spectra of 19
rare metals and several metalloids (Au, As, Be, Ga, Ge, Hf, In,
Ir; Nb, Os, Pd, Pt, Re, Rh, Ru, Sb, Ta, Te, U, and CI, Br, I, S,
Se, and Hg). These wave-length tables extend usually from 2200
to 7000 A. for arc spectra and 2200 to 4500 A. for spark spectra;
they omit many faint lines but give for the rare earths more than
9000 new lines.

This monumental atlas was personally prepared by the authors
WIth painstaking care; it was designed for spectrochemical identi
fication and it will be extremely useful to spectrographers the
world over.

Another contribution of inestimable value to spectrochemical
analysis is the compilation of "Atomic Energy Levels" (74). In
addition to all known facts concerning atomic energy levels these
volumes contain references to all known sources of classified spec
tral lines. In these volumes wave lengths and intensities are
omitted because they (together with excitation potentials) are
given in supplementary tables of multiplets (75) including prac
tically all lines of interest to applied spectroscopy.

The only other book published since 1948 that deserves men
tion in this review is "Practical Spectroscopy" by Harrison, Lord,
and Loofbourow (36).

The scope of this article does not permit listing all the papers on
applied spectroscopy recently published; this will occur in Part
III of "An Index to the Literature on Spectrochemical Analysis,
1945-1950," by Scribner and Meggers (87). In this article only a
few selections from the recent papers are reviewed to illustrate
applications or call attention to significant developments.

Continuing efforts to improve spectroscopic light sources are
noted: a magnetic stabilizer for direct current arcs (20), an air
interrupter type light source (24), an improved spectrographic
power source (25), and a direct current arc source and automatic
controller (28). Huldt (43) made a scientific study of the alter
nating current arc between carbon electrodes saturated with solu
tions of barium or copper and sodium, and determined arc tem
peratures from intensities of copper and barium lines whose transi
tion probabilities were known. Temperatures of 4380 0 and
5260 0 K. were obtained from barium and copper lines, respectively,
but when sodium was present these t~mpemtureswere reduced to
3890 0 and 4580 0 K. The partial pressure of free electrons as
calculated from the relative intensities of Ba I and Ba II lines was
found to be of the order of 10-5 and 10-4 atmosphere at the
barium and copper temperatures, respectively. It was demon
strated that line-intensity changes caused by soqium can be
calculated if temperatures and electron pressure have been
measured.

Studies of the variations of line-intensity ratios caused by the
additions of extraneous substances have been reported by Lang
stroth and Andrychuk (61) and by Brode and Timma (14). The
former studied (in the condensed spark) variations of 86 line
pairs of 19 pairs of elements as a function of the test elements, the
extraneous elements, the line_ pair, and presence or absence of a
buffer. The variations bore no apparent relation to any physical
properties of the added elements but were, in general, smallest for
line pairs having most nearly equal excitation potentials. The
latter studied extraneous-element effects in the direct current arc,
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and reported a correlation of line-intensity vari!l.tions with boiling
points and excitation potentials of the elements. The moral of
these two studies is: Do not ignore the natural excitation charac
teristics of spectral lines.

Although the gas flame is not regarded as a general-purpose
light source, the flame photometer appears suddenly to have come
in vogue for the quantitative determination of nitrogen, potassium,
and calcium in almost anything (6, 77, 80, 83-85, 88, 89, 101).

B~cause of the magnitude of the metallur~ical industry and
because the spectra of metals are most conveniently excited and
observed, spectrochemical analysis of alloys continues to produce
papers in large numbers. Of special interest are microspectro
chemistry of clad aluminum alloys (47) and spectrographic
examination of localized heterogeneity in metahl (5t, 79). Spec
trochemical analysis is also employed successfully and extensively
in the ceramics industry-for example, for improvement of
analytical control for silica brick (86), for analysis of silica refrac
tories (40, 46, 96) and for determination of trace elements in
silica (45). One of the most unusual applications of spec.tro
graphic analysis is to the chemical topography of the trace ele
ments in the brain of man (103), which purports to prove that
sections of the brain that differ in morphological structure and
physiological function possess a different chemical composition of
the trace elements: silver, aluminum, bismuth, chromium, copper,
manganese, molybdenum, nickel, lead, silicon, tin, titanium,
vanadium, and zinc.

That spectrochemical analysis is not necessarily restricted to
the detection and determination of metals is demonstrated by the
spectrochemistry of the metalloids, fluorine, chlorine, bromine,
iodine, sulfur, and selenium (32). Chemically the rare-earth
elements are notoriously identical and inseparable but spectro
graphically they are, in principle; as easily distinguished and deter
mined as any other elements. It is, therefore, not surprising to
find papers published on the spectrographic determination of rare
earth elements (and yttrium) in uranium compounds (42, 91),
quantitative spectro~raphic analysis of the rare-earth elements
(determination of 8 to 100% of yttrium and gadolinium in com
plex mixtures, 26), and analysis of rare earth oxides by means of
emission spectra (persistent lines in arc spectra of cerium, dys
prosium, erbium, europium, gadolinium, holmium, lanthanum,
lutetium, neodymium, praseodymium, samarium, terbium,
thulium, ytterbium, and yttrium, 95).

Early in the development of the art of spectrochemical analysis
it was modestly claimed that trace elements and minor constit
uents (say less than 1%) could be more accurately determined by
this method than by conventional chemical (gravimetric) meth
ods. The spectrographic methods were gradually refined by im
proving light sources and removing or reducing errors of observa
tions, so that before long they were yielding highly satisfactory
results for concentrations up to 10%, or even higher. Recent
applications to rare earths (M), to high-cobalt alloys (92), and to
high-alloy steels (38, 39, 67) prove that spectrochemical methods
now encompass the entire range from 0 to 100% without yielding
much, if anything, to the conventional chemical methods.

Three si~nificant advances have been made in the last year in
connection with the spectrochemical analysis of high alloys. The
first is the development of source conditions which, in combina
tion with the latest direct-reading apparatus, allow a precision of
analysis for high percentage constituents of from 0.3 to 0.4% of
the quantity being measured, and this by means of a single deter
mination. The second is the accomplishment of this high pre
cision under excitation conditions which provide complete inde
pendence in the determination of one element from changes in the
concentrations of the other elements. The third is the develop
mimt of rigorous calculating methods which make possible the
rapid analysis of lUI constituents, including those .ofhigh per
centage, in an alloy system. Net result is high speed, direct-read
ing methods of analysis which can compete in accuracy,for all
metallic constituents, with routine chemical methods (38).

Fifteen years ago t:he time required for a spectrographic deter
mination was of the, order of 10 to 20 minutes, but by increasing
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the speed of photographic processing this was reduced to an ab
solute minimum of 2 or 3 minutes. The next step was to elimi
nate photographic recording and substitute photoelectric direc1
reading which made possible the quantitative determination of a
dozen or more elements, all in 30 seconds or less. Is thiS the end
of our race with time? Apparently not. Recent papers (1,5)
discuss the orthicon spectrograph. "This instrument consist~

essentiaJIy of a television pickup tube, the RCA image orthicon.
whose photosensitive surface is placed in the focal plane of 8

large-aperture spectrograph. A curve of intensity versus wave
length (0.45 to 1.0!'), at any chosen instant or succession. of in
stants, appears on the screen of an oscilloscope whose scans ar"
synchronized with those of the orthicon." With this new instru
ment spectra of an exploding bomb were obtained at the rate of
one every miIlisecond!

The scope of spectrochemical analysis has been enlarged by new
elements that may become abundant either as fission produc~

(••Tc, 61Pm) or through transmutations (.9Ac, 91Pa, 9.Np, 9.PU.
9oA-m, 96Cm). Indeed, it may be assumed that in addition to
having served as proof of discovery the emission spectra of these
elements have already been employed in laboratories for detec
tion and quantitative determination. It is no secret that in thE'
copper spark the most intense lines have been reported to have
the following wave lengths:

..Te 4297.2,4261.9,4095.3,4088.4,4031.3 A. (99)

.,Pm 4086.0,3980.6,3910.4,3711.7 A. (99)
"Pa 3957.8, 3054.6, 3053.5 A. (100)
"Np 4290.9, 3829.2 A. (100)
"Pu 3989.7,3907.1 A. (100)
"Am 2969.4,2832.3 A. (100)

These elements are not now spectroscopically detectable in th..
earth's crust but they (especially fission products) may very well
be determinable in densely populated regions after a sufficien1
number of atomic bombs have been exploded.

Finally, to avoid leaving the impression that spectroscopy ie
applicable only to terrestrial substances it must be emphasized
that it is the chief tool of astrophysicists, in whose hands it hSF
revealed the composition, temperatures, pressures, motions; etc.,
of celestial objects and properties of interstellar matter. A
bibliography of quantitative spectral analysis of the sun, solar
corona, stars, comets, and nebulae can be found in the 194~

Transactions of the International Astronomical Union (73).
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MASS SPECTROMETRY
MARTIN SHEPHERD AND JOHN A. HIPPLE, National Bureau of Standards, Washington 25, D. C~

DURING the past year, mass· spectrometry has advanced
partly in the interesting though somewhat confusing man

ner characteristic of the emphatic but uncertain equestrian who
mounted his horse and rode off in all directions at once. So we
find, in various stages of discussion, planning, and construction
huge spectrometers much .greater than existing instruments, and
little spectrometers much smalIer than the present conventional
size. The large spectrometers with crossed fields are intended
for the measurement of fundamental constants, and a resolution of

about 25,000 was expected of one of them before its final comple
tion was abandoned. The smaller ones, of the negative-ion or the
magnetic-resonance types, may, in time, prove to be the poor
man's analytical mass spectrometer, for their resolution is good
enough for many analytical applications. A continuous re
cording instrument of limited range has appeared.

Analytical application, as well as instrument design, has
branched out. In de,velopment work, rather more effort has been
devoted to the analysis of liquids or their heavy vapors than to
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gases. Furthermore, the simple gaseous mixtures have not
attracted the attention accorded deuterated compounds and iso
topes. Thus the field is becoming more interesting and also
more diffuse. Before the diffusion has mixed everything too
well, the American Society for Testing Materials, through its
Committee D-3 on Gaseous Fuels, is standardizing procedures for
the analysis of the simpler gaseous mixtures.

ANALYTICAL APPLICATIONS

Hindin, GroSse, and Kirshenbaum have applied the "internal
standard" method to mass spectrometric analysis, and so opened
a promising line of development (25, 34). In conventional analy
sis, the element sought is usually quantitatively converted to a
specific compound of suitable properties, and this is isolated in
pure form and quantitatively measured. In the internal-stand
ard method, the element sought is determined relative to another
not originally present but added in known amount. For the
spectrometric approach, if the sample is not gaseous, it is made to
react to convert the element sought quantitatively to the gaseous
state, in which the internal standard is present, and a portion of the
product is withdrawn for analysis. The ratio of the unknown
element to the known internal standard is constant and dis
closes the amount of the unknown. Thus no quantitative re
covery of the reaction product is necessary. In this manner
nitrogen has been easily determined in organic materials; and
isotopic analysis for oxygen, carbon, and nitrogen in organic ma
terials has been described.

A considerable amount of work has been done in developing
modifications of the inlet system and special techniques for the
analysis of water, alcohols, and oxygenated compounds. There
are some interesting reports in preparation, and three important
papers have been published by Gifford, Rock, and Comaford
(24), Langer and Fox (50), and Thomas and Seyfried (76). The
greatest problem associated with analysis of this type was adsorp
tion in the inlet system, which contributed gorgeous errors. Plac
ing the leak virtually within the ionizing chamber and heating
the system and trap, together with proper equilibration tech
niques, solved the difficult problem. Thomas and Seyfried also
used an internal standard (C6H 6 ), and reported the analysis of
oxygenated compounds containing five or fewer carbons to ±2%
or better, water to 1%. Compounds analyzed included alcohols,
aldehydes, esters, ethers, and acids. Gifford, Rock, and Coma
ford also reported the analysis of dilute aqueous ~olutions of
oxygenated compounds.

In addition to the two important developments discussed in the
above two paragraphs, some difficult mixtures have tempted
several workers. Honig (40) has reported the analytical tech
nique used in the complicated analysis of hydrocarbons enriched

C C
in C'3, including C·CCC, CC'CC, C'CC, and CC·C. Mohler and
Dibeler (60) have discussed the mass spectrometric analysis of
CoHo, CoDo, and CoDH. Brinton and Blacet (11) have studied a
mixture of deuterated aldehydes. Mohler, Bloom, Lengel, and
Wise have shown what can be done in the analysis of fluorocar
bons with seven or fewer carbons (58). The analysis of gaseous
hydrocarbons using both the mass and infrared spectrometers is
described by Milsom, Jacoby, and Rescorla (57). The method
of calculation combines data from both spectrometers in a set of
2n equations in n variables, solved by the reciprocal matrix
method. The infrared spectrometer neatly assists the mass spec
trometer in the determination of compounds with many isomers.

APPLICATIONS TO CHEMISTRY AND PHYSICS

Mass spectrometric procedures previously developed have been
used for various purposes. Bailey and Van Meter (2) corrected
the Dumas microanalysis by the mae.s spectrometer. Farmer
and Brown (21) studied the deterioration of methane-filled
Geiger-Muller counterS. Robertson (68) used the mass spec-
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trometer in studying the pyrolysis of methane, ethane, and
n-butane on a platinum filament. Madorsky, Straus, Thompson,
and Williamson (55). studied the pyrolysis of polyisobutene, etc.,
in like manner. Dibeler and Taylor (14) studied the deuterium
exchange, isomerization, and hydrogenation of the n-butenes.
Weller and Friedel (78) determined the isomer distribution in
hydrocarbons from the Fischer-Tropsch process. Kistemaker
(49) has reviewed some of the chemical applications of the mass
spectrometer.

Probably the outstanding event this year in the measurement
of packing fractions was the announcement of the results of
Roberts and Nier (67) obtained with the electrometric method.
These results indicate a precision comparable with the best yet
attained by the photographic method. The Roberts-Nier
method was reported in last year's review (37). Duckworth (17
19) and co-workers have a modified Dempster-type instrument in
operation and have reported new measurements. Ogata (62) has
measured the isotopic weights of some of the elements of medium
weight. This general field has been an active one, with the Chi
cago group taking a leading role (1, 16, 20, 26, 27, 29-32, 36, 44,
46, 51, 53, 54, 61, 64, 72, 75). Dempster and Shaw (12) have
made an interesting observation on the relative retardation of
high speed ions by the residual gas and have shown significant
resulting differences in the pairings of doublets.

MASS SPECTRA

The American Petroleum Institute Research Project 44, con
ducted at the National Bureau of Standards, Washington, D. C.,
hae. accumulated 436 mass spectra of various gases and vapors,
including paraffins, alkyl cyclopropanes, alkyl cyclobutanes, alkyl
cyclopentanes, alkyl cyclohexanes, mono-olefins, diolefins, alkyl
cyclo-olefins, acetylenes, diacetylenes, alkyl benzenes, and mi~

cellaneous hydrocarbons. Various spectra have been reported:
pentaborane by Dibeler, Mohler, Williamson, and Reese (13);
hydrogen deuteride by Friedel and Sharkey (22); octanes by
Bloom, Mohler, Lengel, and Wise (6); various organic com
pounds by Roberts and Johnson (66); hydrogen and deuterium
by Bauer and Beach (3). Mohler, Bloom, Wells, Lengel, and
Wise (59) discussed the doubly charged ion spectra in the mass
spectra, of hydrocarbons. Bloom, Mohler, Wise, and Wells (7)
have' compiled the metastable transition peaks in the mass spec
tra of about 170 hydrocarbons. The effect of temperature on
mass spectra has been studied by Stevenson (74).

INSTRUMENTATION

Mariner and Bleakney (56) have described their large mass
spectrometer employing crossed electric and magnetic fields. A
resolution of 1 in 25,000 was expected from this instrument. An
other such spectrometer is planned and in construction.

Bennett (4) has described a radio-frequency instrument
which may be developed into a good analytical spectrom
eter. It is small, sensitive, and relatively inexpensive, and
may some day be the poor man's mass spectrometer. Hipple,
Sommer, and Thomas (38) reported a magnetic resonance method
of ion analysis. Their instrument attained a resolution of 1 in
3500. The device employed no slits, and its high sensitivity and
readily variable resolution suggest that it may be useful for gas
analysis as well as precise mass measurements. It, too, is small
and relatively inexpensive.

A mass spectrometer for continuous gas analysis has been de
veloped by Hunter, Stacy, and Hitchcock (41). It is designed
for respiratory studies, with three exit slits, for nitrogen, carbon
dioxide, and oxygen. The time of response is fast, permitting
determinations every 0.2 second;

Progress has been made in precision. instruments for the meas
urement of packing fractions. Richards, Hays, and Goudsmit
(65) constructed an instrument based on principles previously re
·ported. An accuracy of 1 in 103 near mass 100 was attained.
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An isotope ratio mass spectrometer of the Nier type has been
made commercially by the Consolidated Engineering Corpora
tion. Similar instruments are described by Paul (63) and by
Lewis and Hayden (52). General analytical and isotope ratio
mass spectrometers have now been made commercially in England
by Metropolitan Vickers, and in France by the Compagnie
Generale de Telegraphie Sans Fils. A leak-detector mass spec
trometer utilizing a cold cathode ion source has been developed
by Thomas, Sommer, and Wall (77). Hipple and Thomas have
reported a time-of-f1ight instrument (39).

A metal mass-spectrometer tube with guarded gold gasket has
been described by Hickam (33). Both ends are conveniently
removable, which is rather nice. Bernas and Nier (5) have de
scribed the production of an intense ion beam, and Winn and Nier
(79) have developed an excellent emission regulator. Dibeler
and Taylor (15) have described glass diaphragm leaks.

Theoretical studies of improved focusing have continued (23,
35,47,4$,69,70). The production of ions has received some atten
tion (28, 45, 73).

REVIEWS

Several reviews of the subject have been published, including
those by Hutter (42), Inghram (43), Roth (71), Boivin (8-10),
Thod~ (75), and Kistemaker (49).

LITERATURE CITED

(1) Aldrich, L. T., and Nier, A. 0., Phys. Rev., 74, 1590 (1948).
(2) Bailey, C. W., and Van Meter, R., Petroleum and Oil-Shale

Experiment Station, Bureau of Mines, Laramie, Wyo., Con
solidated Group Rept. 65 (1949).

(3) Bauer, N., and Beach, J. Y., J. Chem. Phys., 17, 100 (1949).
(4) Bennett, W. H., J. Applied Phys., in press.
(5) Bernas, R. H., and Nier, A. 0., Rev. Sci. Instruments, 19, 895

(1948).
(6) Bloom, E. G., Mohler, F. L., Lengel, J. H., and Wise, C. E., J.

Research Natl. Bur. Standards, 41, 129 (1948); RP 1912.
(7) Bloom, E. G., Mohler, F. L., Wise, C. E., and Wells, E. J., J.

Research Natl. Bur. Standards, 43, 65 (1949).
(8) Boivin, Marcel, Chim. anal., 31, 35 (1949).
(9) Ibid., p. 61.

(10) Ibid., p. 80.
(11) Brinton, R. K., and Blacet, F. E., J. Chem. Phys., 17, 797

(1949).
(12) Dempster, A. J., and Shaw, A. E., Bull. Am. Phys. Soc., 24, 13

(1949).
(13) Dibeler, V. H., Mohler, F. L., Williamson. L., and Reese, R. M.,

J. Research Nat!. Bur. Standards, 43, 97 (1949).
(14) Dibeler, V. H., and Taylor, T. I., J. Chem. Phys., 16, 1008

(1948).
(15) Dibeler, V. H., and Taylor, T. I., Science, 108, 686 (1948).
(16) Duckworth, H. E., Phys. Rev., 75, 1438 (1949).
(17) Ibid., 76, 690 (1949).
(18) Duckworth, H. E., Black, R. F., and Woodcock, R. F., Ibid., 75,

1438 (1949).
(19) Ibid., p. 1616.
(20) EngelKemair, A. G., Hamill, W. H., Inghram, M. G., and

Libby, W. F., Ibid., 75, 1825 (1949).
(21) Farmer, E. C., and Brown, S. C., Ibid., 74, 902 (1948).
(22) Friedel, R. A., and Sharkey, A. G., Jr., J. Chem. Phys., 17,584

(1949).
(23) Geoffrion, Claude, Rev. Sci. Instruments, 20. 638 (1949).
(24) Gifford, A. P., Rock, S. M., and COll)aford, D. J., ANAL. CHEM.,

21,1026 (1949).
(25) Grosse, A. V., Hindin, S. G., and Kirshenbaum, A. D., Ibid., 21,

386 (1949).
(26) Hayden, R. J., Hess, D. C., Jr., and Inghram, M. G., Phys.

Rev., 75, 322 (1949).
(27) Hayden, R. J., Reynolds, J. H., and Inghram, M. G., Ibid., 75,

1500 (1949) .
•(28) Herzog, R. F. K., and ViehbOck, F. P., Ibid., 76, 855 (1949).

25

(29) Hess, D. C., Jr., and Inghram, M. G., Ibid., 74, 1724 (1948).
(30) Ibid., 76, 300 (1949).
(31) Ibid.,p. 1717.
(32) Hess, D. C., Jr., Inghram, M. G., and Hayden, R. J., Ibid., 74,

1531 (1949).
(33) Hickam, W. M., Rev. Sci. Instruments, 20, 472 (1949).
(34) Hindin, S. G., and Grosse, A. V., ANAL. CHEM., 20, 1019 (1948).
(35) Hintenberger, H., Z. Natur!orsch., 3A, 125,669 (1948).
(36) Hintenberger, H., Mattauch, J., and Seelmann-Eggebert, W.,

Ibid., 3A, 413 (1948).
(37) Hipple, J. A., and Shepherd, M., ANAL. CHEM., 21, 32 (1949).
(38) Hipple, J. A., Sommer, H., and Thomas, H. A., Phys. Rev., 76,

1877 (1949).
(39) Hipple, J. A., and Thomas, H. A., Ibid., 75, 1616 (1949).
(40) Honig, R. E., Socony-Vacuum Laboratories, Paulsboro, N. J.,

Con'solidated Group Rept. 66 (1949).
(41) Hunter, J. A., Stacy, R. W., and Hitchcock, F. A., Rev. Sci.

Instruments, 20, 333 (1949).
(42) Hutter, R. G. E., "Advances in Electronics," ed. by L. Marton,

Vol. I, p. iW, New York Academic Press, 1948.
(43) Inghram, M. G., Ibid., p. 219. -
(44) Inghram, M. G., Hess, D. C., Jr., and Reynolds, J. H., Phys.

Rev., 76,1717 (1949).
(45) lonov, N. I., J. Exptl. Theoret. Phys., 18, 174 (1948).
(46) Keirn, C. P., Phys. Rev., 76,1270 (1949).
(47) Kerwin, L., Rev. Sci. Instruments, 20, 36 (1949).
(48) Kerwin, L., and Geoffrion, C., Ibid., 20, 381 (1949).
(49) Kistemaker, J., Anal. Chim. Acta, 2, 522 (1948).
(50) Langer, A., and Fox, R. E., ANAL. CHEM., 21, 1302 (1949).
(51) Leland, W. T., Phys. Rev., 76,1722 (1949).
(52) Lewis, L. G., and Hayden, R. J., Rev. Sci. Instruments, 19, 599

(1948).
(53) McInteer, B. B., Aldrich, L. T., and Nier, A. 0., Phys. Rev., 74,

946 (1948).
(54) Macnamara, J., Collins, C. B., and Thode, H; G., Ibid., 75, 5322

(1949) .
(55) Madorsky, S. L., Straus, S., Thompson, D., and Williamson, L..

J. Research Natl. Bur. Standards, 42, 499 (1949).
(56) Mariner, T., and Bleakney, W., Rev. Sci. Instruments, 20, 297

(1949).
(57) Milsom, D., Jacoby, W. R., and Rescorla, A. R., ANAL. CHEM.,

21, 547 (1949).
(58) Mohler, F. L., Bloom, E. G., Lengel, J. H., and Wise, C. E.,

J. Am. Chem. Soc., 71, 337 (1949).
(59) Mohler, F. L., Bloom, E. G., Wells, E. L., Lengel, J. H., and

Wise, C. E., J. Research Natl. Bur. Standards, 42, 369 (1949).
(60) Mohler, F. L., and Dibeler, V. H., Phys. Rev., 72,158 (1947).
(61) Norris, L. D., and Inghram, M.G., Ibid., 73, 350 (1948).
(62) Ogata, K.,Ibid., 75, 200 (1949).
(63) Paul, Wolfgang, Z. Physik, 124,244 (1948).
(64) Reynolds, F. L., Karraker, D. G., and Templeton, D. H., Phys.

Rev., 75, 313 (1949).
(65) Richards, P. I., Hays, E. E., and Goudsmit, S. A., Ibid., 76, 180

(1949).
(66) Roberts, R:H., and Johnson, S. E. J., ANAL. CHEM., 20, 1225

(1948) .
(67) Roberts, T. R., and Nier, A. 0., Bull. Am. Phys. Soc., 24, 14

(1949).
(68) Robertson, A. J. B., Proc. Roy. Soc. (London), 199, 394 (1949).
(69) Robinson, C. F., Rev. Sci. Instruments, 20, 745 (1949).
(70) Rosenblum, E. S., Bull. Am. Phys. Soc., 24, 9 (1949).
(71) Roth, E., J. phys. radium, Serie VII, 10, 14--27 (1949).
(72) Shaw, A. E., Phys. Rev., 75, 1011 (1949).
(73) Sloane, R. H., and Watt, C. S., Proc. Phys. Soc., London, 61,

217 (1948).
(74) Stevenson, D. P., J. Chem. Phys., 17, 101 (1949).
(75) Thode, H. G., Research (London), 21, 151 (1949).
(76) Thomas, B. W., and Seyfried, W. D., ANAL. CHEM., 21, 1022

(1949).
(77) Thomas, H. A., Sommer, H., and Wall, R., Proc. Natl. Elec

tronics Con!., 3,371 (1947).
(78) Weller, S., and Friedel, R. A., J. Chem. Phys., 17, 80 (1949).
(79) Winn, E. B., and Nier,A. 0., Rev. Sci. Instruments, 20, 773

(1949).

RECEIVED December 20, 1949.



ELECTRON MICROSCOPY
F. A. fIAMM, General Aniline and Film Corporation, Easton, Pa.

ALTHOUGH there were no singularly outstanding contribu
tions in techniques or in instrumentation during the past

year, real progress has been made in electron microscopy as an
applied science. Most critical investigators have stopped worry
ing about pushing resolution to the very ultimate-say 5 to 10
A.. In general, the electron microscope is now being used for the
chief purpose for which it was originally intended, the examination
of structure improperly resolved in a light microscope.. Certainly
theory (15, 17-19,67) and instrumentation (9, 55, 56, 58, 61, 62,
64,65, 73, 76) are still under consideration; this is as it should be.
However, the most gratifying development during the past year
has been the reports of the applications of electron microscopy to
important long-range research problems with subsequent more
affirmative explanations offered for the solutions to these prob
lems. There is much less concern about "artifacts." The
workers are in general lesa skeptical and more confident. This
greater feeling of security was expressed in the rather positive
~tatements made throughout the papers (23) presented at the
~eventh annual Electron Microscope Society of America meeting
(Washington, D. C., October 6, 7, and 8,1949); these statements
lend support to the feeling that electron microscopists are now
gaining confidence in their approach. This development has not
been hasty, nor has the pinnacle of success been reached. But as
Burton (11) pointed out in his review of a year ago, electron
microscopy as an analytical tool has proved to be of immeasurable
value, and its future holds much promise.

Although the biological applications still command a great deal
of attention, the workers engaged in metallurgical problems are
now more willing to disclose their results. Those working with
metals have been deliberate and cautious in their claims. Their
fruitions have long been awaited. Their reliance on replicas is
almost a necessity; the controversial aspects of the interpreta
tion of the electron microscope image of this type of specimen
justify their reluctance to commit themselves. The Symposium
on Metallurgical Applications of the Electron Microscope (spon
~ored by the Electron Microscopy Group of the Institute of
Physics, London, November 16, 1949) was the first of its kind.
These metallurgical problems afford an excellent opportunity to
use both the light microscope (metallograph) and the electron
microscope in a corroborative way.

Refinements in specimen preparation techniques have played
an important role in aiding the electron microscopist to gain con
fidence. However,a more significant reason may well be the
realization that a few "snapshot" electron micrographs ·are
wholly inadequate as a basis for explaining the complexities in
herent in most problems. For example, the structure of bacterial
nuclei, the mechanism of cell reproduction, the role of bacteria
phage in lysis, etc., may be illustrated by a relatively few micra
graphs, but the critical investigator will base his conclusions on
many micrographs and on observations of perhaps hundreds or
thousands of different fields of the complex organic system. Now
that such studies have been carried on for approximately a dec
ade,·more conelusive li,;ht is being shed on these problems. To
put it another way, electron microscopists, especially those con
cerned with living complex biological structures, have accumu
lated a background of knowledge over a period of years, but only
recently has it been possible in some cases to assemble a co
herent picture. The electron microscope is no panacea. Al
though the next few years may bring results which may appear
startling and command much publicity (especially in the biologic
cal field), this will only' be the natural result of intelligent use of
the instrument for purposes for which it was originally designed.

Perhap3 the most significant development during the past
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year has been the application and refinements of the slow-speed
microtomy technique, first described by Pease and Baker (52), in
which a conventional rotary microtome was used. It would seem
that, at least for the usual applications, the era of high-speed
microtomy (11) has all but vanished.

INSTRUMENTS

There are now approximately 350 electron microscopes di8"
persed throughout the world. Of these some 330 instrument&
have been sold by the Radio Corporation of America, and most
of them are located in this country.

It may be surprising to learn (46) that seven electromagnetic
microscopes and two electrostatic instruments are made in foreign
countries. It is believed that three different instruments are
being manufactured in Japan, although there appears to be no
literature available. Thus, with some twelve foreign instruments
available, reliance on this country for equipment has been ob
viated.

Again there have been no outstanding developments in instru
mentation in this country. In fact, a somewhat greater interest
in this subject was demonstrated at the Conference on Electron
Microscopy (15) held at Delft, Holland, July 4 to 8, 1949. The
combination microscope-diffraction camera built for the Royal
Dutch Shell Oil Company by the Philips Company is reported to
be a noteworthy development. Although the magnification is
fixed at 3000, the conversion from microscope to diffraction
camera (and vice versa) by merely' throwing a switch is a com
mendable contribution. The rapid exchange of specimens (pump
ing time 15 seconds) and the quick change-over to diffraction are
notable features of the commercial Philips instruments (23). The
40o-kv. Delft-Philips instrument is apparently working out suc
cessfully, although not much publicity has been attributed to the
gain in penetration by the higher speed electrons.

An excellent discussion of the illuminating system of the RCA
EMU electron microscope by Hillier and Ellis (33) describes the
optimum conditions for using a self-biased gun. This paper is an
aid to those who are interested in learning more about the func
tions of the various components in the microscope column. The
removable intermediate lens described by Hillier (23) should
prove valuable where a wide variety of magnifications is desir
able. Grube (20) points out that stray magnetic fields may be
internal, arising from local currents through the chassis or column.
Dual grounds may be responsible if the instrument is grounded
to a water line as well as through an electrical neutral.

Ramberg (55) in his mathematical treatments has shown how
theoretically it might be possible to eliminate spherical aberra
tions in present-day objective lenses. He (56) has also explained
by means of theory the phase contrast in the image of thin films.
The inner potential of the film and its thickness become es
pecially significant at small objective angular apertures. Borries
(9) in Germany treats electron scattering and image formation in
a general way. Scherzer (65) has very clearly discussed resolu
tion as a function of focusing, illumination, ::tperture effects, and
substrate thickness. His other papers (86, 67) are interesting
from the st::tndpoint of theory. Hall (22) has pointed out how
anyone can determine the aberration constant for the objective
lens employed by· carefully measuring the displacement of the
diffraction image (crystal edge) in a high-quality paraxial image.
Thus, such an evaluation plus an evaluation of objective lena
astigmatism (23) will rather accurately prescribe the quality of an
objective lens. A magnetic beam-splitting focusing device de
scribed by Bishop (8) is similar in principle and effect to the older
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electrostatic deflection plate gadget. Gabor's (17) ingenious
"diffraction microscopy" is still looked upon with intense in
terest. He has "synthesized" light microscopical images by re
constructing the diffracted wave fronts. His postulated analogous
electron-optical reconstruction is intriguing, and is keenly awaited.
The application of wave mechanics to electron imagery is capably
treated by Glaser (18, 19). Electrostatic lenses from the stand
point of theory are discussed in several papers (47, 49, 57, 58).
Theoretical discussions of the electron beam are given in several
references (62, 63). Seeliger (74) discusses limitations in electron
lenses due to apertures. Again in regard to lenses, Sixtus (77)
In Germany discusses magnetic alloys of high permeability.
Merling (45) describes a new fluorescent screen for the electron
microscope.

APPLICATIONS

General Technical. The results of much electron micro
$copical research, especially in the industrial laboratories, is not
disclosed because of the confidential nature of the problems. This
is in some respects unfortunate. By comparison with the biologi
cal field, relatively little has been published on pigments, catalysts,
fibers, photographic emulsions, and other similar technological
products. During the early stages of development of electron
microscopy as an applied science, many of the applications were
more or less confined to routine particle size measurements. This
is no longer true. Today the structure of particulate solids as
related to their manufacture or use is being considered from the
more academic point of view. The papers (23, Washington, D. C.,
Electron Microscope Society of America meeting) on grease,
cellulose fibers, resinography, etc., substantiate this statement.

Watson (81) has illustrated the effects of aging on the structure
and gel properties of vanadium pentoxide sols. The same author
(80) has critically investigated various carbon blacks and has
shown such structures as hollow spheres, ellipsoidal spheres,
laminated spheres, and dumbbell pairs of spheres to be present.
A novel and informative paper on alkali soaps by Hattiangdi and
Swerdlow (27) serves to show how the structure and general mor
phology of alkali metal palmitates and stearates can be used for
their characterization. Robillard (60) in France has used the
electron microscope to study the application of antireflection
coatings on optical glass. The structure of indium sulfide (optical
and electrical properties) has been investigated by Schaffernicht
and Helbig (64). Kossel (38) has been concerned with electron
interferences in crystalline materials. Turkevich and Hillier (79)
in a very general paper on colloidal systems of many types discuss
how size distribution and morphology may be related to past
history. A rather complete li.terature resume is included.

Metallurgical. Heidenreich (29) has presented an excellent
summary of his rather extensive study of metal crystal structure,
using both the electron microscope and diffradion camera, and
has given a dynamic theory of electron diffraction. He deserves
much credit for developing an electrolytic polishing (thinning)
technique for preparing thin metal sections. An interesting
application of the relatively unknown sha.dow electron microscope
is used to identify some of the lattice indexes. The bending,
orientation, thickness, etc., of crystals of aluminum and copper
aluminum alloys in regard to structure are discussed. Schwartz
et al. (69) utilize a two-step plastic replica technique for repeatedly
replicating the same area. A positive Formvar replica is made
from a negative water-soluble polyvinyl alcohol replica. Koch
and Wiester (36, 37) in Germany have studied the distribution
and role played by carbides in steels. Seeliger (73) in the same
country has been concerned with the measurement of surface
roughness of metals. The relation between metallic friction and
surface damage under light loads is described by Whitehead (82).
Robillard (59) has written a general review of the applications of
-electron microscopy to metallurgy.

In general, the year 1949 presented a preview of greater things
Ito come from those engaged in metallurgical problems. A quan-
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titative evaluation (23) of the percentage of carbide in heat
treated steels is a typical example of such studies. The effects of
certain phases (graphite, carbides) on the physical properties of
steels can be better evaluated if this approach is correlated with
metallographic techniques.

Biological. Despite the fact that electron microscopists mUSI
be contented with their observations of "dead" organic systems.
whose structure and activities during normal life are sought, tre
mendous progress is continuously being made. Obviously, then
have been mistakes in interpretation. This is of little significancE'
if the long-range aims are considered objectively. Investigatorf
have profited through mistakes, and in the final analysis, the out
standing contributions in this field will have been strengthened by
the perseverance of the investigators. The fruits of many yearf
of labor are just beginning to be harvested. It is refreshing to
read and hear conclusions being drawn with vigor and little res
~rvation. A stimulating new book by Schmitt (68) should be
read by all persons interested in biological applications.of electron
microscopy. The most voluminous results still come from the
National Institutes of Health and the Massachusetts Institute of
Technology under the direction of Wyckoff and Schmitt, respec
tively. The caliber of their work is such that these laboratories
enjoy a pre-eminent place in the field. As in the case of metal·
lurgical problems, the biological papers presented at the last
Electron Microscope Society meeting suggest a new era in regard
to both quality and quantity of published work.

Williams and Steere (84) in a study of tobacco mosaic virus
have demonstrated how a very mild distilled water treatment
causes compact bundles of the virus to disperse into individual
rods. The need for considering the history of the specimen is im
mediately apparent if critical evaluations of morphology are to be
made. By a similar token the effects of heat on the granulation
of E. coli have been pointed out by Heden and Wyckoff (28). The
structure of bacteria nuclei, still a nemesis, has been partially
elucidated by Hillier et al. (34). A network of large protein mole
cules has been resolved. Relatively little has been said, with
much certainty, about the structure of the thin bacteria cell wall.
On the other hand Knaysi and Hillier (35) have demonstrated in a
positive way the mechanism of germination of Bacillus megather
ium. The older theories of spore coat structure and disintegration
have been refuted. The role played by bacteriophages and the
mechanism of lysis are slowly but surely being clarified. In thif
regard a paper by Parmelee et al. (51) concerning bacteriophage
active against Streptococcus lactis is significant. Wyckoff (85) in
one of many studies has reported on the development of bacterio
phage grown on solid media.

It is only natural that some of the older theories based on light
microscopical observations are being proved to be incorrect. As
an example of this, reference to a study of oral treponemes and
Treponema pallidum by Hampp et al. (24) is cited. The genera)
picture of filamentous and flagellar appendages and granular
structure has been elucidated. )

The structure of the nuclear membrane in bacteria, a difficult
subject, has been investigated by Callan et al. (12). The interac
tion of viruses with fowl red cell membranes has been studied by
Dawson and Elford (16). Similarly, a study of the interaction of
human red cells and the influenza virus has been reported bJ
Heinmets (31). The virus of tobacco leaf curl has been examined
by Sharp and Wolf (75).

An early paper on a portion of a most interesting and extensivE'
investigation of human tooth structure, by Scott et al. (70), de·
scribes the effect of age on tooth surfaces; Similar papers result
ing from this long-range program at the National Institutes of
Health will appear in the future. Lindemann (40-42) in Germany
has studied the blood system with particular attention to the
erythrocytes. Muhlethaler (48) has worked with plant fibers, a
relatively unexplored field. Zahn (86) has studied natural silk.
The electron microscopy of F-Actin has been reported by
Rozsa et al. (61). Fibrinogen and fibrin, of long interest to the
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Massachusetts Institute of Technology group, have been re
ported on by Hall (21). A recent application of ultrasonic
waves to bacteria and viruses has been described by Hamre (25).

One of the more startling and certainly a fascinating report was
made by Pease and Baker (53) concerning their resolution of
chromosomes and genes. This repOl t was meant to be only pre
liminary and the results require verification. .The detection of
these important bodies was facilitated by their thin-sectioning
technique (52). Biological specimens in general, the subject of a
British conference at Cambridge, have been reported on by
Cosslett (14).

Because the two-component objective described by Hillier (32)
is now several years old, and because it affords a high gain in
image contrast, it is somewhat surprising that this lens has not
been more extensively used for studying the internal structure of
biological systems. Admittedly, this lens introduces spherical
aberrations and the resolving power may be relatively poor
(75 A.); still the tremendous gain in contrast in images which are
normally virtually void of contrast (in the absence of shadowing)
would seem to outweigh the limitations for many applications.

There are strong differences of opinion concerning the prepara
tion of specimens of bacteria, viruses, etc. The effects of pro
longed washing, acid fixation, drastic centrifugation, etc., after
broth culture are real, and proper cognizance must be taken.
Growing the organisms on the substrate which rests on the solid
nutrient agar appears to have certain advantages. However,
this subject is open to strong argumentation from all sides. Per
haps this is a healthy atmosphere, because the whole subject of
electron microscopy hinges on the correct consideration of the
specimen history. Brieger and Cosslett (10) have considered this
controversy and have reported their technique for preparing bac
teria specimens with a minimum of disturbing interferences. Cen
trifugation is avoided.

SPECIMEN PREPARATION

The technique for properly preparing an electron microscope
specimen often requires the skill of an artist as well as a scientist.
Great strides have been made, and this is one reason why electron
microscopists are more willing to commit themselves. Although
those concerned with biologicll.1 specimens have their troubles,
those confronted with metallurgical or similar solid, electron
opaque materials have been even less fortunate. Much credit is
due to Williams and Wyckoff for developing the now well estab
lished techniques for replicating and shadowing a variety of
specimens. It is highly probable that techniques designed for
special materials have never been published. This may be the
consequence of the ·highly competitive nature of the particular
industrial material.

Williams and Backus (83) in a highly informative paper sum
marize a variety of detailed procedures fOf shadow-casting and
replica reproductiori, and discuss the effect of-"substrate grain" on
the resolution of biological specimens. The two-step positive
plastic replica technique as applied to metals by Schwartz et al.
(69) has been discussed above. Heimnets (30) has employed
rotary condensation of silica and metal vapor to biological sys
tems. The deposition of vapor as the specimen slowly rotates
through 360 0 is reported to permit greater resolution in certain
areas because the shadow effects are less harsh. Hass and Kehler
(26) very adequately describe their procedures for the examina
tion and preparation of replicas and films of vaporized silicon
monm-:ide.

Singer and Petzold (76) report the casting of a 1% ethylene
dichloride solution of ethylcellulose onto preshadowed specimens.
Tearing is apparently minimized and stripping of the replica is
facilitated. Cornel' and Hamm (13)report the use of a variety of
sources of silicon dioxide with a comparison of vaporizing con
ditions. The specifications for metal shadowing required by cer
tain biological tissues are described by Scott and Wyckoff (71).
Trotter (78) shows evidence to support his statement that the
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upper (air) surfaces of cast collodion replicas are not flat.
Shadowing of these one-step replicas must therefore be done on
the contact side. The production of silica films (replicas of
Formvar) in large quantities is described by Bishop (7), who (6)
has designed a clever device for automatically controlling the
thickness of evaporated metals (shadowing). The heating fila
ment is shut off when the condensed metal layer attains a certain
thickness. This is done electronically; calibration is necessary.
Bishop (5) has also devised a scheme for producing a readily
identifiable area on the specimen screen. Like many others, his
scheme is based on a hole punched in the middle of the wire
mesh. Barski et al. (4) in a French publication describe a method
for mounting disintegrated cellulose fibers. The novel and
potentially useful technique of Heidenreich (29) for elec
trolytically thinning metals so as to be examined per se in the
electron microscope deserves mention again.

No discussion of specimen preparation would be complete
without reference to the Dow polystyrene latex spheres 58Q-G.
Although the subject of some skepticism and controversy, it has
now been well established (23) that these spherical particles are
extremely useful as an internal calibration standard. Backus
and Williams (J) in a critical study have pointed out three sig
nificant uses of these spheres: (1) magnification calibration,
(2) as an aid in interpreting contour surfaces (replicas), and (3)
as an aid in calculating the thickness of the shadowing metal. Un
til something better comes along, these uniformly sized polysty
rene spheres will be put to good use. Scott (72) has reported cer
tain irregularities in this same Dow latex sample: lack of sphericity
and size uniformity. He recommends standardization of mounting
techniques. It may be that Scott's findings are the result of the
effects of the electron beam.

The wealth of new information pertaining to slow-speed con
ventional microtomy presented at the Washington Electron
Microscope Society meeting (23) substantiates an earlier state
ment to the effect that high-speed microtomy (up to 50,000 r.p.m.)
is essentially a thing of the past. Baker and Pease (2, 3, 52) in a
series of papers have demonstrated the advantages of using a
hand-operated conventional rotary microtome (Spencer ModeJ
820). Obviously refinements are possible and will be reported.
The mounting and fixation technique is often lengthy and must
be done critically, but the preparation of high quality sections of
bacterial (R. megatherium) cells and a variety of body tissue cells,
some O.lIL (orless) thick, is indeed fascinating. Uniform thickness
with a minimum of distortion are two factors that add weight to
the significance of this technique. Laurell (39) reports a section
ing of bacteria in situ by stripping a thin layer of evaporated
beryllium from the specimen. SOqle of the cytoplasmic layer is
retained. The general applicability of this technique appears
doubtful. Newman et al. (50) have successfully modified the tech
nique described by Baker and Pease for slow speed conventional
microtomy. The novel features of their procedure are specimen
advance during sectioning by the thermal expansion of the sup
porting brass block, and embedment of the specimen in a polymer
which had formed around the specimen from the liquid monomer.

ELECTRON DIFFRACTION

Electron diffraction is a relatively old science and is a vast sub
ject in itself. Its close relationship with electron microscopy justi
fies its consideration in this review. Strangely enough, there has
been a dearth of electron diffraction studies reported in the litera
ture. This is surprising and at the same time disappointing. The
very fact that many electron microscope specimens lend them
selves admirably to diffraction is just cause for surprise. Further
more, the two RCA universal microscopes (Types EMB and
EMU) and several foreign instruments are readily adaptable to
diffraction. Perhaps the more widely applicable and more com
mon x-ray diffraction technique is used instead. However, it is
hoped that wherever practicaJ (limited sample available or thin
film specimens) this auxiliary electron diffraction technique is not
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being overlooked. The transfer of thin surface structure (dye
stuffs, alloy inclusions, surface films such as oxides, etc.) to a
replica or by means of a similar stripping process, deserves the
attention of many electron microscopists.

Mahl (43, 44) in Germany has reported on the subject in a
general way. A particularly informative paper has been written
by Picard et al. (54). The new RCA electron diffraction unit is
described and its universal features are discussed. However, the
significant aspect of this paper is the' valuable information coiJ.
cerning the optics, resolution, accuracy, and application of the
diffraction unit. This critical discussion of the lens system and its
relation to resolution and accuracy deserves to be read by all con
cerned. Applications of this well designed instrument should
contribute much to our knowledge of structure and identification.

The instruments built by the Philips Company, discussed
above, should also stimulate the use of electron diffraction as an
analytical technique.

FOREIGN DEVELOPMENTS

It is only natural, now that the disturbing influences of the war
have abated, that foreign electron microscope societies should be
formed. There are four well organized societies abroad, repre
senting England, Germany, The Netherlands, and Sweden.
Meetings are being sponsored by these societies, and it is likely
that more international meetings will be held within the next few
years.

Cooperation between the Electron Microscope Society of
America and the foreign groups is already in effect. To this end,
the executive council of the Electron Microscope Society, repre
senting its entire membership, has sent as a gift a complete set of
keysort bibliography references to the secretaries of the four
active foreign societies. The dissemination of knowledge and
mutual assistance wherever possible are fostered by all concerned.
V. E. Cosslett in England is preparing a bibliography of interest to
electron microscopists, as P. C. Smith has done for the Electron
Microscope Society of America.

Because this information is not readily available, it seems
appropriate at this time to include the names and addresses of the
secretaries of these foreign societies.

V. E. Cosslett, Secretary, British Electron Microscopy Group,
Cavendish Laboratory, Free School Lane, Cambridge, England

Habil Bodo V. Borries, Secretary, Deutsche Gesellschaft fUr Elek
tron Mikroskopie, Direktor des Rheinisch-Weltfalischen Instituts fiir
Ubermikroskopie, August Thyssen Strasse, Dusseldorf, Germany

W. A. Le Rutte, Technische Physische Dienst T.N.O. En. T.H.,
Labrotorium voor Technische Physica del' Technische Hoogeschool,
Mijnbouwplein 11, Postrekening No. 452194, Delft, Netherlands

Fritiof S. Sjostrand, Secretary, Swedish Electron Microscopy
Group, Karolinska Institutet, Anatomiska Institutionen, Solma
vagenl, Stockholm, Sweden

Meetings. Undoubtedly there have been lesser known meet
ings, but two meetings held abroad deserve mention at this
time. The Applied Physics Section of the Netherlands Physical
Society organized a conference on electron microscopy at Delft
July 4 to 8, 1949, which was attended by workers from many
countries. Instrument demonstrations as well as theoretical and
applied papers served to show the rapid progress made in Europe
since World War II. This meeting has been reviewed by Cosslett
(15).

The second meeting, not reviewed at the time of this writing,
was held at London, November 15 and 16, 1949, sponsored by the
Electron Microscopy Group of the Institute of Physics. This
meeting was highlighted by a Symposium on Metallurgical
Applications of the Electron Microscope. Virtually every tech
nical society in England was represented by the authors of the
many papers.

New Journals. Because of the wealth of research that has been
carried out abroad, much of which has not been accessible in
published form, it seems appropriate to 'mention new journals
which will include papers of interest to electron microscopists:
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Microscopie, Editions de Ill. Revue d'Optique Theorique et In- '
strumentale, Paris, France; Optik, Wissenschaftliche Verlags
gesellschaft m.b.H., Stuttgart, Germany; and Physikalische
Blatter, Verlag Volk und Zeit, Karlsruhe, Germany. The workers
in this country may do themselves a service by acquainting them
selves with the developments abroad.

FUTURE DEVELOPMENTS

This is no attempt to predict the future. Nevertheless certain
trends are appearing, and it is only logical that they be con
sidered. The utilization of higher speed electrons in the 100- to
20Q-kv. range for greater penetrating power seems certain. Close
scrutiny of this suggests that in some specimens the overlapping
of structure may preclude the possibility of gaining much more in
formation. Still higher voltages may be used for special applica
tions, but power supply stability may be a restraining factor. Al
though the x-ray microscope is an interesting experiment, and it
would furnish the necessary penetration, it is still much too early
to expect any significant contributions from this instrument. Like
wise, the proton microscope has serious limitations and may find
only very limited application. Damage imparted to the speci
men, power supply stability at the necessary high voltages, and
the usual difficulties with electrostatic lenses do not add up to a
bright future for the proton microscope.

It is gratifying that the use of the electron microscope at low
magnifications is now becoming more routine. Time and effort
have been wasted in the past in worrying about the optimum
resolution at the maximum instrument magnification. More
common sense is now evident in the application of the instrument
to problems which also lend themselves to other instruments such
as the light microscope and metallograph. One point stands out
in bold relief-the electron microscope should never be used at
magnifications higher thim absolutely necessary.

Finally, the electron microscope, despite all the difficulties
associated with it and its techniques, has established itself and is
more than holding its own beside the many other instruments in
modern research laboratories. Knowing this, and adding it to the
greater feeling of confidence enjoyed by the workers in the field,
points to 1950 as the year during whIch a record, number of high
quality reports will be forthcoming.
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REVERSIBLE SYSTEMS

The data reported on alloxan(I) and dialuric acid(II) indicate

that this system is reversible. Alloxan(I) gives two reduction
waves at +0.182 and -0.588 volt, whereas dialuric acid(II)
gives an oxidation wave at +0.182 volt. The more positive wave
is for the reversible system, while the wave at -0.588 volt is
probably a catalytic hydrogen wave brought on by the -NH
CONHCO group, since a similar value is given by alloxanic acid
(III). Alloxantin gives an oxidation wave at +0.182 and a

I N THE past year the field of organic polarography has seen
considerable work done on the reduction of nitro compounds,

repetition of previous work, and further application of the polaro
graphic method to the quantitative determination of organic and
inorganic compounds.

Most of the investigations have been carried out in mixtures of
water and various organic solvents. For difficultly soluble com
pounds such as oxidized fat and gasoline peroxides, a mixture
of equal volumes of benzene and methanol has proved useful (21).

The use of glacial acetic acid as a solvent is suitable only up to
a voltage of -1.1 volts. The Ilkovic equation can be applied
in this medium with satisfactory accuracy (11).

HN-C=O

O=~) 6=0 + 2e- + 2H+

HJ-6=0

(I)

HN-C-OH

0=6 ~-OH
HJ-6=0

(II)

OH

Hooe-6-NH

b b=o
-1'''''/o N

H

(III)

reduction wave at -0.588 volt (43). Mesoxalic acid and tar
tronic acid, the open-chain analogs of alloxan and dialuric acid,
show no oxidation or reduction waves (42).

The work with other reversible systems has been mainly con
cerned with their quantitative determinations.

Pyrogallic acid, and pyrocatechol give anodic waves which
can be used for their estimation. Resorcinol and phloroglucinol
are not oxidized under the same conditions. This method has
been used to study aqueous quebracho extracts (55).

The decomposition of lactoflavin (vitamin B,) by light has
been followed polarographically in 30% N-methylacetamide
solution, and lumichrome and formaldehyde have been identified
as decomposition products (2).

Substituted azobenzenes such as methyl red (35) and methyl
orange (34) give waves suitable for their determination. The
wave of the latter is decreased 10% by 0.01 % gelatin. Larger
amounts of gelatin up to 1% have no further effect. Serum
albumin reduces the wave by combination with the methyl
orange until the protein concentration is 0.5% for 10-4 molar
methyl orange. From the diffusion coefficient of the complex
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and the decrease of i d at various concentrations of the protein,
the molecular weight and the binding constant, respectively,
can be calculated. No effect of the serum albumin on the
diffusion current is noticed in alkali (49).

IRREVERSIBLE SYSTEMS

Aldehydes. The effect of hydration upon formaldehyde has
been studied further, and the heat of hydration (13,000 calories
per mole) calculated from the temperature-'-diffusion current
curve. The formaldehyde wave'can be removed in 16 minutes
by the addition of dimedon (26).

The polarographic method has been used to determine formal
dehyde in commercial preparations (37); it can be used indirectly
to determine glycerol in fermentation residues by oxidizing the
latter to formaldehyde with periodic acid and then distilling
(7). This method is similar to that previously reported for
ethylene glycol and 1,2-propylene glycol (56). In the latter
case it is possible to determine the amounts of diglycols (diethyl
ene and dipropylene) by removing the monoglycols with periodic
acid oxidation and distillation and then oxidizing the residue
with potassium dichromate. The dichromate is measured
polarographically before and after the oxidation (9).

Fructose, which shows a behavior similar to formaldehyde due
to hemiacetal formation, was studied in solutions of various in

. organic salts and found to give the best wave with calcium or
lithium compounds at a pH of 7.0. The diffusion current in the
former is 1.6 times as high as that in the lithium salt solution (54).

Unsaturated aldehydes in which the aldehyde group is con
jugated with a double bond are best determined at pH 5 to 6,
because under these conditions peroxides, if present, do not
interfere with the early wave shown by these compounds (26).

Aromatic aldehydes to a large extent show similar polarographic
behaviors. Benzaldehyde, for example, shows two waves be
tween pH 2.6 and 6.0 which merge into one wave at a pH greater
than 6.2 (17). p-Dimethylaminobenzaldehyde, protocatechu
aldehyde, p-nitrobenzaldehyde, chloronitrobenzaldehyde (38),
salicylaldehyde, anisaldehyde (1), p-hydroxybenzaldehyde, and
p-metnoxybenzaldehyde (41) behave similarly and differ only
in the pH at which the two waves merge into one.

The behavior of salicylaldehyde and o-anisaldehyde has been
compared with that of colchicine (IV) and colchiceine (V) in an
effort to gain information about the structure of ring C.

IVR = CRa
VR=H

Both colchicine(IV) and colchiceine(V) give a two-stage r...·
duction in acid solution of one electron each and a single two
electron step in alkaline solution. The behavior of colchicein~

(V) actually parallels that of a compound having acid dissocia
tion. It combines with boric acid to give a complex which
gives only one wave and is not stable in alkali (1). A similar
behavior is observed with thujaplicin(VII) and is good evidencE'
for a seven-membered ring (1). The possibility of a hydroxy
methylene structure(VI) was eliminated by the fact that com
pounds having this structure-2-hydroxymethylene-1-ketotetra
hydrophenanthrene, 3-hydroxymethylene-4-ketotetrahydrophen
anthrene (41), and hydroxymethylenecyclohexanone-gaveamore
complicated behavior and showed three reduction waves.

The polarographic method has been used to detect and deter
mine benzaldehyde and cinnamaldehyde in pharmaceutical
preparations (38).

The behavior of furfural parallels that of benzaldehyde at the
dropping mercury electrode. Quantitative estimation can be
carried out in. sodium acetate solution with good results even in
the presence of formaldehyde (24). The method has been used
to determine furfural in alcohol extracts of resins (24) and in the
products formed in the deterioration of apricots (22). In the
latter case furfural did not account for all the carbonyl com
pounds present. 5-Hydroxymethylfurfural, pyruvic acid, di
hydroxyacetone, glyoxal, methylglyoxal, and acrolein were
considered as possible products and were studied polarographi.
cally.

Ketones. The aliphatic ketones, acetone and methyl ethyl
ketone, are reduced polal'ographically at -2.20 and -2.25 volts
in tetramethylammonium iodide solution and can be determined
with an accuracy of 5%. Formaldehyde, acetaldehyde, and
citral do not interfere. No curves are obtained in acid, sodium
hydroxide, or lithium chloride solution (27). These ketones can
also be determined indirectly by determining the diminution
produced in the sulfur dioxide curve of a sulfuric acid solution
of sodium sulfite. The drop in current is a function of concen
tration but is not a linear one (39).

In the aromatic series the effect of one and two hydroxyl
groups upon the ease of reduction of acetophenone has been
studied and found to be the greatest (most difficult to reduce)
when a hydroxyl group is in the p- position (52).

Half-wave potentials are reported for acetophenone, methyl·
acetophenone, benzophenone, benzoylacetone, chloroaceto
phenone (40), and benzanthrone (51). The last compound can be
determined quantitatively alone or in mixtures with anthra
quinone.

The polarographic method has been used to follow the forma
tion of chalcones from o-hydroxyacetophenones and aromatic
aldehydes and the cyclization of these unsaturated compound~

into flavanones (44).
Acids. The polarographic method has been used in various

ways with organic acids.
The nature of the reduction of fumaric and maleic acids and

the oxidation of ascorbic acid has been studied using the oscillo
graphic method and found to be irreversible (13). The half
wave potentials obtained for the oxidation of ascorbic acid are
more positive than the potentiometric values by about 210 mv.
It has been suggested that at the. mercury drop, the product
formed isomerizes to an irreversible inactive form (53).

The polarographic method has been used to study the rate of
formation of the oxime and hydrazone of mesoxalic acid (42),
the polymerization of methyl methacrylate in the presence of
acetone peroxide, diethyl peroxide, and benzoyl peroxide (28).
and the rate of decomposition of methyl 4,5-diketo-2-pentenoatp
5-oxime(VIII) (12). In order to aid in interpreting the data
in the last case, methyl 4-keto-2-pentenoate and 3,5-diphenyl-4
isoxazolol were studied. On the basis of the similarity of the
polarographic data of the decomposition product to that of3.!i
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diphenyl-4-isoxazolol it was suggested that an isoxazol(IX)
is formed.

The possibility of an addition to the a,iS-unsaturated ketone
system and the subsequent formation of an oxazoline (X) was not
considered.

The study of the behavior of the -y-aldehydo acid, phthal
aldehydic acid, at the dropping mercury electrode has given
results which have proved helpful in assigning definite structures
to the anhydrides of the previously studied o-benzoylbenzoic
acid (58).

Aspartic acid in acid-hydrolyzed proteins can be determined
polarographically by conversion to a mixture of fumaric and
maleic acids which gives a well defined wave (57).

Organic Halides. The isomers of hexachlorocyclohexane in
80% ethanol with 0.1 N tetraethylammonium iodide as the elec
trolyte give half-waves at -2.02 volts (a), -2.15 volts (M,
-1.61 volts, and -2.58 volts Cr'). Impure (80%) a-isomer gave
a wave at -2.08 volts. The first wave can be used for deter
mining the -y- isomer quantitatively (45).

The -y- isomer is the only one that is reduced in a potassium
chloride-sodium acetate buffer and gives a long drawn out wave.
Heptachlorocyclohexane interferes by raising the residual current
but can be corrected for. The values obtained by the polaro
graphic method are lower than those obtained by means of bio
assay. The latter may be higher because of a synergistic effect
of the heptachlorocyclohexane (5).

Nitro Compounds. The polarographic method has been used
to study the rate of transformation by alkali of nitromethane,
nitroethane, I-nitropropane, and 2-nitropropane into the sodium
salt of the ad form (25).

In the aromatic series considerable work has been done on the
reduction of nitro compounds.

Nitrobenzene gives two waves of four and two electrons,
respectively, at a pH less than 4 (15, 31). The second wave is
not well defined and disappears at pH values greater than 4.
The first wave represents a reduction of nitrobenzene to phenyl
hydroxylamine, while the second wave in acid solution represents
the reduction of the salt of the latter to aniline.

The addition of alcohol shifts the waves to more negative po
tentials and brings out the second wave more clearly (29).

Substituted nitrobenzenes show varying behaviors depending
upon the substituents present. Nitrotoluene (31), nitroanisoles,
and methyl nitrobenzoates (29) differ in their behavior from that
of nitrobenzene only in the pH at which the second wave dis
appears. Dinitrobenzenes and dinitrotoluenes' show twelve
electron reductions in acid media and ten or less in alkaline
buffers (31). Trinitrotoluene and trinitrobenzene give currents
corresponding to a reduction greater than twelve electrons in acid
and a twelve-electron reduction in alkali (31). The nitrophenols
resemble nitrobenzene in their behavior in acid solutions but
differ in the case of the ortho and para isomers in that the four-

electron wave increases to one of six electrons with an increase
in pH. The dinitrophenols resemble the dinitrobenzenes. Picrie
acid shows a seventeen-electron reduction and is probably re
duced to a hydrazobenzenewhich rearranges in acid to the benzi
dine. This product would be stable toward further reduction
(32). Nitroresorcinols and dinitroresorcinols give six and twelve

electron waves, respectively, at all pH's, while styphnie
acid behaves like picric acid and gives a seventeen
electron wave (33). The nitrobenzoic acids give two

reduction waves in both acid and alkaline buffers (29).
The substituents make the reduction of nitrobenzene more

difficult in the following order: nitro > carboxyl > chloro >
methyl. Nitro and carboxyl show a greater effect in the ortho
and para position than in the meta, whereas chlorine and methyl
which increase the electron density at the ortho and para posi
tions make the meta more easily reduced (3). The values re
ported by these investigators (3) differ from those reported by
Pearson (31) by 0.25 to 0.35 volt. This discrepancy is ascribed
to a difference in the nature of the buffers.

Two methyl groups as in 2-nitro-l,4-dimethylbenzene and 3
nitro-l,2-dimethylbenzene have little effect upon the ease of
reduction of the nitro group. Methyl groups substituted in a

manner which inhibits sterically the resonance of
the nitro group, as in nitromesitylene and nitro
durene, make the nitro group more difficult to reduce
in acid and basic media (8);

The polarographic method can be used to deter
mine nitrobenzene in the presence of aniline, benzidine, or
dinitrobenzene (16) and I-nitronaphthalene in the presence of
I-naphthylamine (50).'

Benzene can be determined polarographically by conversion
to dinitrobenzene using mixed acids (46). In the presence of its
homologs, toluene and xylene, the nitrated products are oxidized
and the acids removed with alkali before the polarographic'
analysis (18) is carried out.

Unsaturated Hydrocarbons. Cyclooctatetraene gives in the
presence of tetramethylammonium ions a well defined wave at.
-1.5 volts (S.C.E.) which is independent of pH and involves a
two-electron change. Because in other salt solutions the ·wave
is indefinite, it has been suggested that the reduction proceeds in
the following manner (6):

CsHs + 2e- + 2(CH3).N+--+ [(CH3).N+j. CsHs--

Peroxides. Benzoyl peroxide, lard peroxide, methyl linoleate
peroxide, gasoline peroxide, and ethyl, isopropyl, andn-butyl
ether peroxides have been studied in a mixture of ethanol-benzene
containing methyl hydrogen sulfate, lithium chloride, or lithium
methoxide. Lithium chloride is the best electrolyte to.use, be
cause no hydrogen wave is formed nor is any peroxide destroyed
(21). This method was used to follow the changes in lard (20).

Sulfur Compounds. Ethyl and n-butyl mercaptan give two
anodic waves in ethanol as a solvent. The second wave is not
reproducible (10).

In the cobalt-catalyzed reaction of cystine, straight lines result
if the reciprocal of the wave height is plotted against either .the
reciprocal of the cystine concentration (at constant cobalt
concentration) or the reciprocal of the cobalt concentration (at
constant cystine concentration) (14).

The protein index of Muller and Davis isdifferent for normal
and pathological serums of horses, sheep, and rabbits (36).

Heterocyclic Compounds. The reduction potentials for a
series of aldehydes and acids in the pyrrole series are reported (4).

The polarographic method is suitable for determining folic
acid alone orin the presence of tablet constituents (23).

8-Hydroxyquinoline has been studied in buffers ranging from
pH 2 to 12 and gives three waves. The first wave. changes in
height with pH and is probably a cat8Jytic wave. The second
is an absorption wave, while the third is a probable reduction of
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the quinoline molecule (47). This behavior of 8-hydroxyquino
line has been made the basis of a method fOr determining alumi
num. The aluminum is precipitated with 8-hydroxyquinoline
and the excess reagent used is determined polarographically (30).

Quinoline-8-carboxylic acid has been studied in buffers ranging
from pH 1 to 12 and behaves like 8-hydroxyquinoline in that
three waves are obtained (48).

Determination of Metals. The addition of 2-naphthol, thy
mol, and diphenylamine changes the diffusion current and shifts
the half-wave potentials of metallic ions. This behavior is
ascribed to adsorbed films upon the electrode (19).
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POTENTIOMETRIC TITRATIONS
N. HOWELL FURMAN, Princeton University, Princeton, N. J.

THIS review' covers the major advances in the field of po
tentiometric titrations subsequent to a review ,published

in 1942 (73). Much progress has been made in this period in
the direction of more convenient apparatus, and both automatic
and recording titration assemblies have reached the stage of
commercial availability. Much attention has been given to
titrations of various sorts in nonaqueous media. The major
share of the papers have dealt with well established principles
applied to new situations. If classified by countries in which
they were published, the distribution of effort was: United
States of America 24.3%, Russia 22.6%, Germany 12.8%,'
France 12.4%, and England 10.7%. The remaining 17.2% of
the papers appeared in Argentina, Brazil, Canada, Czecho
slovakia, Finland, India, Italy, The Netherlands, New South
Wales, Poland, Spain, Sweden, and Switzerland.

GENERAL PRINCIPLES

The theoretical question of the offset between the inflection of
a titration graph and the theoretical equivalence point has been

re-examined mathematically by Murgulescu and Dragulescu
(139, 140). They found a slight offset between these two points
in unsymmetrical types of titrations.

The general theory and the applications of the potentiometric
and related methods have been dealt with in a number of reviews
by Carter (32), Fernando and Gumersindo (65), and Flatt
(66). Special summaries have been published on the dead-stop
end point by Bottger and Forche (18), on polarization end points
by Evans (63), and on pH electrodes by Lauchlan (112).

APPARATUS

Electrodes. Perley (151-153) has made important detailed
studies of glass electrodes of special compositions. Glasses of
good stability and low sodium ion errors contained 63 to 67
mole % of silica, 1 to 4 mole % each of lanthanum, calcium
and barium oxides, 24 to 26 mole % of lithia, and 2 mole % of
cesium oxide.

Lykken and Tuemmler (126) have stressed the suitability of the
glass electrode as a reference half-cell in processes of types other
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value is exceeded by 2 to 3 millivolts, a relay is activated to
control a buret, preferably of the motor-driven syringe type.
If the electrodes show a premature end point due to a local
excess ~f reagent, the motor is activated by an impulse to a
second relay and the titration is continued to a permanenl
change in e.m.f.

Robinson (174) adopted the principle of adding reagent by
a motor-driven syringe buret operated in synchronism with thE'
drive of a recording potentiometer. The latter is so modified
that reagent is added rapidly when the potential is changing
slowly at the indicator electrode; slow increments of reagent art'
made as the end point is approached. A limit switch stops tht'
action at any desired point beyond the equivalence-point poten
tial. Lingane (115) devised a similar automatic titration appara·
tus based upon the motor-driven syringe buret and a potentiom·
eter recorder equipped with a switch to stop the action at any
predetermined potential. The apparatus was shown to be well
adapted to titrations of various types and was utilized in titra·
tions with chromous solutions (116, 120). A very high degreP
of precision was attained with the instrument. Lingane (117)
also devised a multipurpose electroanalytical servoinstrumenl
that may"be utilized for a large number of analytical goals, in-
cluding automatic potentiometric titrations. .

A plot of potential at the indicator electrode against tim..
during which reagent is added at a constant rate has been used
by Kale (103). Barredo and Taylor (6) applied this idea to auto
matic potentiometric titrations by amplifying the output of thO'
titration cell and registering the potential against time on Ii

recorder. Constant flow of reagent was attained with the aid of Ii

Mariotte flask as a constant pressure head. A galvanometer
recording device such as that described by Lykken et al. (123)
for polarography should be of interest in registering current-tim..

Figure 1. Autotitrator (115)
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than neutralization. A convenient rotating electrode has been
described by Bruggemann (23).

Hume and Harris (96) devised a simple bottle type of electrode
with agar-filled salt bridge that has a low resistance, about one
tenth that of a similar electrode with sintered-glass barrier.
The electrode is finding much use in amperometric titrations.

Lykken and Rolfson (125) devised an improved titration stand
that utilizes commercially available electrodes.

Vacuum Tube Voltmeters. Penther and associates (150) de
veloped a vacuum tube voltmeter for use with electrodes of high
resistance. Subsequently (149) this basic instrument was in
corporated in a dual titration instrument with provision for two
sets of electrodes. Titratioris of the same or different types may
proceed simultaneously with intermittent voltage readings.
Buras and Reid (24) developed a line-operated titrimeter that is
suitable for titrations. Lineweg (114) described a direct current
instrument for use with electrodes of high resistance. Many al
ternating current line-operated pH meters and titration assem
blies are now commercially available. This postwar develop
ment has been very rapid, and it has made the potentiometric
method much more attractive for control, research, and instruc
tion-for example, instruments of the Central Scientific Com
pany, Macbeth .Corporation, National Technical Laboratories
(Beckman), Photovolt Corporation, Precision Scientific Co., etc.
The use of simple magnetic stirrers has greatly improved the as
semblies, particularly when titrations must be made with an inert
atmosphere above the solution.

Most of the simplified methods of titration continue to be used,
particularly the dead-stop method of Foulk and Bawden which
has been reviewed (18). Galvanometric indication-i.e., ob
servation of changes of current flowing from the titration cell
through a high resistance and a galvanometer-has again been
found useful by Chirkov (38).

Delahay's Methods.
Delahay (48-50) has devised
circuits for both potentiometric
and conductometric titrations.
The reagent is added at a con
stant rate, and the current,
flowing through the cell, a con
denser, and a sensitive meter,
varies with time in a manner
given approximately by: i =

C dE/dt, where i is current, C
is the capacity of the con
denser, E is the e.m.f., and t
is time. In potentiometric
titrations there is a maximum
value of i close to but beyond
the equivalence point (48).
Either indicating or recording
assemblies may be based on
this principle.

Automatic and Recording
Instruments. A rapid de
velopment has occurred along
lines of application of elec
tronic devices to recording
titration data or to the de
vising of mechanized titrim
eters. Pompeo and associates
(159) have developed mech
anized assemblies. Muller
and Lingane (137) adapted
the Schmidt trigger circuit to
the goal of stopping a titra
tion as soon as the indicat-
ing electrodes reach a pre-
determined value. If this
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plots and in coulometric titrations. Other automatic devices
have been described by Portnov (160) and by Guntz (91,92).

Coulometric Titration with Potentiometric Indication. The
determination of a substance by oxidation, reduction, or other
reaction at a "generator" electrode by measuring the time at
which a constant current has brought a specific reaction to com
pletion is called coulometric titration by Swift and associates
;187). The end of the process may be noted by change in po
tential with a pair of additional electrodes, or by other methods
e.g., amperometric. Epstein and others (61) utilized the idea in
r,he determination of acids by electrolytically generated hy
droxyl. Oelsen and Gobbels (144) also used potentiometric in
dication in this type of process. Shaffer et al. (188) have de
veloped an automatic instrument that electrolyzes mixtures of
reagent and sample brought together in a constant ratio. The
~lectrolysiscurrent is increased or decreased in accord with signals
fed back from a pair of indicator-reference electrodes. The elec
trolysis current may be indicated or recorded and calibrated in
terms of concentrations of a particular substance in the sample.
The principles of the coulometric method are admirably adapted
f,O microdeterminations and to automatic indication or recording
.If content of a flowing solution or a gas stream.

Titrations in Partial Vacuum. Apparatus has been devised by
Kunst and Sprengel (109) for carrying out potentiometric titra
tiODi< under a pressure of about 16 mm. in a nitrogen atmosphere.

MICROTITRATIONS

Stock (202) has given an extensive review of the microchemical
aspects of the dead-stop method (cf. Bottger, 18). Frahm (71)
discussed potentiometric methods in a general microchemical re
view. Ingold (98) attained accuracy, within :5%, in the
titration of 0.300 to 0.900;mg. of organic acids in a volume of
1 ml. The solution was placed in a re-entrant cup in a special
glass electrode. Traces of acids or bases may be accurately
titrated in unbuffered solutions, according to Kunst and Spren
gel (108).
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Syringe burets with revolution counters attached to the
threaded drive shaft have been widely utilized in microtitrationa.

CONCENTRATION CELL METHODS

Swain and Ross (177, 205) found potentiometric titration
useful in kinetic studies. Two similar electrodes, connected
through a galvanometer, were placed in separate beakers con
nected by a salt bridge, and a blank solution in one beaker was
titrated rapidly with a reagent that simulated the conditions
that developed in the other beaker. The amount of reagent
necessary to balance the galvanometer was noted as a function of
time. The hydrolysis of tert-butyl chloride and the oxidation
of oxalate by ceric sulfate were studied in this manner.

DETAILED APPLICATIONS OF POTENTIOMETRIC TITRATIONS

Acid-Alkali Processes. IN AQUEOUS MEDIA. The variation
of pH with dilution in equilibria involving hydrogen ions and
systems such as chromate-bichromate, polyvanadates, etc., has
been subjected to mathematical analysis by Carpeni and Sou
chay (27). Jordan and Taylor (102) have devised a correction
for the alkali required by the solvent in the titration of weak acids
and bases. Their considerations are useful in studies of poly
peptides.

The galvanometric method with quinhydrone vs. reference
electrode, a high resistance, and a galvanometer has been utilized
by Eustigneev (62) and Gorbacheva (81) for the determination
of acids in colored media.

Bereau and Tous (10) have made studies of the further ap
plicability of the quinhydrone and antimony electrodes in the
titration of acids. Weiner and Mahr (223) reported that copper
and nickel interfere with the use of quinhydrone electrodes in
the titration of acids. Kauko and Komulaine~ (105) estimated
carbonate alkalinity in water by direct pH measurement. An
derson and Robinson (2) derived a table of activity coefficients,
fH +, to be used in connection with the determination of the
alkalinity of sea water by titration of acid, where pH = -log
CH+j'H+. Carbon dioxide and a small amount of hydrochloric
acid in distiIled water may be estimated by titration with barium
hydroxide, according to Cuta and Kohn (45), and the data in
dicate the existence of barium bicarbonate.

Giraut-Erler (80) found that weak acids at very low concentra
tion cannot be titrated accurately using a glass electrode.

The titration of boric acid has been reinvestigated potentio
metrically by Ruehle and Schock (178). The boric acid com
plexes with mannitol with one and two molecules of mannitol per
molecule of borate have association constaDts K 1 = 3 X 102 and
K 2 = 5.1 X 104, respectively, and according to Deutsch and
OsoJing (51) these anionic complexes persist in alkaline solu
tion.

Eitel (59) has studied the titration of acetone, acetaldehyde,
o-chloro- and o-nitrobenzaldehydes, furfural, and salicylaldehyde
with hydroxylamine hydrochloride using the glass electrode
calomel cell.

The well known change in pH that occurs in the titration of
sulfate by barium chloride solution may be followed Vl-ith either
an antimony or a quinhydrone electrode (Sierra and Carpena,
192).

Hypochlorite may be titrated in the presence of sodium hydrox
ide with standard acid if contamination due to carbon dioxide is
avoided, according to Rodriguez (176).

Molybdates. Bye (25) states that in the titration of sodium
molybdate with hydrochloric acid the heteropoly anion may be
[H7MosOt4 j---- or [HsMor0 28 j------. Carriere and Guiter
(28) found that basic salts are formed at high pH and acid salts at
low pH in the titration of molybdic acid or molybdates in the
presence of alkaline earth or lead ions. Carpeni (26) found that
the presence of neutral salts decreased the first break in the titra
tion curve of molybdic acid. The breaks were at 0.5 and 2 equiva
lents of base per gram-atom of molybdenum.
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Figure 2. Apparatus for PotentiOlnetric Microtitrations
1. Apparatus of Cateh, Cook. and Kitehener (.'4). Glass lDieroeleetrode 6 lDakea

con'tact with 0.1 to 0.2 00. of 8olut.ion containing 2 to 5 JUg. of acid or base. r is tip of
reference electrode.

2. Apparatus of Zurcher and Hoepe (234) for titration of halide in sinllie drop of
liquid in depression on paraffin block, p. b buret, r reference electrode, M m.otor,
s triangular section on JDotor shaft to vibrate solution in c. Silver wire indicaror
electrode is used.

3. Apparatus of InllOld (98) for Dlierotitration of aeid.. 6 i. re-entrant; Illa.s
JDem.brane, e titration cell, b JDicroburet, r reference electrode, d tube for withdraw
ing solution from. fra,pJe cell.

d

3.

Aqar-KCI

tensive studies of titrations with the glass electrode as indicator in
nonaqueous media with special reference to highly colored mix
tures that are of interest in petroleum researches. The general
technique and details of procedure are of considerable interest
in all work with nonaqueous media. A benzene-isopropyl alcohol
mixture in 1 to 1 ratio with about 0.5% of water was found
to be of general utility.

Anhydrous acetic acid as a medium continues to be useful.
Kilpi and Puranen (106) found 2.8 X 10-13 for the self-ionization
constant. Tomicek (210) made satisfactory titrations of sul
fonamides in this medium. Wittman (226) titrated basic nitrogen
in oils with perchloric acid in this medium.

Virasoro (219) found that fatty acids in butanol may be ti
trated satisfactorily using the glass electrode. Izmailov and Tar
tyllo (101) found that sodium or potassium acetates may be ti
trated much more satisfactorily in alcoholic media than in water.

Palit (14-6) utilized the solubilizing properties of glycol-hydro
carbon solvents for many interesting types of titrations. A
glycol plus butanol, isopropyl alcohol, amyl alcohol, dioxane, or
chloroform is effective for the titration of salts of fatty acids,
boric acid or borax, ammonia, aniline, etc. A glass electrode is
used as indicator.

Dioxane-water mixtures containing 50 to 65% of the former
were used by Gale and Lynch (76) in making careful titrations of
various dibasic acids in solutions of constant ionic strengths.
The ionization constants of oxalic, malonic, succinic, and glu
taric acids were derived from the data. The quinhydrone elec
trode was used.

A new direction has been given to research in the nonaqueous
field by work of Moss et al. (136), who studied titrations in ethyl
enediamine. The sodium salt of ethanolamine was used as a
base. The medium is suitable for differentiating between carbox
ylic and phenolic functions in resins. Amino acids give satis
factory titration curves. Either an antimony or a hydrogen

2

1.

Precipitation of Hydrous Oxides. Numerous new studies of the
course of pH during the titrations of various salt solutions have
been made. Yadava and Chatterji (228) followed the stability of
colloidal solutions of aluminum and ferric hydroxide sols potentio
metrically.

Moeller and Kremers (134-) found the following basicities of
rare earth hydroxides relative to that of yttrium taken as unity:
lanthanum 1235, cerium 185, praseodymium 333, neodymium
23.5, samarium 8.4, europium 4.2, gadolinium 2.6, erbium 0.16,
thulium 0.041, ytterbium 0.036, and lutecium 0.031.

Moeller and Rhymer (135) studied the precipitation of cad
mium from the nitrate, chloride, bromide, iodide, and sulfate.
Excess potassium iodide, bromide, or chloride may inhibit the
precipitation completely. Carriere et al. (29) studied the pre
cipitation of cadmium sulfate with sodium hydroxide. Quintin
(163) measured the concentration of both hydrogen and cadmium
ions during the precipitation of cadmium sulfate by potassium
hydroxide. Precipitate and solution were separated after various
times of treatment. Time of contact of solution and precipitate
was found to have an important bearing on the pH of the solution
at various stages in the treatment.

Copper. Brouty (22) found evidence of the formation of
hydrated CuSO•. 3Cu(OH)2 in the potentiometric titration of
copper sulfate. Guiter and associates (30) made detailed studies
of the precipitation of copper from solutions of the sulfate, ni
trate, and chloride. Basic salts of the type MX2.3CuO and Cu
SO•. 9CuO were reported.

Bordoni (20) studied precipitation methods for the determina
tion of copper, iron, aluminum, zinc, nickel, chromium, and lead
ions.

Geloso and Fauchere (78) reported evidence of the existence of
Pb(N03)2.Pb(OH)2, Pb(N03),.3Pb(OH)2, and a more basic salt,
possibly Pb(N03),.9Pb(OH), on the basis of titrations of lead
nitrate with sodium hydroxide.

Various basic salts of uranium were reported
by Guiter (88) in the titration of uranyl nitrate
with sodium hydroxide. Uranyl acetate and
sodium hydroxide gave a first inflection corre
sponding to uranyl hydroxide and a second cor
responding to Na20.8U03 in Guiter's (89) experi
ments.

Guiter (87) studied the titration of vanadic
acid solutions with alkali in the presence of
alkaline earth and lead ions.

The reporting of basic salts on the evidence
of titration data should be viewed with caution,
for in many cases equilibrium conditions are
not established.

Niisiinen (14-2) found that the precipitation
of zinc hydroxide proceeds stoichiometrically in
the presence of sodium, barium, or calcium ions,
but that magnesium and sulfate ions interfere.
Carriere et al. (31) found that a correct deter-
mination of zinc could be made by titration of
chloride or nitrate solutions of zinc with sodium
hydroxide. They found a basic salt, ZnSO•.ZnO,
at pH 7,6 to 9.2 in sulfate solutions; it changed
to zinc hydroxide at pH 9.4 to 11.5

IN NONAQUEOUS MEDIA. Wolff (227) has
pointed out that relative strengths of acidic
or basic functions depend on both the charge
type and the acidic or basic properties of the
solvent, Uncharged acids ':hydrofluoric, nitric,
RCOOH) are of relatively constant strengths
in various media, whereas positively charged
acids ~uch as hydrated cations, NH.+, etc.,
increase in acid strength as the dielectric con
stant of the medium decreases.

Lykken and associates (122, 124-) have made ex-
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Figure 3. Titrations in Ethylene
diaIlline as Solvent (136)

Miscellaneous. Lead may be determined indirectly by adding
an excess of a standard solution of potassium iodate; the excess
of the latter is determined with silver nitrate solution, aecording
to Dragulescu and Latiu (52). Niisanen has studied the solu
bility of lead iodide in solutions of various perchlorates (lithium,
sodium, barium, cadmium), and nitrates (lithium, sodium,
barium), and in sodium chloride by potentiometric technique
(141). The methods of preparation of electrodes of silver-silver
chloride and silver-silver sulfide have been studied by Martinez
(132). According to Druet (53) the variation in the end point in
the determination of silver depends upon the age and nature of
the eleetrode.

When ferric chloride is added to sodium monohydrogen phos
phate solution, ferric phosphate forms directly, according to
Hubicki and Sykut (95), whereas in the reverse process 2FePO•.
Fe(OH)3 is formed.

Oxidation-Reduction Processes. The work in this field is

Sodium salts of lauric, myristic, palmitic, or stearic acid may be
titrated potentiometrically with 0.02 to 0.1 N silver nitrate
(Ekwall and JU!1P, 60). Davies and Armstrong (46) have con
firmed the fact that mercaptan (thiol) in the presence of sulfides
may be titrated with silver nitrate. Phosphate may be deter
mined indirectly by precipitation with excess silver nitrate in a
borax buffer of pH 9, adjustment to pH 7 to 8, filtration, and ti
tration of excess silver ion with standard potassium bromide
solution (Flatt and Brunisholz, 67).

Photographic developer solutions may be analyzed potentio
metrically for bromide [Crowell et al. (44) and Stott (203)] as well
as for sulfate (203). Plasencia (155) separates silver and halides
in emulsions by alkali, and titrates the silver and the halides
separately.

Bellamy (8) has reinvestigated the titration of silver with
thiocyanate solution.

Cyanide Processes. Gregory and Hughan (83) estimate the
silver in plating solutions by titration with cyanide. Chirkov
(40) used the platinum-silver electrode pair in titrating copper or
nickel in solutions of their ores with cyanide solution. The total
cyanide in potassium cuprocyanide solutions may be titrated with
mercuric nitrate, using an amalgamated platinum electrode as in
dicator. Free cyanide is estimated by titration with zinc chloride
to a turbidity end point, according to Weiner (222). Gaguin (74)
found 10-11 • 4 for the solubility product of silver cyanide and
0.395 volt for the Eo value of the proce3S: Ag(CN)2- + e = Ag +
2CN-, and 0.152 volt for that of Ag[Ag(CNlz] + e = Ag (CN)2
+ Ag. The titration of nickel wth cyanide has been reinvesti
gated by Chirkov and Noranovich (42).

Fluoride Processes. The titration of aluminum with fluoride
solution, using the ferri-ferrous indicator electrode, has been ap
plied to ores and silicates by Stefanovskil and Svirenko (200),
to magnesium alloys by Mannchen (131), to electron-type alloys
by Pollak (157), and to bronzes and steels after prior removal of
interfering elements by Ivanov and Bezyaiko (99).

Similar methods apply to the determination of beryllium
(Tarayan, 208) and calcium (Tarayan, 209), and to theprecipita
tion of lead as the chlorofluoride (Farkas and Uri, 64). The de
termination of fluoride by precipitation with ferric chloride ac
cording to Treadwell's procedure has been utilized by Talipov
and Teodorovich (206).

Ferrocyanide Precipitations. New studies have appeared on the
titration of various metallic ions with standard potassium ferro
eyanide solutions:

Cadmium. Bhattachary and Gaur (13), Berkovich (11),
Kale (104)

Copper and Lead. Kale (103)
Nickel. Tannaev and Levina (207)
Thallium as CaTlz Fe(CN). 2. Ripan and Poppev (170)
Zinc. Shistermann and Kolesnikova (191); in aluminum

alloys, Eisen (58); in bronze after removal of copper, tin, lead,
apd iron Pchelintsen (148)

A

H

o
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A. REFERENCE ELECTRODE
B. INDICATOR ELECTRODE
C. MAGNETIC STIRRER
O. 50 ML. BURET
E. TITRANT
F'. ASCARITE + OEHYORITE
G. 12/5 BALL ..JOINTS
H. 10/30 l' ..JOINTS

electrode may be
used, but the glass
electrode is unsatis
factory in this
medium.

Schaal and
Rumpf (185) have
studied titrations in
nitrobenzene.

Peterson et al.
(154) proved that
acids such as sulfur
trioxide, ferric
chloride, or stannic
chloride may be
titrated potentio
metrically with
bases such as quino
line, isoquinoline,
or pyridine in an
anhydrous selenium
oxychloride
medium.

Precipitation and
Complex Forma
tion (see also hy
drous oxide proc
esses).

PROCESSES IN
VOLVING SILVER OR
HALIDES. Scott
(186) set up a cali
bration graph that
was approximately
linear for the estimation of chloride in water from 1 to 1000 p.p.m.
The electrode system was silver-silver chloride solution to be
tested and a 2 N magnesium sulfate-lead sulfate-lead amalgam.
A similar idea was proposed by Mitoff and Schaaf (133) using
the 'cell silver-silver chloride solution in a calomel half-cell.
The calibration line shows appreciable curvature. Gilbert (79)
and Riedel (167) have also used the silver-silver chloride elec
trode in measurements of small concentrations of chloride ion.

The well established idea of using a quinhydrone electrode at
proper pH and a silver electrode to give zero e.in.f. at the end
point of the titration of chloride with silver nitrate has been re
studied by Rocha (175). Dean and Hawley have developed a'
portable apparatus for field determinations of chloride and dis
solved oxygen in water (47).

The microtitration of chloride accurate to 0.02 m!. of 10-4

molar silver nitrate has been described by Northrop (143).
Simplified circuits have been applied to the determination of

chloride (Zhidkikh, 232) or in magnesium and its alloys (217,218).
Yeck and Kissin (230) used the cell silver solution-potassium

nitrate saturated with silver chloride, silver chloride-silver, and a
vacuum tube voltmeter in the titration. Other modifications that
have been recently utilized in the determination of chloride are:
a silver amalgam indicator electrode (Chirkov, 41); titration to
a definite potential, in the estimation of chloride in copper solu
tions (Yao, 229); successive titration of oxalate and chloride
(Shchigol and Birnbaum, 190); ehloride in presence of sulfur
dioxide (Berkovich and Luzina, 12); and chloride in presence of
bromide and iodide in ammoniacal medium (Shchigol, 189).
Three breaks occur, one at the end of the precipitation of iodide, a
second at the end of the bromide precipitation, and a third at the
end of the formation of AgCl(NH3)2.

Calcium may be estimated indirectly in the presence of mag
nesium by precipitation with standard oxalate solution, filtra
tion, and titration of the excess oxalate with silver nitrate, ac
cording to Birnbaum and Shchigol (17).
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summarized according to individual reagents arranged roughly
in order of descending oxidizing power. Applications to the
analysis of precious metals and to the steel and ferroalloy fields
are collected at the end of this section. .

CERIC SULFATE. Copper(I) and antimony(III) may be titrated
successively after prior reduction with chromous chloride (Pribil
and Chebovsky, 162).

The arsenic(III)-cerium(IV) reaction may be used for in
direct catalytic estimation of iodine, according to Hahn (93).

Cerium(IV) may be titrated with ferrous ion for the estimation
of cerium in its alloys with iron (Raisin-Streden and Muller
Gamillschweg, 164) and in steels (Malov et ai., 130).

POTASSIUM PERMANGANATE. Pappas (147) found that acetate
improves titration of uranium(IV) in the presence of iron (II).

Manganese (II) is oxidized to tripyrophosphatomanganic(III)
ion, Mn(H2PiO,)2---, by potassium permanganate at pH
6 to 7. Chloride and ions of cobalt, iron, chromium, copper,
nickel, wolfram(VI), molybdenum(VI), uranium(VI), zinc,
aluminum, magnesium, and cadmium do not interfere according
to Lingane and Karplus (118). The reverse titration of manga
nese(III) pyrophosphate ion with iron(II) may be used for the
estimation of manganese (Watters and Kolthoff, 221).

Manganese(II) may be oxidized to manganese(III) in the
presence of fluoride. Zvenigorodskaya and Gotsdiner (236) ap
plied this process to ores and slags.

Treadwell and Nieriker (215,216) have made a general investi
gation of the production of the ions of chromium of (II),
uranium(III), uranium(IV), wolfram(IV), wolfram (V), and
molybdenum(III) by reduction with cadmium, followed by
oxidimetric titration.

INDICATORS. The formal potentials of o-phenanthroline and
bipyridine-ferrous complexes have been redetermined (97).

POTASSIUM BICHROMATE (see also analysis of steels). Oxford
(145) has restudied the titration of iron(II). Zhivanovich
(233) uses a platinum-ferric chloride reference electrode in bi
chromate titrations.

HYDROGEN PEROXIDE was used by Gazulla (77) in the estima
tion of nitrites.

LEAD TETRAACETA'fE was used by Reeves (165) to estimate
cis-glycols, the electrodes being lead vs. platinum.

POTASSIUM BROMATE. Arsenic(III) and antimony(III) were
determined with bromate by Smith (195) using the polarized
platinum-platinum electrode system.

Thallium(I) may be titrated in presence of iron(III) com
plexed by phosphate on a·micro scale' according to Rienacker and
Knavel (168).

DuBois and Skoog (54) determined bromine numbers with
standard potassium bromite-bromate solution and mercuric
chloride catalyst.

8-Hydroxyquinoline may be determined by the addition of ex
cess standard bromate followed by back-titration with arsenite
(Savioli, 184).

The platinum-platinum black electrode combination was used
by Bielenberg and Kuhn (14, 15) in bromination of phenols.

HYPOBROMITE was used by Chirkov (37) to titrate phenol.
BROMATE, BROMINE, AND BROMIDE mixtures may be examined

by titrating free bromine with aniline sulfate, then adding excess
of antimony(III) standardized solution, and titrating the excess
with standard potassium bromate solution (Portnov and Elkina,
161).

HYPOCHLORITE. Maksimyuk and Ptitsyn (129) have investi
gated the reaction between thiosulfate and hypochlorite.

POTASSIUM IODATE has been used by Spacu and Spacu (196,
197) fol' the indirect determination of thorium or of lanthanum
(198). Singh and Rehmann (194) used potassium iodate in the
direct estimation of aromatic amines. Spacu and Spacu (199)
used the reagent for the estimation of i-ascorbic acid.

FERRIC-FERROUS REACTIONS. Ferric chloride or sulfate solu
tions have been found useful by Rius and Coronas (172) in the
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estimation of molybdenum(III), or of molybdenum and vana
dium (Rius and Martin, 173). Lannet (111) applied the method
to titanium, and Weiss and Blum (224) to uranium(IV).

Ferrous sulfate as reagent is used most frequently in steel analy
sis. Strouts and MacInnes (204) determined nitric acid in
mixed acids with ferrous sulfate using a platinum-potassium
iodate reference electrode. McKinney et ai. (128) developed a
similar method for estimating nitric acid in oleum.

IODINE-IODIDE REACTIONS. Reagents containing iodine have
been used in' the indirect determination of silver in micro or sub
micro amounts, based on the reaction 2Ag + 12 = 2AgI, followed
by titration of excess iodine with arsenite, using the dead-stop
method (Lambert and Walker, 110).

Sillars and Silver (193) determined oxygen in water by the in
direct iodine-thiosulfate proc.edure.

Bates et ai. (7) determined the amylose and amylopectin con
tent of starch by standard iodine solution.

Water by the Karl Fischer technique is best estimated with
the aid of the dead-stop end point as suggested by Wernimont
and Hopkinson (225) and by Carter and Williamson (33). Ren
nie and Markham (166) applied the method to gunpowder,
glacial acetic acid, sawdust, and shellac. McComb (127) applied
it to protein material, and Gukhman et ai. (90) studied various
applications.

The following titrations with standard potassium iodide have
been investigated: chloramine, by Afanasev (1); copper, applied
to indirect estimation of iodine, by Hahn and Adler (94); osmium
in osmic acid, by Ryabchikov (180); and selenates, by Ripan and
Dragulescu (169) and de Salas (183).

FERRI- AND FERROCYANIDES AS REAGENTS. Major attention
has been given to the estimation of cobalt(II) by titration with
ferricyanide. Chirkov (39) studied this method and the cyanide
method for nickel and cobalt. Ivanova and Malov (100) and
Bagshawe and Hobson (3) studied the application to steels. The
latter (3) consider the formal potentials and the interferences of
manganese chromium(III), and vanadium(IV). Zvenigol'od
skaya (235) avoided the interference of manganese by oxidizing
it to manganese(III) in presence of fluoride with potassium per
manganate. The standard ferricyanide solution was then ti
trated with the solution of the alloy.

Podlubnaya and Bukharov (156) estimate sugars by using their
solutions to titrate alkaline ferricyanide solution.

Murgulescu and Dragulescu (138) found that hexammine co
baltic salts may be used to titrate ferrocyanide.

CUPRIC ION. Britton and Clissold (21) used cupric reagent for
the titration of phenyl hydrazine.

POTASSIUM MERCURIC IODIDE, K 2HgI4, may be titrated with
arsenite or antimonite in alkaline medium (72).

MOLYBDENUM(V) AS REDUCTANT. Tourky et al. (212) studied
the stability of the solution and the titration of iron, and also
(213) titration of iodate, bromate, bichromate, and vanadate.
They later (214) investigated the titration of various mixtures of
oxidants. Rius and Coronas (171) followed potentiometrically
the interaction of molybdenum(VI) and molybdenum(III) to
yield molybdenum (V).

THIOCYANATE. Gaguin (75) studied the reducing properties of
thiocyanate ion at various pH ranges.

STANNOUS CHLORIDE was used by Vasilev (217) for the indirect
estimation of phosphorus by titration of molybdiphosphoric acid.

VANADOUS SULFATE has been applied by Banerjee (4, 5) to the
titration of titanium and to the estimation of organic substances.

CHROMOUS SOLUTIONS have been the subject of investigation.

Apparatus and application of chromium(II) to the estima
tion of molybdenum, wolfram, uranium,' vanadium, titanium,
antimony, tin, and bismuth. Flatt and Sommer (68).

Estimation of wolfram and vanadium. Flatt and Sommer (69).
Estimation of iron, copper, titanium, vanadium, chromium,

molybdenum, and wolfram. Flatt and Sommer (70).
Titration of heteropoly acids of silicon and phosphorus Tourky

and El Shamy (211).
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CHROMATOGRAPHY
HAROLD H. STRAIN, Argonne National Laboratory, Chicago, Ill.

WITH the development of the natural sciences, man has
based his understanding of the universe upon the properties

of inorganic and organic matter. Among all material substance
ranging from the several forms of energy to the intricate as
sociations of living organisms, there are various degrees or levels
of complexity. These organizational levels may now serve for
the comparison and classification of matter and for evaluation
of the advancement of knowledge. ·With some oversimplifica
tion and with certain arbitrary assumptions, the relative complex
ity of most substance may be summarized in tabular form as
illustrated by Table 1.

The relationships among matter at the different organizational
levels are more complex than the relationships among matter at
each level. Although there are many opportunities for progress
in the understanding of highly organized material substance in
terms of less complex matter, most investigations and inter
pretations have been confined to substance at a single organiza
tional level. This limitation to the progress of knowledge can
be attributed to various conditions such as the extreme speciali-

Table I.

Increasing
Complexity

Relative Complexity of Inorganic and Organic
Substance

Substance

Various forms of energy: the basic unit of radiant energy. thf'
photon; the carrier of kinetic energy, the neutrino (massless
particles)

Basic units of electricity and of matter: the electron and the
positron (lightest particles)

Intermediate particles: the mesons
. Basic components of atomic nuclei: the proton and the neutron

Chemical elements: hydrogen to curium
Chemical compounds: inorganic to organic; minerals including

coal and petroleum
Rather constant associations of chemical cDlnpounds: soil, air,

sea water
Particular, improbable associations of labile compounds: living

cells
Associations of living cells: multicellular organisms, reproduc

tive groups
Complex associations of multicellular organisms: colonies,

hives, flocks, herds, tribes, cities, and nations

zation of scientific investigators (10), the limitations of man's
sensitivity and perception, and the limitations of scientific
methods.

Recognition of most of the degrees of complexity in nature has
resulted from the use of sensitive instruments and of specialized
analytical techniques (27, 38). With a few notable exceptions,
these methods of investigation have proved most effective with
matter at but one level of complexity.

APPLICABILITY OF CHROMATOGRAPHIC ANALYSIS

Of the methods devised for the examination of matter, few
have found such wide application under such a variety of condi
tions as chromatographic analysis. Invented in different
modifications by Schonbein, by Goppelsroeder, and by Tswett
and improved and applied by many other workers, this method
has continued to yield significant new results in many diverse
fields (14, 28, 30, 69, 118, 119). It has proved useful with sub
stance varying enormously in degree of complexity-as for
example, the chemical elements, various chemical compounds,
microscopic parts of cells, and even the cells themselves (105,
118).

Chromatographic analysis is especially effective for the
resolution of mixtures and for the isolation and identification of
the components. As the resolved materials may be isolated
without chemical change, chromatography has become a basic
tool for all scientists whose advance into unexplored regions
depends upon knowledge of the properties of particular sub
stances (119).

Because of the discovery and improvement of chromatographic
methods in remotely related fields, evaluation of the technique
with respect to applicability to new materials has been difficult
and time-consuming. Progress in this direction has beenfacili
tated by reviews that have appeared from time to time (28, 30,
118). An extensive summary with 538 literature citations cover
ing applications of chromatographic analysis in organic chemis
try for the years 1939-1949 has been prepared by Lederer (69).
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Another review devoted to the properties of. ion exchangers,
which have been utilized for many chromatographic separations
of inorganic ions, has been prepared by Nachod and fifteen
collaborators (87). A general summary of chromatographic
techniques, first presented several years ago as part of the
lecture series, "Frontiers in Chemistry," has aliSo been brought
to publication (119). Advances in the use of chromatographic
methods for following the chemical and metabolic transforma
tions of carbon compounds labeled with isotopic carbon have
been reviewed by Calvin and co-workers (5, 18, 19). Numerous
symposia in Europe and in the United States have also helped
to disseminate knowledge about this useful technique (3, 126).
The indexes of Chemical Abstracts, of Annual Reviews of Bio
chemistry, and of many scientific journals have been expanded to
include various applications 'of the chromatographic technique.'
In view of the availability of most of this material, no attempt
has been made to report here all the recent research or industrial
applications (8, 113). Instead, emphasis has been placed upon
the nature, the mechanism, and the modifications of chromato
graphic analysis.

NATURE OF CHROMATOGRAPHY

There has been a gradual clarification of the methods and
procedures which are now recognized as chromatographic anal
ysis. This technique depends upon a dynamic paTtition or
distribution of dissolved or dispersed substances between two
immiscible phases one of which is moving past the other (87,
119).

SOLUTION
d. -

T1 SOLVEN

d 2
d2

SOLVENT T
d l

------

Figure 1 (Left). Filtration of Solution through an
. Adsorption Colullln

Figure 2 (Right). Ascent of Solution in Strip of Filter
Paper

Distance Inoved by solution, d, and hy solvent, d;

In practice, chromatographic analysis involves a particular,
discontinuous procedure. The mixture to be resolved is absorbed
in an absorptive column (Figure 1), in one end of a strip of
paper (Figure 2), at the side of a sheet of paper (Figure 3), or in
a stack of filter paper (85), wherein it is wa,shed with fresh solvent
or with mixtures of solvents so that the solutes migrate through
the porous, nonmobile phase at different rates and separate from
one another. Although these physical arrangements may be
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varied in many ways, as by use of various absorptive phases and
by use of various solvents, the principles involved in the chro
matographic resolution of mixtures are few indeed (69, 87, 119).

PARTITION MECHANISM IN CHROMATOGRAPHIC
SEPARATIONS

The dynamic partition of solutes between the two phases in
chromatographic separations may be represented by equilibrium
equations.

Stationary phase =:; Mobile phase

Solutes Solutes
v/' "'-"" ~ H

Solvent =; Adsorbent Solvent

These equilibria may involve solution or dispersion of the solute.
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They may involve ionization, solvation, or association of the
solute. There may be complex formation with the phase itself
or with added substances. There may be a variety of reversible
chemical reactions, and in the stationary phase, there may be
various surface-adsorption phenomena. Meinhard (82) has
shown that several combinations of reversible systems remain to
be examined as a basis for chromatographic separations. In his
sixteen arbitrary combinations, adsorption of the solute and
solution of the solute in the stationary phase are placed in the
same class, although for practical reasons they are usually con
sidered separately (119).

Even though certain of these reversible phenomena may pre
dominate in a single absorption system (119), most of the at
tractive forces are usually present in varying degree. Recent
data on the absorption of organic acids by ion exchangers sug
gests that the principal reaction between the acid and the in
soluble amine resin may vary with the solvent, ion exchange
predominating in the presence of water, addition reactions pre
dominating in the presence of nonaqueous solvents (107).

In absorptive filter paper, the resolution of mixtures of solutes
may depend upon surface adsorption, upon ion exchange, or
upon partition between solvents (69, 118. 119). The pre
dominant force varies with the paper, with the solvents, and with
the solutes. Both paper and siliceous filter aids may be im
pregnated with various adsorbents, ion exchangers, and chemical
reagents (57, 133) so that the attractive forces are varied enor
mously, whereas the desirable physical properties of the support
are retained.

With absorptive solids, the predominant attractive forces may
be chemical reactions, such as ion exchange and complex forma
tion; surface attractions, such as the adsorptive forces of surface
active solids; and solution, such as the dissolution ,of solutes in
the liquid retained by a gel or moist solid (107, 119). The
amount of solute retained by the solid phase in relation to the
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Dashed portions of curves represent extrapolations

concentration of the solute when these different forces pre
dominate is illustrated by the curves in Figure 4.

Figure 4. Isotherms Representing Absorption of Silver
Ion by Ion Exchanger (11), Adsorption of Acetic Acid
by Bone Charcoal, and Partition of Solute between Two

Immiscible Liquids

the common chromatography based on the use of surface-active
adsorbents.

For the initial passage of solution into a column or strip of
paper, such terms as adsorption or absorption of the mixture,
filtration of the solution" the initial adsorption, and zone forma
tion have been widely employed. Passage of fresh solvent
through the absorptive layer to separate the absorption zones,
though commonly called development of the chromatogram, is
now widely called washing the absorbed substances, irrigation
with fresh solvent (10, 79), treatment with complexing agents
(59), and formation of the chromatogram (118).

The separate regions in the absorptive material that contain
the individual, resolved solutes have 'been called absorption or
adsorption bands or zones. Because of the possible confusion
with spectral absorption bands, these regions in the columns
might preferentially be called zones rather than bands.

Irrespective of the partition mechanism, the resolution of
mixtures in paper is commonly called paper chromatography,
analogous to columnar chromatography. Resolution of mixtures
in a sheet of paper by irrigation in one direction with one solvent
(Figure 3) followed by transverse irrigation with another solvent
is nOw called two-way chromatography (11), a contraction of
the two-dimensional chromatography suggested by Consden,
Gordon, and Martin, and an improvement on the cross capillary
analysis, first proposed by Liesegang (118, 119).

Colorless substances separated by chromatographic adsorp
tion are often rendered visible by addition of reagents to the
chromatogram (69, 119), a procedure widely utilized in paper
chromatography (69). Colorless substances may also be made
visible by the addition of reagents to the absorptive phase (16)
and to the wash liquid (89). Because of the parallelism between
this production of color and the development of a photograph,
formation of colored derivates of solutes separated by adsorption
is widely called the development of the chromatogram, contrary
to the older meaning of this term. By the sheer weight of usage,
especially in the field of paper chromatog.raphy, this new meaning
promises to displace the older one. It may be better, therefore,
to call the washing of the absorbed solutes the formation of the
chromatogram, and the production of color with reagents the
development or revelation or ripening (83) of the chromatogram.

The term chromatography, which evolved from Tswett's
chrornatographische Adsorptionsanalyse, no longer applies solely
to the separation of colored substances, nor does the method de
pend entirely upon adsorption phenomena. Moreover, this
terminology leads to the anomalous colorless chromatogram
(69, 83). In view of the widespread use of all chromatographic
methods for the resolution of mixtures, a name indicative 'of
resolution into the smallest components would be less am
biguous than a name indicative of color. From this point of
view, eography might su!Jstitute for chromatography.

RATE OF MIGRATION

One of the most useful constants in chromatographic investi
gations is the R value, the rate of migration of a solute through
the absorptive phase relative to the flow of solvent. Ever since
Goppelsroeder's extensive investigations of the capillary ascent
of organic and inorganic solutes into strips of filter paper (119),
this migration constant has proved useful for the comparison
and description of the adsorbability of various solutes. Eventu
ally, the quantitative considerations of the mechanism of chro
matography led to the deduction that the R value was the ratio
of unabsorbed solute in the interstitial spaces to the total solute
in the adsorption zone (118, 119).

In practice, migration rates are determined by. filtration of a
solution through the absorptive medium as indicated by Figures
1 and 2, or they are estimated from the movement of an ad
sorption zone in a column or in paper, as indicated by Figure 3.
In these three figures R = dt/d" or R = (amount of solute in
solution in the adsorption zone) -'- (the amount of solute in
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VARIABLE CONOrTIONS IN CHROMATOGRAPHIC
SEPARATIONS

Numerous modifications of the chromatographic technique
which have been reported in the past year pertain to the use of
absorptive paper; hence they are considered in a subsequent
section devoted to paper chromatography. Similarly, variations
of the absorbents are treated under sections devoted to chromatog
raphy by adsorption, by ion exchange, and by partition.

A variety of solvents and solvent mixtures has been employed
for washing the absorbed solutes. These solvents range from
the nonpolar organic hydrocarbons to very polar aqueous solu
tions. As indicated by the equilibrium equations and as illus
trated by many new examples, the solvent must be selected in
relation to the properties of the absorbent and the solute mixture
(69, 118). For uniform, reproducible separations, even filtra
tion must be obtained (35).

An increasing number of examples shows that many combina
tions of solvents and absorbents may be employed for resolution
of one kind of solute-for example, mixtures of organic acids
may be resolved by absorption in columns of ion exchangers
with water,or with organic liquids as solvents, a variation that
may lead to inversion of the adsorption sequence (107). They
may be separated in columns of silica gel with chloroform or
iso-octane as solvent (50, 103), in columns of Celite plus strong
sulfuric acid and with benzene or butanol as solvent (55, 94), in
columns of charcoal with various solvents (56), in columns of
alumina with various solvents (37, 69, 136), and in paper with
water, aqueous phenol, or butanol as solvent (21, 79).

Many analogous examples of separations of amino acids
performed with various combinations of absorbents and solvents
have been reported in the current literature and summarized in
Annual Reviews of Biochernistry. Even the 'solutes themselves
may be altered as by conversion into various derivatives and
complexes (9, 21, 32).

TERM[NOLOGY

The dependence of most chromatographic separations upon a
few distribution phenomena has led to widespread acceptance
of such terms as chromatography by ion exchange, by partition,
and by adsorption (69" 118). Newer terms are electrochro
matography, indicating the use of electromotive potential in
columns or in paper (69), and salting-out chromatography (125),
indicating the increased adsorbability of a proteinaceous solute
due to the addition of salt to the solution. Surface chromatog
raphy, recently suggested as a name for separations of solutes
in thin layers of absorbents (83), is likely to be confused with
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widely used as a sensitive descriptive and analytical test. In
principle, these sequences represent qualitative comparisons of
the R values. In practice they are extremely useful, because
they are usually altered less than R values by the presence of

.impurities. Owing to their extreme sensitivity and because
they can be seen during the preparation of many substances by
chromatographic methods, adsorption sequences are certain to
find further application in many fields. As the adsorption
sequence may vary with the solvent and the adsorbent (107,118),
specification of the adsorption conditions is always essential
(121).

Adsorption sequences have been reported in several ways which
reflect the analytical procedure but which are exceedingly con
fusing to the reader. When the flow of solvent is downward,
as in columns (Figure 1) and in some uses of paper, the solutes
are usually tabulated in the direction of decreasing adsorbability,
that is, from the top to the bottom of the page (62, 119). But
when the flow of liquid is upward, as in vertical sheets or strips
of paper (Figures 2 and 3), the direction but not the order of
the decreasing adsorbability is reversed. Tabulation of the
results in this upward direction is convenient for the analyst,
but the order of the adsorbability may not be clear (48). In
such cases, ambiguity can be avoided only by indication of the
direction of increasing or decreasing adsorbability.

R Values, R = ddd2 , Calculated. from
Isotherms of Figure 4

Figure 5.
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solution plus the amount adsorbed). With an elastic scale, R
can be read directly from the chromatograms (95).

As R is determined for a given adsorbent and solvent, the
principal variable in the measurements is the concentration of
the solute. In order to compare R with concentration,' R values
were calculated from the sorption isotherms illustrated in Figure
4. In this calculation, the interstitial volume was assumed to
be 0.1 m!. per gram of adsorbent. The results, summarized in
Figure 5, show that R values depend upon the concentration
of the solute and upon the shape of the sorption isotherm. With
surface active adsorbents and with ion exchangers, the R value
increases gradually with concentration of solute, but. with
partition absorbents the R value remains constant over a great
range of concentration as has so often been pointed out (119).
Owing to the small rate of change of R with concentration, the R
value, determined at a few concentrations of solute, may not be a
critical measure of the kinds of forces that bind a solute to an
absorptive phase. Indeed, the R value must be regarded as the
summation of all the absorptive or distribution phenomena that
occur during the migration of the solute. At the trailing bound
ary of an adsorption zone, the variation of R with the decreasing
concentration of solute may be correlated with a rapid and
troublesome widening of the zones (59, 119).

If an absorptive phase is diluted with a nonabsorptive porous
filter aid, the proportion of the solute retained in solution in
the interstices will be increased relative to the total amount of
solute present in' the adsorption zone. With the adsorbent
diluted until the interstitial volume is 1 ml. per gram of active
solid, the R values calculated from Figure 4 are increased as illus
trated by Figure 6. In comparison with Figure 5, these R values
of the diluted surface-active and ion .exchange absorbents in
crease more rapidly with concentration than the R values of the
undiluted absorbent. Moreover, the R value of the diluted par
tition absorbent is increased by a constant amount.

From these examples, the variation of the R value with the
concentration of solute provides a measure of the sorption capac
ity of the stationary phase. This variation also provides clues
to the principal kinds of attractive forces in the nonmobile
phase, it illustrates a convenient method for relating adsorption
isotherms to chromatographic separations, and it shows the im
portance of the porosity of the absorptive phase in chromato
graphic separations.

ADSORPTION SEQUENCE

Long before the recent quantitative considerations of chro
matographic methods (69), the sequence of substances adsorbed
in colunms proved useful for the description and identification
of many labile compounds obtained from biological materials.
Likewise, the mixed chromatogram, the chromatographic com
parison of substances suspected of being identical, has been

LIMITATIONS OF' CHROMATOGRAPHIC SEI'ARATIONS

Although much has been written about the great sensitivity
and wide applicability of chromatographic methods, little con
sideration has been given to possible limitations of the technique.
As information has accumulated, however, mixtures of certain
kinds of substances have proved difficultly separable or insepa
rable in adsorption columns. An examination of the properties
of these substances in relation to the mechanism of chromato
graphic analysis points to possible improvements of the separa
tions.

In all chromatographic separations, there are two requisites:
a dynamic partiti<;m or equilibrium of the solutes between the
two phases, and a small difference among the relative amounts
of each solute in the two phases. The dynamic equilibrium is
easily achieved for nearly all kinds of solutes, but the difference
in the partition coefficients of certain solutes may be too small
for effective chromatographic separations.

Most information about the separability of various kinds of
organic (62, 69, 118, 119) and inorganic (59, 66, 87, 110, 111)
substances has be'en summarized in qualitative fashion in Tables
II and III. From these tables; chromatographic separability
is obviously related to differences among the polar or reactive
groups of the solute molecules. These reactive groups are usually
the most absorbed parts of the molecules; consequently, the
separability of similar molecules is most effective when the im
miscible phases attract those parts of the molecules in which
the greatest structural differences reside (118),
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Table III. Chrolllatographic Separability of Inorganic
Elements in Relation to Variations in Properties

Kinds of Variations Separability

prepared synthetically (114, 135), of retinene and similar com
pounds of the visual-purple complex (132), and of various un
saturated fatty acids (73, 136). The !llethod has been utilized
with vitamin B12b (97), the abalone-shell pigment (26), a pterin
like pigment from the tubercle bacillus (31), chlorophyll from
blackstrap molasses (9), and various common indicators (60).
It has been employed with a paralytic poison that accumulates
in shellfish (115), with a polymeric-homologous series of sugar
acetates (34), with various amino acids (124), and with various
inorganic ions (110, 111).

The detection of small molecular differences by the use of
surface-active adsorbents usually depends upon the specificity
of the active surfaces. Thus far, this specificity has been dis
covered largely by chance. Now that the significance of the
specificity is recognized, a systematic investigation of this
property may yield results of great practical value. The sug
gestion by Pauling, that the presence of a solute during the
preparation of an adsorptive agent may influence the adsorptive
properties, points to one course of investigation. The relation
ship between the dimensions of a solute molecule and its ability
to fit within the interplanar spacings of the adsorbent (78)
points to another profitable course of research. In spite of many
investigations of adsorption phenomena, a thorough analysis of
the nature of the attractive forces between adsorbents and
various parts of organic molecules (69, 120) and between ad
sorbents and inorganic ions (110, 111) remains a challenging
problem (110,111,129).

CHROMATOGRAPHY BY ION EXCHANGE

With few exceptions, ion exchange chromatography is most
useful for the resolution of mixtures of ionizable or dissociable
solutes. Through preparation of strongly acidic and strongly
basic organic resins, the usefulness of ion exchangers has been
extended to very weakly basic and acidic solutes. For the most
part, the preparation of these .organic ion exchangers has been
in the hands of industrial organizations that have been interested
in products of great stability, of high exchange rate, and of great
exchange capacity. The exchangers that have been placed on
the market represent an extremely small fraction of the great
number that might be synthesized.

With the organic, resinous ion exchangers, the stability,perme
ability, exchange rate, and exchange capacity are related to two
principal structural features, the degree. of polymerization
(usually called the degree of cross linkage) and the nature of the
reactive groups. The degree of polymerization determines' the
permeability of the resin to solutes and to solvent so that it affects
the absorption capacity and rate of exchange. This, in turn.
affects the rate of migration of the solutes in columns as well as
the distribution Df the solutes in the absorption zones, especially
in the diffuse trailing boundaries of the zones (59, 87, 119).

CHROMATOGRAPHY BY PARTITION

The resolution of mixtures by partition between water bound
in a stationary phase and an immiscible solvent as chloroform,
toluene, or butanol continues to find wide application (69). The
water may be fixed to a hydrophilic absorbent, as an aqueous gel,
diatomaceous filter aid, starch (117), or filter paper (see section
on paper chromatography). Examples of separations achieved
by this method are the resolution of mixtures of ribonucleosides
(104), of amino acids in a column of moist starch (117), of sugars
and methylated sugars in a column of cellulose (58), of tropic
and atropic acids in a column of silica gel (50), and of anthocyani
dines in a col\lmn of silica gel containing phosphoric acid (116).
Mixtures of various lower fatty acids have been resolved in
columns of siliceous earth impregnated with methanol (103),
with strong sulfuric acid (94), and with strong sulfuric acid plus
phosphoric acid (55). Silica columns have also been employed
for isolation of radioactive citric acid (101).

Good
Good

Good to fair
Fair

Good
Poor

Fair to poor
Fair to poor
Fair to poor

Fair to poor
Good to poor
Poor
Good
Good to fair
Fair to poor
Good
Good

Ionic charge
Different elements
One element (oxidation-reduction states)

Ionic radii
Different elements
Similar elements (rare earths)

Ionic mass
Different elements
One element (isotopes)

Table II. Chromatographic Separability of Organic
Compounds in Relation to Variations in Structure

Structural Variation Separability

lVlolecular size Fair to poor
Structural isomers

Chains V8. rings
Branched chains
Position of double bonds
Spatial isomers

Cis-trans at double bond
Cis-trans at ring
Optical isomers

Number of double bonds
Conjugation of double bonds
Number of nonpolar 8ubstituents
Number of polar substituents
Polarity of the substituents

When molecules or ions differ but slightly in the parts or groups
that are weakly attracted by solvent or absorbent, mixtures of
the solute molecules are difficultly resolvable by means of chro
matographic methods. This is true of large organic molecules
which differ with respect to the number or the position of small
nonpolar groups. It is characteristic of the optical antipodes
in which identical groups are exposed to the absorptive phases.
It is typical of the isotopes wherein the difference in size, mass,
and charge of the atomic nucleus is small relative to the solvation
of the ion and relative to the high polarity and binding force of
the unshared electron.

What conditions must be found in order to facilitate the separa
tion of opticllJ isomers' and of isotopes by chromatographic
technique? Obviously a solvent and an absorbent that will
exhibit preferential affinities for the components of the mixture
are required. In the case of optical isomers, many selective
systems occur in nature as indicated by the specificity of enzymes
and by the selectivity of the metabolic systems of living organ
isms. Similarly, organic reactions and the exchange systems
encountered in the photosynthetic apparatus of living cells
appear to utilize one isotope of carbon in preference to another
(18, 19). Many plant and animal cells accumulate certain
inorganic ions and' exclude others of the same periodic group
against tremendous concentration gradients. Perhaps if more
were known about the mechanism of these selective processes,
some of the partition me'chanisms might be adapted to use in
columns; or analogous partition mechanisms might be devised.

CHROMATOGRAPHY BY ADSORPTION

Chromatographic analysis based upon the use of surface-active
adsorbents is the most selective procedure for resolution of a
great variety of organic compounds. It has been applied to the
detection of the smallest structural differences among organic
molecules such as those involving molecular size, molecular or
structural isomers, number of double bonds, conjugation of double
bonds, position of double bonds, and number and position of
various polar and nonpolar substituents (.p, 62, 69, 98, 142).
This adaptation of the chromatographic technique continues to
yield significant results when utilized for the examination of a
variety of natural products, especially those that are soluble in
organic solvents. Selected recent examples are the investigations
of the chloroplast clJ,rotenoids (33, 62, 63, 122) and related com
pounds (88, 98, 142). of vitamin A contained in lipides (23) and
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Thus far, only a few kinds of reactive groups have been in
corporated in the organic resins. Most of these are sulfonic
acids, carboxylic acids, and tertiary or quaternary amines (87).
Although many investigations indicate that these groups react
by ion exchange, recent studies of a basic resin (Duolite A-2)
manufactured by the Chemical Process Company indicate that
addition reactions with fatty acids as well as ion exchange may be
involved with a single kind of reactive group (107).

Sources of commercial resins and many of the chromatographic
applications in organic and inorganic fields have been reviewed
by Nachod and his collaborators (87) and will not be repeated
here. It is significant, however, that ion exchangers are finding
extensive use in the concentration and purification of particular
substances from various natural products as, for example, traces
of radioactive elements in urine (112), a paralytic basic poison
from shellfish that feed on the marine dinoflagellate Gonyaulax
(115), the separation of various mononucleotides (24, 25), the
estimation of riboflavin (44), and the separation of various
acidic and basic amino acids (87).

After the extensive wartime separations of rare earths and
fission products with ion exchangers (59), additional attention
has been directed to the separation of zirconium and hafnium
with acidic and with basic resins (65, 123). Radioactive isotopes
of cerium and yttrium have also been utilized as an aid in the
investigation of column variables such as rate of flow, exchange
rate, and pH of the solution (128).

On a small scale, resins mayseI've for the preparation of potable
water from sea water (87). For commercial installations, how
ever, distillation with efficient heat exchangers seems to be more
efficient (46).

Studies of the p'hysical and chemical properties of the synthetic
exchange resins and of the natural exchangers, such as alginic
acid (3), are continuing to yield results of value in the field of
chromatography (51, 54, 66, 81). In place of the acidic and
basic groups, various oxidation and reduction groups may be
combined in the resinous structure (20, 130). These modified
resins then become specific reagents, analogous to the specific
reagents of Feigl (39), for chromatographic investigation of a
variety of solutes. In this way, the use of resins in chromatog
raphy may be made as widely applicable as the use of chemical
reagents.

CHEMICHROMATOGRAPHY

Many combinations of chemical reagents and solvents have
been utilized for the separation of various solutes by chromato
graphic methods as pointed out by Meinhard (82). This use of
reagents promises much wider application in the future because
specific reactants may be utilized individually in columns, or in
successive layers in columns, or combined with other absorptive
or reactive solids (32, 57).

From the author's own experience, an illustrative example is
the separation of ferrous and ferric ions in a column of Celite
moistened with a solution of urea plus ammonium acid phos
phate. vVhen washed with a solution of these reagents, the
ferrous ions migrate rapidly away from the ferric phosphate which
precipitates in the Celite. The ferrous ions are readily detected
with o--phenanthroline, the ferric ions with o-phenanthroline plus
hydroxylamine or with sulfLde. In many respects, these results
may be obtained more qUJiekly and more conveniently in strips
of filter paper impregnated with urea plus ammonium phosphate.

PAPER CHROMATOG~APHY

In the past year or two there has been a tremendous increase
in the number of reports concerning paper chromatography, the
resolution of mixtures by differential absorption in strips (Figure
2) or in sheets of paper (Figure 3) (28, 30, 69, 118). This new
interest stems from the ease with which many· separations may
be made, from the large number of solutes that may be detected
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simultaneously in a single mixture, from the minute quantities
of solutes that may be separated, from the ease with which R
values· are determined, and from the convenience with which
colorless solutes may be located in the paper after formation of
the chromatogram.

For chromatographic separations in paper, only about 0.01
ml. of solution containing from a few micrograms to a milligram
or two of solute may be absorbed. If a larger volume·of dilute
solution is necessary to provide sufficient solute, the solution
should be concentrated before addition to the paper or as it is
added to the paper (131). In paper chromatography, as in
columnar chromatography, the initial width of the absorption
zone should be small relative to the distance moved by the band
(Figure 3) (41, 119). .

Chromatograms may be formed in paper with water 01' with
various organic liquids as solvent. Many of the organic liquids,
such as butanol, furfuryl alcohol, collidine, lutidine, piperidine,
and phenol are treated with water so that partition effects (Figure
4) predominate in the resolution of the solute mixtures.

Evaporation of solvent from solutions in paper exposed to air
results in an increase of the R value; hence for quantitative
results, the paper must be supported in a closed space saturated
with the vapor of the solvent: Narrow paper strips may be
placed in a stoppered tube (108), but large filter sheets, such as
those required for two-way chromatograms, require a large
cabinet, a large battery jar, or a glass aquarium tank (Figure 3).
When the solvent is permitted to flow upward in the paper by
capillarity, the paper sheets may be bent into a cylinder (140)
or spiral (77) that will fit into a covered glass cylinder (134).
When strongly absorbed solutes require extensive washing with
fresh solvent, a pad of absorptive paper may be clamped to the
end of a short sheet of paper (84) or a large portion of the paper
sheet itself may be rolled up like a window curtain. For down
ward flow of solvent in paper, the liquid must be placed in a~

elevated trough (4) from which the paper is allowed to hang in
a closed vessel.

Formation of a chromatogram in paper may require a few
minutes when the solvent is permitted to penetrate only about
5 cm., but with a penetration of some 15 to 30 cm., about 10 to
24 hours may be necessary. ..

Paper chromatography has been modified for the separation
of acidic,. basic, and neutral amino acids by passage of an elec
trical current along a moist paper strip (137), arid across a sheet
of filter paper while solution was being drawn upward by capil
larity (53). It has also been utilized for separation of inorganic
ions by passage of current through a stack of moist .filter paper
disks, one of which contained the mixture to be resolved (45).
Flow of solvent through the paper has been observed to yield
small potentials that may affect the separation of adsorbed solutes
(109).

Filter paper disks in the form of a column have also been uti
lized to increase the amount of solutes separable in paper (85). A
thick pad of paper may likewise be substituted for a thin sheet of
paper.

In paper chromatography, salts often separate into ions which
may interfere with the isolation and identification of other
substances (29, 127). From the reviewer's experience, ferric
chloride yields hydrochloric acid which migrates away from the
ferric ion, leaving ferric hydroxide precipitated in the paper.
Likewise, sodium sulfide yields hydrogen sulfide which VOlatilizes,
leaving sodium hydroxide in the paper. Impurities in the sol
vent (36) or in the paper, as copper salts (90) and hydrolyzable
peptides (141), sometimes yield spurious results. .

In view of the small amount of solutes separated in the paper
chromatograms, extremely sensitive methods are required for the
detection of th.e resolved compounds. Illustrative examples ·of
the kinds of materials investigated by paper chromatography
and the methods utilized for their detection are summarized
herewith.
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Radioactive products of photosynthesis were located by pho
tography (5,18,19); nucleic acids were located by absorption of
ultraviolet light determined photographicalIy (80); penicillins
(61, 64, 74) and streptomycins (138) were determined by bac
tericidal tests; ascorbic acid and related compounds were deter
mined with 2,6-dichlorophenolindophenol (79); reducing and
nOlll:cducing sugars wer0 determined with weakly alkaline per
manganate (91) and with aniline phthalate (92); and amino
acids were located with ninhydrin (1, 7, 15,68, 75, 89, 99, 102,
106, 139) or with copper salts plus ninhydrin (32). Lysine has
been detected with ferrocyanide (2) and glycine with o-phthal
aldehyde (93). Other materials studied by paper chromatog
raphy were proteins and enzymes, located with benzidine,
hemin, and peroxide (43); nucleotides of ribonucleic acid (22);
iodoamino acids of the thyroid located by radioactivity (127);
amino acids of frog larvae (75), of royal jelly (102), and of
diphtheria toxin and toxoid (139); and a toxic substance formed
by treatment of proteins with nitrogen trichloride (6). Still
other substances investigated by adsorption in paper were 2,4
dinitrophenylhydrazones (21), dinitrophenyl derivatives of amino
acids (96), decomposition products of riboflavin (52), pterins
(49), epinephrine and norepinephrine (48), and various nucleic
acids (80). Various amino compounds have been located with
iodine (12).

A number of the chemical elements have been separated in
paper where they are readily identified by the standard analytical
reagents. Examples are the chlorine group of anions (72),
heavy metal ions (17), aluminum and beryllium (90), various
cations with R values (100), and numerous cations and com
plexes (67, 70-72, 76, 110, 111).

Optical scanning methods have been devised for the detection
and for the quantitative estimation of the solutes separated in
the paper (15, 40-42, 86). The shape and the area of the
absorption zone also provide clues to the nature of the absorp
tive forces and to the amount of solute present (13, 40).

In spite of its limitations as a preparative method, paper
chromatography shows promise of much wider application in the

.future. It is especially useful for inyestigation of substances
that are readily soluble in water and alcohols but that are in
soluble in the hydrocarbon solvents. In this respect, paper
chromatography extends the usefulness of chromatographic
techniques.
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PAPER CHROMATOGRAPHY
DORIS L. CLEGG

Washington Square College, New York University, New York, N. Y.

"A good technique SOITlCtitnes renders tnore service to science than
the elaboration of highly theoretical speculation."-Claude Bernard

T HE most recent major advance in the field of adsorption
analysis is the substitution of filter paper for the colunm ad

sorbent (81). Originally the discovery of Schoenbein in 1861
(1'1'6, 177), while investigating the conditions of ozone formation
under the influence of electrical discharges, he termed the phe
nomenon "capillary analysis" and predicted its future tremen
dOUB usefulness as an analytical tool.

. Eighty years later, Gordon, Martin, and Synge (81) extended
this technique to two-dimensional chromatography after a long
period of quiescence in this field. Because their adaptation was
based on the partition principle, the filter paper being the station
ary phase which supports the static liquid phase (water in the
cellulose) and the mobile liquid phase being the developer, this
process was called "paper partition chromatography." However,
even though the majority of workers employ this expression as an
accurate designation of what happens, other investigators wonder
if frequent absorption of solvent by the cellulose followed by elu
tion does not occur during this process. Therefore "papyrog
raphy" (papyrus: paper, and grapho: write) was next suggested
(186) as a more apt phrase; "papergram" (3, 196) instead of "pa
per chromatogram" designated the completed result.

The use of paper as the adsorbent is a particularly happy choice,

inasmuch as amounts from 300 (39) to 5 micrograms (160) and
even to 1 microgram (105, 145) have been analyzed quantitatively
with an accuracy of ±5%, thus serving as a pilot for later more
extensive operations, or as an elegant conservation of a precious re
search compound. Paper is also very convenient, because it is
easily stored in a small space, ready for instant use; can be
mounted as permanent records (a spray of artist's "fixative" pre
serves colors against fading too rapidly); photographed wet, if
drying causes change or loss in colors of unknowns (148) or inter
ference due to increase in background intensity (77, 148); or
photographed dry (143, 145) for preparation of slides or simply to
store for future reference. Purity of substance or the presence of
unsuspected constituents may be easily determined (104). It is
also inexpensive; one 9-cm. circle will produce one complete sepa
ration using the Rutter technique (173) or six if the ascending or
descending paper strip is employed; or 450 individual chromato
grams per day can be accomplished using a series of concentric
cylinders as described by Williams and K'='by (207). Paper chro
matography is useful as a control Of synthesis in industrial proc
esses, because rapid qualitative analyses frequently can be made
employing this simple but extremely effective method.

The extensive literature devoted to paper chromatography
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has been summarized in several review articles (23, 32, 36, 37, 43,
60, 100, 135, 149, 157, 183, 195, 207, 208-211, 229), perhaps the
best and most recently availab.le of which is that of Martin (127).
This article is beautifully organized and extremely well written,
covering the developments in both columns and paper to about
January 1949. A collection of papers covering recent develop
ments in the columns arid paper is being published in the Dis
cussions of the Faraday Society (60).

A great deal of ingenuity has been evinced in the various meth
ods of handling the paper and in the form or shape of the starting
sample: large sheets of paper (81) standing in 5-gallon crocks;
strips of various sizes (117, 144); 13.5 X 1.8 X 1.0 em. strips
which are <cut narrower at one end, so the wider part fits snugly in
a test tube and the lower edge dips into the solvent (171); large
23 X 23 inch sheets stapled together to stand upright by their
own sturdiness in a 20-gallon stainless steel tank (224); and the
remarkably effective Rutter technique using circles or squares
with a wicklike tail dipping into the solution (173).

Filter paper in various forms, has been utilized as a column ad
sorbent: as pulp (28, 205), as powdered cellulose (94, 153), as
powdered Whatman ashless filter paper tablets (94), as mixtures
of charcoal and pulp (205), as cellulose acetate (19), and as strips
for descellding chromatography, producing a "flowing filter pa
per chromatogram" by allowing the solvent to drip off the lower
edge of the paper (152, 154).• A recent development is the use of
filter paper (400 to 450 sheets) with the sample absorbed by 20 to
25 sheets which are placed on top of the pile; the whole is clamped
together between 'perforated stainless steel plates to form an ex
cellent column (138, 139), and eluted as such. This is really an
adaptation of the cotton fabric disk method of Lenoir (112).
One investigator has utilized previously boiled string, cotton
thread, or mercerized cotton thread (117), glass wool, and thin
asbestos paper which form internally supported columns of very
small cross section to accomplish descending and ascending sepa
rations on a definitely micro scale. A slight modification of the
descending paper strip method is to attach athick pad of cellulose
at the foot of the strip to serve as a collector of the solvent; the
operation is discontinued just before the fastest moving compound
reaches that point (137).

The chromatogram is developed as a two-dimensional (39, 201),
descending (3, 105, 120, 138) or ascending (58, 207) one-dimen
sional strip, or radially (173), depending on the substances ex
amined and the preference of the investigator. All papers have a
machine direction and must be cut perpendicular to it for best re
sults. Some circular papers demonstrate this by developing as
ellipses instead of perfect circles.

The advantages of columns have been combined with the ele
gance of paper chromatography by impregnating papers with vari
ous materials; the result then becomes the fixed phase. Filter
paper has been impregnated with: (1) diluted vulcanized rubber
latex fOT the separation of fatty acid esters on strips (18); (2)
alumina for the separation of vitamin A (47), and then washed in
ammonium hydroxide for the separation of vitamin A alcohol, es
ters of vitamin A, and retinene (48); (3) alumina for inorganic
capillarity analysis (95); (4) an aqueous suspension of alumi
num hydroxide to separate oxine compounds of aluminum, cad
mium, zinc, magnesium, calcium, zirconium, and beryllium (82);
(5) peptized alumina and formaldoxime hydrochloride for a ferro
manganese spot test (90); (6) 20% phosphate buffer of pH 6.2
for the resolution of penicillin broths (99); (7) hydrated oxides
of aluminum, silicon, or chromium used for inorganic chroma
tography (71); and (8) starch and, fuller's earth for separation
of vitamin A constituents (48). All these are incorporated into
the pores of the filter paper fibers to complete the stable phase.

Various methods of evaluating the results have been used, de
pending on the compounds being investigated and the facilities
of the laboratories concerned. Sometimes the completed chroma
togram is sprayed with a solution to develop a color and the color
is then compared photometrically with a known standard: flav-
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enoid pigments (206); sugars sprayed with ammoniacal silver
nitrate (26) or ammoniacal silver nitrate with resorcinol and naph
thoresorcinol to identify reducing and nonreducing sugars (73);
benzidine reagent to distinguish between sugars and urates (91);
benzidine, ammoniacal silver nitrate, aniline-hydrogen oxalate,
or phloroglucinol to identify reducing substances (92); reducing
and nonreducing carbohydrates and derivatives analyzed by
spraying with 1% aqueous potassium permanganate containing
2% sodium carbonate (148); or sugars are quantitatively weighed
(10) and analyzed by hypoiodate oxidation (85).

Sugars (70) and amino acids (156) have been definitely identi
fied by their optical rotation.

Radioactive sulfur (190,196), iodine (61, 188, 189), and carbon
(11, 63) are first separated from their various compounds on pa
per and then their positions are determined and quantitatively
estimated by.the use of Geiger-Muller counters, or by laying the
paper chromatogram on a photographic plate, when a radioauto
graph results.

Visual examination revealed the position of the components of
many mixtures after chromatography owing to their brilliant
colors (ascorbic acid, 124). Zones were detected by observing
changes in the refractive index of the solution in contact with the
particles of the adsorbent (34). Two glass windows are clamped
between a U-shaped metal plate and the paper is placed under
the thicker polished window. 'When observed at the proper angle
and at a suitable distance, the boundaries of zones are easily seen.

Bioautographic study is another extremely useful tool for the
quantitative determination of various separated components as in
vitamin B12 factors (46, 214), vitamin B6 (217), and alternate fac
tors capable of supporting growth of L. citrovorum 8081 (217).
Here, the paper is usually cut in strips,soaked in the solution
being tested, and then pressed on an agar plate seeded with the
selected organisms (46, 214, 215, 217, 218). The paper can also
be cut into tiny squares and placed in a tube of bacterial culture
(227).

X-ray and electron diffraction patterns (164) were used to
identify various amino acids after they were leached out from
the completed chromatogram (33).

The formation of a copper phosphate complex (165) permits
identification of amino nitrogen by evaluating the copper in the
filtrate. One to 25 micrograms of glycine and valine were deter
mined by this method by decomposing the copper complex with
diethyl dithiocarbamate, extracting the yellow color with amyl
alcohol, and measuring the color against standards (222). a
Amino acids can be neatly determined by absence, because
they fOrm copper complexes which do not move with the solvent.

The paper is dusted with powdered basic copper carbonate as a
streak along the future path of tne first solvent (phenol). The
mixture of acids is placed on this paper as usual and also on an
other paper without the copper compound, and then the two' are
chromatographed together as two-dimensional chromatograms,
using as solvents phenol and then coIIidine-lutidine. One chro
matogram ,shows spots for each component, but the paper
containing the a-amino acid-copper complexes shows spots for
all components except the a-amino acids, which remain at the
bottom of the paper because they do not move with the solvent.
Their positions are then found by difference by comparing with
the standard chromatogram (45).

Another variation on the use of copper complexes of amino
acids is to develop and dry the chromatogram as usual and then
paint with freshly prepared 10% solution of aqueous ferrous
ferrocyanide. The pink color of copper ferrocyanide betrays
the position of the acid (lysine, 1). '

Amino acids are usually separated by two-dimensional chroma
tography and, after drying, the chromatogram is sprayed with
ninhydrin solution, which produces various shades of blue or
purple in a characteristic sequence of spots on the paper (39).
q'his pattern is so definite that some investigators use the relative
position on the paper to identify the components present (119,
170). The RF value is the ratio between the distance traversed
by the component and the distance traveled by the solvent.
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Figure 2. Triangular Cross Section
of Glass Trough

sinlple, easy, and extremely effective. One to 300 micrograms
of the sample mixture are placed 2 to 3 cm. from one corner of a
large sheet of filter paper. It is developed with a solvent,
usually phenol for amino acids, 'taken out of the atmosphere
and dried, rotated 90°, and inserted into a solvent of somewhat
different properties, such as s-collidine or a collidine-Iutidine
mixture.

B
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Inorganic compounds can be separated by paper chromatog
raphy and then eluted, or the organic matter can be destroyed
and the metallic content determined by use of the polarograph,
spectrograph, or colorimeter (3).

Ultraviolet light is very successful in determining the position
of many compounds which fluoresce: pterins (80), oxine com
pounds of aluminum, cadmium, zinc, magnesium, calcium, zir
conium, and beryllium (82), amino acids and peptides (158),
purines and pyrimidines (204), and nucleic acid derivatives (125).
Viewed under ultraviolet light, the pale yellow glow of dinitro
phenyl amino acids and peptides serves to identify the positions
even if it is not a true fluorescence (160). Purine and pyrimidine
derivatives do not fluoresce but quench fluorescence so that, if they
are run using as solvent n-butyl alcohol which does fluoresce, dark
patches appear where components are, against the bright back
ground of the paper. Here the absence of this property is skill
fully turned to account to analyze unknown substances. This
same method is applied to various cations; the chromatogram
is sprayed with selected reagents, such as morin, producing
spots, some bright, and some dark through the quenching of
fluorescence (24, 162). 8-Hydroxyquinoline (alcoholic) sprayed
on a chromatogram of aluminum and beryllium produces fluOl'es
cence of each, so that their positions arc easily established (147).

COURTESY. SCIENCE

Figure 1. DiagraIll of Glass Trough
Left. Before cutting
Right. Co:rnpleted channel

Acidic peptides are separated by ion exchange resins, followed
by ionophoresis, which separates peptides according to their
charges and molecular weights into groups having similar mobili
ties in an electrical field. Then these groups are examined by
two-dimensional chromatography (42). Nineteen different di
peptides of aspartic and glutamic acids were identified in a hydrol
yzate by this method (42). A special elution method was de
scribed (49).

Paper chromatograms are also quantitatively evaluated photo
electrically in the case of amino acids (27, 76), and metals (136).
These results are plotted against the area and compared with
similar plots of standard acids to get the concentration of the
unknown (16), or measured with a planimeter, and th,e areas thus
obtained are plotted against the concentration (27, 66, 68).

The transmittance of monochromatic light by mixtures of dyes
has been automatically recorded during the entire process of
development (142-144). Reflectance values of completed, dried
chromatograms of mixtures of dyes were automatically recorded
(145). Transmittance values are more accurate than reflectance
values, because they follow Beer's law more closely (212). Re
flectance records taken in this manner have limited value in
accurately establishing the location of bands, but in a photometric
sense are inferior to transmittance recordings.

Alternate methods of continuous scanning, including cathode
ray tube scanning, have been discussed (145).

At present, all amino acids cannot be separated by one solvent,
but an excellent beginning is accomplished by using two-dimen
sional teclmique and then cutting out the mixtures and further
eluting in a one-dimensional chromatogram. The two-dimen
sional chromatogram is of widespread importance, because it is

Amino acids occupy definite, characteristic positions on any
two-dimensional chromatogram (41), and "maps" have been pre
pared showing the sequence of their positions. Inasmuch as,
originally, they are colorless and, therefore, invisible, the paper
is sprayed with ninhydrin to make a blue to purple spot de
pending on the amino acid c9ncerned, which becomes visible on
heating with steam. The ninhydrin is prepared as 0.1 to 1%
solutions in water, butanol, or butanol-acetic acid. However,
the procedure is not completely specific for amino acids, because
any substance containing free amino and free carboxyl groups will
produce the same result. The solvents used for amino acids are
usually (1) phenol or butanol-acetic acid, or (2) collidine or
collidine-Iutidine. Sugars can be successfully chrornatographed
using the same two-dimensional technique and even the same
solvents; however, benzidine or ammoniacal silver nitrate is
used to produce the color. The choice of a developer or solvent
is empirical because, as yet, there appears to be no accurate
method of predicting how a substance will act with a given
solvent.

It is reported that the rate of movement of solvent is about
the same, whether ascending or descending methods are used.
The exact ratio of change in width of paper to change in rate has
not yet been definitely established. The paper has pores, which
should not be too coarse, but fine and firm-the coarser the paper
the faster the rate of flow. An increase in temperature also
causes an increase in movement of solvent and, therefore, of the
ions. pH seems to affect the separation both as to completeness
of separation and sequence of components (57). The presence of
other ions usually affects Rp values, but not in the case of peni
cillin and amino acids (182).

APPARATUS

A glass trough to hold the solvent, which was designed by Longen
ecker (118), is shown in Figure 1; it is easily and inexpensively
made from chemical resistant glass with the aid of adhesive



VOL U M E 22, N O. 1, JAN U A RY 1 950 51

COURTESY, PHOTOVOLT CORPORATION

i
I

II

Another glass trough (4) was made from chemical resistant glass
tubing with only the assistance of a gas-air blowpipe and a 6
inch file. Mechanical details are given in the original paper.

An apparatus for scanning one-dimensional paper ·chromato
grams was reported (76) in which the amino acid paper chromato
gram, after development with ninhydrin, was passed between a

light source and a phototube (Fig
ure 4). RF values and the quantity
of unknown were determined by the
use of transmittance values.

For investigators who are anxious
to collect the effluent uniformly and
gradually, there is a rotating drum
method which permits 20 spots of
effluent to be touched to the filter
paper per revolution of the drum
(53). Because about 10 revolutions
elapse before the chromatogram is
properly developed, some 200 spots
will have been added at regular
intervals from the graduated syringe.

Because it is both tedious and
time-consuming to develop one
chromatogram at a time, a setup has
been reported which permits the
simultaneous development of ma.ny
chromatograms (117). The appa
ratus is shown in Figure 5.

A method (98) for treating paper
with silicon esters renders the paper
impermeable to water for 11 hours
and also causes considerable resist
ance to alkaline solutions. This
might well be of use in the forma
tion of barriers and restricted chan
nels on filter paper for chromato
graphic separations.

A new analytical technique for
investigations of anions and cations
by electrochromatography was re
ported in which adsorption is effected

with the aid of e.m.f. (107) applied
to a column. This might be a fruit
ful field of investigation for paper
separations, especially of inorganic ions.

A special pipet, containing a plati
num wire of a bore just fitting inside
the capillary, permits the deposition
of approximately 1 m!. per hour of
the mixture being analyzed. It was
reported that, because the solution
evaporates from the paper strips at
60° C., the wet spots attain only 2
to 3-cm. diameter at any time, thus
concentrating the unknown (199).

Another method of making the
chromatography of amino acids quanti
tative consisted of plotting per cent
transmittance on semilog paper against
distance along the filter paper strips
and measuring the areas under the
curve with a planimeter. These trans
mittance values were obtained by
mounting paper on a slide and passing it
between an illuminated slit, 6 X 5 rom.,
and a phototube (27). A light filter
with maximum transmission at 570 m}l

was placed in front of the slit.

Figure 5. Appara
tus for Ascending
Filter-Paper Chro-

matograms
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Figure 3. Apparatus for
One-Dimensional Paper
Partition Chromatography

1. Stainless steel wire goard
2. Glass retaining rod

3, 9. Petri dish
4. Crystallizing dish
5. Cylindrical glass jar
6. ChroDlatogram. strip
7. Glass rod
8. Absorbent cotton

Figure 4. Photoelectric Photometer for Evaluating Paper Strip Chromato
grams

tape in strategic positions.
For the detailed exposition
of the technique, the original
paper should be consulted.

This simple piece of equip
ment was quickly put to
constant use, with the im
mediate result that it was
modified for greater ease of
construction as shown in Fig
ure 2 (181). The main im
provement is that the trough
is now composed of sheet
metal with a V-shaped cross
section with welded end plates
and coated with resistant
enamel to eliminate breakage
of the glass.

Another apparatus which
enables one to chromatograph
several paper strips simul
taneously (213) is composed
of a Petri dish.

Both halves face upward
and are connected by fusing
to a glass rod, which is wound
with absorbent cotton to
maintain the humidity. A
wire guard is placed around
the circumference of the up
per trough to hold the paper
strips away from the side of
the trough over which they
hang. This wire guard is
made by bending a stainless steel wire to form a scalloped circle,
which has sufficient spring tension to grip the sides of the Petri
dish trough; no other means of attachment is necessary. The
whole is placed in a large cylindrical glass jar, a humidifying
chamber, and covered with an inverted crystallizing dish. The
lower trough contains the aqueous solution which provides the
necessary humid atmosphere, and the upper trough contains the
organic solvent used for the development 'Of the chromatogram.
The paper strip, suitably folded to dip into the organic solvent, is
held in place by a glass rod bent in the shape of an arc. Figure
3 shows the apparatus as used.
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Figure 8

rotated at uniform slow speed by a synchronous motor. A
lamp, lens, and filter system project a narrow line of light on the
strip and the reflected or transmitted light is picked up by a photo
tube connected to a Brown Electronik recorder. The instrument
is shown in another article in this issue (141). An example of
the information so obtained is shown in Figure 9.

In this case, a disk chromatogram of two dyes was developed
by the Rutter technique (173). A diametral strip was cut from
the finished chromatogram and mounted on the scanning drum.
Reference lines were drawn in pencil: one through the origin or
original sample site, and two others equidistant from it, well be
yond the confines of the pattern.

In Figure 9 on either side of the central reference line, a band
appears representing the location of the ring of blue dye. Beyond
these, there is a pair representing the ring of red dye. Finally,
there are the outer reference lines.

These results were obtained by reflectance. For an evaluation
of concentration they are inferior to results obtained by trane
mittance, but they afford quantitative information on zone
location, zone width, and symmetry. In this example, there
is a notable lack of symmetry which would not be at all evident
on simple inspection. If the maximal excursion of the solvent
is marked with a pencil line before the solvent disappears by
evaporation, these automat.ic records provide an accurate measure

L Connection for rubber tube for fiDing
siphon

2. Connection for siphon tube
3. Rubber gasket
4. Filter paper disks containing sample
5. Stainless steel plates
6. Perforated stainless steel plate
7. Filter paper disk pile
8. Wing nuts
9. Bolt~ at four corners of steel plates

A method for
producing a column
from 400 to 450
filter paper disks
(139) was desig
nated by the
authors as a "chro
matopile," as
shown in Figure
6.

Results of an ex
periment showing the separation of compounds of a known mixture
are shown in Figure 7. The length of the horizontal bars used for
experimental points indicates the number of paper disks extracted
for each analytical sample.

A simple piece of equipment is composed of two long stainless
steel rods which connect two stainless steel coils (123). The
paper is held by the coils, as shown in Figure 8.

A simple accurate device for measuring R~. values was reported
(158) by which a scale, divided into 100 parts, was printed on
white elastic. One end of the elastic was fastened to the end
of an aluminum strip and the other end to a bulldog clip. In use,
the zero mark is placed at the origin line or spot and the 100
mark stretched out. to coincide with the position reached by the
solvent front. RF values of the spots are then read off directly
from the scale.

An apparatus was reported (143, 145) for automatically re
cording the transmittance of monochromatic light during the
process of development of paper chromatograms of dye mixtures
by capillary ascen1.. The dye mixture was deposited at the
bottom of a restrict.ed channel an~ the eluant was added at a point
below. The monochromatic light was focused at a point above
the unknown mixture. The transmittance was picked up by a
photomultiplier tube, amplified, and then recorded automatically
and continuously by a Brown recorder. The results were re
producible and accurate to ± 1%.

An entirely different approach consisted of automatically and
continuously scanning the paper strip during the entire process
of development by the cathode ray scanning technique and
presenting the results continuously on a cathode ray oscillo
graph (145).

An alternative method for evaluating a completed chromato
gram has been devised in which the paper strip is wrapped around
a drum and affixed in position with Scotch tape. The drum is
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of Elp values. The scanning can be repeated over and over with
out attention from the operator.

THEORIES

A few theories have been advanced to explain the mechanism
involved, the kinetics of paper chromatography, and methods
of determining quantitatively the amounts of the various com
ponents. However, the time has not yet arrived when a new
substance can be placed on a paper, a developer added, and the
results accurately predicted. The first formula of any importance
to paper chromatography originated with Flood (69), who re
lated the zone radii to concentrations

I' = f(log C + A)

where r is zone radius, c is concentration, and A is a constant for
the paper.

Hopf (90) tested this formula using filter paper treated with an
adsorbent, and found that Flood's formula was applicable in
most eases. He also derived an equation to denote the relation
between two constituents, A and B, of a chromatogram. On

. development, the ring for A is bounded by radii 1', and 1'2, and the
ring for B is bounded by radii 1'3 and 1'4. The initial solution is
of known concentrations, a and b, respectively. Then a = (r~ 
r~)Ka, and b = (1'5 r~)Kb, and values for K a and K b can be
calculated. Also

a/b = (1';: - r~)Ka/b
(ri - 1';)

where K a1b = Ka/Kb•

Glueckauf (79) determined complete isotherms within ± 1%
without a single concentration measurement.

LeRosen (114) derived a general term to standardize chromato
graphic adsorbents.

The partition of substances between aqueous and nonaqueous
phases affects the distribution of.substances around the center
of the spot (usually elliptical) (67). The paper chromatogram
was actually combined with microbiological assay methods for
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the quantitative analysis of the mixtures chromatographed.
If 8" 82, u" and U2 are known (8'S) and unknown (u's) compo
nents, 81/82 = U./U2 = k. If corresponding areas of spots on the
developed chromatogram are 8" 8 2, U" and U2, then

I u, (U, + U 2 ) - (8, + 8 2 ) I k
og s, = (U, - U2 ) + (8, + 8 2 ) og .

Fisher, Parsons, and Morrison (68) have shown experimentally
that a linear relation holds between the area of the spot of test
substance and the logarithm of the initial concentration. Brim
ley (22) has shown how this relationship can be derived by means
of equations used in the theory of heat flow.

Martin and Synge derived an equation to express the relation
between the complete separation of two solutes, 99.8 and 0.2%,
and characteristics of the partition column (131) which 'was
applied to the analysis of sugars (97)

A 2 + aA, I' - 3vr + 2.25
1lL + I3A s I' + 3vr + 2.25

where a and 13 are partition coefficients of the two solutes, AL is
the area of the cross section of the mobile phase, As is the area
of cross section of the nonmobile phase, and I' is the number of
theoretical plates the first solute has passed. .

Rutter (174) reported that the net resultant flow of solvent
through the capillary channels of the paper used in chromatog
raphy is in a direction away from the point of feed and, there
fore, sets up a streaming potential which he measured with a
Cambridge pH meter. The potential gradients listed varied from
0.0+ to 10 mv. per cm. The rate of flow of liquid and the nature
of the electrodes used in making the measurements appeared to
affect the results.

Some inquiries into the kinetics of pal?er chromatographic
development resulted in equations expressing the relation between
RF and the radii of successive zones (144).
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where 1'2 is zone radius and 1', is
solvent radius.

In spite of the efforts of
these investigators, the theo
retical foundations of paper
chromatography are in an ex
tremely elementary state. In
practice, the few generaliza
tions that are the basis for pre
dicting the optimum conditions
for a new problem are well nigh
useless. Even the selection of
appropriate solvent mixtures is
highly empirical and no guid
ing generalizations are known.
We may hope that, in the near
future, carefully controlled
kinetic studies will clarify the
role played by each of the
variables, so that one may de
vise separations with greater
certainty and with less recourse
to empirical trials.

o 0 0

FIgure 9. ;\utomatic Record of Completed Chromatogram of Dye Mixture by
Reflectance

APPLICATIONS

The applications of paper
chromatography are primarily
analytical and their greatest
advantage lies in the minute
amounts of material required
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for examina.tion. The separation of the components of a mix
ture by diffusion through paper permits qualitative identifi
cation on the basis of the preferential rate of diffusion.
Under carefully controlled and specified conditions, the Rp
factor, which represents the ratio of the distance traversed by
the substance to that traveled by the solvent, establishes
identification. When a pair of components have almost identi
cal Rp values, they may be resolved by further development
with another solvent in a direction perpendicular to the first.
This process is called "two-dimensional chromatography,"
and is being applied to clarify numerous analytical tangles.

INORGANIC APPLICATIONS

Schoenbein (176, 177), studying the conditions of ozone
formation under the influence of electrical discharges, observed
selective adsorption of the components of a mixture by the
different heights to which they rose when a strip of filter paper
was dipped into the solution. This was the inception of filter
paper chromatography, which he called "capillary analysis."
Trey (198) first achieved separation of inorganic ions by this
technique in 1898. After this time, many years elapsed before
any further work was done on paper chromatography until
Gordon, Martin, and Synge inaugurated two-dimensional
chromatography for the separation and determination of amino
acids. Because this technique was extremely effective and
equally simple, it spread immediately throughout the scientific
world, and soon many other substances besides amino acids were
being separated, analyzed, isolated, and purified by this method.

Paper impregnated with aluminum hydroxide was used to
separate inorganic ions by ion exchange (69, 95). This method
was further extended to the identification of several cations
aluminum, cadmium, zinc, magnesium, calcium, zirconium, and
beryllium-as the S-hydroxyquinoline derivative, the oxine.
These oxines fluoresce under ultraviolet light, thus indicating
their position for further identification (82). Chromic hydroxide
caused even better separations than aluminum hydroxide (82).
Various applications to metallurgy have been listed (154).

The use of radioactive tracers has greatly widened the field of
, applied paper chromatography, because much less than the 1

microgram required for color reactions is necessary for quantita
tive determination of such materials. Mixed chromatograms
with nonradioactive material (known), in which colored and bio
autographic spots correspond in position and shape, definitely
identify the tiny tracer accurately. Substances containing
radioactive isotopes were separated on one- (189) and two
dimensional (11, 61, 63, 188) chromatograms and quantitatively
estimated by the use of Geiger-Muller counters (189) or by laying
the developed chromatograms on a photographic plate and pro
ducing a radioautograph (61,64,161, 171A, 193).

Rats were injected with 1m and killed after 24 hours, their
thyroids were extracted, and the extracts werechromatographed.
As a result, it was reported that diiodothyroxine and inorganic
iodine have activity, but thyroxinehas almost none (61); the
large amount of p31 found in inorganic fractions suggested that
an appreciable breakdown of organic iodine occurs during
hydrolysis because the inorganic p31 that was initially present
in the tissue had been removed by treatment with trichloro
acetic ,acid (189); the rate data indicate that Ill,onoiodotyrosine
is a precursor of diiodotyrosine (188).

C'4 was administered to Chlorella as C 140, to determine the
significance of the form of compounds in photosynthesis (63).
Plant respiration intermediates were studied using C14 as a label.
The isolation and identification of, C14-labeled phosphoglyceric
acid from the alga, Scenedesmus which had photosynthesized for
5 seconds inC140 2 were reported (11).

Radioactive tracers and paper' chromatography were used
(190) to show that cystine and methionine are important sulfur
compounds in alfalfa leaf proteins. Radiomethionine was
administered orally to a rat, followed by the injection of benzene
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to study the benzene detoxification products (196). The paper
, chromatogram was read automatically by synchronizing ,a 'con
stant-speed motor pulling the paper strip slowly under the
Geiger counter, with a tape recorder whose pen was motivated
by counting impulses from the scaler.

Lederer (108) separated antimony from all the common metallic.'
ions by acidifying the solution with hydrochloric acid, chromato
graphing the filter paper strip, developing with water' uritil the
chromatogram traveled 10 cm., and then adding hydrogen
sulfide. This produced a characteristic orange patch of anti
mony sulfide close to the original spot, since antimony, barely
moves with the solvent. He also reported the separation of
chloride, bromide, iodide, and thiocyanate ions, using as solvent
butanol saturated with 1.5 N ammonium 'hydroxide, which
keeps the halides in ionic form and prevents adsorption on the

'paper. Rp values were quoted (111).
Aluminum and beryllium mixtures were separated with 80%

n-butyl alcohol-20% concentrated hydrochloric acid and deter
mined by spraying with 8-hydroxyquinoline and examining under
ultraviolet light, because their oxines fluoresce (147).

Lacourt et al. (103, 105) quantitatively determined iron,
titanium, and aluminum as chlorides and also cobalt and nickel
as chlorides and nitrates. They reported that they could deter
mine 10 micrograms of iron, titanium, aluminum, vanadium,
nickel, and cobalt in methyl, ethyl, propyl, isopropyl, and iso
amyl alcohol as impurities (104).

Burstall et al. (28) proposed methods for separating several
cations with ketones. Gold, platinum, and palladium were
separated from each other and from iridium or rhenium using
methyl n-propyl ketone containing 30% concentrated hydro
chloric acid. Chloride solutions of Group IIa (the copper and
tin group) were separated with ethyl isopropyl ketone containing
10% concentrated hydrochloric acid. Group IIb compounds
were resolved with dry ethyl acetate previously shaken with 2%
hydrochloric acid. Nickel and cobalt in steel and minerals were
separated and determined on cellulose pulp columns which had
been activated by boiling with dilute nitric acid. Scandium was
separated from many other metals, including the rare earths,
with the salts as nitrates and using ether containing 12.5%
nitric acid as the solvent by washing through the column of the
cellulose pulp.

Calcium, barium, and strontium, as chlorides, were separated
by an organic reagent, pyridine, containing 4% potassium thyo~

cyanate as the solvent, and their positions were indicated by the
use of sprays (3). Aluminum, gallium, indium, and zinc chlo~

rides were separated with n-butyl alcohol containing:hydrochlClric
acid (3). The same authors also separated and identified
vanadium, mercury, cobalt, copper, iron, manganese, and
nickel. . Another method of separating the rioble metals in
aqueous solutions was reported (109); gold, platinum; palladium,
copper, and silver were id,entified by their different Rp values
and colors, and also their colors produced with hydrogen
sulfide in an atmosphere of ammonia. In this case, an interesting
separation occurred in the solvent of butanol saturated with.N
hydrochloric acid. Two liquid fronts appeared during the de
velopment, the first butanol and the second the aqueous phase,
which was used as the reference for the Rp values. Mercury,
silver, and lead chlorides were resolved with 5 Nammonium
hydroxide and identified as sulfides by passing hydrogen sulfide
vapor through the paper. Lederer (109) separated divalent
copperand cadmium with 25% ethyl alcohohs the developer.
Lead was separated from divalent copper, cadmium; arid·mercury
and from bismuth by deyeloping with 1 N aqueous hydrochloric
acid, since lead does not travel with the liquid front (110).

Cations (24 of them) were separated using various solvents
and then the spots were located by hydrogen sulfide vapor or by
fluorescence, produced by spraying with a selected reagent, such
as morin,dryirig, and then' examining under ultraviolet light.
Some cations fluoresce, giving bright spots, and some quench the
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fluorescence, yielding dark spots (162). Linstead (116A) stated
that the rate of movement of any metal (RF value) may be by the
presence of other ions. Separations of 45 metals and anions, by
successive changes of the extracting medium, were performed in his
laboratory (not yet published). The metals were dissolved in a
solvent, usually an acid, and the individual members determined
by specific reagents or other conventional means.

SUGAR SEPARATIONS BY PAPER CHROMATOGRAPHY

Simple sugars were separated and detected by ammoniacal
silver nitrate (73); and in two-component mixtures by using
butanol-acetic acid-wate!.: as the solvent and analyzing by hypo
iodate oxidation (85). Flood et al. standardized a procedure
(70) and were unsuccessful in resolving dl-sugar mixtures by an
optically active alcohol. Benzidine reagent was used to sepa
rate reducing sugars from urates (91). Sugars were also separated
with collidine as the solvent (153); by spraying with a special
rea{l;ent of aniline, phthalic acid, and water-saturated butanol,
which produced red colors from aldopentoses and greens and
browns from aldohexoses and uronic acids (154); using Ehrlich's
aldehyde reagent for amino sugars (2); in aspenwood, spruce,
and various coniferous pulp fibers by partial hydrolysis, usually
resulting in mannose and glucose (219); and in several types of
pine trees, where they were found to be arabinose and sometimes
fructose (220).

The structures of methylated sugars were investigated (9),
and it; was shown that methyl irisin contains an appreciable
fraction of trimethyl fructoses. These sugars were separated
(71) on columns of powdered cellulose (94), and quantitatively
identified by Ra values (10). They were separated like simple
sugars and sprayed with ammoniacal silver nitrate to produce
brown spots, which provided a method of rapid examination of
hydrolyzed products obtained from small quantities of methyl
polysaccharides (26). Reducing and nonreducing carbohydrate
derivatives were separated and identified by spraying with 1%
aqueous potassium permanganate containing 2% sodium car
bonate to produce ye1l9w zones on a purple background (148),
and those in urine were identified by spraying with benzidine,
ammoniacal silver nitrate, aniline-hydrogen oxalate, or phloro
glucinol (92). Sugars present in urine were identified as arabi
nose, xylose,and fruct;ose (55).

Methods of studying the sugars present in apple juice, egg
white, and the fetal blood of sheep (150) and for the examination
of blood'group A specific substances from hog gastric mucin and
the specific polysaccharides of B. dysenteriae (Shiga) (151)
were described. The carbohydrate metabolism of microorgan
i&ms was studied using sucrose which was converted into dex
tran by Leuconostoc mesenteroides (Leister Institute Strain No.
3351) (75). The explanatiGln offered was that during the course
of the metabolism, large quantities of reducing sugars are formed
and the glucose part of the sucrose is polymerized to dextran
with simultaneous liberation of the fructose moiety. Sucrose was
detected with resorcii}()l and estimated after preliminary hy
drolysis with oxalic acid. Changes in the sugar content during
the growth of the pea were studied by paper chromatography
(56) and histochemical reagents were used to' demonstrate
pectin, starch, cellulose, and lignin development.

APPLICATIONS TO MEDICINE AND BIOLOGICAL CHEMISTRY

One of the greatest fields for the application of paper chromatog
raphy is in medicine and biological chemistry. The amino
acid constituents of diphtheria toxin and toxoid hydrolyzates
were determined (223) by two-dimensional chromatography,
and it was found that tyrosine is present in toxin but not in the
toxoid. Its usefulness in a routine method of preparing the
toxin from the papain digest (116) was proved. An examination
of the chemical nature of purified liver extract (194) showed the
presence of peptide material, free amino acids, and riboflavin;
the percentage of total activity was also studied (178).
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Nucleic acids have been studied (125, 202, 204) and determined
quantitatively both spectrophotometrically (125) and by ultra
violet absorption (202). Purines were detected by precipitation
of mercury and conversion to a sulfide. Vitamin A was sepa
rated on alumina-treated filter paper and identified with the
Carr-Price reagent (47). Substances related to ascorbic acid
(vitamin C) were resolved on paper in several different solvents
and then identified with 2,6-dichlorophenolindophenol, which
produces a dark blue background around colorless spots (126).
The various vitamin B's have attracted considerable attention
(46, 83, 179, 214, 215, 216). The microbiological assay with
paper chromatography'has been used for the study of vitamin
B6 (215) with Saccharomyces carlsbergensis 4228 on agar and of
vitamin B'2 with Lactobacillus leichmannii 313 (214) and Lacto
bacillus lactis (Dorner) (46), with special attention to various
related growth factors (179, 214, 216), and their effects on bac
terial metabolism. The riboflavin decomposition products werc
shown by a paper chromatogram of irradiated samples of ribo
flavin and examined under ultraviolet light, under which they
showed a yellow fluorescence (83).

Penicillin broth was chromatographed on paper impregnated
with 20% phosphate buffer at pH 6.2 and quantitatively deter
mined by the paper disk plate assay method. Eight penicillins
were separated from Penicillium chrysogenum Q176 (99). Studies
of two and three carbon compounds containing sulfur and sulf
hydral groups showed no definite evidence that the ratio of peni
cillin formed is changed by their presence.

Paper chromatography of proteins and enzymes (77, 138,
169, 192) showed that enzymes are strongly adsorbed by paper
at salt concentrations far below those required for precipitation,
and that their movement is also influenced by the presence of
other proteins, a form of displacement adsorption (192). Con
siderable enzyme resolution (138) and protein fractionation
(191) can be attained by the use of a filter paper chromatopile
by salting-out adsorption and adsorption displacement. pH
affects RF values because motion is almost nil to pH 5 and then it
increases (77), and benzidine reagent brushed on the paper causes
colors useful in identification. Some interesting microbiological
assay investigations were performed using Leuconostoc citrovornm
(25, 217) and some bioautograph methods, in which it was
discovered ,that thymidine and possibly three or four other
growth factors were present (217) in natural materials; that
thymidine responds to an alkali-stable growth-promoting factor
in concentrated liver extract and not to B12 (25); and that a
possible functional relation exists between citrovorum factor and
thymidine and pteroylglutamic acid-if used alone, growth was
not seriously affected, but if used together, growth was greatly
stimulated.

Paper chromatography has been applied to the clarification of
many perplexing questions in the biological field: quantitative
determination of ergothioneine in biological fluids (225); analy
sis of biological arylamines (187); detection of one 01' more
hitherto unsuspected amino acids in the cholera Vibrio (15);
and determination of the amino acid constituents of tissues and
chromosomes (isolated from salivary gland cells) of Drosophila
virilis, using acid hydrolyzed adults and larvae (17). Dis
tribution of free amino acids in mouse epidermis, in various phases
of growth (170), was decided by the relative position on the
chromatogram and· by comparison with a reference chromato
gram, as a result of which it is believed that carcinoma can be
sharply differentiated from the tissue of nonmalignant hyper
plastic epidermis produced by the application of methyl cho
lanthrene. Estimation of some free amino acids in the tissues of
the rat (6) demonstrated the presence of aspartic acid, glutamic
acid, glycine, and alanine by spectrophotometry of 'the colors
produced by ninhydrin on the completed chromatogram. The
amino acid pattern in portal blood and jugular blood in ,dogs
(51) was shown to consist of three types: those which rose and
fell after the protein meal, those tending to rise slightly through-,
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out the 5-hour period, and those that did not change during the
experiment. The free amino acids in Haemolymph of Calli
phora erythrocephala Meigen (65) were identified as alanine,
tyrosine, proline, valine, isoleucine, histidine, phenyl alanine,
glycine, leucine, lysine, serine, and aspartic acid.

A study of the chemistry of cacao fermentation (Forestero
variety) (7.~) showed that (1) fresh bean pulp juice contained
glucose, fructose, and sucrose; (2) citric acid was the only free
acid in the pulp; (3) glutamic and aspartic acids and asparagine
existed also in the pulp; and (4) tannins and other color con
stituents were extracted. Investigation of the amino acids in the
tobacco mosaic virus indicated the absence of histidine, hydroxy
proline, and methionine, but the presence of fifteen others (87).
The free amino acids and peptides in frog embryos (Rana pip
fens) (115) yielded only faint smudges of glutamic acid. The
amino acids in Haemolymph of the dragonfly (168) nymph,
Aeschna cyanea, showed the presence of serine, glycine, lysine,
alanine, tyrosine, valine, leucine, and proline. The estimation
of free amino acids in the tissue of rats showed the presence of
glycine, alanine, and glutamic and aspartic acids (5).

The ~·elease of free and bound forms of biotin from protein
(20) indicated that the solution liberated from liver by the
crystal pepsin acted as a single compound, whereas that obtained
from the countercurrent extraction of acid-hydrolyzed liver was
resolved into several components. The toxic substance, gluten,
was concentrated from Agenized flour (which causes fits in dogs)
and resolved into glycine, serine, alanine, and glutamine (29).
Peptides from insulin (175) on oxidation yielded four fractions
of A and one of B, which are not all completely identified. Iden
tification of Bence-Jones protein of multiple myelomatosis in
amino acids by two-dimensional chromatography, using phenol
and collidine as the solvents, indicated that no methionine was
present, and all other common amino acids were demonstrated
in the protein hydrolyzate except hydroxyproline (50).

APl'UCATIONS TO AMINO Acm SEPARATIONS

The use of paper for the resolution of mixtures of amino acids
was first proposed in 1944 (81 ) and its rapidity of separation,
qualitative and quantitative results obtained, simplicity and
reproducibility, all caused its immediate widespread adoption.

A spot of the mixture is placed about 2 cm. from one corner of a
large sheet of paper and its lower edge is dipped into the solvent
(usually phenol) and developed for 12 to 48 hours. The paper is
then dried and rotated 90 0 and the edge is immersed in another
solvent of somewhat different partition coefficient (collidine).
This separates the amino acids efficiently, and, after spraying
with ninhydrin in an atmosphere of steam, the blue to purple colors
produced identify the various acids by their position on the paper.
They can also be identified by cutting out the colored sections,
eluting them, and titrating against 0.01 N barium hydroxide
solution, using bromophenol blue as the indicator, or by their
fluorescence in ultraviolet light.

Applications of this method are very numerous and results have
been invaluable in elucidating structures, identifying compounds,
separating impurities, and discovering new compounds.

THe ninhydrin used as the spray to bring out the color of the
amino acids is in 0.1 to 1.0% solutions in water, butanol, or
butanol-acetic acid, and is reported to be sensitive to 0.1 to 25
grams of compounds detectable (166). A modified ninhydrin is
suggested to be made of 2% ninhydrin .solution in methyl Cello
solve water at pH 5 (citrate buffer), which contains stannous
chloride as a reducing agent (106, 140). The latest innovation
is the inclusion of 0.1 % ninhydrin solution in the collidine or
butanol-acetic acid used as the second developer; then only
heat is necessary to produce the well known colors of the amino
acids after the chromatogram is completely developed (146).

Some paper seems to have a peptide contaminant (226),
which can be removed by washing the paper for 48 hours with
water. The phenol used as the first solvent must be very pure
and special directions are available as to the best method of puri
fication (54), so as completely to eliminate all extraneous colors.

ANALYTICAL CHEMISTRY

o-Phthalaldehyde is reported to be the specific reagent for the
determination of glycine in paper chromatography (155). With
acidified ninhydrin, no distortion in colors of RF values of glycine,
alanine, threonine, and tyrosine appears even when alkalinity is
high, but with s-collidine the effect is reversed, the acid spot
being near valine-leucine, and the alkali spot near glycine (38).

The formation of copper phosphate complexes is another
method of separation and identification of amino acids (165)
and ten such acids were investigated, with the decision that
quantitative results can be obtained for those amino acids whose
copper salts are soluble and can be applied to others which form
insoluble copper salts. The distinctive test for ",-amino acids
depends on the fact that the copper complex, CuC03.Cu(OH)2,
forms a complex with ",-amino acids whose RF = 0, so that the
other substances leave them behind at the bottom of the paper.
Twenty amino acids were investigated (45). ",-Amino acids
and peptides can also be determined by their fluorescence under
ultraviolet light (158). Amino acids can be separated on-pulped
filter paper and charcoal columns with good results (205). Io
dine can be directly sublimed on a paper chromatogram or sprayed
in alcoholic solution to reveal the position of choline and other
N-methylalkanolamines (21). Furan derivatives (furfuryl al
cohol and tetrahydrofurfuryl alcohol) containing 10 to 30%
water produce good separations of amino acids on paper (13).
It was reported that the inclusion of 0.5% urea, 8% pyridine,
or 5% furoic acid as stabilizers sharpens the outlines of the spots
and reduces their size.

There are many special applications in this field of one- and
two-dimensional chromatography, such as identification of "'
amino adipic acid (14); investigation of the action of nitrogen
trichloride on proteins and attempts to isolate the toxic factor,
which resulted in the conclusion that it probably is not a peptide
(12); use of Pauly reagent to separate three monohydroxybenzoic
acids from one another and from phenols (58); separation of iso
topic derivatives of amino acids (101); and demonstration of
the presence of thyroxine and diiodothyronine and triiodo
thyronine as ninhydrin reacting product.s from the hydrolyzates
of thyroprotein (88). Chromatography of dinitrophenyl ·amino
acids and peptides, which glow a pale yellow in a fluorescence which
is visible but not a true fluorescence, showed that long nonpolar
side chains cannot be resolved (160). Amino acid constituents
of circulin were isolated on powdered cellulose and identified either
by paper strip chromatography or by optical rotation (156).

Other applications include: determination of presence of
esters and salts of fatty acids and amino acids in rancid cheese
which cause staleness (184); and chromatography of amino acids
belonging to homologous series, which fall on a smooth curve
characteristic of that series and in the order of the molecular
weight (168). Preliminary separation by ion exchange resins,
followed by ionophoresis, separates the 'peptides according to
charges and molecular weights into groups having similar mo
bilities in an electrical field; these groups were investigated
by paper chromatography, and nineteen- different dipeptides of
aspartic and glutamic acid were identified in the hydrolyzate (42).

Norleucine was discovered to be absent in the spinal cord,
contrary to ·the general opinion (40); steroids as hydrazones of
Girard's Reagent T were separated and the drie.d chromato
gram was dipped in iodoplatinate solution to remove the back
ground, so the RF values could be calculated (228); ",-glutamyl
peptides were synthesized and their purity was confirmed by
paper chromatography (113); the copper phosphate-amino
acid complex method was used to identify 1 to 25 micrograms of
",-amino nitrogen (222). Amino acids were separated first by
adsorption into dicarboxylic, basic, and neutral on anion and
then on cation exchange resins and then the eluate was separated
on paper strips, demonstrating the presence of the amino acids
by ninhydrin, and quantitatively determining them by trans
mittance on an electronic densitometer (16). Studies were made
of hydrolyzates of gramicidin (185); of protein fractions (flowing
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filter paper chromatographic technique) (152); of the amino acid
composition of plant leaf protein fractions, showing that hydroxyl
ysine was absent from leaf proteins (122), and identified the amino
acids present (121); and of enzyme hydrolyzed proteins (201).

Quantitative determination of the components of many mix
tures was reported on keto acids (30), purines and pyrimiJines
(98, 208), amino acids of salm"ine (84), N-substituted amino
acids (78), purine and pyrimidine derivatives (89), lysine (1),
creatine and cre~tinin~ (132-134), amino nitrogen (223), amino
acid mixtures (129), and micro estimation of amino nitrogen (221).

Various experiments were followed by paper chromatography:
amino aeids, peptides, and compounds of tryptophan (186),
action of alkalies on wool and deaminated wool (35), production
of amino acids after a short exposure to CHO. during photo
synthesis (180), and a technique for demonstrating, by chromatog
raphy, the nitrogenous lipide constituents, sulfur-containing
amino acids, reducing sugars (31), and relation of manganese and
molybdenum to the free amino acid content of cauliflower (86).

There are several good review articles on amino acids (128,
130,200), especially Martin's (127).

MISCELLAN EOUS AI'I'L1CATIONS

a-Butyric acids were discovered in plant -leaves (52). Various
organic acids were resolved by using butanol-acetic acid mixtures
and detected by spraying the dried chromatogram with an in
dicator (119). Potassium hydroxamate derivatives of organic
acids were separated by suitable solvents (isobutyric acid and
phenol) and the paper was then sprayed with dilute ferric chlo
ride, which produced purple spots of the derivatives on a yellow
background (62). This method is a very good means of identi
fying organic acids of one to eight carbon atoms. Many mix
tures of· nonvolatile organic acids were resolved and separated
into their components (120). Ionization and adsorption of the
acids by the paper were suppressed by swamping both the sta
tionary and mobile solvent phases with a volatile acid. Formic
acid produced well defined bands of the test acids (to travel down
the paper sheet) and characteristic RIo' values. Acids in carrot
tissue were separated and identified by RIo' value (120). Fatty
aci9s, C 5 to CIO, were also separated (167). Dyes were investi
gated with cotton fabric disks (112), and in binary and ternary
mixtures (172), absorbed on fibrous materials (72), and on as
cending paper strips with automatic recording of the per cent
transmis5ion (143, 145).

Compounds of many other unusual substances were investi
gated by paper chromatography: pterins (80), identified by their
characteristic fluorescence; dihydroionones (96); anthocya
nines (8); hyoscine and hyoscyamine (59); flavins (44); flavonoid
pigments in plant extracts (206); various lignins (7), which were
identified by their fluorescence; and synthesis of amino acids by
different types of bacteria (102).

SUMMARY

Paper chromatography has provided an extremely versatile tool,
and in some types of work, notably biochemistry requiring analy
sis or separation on the microgram scale, it is almost indispensable.
Many procedures are eminently practical for routine work. The
considerable degree of empiricism that is still involved is a draw
back in attacking a new problem. Further quantitative studies
of a physicochemical nature, including kinetic studies, may enable
one to evaluate the various factors involved in a more quantita
tive and predictable fashion.

BIBLIOGRAI'UY

(1) Albanese, A. A., and Lein, M., Science, 1l0, 163 (1949).
(2) Aminoff. D., and Morgan, W. T. J., Nature, 162, 579 (1948).
(3) A.rden, T. V., Burstall, F. H., Davies, G. R., Lewis, J. A., and

Linstead, R. P.,Ibid., 162, 691 (1948). .
(4) Atkinson, H. F., Ibid., 162, 858 (1948).
(5) Awapara, J., Arch. Biochem., 19,172 (1948).
(6) Awapara, J., J. BioI. Chem., 178, 113 (1949).
(7) Bailey, A., Paper Ind. and Paper World, 31,205 (1949).

57

(8) Bate-Smith, E. C., Nature, 161,835 (1948).
(9) Bell, D. J., and Palmer, A., Biochem. J. Proc., 45, No.2, xiv

(1949) .
(10) Bell, D. J., and Palmer, A., Nature, 163,846 (1949).
(ll) Benson, A. A., Bassham, J. A., Calvin, M., Goodale, T. C ..

Haas, V. A., and Stepka, W., Symposium on Carbohydrates
and Metabolism, Division of Biological Chemistry, 116th
Meeting of AM. CHEM. Soc., Atlantic City, N. J., 1949.

(12) Bentley, H. R., McDermott, E. E., Pace, J., Whitehead, .T. K.,
and Moran, '1'., Nature, 163,675 (1949).

(13) Bentley, H. R., and Whitehead, J. K.,Ibid., 164, 182 (1949).
(14) Bergstrom, S., and Paabo, K., Acta Chem. Scand., 3, 202 (1949).
(15) Blass, J., and Macheboeuf, M., Ann. Inst. Pasteur, 73, 1053

(1947) .
(16) Block, R. J., Science, 108,608 (1948).
(17) Bfumel, .T., and Kirby, H., Froc. Natl. Acad. Sci. U. S., 34, 561

(1948) .
(18) Boldingh, Experientia, 4, 270 (1948).
(19) Boscott, Nature, 159,342 (1947).
(20) Bowden, J. P., and Peterson, W. H., J. BioI. Chern., 178, 5:l3

(1949).
(21) Brannte, G., Nature, 163, 651 (1949).
(22) Brimley,R. C.,lbid., 163, 215 (1949).
(23) Brockmann, H., Angew. Chem., A59, 199 (1947).
(24) Brockmann, H., and Volpel'S, F., Chem. Ber., 80, 77 (1942).
(25) Broquist, H. P., Stokstad, E. L., Hoffmann, C.E., Belt, M.,and

Jukes, T. H., Proc. Soc. Exptl. BioI. Med., 71, 549 (1949).
(26) Brown, Hirst, Hough, Jones, and Wadman, Nature, 161, 720

(1948).
(27) Bull, H. B., Hahn, .J. W., and Baptist, V. H., J. Am. Chem.

Soc., 71, 550 (1949).
(28) Burstall, F. H., Da\·ies, G. R., Linstead, R. P., and Wells, R.

A., Nature, 163, 64 (1949).
(29) Butler,.T. A. V., and Mills, G. L.,Ibid., 163,835 (1949).
(30) Cavallini, D., Frontalli, N., and Toschi, G.,lbid., 163,568 (1949).
(31) Chm'gaff, E., Levine, C., and Green, C., J. BioI. Chem., 175, 67

(1948).
(32) Chemical Society, Nature, 163,235 (1949)
(33) Christ, Burton, and Botty, Science, 108, 91 (1948).
(34) Claesson, S., Nature, 159,708 (1947).
(35) Cockburn, Ro, Drucker, B., and Lindley, H., Biochem. J., 43,

438 (1938).
(36) Consden, R., Nature, 162,359 (1948).
(37) Ibid., p. 1007.
(38) Consden, R., and Gordon, A. H., Ibid., 162, 180 (1948).
(39) Consden, R., Gordon, A. H., and Martin, A. J. P., Biochem. .r.,

38,224 (1944).
(40) Ibid., 39, 251 (1945).
(41) Ibid., 40, 580 (1946).
(42) Ibid., 44,548 (1949).
(43) Cook, A. H., Nature, 164,300 (1949).
(44) Crammar, J. L.,Ibid., 161,349 (1948).
(45) Crumpler, H. R., and Dent, C. E.,Ibid., 164, 441 (1949).
(46) Cuthbertson, W. F. J., and Smith, L. E., Biochem. J. Proc., 44.

No.2, v (1949).
(47) Datta, S. P., and Overell, B. G.,lbid., 44, No.4, xliii (1949).
(48) Datta, S. P., Overell, B. G., and Stack-Dunne, M., Nature.

164, 673 (1949).
(49) Dent, C. E., Biochem. J., 41,240 (1947).
(50) Dent, C. E., and Rose, G. A., Ibid., 44, 610 (1949).
(51) Dent, C. E., and Schilling, J. A., Ibid., 44, 318 (1949).
(52) Dent, C. E., Stepka, W., and Steward, F. C., Nature, 160, 682

(1947).
(53) Drake,lbid., 160, 602 (1947).
(54) Draper, O. J., and Pollard, A. L., Science, 109, 448 (1949).
(55) Eastham, M., Biochem. J. Proc., 45, No.2, xiii (1949).
(56) Ibid., p. xvii.
(57) Erametsa, 1., Suomen Kemistilehti, 13A, 37 (1940).
(58) Evans, R. A., Parr, W. H., and Evans, W. C., Nature, 164, 674

(1949).
(59) Evans, W. C., and Partridge, M. W., Quart. J. Pharm. Pharma-

cal., 21, 126 (1948).
(60) Faraday Society, "Partition Chromatography," in press.
(61) Fink, Dent, and Fink, Nature, 160,801 (1947).
(62) Fink and Fink, Proc. Soc. Exptl. BioI. Med., 70, 654 (1949).
(63) Fink and Fink, Science, 107, 253 (1948).
(64) Ibid., 108, 358 (1948).
(65) Finlayson, L. H., and Hamer, D., Nature, 163,843 (1949).
(66) Fisher, R. B., and Holmes, R., Biochern. J. Proc., 44,liv (1949).
(67) Fisher, R. B., Parsons, D. S., and Holmes, R., Nature, 164, 183

(1949) .
(68) Fisher, R. B., Parsons, D. S., and Morrison, G. A., Ibid., 161,

764 (1948).
(69) Flood, A. E., Z. anal. Chem., 120, 327 (1940).
(70) Flood, A. E., Hirst, E. L., and Jones, J. K. N., J. Chem. Soc.,

1948, 1679.



58

(7i) Flood, A. E., Hirst, E. L., and Jones, J. K. N., Nature, 160,86
(1947).

(72) Flugel and Koch, Textil-Rundschau, 11, 204 (1947).
(73) Forsyth, W. G. C., Nature, 161, 239 (1948).
(74) Ibid., 164,25 (1949).
(75) Forsyth, W. G. C., and Webley, D. M., Ibid., 162, 150 (1948).
(76) Fosdick, L. S., and Blackwell, R. Q., Science, 109, 314 (1949).
(77) Franklin, A. E., and Quastel, J. H., Ibid., 110,447 (1949).
(78) Gal, E. M., and Greenberg, D. M., Proc. Soc. Exptl. Bioi. Med.,

71, 88 (1949).
(79) Glueckauf, E., Nature, 160,301 (1947).
(80) Good, P. M., and Johnson, A. W., Ibid., 163,31 (1949).
(81) Gordon, Martin, and Synge, Biochem. J., 38,65 (1944).
(82) Goto and Kakita, J. Chem. Soc. Japan, 63,120 (1942).
(83) Hais, I. M., and PeCllkova, L., Nature, 163, 768 (1949).
(84) Hamer, D., and Woodhouse, D. L.,Ibid., 163, 689 (1949).
(85) Hawthorne, J. R., Ibid., 160,714 (1947).
(86) Hewitt, Jones, and Williams, Ibid., 163, 681 (1949).
(87) HiI'd, F. J. R., AustralianJ. Sci., 11, 170 (1949).
(88) HiI'd, F. J. R., and Trikojus, V. M.,Ibid., 10, 185 (1948).
(89) Holiday, E. R., and Johnson, E. A., Nature, 163, 216 (1949);
(90) Hopf, P. P., J. Chem. Soc., 1946,785.
(91) Horrocks, R. H., Nature, 164,444 (1949).
(92) Horrocks and Manning, Lancet, 256, 1042 (1949).
(93) Hotchkiss, R. D., J. Bioi. Chem., 175, 315 (1948).
(94) Hough, Jones, and Wadman, Nature, 162,448 (1948).
(95) Iijima and Sato, J. Chem. Education, 23, 233 (1944).
(96) Jeger, 0., and Blichi, G., Helv. Chim. Acta, 31, 134 (1948).
(97) Jermyn, M. A., and Isherwood, F. A., Biochem. J., 44, 402

(1949).
(98) Jullander, I., Nature, 162, 300 (1948).
(99) Karnovsky, M. L., and Johnson, M. J., ANAL. CHEM., 21, 1125

(1949) .
(100) Kermack, J. Incorp. Brewers' Guild, 33, 81 (1947).
(101) Keston, Udenfriend, and Levy, J. Am. Chem. Soc., 69, 3151

(1947) .
(102) Konikova, Kritsman, Yakobson, and Samarina, Biokhimiya,

14,223 (1949).
(103) Lacourt, Sommereyns, deGeyndt, Baruh, and Gillard, j\;Ietal

lurgia, 40, 181 (1949).
(104) Lacourt, Sommereyns, deGeyndt, Baruh, and Gillard, lvlikro

chemie ver. 1\;Iikrochim. Acta, 34, 215 (1949).
(105) Lacourt, Sommereyns, deGeyndt, Baruh, and Gillard, Nature,

163, 999 (1949).
(106) Landua, A. J., and Awapara, J., Science, 109, 385 (1949).
(107) Lecoq, Bull. soc. ,·oy. sci. Lieae, 13,20 (1944).
(108) Lederer, M., Anal. Chim. Acta, 2, 261 (1948).
(109) Lederer, M., Nature, 162,776 (1948).
(110) Ibid., 163, 598 (1949).
(Ill) Lederer, M., Science, 110, 115 (1949).
(112) Lenoir, J., Bull. soc. chim., 1942,475.
(113) LeQuesne and Young, Nature, 163, 604 (1949).
(114) LeRosen, A. L., ANAL. CHEM., 19, 189 (1947).
(115) Li, C., and Roberts, E., Science, 110,425 (1949).
(116) Linggood, F. V., and Woiwod, A. J., Brit. J. Exptl. Path., 29,

283 (1948).
(116A) Linstead, R. P., Nature, 163,598 (1949).
(117) Longenecker, W. H., ANAL. CHEM., 21,1042 (1949).
(118) Longenecker, W. H., Science, 107, 23 (1948).
(119) Lugg, J. W. H., and Overell, B. T., Nature, 160,87 (1947).
(120) Lugg, J. W. H .• and Overell, B. T., Australian .T. Sci., Res. Ser .•

AI, 98 (1948).
(121) Lugg. J. W. fl.. and Weller, R. A.• Biochem. .T., 38, 408 (1948).
(122) Ibid., 42, 408 (1948).
(123) Ma, M. R., and Fontaine, T. D., Science, 110, 232 (1949).
(124) Mapson, L. M .• and Partridge, S. M., Nature, 164.479 (1949).
(125) Markham, R., and Smith, J. D., Ibid., 163. 250 (1949).
(12(;) Martin, A. J. P., Ann. N. Y. Acad. Sci., 49,249 (1948).
(127) Martin, A. J. P., Ann. Repts. Progress Chem., 45, 267 (1949).
(128) Martin, A. J. P., Endeavour, 6, 21 (1947).
(129) Martin, A. J. P., and Mittelmann, R., Biochem. J., 43, 353 (1948).
(130) Martin, A. J. P., a,nd Synge, R. L. M., Advances in Protein

Chem., 2, 1 (1945).
(131) Martin, A. J. P., and Synge, R. L. M., Biochem. J., 35, 1358

(1941).
(132) Maw, G. A.,Ibid., 43.139 (1948).
(133) Ibid., p. 142.
(134) Maw, G. A., Nature, 160,261 (1947).
(135) Meinhard, J. E., Science, 110,387 (1949).
(136) Meinhard and Hall, ANAL. CHEM., 21,185 (1949).
(137) Miettinen, J. K., and Virtanen, A. I., Acta Chem. Scand., 3,

459 (1949). .
(138) Mitchell, H. K., Gordon, M., and Haskins, F. A., J. Bioi.

Chem., 180, 1071 (1949).
(13!l) Mitchell, H. K., and Haskins, F. A., Science, 110, 278 (1949).
(140) Moore and Stein, J. Bioi. ahem., 176,367 (1948).

ANALYTICAL CHEMISTRY

(141) MillieI', R. R., ANAL. CHEM., 22, 72 (1950).
(142) MUller, R. H., and Clegg, D. L., Ibid., 21,192 (1949).
(143) Ibid., p. 1123.
(144) Ibid., p. 1429.
(145) Mliller and Clegg, "Symposium of N. Y. Academy of Science,"

March 26, 1949 (in press).
(146) Nicholson, D. E., Nature, 163,954 (1949).
(147) Osburn, G. H., and Jewsbury, A., Ibid., 164,443 (1949).
(148) Pacsu, E., Mora, T. P., and Kent, P. W., Science, 110,446 (1949).
(149) "Partition Chromatography," New Y.ork, Cambridge Univer-

sity Press, 1949. •
(150) Partridge, S. M., Biochem. J., 42, 238 (1948).
(151) Ibid., p. 250. .
(152) Ibid., 44, 521 (1949).
(153) Partridge, S. M., Nature, 158, 270 (1946).
(154) Ibid., 164, 443 (1949).
(155) Patton, A. R., and Foreman, E. M., Science, 109,339 (1949).
(156) Peterson, D. H., and Reineke, L. M., J. Bioi. ahem., 181, 95

(1949).
(157) Phillips, D. M. P., Metallurgia, 35,169 (1947).
(158) Phillips, D. M. P., Nature, 161, 153 (1948).
(159) Ibid., 162, 29 (1948).
(160) Phillips, D. M. P., and Stephen, J. M. L., Ibid., 162, 152 (1948).
(161) Pitt-Rivers, R., Biochem. J., 43, 223 (1948).
(162) Pollard, F. H., McOrmie, F. W., and Elbeih, I. I. M., Nature,

163, 292 (1949).
(163) Polson, A., Biochem. et Biophys. Acta, 3, 205 (1949).
(164) Polson, A., Mosley, V. M., and Wyckoff, R. W. G., Science,

105, 603 (1947).
(165) Pope, C. G., and Stevens, M. F., Biochem. J., 33, 1070 (1939).
(166) Pratt and Auclair, Science, 108,213 (1948).
(167) Ramsey and Patterson,- J. Assoc. Offic. Agr. Chemists, 31, 139

(1948).
(168) Raper, R., and Shaw, J., Natu"e, 162,999 (1949).
(169) Riley, Hesselbach, Fiala, Silvio, Woods, and Burk, Science, 109.

361 (1949).
(170) Roberts, E., and Tishkoff, G. R.,Ibid., 109, 14 (1949).
(171) Rockland and Dunn, Ibid., 109,539 (1949).
(l71A) Roth, L. J., Leifer, E., Hogness, J. R., and Langham. W.

H., J. Bioi. Chem., 178, 963 (1949). .
(172) Ruiz, Ind. parfum. 1, 187 (1946).
(173) Rutter, L., Nature, 161,435 (1948).
(174) Ibid., 163, 487 (1949).
(175) Sanger, F., Ibid., 162, 491 (1948).
(176) Schoenbein, C. F., Verhandl.nat1~rforsch.Ges. Basel, III, 249

(1861) .
(177) Ibid., IV, 1 (1864).
(178) Shaw, G. E .• Biochem. J. Proc., 44,Iiv (1949).
(179) Smith.E. L .• and Cuthbertson, W. F. J., Ibid., 45, No.2, xii

(1949).
(180) Stepka, W., Benson, A. A., and Calvin, M., Science, 108, 304

(1948) .
(181) Steward, F. C., Stepka. W., and Thompson, J. F., Ibid., 107, 451

(1948) .
(182) Stone, R. W .• Martin, E. L., and Rittenhouse, E. J., Division

of Agricultural and Food Chemistry, 116th Meeting of AM.
CHEM. Soc.• Atlantic City, N. J., 1949.

(183) Strain, H. H., ANAL. CHEM., 21, 75 (1949).
(184) Swanson, A. M., Symposium on Flavor in Dairy Products,

Division of Agricultural and Food Chemistry, 116th Meeting
of AM. CHEM. Soc., Atlantic City, N. J., 1949.

(185) Synge, R. L. M .• Biochem. J., 44,542 (1949).
(186) Synge, R. L. M., and Tiselius, A., Acta Chem. Scand., 3, 231

(1949).
(187)' Tabone, Robert, and Troestler, Bull. soc. chim. bioi., 30, 547

(1948).
(188) Taurog, A., Chaikoff, I. L., and Tong, W., J. Siol. Chem., 178,

997 (1949).
(189) Taurog, A., Tong, W., and Chaikoff, I. L., Nature, 164, 181

(1949).
(190) Thomas, Hendricks, and Hill, Symposium on Sulfur in Agricul

ture, Division of Fertilizer Chemistry, AM. CHEM. Soc., At·
lantic City, N. J., 1949.

(191) Tiselius, A., Arkiv Kemi, j\;Iineral. Geol., 26B, 1 (1948).
(192) Tiselius, A., Chem. Eng. News, 27, 1041 (1949).
(193) Tishkoff, Bennett, Bennett, and Miller, Science, 110,452 (1949).
(194) Tishkoff, Zaffaroni, and Tesluk, J. Bioi. Chem., 175,857 (1948L
(195) Tolley, G., Mfg. Chemist, 20, 215 (1949).
(196) Tomarelli, R., and Florey, K., Science, 107, 630 (1948).
(197) Tomisch, E. G., Nature, 160, 164 (1947).
(198) Trey, H:, Z. anal. ahem., 37, 743 (1898).
(199) Urbach. K. F., Science, 109,259 (1949).
(200) Vega, F. A. de la, Galenica Acta (Madrid), 2, 85 (1949).
(201) Verdier, C. H. de, and Agren. Gunnar, Acta Chem. Scand.. 2,

783 (1948).



VOL U M E 2 2, N O. 1, JAN U A R Y 1 9 5 0

(202) Vischer, E.; and Chargaff, E., J. Bioi. Chem., 168, 781 (1947).
(203) Ibid., 176, 703 (1948).
(204) Ibid., p. 715.
(205) Wachtel!, J. L., and Cassidy, H. G., J. Am. Chem. Soc., 65, 665

(1943) .
(206) Wender, S. H., and Gage, T. B., Science, 109,287 (1949).
(207) Williams, R. J., and Kirby, H. M., Ibid., 107, 481 (1948).
(208) Williams, T. I., "Introduction to Chromatography," London,

Blackie and Son, 1946.
(209) Williams, T. I., Mfu. Chemist, 19, 291 (1948).
(210) Williams, T. I., Research (London), 1, 400 (1948).
(211) Williams, T. I., School Sci. Rev., 26,154 (1945).
(212) Winslow, E. H., and'Liebhafsky, H. A., ANAL. CHEM., 21, 1338

(1949).
(213) Winsten, W. A., Science, 107, 605 (1948).
(214) Winsten, W. A., and Eigen, E., J. Bioi. Chem., 181, 109 (1949).
(215) Winsten, W. A., and Eigen, E., Proc. Soc. Exptl. Bioi. Med.,

67, 513 (1948).
(216) Winsten, W. A., Eigen, E., and Oser, B. L., Symposium on

Vitamin B12 and Related Factors, Division of Agricultural

59

and Food Chemistry, AM. CHEM. Soc.,Atlantic City, N. J.,
1949.

(217) Winsten, W. A., and Eigen, E., Symposium on Growth Sub
stances and Metabolism, Division of Biological Chemistry,
AM. CHEM. Soc., Atlantic City, N. J., 1949.

(218) Winsten, W. A., and Spark, A. H., Science, 106, 192 (1947).
(219) Wise, Green, and Rittenhouse, T APPI, 32, 335 (1949).
(220) Wise and Rittenhouse, Ibid., 32, 397 (1949).
(221) Woiwod, A. J., Biochem. J., 42, xxviii (1948).
(222) Woiwod, A. J., Nature, 161, 169 (1948).
(223) Woiwod, H. J., and Linggood, F. V., Ibid., 163, 218 (1949).
(224) Wolfson, W. Q., Cohn, C., and Devaney, W. A., Science, 109,541

(1949) .
(225) Work, E., Lancet, 256, 652 (1949).
(226) Wynn, V., Nature, 164,445 (1949).
(227) Yacowitz, H., Norris, L. C., Heuser, G. F., Proc. Soc. Exptl.

Bioi. Med., 71, 372 (1949).
(228) Zaffaroni, A., Burton, R. B., and Keutman, E. H., J. Bioi.

Chem., 177, 109 (1949).
(229) Zechmeister, Ann. N. Y. Acad. Sci., 49, 145 (1948).

RECEIVED December 17, 1949.

DISTILLATION
ARTHUR ROSE

The Pennsylvania State College, State College, Pa,

T HE same general trends in analytical distillation have pre~

vailed in 1949 as in recent years, and many of the statements
made a year ago (71) still apply. Greatest activity has been
shown in the design and testing of apparatus for the specialized
conditions of vacuum and micro or semimicrodistillation. Addi
tional details and applications continue to be presented on the
precision analysis of liquid and gaseous hydrocarbon mixtures.
The combination of distillation with other processes such as ad
sorption and extraction and identification of final fractions by
such properties as infrared spectra are proving increasingly fruit
ful.

STILL HEADS

The most prolific single topic has been reflux dividers and con
denser heads. Itwould appear that existing designs are all some
what unS'atisfactory, or that details and techniques are not prop
erly worked out. At the same time, the problems seem simple
enough from a superficial point of view, so that many workers are
tempted to try working out a solution. Most of the new designs
have been tested under a very limited range of conditions, and
there are few objective comparisons. Tests of some devices in the
author's laboratory indicate that actual reflux ratios are often far
from what is intended. 'Vhen proper weight is assigned to sim
plicity, reliability, ease of repair, and all-around utility, it appears
that more attention might be given to careful techniques with the
older types of heads and reflux dividers.

Doty (17) has described a vacuum-jacketed vapor-dividing re
fiux head that eliminates numerous sources of error. Hakala (34)
reported total condensation and variable take-off without use of
a stopcock. An electronic reflux ratio timer has been introduced
by Fisher (22) and a device for low distillation velocities by Yn
fiesta and Achon (89). Nord (63) has contributed to the problem
of reflux division of streams containing water and an immiscible
liquid. Diehl and Hart (11) devised a very low holdup head for
vacuum columns. Their reflux divider, as well as that of Human
and Mills (40, 41), features a long-stemmed glass valve. Golds
barry and Martin (30) have patented a head with pressure-equal
izing line to prevent backflow of condensate.

PACKING MATERIALS AND COLUMN EVALUATION

No entirely new packing materials have been described during
the year. New test data deal chiefly with analytical columns of
relatively large diameter. Cannon (9) has reported that 0.16 X

0.16 inch protruded nickel packing gives a height of equivalent theo
retical plate of 1.4 to 1.5 inches in a 2-inch diameter column, and
1.8 to 1.9 inches in a 4-inch column. Fisher and Bowen (21) have
compared McMahon packing (screen in the shape of a saddle)
with several others, all in a 4-inch diameter column. Circular
screen disks were tested as packing by John and Rehberg (44) in
columns of 17-, 25.4-, and 50.8-mm. diameters. Dixon (14) tried
out l/w to i/.-inch metal gauze cylinders in columns of varied di
ameter and has reported as high as 84 theoretical plates per foot.
A succeeding article (15) described the distillation of a multicom
ponent mixture with separation of materials having boiling point
differences as small as 2.4 0 C. French (24) has given an applica
tion of gauze ring packing to distillation of coke oven by-products.

No further theoretical discussions have appeared on the com
plexities of evaluating column packing. Miller and Woodle (55)
presented a paper at the September meeting of the AMERICAN
CHEMICAL SOCIETY on the use of n-heptane--':2,2,4-trimethylpen
tane as a test liquid. Evaluation at reduced pressure has been re
ported by two sets of authors with conflicting results. Berg and
Popovac (3), using helix packing and n-octane-toluene as a test
mixture, found no appreciable difference in number of theoretical
plates over a range of pressures from 20 to 760 mm. Feldman,
Myles, Wender, and Orchin (19, 62), using a variety of packings,
worked with n-heptane-methylcyclohexane at atmospheric pres
sure and dodecane-cyclohexylcyclopentane at reduced pressures.
Their results confirmed the prediction of Byron, Bowman, and
Coull (7) of a broad maximum in fractionating efficiency some
what below atmospheric pressure, with markedly lower efficien
cies at lower pressures. More work is needed to clarify this situa
tion.

SPINNER COLUMNS

Several spinner columns have been developed and some test
data presented. This variety of column promises to be of real
value in precise vacuum distillation. Donnell and Kennedy (16)
have supplied additional details on a smallfconcentric tube col
umn, with stationary inner tube, which can separate 15-m!. sam
ples into 0.5-m!. fractions for infrared analysis. Cruthirds, Jones,
and Seyfried (10) reported H.E.T.P. values of 2 inches at atmos
pheric pressure and 4 inches at O.l-mm. mercu,y pressure for a
column 6.5 mm. in diameter with I/.-inch Chromel spinning band.
Ten- to 20Q..m!. samples can be distilled in this apparatus. Larger
rotating band columns have been described by Jost (45) with di-
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ameters of 12 and 50 mm., annular space of 1 to 2 and 1 mm., 800
and 6000 r.p.m., 100 and 350 m!. per hour throughput, and
H.E.T.P.'s of 1.7 and 0.9 em., respectively.

MICROAPPARATUS AND MOLECULAR STILLS

Bering (4) has reported a one-piece semimicro distilling appara
tus with a spiral filled column for fractionating 1- to 4-m!. sam
ples at 0.5 m!. per hour with a reflux ratio of 100 to 1. Lappin
(49) devised a modified Cheronis distilling tube. A microfrac
tionation still for samples between 0.1 and 0.4 mI. which supplies
distillate fractions as small as 0.005 m!. has been patented by
Gould (31). Babcock (1) described a similar apparatus designed
for vacuum microfractionation and made by simple glassblowing
from 5-mm. glass tubing, a test tube, and rubber stoppers. Sev
eral laboratory stills for molecular distillation have also been
noted (12,29,38,74), including one of the centrifugal variety by
Biehler, Hickman, and Perry (5). Smittenberg (78) described the
analysis of gaseous hydrocarbons on a micro scale by evaporation
at low temperature and'pressure.

ACCESSORIES

A number of distillation accessories or techniques have been
reported. These include infrared lamps as a source of heat (6, 68),
an automatic sample collector (81), a vacuum distillation sample
collecting adapter without stopcocks (76), a simple· relief valve
for hazardous vacuum distillations (58), a recording differential
refractometer (90), the use of ribbons of woven glass to 'prevent
bumping (61), and other innovations (26, 42, 46, 52, 60).

ANALYSIS OF HYDROCARBON MIXTURES

Starr and Lane (80) presented an outstanding paper on accu
racy and precision of analysis of light hydrocarbon mixtures, sum
marizing cooperative work by 70 companies, on 15 different mix
tures of C3 to C5 hydrocarbons, and 8000 analyses by mass spec
trometry, infrared and ultraviolet spectrophotometry, distilla
tion, and chemical methods. The standard Rubber Reserve dis
tillation procedures were used. Thirty-two laboratories reported
1716 values from distillation analysis. Compared with synthetic
samples C3 results averaged 0.6 mole % low, C. 0.4 mole % high,
iso-C5 0.2 mole % high, and n-C5 in close agreement. Precision
was about "=0.4%. Individual laboratories were able to check
their own analyses for a particular hydrocarbon within 0.3 mole
%. Different laboratories checked within about 0.9 mole %.
Distillation and mass spectrometry showed about the same preci
sion and accuracy for total C" C., and C5• Improvements in the
distillation methods suggested later by Starr and co-workers (79)
might result in even greater accuracy. A similar program on liq
uid hydrocarbon samples also involving low temperature fractiona
tion is under way under the sponsorship of the Natural Gasoline
Association of America. Miller (54) has issued a preliminary re
port. A series of hydrocarbon mixtures (C3 to C6) of known com
position has been made available (64) for standardizing equip
ment and procedures.

The group at the National Bureau of Standards has continued
the use of distillation as an important step in the analysis of a
number of petroleum and other hydrocarbon mixtures (18, 27, 28,
66). Similar applications have been carried out by others (13,
32,50,53,69). Several general articles on distillation analysis have
also appeared (20, 33, 72, 73,84). Some further development of
A.S.T.M. and similar distillation methods has occurred (35, 36, 48,
59,70,87).

MISCI<:LLANEOUS

Applications of analytical distillation to specific organic and in
organic problems are numerous (2, moisture in coal; 8, water;
23, lithium;. 25,77, arsenic; 87, furfural; 43, 88, Kjeldahl; 47,
benzene; 51, liquid air; 56, acidity of milk; 57, benzene;' 65,
thiophene homologs; 67, vitamin E; 75, corn steep water; 82,
83, fatty acids; 85, nitrates; 86, various elements).

ANALYTICAL CHEMISTRY

Horsley has issued a 50-page supplement (39) to his origin!!]
table of azeotropes and nonazeotropes.
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EXTRACTION
LYMAN C. CRAIG

The Rockefeller Institutefor Medical Research, New York, N. Y.

THE present review is an attempt to continue along the lines
initiated by last year's review. Although in the main the

coverage is intended for papers dealing with analytical extrac
tions which appeared during the past year, no claim is made for
completeness. Almost any paper in the field of biochemistry or
organic, physical, analytical, or inorganic chemistry potentially
could have sections dealing with extraction which would be suit
able for inclusion in the review. If reference to extraction has not
been made in the title and the article has not appeared in the in
dexes of Chemical Abstracts as a paper on extraction, it will prob
ably not be mentioned here.

,EXTRACTION FOR REMOVAL PURPOSES

Relatively few papers dealing with simple extraction for re
moval purposes have appeared during the past year and these
have been concerned mostly with apparatus. On the other hand,
a larger number of papers have appeared in which simple step
wise countercurrent extraction has been employed to advantage
for the separation of mixtures of closely related substances and as
a criterion of purity for a given preparation. Unquestionably
this latter type of extraction will receive the greatest attention
for the next few years. The basis of this prediction is that ap
paratus have now been developed whereby thousands of quanti
tative extractions can be performed with but little labor. More
over, the past year has seen several cases where extraction has re
solved mixtures of substances whose physical and chemical prop
erties have made them unsuitable for fractionation by other
known procedures.

The first consideration in attempting to use extraction for a

given purpose is the choice of a suitable solvent. A favorable
solvent greatly simplifies the procedure by making complicated
apparatus unnecessary because a few simple extractions can then
accomplish the purpose. The properties of solvents can be modi
fied greatly by addition of the proper solutes. An excellent ex
ample of this is provided by the interesting paper of Smith and
Page (35). The possibility of the use of simple extraction for re
moving strong acids such as hydrochloric or sulfuric from aqueous
solution would not occur to most chemists. Yet when the solvent
is a chloroform solution of a long-chain tertiary amine, such as'

.dioctylmethylamine, chloride or sulfate ion can be removed to the
extent of 98% by a single extraction provided strongly basic ions
such as sodium or potassium are absent. Indeed, the method
should prove to be the one of choice for removing chloride or
sulfate ions from protein or peptide hydrolyzates.

The unique distribution is based on the fact that the amine
forms a salt which is preferentially soluble in chloroform and
gives a water-chloroform partition ratio which greatly favors the
organic phase. Not all tertiary amines are able to do this. Thus
triamylamine did not give the effect but trioctylamine served the
purpose. Alkaloid chemists have long known that the hydro
chlorides of certain aromatic amines were more soluble in chloro
form than in water.

Streptomycin, a basic sugar derivative and a strongly hydro
phylic substance, can be made to partition preferentially in faVor
of an organic phase by the use of a solution of one of the anionic
detergents. These agents have been called carriers by O'Keeffe,
Dolliver, and Stiller (27). 'Among the agents tested and found to
be carriers were fatty acids, alkylsulfonic acids, alkylsulfuric
acids, and arylsulfonic acids. The pH of the aqueous layer was



62

found to be an important factor in the numerical value of the par
tition ratio.

The same group of workers have also been able to partition
heparin (28) by using laurylamine as the complexing agent. Hepa
rin is a complex polysulfuric ester of a polysaccharide of high
molecular weight. One cannot help but wonder if certain proteins
might not be partitioned with the appropriate solvents.

Weizmann, Bergmann, Chandley, Steiner, Sulzbacher, and
Zimkin (43) have made a study of the selective extraction of
ethylene' chlorhydrin. They found a distinct dependence of the
selective solvent power on the molecular size of the solvent. The
effect could not be ascribed to a definite compound formation
such as a hemiacetal when ketones or aldehydes were the solvent
but represented a more complex balance.

Derivatives of furan were found useful for removing fatty
acids from aqueous solution (15).

A number of papers on the use of extraction in the inorganic
field have appeared recently. The method has been applied to the
separation of certain compounds of iron (20, 44), antimony (9),
rhenium (41), gold (23), uranium (26), zirconium and hafnium
(4, 18), cerium (42), nickel and cobalt (11), and thorium (33).
Reasoning on the basis of the progress which has been made in
the field of organic chemistry in the separation of closely related
homologs or isomers, one can predict that much will be done by
suitable countercurrent extraction and with the propel' under
standing of solvents. 'From the data in the literature, a problem
would appeal' to be the working out of systems which give reason
ably linear partition isotherms. It is surprising that a more
serious attempt has not already been made along this line.

The correct evaluation of a continuous extraction process is
not always easy and frequently is oversimplified by the use of cer
tain assumptions which in actllal practice do not hold. However,
when the partition ratio remains nearly constant over a wide
range of concentration, evaluation in terms of an analogous ideal
discontinuous process is not too difficult. But in practice often
the partition ratio changes so that extraction is favored as the
solute is progressively extracted and the solution becomes more
dilute. The opposite also may occur. In either case, calculations
become involved. Bewick, Currah, and Beamish (2) proposed a
method for the rapid evaluation of continuous extraction proc
esses which includes a new value, the half extraction volume.
They described an apparatus for carrying out comparative ex
tractions and for getting the data from which the new value may
be derived graphically.

Tsai and Fu (40) have extended the matliematics and ap
proach required for the analysis by simple extraction of mixtures
of the lower fatty acids.

Apparatus. Hsiao (17) and Lash (21) have described micro
extractors which use a cold'finger type of condenser. Hsiao found
his design to be excellent for the estimation of the fat 'content in
biological materials and to be much more rapid than the Soxhlet
extractor. Kolb (19) encountered difficulty in applying the extrac
tor of Hsiao to pulverized mouse muscle. He described a stepwise
procedure and an apparatus which overcame the difficulties.

When very small amounts of material are to be extracted, it is
customary to use a small standard extractor. Even so, a much
larger volume of solventrelative to the material to be extracted is
necessary. Certain disadvantages such as introduction ,of im
purities and promotion of transformation often accompany the
use of too much solvent unless special preeautions are taken.
Stern and Kirk (37) described an efficient mieroextraetor which
not only is suitable for extracting small amomits of substance but
also employs only a small volume of the extracting liquid. It is
designed so that the ensuing operations sueh as evaporation are
most convenient.

Chute and Wright (3) have developed a small laboratory con
tinuous extractor which is designed to 'operate under a pressure of
one or more atmospheres. Higher temperatures often eontribute
to more efficient extraction if the solute has sufficient solubility.

ANALYTICAL CHEMISTRY

Nolan (25) gave the details for a eontinuous multiple extrac
tion apparatus in which any number of analytical extraetions up
to 54 could be made simultaneously. It could be used for liquid
liquid extraction as well as for the extraction of solids.

Micaelli and Desnuelle (24) found a stepwise extraction of oil
cakes to be more rapid and complete than a Soxhlet extraction,
They used a separatory funnel with a sintered filter sealed into the
funnel so that the extraet eould be withdrawn from the solid by
suction,

EXTRACTION FOR FRACTIONATfON PURPOSES

The success of extraction for fraetionation purposes depends on
a favorable state of affairs with regard to a number of factors
which may be considered in three groups as follows: (1) me
ehanical considerations (apparatus); (2) availability of suitable
systems and the required specifieity or selectivity; (3) analytical
and isolation procedures.

All three bear a certain relationship or dependence on each
other. Thus, if an unlimited number of quantitative extractions
or their equivalent were easily attainable, the second considera
tion would be minimized, as a highly seleetive system would not be
required to achieve separations. Conversely, if a sufficiently
high selectivity can be found, the mechanical aspeets are greally
simplified sinee only a few stages are required for separations and
the apparatus can be very simple. The analytical difficulties de
pend on the systems chosen as well as on the number of estima
tions which may be involved. Where incomplete separations are
to be treated, both general and highly selective analytical methods
are desirable. During the past year progress has been made in
each of the three groups. Two of these will be treated separately.
The third would .inelude a review of the progress made in spec
trophotometers, 'balances, and quantitative color reactions and is
too broad a subject to be covered here.

Apparatus. Raymond (32) described a mechanically shaken
countercurrent distribution apparatus for smaller numbers of
transfers which employed especially designed separatory funnels.
O'Keeffe, Dolliver, and Stiller (27) gave a useful separatory fun
nel procedure for larger volumes and for continuous introduction
of solute. In this proced,ure a mixture is resolved into two frac
tions on a single passage through the series of funnels.

Craig and Post (8) gave a description of several types of coun
tercurrent distribution apparatus. The details of construction of
a 54-tube steel apparatus with glass plates on each end and in
structions for regrinding the surfaces were given. The 54-tube
apparatus can be operated so that it is analogous to a continuous
column with 54 theoretical stages in it. Several methods of oper
ating the apparatus have proved useful for different separations.
These are the "fundamental" procedure, the "single withdrawal"
procedure, and the "alternate withdrawal" procedure.

An all-glass type of distribution apparatus made with individual
interlocking units was only briefly described (8) since it had not
been extensively tested. An extraction train containing 108 such
units was subsequently built,. This was immediately successful
in separating polypeptides ol bacterial origin (6). However, ex
perience gained in this work soon suggested improvements.
The present stage of development in the author's laboratory in
cludes a train containing 220 units of improved design. It is fully
automatic with electric motors and time clocks attached. If the
single withdrawal technique is desired, provision is made for this
by use of an automatic filling device and by integration of the Stein
and Moore chromatographic fraction collector (36) at the effluent
end of the train. Thus the apparatus can be operated in a mannE\r
entirely analogous to chromatography. The advantages of such
equipment are obvious and include the possibility of considerable
expansion in regard to both the number of units and the size or
capacity of each unit in the train.

Systems. Although one can gain a fair idea from the study of
individual partition ratios and partition isotherms whether or not
the separation of a given mixture is possible, actual resolution of
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the mixture by countercurrent distribution is much more con
vincing and at the same 'time gives more pertinent information.
Therefore the subject will be covered in this review by referring to
actual separations made with the countercurrent distribution
technique.

Countercurrent distribution has been extensively used in
separating and characterizing the streptomyces antibiotics (27,
29,31,38,39) following the discovery of certain solutes to promote
the desired partition as mentioned. Fortunately from the stand
point of separation, considerable specificity or selectivity appears
to have been attained despite the complex equilibrium involved.

Titus and Fried (39) made an interesting observation in regard
to tautomerization. Theoretically tautomerization should give a
distribution curve wider than the theoretical for a single sub
stance, if the time of establishing equilibrium between the tauto
mel'S is greater than the time between transfers in the machine and
provided the pure tautomers have different partition ratios in the
systems employed. Since determination of purity with the dis
tribution technique involves an experimental curve which coin
cides with the normal curve of error, one must consider the possi
bility of tautomerization "ith certain curves which consistently
come too broad.

Titus and Fried were able to show that streptomycin can exist
in several forms involving a change of structure connected with
the aldehyde group in the streptose portion of the molecule. The
only method used for detecting the tautomeI'S was their distribu
tion curves. Yet clear evidence was presented and one of the
readily interconvertible forms was isolated in a high state of
purity by use of the proper system and temperature.

O'Keeffe, Russo-Alesi, Dolliver, and Stiller (28) studied the
distribution of heparin by using laurylamine as the carrier. Two
fractions were completely separated from each other. Both had
heparin activity. With the start made on this type of substance,
the question as to how far such an approach can be carried is
foremost.

Naturall'y occurring compounds of phosphorus such as the
phosphatides have long been difficult to fractionate and charac
terize. Promise in the use of countercurrent distribution for this
purpose is given by the work of Scholfield, Dutton, Tanner, and
Cowan (34-) on so-called soybean lecithin. Although the work
reported gave only a preliminary idea of the complexity of the
mixture, it was sufficient to cause considerable revision of the
views previously ht'ld. Another example dealing with a compound
of phosphorus is the purification of cozymase, the diphosphopyri
dine nucleotide, by Hogeboom and Barry (16). In this work a
number of experimental difficulties were skillfully overcome.

Although the lack of a method for fractionating and characteriz
ing naturally occurring peptides has prevented the type of study
the structural chemist prefers to do, nonetheless the importance
of the field to biochemistry is well recognized. There are now
available rapid methods (chromatography) for determining
quantitatively and qualitatively the amino acid content in
hydrolyzates but only laborious methods for isolating the amino
acids in more than micro amounts and no suitable methods for
isolating peptides from partial hydrolyzates. It would seem
reasonable, if not certain, that polypeptides occur widely in na~
ture even if few have been isolated in the pure state.

A degree of cautious hope appears to be warranted from the
results of a number of papers dealing with the use of countercur
rent distribution together with chromatography. Gorley (14-)
purified the polypeptide antibiotic, bacitracin, by countercurrent
distJ·ibution. Craig, Gregory, and Barry (6) applied many more
transfers to the purification and showed that it is perfectly pos
sible to hydrolyze such a polypeptide and isolate the component
amino acids in an analytically pure form by extraction. The
amounts isolated are sufficiently large so that unequivocal identi
fication may be made by the classical procedures.

Craig, Gregory, and Barry (5) were able to fractionate grami
cidin. tyrocidine, and gramicidin-s each into families of poly-
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peptides. The individual members of a family differed slightly by
their amino acid components, but in some cases only by the
stoichiometric proportions of the amino acids.

A beginning has been made in the application of extraction for
the proof of purity in the polymyxin antibiotics (1).

Livermore and du Vigneaud (22) have purified the oxytocic hor
mone from the posterior lobe of the pituitary by countercurrent
distribution and have given evidence for the purity of their prepa
ration. The substance is quite unstable and therefore extrac
tion would appear to be the most promising approach. Perhaps
this work represents a beginning toward a better understanding
of such hormones.

Woolley (4-5) isolated crystalline yellow peptides from the par
tial hydrolysis of insulin which had been reacted with dinitro
fluorobenzene. ' This approach to unraveling the structure of
proteins should become more promising with the feasibility of
very high numbers of transfers.

The separation of the individual phenolic substances present in
coal tar is a problem which has always been difficult. Golumbic,
Orchin, and Weller (13) and Golumbic (12) have taken up the
study of the separation of the complex mixture of phenols pro
duced during the liquid phase hydrogenation of coal. Their re
sults show that the technique is ideally suited, in many respects,
to the problem. Phenols have characteristic absorption spectra
in the ultraviolet, a point which makes the analytical work easy
and which contributes greatly to the specificity. The type of
data these authors give is the type needed for all classes of organic
substances.

Reasoning on the basis of the experience with the quinoliRe
synthetic antimalarials (7), a countercurrent distribution should
be ideal for separating the individual members of the closely J;e
lated alkaloids which exist so commonly in nature. Fried, White,
and Wintersteiner (10) readily separated two new veratrine alka
loids by this technique from the amorphous residue which re
mained after the known alkaloids had been separated by the
older published methods.

A very interesting study in the separation of the azulene hydro
carbons has been made by Plattner, Heilbronner, and 'Weber
(30). Satisfactory par~ition ratios were obtained by using a sys
tem with a hydrocarbon such as petroleum ether or toluenc for the
one phase and a strong mineral acid such as sulfuric or phos
phoric acid for the other. The strength of the mineral acid con
trolled the value of the partition ratio. Linear partition isotherms
could be obtained at lo\ver concentrations and equilibrium was
established in less than a minute as has been found with the dif
fe;ent classes of substances studied elsewhere. Data were given
with the isomeric methyl azulenes to show that separation would
be easy particularly with the equipment now available in this
qountry. Beta values of the order of 2 or more were obtaine"d.
Shifting the phase pair, for instance, from petrolic ether-sulfuric
acid to toluene-sulfuric acid caused a considerable shift in the fJ
value for a given pair of isomers.

LITERATURE CITED

(1) Bell, P. H., Bone,J. F., English, J. P., Fellows, C. E., Howard,
K. S., Rogers, M. M., Sheperd, R. K., Winterbottom, R.,
Dornbush, A. C., Kushner, S., and SubbaRow, Y., Ann.
N. Y. Acad. Sd., 51, 897 (1949).

(2) Bewick, H. A., Currah, J. E., and Beamish, F. E., ANAL. CHEM.,
20,740 (1948).

(3) Chute, W. J., and Wright, G. F., Ibid., 21,193 (1949).
(4) Connick, R. E., and McVey, W. H., J. Am. Chem. Soc., 71, 3182

(1949) .
(5) Craig, L. C., Gregory, J. D., and Barry, G. T., "Amino Acids and

Proteins," Cold Spring Harbor Symposia Quant. Bioi. (1949).
(6) Craig, L. C., Gregory, J. D., and Barry, G. T., J. Clin. Invest.,

28, 1014 (1949).
(7) Craig, L. C., Mighton, H., Titus, E., and Golumbic, C., ANAL.

CHEM., 20, 134 (1948).
(8) Craig, L. C., and Post, 0., Ibid., 21, 500 (1949).
(9) Edwards, F. C., and Voigt, A. F., Ibid., p. 1204.

(10) Fried, J., White, H. L., and Wintersteiner, 0., J. Am. Chem.
Soc., 71, 3260 (1949).



64

(11) Garwin, L., and Hixon, A. N., Ind. Eng. Chem., 41, 2298 (1949).
(12) Golumbic, C., J. Am. Chem. Soc., 71, 2627 (1949).
(13) Golumbic, C., Orchin, M., and Weller, S., Ibid., 71, 2624 (1949).
(14) Gorley, J. T., U. S. Patent 2,457,887 (1949).
(15) Guinot, H. M., and Chassaing, P., Ibid., 2,437,519 (1948).
(16) Hogeboom, G. H., and Barry, G. T., J. Bioi. Chem., 176, 935

(1948) .
(17) Hsiao, S. C., Science, 107, 24 (1948).
(18) Huffman, E. H., and Beaufait, L. J., J. Am. Chem. Soc., 71, 3179

(1949) .
(19) Kolb, J. J., Science, 109, 378 (1949).
(20) Kuznetsov, V. 1., J. Gen. Chem., (U.S.S.R.), 17, 175 (1947).
(21) Lash, J. J., Am. J. Clin. Pathology, 18, 584 (1948).
(22) Livermore, A. H., and du Vigneaud, V., J. Bioi. Chern., 180, 365

(1949) .
(23) McBryde, W. A. E., and Yoe, J. R., ANAL. CHEM., 20, 1094

(1948) .
(24) Micaelli, 0., and De~nuelle,P., Bull. mens. ITERG, 1948, No.7,

31-3. '
(25) Nolan, L. S., ANAL. CHEM., 21,1116 (1949).
(26) Norstrom, A., and SilUm, L. G., Svensk. Kern. Tid., 60, 227

(1948) .
(27) O'Keeffe, A. E., Dolliver, M. A., and Stiller, E. T., J. Am. Chern.

Soc., 71, 2452 (1949).
(28) a 'Keeffe, A. E., Russo-Alesi, F. M., Dolliver, M. A., and Stiller,

E. T., Ibid., 71,1517 (1949).
(29) Peck, R. L., Roffhine, C. E., Jr., Gale, P., and Folkers, K., Ibid.,

p.2590.

ANALYTICAL CHEMISTRY

(30) Plattner, A., ReilbrOlmer, E., and Weber, S., Helv. Chim. Acta,
32,574 (1949).

(31) Plaut, G. W. E., and McCormack, R. B., J. Am. Chern. Soc., 71,
2264 (1949) .

(32) Raymond, S., ANAL. CHEM., 21, 1292 (1949).
(33) Rothschild, B. F., Templeton, C. C., and Hall, N. F., J. Phys.

and Colloid. Chem., 52, 1006 (1948).
(34) Scholfield, C. R., Dutton, H. J., Tanner, F. W., Jr., and Cowan.

J. C., J. Am. Oil Chemists' Soc., 25,368 (1948).
(35) Smith, E. L., and Page, J. E., J. Soc. Chern. Ind. (London), 67, 48

(1948) .
(36) Stein, W. H., and Moore, S., J. Bioi. Chern., 176, 337 (1948).
(37) Stern, H., and Kirk, P. L., Ibid., 177,43 (1949).
(38) Swart, E. A., J. Am. Chern. Soc., 71, 2942 (1949).
(39) Titus, E., and Fried, J., J. Bioi. Chern., 174, 57 (1948).
(40) Tsai, K. R.. and Fu, Y., ANAL. CHEM., 21, 818 (1949).
(41) Vanossi, R., Anales. soc. cient. Argentina, Secci6n Santa Fe, 145,

207 (1948).
(42) Warf, J. C., J. Am. Chern. Soc., 71, 3257 (1949).
(43) Weizmann, Ch., Bergmann, E., Chandley, E. F., Steiner, H.,

Sulzbacher, M., and Zimkin, E., J. Soc. Chem. Ind. (London).
67,203 (1948).

(44) Wells.,J. E., and Hunter, D. P., Analyst, 73, 671 (1948).
(45) Woolley. D. W., J. Bioi. Chern., 179, 593 (1949).

RECErVED November 23, 1949.

ION EXCHANGE
ROBERT KUNIN

Resinou.s f'roducts Division, RohTn & Haas COTnpany, Philadelphia, Pa.

I N LAST year's review (14) of the application of ion exchange
techniques to analytical chemistry, the basic principles of ion

exchange and the general nature of ion exchange materials were
reviewed, in addition to the analytical applications. During the
past year, considerable progress has 'been made in the use of ion
exchange as an analytical technique. In particular, ion exchange
materials have proved themselves to be useful both in chroma
tography and in conventional analytical methods. In the latter
case, the removal of interfering' elements has been simplified in
several conventional analytical procedures.

LITERATURE REVIEWS

In a chapter of a recent book on ion exchange, Rieman (18) has
reviewed and classified the analytical applications of ion exchange.
Its use in the laboratory, in particular, the chromatographic
techniques, has been reviewed by Tompkins (27, 28). The use
fulness of ion exchange in rare earth and radioisotope chemistry
has been discussed critiClally by Cohn, Parker, and Tompkins
(6) and Steacie and Cambron (23).

ION EXCHANGE CHROMATOGRAPHY

The separation of cl03ely related ionic species by chromato
graphic techniques utilizing an ion exchange resin adsorbent has
been appiied successfully to several interesting inorganic and or
ganic mixtures. Utilizing radioactive tracers, Tompkins (26) has
shown that radium and barium can be fractionated in a manner
similar to the rare earth separations. The citrate complexing
tecluiique has been used to develop into bands the constituents
previously adsorbed on a sulfonic acid cation exchanger. Simi
larly, Street and Seaborg (24) have separated the closely related
ionic pair, hafnium-zirconium. Kraus and Moore (12, 13) have
employed a most interesting technique for the separation 0,£ the
pairs, zirconium-hafnium and columbium-tantalum, utilizing an
ionic complexes of these ions. Oxalate and fluoride complexes of
zirconium and hafnium were chromatographically separated on
an anion exchanger of the strong base type. The complete sepa
ration of columbium and tantalum as the CbF5 -:- and TaF5--

ions was accomplished on the same resin, utilizing identical chro
matographic techniques.

The separation of the ribose nucleosides, purine, and pyrimidine
fragments of yeast nucleic acid has been accomplished in a most
spectacular manner by Cohn (3,5) using both anion and cation ex
change resins. Utilizing a sulfonic, acid cation exchanger, Cohn
foull(~ it possible to separate completely the purine and pyrimi
dine bases, uracil, cytosine, guanine, and adenine. In order to
separate the nonionized bases, thymine and uracil, as well as the
other bases, Cohn employed a strong base anion exchanger as the
adsorbent. The separation of the monoribosenucleic acids (uridy
lie, guanylic, cytidylic, and adenylic acids) has been accomplished
by Cohn on a sulfonic acid exchanger. Because the acids exhibit
but slight basicity, their elution from the column was effected with
a weak acid. The method perfected by Cohn (4) is suitable for
most laboratories, as the chromatographic development can be
readily followed and traced by means of spectrophotometric ab
sorption techniques in the ultraviolet .(260 to 265 mIl) region.

Refinements in the ion exchange separation of amino acids have
been made by Rauen and Felix (21) and by Partridge (20), the
latter utilizing the Tiselius displacement technique.

REMOVAL OF INTERFERING ELEMENTS

Of considerable interest has been the utilization of ion exchange
methods for removing interfering constituents. In many con
ventional methods of analysis, anions interfere in the analyses of
several cations. Inasmuch as oppositely charged ions can be sepa
rated by means of ion exchange, these interfering ions can be
removed readily. Sodium cannot be determined as either the
zinc or magnesium uranyl acetate in the presence of phosphates,
molybdates, and other anions that' are capable of forming insol
uble precipitates with the uranyl acetate reagent. Klement and
Dmytruk (11) recommend the removal of phosphates by means of
an anion exchange resin prior to the precipitation of the sodium.
Linqvist (16) suggests the adsorption of sodium on a cation ex
changer in order to separate the interfering elements. However,
this latter method requires the additional acid elution step prior
to the sodium precipitation.
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The interference of copper, iron, and other cations in the iodo
metric determination of arsenic has been eliminated by the utili
zation of a sulfonic acid exchanger in a procedure devised by
Odencrantz and Rieman (19). The procedure involves the solu
tion of the sample, oxidation to the quinquevalent state, evapora
tion, re-solution, and passage through the cation exchanger in the
hydrogen form. The arsenic is then determined iodometrically,
using standard thiosulfate for the titration of the liberated iodine.
This method eliminates the distillation step recommended by the
AssociatioIll of Official Agricultural Chemists. This procedure is
analogous to that developed by Helrich and Rieman (8) for the de
termination of phosphorus pentoxide in apatite.

In the determination of C.'opper, iron, aluminum, C.'alcium, and
magnesium, polybasic carboxylic acids such as oxalic and tartaric'
acids interfere because of their complexing and sequestering activ
ity. Their removal usually requires a lengthy oxidation with nitric
acid or aqua regia. In order to simplify the removal of these in
terfering anions, Klement and Dmytruk (10) have suggested the
use of an anion exchanger in the chloride form. Sulfate trace im"
purities present in gelatin used in the nephelometric analysis of
sulfates have been removed by Honda (9) with the aid of an an
ion exchange resin. It is probable that the gelatin, starch, and
gum arabic used in many other trace analyses can be similarly
purified by ion exchange. In order to eliminate the interference of
calcium and iron rapidly in the colorimetric analysis of silica
traces, Lagerstrom, Samuelson, and Scholander (15) employed a
sulfonic acid exchanger in the hydrogen form.

DETERMINATION OF CONCENTRATION

The determination of total electrolyte concentrations by ion ex
change has become of considerable interest. Because it is possible
to convert a neutral solution of an electrolyte completely into the
free acid on passage through a column of a sulfonic acid exchanger
in the hydrogen form, several investigators have studied this
method for various electrolyte mixtures. Blumer (1) has em
ployed this method for ascertaining the total concentration of natu
ral water supplies and Tolliday, Thompson, and Forman (25)
have adapted this procedure to chrome tan liquors.

nETERMINATION OF EQUILIBRIUM CONSTANTS ANn
ACTIVITY COEFFICIENTS

Continuing the work of Vanselow (30) and Schubert (22) on the
use of ion exchange in equilibrium constant and activity coef
ficient measurements, Mayer and Schwartz (17) and Connick and
Mayer (7) have determined the relative activity coefficients of
cerous salts and the association between cerous ions and the per
chlorate, nitrate, sulfate, iodide, bromide, fluoride, sulfite, phos
phate, and pyrophosphate anions. The technique involves the
measurement of the comparative ion exchange equilibrium of the
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cerous ion and the cation exchange resin in the presence of the
. foregoing anions.

ELECTRON EXCHANGE RESINS

Although no analytical methods have made use of the "elec
tron exchange" resins of Cassidy (2), the successful synthesis of
polyvinylhydroquinone by Cassidy and his students (29) may
lead to a new analytical tool similar to the Jones zinc reductor or
the silver modification of this reductor. Cassidy and his students.
have found resins of this type to form a reversible oxidation-reduc
tion system for the ceric-cerous and bromine-bromide equilibria.
Although far from being perfected, these resins may be of consid
erable analytical significance in the future.
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INDICATORS
I. M. KOLTHOFF, University of Minnesota, Minneapolis, Minn.

SINCE the publication of thepioneer work of Sorensen (1909)
and Clark and Lubs (1917) no striking new developments

have been made in the field of acid-base indicators. As long as we
confine ourselves to aqueous media, the present choice of acid
base indicators is more than adequate to satisfy all needs. The
situation is different for nonaqueous solutions. No fundamental
contributions to adsorption indicators have been made since
Fajans (1924) and those who followed his lead published in a
series of papers the theoretical and practical fundamentals of the
subject. The situation is somewhat different in the field of oxida
tion-reduction indicators, where there is still a need for more re-

versible indicators in the relatively high oxidation potential re
gion. More particularly, 'there is still a dire need for indicators
which give a sharp and reversible color change in titrations with
bromine (bromate and bromide in acid medium).

There is no justification for presenting every year an annual re
view in the field of indicators unless there are some fundamental
new contributions. A paper by Schulek and Somogyi (5) deal
ing with the constitution and indicator properties of some azo
dyes is such an important contribution, worthy of the atten
tion of all analytical chemists. In 1939, Schulek and Rozsa
(.~) described the properties of 4'-ethoxy-2,4-diaminoazobenzene
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(p-ethoxychrysoidin) as an acid-base, adsorption, and oxidation
reduction indicator. To the reviewer's knowledge no application
of this indicator has been made yet in this country, although its
great usefulness, especially as oxidation-reduction indicator, has
been established. The red color of the indicator in acid medium
turns faint yellow upon addition of a trace of ceric sulfate or per
manganate, the oxidation potential being equal to +0.76 volt and
the color change being reversible. More interesting from a prac
tical viewpoint is the behavior toward bromine. In a titration
with bromine the red color of the indicator becomes more and
more intense as a result of bromination, and at the end point the
red color disappears suddenly as a result of a reversible oxidation.
In this respect the indicator is markedly different from other az6
indicators, like methyl orange. and methyl red, which have been
used for many years for the detection of bromine but which give
an irreversible color change.

Interesting' also is the behavior of p-ethoxychrysoidin as an
adsorption (and desorption) indicator. In neutral or.weakly alka
line medium the indicator has a yellow color, which is not affected
by iodide or thiocyanate., Upon addition of silver nitrate the
mixture turns wine-red, the intensity increasing with progress of
the titration. A sharp color change to yellow occurs at the end
point. The indicator is a weak base whose cations are red. Ap
parently, the silver iodide or thiocyanate, which is negatively
charged by iodide or thiocyanate ions, adsorbs the indicator in the
cationic form (Gegen ion of the iodide or thiocyanate). At or im
mediately after the end point the precipitate acquires a positive
charge by adsorption of silver ions and the indicator is desorbed,
yielding a yellow color in the solution. The color change is per
fectly reversible, and it is a simple matter to titrate silver with
iodide or thiocyanate, using p-ethoxychrysoidin as an adsorption
indicator (color from yellow to red).

Schulek and Somogyi (5) have prepared a number of substi
tuted azo dyes in which especially the effect of OH, OCH"
OCZHfi , OC6H fi, CH,COO, NH2, N (CH')2, COOH, CH" and Br as
substituents was investigated. The results are summarized in
Table 1. All the substances are weak bases. The structural
changes occurring in the transformation of the alkaline to the acid
form are similar to those of classical azo indicators, like dimethyl
aminoazobenzene, and need no further discussion here. The color
of the acid form reported in Table I is that in 0.01 M hydrochloric
acid. Some of the compounds, like Nos. 14 and 15, are such
weak bases that they do not exhibit an acid color at pH 2.· They
show a red or orange color in stronger mineral acid solutions.

Virtually all the compounds listed are insoluble in water and
are used in the form of a 0.2% solution in ethano!. Considering
the slight solubility in water, the reviewer suspects that even
those compounds which exhibit a pronounced color change within
a relatively narrow pH range are not particularly suited for colori
metric pH measurement. From the data given in the table it is
readily seen which indicators are suitable for certain acid-base
titrations. None of the compounds seems to have any distinct ad
vantages over existing indicators in acid-base titrations.

The significance of the publications of Schulek and Somogyi is
derived mainly from the contribution to reversible oxidation-re
duction indicators and especially reversible indicators in titrations
with bromine in acid medium. Compounds 3, 4, 5, 6, 7, 11, 19,
26, and 27 are suitable for titrations with ceric sulfate and bro
mine in acid medium, bUL 28 and 30 are suitable only in ceriom
etry. Several indicators which do not contain bromine are bro
minatedduring a titration, which results in an intensification of
the red color.

BOLh with ceric sulfate (or permanganate) and bromine the
reversible color change from red to yellow is due to an oxidation
of the azo to an azoxy compound:

NH2

/
H6C200-N=NONH2 + 0 ( ,

ANALYTICAL CHEMISTRY

In titrations with bromine, bromination of the reduced (azo)
form of the indicator occurs before the end point.

NH2

/
HfiC200N=NONH2 + 2Br2~

NH2

/ Br

H6C200N=NONH2 + 2HBr
Br

The oxidation potentials of the compounds which are suitable
as oxidation-reduction indicators are not listed. It would be of
interest to know in what respect various substituents affect the
oxidation potentia!.

Of practical importance is the proper acidity in titration with
ceric cerium and with bromine. If the acidity is too great many
of the azo compounds can be oxidized in an irreversible way. On
the other hand, in many oxidation reactions a high acidity is de
sirable. For this reason compounds,.20, 21, 22, 23, 24, and 25 are
unsuitable in bromatometry. Results are given of the titrations
of ferrous sulfate solution in about 1 N sulfuric acid with 0.005 N
ceric sulfate using 1 drop of 0.2% indicator solution, in a final
volume of about 40 m!. The concentration of iron varied between
0.0012 and 0.012 N. Using indicators 3, 4, 5, 6, 7, and 11 excellent
results were obtained; the indicator correction was of the order of
-0.05 m!. of 0.005 N ceric cerium.

The indicator correction was also determined in titrations of L

ascorbic acid in about 1 N hydrochloric acid with bromate; the
solution was 0.5% in potassium bromide and final volume about
40 m!. With indicators 3, 4,5, 6, 7, and 11 the indicator correc
tion corresponded to about -0.07 m!. of 0.005 N standard reagent
solution. No statement is made of the stability of the oxidized
form in the presence of an excess of oxidizing agent.

Compounds 2, 3, 4, 5, 6, 7, 8, 17, 19, 22, 26, 28, 29, and 30 ar!"
useful as adsorption and desorption indicators. Compounds 3, 4,
5, 6, 7, and 19 have a multiple function as indicators; they are
suitable as acid-base, oxidation-reduction [Ce(IV) and Br2], and
adsorption (desorption) indicators.

Belcher (1) recently compared in titrations with bromate p
ethoxychrysoidine as indicator with a-naphthoflavone which had
been recommended by Uzel (8) and also by Schulck (3) and with
fuchsin (see Raykhinstein and Kocherigina, 2). According to
Belcher the naphthoflavone gives the sharpest end point from a
very pale straw color to a deep brownish orange. The stock solu
tion contains 0.1 % flavone in ethanol, 0.3 to 0.5 m!. of indicator
being used per 50 m!. of solution titrated. The color change is
reversible; an excess of arsenic trioxide restores the original color.
A direct titration of 8-hydroxyquinoline solutions with bromate
using naphthoflavone as indicator is too slow to be practicable.
Apparently, Schulek prefers p-ethoxychrysoidine over naphtho
flavone, which agrees with the reviewer's choice.

A valuable expansion of the ferrous phenanthroline series of
indicators has been made by Smith and Brandt (6) by the addition
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Table I. Properties of Azo Dyes as Indicators

Color Oxidation-Reduction Property. Color
Color Change Reduced after

Acid, Interval, Oxidation with
No. Name Constitution pH 2 Alkaline pH Oxidized Ce(IV) BrO,

Chrysoidin NH, Orange-yel1ow Yel10w 4.2-6.0 Weak yel10w
/

ON=NONH,

4'-l\!Iethyl-2,4-diamino- NH, Red Yel10w 4.2-6.2 Weak yellow .......azobenzene /
H,CON=NONH2

3 4'-Oxy-2,4-diamino- NH, Red Yel10w 3.4-5.4 Weak yel10w Red Redazobenzene

HOON=NONH,

4 4'-Oxy-3'-methyl-2,4- CH, NH2 Red Yel10w 3.8-5.8 Weak yellow Red Reddiaminoazobenzene / /
HOON",=NONH"

5 4'-NIethoxy-2,4- NH, Red Yel10w 4.4-6.4 Weak yellow Red Reddiaminoazobenzenc /
H,COON=NONH,

6 4'-NIethoxy-2,4- NH2 Red Yel10w 4.9-6.7 Weak yellow Red Reddiamino-5-methyl- /azobenzene
H,COON=NONH,

CH,

7 4'-Ethoxy-2,4-diami.no- NH2 Red Yellow 4.8-6.6 Weak yel10w Red Red5-methyw.zobenzene /
C,H'OON=NONH,

CH,

8 2'-Methoxy-2,4- NH, Orange-yel1ow Yellow 4.2-6.0 Weak yel10w Vtreak orange
diaminoazobenzene OH,C /

ON=NONH,

9 3 '-Methoxy-2,4- CH,O 'NIl, Orange-yellow Yel10w 4.0-5.8 Weak yel10w
diaminoazobenzene

ON=NONH,

10 4'-Ethoxy-4-arnino-
C,H,OON=NONH,

Weak yel10w Violet, in
azobenzene 50% H,SO.

hlue
11 4'-Ethoxy-4-dimethyl-

C,H'CON=NO"(CH,),
Yel10w Violet Violet

aminoazobenzene

12 4'-Ethoxy-4-oxyazo~
C,H,OON="OOH

Light yellow Yellow 6.0-8.0 Green-yellow Red
benzene

13 4'-Ethoxy-4.-E~thoxy-
C'H'OON~KOOH'C2

Light yel10w Yel10w Light yel10w Red
azobenzene

14 4'-Ethoxy-2,4-dioxy- OH Light yellow Yellow 7.0-9.0 Light yellow Red
azobenzene

C,U,OON=t\O
OH

15 4'-EthoxY-3-ca~bonic COOH Light yellow Yellow. Light yellow Orange
. acid-4-oxyazobenzene

C2H,OON=NOOH

16 4'-Ethoxy-5-oxy-2,4- NH2 Light yellow Red Red
diaminoazobenzene

C'H'OON~NONH2
OH

17 Phenetolc (4-azo-4)-I-
C2H,OON=NONI-l,

Violet Yellow 2.2-4.0 L,ght yellow Red
naphthylamine

U
18 Phenetole (4-azo-4)-I-

C'H'OON~NOOH
7.2-9.0 Light ye,[ow Red

naphthol

U

(Continued on next page)
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Table I. Continued

Color
Acid,
pH 2 Alkaline Oxidized Ce(IV) BrO,

Oxidation-Reduction Property, Color
Reduced after
Oxidation with

Red

Red

Red

Red

Red

Red

Red

Light yellow

Weak yellow

Weak yellow

Weak yellow

Color
Change
Interval,

pH

RedYellow

Constitution

NH,CH,

C'H'OON=NON~'
NH,

C,H,OON=NbNH,

CH,

CH, NH,

c,H,odN=NONH,

CH, NH,
/ /

C,H'OON=NONH,

CH,

NH,
/

C,H'OON=NONH,

Br

NH,
/

CH,COOON=NONH,

NH,
/

C,H'OON=NONH,

NH,
Br /

C,H'OON=NONH,

NH,
Br /

C,H'OON=NONH,

Br

Br NH,
/ /

HOON=NONH,

~r

No. Name

19 4'-Ethoxy.2,4-diamino-
3.,.methylazobenzene

20 4'-Ethoxy.-2,4-
diamino-6-methyl-
azobenzene

21 4'-Ethoxy,2'-methyl-
2,4-diaminoazoben-
zene

22 4'-Ethoxy-2'.6'-
dimethyl-2,4-
diamino-
azobenzene

23 4'-Ethoxy-2'.bromo-
2,4-diaminoazoben-
zene

24 4'.Ethoxy-2',6'-
dibromo-2,4-
diaminoazobenzene

25 4'-Oxy-3',5'-dibromo-
2,4-diamino;1zo-
benzene

26 4'-Ethoxy-2,4-diamino-
5-bromoazobenzene

27 4'-Acetoxy-2A-
diaminoazobenzene

28 4'-Phenoxy-2,4-
diaminoazobenzene

29 4'-Ethoxy-2,4-diamino
3,5-dibromoazoben
zene

30 4'-Ethoxy-2.4-diamino
3,5-dimethylazo
benzene

NH, Br

C,H'OON=NONH,

Br

NH, CH,

C'H'OON=NONH'

/
CH,

Weak yellow

Weak yellow

Red

Red

hydrochloric or sulfuric acid. The color change is from red to
greenish and completely reversible.

ACID-BASE INDICATORS

The compound 4-hydroxy-3-methoxy-j3-nitrostyrene (I) was
recommended in 1925 by M. G. S. Rao et al., as acid-base'indica
tor, but no quantitative data on its properties were given. Stew
art and Clark (7) prepared and investigated compound.I and
some of its homologs by condensing vanillin with the appropriate
nitroparaffin.

Table II. Properties of Indicators
Color Rate of

MeltinK Change Fading in
Desig- Point, Interv"i, 0.1 N NaOH,

Name nation o C. pH pKr tlj2 Min.
4-Hydroxy-3-methoxy-

l3~nitrostyrene 169 6.1-8.1 7.6 1.3
1-(4-Hydroxy-3-meth-

oxyphenyl)-2-nitro-
l~propene II 103 6.8-8.8 8.2 7.2

1-(4-Hydroxy-3-meth-
oxyphenyl)-2-nitro-
I-butene III 80.5 6.8-8.7 8.1 11.8

1-(4-Hydroxy-3-meth-
oxy).a'-nitrostilbene IV 125 6.4-8.4 7.7 5.2

of ferrous tri-(5,6-dimethyl-1,lo-phenanthtoline) ealled dimethyl
ferroin. A 0.01 1\01 solution is prepared by reaction of 0.03 mole of
the base with 0.01 mole of ferrous solution. In 1 N acid the oxida
tion potential is 0 .. 97 volt. The indicator gives a sharp end point
in the titration of ferrous iron with diehromate in 1 to 2 F (formal)

H3C~ NOz
~- /

HO-~CH=C-R

I. R = H III. R = C,H.
II, R = CHa IV. R = C6H.
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In extremely dilute solutions the color change is from faint yel
low (acid) to pink (alkaline) for I and IV and from faint yellow to
amber for II and III. In strongly alkaline medium the color
fades, but the sluggishness of this color change renders it useless
for indicator purposes. The properties of the compounds are
summarized in Table II.

The mechanism of the color change is given by:

HaCO", NO.
~ /

HO-~-CH=C-R + OH- __

Faint yellow

+ OH- __

Pink or amber

69

HaC~ >- ~ /'0
-0 ~ ~ CHOH-O N",O_

Colorless

Stock solutions (0.1 %) in alcohol are prepared. It is not stated
whether any of the indicators have advantages over phenol red or
other Clark and Lubs indicators which have about the same color
change interval.
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FLUOROMETRIC ANALYSIS
. CHARLES E. WHITE, University of Maryland, College Park, Md.

A LTHOUGH this review is concerned primarily with the
. application of fluorescence to analytical problems, it is

worth while to call attention to a book on fluorescence and phos
phorescence by Pringsheim (57). This is a much enlarged and
revised edition of the author's previous book on luminescence.
The analyst will find of particular interest the discussion on the
theory of fluorescence, and the sections on the fluorescence of
organic compounds and the luminescence of pure inorganic com
pounds.

The Russian Academy of Science has published a book on
luminescence analysis, edited by Konstantinova-Shlezinger
(39). Because this is entirely in Russian, it will find but little
use in America until a translation appears. This same author
has given a short review on fluorescence analysis (38). Feigl (22)
devotes Chapter XII of his book on the "Chemistry of Specific,
Selective and Sensitive Reactions" to the analytical use of
fluorescence effects. This is so brief that many applications are
merely named and much recent work is not included.

In a new book on "Methods of Quantitative Analysis," Milton
and Waters (48) give a short discussion of fluorometric analysis
with directions for the analysis of some few elements. Un
fortunately, their references on this subject, except in one case,'
do not go beyond 1943. A critical review of fluorescence micros
copy has been given by Hamperl (29).

APPARATUS

In a similar review last year (71), the 360 B.L. phosphor lamps
were mentioned as a new source of ultraviolet radiation for
fluorometric work. These have now been improved to give
over twice the ultraviolet output of the earlier models and the
maximum is now at about 3500 A., whereas the former was at
3600 A. Curves giving a comparison of these lamps have been
published in a bulletin of the Sylvania corporation (69). An
alysts using the Klett fluorometer will be interested in an article
by Slater and Morell (67) in which are given many suggestions
on the use of this instrument, especially with reference to its
use in determining thiamine and riboflavin. The use of the
Pfaltz and Bauer instrument has been smplified by a test tube
adapter which has been described by Durst and Lewis (21) and
Myers (50).

In spite of the efforts of commercial manufacturers, many

analysts prefer to build their own fluorometers. Price (56) and
others, in a report from the Atomic Energy Commission, describe
an instrument which they have designed to determine uranium
by tjle fluorescence of the uranium-sodium fluoride melt. Their
present instrument is of simple design, using a photomultiplier
tube. It is sensitive to 10-11 gram of uranium and the authors
indicate that a still more desirable instrument will be describe"d
in a forthcoming publication.

A simply constructed photoelectric colorimeter and fluorom
eter is described by McGillivray (45). For photographing the
fluorescence spectrum, Scheminsky (64) uses a hand spectro
scope and a Contax camera, and reports excellent results. Fluo
rescence microscopy has many applications and a simple device
including types of filters for this purpose is d~scribed by Zamkov
(72).

INORGANIC APPLICATIONS

An interesting technique for the identification of the cations
by using paper chromatography in conjunction with fluorescence
has been reported by Pollard (55) and his co-workers. .The
cations are dissolved in a solvent consisting of water, butanol,
acetic acid, and acetoacetic acid ester, or other appropriate
mixtures. This is dropped on Whatman No.1 filter paper, so
as to give spots about 1.3 em. in diameter and 4 em. apart. The
paper is then sprayed with morin, oxine, etc., and observed under
ultraviolet light. Twenty-four cations can be immediately de
tected by this procedure.

The quantitative determination of oxygen (40) in quantities
of 0.01 to 20 p.p.m. can be accomplished by permitting it to
oxidize leucofluorescein to fluorescein. Stable solutions of the
reagent are prepared by reducing fluorescein with sodium amal
gam and storing it under a light petroleum fraction. As little
as 1 X 10-11 mole of oxygen (33) can be detected by its effect on
trypaflavin adsorbed on silica gel. Oxygen destroys the orange
fluorescence of this compound and a greenish hue appears.

Several references to the analysis of beryllium in rocks were
reported in this review last year. Sandell (63) has made some
revision of his method in which morin is used as the reagent
and shows that as small an amount as 0.05 microgram of beryl
lium can be identified. Granite containing as low as 3 p:p.m.,
was analyzed succe·ssfully.
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Rodden (60) has described a fluorometric method for uranium
which detects as little as lQ-11 gram using the sodium fluoride
flux technique. This same technique has been investigated by
Price (56) and his co-workers, who have made an extensive study
on the effect of inhibitors on the uranium fluorescence. Gibbs
and Evans (25) describe a portable instrument for measuring
the fluorescence in this procedure. Boutaric and Maraux (9)
have studied the effect of inhibitors on uranium solutions. This
is of obvious interest to analysts usingthe solution method.

The rare earths (49) may be detected in coal ash in quantities
which are too small for spectrographic analysis by mixing the
ash with calcium oxide and subjecting it to cathode rays. The
resulting luminescence is so bright that an exposure of only 5 to 12
minutes is necessary to photograph its spectra.

In the mineralogical field Cannon and Murata (13) have shown
that the molybdenum content of scheelite can be rapidly deter
mined by comparing the fluorescence of the sample with a stand
ard. The fluQrescence of mineral zircon is claimed by Foster
(23) to have considerable practical significance in petrological
problems. A new technique for observing the fluorescence of
minerals with a microscope or spectroscope is described by
KomovskiI (37).

The luminescence of optical glass (11) under ultraviolet ex
citation provides a means of rapidly analyzing specimens for
classification into commercial types.

Sill and Peterson (66) have described a unique and useful
qualitative method for thallium, which employs the bright blue
fluorescence of the thallous ion, in sodium chloride solution,
under the influence of short-wave ultraviolet light. The sensi
tivity is 1 in 50,000,000 and there are no ions that give a similar
fluorescence under these conditions.

APPLICATIONS IN BIOLOGICAL CHEMISTRY

A general review of the biological applications of fluorescence
analysis has been given by Radley (58).

The fluorometric determination of adrenaline in the blood has
been the subject of considerable study. Block (7) points out that
the blood contains an inhibitor for the fluorescence of adrenaline
which can be removed by dialysis and is destroyed by prolonged
boiling or by ultraviolet irradiation. Annersten (3) and his co
workers show that determinations made, using the dialysis
method, give results closely cor{esponding to other methods.
Pekkarinen (53) uses aluminum hydroxide to adsorb adrenaline
before applying the reaction to produce the fluorescence. The
fluorometric methods for adrenaline are discussed by Lund (44).

The quantitative fluorometric determination of estrone and
estradiol has been developed by Jailer (32), who shows a linear
relationship between the fluorophotometer readings and .the
concentration of these compounds in sulfuric acid solutions.
Boscott (8), by using suitable solvents with the phosphoric acid
test for natural estrogens, has obtained characteristic color or
fluorescent reactions for several of these and has developed a
quantitative procedure for dienestrol. Mariani (46) uses the
Pulfrich fluorophotometer for determining estrone in the range
of 6 to 30 micrograms.

The determination of folic acid by the fluorescence of its oxida
tion product has become an established procedure. Allfrey (1)
and others show that interferences may be removed by aisorbing
the oxidation product on Florisil and eluting with borax solution.
Application of the procedure shows good agreement with the
microbiological method. Andreeva and Bukin (2) indicate that
for high protein materials an enzyme treatment is necessary to
liberate all of the folic acid.

The estimation of nicotinamide in the presence of other
nicotinic acid derivatives is accomplished by Chaudhuri and
Kodicek (15) by treating the sample with cyanogen and per
mitting it to stand in an alkaline medium to form the fluorescent
compound. Results are given for the analysis of various organs,
wheat products, and yeasts. A method for the determination of
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the 6-pyridone of N'-methylnicotinamide in urine has been re
ported by Rosen (61) and others.

The fluorescent spectra of 3,4-benzopyrene has been studied
by Bergol'ts (5) and his associates as a means of identification
in the animal organism. This method has been used for detecting
benzopyrene in the urine of mice after 0.25 mg. had been in
jected subc.utaneously.

The analysis of pamaquine in blood plasma is carried out in
concentrated sulfuric acid solution. This serves for a range of 10
to 500 micrograms of S.N.-13276 and S.N.-3294 and is applicable
even when these substances are mixed with quinine (31).

Fluorometric techniques in the identification and determination
of porphyrins are in general use. Kliewe (34) shows that the
intensity of the fluorescence of these compounds is greater in
phosphoric acid than in hydrochloric. Comfort (18) has ex
amined over 3000 molluscan shells, some of which were over 100
years old, and has shown that the red fluorescence of porphyrin
is just as strong in these as in fresh material.

Riboflavin decomposition products have been studied by paper
partition chromatography and subsequently examined uncler
ultraviolet light by Hais and Pecakova (28). The characteristic
fluorescence of lumiflavin and lumichrome was observed in addi
tion to other new spots. De Ritter (20) and others give a critical
review of the methods for the determination of riboflavin in
urine. This determination is al~o described by Wang (70)
and his associates. The determination of riboflavin in blood
has been dealt with by several authors (12, 26, 27); in some
cases it is recommended that the total fluorescence and also that
remaining after the addition of hydrochloric acid be determined.
The riboflavin fluorescence is quenched by the acid and is deter
mined by difference. Bessey (6) and his associates have devised
a method for determining the nucleotides of riboflavin in bio
logical material and give comparison data for the fluorometric
and enzymatic methods. The former is much simpler and equally
as accurate as the latter. By use of a sensitive fluorometer
Kodicek and Wang (36) have determined the riboflavin content
of various meats and vegetables without concentration by
adsorption.

Salicylates in the blood may be determined by the strong
blue fluorescence in alkaline solution. Proteins are removed by
precipitation with t1.lngstic acid and Saltzman (62) has obtained
excellent recovery of salicylate over a range of 0.02 to 0.5 mg.

The fluorometric determination of thiamine by the tentative
A.O.A.C. method has been the subject of a collaborative study
and found to give good results. It is recommended that the
method be made official (35). Patrick and Wright (52) recom
mend the use of mercuric oxide as an oxidant in the analysis of
pharmaceutical products for thiamine. Their method is appar-

. ently more rapid and gives more accurate results than where fer
ricyanide is used. Ridyard (59) gives a number of refinements
that experience has shown to be of utmost importance for the at
tainment of speed and accuracy in the determination of thiamine
in wheat products. Mawson and Thompson (47) show how to
avoid the interference of nicotinamide methyl chloride in urine
analysis and Bowman (10) has outlined a method for determining
thiamine in potatoes.

Newman (51) and his associates have applied the sodium fluo
ride fusion method to the determination of uranium in biological
materials. As little as 0.005 microgram of uranium per gram of
tissue may be detected.

The use of fluorescent dyes as tracers in biology and medicine
has been reviewed by Lange (41). This article is written in a popu
lar style and covers the use of fluorescence in ophthalmology,
blood circulation, etc.

Analysts interested in the determination of chlorophyll will
fine! much pertinent information in an article by Livingston (43).
He shows that chlorophyll dissolved in pure hydrocarbons is
practically nonfluorescent. The addition of 0.01 % more water,
alcohol, or amines raises the intensity of the fluorescence to
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the same as when alcohol is used as a solvent. The absorption
spectrum of chlorophyll in these solvents· is also given.

FLUORESCENCE IN ORGANIC ANALYSIS

A quantitative determination of citric acid, based upon its
transformation into the highly fluorescent compound ammonium
citrazinate, has been developed by Leininger and Katz (42). From
10 to 75 micrograms of citric acid give good results even in the
presence of tartaric and malic acids. The application to the
analysis of citrus fruit juices is described.

Glycerol in dilute aqueous solutions can be easily identified by
a reaction with 2,7-naphthalenediol in concentrated sulfuric acid.
The aldehyde acrolein, formed from the glycerol, condenses with
the reagent and forms a yellow to reddish yellow solution which
shows a strong green fluorescence (24).

Purine and pyrimidine derivatives can be identified on chro
matogram spot test paper (30) if excited with wave motions in the
order of 2500 A.

The reaction of malic acid and succinic acid with resorcinol in
concentrated sulfuric acid has been used by Barr (4) to determine
these acids. When the solution is made alkaline it becomes highly
fluorescent.

Phillips (54) has described a method of identifying a-amino
acids and dipeptides by examination of chromatograms under ul
traviolet light.

The fluorescent spectra of many polycyclic aromatic hydro
carbons in solution have been determined by Schoental and Scott
(65). A correlation is shown between the position of the spectrum
and the number of quinoid rings in the structure.

ANALYSIS OF PHARMACEUTICAL PRODUCTS

Chase and Pratt (14) have developed a system of identification
for powdered vegetable drugs by means of their fluorescence di
rectly or after treatment with sodium hydroxide. Alcohol ex
tracts were also used. One hundred and fifty-one vegetable drugs
were studied and'useful data are tabulated.

The fluorometric determination of the ketotetrahydropyri
denes in urine has been improved by De Ritter (19) and his as
sociates, so that good results are obtained at excretion levels as
low as 1 mg. per day.

Antrycide, a new trypanciodal drug, may be determined in
blood plasma by its reaction with eosin, wherein the eosin salt
of the alkaloid is extracted with butanol and chloroform and meas
ured in a fluorometer (68).

A fluorescence study of Bonitreager reaction for anthraquinone
drugs has been made by Christensen and Abdel-Latif (17). The
authors conclude that the color of the fluorescence is specific for
each of the drugs containing emodin and can be used in their
identification. In order to increase the ease of observation, these
same authors advocate the use of capillary tubes as containers
for the solutions (16).
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INSTRUMENTATION
RALPH H. MULLER, New York University, New York, N. Y.

THE advances in instrumentation continue to be derived
from every branch of science and techn~logy, and they all

hold promise for the solution of the analyst's problems. It is
particularly profitable to seek suggestions for new analytical
techniques in wholly unrelated fields, and this is possible es
pecially if one examines new developments in the light of their
instrumental possibilities. Thus a new trick in rocket guiding,
telemetering, or automatic navigation may have direct bearing
on an analytical problem. More frequently than not, the
fantastic conditions under which some of these devices are re
quired to perform reliably lead to highly original and ingenious
solutions and it becomes possible to apply them with greater
ease to the comparatively ideal conditions of the laboratory.

If we examine current developments and try to discover a
characteristic trend, it seems to lie in a distinct desire to produce
instruments that are inherently foolproof and self-contained.
The modern user of instruments is very properly becoming in
creasingly intolerant of accessories such as thermostats, constant
voltage transformers, calibration curves, and other symptoms
of incomplete design. There seems to be no end to the possible
improvements of existing instruments in this respect. Although
few analysts will agree that all analytical instruments should
record the results automatically and in addition collate the data,
many instrument designers are thinking precisely in these terms.
It is possible that we need a clearer distinction between scientific
apparatus and instruments. The distinction is subtle and
probably incapable of definition at the present time, but seems to
imply that apparatus requires skilled manipulation, whereas an
instrument may largely assume human functions including ele
mentary judgment and discretion.

At a time when many analysts are beginning to view the vast
array of instruments with increasing dismay and to wonder what
is coming next, it is encouraging to note that we are rapidly
approaching a "steady state" wherein an assembly, however
complicated, may be resolved into standard components. All
but one of these, the primary conversion element, we may expect
to see in the near future as standard packaged items. This has
been pointed out very clearly by Condon (7) in a recent article on
the role of instrumentation. It may be useful to develop this
argument with the aid of Figure 1.

The phenomenon or quantity x, which is to be evaluated and
employed in some fashion by the instrument, requires an appro
priate conversion element and preferably one that will develop
an electrical signal in response to x. The output of the con
version element is amplified to a high degree and then fed to a
power unit or servosystem. A portion of the output, which may
be electrical, a shaft rotation, or other signal, is returned to the
input in a degenerative or compensating sense. Under these
conditions, it can be shown that the accuracy of .the system de
pends very little upon amplifier gain, frictional losses, etc. For
the sake of completeness, the diagram is supplemented by sym
bols representing a computer, recorder, and controller element.
In actual practice, these may well be incorporated in other parts
of the system and certainly, in the case of the controller, the feed
back loop would originate in the object or device under control.
The computer element, whether simple or complex, may be used
to generate any desired function of x, or it may combine x or
f(x) with information from one or more other servosystems.
The function of the recorder is obvious, although in special cases
it may derive its commands from the computer.

Packaged amplifiers and complete servosystems are already
available and the high-speed electronic recorder is a common
place in the research laboratory. The same is true of controllers,
and indeed many of these are in themselves self-contained servo
systems. Computer elements are also available, but obviously
they do not lend themselves readily to standardization. It can
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be seen, therefore, that every element in Figure 1 to the right of
the conversion element is susceptible to some degree of stand
ardization and incorporation into one packaged unit.

The principal and continuing problem of the analytical instru
ment designer will be to develop new detectors and conversion
elements to solve his problems. The rest is a matter of engineer
ing. Several of the examples chosen to illustrate instrumenta
tion progress have been selected to emphasize these trends.

PRIMARY ELEMENTS

The search for new or improved primary conversion elements
continues unabated and each improvement at once brings a
better performance to existing instruments or inaugurates a new
technique. The~e have been few essentially new elements, but
considerable improvement in those already known. Several
ingenious applications have been described which at once sug
gest several uses of interest to the analyst.

A rather startling development is the electrolytic thermistor.
Aside from its practical uses, the phenomenon could well supply
the electrochemist with a score of research problems.

According to Gutman and Simmons (15), the thermistor con
sists of two platinum electrodes immersed in a water glass solu
tion of specific gravity 1.38. The electrolyte is contained in a
thin-walled U-tube. In the region of 300 0 K. the system has a
half-temperature value of 7.2 0 C. This mode of designating
thermistor characteristics means that a temperature rise of 7.2 0 C.
will halve the resistance. As might be expected, alternating.
current must be applied to the system to avoid electrode polariza
tion. Relatively enormous potentials can be applied to attain
high differential sensitivity; the authors have used 240-volt
alternating current. The cold resistance can be controlled by
dimensional factors, and the temperature coefficient by dilution.
Measurements may be made with a bridge circuit or more
directly by passing constant-current alternating current in series
with a "swamping" resistor (100 X thermistor resistance) and
measuring the potential difference acro·ss the thermistor with a
vacuum-tube voltmeter.

Electrolytic thermistors show somewhat greater lag than
ordinary solid thermistors. Presumably, this is solely a matter
of heat transfer and therefore a function of design and dimension.
The authors have examined a few other electrolytes, none of
which is as effective as water glass. It has been known for a long
time that several electrolytes in mixed solvents exhibit large
temperature coefficients of resistance. This could easily become
a refreshingly interesting field of investigation for physical
chemists who have tired of compiling activity coefficients or
reaction velocity constants.

The use of semiconducting ceramic glazes for measuring
temperature has been described by Forrest (9), who shows that
'a porcelain rod can be coated and fired with a suitable glaze.
Silver terminals are affixed and the system exhibits typical
thermistor behavior in which the logarithm of the resistance is a
linear function of reciprocal temperature.

A portable thermistor bridge for micrometeorology among
growing crops has been described by Penman and Long (31),
which measures temperature and humidity (wet- and dry-bulb
style) and may be used as an anemometer. An elegant and ex
tremely well designed arrangement for measuring small tem
perature changes in liquids, devised by Greenhill and Whitehead
(12), is used at present for measuring the heats of wetting and
adsorption of metal powders in nonpolar solvents and long-chain
compounds dissolved therein. Changes of the order of 0.01 0 C.
are measured and recorded to ±0.0002° C.

A thermistor is used in one arm of a direct current bridge.
The unbalance of a mirror galvanometer illuminates a photo-
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tube with light modulated at 5000 cycles. The signal is am
plified 4 X lO4...fold and the alternating current component is fed
back to an indirectly heated thermistor located in an adjacent
arm of the bridge. The feed-back component is rectified by a
crystal rectifier and registered on a 0 to 5-ma. recorder.

At the present time, no extensive data are available on the
reliability and strict reproducibility of thermistors. Further
more, this question seems to be a source of continuing concern
for the manufacturers of those devices. However desirable such
stabilization and reproducibility may be, they will not deter the
enterprising investigator from utilizing some measure of short
term stability, and throwing the burden of reliability upon some
null method or feedback scheme of measurement. Experience
gained in the author's laboratory indicates that the extraordinary
sensitivity of thermistors makes them eminently suitable for
thermometric titrations, cryoscopy, radiometry, and temperature
compensation (27). The principal challenge seems to lie in the
elimination of ambient effects and dependence upon long-term
stability. These are largely matters of correct instrument design.

Figure 1.

Automatic temperature compensation is taken for granted in
certain branches of instrumentation, notably in airborne equip
ment. There is probably no legitimate excuse for tolerating the
need of temperature correction in any of the chemist's measure
ments, and this would seem to be a promising field of investiga
tion for the instrument designer. A comprehensive theoretical
treatment is badly needed, particularly theorems on compensat
ing networks employing nonohmic temperature-sensitive ele
ments like thermistors. Their nonlinear behavior affords unusual
possibilities', especially in combination with elements of zero or
positive temperature coefficient.

An excellent example of this class of compensation is the
recent work of Moneypenny (24) who describes equipment for
the measurement of electrolytic conductivity. His design is also
highly original from the electrical standpoint. The usual bridge
circuit employed in electrolytic conductance .measurements re
quires simultaneous establishment of resistive and reactive
balances, of which only the former is of interest. In this method,
use is made of the boundary conditions between stability and in
stability in an amplifier in which the actual measuring bridge
provides a feed-back network. The transition from quiescence
to oscillation is governed by the resistive balance condition only.
Visual indication of the transition is provided and the instrument
can be made direct-reading. Temperature compensation is
provided by a thermistor in the conductance cell. The equip
ment has been applied to thQ determination of sulfur and carbon
in steel, in the former by absorbing sulfur dioxide in a stabilized
hydrogen peroxide solution in the conductance cell and in the
latter by absorbing carbon ·dioxide in potassium hydroxide solu
tion. The measurements are good to 0.001 % carbon.

Thermistor elements have also been used as radiometric
devices. One advantage over thermocouples lies in a greater
ease of impedance matching to amplifiers. This is not the sole
criterion of suitability; for '"a more complete comparison the
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reader is referred to the excellent review on infrared techniques
by Williams (40). Fowler (10) describes a rapid infrared gas
analyzer which is particularly suited for physiological carbon
dioxide determinations, for following' the progress of anesthesia
and related studies. The instrument employs a Nichrome
source run at red heat, crossed beams, and selected presensitizing
filters with twin thermistors as detectors.

A second cousin to the thermistor is another member of the
semiconductors class of devices, the transistor. The full re
sources of solid state physics are being applied to a. study of this
device, which consists essentially of a polished plate of ger
manium, upon which two closely adjacent needle or cat-whisker
contacts are made. Input and output circuits consist of each
of the contacts with reference to the base plate. With the appro
priate potentials and polarities applied to these electrodes, the
system possesses amplifying properties.

The present state of development is discussed in an editorial
note (3) and the physical principles involved in transistor action
are described by Bardeen and Brattain (1). Three other papers

(16, 38, 39) deal with the mechanism of transistor
behavior, and still another by Ryder and
Kirchner (36) analyzes the circuit aspects of the
transistor. In this paper, the device is intenti;n
ally discussed as a four-terminal "black box."
This standard and useful procedure of the elec
trical engineer permits one to describe the circuit
behavior of any device without reference to its
structure or the physical principles that are in
volved. Included is a comparison between tran
sistors and conventional vacuum tubes. Their
behavior is entirely different, but they may be
compared in terms of similar tasks which they may
be required to perform, such as amplification.
In such comparisons, transistors indicate great
promise in smaller size, and lower stand

by losses and cost. At present, they do not compare too
favorably with vacuum tubes for gain, versatility, and power
handling ability, but as these authors point out, tl;te vacuum tube
is about 40 years old and the transistor is a comparative new
comer. As they put it, "Let's not be too hard on the baby."

A definite example of their superiority in certain cases is
described by Reich and Ungvary (34) in the case of a transistor
trigger circuit; Here the abrupt switching action, which is so
useful in electronic circuitry, has the advantage over equivalent
tube circuits of shorter triggering time, simplicity, small size,
absence of filament supply, and low operating voltage. The
rise and fall times are of the order of 0.1 microsecond. The
trigger is stable from zero triggering frequency up to the maxi
mum. This is about 1 megacycle, but probably will work up to
10 Mc. An output signal of 5 or 6 volts is obtained and the
device can be converted to a relaxation oscillator or pulse gen
erator.

Even if transistors were ultimately limited to low power ll.nd
moderate gain, they would nevertheless be attractive. The out
standing example' is in the field .of digital computers. Some of
these contain as many as 18,000 tubes and the power supply and
ventilation problems are a major consideration. Computer
experts are therefore greatly interested in developments which
promise to remove such limitations. In this connection, the ex
tensive use of printed circuits represents a parallel economy.

PHOTOMULTIPLIERS

There is continued progress in the improvement of photomulti
plier tubes, which are finding more uses in photometric problems
of all classes. Impreved signal-to-noise ratio and a greater reduc
tion in dark current of thermal origin are two of the principal
goals. The improvement of scintillation counters employing
these tubes is one of the major activities in nuclear measuring
techniques. A review on photomultipliers by Rodda (35) lists
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23 references and deals with some of the latest developments.
A head-on type has been developed with a semitransparent photo
cathode 1.5 inches in diameter and effective area of 1.8 square
inches. The response curve is peaked at 4800 A. with cutoffs at
about 3100 and 6500 A. There are ten dynodes operated
nominally at 90 volts per stage. 'The normal amplification is
about 400,OOO-fold. It is designated as the R.C.A. 5819.

The spark counter has not found wide use as a radiometric
device, but as originally described by Greinacher (1.4) it is extra
ordinarily sensitive. In his improved arrangement the gap of a
few millimeters is between a sharp needle and a poliShed metal
surface acting as the cathode. The device is operated in air
with several thousand volts across the gap and a very high re
sistance in series with it. The photoelectric threshold of the
metal constituting the cathode plate determines its spectral re
sponse and upon illumination minute sparks jump the gap. The
pulses need little amplification for subsequent counting or re
cording. The counter is also sensitive to ionizing particles and
cosmic rays.

The Ro"enblum counter is an improvement on this principle,
and recent developments in its use as a detector of fast ionizing
particles are described by Payne (30). Presumably, it is also
sensitive to light of the proper wave lengths. Instead of needle
to plate, the Rosenblum counter uses a wire to plate arrangement.
The advantage over the Greinacher counter is the existence of a
definite plateau which should make the counter less susceptible
to supply voltage variations. The counter has a dead time of
10-4 second and an accidental count of less than 1 in 4 hours.
It can detect protons or fast electrons. The counter operates on
5000 volts with a IO-megohm resistor in series. A 400-volt pulse
is generated when a spark passes. The separation in time of
pulses is 50 to 100 microseconds and the pulse rise time is esti
mated to be less than 10 -7 second.

STRAIN GAGES

In last years' review (25) some of the uses and advantages of
strain gages were described. Progress in their wider use by·
chemists should be aided by the appearance of an excellent little
monograph by Dobie and Isaac (8), which gives a detailed ac
count of the best in British and American practice. The book
includes very useful tables of commercial gage characteristics as
well as related techniques for the measurement and interpretation
of stress-strain phenomena.

A simple electrical strain gage for recording small tensions,
described by the noted physiologist, A. V. Hill (18), consists of a
very short length of very fine nickel-chromium alloy wire stretched
between an upper pin and a phosphor-bronze spring at the lower
end, to which there is also attached a chain, for load application.
The total resistance is about 35 ohms and the response is about
0.37% per 100 grams. It will accommodate loads up to 100
grams. The tempera.ture coefficient is 7 X 10-5 per a C. The re~

sponse is fast enough for oscillographic recording and the author
notes an amusing property of this gage in which the application
of a sharp pulse of current to the wire will cause it to sag before
the spring can take up the increased length.

The strain gage has few competitors on the basis of simplicity,
low cost, and ease of installation. However, on the basis of
sensitivity and for the detection of much smaller displacements,
a transformer device has now appeared in commercial form with
highly reproducible characteristics, which offers distinct ad
vantages.

As described by Macgeorge (20) it consists of a compact
assembly comprising a pflmary winding and two secondaries
which can be connected in series opposition. If the primary
is excited with alternating current there will be effective can
cellation in the opposed secondaries and essentially zero signal
in the output. A small iron core is arranged to move freely within
the coils and, depending upon its position, it can vary the coupling
between the primary and the two secondaries. Any resultant
asymmetry in the core position will give rise to a preferential
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transformer action and the output signal will be proportional to
core position as well as phase sensitive.

In keeping with modern practice, the author points out that
the device is best employed if the output is amplified and caused
to move the core of a similar unit in order to produce an equal
and opposite compensating signal. The closed-loop servo, so
produced, is relatively unaffected by supply voltage variations
and other variables. In practical form, two primaries and two
secondaries are provided and these can be interconnected in
several ways. The author gives circuits for various applications,

. including those for performing simple mathematical operations
such as addition, subtraction, and multiplication. Range ad
justment is accomplished electrically and between wide limits.

The device can be used as an inductance balance, a much older
principle, but its distinctive advantages lie in the use of the trans
former principle. Herein lie countless possibilities for auto
matic methods for weighing, density, magnetic susceptibility,
surface tension, or any phenomenon in which small forces are to
be measured and recorded., The system exerts no restoring force
on the moving core element. .

In this connection it may be advisable to point out the existence
of much older devices which depend upon a change in the air
gap of a differential transformer. Some of these are extremely
sensitive and applicable to a wide range of problems. They are
thoroughly described in the monograph by Batcher and Moulie
(2).

ELECTRONICS

It is almost impossible to review progress in this field for the
special purpose of this survey, because the voluminous contribu
tions are more properly classified under function and in this
category one may list contributions to every known physical
quantity-mass, length, time, pressure, etc.-as well as derived
functions such as velocity, acceleration, discrimination, and
simultaneity. In this respect, it is to be hoped that there will
soon be more compilations like Marcus and Zeluf's collection of
circuits which are grouped more or less under function (21).
Such classification would afford the investigator a wide choice of
circuits for almost every conceivable problem. This in effect
would say, "You name it, and we will tell you how to do it."
The few examples cited below may be of interest to the analyst,
because they are concerned with problems similar to those en
countered in well known analytical instruments.

The use of multigrid tubes as electrometers is discussed by
Prescott (32), who shows that the 6BE6 and 7A8 are suitable and
capable of operation with grid currents as low as 10-13 to 10-14

ampere. Transconductances of the order of 5 }La. per volt and
an amplification factor of 300 are attained. This article includes
valuable hints about cleaning and coating in order to obtain good
insulation. A more detailed exposition of methods for reducing
noise and leakage is given by Glass (11), in which choice of ma
terials, method of construction, cleaning, and impregnating tech
niques are evaluated.

A device which has been used for some time in sound recording
is now generally available and will find many additional uses.
This is the R.C.A. 5734 tube,. a mechano-electronic transducer.
This is a triode transducer intended to provide a method of
translating mechanical vibrations into current variations. It is
based upon the principle of mechanically moving the plate of a
triode with respect to a fixed grid and thus changing the plate
current.

In this tube the plate shaft extends through the center of a
thin metal diaphragm. The deflection sensitivity is 40 volts per
degree deflection of the plate shaft. Vibrations up to 12,000
cycles per second can be measured. Earlier versions of this
principle were proposed for static measurements of minute dis
placements, of the order of microinches, and presumably this
tube can be used in similar fashion under the correct conditions.
A few of the more important characteristics are: amplification
factor 20; plate resistance 72,000 ohms; transconductance 275
microhms; moment .of inertia of the plate 34 mg. cm. 2;

maximum permissible displacement of plate shaft 0.5 0
• The

5734 tube weighs 1.5 ounces (1.75 grams) and has a length of 19/ 32
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inches and a diameter of 6/16 inch. It can be mounted in any
position by means of a supporting clamp. Further details are
available in the Radio Corporation of American data sheets on
this tube and in two publications by Olson (28, 29).

Constant current regulators are useful or mandatory in many
applications and a new approach is afforded by the work of
Minett, MacRae, and Townsend (22). They derive a corrective
error signal by balancing the RI drop across an incandescent
lamp (carrying the load) against a VR-90 voltage regulator tube.
Inasmuch as the lamp burns at high temperature and the losses
are largely radiative, the effects of ambient temperature are
negligible. They achieved a regulation at 250 jla. through a 25
watt lamp of 2 to 3 parts in 10,000 over periods of hours. The
art of electronic current or voltage regulation is in a highly de
veloped state and the various techniques are summarized in
several reference texts (13). Despite this, there is unremitting
search for improved circuits and reference elements, of which
this paper is a good example.

Further advances in the electronic art are best illustrated in
some of the remaining discussion.

SERVOMECHANISMS

Under this heading it may be useful to describe some com
ponents as weJl as several experimental techniques which illus
trate the increasing trend to employ the servomechanism princi
ple.

The magnetic fluid clutch, first described by Rabinow (33), has
been made the basis of a fast-acting servo and is described by
Bettis and Mann (4-). An interesting alternative to this clutch
is the Johnson Rahbek clutch made by Metropolitan-Vickers
Electrical Co., Ltd. It consists of a polished disk, of high re
sistance semiconductor, and a polished metal disk, both flat to
10-4 em., which are pressed lightly together. When a poten
tial is applied between them, a force of attraction is developed
which is approximately proportional to the square of the poten
tial across the disks. A smaJl clutch operating on this principle
has been exhibited which transmits a torque of several hundred
gram-centimeters with a negligible power consumption. No
further information is available to the author; it has been found
in a report by Rymer (37) describing apparatus shown at the
Physical Society's exhibition. .

An extremely useful and compact device is the Metron series
of speed changers (Metron Instrument Co., 432 Lincoln St.,
Denver 9, Colo.). These are 6-ounce in-line speed reducers of
both fixed and variable speed ratios. Ratios of 36 to 1 are avail
able with 70 ounce-inch or 0.025 hp. torque rating. They ex
hibit maximum torque at zero speed and can tolerate speeds as
high as 20,000 r.p.m.

It is often necessary to decide upon a method for presenting
the variables to a servosystem. In an extensive standardization
program, a means for controlling the rate of change of tempera
ture was required. Although program controJlers are often
caJled upon to do just this, Bigg and Jones (5) have evolved a
unique and fundamental approach. They have shown that the
temperature rate of change may be controlled automaticaJly by
transforming it into a temperature difference through the agency
of two elements of differing thermal time constants. The tem
perature difference is used to control the heat input or extraction.
The temperature difference is measured by thermocouples and
applied to a mirror galvanometer. The latter controls phototube
relays which operate heating and cooling units, respectively.

Simple on and off regulation of a system results in osciJlation
about the desired control point and only the simplest kind of
system is properly regulated in this manner. Most servosystems
require a feed-back signal proportional not only to amplitude but
also to rate. Herscher (17) has described a device which avoids
slide wire and commutator troubles by having a servo motor
drive an air capacitor to produce a rate-sensitive signal. The
capacitor is in a tuned-plate, tuned-grid oscillator circuit and
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changes the plate current on either side of the resonance
peak.

A good example of the application of electrical concepts to a
distinctly hydraulic problem is Hill's design of a liquid metering
system for smaJl rates of flow (19). His system admits liquid to
an adsorption column, and is constant in flow rate to 0.2% over a
30 to 1 range of flow. A pump is driven intermittently by an
electronic timing system. A smoothing network of flexible rub
ber tubing with intermediate sections of glass capillary tubing
produces uniform flow. This is the hydraulic analog of resistor
capacitor networks for filtering direct current supplies.

A very elegant and ingenious application of the servo principle
is Mitchell's method of measuring small forces (23), which was
developed to measure the yield value of non-Newtonian liquids
and to determine the viscosity of small samples.

In either case the force is appropriately applied to the pointer
of a milliammeter and the current in the meter c&il is adjusted
until exact balance is restored. The exact value of current is
read on another series-connected milliammeter. Although this
could be done manually, it is more neatly accomplished by
mounting a vane on the pointer assembly which controls a 455-kc.
oscillator. Output of the latter automatically rebalances the
meter and the compensating current can be recorded. The
author indicates that although care must be taken in protecting
the jewel bearings, no difficulty is experienced with movements
of 3O-ma. sensitivity or greater. An estimate of the sensitivity
of this technique may be inferred from the measurements or
viscosity. In this application, the liquid sample is rotated in a
thermostated cup in which a small cylinder is suspended. The
torque exerted upon this cylinder by the liquid is communicated
to the meter system and is automatically balanced as deseribed
above. In the case of water, the current required for rebalance
is 30 microamperes.

RESEARCH IN INSTRUMENTATION

For the reasons mentioned in the beginning of this review, it is
becoming easier for the investigator to devise new experimental
methods and techniques. It is legitimate to ask why the in
vestigator should wish to engage in instrumental research, when
there are so many instrument' companies far better equipped to
do so. There are several good reasons.

There are many types of measurement for which there are no
suitable instruments. The instrument manufacturer cannot be
expected to do the necessary research and development unless he
can be assured that there will be a reasonably widespread demand
for the instrument. Many standard instruments need extensive
modification in order to solve a special problem, and this is often
best done in the laboratory where the special requirements are
best understood and where design features can be changed at a
moment's notice. A third reason, which is a good excuse, is an
interest in instrumentation and the conviction that instrumental
research and progress are important.

Fortunately, it is no longer absolutely necessary to have access
to a first-class machine shop, at least in the earlier stages of
instrumental research. Electronic components in the form of
stabilized power supplies, alternating and direct current ampli
fiers, and measuring equipment of all kinds are readily available.
WeJl designed "bread-boards" (Kepco Laboratories, Inc., 149-14
41st Ave., FluShing, L. I., N. Y.) can be purchased in which
new circuits can be set up in ,a few moments. Finally, it is
possible to purchase compact and skillfully packaged units of the
plug-in variety, so that when one has established the circuit re
quirements these can be incorporated in a trim, professional, and
essentiaJly foolproof form. Some of these units are illustrated
below.

With the advent of precision mechanical components which are
carefuJly standardized, one may set up fairly elaborate mechanical
systems to be used in conjunction with electronic and accessory
equipment such as recorders and controllers. A brief description
of these components has been given (26) and some of the fQllow
ing applications illustrate typical uses.

The base plates, legs, mounting brackets, ball bearing pedestals,
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Figure 3. Polarogram with Negligible Damping
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gears, and shafting are available ill great variety from Servo
mechanisIIl3, Inc., Old Country and Glen Cove Roads, Mineola,
N. Y. No tools other than two small Allen-head wrenches are
required for any assembly. A profitable feature for the small
laboratory is the fact that an instrument assembly can be dis
mantled in a few minutes after it has served its purpose; the
parts can be returned to storage awaiting another usc.

Figure 2 shows all the essential parts for a recording polarograph
as set up in the author's laboratory.

Figure 2. Polarographic Scanner Asscmhled from
Standard Mechanical Components
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Figure 4.. Polarogram with High Damping

-:==r-"

r -u__ =t.
:~..

-f - .. j-

:.~:-+

author's specification. Although the entire assembly is very com
pact, it retains a complete degree of flexibility, in that every ele
ment is a separate standard unit which can be unplugged,
removed, or replaced in a matter of 10 seconds. It is a general
purpose servosystem which by a simple change in connections
can be used as a self-balaneing alternating current Wheat-

A synchronous motor is mounted on a standard pedestal block
and coupled through the precision stainless-steel gear train to a
Helipot and also to a counter which indicates the applied po
tential directly. Two cams with associated microswitches are
preset to prevent overdrive by the motor. Pedestals mounted
below the table accommodate line and reversing switches, po
tentiometers, and rheostats for span adjustment and sensitivity
control. One drawback, in comparison with more elegant
polarographs, is the omission of any arrangement for quick return
to zero voltage. In this case, the drive is reversed at the same
speed and unless the analyst is busy preparing another sample,
this time is wasted. The output is connected to a standard
oto 2.5-mv. Brown Electronik recorder.

Typical polarograms \vith negligible damping and high damping
are shown in Figures 3 and 4. It requires about 1 hour to rc
assemble this instrument, including the simple wiring. Wben
only an occasional polarogram is required, this almost justifies
the use of the parts, for other more pressing uses. Conversely,
the total cost of keeping the assembly intact is small.

The scanner element of a reflectance densitometer is shown in
Figure 5.

A special aluminum drum with steel tape scale is mounted on a
shaft geared to a synchronous motor. An integral scanning unit
is shown in the foreground containing a lamp, lens, filter holder,
and viewing objective which focuses a small image into a photo
tube. Special vacuum phototubes, including carrier frequency
modulated types or small barrier layer cells, can be used. The
photocurrent is registered on an electronic potentiometer. By
providing a plastic drum or concentrically mounted glass cyl
inder, and making the necessary changes in the optical train,
samples can be measured by transmittance. This device is used
primarily for the automatic examination of paper chromatograms,
and that use is discussed elsewhere in this issue (6). An example
of its use in recording a print of the iron spectrum, by reflectance,
is shqwn in Figure 6.

A more elaborate installation is shown in Figure 7, which was
designed and assembled by Servomechanisms, Inc., to the
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Figure 8. Potentiometrie
Titration Curvea'
-$."".x Conventional c......e-B: Fint derivative recOrding

C. First derivative recording, bacl<
titration

This servosystem possesses
general utility in the research
laboratory, for the relatively high
torque shaft output responds
almost instantly to a change in
direct current'input or resista.nCe
change in the bridge' circuit and
the rate-proportional signal is also
useful. Consequently, any proc
ess which caIJ,,'b~ ,',converted: to
a small direct curreIit signal or
resistance change can be measured
or controlled with ,thiS system. ' "

Figure 8, A, iIIuSt.rates an inte'r
esting case in which an ordinary
oxidation-reduction titration was
recorded potentiometrically in
the usual manner by a Brown
Electronik recorder. When the
same system was connected to
the servomechanism, the output
shaft rotated in exact propor
tion to the instantaneous value of

another unit which provides a very constant direct current refer
ence potential for potentiometric applications. Each unit in
this servosystem is interconnected with its companion units by
subpanel plugs cabled together in a sturdy harness. For the
various applications, requiring different interconnecting cir
cuits, the entire cable harness is removed and quickly replaced
by the appropriate cable. The usual panel light, main switch,
fuse, and outlet connectors are visible in the lower right. The
main panel is supported in sloping position by a chromium-plated
steel tubing cradle. '

Figure 6. Portion of
Iron Spectrum by Re
flectance Densitometer

Figure 5. Reflectance Densitometer

Figure 7. General-Purpose Servosystem

stone bridge or self-balancing direct current potentiometer. For
both uses, the output appears as a shaft rotation proportional to
resistance change in the bridge or to input potential in the
potentiometer. In addition, a first derivative signal is available
in the form of a direct current voltage, proportional in magnitude
to the rate of change of the primary variable and of polarity
indicative of the direction of change.

In Figure 7 two of the snap-on dust covers have been removed
to show the typical compact arrangement of components. At
the upper left is a stabilized power supply and next on the right
(uncovered) is the servoamplifier. To the right of this is the
servo unit consisting of a Diehl two-phase motor geared to a
continuously rotatable Fairchild balancing potentiometer and
also to a direct current tachometer which generates the first
derivative signal. This unit is assembled from the standard
mechanical components. At the lower left of the main unit is a
modulator, which converts small direct current potentials to
alternating current for subsequent amplification. At its right is
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e.m.f. of the electrode system. Of greater interest was to con
nect the output of the first derivative generator to the recorder.
As seen in Figure 8, H, this draws the first derivative of the titra
tion curve. Although the reagent was fed to the solution at a
slow and uniform rate, the curve exhibits perceptible steps
despite a well defined maximum. This was readily shown to be due
to a mixing lag, since the oxidant was dilute potassium per
manganate and minor inhomogeneities in mixing could be seen.
Figure 8, C, shows the differential curve obtained when a rela
tively large increment of reductant was added in back-titration.
Here the abrupt transition yields a perfectly smooth curve. It
is evident that the servosystem is fast-acting and both shaft
output and derivative signal impose no lags on the system greater
than those inherently characteristic of the system.

The alternating current bridge arrangement of this servo
mechanism would seem to be very useful for automatic conduct
ance titrations, although it has not been tried in this application.
For any titration in which the conductance decreases before the
end point, and rises after that region has been passed, a record
of the first derivative signal would yield an essentially constant
straight line. At the end point it would drop to zero, reverse
polarity, and draw another essentially horizontal line propor
tional to the slope of the second part of the conductance curve.
Electrically, this example is clear cut. In practice, it would
require addition of reagent at uniform rate, uniform stirring,
rapid attainment of equilibrium, and negligible temperature
change (or compensation). Several titration reactions would
meet these requirements and means are available for controlling
these factors.

These few illustrations may serve to indicate what can be set
up with readily available mechanical and electrical components.
Perhaps some equally enterprising manufacturers will supply the
investigator with readily assembled optical components, so that
one may quickly set up the elements of an optical train. Here
too, it should be possible to provide a universal bedplate, with
easily adjustable supports for lenses, prisms, mirrors, slits, and
light sources. Something more flexible than the conventional
optical bench is needed. There are few instrumental problems
which would be too difficult to handle, if versatile optical, elec
tronic, and mechanical assemblies were available. It is there
fore easy to appraise the author's initial statement that instru
ment design has almost reached a steady state wherein most of
the necessary tools are at hand.

SUMMARY

As before, this review has intentionally avoided the description
of many very important analytical instruments, some new and
some highly improved, on the basis that they are more appropri
ately discussed in other reviews in this issue. What has been
described in the way of new components, concepts, techniques,
and tentative solutions may help to emphasize the fact that
all instrumentation is enriched by the smaller, less spectacular
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advances. There is a growing realization that the fundamental
concepts and practices of instrumentation are generally applic
able in all branches of science and technology. In the sense im
plied by Condon, modern instrumentation seems to have all the
earmarks of a distinct profession.
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INORGANIC MICROCHEMISTRY
PHILIP W. WEST

Louisiana State University, Baton ~ouge, La.

THE scope of the present discussion is essentially the same as
that established in the first review of inorganic microchemis

try (314). Most of the references to developments in such fields
as polarography, light microscopy, electron microscopy, fluorom
etry, nucleonics, and spectrometry are left for more detailed dis
cussion in accompanying reviews, although strictly speaking,
they represent true examples of important microchemical tech
niques. Likewise, most of the developments of applied micro
chemical methods are left to the reviews of analytical progress in
the various industrial fields.

BOOKS AND REVIEWS

Progress in any field is greatly influenced by the appearance of
authoritative books. A noteworthy contribution in the field of
microchemistry is the recent appearance of the book "Specific,
Selective and Sensitive Reactions" by Feigl (72). This book is
unique in that it is an unusually complete record of the profound
knowledge and experience of its author; it is not a mere abstract
·of collected papers but is a critical development of chemical
theories based on intimate knowledge of the literature of analyti
cal chemical researches. The book deals mainly with the chemis
try of coordinated compounds, including such topics as complex
ions and molecules, organic reagents, masking and demasking,
induced and catalyzed reactions, surface effects, fluorescence, and
photoreactions. No corresponding material has ever been pre
sented in one place before and it seeIlll! safe to say that there is no
one in the field of microchemistry who could not profit through
the study of this volume.

A second significant publication is the third report of the Com
mittee on New Reagents and Reactions of the International
Union of Pure and Applied Chemistry (126). This report pro
vides a broad survey of accepted tests for inorganic analysis
based on the combined considerations of a number of inter
national authorities in the field. A somewhat similar contribution
has been made by Wenger and Duckert together with van
Nieuwenburg and Gillis (313), all members of the committee.
They revised the second report, adding a number of photomicro
graphs and some new tests. The book is a valuable reference, al
though being based on the second report it does not include tests
published since 1943. A short manual by Ingram, Belcher, and
Wilson has been published recently (124) which seeIlll! to fill a
need for an introductory reference. J'he book "Aquametry" by
Mitchell and Smith (193) contains many procedures that are
microchemical in scale. Although this monograph deals solely
with the determination of water (based mainly on the use of Karl
Fischer reagent), there are so many important applications of such
determinations that reference to this work should be of heJp to
many microchemists.

Review articles have covered a wide variety of subjects.
Wilson (320) has presented a thorough review of methods for de
termining molecular weights, including a number of techniques
suitable for microchemical work. Electrometric methods applica
ble to water analysis have been reviewed by Janssen (129), and
West has reviewed (316) important procedures used in the estima
tion of free chlorine in water. The applications of conductometric
measurements in microanalysis have been summarized by Stock
(275), and a group of seven papers covering various aspects of
nucleonics (8) should be of general interest. Other reviews in
clude those of Piquott (231), which is concerned with sulfur de
terminations in metallurgical products; Vanossi (305), which
deals with the separation and estimation of tin; and Beaucourt
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(18), which covers gravimetric, titrimetric, and potentiometric
methods for determining halogens.

A broad survey of absorptiometric methods of analysis to
gether with a discussion of the construction of various absorp
tiometers has been published by Coumou (48). A review of
various methods for determining trace elements in plants and
animals has been given by Bertrand (25).

A general survey of the uses of organic reagents for inorganic
analysis has been presented by Cattelain (40), while comprehen
sive reviews of the analytical chemical applications of 8-hydroxy
quinoline (8-qQinolinol) and benzidine have been written by
Cimerman (44) and Horvorka (121), respectively.

ApPARATUS

Microchemistry must depend often on sensitive measuring de
vices, and the introduction of new instruments is therefore of real!
interest. The description of a microbalance employing a radio
active detector seeIlll! very significant (76). The balance described
is not only sensitive (1 microgram) but is unique in that it shows
little change in sensitivity with varying load. The capacity per
pan may be as high as 50 graIlll!. A conventional balance for
submicro work, which can be used for weighings involving dif
ferences of less than 1 microgram, has been described by Ingram
(125).

The double-beam ultraviolet spectrophotometer of Kivenson,
Osmar, and Jones (137) seeIlll! to possess many desirable features
which would make it of value for many analytical applications in
volving absolute intensity determinations. The article by Stross
(284) may be of interest to users of the Spekker absorptiometer.

Calibrations are always important, and the technique of Shead
(259) for calibrating ocular micrometers is novel. The method
depends on preparing metal beads whose diameters can be calcu
lated from the density of the metal used and the weight of an in
dividual bead as determined on an assay balance.

Stock and Fill have described a number of gadgets of use
around a microchemical laboratory (277-282). Other iteIlll! of in
terest are Lucite beakers for use with pH meters (56), a spray
pipet for use in washing precipitates (101), and the refractive
index comparator of Dollar (58) which permits changing of im
mersion liquids until match indexes are obtained for the crystal
unknowns and the standard liquids. Nygaard has proposed a
micromanipulator in the form of a screw-operated pipet which is
attached to the objective of a microseope (212). Although in
tended primarily for biological work, this device has a number of
potential uses in microchemical investigations.

A gas buret for use in measuring small volumes of gases .has
been devised by Burke (32), and Lewis has described a simplified
Blacet-Leighton apparatus for the microanalysis of gases (172).
The analysis of gases evolved from metals has been discussed by
Keilholtz and Bergin (136), and Demidenko and Geller have de
scribed (55) a gas analyzer for use on 1 to 2 mI. of sample. Other
pieces of equipment of possible interest are a melting point and
microsublimation block (215), a vacuum still (13), an autoclave
(100), and an electric muffle (102).

SEPARATIONS

Analytical separations are of extreme importance, and the in
troduction of efficient techniques for isolating desired components
or removing unwanted interfering substances is of such value as
to compare with the discovery of new reagents. In fact, the ulti-
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mate value of most reagents is dependent OIl the availability of
suitable separation techniques. Two points might be emphasized
in connection with this general topic. First, separations need not
be time-consuming nuisances; many spot tests, for example, in
volve the use of masking agents for the elimination of interferences
so that the offending material is sequestered by the mere addition
of a drop of appropriate reagent. In colorimetri« analysis,
separation procedures may be used very. effectively and where
organic reagents are used,the extraction and .color development
for final analysis may be combined in such a way that the neces
sary separations are inherent in the method itself. The second
point to be brought out is the difficulty of locating a given separa
tion tool for a specific problem. Authors seldom emphasize com
plexing agents, extractants, gathering agents, etc., in the titles of
their papers and as a consequence, abstracts do not include cross
references to this vital phase of the analytiqal method and the
analytical chemist must therefore rely on past experience and ac
quired arts gleaned from years of observant reading.

The preceding remarks are included for emphasis. The re
viewer feels that one of the responsibilities of surveying the ad
vances in inorganic microchemistry should be the collecting and
organizing of significant procedures for separation.

Chromatography. One of the most active fields in analytical
chemistry at the present time is that of chromatography. From
the standpoint of inorganic microchemistry, paper chromatogra
phy is especially attractive. Lederer has used this technique for
the separation and detection of chloride group anions (171);
thiocyanate and iodide bands are located by treatment with
.ferric ion and hydrogen peroxide, while chloride and iodide are
located by a silver nitrate treatment followed by a dilute nitric
.acid wash and exposure to hydrogen sulfide. Lederer has also de
scribed a method of separating silver, gold, platinum, palladium,
and copper using a paper cylinder as the absorbent and a mixture
of butanol and hydrochloric acid as the developer (170). He has
also proposed the separation. of antimony on paper strips, using
dilute hydrochloric acid as the developer (168), and the separation
vf anions on paper using butanol saturated with aqueous 1.5 N
ammonium hydroxide (169). Lacourt and collaborators sepa
rated a number of inorganic impurities from various organic sol
vents using paper as the absorbing material (161). Pollard and
co-workers combined paper chromatography with fluorometric
methods; twenty-four different cations were separated on paper
and sprayed with organic reagents, and the bands were located by
observation .under ultraviolet radiation (232). Burstall and co
workers stuetied the separation of a number of metals on paper
using methyl propyL ketone containing 30% hydrochloric acid
(33); ,they,alsoemployed cellulose pulp for constructing columns,
which introduces· an interesting innovation on the standard prac
tices.

The comprehensive paper by Arden et al. (11) describes the
separation of many inorganic ions on paper, together with
methods for subsequent determination.

No discussion of paper chromatography would give a true per
spective if the work of;l\Hiller and Clegg were overlooked. These
investigators have shown how instrumentation can be introduced
for, following the .development of paper chromatogram
paraffin barriers are· used to channel the solution and optical
methods are employed for recording band positions (197).

In addition to paper chromatography, the use of alumina
columns finds numerous applications for the separation of in
organic substances. Croatto has used such columns for separat
ing rare earths (49), and Sacconi has given data pertaining to
general separations of inorganic ions on alumina (249). A sig
nificant innovation is that of Meinhard and Hall (185), who pro
pose the use of "surface chromatography"; this employs
powdered adsorbents fi."{ed to microscope slides by means of
suitable binders. The technique correspou'ds to capillary separa
tions on paper but offers more flexibility.

Complexation. Complexation p~obably offers the nicest and
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most generally applicable method for masking interfering ions.
Particularly in the case of colorless inorganic complexes, most of
the published work dealing with the coordination compounds
formed are aimed at the elucidation of structure and the develop
ment of theory rather than the practical application of such sub
stances. Knowledge of various complexers is therefore limited
and applications are more or less restricted to standard inorganic
complexers such as the phosphates and halides, cyanides, thio
cyanates, thiosulfates, and a few chelating agents such as oxa
lates, citrates, and tartrates. It is to be hoped that more classi
fied information will be published in the future by analytical
chemists.

The stability of metal complexes has been discussed by Irving
and Williams (128), who conclude that stability increases with
the electronegativity of the metal involved. An interesting ar
ticle dealing with molybdate and tungstate complexes (204) de
scribes the use of citrates to mask tungstic and molybdic acids to
permit determinations of sulfate and chloride. Chenery (42) has
used thioglycolic acid as an inhibitor of iron interference in the
colorimetric determination of aluminum. The masking of
molybdenum, tungsten, and vanadium by means of fluorides has
been discussed by Feigl (70, 71); demasking can be accomplished
by addition of boric acid, which results in the formation of the
very stable tetrafluoroborate complex. Phosphoric acid has been
used by Pieters, Hanssen, and Geurts to eliminate the inter
ference of iron in the hydrogen perox~de method for thedeter
mination of chromium (229). Cyanides have been used by Bour
son and Fayette to complex heavy metals which interfere in' the
Titan yellow method for the determination of magnesium (29),
and Sicha has recommended the use of cyanide, together with
tartrate, for use in sequestering metals likely to interfere in the
determination of aluminum in steel (289).

Various chelating agents have been employed for separations
in addition to the thioglycolic acid, mentioned previously. Cit
rates have been used to prevent interferences due to tungsten,
tantalum, and niobium (columbium) in the colorimetric deter
mination of tin (203); and nickel has been determined by means of
dimethylglyoxime, with the' use of citrates as a conditioner to
prevent iron interference (4). Tartrates have been employed by
Busev and Korets (35) to prevent antimony interference in the
thiourea method for the determination of bismuth. Lur'e and
Ginzburg (178) suggest the use of fluorides or tartrates as a means
of eliminating antimony interfeFence in the iodide method for de
termining bismuth. Good examples of the value of seldom used
complexers are the recent applications of malonic acid. Willard,
Mosher, and Boyle employed an acetate-malonic acid con
ditioner in the determination of copper by means of dithio
oxamide (319). West and Compere used malonic acid to prevent
interferences due to iron, nickel, cobalt, and manganese in the.
colorimetric determination' of copper in water by means of the
same reagent (315).

Arnmine and ammine-type complexes are often used in analyti
cal work. " Laitinen, Onstott, Bailar, and Swann studied the be
havior of copper complexes 'of ethylenediamine, propylenediamine, .
diethylenetriamine,aridglycille (165). Souchay and Faucherrie
have used salts of ethylenediaminetetraacetic acid as supporting
electrolytes (272); thecomplexes formed in such solutions are so
stable that few metals are reduced at the dropping mercury elec
trodeand as a consequence cobalt can be determined in the
presence of excesses of most other metals without separations
other than those inherenf in the use of such complexing bases.
Nelson and Gantz (205) have studied the relative stabilities ora
number of coppercoiriple~es.

Extraction." The' use(of"'extractionprocedures for isolating sub
stances foranalysisorfor're~()vinginterfering materials is not as
widely practiced as the method justifies; in many instances very
sharp separations can lie secured and a wide variety of partitions
are possible because' of the diversity of solvent types available
and the'~ultitudeof organic reagents that can be utilized as ex-'
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traction aids. Current examples of extraction methods give an
idea of the scope of the possible applications.

McBryde and Yoe (178) have proposed a method for the deter
mination of gold as the tetrabromoaurate. The highly colored'
<lomplex can be extracted into isopropyl ether and thus separated
from possible interferences. The nitrite ion can be isolated as
isoamyl nitrite by extraction with carbon tetrachloride and iso
amyl alcohol according to Ubaldini and Guerrieri (300), and the
nitrite then determined colorimetrically.

The determination of trace constituents in the presence of
large amounts of iron can be accomplished in many cases by ex
tracting the iron as ferric chloride, using amyl acetate as the ex
tractant. Wells and Hunter claim that the amyl acetate is a more
efficient solvent than either diethyl ether or isopropyl ether (312).
Robinson has used isopropyl ether to extract the colored complex
of molybdenum and thiocyanate (243) in the colorimetric deter
mination of molybdenum in phosphate rock, and Piper and
Beckwith have determined small amounts of molybdenum in
plants by extracting the cupferron complex with chloroform
(230), and precipitating the metal from the extractant by means
of toluene-3,4-dithiol; the precipitate can then be dissolved and a
photometric estimate of concentration made without fear of in
terference. Kuskova has shown that aluminum can be extracted
as the oxinate (153), and Abrahamczik (1) has determined mag
nesium with Titan yellow by first removing iron, aluminum,
manganese, copper, vanadium, and uranium by complexing them
with acetyl acetone and extracting the chelates into a mixture of
carbon tetrachloride and acetyl acetone.

Electrodeposition. The use of electrodeposition provides many
useful separations, and the convenience of the mercury cathode
makes the method especially attractive. Silverman has utilized
the mercury cathode and electrolyzed high-temperature alloys to
remove interfering metals in the determination of aluminum and
titanium (271), and Cooper and Winter have used the same
general method for separating interfering metals in the colori
metric determination of vanadium in steels (47). WiberJey and
Bassett have electrolyzed steel samples in water-jacketed mer
cury cathodes until iron-free. Aluminum was then precipitated
'With 8-hydroxyquinoline for subsequent determination (318).

Precipitation. Precipitation will always be a dependable
method for use in making anll:lyticalseparations, although it
suffers a serious handicap for some work through the complica
tions and time losses which occur because of the required filtra
tions and washings. A very important aspect of precipitations is
the use of "gathering agents" for concentrating minute amounts
of material for trace analysis. Because the determination of trace
materials is becoming increasingly important, this phase of pre
cipitation reactions is certain to arouse more and more interest.

Current examples of gathering agents and their application in
clude the collection of traces of beryllium as the phosphate with
aluminum phosphate as the gathering agent, described by
Aldridge and Liddell (5). Ballard and Ballard have studied
methods for the determination of trace amounts of bismuth in
lead (16), and recommend the concentrating of the bismuth by
coprecipitating it with ferric hydroxide. Kiihnel-Hagen Hofman
Bang, and Gjertsen suggest the separation of traces of tin from
iron, copper, and lead by collecting the tin on hydrated manganic
oxide (149).

Organic reagents provide useful precipitations for separating
and concentrating inorganic ions. Mitchell and Scott have used
8-hydroxyquinoline for concentrating metals prior to spectro
graphic examination (194) and have also studied tannic acid and
thionalide for such work.

ORGANIC REAGENTS

The applications of organic reagents are covered more specifi
cally under separate divisions of this review. This subject is so
important, however, that some comment is necessary concerning
general contributions to the theory and use of such compounds.
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Feigl and Baumfeld have introduced studies of reactions which
take place between fused 8-hydroxyquinoline and metals (73).
These studies can easily lead to advances in theory as well as new
applications of organic reagents. Korenman has discussed
reagents reacting with nickel, ferro.us ion, and palladium and has
considered the structure of the reaction products (1.P). He has
also considered organic reagents that react with boric acid and
has applied theoretical principles in accounting for the behavior
of various configurations (142).

A very interesting paper by Kuznetsov compares the reactions
of a number of organic compounds and functional groups with
analogous inorganic reactions (157). For example, enolic OH
formation is compared to hydrolysis of inorganic compounds and
the reactions of mercaptans are likened to certain sulfide reac
tions. The article is worth translating from the Russian.

Bobtelsky and Spiegler have studied the Vogel reaction (the
formation of blue colors by adding alcohols to cobalt thiocyanate
complexes) and conclude that the ratio of cobalt to chloride,
bromide, iodide, or thiocyanate is 1 to 2 in some cases and that a
coordination number of 4 is encountered in other situations (27).
The effects of temperature and dehydrating agents on the blue
color are discussed on the basis of the covalent structure of the
complexes.

The reactions of tannin, especially the bismuth and cerium
complexes, have been discussed by Holness (115). Holness and
Pate have studied the precipitation of silica by tannin (116) and
conclude that the reaction is not suited for the complete removal
of silica in a single step.

Mallik and Mazumdar have studied 5,6-benzoquinaldic acid
and found that it precipitates practically all bivalent metals
(180). The reagent holds promise for the determination of
copper, and may be of value in the determination of iron, inas
much as the red precipitate formed with ferrous iron can be dis
solved in cyanide solutions.

BIOASSAY

Bioassay methods often provide very sensitive means for de
termining inorganic compounds, and in many cases a high degree
of selectivity is shown. Cuthbertson has discussed recent develop
ments in bioassay methods (51). Gerretsen has considered
methods for using Aspergillus niger in the estimation of plant
nutrients in the soil (92), and Mulder has employed the sarrie or
ganism for the estimation of magnesium, copper, and molyb
denum in plant tissues and soils (198).

GRAVIMETRIC ANALYSIS

Sicha has employed 8-hydroxyquinoline for the gravimetric de
termination of aluminum in steel (26&), using tartaric acid and
potassium cyanide as masking agents. Feigl and Baumfeld have
used 8-hydroxyquinoline for the detection and gr;wimetric de
termination of thallium (74); water-insoluble inner-complex

. salts are formed with thallium (III).
The use of 1,1O-phenanthroline for the gravimetric determina

tion of palladium has been described by Ryan .and Fainer (247).
The precipitation is performed in dilute hydrochloric acid solu
tions and the precipitate is dried at 110 0 C. Other platinum
group metals do not precipitate under the conditions described
but do tend to cause slightly high results-indicating a tendency
toward coprecipitation which is rather unusual in the precipita
tion of inorganic ions with organic reagents. Haines and Ryan
have studied the determination of rhodium and recommend the
use of 2-mercaptobenzoxazole or 2-mercaptobenzothiazole (109).
Precipitation is from acetic acid solutions and the precipitates
can be dried at 110 0 C. .

Trujillo suggests the use of a-benzoinoxime for the determina
tion of copper in pharmaceuticals (297). The procedure used is
essentially standard.

Carbon in carbonates, cyanides, and alkali or alkali earth 01'-
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ganic salts can be determined on 5- to 20-mg. samples by a com
bustion procedure which depends on final adsorption of liberated
carbon dioxide on Ascarite (164). The determination of small
amounts of carbon monoxide in air can be accomplished by the
catalytic oxidation of carbon monoxide by passing it over plati
nized glass (37); the carbon dioxide formed is adsorbed on Ascarite.
According to Stragand and Safford, sulfur in organic compounds
can be determined by burning the sample in an atmosphere of
oxygen in the presence of a platinum catalyst (283). The sulfur
trioxide formed is adsorbed by a silver gauze with the quantitative
formation of silver sulfate.

Bertiaux and Thery have found (24) that bismuth can be deter
mined in the presence of large amounts of lead by use of potas
sium bromate. This procedure eliminates the use of prior separa
tions of lead as the sulfate, and so eliminates error due to the loss
of small amounts of bismuth which usually occurs during the lead
separations.

Selenium has been determined in steel by a conventional pre
cipitation using sulfur dioxide (287). A method for determining
small amounts of water in nitrogen tetroxide has been described
by Whitnack and Holford (317), and Pennington has devised a
method for determining small amounts of water in Freon 12 using
phosphorus pentoxide as the absorbent (224).

TITRIMETRIC ANALYSIS

A number of interesting titrimetric procedures have been pro
posed recently. Potassium has been determined by Bourdon (28)
based on the precipitation of sodium potassium cobaltinitrite.
The nitrite is then oxidized with an excess of potassium di
chromate and the excess determined by titration with standard
ferrous sulfate. Korenman and Gutnik have determined small
amounts (50 to 70 micrograms) of calcium by means of an
oxalate precipitation with subsequent permanganate titration
(144), and Korenman and Glazunova have determined lead by
precipitating it as the chromate (143); the chromate is then
titrated iodometrically.

Freeman and McNabb have determined arsenic by precipitat
ing it with hypophosphorous acid. The elemental arsenic is then
treated with Koppeschaar's bromide-bromate solution so as to
permit an iodometric determination (85); the method can be
applied in the presence of antimony, tin, bismuth, and lead.

Titanium has been determined in steels by amalgam treatment
and subsequent titration with ferric chloride, using thiocyanate
as an indicator (322).

Gold has been determined by collecting with copper sulfide, re
moving the copper, and titrating with standard hydroquinone in
the presence of o-dianisidine. This method, described by Milazzo
(189, 190), can be applied in the presence of palladium and
rhodium but not iridium. Platinum int.erferes slightly owing to
its color.

The cyanide titration for nickel has been applied by Generozov
(91) to small amounts of nickel to steel.

Bismuth has been determined by Shchigol (257) by precipitat~

ing it either as the iodate or the chromate, and determining the
excess precipitant by iodometric titration.

Gaillard and Gayte have studied the determination of chro
mium (87), and Generozov has presented procedures for determin
ing chromium and vanadium (90).

Zinc has been determined by Cruikshank (50) by use ofa dithi
zone extraction followed by treatment with ferricyanide solution
and titration with dilute standard sodium thiosulfate solution.
Copper has been determined (285) by means of a dithizone titra
tion, and through the application of a modified iodometric proce
dure (57).

A titrimetric determiiIation of boron has been described by
Abramson and Kahane (2). The method is adopted from the
usual boric acid titration in the presence of mannitol. The de
termination of phosphorus has been performed by molybdate pre
cipitation followed by sodium hydroxide titration (266).
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Sulfur has been determined by Pepkowitz (225), using a distilla
tion procedure in which hydrogen sulfide was passed into an excess
of standard hypochlorite solution. The excess hypochlorite was
then determined iodometrically. Morris, Lacombe, and Lane
have proposed that elemental sulfur be determined by means of
the reaction between sulfur and sulfite to form thiosulfate (196).
Excess sulfite added for the reaction is masked with formalde
hyde, iodate is added, and the excess iodate is determined
iodometrically.

Titrimetric methods for the determination of boron and copper
have been presented by Scharrer (252).

Iodide has been determined in organic compounds by means of
an iodometric titration (104), and fluorides can be determined
satisfactorily using a new indicator, Chrome Azurol S (191).
The iodometric determination of- cyanide has been discussed by
Lur'e and Nikolaeva (177).

Linganeand Pecsok have developed a titrimetl'ic method for the
determination of nitrate based on the reduction of the nitrate to
form ammonia, using chromous ion for the reduction (173).

SPOT TESTS

The interest in spot test methods is attested to by the large
number of publications that have dealt with this technique during
the past year. From an unprejudiced (almost) point of view it
can be said that these methods approach the ideal for practical
qualitative analysis, and new developments should be watched
with interest, for the full potentialities of the method have not by
any stretch of the imagination been attained.

Pavolini and GambariiJ. have found that thiobarbituric acid can
be used to detect copper at a dilution of 1 part in 20,000,000 and
silver can be detected at dilutions of 1 part in 5,000,000 (2fJf8).
These same investigators have studied p-dimethylaminobenzili
denethiobarbituric acid and believe that it is of value for the de
tection of silver and palladium (221). Silver and mercury can be
detected by use of pinacyanol iodide (306); a blue color is pro
duced by as little as 0.01 microgram of either silver or mercuric
ions. Kul'berg and Ledneva have used formazylcarboxylic acid
for the detection of silver, the limit of identification being 2.3 mg.
at a dilution of 1 part in 136,000 (151).

Gold has been detected by means of 1-naphthylamine (234),
and Tananaev has discussed methods for detecting platinum,
palladium, iridium, rhodium, and gold in precious alloys; the
tests are run on material dissolved from the surface of the sample
by means of aqua regia and standard spot test procedures (286)
are used for the analysis.

Iron has been detected by Scheil through the use of Ferroxyl
paper (253); free iron can be located on stainless steel surfaces,
for example, by pressing the moistened test paper against the
metal surface and allowing 5 minutes for the reaction time. Man
ganese can be detected in aluminum alloys by bismuthate oxida
tion, and chromium can be detected through use of diphenylcarba
zide (21).

The detection of aluminum by use of Aluminon has been modi
fied so as to make the test specific, according to van Nieuwenburg
and Uitenbroek (207). Sulfurous acid is used to prevent inter
ference of chromium, indium, gallium, and titanium, while ethyl
alcohol plus hydrochloric acid is used to prevent beryllium, scan
dium, zirconium, and iron interferences.

Peltier, Duval, and Duval have applied the various tests for
nickel published during the period 1937-1947 and have concluded
that Nioxime (1,2-cyclohexanedionedioxime) is the most satis
factory reagent available (223). Duval and Duval have made a
critical survey of tests for cobalt (64).

Semiquantitative analysis for copper, chromium, manganese,
and silicon, using spot test procedures, have been applied in
sorting Duralumin, Chromansil, and Silumin alloys (209).

A new reagent for the detection of mercury has been proposed
by Nazarenko (202). The reagent, 1,4-diaminodihydroxy
quinone, is sensitive to 1 microgram of mercury at a dilution of 1
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part in 1,000,000. Although the reagent must be. made up im
mediately before use, it seems to hold promise because of its high
selectivity. Gautier has suggested the use of the periodo deriva
tive of methylene blue for the detection of mercury and tin (88),
and methyl violet has been advocated by Kuznetsov (158) for the
detection of tin(II); cuprous chloride gives a reaction similar to
that given by tin and certain organic reducing agents interfere.

Phenothiazine has been studied by Duval (63) and its use as a
reagent for silver, iron, and mercury is discussed.

The detection of vanadium has been studied by Hoste (120),
who claims that a specific test is possible based on the use of
diphenylbenzidine. A saturated solution of the reagent in glacial
acetic acid gives a yellow color with small amounts of vanadium
and a green precipitate forms at higher concentrations; the inter
ference due to ferric iron can be masked by using fluorides. The
limiting concentration for the test is 1 to 1,000,000.

A test for bismuth based on the reduction to the metal by means
of formaldehyde has been described (258), and various spot tests
of value in analyzing aluminum alloys have been described by
Niessner (206).

The detection of uraniUIn based on reactions with inorganic ions
has been considered by Kohn (139), and a summary of various
spot tests and microchemical tests has been published by Duval
and Duval (65).

Hoste has studied diaminobenzidine and found it of value for
the detection of vanadium and selenium (119). Its reaction with
vanadium is similar to the benzidine reaction but, in the case of
selenium, an intensely colored precipitate forms which permits
the detection of this element at dilutions of 1 part in 1,000,000.

A survey of tests for rhenium has been made by Duval (62), and
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Kalugai has reviewed reagents suitable for the detection and
separation of the alkali metals (132).

A very interesting paper by Okac and Pech deals with the
reactions of pyrogallol carboxylic acid and the alkaline earth
metals (213). Calcium, strontium, and barium produce blue
colors or blue precipitates with the reagent. There are a number
of interferences with the test, but a color reaction for these metals
is of real significance and further study along similar lines should
be of interest.

Tellurium can be detected by means of anthraquinone-l-azo-4
dimethylaniline (156). The reaction takes place in strongly
acidic soluti.m and as little as 0.006 microgram of tellurium can be
detected. Selenium does not react to give colors, but interferences
do result in the presence of uranium, gold, iron, gallium, molyb
denum, wolfram (tungsten), aluminum, bismuth, antimony, tin,
mercury, and platinum.

Sulfur has been detected in organic compounds by sodium car
bonate fusion in the presence of magnesium. Sulfur is thus ob
tained in the form of the sulfide. Liberated hydrogen sulfide is
passed over lead acetate paper for final detection (36).

A number of standard tests have been described for the detec
tion of fluorides (38, 39, 182).

Feigl and Feigl have proposed a new test for cyanide (75) based
on the demasking of palladium complexes such as palladium
dimethylglyoxime and palladium salicylaldoxime. A sensitive
test for cyanide is suggested which can also apply for the detec-

. tion of illuminating gas.
The detection of cyanide and ferrocyanide has been conside~ed

by Hubach (122), arid Chao and Su have introduced n-chloro
succinimide as a reagent for ferrocyanide (41). Tests for thiocya-

Table I. ColoriDletric DeterDlination

Ion

Aluminum

Antimony

Arsenic

Beryllium

Bismuth

Boron

.Cadmium

Calcium

Chlorine

Chromium

Cobalt

Columbium

Copper

Ferricyanide
Germanium
Gold
Indium

Reagent or Method Reference Ion Reagent or Method Reference

8-Hydroxyquinoline (8-quinolinol) (153. 159. 187,318) Iron Thiocyanate 126, 107, 148)
8-Hydroxy-7-iodo-5-quinolinesulfonic Thiosalicylic acid 93)

acid (52) 1,2-Dihydroxybenzene-3 ,5-disulfonate (236)
Miscellaneous (154) Glycolic acid (260)
Alizarin (261) Isonitrosodimethyldihydroresorcinol (267)
Aluminon (271)

Lead Molybdate + thiocyanate (66)Eriochrome-Cyanine R (292)
Tetramethyldiaminophenylmethane (93)

Starch KI (77) Hematoxylin (123)
Ascorbic acid (210) . Dithizone (239,242,255,270)
Pyridine KI (203)

Magnesium Titan yellow (1, 29, 2$6, 228)Rhodamine B (248) Miscellaneous (150, 240)
Hypophosphite (3) Thiazole yellow (188)
Gutzeit (69) p-Nitrobenzeneazoresorcinol (245)
Gutzeit (80) Brilliant yellow (288)
Molybdenum blue (166)

lVlanganese Periodate (78, 162)Levvy (179)
Peroxydisulfate (211)

Naphthochrome Azurine 2B (5)
Mercury Dithizone (127,242)

Miscellaneous (16) Molybdenum Thiocyanate + stannous chloride (4, 243, $91)
Thiourea (35) Thiocyanate + sulfite (96)
Dithizone (167, 242) Dithiol (230)

Turmeric (246) Nickel o-Nitrosalicylic acid (304)
Asurine blue S (295) Nitrogen oxide Diphenylamine (83)

Diphenylcarbazide (93)
Nitrous oxide Pyrogallate (254)
Nitrate Diphenylamine F74)Diethyldithiocarbamate (216) Nitrite Sulfanilic acid 300)

Dithizone (264) Oxygen Starch + iodide (227)

Picrolonic acid (138) Ozone Indigosulfonic acid (59)
Pyrogallol-carbol!'ylic acid (1114) Phosphorus Molybdate (17. 46. 67, 108,
Nickel nitrate + dimethylglyoxime (299) 183, 251)

Strychnine-molybdate (22)
Starch + KI (60)

Potassium Cobaltinitrite ~131)o-Tolidine (86, 181)
Tris (p-dimethylaminophenyl) methyl- Rhenium Thiocyanate + stannous chloride 186, 294)

tri-HCI (99) Silicon Molybdate 113,163.199)
Silver Sugar (111)

Diphenylcarbazide (4, 229, 292) Pyridine + persullate (3$1)
Persulfate (10)
Periodate (162) Sodium Nickel uranyl acetate (1198)

. Nitroso R salt (135)
Sulfur dioxide Fuchsin (6)
Sulfide p-Aminodimethylaniline (84)

Thiocyanate (7) Lead acetate (308)

Molybdate (53) Thorium Oxalate + permanganate (241)
Ammonium citrate (97) Tin 1-Methyl-3,4-dimercaptobenzene (203)
Phenolphthalein (103) Titanium Hydrogen peroxide (271)
Diethyldithiocarbamate (133,255,262,273) Tungsten Thiocyanate + stannous chloride (4IJ,233)
Thiocyanate + acetone (195) Vanadium Phosphate + tungstate (47)
Dithio-oxamide (315,319) Oxine (301)

Ferrous sulfate (152)
Ferrocyanide (309)

. Molybdate (82) Water Tetraiodoplumbate (79)
Hydrobromic acid (178) Zinc Cacotheline . (93)
Dithizone (184) Dithizon~ (192, 208, 237)
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nate have been developed by Kreshkov and Vil'borg based on
reactions with potassium chlorate or ammonium molybdate (147).
A test for hydrogen peroxide based on the reduction of ferri
cyanides has been suggested by Kohn (140).

COLORIMETRIC ANALYSIS

Although a separate review of colorimetric methods of analysis
has been prepared, some mention of developments in this field
must be made in the review of inorganic microchemical develop
ments. The reactions used in spot test methods almost invari
ably find use in colorimetric work, and certainly most colori
metric procedures involve reactions that can be adopted for quali
tative analysis. More important is the fact that well over 60%
of the microchemical procedures involve colorimetry. Although
no discussion of developments is justified here, Table I is included
to summarize the applications of the various color reactions.

MISCELLANEOUS

A number of developments require review, which do not fit
under the specific headings of the general discussioll. For ex
ample, Urech, Muller, and Sulzberger have determined mag
nesium in aluminum alloys by distilling it at 800 0 C. and 0.001 to
0.0001 mm. of mercury (302); 0.2 to 10% magnesium can be de
termined accurately in this manner. Wehrli and Kanter have de
termined cyanides by evolving hydrocyanic acid which is isolated
as. Prussian blue. This is then treated with silver nitrate and the
silver cyanide formed reduced to metallic silver; measurement of
the diameter of the bead serves to establish the original cyanide
concentration (311).

Korenman and Punchik have suggested the determination of
cobalt by volumetric measurement of the bulk of potassium
sodium cobaltinitrite precipitates (145).

Katz and Katzman have determined carbon monoxide in air
over a range of 10 to 200 p.p.m. by means of thermometric meas
urements of the heat of reaction when the gas is catalytically oxi
dized (134); a catalyst of silver permanganate deposited on zinc
oxide carrier is used. X-ray absorption methods have very in
teresting possibilities (324), and reference to the accompanying
review should indicate the scope of such techniques.

Nephelometric methods have important applications in micro
chemical work. Bertiaux has determined small amounts of silver
by converting it to silver perchlorate and measuring the turbidity
(28). Geuer has determined sulfur in i~on and steel by passing the
gases of combustion into buffered lead acetate solutions; the lead
sulfite formed can be estimated nephelometrically to within 0.3%
of the truth (94). Potassium has been determined in biological
and agricultural products by measuring the turbidity of the co
baltinitrite reaction product (293), and cadmium has been deter~

mined nephelometrically using the reaction between cadmium
iodide complex and is-naphthoquinoline (323).

Determination of traces has been discussed in various sections
of this review. A general survey of methods for the determina
tion of trace elements in biological material is of interest (117), and
the article by Parks and Lykken dealing with traces of aluminum
is of value; aluminum can be separated by means of a chloro
form-oxine extraction and the aluminum oxinate estimated using
the polarograph or the ultraviolet spectrophotometer (220). An
improved method for the determination of trace amounts of
beryllium has been published by Sandell (250), based on the pre
cipitation of beryllium and aluminum with ammonia in the
presence of mercaptoacetic aCid to keep iron in solution; final
estimation of beryllium content is made fluorometrically with
morin as the reagent.

Geilmann and Bode have advocated a boron test.based on the
formation and flame excitation of boron trifluoride (89). Because
of the volatility and ease of excitation of this compound it is
possible to run the test just outside of the Bunsen flame and so
avoid interferences from calcium and sodium.

ANALYTICAL CHEMISTRY

Goldstone has presented a systematic procedure for the isola
tion and detection of 26 common toxic substances sometimes
found in food (98). Groupings such as "volatile," "metallic,"
"alkaloidal," and "nonalkaloidal" are used for the classification,
and sensitive tests are given which are best suited 'for use in food
analysis.

An interesting article by Fischer and Langhammer deals with
microscopic identification of metals by refractive index measure
ments made on certain precipitates such as the oxinates, picro
lonates, etc. (81). The precipitates are immersed in liquids of
somewhat higher index and the mixture is then heated on a Kofler
micromelting point apparatus. The temperature at which
matching indexes are obtained serves to identify the sample;

The evaluation of accuracy of colorimetric methods is im
portant; the article by Ayres is excellent (12) and the article by
Hiskey should be consulted (114). The discussion by Benedetti
Pichler on precision weighings is also of general interest, the con
clusion in this case being that the method of transposition of
weights is to be recommended for exact work (20).
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THIS review follows the arrangement adopted for the first
issue (6), although in the section dealing with general pro

eedures there has been some alteration of subheadings.
During the past year there has been an increased number of

publications communicating progress of great interest to analyti
cal chemists. Perhaps of primary importance are the researches
dealing with the application of Amberlite resins to chemical
separations. This field of investigation is only in the initial
stages of development and much further knowledge of great value
will be forthcoming in future years.

The work of Duval and his associates merits attention. These
investigators have been making an organized effort to ascertain
the dissociation temperatures of numerous precipitates used for
gravimetric purposes.

GENERAL PROCEDURES

Preparation of Samples. Baryshev (5) discussed the experi
mental basis of a sampling method and the preparation of labora
tory samples for analysis. Herteland (57) dealt with the prepara
tion of samples of metals and alloys for analysis. He rejected the
use of borings or shavings and recommended melting under pre
scribed conditions. With certain alloys this treatment resulted in
a change in the proportions of constituents. This author (57) also
discussed the losses incident to the formation of a mist during the
dissolving of metals and alloys. The use of cover glasses did not
eliminate the loss. In the analysis of clays, bauxite, feldspar,
etc., Cadariu (21) suggested preliminary sintering with calcium
carbonate. Tkachenko and Khripach (131) recommended drying
samples of iron ore for 5 minutes at 150 0 to 160 0 C. in preference
to drying at 105°.,

Method of Selective Separations. Lur'e and Filippova
(82) used cationites for absorption followed by selective extraction
with alkali solution to separate antimony, molybdenum, tungsten,
zinc, and aluminum from anions, also from elements that form
basic hydroxides-e.g., iron and copper-and from arsenic in the
arsenite form. By this procedure the coprecipitation incident to
hydrolytic precipitation was avoided. Later the authors (83) re
ported the successful application of Wolfatit P for the separation

of zinc and aluminum from iron, antimony and tin from arsenic,
bismuth from copper or' lead, and bismuth from antimony.
Anion-exchange experiments were made with guanidine anionite.
Chromate was absorbed and subsequently extracted with sodium
hydroxide. Directions were given for the separation of chromate
ion from nickel. Under specific conditions tin could be absorbed
but not separated from antimony. Bismuth was efficiently
separated from copper. In neutral or alkaline solution perman
ganate was reduced to manganese dioxide, absorbed, -and sub
sequently extracted with sulfuric acid.

Kostrikin (75) stated that absorption by organolites was incom
plete if a definite portion of the solution was mixed with a given
amount of the sorbent. Filtering through a layer of the sorbent

-was preferable. Lur'e (81), dealing with small concentrations, re
jected filtration through a layer of sorbent in favor of mixing the
solution with the organolite followed by extra·ction. Osborn (96)
recorded some analytical applications of m-nitrobenzoic acid to
the separation of quadrivalent elements from the rare earth ele
ments, etc. Excluding the interference of mercury and the
possible interference of hydrolyzed tin salts, m-nitrobenzoic acid
appeared to be,a specific precipitating reagent for all quadrivalent
ions except titanium. Ostroumov (98) discussed in considerable
detail the methods of separation by pyridine, a-picoline, and
hexamethylenetetramine. Pyridine was used as a regulator of the
acidity of solutions during hydrolysis and for the formation of
complexes. This work appears to be worthy of extended study.

Vanossi (139) published a review of his work onthe separation
and identification of elements which are distilled by acids. In
cluded were the separation and identification of osmium, ruthe
nium, and germanium; and the identification of germanium,
rhenium, and tin. Musante (94) examined the reactions between
certain hydroxamic acids and metal ions with a view to analytical
applications. The benzo derivative of hydroxamic acid was a
sensitive reagent for copper and to a less degree for cobalt and
nickel. Copper also formed insoluble anisohydroxamates.
Gaspar y Arnal and Rojo (46) dealt with the applications of sul
fites and sulfates to chemical analysis. They obtained quantitative
separations of calcium and strontium, calcium and barium, and
calcium and lead, and they (43) described the use of sulfites for
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separations of cupric ion from the ions of the alkaline earths and
lead. Korenman (7.n discussed relationships between the struc
ture of various organic compounds and their ability to form
colored and insoluble salts with nickel, ferrous iron, palladium,
etc.

Preparation for Weighing. Duval (31) investigated the be
havior toward heat of moist asbestos used in Gooch crucibles.
Up to 73 ° a loss of weight due to water of imbibition was observed;
from 73 ° to 283 ° the weight remained constant; at temperatures
above 283 ° a regular loss of weight occurred. It was concluded
that precipitates weighed in Gooch crucibles should not be dried
above 283°. The temperature intervals producing constant
weight of some 23 compounds used as precipitates were deter
mined. The author (29) proposed to examine the optimum tem
perature limits for the ignition of about 600 substances en
countered most frequently in gravimetric analysis. Shiokawa
(119) determined suitable ignition temperatures for tannin pre
cipitates of aluminum, beryllium, cerium, chromium, copper, iron,
manganese, titanium, vanadium, and zirconium. Using tannin,
hydrated tungsten(VI ) oxide was ignited at 630 ° to 835 ° C. When
both tannin and cinchonine were used, ignition was made at 630 °
to 830°. Duval (30) investigated in detail the behavior of filter
paper during the burning process. The paper lost water but re
tained its form as carbon at 410 0, becoming white at 675 ° C.
Tschirch (13·n discussed recent developments in the technique of
handling precipitates, especially vacuum drying and treatment
with acetone. Matheson (85) recorded various improvements in
the technique of weighing. For the calibration of weights, Herbo
(56) rejected the method of indirect weighing and suggested an
improved procedure.

Analytical Methods for Specific Materials. Willey and Caine
(145) recorded short, accurate procedures for the analysis of
foundry sand. These authors aimed to promote analytical re
search to assist in solving foundry sand problems. Mohler and
Sedusky (92) published a review of various methods used in
analysis of plating baths. In the analysis of iron ores, Baron (4)
regarded as of doubtful value the determination of "loss on
ignition," by loss of weight, and preferred to determine carbon
dioxide and water directly.

Touhey and Redmond (132) discussed the determination of
tungsten, titanium, columbium, tantalum, iron, cobalt, and
nickel in cemented carbide compositions. Cinchonine precipi
tated tungstic oxide together with titanium, columbium, and
tantalum. The impure precipitate was fused and then treated
with cupferron to obtain the weight of the above impurities. De
ducting this weight they obtained the weight of tungstic oxide
with any molybdenum present. Bowden (13), criticizing this
procedure, stated that molybdenum is partially precipitated by
cupferron and upon ignition above 525 0 is partially volatilized in
the presence of tungsten, etc. This author also called attention to
the Touhey and Redmond method of collectively precipitating
titanium, columbium, tantalum, and iron in the presence of
chromium and vanadiqm. According to Bowden, the potassium
carbonate fusion used to separate these constituents would result
in dissolution of a large proportion of tantalum and columbium
oxides. Touhey and Redmond (133) acknowledged this error and
introduced some alterations, but they included no reply to the
c.riticism concerning the distribution of molybdenum. Smith
(124) recorded detailed procedures for determining various con
stituents in magnesia. The methods were largely conventional
but some variations were introduced. Krossin (77) published
procedures for determining lead sulfate, lead sulfide, and lead
oxide in the presence of one another. Directions were given for
determining lead oxide in roast material and flue dust. Piquott
(109) reviewed analytical tee<hniques used in ferrous metallurgy.

General Gravimetric Reagents. Portnov (110) dealt exten
sively with the application of aromatic-arsenic compounds in
chemical analysis. The dissociation constants of six compounds
were given together with the insoluble salts produced by various
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cations. The author described two specific procedures: in one,
p-AcNHC.H4As03H 2 was used to precipitate cobalt in the
presence of nickel; in the second, p-HOC.H4As03H 2 was used to
precipitate lead in the presence of alkaline earth elements. Jean
(65) discussed in considerable detail the effect of acidity on the
composition of insoluble salts formed by various metallic cations
with heteropoly acids and amino bases. Conditions for analytical
applications were favorable when the acidity of the precipitating
medium was greater· than that at which hydrolysis occurred.
Cattelain (23) reviewed the use of organic reagents in inorganic
analysis.

LIGHT ALLOY ELEMENTS

Litliium, Beryllium, and Magnesium. Boy (14) discussed the
determination of ·lithium in phosphate and silicate minerals.
Aluminum was removed as the phosphate. With silicates, phos
phoric acid was added before addition of lead acetate. Lithium
was determined as fluoride, and if magnesium was present
separation from the mixed fluorides was effected by ammonium
hydrogen phosphate.

For separating beryllium from aluminum, Otsuka (100)
recommended the sodium hydrogen carbonate and the oxine
methods.

Matsuura (86) determined magnesium in metallic aluminum by
precipitation from an alkaline cyanide solution, thus avoiding
interference from copper, nickel, and iron. Gaspar y Arnal and
Rojo (44) separated magnesium from the alkaline earths and lead
by precipitation as sulfites in ethanol-water medium. I vanova
and Chugunova (63) determined magnesium oxide in mag
nesium metal powder by selectively dissolving the former in a
solution of chromium(VI) oxide.

Aluminum. Analytical methods for ,aluminum alloys (26) were
published by the Chicago Aluminum Research Institute. Silver
man (121) determined aluminum by 8-hydroxyquinoline (8
quinolinol). The hexamethylenetetramine precipitate was
treated to remove chromium as volatile chromium dioxydichlo
ride, followed by selective removal of iron and molybdenum by 8
hydroxyquinoline in the presence of citric and acetic acids.
Lacroix (79) studied as a function of pH the solubilities in water
and chloroform of the oxinates of aluminum, gallium, and indium.
Wilson (146) used benzoate precipitation to determine aluminum
in the presence of iron. Thioglycolic acid as reducing agent
formed a soluble complex with divalent iron. Chromium, vana
dium, and titanium interfered.

Gentry (48) published an analytical scheme for permanent
magnet alloy. Following treatment with potassium cyanide in
ammoniacal tartrate solution, aluminum was precipitated by
oxine aided by sulfonated lorol. Smith and Cagle (123) deter
mined aluminum in iron ore by precipitation with 2,2'-bipyridine
which simultaneously formed a soluble complex with divalent
iron.. Edwards (33) determined aluminum in aluminum bronze
by precipitation with 8-hydroxyquinoline following separation by
treating the sulfuric acid solution of alloy with tartaric acid, iron
(III) chloride, ammonium chloride, ammonium hydroxide, potas
sium cyanide, and sodium sulfite.- Bottger (12) preferred
hexamine to ammonia water for precipitation of aluminum and
iron.

Ivanova and Chugunova (63) determined aluminum oxide in
aluminum powder by selectively dissolving the oxide in chro
mium(VI) oxide and nitric acid. Aluminum was determined in
the filtrate as hydroxide. Kimura, Kuroda, and Urakawa (69)
determined aluminum oxide in aluminum by isolation with aque
ous solution containing tin(IV) chloride, ammonium chloride, and
oxalic acid.

NATURALLY RADIOACTIVE ELEMENTS

Thorium, Uranium, and Plutonium. Moeller and Schweitzer
(91) determined thorium in monazite and concentrates by pre-
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cipitation with a measured excess of sodium pyrophosphate con
taining a known activity of radioactive phosphorus and deter
mining radioactivity of the excess.

Yu (150) described a modification of Scott's method for the
analysis of uranium ore containing high content of columbium
and tantalum. Duval (32) used the thermal balance to study
optimum igQition temperatures of precipitates of uranium salts.
A table of suitable temperatures for drying or calcination of pre
cipitates was included. This author preferred precipitation of
uranium by oxine or oxalic acid.

Harvey, Heal, Maddock, and Rowley (54) recorded various
reactions of plutonium. Hydrogen peroxide precipitated tetra
valent plutonium in the pH range 3 to 4.5. The composition of
the precipitate was not known. Hexavalent plutonium was quan
titatively precipitated by 8-hydroxyquinoline in the pH range of
3.5 to 9. Other precipitants 'were recorded.

ALKALI AND ALKALINE EARTH ELEMENTS

Sodium and Potassium. Klement and Dmytruk (71) discussed
the removal of phosphate ion in preparation for sodium deter
minations, and recommended adsorption of phosphate by Wolfa
tite M. Th.e resin required special treatment. Lund (80) in
vestigated methods :for the determination of sodium and potas
sium in silicate minerals and rocks. For low sodium contents the
direct determination of sodium as triple acetate was considered
superior to the indirect method of J. L. Smith, in which the
sodium content is obtained by difference.

Belcher (8) published reviews dealing with inorganic and or
ganic reagents for potassium.

Calcium, Strontium, and Barium. Peltier and Duval (101)
made a critical study of about a dozen gravimetric methods for
caleium in the presence of magnesium. These authors recom
mended the tungstate method because of its ease of execution and
speed. This finding is contrary to that of Ievins and Grinsteins
(61), who reported various difficulties with the tungstate method
and stated that, contrary to the literature, this method could not
satisfactorily separate calcium from magnesium. Shvedov (120)
used radioactive indicators to determine the efficiency of the
oxalate method 'for separation of calcium from magnesium. It
was found that coprecipitation of magnesium increased with rise
of temperature from 20 0 to 100 0 C. and with increasing mag
nesium content. Other factors such as speed of neutralizing,
etc., also affected the results. It was concluded that, although co
precipitation of magnesium could be reduced to a minimum, it
was never entirely prevented.

Kallmann (67) used hydrogen chloride-butanol solutions to
separate calcium from barium and strontium. Calcium was de
termined as oxalate. Strontium and barium were weighed as
chlorides and subsequently separated by butanol in concentrated
hydrochloric acid. Correction factors were needed. Osborn (97)
reported on the rapid separation and determination of calcium,
barium, and strontium in rocks and minerals. Gaspar y Arnal
and Rajo (45) separated calcium from barium, strontium, and
lead by treatment of the sulfites in dilute ethanol with nitric acid.
At a nitric acid strength of 1.43 N, calcium sulfite was selectively
dissolved. Yatagawa and Tei (148) fOUIid that the determination
of calcium in brass usually resulted in contamination of calcium
oxalate by copper. This error was avoided when the solution,
after electrolysis, was evaporated and the residue oxidized with
bromine. Asari and Watanabe (2) recommended .nitric acid of
density 1.445 for the separation of the nitrates of strontium and
calcium by Noll's method. When considerable calcium was
present three to four reprecipitations were necessary.

Segnit (117) discussed the behavior of barium in silicate
analysis. Complete separation of barium and calcium as oxalates
was not effected in the presence of more than 4 to 5% of barium
oxide. Directions were given for the recovery of barium in the
presence of calcium and of magnesium. Kolarow (72) stated that
with an experienced analyst, ignition of barium sulfate in the
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presence of filter paper did not result in the formation of appreci
able barium sulfide. Gaspar y Arnal and Poggio Mesorana (39)
precipitated barium, calcium, and strontium as sulfite in ethanol
water medium. Gaspar y Arnal and Santos (47) determined
barium or thiosulfate by precipitation as barium thiosulfate
monohydrate from an ethanol medium. Titration with iodine
could be. used as an alternative to weighing the monohydrate.
Strontium interfered but calcium did not.

STEEL-FORMING ELEMENTi

Zirconium. Charlot (25) proposed the use of phosphoric acid
in 2 to 3 N hydrochloric acid for the characterization of zir
conium. Arsenic acid effected a selected separation of zirco
nium and titanium. Various organoarsenic acids were also sug
gested for zirconium and associated elements. Wada and Ishii
(142) used hydrofluoric acid to determine zirconium in the ele
mentary state in commercial samples of zirconium. This method
gave results favorably comparable to those obtained by the
method of weight increment upon oxidation and avoided certain
difficulties. Hahn (53) described the precipitation and deter
mination of zirconium by the product of hydrolysis of metaphos
phoric acid and of organic phosphates. Willard and Hahn (144)
preferred ethyl orthophosphate to diammonium hydrogen phos
phate for the precipitation of zirconium. The precipitate of
ZrO [H(CH3)P04h and of ZrO(HzP04h was much denser and
much more crystalline. The solutions were adjusted to 3.6 Nand
ignition was continued to the pyrophosphate. Precipitations with
metaphosphoric acid were preferred to the direct addition of a
soluble orthophosphate. Compared to the cupferron method, de
terminations were more rapid and required fewer separations and
manipulations.

Columbium and Tantalum. Alimarin (1) determined colum
bium and tantalum in an oxalic acid solution by precipitation
with a reagent prepared from pyrogallol and urotropine. The
complex was ignited at 900 0 to 1000 0 C. Slavin and Mendolll;a
Pinto (122) used a modification of Schoeller's tannin method for
the analysis of tantalite-columbite concentrate. The time re
quired for an analysis was about 4 to 5 days, compared to about
15 days for the original Schoeller procedure. Rogers (114) dis
cussed the principles involved in the determination of columbium,
tantalum, and tungsten in steel.

Jaboulay (64) determined tantalum and columbium in ferro
tantalum, ferrocolumbium, and steels. The alloy was fused with
potassium pyrosulfate, and an extract made with sulfuric acid and
sodium sulfite. The mixed pentoxides were treated with ammo
nium polysulfide, and after filtering and washing, the residue was
calcined and the silica volatilized as usual. The !;eparation was re
peated and the pentoxides collected from the filtrate were added to
the main residue. The combined precipitates were fused with
potassium hydroxide and the tantalum was separated by treat
ment of the aqueous solution with 12% hydrogen peroxide and
sulfuric acid. After one reprecipitation, columbium was removed
from the filtrates by sodium sulfite and sulfuric acid. Barber (3)
published a procedure for determining columbium and tantalum
in basic Bessemer slag. The procedure was similar to Jaboulay's
except that the purified residue of columbium and tantalum
pentoxides was fused with potassium carbonate and the earth acids
were precipitated by tannin. After final fusion with potassium
pyrosulfate and extraction with water and sulfuric acid the
mixture of oxides was weighed.

Maurer (87) published a procedure for the determination of
columbium carbide in stainless steel. The sample was digested
with sulfuric acid to isolate columbium carbide, which subse
quently was dissolved with perchloric and nitric acids. Colum
bium was finally precipitated in sulfur dioxide-hydrophloric acid
medium. Societe Generale Metallurgique de Hoboken (126) re-·
corded methods for the separation of columbium and tantalum.
Columbium pentoxide was selectively reduced by hydrogen or
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selectively"nitrided." The nitride was treated with a halogen to
form columbium halide, which was separated from tantalum by
distillation and condensation.

Molybdenum. Buscar6ns Ubeda and Loriente Gonzales (20)
stated that o-bianisidine could be used for the gravimetric deter
mination of molybdenum. Feigl and Raake (34-) discussed the
"masking" effect of hydrogen peroxide in precipitations of
molybdate, tungstate, and vanadate. All known precipitating
reactions of molybdate and tungstate could be prevented, al
though lead molybdate, once formed, retained its insolubility.
Blanco (11) reviewed 22 methods for the determination of
molybdenum, seven of which were gravimetric.

Tungsten. Buscar6ns Ubeda, Herrera, and Loriente Gonzales
(19) recorded three procedures which eliminated interference by
carbon dioxide in the determination of tungsten by precipitation
as barium tungstate. Fomin, Shalyagin, and 'Starostina (37)
stated that tungsten is precipitated quantitatively by prontosil in
the presence of nitric acid or ammonia water. Philipp (105)
.used an acetic acid solution of totaquinine. Furey and Cunning
ham (38) published improvements in established methods for
the determination of various constituents in tungsten carbides.
Brintzinger, Rausch. and Backhausen (16) reported a procedure
for determining tungsten in ores and slags. The ores were cor
roded by treatment with sodium sulfate at 750 0 to 850 0 C. in a
current of hydrogen or illuminating gas. After removal of silica
and sulfides of divalent iron and manganese, tungstic acid was pre
cipitated by nitric acid. Mendolllta Pinto (89) compared the
cinchonine, tannin-antipyrine, and cinchonine-tannin-antipyrine
methods for the determination of tungsten in samples of Brazilian
scheelite. The three methods gave practically the same results.

Vanadium, Chromium, and Manganese. Gomez Ruimonte (50)
discussed the determination of vanadium in steel containing more
than 5% chromium. Vanadate was precipitated by lead acetate
in an ammonium acetate medium. The author recorded the com
position of the precipitate as 2Pb,v.07.PbO (5PbO.2V.0.). Bur
riel and Barcia Goyanes (18) recorded the composition of lead
vanadates obtained at various acidities-e.g., pH 7, 3PbO.V.0.;
pH 9, 5PbO.2V.0.; pH 10, 2PbO.V.0•.

Dupuis and Duval (28) reported suitable ignition temperatures
for heating precipitates of chromium hydroxide, phosphate, and
oxinate and of the chromates of silver, mercury, barium, and lead.

Hein and Arvay (55) investigated the use of BiaO.H.MnO. for
the gravimetric determination of manganese. The effects due to
variations in acid strength, extended heating, excess of BiOCIO.,
etc., were studied.

Nickel. G6mez Ruimonte (51) dealt with the interference of
cobalt in the determination of nickel in special steels high in
cobalt and low in nickel. Silica and tungsten were removed
prior to precipitation of nickel dimethylglyoxime in an ammonia
cal tartrate medium. 'The precipitate was treated to remove
il:on, and the nickel was reprecipitated in the presence of hydr0gen
peroxide. Voter, Banks, and Diehl (14-0) recommended 1,2
cyclohexanedione dioxime as a reagent for nickel. Although the
reagent was water-soluble, some of it was coprecipitated, causing
a positive error. No satisfactory method of separating iron was
found. Johnson and Simmons (66), who previously recorded this
application of nioxime, found that the precipitate did not crystal
lize well and that the results were too high for gravimetric work.
Peltier, Duval, and Duval (104-) tested new analytical i'eagents
and reactions proposed during the period 1937 to 1947 in prepara
tion for the fourth report of the Committee of the Union Inter
nationale de Chimie. They recommended replacing dimethyl
glyoxime by the dioxime of 1,2-cyclohexanedione for the precipita
tion of nickel, because the latter reagent had been found to react
at higher acidity and to be more soluble in water. These data
agree with the original work of Voter, Banks, and Diehl but there

'is significant disagreement as to the interference of iron. The
latter authors stated that "a method for the satisfactory quantita
tive separation of ):lickel from iron was not found. The possibility

A N A L Y TIC A L CH EM 1ST R Y

of using tartrate and citrate was ,exhaustively investigated."
Peltier et al. stated that interference from iron could be prevented
by tartrate and that cobalt could be separated in ammoniacal
ammonium chloride.

Fisher and Simonsen (35) used the electron microscope to study
variations in crystal form with conditions of precipitation. Pre
cipitates of dimethylglyoxime with nickel and with bismuth were
used, and the authors concluded that the appea,(ance of the
crystal should be used with caution for qualitative identification.

NONFERROUS METAL ELEMENTS

Copper and Zinc. Bertiaux (9) selected the best known meth
ods for the analysis of copper and copper alloys:

Yatagawa (14-7) determined zinc in brass by treating the sul
furic acid solution with aluminum. From the filtrate zinc sulfide
was precipitated and determined finally by precipitation with
hydroxyquinoline. .

Gallium and Thallium. Charlot (25) separated gallium from
aluminum by chloroform extraction at pH 2,0 of the gallium
compound of 8-hydroxyquinoline. Lacroix (78) reported on some'
of the properties of the oxinates of aluminum, gallium, and indium.
One part of gallium could be separated from 10' parts of aluminum
by chloroform extraction of the oxinate at pH 2.0. .

Raghava Rao (112) precipitated univalent'thallium with hydro
gen iodate in ethanol medium. The solubility of the precipitate was
appreciable. With the aid of the Chevenard balance, Peltier
and Duval (102) determined the temperature limits for drying or
igniting compounds of thallium used for its quantitative deter
mination. Thallium(III) oxides prepared chemically or elec
trolytically showed evidence of transitory formation of 3Tl.Os.
TI.O. Smith (125) used tetraphenylarsonium cWoride to deter
mine trivalent thallium. The white precipitate of (C.H.).AsTICl,
was dried at 110 0

• Interfering ions were: MnO.-, 10.-, CIO.-,
ReO.-, CNS-, NOs-, 1-, Br-, and complex halides. The
method was considered better than methods based on determina
tion as thallous chromate.

Mercury and Lead. Bottger (12) recorded that a precipitate
of mercury sulfide made in the presence of hydrochloric acid con
tainedsome HgsS.CI.. A method of correction 'was given.

Burriel and Barcia Goyanes (18) studied the variations in com
position of the vanadates of silver and of lead as a function of acid
ity. The corripositionswere: at pH 7, 3PbO.V.0.and3Ag.0.V.0.;
at pH 9, 5PbO.2V.0. and 2Ag.0.V.0.; at pH 10, 2PbO.V.0. and
Ag.O.V.O.. Mayr (88) determined lead as the salt of gallic acid
in a solution buffered with sodium acetate. The precipitate was
weighed directly and was appreciably soluble in boiling water.
In the presence of bismuth, lead was determined after removing
bismuth from a nitric acid medium as C.JI.(OH).CoOBi(OHl..
Murgulescu amI Dobrescu (93) precipitated lead as basic sali
cylate. The dried organic complex was converted to lead sulfate
and the results were found to be excellent. Young, Golledge, and
Talbot (14-9) devised a method for the determinatio):l of lead
oxide in ores, etc., which avoided errors due to lead phosphate and
lead vanadate counting as sulfides in the separation of the latter
from oxidized forms of lead. Lead sulfate, carbonate, and oxide
were selectively removed with ammonium acetate. The residue
was treated with perchloric acid which isolated lead sulfide.
Krossin (77) recorded' a procedure for the determination of lead
sulfate, lead sulfide, and lead oxide in the presence of one another.
Total lead was determined after fuming with mixed acids. To de
termine lead monoxide and lead sulfate, the sample was treated
with ammonium acetate. Lead monoxide in roast material was
extracted with ricinoleic acid and ethanol.

Gaspar y Arnal, Poggio Mesorana, and Rodriguez Calleja (4-2)
determined lead by precipitation as lead sulfite in 50% ethanol
and subsequently by converting to sulfate. Brut (17) stated that
ethanol was necessary for the separation of lead as sulfate. How
ever, the presence of sulfuric acid in the alcohol solution increased
the solubility appreciably. Hubicki and Rys' (60) discarded tar-
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taric acid in the determination of lead as phosphate. Diam
monium hydrogen phosphate in an ammoniacal medium was
recommended. The precipitate was dried at 130 0 C.

Tin and Germanium. Jean (65) precipitated tin with tungsto
silicic acid in the presence of hexamethylenetetramine in the pH
range 1 to 3. The precipitation was followed by a nephelometric
determination by cupferron. The method was applicable to
steels and was faster and more accurate than older methods.

Holness (59) precipitated germanium by tannin in oxalate
solution at 0.07 N acidity. Clean separations were effected in one
precipitation from vanadium, iron, zirconium, thorium, and
aluminum. Tin and tantalum precipitations took place at a
higher acidity and titanium at a lower acidity. The method was
superior to precipitation in acid sulfate solution in that titanium
could be separated and the precipitate was more tractable.

Arsenic and Bismuth. Kolthoff and Carr (73) recorded a pro
cedure for the quantitative collection of traces of arsenic by co
precipitation with ammonium magnesium phosphate.

Gaspar y Arnal, Poggio Mesorana, and Rodriguez Calleja (41)
separated bismuth and copper by a double precipitation of bis
muth with nitric acid and sodium sulfite in 67.2% ethanol. The
precipitate could be converted to bismuth sulfate by heating to
340 0 to 380 0 C., or by stronger heating, bismuth oxide could be
formed. Jean (65) precipitated bismuth as a complex with
thiourea and tungstophosphoric or tungstosilicic acids. The
complex was dissolved and bismuth determined colorimetrically.
The method was applied to certain metallurgical products.
Bertiaux and Thery (10) stated that in the determination of
bismuth in industrial lead the preliminary removal of lead as sul
fate resulted in loss of bismuth. They recommended the separa
tion of bismuth by potassium bromate in a slightly alkaline
medium. A little antimony or tin or small proportions of arsenic,
copper, iron, cadmium, and zinc did not interfere.

RARE EARTHS AND RELATED ELEMENTS

Scandium. Beck (7) reported that phytin could be used to
precipitate scandium, producing a salt whose insolubility was
comparable to that of barium sulfate. Titanium, zirconium,
hafnium, and, thorium interfered. Ostroumov (99) recommended
a buffered solution of pyridine for precipitation of scandium.
Separation from rare earth elements was effected by double pre
cipitation at pH 4.9. Triple precipitations were required to
separate scandium from gadolinium, holmium, and ytterbium.

NOBLE METAL ELEMENTS

Silver. Peltier and Duval (103) discussed a completely auto
matic method of analy~is of some alloys of silver and copper.
The alloy was dissolved in nitric acid and evaporated to nitrates
of copper and silver, which were then heated on the thermo
balance. From the magnitude of the weight losses in various
temperature ranges the composition of the alloy could be deter
mined. The error was of the order of 0.3%.

Platinum Group. Voter, Banks, and Diehl (141) used 1,2
cyclohexanedione dioxime (nioxime) for the precipitation of pal
ladium. Vanossi (138) recorded minor improvements in a pre
viously published method for the separation and identification of
osmium, ruthenium, and germanium. Pshenitsyn (111) dis
cussed the use of sparingly soluble sulfides in the separation and
estimation of platinum and palladium. From a mixture of the sul
fides of copper, palladium, rhodium, and platinum, ferric chloride
dissolved the copper(I) sulfide completely and platinum sulfides
only slightly. Ubaldini (136) used 2-mercaptobenzothiazole for
the precipitat.ion of platinum, palladium, and rhodium. The
platinum complex was precipitated in acid medium. In alkaline
solution, sodium hexachloroplatinate, in contrast with hydrogen
hexachloroplatinate, did not produce a precipitate. In alkaline
solution, rhodium produced insoluble Rh(C.H,NSCS). while the
palladium complex was precipitated in either alkaline or acetic
acid media. Based on these data, Ubaldini and Nebbia (137) de-
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veloped a method for the separation of platinum from rhodium
and palladium in potassium hydroxide solution. In the presence
of potassium salts, mercaptobenzothiazole precipitated rhodium
and palladium. With sodium salts the precipitate was colloidal
and occluded part of the platinum.

Thiers, Graydon, and Beamish (129) investigated by radio
active means the distribution and losses of ruthenium during fire
assays. Losses to the slag and cupel were found, but there was no
loss by volatilization. A new lead parting method was developed.
The "insoluble" could be dissolved readily by treating the filtered
residue and paper with chlorine in sodium hydroxide medium.
Ruthenium was determined by "thionalide."

NONMETAL ELEMENTS

Hydrogen, Carbon, and Silicon. Sauerwald (116) determined
hydrogen in magnesium metal by chlorination to form hydrogen
chloride gas, which subsequently was oxidized with oxygen gas
in the presence of cupric oxide. The water vapor was absorbed
by magnesium chloride and phosphorus pentoxide.

Naughton and Uhlig (95) investigated the cause of the dis
crepancy in results for carbon in steel obtained by the standard
combustion method and by the low-pressure combustion method.
They concluded that the latter method met present requirements
for the analysis of compounds containing little carbon. Kovtun
(76) determined carbon in iron alloys at lowered temperatures by
addition of the flux PbO(CuO)Pb. With low carbon-iron alloys
the iron was largely removed by selective dissolution with
K.CuCl,. The author also recommended the multiple combus
tion method for determining carbon in furnace dust and slags.

Shinkai (118) determined silica by precipitation with aluminum
hydroxide at a mole ratio of 1 to 15. Silica was determined by
difference after removal by hydrofluoric and sulfuric acids.
Cavallaro and Tani (24) found that the silicomolybdates of tri
methylamine and triethylamine were more easily filtered and
washed than was the silicomolybdate of pyridine. The use of the
former would facilitate determination of silicon in steels. The
compositions of silicomolybdates and silicotungstates were dis
cussed. Stross (127) recorded an improved gravimetric deter
mination of silicon in aluminum alloys that was developed in
Germany during the war. The sample was heated in sodium
hydroxide solution in a nickel beaker, followed by treatment with
hydrochloric or sulfuric acid. Copper, etc., were dissolved with
hydrogen peroxide, and gelatin was added after initial flocculation
of silicic acid. Phillips and Herman (106) determined small
amounts of silicon in magnesium alloys by treatment with
brominated nitric acid followed by addition of a sulfuric acid
solution of hydrogen peroxide. Gelatin and pulped accelerators
were used to aid filtration.

Brabson, Mattraw, Maxwell, Darrow, and Needham (15) de
veloped a gravimetric procedure for the determination of silica in
compounds such as fluosilicate, cryolite, and fluorspar. The
silica was weighed as the oxine salt of silicomolybdic acid.
Fluorine was "complexed" with boric "acid. The method was
suitable for the analysis of complex fluorides in which silica was a
major constituent. Phosphates required a correction. Tetra
valent germanium, pentavalent vanadium, and arsenic inter
fered. The determination of silicon and manganese in iron and
steel was discussed in a report of the Methods of Analysis Com
mittee, Metallurgy Division; British Iron and Steel Research
Association (90).

Gurvits and Podgaits (52) recorded a procedure for the deter
mination of quartz in the presence of silicates, which involved an
extraction with hydrochloric "acid, ignition of residue, treatment
with hexafluosilicic acid, and weighing, followed by addition of
sulfuric and hydrofluoric acids and a second weighing. The dif
ference in weights was assumed to be the weight of quartz.

Phosphorus. Kesans (68) precipitated phosphoric acid as
bismuth phosphate. Separation from various divalent cations
was effected satisfactorily. Holder (58) determined phosphoric
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acid in the presence of vanadic acid by reduction to tetravalent
vanadium by sulfur dioxide followed by precipitation of phosphate
with magnesia mixture in a tartaric acid-ammonium chloride
medium. DuBox (27) recorded a procedure for the rapid deter
mination of phosphate in steel by acid-molybdate solution. An
explanation was given for the increased rate of precipitation.
Cale (22) discussed the determination of sodium pyrophosphate
and triphosphate in commercial tripolyphosphate.

Oxygen and Sulfur. Pigott (107) discussed Gray and Sander's
method of determining total oxygen in ferrous metals. The
sample was heated at 1150 0 in contact with aluminum metal in a
graphite boat, followed by determination of aluminum oxide. A
single determination required several days, but the apparatus was
less costly and complicated than vacuum fusion apparatus.

Kitahara (70) determined sulfur in "pure iron" by treating the
chloride solution of the sample with ethyl ether saturated with
hydrogen chloride to remove iron (III) chloride, reducing the re
maining iron with zinc, and finally precipitating as barium sulfate.
Isakov and Shipunova (62) used picric acid prior to precipitation
of barium sulfate.

Mahr and Krauss (84) published a new method for determin
ing sulfate. Co(NH,).BrSO. was precipitated from neutral or
slightly acid solutions, dried at 80 0 C., and weighed. As alterna
tives, the precipitate could be dissolved in water and the bromine
content determined volumetrically, or the color of the aqueous
solution could be used to measure the cobalt content.

Flint (36) dealt with the determination of small concentrations
of sulfur trioxide in the presence of larger concentrations
of sulfur dioxide. The two gases were absorbed by a mixture of
water and isopropyl alcohol. The sulfur trioxide was determined
as barium sulfate and the sulfur dioxide was distilled with a stream
of nitrogen and absorbed in hydrogen peroxide.

Tkachenko and Khripach (130) described in detail a painstak
ing procedure for the determination of "free silicon dioxide" in
ores and associated rocks.

Gaspar y Arnal and Poggio Mesorana (40) discussed the gravi
metric determination of sulfites by precipitation of barium salts in
ethanol-water medium, followed by conversion to barium sulfate.
Sulfur trioxide in soluble sulfites was determined gravimetrically
by precipitating by lead nitrate in ethanol-water medium followed
by conversion to lead sulfate.

Selenium and Tellurium. Tananaev and Murasheva (128)
determined selenium in steel by dissolving the residue from a
sulfuric acid treatment in nitric acid and converting to chlorides.
The seienium was precipitated wit,h sulfur dioxide. Ghosh (49)
determined selenium and tellurium in refined copper by dis
solving the sample and iron filings in nitric acid, adding ammonia
water, and from a hydrochloric acid solution of the mixed hy
droxides removing selenium and tellurium by stannous chloride.

Fluorine. Wiechert and Burandt (143), dealing with the deter
mination of fluorine, found that the precipitate of calcium fluoride
was rendered more "filterable" if made in the presence of gelatin.
Mixed precipitates of calcium sulfate and calcium fluoride were
treated with orthoboric and perchloric acids to volatilize boron
trifluoride. Tsubaki (135) published an improved method for the
analy,sis of the mineral fluorite. The sample was fused with potas
sium sodium carbonate and titanium dioxide, silica was removed,
and calcium fluoride was precipitated by a known amount of
calcium acetate. The fluorine content was obtained by deter
mining the excess of calcium. Rinek (113) published a review
dealing with the separation and determination of fluorine.

Chlorine and Bromine. Pil'nik (108) determined chlorides by
titration with mercurous nitrate followed by quantitative re
covery of mercury from the precipitate.

Sampey, King, and Blitch (115) published an approximate
method for the determination of bromine. The bromine compound
was dissolved in acetone saturated with sodium iodide. The
sodium bromide was determined with an accuracy of 97 to 99%.
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T HE subject of organic elementary analysis, with emphasis on
the determination of carbon, hydrogen, nitrogen, sulfur,

halogen, and oxygen has been reviewed briefly but critically (7).
In the same article there appears a description of the adaptation
of the carbon and hydrogen method of Tunnicliff et al. (17) and
Wagman (19) for 50- to 75-mg. samples.

The material is burned in air rather than pure oxygen; the ad
vantages claimed are greater degree of control and freedom from
the risk of explosion. Air for the combustion is passed over copper
oxide at 850 0 C., through Ascarite and Dehydrite, and thence to
the combustion train. The sample, contained in a quartz com
bustion tube, is distilled at such a rate as to require 20 to 30
minutes for burning; a heater kept at 700 0 C. between the sam
ple and the air-purifying section of the train preven ts back-dis
tillation. The tube is packed with copper oxide (850 0 C.), silver
vanadate (400 0 C.) for removing sulfur and halogen, and lead
peroxide (190 0 C.) if nitrogen oxides are present. The absorption
train consists of a Dehydrite-filled U-tube, and an Ascarite-filled
vertical absorption tube. It is claimed that no substance has
been encountered that cannot be burned, and data on hydrocar
bons, substituted aromatic acids, and some miscellaneous com
pounds show an attainable standard deviation of ±0.2% on
carbon and ±0.1 % on hydrogen.

The empty tube combustion method continues to attract
study, and results of a critical examination of the method have
been published (10). Satisfactory results were obtained using the
method as originally described, but on certain research com
pounds, particularly volatile liquids and hydrocarbons, incom
plete combustion occurred. Low carbon and slightly high hydro
gen values were traced to a fine carbon fog which passed through
the combustion tube and was retained in the water absorbent.
Lengthening the combustion tube to 30 em. from the recommended
25 em., and insertion of a plug of quartz wool to trap carbon fog,
make the method applicable to all types of c'ompounds, and as
efficient as the standard Pregl method. Among the 25 com
pounds for which data are given are picric acid, dimethylglyoxime,
p-diacetoazoxybenzene, DDT, tetrabromodiphenylamine, sul
fonal, and N-acetyl sulfanilamide.

The effectiveness of an external absorbent for nitrogen oxides is
confirmed, although the rapid deterioration of the permanganate
sulfuric acid solution used makes renewal necessary after every
two or three combustions, and points to the need for further in
vestigation of such absorbents.

The empty tube method, as investigated under other condi
tions (5), was considered to be too narrow in range of application
to meet, the requirements of general routine analysis. Accord
ingly,the met.hod has been modified, and the sample is burned in
a twelve-turn silica helix 24 em. long, 4 cm. in external diameter,
and heatedt.o 800 0 C. through which oxygen is passed at the-rate
of 40 ml.per minute. Oxides of nitrogen are removed by passage
through lead peroxide heated t.o 180 0 C., halogen and sulfur on
granulated silver at 600 0 C. Results are given for 35 compounds,
compared with those obtained in somecases by the Pregl method,
and t.here appears to be a. ;iight;;~~d~ncy to~a~d high results for
hydrogen as found by the new method. It iscrnphasized t.hat t.he-,.
method is regarded as being on tria!. Speed is an ad~antage' '
claimed for t.he method, with 30 to 40 minutes 'needed to deter
mine carbon and hydrogen.

A I!limplified method for routine semimicrodetermination of
carbon and hydrogen has been reported (12) for use on liquid
samples, in which the sample is illowly volatilized and the vapors
are bll.rned in a rapid (300 to 3.50 m!. per minute) oxygen stream
at. t.he' tip of the containing ampoule. The accuracy, of the
method is of the order of 0.06% for carbon and 0.08% for hydro
gen, comparing favorably with other methods.
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Determination of carbon and hydrogen simultaneously with the
heat of combustion of an organic compound is reported (3). The
heat of combustion is determined in a Berthelot bomb in the
usual manner, and the products are passed through an absorption
traill to collect the carbondioxide and water.

A high temperature gas burner has been described (2) for use in
the thermal decomposition method of direct oxygen analysis in or
ganic compounds. The burner may also be used in other com
bustion micromethods, and has the advantage of longer life than
electrically heated burners at the high temperatures used (900 0 to
1000 0 C.).

The adaptation of the relatively long (33 cm.) heavy duty com
bustionfurnace to the analysis of semimicroquantities (15 to 25
mg.) of organic materials has been described (18); this avoids
difficulties in attempting to use the shorter (18 to 20-cm.) micro
furnaces for burning semimicrosamples.

The lamp method as applied to the determination of sulfur has
been studied critically (11) and it has been shown that low and
erratic recoveries of sulfur, ranging from 19 to 63% on a 0.0117%
solution of elemental sulfur in a toluene-isopropyl alcohol mix
ture, are obtained, and concJuded that the lamp method is not
quantitative for elemental sulfur, and hence not quantitative for
total sulfur unless elemental sulfur is known to be absent. Com
plete recovery of sulfur from thiophenol, thiophene, or carbon
disulfide is possible when the material is dissolved in isopropyl
alcohol so as to give a nearly nonluminous flame.

Results of further studies of burner modifications have been
reported (20), also with respect to sulfur determination. In ad
dition, the determination of chlorine and bromine (in gasoline),
normally unsatisfactory in the conventional A.S.T.M. burner, is
possible in the modified burner described.

Other modified lamp designs (9) permit the burning of petro
leum fractions in the boiling point range 250 0 to 500 0 C. The
accuracy of the determination of hydrogen is ±0.02to 0.03%
absolute, and possible extensions of the method for the sirrlUl
taneous determination of carbon and sulfur are suggested.

Adaptation of the Van Slyke and Folch wet combustio~method
for carbon to the simultaneous determination of total and radio
active carbon in biological materials has been reported (13). The
carbon, obtaineq as barium carbonate following evolution of car
bon dioxide by the oxidizing mixture, is determined gravimetri
cally with a precision of 4 to 7 parts per thousand, and its radio-
activity to approximately 2%. '

MISCELLANEOUS HETERMINATIONS

The use of picric acid as a precipitanttorpiperazinelCCH2'J.
(NH)" has b~en recommended u.n. The Ileu;~r~\i;:q~;~~i:i'p!e.is
treated with a saturated solution of picricaCid;::wher~upon

piperazine picrate is precipitated. Following" dige~tion, the
precipitate isfiltered, wash~d withsaturated piperazine picrate in
water;thei1~lcohol~ndether~a.ndclrle':L·The precipitate containS
15.81% anhydrous piperazine, or 35.66% piperazine hydrate;

The method is applicable to dimethyl piperazine, alldrriay also
be used in the presence of hexamethylenetetramine, provided that·
substance is first hydrolyzed with dilute sulfuric acid ..

The determination of 'mandelic acid, C,H.CH(OH)COOH,
using periodic acid has been· reported (6). Oxidation with 0.1 N
periodic acid at 100oC.c6nverts. mandelic acid.quantitatively:to
carbon dioxide and benzaldehyde; the latter is pre~ipita:teqand
determined as the phenylhydrazone}ollowiog, steamiqi<l'til!~~ion.
from the reaction mixture. The results. are 10w,bY){.constant
amount, correspondi.ng to 5 mg. of benzaldehyde.
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0- and p-cresols ·have been determined gravimetrically by the
cresoxyacetic acid method (1).

The alkaline sample of the cresols is treated with chloroacetic
acid, precipitating sodium p-cresoxyacetate. This salt is filtered,
dissolved in hot water, and acidified with hydrochloric acid to
liberate p-cresoxyacetic acid which precipitates upon cooling.
The yield is determined by weighing, the purity by determining
the melting point.

The filtrate from the p-cresoxyacetate precipitation is acidified
and extracted with ether, from which o-cresoxyacetic acid is re
covered. From the weight and melting point of this acid the
yield of pure acid is calculated, making reference to mixed melting
point curves of the two acids. An accuracy of 1.5 to 2% for the 0- .
and p-cresols, respectively, is claimed.

Caffeine has been determined in coffee by extracting the ground
sample with very dilute «0.01 %), boiling permanganate, fol
lowed by addition of copper sulfate (16). The filtrate and wash
ings, made alkaline and saturated with sodium chloride, are ex
tracted repeatedly with chloroform; the caffeine remaining after
evaporation of the solvent is dried at 180 0 to 190 0 C.

Mixtures of trihydroxyglutaric, oxalic, and nitric acids result
ing from the oxidation of xylose by nitric acid have been analyzed
(.n. Total acid is first determined by conductometric titration
with alkali; oxalate is precipitated with calcium in slightly acid
solution, and trihydroxyglutaric acid precipitated as the neutral
calcium salt from cold solution at pH 7 to 8 (or preferably with
heating at pH 4 to 4.5, although how this gives a sharp separation
from oxalate is not clear).

A critical study of the Munson and Walker method for deter
mining lactose. either alone or in the presence of sucrose, reveals
that the tables based on the weight of cuprous oxide obtained are
in error (8). This results from the occlusion of inorganic and or
ganic impurities, even when pure sugars are determined, by the
cuprous oxide; consequently, if the reduced copper is determined
electrolytically, a lower equivalent quantity of cuprous oxide is
found than when the cuprous oxide is weighed directly. The
contamination increases with increasing sugar concentration, and
is less marked with lactose than with lactose·sucrose mixtures;
results are high by as much as 9 mg. of copper in the latter case.
New tables for lactose hydrate, and for its mixtures with sucrose,
are given.
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A gravimetric method for the determination of choline chloride
and choline citrate (15) is based on the precipitation of the cad
mium chloride complex, (CHa)aNCIC2H,OH. CdCI2, from alco
holic solution. The method is of higher accuracy and precision
than previous spectrophotometric or volumetric methods, as
shown by analyses on solutions free from possible interferences.
Where the composition of the sample is unknown, it is recom
mended that a nitrogen determination be made on the precipi
tate, as foreign nitrogen compounds appear to be precipitated.
The method is recommended primarily for use on pharmaceutical
grade material, and has not been investigated for biological
samples.
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T HE review for the year 1949 follows the pattern of the Janu
ary 1949 review (111), with omission of most work on indica

tors and electrometric methods of analysis because these are cov
ered by other authors. In general, the work during the past year
has consisted chiefly of variations and adaptations of existing
methods.

A coiIsiderable number of papers have appeared in the Russian
literature, but unfortunately all articles are in the Russian lan
guage. Much of this work is adaptation of existing methods to
specific problems.

BOOKS AND REVIEWS

Several books have appeared during the past year, among which
are "Organic Reagents for Use in Volumetric Analysis" (42),
"Aquametry" for the determination of water by Karl Fischer re
agent (89), and one on microanalytical methods (88).

Qf the reviews, those on the following subjects are of interest:
modern practice in volumetric analysis (43), newer techniques
(92), microgram procedures (6), sulfate by microvolumetric
means (136), use of 8-hydroxyquinoline (29), and a brief discus-

sion of the analytical work on the Manhattan District Project
(44)·

STUDIES OF METHODS

There have been a considerable number of papers in the nature
of studies on existing methods, among which are titrations of ce
rous ion with potassium permanganate (53); mechanism of the
bichromate-iodide reaction in acid solutions (97); iodometric de
termination of copper (60); separation and determination of
fluorine (110); methods for the determination of fluorine on a
macro scale (110), and micro scale (143); microdeterrriination of
iron (34); determination of magnesium with 8-hydroxyquinoline
(41);conductometric determination of mercurous iron (48); mi
cromethod for potassium using cobaltinitrite (13); determination
of peroxide with permanganate (65); errors in acidimetric ti
trations resulting from absorption by filter paper (112); errors in
hydrolytic titration of lead nitrate (64); influence of acid on the
oxidimetric determination of antimony (99); determination of
carbon dioxide (98); studies on complex ions of aluminum, gal
lium, and indium (72); studies on the reduction of uranium com-
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pounds (10); and a discussion of the analysis of cadmium and
cadmium plating solutions by various methods (127).

NEW AND NOVEL METHODS

Among the new and novel methods which have been employed
are: titration of free acid in the presence of iron salts by first re
ducing the iron to Fe (II) in a silver reductor (115); precipita
tion titration of azides using adsorption indicators and working
under an ultraviolet light (61); microvolumetric determination
of bismuth by precipitation as iodate or chromate, followed by an
iodometric determination of excess precipitant (122); phosphate
titration of several metals which may not be very applicable be
cause of interferences (71); conductometric microdetermination
of carbon in aluminum after oxidizing the methane liberated to
carbon dioxide, followed by adsorption in sodium hydroxide
(12); titration of cerium ions with permanganate (53); cuprous
ion by precipitating with thiocyanate which is dissolved in ferric
sulfate, the ferrous sulfate liberated being titrated with dichro
mate (17); use of liquid amalgam and a few drops of chromous
chloride to reduce iron solutions (31); determination of iodine
iodometrically after oxidizing with chlorine water and then re
acting the excess chlorine with potassium cyanide (120); titrating
ferric chloride solutions with tartrate using calcium chloride to
prevent hydrolysis (94); using chloramine-T to titrate ferrous
iron (1); phototurbidimetric determination of magnesium in
dolomite (108); formation of trivalent manganese complexes with
subsequent titration with ferrous sulfate for the determination of
manganese (146); determination of nitrate by reduction with
chromous ion (77); using ether in the titration of sodium citrate
with hydrochloric acid (138); and a volumetric method for the
determination of silicon which appears to be rapid and to give
good results (148).

APPARATUS

Several different kinds of apparatus have been described for use
in conductometric titrations (9, 67, 91): An apparatus has been
described which can be used for automatic potentiometric titra
tion (76). Several pipets and burets have been described, among
which are an automatic pipet and buret (135); pipets of high
speed and high accuracy (109); a microburet for transferring
known volumes of paste materials (3); and a high precision ultra
microburet using a micrometer gage dial (51). Among useful
aids are a rotary stirring device for microtitrations (130); an ap
paratus for the rapid calibration of volumetric flasks (15); and an
apparatus which will absorb boron when analyzing metals (7).

STANDARDS AND REAGENTS

Little has been done in the past year on new reagents. Ferrous'
propylenediamine sulfate has been recommended as being stable
enough for use as a primary standard (93). Evidence has been
submitted to show that ammonium hexanitratocerate may be used
as a primary standard of oxidimetry (128). A historical discus
sion of "the use of potassium dichromate as a volumetric reagent
has been published (21). The use of silver metal in the buret used
to dispense ferrous solutions is of interest (116). Photometric
means have been used to standardize permanganate solution but
appear to be of no special advantage (2). It has been noticed that
certain salts, notably copper and molybdenum, cause air oxida
tion of tetravalent uranium, resulting in errors when titrating
withpermanganate (10).

Of the various reagents suggested, the following are of interest:
methylene blue in the titration of molybdenum (150); a standard
solution of dichromate in the determination of nickel (55); stand
ard arsenite for the determination of chromate ion (133); methyl
alcoholic solutions in the titration of 8-hydroxyquinoline with
bromate (100); replacing of silver nitrate by mercuric nitrate in
the determination of chlorides (139); the use of sodium vanadate
in place of potassium dichromate for titrating iron (107); and the
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use of ruthenium salts as catalyst in the manganometric deter
mination of tellurous acid (73).

DETERMINATIONS BY ELEMENTS

Acids. Free acids have been determined in the presence of
iron salts after reducing the Fe(III) to Fe(II) with silver (115);
nitric acid in mixed and waste acid by electrometric titration with
ferrous ammonium sulfate (131); hydrochloric acid in distilled
water by potentiometric titration with barium hydroxide (33).

Aluminum. A rapid electrometric method employing titration
with sodium fluoride has been used for ore analysis (28). Several
papers have appeared on use of 8-hydroxyquinoline in the analy
sis of bronze (38), silica brick (80), silicates (144), and other ma
terials (100).

Antimony. The iodine monochloride end point is suitable for
titrating antimony with potassium iodate or potassium perman
ganate. Ceric sulfate is not recommended (59). The effect of
acid concentration on the oxidimetric determination of antimony
using permanganate has been studied (99). Pentavalent anti
mony can be reduced completely to trivalent antimony by use of
nickel powder (63).

Arsenic. The iodometric titration of arsenic can be made in
solutions from pH 7 to 11 (81). Methods for the separation of ter
tiary arsines in mixtures have been developed (105).

Bismuth. A phosphate titration of bismuth has been sug
gested, but there are many interferences (71). A volumetric mi
cromethod has been used in which the bismuth is precipitated as
iodate or chromate, followed by iodometric determination of the
excess chromate or iodate (122).

Boron. Variations of the usual titration employing mannitol
are: in ferroboron (113), in metals and alloys (7), and for traces
of boron (117).

Bromine. A method for the microdetermination of bromide
ions has been described in which the bromine is converted to
.bromine chloride by chlorine water, potassium cyanide is added,
and the bromine cyanide is then titrated in the usual iodometric
manner (120). In table salt bromine has been determined iodo-'
metrically (22).

Cadmium. A discussion of methods used in analyzing cadmium
cyanide plating solutions describes various methods for deter
mining cadmium (127).

Carbon Dioxide and Carbon. The usual barium hydroxide
adsorption after converting to catbon dioxide is followed by titra
tion with hydrochloric acid (98) and oxalic acid (118). The car
bon in aluminum is determined by conductometric titration of
the carbon dioxide formed on ignition (12). One method employs
potentiometric titration with barium hydroxide (33).

Carbon Monoxide. Carbon monoxide has been determined by
oxidizing to carbon dioxide, absorbing in standard barium
hydroxide, and titrating the excess with oxalic acid (75).

Calcium. Active calcium oxide in lime has been determined by
boiling with sodium carbonate, followed by titration of the excess
sodium carbonate and sodium hydroxide with acid (49). There
have been several applications of the usual calcium oxalate per~'

manganate titration to the analysis of magnesia (129), sinter cake
(142), and silicates (144), and for the determination of small
amounts of calcium (70).

Cerium. The direct determination, both potentiometric and
amperometric, has been made of cerium ions with permanganate
in the presence of pyrophosphate (53).

Chlorine. Determinations of chlorine in the presence of hypo
chlorite, chloride, and chlorate ions using arsenite have been
made (78), as well as determinations of all the above constitu
ents in mixtures (85). As an economy measure mercuric nitrate
has replaced silver nitrate in chloride titrations (129).

Chromium. The ",sual persulfate oxidation followed by titra
tion with ferrous sulfate has been applied to the semimicrode
termination of chromium in ferrous metals (50), steels (54), cast
iron (45), and ferrochromium (74). For the direct determination
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of chromate ion, standard arsenite has been used with manganous
sulfate as a catalyst and diphenylamine as an indicator (133).

Cobalt. The cobalt is precipitated as the arsonate after dissolv
ing in hydrochloric acid and is determined bromometricallYi
nickel, however, causes some error (102).

Copper. A semimicro variation has been made in the usual
iodo~etric determination (36). In place of the usual iodometric
determination, sodium bromide has been used to convert cupric
ion to bromide complex ion which can be titrated with thiosul
fate (39). Copper has been titrated with thiosulfate in the pres
ence of fluoride ion (37). A method employing dichromate, in
which the copper is precipitated as cuprous cyanide followed by
dissolving in ferric sulfate and subsequent titration of the ferrous
sulfate with dichromate, has been reported (17). Traces of copper
have been determined with dithizone titration (117), which also
has been employed for copper determinations in steel (132).

Cyanide and Cyanate. Cyanide has been determined by the
usual silver titrations (79), and cyanate has been determined by a
rather involved reaction in which a final titration with sodium
hydroxide is employed (106).

Fluorine. Although chlorofluoride methods have been used in
ores (101), studies (110, 143) show that the Willard and Winter
(147) method is superior. This method has been applied to the
determination of fluorine in beryllium compounds (26) and in zir
conium (27). A method has been suggested for the direct deter
mination of fluorine by titrating with standard eerie nitrate sohi
tion in the presence of potassium ferricyanide (104).

Hydrogen Peroxide. The determination of hydrogen peroxide
with permanganate has been compared to the gas measurement
method (65). In the determination of hydrogen peroxide by .
iodometry, low results are sometimes obtained (47).

Iodine. Iodine has been determined iodometrically after
oxidizing with chlorine water and binding the excess chloride with
potassium cyanide (120).

Iron. An alkalimetric method has been described in which
ferric chloride is treated with tartrate and titrated with alkali
using calcium chloride to suppress the hydrolysis of the ferric
chloride (94). Both zinc amalgam (31) and chromous chloride
have been used to reduce ferric ion (32). A standard chloramine
T solution has been used to titrate ferrous iron (1). An extension
of the work on the determination of ferrous salts in the presence
of thiocyanate (18) has resulted in methods for the simultaneous
determination of ferrous and ferric ions (19) and the determina
tion of iron in minerals and alloys (20). The usual dichromate ti
tration has again been the subject of several papers (5, 23, 141).
The iodometric titration has been reinvestigated (57) and has been
used in a microchemical method for the determination of iron (34)
as well as for the analysis of silicates (144). The permanganate
method has been used for the rapid determination of titanium and
iron by using m~thylene blue for the titanium end point and 0

phenanthroline for the iron end point (125). In the titration of
solutions containing hydrofluoric acid with permanganate better
results are obtained if phosphorus acid is added (96).

Lead. Small quantities of lead are precipitated as chromate and
then determined iodometrically after dissolving the chromate
(69). By precipitating with aromatic arsonates, followed by a
volumetric titration, lead can be determined in the presence of
calcium, barium, or strontium salts (103). In the iodometric ti
tration with sodium phosphate results were shown to vary with
the pH (64r

Magnesium. A rapid alkalimetric method has been used in car
bonate ores in which the sample is dissolved in 0.5 N hydrochloric
acid which is then divided and one portion is titrated with
sodium hydroxide while the other portion is used for the
calcium hydroxide content (114). The use of oxine has been
studied (41) and used in the analysis of silicates (144). In a rapid
method developed for aluminum alloys, magnesium is precipi
tated with phosphate ions followed by dissolving in acid and
titrating with sodium hydroxide (52). A phototurbidimetric
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titration has been used for the analysis of dolomites by precipi
tating magnesium as ammonium phosphate (108).

Manganese. A variation of the arsenite titration after oxidiz
ing with persulfate has been employed in the analysis of cast iron
(11,84), sinter cakes (54), iron ores (140), and other ores (8). The
pyrophosphate complexes have been titrated electrometrically
with ferrous sulfate (146).

Mercury. A study of the complexes formed during the cyanide
titration has resulted in a procedure for mercurous ions using
conductometric methods (48).

Molybdenum. In the determination of molybdenum in steel,
when the amount is greater than 5%, the molybdenum is ex
tracted as a thiocyanate, followed by reduction with zinc amalgam
and titration with potassium permanganate (149). In the analy
sis of ferromolybdenum steel the molybdenum is reduced with
zinc amalgam and then titrated with methylene blue; the results
are said to be more reproducible than in the usual volumetric

. method (150).
Nickel. The determination of nickel by titrating with

dimethylglyoxime is said to be suitable for steels containing up to
3% copper (55).

Nitrogen. For the determination of azides the sample is oxi
dized with permanganate followed by an iodometric titration
(86). Azides may also be titrated with silver nitrate using adsorp
tion indicators (61). A method for the determination of nitrate
by reduction with chromous ion followed by titrating excess
chromous ion with ceric sulfate is useful in the 20- to 50-microgram
range (77).

Phosphorus. The only thing that has appeared is a variation"of
the alkalimetry titration for phosphorus in cast iron (11, 126),
phosphate rock (68), and basic slag (24).

Potassium. A semimicrodetermination of potassium based
on precipitation as potassium sodium cobaltinitrite, followed by
oxidation with dichromate and subsequent titration of excess di
chromate with ferrous sulfate, has been recommended (13).

Rhenium. A very interesting discussion on the conditions for
the reduction of rhenium to various states should be of assistance
in the determination of this element (137).

Selenium. A variation of a method employing extraction in
chloroform followed by titration with thiosulfate (40)
has been used in lead alloys (14). A method which has been
stated to be simpler than the American Society for Testing Ma
terials' method consists of precipitating the selenium with hydro
gen sulfide, dissolving in nitric acid, and following with an iodo
metric titration in the presence of urea (134).

Silicon. A new and interesting volumetric method for silica
which may be of considerable assistance employs precipitation of
silicon as quinoline silicomolybdate followed by dissolving in
standard sodium hydroxide and then titrating with hydrochloric
acid. The method is rapid and the results appear satisfactory
(148). Another alkalimetric titration follows the precipitation
of silica as potassium silicofluoride (16).

Sulfur. A simple procedure for the determination of hydro
sulfite consists of titrating with ferric chloride, using a mixture of
thiocyanate and ferrocyanide as an indicator (56). In the titra
tion of persulfate, ferrous sulfate has been suggested as a catalyst
instead of molybdenum (35). For the sulfate determination there
has been a review of microvolumetric methods (136) and an iodo
metric method for its determination in the presence of calcium
(95). In a variation of the usual procedure for the determination
of sulfur in sulfidic ores the roasting gases are collected in perox
ide and titrated with sodium hydroxide (119). For the titration
of thiocyanate it has been pointed out that when an iodate solu
tion is used, the results obtained are quantitative, whereas they
are not if permanganate or ceric sulfate is employE!d (58). This is
in contradiction of a paper (123) which determines thiocyanate by
permanganate oxidation in the presence of halogens.

Tellurium. Ruthenium has been suggested as a catalyst in the
manganometric determination of tellurium (73).
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Thallium. An interesting procedure, which needs some ad
ditional investigative work, consists of precipitating thallium
iodide using bromophenol blue as an adsorption indicator (83).

Tin. In the analysis of tungsten high-speed steels (124), the
tin is precipitated as sulfide, reduced with aluminum, and titrated
with potassium iodate (4). This titration has also been used for
the analysis of copper-based alloys (87).

Thorium. By modifying the iodate method of Chernikhov and
Uspenskaya(26) workable procedures have been developed (90,
145).

Titanium. For the rapid determination of titanium, titration
with permanganate using methylene blue has been suggested
(125). Variations in the usual silicate analysis methods have ap
peared wherein the titanium is titrated with sodium dichromate
(144). For titanium in ferrous alloys and steels the use of zinc
amalgam as a reductor has been suggested (151).

Vanadium. A variation in the standard method for the de
termination of vanadium (62) consists in using the dead-stop ti
tration method for milligram quantities (46). The ferrous sulfate
reduction for use in ferrous metals (50), steel (54), vanadium
(66), and chrome steels (30) has again been published.

Water. In the determination of water the book "Aquametry"
gives a literature survey as well as theory and practice (89). A
variation of the Karl Fischer method which is stoichiometric may
be of interest (121).

Zinc. The only addition to the literature on zinc has been a
study on the iodometric determination by an empirical method
(82).

ACKNOWLEDGMENT

The author wishes to express his thanks to F. D. Haisten for as
sistance with the bibliography.

LITERATURE CITED

(1) Afanas'ev, B. N., and Ural'skaya, A. V., Zavodskaya Lab.,
15, 407 (1949).

(2) Anderson, Sven, Svensk Farm Tid., 52, 339 (1948).
(3) Askew, F. A., J. Oil and Colour Chemists' Assoc., 31, 378 (1948).
(4) Bagshawe, B., and Dyke, E., Analyst, 74, 249 (1949).
(5) Baron, J., Chim. anal., 31, 29 (1949).
(6) Benedetti-Pichler, A. A., Mikrochemie ver. Mikrochim. Acta,

34, 39 (1948).
(7) Bertiaux, L., Chim. anal., 30, 252 (1948).
(8) Ibid., 31, 84 (1949).
(9) Bever, R. J., Crouthamel, C. E., and Diehl, Harvey, Iowa

State Coli. J. Sci., 23, 289 (1949).
(10) Bloche, E., Gueron, J., Hering, H., and Provisor, H., Bull.

soc. chim. France, 1948, 1150.
(11) Bogdanchenko, A. G., Zavodskaya Lab., 14, 350 (1948).
(12) Bolliger, H. R., and Treadwell, W. D., Helv. Chim. Acta, 31,

1247 (1948).
(13) Bourdon, Daniel, Chim. anal., 31, 154 (1949).
(14) Box, F. W., Analyst, 74,120 (1949).
(15) Budge, E. A., Australian Chem. Imt. J. and ~roc., 16, 37

(1949) .
(16) Budnikov, P. P., and Zhukovskaya, S. S., Zhur. Priklad

Khim., 21, 959 (1949).
(17) Burriel, F., and Conde, F., Anal. Chim. Acta, 2, 230 (1948).
(18) Burriel, F., and Conde, F., Anales real soc. espa!L fis. y quim.,

44B, 95 (1948).
(19) Ibid., p. 1143.
(20) Ibid., p. 1275.
(21) Caley., E., and Anders, H. K., J. Chem. Education, 26, 203

(1949).
(22) Casini, A., Boll. chim.farm., 87,207 (1948).
(23) Charova, A. M., and Rutenburg, E. B., Zavodskaya Lab.,

14, 872 (1948).
(24) Cheritat, Roland, and Vignah, Michel, Chim. anal., 31, 125

(1949).
(25) Chernikhov, Yu. A., and U.penskaya, T. A., Zavodskaya Lab.,

9, 276 (1940).
(26) Chernikhov, Yu. A., and Vendel'shtein, E. I., Ibid., 13,·814

(1947) :
(27) Ibid., p. 815.
(28) Chirkov; S. K, Ibid., 14,783 (1948).
(29) Cimerman, Ch., Hebrew Tech. Coli. Haifa Sci. Pubs., 3, 68

(1948).
(30) Claassen, A., and Corbey, J., Rec. trav. chim., 67, 5, (1948).

ANALYTICAL CHEMISTRY

(31) Cooke, W. D., Hazel, F., and McNabb, W. M., ANAL. CHEM.,
21, 643 (1949).

(32) Ibid., p. 1011.
(33) C;:;ta, F., and Kohn, R., Collection Czechoslov. Chem. Com-

muons. 12, 384 (1949); Analyst, 74, 68 (1949).
(34) Deibner, L., Bull. soc. chim. France, 1948, 615.
(35) de Jong, D. J., Pharm. Weekblad, 83, 596 (1948).
(36) Doadrio, A., Anales real espafl..fis. y quim., 44B, 717 (1948).
(37) Drozdov, V. V., Kozich, E. S., and Rotinyan, A. L., Zavod-

skaya Lab., 13, 1256 (1947).
(38) Edwards, W. T., Analyst, 73, 556 (1948).
(39) Ehler, Karl, Z. anal. Chem., 129,93 (1949).
(40) Evans, B. S., Analyst, 67, 88 (1942).
(41) Fischinger, Gesundh. Ing., 70,85 (1949).
(42) Flagg, J. F., "Organic Reagents Used in Gravimetric and

Volumetric Analysis," New York, Interscience Publishers,
1948.

(43) Foster, A. G., Chem. Products, 11,92 (1948).
(44) Furman, N. H., Chem. Eng. News, 26, 2490 (1948).
(45) Gaillard, P., and Gayte, F., Rev. met., 45,249 (1948).
(46) Gale, R. H., and Mosher, Eve, Atomic Energy Comm. Docu-

ment 2662, declassified Aug. 3, 1949.
(47) Gargallo, M. A., Anales asoc. quim. argentina, 36,150 (1948).
(48) Gaugin, R., Anal. Chim. Acta, 3, 489 (1949).
(49) Geitlin, Bertel, Tek. Foren. i Finland Forh., 68,143 (1948).
(50) Generozov, B. A., Zavodskaya Lab., 13, 1043 (1947).
(51) Gilmont, Roger ANAL.CHEM., 20, 1109 (1948).
(52) Glushkina, R. B., Zavodskaya Lab., 14, 624 (1948).
(53) Goffart, G., Anal. Chim. Acta, 2,140 (1948).
(54) Gottardi, M. T., Ann. chim. applicata, 38, 364 (1948).
(55) Grenberg, E. I., and Genis, M. Ya., Zavodskaya Lab., 14,

491 (1948).
(56) Hahn, F. L., Anal. Chim. Acta, 3, 62 (1949).
(57) Ibid., p. 65.
(58) Hammock, E. W., Beavon, D., and Swift, E. H., ANAL.

CHEM., 21, 970 (1949).
(59) Hammock, E. W., Brown, R. A., and Swift, E. H., Ibid.,

20, 1048 (1948).
(60) Hammock, E. W., and Swift, E. H., Ibid., 21, 975 (1949).
(61) Haul, Robert, and Uhlen, Gerda, Z. anal. Chem., 129, 21 (1949).
(62) Hillebrand, W. F., and Lundell, G. E. F., "Applied Inorganic

Analysis," p. 361, N. Y., John Wiley & Sons, 1929.
(63) Holness, H., J. Soc. Chem. Ind. (London), 67, 238 (1948).
(64) Hubicki, W., Ann. Univ. Marie Curie-Sklodowska Lublin

Polonia; Sect. AA, 2, No.3, 45 (1947).
(65) Huckaba, C. E., and Keyes, F. G., J. Am. Chem. Soc., 70,

1640 (1948).
(66) Jaboulay, B. E., Chim. anal., 31, 10 (1949).
(67) Juliard, A., and VanCakenberghe, J., Anal. Chim. Acta, 2,

542 (1948).
(68) Kassner, J. L., Crammer, H. P., and Ozier, M. A., ANAL.

CHEM., 20, 1052 (1949).
(69) Korenman, I. M., and Glazunova, Z. I., Zavodskaya Lab.,

14, 1416 (1948).
(70) Korenman, 1. M., and Gutnik, G. B., Ibid., IS, 136 (1949).
(71) Krause, Hugo, Z. anal. Chem., 129, 43 (1949).
(72) Lacroix, S., Anal. Chem., 12, Series T-4, 1 (1949).
(73) Lang, Rudolf, Z. anal. Chem., 128,484 (1948).
(74) Laimet, Robert, Rev. met., 44, 380 (1948).
(75) Lindsley, C. H., and Yoe, J. H., ANAL. CHEM., 21, 513 (1949).
(76) Lingane, J. J., Ibid., 21, 497 (1949). .
(77) Lingane, J. J., and Pecsok, R. L., Ibid., 21, 622 (1949).
(78) Loeb, C., Chabert, J., Banderet, A., and Meybeck, J., Anal.

Chim. Acta, 2, 316 (1948).
(79) Lur'e, Y. Y., 'and Nikolaeya, Z. V., Zavodskaya Lab., 14, 925

(1948) .
(80) Lyman, T. R., and Nicholson, A., Trans. Brit. Ceram. Soc.,

47, 116 (1948).
(81) McAlpine, R. K, J. Chem. Education, 26, 362 (1949).
(82) Maun, E. K, and Swift, E. H., ANAL. CHEM., 21, 799 (1949).
(83) Mehrotra, R. C., Anal. Chim. Acta, 3,73 (1949).
(84) Metallurgy Division, Methods of Analysis Committee, British

Iron and Steel Research Association, Metallurgia, 38, 346
(1948).

(85) Meulen, J. H. van der, Chem. Weekblad, 45, 91 (1949).
(86) Meulen, J. H., van der, Rec. trav. chim., 67, 600 (1948).
(87) Miller, C. C., and Currie, L. R., Analyst, 73, 377 (1948).
(88) Milton, R. F., and Waters, W. A., ed., "Methods of Quantita

tive Micro-Analysis," London, Edward Arnold & Co., 1948.
(89) Mitchell, J., Jr., and Smith, D. M., "Aquametry," New York,

Interscience Publishers, 1948.
(90) Moeller, Therald, and Fritz, N. D., ANAL. CHEM., 20, 1055

(1948) .
(91) Moneypenny, H. K, J. Sci. Instruments, 26, 120 (1949).
(92) Nicholls, J. R., Science Progress, 37, 31 (1949).
(93) Nutten, A. J., Anal. Chim. Acta, 3, 433 (1949).



VOL U M E2 2, N O. 1, JAN U A R Y 1 950

(94) Palinova, A. V., Zhur. Anal. Khim., 3, 7 (1948).
(95) Pchelintsev, D. A., ZavodskayaLab., 14, 355 (1948).
(96) Perez, F. P., and Rodriguez, J. A., Anales inst. espafl. ed<L/ol.

ecol., y jisiol. vegetal (Madrid), 6, 107 (1947).
(97) Philipp, Paul, Anais assoc. quim. Brasil, 6, 239 (1947).
(98) Pieters, H. A. J., Anal. Chim. Acta, 2, 263 (1948).
(99) Ibid., p. 270.

(100) Poethke. W., Pharm. Zentralhalie, 86, 2 (1947).
(101) Popov, M. B., Zavodskaya Lab., 13, 1164 (1947).
(102) Portnov, A. I., Zhur. Obshchei Khim., 18,601 (1948).
(103) Ibid., p. 605.
(104) Portnov, M. A., and Elkina, S. I., Zavodskaya Lab., 13, 822

(1947).
(105) Prat, Jean, Chim. anal., 31, 111 (1949).
(106) Pr6chnik, Stefan, Rev. quim. indo (R1'0 de Janeiro), 17, 195,

24 (1948).
(107) Rao, G. G., and Ramanjaneyulu, J. V. S., Current Sci. (India),

18, 72 (1949).
(108) Reznik, B. E., and Fedorova, G. P., Zh",·. Anal. Khim .. 3,

92 (1948).
(109) Ridyard, H. N., A.nalyst, 74,25 (1949).
(110) Rinck, E., Bull. soc. chim. France, 1948, 3-4,305.
(lll) Rodden, C. J., ANAL. CHEM., 21, 163 (1949).
(112) Rosenthaler, L., Pharm. Acta Helv., 22, 511 (1947).
(113) Sabinina, L. E., and Styullkel, T. Y., Zavodskaya Lab., 13,

752 (1947).
(114) Sane, S. C., and Telang, M. S., ANAL. CHEM., 21, 618 (1949).
(115) Schafer, Harold, Z. anal. Chern., 129, 27 (1949).
(116) Ibid., p. 39.
(117) Scharrer, K., Ibid., 128,435 (1948).
(118) Scheck, L., Seifen-Ole-Fette-Wachse, 74, 52 (1948).
(119) Schuh, R., and Fleischer, F., Berg- U. huttenmann. Monatsh.

montan. Hochschule Leoben, 93, 71 (1948).
(120) Schulek, E., Anal. Chim. Acta, 2, 74 (1948).
(121) Seaman, W., McComas, W. H., and Allen, G. A., ANAL.

CHEM., 21,510 (1949).
(122) Shchigol, M. B., Zavodsko:ya Lab., 14,276 (1948).

101

(123) Shchigol, M. B., and Burchinskaya, N. B., Ibid., 13, 1178
(1948) .

(124) Sherman, Milton, Foundry, 77, No.2, 87 (1949).
(125) Shippy, B. A., ANAl". CHEM., 21, 699 (1949).
(126) Shmulevich, E. Ya., Zavodskaya Lab., 14, 353 (1948).
(127) Silverman, Louis, Metal Finishing, 47, No.5, 62 (1949).
(128) Smith, G. F., and Fly, W. H., ANAl,. CHEM., 21, 1233 (1949).
(129) Smith, G. W., Ibid., 20, 1085 (1949).
(130) Stock, J. T., and Fill, M. A., Analyst, 73, 669 (1948).
(131) Stouts, C. R. N., and MacInnes, C. A., Ibid., 73, 669 (1948).
(132) Supranovich, I. B., and Konovalova, A. B., Zavodskaya Lab.,

14, 1061 (1948).
(133) Szab6, Z., and Csanyi, L.,. ANAL. CHEM., 21, 1144 (1949).
(134) Tananaeu, N. A., and Murashcva, V. I., Zhur. Anal. Khim.,

3, 3 (1948).
(135) Thomsen, Helge, and Knudsen, Martin, Bull. inst. oceanog.,

45, No. 930 (1948).
(136) Thomson, M. L., jlIetaUurgia, 39, 46 (1948).
(137) Tribalat, S., Ann. Chim., 12, Ser. 4, 20 (1949).
(138) Umanskil, A. M., l'vied. Prom. S.S.S.R., 2, 25 (1949).
(139) Urusovskaya, L. G., and Zhilina, P. I., Zavodskaya Lab.,

15, 607 (1949).
(140) Usatenko, Yu. I., and Bulakhova, P. A., Ibid., 14, 751 (1948).
(141) Ibid., p. 1420.
(142) Ibid., 15, 362 (1949).
(143) Vasil'ev, A. A., Ibid., 13, 797 (1947).
(144) Vecchi, G., Bull. ecole polytech,. Jassy, 3, 353 (1948).
(145) Venkataramaniah, M., and Rao, Bh. S. V. R., Current Sci.

(India), 18, 170 (1949).
(146) Walters, J. I., and Kolthoff, I. M., .1. Am. Chem. Soc., 70,

2455 (1948).
(147) Willard, H. H., and Winter, O. B., IND. ENG. CHEM., ANAl,.

ED., 5, 7 (1933).
(148) Wilson, H. N., and Redman, H. N., Analyst, 74, 243 (1949).
(149) Yakovlev, P. Ya., Zavodskaya Lab., 14, 397 (1948).
(150) Ibid., p. 1132.
(151) Yakovlev, P. Ya., and Pen'kova, E. F., Ibid., 15, 34 (1949).
RECEIVED November 18, 1949.

Volumetric Analytical Methods for Organic Compounds
WALTER T. SMITH, JR., AND RALPH L. SHRINER

State University of Iowa, Iowa City, Iowa

T.HE following discussion cUllcerus 'volumetric methods fot
quantitatively determining elements and, functional groups

of organic compounds as well as procedures for estimating thE'
percentages of compounds in mixtures. The literature covered
extends from October 1948 to October 1949 and includes items
from Chemical Abstracts for this period from certain foreign
journals of prior years.

Examination of many of the articles in foreign journals shows
that they have not been able to obtain or read the American
publications for many years. Many of the procedures reported
have been in use here for many years. Such articles have been
cited briefly but do not, represent new contributions to the field
of organic analysis.

ANALYSESFOR ELEMENTS
MORON

An adaptation of the method of Burke (11) for determining
boron in organic borates has been developed for the determina
tion of boron in borine compounds (18). The sample is weighed
in a gelatin capsule in an atmosphere of nitrogen and is burned
in a Parr oxygen bomb under a pressure of 500 pounds per square
inch. A sodium carbonate solution is used to absorb the com
bustion gases. The acidified bomb washings are boiled with
potassium permanganate to complete the oxidation, and the
resulting boric acid is determined by the standard procedure
of removing carbonate and titrating with sodium hydroxide in the
presence of mannitol. The complete procedure requires only 3
hours, of which one hour is actual working time.

A micromethod (1) for determining boron' in organic COIll

pounds uses a digestion of the sample with a mixture of nitric,
sulfuric, and perchloric acids. After dilution, urea is added to
remove nitrous oxides and the solution is carefully neutralized to
methyl red. Mannitol is then added and t,he titration with
standard alkali is carried to the phenolphthalein end point.

A detailed procedure (83) for determining boron in plants and
soils has been described, which also uses the mannitol titration
as the determining step. Copper in plants and soils is also
determined volumetrically by titration with dithizone after
suitable destruction of the organic compounds. The same pro
cedure should be useful for analyzing organo-copper complexes.

HALOGENS

Polymers containing chlorine (73) may be decomposed by
heating the sample in a tube through which oxygen is passed.
The combustion products are passed over a platinum catalyst
and then over barium carbonate. The latter absorbs the hy
drogen chloride to give barium chloride, which is titrated with
standard silver nitrate solution.

In a modification of the method of Schwenk,Papa, and Gins
berg (85) zinc and alkali are used to remove halogen fror;n. organic
compounds (70). In order to effect complete removal of halogen,
a catalytic amount of Raney nickel alloy is added. In this way
all of the halogen can be liberated in 1 hour on a boiling water
bath. An excess of silver nitrate is added and back-titrated
with potassium thiocyanate. Among the compounds which have
been satisfactorily analyzed by this method are p-chloro-m-
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cresol. p-chloronitrobenzene, tribromophenol, bromoCll,mphor,
broin~triphenylethylene, bromosuccinimide, eosin, dibromoty·
rosine, diiodotyrosine, diiodothymol, and thc benzoate of di
bromo-2,4-androstanol-17-one-3.

In order to determine halogens in organic compounds a pro
cedure using preliminary decomposition of the sample in a bomb
with hydrazine hydrate has been devised. The halide ions are
subsequently determined by the usual volumetric Volhard
titration. Modifications of the various titrimetric methods
using selective oxidizing agents are described for determining
the halogens in the presence of each other (47).

Fluorine in organic compounds (17) is determined by decom
posing the sample with sodium peroxide in a bomb and dissolving
the melt in water. After boiling to decompose peroxides,
the fluoride ion is determined by the lead chlorofluoride method
with a Volhard finish, using a correction curve. Monofluoro
acetamide is suggested as a standard reference substance.

Iodine in organic compounds (8) may be determined by oxida
tion of the sample with potassium permanganate at pH 3.2.
The iodine is converted to iodate, which is then titrated iodo
metrically.

NITROGEN

oA bromometric method (6) for the determination of nitrogen
depends upon the oxidation of the nitrogen of organic com
pounds to free nitrogen by treatment with a known volume of
potassium bromate solution together with potassium bromide and
dilute sulfuric acid. After a little while, potassium tetrabomte
is added to convert the excess bromine to hypobromite. Then
excess potassium iodide is added and the solution is titrated with
sodium thiosulfate to determine how much potassium bromate
was necessary for complete oxidation of the nitrogen in the
compound.

Noyce (64) has described a modified Dumas nitrogen method
which reduces the time required for the usual macroprocedure to
about one half and gives excellent results in the hands of in
experienced operators. The method provides for a convenient
carbon dioxide source, the use of a back-flush technique, and
provision for cooling the combustion tube outside the furnace.

The use of dry ice in a Dewar flask fitted with a capillary, as a
source of carbon dioxide in the Dumas determination of nitrogen,
has been known and used in the United States for at least 25
years but it has just been discovered abroad (84).

Studies of the Kjeldahl method for determining nitrogen in
proteins (43) show that only the mercury-catalyzed decomposi
tions give results as high as the Dumas method.

Micro and semimicroprocedures for determining heterocyclic
nitrogen by the modified Kjeldahl method are given (65) and a
new type of connecting bulb (110) has been described for use
during the distillation of the ammonia. The bulb contains two
wire screens which form water films and prevent carrying over of
alkali and also serve as an effective antifoaming trap.

OXYGEN

The method of Unterzaucher (104) for the determination of
oxygen in organic compounds in which the sample is heated in
pure nitrogen and the volatile products are passed over hot carbon
to form carbon monoxide which is oxidized by iodine pentoxide to
carbon dioxide and iodine, has been improved (106) by replacing the
nitrogen by helium and by collecting the carbon monoxide in a
flask of known volume and determining it by the palladium
silicomolybdate colorimetric method described by Shepherd
(88). Using these modifications, compounds containing from
0.01 to 0.6% oxygen can be analyzed satisfactorily.

The Unterzaucher method (104) has also been adapted to the
determination of oxygen in petroleum compounds (22). By
using larger samples, titration errors have been minimized for
those cases where the oxygen content is low. The use of a special
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adapter assembly permits more efficient forward and backward
nitrogen sweeping and' also permits the elimination of the con
ventional side arm of the combustion tube. It has also been
found possible to substitute an inexpensive commercially avail-,
able furnace for the special furnace previously used. The pres
ence of nitrogen and sulfur in compounds to be analyzed causes
no interference. The accuracy obtained with the new apparatus
is about 1% of the oxygen content. A determination may be
run in about 70 minutes.

SULFUR

Elemental sulfur in hydrocarbons has been determined by a
modification of the method of Oldham, Baker, and Craytor
(66) for determining sulfur in rubber (61). The method is based
on the equation:

S + Na.S03~ Na2S.03

The method has been used for free sulfur in benzene, toluene,
ethylbenzene; styrene, and other aromatic hydrocarbon mixtures
and gives satisfactory results when the sulfur is present in the
range 1 to 20%. When 100-mI. samples are used, the accuracy
ranges from "=0.002% for samples containing 0.1 % free sulfur to
"=0.4% for samples containing 20% free sulfur. Efforts to 'adapt
this method to the determination of 0 to 100 p.p.m. of free sulfur
in styrene gave erratic results. Efforts to apply the bHtyl mer
captan (butanethiol) method (103) to samples containing 10
p.p.m. of free sulfur gave fairly uniform results, but they aver
aged about 172% high (5).

Elving and Ligett (26) described a method for decomposing
organic halogen compounds with sodium or potassium at 400 0 C.
in an evacuated tube. This decomposition procedure has
now been adapted to organic sulfur compounds and leads to a
method for determining sulfur quantitatively (49).

The results and possible sources of error in determining carbon,
hydrogen, nitrogen, and sulfur, and, the halogens in organic
compounds by the methods of tel' Meulen and Heslinga are
reviewed by Guzman (33).

FUNCTIONAL GROUPS

A very useful book has been published by Siggia (89) which
describes many rapid volumetric methods for quantitative estima
tion of functional groups.

ACIDS

The amount of malic acid (76) in plant leaves (such as tobacco)
can be determined by extraction with dilute sulfuric acid, neu
tralization with alkali, evaporation, and heating of the residue
to 130 0 for 3 hours. This converts the malic acid to fumaric
acid. The salts are dissolved in water, oxalic acid is precipitated
with calcium acetate, and the fumarate, is precipitated with
mercurous nitrate as the mercurous fumarate. The mei'curous
ion in the latter is oxidized to the mercuric state and titrated
with standard potassium thiocyanate as described by Stotz
(98).

In order to obtain the total equivalents of lactic acid in its
solutions which also contain lactyl-Iactic acid andlactide it is
recommended that the sample first be titrated to the neutral
point, then saponified by an excess of alkali, and the excess alkali
back-titrated with standard acid (42).

Gluconic acid may be determined by oxidation with periodic
acid (29).

C02H

(tHOH). + 5HIO. ,~ CH20 +
I
CH20H

4HCO,H + CO2 + 5HIOi + H 2O-
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The reaction requires about 2.5 hours at 36°. The titration
-is accomplished by adding bicarbonate and an excess of standard
,sodium arsenite and back-titrating with iodine.

When organic acids such as picric, maleic, or salicylic acid are
titrated in the presence of Norite, the titration curves have the
form typical of weak organic acids, indicating a buffering effect
'(99).

Phytic acid (39) may be determined by hydrolysis to inositol,
then oxidation _of the latter with an excess of periodic acid solu
tion, followed by back-titration.

p-Aminosalicylic acid, its sodium salt, and m-aminophenol
brominate quantitatively in aqueous solution with a bromide
bromate solution and this serves as a means for their estimation
0(92).

Guaiacol sulfonic acid (16) and quinosol have been determined
by treating with acidified potassium bromide-bromate solution
followed by iodometric titration of the excess bromine.

Ascorbic acid may be titrated in hot aqueous acid solution
with a standard solution of ferric chloride and ammonium thio
·cyanate as indicator (63). Citric acid may be determined by
·oxidation with standard potassium permanganate in alkaline
solution (41). The excess permanganate is titrated with stand
.ard sodium arsenite.

The decarboxylation of aromatic acids has been made the basis
·of a method for determining the carboxyl group in such com
pounds (45). The method is of value where the carboxyl group
is too weak to be titrated or where the acid contains other
groups besides the carboxyl which might make titration useless.
'The acid to be analyzed is heated in quinoline with basic cupric
·carbonate and the carbon dioxide evolved can either be measured
volumetrically or absorbed on Ascarite and weighed. In cases
where basic cupric carbonate is not an efficient catalyst--e.g.,
with 2,4-dichlorobenzoic acid-silver carbonate may be sub
stituted. The method should be valuable in certain cases, even
though the accuracy and precision are not high.

ACID CHLORIDES

A method for determining acid chlorides (71) makes use of a
combination of several determinations and permits the calcula
tion of free organic acid and free hydrochloric acid as well as the
acid chloride.

The sample, p, is dissolved in purified dioxane and titrated with
a ml. Qf 0.1 N alkali using bromothymol blue indicator. This
same solution is then acidified with dilute nitric acid and a known
excess of 0.1 N silver nitrate solution is added. A few drops of
permanganate solution are added, the solution is diluted, and the
excess silver nitrate is titrated with standard potassium thiocy
anate solution. The milliliters of silver nitrate consumed are desig
nated as c. A second sample, p', is dissolved in dioxane and
treated with aniline. After the reaction mixture is diluted with
water it is titrated with b m!. of 0.1 N sodium hydroxide solution
to a bromothymol blue end point. From the above data the fol
lowing calculations are made. kI = molecular weight of the acid
chloride and m = molecular weight of the organic acid.

01 'd hl'd (a b ) 100 M
/0 aCl c on e = P- il X 10.00

01 "d ( b c) 100 m
/0 orgamc aCl = il - P X 10.00

__ (c - a+ !!-) + 36.5 X 100% hydrochloric acid
p p' 10.00

ACTIVE HYDROGEN

Lithium aluminum hydride (116) has been compared with
methyl magnesium iodide as a reagent for detecting active hy
drogen and reactive functional groups in thirteen organic com
pounds. The hydride was found to be superior in most cases,
especially where hindered 01' enolizable groups are involved.
It seems advisable in some cases to use both reagents, as this
pI'ocedure often gives more information than either one alone.
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The number of moles of lithium aluminum hydride required for
1 mole of ketone is 0.25, of ester 0.50, of carboxylic acid 0.50
(carbonyl function only), and of nitrile 0.50.

The use of a butyl ether solution of lithiuin aluminum hydride
as the reagent for determining active hydrogen and also reducible
groups is reported by Hochstein (44). A useful design of appara
tus for carrying out the determinations in a nitrogen atmosphere
is described. Alcohols, phenols, and amines gave excellent re
sults on active hydrogen determinations. Data are also given on
various types of enolizable compounds and the amount of the
reagent consumed by reducing action on numerous Functional
groups.

ALCOHOLS

The oxidation of the lower primary alcohols to the acids with
an excess of 0.5 N potassium dichromate and varying amounts of
sulfuric acid was studied (75). The extent of oxidation varied
with the acidity, but none of the oxidations were quantitative.
Despite this, it is suggested that the constituents of binary mix
tures could be determined by using prescribed conditions and
comparing the amount of potassium dichromate used by the
mixture with that required by the individual alcohols.

ALDEHYDES

Some aromatic aldehydes may be determined by reaction with
hydrazine to give the azine followed by titration

2ArCHO + H,NNH2 ---+ ArCH=N-N=CHAr + 2H20

of the excess hydrazine (31).
Roche (78) has improved the sensitivity of the iodometric

titration of aldehyde bisulfite in the presence of an alkaline
buffer by careful titration to an end point which matches that of a
standard reference solution of rosaniline and indigo carmine.

AMINES

Several aminosulfonamides have been determined by titration
in anhydrous acetic acid (102). The titrating agent used is pre
pared from aqueous perchloric acid and sufficient acetic anhy
dride to react with the water present.

Basic nitrogen compounds in refined hydrocarbons (111)
and in hydrocarbon oils and coal hydrogenation oils (112) have
also been determined by titration with perchloric acid in glacial
acetic acid with methyl violet as the indicator.

p-Phenylenediamine (117) may be determined by titrating a
solution of the hydrochloride in acetic acid with a standard
sodium nitrite solution using starch paper indicator.

In order to analyze crude and purified carbazole (20) an acetic
acid-chlorobenzene solution of the sample is treated with a
known excess of sodium nitrite. The carbazole forms a nitroso
derivative and the excess nitrite is determined by decomposition
to nitric oxide which is swept out by a stream of carbon dioxide
and measured volumetrically in an azotometer. It is necessary
to apply a correction for the reaction of some of the nitric oxide
with the alkali of the azotometer and to assume that 3 moles of
the excess nitrite give 2 moles of nitric oxide.

AMINO ACIDS

An extensive study of the action of sodium chlorite on amino
acids has been reported (107). It appears that sodium hypo
chlorite is the active agent. The nitrogen in amino acids may be
determined rapidly and accurately as ammonia by treatment
with alkaline sodium hypochlorite. The evolved ammonia is
absorbed in standard hydrochloric acid and back-titrated with
alkali with methyl red-methylene blue indicator.

ESTER GROUPS

Studies on the. determination of saponification numbers of fats
and oils by the official method (3) have shown that variations in
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results may be due in part to the alcohol content of the solution
during titration (27). When the water content of the final solu
tion is above 65%, slightly higher saponification values are
obtained. This is due to the increased hydrolysis of the soap
under these conditions. Exposure of samples to the air, thus
affording opportunity for absorption of carbon dioxide, appears
to be of very slight importance as a factor contributing to variable
results.

Acetate and butyrate groups in acetobutyrates of cellulose
have been determined in the following way (95).

The sample is hydrolyzed by digestion with 18 N sulfuric acid
for 12 hours. Dibasic sodium phosphate and water are added to
the digested sample in a Wurtz flask and the solution is distilled;
the volume is kept constant by adding water through a separatory
funnel until 250 m\. of distillate are collected. A 5O-m\. aliquot of
the distillate is titrated with standard sodium hydroxide solution.
The remaining 200-m\. solution is distilled and two fractions of ex
actly 50 m\. each are collected and titrated. From the titration
data the percentages of acetate and butyrate groups can be calcu
lated.

SULFIDES AND DISULFIDES

A method for the determination of alkyl sulfides and disul
fides (90) is based on the following reactions:

H 20
R 2S + Br, R 2SBr, R 2SO + 2HBr

RSSR + 5Br2 + 4H,O 2RS02Br + 8HBr

The bromine required is generated by the addition of a stand
ard bromate-bromide solution to an acid solution of the un
known. The end point is taken as the appearance of the first
bromine coloration. The usual method of adding excess bro
mate-bromide and determining the excess reagent iodometrically
cannot be used for disulfides because of substitution reactions
which consume bromine and cause high results. The sub
stitution reactions do not interfere as long as there is no .excess
bromine present. Mixtures of alkyl sulfides and disulfides can
be determined by a combination of the bromine oxidation for both
sulfide and disulfide and the method of Kolthoff (55) for disulfide
alone. Best results using this combination are obtained on
samples low in disulfide and high in sulfide. Thiols interfere un
less they are determined separately and the results corrected.

SULFONAMIDES

A method for determining sulfanilamide (50) utilizes a standard
solution of potassium permanganate to liberate a known amount
of bromine from acidified potassium bromide solution. Addition
of the sample of sulfanilamide results in consumption of some of
the bromine due to nuclear bromination and the excess bromine
is determined by addition of potassium iodide and titration
with standard sodium thiosulfate solution.

It is claimed (52) that sulfonamides may be determined by
adding a solution of potassium nitrate in sulfuric acid to a solu
tion of the sulfonamide in concentrated sulfuric acid followed by
measurement of the volume of nitrous oxide evolved.

p-Toluenesulfonamide in nickel baths has been determined
(93) by the following procedure:

Chlorine gas is bubbled through a portion of the solution to be
analyzed. The white suspension or precipitate which forms (if
the sulfonamide is present) is extracted with chloroform and evapo
rated to a small volume on a water bath and then dried com
pletely in a vacuum desiccator at room temperature. The precipi
tate is dissolved in 30% potnssium iodide and acetic acid, and ti
trated with standard thiosulfate. The method is applicable to
other sulfonarnides.

UNSATURATION

Styrene and some of its derivatives react quantitatively with
mercuric acetate in methanol. The elements of methoxy mer
curic acetate are added to the carbon-carbon double bond and
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one mole of acetic acid is liberated for each equivalent of double
bond. This reaction has been made the basis of a rapid deter
mination of such compounds (60). The ethylene compound ta
be analyzed is treated with an excess of mercuric acetate in
methanol. After the reaction has been allowed to proceed for
10 to 15 minutes, sodium chloride is added, thus forming mercuric
chloride. The acetic acid formed in the reaction can then be
titrated with standard sodium hydroxide solution. Satisfactory
results are obtainea with styrene, divinyl and ethylvinyl benzene,
allyl alcohol, crotyl alcohol, certain allyl ethe~s, and esters,
certain vinyl ethers, and vinyl carbazole. Acrylonitrile, vinyl
pyridine, vinyl acetate, vinyl benzoate, and acrylate, meth
acrylate, itaconate, and maleate esters give poor results.

The method of analysis for aldehydes and some ketones
using sodium sulfite solution followed by titration of the base
liberated, is well known. It has now been pointed out (115.)
that ~aleic acid and its esters react with hot sodium bisulfite
and this reaction can be used as a basis for their determination.
Fumaric acid is stated not to react, but it can be isomerized to
maleic acid and then determined. The procedure is adaptable
to determining components of mixtures containing formaldehyde,
crotonaldehyde, fumaric, and maleic acids and a nonreactive
acid such as benzoic acid.

Small amounts of ethylene in nitrogen, oxygen, hydrogen,
methane, and carbon monoxide have been satisfactorily deter
mined by the following procedure (97).

The gas to be analyzed is passed into an evacuated flask con
taining standard bromide-bromate solution, which is then acidi
fied and agitated for 5 minutes. The bromine color is destroyed
by the addition of sodium hydroxide solution. Potassium iodide
and sulfuric acid are added and the liberated iodine is titrated
with sodium thiosulfate solution. This method has been used
with gases containing from 0.073 to 3.07% ethylene.

The bromine numbers of unsaturated acids, aldehydes, and
ketones which have the unsaturation in the alpha-position
(conjugated) may be determined by treating the sample with a
standard solution of bromine in dry methanol saturated with
potassium bromide (72). After standing in the dark for the
necessary time, the excess bromine is determined by titration
with a standard solution of anethole in methano\. The method
was applied to rate studies on the formation of cinnamic aldehyde
from benzaldehyde and acetaldehyde and on the isomerization
of pseudoionone to a-ionone.

A solution of potassium bromate and bromide in the minimum
amount of water and then diluted with pyridine and glacial
acetic acid is recommended for the titration of double bonds
(1.'+).

MISCELLANEOUS METHODS
CHLORO COMPOUNDS

A procedure and an equation for the calculation of the p,p'
DDT content of commercial mixtures of the o,p- and p,p'
isomers have been worked out (105), which depend on differences
in the rates of dehydrohalogenation by alcoholic potassium
hydroxide.

Commercial products containing hexachlorocyclohexane (77)
are analyzed for the latter by hydrolysis with alcoholic potassium
hydroxide followed by a Volhard titration of the chloride ion.

The chlorine in 9-chloroacridines (80) is. hydrolyzed by re
fluxing with 20% sulfuric acid and the resulting chloride ion is
determined by the Volhard method.

The usual method of determining chloroform by alkaline
hydrolysis to liberate chloride ion may give erroneous results
because of the volatility of the chloroform. In a method de
veloped by Pesez (67) this danger is avoided by carrying out the
alkaline hydrolysis in the presence of acetone. In this way all
of the chlorine can be liberated in less than one hour at room
temperature. It is postulated that the hydrolysis goes according
to the following equations.
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OH' 0
I /

CH3C-CCla + 4KOH-+CH3C + 3KCl + HCOzK + 2H20

CH3
'"CH3

Bromoform is hydrolyzed even more rapidly than chloroform,
but dichloroethane, trichloroethylene, and tetrachloroethane are
not appreciably hydrolyzed. The removal of one mole of hydro
gen chloride from DDT is also speeded up by using acetone with
potassium hydroxide (68). The reaction is complete at room
temperature in about 10 minutes.

o
/

CH3C

'"CH3

OH
I+ CHCla __ CH3-C-CCla
CH3

aldoses and two ketoses and the results are correlated with the
differences in configuration and structure of the sugars.

WATER

A modification (86) of the Karl Fischer reagent has been
worked out so that it is no longer necessary to restandardize the
reagent so frequently. Two solutions are used instead of the
customary one. The sample is dissolved or suspended in one
solution which consists of pyridine, sulfur dioxide, and methanol
and then titrated with a solution of iodine in methanol. The
precision of this method is of the same order of magnitude as
the original method.

A method for the determination of water (69) in organic sol
vents is based on the following reaction of lead tetraacetate.

Pb(OAc)4 + 2H20 __ PbOz + 4HOAc

MIXTURES

The lead dioxide thus formed is determined iodometrically.
Good precision is obtained on samples of nonhydroxylic solvents
of 0.5 to 10 ml. containing 1 to 20 mg. of water. The success of
the method depends partly upon the preparation of pure dry
lead tetraacetate.

HETEROCYCLIC NITROGEN

.'HENOLS

The amounts of certain heterocyclic nitrogen compounds (81)
can be estimated with an accuracy of about 2% by alkylating a
sample with methyl sulfate and alkali. The quaternary salt is
then treated with concentrated alkali and potassium perman
ganate, and steam-distilled. The amine which distills over is
absorbed in an excess of standard acid and back-titrated with
alkali. Volatile compounds are alkylated by heating with
ethyl iodide in a sealed tube at 120 0 and then steam-distilled with
alkaline permanganate.

POLYVINYL ACETALS

The iodometric determination of certain phenols has been
studied by Wooten (113).

The composition of mixtures of 0- and p-cresols (2) can be
estimated by conversion to cresol4yacetic acids by reaction with
alkali and chloroacetic acid. The sodium salt of the para acid is
less soluble and separates. Filtration and acidification yield
t,he para acid whose purity can be estimated by melting point
curves. The more soluble o-cresoxyacetic acid is obtained by
acidification of the above filtrate.

The number of butyral groups in polyvinyl butyral (94) is
determined by refluxing the sample with alcoholic hydroxylamine
hydrochloride for 1 to 1.5 hours.

SUGARS

The composition of ternary mixtures of toluene, n-butyl
alcohol, and water may be determined (87) by titration of a
known volume with water until a second phase just appears.
From this titration and the refractive index of the predominating
phase the composition can be calculated from known data on the
ternary.

A rather complete set of volumetric procedures for analyzing
technical xanthates for xanthate content and also amounts of
sulfide, trithiocarbonate, sulfite, sulfate, and carbonate has been
described (54).

Procedures for the analysis of mixtures of mono-, di-, and tri
(fl-chlorovinyl)chloroarsines (74) with arsenic trichloride have
been devised using differences in the rates of hydrolysis with
alkali. The components are titrated iodometrically or with
standard bromate solutions.

Some rapid methods for the determination of thiopheno'l,
diphenyl sulfide, and phenyl thiolacetate have been developed
in connection with studies on the cleavage of benzyl phenyl
sulfide by aluminum bromide and other acidic reagents (38).
Thiophenol was determined by titration with alcoholic iodine
solution. The reaction was much more rapid when a few drops of

r CHz l pyridine were added. Other meth-/ " r l ods tried were unsuitable in the pres--lCHZ-C6",Hc/~CI H-

J
+ HzNOH·HC1 __ -lCHz-oCI HH Jy + C3H7CH=NOH + HCl ence of benzyl bromide and hydro-

gen bromide. Diphenyl sulfide was
reduced with zinc and acetic acid to

thiophenol, which was then titrated with iodine. Phenyl thiol-
C,H7 x acetate was saponified with 30% alcoholic potassium hydroxide

solution. The resulting solution was acidified and analyzed for
thiophenol. By acidifying the reaction after 20 minutes, by
which time the ester was completely hydrolyzed, it was possible
to make satisfactory determinations of phenyl thiolacetate in
the presence of large amounts of disulfide. If the hydrolysis
was allowed to continue for longer than 0.5 hour some cleavage
of the disulfide to mercaptan occurred.

In a procedure for the determination of butadiene dimer (4
vinyl-I-cyclohexene) in I,3-butadiene (34) the dimer is first sepa
rated from butadiene in special distillation apparatus (48). The
residue containing the dimer is .then brominated with a bromide
bromate solution and the excess bromine is determined iodo
metrically.

A combination of specific gravity determinations and titrations
of diacetone alcohol has been used to give a very rapid method
for the determination of mixtures of isopropyl alcohol, diacetone
alcohol, and 2-methyl-2,4-pentanediol (30). A standard solution

Water is then added to dissolve any polyvinyl alcohol which
may precipitate and the solution is titrated with standard alkali
to a methyl orange end point. Polyvinylformal (96) is deter
mined by hydrolysis with 20% sulfuric acid followed by steam
distillation. The formaldehyde is determined volumetrically
by treatment with hydroxylamine hydrochloride and titration
of the hydrochloric acid with standard alkali as above.

It has been shown that the Munson and Walker method for
determining lactose alone or in the presence of sucrose is unreliable
when the copper value of 5.0 ml. of solution exceeds 200 mg. (36).

A very thorough reinvestigation (40) of the Shaffer-Hartmann
Somogyi method for determining reducing sugars has led to a
modified procedure which gives more easily reproducible results.
Data are given on the yields of cuprous oxide from fourteen
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of hydroxylamine hydrochloride is neutralized with sodium hy
droxide solution to a greenish blue bromophenol blue end point.
The sample, containing diacetone alcohol, is then added, and the
solution is thoroughly mixed and allowed to stand for several min
utes. The solution is then titrated with standard alkali, and the
color change is compared to that of a blank.

UNCLASSIFIED

In a procedure for the determination of dinitrotoluene in smoke
less powder (12) the dinitrotoluene is extracted with ether and re
duced with standard titanous chloride solution. When the reduc
tion is carried out in the presence of an alkaline buffer such as so
dium acetate or sodium citrate, it is almost instantaneous at room
temperature and results in a saving of about one third in time and
manipulations.

Nitroguanidine (56) is reduced by standard titanous chloride
solution in 15 minutes in acid solution. Cyclotrimethylenetrini
tramine (RDX) is reduced only to the extent of about 60% by ti
tanous chloride, even on prolonged heating. Ferrous chloride
gives only a negligible amount of reduction, but when titanous
chloride plus a little ferrous chloride is used the reduction is 98 to
99% complete. Four equivalents of titanous chloride are re
quired for each nitro group.

A distillation method has been worked out for the determina
tion of ethyl phthalate in smokeless powders (13).

A sample of the powder is digested with 30% potassium hydrox
ide, whereby the nitrocellulose and nitroglycerin are decomposed,
and the diethyl phthalate is saponified to yield potassium phthal
ate and ethyl alcohol. Hydrogen peroxide is added to oxidize
aldehydes present; the ethyl alcohol is then removed by distilla
tion and determined by oxidation with potassium dichromate. It
is necessary to attach a bent thistle tube water trap to the top of
the condenser during refluxing to prevent loss of alcohol. With
samples containing ethyl centralite it is necessary to add sodium
sulfate and filter the steam distillate to remove some ethyl cen
tralite which steam-distills over. A rather large blank is obtained
primarily because of oxidizable impurities in the inorganic ma
terials. The method is claimed to be more rapid and more accu
rate than the method of Thames (101).

The analysis of methallyl chloride has been investigated along
several lines (25). Ne~ther hydrolysis with alcoholic potassium
hydroxide nor oxidation with dichromate and sulfuric acid gives
quantitative recovery of chlorine. Applications of the method of
Rosenmund and Kuhnhenn (79) and of Kaufmann (51) for de
termining unsaturation have been found to give satisfactory meth
ods for the determination of methallyl chloride. The methods of
Hubl (4-6), Wijs (108, 109), and Hanus (37) were unsatisfactory.

A convenient procedure consists of breaking a sealed ampoule
containing a known amount of the methallyl chloride to be ana
lyzed in a glass-stoppered flask containing an excess of standard
Rosenmund and Kuhnhenn solution (pyridine sulfate dibromide).
After a few minutes the contents of the flask are titrated iodomet·
ricaIIy with a standard solution of thiosulf~te.

Inasmuch as methallyl chloride is used as a fumigant, the above
procedure was modified so that the substance can be determined
as' a vapor. In this modification a mixture of air and vapor is
bubbled through the reagent. The reagent is volatile and so bro
mine might be lost during the bubbling. To avoid this loss the
escaping bromine is collected in a bubbler containing a 2 N solution
of sodium hydroxide and hydrogen peroxide. The following re
action takes place and the sodium bromide formed can be deter
mined by the Volhard method.

Br, + 2NaOH + H,O, ---+ 2NaBr + 2H,O + 0,

Procedures have been devised for determining the amount of
methallyl chloride in fumigated grain.

A method for the determination of organic isocyanates and iso
thiocyanates is based (91) on the following reactions:

o
R - N=C=O + R'NH2 ---+ RHN~ - NHR'
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R - N=C=S + R'NH, ---+ RHNC - NHR'

By treating the isocyanate or isothiocyanate to be analyzed
with a known amount of butyl amine solution and then deter
mining the excess amine by titration with 0.1 N sulfuric acid, the
isocyanate or isothiocyanate can be determined quantitatively.
Because isocyanates and isothiocyanates react with water it is
necessary to carry out the first step in dioxane. The butyl amine
is dissolved in dioxane which has been dried over potassium hy
droxide. A blank is run on the butyl amine solution each time it
is used. Acidic or basic impurities in the sample to be analyzed
interfere. Aromatic isocyanates and isothiocyanates react imme
diately with the butyl amine solution, but aliphatic compounds
should be allowed to react for 45 minutes to ensure complete re
action.

The analysis of dimalone, the dimethyl ester of cis-3,6-endo
methylene-4-tetrahydrophthalic acid, has been studied fairly ex
tensively (32) because it is of importance as an insect repellent.
Saponification is accurate for amounts down to about 30 mg. Spe
cial correction must be made in the presence of fixatives such as
chlorinated paraffins. A bromination procedure is rapid and ac
curate for amounts as small as 25 mg. and is subject to only slight
interference. Determination of the methoxyl groups is accurate
with amounts down to 10 mg. but blank corrections and special
apparatus are necessary. A colorimetric method can be used for
approximation of small amounts down to about 2.5 mg. and is not
subject to interference from .pure-finish or sized cloth or from
fixatives.

In a new method (58) for determining carbon monoxide in air
the carbon monoxide is oxidized to carbon dioxide by passage
over the catalyst hopcalite. In a modification of a previously de
scribed method (21) the resulting carbon dioxide is absorbed in
excess barium hydroxide solution and the excess alkali is deter
mined by titra.tion with a standard solution of oxalic acid. A
source of difficulty was the attack of the acid on the finely-divided
barium carbonate suspension when titration was carried to the
phenolphthalein end point. Titration to the thymophthalein end
point keeps the alkalinity above the point at which barium carbon
ate is attacked, but at the low acid concentration employed, the
thymolphthalein end point is difficult to detect. It therefore
seems easier to use phenolphthalein and apply a small correction.

The following procedure, designed for estimating tetraethyl
pyrophosphate in insecticides which are phosphate ester mix
tures (24-), avoids the quantitative distillation of unstable tetra
ethyl pyrophosphate used in other procedures (35).

The esters are selectively hydrolyzed in aqueous sodium chlo
ride solution under carefully controlled conditions. The higher
pyrophosphates are completely hydrolyzed while hydrolysis of
tetraethyl pyrophosphate is very slight and of a predictable
amount. The unhydrolyzed pyrophosphate ester along with tri
ethyl phosphate and a little diethyl acid phosphate is extracted
with benzene. After neutralization of the diethyl acid phosphate,
an excess of standard sodium hydroxide is added to hydrolyze the
pyrophosphate without hydrolyzing the triethyl phosphate. The
amount of tetraethyl pyrophosphate present can be determined
from the amount of alkali consumed. All but 2.2% of the pyro
phosphate present in the original sample is recovered in the analy
sis. The loss is due partly to hydrolysis and partly to incom
plete extraction. It is corrected for in the calculations. The pre
cision is "=0.5% of the tetraethylpyrophosphate content. A
comparison of the method with the bioassav method has been
made. .

Absorption on an Amberlite resin is used in a new procedure for
estimating tetraethylpyrophosphate in the technical grade prodc
uct or in hexaethyl tetraphosphate (114-). The sample is dissolved
in 25% aqueous acetone. The ethyl polyphosphates are hydro
lyzed rapidly to acidic products which are then removed by the
acid-absorbing resin, Amberlite IR-4B. The tetraethylpyrophos
phate is not hydrolyzed to any extent and remains in solution.
It is later hydrolyzed to diethyl orthophosphate by an excess of



VOL U M E 2 2, N O. 1, JAN U A R Y 1 950

standard base. This excess can be determined by titration with
standard acid, using methyl red indicator, or by titrating to a pH
of 6.0 using the glass electrode assembly. .

The TAPPI standard method for the determination of pento
sans in cellulose has been modified and shortened (100). The ab
breviated method &ives results comparing favorably with the
T APPI method.

The addition of alkanethiols and thiophenols to acrylonitrile
has been used as the basis for a determination of the latter (7).
An excess of a primary thiol, such as dodecanethiol, is added to the
sample in the presence of a basic catalyst. After the solution has
stood for a few minutes it is acidified and titrated with iodine so
lution to determine the excess dodecanethiol. The excess may also
be detcrmined amperometrically with silver nitrate. Eithcr alco
holic potassium hydroxide or Triton B may be used as the hasic
catalyst. If the rcaction time is long, some error is caused by oxi
dation of the thiol, but this can be corrected for by making propor
(,jonal blank corrections. Another source of errol', cyanoethyla
tion of the alcohol solvent, is unimportant if the sample and thiol
are mixed before the catalyst is added. The method is also ap
plicable, with slight modifications, to the determination of «,I'J
unsaturated aldehydes and esters. The salts of unsaturated acids
do not react. Unsaturated ketones do not react quantitatively.

The use of a liquid zinc amalgam (62) is advocated (59) as a re
agent for the quantitative determination of aromatic nitro groups.
The zinc amalgam rapidly reduces the nitro compound to an amino
compound, which is then determined by bromination and ti
tration of the excess bromine with thiosulfate.

One gram of nitrobenzene (accurately weighed) is reduced by
shaking with 20 m!. of 2% zinc amalgam and 50 m!. of 4 N hydro
chloric acid. The reaction mixture is diluted to 250 m!. in a volu
metric flask. A 50-m!. aliquot of the solution is treated with 1
gram of potassium bromide, 50 m!. 0.2 N potassium bromate
solution, and 10 m!. of concentrated hydrochloric acid, followed
by 10 m!. of 40% potassium iodide solution. The mixture is al
lowed to stand for 15 minutes with occasional shaking and then
titrated with standard thiosulfate solution. In the determination
of solids, the reduction is speeded up by dissolving the sample in
10 m!. of methanol and precipitating it in a finely divided state by
the addition of the hydrochloric acid. Suitable variations of the
above procedure have been used for the analysis of m-dinitroben
zene, nitrobenzoic acids, nitrocinnamic acids, nitrophenols, ni
trotoluenes, and nitrobenzene sulfonic acid.

Various carbazole sulfonic acids have been determined by pre
cipitation with benzidine (9, 10). The benzidine precipitate is
dissolved in water and titrated with standard alkali to a phenol
phthalein end point. Sulfuric acid must be removed by precipi
tation with barium chloride prior to the precipitation with benzi
cline.

To determine formaldehyde in urea resins, the resin is decom
posed by treatment with sodium hydroxide and hydrogen perox
ide (19). The formaldehyde is thus converted to formic acid,
which is removed by steam distillation after acidification of the
decomposition mixture with sulfuric acid. The formic acid in the
distillate is determined by titration with standard alkali.

Sodium alkyl sulfates and related compounds may be deter
mined by titration with a solution of cetyl pyridinium bromide
(28). Chloroform and a little acid methylene blue are added to
the solution to be analyzed. The blue color is concentrated in the
chloroform layer at first, but as an equivalent amount of cetyl
pyridinium bromide is added the two layers become the same color.
If the equivalence point is exceeded the chloroform layer becomes
colorless. Results are reproducible to "=0.5 to "= 1.0% and the
accuracy is good when the carbon chain of the sodium alkyl sul
fate contains eight or more carbons. Saltor and Alexander (82)
have also reported that anionic detergents may be titrated with
cationic soaps using pinacyanol bromide as the indicator.

The oxygen numbers of oleic acid, linoleic acid, and tung oil
may be determined (5~) by treatment with an excess of per
phthalic acid and the reaction followed iodometrically.
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A review of the methods for determining metrazole and its be
havior in the body haS been contributed by Dister (23).

The use of ammoniacal nickel cyanide as an absorbent for ben
zene vapors has been shown to be unreliable in the presence of
butadiene and butylenes (.n Allyl isothiocyanate (mustard oil)
has been estimated (15) by treatment with an excess of acidified
potassium bromide-bromate solution and the excess bromine de
termined by adding a known volume of standard potassium ar
senite followed by back-titration with standard potassium bro
mate.

TETRAETHYLLEAD

The amount of tetraethyUead in gasoline may be determined
(57) by adding solutions of magnesium perchlorate in ether and
iodine monochloride in tetrachloroethane to the dried gasoline.
The reaction

gives a precipitate of the cliethyllead dichloride and magnesium
perchlorate. The precipitate is removed by filtration, clissolved
in methanol, and titrated to a pink end point with a standard re
agent composed of mercuric perchlorate and perchloric acid, using
diphenylcarbazide as the indicator. The method may also be
adapted to the determination of tetraethyllead in animal tissues
and foods by using a preliminary extraction procedure.
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GAS ANALYSIS
I.EONARD K. NASH, Harvard University, Cambridge, Mass.

ALTHOUGH, in recent years, the investigation of gas analyti- analysis receive thorough consideration in a recent book (145)
ft cal methods has been prosecuted with great vigor and and a major review paper (286); and equipment for the analysis
notable suce-ess, there is a paucity of texts and reviews which of a special kind of industrial atmosphere-in mines-has been
comprehend this far-flung pursuit in its entirety. One manual discussed (26). A variety of instrumental and volumetric ana-
(340) provides a brief, elementary account of selected methods, lyzers receive brief consideration in several review articles on
and a more extensive treatment of classical methods of gas the analysis of industrial gases and atmospheres (62, 109, 173,
analysis can be found in a German text reprinted in this country 231).
(17). A monograph (2) in which the primary concern is with the Several of the more highly specialized types of gas analysi~

analysis of gaseous fuels contains much material of general represent distinct, essentially independent units of analytical in-
interest to the gas analyst. The use of microchemical methods in vestigation. These methods have all received thorough reviews
fuel gas analysis has been deseribed (192); and comprehensive in other papers of this series, and elsewhere, so that any detailed
reviews of recent developments in the analysis of fuel gases (112) examination in the present paper of their applications and capa-
and petroleum gases (171) are available in other papers of this bilities would be supererogatory.
series. The problems and techniques involved in industrial air . Distillation processes form one of these special domains. A
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general review is available (254), ,and a brief discussion of low
temperature analytical distillations (138) may be of interest.
Recent developments of distillation apparatus and 'procedures
(33, 90, 291) are of particular significance to the gas analyst.

The application of infrared methods, particularly in hydro
carbon analysis, has undergone a phenomenal expansion which is
well mirrored in recent review papers (14, 15, 48). The useful
ness of ultraviolet spectrophotometry (255) and Raman spectros
copy (38) in gas analysis has been indicated, and recent ex
ploratory investigations (39, 355) give some promise of a fruitful
development of gas analytical procedures based on x-ray spectro
photometry. To run the spectral gamut, it has been suggested
that microwave spectrophotometry constitutes a potential ana-

, Iytical tool of enormous, though currently unrealized, capabilities
(69). It could be applied only to strongly dipolar molecules of
medium size, but could be made extremely sensitive and free of
the ambiguities associated with overlapping absorption bands.

One of the most arresting recent developments in gas analysis
has been the extraordinary incursion into the realm of practical
nnalysis, made by mass spectrometry. Comprehensive reviews
of the present status of analytical mass spectrometry have been
presented (32, 48, 136), and extensive listings of cracking pat
terns, notably those of hydrocarbons, are available (211, 248).
The manifold applications of mass spectrometry to gas analysis
will not be considered here, but this instrument poses a real chal~

lenge to the older methods of gas analysis, and one that may well
stimulate efforts to improve these methods.

That there is room for such improvement can be seen from
"our first clear picture of gas analysis'in this country"-pro
vided by the results of cooperative investigation, in a large
number of laboratories using various modifications of stalidard
gas volumetric methods, of samples of a carbureted water gas
(277) and a typical natural gas (278). When, in another co
operative project, the sample of natural gas wns subjected to
mass spectrometric analysis in mnny different laboratories,
the results were clenrly superior in their general concordance
(276). Whether this is due to the inherent superiority of the
mass spectrometric technique, or simply to the greater degree of
standardization in its application, is not yet entirely clear. How
ever, one more cooperative investigation-in this case, of mix
tures of light hydrocarbon gases (299)-provides an appraisal of
the relative capabilities, as applied to this analysis, of various
volumetric, distillation, spectrophotometric, and mass spectro
metric determinations, in which chemical volumetric methods
are not highly rated.

The association of analytical mass spectrometry with various
auxiliary operations, such as distillation, adsorption, hydrogena
tion, and selective chemical reaction (191, 282), should greatly
enhance its powers by ameliorating some of its current short
comings-such as its lesser sensitivity as applied to the analysis
of isomeric olefins and its tendency to detect spurious traces.
Coordinated analysis with both infrared and mass spectrometric
methods should be particularly advantageous, for these two
methods are largely complementary in their strengths and weak
nesses (197). Mass spectrometry will present an: increasingly
formidable threat to many other techniques now in use.

GENERAL METHODS AND EQUIPMENT
SAMPLING

It is often much more difficult to secure a representative sample
of a gaseous mixture than to analyze the sample so obtained.
Even so "simple" a case as the procurement of a representative
specimen of (contaminated) atmospheric air is not without its
difficulties (6, 119, 286). Procedures for sampling the gases ac
cumulated in the headspace of sealed tin containers (53, 318) and
in sealed drug ampoules (167, 304) have been described. Gases
dissolved in liquids can be extracted by warming under dimin
ished pressure (18). A general technique which facilitates the ex
traCtion of gases from solution in highly volatile liquids--e.g.
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ether-has been developed (190). A manometric system of high
precision, related to the Van Slyke apparatus, is well suited for
the extraction (and analysis) of small volumes of gas from liquid
solutions (281).

To secure a representative specimen of the gases dissolved
in, and/or combined with, metals and alloys, high temperature
vacuum extraction equipment may be used (150, 184). Com
bined vacuum fusion and ionic bombardment methods have been
applied in the investigation of the gases in aluminum (144, 203);
but a careful comparative study of various methods for the ex
traction of the gases in magnesium indicates that, at least in its
present state of development, the ionic bombardment procedure
is not fully satisfactory (29). The determination of the gases in
copper alloys has been discussed (88); and various methods for
the extraction and analysis of the gases in steel-with particular
emphasis on hydrogen-are described in a group of papers on
this topic (325). Low temperature gas extraction, based on use
of chemical reagents, has been used in a study of the gases
present as such in meteoritic and terrestrial steels (210):

When a specimen of a waste or process-gas must be taken from
a conduit in which it exists at comparatively high pressures, into
an instrumental analyzer which functions at extremely low pres
S).lres, the sampling procedure and equipment must be designed
to avoid ,an effusive separation and concentration of the gaseous
components. Leak systems especially devised to secure repre
sentative specimens for mass spectrometric analysis (137, 214,
215) should be generally useful in sampling for any other low
pressure instrumental analyzer.

The use of commercial infrared equipment to i~llow, in model
experiments, the turbulent mixing of two gas streams (61) will
make it possible to devise better procedures for securing repre
sentative specimens from composite streams.

A portable sampling-aspirator bottle can be used repeatedly
without refilling (302); and various automatically operating fluid
displacement gasometers may be used to obtain gas samples that
represent the time- (or volume-) integrated average composition
of a streaming gas (55, 243, 252, 315).

Systems in which large volumes of gas are passed through an
analytical train often require the use of auxiliary apparatus for
the measurement of the total volume of the sample taken. The
wet gas meter is customarily used for this purpose, and recent
improvements in this equipment have made it capable of volu
metric measurements accurate to a very few tenths of 1% (4,
220). A brief commentary on the present status of dry gas
meters is also available (7). An indirect determination~ofsample
volume is also possible, if the gas 'flow is fixed at a steady rate
and the duration of the sampling period is measured. The rotam
eter may be adapted to use as a flow controlling instrument,
by associating it with a control system that maintains the float
at a predetermined level (84). Alternatively, gas flow rates from
0.002 to 2 cubic feet per minute can be established with an ac
curacy of a few tenths of 1% by the use of a series of critical flow
orifices. To a first approximation the discharge coefficients for
different gases are in accord with the theoretically predicted
values; so extensive recalibration for each new gaseous mixture
is probably unnecessary (4).

The problems involved in the sampling of liquefied petroleum
gnses have received attention (79, 187). A representative gas
sample can be secured from a four-stage operation: (1) The liquid
specimen is made homogeneous, (2) a portion of the liquid is
withdrawn without ebullition, (3) this sample is completely vola
tilized, and (4) the vapor so secured is made homogeneous. To
avoid the serious selective losses of vapor which may occur when
hydrocarbons are handled in contact with hydrocarbon stopcock
greases, various glycerol- and glycol-base lubricants have been
proposed (225, 238). Particularly attractive is a grease com,
pounded of fluorinated hydrocarbons, which is said to maintain
vacuum-tightness for months at a time and which dissolves
neither hydrocarbon nor more strongly dipolar materials (73).
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SeveraJ blending systems which contain no greased taps have
been suggested for the preparation of the determinate hydro
carbon mixtures required for the calibration and verification of
various analytical processes. Gravimetric measurements serve
to define the percentage composition of mixtures made in a simple
blending system in which mercury-sealed sintered disk valves are
used (317). Alternatively, manometric measurements may be
used to determine the quantities of the .individual components
(50), and using an elaborate system (166), hydrocarbon mixtures
of sharply defined composition can be prepared.

ABSORPTION AND ADSORPTION

The profoundly different efficiencies of various scrubbers, in
the removal of trace components from str~aming gases, are well
illustrated by recent work on the determination of methanol
vapor in air (250). With flow rates of 1 to 3 liters per minute
and methanol concentrations of 200 to 400 p.p.m. the collection
efficiency was 92% for a midget impinger, 91 to 96% for sintered
glass scrubbers, and 37 to 87% for scrubbing towers of various
designs. Theoretical and experimental studies of the efficiency
of recovery in a number of specific systems, and with scrubbers of
different designs, have been completed (128, 160-163).

Adsorption processes may playa major role in gas analysis in
relation to the use of upstream guard tubes,to remove interfering
components; the eoncentration of trace components b)· adsorp
tion; and chromatographic separation of closely related mate
rials. The concentration of traces of halogenated organic com
pounds in eontaminated air, by adsorption on activated eharcoal
(72) and on silica gel (95), is a process whose efficiency varies
widely from case to case. However, because of its great general
ity, this technique is potentially very powerful.

The equilibrium adsorption chanwteristics of a large number of
specific systems are well known (47, 168). Thermodynamic
factors in adsorption pmcesses have been discussed (43), and
there has been a considerable amount of war-stimulated experi
mental and theoretieal work on the kinetics of adsorption of trace
components in packed columns-particularly those charged
with charcoal (71, 81, 13/,). A review of some of this work is
,wailable (156).

Theoretical and cxperimental studies of the separation of the
components of streaming gases during their flow through ad
sorptive masses indicate the great capabilities of this technique
(70, 3/,8). Thus it is possible to secure a clean separation of an
equimolar mixture of propane and propylene by a single passage
through a pretreated bauxite adsorbent. The gas interferometer
has proved a valuable auxiliary tool in the adsorption analysis of
hydrocarbons (256), and an interesting application of chmmato
graphic techniques to the analysis of light hydrocarbon mixtures
has been described (328). A theoretical and experimental study
of adsorption processes, as applied to analysis for traces of helium
and neon in air, is available (11(».

VOLUMETRIC PROCEDURES

Macrovolumetric Analyzers. A series of discussions of the
design and operation of most of the common macrovolumetric
analyzers has been provided by Vint (336). A critical study of
Orsat-type equipment has resulted in the suggestion of several
possible improvements of cUl'l'ent practice (75). Particular
stress if, laid on the aberrations arising from errors in the measure
ment of the carbon dioxide produced in combustions-a point to
"'hich attention has been drawn repeatedly in the past (37).
Orsat-type equipment of unusually great flexibility and broad
applicability has recently been described (41); and the applica
tion of the Orsat principle in the Duplex Mono recorder, for the
automatic analysis of waste gases, has been discussed (8).

A simple auxiliary manometer, intended for use with the com
pensating burets frequently associated with Orsat analyzers, is
said to permit closer equalization of the pressures in the buret
and the compensator before connection is established between
these two vessels (5). The calamities that result when a major

ANALYTICAL CHEMISTRY

pres~lll'e inequnlit.y exists at this stage of operations are thus
avoided.

VOl' ill(lll~trial analyzers, where the use of mereury is incon
venient, various glyeerol- and glycol-base leveling fluids have
"een reeommended. However, it has been shown (158) that
carbon dioxide is more freely soluble in these formulations than
in an aeidic aqueous solution of sodium sulfate which is, there
fore, a better alternative in such an applir·ation.

It is suggested tlmt the sitnple Hempel pipet may be used ad
vantageousl.\' in plaee of the more complicated apparatus ordi
narily employed for oxygen adsorption in the Haldane-Carpenter
apparatus (12Z); and a modilieJ Haldane apparatus with favor
able operating characteristics has been described (9/,). Several
improvements in the design and operation of the Bone-\Vheeler'
equipment, which continues to maintain its popuhi.rity in Britain,
have been indicated (58, 92).

A manometric method well adapted to the determination of
small amounts of noncondensables in condensable gases or vapors
has been developed (152). Using a grossly simplified manometric
analyzer that requires only minimal quantities of mercury and
reagents, it is claimed that aeceptable results can be secured (309).

With a quick analyzer for respiratory gases, results accurate to
1% or better can be obtained in less than 5 minutes. The gas
sample is taken in a syringe whose capacity has been fixed at,
say, 5 mI., and is injected through a rubber tube directly into a
reagent pipet, the upper portion of which terminates in a slender
graduated tube in which the residual gas volume can be read.
The diff.erence between the original and final volumes represents
the quantity of the adsorbable component (263). An improved
syringe holder may be useful in such work (74). An alkaline solu
tion of sodium (hyposulfite) and indigo carmine performs well as
an oxygen adsorbent in this equipment (303).

Gooderham has continued the development of an interesting
semiautomatic apparatus in which the volumetric measurements
before and after each adsorption and combustion are made in a
dynamic system, with sensitive soap-film flowmeters that oper
ate without significant pressure drop (120, 121). Half a dozen
components can be determined simultaneously with an accuracy
comparable with that ordinarily attained with conventional volu
metric equipment. In a related dynamic analyzer four matched
capillaries are arranged in two parallel groups, to form a hydro
dynamic resistance bridge containing a selective adsorbent placed
between the two capillaries in one arm (127). Measurement of
the pressure diffE)rential developed at analogous points in the two
branches yields a continuous indication of the concentration of
the adsorbable component.

.Microvolumetric Analyzers. NORMAL PRESSURE. A simple
horizontal microburet, intended for use in connection with the
Blacet-Leighton analyzer, is joined to the rest of the apparatus
through a ground joint, to facilitate cleaning operations (17/,).
A refined yet compact. micrometer buret, that also may be used
with the Blacet-Leighton type analyzer, provides volumetric
measurements with an accuracy of ca. 0.1 % (49). Extensive
volumetric calibration is unnecessary, and the apparatus contains
n thermobarometer to compensate for changes in the ambient
temperature and/or pressure.

With an apparatus based on use of the familial' Krogh mercury
screw, adsorption analyses can be made with an accuracy of ca.
0.1% with a sample volume approximating'1 ml. (56). A 20m!.
sample is required in a simplified version of the Bonnier-Mangin
apparatus which is capable of analyzing respiratory gases with an
accuracy of a few tenths of 1% (352). With another apparatus
for respiratory gas analysis the standard deviation of the results
obtained with a 200-cu. mm. gas sample is somewhat less than
0.1% (80).

In a very simple Krogh-type apparatus, in which 10 cu. mm. of
respiratory gas can be analyzed with an accuracy of ca. 0.1 %, the
volumetric measurements are made with the aid of a micrometer
screw with which the confining fluid is driven through the buret
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(265). In -a very much more elaborate apparatus, in which a
thermobarometer is incorporated, the volumetric measurements
are again made with a micrometer, but a 0.5-m!. gas sample is
required, and the results are accurate to ca. 0.015 volume %
(264-). An extremely refined apparatus and technique permit
adsorptiometric analysis of a fraction of 1 cu. mm. of respira
tory gas with an accuracy of a few tenths of 1% (266). Com
parably small volumes of gas can be analyzed with very much
simpler apparatus in which a length of thermometer capillary is
used as a microburet, but the results are less accurate (24-).

Low PRESSURE. High vacuum gas analysis equipment is re
viewed briefly in connection with a description of an improved
apparatus of this type (24-2). The quantitative measurements are
made with a McLeod gage, and the gases are circulated and
collected with the aid of diffusion pumps. All separations are
made by condensation and combustion procedures, and by out
ward and inward diffusion of hydrogen and oxygen through mem
branes of hot palladium and hot silver, respectively. Sufficient
data are secured so that the determinations can be cross-checked,
and with a sample volume of 5 cu. mm. the- accuracy approxi-
mates 2%. .

In a more elaborate apparatus, with much the same perform
ance characteristics, the composition of the mixtures of nitrogen
and inert gas, left after all other components have been removed,
can be determined from the simultaneous readings of a McLeod
and a thermocouple gage, or by measuring the rate at which the
residual sample can be pumped out of the system (153). Other
high vacuum microanalyzers show more variation in detail than
in principle (216, 237).

The vapor pressures of various greases, waxes, and amalgams
commonly used in high vacuum systems have been reported (193).
A microdoser, for the introduction of minute amounts of gas
into a vacuum system, has been described (195); and two pal
ladium valves that are selectively permeable to hydrogen may be
used in the introduction of this material (293, 323). When a dif
fusion pump is used as a collecting 'pump in these analytical
systems it is necessary that the effective volume on the highpres
sure side of the jet be substantially independent of the (small)
back pressure and of the rate Qf distillation'in the pump. Such a
condition is easily realized if a deflector-condenser is inserted at
the foot of the mercury jet (212).

Low pressure analyzers in which chemical reagents are used
tend to be somewhat simpler in structure and function. The
Saunders-Taylor apparatus, in an improved form (306), yields
satisfactory analyses of a few cubic millimeters of gas~ Chemical
reagents are used in another low pressure analyzer that requires
considerably larger samples, but provides results accurate to a few
tenths of 1% (209).

More specialized low pressure systems have been used for
microanalysis of mixtures of condensables and noncondensables.
The coordinated use of a cold trap and a McLeod gage serves to
provide the necessary data (91); and in the Microvol the cold
trap is made an integral part of a McLeod gage with a broad
operating range (260). A few thousandths of 1% of carbon
dioxide in a streaming gas can be determined by using a con
densation trap to collect, and a vacuum system to measure, this
component (13, 357).

INSTRUMENTAL PROCEDURES

Density. An exhaustive examination of various commercial
specific gravity meters has been made at the Bureau of Stand
ards (288). Very large differences in the capabilities of these
instruments were observed; some were reliable toa few tenths of
1%, whereas others were occasionally in error by more than 1%.

The results secured with a microeffusiometer operating at low
pressures and with minute samples of gases or vapors appear to be
free of viscosity and specific heat effects; but it is doubtful that
the equipment can yield accurate results with mixed gases (207).
Another microeffusiometer that requires rather larger samples
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and is not entirely free of secondary effects is said to be appli
cable to the determination of isotopic mixtures (22). The inter
diffusion of two gases through an orifice has been studied both
theoretically and experimentally (27).

A novel laboratory densimeter consists of a hollow'sphere SUpe
ported by a flexible tube through which gas may be introduced
into the globe. Observation of the equilibrium position of the
sphere provides data for the calculation of densities said to be
accurate to 0.1% (314-).

Because of their comparatively high ratio of molecular weight
to viscosity, traces of organic vapors in air can be determined
with high sensitivity by the use of a viscosity-effusion meter
(132).

A review of previous attempts to conduct gas analysis by
measurements of sonic velocities-i.e., Ii, function of molecular
weight and the specific heat ratio-appears in connection with
the description of a new instrument designed to provide the
data requisite for such, analysis (66). The velocity of sound in
binary mixtures of hydrocarbon gases may be a simple function
of the velocities in the individual components (331).

Thermal Conductivity. The application of thermal con
ductivity methods to gas analysis is the subject of a brief ele
mentary review (201). A generalized thermal conductivity
correlation for the gas state has been developed (110); and theo
retical studies, supported by experimental data, have provided
some estimate of the accuracy obtainable by the application of
thermal conductivity methods to the analysis of several specific
systems (14-2, 14-3). Major aberrations in thermal conductivity
analyses made at pressures less than 100 mm. of mercury may
result from small variations in the pressure. In a recently de
scribed thermal conductivity bridge these discrepancies are sup
pressed by an automatic compensatory device (57).

Applications of thermal conductivity analysis to respiratory
gases (23) and argon-nitrogen mixtures (4-4-) have been described.
Although the extension of this method, to systems in which a plot
of thermal conductivity against percentage composition dis
plays a maximum, is superficially unpromising, there is, only a
small "blind spot" covering concentrations near the conduc
tivity maximum, and results of satisfactory accuracy can be
obtained over most of the concentration range. The system air
water vapor exhibits a conductivity maximum, but very satis
factory results can be obtained for all but a small range of con
centrations. , An automatic instrument particularly designed for
this analysis was sensitive to changes of water concentration as
small as 0.001 % (54-).

Because of the unique properties of hydrogen, mixtures of this
gas with a melange of hydrocarbons can be treated as essentially
binary mixtures with respect to their thermal conductivity.
Analyses conducted under this simplifying assumption gave re
sults that checked to better than 2% with the values derived
from Orsat analysis for hydrogen (34-4-). The unique behavior
of hydrogen is also the basis of an indirect procedure for the
determination of oxygen by thermal conductivity methods.
The gas is mixed with hydrogen, and the difference of the con
ductivity of the mixture before and after the oxygen is catalyti
cally converted to water, is almost entirely due to, and serves as a
measure of, the diminution in the quantity of free hydrogen.
From this dj;minution the quantity of oxygen can be calculated
(228). -'

Although thermal conductivity methods are most -generally
useful as applied to binary mixtures, their applicability can be
broadened. Thus some complex mixtures containing hydrogen
can be treated as pseudo-binary mixtures (see above); and in
general a grouping of components with similar conductometric
properties provides a worth-while simpli(ication (2#). Fur-ther
more, the coordinated use of several sets of thermal conduc
tivity cells makes it possible to deal with mixtures containing as
many as five components. The accuracy of the results so ob
tained, and the advantages and limitations of this general <l:P-
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proach, have been examined (83). Finally, a procedure designed
to take advantage of the distinct convective behavior of different
gases may make possible a fairly general extension of thermal
conductivity methods to ternary systems. Preliminary results
secured with one such system are promising, but the general
theory and the range of applicability of this method require fur
ther investigation (200).

Electromagnetic Properties. The development of an instru
mental oxygen analyzer based upon the almost uniquely strong
paramagnetism of this substance is one of the outstanding recent
developments in gas analysis. In one form of this equipment the
gas sample is held in an inhomogeneous magnetic field, in a
chamber containing a heated wire that forms one arm of a Wheat
stone bridge. The paramagnetic component is set in convective
motion, owing to the temperature dependence of its magnetic
susceptibility, and the magnitude of this convective cooling is
inferred from the change of resistanee of the hot wire. Instru
ments of this pattern (87, 246) are capable of meeting most ex
acting specifications as to both accuracy and speed of response.

An alternative method of assaying gaseous paramagnetism is
through a measurement of the rotation of a delicate torsion sys
tem which supports a small quartz teSt body in the gas specimen,
which is enclosed within a strong inhomogeneous magnetic field
(223). Other methods for the estima.tion of gaseous paramag
netism have also been described (139, 213).

An instrument, which measures the convective cooling produced
when the gas sample is held around a hot resistance wire and in an
inhomogeneous electric field, has been used to explore the feas
ibility of an analytical method based on measurement of the
concentration of paraelectric components of a gas mixture (268).

Other Properties. A general discussion of the classical method
of determining traces of combustibles in air, by measuring the
temperature rise accompanying the combustion that occurs when
the sample is led over a catalytic surface, has been presented in
connection with a description of an instrument of this kind de
veloped for the British Admiralty (235). A generalization of
this type of equipment is possible. Thus if a mixture of methanol
vapor and air is conducted over a platinum wire which forms one
arm of a Wheatstone bridge, the heat of combustion maintains
the wire at a steady elevated temperature, and the bridge may be
balanced under these conditions. However, if the air contains
traces of a catalyst poison or combustion inhibitor (such as car
bon monoxide, hydrocyanic acid, etc.) the oxidation is partially
suppressed, the temperature of the wire falls, and an alarm can
be actuated as the bridge goes out of balance (30). Even greater
extension of this principle is possible, inasmuch as small quanti
ties of any substance(s) which inhibit any exothermic catalytic
reaction-e.g., enzymatic fermentation-can be detected by the
changes they induce in the caloric output of the reaction mixture
(229).

The calibration, use, and usefulness of the enormously sensitive
gas interferometer ha,ve been discussed at length (297).

Proximate analysis of gases may be based on measurement of
their ionizability (147, 194), on a measurement of the mobilities
of gaseous ions (353») or by measuring the frequency of occur
rence of, and the energetic losses involved in, inelastic collisions
suffered by the electrons of a monoenergetic beam that is impinged
upon the gas sample (135).

SPECIAL METHODS FOR SPECIFIC MATERIALS

OXYGK~

The oxygen content of respiratory gases may be determined
by thermal conductivity methods (23). An indirect determina
tion of oxygen by thermal conductivity methods may be made
both sensitive and accurate by basing tke measurement on the
unique conductivity behavior of hydrogen.. Hydrogen is added
to the test gas and the conductivity of the mixture is deter
mined with reference to the same gas after it !las been passed
through a combustion chamber in which the only reaction is that
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of hydrogen with oxygen (228). The difference of the conductivi
ties so recorded is primarily a measure of the diminution of the
hydrogen content and of the oxygen content of the original gas.

The discovery that the chemisorption of oxygen on silver
plated glass wool produces considerable changes in the electrical
conductivity of a tightly packed mass of the wool (329) may ulti
mately lead to an oxygen determination based on this phenom
enon. The effect is reversible and is shown by few gases other
than oxygen.

A classical determination of low concentrations of oxygen in
streaming gases is based on measurement of the temperature rise
produced when the gas, mixed with hydrogen, is passed over a
combustion catalyst. If a thermocouple is used-the cold junc
tion upstream, and the hot junction downstream, from the
catalyst-an instrument largely independent of changes in the
ambient temperature, and capable of continuously recording
oxygen concentrations as low as 2 p.p.m., may be constructed
(59). Instead of measuring the temperature rise accompany
ing the combustion, the water so formed may be taken as a
measure of the oxygen content of the original gas. For example,
the ammonia obtained by reaction of the water with hot (l00° C.)
magnesium nitride may be determined titrimetrically (218), or
the water may be determined directly, by a volumetric or mano
metric measurement of the contraction accompanying its conden
sation (111).

Another possibility is the stoichiometric exchange of oxygen
(and/or water and other oxygenous compounds) for carbon mon
oxide, by passing the test gas over charcoal at 1000 0 C. The car
bon monoxide is then oxidized to the dioxide, which may be deter
mined electroconductometrically after adsorption by a barium
hydroxide solution (285). A determination of the oxygen con
tent of a gas based on a photoelectric measurement of the relative
transmissions of two samples of the test gas-to one of which a
measured exc~ss of nitric oxide has been added-has been pat
ented (131).

In a novel determination of small amounts of oxygen in gases
which do not contain any other oxidizing 01' reducing components
the oxygen is concentrated by passing a measured volume of the
gas over hot, freshly reduced, copperized silica gel (77). The
analysis is concluded by a gas volumetric determination of the
copper oxide so formed, in terms of the diminution in volume suf
fered by a measured sample of hydrogen when it is repeatedly
circulated through the hot collecting tube.

If the oxygen is brought into a solution phase, a wide variety of
methods for its determination in this condition are available.
Polarographic measurement of the oxygen content of a solution
that has been equilibrated with the test gas is satisfactory (356).
Careful cell design aids in reducing aberrations due to secondary
(stil'l'ing) effects which vary with the rate of gas flow (20). A
more delicate, though less specific, determination of dissolved
oxygen depends on a measurement of the applied potential at
which the apparent charging current of a dropping mercury elec
trode becomes zero (164). Even minute concentrations of oxy
gen produce a major shift in this potential.

The classical Winkler method for the determination of dis
solved oxygen has been applied to the determination of gas
phase oxygen by several investigators. A simple procedure em
ploying a Bunte buret is possible (169), but much more delicate
techniques have been developed. Gaseous oxygen in concentra
tions of 0.0001 to 0.1 % may be evaluated with considerable ac
curacy by a relatively elaborate procedure (354). For the higher
concentrations a titrimetric measurement is employed; for the
very low concentrations a spectrophotometric determination
of the starch-iodine complex present may be preferable. A very
careful examination (12) of the spectrophotometrically concluded
Winkler method has recently received full confirmation (232).

Very small concentrations of gaseous oxygen may be measured
by shaking a determinate volume of the gas with freshly pre
cipitated ferrous hydroxide. The ferric iron so produced IS esti-
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mated colorimetrically, as the thiocyanate complex (272). For
the determination of 0.001 to 5% oxygen in gaseous hydrocarbons
a known volume of the gas may be allowed to react with metal
lic copper wetted with an ammonia-ammonium chloride solu
tion. The oxidized copper is dissolved by the reagent and may
be determined iodometrically (330). The excellence of this
procedure has been confirmed recently (76). The apparatus and
technique required are rather elaborate, and the same primary
reaction has been made the basis of a greatly simplified deter
mination, which is suitable for use in the field (236). In this
instance the dissolved copper is determined colorimetrically.

A ·eolorimetric procedure for the determination of gaseous
oxygen in concentrations of ca. 1% depends on the progressive
change of the color of indigo carmine produced by this gas (182).
Oxygen concentrations as low as a few tenths of 1 p.p.m. may
be estimated from the progressive decolorization of sodium an
thrahydroquinone-j3-sulfonate. The elaborate apparatus which
is described (35) is capable of continuously and automatically re
cording the oxygen concentrations.

For the determination of major concentrations of oxygen by
gas volumetric methods a number of oxygen adsorbents may be
used, and a comparative study of several solution reagents has
been reported (312). The use of solid iron sulfide as an oxygen
adsorbent in volumetric analysis presents interesting possibili
ties. A careful examination of the adsorption reaction has been
made (126), and it is reported (120) that the reagent performs
very satisfactorily. Another promising reagent for volumetric
oxygen determination may be a vanadous solution that is reported
to adsorb, rapidly and completely, large volumes of oxygen from a
streaming gas (188).

A very thorough study of the performance of a chromous solu
tion as an oxygen adsorbent in volumetric analysis indicates that
this old and occasionally maligned reagent is, when correctly
handled, capable of giving excellent results (305). This conclu
sion is confirmed by one other investigation (102), but is con
tradicted by another publication (358) whose value each must
assess for himself.

Major concentrations of oxygen are readily andsemispecifically .
determinable from a measurement of the paramagnetic sus
ceptibility of the gaseous mixture-for example '(223).

Ozone. The bleaching action exercised on indigodisulfonic
acid by ozone serves to determine a few parts per million of this
component. Optimum conditions for sensitivity and specificity
in this test have been described (82).

CARBON OXIDES

Carbon Monoxide. Largely because of the exigencies of war
there has been a great deal of work on the estimation of trace
quantities of carbon monoxide in air. A brief review of field
methods for this determination is available (199); and an authori
tative survey, based upon analyses of standard samples by a wide
variety of methods and in a number of different laboratories,
has been made' (279). Results accurate to ca. 0.001 % were not
unusual. A number of selective reagents and reactions are avail
able for this analysis:

HOPCAUTE. A brief account of some Hopcalite formulations
has been presented (67); and an important study of the physical
chemistry of the catalytic combustion on Hopcalite has been
reported (233). With simple apparatus traces of carbon mon
oxide in air may be determiried from the temperature rise en
gendered when this component burns over Hopcalite (176).
Mercury-in-glass thermometers are used, and an accuracy of ca.
0.005% is secured over the concentration range 0.1 to 0.01%
carbon 'monoxide. More elaborate e'quipment based on the same
principle permits continuous recording of the carbon monoxide
concentration (177). Instead of measuring the temperature
rise accompanying the combustion, the determination may also
be concluded by either a iriicrogravimetric (259) or a titrimetric
(175) measurement of the carbon dioxide produced.
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SILVER OXIDE. The preparation and performance of acti-·
vated silver oxide catalysts for the selective oxidation of carbon
monoxide have been described (31). These catalysts, like Hop
calite, are effective at room temperature, but they enjoy a con
spicuous advantage in that they are not deactivated by ex
posure to moisture.

The reaction of carbon monoxide with silver oxide catalysts
appears to be accompanied by several side reactions which
hinder the successful use of this reagent in gas volumetric deter
minations of substantial percentages of carbon monoxide (313).

SILVER PERMANGANATE. Measurement, with a thermo
couple, of the temperature rise produced by the selective oxida
tion of carbon monoxide on silver permanganate provides analy
ses accurate to ca. 5 p.p.m. over a concentration range of 10 to
200 p.p.m. of carbon monoxide (149).

MERCURIC OXIDE. A titrimetric determination of the carbon
dioxide produoed by the selective oxidation of carbon monoxide
over yellow mercuric oxidehas been described (245). Because of
its greater stability red mercuric oxide must be heated before it
will produce selective oxidation of carbon monoxide; but the per
formance of this reagent is much more reproducible than that of
yellow mercuric oxide. A laboratory procedure for the deter
mination of trace quantities of carbon monoxide is based upon the
weight loss suffered by a heated tube containing red mercuric
oxide, through which a measured volume of the test gas is passed
(179). The gravimetric factor is extremely favorable, as for each
molecule of carbon monoxide entering the system one molecule of
mercuric oxide is removed from the weighing tube. In a portable
analyzer based on the same primary reaction the determination
is concluded by a photometric determination of the blackening
produced on a selenium sulfide test paper by the mercury vapor
liberated in the catalytic oxidation of the carbon monoxide (19).
This method is rapid and yields results accurate to ca. 10% with
carbon monoxide concentrations ranging from a few parts per
million to a few per cent.

IODINE PENTOXIDE. With the better grades of this reagent
now available satisfactory results can be obtained, provided that
adequate steps are taken to remove, by the use of upstream scrub
bers, etc., the many materials, such as olefins, which interfere
with the determination. In the absence of such precautions it
has been shown that the values obtained with iodine pentoxide
methods may be much too high (146). Vandaveer has sug
gested (332) some improvements of a procedure previously de
scribed by him. Spectrophotometric analysis of a solution of the
iodine liberated by reaction of the pentoxide with carbon mon
oxide is said to provide results accurate to 3· to 10% over the
concentration range of 0.001 to 0.2% carbon monoxide (287).
In connection with a review of methods for the determination of
carbon monoxide in fuel gases, a new portable apparatus which
yields results accurate to ca. 5% for carbon monoxide concentra
tions ranging from 10 p.p.m. to 0.1 % is described (283).

P ALLADOUS SALTS. A number of formulations of palladium
bearing materials entering into selective reaction with carbon
monoxide have been developed. A brief report has been (270)
made on a determination in which the discoloration produced by
carbon monoxide on a white test paper impregnated with pal
ladium chloride is measured by reflectance spectrophotometry.
Other test paper methods have also been proposed (245, 337).
Alternatively, the discoloration produced by the test gas in an
acetone solution of palladous chloride and phosphomolybdic
acid may be measured with a photoelectric colorimeter (234).
Or the metallic palladium produced by reaction of the carbon
monoxide with a determinate solution of a palladium salt may be
filtered off to permit a colorimetric measurement of the excess re
agent (12.p.

As the result of a most exhaustive investigation of the usefulness
of palladium-bearing reagents in carbon monoxide analysis, a
verdict is rendered in favor of a test body consisting of silica gel
impregnated with an acid solution of palladous sulfate and am-
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monium molybdate (275). For field work visual comparison of
the discoloration of the test specimen with a card showing various
standard discolorations is said to be adequate. In a closely re
lated procedure discoloration is measured photoelectrically (60).

BLOOD. The semiselective and tenacious adsorption of car
bon monoxide by blood provides a convenient concentration of
traces of this gas in air. The determination may then be con
cluded by some standard method for the measurement of the
carbon monoxide content of blood---e.g., the Van Slyke tech
nique. Such an approach has certain very advantageous aspects
(269). Several improvements in the traditional Van Slyke
procedure are presented in connection with a review of the appli
cation of this method to the determination of the carbon mon
oxide content of blood (33.n. A microvolumetric Van Slyke
apparatus with very favorable operating characteristics has been
described (346).

An alternative technique, based on the use of a syringe an
alyzer, is said to be' rapid, simple, and satisfactorily accurate
(267). In a more highly refined, though somewhat cumbersome,
technique both the Van Slyke manometric equipment and the
syringe analyzer are employed (257).

In these methods the blood serves only as a collecting agent,
and the determination is concluded microvolumetrically, after re
leasing the carbon monoxide from the' blood. There are, of
course, other possibilities. For example, the carbon monoxides
may be evolved from the blood in a Conway microdiffusion cell,
the other compartment of which holds a a palladium reagent
with which the determination is completed colorimetrically (124).

CUPROUS SALTS. With a cuprous sulfate-'-2-naphthol reagent
used in conjunction with standard Haldane-type volumetric
equipment good results can be secured for carbon monoxide con
centrations of the order of a few tenths of 1% (25). Hydrocar
bons, particularly if unsaturated, should be removed prior to this
determination.

The relatively complex state of combination of carbon mon
oxide adsorbed by various cuprous solutions has been the sub
ject of several studies (78, 86, 221).

Other (combustion) methods which are essentially nonselective
in their action have also been described. In a refined itutometer
for the continuous determination of carbon' monoxide (and/or
dioxide) (45, '46) determinate quantities of sample are inter
mittently injected into a steady stream of air. The mixture then
passes to a copper oxide combustion tube and is finally scrubbed
by a barium hydroxide solution which flows at a steady rate be
tween the electrodes of an automatic recording conductivity
bridge. The results are accurate over a wide range of (small)
concentrations.

Traces of carbon monoxide in very rapidly flowing gas streams
may be incompletely burned over the oxidic agents usually used
for this combustion (52). More complete combustion was se
cured in the presence of excess oxygen and a hot bright-platinum
catalyst, and the determination was concluded by a gravimetric
measurement of t,he carbon dioxide produced. Using conven
tional higll. precision gas volumetric equipment, a painstaking
study has been made (37) of the platinum-catalyzed combina
tion of oxygen and carbon monoxide as a means of determining
substantial concentrations of the latter component. When the
determination is based On the total volume contraction and the
oxygen consumption involved in the combustion, results accurate
to a few hundredths of 1% can be secured. Less accurate re
sults are obtained if the carbon dioxide produced is used as the
basis of the calculation, largely because of the ready adsorption
of this material by water, rubber, and/or tap lubricants.

Carbon Dioxide. The measurement of this component is
usually grounded directly or indirectly on its acid properties,
and the following methods for its determination assume the pre
vious removal of all other acid gases. Electroconductometric
evaluation of the changes produced in an alkaline solution by
adsorption of carbon dioxide is used in ·an autometer for the ac-
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curate determination of low concentrations of this component
(45). In a titrimetric method for carbon dioxide in natural gas·
a metered volume of the test gas is passed through a sintered
glass scrubber containing an aqueous solution of phenolphthalein,
to which determinate quantities of aqueous barium hydroxide
can be added from a buret attached to the scrubber (28). Minute
traces of carbon dioxide in air may be determined with good ac
curacy by a photoelectric measurement of the extent of decolori
zation produced when a known volume of test gas is passed into a
0.0001 N sodium hydroxide solution containing phenolphthalein
(295).

The carbon dioxide content of respiratory gases has been deter
mined by a thermal conductivity method (23).

NITROGEN COMPOUNDS

Nitrous Oxide. To detect traces of nitrous oxide, oxygen is
first removed from the sample and the nitrous oxide is then de
composed over hot platinum. The oxygen so liberated is deter
mined colorimetrically with a test paper impregnated with alka
line pyrogallol (262). The test may be made even more delicate
by previous condensation concentration of the nitrous oxide.
The determination of major concentrations of nitrous oxide with
commercial gas volumetric equipment, using either slow com
bustion or catalytic combustion techniques, is reported to be
satisfactory (204).

Nitric Oxide and Nitrogen Dioxide. In the presence of excess
air (or oxygen) nitric oxide is quantitatively converted to nitro
gen dioxide (tetroxide), for which Griess-Ilosvay reagent pro
vides a very .delicate test. In a simple field test using this rea
gent all the analytical operations are carried out in a small
syringe (222); and permanent colorimetric standards for this
analysis can be prepared (10). A closely related procedure, in
which traces of nitrogen dioxide in air are determined by adsorp
tion on silica gel impregnated with diphenylamine, also relies on
visual estimation of the discoloration produced (99). Using
electrolytically generated oxygen, traces of nitric oxide in coal gas
may be converted to nitrogen dioxide, which is then determined

.with Griess-Ilosvay reagent (85). The method is said to be
potentially serviceable on a continuous recording basis. Alter
natively, the nitric oxide may be oxidized in a bubbler charged
with acid permanganate solution (284). Unless a separate deter
mination is made of the nitrogen dioxide originally present as
such, the analysis yields only the sum 6f the nitric oxide and
nitrogen dioxide contents. Traces of nitric oxide in gases which
do not contain olefins can be collected in a specially designed
scrubber containing alkaline permanganate solution (155).
The determination is concluded by assaying the nitrogen content
of the solution with a micro-Devarda technique.

Traces of nitrogen dioxide may also be determined by photom
etry in the gas phase. A convenient monochromatic source is
available in the sodium D doublet, which is strongly absorbed,
and with tubes 1 to 2 meters long a sensitivity approaching
1 p.p.m. can be secured (148). An alternative photometric system
is available (289). To analyze for both nitric oxide and nitrogen
dioxide the absorption due to the nitrogen dioxide alone is meas
ured first. The gas is then oxidized and again subjected to photo
metric examination. The nitric oxide is determined by difference
(183,219).

Major concentrations of nitric oxide in microsamples may be
evaluated with Blacet and Leighton equipment. This component
is removed from the gas phase by a bead of potassium hydroxide
in the presence of excess oxygen (290). In an alternative process
of somewhat more certain stoichiometry the nitric oxide is ad
sorbed by a bead impregnated with alkaline sodium sulfite (170).
Even in the presence of olefins and. acetylenes the results are ac
curate to a few tenths of 1%.

Other Nitrogen Compounds. For the determination of
hydrogen cyanide in coke-oven gas the cyanide is collected in a
scrubber and successively and stoichiometrically exchanged for
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thiocyanate, cyanogen bromide, and iodine-the latter being
determined titrimetrically (274-). This carefully developed pro
cedure is equally useful for trace analysis and for the determina
tion of larger proportions of hydrogen cyanide. Hydrogen
cyanide may also be fixed (as a double salt) bya moist mixture of
nickel and ilOdium carbonates, from which it is subsequently freed
by acid distillation and determined by argentometric titration
(316). A method for the detection of a fraction of a microgram
of hydrogen cyanide pel' liter of gas is based upon the discolora
tion produced when the test gas is passed over silica gel impreg
nated with a cupric salt-benzidene reagent (105).

Traces of nitromethaile vapor in air can be accurately deter
mined by adsorbing the nitromethane in a dilute sulfuric acid

"solution, which is then subjected to polarographic examination
(351).

SULFUR COMPOUNDS

Sulfur Dioxide. A delicate qua.litative test for sulfur dioxide,
based on the use of a fuchsin-formaldehyde reagent, has been
studied extensively (1, 123, 301). In another spot test for this
material a chain of inorganic redox reactions is involved (21).

Using a simple midget impinger technique, concentrations of
suI fur dioxide as low as a few parts per million can be estimated
from the rate of decolorization of a determinate amount of starch
iodine reagent (224-). Other oxidizing or reducing gases inter
fere. Improvements of a previously described autometer for the
determination of sulfur dioxide (or total sulfur compounds) in ail'
have been suggested by Thomas et al. (320). In a closely related
~lpparatus built around a new countercurrent scrubber, sulfur
dioxide concentrations from a few parts per billion up to several
per cent are measured in terms of the electroconductometric
changes produced in the scrubber solution (321).

Precautions in the sampling of stack gases, and directions for
the determination of their sulfm dioxide and total sulfm eon
tents, have been deseribed (154-).

Sulfur Trioxide. Methods of analysis for small" amounts of
sulfur trioxide in stack gases that are relatively rich in sulfur di
oxide have been much investigated, particularly by the British.
If a metered volume of the gas is scrubbed with an alkaline solu
tion containing glyeerol, all the sulfur trioxide and some of the
dioxide are retained. The glycerol inhibits oxidation of the sul
fite, so that the sulfur dioxide (and oxygen) can subsequently be
expelled from the solution by acidification and the passage of a
stream of nitrogen. "The sulfur trioxide, as sulfate, is then esti
mated by amperometric titration with lead (11). To determine
both sulfur dioxide lwd trioxide, a "metered volume of gas may be
passed first through a serubber containing pure distilled water
and then through one charged with hydrogen peroxide solution.
All the sulfur trioxide and a little of the dioxide are retained by
the first bubbler; the balance of the dioxide is collected in the
second bubbler (114-). The rate of oxidation of the sulfur di
oxide in the solution in the first bubbler is said to be very slow.
This solution is titrated with alkali to a methyl red end point,
from which the sulfur trioxide concentration is inferred. Hydro
gen peroxide is then added and the end point is restored, the
amount 9f alkali required serving as a measure of the sulfur di
oxide retained in the first scrubber. This may then be added to
the titrimetrically determined sulfur dioxide content of the sec
ond bubbler. If other acid gases may be present, a more elabo
rate titration procedure is required. In an autometer for the
continuous determination of the sulfur trioxide content of stack
gases, the sulfur trioxide is similarly adsorbed in distilled water,
the solution is stripped of sulfur dioxide by a stream of inert gas,
and the sulfur trioxide concentration is deduced from electro
conductometric measurements of t)1.e scrubber solution (115).

Several major sources of error in the usual methods for sulfur
trioxide analysis are avoided in a carefully developed procedure
in which the sulfur trioxide is retained in a bubbler containing a
water-iiilopropyl alcohol solution (101). The oxidation of the
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dioxide is almost completely inhibited in this solution. After
aeration to expel the sulfur dioxide, the sulfate is determined
gravimetrically. This analysis may be made more rapid by
eliminating the aeration and the gravimetric determination (63).
In the presence of isopropyl alcohol the turbidimetric estimation
of sulfate is sensitive and accurate; and interference due to the
presence of sulfite (suI fur dioxide) is inappreciable if the solution
is made slightly acid.

Hydrogen Sulfide. To measure the hydrogen sulfide content
of natural gas, the sample is passed at a metered rate through a "
scrubber containing stareh solution to which a standard iodine
solution may be added from a buret (28). The amount of iodine
solution consumed by a given volume of the test gas (which is
assumed to contain no other active reductants) gives the hydrogen
sulfide content of the gas with an accuracy of a few hundredths
of 1%. The determination of hydrogen sulfide by precipita
tion of cadmium sulfide and iodometric titration of the latter
has been re-examined (230).

Traces of hydrogen sulfide may be estimated from the intensity
of the stains which they develop on a lead acetate test surface
(319, 338). An autometer for the evaluation of traces of hydro
gen sulfide is based on a photometric measurement of the blue
coloration produced by hydrogen sulfide in a sulfuric acid solu
tion of ammonium molybdate (296). Two very delicate tests for
traces of hydrogen sulfide have been described by Field and Olcl
ach (97). In one the transmission of a suspension of bismuth
sulfide is determined spectrophotometrically. The transmission
appears to be a linear function of the sulfide concentration, and
results accurate to 10% are secured with as little as 7 micrograms
of hydrogen sulfide. The second method is somewhat less sensi
tive, but requires only the use of a visual comparator for the
estimation of a suspension of cadmium sulfide. The presence of
uranyl ion in the solution appears to improve the visual discrimi
nation.

A somewhat simpler analysis for traces of hydrogen sulfide
employs the methylene blue method (159). The hydrogen sul
fide may be collected as zinc sulfide, which is then treated with
ferric chloride and p-aminodimethylaniline. The methylene
blue so produced is estimated spectrophotometrically, and the
hydrogen sulfide concentration is estimated from a calibration
curve (103).

Small amounts of hydrogen sulfide in carbide-generated acety
Jene are estimated after adsorption in a sodium hypochlorite solu
tion. The sulfate may be determined by an indirect colorimetric
procedure (227) 01' by conventional turbidimetric techniques (36).
In the latter case a sensitivity of ca. 0.001 %is secured.

Total Sulfur. To determine the total sulfur content of a gas,
the sample can be pyrolyzecl in the presence of excess oxygen
and with or without a (platinum) catalyst. The sulfur oxides so
produced are collected, converted to sulfate by wet oxidation,
and then measured titrimetrically (3,96, 130, 14-1).

Instead of pyrolyzing the sulfur compounds to oxides, it is
often more convenient-for example, when dealing with gases
rich in combustibles-to convert all the sulfurous material to
hydrogen sulfide. If the test gas, mixed with at least a 30%
excess of hydrogen, is passed over alumina at 900 0 C., the con
version of most other sulfur compounds to hydrogen sulfide is
substantially complete, even when much organic material is
present (98). The hydrogen sulfide so produced is collected in
alkali and determined by any standard method (130). This
otherwise desirable procedure presents difficulties as a field
method and/or when much oxygen is present in the gas. Both
these shortcomings are reduced if the sulfur compounds are first
concentrated by drawing a measured volume of the test gas
through silica gel. Most sulfur compounds are thereby ad
sorbed, though hydrogen sulfide and carbon oxysulfide are not
retained, and must be separately determined by one of the several
special methods available for them. In the laboratory the sulfur
compounds are desorbed at 500 0 C., mixed with a stream of hy-
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drogen, and passed through a quartz chip bed held at 1000 0 C.
The hydrogen sulfide formed may be estimated by any stand
ard method (104).

Individual Sulfur Compounds. Indirect determination of a
number of individual sulfur compounds can be accomplished by
measuring the total sulfur content of the test gas (see above) be
fore and after the removal, with various selective adsorbents.
of the individual sulfurous components (129, 180, 247).

The test gas is passed through progressively longer trains made
up of the following component scrubbers, and the changes so
produced in the total sulfur content are noted. Dilute hydrogen
peroxide adsorbs the sulfur oxides; aqueous cadmium chloride is
used to adsorb hydrogen sulfide and the mercaptans (thiols) from
the remainder; 95% sulfuric acid followed by aqueous sodium
carbonate provides for the further removal of the thiophene; and
the residual gas, which should contain carbon disulfide and oxy
sulfide as its only sulfurous compounds, may be scrubbed with (a)
piperidene-chlorobenzene solution, or (b) alcoholic potassium
hydroxide, which remove both components, or with oil, which
removes only the carbon disulfide. In case (a) colorimetric
distinction of the carbon disulfide and oxysulfide is possible:
in case (b) iodometric resolution is used. Hydrogen sulfide and
mercaptans may be determined separately in the cadmium chlo
ride solution by decomposing the mercaptides with dilute acid
and then determining the cadmium sulfide iodometrically.

In a related procedure which does not involve the use of specific
adsorbents, the progressive change in the total sulfur content
produced by the equilibration of increasingly large volumes of the
test gas with a known volume of an inert (oil) solvent is used as
the basis for a qualitative and quantitative estimation of the
sulfur compounds in the gas (151, 217). This method provides a
powerful tool for the complete determination of individual sulfur
eompounds in particular, and it may be useful for similar
analysis of closely related gases in general.

All these procedures are indirect and somewhat tedious. A
simple colorimetric test for mercaptans has been described (345),
and a direct spectrophotometric method for the simultaneous
determination of thiophene, carbon disulfidc, and carbon oxy
sulfide in producer gas has been developed (34). The gas is
brought in eontact with a piperidine-ethanol solution, and the
light adsorption at three wave lengths, each of which is associ
ated with an adsorption band characteristic for the adduct of one
of the compounds named above,. is measured. Mercaptans and
hydrogen sulfide are also adsorbed by the solution, but do not'
interfere with the determination.

HALOGEN COMPOUNDS

The most popular approach to the determination of traces of
halogen compounds (particularly halogenated hydrocarbons) in
air has been through the pyrolysis of the test gas, usually in the
presence of a platinum catalyst. The pyrolysis products may be
determined conductometrically (320), colorimetrically (324), or
turbidimetrically (107, 261); or by argentometric (178, 258),
oxidimetric (258, 349, 350), or acidimetric (D8, 271) titration.
The accuracy and sensitivity vary greatly with the case in hand;
but a sensitivity extending into the range of 10 to 50 p.p.m. or
less, and an accuracy of 1 to 10%, are not unrepresentative.
Preliminary concentration of the trace component(s) from a large
volume of sample may help to increase the effective sensitivity.
Such coneentration is conveniently realized by selective adsorp
tion (72, 95); or by passing the gas through an appropriate scrub
ber (251, 343). The concentrate can then be evaluated by any
standard method of analysis.

The sampling and analysis of boron trifluoride have been in
vestigated and It titrimetric procedure for the determination of
boron triflnoride and silicon tetrafluoride in the presence of one
another has been developed (308). A gas volumetric procedure
for the same analysis has been based on ·the conversion of the
boron trifluoride to acetyl fluoborate, followed by the separation
of· the latter from the much more volatile silicon tetrafluoride
(196).

For the estimation of traces of chlorine in inert gas streams,
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the gas may be scrubbed with a dilute solution of hydrochloric
acid, the changes in which are evaluated electroconductometri
cally (165). For the determination of hydrogen chloride in the
presence of chlorine, all of the former and some of the latter are
collected in a water scrubber. It is shown (16) that all the chlo
rine can be boiled off under a reflux condenser without under
going any substantial amount of hydrolysis. No loss of hydrogen
chloride occurs in this process, and the hydrochloric acid solu
tion is then analyzed by acidimetric titration.

Small amounts of hydrogen fluoride in a gas stream may be
evaluated in terms of the rate of decolorization of a test body
impregnated with the zirconium-alizarin lake which is suspended
in the gas (186). For the determination of substantial concen
trations of fluorine in mixtures with air or nitrogen, the gas may
be passed over hot sodium bromide, to procure a stoichiometrie
exchange of fluorine for bromine, and the latter is determined by
photometric examination of the gas stream (208).

HYDROCARBONS

General Methods. A most important contribution to the
volumetric analysis of hydrocarbons in particular, and gases in
general, has been made by Brooks and co-workers (41 ), who de
scribe an improved Orsat-type apparatus of great flexibility.
Various adsorbent agents are examined, and several comprehen
sive patterns of analysis for complex mixtures of gases are pro
posed.

The replacement of the slow combustion pipet with a catalyst
tube containing platinized silica gel has been suggested (157).
The danger of explosion is reduced to a minimum, satisfactory
fractional combustion is often possible, and the same catalyst
may be used for analytical hydrogenation procedures. Clean
fractionation is also said to be obtainable onplatinized asbestos,
provided that the temperature of the catalytic body is raised ex
tremely slowly to its final value (333). A combustion element of
copper oxide promoted with 1% iron oxide allows satisfactory
fractionation in combustion, though in this respect it is not
clearly superior to pure copper oxide. However, with the pro
moted oxide, methane can be burned more rapidly and/or at a
lower temperature than with the pure oxide (206).

Traces of combustibles in air may be detected by the tern-
perature rise produced when the gaseous mixture is passed over a
catalytic element (235). The minute hydrocarbon content of
subsoil air has been estimated from a titrimetric determination
of the carbon dioxide produced when the gas sample is led over it

heated platinum filament (327).
Saturated Hydrocarbons. For the determination of cycl()

propane in the presence of propylene a selective hydrogenation
procedure that works well with as little as 1 cc. (N.T.P.) of
sample has been described (64). A selective adsorption proce
dure is also possible, as cyclopropane is not attacked by an acid
mercuric sulfate reagent which adsorbs olefins rapidly. Cyclo
propane can be determined in the residue from this treatment, by
adsorption in 87% sulfuric acid (42).

Olefins. Some of the older reagents for the adsorption of
ethylene have been re-examined (185, 311). For this operation a
solution of silver sulfate in fairly concentrated sulfuric. acid is
said to perform satisfactorily (89). A highly recommended ad
sorbent for ethylene (as well as for the higher olefins) consists of a
solution of mercuric sulfate in dilute sulfuric acid. This solu
tion allows rapid irreversible adsorption of substantial volumes
of olefins, and its use is not accompanied by any appreciable at
tack on the paraffin hydrocarbons (106). Ho~ever, thi~, re
agent may cause some oxidation of carbon monoxide to the di
oxide, and the experimental procedure should be designed to
avoid errors arising from this .side reaction (40). The formula
tion of mercuric salt reagents especially intended for use in the
Blacet-Leighton analyzer has been considered (241). A solution
of mercuric acetate in ethylene glycol allowed a sharp separation
of ethylene from ethane, though it was less satisfactory for the
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separation of the higher olefins and paraffins. The latter aim was
achieved with an aqueous solution of mercuric acetate and ni
trate. Results accurate to a few tenths of 1% were secured over
a wide range of olefin concentrations. A solution of mercuric
sulfate and sodium' dichromate in dilute sulfuric acid is said to be
very satisfactory for the volumetric determination of total olefins
(185). A distinction of ethylene from the higher olefins is usually
possible, as the former is the only member of the series unad
sorbed by 87% sulfuric acid.

A titrimetric method for olefin analysis may be grounded
on a measurement of the bromine consumption of the gas speci
men (294, 298, 322). The use of bromine water as an olefin ad
sorbent in gas volumetric analysis is complicated by the volatility
and corrosiveness of bromine. This difficulty is overcome in a
compound pipet in which the gas is automatically scrubbed with
alkali as it leaves the bromine water chamber (326).

The proportion of isobutene in butene mixtures may be estab
lished by measurement of the distribution of the saillple between
68% sulfuric acid and the residual gas phase (9). Isobutene in
binary mixtures with other saturated and unsaturated hydro
carbons may be determined with an accuracy of ca. 1% by a
simple Bunte buret technique, using as a reagent a dilute solu
tion of hydrochloric acid in saturated brine (140). Some cor
reetion must be made for the solubility of the second component
in this reagent.

l,3-Butadiene. The use of molten maleic anhydride as a
specific adsorbent in the volumetric determination of conjugated
dieues has been widely investigated, but there are still residual
uneertainties in the results of this method. Presaturation of the
reagent and a special design for the adsorption pipet have been
diseussed (93, 125). A careful examination of this analysis,
in the form in which a purging stream of carbon dioxide is used to
strip the reagent of the gases which, unlike the butadiene, are
simply held in physical solution, has revealed several possible
sources of error. However, even when these are remedied, the
results still show a substantial and apparently capricious vari
ability (282). The maleic anhydride method still remains the
most satisfactory of the purely chemical procedures for this
analysis (300); and it may also be of particular value as a method
for the concentration of the impurities in butadiene as a pre
liminary to mass spectrometric evaluation of these eontaminants.

The maleic anhydride method is most useful when applied to
butadiene samples containing relatively low percentages of hydro
carbon impurities. Interference due to cosorption of these im
purities may'be reduced, though not totally suppressed, by the
addition to the maleic anhydride of various amines, which in
hibit the nonspecific adsorption. If large concentrations of
isobutylene, one of the most troublesome impurities, are present,
it may be preferable to remove the greater portion of this com
ponent with 65% sulfuric acid before the maleic anhydride treat
ment is attempted (253).

A titrimetric rather than a gas volumetric procedure may by
pass some of the difficulties of the usual maleic anhydride method.
If chloromaleic anhydride is used as an adsorbent, only the
chlorine atom in the adduct formed through diene adsorption is so
activated that it may be determined argentometrically (240).

An indirect volumetric procedure for diene analysis is also pos
sible. The total number of double bonds may be established by
catalytic hydrogenation, and the total number of olefin and di
olefin molecules in the gas may be determined by adsorptiometric
olefin analysis. The difference of the former and the latter figures
represents the number of molecules with two double bonds-i.e.
the dienes (68, 249).

Acetylene(s). Various adsorbent agents for the volumetric
estimation of substantial percentages of acetylene have been
examined (310) and the general problem of acetylene analysis
has been reviewed (307).

A few hundredths of 1% of acetylene in air may be estimated by
adsorption of the acetylene in a cuprous reagent, followed by

117

colorimetric estimation of the cuprous acetylide formed (65).
For the detection of much smaller percentages of ace(ylene, a
preliminary concentration of this component from a large volume
of specimen is requisite. Such concentration may be achieved by
passing the test gas through condensation traps cooled with
liquid oxygen (181) or liquid air (113), through an adsorbent
tube packed with silica gel and immersed in liquid air (335), or
through a series of scrubbers charged with acetone and immersed
in a dry ice bath (239). In the latter case copper acetylide can
be formed, and estimated by photoelectric colorimetry, in an
aliquot of the acetone solution. When the acetylene has been
concentrated in a packed or unpacked condensation trap it may
be recovered by warming and flushing the trap. The gas so ob
tained is brought in contact with a cuprous reagent, and the
determination may then be concluded colorimetrically (113, 181).
Alternatively, when substantial quantities of acetylene have been
collected, the determination may be concluded gravimetrically,
by igniting the copper acetylide with nitric acid and weighing as
copper oxide (335); or volumetrically, by decomposing the cop
per acetylide with nitric acid and making an iodometric evalua
tion of the copper that it contains (339).

When the acetylene present in a gas stream is collected in a
scrubber charged with concentrated aqueous silver nitrate solu
tion, no precipitate is fOI;med until the solution is greatly diluted,
at which point a quantitativ:e recovery of the acetylide is secured.
The determination is concluded gravimetrically. The gravi
metric factor is very favorable and, according to whether a large
or small gas sample is taken, the method is serviceable for both
minor and major concentrations of acetylene. Interferences
due to other gases can be avoided or suppressed, and the method
provides a distinction between acetylenes and the alkyl acety
lenes, because the latter do not yield precipitates under the ex
perimental conditions (273).

Mixtures of acetylene and monovinyl acetylene can be ana
lyzed by argentometric titration (205). The separate deter
mination of ethyl- and vinylacetylene in O. hydrocarbon gases
which may also contain paraffin, olefin, and diolefin constitu
ents can be achieved by a very indirect procedure. If separate
measurements are made of the total acetylenes (titrimetrically),
total unsaturation (catalytic hydrogenation), olefins (bromina
tion), and butadiene (maleic anhydride), sufficient data for the
estimation of the individual acetylenes are available (322).

OTHER GASES
Hydrogen. Traces of hydrogen (in the presence of excess

oxygen) are determinable from the temperature rise produced
when the gas mixture is passed over a catalyst-for example (59).
Other combustibles should be absent, or the conditions must be
arranged so that only hydrogen burns. Hydrogen is particu
larly easily determined by thermal conductivity methods-for
example (344).

Substantial concentrations of hydrogen in air may be measured
by combustion analysis in a modified Bunte buret (292). In an
analyzer for hydrogen in flowing gas streams, based on the selec
tive permeability of a hot palladium membrane, the equilibrium
pressure of hydrogen in a chamber separated from the gas stream
by the membrane is measured (341). This pressure should be
equivalent to the partial pressure of hydrogen in the gas stream.

Water. A brief review of the methods of determining the
water content of gases is available (202). Such a determina
tion, based upon an clectroconductometric measurement of the
equilibrium aqueous concentration of a thin film of phosphoric
acid exposed to the test gas, has been very completely studied
(342). A wide gamut of water concentrations-from a few
micrograms to 20 mg. of water per liter-can be evaluated rap
idly in a flowing gas system. The calibration of the instrument is
somewhat unstable, but satisfactory results are obtained when the
time interval between calibration and use is minimized. This
analysis is highly specific, but may be extended-for example,
to the estimation of traces of combustibles which yield water
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when they are burned. In an analogous device for the deter
mination of water in flue gases containing sulfur trioxide, a film of
sulfuric acid replaces the phosphoric acid (100).

For the estimation of a few thousandths of 1% of water in
gaseous hydrocarbons the water is adsorbed by cold anhydrous
acetone, and this solution is allowed to react with acetyl chloride
in toluene,· with the liberation of hydrogen chloride. The un
decomposed acetyl chloride is then hydrolyzed with ethanol,
and the determination is concluded by a titrimetric determina
tion of the hydrogen chloride so produced (172). Gravimetric
determinations of the water content of Freon 12 (226) and of
nitrogen dioxide (347) have been described. Rapid automatic
analysis for water vapor in air may be conducted by thermal con
ductivity methods. There is a "blind spot" covering a small
range of concentrations around the conductivity maximum in
this system, but for other concentrations results of high sensi
tivity and accuracy are obtained (54).

Phosphine. Small amounts of phosphine associated with
carbide-generated acetylene may be collected in a sodium hypo
chlorite scrubber. Colorimetric estimation of the phosphate con
tent of the solution, after stoichiometric conversion and ex
change to phosphomolybdate and molybdenum blue, is both
delicate and fairly accurate (36, 227).

Inert Gases. A comprehensive review of the determination of
these gases in the atmosphere and in natural gas is available (51).
Field equipment for rapid determination of the helium content of
natural gases has been described (108). Helium contents from a
few per cent to a few thousandths of 1% are determined by a
manometric measurement after all other gases have been removed.
The helium and neon contents of the atmosphere have been ex
amined by Gliickauf (116, 117); the final measurements were
made with a Pirani gage after the requisite separations were com
pleted by fractional adsorption. The argon content of various
minerals has been determined (133), and the analysis of argon
nitrogen mixtures by thermal conductivity methods has been
described (44).

Ether Vapor. In a gas volumetric procedure for the determina
tion of ethyl ether vapor in the presence of ethylene, etc., hydro
ferrocyanic acid in dilute sulfuric acid is used as a selective ad
sorbent for the ether vapor (189).

Mercury Vapor. The determination of thc concentration of
mercury vapor in the atmosphere does not regularly fall within
the province of the gas analyst, but the results are of peculiar
interest to him. A review of methods for this determination is
available (145). A very simple procedure in which the test gas
is scrubbed in a bead trap charged with alkaline hypobromite
solution is concluded by a colorimetric determination of the
collected mercury (198). A report on the concentration of mer
cury vapor in gas analytical (and other) laboratories calls atten
tion to the most serious sources of such contamination (280).

ACKNOWLEDGMENT

Margaret Galland rendered invaluable assistancc in the prepa
ration of thebibliograply.

LITERATURE CITED
(1) Alekseeva, M. K., and Gol'dina, Ts. A., Zavodskaya Lab., 15,

110 (1949).
(2) Altieri, V. J., "Vas Analysis," New York, American Gas As

sociation, 1945.
(~) Amelin, A. G., and Borodastova, Z. B., Zavodskaya Lab., 11,235

(HJ4,5).
(4) Andersen, J. W., and Friedman, R., Rev. Sci. Instruments, 20,61

(1949).
(5) Anderson, A. R, IND. ENG. CHEM., ANAL. ED., IS, 70 (1946).
(6) Andrews, H. L., and Peterson, D. C., J. Ind. Hyg. Toxicol., 29,

403 (1947).
(7) Armitage, S., Gas World, 127, 728 (1947).
(8) Arthur, J. R., Doyle, J. E., and Lomas, G., Iron Steel Inst.

(London), Spec. Rept. 37, 72 (1946).
(9) Ashino, 1., and Tamayama, K., J. Soc. Chern. Ind. Japan, 46,

226 (1943).

ANALYTICAL CHEMISTRY

(10) Averell, P. R.; Hart, W. F., Woodberry, N. T., and Bradley,
W. R., ANAL. CHEM., 19, 1040 (1947).

(11) Axford, D. W. E., and Sugden, T. M., J. Chern. Soc.• 1946, 901.
(12) Bairstow, S., Francis, J., and Wyatt, G. H., Analyst. 72, 340

(1947).
(13) Baldwin, R R., J. Chern. Soc., 1949, 720.
(14) Barnes, R B., and Gore, R. C., ANAL. CHEM., 21, 7 (1949); 22,

7 (1950).
(15) Barnes, R. B., Gore, R. C., Stafford, R. W., and Williams,

V. Z., Ibid., 20, 402 (1948).
(16) Barnham, H. N., and Thomson. T. R., Ibid., 20, 60 (1948).
(17) Bayer, Fritz, "Gasanalyse," Stutt,gart, Ferdinand Enke, 1941;

Ann Arbor, Mich., Edwards Brothers, 1943.
(18) Bayes, A. L., Flook, E. R., and Graham, G. B., Food Inds., 21,

310,424 (1949). .
(19) Beckman, A. 0., McCullough, J. D., and Crane, R. A., ANAL.

CHEM., 20, 674 (1948).
(20) Beckmann, P., Chemistry & Industry, 1945, 791.
(21) Belcher, R., and Ingram, G., Anal. Chim. Acta, 1,417 (1947).
(22) Benson, S. W., and Coswell, R., J. Phys. ColWid Chem., 52,

1332 (1948).
(23) Berg, W. E., Am. J. Physiol., 149. 597 (1947).
(24) Berg, W. E., Science, 104, 575 (1946)'.
(25) Berger, L. B., U. S. Bur. Mines, Rept. Invest. 41S7 (1947).
(26) Berger, L. B., and Schrenk, H. H., U. S. Bur. Mines, Inform.

Circ. 7441 (1948).
(27) Bernstein, R. B., J. Chem. Phys., 17, 209 (1949).
(28) Blohm, C. L., and Riesenfeld,F. C., IND. ENG. CHEM., ANAL.

ED., IS, 373 (1946).
(29) Bobalek, E. G., and Shrader, S. A.,Ibid., 17, 544 (1945).
(30) Boeke, J., Philips Tech. Rev., S, 341 (1946).
(31) Boer, J. H. de, and Ormondt, J. van, Brit. Patents 579,817

and 579,809 (1946).
(32) Boivin, M., Chim. aI~al., 31, 5, 35, 61, 80 (1949).
(33) Boomer, E. H., Gillies, A., and Hugill, J. T., Can. J. Research,

26B, 202 (1948).
(34) Brady; L. J., ANAL. CHEM., 20, 512 (1948).
(35) Ibid., 20, 1033 (1948).
(36) Brameld, V., Analyst, 70, 279 (1945).
(37) Branham, J. R., Shepherd, M., and Schuhmann, "S., .I. Research

Natl. Bur. Standards, 26, 571 (1941).
(38) Braun, W. G., and Fenske, M. R., ANAL. CHEM., 21,12 (1949);

22,11 (1950).
(39) Brogen, G., Arkiv. Mat. Astron. Fysik, 36B, No.2 (1948).
(40) Brooj<:s;F: R., Benjamin, P., and Zahn, V., IND. ENG. CHEM.,

Aloi.u;ED., IS. 339 (1946).
(41) Brooks;E..R., Lykken, L., Milligan, W. B., Ne~ker, H. R.,

. anq Zahn, V., ANAL.CHEM., 21,1105 (1949).
(42) Brooks"F.. R., Murdock, R. E., and Zahn,V., Ibid., 20, 62

(1948):
(43) Broughton; D. B., Ind. Eng. Chern., 40, 1506 (1948).
(44) Browri,E;.H., and Cline, J. E., IND. ENG. CHEY., ANAL. ED.,

17,286 (1945).
(45) Brown, E. H., and Felger, M. M., Ibid., 17, 277, 283 (1945).
(46) Brown; E. H.,·Felger, M. M., and Howard, R. B., Jr., Ibid., 17,

287 (1945). .
(47) Brunauer, S., "Adsorption of Gases and Vapors," Princeton,

Princeton University Press, 1945. .
(48) Burk, R. E., and Grummitt, 0., "Recent Advances in An

alytical Chemistry," New York, Interscience Publishers. 1949.
(49) Burke, S. S., Jr., ,ANAL. CHEM., 21, 633 (1949).
(50) Busey, R. H., Barthauer. G. L., and Metler, A; V.•. IND. ENG.

CHEM., ANAL. ED., IS, 407 (1946).
(51) Cady, G. H., and Cady, H. P., Ibid., 17,760 (1945).
(52) Cahen, P., and Letort, M., Bull. soc. chim.France;.I94S, 1163.
(53) Cartwright, L. C., IND. ENG. CHEM., ANAL. ED., IS',' 779 (1946)
(54) Cherry, H. H., ANAL. CHEM., 20, 958 (1948).
(55) Chretien, A., and Galmiche, P., Bull. soc. chim. France, 1947

1017.
(56) Christiansen, J. A., and Wulff, Inger, Kgl. Danske Videnskab.

Selskab., Mat.-fys. Medd., 22, No.4 (1945)
(57) Clark, W. J., U. S. Patent 2,472,645 (1949).
(58) Clifton, V. E., Ind. Chemist, 22, 200 (1946).
(59) Cohn, G., ANAL. CHEM., 19, 832 (1947).
(60) Cole, J. W., Salsbury, J. M., and Yoe, J. H., Anal. Chim. A.cta,

2, 115 (1948).
(61) Collins, R. D., and Newby, M. P., Nature, 162,224 \1"'48).
(62) Cook, W. A., Am. Ind. Hyg. Assoc. Quart., 8,42 (1947).
(63) Corbett, P. F., J. Soc..Chem. Ind., 67, 227 (1948):
(64) Conier, E. S., and Pease, R. N., IND. ENG. CHEM., ANAL. ED.,

17,564 (1945).
(65) Coulson-Smith, C., and i:)eyfang, A. P., Analyst, 67, 39 (1942).
(66) Crouthamel, C. E., ~nd Diehl, H., ANAL.CHEM.,.20, 515 (1948).
(67) Cueilleron, J., Chim~e & industrie, 52, 130 (1944).
(68) Cuneo, J. F., and Switzer; R. L., IND. ENG; CHEM., ANAL. ED.,

15,508 (943).



VOL U M E 22, N O. 1, JAN U A R Y 1 9 50

(69) Dailey, B. P., ANAL. CHEM., 21,540 (1949).
(70) Damkohler, G., and Theile, H., Chemie, 56,353 (1943); Beiheft

Z. Ver. deut. Chem., 49 (1944).
(71) Danby, C. J., Davoud, J. G., Everett, D. H., Hinshelwood,

C. N., and Lodge, R. M., J. Chem. Soc., 1946, 918.
(72) Danner, C. E., and Goldenson, J., J. Ind. Hyg. Toxicol., 29, 218

(1947). '
(73) Davis, P. T., Grossman, J., and Harris, B. L., ANAL. CHEM., 21,

194 (1949).
(74) Dean, R. B., Ibid., 19, 1046 (1947).
(75) Deinum, H. W., and Dam, J. W., Anal. Chim. Acta, 2, 501

(1948).
(76) Ibid., 3, 353 (1949).
(77) Delassus, M., Chim. anal., 29, 151 (1947).
(78) Deringer, Hs., Schweiz Ver. Gas- u. Wasserfach., 1110nats-Bull.,

27, 189 (1947).
(79) Dibeler, V. H., and Mohler, F. L., J. Research Natl. Bur.

Standards,39, 149 (1947).
(80) Dirken, M. N. J., and Heemstra, H., Qua?·t. J. Exptl. Physiol.,

34, 181 (1948).
(81) Dole, M., and Klotz, I. M., IND. ENG. CHEM., 38, 1289 (1946).
(82) Dorta-Schaeppi, Y., and Treadwell, W. D., Helv. Chim. Acta,

32, 356 (1949).
(83) D'Ouville, E. L., and Howe, K. E., Petroleum Refiner, 26, No.

6, 526 (1947).
(84) Downie, C. C., Gas World, 127, 666 (1947).
(85) Dudden, W. R., Ibid., 122, 276 (1945).
(86) Duguet, R., Compt. rend., 226, 1527, 1621 (1948).
(87) Dyer, C. A., Rev. Sci. Instruments, 18, 696 (1947).
(88) Eastwood, L. W., and Kura, J. G., Foundry, 75, No.7, 70 et

seq. (1947).
(89) Eberl, J. J., IND. ENG. CHEM., ANAL. ED., 14, 853 (1942).
(90) Echols, L. S., Jr., and Gelus, E., ANAL. CHEM., 19, 668 (1947).
(91) Ede, A. J., J. Sci. Instruments, 24,198 (1947).
(92) Edgecombe, L. J., Fuel, 25, No.6, 163 (1946).
(93) Elving, P. J., and Stein, T. L., IND. ENG. CHEM., ANAL. ED.,

17, 722 (1945).
(94) Enghoff, R., Acta Med. Scand., Suppl. 170, 307 (1946).
(95) Fahy, J. P., J. Ind. Hyg. Toxieol., 30, 205 (1948).
(96) Feiner, B., Burke, W. J., and Moskowitz, S., Ibid., 28, 276

(1946) .
(97) Field, E., and Oldach, C. S., IND. ENG. CHEM., ANAL. ED., 18,

665 (1946).
(98) Ibid., 18, 668 (1946).
(99) Flagg, J. F., and Lobene, R. J., J. Ind. Hyg. Toxieol., 30, 370

(1948).
(100) Flint, D., J. Inst. Fuel, 21, 248 (1948).
(101) Flint, D., J. Soc. Chem. Ind., 67, 2 (1948).
(102) Fogel'son, E. I., and Mikhailova, E. G., Zavodskaya Lab., 13,

1129 (1947).
(103) Fogo, J. K., and Popowsky, M., ANAL. CHEM., 21, 732 (1949).
(104) Ibid., 21, 734 (1949).
(105) Fomicheva, N. I., Zavodskaya Lab., 13, 172 (1947).
(106) Francis, A. W., and Lukasiewicz, IND. ENG. CHEM., ANAL. ED.,

17,703 (1945).
(107) Franklin, J. L., Gunn, E. L., and Martin, R. L., Ibid., 18,314

(1946) .
(108) Frost, E. M., Jr., U. S. Bur. Mines, Rept. Invest. 3899 (1946).
(109) Fulton, S. C., and Heigl, J. J., Instruments, 20, 35 (1947).
(110) Gamson, B. W., Chem. Eng. Progress, 45,154 (1949).
(Ill) Gardner, W. F., Gas World, 123, 564 {1945).
(112) Gauger, A. W., and Darby, H. T., ANAL. CHEM., 21, 227 (1949).
(113) Geissman, T. A., Kaufman, S., and Dollman, D. Y., Ibid., 19,

919 (1947).
(114) Gillham, E. W. F., J. Soc. Chem. Ind., 65, 370 (1946).
(115) Ibid., 65, 405 (1946).
(116) GlUckauf, E., Proc. Roy. Soc. (London), A185, 98 (1946).
(117) GlUckauf, E., Trans. Faraday Soc., 40,436 (1944).
(118) Goldenson, J., and Thomas, J. W., J. Ind. Hyg. Toxicol., 29, 14

(1947) .
(119) Goldman, D. E., and Mathis, J. A., Ibid., 30, 129 (1948).
(120) Gooderham, W. J., Anal. Chim. Acta, 2, 452 (1948).
(121) Gooderham, W. J., Analyst, 72, 520 (1947).
(122) Goodman, I., and Gustavson, R. G., Science, 105, 264 (1947).
(123) Grant, W. M., ANAL. CHEM., 19,345 (1947).
(124) Gray, C. H:, and Sandiford, M., Analyst, 71, 107 (1946).
(125) Gregg, C. L., IND. ENG. CHEM., ANAL. ED., 17,728 (1945).
(126) Griffith, R. R., and Morcom, A. R., J. Chem. Soc., 1945, 786.
(127) Guy, J. J., Chemistry & Industry, 1948, 600.
(128) Guyer, A., and Pfister, X., Helv. Chim. Acta, 29, 1400 (1946).
(129) Hakewill, R., and Rueck, E. M., Am. Gas. Assoc. Proc., 28, 529

(1946) .
(130) Hambersin, J., Bull. soc. chim. Belges, 56,134 (1947).
(131) Hare, D. G. C., U. S. Patent 2,389,046 (1945).
(132) Harger, R. N., Turrell, E. S., and Miller, J. M., J. Lab. Clin.

Moo., 34, 566 (1949).

119

(133) Harteck, P., and Suess, H., Naturwissenschaften, 34,214 (1947),
(134) Hickey, J. W., and Wiig, E. 0., J. Am. Chem. Soc., 70, 1574

(1948).
(135) Hillier, J., U. S. Patent 2,468,261 (1949).
(136) Hipple, J. A., and Shepherd, M., ANAL. CHEM., 21, 32 (1949);

22,23 (1950).
(137) Honig, R. E., J. Applied Phys., 16, 646 (1945).
(138) Hooper, J. H. D., Analyst, 72, 513 (1947).
(139) Hornfleck, G. J., U. S. Patent 2,467,211 (1949).
(140) Houtman, J. P. W., J. Inst. Petroleum, 34, 255 (1948).
(141) Il'inskaya, A. A., and Kontorovich, L. M.,·Zavodskaya Lab., 13.

29 (1947).
(142) Ishikawa, F., and Yagi, K., Bull. Inst. Phys. Chem. Research

(Tokyo), 22, 12 (1943).
(143) Ishikawa, F., and Yamaryo, I., Ibid., 23, 311 (1944).
(144) Iwamura, S., Oyo Butsuri, 13, 107, 135 (1944). '
(145) Jacobs, M. B., "Analytical Chemistry of Industrial Poisons,

Hazards and Solvents," New York, Interscience Publishers,
1949.

(146) Hger, A., and Grebe, W., Gl-uekauf, 85,294 (1949).
(147) Jaeger, W. C., Swiss Patent 227,471 (1943).
(148) Janssens, P., Bull. soc. chim. Belges, 54, 134 (1945).
(149) Katz, M., and Katzman, J., Can. J. Research, 26F, 318 (1948).
(150) KeilhoHz, G. W., and Bergin, M. J., Instruments, 22, 320, 360

(1949) .
(151) Kemper, W. A., and Guernsey, E. \V., Am. Gas Assoc., Proc.,

24,364 1942).
(152) Kenty, C., Rev. Sci. Instruments, 17, 158 (1946).
(153) Kenty, C., and Reuter, F. W., Jr., Ibid., 18,918 (1947).
(154) Key, C. W., Calif. Oil World, 42 (No.4), 3, 5,7,25 (1949).
(155) Kieselbach, R., IND. ENG. CHEM., ANAL. ED., 16, 766 (1944).
(156) Klotz, I. M., Chem. Revs., 39, 241 (1946).
(157) Kobe, K. A., and MacDonald, R. A., IND. ENG. CHEM., ANAL.

ED., 13, 457 (1941).
(158) Kobe, K. A. ,and Mason, G. E., Ibid., 18, 78 (1946).
(159) Kosior, E. A., Can. Chem. Process Inds., 32, 925 (1948).
(160) Krevelen, D. W. van, and Hoftijzer, P. J., Rec. trav. chim., 66,

49 (1947) ..
(161) Ibid., 68, 221 (1949).
(162) Krevelen, D. W. van, Hoftijzer, P. J., and Hooren, C. J. von,

Ibid., 66, 513 (1947).
(163) Ibid., 67, 133 (1948).
(164) Laitinen, H. A., Higuchi, T., and Czuha, M., J. Am. Chem.

Soc., 70, 561 (1948). .
(165) Lamendin, A., Industrie chimique, 33, 73 (1946).
(166) Langer, A., Rev. Sci. Instruments, 18, 101 (1947).
(167) Law, N. H.,.Quart. J. Pharm. Pharmacol., 20,17 (1947).
(168) Ledoux, Ed., "Vapor Adsorption," Brooklyn, N. Y., Chemical

Publishing Co., 1945.
(169) Leithe, W., Mikrochemie ver. Mikrochim. Acta, 33,42 (1947).
(170) LeRoy, D. J., and Steacie, E. W. R., IND. ENG. CHEM., ANAL.

ED., 16, 341 (1944).
(171) Levin, H., ANAL. CHEM., 21, 249 (1949).
(172) Levin, H., Uhrig, K., and Roberts, F. M., IND. ENG. CHE~r..

ANAL ED., 17, 212 (1945).
(173) Lewis, J. M., Instrumentation, 2 (No.6), 18 (1947).
(174) Lewis, V. M., ANAL. CHEM., 21, 635 (1949). '
(175) Lindsley, C. H., and Yoe, J. H., Ibid., 21, 513 (1949).
(176) Lindsley, C. H., and Yoe, J. H., Anal. Chim. Acta, 2,127 (1948).
(177) Ibid., 3, 445 (1949).
(178) Lubatti, O. F., and Harrison, A., J. Soc. Chem. Ind., 63, 140

(1944) .
(179) McCullough, J. D., Crane, R. A., and Beckman, A. 0., ANAL.

CHEM., 19, 999 (1947).
(180) McHattie, I. J. W., and McNiven, N. L., Can. Chem. Process

Inds., 30 (No.7), 87 (1946).
(181) McKoon, H. P., and Eddy, H. D., IND. ENG. CHEM., ANAL.

ED., 18, 133 (1946).
(182) Macura, H., and Werner, G., Angew. Chem., 56,90 (1943).
(183) Major, J., and Thomas, E. W., U. S.Patent 2,395,489 (1946).
(184) Mallett, M. W., Trans. Am. Soc. Metals, Preprint 41 (1948).
(185) Mapstone, G. E., and Beckmann, P., Petroleum Refiner, 27, No.

8, 442 (1948).
(186) Marconi and Fagan, C. P., Brit. Patent 566,389'(1944).
(187) Mattocks, E. 0., Am. Gas. Assoc. Proc., 30, 559 (1948).
(188) Meites, L., and Meites, T., ANAL. CHEM., 20, 984 (1948).
(189) Meloche, C. C., and Frederick, W. G., IND. ENG. CHEM.,

ANAL. ED., 17,795 (1945).
(190) Ibid., 17, 796 (1945).
(191) Melpolder, F. W., and Brown, R. A., ANAL. CHEM., 20, 139

(1948) .
(192) Mendoza, M. P., Bull. B,·it. Coal Utilization Research Assoc.

13, 1 (1949).
(193) Merlin, M., Tec. ual., 3, 248 (1949).
(194) Metcalf, H. E., U. S. Patent 2,393,650 (1946).
(195) Mignolet, J. C. P., Trans. Faraday Soc., 45, 271 (1949).



120

(196) Miller, N., Nature, 158, 950 (1946).
(19'7) Milsom, D., 'Jacoby, W. R., and Rescorla, A. R., ANAL. CHEM.,

21, 547 (1949).
(198) Milton, R. F., and Duffield, W. D., Analyst, 72, 11 (1947).
(199) Minchin, L. T., Chemistry & Industry, 1948, 147.
(200) Minter, C. C., ANAL. CHEM., 19,464 (1947).
(201) Minter, C. C., J. Chem. Education, 23, 237 (1946).
(202) Mitchell, John, Jr., and Smith, D. M., "Aquametry," New

York, Interscience Publishers, 1948.
(203) Moreau, L., and Chaudron, G., Compt. rend., 224, 829 (1947).
(204) Morris, K. Bo., and Davidson, E. M., ANAL. CHEM., 21, 757

(1949) .
(205) Murata, J., J. Soc. Chem. Ind. Japan., 47, 202 (1944).
(206) Murdock, R. E., Brooks, F. R., and Zahn, V., ANAL. CHEM., 20,

65 (1948).
(207) Nash, L. K.,Ibid., 20, 258 (1948).
(208) Ibid., 21, 980 (1949).
(209) Nash, L. K., IND. ENG. CHEM., ANAL. ED., 18, 505 (1946).
(210) Nash, L. K., and Baxter, G. P., J. Am. Chem. Soc., 69, 2534

(1947) .
(211) Nat!. Bur. Standards, Am. Petroleum Inst., Research Proj. 44

(1948) .
(212) Naughton, J. J., and Uhlig, H. H., IND. ENG. CHEM., ANAL.

ED., 15, 750 (1943).
(213) Nicolai, A. L., U. S. Patent 2,448,111 (1948).
(214) Nier, A. 0., Rev. Sci. Instruments, 18, 398 (1947).
(215) Nier, A. 0., et al., ANAL. CHEM., 20, 188 (1948).
(216) Norton, F. J., and Marshall, A. L., Trans. Am. Inst. Mining

Met. Engrs., 156, 351 (1944).
(217) Oldach, C. S., and Field, E., IND. ENG. CHEM., ANAL. ED., 18,

669 (1946).
(218) Ostermeier, L., Gas- u. Wasserfach, 86, 56 (1943).
(219) Park, R. H., and Dixon, J. K., U. S. Patent 2,417,321 (1947).
(220) Parkinson, B. R., Gas World, 127,476 (1947).
(221) Patry, M., and Duguet, R., Compt. rend., 225, 1158 (1947);

226, 255 (1948).
(222) Patty, F. A., and Petty, G. M., J. Ind. Hyg. Toxicol., 25, 361

(1943) .
(223) Pauling, L., Wood, R. E., and Sturdivant, J. H.: J. Am. Chem.

Soc., 68, 795 (1946). '
(224) Pearce, S. J., and Schrenk, H. H., U. S. Bur. Mines, Rept.

Invest. 4282 (1948).
(225) Pearlson, W. H., IND. ENG. CIj:EM., ANAL. ED., 16,415 (1944).
(226) Pennington, W. A., ANAL. CHEM., 21, 766 (1949).
(227) Perel'man, S. S., and Lelyakina, T. M., Zavodskaya Lab., 11,

810 (1945).
(228) Perley, G. A., and Godshalk, J. B., U. S. Patent 2,422,129

(1947) .
(229) Philips' Gloeilampenfabrieken, Dutch Patent 54,716 (1943).
(230) Pieters, H. A. J., Chem. Weekblad, 43,455 (1947).
(231) Pieters, H. A. J., and Dam, J. W. van, Het. Gas, 68,199 (1948).
(232) Pieters, H. A. J., and Hanssen, W. J., Anal. Chim. Acta, 2, 712

(1948) .
(233) Pitzer, E. C., and Frazer, J. C. W., J. Phys. Chem., 45, 761

(1941) .
(234) Polis, R. D., Berger, L. B., and Schrenk, H. H., U. S. Bur.

Mines, Rept. Invest. 3785 (1944).
(235) Poole, R., Inst. Elect. Engrs., 1947 (preprint).
(236) Powell, J. S.,and Joy, P. C., ANAL. CHEM., 21, 296 (1949).
(237) Price, W. B., and Woods, L., Analyst, 69,117 (1944).
(238) Puddington, 1. E., ANAL. CHFJM., 21, 316 (1949).
(239) Purser, B. J., Analyst, 74, 237 (1949).
(240) Putnam, S. T., Moss, M. L., and Hall, R. T., IND. ENG. CHEM.,

ANAL. ED., 18, 628 (1946).
(241) Pyke, R., Kahn, A., and LeRoy, D. J., ANAL. CHEM., 19, 65

(1947) .
(242) Ransley, C. E., Analyst, 72, 504 (1947).
(243) Reeves, A. A., Chem. Eng., 55 (No. 10), 130 (1948).
(244) Reingold, L., Recherche aeronaut., 1948, 25.
(245) Renaud, R., Thomas, R., and Gibert, .R., 1v[bn. seTvices chem.

etat., 32, 36 (1945).
(246) Richardson, R. D., Trans. Am. Soc. Mech. Engrs., 70, 211 (1948).
(247) Riesz, C. H., and Wohlberg, C., Am. Gas Assoc. Proc., 25, 259·

(1943) .
(248) Roberts, R. H., and Johnsen, S. E. J., ANAL. CHEM., 20, 690,

1225 (1948).
(249) Robey, R. F., and Morrell, C. E., IND. ENG. CHEM., ANAL. ED.,

14, 880 (1942).
(250) Rogers, G. W., J. Ind. HY(J. Toxicol., 27, 224 (1945).
(251) Rogers, G. W., and Kay, K. K., Ibid., 29, 229 (1947).
(252) Roman, C., Chimie & industrie, 59, 45 (1945).
(253) Roman, W., Anal. Chim. Acta, 2, 552 (1948).
(254) Rose, A., ANAL. CHEM., 21, 81 (1949); 22, 59 (1950).
(255) Rosenbaum, E. J., Ibid., 21, 16 (1949); 22, 14 (1950).
,(256) Roth, F., Ohme, W., and Nickisch, A., Oel u. Kahle, 38, 1133

(1942).

ANALYTICAL CHEMISTRY

(257) Roughton, F. J. W., and Root, W. S., J. Bio!. Chem., 160, 123,
135 (1945).

(258) Russell, J., J. Soc. Chem. Ind., 66, 22 (1947).
(259) Salsbury, J. M., Cole, J. W., and Yoe, J. H., ANAL. CHEM., 19,

66 (1947).
(260) Sanderson, R. T., IND. ENG. CHEM., ANAL. ED., 15,76 (1943).
(261) Schayer, R. W., and Ackerman, H. H., J. Ind. Hyg. Toxicol.,

28, 237 (1946).
(262) Schmalfuss, H., Mangliers, G., Godescheit, M., and Schramm,

H., Z. anorg. Chem., 253, 297 (1947).
(263) Scholander, P. F., J. Bioi. Chem., 146, 159 (1942).
(264) Ibid., 167, 235 (1947).
(265) Scholander, P. F., Rev. Sci. Instruments, 13, 264 (1942).
(266) Scholander, P. F., and Evans, H. J., J. Bioi. Chem., 169, 551

(1947) .
(267) Scholander, P. F., and Roughton, F. J. W., Ib~d., 148, 551

(1943) .
(268) Schwarz, N., Applied Sci. Research, AI, 47 (1947).
(269) Sendroy, J., Jr., and Fitzsimons, E. J., J. Bioi. Chem., 156, 61

(1944) .
(270) Sendroy, J., Jr., arid Granville, W. C., ANAL. CHEM., 19, 500

(1947) .
(271) Setterlind, A. N., What's New in Ind. Hyg., 4, No. I, 9 (1947).
(272) Shaw, J. A., IND. ENG. CHEM., ANAL. ED., 14,891 (1942).
(273) Shaw, J. A., and Fisher, E., ANAL. CHEM., 20, 533 (1948).
(274) Shaw, J. A., Hartigan, R. H., and Coleman, A. M., IND. ENG.

CHEM., ANAL. ED., 16, 550 (1944).
(275) Shepherd, M;, ANAL.-CHEM., 19,77 (1947).
(276) Ibid., 19, 635 (1947); J. Research Bur. Standards, 38, 491

(1947).
(277) Ibid., 36, 313 (1946).
(278) Ibid., 38, 19 (1947).
(279) Ibid., 38, 351 (1947).
(280) Shepherd, M., and Schuhmann, S., Ibid., 26, 357 (1941).
(281) Shepherd, M., and Sperling, E. 0., Ibid., 26, 341 (1941).
(282) Shepherd, M., Thomas, R., Schuhmann, S., and Dibeler, V.,

Ibid., 39, 435 (1947).
(283) Shnidman, L., Am. Gas Assoc. Monthly, 25, 405, 428, 503, 522

(1943) .
(284) Shnidman, L., and Yeaw, J. S., Am. Gas Assoc. Proc., 24, 277

(1942) .
(285) Shurmovskaya, N., and Kupriyanova, L., Zhur. Anal. Khim., 3,

41 (1948).
(286) Silverman, L., Ind. Hyg. Foundation, Chern. Toxico!. Ser.,

Bull. 1 (1947).
(287) Smaller, B., and Hall, J. F., Jr., IND. ENG. CHEM., ANAL. ED.,

16, 64 (1944).
(288) Smith, F. A., Eiseman, J. H., and Creitz, E. C., Nat!. Bur.

Standards, Misc. Pub. Ml77 (1947).
(289) Smith, J. H., and Daniels, F., J. Am. Chem. Soc., 69, 1735

(1947) .
(290) Smith, R. N., and Leighton, P. A., IND. ENG. CHEM., ANAL.

ED., 14, 758 (1942).
(291) Smittenberg, J., Rec. trav. chim., 67, 703 (1948).
(292) Snijders, C. J., Chem. Weekblad, 43, 713 (1947).
(293) Somerville, J., Australian J.Sci., 10, 21 (1947).
(294) Soos, 1., Z. anal. Chem., 128, 110 (1948).
(295) Spector, N. A., and Dodge, B. F., ANAL. CHEM., 19, 55 (1947).
(296) Stackhouse, W. E., U. S. Patent 2,413,261 (1946).
(297) Stamm, R. F., and Whalen, J. J., J. Ind. Hyg. Toxicol., 29, 203

(1947) .
(298) Stanerson, B. R., and Levin, H., IND. ENG. CHEM., ANAL. ED.,

14,782 (1942).
(299) Starr, C. E., Jr., and Lane, T., ANAL. CHEM., 21, 572 (1949).
(300) Starr, C. E., Jr., and Ratcliff, W. F., Ind. Eng. Chem., 38, 1020

(1946) .
(301) Steigmann, A., J. Soc. Chem. Ind., 61, 18 (1942).
(302) Stephenson, H. C., Chemistry & Industry, 194,4,3.
(303) Stevens, C. D., Van Fossen, P., Friedlander, J. K., Ratterman,

B. J., and Inatome, M., IND. ENG. CHEM., ANAL. ED., 17,598
(1945).

(304) Steyermark,A. L., Ibid., 17, 191 (1945).
(305) Stone, H. W., and Skavinski, E. R., Ibid., 17, 495 (1945).
(306) Stover, C. N., Jr., Partridge, W. S., and Garrison, W. M.,

ANAL. CHEM., 21, 1013 (1949).
(307) Strizhevskil, 1. 1., Zavodskaya Lab., 14, 24 (1948).
(308) Swinehart, C. F., Bumblis, A. R., and Flisik, H. E., ANAL.

CHEM., 19, 28 (1947).
(309) Szabo, Z., Z. anal. Chem., 126, 219 (1943).
(310) Szabo, Z., and Soos, 1., Ibid., 126,221 (1943).
(311) Ibid., 126, 246 (1943).
(312) Ibid., 127'-181 (1944).
(313) Szabo, Z., Soos, 1., and Deak, Z., Z. anorg. Chem., 252, 201

(1944).
(314) Takeda, E., Proc. Phys. Math. Soc. Japan, 23, 1020 (1941).
(315) Taubert, L., J. usines gaz, 67, 41 (1943).



VOL U M E 2 2, N O. 1, JAN U A R Y 1 9 5 0

(316) Taylor, H. F., Gas J., 252, 293 (1947).
(317) Taylor, R. C., and Young, W. S., IND. ENG. CHEM., ANAL. ED.,

17,811 (1945).
(318) Thiel, C. C., Hills G. L., and Scharp, L. R., Dairy Research,

15, 121 (1947).
(319) Thomas, H. H., and Cooper, J., Gas World, 128, 182 (1948).
(320) Thomas, M. D., Ivie, J. 0., Abersold, J. N., and Hendricks,

R. H., IND. ENG. CHEM., ANAL. ED., 15, 287 (1943).
(321) Thomas, M. D., Ivie, J. 0., and Fitt, T. C., Ibid., 18, 383

(1946).
(322) Thomas, P. R., Donn, L., and Becker, H. C., ANAL. CHEM.,

20,209 (1948).
'(323) Thoneman, P. C., J. Sci. Instruments, 23, 217 (1946).
(324) Timmis, L. B., J. Soc. Chem.Ind., 63,380 (1944).
(325) Trans. Am. Inst. Mining Met. Engrs., 162,'369-412 (1945).
(326) Tsiklis, D. S., Zavodskaya Lab., 12, 632 (1946).
(327) Turkel'taub, A. M., and Fainberg, M. M., Ibid., 11, 899

(1945).
(328) T.urner, N. C., Petroleum Refiner, 22, 140 (1943); U. S. Patents

2,398,817-18 (1946).
(329) Twigg, G. H., Trans. Faraday Soc., 42, 657 (1946).
(330) Uhrig, K., Roberts, F. M., and Levin, H., IND. ENG. CHEM.,

ANAL ED., 17, 31 (1945).
(331) Utter, N., and Kling, R., Compt. rend., 227, 41 (1948).
(332) Vandaveer, F. E., Gas, 18, No. 10, 24 (1942).
(333) Vandoni, R., Mem. seTvices chim. etat (Paris), 30,18 (1943).
(334) Van Slyke, D. D., Hiller, A., Weisiger, J. R., and Cruz, W.O.,

J. Bioi. Chem., 166, 121 (1946) •.
(335) Veldheer, P. A., Chem. Weekblad, 44, 499 (1948).
(336) Vint, W. D., Metallurgia, 35, 153, 255, 294 (1946-47); 36,

47, 157,276,333 (1947); 37, 150,317 (1948).
(337) Voiret, E. G., and Bonaime, A. L., Ann. chim. anal., 26, 11

(1944).

121

(338) Vorokhobin, 1. G., and Filyanskaya, E. D., Zavodskaya Lab.,
14, 106 (1948).

(339) Voronkov, M. G., Zhur. Anal. Khim., I, 285 (1946).
(340) Wagner, Georg, "Gasanalytisches Praktikum," Vienna, F .

Deuticke, 1944.
(341) Watson, C. C., U. S. Patent 2,456,163 (1948).
(342) Weaver, E. R., and Riley, R., ANAL. CHEM., 20, 216 (1948);

J. Research Natl. Bur. Standards, 40, 169 (1948).
(343) Webb, F. J., Kay, K K, and Nichol, W. E., J. Ind. Hyg. Toxi

col., 27, 249 (1945).
(344) Webb, G. A., and Black, G. S., IND. ENG. CHEM., ANAL. ED.,

16,719 (1944).
(345) White, D. L., and Reichardt, F. E., Gas, 25, No.6, 38 (1949).
(346) Whiteley, A. H., J. Bioi. Chem., 174, 947 (1948).
(347) Whitnack, G. C., and Holford, C. J., ANAL. CHEM., 21, 801

(1949).
(348) Wicke, E., Angew. Chem., B19, 15 (1947).
(349) Williams, D., IND. ENG. CHEM., ANAL. ED., 17, 295 (1945).
(350) Williams, D., Haines, G. S., and Heindel, F. D., Ibid., 17, 289

(1945).
(351) Wilson, H. N., and Hutchinson, W., Analyst, 72, 432 (1945).
(352) Wilson, K, Ann. Botany, 11, 123 (1947).
(353) Winkler, L. T., U. S. Patent 2,387,550 (1945).
(354) Winslow, E. H., and Liebhafsky, H. A., IND. ENG. CHEM.,

ANAL. ED., 18, 565 (1946).
(355) Winslow, E. H., Smith, H. M., Tanis, H. E., and Liebhafsky,

H. A., ANAL. CHEM., 19,866 (1947).
(356) Wise, W. S., Chemistry & Industry, 1948, 37.
(357) Wooten, L. A., and Guldner, W. G., IND. ENG. CHEM., ANAL.

ED., 14,835 (1942).
(358) Zikeev, T. A., and Shifrin, M. G., Zavodskaya Lab., 13, 1130

(1947).

RECEIVED November 1, 1949.

CHARACTERIZATION OF ORGANIC COMPOUNDS
ROBERT L. PECK

Merck and Co., Inc., Rahway, N. J.

THE characterization of organic compounds is concerned with
a number of fields of experimental study. Establishment of

purity is the primary aspect of this problem. Determination of
the physical and chemical properties provides a fundamental
basis for recognition and identification of the pure compounds.
Detailed study of the organic chemistry of a given compound,
aided by the results of physical examination; ultimately leads to
elucidation of structure, stereochemical configuration, and com
plete characterization.

It is possible at the present time to characterize new products
with confidence and with relative rapidity. This is true of
eomplex synthetic organic compounds, but applies as well to
natural products, especially those which are difficult or impossible
to obtain in crystalline form.

Numerous vitamins, hormones, antibiotics, and other natu
rally occurring compounds have been isolated, characterized,
synthesized, and put to practical application with surprising
efficiency in the past few years. The characterization of these
natural products is a result of the practical adaptation of physical
methods and the employment of chemical reactions on a micro
gram scale. The increasing availability of .equipment suitable
for the precise determination of physical properties of small
quantities of material is further reason for present efficiency in
characterization work.

This review is concerned primarily with certain recent con
tributions which have greatly facilitated characterization work in
general. It has been necessary to restrict its scope to those
techniques and reactions which are most useful for examination
of new compounds at the present time.

The primary problem facing the chemist who deals with very
small amounts of a new substance of natural origin is the estab
lishment, for reference purposes, of the purity of the material.
ManY'compoundsare known which cannot be isolated free of

solvent or recrystallized without undergoing significant chemical
change. For such compounds, and for others, available amounts
of which are too small for extensive recrystallization or fractional
distillation, criteria of purity are required before characterizing
properties may be assigned with confidence. Methods now
available for establishing purity of such compounds are de
scribed in the section on purity.

Once purity is established, the physical properties of a pure
sample of the new compound are determined. A melting or
boiling point determination is made, if practicable. Physical
examination, in addition to the melting or boiling point, may now
include measurement of ultraviolet and infrared absorption,
x-ray studies, potentiometric titration, and reduction or oxidation
at the dropping mercury electrode. The most useful physical
methods now available are discussed in the section on physical
properties.

With completion of physical examination of pure organic
compounds, chemical reactions provide the primary information
of structural significance which, aided by structural deductions
from physical studies, permits the accomplishment of partial or
complete structural elucidation. Reactions of most general
application are treated in the section on chemical reactions.

PURITY

The classical procedures for preparing organic compounds in a
pure state have long been crystallization to constant melting
point for solids and distillation to constant boiling point for
liquids. It is generally accepted (4,13,23,92) that a satisfactory
test of purity should include a test of identity and an attempt
at separation (14). The' procedures mentioned above satisfy
this requirement, but in many instances cannot be used either
because sufficient material is not available, or because the com
pounds under investigation are unstable when subjected to the
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conditions of the method. It has become necessary to deal often
. with very small amounts of material, f~equently amorphous in
nature, which are nevertheless of such importance that estab
lishment of purity is essential.

Three methods for determination of purity have been devel
oped for application to small amounts of material: the solubility
analysis method (34, 72,98), chromatography (13, 87), and counter
current distribution (22-24). Utilization of one or another of
these procedures has facilitated successful establishment of purity
for characterization purposes in many otherwise impossible
investigations.

Phase-Solubility Analysis. The application of the phase rule of
Gibbs (32) to a simple procedure (34,72,98) has made possible an
accurate determination of purity of samples on a milligram basis.
The method comprises mixing various quantities of the sample
with known volumes of solvent until equilibrium is attained,
separation of solid phase from the equilibrium solutions, deter
mination of the concentration of material dissolved in the various
solutions, and plotting concentration of dissolved material against
total material employed per unit volume. The method is ordi
narily capable of detecting the presence of as little as 1% or less of
an impurity in a compound. 'Where one or two impurities are
present, it is often possible to determine accurately the amounts
of these compounds in the sample.

The measurement of vapor pressures of two 01' more solutions
of a given sample, one containing a slight excess of solid and one
containing a large excess, provides a convenient modification of
the gravimetric solubility analysis method (37). This modified
procedure permits more rapid measurement of purity of rela
tively low molecular weight substances with satisfactory pre
cision, amounts of impurities of the order of 1% or less being
readily detected. .

Solubility measurements (95) can provide strong evidence for
identification purposes as well as for homogeneity. The modified
gravimetric ~ethod cited above (37) enables the comparison of
mixtures of unknown sample and authentic material to be made
easily. The results are as significant as those of the classical
mixed melting point determination. It has been shown by this
·method that admixture of 0.2%·of D-glutamic acid hydrocWoride
with the L-enantiomorph gives a detectable change in vapor pres
sure; the results indicate that a test of optical purity might be
based on this procedure.

Countercurrent Distribution. An apparatus and a process for
conducting multiple quantitative extractions in sequence, with
small quantities of materials and in a relatively short space of
time, have been developed by Craig (24). This technique may be
applied to microgram and milligram quantities of material with
excellent precision. Because it is possible to carry out exact
mathematical computation of the distribution of a substance
possessing the partition coefficient shown by the test substance,
the results may be 'evaluated with confidence. Details of the
process and apparatus have been adequately described in recent
reviews (22, 23).

This method possesses inherent advantages in that it permits
the estimation of composition with precision, provides a precise
measure of the partition coefficient of the substance in question,
and gives an accurate estimate of the amount and partition co
efficients of impurities if these be present.

Chromatography. The use of chromatographic techniques for
separation of many classes of organic compounds is now well
known. The application of these techniques to testing purity of
organic substances is becoming more frequent (13). Chroma
tography of a given substance will usually provide satisfactory
evidence of purity if no separation occurs with adequately varied
adsorbents and solvents. At the same time, the behavior of the
substance under investigation provides a characteristic reference
property for identification purposes. Thus, the rate of migration
of a single organic substance through a chromatographic column
is a function of the chemical nature of the substance, the nature
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of the adsorbent, and the specific developing solvent employed.
In general, the presence of extraneous dissolved substances affects
the position of the desired substance on a column only if these
substances are more strongly adsorbed. Less strongly adsorbed
components proceed ahead of the desired compound and ol'di
narily do not interfere.

An organic substance may usually be said to be pure if no
separation occurs when it is chromatographed on two or more
adsorbents in solvents of very different polarities. Very careful
cvaluation of all available chromatographic data should be made,
however, before reaching a final conclusion as to absolute homo-'
geneity of sample by chromatographic evidence.

Several general chromatographic procedures are available,
including the orthodox, columnar chromatogram with sectional
or flowing elution (69, 88, 101, 108), frontal and displacement
analysis (18), and partition chromatography on silica gel (52,
53,105), paper (21, 52, 87), and starch (59, 60, 61, 86). The use
of ion exchange resins has provided an extremely useful tool for
separations (49), and has found some adaptation to qualitative
identification by chromatographic techniques (2). A modifica
tion of the paper chromatographic process applicable. to small
scale preparative work is the recently introduced chromatopile
technique (58). This procedure, employing a column composed
of hundreds of close-packed filter paper disks, permits excellent
separation of resolved samples. Quantities of material up to at
least 0.5 gram may be conveniently fractionated in this way, and
pure fractions recovered in amount sufficient for adequate char
acterizing examination.

Each of these procedures has inherent advantages for certain
types of work. Application of partition chromatography on
starch to the separation of amino acids has given an elegant
method which permits simultaneous qualitative identification
and quantitative estimation of the individual amino acids (59,
60, 61, 86). This procedure supplements and extends the out
standing qualitative methods of paper strip chromatography for
identification of amino acids. The adaptation of paper strip
chromatography to the qualitative identification' of sugars
(10, 27, 73, 74), purines and pyrimidines (36, 94), penicillin
(44),.streptomycin (103), vitamin BI2 (104), and other organic
compounds illustrates the applicability of the general method to
qualitative identification work.

The ready adaptability of paper strip chromatograms of both
.colored and colorless substances to e~amination by indicators,
chemical reagents including oxidizing, reducing, color-forming,
and precipitating agents, employment of ultraviolet absorption,
polarography, enzymatic treatment, and microbiological assayB
makes this method of investigation of organic cqmpounds at
tractive from the identification standpoint. Moreover, the re
quirement of sample for qualitative characterization is small, on
the order of 5 to 100 micrograms. However, the results obtained
by paper strip chromatography should be verified wherever pos
sible by the more orthodox methods of organic chemistry. It is
anticipated that cases will be encountered where the paper strip
chromatographic method will fail to supply adequate differentia
tion for satisfactory identification.

In view of extensive reviews on chromatographic procedures
(13,69,87,88, 101, 108) no further comment is made here·.

I'HYSICAL MEASUR.EMENTS

Organic compounds are ordinarily examined for melting or
boiling point as a first step in characterization. The introduction
of the Kofler micro melting point apparatus (46) has enabled
accurate melting points to be obtained with quantities of sample
in the microgram range, in fact, at levels limited only by the
facilities for manipulation of samples. The use of the micro
scope also permits much closer observation of phenomena occur
rin'g during heating of sample, such as transition points, sublima
tion, color changes, and loss of anisotropicity.

Micro boiling points may now be readily determined (17).
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Numerous measurements such as specific gravity, index of re
fraction, optical rotation (33) and dispersion, neutral equivalent,
iodine number, and similar determinations which have long been
generally available and are useful in characterization work need
only be mentioned in passing.

Many useful physical procedures have become generally avail
able only in the past few years. Infrared spectrography, x-ray
measurements, mass spectrography, polarography, potentiom
etry, Raman spectroscopy, ultraviolet absorption spectro
photometry, and improved light absorption spectroscopy have
been adapted for general application. The results of examination
by these procedures provide a very helpful asset for character
ization of organic compounds. These are mentioned in more
detail in the following sections.

Spectroscopy and Spectrophotometry. Useful identification
characteristics of colored orgallic compounds are provided by
their specific absorption of radiant light energy (54, 99, 100).
Equally valuable are the specific absorption spectra exhibited
by organic compounds in ultraviolet radiation (81, 99, 100).
Although neither of these characteristics is usually sufficient
as full identification, they are valuable as supplementary prop
erties.

Ultraviolet studies were of value in defining conditions under
which penicillin underwent various structural modifications, and
were helpful in characterization of rearrangement and degrada
tion products of the penicillins (107). A clue to the presence of a
nitropheilyl residue in the molecule of chloramphenicol (chloro
mycetin) was provided by ultraviolet absorption spectra (80).
This lead facilitated the organic chemical degradation studies
which resulted in early elucidation of the structure of the anti
biotic. Characterization of a, JS-unsaturated ketone groups by
means of the strong absorption band appearing in the region of
230 to 260 }J. has provided a tool especially useful in sterol investi
gations.

Raman spectroscopy is being studied to an increasing extent
and appears capable of providing both identifying characteristics
and structural information (9).

The application of the mass spectrograph to identification of
organic compounds, especially isotopic materials, is at present
somewhat limited, but ample evidence is available that this type
of observation provides a useful t,ool in cases such as gas analysis
and will probably have increasing application within a few years
(35).

Infrared Absorption Measurements. Infrared absorption
spectra frequently provide a more nearly absolute characterizing
property of an organic compound (5). Moreover, recognizable
absorption due to groups such as NH, OH, CH, carboxylic acid,
carbonyl, ester carbonyl,' and monosubstituted amide carbonyl
may readily be distinguished and provide very helpful guides to
structure elucidation. Infrared spectra of penicillin and peni
cillin derivatives (91) furnished evidence against the oxazolone
formula tentatively assigned to penicillin. The strong. organic
chemical evidence for the JS-lactam structure provided by hydro
gcnolysis studies (42) was supported also by infrared studies of
the compounds in question. In the elucidation of structure of
chloramphenicol (80), the organic chemical structure work was
also aided by infrared spectrum studies.

X-Ray Measurements. X-ray diffraction patterns of crystal
line organic substances provide a very powerful means of identifi~

cation (29, 45). The determination of unit cell dimensions fur
nishes a guide to molecular size and shape and may be used as a
method for determination of molecular weight. Unit cell meas
urements provided valuable information in the structure work
on penicillin (19, 25). The extent to which x-ray studies may be
applied to organic chemical structural elucidation is well indi
cated in the work on penicillin (25). Confirmation of molecular
weight and indications of flat I!lolecular configuration were given
for biotin by x-ray measurements (28).

Polarography. The polarograph has been successfully applied
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to identification and quantitative estimation of a wide variety of
redox groups (67, 97). With pure compounds possessing an
oxidizable or reducible group of known type, polarography yields
information on equivalent weight, as well as usually satisfactory
identification of the nature of the group.

Potentiometry. The improvement in techniques of potentio
metric titrations of milligram to microgram amounts of sample
has extended the availability of a most useful procedure (56).
Potentiometric studies of hydrolytic cleavages provide highly
valuable information on the products with respect to compound
types and acidic and basic strength, as well as information on
rates of hydrolysis. Potentiometric investigation of redox and
oxidative reactions also may be carried out on very small scale
samples with useful results. Equivalent weight data are often
most easily determined by potentiometric measurements. Dis
sociation constants determined by potentiometry provided
valuable information in the characterization of penicillin and its
derivatives (107).

Molecular Weight Determination. Determination of molecular
weight by various means has long been possible. Adaptation of
various methods to the milligram and microgram scale in recent
years has supplemented other phases of characterization of com
plex organic substances. The Northrop diffusion method (71),
the Rast procedure (79) and its modifications (70, 76), and the
Barger isothermic distillation procedure (3) and its modifications
(57, 70) all represent useful techniques which have been adapted
to a conveniently small scale. The ebulliometric (89, 90) and
cryoscopic (83) methods adapted to a micro basis provide accu
rate procedures which are very frequently applicable.

CHEMICAL REACTIONS

Subsequent to Pregl's introduction of techniques for quantita
tive organic microchemical analysis (78), tpere have been ever
increasing development and 'extension of methods of elemental
analysis and group analysis (31, 84, 102). The results of such
studies have provided a sound basis for analytical characterization
of organic compounds. Accurate, significant data may readily
be had on elementary composition, empirical formulas, equivalent
and molecular weights, and the equivalent proportions of such
groups as hydroxyl, amino, 0- and N-acyl, alkoxyl, alkimino,
C-methyl, carbonyl, carboxyl, and halogen groups (17, 43, 78,
82). Methods for micromanipulation of small-scale organic
reactions have generally been developed as the occasion de
manded; these techniques have been extensively discussed in
recent reviews (6, 7, 102).

The presence of a wide variety of characteristic organic func
tional groups may be detected by application of specific, qualita
tive tests worked out for microgram quantities using spot test
techniques (30). Knowledge of the nature of functional groups
present in a molecule 0'£ incompletely known structure may enable
a colorimetric assay to be devised for following the color-producing
moiety during degradative studies. The application of the
Sakaguchi test to follow changes in the guanido groups and of the
Pauly test to show concomitant formation of imidazole groups
in degradation of streptomycin and streptidine (12) serves as an
illustration of this principle.

Knowledge of functional groups also permits introduction of a
wide variety of tracer groups-e.g., halogen-containing acyl
groups, sulfur-containing residues, isotopic residues, radioactive
groups, ultraviolet-absorbing groups, and the like-which are
often of utmost importance in recognition of one or another of
the fragments of complex or conjugated molecules during the
subsequent degradative reactions, and may also be of value in
determination of equivalent and molecular weights. More gen
eral application of such techniques is possible with the increasing
availability of sensitive methods of evaluation.

Microbiological assays provide a means for identification of
various organic compounds possessing biological activity (26).
Supporting evidence is usually necessary for. confirmation of
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identity, but the remarkable specificity of microbiological assays
for certain amino acids (68), vitamins (41), antibiotics (96), and
various other compounds (77, 85) provides a rapid and useful tool
for identification of many organic compounds as well as for quan
titative estimation when they are shown to be present in a mix
ture. These methods are frequently helpful when mild degrada
tion of a biologically active molecule is to be carried out.

General procedures for classifying organic compounds by
solubilities and functional group reactions (17,38, 43, 55, 82) pro
vide leads for selection of derivatives suitable for further char
acterization. The more commonly employed and most generally
useful derivatives are fully discussed in the references cited.
The value of derivatives from which the parent compound may be
regenerated by mild conditions such as hydrogenolysis-e.g.,
carbobenzoxy derivatives (8, 15, 16)-is emphasized. Such
derivatives are of especial importance when it is necessary to
regenerate a derivative of a biologieally active substanee to re
cover original active substance. The choiee of le3s commonly
used derivatives will usually be determined by considerations of
specific need, such as ease of recrystallization or regeneration and
availability of known or obtainable reference compounds.

In so far as known and previously characterized organic com
pounds are concerned, the general chemical methods cited above,
together with the physical methods of examination discussed in
the preceding sections, usually provide more than adequate
means of differentiation from other compounds, of identification,
and of recognition of organic structure.

New and previously unknown compounds when examined by
these methods will yield physical and chemical properties suffi
cient for recognition and identification purposes. When, however,
it becomes necessary to elucidate the full organic chemical
structure and stereoisomeric configuration if this is involved, an
extensive and detailed study of the behavior of the new mole
cule in a wide variety of specific chemical reactions is usually re
quired. Comparison of suitable derivatives or degradation
products or both with known reference compounds must be
carried out. The selection of reactions will be based on the leads
gained from preliminary observations which will have given
considerable information on' the probable size, type, and empirical
formula of the molecule in hand. For example, it is ordinarily
possible to determine with reasonable certainty whether hydroxyl,
amino, alkoxyl, acyl, carbonyl, or carboxyl groups, unsaturated
bonds, aromatic rings, sulfur, phosphorus, or halogens are present.
Discussion of reactions found particularly useful for degradative
characterization work is limited in this review to a few general
types.

The most useful reactions for degradative purposes are ob
viously those which are applicable· to the milligram to micro
gram scale, which give quantitative or semiquantitative recov
eries of product, or which provide quantitative information on the
extent of oxidation, hydrogenation, or other desired reaction,
and which are conclusive in terms of structural significance.

Hydrolysis, acid or alkaline cleavage of conjugated molecules,
is a fundamental reaction from which the fragments may be iso
lated for further study. Potentiometric examination of the
reaction during its course often yields helpful information on basic
strength of formed products, dissociation constants, and rate of
reaction. The use of physical measurements-e.g., potenti
ometry, ultraviolet absorption, infrared absorption, optical
rotation, and the like-for following cleavage reactions, proce
dures which are now possible as a result of increased availability
of suitable instruments, has augmented the accepted value of
hydrolytic reactions. The recent work on elucidation of structure
of actadione (47) is of interest in this connection. The degrada
tive work on penicillin and its derivatives provides many iIlus-.
trations of the structural significance of such studies (20, 107).

Hydrogenation reactions have become increasingly important
in characterizing work, for the yields of product are usually high,
the reactions generally go to completion, and the resulting prod~
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ucts possess properties favorable for subsequent treatment.
The recent developments leading to wider application of hydro
genation procedures justify some discussion of these reactions.

Quantitative hydrogenation in neutral solution with platinum
eatalyst and hydrogen at atmospheric pressure effects reduction
of aliphatic carbon to carbon double bonds, unhindered carbonyl
groups, nitro groups, nitriles, and oxygen- or nitrogen-substituted
benzene rings (1). Unsubstituted and alkylated benzene rings
are resistant to these conditions, but are reduced when mineral
acid is present in the medium. The quantitative determination
of molar equivalents of hydrogen absorbed by an organic com
pound under controlled conditions provides valuable structural
information. Hydrogenation of double bonds usually yields
products which are more stable than the parent compound and
may be handled more easily.

Sulfur hydrogenolysis reactions with Raney nickel catalyst
(64) have proved' to be of utmost importance in dealing with
compounds containing sulfur in the form of sulfhydryl, sulfide,
disulfide, thio ester, and thio ether groups (40, 42, 48, 62, 66).
The quantitative replacement of the sulfur atom by two hydrogen
atoms gives a desthio derivative which is usually more stable
than the sulfur-containing molecule, and which can be much more
readily handled in subsequent reactions. The desulfurization of
biotin (93) was conclusive in establishing the correct structural
formula for· that compound. The extensive application of the
method during penicillin studies further illustrates the utility
of the reaction (42, 63, 75). The reaction may also be employed
to good advantage when aldehyde groups are to be converted to
methyl groups (106). Formation of the diethyl mercaptal
derivative followed by desulfurization with Raney nickel eatalyst
yields the desired methyl group. This method was employed in
formation of tetraacetylbisdesoxystreptobiosamine (48) during
studies on streptomycin structure.

The use of Raney nickel catalyst, in sufficiently large quantity
relative to sample, effects hydrogenation of carbon to carbon
double bonds, carbonyl, azoxy, and hydrazo linkages and the like
without the presence of added gaseous hydrogen (65). The
hydrogen involved is that adsorbed on the catalyst. Non
activated benzene rings, aI:phatic acids, and esters are stable to
reduction under these conditions. Aromatic alcohols may thus
be converted to the corresponding aromatic hydrocarbons, as
may aromatic aldehydes; thus at 78 0 benzaldehyde gives toluene
and not benzyl alcohol, whereas at 25 0 benzyl alcohol is obtained.
The temperatures required for these hydrogenations are reason
ably low, ranging from about 25 0 to 100 0 C:

Hydrogenation of carbon to carbon double bonds in compounds
containing divalent sulfur using hydrogen and palladium on
carbon or palladium on barium sulfate has been worked out for
use in the generally available low pressure (below 50 pounds)
hydrogenation apparatus (64).

Among numerous oxidative reactions, which have been em
ployed in degradation of organic compounds, the reaction of
periodic acid with glycols (50, 51) is of outstanding importance.
The reaction is subject to quantitative interpretation, may be
used with very small amounts of sample, and yields highly signifi
cant structural information. Media which have been employed
for this oxidation include acid, neutral or buffered aqueous solu
tions, and aqueous-organic solvent mixtures. In compounds
containing two adjacent hydroxymethylene or primary amino
methylene groups, there occurs oxidative cleavage of the carbon to

.carbon bond joining them, with formation of two aldehyde groups.
If more than two adjacent hydroxymethylene or aminomethylene
groups are present in the molecule, the carbon moiety of each of
those lying between the end members of the series is oxidized to
formic acid, which may be determined quantitatively. Terminal
hydroxymethylene groups are converted to formaldehyde by the
oxidation, in which case quantitative estimation by dimedone
precipitation permits accurate d~duction as to the number of
such terminal groups in the molecule. An elegant elucidation of
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structure of streptamine depended primarily upon periodate oxi
dation reactions (11). Application to determination of structure
of chloramphenicol (80) further illustrates the utility of periodate
oxidation. An extensive review adequately covering details of
the methods of periodate oxidation and applications to structural
work on sugars and other 'substances has recently appeared (39),

It is beyond the scope of the present review to present more
than a brief survey of the more significant recent developments
in characterization of organic compounds. The wider applica
tion of sensitive physical methods has greatly facilitated organic
structural work, although fundamental organic chemical reac
tions still provide the basis for ultimate elucidation of structure.
However, the coordination of both chemical and physical obser
vations is necessary for most efficient characterization.
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BIOCHEMICAL ANALYSIS
PAUL L. KIRK AND E. L. DUGGAN, University of California, Berkeley, Calif.

THE biochemical analyst is confronted with a set of problems
quite different from those of chemical analysts. Classical

analytical chemistry is concerned primarily with identification
and determination of the ultimate units, elements, and radicals of
the chemical system; biochemical analysis is directed toward the
operating or functional units of the complex biological system.
The functional units may be on a cellular, high molecular, or
simple molecular level. Thus the carbon content of a protein has
little significance as compared with the active groups and func
tional units of that protein. The fat content of the biological sys
tem is far less significant than the activity and structure of lipo
protein or other lipide complexes. In a similar way, the phos
phorus content is unimportant except as it indicates active
metabolism through the mediation of numerous phosphate com
pounds, stable and unstable.

Biochemical analysis is inherently a more complex and broad
field than classical chemical analysis. Because the major activity
of the biochemist is always to find out "what" and "how much,"
biochemical analysis actually must include virtually every bio
chemical technique. Even in the study of rate and mechanism,
analysis at appropriate intervals and under special conditions is
the primary requirement. Almost all of the specialties of the
chemical analyst must be considered as tools of the biochemist
also. Of necessity, any discussion of the field must overlap greatly
the specialized subjects already reviewed in considerable detail in
this and other journals. Further complication arises from the
fact that a single biochemical problem may call for the application
of widely diverse techniques, or at least for a difficult choice be
tween a number of possible techniques.

The preparative stage of most biochemical analyses consists of
some type of fractionation or separation. These processes are
then a most important part of the field reviewed. The further
application of classical procedures for analysis of elements or
radicals in the fractions usually follows as a requirement for
quantitative evaluation of the fractions. This rather secondary
phase has pre-empted much of the attention given biochemistry
by the analyst.

Sampling procedures in biochemistry do not aim only at uni
formity and therefore total representation of a large system; more
often these procedures are concerned .with the minutiae of the
heterogeneous system. It is more significant to know the varia
tions from tissue to tissue and from part to part than to determine
the average composition of the whole. Even more important,

any knowledge that can be obtained without alteration of the
system is more valuable than information obtained after applying
the destructive techniques of ordinary chemical analysis, From
the biochemical standpoint, the ultimate aim is to obtain analyti
cal data from completely unaltered biological systems. Because
the ultimate unit of life is the cell, the final goal must be an
analytical understanding of the component structures and com
position of the cell. This dictatorship of the cell determines the
units and their relative importance. Because the cell is small and
contains many significant components in small amount, specific
cytological and microchemical techniques of proved sensitivity
are required. The necessary sensitivities have been only partially
achieved, and in very limited aspects. For these reasons, de
velopment of a biochemical analysis method is one of the most
important needs for the elucidation of the mechanisms and na
ture of life processes.

The considerations treated briefly above are kept in mind in
choosing the material reviewed here. The final value of any re
search publication is considered more on the basis of its probable
future value than of its past accomplishments. Therefore, empha
sis is placed on those techniques for which a continuing future
application can be foreseen, rather than on those which appear to
be approaching the limit of their utility.

FRACTIONATION PROCEDURES

Every analysis proceeds through two stages, the preparative
and the determinative. The first stage is chosen on the basis of
the nature of the sample, the interfering materials present,' and to
a certain degree, the nature of the determinative step. In bio
chemical analysis, this preparative step is the most important.
It usually consists of a fractionation of one type or another, and
may be carried out at the simple 'molecular level, the high molecu
lar level, or the cellular level.

SIMPLE MOLECULAR LEVEL

Two of the more important fractionation methods at this level
are chromatography and extraction. Both may be expected to
have an increasing rather than diminishing value in biochemis
try.

Chromatography. This highly valuable technique has been re
viewed in this journal (178, 277) and elsewhere (73, 105, 206,
322). Its most significant use has undoubtedly been in the
separation and isolation of biological materials, for which reason
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reviews have dealt most extensively with its biochemical aspects.
It is not the purpose of the present review to present a complete
discussion or exhaustive references. Rather, it is hoped to indi
cate the significance of the development as a part of the working
technique of the biochemist.

Numerous variations of adsorption or partition analysis
(chromatography) are employed. Adsorption or partition on
various materials in columns and on paper are the two techniques
almost always utilized. Either may involve ion exchange (9),
partition between a stationary and moving solvent, or surface
forces alone. More commonly, two or more of these effects are
present simultaneously, though a distinction is usually made be
tween them in designating the process.

The biochemical significance of adsorption analysis either in
columns or on paper rests on the simplicity of the method, its
versatility, and its very great sensitivity to minute differences in
structure and properties of the materials being separated. This
allows isolation of the individual constituents from mixtures of
components so similar as to defy most other methods of fractiona
tion. The simultaneous occurrence in biological systems of com
pounds that differ from each other in very minute degree is so
common as to require procedures of this sensitivity for separa
tions and identifications. The first well-known use of chromatog
raphy by Tswett in 1906 was in separating plant pigments even
yet not readily fractionated by other methods.

The greatest deficiencies of the method from the biochemical
standpoint are the necessity of identifying by auxiliary means the
constituent or mixture comprising each band or spot, the occa
sional difficulty of locating the various constituents when no
simple tests are available for a colorless and nonfluorescent ma
terial, and the difficulty of applying the method in a strictly
quantitative manner.

The widest application of the chromatographic techniques has
been in the separation of amino acid mixtures, either by column
methods such as that based on the use of starch by Stein and
Moore (272), or the paper methods based largely on early work
by Martin and Synge (208) and Consden, Gordon, and Martin
(74). The starch column method (98) is capable of yielding
accurate quantitative analyses of amino acids in mixtures (272).
It has also been applied to the quantitative analysis of ribonucleo
sides by Reichard (249), to purines by Edman et al. (99), and to
extensive and accurate analysis of purines and pyrimidines by
Daly and Mirsky (86). It is a rather complex procedure as com
pared with the paper methods. It requires much personal atten
tion to collect small samples at regular intervals, or the compara
tively expensive substitution of a mechanical device for this
collection (272). The method has been avoided by many inves
tigators for these reasons, though it is clear that starch columns
are superior to paper in several respects. Numerous other
adsorbents have been and continue to be used in columns, de
pending on the materials separated and the experience of the
investigator. These include a wide variety. of adsorbents and ion
exchange materials (26, 285, 311, 312). The possibilities in
separating small quantities of unusual materialsi are llustrated by
the work of Wald and Allen (307), who differentiated the eye pig
ments of Drosophila on tale.

Paper chromatography is inherently a simple process, calling
for little special equipment and few unusual reagents. As applied
to amino acids, it is capable of producing delicate separations,
partially by virtue of its ability to separate in two dimensions.
Preliminary separation into groups is achieved by passing the
solvent along the paper in one direction. The solvent is sub
stituted or altered and passed at right. angles to the first direction,
giving further separation in the second direction. This leaves
the amino acids as a series of spots distributed in a largely predict
able pattern. The spots are located ordinarily by application of
ninhydrin and heating. They are identified by comparison.with
known amino acids treated identically, and an approximation of
their amount can be made by observing the length (JOB), the
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area (28, 34, 109), or the intensity (28, 34, 48, 109, 114) of the
spots. Various efforts have been made, with partial success, to
determine the amounts of the various amino acids accurately by
photometric evaluation of the ninhydrin color after elution (J2,
180,223). Impurities in the paper and in the reagents, combined
with difficulties of standardization of the conditions of color de
velopment, have usually prevented dependable results from being
obtained (207). The employment of the Kjeldahl method for
total nitrogen (207) and a variety of methods for determination
of amino nitrogen (207) have met with partial or total failure
from the same general causes.

Perhaps the most successful analyses reported to date (207,
316) are those using the rather specific but not highly sensitive
copper method similar to that of Pope and Stevens (242). Radio
active carbon or sulfur incorporated in the amino acids has also
allowed the estimation of amino acids in the spots with reasonable
success (25, 108, 169). Similar use of tracer sulfur was made by
Tomarelli and Florey (300) in studying urinary sulfur compounds
after separation on paper. Tracer iodine was similarly used by
Taurog, Tong, and Chaikoff (290) to evaluate the fractions of
thyroid iodine. Many times, radioactive tracer technique will
not be applicable because of the difficulty of incorporating
enough tracer in the numerous compounds of the living organism.

Paper chromatography has been extended to the scparation of
many compounds of biological interest other than the amino
acids. Some recent applications include separation and estima
tion of peptides (36, 162, 285), nucleic acid derivatives (54, 62, 64"
133, ./53, 204, 305, 306), sugars and methylated sugars (23, 44,
111, 113, 121, 155, ./59, 228), organic and fatty acids (J99, 205,
232,246), keto acids (60), alcohols (3./0), aldehydes (J90), amines
(101, 286), enzymes (62), creatine and creatinine (6, 210), ergo
thionine (320), steroids (321), vitamins (315), penicillin (t67),
and other compounds (ft3). Steroids have also been separated

. on adsorption columns (io, 142, 301), while ion e~change resins
have been employed for separation of basic amino acids (141),
nucleic acid derivatives (54, 71, 76, 103, 269), and riboflavin
(J18). An interesting application of the adsorption column was
made by Riley et al. (251), who separated subcellular enzymically
active granules on Celite.

Several recent extensions and improvements of technique in
the application of paper chromatography have appeared (94,'
./35,200,2./3, 220,252,255,275,303,313,317), as well as exten
sions of theory (42,204). it is curious that filter paper, a universal
item of the chemist's equipment, should be found to be the best
material for two-dimensional chromatographic purposes. To the
extent that only partition is involved, this is not surprising, be
cause then the purpose of the paper is a passive one-i.e., to im
mobilize one liquid phase. If other factors are present-e.g.,
adsorption-then paper may fall far short of other materials.
Certainly, the impurrties of paper have led to great difficulties in
the quantitative evaluation of the separated materials. Filter
pap~r is not pure cellulose, even when it is uncontaminated by
laboratory fumes and dust. Some attempts have been made to
replace it in columns and on slides (211) with powdered cellulose
(J55, 231), cellulose acetate, and other materials. As with other
laboratory reagents, the material used for chromatography should
be purified to the necessary extent, and adjusted to its optimum
condition for the purpose at hand. This development may be ex
pected.

Paper chromatrography, particularly, is capable ·of separating
and isolating very minute quantities of material (2) and is there
fore of special interest in the biological microsystem. It has, in
fact, outrun the development of microchemical methods for'
analysis of the separated quantities, and has not often been fully
utilized at its limit of sensitivity. In general; the amounts
separated are in the microgram range, and may often involve
only fractions of a microgram. The extensions to compounds
and biological systems other than those mentioned are unlimited
in their possibilities. It can be safely stated that chromatog-



128

raphy will be responsiblec for many important accomplish
ments in the future of biochemical analysis.

Extraction. As a means of fractionation at the molecular
level, prior to the determinative phase of quantitative analysis,
extraction has long been a standard technique for some biological
constituents such as fats and sterols. Until recent years, the
applications of extraction have been unimaginative. Even yet,
little advantage has been taken of the many possibilities of this
technique in routine analysis. During the past ten years, a
number of new and selective solvents have been developed com
mercially, but most of these have as yet no biochemical use be
cause of the lack of exploitation. This is regrettable in view of the
tremendous developments in solvent extraction techniques in re
search and in industry, during and immediately after the war.
The simplicity and cleanliness of the extraction methods com
mend them for use in fractionating any kind of complex system.
The conditions for obtaining clean-cut separations are not always
easy to determine, and in fact, the solubility relations of the pure
material are not always sufficient to predict its behavior in com
plex mixtures (97,146). A few widely scattered efforts have been
made to extend the application of more efficient and selective
solvents in separation of organic acids (131, 227), amino acids (3),
drugs (89), and a few other materials. It seems that the criterion
of importance must certainly apply to this relatively neglected
field.

A more productive trend in extraction meth~d resulted from
the development by Craig (81) of an apparatus for rapid applica
tion of what he terms "countercurrent distribution." . This sub
ject has been recently reviewed by Craig (79). The procedure,
which is highly efficient in separating materials having solubilities
or distributions very close to each other, consists of means
whereby a series of multiple extractions is carried out in sequence
in the same apparatus. Equilibrium is reached in each set of ex
tractions, thus allowing an exact mathematical treatment. The
method has given results with problems that had resisted all other
methods of attack. The technique is more easily put into opera
tion than is likely to be true of chromatography, for example.
The difference resides largely in the fact that a solvent giving a
suitable distribution can usually be found with little difficulty and
applied immediately. Chromatography may require considerable
empirical testing before a suitable combination of adsorbent,
solvent, and developing agent can be found.

The Craig countercurrent distribution apparatus and tech
nique have been employed qualitatively and to a lesser extent
quantitatively in the study of purines and pyrimidines (295),
diphosphopyridine nucleotide (150), protein hydrolyzates (20,319),
fatty acids (11,257), drugs and antibiotics (21,35,80,82,298),
preparation of oxytocic material (197), and a variety of organic
compounds of limited biochemical interest. A particularly in
teresting application was that of Bowden and Peterson (37), who
were able to separate biotin bound to protein after hydrolysis with
acid or an enzyme. It is safe to predict that this technique will be
adopted progressively more widely as its advantages become
generally realized. It will serve rather as a supplement to chroma
tography than as a competitor. Many times its use will be found
simpler and equally decisive.

HIGH ::\fOLECULAR LEVEL

In the biological system there exist many compounds and com
plexes of very high molecular weight. Most plentiful are the
proteins, while nucleie acid, stareh, and glycogen are important.
The structure and properties of protoplasm appear to depend on
labile and incompletely understood combinations of these high
molecular weight materials. Much research will be necessary to
subject all of the high molecular compounds to analysis and suit
able fractionations, but considerable progress in this direction has
been made.

Fractionation of Proteins. ALCOHOL FJRA.CTIONATION. A fre
quent fractionation required by biochemists is the separation of a
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particular protein from a mixture of other proteins and smaller
molecules. The classical procedmes make use of isoelectric pre
cipitation or, where that is impossible, of salting-out procedures
using ammonium sulfate or other soluble neutral salts. Wherever
salting-out is employed long dialysis is required to remove the salt
from the deSIred protein fraction. Such dialysis procedures slow
the preparation of a desired protein with consequent danger of
bacterial contamination or of denaturation.

During the war the research teams concerned with the prepara
tion of human plasma albumin were able to develop an ethanol
fractionation system capable of great utility in biochemical
preparations. The advantage of the procedure is the use of a
solvent during fractionation which may be completely and
rapidly removed by vacuum drying at low temperature.

The early techniques evolved by the Harvard group and their
collaborating laboratories were fashioned to yield pure human al
bumin and several by-products, including fibrin in various forms
and a mixture of globulins (40, 70, 100, 221). The various
methods utilize controlled variations of ionic strength, ethanol
content, pH, and temperature. The temperature is kept close to
the freezing point of the mixture at all times, and thus may be
progressively decreased with increase in ethanol content. The
tendency of alcohol to denature the proteins is thus kept at a
minimum. Continued research has resulted in further fractiona
tion of the plasma globulins to yield proteins of enzymatic, anti
body, and metal-combining activity (87, 88, 281). Crystalline
human and bovine albumins have been obtained from ethanol
prepared concentrates (69).

Since the development of the ethanol fractionation system, a
similar technique has been used to examine serum protein changes
following injury (125). The system has also been successfully
applied to the preparation of purified bacteriophage of the T.
variety (177, 245). An analogous fractionation, using methanol
rather than ethanol, has yielded a simple method for preparation
of hemagglutinins for blood typing (235), crystalline tetanus
toxin (234, 238), and diphtherial toxoid (236, 237).

While the fractionation of plasma has already been of great
practical importance, the fractionation system developed should
be of great continuing importance in the preparation of numerous
proteins. The method, with proper precautions to eliminate local
heat of mixing and local overconcentration of alcohol, should be
generally applicable to protein mixtures. Tests of the method are
obtained in fraetions where the desired product has measurable
activity. Thus, the preparation of a highly aetive or crystalline.
enzyme by means of the system enables the essay of aetivity as
purification proceeds. The demonstration of the yield of enzyme
at any step in the procedure will define the conditions whieh pre
vent enzyme recovery by inactivation, unexpeeted solubility, or
precipitation with other proteins. Rapid development of alcohol
fraetionation procedures may be expeeted in the future as such
tests are applied to various steps of the treatment. Advantages
of the alcohol procedure from a commercial viewpoint are the low
cost of the alcohol and its recovery during the final vacuum drying
step. Disadvantages are the initial cost of the refrigeration
equipment and lyophilizers necessary.

PJREPAJRATIVE ELECTROPHOJRESIS. The use of electrophoretic
migration as a means of estimation of the homogeneity and
mobility of proteins is well known (198,297). This phase of elec
trophoresis is one of the determinative techniques of biochemical
analysis.

As a preparative procedure, electrophoresis has been used to
separate amino acid mixtures into basic, neutral, and acidic frae
tions (78, 115). Similarly, proteins possessing different isoelee
tric points may be separated by migration at a pH between
their isoelectric points (158, 296). Consden et al. (75) applied
electrophoretic transport in a silica gel medium to separate acidic,
neutral, and basic amino acids or peptides from hydrolyzates.
Their method yielded satisfactory separation for minute amounts
of hydrolyzate. The determination of composition and arrange-
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ment of amino acids in the antibiotic, Gramicidin S, was possible
by the new technique coupled with effective use of paper chroma
tography.

Proteins possessing similar isoelectric points but different net
charge may be separated in the Tiselius apparatus (132, 292) by
virtue of different rates of migration. Such separations involve
techniques suitable for small amounts of dilute protein solutions.
However, the recent preparative apparatus designed by Svensson
(284) allows the use of electrophoretic separation on a "semicon
tinuous" scale.

The phenomenon of electrostratification (222, 284) has been
applied to the problem of separating very similar proteins by
Kirkwood and his co-workers (52, 53, 173, 226). The apparatus
is designed in such a way that horizontal electrophoretic trans
port and vertical convective transport of a protein fraction occur
simultaneously. Thus, the mobile fraction migrates toward one
electrode, a density gradient results, and the mobile component
accumulates by convection in the lower reservoir of the apparatus.

CELLULAR LEVEL

In the elucidation of structure and composition of living mat
tel',. it is not sufficient to rely on chemical separation alone. The
smaller units of tissues-viz., the cells and their internal struc
tures-are far too small to segregate individually in sufficient
quantity for present analytical procedures. Yet, if knowledge of
these cellular structures is to be obtained, they must be isolated
in relatively pure form. Theil' fractionation is no less significant
to the biochemical analyst than the chemical fractionations used
for molecular species.

Differential Centrifugation. The use of a centrifugal field to
fractionate a biological system before analysis is an old technique,
which has evolved into one of the most fruitful methods by which
the various cell structures may be isolated and characterized. A
necessary adjunct of the various high speed centrifuges for bio
chemical work is a refrigeration unit, in view of the labile nature
of the enzymes and proteins present. Thus, heating of the solu
tions during treatment is minimized and greater speeds are possi
ble. Further progress in this field should follow the recent ap
pearance of centrifuges of the type of the refrigerated preparative
ultracentrifuge.

The separation of plant or animal cells into nuclei and cyto
plasm, followed by further fractionation on a centrifugal basis,

- before chemical treatments are applied, would seem to be one of
the most promising procedures for the biochemical analysis of
cells. Before chemical treatment is employed, other than proce
dures demonstrated to be innocuous for the fraction desired, a
certain amount of histological control may be used.

The chief components of the nucleus are the chromosomes which
exercise hereditary control. Other functional components are
unknown. The nuclei may be obtained following fragmentation of
cells by grinding, blending in a high speed mixer, or passing
through a colloid mill. After fragmentation, nuclei may be found
in the residue from centrifugation at low speed. The problem of
preparation of nuclei and cytoplasmic particle fractions is chiefly
one of obtaining one fraction uncontaminated with another.
Thus any advance in the mode of preparation of mitochondria
(large cytoplasmic particles) is a similaradvance in the preparation
of purer fractions of nuclei. Advances have been made in the
preparation of nuclear fractions for enzyme studies (149, 179, 261)
and analysis (92, 93, 224, 261).

Great interest exists in the composition and structure of the
chromosomes of cell nuclei as a consequence of their relation to
genetic behavior. Although the work in separating and identify
ing components of the chromosomes is extremely difficult, frac
tions high in chromosome content have been obtained (68, 214
216) and estimations of histone, residual protein, and the two
types of nucleic acid have been made (215,217,218)._

The mitochondria (particles 0.5 to 2 microns in diameter) were
the first cytoplasmic fraction obtained from cells (24, 148).
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More recently the smaller particles, microsomes, have also been
separated (66, 67). -These are considered to be lipoprotein.
Similar small particles composed mainly of glycogen have been
isolated (181, 182). While the early separations of particles from
cytoplasm were made with isotonic sodium chloride as extraction
agent, the use of 0.3 to 0.9 M sucrose solutions has proved to be a
great improvement in technique (152). Previously, the saline
extract yielded clumped nuclei and large particles in one fraction,
whereas the present method enables more efficient separation of
several possible fractions. -A junction between histology and
biochemical analysis was accomplished during the isolation of
mitochondria, inasmuch as the typical staining properties of
these particles were used as a control in the work.

The present efforts to investigate the various particulate frac
tions of rat liver cytoplasm are aimed toward comparative analysis
of the fractions (19,152,168,188,244, 262) and the exposition ofthe
enzyme systems which the fractions contain (151, 168, 185, 188,
219,261,262). The mitochondria have been shown to contain a
great proportion of the pentose nucleic acid of cytoplasm as well
as protein and phospholipide. Certain oxidative enzymes have
already been shown to be present in these large particles. More
rapid progress may be expected in this field.

The fact that certain enzymes are shown to be associated with
the large granules and not with other fractions would seem pri
mary evidence of the successful fractionation of the cells. TillS
follows from the tremendous activity of unweighable traces of
enzymes. Such tests are especially useful because they provide
reasonable certainty that the fractions have remained native
i.e., they have not been inactivated by the procedure used. The
further determination of chemical composition of such tested
fractions would thus be likely to represent conditions in the com
plete cell. It would seem necessary that the advances in tech
nique of cellular fractionation should be considered before chemi
cal fractionations,of tissue are attempted. For example, it would
appeal' logical to remove nuclei as such before beginning the
preparation of pentose nucleic acid by chemical means, inasmuch
as this nucleic acid is chiefly concentrated in cytoplasm. Thus a
histological fractionation may precede the biochemicalfractiona
tion in many investigations.

Tills portion of the review has concerned itself chiefly with the
centrifugal methods as applied to cytochemical structures. A
vast field of development in the use of these methods exists in the
preparation and purification of the viruses. The viruses, while
having a variety of sizes and biological effects (176), are con
sidered to be nucleoproteins. Because their molecular weights
are generally greater than a million, they are most easily separated
in active form by differential ultracentrifugation. As in the case
with the enzymes, the biological activity of the viruses may be
used as a control for the determination of the best conditions of
preparation.

Although not properly a part of differential centrifugation, the
use of the ultracentrifuge in the determination of molecular
weights of proteins and other large biological molecules is of
paramount importance. The sedimentation constants or molecu
lar weights are apart of the quantitative evaluation of such func-

. tional units. The classical ultracentrifuges and techniques were
adequately reviewed (233, 260, 283). The chief advances since
the last review have been refinements of techniques and applica
tion of the method to diverse materials. The present availability
of commercial electrically driven ultracentrifuges will result in
widespread application of centrifugal analysis to the determina
tion of molecular weights of proteins under various experimental
conditions.

DETERMINATIVE PROCEDURES

The great advances in fractionation procedures have allowed
the final determination of most constituents to be carried out by
simple methods applied to the fractions. Determinative methods
also have advanced steadily and impressively. In particular, the



130

use of photoelectric photometers and spectrophotometers in the
visible range has been broadened and intensified greatly. This
field is considered to be far too vast and well understood to
justify discussion in this review.

Another important approach is the application of methods
which are actually determinative in nature, but may be applied to
the unfractionated system to obtain knowledge of its composi
tion, structure, and arrangement. In this category, direct ab
sorptiometry is most significant. Certain uses of isotopes are also
included, as are some of the respirometric procedures. All these
general techniques are capable of application likewise to the
fractionated or specially prepared system.

ABSORPI'IOMETRY

Absorption of radiation by solids or dissolved materials is one of
the most versatile tools available to the biochemist. The ordi
nary color development and measurement fall in the realm Of
visible light absorptiometry. Such color development follows
chemical alterations more or less destructive to the original bio
logical system. This is far less true of absorption measurements
of infrared and ultraviolet radiations, x-rays, and Raman spec
trometry, all of which are less widely recognized and employed.
These methods can often avoid the destructive preparative steps
of analysis. Although not new, these techniques are in their early
stages in the biochemical field, and will certainly increase in im
portance with time. Their value lies,in the f~t that the type of
absorption curve obtained is somewhat characteristic of the com
pound or its groups and bonds, and may therefore be used for
quantitative and qualitative purposes. It is particularly valuable
for elucidating structure, complex formations, and related molecu
lar alterations. This is entirely analogous to the specificity of
measurement of colored compounds using visible light absorp
tion.

Ultraviolet Absorption. The measurement of ultraviolet light
absorption is relatively much further developed than other phases
of nonvisible radiation absorptiometry. A chief reason is clearly
the easy availability of good and relatively inexpensive instru
ments for this purpose, rather than any necessary superiority of
ultraviolet light over other invisible radiation. Another reason is
that aqueous solutions are amenable to study. 'In general, ultra
violet wave lengths are absorbed by conjugated double bonds,
aromatic and certain related ring structures, a variety of inorganic
ions, and some other materials. Biologically important com
pounds containing such structures may then often be detected and
estimated by the amount of the absorption at some specified wave
length. The general field of ultraviolet absorptiometry has been
reviewed recently (253).

Perhaps the most significant development of ultraviolet absorp
tiometry in biochemistry has been its extensive application to the
study of nucleic acids, both in the intact cell and quantitatively
in isolated samples. The absorption of these compounds depends
on their contents of the purine and pyrimidine ring structures.
Because of the tremendous significance of nucleoproteins in bio
chemistry and genetics, the availability of this tool has stimulated
greatly the amount and quality of. the research and its results.
The absorption by nucleic acid~ and their derivatives in the ultra
violet has been extensively studied (46,59, 104, 163, 240, 241,276,
278). Its use in direct analysis is now too widespread to note in
dividual references. In general, the wave length used for analysis
of total nucleic acid content is in the neighborhood of 2600 A.,
though this may be varied when certain fractions are being deter
mined. A very interesting application of ultraviolet absorption
was the work of Caspersson (56), who made extensive use of the
quartz microscope and microabsorption measurements for the
study of cell structures containing nucleic acids and to a lesser
extent other ab~nrbingcell constituents such as the proteins. The
result of this work has bee~ a series of highly important research
publications (55,57,58,265).

ANALYTICAL CHEMISTRY,

Other applications to the study of proteins (8, 161, 189, 203)
include microabsorptiometry of protein and iodine in the colloid
of individual thyroid follicles (123) and the absorption of virus
protein (264) which is also a nucleoprotein. Thiouracils'(102,
279) and estrogens (116) have also been investigated by means of
ultraviolet absorptiometry, as have various hormones' (203),fats,
fatty acids, and oils (18, 43), iodine (85, 267), and vitamins (8,
134, 225, 259, 278). A large number of organic solvents 'were
studied by Maclean, Jencks, and Acree (202).

Infrared Absorption. The very large and important field of
infrared absorptiometry has developed rapidly during and since
the last war, largely because of its unique contribution to the fields
of hydrocarbon and synthetic rubber chemistry. Both because of
the rapid development of the field and the scarcity and eipense
of infrared spectrometers, the' biochemist has tended to neglect
this field. When it is considered that the emission and absorption
of infrared radiation depend primarily on the types of bonds in
and between molecules, it is apparent that the ultimate value of
the technique may well be comparable to its tremendous im
portance in the petroleum industry. Necessarily, the interpreta
tion of the spectra of the complex materials of the biochemist will
be far more difficult than is true for the relatively simpler hydro~
carbons. For this very reason, the technique offers more ultimate
value than would the simpler approach capable only of restricted
though easy interpretation.

No effort will be made to survey the literature of the field except
for those applications which have been made directly to biochem
istry. The total number of publications in the general field runs
into many hundreds and is increasing rapidly. It was reviewed
recently by Barnes and Gore (16), who quote numerous earlier
reviews. The development of suitable equipment has taken place
relatively recently, and rapid progress is still being made. The
degree of opacity of most glasses to infrared radiation is such as to
force the use of unconventional materials. Ordinarily prisms of
sodium chloride crystal are used as dispersion devices, but prisms
of several other salts are now available (16, 17, 157). Absorption
cells (or windows) also must be constructed of such materials,
most of which are soluble in water. This, added to the strong
absorption of water in the infrared, makes difficult the use of
aqueous systems, and constitutes the most serious limitation to
general biochemical application. However, silver chloride (13,
128) has proved valuable for window construction, and now even
aqueous systems are susceptible to limited study. Much progress
has also been made in the development of better infrared-sensitive
photometric equipment, and there are indications that lead sul
fide photocells (184, 282) and vacuum thermocouples (16) will
shortly replace the older devices, which often were simple thermo
couples. Technique is constantly being simplified and improved
(160, 239, 266). The field of polarized infrared (4, 5) is also
largely undeveloped and should be definitely applicable to bio
chemical studies of several types, because it should make possible
the determination of the orientation of groups that are infrared
active in solid phases.

Infrared absorptiometry has been applied to qualitative and
quantitative analysis of nucleic acids and their derivatives' (29),
steroids (91, 119), amino acids (175, 186), protein and peptides (4-,
5, 38, 4-9, 174, 186), tocopherols (254-), fatty acids (247), and a
large number of specific compounds, groups of compounds, and
types of bonds not directly of interest in biochemical investiga
tion. An interesting application was made by Blollt'and Mellors
(30) who determined the absorption spectrum of tissue sections
and blood smears. They assigned the absorption chiefly'to pro
tein and correlat~dit with the various bonds which were stretched
or bent.

Raman Spectroscopy. This technique is related in its applica
tions to infrared absorptiometry, though it is itself not an absorp
tion method. It depends on measuring the spectrum of the light
scattered at 90° by a material in solution when the latter is ex
posed to a mo!tochromaticsource of high intensity andrelatively
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short wave length. This property is comparatively specific for
chemical groups of several types. It will distinguish at times be
tween cis- and trans- configuration, as in oleic acid which is cis and
elaidic acid which is trans (95). It will locate and distinguish
double and triple bonds and many specific groups. It is therefore
a technique which has a large potential biochemical use, largely un
realized beeause of the scarcity and cost of the equipment. The
general field has been recently reviewed by Brau'n and Fenske
(41), while Goubeau (129) and Gerding (122) have discussed its
application to the analysis of organic compounds. Renard (250)
applied it to the study of amino acids in protein hydrolyzates. A
fairly large body of literature (41) is available on the application
of Raman spectra to the analysis and study of natural products,
largely in the petroleum and related organic fields.

X-Ray Absorption. To the best of the authors' knowledge,
x-ray absorption measurement has not yet been directly applied
in the field of biochemistry. Its inclusion in this'review is justified
only on the ground that it is now a reasonably well-developed
technique which unquestionably has potential applications in
biochemistry and will ultimately make significant contributions
to that field (191).

X-ray absorption does not overlap significantly on the other
fields of absorptiometry because the x-ray is of so much shorter
wave length that its absorption is by the electrons close to the
nucleus rather than those in the outer shells, as is true of light
absorption. The character of the absorption is then a property
of the element, not of its chemical form. Because this is the case,
xCray absorption may be used to determine the total of an elemcnt
in a mixture without regard to its compounds. The same amount
of oxygen in glucose and in quartz will show the same type and
amount of absorption. The biochemist is less concerned with ele
ments as such than with compounds, except as a final determina
tive step of his analysis. However, there will certainly be many
instances in which such an over-all analysis of a single element will
be most useful in evaluating a biological system.

"Vhile x-ray absorption measurements were made as early as
1925 by Glocker and Frohnmayer (127), it is the recent develop
ments by Liebhafsky et al. (192, 193) of a multiplier phototube
photometer (323) that have made relatively practical its general
use as an analytical tool. :Further developments such as that of
Frev~l and North (191) of automatic recording equipment along
with an x-ray monochromator will unquestionably extend greatly
the general utility of this technique. Pavelka and Gentile (229)
record the use of x-ray absorption in determining small quantities
of inorganic salts.

ISOTOPE TRACER TECHNIQUES I

The ability to label an element, either through use of an isotope
having a mass which is different from the normal, or one that is
radioactive, has been of the greatest value in biochemistry. It
will certainly remain for a long time a primary research technique
in this field. It must, therefore, take an important place in any
discussion of biochemical analysis. As with many other general
ized techniques, it is so broad and detailed a field as to defy com
plete review within the scope of this paper. Its proper place in
the general biochemical analysis picture may be indicated, along
with some of its more important uses, advantages, and limitations.

Isotopes which have a mass different from that of the plentiful
isotopes---e.g., H2 or D, C13, 0 '8, or N,s-have been utilized in
biochemical studies for a considerable number of years (201, 263,
904). They are very effective in this field because these elements
are of general occurrence throughout the animal and plant king
doms and are found in most of the compounds present there.
These heavy isotopes are difficult to use because there is no simple
method of detecting them. Ordinarily this is accomplished by
isolating the compounds suspected of containing them, subjecting
them to combustion, and analyzing the resulting gases with the
mass spectrometer (309, 314). This technique has led to very im
portant advances in biochemical knowledge (1,45,96,112,163,164,
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270,271,291) and promises still further contributions because of
the lack of suitable radioactive isotopes of hydrogen, oxygen, and
nitrogen. Labeled isotopes of ·carbon are more effective than
those of the other elements mentioned because of the lability of
groups containing the latter and the fact that the metabolism' of
the carbon chain rather than its attached groups is the funda
mental problem,

Much more far-reaching in effect is the use of radioactive
tracers, because these isotopes may be readily detected and esti
mated by means of one of a variety o~ counters (117, 120, 166,
209). Most valuable perhaps is Cl4, a weak f/-ray emitter with a
long half-life. In spite of the weak radiation which makes assay
difficult, this isotope is far easier to use than the heavy stable
isotope C13, or the short half-life C" which yields a considerably
more energetic emission. Other isotopes which have great im
portance in general biochemical studies are p32 (47, 72, 166, 256)
and S35 (144, 166), both of which are readily assayed. p32 is
highly significant because of the wide chemical distribution of
phosphorus in the proteins, nucleic acid (143), phospholipides
(61), and phosphate esters of carbohydrates and their metabolic
products. S35 is useful in following the metabolism of the sulfur
containing amino acids, cystine, cysteine, and methionine (212,
287, 288), and other compounds such as glutathione which have
significant roles to play in oxidation, enzyme reactions, and other
biological mechanisms (144). Somewhat less broad in their
applications, but significant in biochemical study, are the radio
active isotopes of iodine (183, 289, 290), iron (77, 124), sodium
and potassium (110, 144), cobalt (144), arsenic, and others, the
parent elements of which are not major constituents of animal
and plant materials.

In a sense, isotope investigation is a fractionation, in that it can
serve to distinguish a compound carrying a labeled from one
carrying an unlabeled element, thus often indicating synthesis
and metabolic rearrangement. Its chief value, however, is to
indicate the pathways of metabolism, thus telling "what is
formed" and "how much." In order to accomplish this, every
isotope study requires chemical fractionation. No radioactive
indicator can distinguish the chemical form of the element de
tected. Thus, the chemical separation is in a sense more critical
than the tracer itself, because the extent of the information is
limited by the fractionation rather than by the presence or amount
of tracer detected. A reciprocal relation exists between the
chemical and the radioassay phases of the study. The tracer
may be' used to determine the efficiency of fractionation, and the
fractionation limits the utility of the tracer. Thus tracer study is
a supplement to chemical fractionation, and may be considered as
a determinative step to follow the preparative chemical fractiona
tion step.

As compared with chemical determinative methods, the tracer
determination is usually considerably lcss accurate. Counting
assay, itself, may be performed only rarely with the accuracy and
precision of good chemical analysis. If to this are added the
technical problems of control of self-absorption, coincidence,
geometry, and the occasional vagaries of electronic counters, it is
clear that quantitative accuracy is not always obtained. As a
comparative method, even these uncertainties and errors are
rarely of sufficient magnitude to invalidate conclusions based on
tracer study.

As a supplement to the simple tracing of a labeled element by
means of radioactivity or mass difference, the use of isotope
dilution analysis (147) has been valuable. Heavy isotopes
may be used to obtain ,the elementary composition of a pure
compound by adding a known amount of the unusual isotope in
any convenient form to a known amount of the pure compound,
and heating above redness until equilibrium is reached. The re
sulting mixture is analyzed in the mass spectrometer to obtain the
isotope ratio (258, 309). Quantitative recovery of the mater:ial is
not necessary. A more valuable isotope dilution method for
biological use consists in adding toa mixture a known amount of
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the pure compound in question which contains the labeled isotope,
and isolating some of the compound in question in pure form from
the mixture. Measurement of the labeled (usually radioactive)
isotope in the isolated material as compared with the total
material isolated gives the ratio from which the original compound
in question may be calculated. Here also, quantitative recovery
is not necessary.

Another valuable application of radioactive tracers is the radio
autograph technique. Here a tissue section-e.g., bone, leaf,
etc.-suspected of. conta~ning radioactive material is placed in
apposition to a sensitive film or stack of films and allowed to re
cord its distribution by blackening of the film (25, 39, 273). Less
valuable than the other methods mentioned for quantitative use,
it does record distribution with respect to the large microstruc
tures in a simple and effective manner.

The general field of radioisotope analysis is covered in a num
ber of selected books and reviews (50,51,117,145,166,304). Be
cause of the pre-eminent position of the radioactive carbon iso
tope, C14, in biochemical investigation, some illustrations of the
versatile applications of this tracer are indicated. No· effort is
made to do more than illustrate the possibilities. The metabolic
products derived from labeled molecules, and precursors of com
pounds of interest are uniquely determined by the carbon tracer
studies. Thus, tl-labeled tyrosine has been shown to yield a

labeled acetoacetate; phenylalanine to yield epinephrine; gly
cine to yield serine; J3-labeled tryptophan to yield nonlabeled
nicotinic acid; and palmitic acid labeled in the C. position to
yield glucose (130, 138, 248, 304). Interesting and significant
studies of the mechanism of photosynthesis were made by Calvin
et al. (25,273), while Heidelberger et al. (137,139,140) studied ex
tensively the distribution and excretion of benzanthracene.
Innumerable examples might be quoted, but the reviews of Bloch
(27), Wood and Lorber (318), and Vennesland (304) serve to
illustrate further this important question.

RESPIROMETRY

An essential to the biochemist is a knowledge of the total
metabolism of his living system. This is well measured by the
rate of oxygen consumption in terms of some fundamental unit of
mass, volume, or surface of the respiring system, and is better
evaluated in terms of both oxygen consumption and carbon di
oxide production, or the respiratory quotient defined as COd02.
With larger animals and whole plants of reasonable size, the tech
niques of obtaining these values have long been known and used.
Such information is valuable when it concerns the intact animal
or plant, but can only represent an average value for all the cells
and types of cells that are respiring at different rates and the
inert, nonrespiring portions of the organism. Much more in-·
formation is available from studies of uniform tissues, small
organs, and single cells or multiple homogeneous cells. The field
of microrespirometry, covering this type of material, is much
newer and of greater continuing research importance. The dis
cussion of respirometry will for this reason be limited to its small
scale aspects suitable for measuring th~ metabolism of the small
biological system.

Barcroft-Warburg Technique. The well known constant
volume manometric apparatus associated wit.h Warburg (308)
and adapted from the earlier equipment of Barcroft and Haldane
(15) is too widely employed to require detailed review here. The
technique has been discussed in detail in several publications (14,
90,230,302), and has been used as a tool of major importance in a
wide variety of biochemical investigations.

The most important feature of this equipment and technique is
its versatility. The reaction chambers may be designed to add at
will any reagent desired in an appropriate quantity and at any
time. This allows serial experimentation on the same biological
material. The· chief requirement of the method is that the
volume (or pressure) of the gas phase be altered by the reaction.
The eonsiderable sensitivity of the instrument to alterations in
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pressure, temperature, solubilities, and reaction rates imposes
limitations on its precision and accuracy. The use of the Warburg
apparatus is not restricted to respirometry as such, and in fact its
chief uses are in the study of enzyme systems, biological mecha~
nisms, and related matters with.tissue slices (107), homogenates
(243), partial homogenates (187), and isolated enzymic materials
(219, 281). No gasometric or respirometric equipment has ex
ceeded thc Warburg technique in the variety of applications.
Several have exceeded it in sensitivity and some in accuracy.

Smaller respirometers capable of accomplishing similar results
to the Warburg apparatus, but with smaller systems not in the
single cell range, have been described. One of the more ingenious
was that of Heatley, Berenblum, and Chain (136), which operated
by means of a flexible mica window attached to a sensitive optical
system which registered any alteration in pressure in the respira
tion chamber.

Differential Microrespirometry. Differential manometers have
long been applied to respirometric measurements (294). They
have the advantage of making it possible to eliminate some of the
sources of uncertainty in the standard Barcroft-Warburg ap
paratus, such as sensitivity to temperature fluctuation, baromet
ric pressure changes, and variables in the chemical or physio
logical system. Fenn (106) devised one of the early practical
differential respirometers which has found wide application.
Constructed as it was of glass, it was somewhat bulky and subject
to local temperature changes. Its range of operation is limited in
comparison to the Warburg instrument, the sensitivity being 3 to
4 cu. mm. per centimeter of scale, or approximately 5 times as
sensitive as the Warburg apparatus. Summerson (280) de
scribed a differential respirometer having nearly all the features of
the Warburg apparatus and about the same size and sensitivity.
It consisted essentially of two Warburg units attached together
through their manometers. A considerably more sensitive device
developed by Thimann and Commoner (293) required careful
thermostat control of temperature and accessory mounting ap
paratus. All the above instruments fall short when applied to the
truly small biological system.

Cunningham and Kirk (84) described a much simplified type of
differential microrespirometer that was constructed in a single
block of metal, thus reducing the requirements for tempet:ature
control to a minimum. It was independent of barometer changes,
and extraneous experimental variations could be controlled
through the second chamber. Furthcrmore, it was more sensitive
than other differential instruments-i.e., 0.1 to 10>- per hour.
Modifications by Barth and Kirk (22) and by Stern and Kirk
(274) have further improved its operation, so that it is probably
far simpler than any other comparable instrument. It can be ap
plied through a wide range of sensitivities and to almost any type
of biological system. It further had some of the advantages of the
Warburg apparatus, in that a second reagent could be added
during a run, and the gas phase could be modified at will. A
modification of this instrument for insect respirometry was
published by Smith and Douglas (268).

Ultramicrorespirometry. Measurement of respiration of the
smallest systems, including single cells, has developed markedly
in recent years, and significant progress has been made in apply
ing the instruments to the more general type of study as is charac
teristic of the Barcroft-Warburg apparatus. Fine capillary
respirometry as initiated by Kalmus (165) and Howland' and
Bernstein (156) was significantly improved by Tobias and
Gerard' (299) and particularly by Cunningham and Kirk (83) who
achieved accurate measurements with a sensitivity of 5 X 10-5>-.
This type of instrument is inherently limited to respiratory
measurements rather than. general biochemical application.

From the standpoint of general use, the Cartesian diver
manometer (195, 196) has almost unlimited potentialities, some
of which have been realized, and toward whieh progress is con
stantly being made.··· The technique of· the Cartesian diver as
applied to respiratory and· biochemical studies has been covered
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in several publications (126, 154, 170, 230, 323). Its theory is
given in detail by LinderstrSilm-Lang (194), and some of its most
important uses have been developed by Boell, Needham, et al,
(31-33). More recently it has been used for weighing minute
amounts of tissue or cells (325), an operation which is less sensi
tive than some other weighing methods (171, 172), but is pecul
iarly adapted to the need for keeping the tissue immersed in an
aqueous solution. Anfinsen and Claff (7) and particularly Claff
and Tahmisian (65) have adapted the design of the diver to allow
general biochemical application in the sense that the Warburg
apparatus is employed. Numerous simplifications, for the most part
not yet published, in the construction and operation of the diver,
have been achieved (170, 324). It appears highly probable that
the diver, and perhaps the differential respirometer as well, will
serve to elucidate composition and mechanisms in smaller and
more'homogeneous systems than are available for study with the
ViTaI'burg apparatus. The sensitivity of the Cartesian diver, such
as to make possible this extension to single cells, thus expands
greatly the possibilities of biochemical research with the smallest
oiological units.

The subjects discussed above represent only a few of those that
might have been chosen for review. They should serve to indi
cate the increasing breadth of the field as well as some of the prog
ress made in recent years. Above all, it is hoped that the dis
cussion indicates some of the basic considerations that must be a
part of the biochemist's philosophy if he is to apply to his prob
lems mature judgment in the choice of method.
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Automatic Operations in Ouantitative Analysis
GORDON D. PATTERSON, JR., WITH M. G. MELLON

Purdue University, Lafayette, Ind.

AutoIllatic analyses are discussed frolll the point of
view of the individual unit operations involved in any
general Illethod of analysis, as applied to the saIllple
and the desired constituent. Inasllluch as the
IllajOr atteIllpts to autoIllatize industrial analyses
have heen in the line of Illeasurelllents of physical
properties, greatest eIllphasis is placed on these de
velopIllents. Methods using physical properties for

T HE phenomenal growth in recent years in the automatization
of unit operations and/or entire methods of quantitative

chemical analysis indicates a rapidly accelerating "industrial
revolution" in the field of analytical chemistry. It might well be
said that this trend is also in a direction away from the chemistry
in analytical chemistry and toward identification and measure
ment by strictly physical means. This is because many types of
physic!,l measurements, particularly those involving electrical
aids, frequently lend themselves readily to continuous indicating
and/or recording. It is this goal toward which all industry seems
to be heading in the solution of routine analytical problems (35,
91,164).

The question of when a method is automatic and when it is not
is inter-preted differently by different people. At the present
time a large number of instruments are being designed and used
which may perform only limited parts of the over-all analytical
process (367). If one considers a method to be a composite num
ber of unit operations, any of which may have automatic possi
bilities, resulting in "semiautomatic" methods, then it is easy to
see the impracticability of placing an arbitrary border between
manual and automatic methods. Actually, a strictly automatic
method completely eliminates the requirement of the human
hand or judgment and performs everything from obtaining the
sample to recording the results desired. Therefore, the term
"automatic operations" is used in this paper "to accentuate the
fact that complete analyses are rarely automatized as such and to
include those methods where essential operations have been auto
matized even though the entire process may in part still require
manual assistance (140).

The factors that have prompted this industrial trend toward
automatic analyses are basically two: a need for mountains of
data which would be unattainable, manually; and a desire for in-

autolllatic IlleasureIllent are classed under one of the
following topics: graviIlletry, voluIlletry, den
sirnetry, IllanoIlletry, viscoIlletry, rnagnetoIlletry,
titriIlletry, caloriInetry, chronollletry, soniIlletry,
elllissiIlletry, ahsorptioIlletry, therrnoconductoIll
etry, turhidiIlletry, refractollletry, dUIractoIlletry,
re8ectoIlletry, conductoIlletry, potentiollletry, cur
rentillletry, dielectiInetry, 'and radioactiIlletry.

creased precision and accuracy at lower cost, by minimizing in so
far as possible the human variable as one of the potential sources
of error. This emphatic shift in methods development, wherein
there is required familiarity with the design, construction, and
operation of instruments, has made "analytical chemists" out of
many scientists in various other fields. This study has the pur
pose of ascertaining just what basic factors have contributed to,
and indeed made possible, this replacement of the routine analyst
as a data gatherer by the instrument, and of describing methods
and operations that have been automatized.

The three factors which industry considers in obtaining any
analytical information are amount of information, cost of the in
formation, and speed of obtaining it. These three are not wholly
independent of each other, but in general automatic methods,
when properly adapted to routine work, can be superior to
manual methods in all three respects. However, there are also
three possible disadvantages: The potential variety of uses of an
automatic method varies inversely with its degree of automatiza
tion; lengthy and costly development work is frequently required
in setting up a new method; and maintenance troubles vary
directly with the amount of gadgetry involved (230).

The contribution of electronics (100, 345) to modern analytical
instrumentation has been so notable that vacuum tubes have been
called the "brain cells of modern technology." At a recent Sym
posium on Modern Methods of Analysis (86) a remark was made
that there was not a single mention of a buret or crucible on the
entire program, that "after all, one just has to have some elec
tronic mechanism in an apparatus these days," and that the
modern analyst must be half physicist, half electronics engineer,
and all chemist (97,98,99).

Most studies of autoanalysis have been limited to more or less
specific principles and applications. A generalized study and
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classification giving an over-all picture of the field have not ap
peared. On the other hand, automatic methods are not some
thing that suddenly appeared from nowhere.

The literature reveals that instruments of automatic measure
ment are designed on one of two general bases: mainly an adapta
tion of a classical method previously performed manually, or an
application of a new technique relating measurements, which are
more readily automatized, to the information desired. In con
sidering an automatic method, therefore, it seems most logical to
outline the steps involved in the same way as would be done in the
case of any classical analytical method. The automatic methods
described are classified according to the outline presented else
where (339, 340, 390A).

Primary consideration in any analytical method should be a
representative sample. Unless due care is taken in considering
the various factors of importance in obtaining a representative
sample, the most expensive and complicated measuring equip
ment becomes useless.

Three operations may ordinarily be performed on the sample in
any manual analysis: selection and preparation, measurement,
and preliminary treatment. However, few automatic methods
contain provisions for all three. "Whenever possible, preparation
and preliminary treatment are avoided; but the two unavoidable
sampling operations are selection and measurement.

SEUXTION AND PREPARATION

Selection usually consists in locating a sampling point and in
transporting the material to the point of measurement. In
general, automatic sampling of freely flowing materials can be
either intermittent or continuous. The material that is being
sampled must, of course, be homogeneous, especially if only one
sampling point is used. It may be of changing composition, but
must be at least representative of the state of the system at any
one time. When necessary, several points in the system will be
chosen as sampling locations in an attempt to obtain an over-all
result and eliminate variations within the total amount of sub
st.ance in question.

Operations involving preparation are ordinarily not required in
gaseous, fluid, or homogeneous solid samples, but the problems
encountered in nonhomogeneous solids, such as grinding, mixing,
and sieving, may be handled semiautomatically, by means of
machine-operated crushers, ball mills, mortars, and mixers.

When a gaseous or liquid sample must be transported to a re
mote measuring location, a by-pass line is frequently used. Care
must be taken to ascertain the effects of various factors, such as
temperature and other conditions, which may cause false measure
ments-for example, conductometric measurements of water are
greatly influenced by carbon dioxide content. Large time lags
are generally avoided.

Various devices have been used for the intermittent sampling
ofgases(4,20, 39, 79,215,217,222, 294,300, 302, 352,398)and
liquids (41,111,166,192,288,291,317,358,405,434,496,517).
One apparatus recently described for sampling gases collects at
regular intervals bubbles of the gas (436). An apparatus (427)
"for automatically periodically segregating measured samples of
liquids" is used in testing water hardnllss in softening operations.
Another, used for sampling juices in a Brazil sugar factory (364),
consists of a float which actuates a vertical rack and gear to which
is attached a lever bearing a small bucket. As the measuring
tank fills, the bucket is lowered into a receptacle. A specialized
sampler (455) for explosion gases functions automatically from
the impulse or the heating effect of the gases.

A novel sampler (88) which will collect automatically up to 200
portions from a laboratory column is suitable for low take-off
fractionating or chromatographic columns. It consists of a plat
form on which the receivers are arranged in circles and depends on
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a photoelectric cell to count the drops and rotate the platform
when the proper number have fallen into a given collecting vessel.

In collecting solid samples (250, 292, 526), scooping off con
veyer belts is a reliable method. Various other proportioning de
vices have been described for quickly separating a small repre
sentative sample from a large mass of material passed through. In
an apparatus for collecting and segregating samples of crushed
coal or coke (411), a thin stream runs from a hopper into twelve
triangular radially shaped receivers mounted on a rotating table.
If the bulk sample takes 5 minutes to run from the hopper, the
sample in each receiver is made up of 300 increments selected
without bias from every part of the bulk. Another commercially
available sampler (165) has been successfully applied in many in
dustries for a wide range of wet and dry materials (.284).

For solids suspended in gases, such as dust in air (118, 430,
473, 537), various devices are in use, ranging from filters (417) to
adhesive or impregnatable surfaces (325, 432). An "electrical
dust precipitator" (387) makes use of a steady stream of liquid
washing down over the negative plates of an electrode pair to re
move continuously the dirt precipitated on them. In prac
tically "all industrial hygiene studies and investigations, air
sampling of contaminants (183, 470, 471, 472) is a necessary part
of the procedure. Special devices (307, 463) have been designed
for a few of these contaminants for determining their concentra
tions directly in the field.

In connection with measurement of radioactive properties an
automatic sample changer (516) is used to speed up counting
measurements by means of a rotating circular tray.

MEASUREMENT

Measurement of the sample may be controlled in various ways
if an automatic sampler is used. The material is frequently con
fined in a given volume (224) under constant conditions and
flushed or drained out periodically. When possible, the dimen
sions of the container or measuring element, together with the rate
of flow of the gas or liquid, will control the sample amounts-e.g.,
cell thickness in the case of radiant energy tTansmission, or area
and interval of the plates of an electrical conductivity cell.
Obvious sample measurement is often lacking, as in the case of a
pH meter, but in all cases it is vital in the calibration and stand
ardization procedures. Of the two common properties used in
sample measurement, mass and volume, the latter is the one most
resorted to in automatic operations (9, 198, 278, 305, 326, 427,

" 564).
If the sample measurement is to be made by constant velocity

of flow (55, 172,218,306,425), there are various means of assur
ing such constancy, most of which are based on pressure uni
formity.· When electric, motor-operated pumps are used, line
voltage variations cause especially serious errors at low speeds. A
flowmeter designed by the Department of Public Health of
Illinois, meeting the following minimum specifications, has been
described: Air flow should be at least semiautomatically con
trolled; it should be simple in construction and at the same time
rugged and easy to operate; it should be applicable to both low
and high sampling rates with equal accuracy; parts should be
easily accessible in the case for cleaning and repair; and it should
be light in weight for maximum portability.

Occasionally, as in measurements dependent on thermal con
ductivity, readings may be relatively independent of the rate of
sample flow up to a certain limit. In the Magnotherm continuous
oxygen recorder (215), a pressure compensator is incorporated
which works into the recorder' circuit to correct for changes in
pressure, inasmuch as the instrurri:ent measures actual partial
pressure of oxygen and not the percentage by volume as is required
for general gas analysis work.

When actual volumes of gases are measured, the procedure con
sists of means of getting a sample into a container and flushing it
out by a piston plunger action, frequently with mercury. For
liquids and granular solids a common procedure makes use of the
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"mill-wheel" method (269) and varia'~ionsof it. Numerouscon
stant-feed devices are also on the market. A typical volumetric
method of measuring solids (21) consists of a curved metal vane
projecting vertically down the center of the spout through which
the sample moves, thus causing the vane to rotate a definite
amount with each foot of sample travel. This rotatory motion is
transferred through a flexible shaft to the counter.

A number of drop counters have been used for sample measure
:~ent which may be photoelectric or conductometric in operation
(~9, 202, 208).

PRELIMINARY TREATMENT

Automatic methods eliminate preliminary treatment whenever
possible. Adjustments of conditions (361) such as pH, tempera
tl!lre, pressure, water-vapor content, and oxidation state may be
necessary, however, and have been included in various methods.
Constancy of temperature and pressure in the cases of gases, as
well as liquids, is an obvious precaution not always easily ob
tainable in practice, and nearly every method designed must in
clude study of the influence of these factors. Water vapor
saturation and oxidation of gass amples frequently are factors
with which to ·be dealt.

THE DESIRED CONSTITUENT

Once the sampling problem is solved, the next point to be con
sidered is always the desired constituent. Here the two funda
mental operations are separation and measurement; the former
is to be avoided if possible, and the latter is the goal to which all
other operations contribute.

SEPARATION

Five major types of separation have been subjected to a num
ber of recent studies of their automatization possibilities.

1. Precipitation. Precipitation, as a separation procedure
at least, is an operation in which, no attempts at complete auto
matization have been published in spite of the fact that separa
ti(j)ll by precipitation and filtration, which so frequently precedes
gravimetric measurement, is one of the most common funda
mental operations of classical methods of analysis. 'The operation
of adding precipitant until there is completeness of reaction
might conceivably be made by the use of the potentiometric
titration apparatus mentioned below, but the operations re
quired in handling the precipitate, such as digesting, filtering,
washing, and drying (or igniting) do not lend themselves readily
to being automatized.

Automatic filtration (30, 501 lis usually based on a system
wherein quantities of liquid are brought to the filter equal to
those flowing away and the surface is therefore kept at a'constant
level.

2. Volatilization. Volatilization as a means of separation
has recently received attention in the construction of automatic
stills and fractionating columns (130, 480), particularly in work
with petroleum and hydrocarbons in general. An automatic dis
tillation apparatus (435) for A.S.T.M. Method D-86 auto
matically plots a complete distillation curve. The operator sim
ply fills the distillation flask with the sample, inserts the chart
paper, and sets the initial heat, whereupon the instrument per
forms the distillation, records all required data such as correction
temperature, initial boiling point, end point, and distillation rate,
and then automatically resets itself for the next test.

The Podbielniak apparatus permits the quantitative separation
of hydrocarbons in a single fractionating operation. The proce
dure involves freeing the gas of water vapor and carbon dioxide,
liquefying the sample, and introducing it into the evacuated sys
tem in which the distilling bulb is /looled by liquid air. In the
Turner modification a heater at 750 0 F. gradually runs up the 6
foot column in about 8 hours. At the same time a rising mercury
column drives out the liberated gas to a thermal conductivity cell
and the "volumeter."

AN'ALYT Ie AL CH EM! S T BY

Many units for automatic combustion of organic substances
have been described (382). Use of automatic combustion methods
has been made in the Dumas determination of nitrogen (565) and
also in the Pregl determination of carbon and hydrogen (95,
229, 566), in which the tube containing the sample (solid, liquid,
or gas) can be heated electrically little by little.

3. Electrodeposition. Separation by electrodeposition by an
externally supplied potential has received some attention from
"automatists." The so-called graded cathode potential method
for various metals has been reviewed recently by Diehl (126). It
affords the separation from each other of two metals which lie
only slightly apart in the electromotive series--e.g., copper and
tin-by mean.s of constant applied potential rather than constant
current. Besides the Diehl apparatus, circuits by Hickling (2S0)
and Lingan~ (316) have been described. Fisher (153) has de
scribed the use in atomic research work of a voltage regulator de
signed by Pickle, which is a servomechanism incorporating a
direct current amplifier and motor drive for furnishing constant
potentials as great as 12 volts and currents as great as 1 ampere
under load conditions that change several hundred per cent in 24
hours. Three electrodes are used: a cathode, probe, and anode.

Latest commercial apparatus (412) making use of the principle
of separating interfering constituents with mercury cathodes is
the "mercalyzer" for rapidly removing heavy metals from aqueous
solutions of reactive metals.

4. Extraction. Various automatic extraction procedures
have been devised, but few have received widespread attention.
Some use of dissolution as·a separative procedure automatically
has been made. Methods wherein a continuous solvent is
caused to flow slowly over the sample, only part of which is
soluble in the liquid, employ so-called continuous extractors such
as the Wiley, Bailey-Walker, and Soxhlet extractors.

A large-ca.pacity continuous solids extractor (11), designed by
Appelzweig, holds the sample in a large aspirator bottle from
which the bottom has been removed and uses constant percolation
instead of repeated exhaustion as in the Soxhlet types,

Absorption has seen application in several automatic gas
analysis methods (330), notably the reaction of carbon dioxide in
potassium hydroxide solutions where volumes or pressures of the
sample are measured before and after absorption.

Adsorption has been similarly applied, particularly in various
forms of automatic combustion trains. The Turner-Burrell ad
sorption fractionator (71) automatically separates components of
light hydrocarbon gas mixtures by distilling the liquefied sample
and, instead of condensing the various fractions, adsorbing them
on an adsorption column. The adsorbed gases are then desorbed
from the column packing by means of a heater which slowly
travels up the column and a pool of mercury which displaces the
gases upwards. The volume and thermal conductivity of the
effluent gases are then measured. Chromatography is finding ex
panded usage, and it also has been the basis of separations where
the flow of a liquid through the adsorbing column can be con
trolled automatically.

In partition methods, where a constituent is transferred from
one liquid medium to another (which is immiscible with the first)
by virtue of its differing solubilities in the two, various ingenious
apparatus have been described, most of which are analogous to
the above-mentioned continuous extractors. Continuous liquid
liquid extractors of varying modifications have been described.re
cently (270, 393,447, 515): Wayman and Wright (539) described
several small continuous liquid-liquid extractors wherein samples
as small as 5 ml. can be used.

Dialysis, and ion-exchange 'methods have not found sufficient
application on a routine basis for analytical work to induce auto
matization, although continuous dialyzers are not unknown (273).
A recent type for use in biochemical problems (labeled the "arti
ficial kidney") combines a large cellophane area for small amounts
of solution with a countercurrent design which makes for greater
efficiency and speed. Kolff and Berk (271) describe its use for dis-
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continuous and continuous dialysis of blood in an arrangement
where the blood flows from a vein through a narrow cellophane
tubing, wound around a wooden drum that rotates in the dialyz
ing bath. The blood then returns to the circulation system of the
body, after having been exposed to a surface of 20,000 sq. em. in
s. relatively short period of time. The Webcell continuous dialyzer
(60) has a Lucite construction which makes visual observation
possible. Automatic ion exchangers for water purification pur
poses have been described and their extension to separations in
analytical methods should certainly be possible.

5. Magnetization. Use of magnetism as a separative force
(#8) is made mainly in the so-called mass spectra procedures (53,
87, 102, 378, 415, 437, 441). The separation is attained by ioniz
ing the gas by electron bombardment, accelerating and focusing
the ions by an electrostatic field, and then deflecting them in a
magnetic field. The separation of the ions according to their
masses is thus accomplished and abundance measurements are
then made electrically (320) or photographically. One process con
trol spectrometer (175, 293) programs a series of eight accelerating
voltages corr"esponding to specific preset masses to be separated.

Magnetic separations such as are used in refining ores passing
off conveyer belts may be used as a basis of rough evaluation but
can hardly be called quantitative (128). One magnetic separator
is of the submerged belt type (109) with means of projecting
wash liquid sprays onto the traveling belt to sweep down the
nonmagnetic particles.

MEASUREMENT

The climax of any analytical method is the measurement
operation by which the actual quantity of the desired con
stituent present is determined, and this phase of quantitative
analysis has received the most attention in efforts toward auto
matization. The following discussion of automatic methods of
measurement is arranged in accordance with the outline presented
in another paper (390A).

Gravimetry. The term "gravimetry" is limited to the .mass
(or weight) measurement of the desired constituent or of some
system directly related to it, although mass measurement of the
sample involves the same operations (190, 197, 343, 454).

The equal-arm balance whose beam is supported at one point
along its length, so that two masses, suspended from the two
ends, may be compared by noting the swing of a pointer, is one of
the oldest measuring instruments on record. It is also one of the
fastest means of accurate measurement in existence; yet in
routine work it is time~consuming and so frequently used -that
accurate automatic weighing devices are higWy to be desired.

One adaptation (448) of the classical analytical balance for such
purposes makes use of the interruption by the pointer (or an
opaque screen attached to it) of a beam of light, so that varying
deflections cause corresponding variations in the amount of light
reaching a photocell whose photoelectric response can be meas
ured by a rllicroammeter.

Various automatically recording balances for studies of proc
esses where weight changes occur have been developed (144, 503).
They may have a motor~driven chain for restoring balance or
may have a recorder pen supported on the end of the balance
beam. Moisture studies (2, 188, 371, 533) have made use of re
cording' balances. A semiautomatic commercial device for
moisture in coal, subject of a recent study by the Bureau of
Mines (51, 104), is a combination of a drying oven and balance
with a capacity of ten 10-gram samples. The weighings are made
without removing the samples from the oven or disturbing the
drying process. The percentage of moisture removed from the
coal is indicated by an illuminated dial when a definite weight of
sample is used in a tared pan. An automatically recording elec
trical sorption balance (188) graphs time versus change of mass of
a solid adsorbent or reactant. As the mass changes, the balance
beam is automatically brought to its null position by alteration of
the current flowing through a control solenoid.
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Miiller's "electronic recording. analytical balance" provides for
substitution of iilertia- and lag-free electronic methods fOl
electrical contactors and relays to provide a recording, direct
reading rapid sensitive balance which is suitable for either slow or
rapid weight changes.

Radioactive detection of displacement (45) also shows promise
of use in this field. Wheri radioactive material is coupled directly
or indirectly to the moving part of a system, variations in position
cause variations in ionization current or light. effect that. are
readily amplified to give practically any sensitivity and precision.
Patents by Blau and Feuer (45) describe the possibilities of this
means of measuring mass. They also describe a radioactive limit
ing balance for production weighing of small quantities of material
within a predetermined accuracy_ Here, two radioactive foils
and ionization chambers are attached at opposite ends of the
balance beam so as to give a maximum reading when a predeter
mined weight of material is on one balance pan. With high
enough radioactive intensities, or increased amplification in the
output circuit, it would be possible to energize a relay controlling
a valve that would permit only a certain amount of material to
flow onto the balance pan.

Replacement of the equal-arm balance design by a single tray
supported in space by an electromagnet, part of whose current is
controlled by the position of the moving system, has been made
(94).

The problem of converting this position into a voltage to be
amplified and fed into a winding on the magnet can be accom
plished in one of four ways: (a) interruption of a light beam on a
photocell, (b) capacitance variation in condenser plates caused by
a vane moving between them, (c) inductance variation of a coil
caused by an iron core attached to the moving system, and (d)
variation of Q (ratio of reactance to resistance) of a coil by an iron
core as in (c). The possibilities of (a), but not of the other three,
have been tested by Clark (94). Precision equal to the beam-type
balance can be obtained without imposing unreasonable· require
ments on the electronic components, while the sensitivity may
even be superior_ In the model built the output of the photocell
is amplified and connected to the electromagnet winding so as to
oppose any motion of the suspended system. The object to be
weighed is placed on the tray arid the additional current required
to restore the system to its equilibrium position is read on a meter.

An instrument having the balance beam under constant load
has recently been placed on the market (156, 157) to serve as a
high-speed routine analytical balance with direct-reading operation
from 200 grams to 0.1 mg. at uniform sensitivity throughout the
entire capacity.

In operation, remote control levers connected to direct-reading
dials remove weights from the pan side of the beam to compen
sate for the added mass placed on the pan. Having only one pan,
the balance beam has the other end loaded with a constant tare
weight. The portion of the weighing under 100 mg. is taken di
rectly from a projection of a scale on a beam to a stationary ver
nier scale through an optical system.

A recording microbalance for measunnnent of vapor diffusion
through plastic membranes (533) has been designed by placing a
water-absorbent pellet at one end of a glass balance beam which
passes through the center of a coreless lacquered rotating coil,
both of which are suspended horizontally by a torsion band. Two
large coils outside the vessel induce currents in the rotating coil
when the glass beam moves out of its equilibrium position owing
to absorption of water that has passed through the membrane.
This current restores the system to equilibrium and operates a pen
recording the change in weight per unit of time from 10 micro
grams up.

Duval has conducted studies on automatic gravimetry (137,
138, 394), using the Chevenard thermobalance which gives auto
matically a photographic record of the weights of ignited inor
ganic precipitates (251). Pyrolysis curves of a number of
analytically useful precipitates were determined. A paper by
Peltier and Duval (394) gave directions for "the completely auto
matic analysis of some alloys of silver and copper." By means of
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tile thermobalance the progressive loss in weight of a mixture of
copper and silver nitrates with increasing temperature was auto
matically recorded.

Volumetry. Volumetry includes methods of analysis where
the measurement is one of the amount of space which a certain
constituent occupies. Although this may involve evaluations of
solids, liquids, or gases, only the latter two are commonly meas
ured automatically. Automatic Orsat-type instruments (16,
146,423,444,498) have been used where carbon dioxide is either
the desired constituent or a product of combustion of some other
constituent, as have apparatus for analyzing small quantities of
combustible gases, where volumes before and after combustion
are compared. The Orsat apparatus records the shrinkage in
volume as the percentage of carbon dioxide by the use of a bell
float which mechanically positions a pen arm.

A balloon-barrage purity meter (169, 170) developed during the
waT provided for measurement of oxygen by selective combustion
with hydrogen but not with the hydrocarbons also present. The
water formed was condensed and the contraction in volume was
measured.

Automatic volumetric measurement (71) is made of gases in
light hydrocarbons which have been liquefied, distilled, and sub
jected to an adsorption fracti9nation. The fractions desorbed are
identified by thermal conductivity and volumes are measured by a
positive and accurate metering device, and recorded by a con
tinuous balance electronic potentiometer. Smith has described in
detail a similar apparatus (480) where the heat input to the still
pot is controlled automatically. The distillate is collected in
separate containers and the volumes are recorded.

The volume of solids is mea:sured automatically in cases where
the desired constituent is separated by sorption, thus causing a
slight increase in the sorbant's volume or configuration caused by
volume change. This principle is made use of in hygrometers (62,
154,155; 259, 321) where the sensitive element is a hair or wood
fiber or hygroscopic diaphragm whose deformation occurs as a re
sult of a volume change caused by the sorption and which may be
used to move a pen for recording purposes. One modification
(383) of this technique consists of a bimetallic strip of palla
dium and platinurri where the palladium expands as it absorbs
hydrogen, thus causing the strip to bend. , A recording dilatom
eter (265) has been designed where a mechanical system transfers
continuously the accurate readings of an indicating concentric
quartz tube dilatometer to a chart.

Another type of volumetric measurement is used in an auto
matic hardness tester for water (115), wherein measured amounts
of the water sample and standard soap are added and agitated in
a chamber containing a float which seats on the surface of the
sample at a height dependent on the volume of foam or suds pro
duced.

Densimetry. Densimetric measurements for determining the
densities and specific gravities of systems can be 'made auto
matically for gases and liquids (40, 64,145,152,194,205,286,380,
457). Smith and others (476) published a critical study of eleven
instruments available to industry for determining, indicating, or
recording the specific gravities of gases.

One method (397) involves the principle of imparting a rotating
motion to a gas (or liquid) by means of a motor-driven fan. The
moving ,gas in turn strikes the blades on an impulse wheel, pro
ducing a torque proportional to the specific gravity of the gas.
Other devices (132,189) for giving the specific gravity of gases de
pend on the effusion principle that the time required for equal
volumes of two gases under the same pressure gradient to pass
through equal orifices is approximately proportional to their
specific gravities. A recently reported German gas density re
corder (189) consists essentially of a very sensitive balance system
made of glass and housed in an enclosed chamber. An enclosed
glass sphere is attached to one arm of the balance and an open
vessel of the same dimensions to the other arm.

A method (497) for liquid density is based on a heavy ball sus-
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pended from a sensitive spring and immersed in a liquid. Changes
in density are detected bymovement of a bar magnet in a coil,
and readings are indicated by means of current flow. A bob or a
float suspended freely in a flowing liquid or gas has been used
(150). In one instrument (52) the buoyant force exerted on a dis
placement bulb is measured by a balance enclosed in a gas-type
chamber through which the gas flows. The balance deflection is
transmitted by a magnetic device to a recorder. A specific
gravity indicator (158) for heavy hydrocarbons comprises a float
submerged in the fluid and attached to a lever which is movable
about a fixed fulcrum and is partly counterbalanced by a second
float in a pool of mercury.

For measurement of specific gravities of fluids in pipe lines, a
recent patent (151) provides for two separate metering "rotam
eter" floats, one so shaped that it is insensitive to variations in
specific gravity and viscosity but sensitive to rates of liquid flow,
and the other insensitive to viscosity variations but affected by
variations in specific gravity and rate of flow. The difference in
the positions of the two floats is a measure of specific gravity,
providing the flow rate is constant.

The method of balancing two columns of immiscible liquids
(117,241,323,552) against each other (in a U-tube, for instance)
has been made recording for a number of applications. The am
monia content of the outflow gases of an ammonia scrubber is
controlled in this manner (227).

A recent report on instrumentation and control in the German
chemical industry (189) describes a suspended vessel type of
liquid density meter.

The liquid flows continuously through a 5-liter vessel suspended
on two horizontal springs which are made of tubing to serve as the
inlet and outlet connections to the vessel. A change of density of
the liquid passing through the vessel causes a change in the load,
so that the vessel moves up or down through a distance propor
tional to the density. A lever system transmits this displacement
to a pen recorder.

Recent use of highly penetrating radiating energy or particles
such as that from radium for density measurements has been
made (see radioactimetry).

Manometry. Manometric measurements are those of pres
sures and are used with such apparatus as automatic Orsats
(522) and similar instruments (226, 279, 309). A Russian "me
chanical gas analyzer for boiler installations" (562) is based on the
difference in pressure between a column of air and a similar
column of flue gas. The balloon-barrage purity meter (169) may
involve pressure measurements in place of volume decrease (170).

For studies of gas production or retention (554) by various sub
stances, automatic manometers are frequently used. A recent
article (92) describes an apparatus for recording, evolution of small
amounts of gases during long periods. A German recorder for
measuring pressure ratios (189) consists of a balance system sup
ported on a knife edge. Inverted bells, attached to the arms, are
mounted in open top vessels with transformer oil as the sealing
liquid. The two pressures to be measured are connected to the
underside of the bells, so that the position of the balance beam
corresponds to a certain pressure ratio.

Humidity determinations can be made manometrically, based
on the different velocities of air with varying water vapor content
through porous layers (191). Diaphragms, made of various mate
rials whereon are placed mirrors to indicate very small deflections,
are used for pressure measurement (231, 478). Mirrors generally
reflect a small light beam onto a moving photographic strip chart.

The Knudsen gage (153) for continuous low pressure measure
ment operates on the momentum of impact of gas molecules
against an aluminum vane. The range is 10-3 to 10-5 mm. of
mercury, although some instruments have been calibrated to
10-7• Safety appliances (351) for determining the explosibility of
gases spark the mixture and measure the pressure resulting from
the explo$ion by means of a dray needle pressure gage or by de
pression of a steel diaphragm as indicated by mirrors (477).
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The well known Pirani gage (153), which depends on the ther
mal conductivity relation with gas pressure in the range of 10-2

to 10-6 mm., is sensitive to rapid changes in pressure, but is tem
perature-sensitive and requires calibration for different glises.
Thermocouple gages operate on the same principle.

Ionization gages (153) are used in the range of 10-4 to 10-7 and
even down to 10-10 mm. of mercury absolute. This method is
purely electronic in that the gas molecules are ionized by electron
bombardment and collect on the plate of a triode. The resulting
current is measured as a function of the pressure in the tube.

A control method (108) for moisture in paper makes use of a
unique operation in the process of steam-heat drying the wet
paper sheet as it comes off the paper-making machines. The
water of condensation, coming off the wet paper, flows into a con
tainer to produce a head which in turn controls a valve admitting
steam to the drying rolls.

Viscometry. Measurements of viscosity are finding applica
tion in organic analysis more than in inorganic determinations,
although the viscosity of water does change with solute con
centration. Recording viscometers, frequently under different
names, are finding increased use in the control of various processes
(6,252,409,453, 507)-e.g., the amylograph (462) is used in con
trolling the addition of malt flour to commercially milled flours.

Many automatic viscosity measurements involve the motion of
some solid object through the liquid under examination (543). A
common principle used is based on the torque exerted on propeller
blades by the fluid, which can be indicated and recorded. Varia
tions make use of a rotating cylinder, with the measurement being
made of the torque acting on a second cylinder or propeller con
centrically placed within the first (59, 68, 261, 370), the angle of
rotation caused by the viscous drag on a stationary bob or paddle
suspended from a coiled spring inside the rotating cylinder (47,
414, 547), or ''Yheatstone bridge measurement of the electric re
sistance of the motor driving the rotating .cylinder which depends
on the viscosity (243, 327,399). The torque measurements can
be made by a strain gage which gives a voltage output indicated by
a galvanometer or recorder.

A "viscograph" (461) for continuous measurement of the
viscosity of starch solutions has a constant-speed stirrer coupled
to a synchronous motor mounted at the top of the apparatus.
The motor housiI)g is mounted to rotate freely on ball bearings
over an angle by which the resistance encountered by the stirrer
is read directly. Some instruments provide for rotating the
vessels containing the sample rather than the measuring element
itself (51,159).

The falling ball type of viscometer has been automatized to the
extent of indicating the time of fall electronically (185, 289, 502).
The moving ball causes a change of inductance in the coils of a
tuned circuit, which in turn operates an automatic timer. A
commercial instrument (3), based on the damping of a swinging
pendulum, has been made semiautomatic by placing a mirror on
the pendulum which reflects light onto a photographic film or
paper.

Gas or liquid viscometers (105, 132) dependent on timed flow
through a standard orifice have been developed where an electric
stop clock is automatically started and stopped. An apparatus
(245), also based on effusion, continuously indicates the oxygen
and carbon dioxide in an atmosphere by passing samples through
both sides of a viscosity-effusion bridge, then chemically absorb
ing the constituent from the sample passing through one side of
the bridge without interrupting the continuous flow of gas.

One unique use of flow through an orifice for liquids is made in a
commercial model (47) for the viscosity of inks used.in high-speed
presses. The ink sample flows out of a jet in a free steam at an
angle 45 degrees from the horizontal. The trajectory height varies
with the viscosity, and an indicator is moved up and down along
the locus of points formed by the peak of the trajectory at various
viscosities.

Recent development workhas provided a viscometer similar to

the "flow-rator" type of volumetric measurement (149). The
apparatus contains two floats, one above the other. The upper;
shaped to be "viscosity-immune," responds only to flow rate,
wherea.s the lower one is "viscosity-sensitive" and is lifted both by'
increased flow rate and changing viscosity. The difference in the
height of the two floats gives an indication of the viscosity, and the
values can be recorded by connecting an impedance coil trans
mitter to each end (131).

Thermometry. Methods involving measurement of tempera:"
ture are classed under thermometry. Such properties as colli
gative properties-e.g., change of freezing or boiling point or
vapor pressure-and dew point are determined by temperature
measurement and are classed under this topic. However, the de"'
termination of the properties, heat of reaction and thermal con-.
ductivity, which may involve measurement of temperature, are
discussed under separate sections (calorimetry and thermoconduc-'
tometry).

Automatic dew point instruments, operating intermittently,
have appeared recently (124, 421, 508). One type (113) acts to
condense vapor from the gas sample on a mirror surface whose
reflectance of a beam of light is measured by a photocell, which in
turn controls the heater circuit and refrigerant application to the
mirror. Temperature is recorded by means of a sensitive thermo
couple and potentiometer circuit. The condensed liquid may be
removed either by a small radio-frequency heater (for quick re
sponse) or by a mechanical spring wiper which has the advantage
of removing dirt also. A number of dew point recorders of this de
sign for determining atmospheric moisture are available com-:
mercially (8, 10, 174, 199,328,344, 474, 509). For automatic
control or determination of the concentration of glycol vapors in,
air (176, 188), a "glycostat" has been devised which also depends
on reflection interference due to condensation on a mirror, as,
measured by a photoelectric cell. Concentration can be regulated
within a few thousandths of a milligram per liter by this instru-'
ment.

Another type of dew point recorder (161) is based on the be
havior of hygroscopic lithium chloride in absorbing moisture and
dissolving to form a saturated solution. If this is heated to drive
off the water, an equilibrium point is reached. \Vhen the salt
absorbs moisture, current passes between two wires, thereby
raising the temperature until equilibrium is obtained. This dew
point temperature may be measured by an electric resistance type
or thermocouple thermometer. A recent patent (377)'describes
the use of this principle for controlling the concentration of
solutions, such as those of lithium chloride or calcium chloride
used in dehumidifying air. ' A boiler containing the sample is
heated sufficiently to boil the solution, whatever its concentration
may be, and the temperature is then measured and recorded.

Recorders dependent oil. wet- and dry-bulb temperature
measurements (56, 301) may consist of two similar electric re
sistance thermometer bulbs mounted in a tu~nel through which a
stream of air is drawn by a small fan. One is kept wet by a wick
of absorbent cloth.

The dew point method has been applied to the determination of
oxygen or hydrogen in inert gases by combustion to water and
subsequent measurement of the dew point of the resulting
gaseous mixtures. Significant usage of colligative properties in
automatic analytical methods has not been described.

Magnetometry. Magnetic properties have been useful for the
determination of oxygen by virtue of its strongly paramagnetic.
nature in contrast to nearly all other gases. Developed during the
war both in Germany (267, 268, 422) and in this country, the
method may use one of several possible actual means of measure
ment, all of which are essentially magnetic susceptibility determi
nations..

The Pauling oxygen meter (33, 391, 392) depends on measuring
the magnitude of the force exerted by an inhomogeneous mag
netic field on a dumbbell-shaped torsion balance suspended on a
quartz fiber and surrounded by the gas being sampled. A mirror
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attached to the torsion balance swings with the dumbbell, thus
throwing a beam of light onto a ground-glass scale.

Advantage has also been taken of the fact that oxygen's
paramagnetism decreases with increasing temperature. A Ger
man adaptation (189, 520) of this phenomenon depends on the
differential heating and cooling of the two halves of a center
tapped platinum resistance coil which form two arms in a record
ing Wheatstone bridge circuit. Another instrument developed
recently in this country, called the Magnotherm oxygen recorder
(139, 215, 426), is fundamentally similar.

Here a single hot wire is mounted vertically with a strong mag
netic field at the bottom, which causes magnetic convection cur
rents that cool the wire in their resultant passage upward. These
instruments, which measure the cooling effect on a platinum re
sistance wire due to the flow of a paramagnetic gas seeking a re
gion of stronger magnetic flux, have the advantage of being
more rugged and adaptable to continuous measurement in indus
try than do those of the torsion balance type.

Magnetic measurements on iron ores (254) may be made to de
termine the iron content, but little automatic use of this has been
made. A "carbanalyzer" has also been used for magnetic measure
ment of carbon in steel. Separation of mixed steel grades in
salvage operations is simplified by the use of magnetic analyzers
(493), which establish differences in chemical composition very
quickly.

The measurement of magnetic susceptibility has been extended
to the use of an electric field for similar measurements of para
electric gases such as ammonia and water vapor (459). Here also,
the cooling effect of a convection current, set up by an inhomo
geneous electric field, on the platinum resistance arm of a Wheat
stone bridge is the measured phenomenon.

Titrimetry. Automatic titrations are generally carried out by
reagent addition from a hypodermic-type syringe buret, where a
shaft is rotated to which is attached a piston for forcing out the
titrant. Additi(jn of the titrant may be controlled electrically by
measurement (187, 244) of changes in potential, current, or radiant
energy absorption of the solution, or may be made constant while
one of the above three variables is measured against time (28).
Thus far, potentiometric detection of the end point has been the
most used (24, 201, 274, 314, 3[5, 368, 424, 431, 450, 468, 545,
561). Robinson's review (433) on automatic potentiometric
titrations describes the recent developments in this field. The
desirable characteristics are: an instrument which both performs
the titration and plots the potential versus the volume of the
titrant, adaptability to many different electrode systems and
plotting of the potential as the ion exponent (pH), adequate
mechanical precision and reliability, intermittent titrant addition
to allow for. lag time, and a rate of reagent addition which is
governed by the intensity of buffering action so as to give rapid
titration when heavy buffering occurs and vice versa.

An apparatus recently put on the market (412, 413) provides
two setups whereby' one titration may be in progress entirely
automatically while the operator is preparing a second solution.

Essentially, all such instruments consist of two parts, the rea
gent feeding device and the measuring element with its recorder.
The feed pump is synchronized with the strip chart, both being
driven simultaneously by a relay-operated motor, so that vertical
divisions on the chart record the actual quantity of the reagent
used. Reagent addition toward the end point is slowed down as
the voltage changes per drop increase. Dual electrodes may be
used to investigate two solution variables simultaneously (pH and
oxidation potential).

Some instruments provide for automatically stopping the ad
dition of titrant when a certain potential is reached. One device
(410), used for mercaptan (thiol) sulfur in the control of gasoline
refining, measures the volume added by means of a motor-driven
contact which follows the reagent in the buret, whose movement
is communicated to the recording pen by a violin string.

It is advantageous to use an electronic trigger circuit (369) to
replace an expensive recording potentiometer in controlling the
syringe motor. Switching can be made to take place abruptly and
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definitely at a preset level of input potential, and the apparatus
described is suitable for automatic potentiometric and photo
metric titrations with a high sensitivity.

Automatic determination of hydrogen sulfide and S/J.lfur dioxide
(214) or ozone (182) in gas mixtures can be done titrimetrically
after absorption in a predetermined volume of a standard iodine
solutionuntil it is decolorized, at which point a photoelectric cell
shuts off the gas and admits a standard alkaline solution and an
indicator to titrate the acid formed and register the volume of the
titrant.

An automatic titration (464) which involves electrolytic rather
than mechanical or physical addition of the titrant has been re
cently described.

The apparatus consists essentially of two pairs of electrodes,
one called the observing electrode pair, and the other the generat
ing electrode pair, both pairs being immersed in a solution which
absorbs the desired constituent from a gaseous sample bubbling
through. The potential of the generating pair is controlled by the
output side of a direct current amplifier whose input is controlled
by the potential difference of the two observing electrodes. Thus
a very small excess of the titrant can be maintained by means of
negative feedback. When less titrant is detected by the observer
electrodes, more current is caused to flow through the generating
pair, thus raising the amount of titrant to the required level. Cur
rent-recording devices are placed in series with the generator cir
cuit to record the rate at which the titrant is being electrolyzed.

Titration systems in which a constant flow of sample is con
tinuously mixed with varying amounts of titrant which keep the
mixture at a predetermined end point have been described. Here
the necessary titrant flow rate is measured.

Calorimetry. When temperature increases due to oxidation
or chemical reaction of a sample are measured, the measurement
process may be called calorimetry. Evaluation of gaseous oxi
dants or fuels may be made in this manner (14, 246, 247). His
torically, this was probably the basis of one of the earliest auto
matic analyses on record. A British patent in 1889 (407) de
scribed an instrument of two thermometers, one bulb of which
was coated with platinum black, and the other was plain. Dif
ferences in readings of the two indicated that combustion was
going on at the platinum surface and gave means of estimating
dangerous concentrations of combustible gases (38, 348). Ther
mocouples were later substituted as the temperature-measuring
elements, with recording potentiometers to give continuous read
ings. A carbon monoxide recorder (256) employing this method
was developed at the U. S. Bureau of Mines for installation in the
Holland Tunnel.

In some cases the process can be controlled so that only one of
the combustibles likely to be present will oxidize and the tem
perature rise can thus be attributed to only that constituent (195).
The catalyst Hopcalite is commonly used to oxidize carbon mon
oxide (148,351,353) to carbon dioxide but not other combustibles,
for which platinum black or platinized asbestos is generally used.

Resistance variations of a platinum wire due to temperature
. changes are also extensively used. Here, Wheatstone bridge
circuits in conjunction with recording potentiometers are in
variably included (125, 147, 322, 347, 351, 354, 359, 362). When
oxygen or excess air is the desired constituent, in an atmosphere
not containing oxidizable fuels, sufficient amounts of standard
fuels are added (20, 23, 101, 179, 322, 363, 494, 495) to consume
all the oxygen present, thus giving a measure of the concentration
according to the heat evolved. Many commercial instruments,
some of them portable, based on both principles of temperature
measurement for use as safety devices in mines, fuel tanks, and
tunnels, are on the market (20, 58, 70, 319). An elaborate
"multipoint" combustible gas alarm system (120) continuously
records at one location concentrations of gases or vapors at six to
twelve remote sampling points.

Curvature of a bimetallic strip (1, 529) has also been used as the
means of temperature measurement, but not extensively for
automatic analysis. Another design (500), in which expansion



VOL U ME 2 2, N O. 1, JAN UA R Y 1 950

plays a part, makes use of a plurality of low-creep wires covered
with catalyst and carrying an electric heating current. When
gases surrounding the wire oxidize, the resulting elongation of the
wire causes a movable resilient fitting to operate an external de
vice.

Catalytic poisoning provides another variation of basically the
same type of measurement (48, 82, 401). For example, use is
made of the fact that traces of gases poisonous to humans also
destroy or inhibit the catalytic action of platinum in the oxidation
of methanol vapor. The apparatus consists of finely divided
platinum-covered wire continuously catalyzing the oxidation of
the alcohol vapor to maintain a temperature at which the bridge
is in equilibrium. When the catalyst is poisoned (by carbon
monoxide, or hydrogen cyanide, among others) oxidation stops
or slows down with resultant temperature drop and bridge un
balance.

A Russian calorimetric method, which does not involve oxida
tion, depends on the effect of ZnO.Cr203 in catalyzing the recom
bination of atomic hydrogen in hydrogen molecules (272). The
method thus measures the concentration of hydrogen .atoms in a
hydrogen flame thermoelectrically.

Chronometry. When time is actually the measured variable in
chemical reactions, the method may be called chronometry. As
was mentioned in the section on titrimetry, whenever the titrant
is added at a constant rate, time instead of volume is conveniently
measured, and may be directly proportional to the percentage of
the desired constituent as long as other influencing factors are
held constant.

Another automatic method recently published in Russia (518,
519) is the measurement of the length of time required for the com
plete electrolysis by a mercury cathode of metals out of a solution
at constant current. In this case the recorded qualitative variable
is the potential. A steplike graph is obtained in which the number
of minutes between the points of standard potential, marking the
end of the separation of one element and the beginning of another,
is a measure of the quantity of metal deposited. This is true, of
course, only if the amperage is maintained constant, which is done
electronically in the instrument described, and the current effi
ciency remains 100%.

As an example of a titrimetric procedure specially designed for
chronometric measurement (27), a method of chronometric spec
tral analysis may be cited where the measurement is of the time a
band of radiant energy takes to disappear from the spectrum when
a constant-speed reagent is added to the sample. Time may
actually be the measured quantity in the study of properties other
than chemical reactions. An example is the method for viscosity
where the time required for flow through a restricted opening is
measured.

Sonimetry. Recent applications of the measurement of ab
sorption of waves in the sound regions have been made for several
types of gas analysis (73, 308, 530). Equations have been derived
(242) showing that, in cases where the single components of a gas
mixture have different ratios of specific heats, the velocity of
sound through the mixture depends on the single values for sound
velocity through the components. Practical applications are, of
course, limited to essentially binary systems, and nitrogen
hydrogen, air-carbon dioxide, and hydrogen-carbon dioxide
systems using interferometric techniques have been studied (281,
491,542). The same idea has served for molecular weight deter
minations of liquid polymers.

One acoustic gas analyzer (176) which has been commercialized
consists of an acoustic resonator with frequency a function of
molecular weight and therefore the gas concentrations, provided
the two components are of different molecular weights. A similar
apparatus has been used for continuous density measurements of
gases in limited cases (346). A recently described electronic de
vice (110) based on the velocity of sound in gas mixtures gives
satisfactory continuous readings of the compositions of the
sample passing through it.
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High speed of response and pressure insensitiveness make the
sonimetric method (344) a useful way of controlling high-velocity
gas blending. Another advantage is that the system is capable of
operating under extremely corrosive conditions, for minor changes
of dimensions due to corrosion or build-up have negligible effeet
on the operation of the cell.

Emissimetry. The fact that chemical elements, suitably ex
cited, emit radiant energy has led to the analytical method which
may be called emissimetry. Gases, liquids, or solids may exhibit
this phenomenon, and the means of excitation may be thermal or
electrical. The wave lengths produced depend on the type of
excitation used, as well as the sample itself and other conditions,
as do also the band widths, which vary from narrow line spectra to
the wider bands associated with fluorescence and phosphorescence.

Routine operations in conducting emissimetric (emission
spectrometric) analyses on solid samples, usually metal alloys,
have been widely investigated for their automatic possibilities
within the past decade. The specific operations of presparking,
shutter opening and closing, cutting off the spark, shifting the
plate, and changing the sample by motor-driven turntables, have
been successfully automatized (178, 193, 258, 563). Automatic
measurement of the line intensities, or their ratios, has been
effected by introducing the use of electron-multiplier phototubes
.or Geiger-Muller photoelectron counters. Densitometers (527)
are also on the market for automatically recording line densities
on photographic plates by means of photocell response to light

. transmission through the plate and its emulsion.
Spectacular instruments including many of the above opera

tions are being manufactured (12, 22, 42, 50, 66, 204, 212, 262,
451, 452, 523, 536). They cut the time required for an emissi
metric analysis to a matter of minutes or even seconds, thus sur
passing the wildest dream of the analyst.

Applications have been described for steel, aluminum, and
magnesium alloys, where up to eleven elements may be deter
mined simultaneously. All the operator needs to do is to prepare
the sample for use as one of the electrodes, insert it in the holder,
and then read the results directly in percentages from dials. The
principle involves placement of photomultiplier tubes behind
slits, placed where the photographic plate would ordinarily be lo
cated, at positions corresponding to the wave length of the line
whose intensity is to be measured. The photocurrents thus pro
duced are stored in suitable condensers which discharge at certain
points to actuate the counters.

One automatic use of spectra produced by thermal or flame
excitation has been a leak detector (312) used for methyl bromide,
Freons, and other noncombustible gases. The sample comes in a
suction tube, and a rapid flow of acetylene draws it into the flame
where heat decomposes it into free acids which give a change.of
color to the flame when it hits a copper plate. Flame photometers
have seen increasing use in the past few years. Another auto
matic method utilizing radiant energy emission from a gas or
vapor has been developed for determining concentrations of lead
in air using spark excitation.

An emissimetric method where the source of radiant energy is
not the sample (395) employs a palladized platinum wire at
200 0 C. contained in a tube through which air is passed. The
presence of methane or ethane causes the wire to glow, and its in
tensity as measured by a photoelectric cell is in certain limits
proportional to the concentration.

Transmittance.. The process complementary to emission oj
radiant energy is transmittance, and it is in this field that perhaps
the largest number of applications of automatic methods exists.
Tremendous advantages inherent in radiant energy transmittance
measurements make them especially adaptable for continuous
automatic analyses. Of particular importance are the facts that
the sample being tested is usually undamaged in the methods
used and that the photoelectric or thermal response to changes in
transmittan~e (and thus concentration) is practically instantane
ous. From the standpoint of automatization, the simplest cases,
of course, are those where the desired constituent itself absorba
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radiant energy of a particular wave-length band where there is
negligible interfering absorption by other substances present. If
the magnitude of the transmittance (-cy) is not specific to the un
known .in question, either a color (or absorption band) must be
developed which bears a direct relationship to the unknown in
question, or the absorption interference of the disturbing in
gredients must be removed. The latter may be accomplished by
removing the interfering constituent itself, by changing the
chemical or physical state of the impurity so as to decolorize it, or
(in cases where the constitutents have fairly constant concentra
tions and are present in small amounts or have absorption bands
which merely overlap that of the desired constituent and do not
coincide exactly) compensating for the error by placing an
equivalent amount of the impurity in the second (100%) beam of
a double-beam instrument, 01' in the reference "zero" sample of It

single-beam instrument.
The various automatic methods are considered below under the

subtopics: absorptiometry, thermoconductometry, turbidime
try, refractometry, and diffractometry.

ABSORPTIOMETRY. The absorption of incident radiant energy
of four wave-length regions-viz., infrared, visible, ultraviolet,
and x-ray-by substances has long been used as a basis for meas
urement of concentrations. For many years comparisons between
standard and unknown solutions had to be made by eye. The
subsequent development of efficient photoelectric cells and means
()f measuring their small currents has provided the accuracy and
reproducibility needed to permit a phenomenal growth in the use
of quantitative absorptiometric measurements and theautomatiza
tion of many of these (167).

Significant advances have been inade in recent years for analysis
of fluids in a continuous manner, particularly in the use of infrared
and ultraviolet absorption equipment. Usually in the simplest
cases, the sample fluid (either a liquid or gas) is passed through
appropriate cells in the absorption-measuring instrument, where
radiant energy-sensitive cells measure the proportion of radiant
energy absorbed at more-or-less specific wave lengths. The
fundamental principles of measurement and construction of
apparatus do not vary essentially with the wave-length region
used. There must invariably be a radiant energy source, the
sample, a means of dispersing the radiant energy, and means of
measuring the radiant energy intensity.

Main consideration here is given to the devices that provide for
automatic sampling as well as measurement, although much work
has been done on automatizing the measurement of the absorption
spectra of single samples (114).

Absorptiometry of Gases. Various procedures have been devised
in cases where absorptive capacity in the desired wave-length
range must be developed (560). In general, such automatic
operations for gases consist of one of the following: conversion to
a different gas by means of a chemical reaction or by altering the
physical conditions; mixing the gas with a solution to develop an
absorption band directly related to the concentration of the de
sired constituent; or reaction of the gas with H solid reagent which
is coated on a moving strip of cellophane. The cases where the
analysis is of a gas which is already dissolved in a liquid are con
sidered under liquid samples.

Many automatic apparatus are in use for measuring the radiant
energy passing through the sample containing the gas or vapor in
question (103, 419, 484). Infrared measurements (253, 256, 406,
556) are in common use for analysis of organic systems. The war
time development of infrared analyzers (22, 168, 337, 375, 557,
558, 559) for butadiene and styrene plant. streams is an ex
cellent example.

These may be double-beam systems employing a single source
of radiant energy, a split lens or mirror, a sample cell, and various
filters through which one or both beams may pass, and two elec
trically opposed detectors upon which the beams are focused.
Selectivitv 'of wave-length band is provided by the filters and by
detectors -having selectively absorbing radiant energy receivers.
A vacuum-tube amplifier, working on the bolometer (01' thermo-
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couple or "radiometer") output, actuates a potentiometer-re
corder which automatically restores bridge balance along with re
cording the analysis of the sample. Automatic standardization
at regular intervals may be provided by the introduction of a
standard into the sample cell by automatic valves which cut off
the flow of the sample and admit a standard gas.

An infrared absorption meter (189) developed in Germany in
1938 actually measures the radiant energy absorbed and not that
transmitted.

Two radiating sources, connected in series, are heated to a red
heat, one transmitting into the analysis cell and the other into a
standard cell. The pressure difference, which results from a dif
ference in the radiant energy absorption between the two cells,
causes a deflection of a membrane separating them, resulting in
a change in the capacity of the condenser of which it forms one
plate. The voltage oscillations arising from these periodic pres
sure changes are amplified, rectified, and then recorded.

The relative humidity of ail' has been determined by comparing
the relative spectra of air with standard samples in the infrared
region (528). A "spectrographic hygrometer" measures the total
amount of water in a vertical column in the atmosphere (160). In
this case the sun is the source.

Several applications of infrared-acoustic analysis make use of a
microphone detector (81). The microphone responds to dif
ferences in the radiant energy coming from the reference and
analysis chambers, and its output is amplified, rectified, and ap
plied to a millivoltmeter recorder. A more recently developed in
strument (532) of the same type has been described as instan
taneous in response and determines 0.1 mg. of ether in 1 liter of air.

Photometric methods using ordinary light sources have been
developed for continuous recording of concentrations of carbon
disulfide and hydrogen sulfide in the viscose rayon industry.
Methods for nitrogen oxides (285, 331, 388) are available where
nitric oxide is converted to nitrogen dioxide for analysis in proc
esses such as nitric acid production.

Various automatic methods are in use where the gas is passed
through a solution whose transmittance depends on an absorption
band developed by reaction of the desired constituent with the
solution used (74). Examples include oxygen with alkaline pyro
gallol (310), hydrogen cyanide with iodine solution (531), nitric
oxide with Griess solution (445), hydrogen sulfide with ammonium
molybdate solution (483), and carbon dioxide-forming compounds
with various color indicators (69).

A British patent (106) describes a device for the "photo
electric recording of variations of chemical composition of a sub
stance." The substance (gas or liquid) is brought into contact
with a moving piece of transparent film impregnated with a sub
stance which reacts with the desired constituent to alter the in
tensity of a light beam.

Various gases and vapors have absorption bands in the ultra
violet region. Some instruments have been described as applica
ble to any of these, whereas others are made specifically for a
particular substance (206, 524). Mercury-vapor lamps are fre
quently used as sources in devices for measuring mercury con
centration itself (172, 374, 469, 553). The National Bureau of
Standards has developed a ground-based instrument (84) for
total ozone in the stratosphere.

The well-known Beckman quartz spectrophotometer is avail
able in a recording model (32, 440) for continuous automatic
analysis of process streams for substances which absorb in the
ultraviolet region. The radiant energy transmitted through the
sample cell strikes a photocell, setting up a current which flows
through a load resistor to produce a voltage which is amplified
and recorded. Because changes in the source output, phototube
sensitivity, and dirt accumulations on the windows of the cell will
affect the readings, an automatic standardization mechanism is
provided to restandardize the instrument periodically.

Absorptiometry of Liquids. A number of methods are based on
the measurement of a substance occurring in a liquid sample by
transmission. of radiant energy through the solution itself (429).
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A 1906 German patent (488) entitled "automatic method of
chemical analysis" involves passage of light through the sub
stance onto selenium, and the intensity depends on the concentra
tions of various constituents present.

Automatic control of dyeing baths has been made possible by
use of photoelectric devices (85, 116,263,429). A versatile com
mercial "continuous-flow colorimeter" (404, 438) gives immediate
and direct indication of the light transmittance of a liquid flowing
through the instrument. A recent patent describes an automatic
water softener which uses a photoelectric cell for checking water
hardness automatically and controlling the softening process
(428). For the continuous determination of the bivalent copper
present in the ammoniacal scrubbers used to remove carbon
monoxide in the TVA ammonia plant, the solution to be tested
flows through the annular space between two concentric tubes in
an all-glass, light absorption cell surrounded by a light source
operating on a stabilized voltage (61). An infrared device has
been described which can easily be converted into an automatic
control device in the production of natural and synthetic rubbers
(26).

Two devices for measuring continuously the oxygen saturation
of circulating human blood have been developed where the
measurements are made in situ by means of bichromatic photo
electric colorimetry (210, 349). The sampling and measurement
point is generally the ear, and the entire optical system, consisting
of a miniature lamp bulb, two color filters, and two selenium.
barrier-layer photocells, weighs only 30 grams and slips over the
shell of the ear.

Numerous devices are in use where chemical treatment of the
sample is necessary to obtain a suitable absorption band. A
British patent (329) describes an apparatus for testing water
where the sample and reagent are mixed automatically and then

, conducted through an observation chamber in which the colora
tion (or turbidity) of the liquid can be measured. Several
colorimetric autoanalyzers for pH have been described (53,
67). In one (67), thymol blue indicator drops continuously into
the flowing solution and the transmitted radiant energy passes
through a yellow filter before reaching the photoelectric cell.

Colorimetric determination and automatic recording of the
metal contents of aqueous solutions (especially calcium and mag
nesium in hard waters) are done by adding an alkaline solution of
a dye to the sample, so that a chemical reaction with the metals
produces a decreased 01' increased absorption to an extent that
corresponds with the metals content (280). Iron is determined
with thiocyana;te in a similar apparatus. The "hydrotimeter"
(443) measures water hardness by the amount of light trans
mitted by the foam formed by a measured volume of the water
sample with it standard soap solution. A continuous sugar
analyzer (475) combines the sample automatically with a dilute
solution of I-naphthol in concentrated sulfuric acid.

Gases in liquids are also measured automatically by mixing
with various reagents. Oxygen can be continuously determined
by meltnS of a potassium hydroxide and pyrogallol mixture (521).
Chlorine in water is determined using the o-tolidine reaction in the
alkaline (yellow) range (72, 225).

X-ray absorptiometric measurements are particularly appli
cable to elemental analysis of organic compounds. One instru
ment (86, 293, 381) uses a "white" x-ray source, an adjustable
slit, a rock salt monochrometer,a 1- to 5-mm. cell containing a
liquid sample. A Geiger counter gives measurements virtually
independent of the physical 01' chemical state of the materials (171).

Typical applications include the determination of tetraethyl
lead in gasoline, acid in water, sulfur in oil, ll,sh in coal, and chlo
rine in ·a plastic. This model consists of a tungsten target tube
source of.x-rays (0.35 to 1.07 A.), a fluorescent screen ("176) to pro
duce visible radiant energy which is then measured by a multi
plier phototube, an amplifier, and an indicating instrument. The
x-ray beam i.s interrupted by a synchronous motor-driven chopper
so .that the. beam passes alternately, through the reference and
sample cells. The automatic versia,n' of the instrument gives
suitable records ofcontinuous pr6cesses~'
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THERMOCONDUCTOMETRY. All gases have the ability in varying
degrees to conduct or transmit heat waves (infrared· radiant
energy) from a hot source to a cooler location, and this property
has been used extensively for many years in the continuous deter
minati~n of various gases (147, 341, 356), particularly carbon
dioxide and hydrogen. Advantages include nearly complete in
dependence of varying pressure, ambient temperature and flow
rate, high sensitivity in many cases, robust construction of ap
paratus, small time lag, and low cost of operation (540, 541). Like
many other physical measurements, however, it is systemic in
nature and gives no qualitative information regarding the
chemical nature of the constituents present, so that the chief field
for the method is in binary mixtures of known constituents (122).

The principle usually involves a Wheatstone bridge measure
ment (482) of the variation in resistance of a platinum or tungsten
wire, which constitutes one arm, due to temperature changes
brought about by the changing heat conducting ability of the gas
passing through the cell that surrounds the wire. This cell may
be constructed along one of three general lines (142): (1) a simple
by-pass system where a standard gas is sealed in one side of the
bridge while the sample passes over the platinum spiral in the
other side (used for determining hydrogen in oxygen or nitrogen,
carbon dioxide in flue gas, sulfur dioxide in burner gases) (17,
75, 119, 123, 142, 186,203,294,295,300,332, 439, 465); (2) a
double by-pass cell which is the same except that gases flow
through both sides of the bridge (useful for comparison of a gas
before and after a chemical reaction or absorption, as in the de
termination of carbon monoxide, various combustibles, ammonia.
acetone, or methanol) (75,142,294,396); and (3) an all-quartz or
glass cell for corrosive gases where the platinum spirals are quartz
or glass protected, and the tubes are similarly lined (for sulfur
dioxide, hydrogen chloride, chlorine, or hydrogen sulfide) (75,
294).

A method for the determination of argon in ammonia-synthesis
gas, where the thermoconductivity is measured, has been de
scribed (61). The gas is first freed of ammonia by scrubbing, and
from hydrogen and methane by oxidation with a cupric oxide
ferric oxide mixture. The oxidation products are then removed,
and the purified mixture of argon and nitrogen is passed through
the thermoconductivity instrument which record~ the argon con
tent continuously.

Many organic vapors can be measured by this principle (75,
173), providing the impurity has a different thermal conduc
tivity from that of the gas being analyzed or can be changed by
chemical reaction on a known qualitative basis to a useful one.

A patent (396) for a method of analyzing gas mixtures with
oxygen and one or more other gases, such as carbon monoxide,
carbon dioxide, or methane, describes a device for adding hydro
gen (or an equivalent combustible gas) to the mixture, a combus
tion chamber no part of which is catalytic to the reaction of the
oxygen or hydrogen with any of the other gases, and means for
measuring the thermal conductivity of the mixture after the com
bustion. A similar method (75) for recording oxygen, carbon
dioxide, carbon monoxide, and hydrogen in a sample of combus
tion products, involves direct comparison of thermal conductivity
of the sample with that of a reference gas or comparison of thermal
conductivity before and after chemical absorption and combus
tion. A single recorder is used by means of an automatic timer to
connect.it to each analysis cell in succession, so as to give four dif
ferently colored lines representing the results of all four constitu
ents on one chart. For determining dissolved oxygen in water,
the sample is continuously scrubbed by hydrogen to displace the
oxygen that is forced out and then measured, in this case by com
bustion to carbon dioxide over a heated carbon rod (75).

Measurement of thermoconductivity in a magnetic field (215,
266,422,426,520) is described in the section onmagnetometry.

TURBIDIMETRY. Turbidimetric measurements are used mainly
in smoke density recorders, although there are other applications.
Several com,m~rcialversions of s~oke density indicators and re-
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corders are available (19,302,4-02,54-4-). In general, the radiant
energy source is a voltage-controlled lamp (in one case, a sealed
beam spotlight) housed in a dust-tight casing mounted in the duct
or passage through which the smoke passes, while the detectors
are thermopile or bolometer units which pick up the radiant
energy filtering through the smoke. In one design (302), a set of
five lamps, each a different color representing five progressive
density ranges, is the indicating component. Sampling from two
points is frequently resorted to, to avoid stratification effects.

An apparatus for determining carbon disulfide (133) passes the
sample through a furnace where sulfur dioxide is formed. This
then passes through a water bath, and the fog produced goes into
a fog chamber where its effect on the transmission of a light beam
is measured continuously. For the continuous determination of
sulfur in a fluid, the stream is brought into contact with mercury
(24-9). This fluid is then separated from the mercury and the
mercuric sulfide precipitate and its radiant energy transmittancy
is measured.

REFRACTOMETRY. Refractive index values as indications of
changing composition of liquid systems have recently been
automatized. One type, originally developed for butadiene
purity measurement, gives continuous visual indications instead
of indicating or recording automatically (4-67). A dipping prism is
mounted in a pressure cell through which the liquid flows con
tinuously at process pressure and constant temperature.

An instrument (93) designed in Sweden as part of a "self
registering apparatus for adsorption analysis" conducts the
solution (having passed through suitable adsorption columns) into
one of the halves of a double prism (the other half filled with the
solvent only).

The light beam passes through both prisms and thence through
a hexagonal prism which divides it into two parts, which then il
luminate two photocells. When the sample has a refractive index
different from the solvent, the beam will deflect from its normal
straight path and thus illuminate one photocell more than the
other. Amounts of sample are measured gravimetrically rather
than volumetrically by means of a spring-type balance. The re
cording devices for refractive index and weight are coordinated
with crossed mirrors, and the change in refractive index is re
corded as a function of weight. The instrument is capable of wide
ranges of sensitivity and capacity, and is applicable wherever
continuous observation of changes in concentration is impor
tant, asin distillation, titration, and extraction.

A refractometer (25) for continuously analyzing a fluid stream
has the sample flow through a hollow prism, passes radiant energy
through it, and causes the spectrum produced to impinge through
a wide slit on a photocell.

A change in refractive index results in a shift of the spectrum
produced, which in turn causes a corresponding amount of it to be
cut off, so that the amount of radiant energy striking the photo
cell varies. This method includes improvements for speeding up
the change of photocell current with change of refractive index
and for cutting the effect of changing radiant energy transmit
tancy by the fluid. Instead of collimating a beam from an ordi
nary sourceba very narrow luminous line-e.g., the mercury green
line--{)f su stantially monochromatic radiant energy is colli
mated and passed through the prism, and then impinged on a
plane containing at least one sharply defined edge which may be a
slit or a sharp narrow zone of insensitivity on a photocell. A very
slight movement of this straight line will cause an abrupt change
of the dark cell current of the photosensitive device. The appara
tus was designed to permit control within very close limits on
solutions of dicyandiamide in liquid ammonia for use in the pro
duction of melamine, and the reaction for producing acrylonitrile
by the interaction of hydrocyanic acid and ethylene oxide.

A photoelectric refractometer (255) which is somewhat dif
ferently constructed is based on the change of the intensity of
light instead of the measurement of the angle of total reflection (as
in classical methods).

In this method the responsive light beam does not pass through
the substance under test, so color and transmittance do not inter
fere. The apparatus consiste of a round glass rod bent into D
form-immersed in a liquid contained in a black compartment. In
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air considerable light is transmitted along the rod by multiplt>
internal reflection, but in a liquid, more light will escape at tht>
bend and less will be transmitted internally to the photocell at
the other end. The refractive index of the glass rod sets the upper
limit of that which can be measured by this method. A better ar
rangement is a comparison system where two rods and two solu
tions (one a standard) are used together with two photocells set in
a null circuit for a maximum sensitivity of two units in the seventh
decimal, while the workable accuracy is about two in the fifth place.

DIFFRACTOMETRY. A number of commercial x-ray spectrome
ter instruments are available for many problems, especially where
crystalline structure is concerned (78, 177, 373, 381, 4-18, 4-79,
54-8). Automatization has been achieved to the extent of in
corporating a traveling Geiger counter for recording the intensity
of the diffraction rings versus the spacing of them. However, the
technique has not been adapted to the measurement of con
tinuously changing samples. Manual preparation of powdered
samples is required.

Reflectometry. Reflectometry involves the measurement of
radiant energy waves reflected by opaque surfaces of solid ob
jects. Strips of paper are impregnated with a reagent which
reacts with the desired constituent to produce a color dependent
on the amount present, and they have been used as the basis of
continuous analyses. Most instruments using this principle in
volve lead acetate paper for the determination of hydrogen sulfide
(34-, 96, 133, 504-). A recently commercialized hydrogen sulfide
analyzer (4-4-6) brings the sample to a constant predetermined
temperature and humidity, then meters the flow of gas through a
restricted area of permeable white reactive tape impregnated with
lead acetate and other reagents to assure stoichiometric conver
sion to brown lead sulfide of all the hydrogen sulfide. An ar
rangement used for the determination of mercury (172) consists
of a truncated cone which acts as an air chimney, providing a
reasonably constant air flow by the heat of a light bulb. The
measurement here is made visually by means of comparison with
a calibrated color chart, and it is based on the· principle that the
selenium in selenium disulfide is displaced by mercury, producing
black mercuric sulfide.

Reflectance by a plane surface is also the basis of the dew point
instruments mentioned above (see section on thermometry),
where condensation of vapor on a mirror is detected photronically,
and the temperature at which this occurs is measured.

Nephelometry includes measurements, dependent on the well
known Tyndall effect, of samples similar to those used in tur
bidimetric methods but involving measurement of the radiant
energy scattered or reflected to the side by the particles in the
solution rather than that which is transmitted through it. One
device (196) was designed for measurement of the light dispersed
at exactly right angles to minimize the background lighting inter
ference. It has been used for comparing the concentrations of
very dilute aerosols, but is applicable to a wide range of uses in
colloid chemistry.

A nephelometer (24-8) for rapid testing of penicillin growth
and similar preparations consists of a multiple carrier, ma4J.tained
in a constant temperature bath, which revolves into position for
instant measurement of bacterial growth as indicated by the
Tyndall effect in any particular tube. Comparisons are made of
cultures containing penicillin with one not containing it (as a
control), and these give the effect of penicillin on the growth as
shown on a graph recording the effect of numerous penicillin
preparations on rapidly growing cultures with respect to time, a
measure of the potency of the penicillin under test.

Conductometry. Electrical conductivity has long been recog
nized as an adequate quantitative indication of concentration.
In theory, a conductometric cell is a mechanical device for isolat
ing a coliImn of solution so that the cross-sectional area and
length are constant and there is no contact resistance at the
electrodes. Desired properties of the electrodes, which are par
ticularly important in continuous conductometric measurements
(257), include: good conductivity of electricity, resistance to cor-
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rosion, resistance to erosion, strength to stand abuse, and a surface
structure tending to cut polarization error and adsorption. In
dustrial applications do not require the refinements necessary in
research work, because reproducibility, not accuracy, is the vital
specification.

Measurements on solutions and gases, in contrast to those on
solids (due to the sampling problem), are readily made automatic.
However, examples of measurements in all three physical states,
including those where the sampling operation is largely manual,
are considered here.

CONDUCTOMETRY OF SOLIDS. Solids are generally measured
conductometrically for the purpose of estimating their water
content. Several setups are available for use in paper mills,
where the amount of water present in the paper sheet as it comes
off the rolls in the drying section is important. In (lne (112), the
current flows from a detector roll through the paper sheet to the
machine (or idler) roll, which is grounded. Care must be taken
to ascertain the effects of pH, speed, static, temperature, fillers,
and dyes. Sometimes the multiple detector-roll system is pre
ferred, because it consists of a number of detector rolls mounted
side by side across the paper to indicate the moisture content
across the sheet. Moisture in textiles (492) can be similarly
measured.

Conductometric moisture measurements are made on other
solids (449, 512) such as straw, grain, cottonseed, meat, cheese,
crackers, sand, soil, lumber, clay, and clay products. One
portable "moistmeter" (127), designed for moisture in sand, has
the conductivity cell mounted on the end of a long handle so that
·the operator merely pushes the end into the pile of sand and reads
the dial. A slightly elaborated apparatus (234), used for mois
ture in soils, consists essentially of a block of plaster of Paris
which is permanently embedded in the field soil. The resistance
of this block is a function of its water content, which is in turn
closely related to the amount of moisture in the soil surrounding it.

A number of methods for relative humidity of air depend on
measurement of the conductivity changes of solids which are de
pendent on the amount of water vapor in the surrounding air.

.One very simple one (63) consists of a dry salt-impregnated cotton
wick, whose conductivity is measured by two platinum electrodes
attached to it. Another type (511) is based on the electrical re
sistance of a surface when dew is deposited on it. Recently, more
elaborate devices (107,135, 136, 143,260) have been patented and
commercialized. A typical one (7) uses hygroscopic film-e.g., a
polystyrene resin on an aluminum base. .

Measurements on solids for constituents other than water have
also been made (233). Sizinginpaperisestimated(54)continuously
by measuring the change in resistance as moisture permeates the
sheet. A rapid method for the analysis of commercial aluminum
alloys and magnesium alloys of various types by electrical re
sistivity gave a straight-line relationship for correlating the
magnesium and aluminum content (442). Similar studies show
that the resistivity of certain types of silicon-iron sheets is prac
tically a linear function of the silicon content (18).

CONDUCTOMETRY OF LIQUIDS. Most conductometric methods
involve measurements on liquids, particularly aqueous systems
(231, 236, 237, 408, 486, 487). Applications include determina
tion of purity of distilled water (299, 303), chlorine concentration
of tap water, examination of boiler feed water and condensates
(219,238,313), uniformity of mineral waters (235), and concentra
tions of pure solutions (36,141,338). A conductometric indicator
(46) for nitric acid in the production of concentrated nitric acid
has the purpose of signaling the presence of nitric acid in the
spent sulfuric acid pumped from the acid concentration tower.

A very sensitive device (43, 44) for indicating small changes in
electrolytic resistance depends on variations in the Q of a vacuum
tube oscillator caused by variations of a resistance capacitatively
coupled thereto. A special device has been designed for measuring
conductivity at high temperatures with continuous readings (372).

Control of boiling in sugar extraction (264) has been done con-
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ductometrically when other factors such as salt content and
quantity of sugar already crystallized do not greatly interfere.
Plant control (299, 303, 379) of clean:er baths, acid or alkaline
rinse waters, and dip baths has been safely accomplished con
ductometrically, as has also a safety device in war plant acid
coolers (90, 360). In a method for chlorine in water (535) a
built-in synchronous motor-driven buffer pump feeds a controlled
amount of acetate buffer into the sample water to maintain its
pH essentially constant. For the determination of dissolved
oxygen (386) the sample is passed through the cell to which a
water-soluble electrolyte is added.

Conductivity recorders are used in the sea water bromine
process (209) for measurement of water salinity to indicate and
record parts per million of bromine in a range of 35 to 70 p.p.m.

Automatic temperature compensation can be effected in two
ways. One involves simply the use of a reference conductivity
solution having the value of conductance which is required at the
control point. Changes in temperature then affect both cells
simultaneously and cancel out in'the bridge network. The second
method consists of the use of a mechanically balanced tempera
ture recorder which measures continuously the temperature of the
solution and resets the temperature-compensating slide-wire in
the conductivity instrument bridge network as changes in the
temperature of the process material occur.

CONDUCTOMETRY OF GASES. Ionizable gases can be deter
mined by passing samples through liquids whose conductivity
changes when the gas being measured reacts with or dissolves in
the solution located between the two electrodes of a conductivity
cell (61,129,163,384,385).

A typical apparatus (162, 333) designed for detection of war
gases is so arranged that disturbance of the bridge balance by
alteration of the conductivity of the liquid between the electrodes
causes one of two lamps to light, one for clear, the other for dan
ger. Gases and vapors whiclr are similarly determined include
carbon monoxide (61), carbon dioxide (61,129), carbon disulfide,
hydrogen sulfide, nitrogen oxides, phosgene, lewisite, phosphorus
trichloride, chlorine, sulfur dioxide (181, 525), and ammonia.
Some un-ionizable samples require oxidation to a form which will
ionize readily (61, 121, 163, 213). Samples containing chlorine
are passed through a dilute solution of hydrochloric acid where
most of the chlorine changes quickly into hydrochloric acid and
hypochlorous acid, which increase the electrical conductivity
(287). Ammonia-containing gases are bubbled .into a conduc
tivity cell through which dilute sulfuric acid is flowing at a con
stant rate (61).

The determination of sulfur dioxide in air is accomplished in the
Thomas sulfur dioxide autometer (505, 506), by absorbing the sul
fur dioxide in a simple countercurrent absorber. Variations and
improvements on the basic apparatus have been developed to
make it more adaptable. Total volatile sulfur-compound content
can be determined, as can organic chlorine compounds, such as
chloroform, carbon tetrachloride, ethylene chloride, and chloro
benzene. A portable unit employing this principle has recently
been developed and is available commercially.

A method for determining and controlling the ratio of oxygen
and combustible gas supplied to furnace burners involves measure
ment of the electrical conductivity of a flame produced by the
oxygen and gas mixture (77).

Several devices involving conduction from filaments, as in
vacuum tubes, have been announced. One depends on thermionic
emission of a tungsten filament in a vacuum which drops when
oxygen enters (176). Another (546) depends on the fact that
platinum, heated to incandescence, freely emits positive ions in
air (not electrons as in tubes) and does not readily oxidize. This
emission increases in the presence of halogen vapor compounds, of
which Freon and carbon tetrachloride are good examples. Air is
forced at a constant low velocity between two closely spaced
cylinders, the inner one kept red hot and the outer one kept at a
negative potential. The sensitivity varies with the velocity of
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air flow between cylinders. Thus, at a rate of 1 inch per second it
may be 1 p.p.m.

Potentiometry. The most commonly measured chemical
variable based on measurement of electrical potential is hydrogen
ion concentration (or activity) or pH (in fact, the "p" is derived
from the word potential). In many industries processes cannot be
carried out without pH control. In others it may minimize corro
sion, an especially important factor in boiler feed water where the
prevention of corrosion, embrittlement, and scale formation is
vital. In general, the various methods involve measurement of
the electrical potential produced by a special cell in contact with
the sample as compared with some type of standard reference cell.

Early recording methods based on hydrogen or oxygen elec
trodes were unsatisfactory, and the glass electrode has since come
to the fore. Various glass electrode apparatus have been de
scribed using alternating current supplies (with various devices to
eliminate voltage fluctuations), thus being suitable for lengthy
continuous recording (76, 200, 276, 283, 296, 311, 389, 420, 466).

Several companies manufacture continuously indicating or re
cording instruments of the glass electrode type (57, 75, 89, 239,
297,298, 304, 350, 376, 403). Some are line-operated (ll5-volt
alternating current), may have automatic temperature compensa
tion, and can be provided with a multiple-pen recorder for giving
the pH at various points in a continuous process.

Applications of pH control are important in the following
chemical unit operations: precipitating, coagulating, neutral
izing, electrodepositing, fermenting, bleaching, settling, hy
drolyzing, polymerizing, sizing, and dyeing. Specific industries
such as paper (80), synthetic rubber, sugar, ore flotation, food,
textiles, petroleum (400), and penicillin and other bacteriologicals
have made extensive use of automatic pH determination and con
trol. The pH of process and municipal water supplies, cooling
water, and boiler feed water is also commonly controlled auto
matically.

The apparatus generally consists of the electrode assembly,
amplifier unit, and a recording or indicating potentiometer. The
ehictrode assembly may be of either the immersion or flow type.
Requirements of good indicating electrodes include niliability
over wide temperature ranges, and protection from stray cur
rents. The requirements for a good reference electrode or half
cell are: constancy of potential regardless of temperature changes,
constancy of potential over long periods of time, ease of main
tenance, freedom from poisoning by solution in which it is im
mersed, and freedom from pH effects. The calomel half-cell
meets these requirements for a standard cell and is most com
monlyused.

Compensation for the changes in the resistance of glass resulting
from changes in temperature may be accomplished by incorporat
ing a resistance thermometer with the electrode assembly so tied
into the electronic measuring circuit that continuous and accurate
compensation is effected.

Use of bismuth-calomel and antimony-calomel electrodes for
automatic pH measurement has been described (37, 342).

Constituents other than hydrogen ions have been measured
potentiometrically. A method for oxygen in gases has a detector
cell consisting of a hollow carbon electrode immersed in an elec
trolyte in a plastic container (355). The hydrogen evolved at the
carbon electrode causes polarization, which results in a decrease
of voltage and current. Oxygen from the sample diffuses through
the wall of the electrode and combines with the hydrogen, thus
depolarizing and raising the current flow. An instrument for con
tinuous alveolar carbon dioxide bubbles the gas through a solu
tion of sodium hydrogen carbonate and measures the potential
changes produced (538).

Potentiometric measurements in the sea water bromine process
(83) include pH, oxidation potentials, gas analysis, sea water
salinity, and temperature. Controllers operate with pneumatic
control systems, so that the production of liquid bromine from
raw sea water is almost completely automatically controlled.
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A potentiometer cell has been described for indicating the
chlorine content of solutions or to regulate the flow of chlorine
from a tank to the absorbing solution (335). A calcium carbonate
saturation balance indicator (223) gives a continuous indication
of the potential difference between the sample and a separate
portion of the sample which has flowed through calcium car
bonate powder in a column long enough to ensure equilibrium (con
tinuous reference sample). The degree of supersaturation of
boiling sugar solutions has also been determined potentiomet
rically (228).

Currentimetry. The term currentimetry includes the meas
urement of the magnitude of a current which depends on the
amount of a desired constituent present. Actually current is the
measured quantity in other methods which are dependent on such
properties as conductivity (resistivity), dielectric constant, po
tential difference, radioactivity, and those where photocell cur
rent is involved. However, only methods where the currents
measured actually pass through and depend on the sample being
investigated, or are carried by the desired constituent, are con
sidered here.

Components in gaseous mixtures may be determined, accord
ing to a Russian patent (481), in an apparatus which detects them
qualitatively by the value of their ionization potentials and de
termines them quantitatively by the increase of ionization current
when the ionization potential of the given gas component is
reached. A method for continuous estimation of oxygen in gases
makes polarographic readings during the flow of gas through the
cell (551) containing an electrolyte. Oxygen in lake waters is
similarly determined. The potential is preset and the recorder
then plots current against time (334).

A recent polarographic study with a microelectrode, past which
an electrolyte is flowing, has been made (366). The stationary
platinum microelectrode is sealed into the constricted part of a
glass tube, past which the sample flows. Measurement repro
ducibility depends on constant rate of flow, constant rate and
direction of change of applied voltage, constant temperature,
careful pretreatment of electrode, and constancy of kind and con
centration of supporting electrolyte. When conditions were
properly controlled, the limiting currents obtained with the by
pass electrode were shown to be a linear function of concentration
of reacting substance, and log of rate of flow. It can be used to
great advantage in the analysis of flowing systems-e.g., the
blood stream.

Residual chlorine in water can be continuously recorded by the
use of a rotating copper, platinum, or gold electrode (336, 534).
One such method, which has been used by the Chicago Water
Purification Division since 1942, is based on the depolarizing
action of chlorine on a copper electrode (31). As molecules of
hypochlorous acid reach the copper electrode, they depolarize it,
causing a current to flow in the cell circuit proportional to the
concentration of the acid. Frequent checks are necessary to
ascertain the variations due to such factors as silver electrode
deterioration, temperature, pH, combined chlorine, and dissolved
salts. A fast continuous method such as this was required be
cause the water in some Chicago stations reaches users in 1 to 2
minutes after it has been chlorinated, and ordinary routine tests
were too late in their results.

An electric moisture meter (211) has been developed in which
a constant alternating current voltage is applied to a sample
contained in a small vessel which may be regarded as a fixed air
condenser or in some instances as a conductivity cell. The cur
rent passing through the material is measured by a sensitive cur
rent (proportional to the dielectric constant), or the conductance
current (proportional to the alternating current conductivity), or
to some function of both these currents.

The measurement of the charge carried by equal-energy
masses which have been separated by a magnetic field, as in mass
spectroscopy, may be classed as a currentimetric method, as it
is the current delivered to the collector plate that is measured
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(320). If a material can be introduced into and removed from a
mass spectrometer tube satisfactorily, the mass spectrometer
has a very wide opportunity for doing both qualitative and quan
titative analyses (180, 293, 344, 378, 549). A process control
mass spectrometer (175, 293) is commercially available which
will record up to eight mass concentrations nearly continuously.
By programing the acceleration voltages over eight different
values, a multipoint recorder can record the desired quantities.

Dielectimetry. The passage of an alternating current through
materials, placed between the two plates of a condenser, is de
pendent on its dielectr'ic constant, which in turn depends mainly
on the water content.

Most devices which have been described use high-frequency
currents (15, 134, 318, 365, 460, 499, 550, 555). The cell consists
of a pail' of conducting plates positioned so as to form the side
walls of a housing adapted to contain the material to be tested,
insulating material forming the bottom. Such instruments are
used for moisture measurements on various granular, shredded,
pulped, or powdered materials (29, 489, 490). The sample
should be compressed to a point where further compression does
not affect the electrical properties. One instrument commercially
available in this country is designed for use with only two ma
terials .rather than for universal use (390). The basic instru
ment is arljusted by the makers to cover any moisture range at
any level of moisture. Temperature influence, often consider
able, is automatically compensated in the dial readings. A
Russian report (357) states that it is applicable to the determina
tion of water in salts and strong electrolytes, liquid air, sulfuric
acid, and some organic liquids.

Radioactimetry. The emission or transmission of subatomic
particles can form the basis of many kinds of quantitative meas
urements. Such methods have been recognized as capable of
automatization, although widespread application has not yet
been made. With increased availability of isotopes from United
States atomic energy piles, there should be an increased amount
of work in this field. A method of analysis of minerals in mete
orites based on radiochemistry or "cosmic chemistry" is being
studied (5).

Space here does not permit a description of the basic measuring
instruments such as the various counters. The Geiger-MUller
counter is the most commonly used type, but there are many
variations (240, 290, 375).

Radioactive measurements of densities of liquids have been
made in petroleum refineries (207). A highly penetrating beam
from a source such as a mixture of radium and beryllium is
directed inwardly through the wall of a pipe or other container
and into ·the fluid under test, wherein the radiated particies are
scattered in all directions. Those which are returned outwardly
through the wall are detected and. determined to give a measure
of the density or specific gravity. A portable instrument (282)
based on a similar phenomenon of back-scattered or reflected
radiation makes the measurement by directing gamma rays at
the material to be examined.

Bombardment by deuterons has been the principle of several
methods, one for determining small amounts of carbon in iron
and another of mercury vapor. The former (13) involves con
version of the carbon atoms to radioactive nitrogen 13, whose
measured activity is a function of the carbon content of the
sample. The. method for mercury vapor (184) consists in the
production of radioactive mercury 197 from gold and using it as
a tracer in ordinary mercury. This technique offers promise of
a more general application in problems of industrial hygiene.

The tracer technique (485) is applicable in industrial processes
requiring repeated determination of a radioactive material, as it
progresses through a sequence of operations in the course of
which its concentration changes (8, 45, 221). One company
(516) offers the service of developing a simplified rapid accurate
automatic chemical analysis scheme for plant production work
in which a radioisotope is introduced at the beginning of a process~
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Schreiber (456) has recently discussed the potentialities of radio
is~topes in industry, with specific examples of how isotopes
would be valuable in all stages of the viscoseJ'ayon process. He
states that tens of thousands of potential industrial uses exist,
since virtually every industry can profitably use the properties
of one or more of the hundred-odd radioisotopes whose half-lives
and availability permit their consideration for industry. Radio
sulfur 35 is proposed as the proper tracer for enabling process
control of the manufacture of rayon, including leakage, density,
and liquid level measurement. Another suggestion for the de
termination of the uniformity and amount of sodium oleate on
rayon yarn involves the use of sodium 24, which was mixed with
the oil and sodium oleate before its application. Radioactive
indicators should also prove useful in industrial hygiene problems
in tracing dust and smoke fumes. Stanley's review evaluates
the possibilities of tracer isotope. uses in metallurgy for process
control and analytical procedures. Although' adequate auto
matic continuous indicating instruments have not yet been de
veloped and proved which will give warning when leaks of many
dangerous volatile materials occur, the use of tracer methods and
strategically located radioactivity monitors should solve the prob
lem in many cases. Recent work on the application of crystals
to detect and count atomic radiation should prove fruitful, particu
larly because of their sensitivity and long life compared with
the 3-month to 2-year life of conventional counters.

Safety measurements of radiation in work areas at Oak Ridge
are accomplished by means of an ordinary traffic counter to give
a record of the radiation at the counter with reference to time
(153). The use of an automatic sample changer for routine
radioassays on up to 25 samples has been mentioned (516). It is
used with an autoscaler, which is a scaling circuit and precision
timer designed so th.at, when a predetermined number of impulses
has been counted, the timer is automatically stopped and the
reading taken. A printing interval timer can be used in con
junction with the autoscaler to provide a printed record of radio
assay results. It indicates up to 100 minutes in increments of
0.001 minute, and the sample number is printed in red beside
the time.

Neutron spectroscopy has been studied in work connected
with atomic energy research. A neutron absorption method has
been developed for the analysis of boron and can be used to
measure saturations in laboratory flow experiments. The latter
arrangement allows for measuring oil, gas, and brine saturation
in cores or sand packs. Neutrons passing through a hydrogen
rich substance are quickly slowed down, and the number of slow
neutrons emerging from an object irradiated by fast neutrons
gives a rough index of the quantity of hydrogen it contains and
can be made very quantitative under controlled conditions (65).
Neutrons may also prove useful for gas analysis. Unlike x-rays,
neutrons are scattered more by the light elements than by the
heavy ones.

Minute quantities of carbon 14 are measured by oxidation to
carbon dioxide and used in turn as a gaseous filler for a counter
to measure below 10-6 gram-mole of radioactive carbon dioxide
with good accuracy (232).
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Direct-Recording Raman Spectrometer
J. J. HEIGL, B. F. DUDENBOSTEL, JR., J. F. BLACK, AND J. A. WILSON

Esso Laboratories, Standard Oil Development Company, Linden, N. J.

A photoelectric recording' Raman spectrometer
which provides rapid, accurate analyses of a wide
variety of hydrocarbon saUlpies has been in operation
with a service factor of 95% for the past 2.5 years.
The instruUlent eUlploys a Toronto-type low pressure
mercury excitation source, a Young-Thollon prism
monochroUlator, and a refrigerated RCA-C-7073B
photomultiplier detector which actuates a two
recorder system through a direct current amplifier.
The background noise level is 1% of full-scale re-

FOR laboratories engaged ill spectrographic work, a wide
variety of commercial instruments is now available for direct

recording or point-reading measurement of ultraviolet, visible,
and infrared absorption spectra. In this general development,
however, the Raman effect has not received attention equal to
that expended on infrared or ultraviolet methods of analysis. The
principal reason for this lack of interest was the necessity of em
ploying a cumbersome and slow photographic technique for re
cording and measuring the low intensity radiation involved in the
Raman effect.

However, Raman spectrographic techniques have recently be
come practical for many analytical applications because of the
availability of photoelectric methods to measure low-level illumi
nation. Studies at this laboratory and elsewhere show that many
multicomponent mixtures can now be analyzed with greater
speed and accuracy by Raman spectrometry than by any other
known method.

The application of photoelectric detection to Raman spec
trometry by Fenske, Rank, and Wiegand (2, 4, 5) has demon
strated the practicability of the construction of accurate, direct
recording instruments which render Raman spectra as convenient
as other optical methods for rapid analytical work. A photo
electric recording Raman spectrometer constructed at the Esso
Laboratories of the Standard Oil Development Company has been
in use for the analysis of hydrocarbon mixtures for the past 2.5
years. In a 50-minute operating period, this instrument provides
a direct plot of a Raman spectrum for wave-length shifts from 50
to 1700 cm. -1 Highly reproducible measurements can be per
formed with a sample as small as 4 mJ. The design and operation
of this spectrograph are discussed in this paper.

DESIGN AND CONSTRUCTION

The Raman spectrometer described in this paper was designed
to furnish an instrument which could be used for rapid and
accurate routine analyses of complex hydrocarbon mixtures. It
has been shown by Fenske et al. that a resolution of 10 to 15
cm. -1 is satisfactory for the analysis of hydrocarbon mixtures by
Raman spectrometry; this indicates that the design of the
monochromator is not highly critical. Emphasis was placed on
the mechanical and electronic design to achieve the required high
degree of stability and reproducibility.

A description of the component parts of the instrument, shown
photographically in Figure 1, is presented in the following sections
of this paper.

Light Source and Sample Tube Assembly. For the excitation
of Raman spectra of small samples, the excitation source must
furnish maximum illumination of uniform intensity. Although
not important in photographic Ra.ma.n spectroscopy, uniform in
tensity is of great importance in the photoelectric method.
Other requirements' of the source include a minimum of con-
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corder deflection when operating at maximum
sensitivity. At the sensitivity normally employed
for the analysis of 4-ml. samples, repeated Dleasure
ment of the 459 L\ij CDl. -1 carbon tetrachloride peak
indicates a reproducibility of better than 1% over a
50-minute period, the time required to obtain a
complete spectruDl. In making deterDlinations of
individual cOUlpounds in Dlulticomponent synthetic
blends, deviations of less than =2 numerical % are
observed.

tinuous background radiation, low intensity of all but the 4358 A.
exciting line, and a long operating life.

The characteristics of a high pressure and a low pressure mer
wry vapor arc have been tit udied extensively at these laboratories.

The high pressure arc included in this program was the Model
H-l arc, manufactured by the General Electric Company. The
low pressure arc was supplied by the Physics Department at the
University of TeilDnto. A comparison of these two sources has
shown that the low pressure Toronto source is superior in all re
spects to the high pressure source. The Toronto type source is
now being employed exclusively for Raman excitation at the Esso
Laboratories.

A photograph of the Toronto source, presented in Figure 2,
shows the arrangement of the source and sample tube assembly.
The source consists of a four-turn, 8.9-cm. (3.5-inch) diameter
helix. One-inch diameter Pyrex tubing is used in the construction
of the helix. The two mercury-filled electrodes, fitted with
tungsten connections, are water-cooled. Also shown in the
photograph are the infrared heating lamps and a spark coil, both
of which are used in the initial firing of the arc. On starting, the'
arc requires from 200 to 250 volts (direct current) and approxi-'
mately 85 volts thereafter. A current of 15 amperes is employed
during operation. The wiring diagram of the source unit is shown
in Figure 3.

Figure 1. Photoelectric Pen Recording RaDlaD
Spectrometer
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Figure 2. Raman Excitation Source AsselDbly

TO ANODE or
RAMAN SOURCE

TO CATHODE or
RAMAN SOURCE

30 0 and one 60 0 prisms with a total base
width of 150 mIn. and a height of 60 mIn.
The 60 0 prism is mounted on a sta
tionary pedestal; the 30 0 prisms are
mounted on kinematically designed
tables which are rotated by the motor
driven wedge. The wedge is also
mounted in accordance with accepted
kinematic principles.

Radiation from the sample tube is
focused onto the entrant slit by a con
densing lens. A 90 0 prism is used in
this system to deflect the beam from
the sample cell onto the entrant slit.
After passing into the monochromator,
a schematic diagram of which was given
in a previous publication (3), the light
falls on the collimator lens and as a
parallel beam fills the aperture of the
dispersing assembly. The dispersed ra
diation is focused by the camera lena
onto the curved exit slits. The collima~
ing and camera lenses are cemented
achromats which, in addition to all other
optical components, were coated with
magnesium fluoride to reduce reflectivity
losses.

Of particular importance is the amount
of slit curvature, so that a perfect match
between the Raman line image and .the
slit is attained. To obtain this condi-
tion, the exit slits were curved by a
hand-honing operation. The 4358 A.
mercury line was used as a reference and

the curvature of the exit [slits matched to the curvature of this
line at the focus of the camera lens.

As the Raman lines are moved successively across the exit slit
by motion of the motor-driven wedge, they are focused on the
photosensitive element of the photomultiplier detector by two
Ilmses.

The optical system has an aperture of f /8.8 and a dispersion of
23 A. per mm. (at 4861 A.). In the dispersing system, shown in
Figure 5, three prisms are utilized in a Young-Thollon type
mounting. The prisms are constructed from DF-2 glass which
has high dispersion in the violet region of the visible spectrum
where scanning is carried out. The prism assembly includes two

Figure 3. Circuit Diagram of Source Power
Supply

R,. Rheostat, wire-wound, water-cooled, 20 ohms
M. Ammeter, 0 to 30 amperes
SW,. S.P.S.T. switch
SW.. Switch, momentary contact
T,. Transformer 1I5-volt primary. 6.3-volt secondary
T.. Spark coil

The sample tube, designed in accordance with the specifications
given in Figure 4, is constructed from Pyrex. The inner cylinder,
which holds the sample, has a volume of 4 mI. This size of
sample tube was chosen because the amount of liquid sample
available for many of the analyses in hydrocarbon research is
limited to about 5 mI. In other applications, where a larger
amount of sample is available, a larger sample tube is advanta
geous, permitting measurement at a greater signal-to-noise ratio.
A saturated sodium nitrite solution is circulated through the
jacket surrounding the sample tube. The temperature of the
filter solution is controlled at 85 0 F. The purpose of the filter
solution is to reduce unwanted radiation emanating from the
mercury 4047 and 4078 A. lines.

During operation, cooling of the source and sample tube
assembly is effected by a standard electric fan, the air stream from
which is directed downward onto the top of the source.

Monochromator. The monochromator ~ q~igned to scan the
spectrum between approximately 5145 an . '4:f69 A" correspond
ing to wave-number shifts of 3500 to 50 cm. -1 from the 4358 A.
exciting line.

Detector Assembly.
Detection of Raman
lines is performed by
a refrigerated photo
multiplier tube. The
cooling medium em
ployed in the present
instrument is dry ice.
Cooling of photomulti

.pliers has been re
ported (1) as a method
for improving signal
to-noise ratios at low
light levels. A sche
matic diagram of the
photomultiplier 'hous
ing was presented in a
previous publication
(3).

GROUND GLASS
STOPPER

.
."

" ML. SAMPLE TUBE

NAN02 FI LTER
SOLUTIONI

20D

~L~
...,J ~.
S.5 ....

Figure 4. Raman Sample Tube

The particular
photomultiplier found
most satisfactory is an
RCA-C-7073B, se
lected from a series of
experimental tubes of
this type. These tests
were carried out in
cooperation with re
search personnel at the
Radio Corpora-
tion of America,

manufacturer of the photomultiplier tube.
The accelerating voltages applied to the successive stages of the

photomultiplier are supplied by a series type regulated power
supply containing two voltage amplifiers, the schematic diagram
of which is given in Figure 6. This supply has been found more
constant tha.n a battery supply which was previously employed
and has required less maintenance. The supply voltage to the
photomultiplier is properly proportioned to each stage by re-

TO STARTING
ELECTRODES or
RAMAN SOURCE

5>12 T1

~1~cGJl---
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Figure 5. Dispersing Assembly

the grid circuit of the electrometer tube
was constructed to meet the low electri
cal leakage requirements encountered in
high resistance circuits. Leakage across
the switch, resistors, and electrometer
tube envelope is minimized by enclos
ing these components in an air-tight box
with a desiccant. An input resistance
of 10,000 megohms is most generally used
and makes possible the measurement of
amplifier input currents as low as 3 X
10 -14 ampere. Low-loss mica condensers
eC" C2, and C3 in Figure 9) in con
junction wit.h t.he grid resistors cause the
amplification system to operate with a
time constant of a few seconds, thereby
improving the signal-to-noise relation
ship of the recorded voltage.

Power is supplied to the amplifier
by wet-cell batteries (Willard), which
are recharged at monthly intervals.

The drift of the amplifier is low,
amounting to less than 1% of full output
signal per hour.

sisturs in a voltage dividing network, shown schematically in
Figure 7, mounted adjacent to the photomultiplier in the re
frigerated housing (Figure 8). For opt.imum signal-to-noise
operation, 40 volts per stage are found preferable. A higher
voltage, between 65 and 90 volts, is impressed between plate 9 and
the dynode, electrode 10. The output from the photomultiplier is
connected through a low-loss cable to t.he amplifier described in
the following section of t.his paper.

Amplification System. The schematic diagram of t.he amplifipr
\\'hich was built at. these laboratories for amplification of the
photomultiplier output is given in Figure 9.

The design of the amplifier closely follows that of the Leeds &;
;\/orthrup thermionic amplifier which is a current amplifier em
ploying an RH 507 electrometer tube. Swit.ch SW, (Figure 9) in

Recording System. For both qualitative and quantitative
analytical applications, it is desirable to record a wide range of
Haman peak intensities with maximum accuracy. This require
ment has been met by operating two recorders at sensitivity
ratios of approximately 1 to 3.

Although any fast electronically operated recorder is probably
satisfactory for the application, Brown Electronik recorders were
employed. The full-scale sensitivity selected for the more sensi
tive recorder is approximately 60 mv. Both recorders have been
modified to operate through a 10,000 ohm-5 microfarad inpu1
circuit rather than the 200 ohm-500 microfarad circuit with
which they were originally equipped. In the range-selecting sy~

tem, the recorder operating at the higher sensitivity is discon
nected from the cirl'uit when the less sensitive recorder is operat~

R.

R.R,

CAIlt.E

L... -l ...L .L._-'--...L-J==7..1.-il~G

1'1

Il]li'~

''\ l lil~+-----,
sw.

~~ilb--'-----;>--------'
T,

1111E:
1--3---'sw, F2

@--/'--<>"<>-----;>--+_--,T.

~..-;_--'----'-_-.JiIIE;

Regulated Power Supply for Photomultiplier
Components

C.. Z.O-mfd. lOOO-volt oil condenser
Ch. 8-1O-henry, 150-ma. choke
PI. lID-volt red panel pilot
P.. llO-volt green panel pilot
Fl. Panel mount fuse 2 amp.
F,. Panel mount fuse 3 amp.
VTI • .1616 tube
VT,. 1616 tube
VT.. 80'f'.tube
VT.. 6SL7 tube
VT,. VR150 tube
VT.. VRl50 tube
SWI • S,P.D.T. toggle switch
SW,. S.P.D.T. toggle switch
M,. 0-1 rna., 3-inch meter
Ba , 67.5-volt battery (for last stage)

Figure 6.

lIO-volt-600-0-600-volt transformer
llO-volt a.c.-2.5 volt. 10-ampere transformer
lID-volt a.c.-6.3 volt, 3-ampere transformer
liD-volt a.c.-6.3 volt, 3-ampere transformer
IOO-ohm 2-watt resistor
20.000-ohm 10-watt resistor
500,ODO-ohm I-watt resistor
500,OOO-ohm I-watt resibtor
50 ,ODD-ohm lO-watt resistor
lO,OOO-ohm 4-watt potentiometer
20.000-ohm lO-watt resi,tor
500,OOO-ohm precision re3istor
4-mfd. 1000-volt oil condense,'
4-mfd. lOOO-volt oil condenser
O.25-mfd. 600-vol t paper conden~1'f

2.0-mfd. IOOO-volt oil "ondenser

Components
TI.
T,.
T,.
T•.
RI.
R,.
R••
R•.
R•.
R•.
R,.
R••
CI.
C,.
c•.
C,.

Terminal connections
TI. lID-volt a.c. 60 "p. power
T,. lID-volt a.c. 60 cpo power
Ta. Positive output high voltage connector
T.. Negative output high voltage connector
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Figure 7. Photoll1ultiplier Circuit
Component.s

RI to R9. O.5-meg, precision resistors
RCA IP21. See Figure 8 for mounting details

Terminal connections
T,. Negative connection of 440-volt regulated d.c.
T2. Positive connection of 440-volt regulated d.c.
T3. High impedance ou tput connection to RH 507 d.c. amplifier grid input

Cable details
Ti, T2. To supply high tension ignition cable in copper sheathing
Tao Polyethylene coax cable, l-kw. rating, amphenol low-loss coax: connector

Because the principal application of the
instrument is in service in which high reproduci
bility is a primary requisite, no attempt is made
to operate at conditions of maximum resolu
tion. The spectral slit widths being employed
are 11 em. -1 (at 4861 A.)j which have been
found sufficient for all present analytical ap
plications at these laboratories. Data sho\\'
that increased resolution can be attained at
the smaller slit sizes; these reduced slits will
be employed if analytical problems arise which
require greater separation of spectral lines.

In quantitative application of Raman spectra,
constancy of resolution .over an extended
period is desired. Should the resolution change,
a considerable amount of recalibration would
be required. Several weeks' work is ordinarily
entailed in rerunning the pure compounds in
such a recalibration' procedure. Variations
in instrument adjustment which may result
in a change in resolution include variation in
source lamp characteristics, shifting of the
optical alignment, and change in the photo
emissive sensitivity of photomultipliers.

The reproducibility of the instrument, meas
ured by its ability to scan a Raman line
repeatedly, is better than 1% over a I-hoUl'
period. Data in Table I show the reproduci
bility obtained in scanning the carbon tetra-
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Table I. Reproducibility Test
(Sample, carbon tetrachloride. Sample size, 4 mI.)

Peak Height, Mm.·

ing above 33% of full scale. Switching is carried out by means of
a Microswitch, which is actuated by a cam mounted on the pen
cable-drive drum of the less sensitive recorder.
. Fiducial marks are produced by injecting a low-voltage short

tIme pulse into the recorder standardizing circuit. The pulse is
initiated by a Microswitch operated by a notched disk mounted on
the wave-length drive mechanism. Further details of the recorder
and wave-length marking circuit are presented schematically in
Figure 10.

OPERATING CHARACTERISTICS

The type of spectrum recorded by the spectrometer is shown in
Figure 11. This trace is a direct photographic reproduction of a
spectrum obtained utilizing a 4-ml. sample. Approximately 50
minutes are required to scan the 50 to 1650 em. -1 range covered
by this spectrum. Freedom from variation in background, over
the region scanned, makes the spectra particularly useful not only
for qualitative but also for quantitative analyses. In quantitative
analyses, satisfactory accuracy can be obtained for only a limited
number of hydrocarbon mixture types, if background variations
exist. Also of importance is the minimizing of all Raman peaks
due to excitation by mercury lines other than the 4358 A. radia
tion. That this condition is attained is demonstrated by the
spectra being recorded by the present instrument.

Scan 1 Scan 2

rEEL HOUSING
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(RCA-C-7073BI
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Figure 8. Schell1atic Drawing of Photoll1uItipIier
.Housing

chloride peak at 459 ~ii cal.:"(over a 2-week period. An interval
of 1 hour elapsed between scans 1 and 2.

No variation in scattering coefficient has been observed over an
extended period of operation. Data given in Table II show that
the change in scattering coefficient over a period of approximately
1 month amounted to less than 3%, with the exception of one
value.

Linearity. Quantitative analyses require that a linear propor
tionality be maintained between the recorded peak height and the
number of irradiated molecules producing that peak. This linear

'jelationship must be obtained at all settings of amplifier gain,
The first step employed to check linearity consists in scanning a

% Deviation

0.4
0.5
0.0
'1.4
0.2
0.7
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0.4
0.7
0.7

Mean 0.5

111.5
109.0
109.0
110.0
111.2
111.8
110.7
110.9
108.2
109.3

112.0
109.5
109.0
108.5
111.0
111.0
111.0
110.5
107.5
108.5

1
2
3
4
5
6
7
8
9

10
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Raman peak at various sample volumes. The constancy of the
peak height-to-sample volume ratio is one indication of the
linearity of the instrument. Data in Table III show this ratio for
both the high and low sensitivity recorders in three scanning
operations in which carbon tetrachloride was used. These values
indicate that the linearity is satisfactory for quantitative applica
tions.

Direct Current Am.plifier
Components

Ct. D.OOI-mfd. mica condenser
C2. D.005-mfd. mica condenser
C3. O. OI-mid. mica condenser
VT,. Westinghouse· RH-507
M. 0-100 rna. meter
sw,. Special low-loss switch
sw,. 6-position 2-pole Yaxley rotary switch
BA '. 4-volt Willard low drain cells (2)
BA'. 4-volt Willard (I-amp. capacity) low drain cells (2)
BA'. 2-volt Willard low drain cell
BA'. 4-volt Willard low drain cell

Figure 9.
Components

R,. 10,000 megohms
R,. 2000 megohms
R,. 100 megohms
Rt. 2000 ohms precision resistor
RI. 7500 ohms precision resistor
Re. 25 ohms precision resistor
R7. 15 ohms w.w. potentiometer
R.. 330 ohms w.w. potentiometer
R,. 5000 ohms precision resistor
RIo. 4000 ohms precision resistor
Ru. 1250 ohms precision resistor
RI2. 5000 ohms precision resistor
RIa. 4000 ohms precision resistor
Ru. 1250, ohms precision resistor

Terminal connections
TI . Amphenol low-loss coax connector to connect to

coax cable from detector
T, + T,. Recorder connections, 2 wire shielded cable

connector

AMPLIFIER
OUTPUT 1'1

Reproducibility of Scattering Coefficients
(Sample, toluene)

S.
CAM 2.

SW, ..
SW,-SW,.
SW,.
CAM 1.

Table II.

Raman Displace
ment, em. -1,

of Major Lines

1604
1208
1030
1004
786
730
521
216

Scattering CoefficientsG

12/20/48 2/1/49

0.332 0.330
0.153 0.157
0.312 0.309
1.10 1.06
0.573 0.580
0.138 0.140
0.227 0.230
0.317 0.312

%
Deviation

0.6
2.6
1.0
3.6
1.2
1.4
1.3
1.6

Figure 10. Recorder and Wave-Length Marking Circuit
Ct. Condenser, 5-mfd. 600-volt, oil filled
RI. Resistor, 6800 ohms, wire wound
R2. Resistor, 3300 ohms. wire wound
MI, M 2 • Brown Electronik high speed recorders
I.S. Input circuit (500-mfd. condenser normally present i.

disconnected)
Standardizing circuit
Cam mounted on lower sensitivity recorder to cut off M ,

by means of SW,
Microswitch
Vacuum tube relays .
Microswitch actuated by cam 1
Cam mounted on wave-length drive shil.ft

• Relative to 459 Aii cm. -I CCI, line. The second step in checking linearity consists in determining
the magnitude of the difference between the peak height obtained
by scanning and by stopping the wave-length drive when the top
of the peak is reached. The percentage of full peak height re
corded should be at least 99% and has been achieved with the in
strument described in: the present paper. At a recording speed of
approximately 33 em. -1 per minute, a filter with a 5-second time
constant has been found optimum.

Analytical Accuracy. and Reproducibility. The most con
clusive test of the performance of any analytical instrument is its

21.0
21.1
21.2

80.0
186.0
382.0

65.6
65.6
65.8

249
577

1184

Table III. Linearity of Raman Spectrograph
(459Ajj em. -1 carbon tetrachloride, Raman line)

High-Sensitivity Recorder Low-Sensitivity Recorder
Sign&!, Signal- Signal, Signal-

mm. sample ratio mm. sample ratio

Sample
Volume,

Ml.

3.8
8.8

18.0
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Table IV. Analysis of Synthetic Blends by RaDlan
SpectroDletry

accuracy and reproducibility in the analysis of synthetic blends of
the type that will be encountered in the final application of the
equipment. A large number of synthetic samples have been
analyzed with the present instrument. The results of these tests
show that, in general, the reproducibility and accuracy of the
equipment are satisfactory. Data in Table IV show the results
obtained for two synthetic samples, containing six hydrocarbons.
Synthetic A, consisting of aromatic hydrocarbons, was analyzed
at the time when the instrument was equipped with a high pres
sure mercury arc. Synthetic B contains paraffinic and naphthenic
hydrocarbons, and was analyzed later, after the low pressure
Toronto type source was installed. This mixture could not be
analyzed satisfact.orily with the high pressure source, which did
not provide enough power sufficiently to excite the Raman lines
of low intensity. Previously reported data (3) show that the de
termination of total aromatic and total olefin content of hydro
carbon mixtures can be performed with satisfactory accuracy.
The reproducibility data show that the accuracy of measurement
is retained, making frequent recalibration unnecessary.

Components in Blend

Synthetic A
1,3,5-Trimetliylbenzene
o-Ethyltoluene
1,2,4-Trimethylbenzene
tert-Butylbenzene
1,2,3-Trimethylbenzene'
Hydrindene

Synthetic B
n-Heptane
3-Methylhexane
tran8-1,2-Dimethylcyclopentane
~i8-1,3-Dimethylcyclopentane
tran8-1,3-Dimethylcyclopentane
ci8-1,2-Dimethylcyclopentane

Composition,
Vol. %

Known Reported

6.1 5.4
6.1 5.0

61.0 62.6
3.0 4.1

17.2 17.9
6.6 5.0

47.9 47.1
24.5 24.2
10.4 10.1
10.4 11.1
4.9 4.9
1.9 2.6

Numerical
Deviation,

%

-0.7
-1.1
+1.6
+1.1
+0.7
-1.6

-0.8
-0.3
-0.3
+0.7
=0.0
+0.7

Maintenance. The Raman spectrometer described in this
paper has been in continuous operation for the past 2.5 years,
during which time the service factor has been about 95%. The
life of the source is unknown; it has been in operation 850 hours to
date. Normal maintenance operation includes dry ice charging of
the photomultiplier housing once per 8-hour day, charging of the
amplifier batteries every 4 weeks (carried out over a weekend),
and occasional cleaning, oiling, and checking of the recorders.
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Differential Analysis with a Beckman Spectrophotometer
ROBERT BASTIAN, RICHARD WEBERLING, AND FRANK PALILLA

Sylvania Electric Products, Inc., Kew Gardens, N. Y.

The differential Illethod of coloriIlletric analysis as applied to the BeckIllan Model
DU spectrophotoIlleter is discussed. The IllaxiIlluIll increases in accuracy .of
this Illethod over the norIllal one are cOIllputed for the instruIllent. Taking
special precautions, experiIllental accuracies and. precisions in the range of
about ±0.5 to ±] part per thousand are obtained on potassiuIll dichroIllate and
potassium perJuanganate solutions.

Figure 1. Effect of SpectrophotoInetric Procedure
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the indicated volumes to permit an easier visual comparison from
the standpoint of relative accuracies. For curve 3 the weights
shown are the weights actually taken; for curves 1, 2, and 4 one
sixth, one half, and twice the indicated weights were diluted to 200
m!' This procedure of weighing aliquots permitted preparation
of all necessary solutions with convenience and high accuracy.

Curves 1, 2, and 3 are straight lines with slopes greatly in
creasing as higher concentrations of color are used to set the zero
point on the scale.

Qualitatively it can be seen that increasing slopes represent
increasing accuracies in determining concentrations, but the sub
ject can be treated more accurately as follows:

The error in determining concentrations, which is normally ex
pressed as AGIG, can be expressed in terms of the curves shown
as AGIG, where G is the number of grams of the permanganate
solution corresponding to a given scale reading and AG is the
minimum difference in G that we can detect at that point. If we
let S = the slope of the line in question, (dA.ldG), and AA. the
minimum difference in the absorbency of the sample that we can
detect, it can be seen that:

AG = AA.IS

AGIG = AGIG = AA,IS G

.60

Comparing the concentration error of curve 1 to curve 2

Error of 1 accuracy of 2 AA" S2 G2

Error of 2 accuracy of 1 Ail., SI G1

If we compare the relative accuracies at a given point on the
scale and assume that the reproducibility in reading the scale
at this point is the same regardless of the concentration of color
t~ken to set the scale zero (Ail'l = M.,), then:

Accuracy of 2 S2 G2

Accuracy of 1 = SI G1

The relative accuracies depend on the scale reading taken for
comparison. Arbitrarily choosing 0.40, we find that at this point

THE principles of differential colorimetry have been re
cently discussed (1, 2, 6). Utilizing the differential method

on a Beckman spectrophotometer, Bastian (2) obtained con
('ontration accuracies and precisions of 1 to 3 parts per thousand
in the determination of copper. As indicated in his paper,
however, these results cannot be expected to represent the maxi
mum precision obtainable on this instrument. To the important
sources of error considered there may be added those due to the
various analytical manipulations as well as fluctuations in final
acidity which might have affected the color intensities.

This paper discusses the differential method more thoroughly,
computes the maximum accuracy (compared to the normal pro
cedure) which can be obtained at various wave lengths on the
Model DU Beckman spectrophotometer utilizing the method,
and gives a better notion of the experimental accuracy and pre
cision that can be obtained under carefully controlled conditions.
In order to keep errors due to the formation of the colored product
at a minimum, this work was conducted on aqueous solutions of
potassium dichromate and potassium permanganate. To
minimize volumetric errors aliquots were taken by weight wher
ever advisable. To eliminate errors due to calibration of volu
metric equipment the same volumetric flask was used for dilut
ing all standards and unknowns.

As previously described (2), in the differential method one sets
the optical density scale zero (or the transmittancy for 100%)
with a solution of a highly colored or light-absorbing substance
in a place of a reagent blank. Higher concentrations of the
given substance are then read against this zero point in the usual
way. The optical density scale readings thus obtained repre
sent the differences in absorbancy between the zero point samples
and the samples in question. (In the new nomenclature, 9,
"absorbancy of the sample," A" replaces the term "optical

I 't" A I 1 h 7' T,olution Th h(enSl y. • = oglo Ts' were .• = T.olvent' e aut ors

will use these newer terms but, because their Beckman instru
ment is marked in accordance with the older nomenclature, they
will continue to use the term "optical density scale.") ~-n order
to obtain the increased light needed to set the scale zero by this
procedure, the spectrophotometer slit is used at wider apertures
than normal.

The effect of the procedure is shown in Figure 1. Here varying
concentration ranges of permanganate, expressed in grams of a
standard solution per indicated volume, were plotted against
optical density scale readings.

F'or curve 1, distilled water was used to set the scale zero, so
t\lat the readings represent the true a,bsorbancies of the sa~ples;

for curves 2, 3, and 4 successively increasing concentrations of
permanganate were used to set the scale zero, so that the readings
represent differences in absorbimcy between the given samples
and the zero point samples. All readings were taken with the
sensitivity knob set 2 turns from the clockwise end, at a wave
length of 526 millimicrons, using l-cm. cells.

As the horizontal axis indicates, the samples were prepared
by weighing out appropriate amounts of a standard permanga
nate solution (1 N = 0.2 M) on an analytical balance. All the
samples were actually diluted in a single 200-m!. volumetric flask
which also served as container for the weighing. The concentra
tion ranges are expressed in terms of a uniform weight scale per

160



VOL U M E 22, N O. 1, JAN U A R Y 1 9 5 0 161

From the above assumptions it follows that:

Although it is not possible to obtain A. for the differential
solution with sufficient accuracy to make a direct concentration

COMPUTATIONS OF ACCURACY

It is desirable to be able to compute relative accuracies in a
different, if less exact, manner' than that already described.
Make the following assumptions concerning the given system:

1. The plot of optical density scale reading against concen
tration is linear over each concentration range selected for com
parison.

2. A given increment in concentration always gives the same
increment in absorbency over the entire range of concentrations.
This does not follow from assumption 1 because each higher con
centration range is measured at a wider slit aperture which yields
a wider band width of light. If we set our instrument at the
wave length of maximum absorption for the given substance,
and the substance has a sharp absorption peak, increasing the
band width will give a somewhat lower absorption reading.
Thus, although each concentration range may give a straight
line plot, the slope of each higher range will be somewhat less
than expected. If the color has a broad absorption peak, the ef
fect is much less. The assumption made then is that the region
of maximum absorption is broad enough to make assumption 2
valid over the band width range used. Data presented below
for potassium dichromate and potassium permanganate tend to
eonform this reasoning.

3. The optical density scale is read at the same point in com
paring relative accuracies.

4. The reproducibility in reading the optical density scale at
any given point is independent of the concentration of the solu
tion used to set the scale zero (independent of slit aperture).
Data are given below to support assumption 4.

curve 2 yields 3.8 times the accuracy of 1 and curve 3 yields 5.5
times the accuracy of 1.

Curve 4 is not a 'straightline, its slope falling off considerably
at the upper end of the range shown. In order to evaluate the
accuracy here the same procedure could be followed, except that
one would have to draw a tangent to get the slope at the desired
point. One can see that at 0.40 curve 4 represents a lower ac
curacy than 3, fo( the slope is less and G is less. The accuracy of
4 with respect to 3 becomes much less as we pass to readings
above 0040. From the manner in which the slope of 4 is falling
off it is evident that employing a still higher concentration range
would result in a decreased, rather than increased, accuracy.
It is evident that the differential method as described here has
limitations imposed by:

A. The maximum concentration of colored (or light-absorb
ing) substance which the available light will penetrate sufficiently
to permit setting the scale zero. Without disturbing the light
source on the instrument, this is limited by the maximum slit
aperture (2.0 mm.). Because different slit apertures are re
quired for normal operation at different wave lengths, the in
creased light that a maximum aperture slit yields also varies with
the wave length.

B. Deviations of working curves from Beer's law in the direc
tion shown by curve 4. These deviations may arise for several
reasons, among which are (a) too high a concentration of color,
(b) too great a band width of light, and (c) stray light.

Using the instrument as described, a and b are bound together
because a higher concentration of color requires a wider slit
aperture and this in turn increases the band width of light which
emerges.

As pointed out by Ayres (J), there are some systems which
deviate from Beer's Jaw in such a way as to give accuracy greater
than that represented by a straight-line function, even by normal
colorimetry. This occurs when the plot of absorbency V8. con
eentration curves upward. Naturally, differential colorimetry
could be used for such systems, but these systems are compara
tively rare.

The application of differential colorimetry to systems that
deviate from Beer's law in the usual manner depends upon the
extent of the deviations, but in general would be limited.

.lA. X 1000
A.

Scale Zero Set with Solution
Having Aa Value of:

0.434 1.0 2.0 4.0
2.00 0.87 0.44 0.22
2.04 0.99 0.52 0.27
2.2 1.15 0.63 0.33
2.4 1.33 0.75 0.40
2.7 1.6 0.97 0.53
2.9 1.8 1.1 0.61
3.3 2.2 1.3 0.75
3.8 2.6 1.6 0.93
4.5 3.0 2.0 1.1
5.2 3.6 2.4 1.4
6.1 4.3 2.9 1.7

36 29 22 15

10.9
6.9
5.8
5.4
5.5
5.8
6.2
6.9
7.7
8.7

44

Optimum Scale Reading

.lA. X 1000
A•
Scale Zero
Set with

Reagent Blank

Table I.

0.00087
0.00109
0.00138
0.00173
0.00236
0.00275
0.00346
0.00435
0.0055
0.0069
0.0087
0.087

.lA.
for 0.2%
Error in

Transmittancy

0.00
0.10
0.20
0.30
0.434
0.50
0.60
0.70
0.80
0.90
1.00
2.00

Optical
Density

Scale
Reading

determination, it ean be obtained with sufficient accuracy to
make this computation. (It is desired to know the concentra
tion as accurately as possible, whereas it is usually pointless to
know the relative accuracies to better than one or two significant
figures.)

It is convenient to compare relative accuracies at seale read
ings of 0.434, as this is' the optimum value utilizing the normal
procedure. It is also convenient to rewrite Equation 4 in terms of
the absorbency of the sample taken for the zero point in the dif
ferential procedure.

For the scale reading of 00434 we have:

Accuracy of differcntial method at 0.434
Maximum accuracy of normal method

A. for differential zero solution + 0.434
0.434 (5)

OPTIMUM SCALE READING

Before proceeding further it is important to determine the
optimum position in reading the optical density scale using the
differential procedure. To do this it is convenient to assume
that assumptions 1, 2, and 4 hold. Under these conditions the
concentration error, ACIC, can also be expressed as AA.IA.
over the entire range of concentrations.

/lA. varies with the scale reading, but the error in determining
an increment in transmittancy remains constant under any given
set of conditions. Inasmuch as loglo liT. = A., we can compute
AA. from AT.. Assuming a constant errol' of 0.2% in deter
mining transmittancy (J), the values of AA. corresponding to
given optical density seale readings are listed in the second column
of Table I. In the next column the errors in concentration re
suI ting from various seale readings in. the normal procedure are
given, expressed in parts per thousand. In the succeeding
columns the assumption is made that the sa}lle readings were
made against differential zero solutions having A. values of
0.434, 1.0, 2.0, and 4.0, respectively. In these cases, A. for the
solution read equals A. for the zero solution plus the scale read
ings.

As can be seen from Table I, AA. increases steadily with the
scale reading, and is about 2.7 times as great at 0.434 as at 0.000.
From this fact alone we can see that if we compared a standard
and unknown solution, each having A. values of 0.434 at zero
on the scale, we would obtain 2.7 times as much accuracy as by
reading the same unknown solution against a reagent blank.
The concentration error in normal colorimetry reaches a minimum
at 0.434 not because the scale can be read best at 0.434, but be
cause up to this point on the scale A. increases more rapidly than
AA.. As we go beyond 0.434, AA. increases more rapidly than
A •.

If, however, we compare a solution to a differential zero solu
tion having an A. value of 00434 or greater, the error in deter
mining concentration will rise steadily with the scale reading,
and will be lowest at 0.000. The region of nearly constant error

(4)

A. for differential solution
A. for normal solution

Accuracy of differential mcthod
Accuracy of normal method



(6)

(l Slit near maximum aperture..

A. Read A. Caloulated %
Direotly from Slits Differenoe (+)

0.691 0.724 5
0.889 0.937 5
0.99 1.04 5
1.86 1. 93 4
2.13 2.17 2
1. 91 2.01 5
1.92 2.02 5
1. 92 1. 99 4
2.00 2.12 6
1.99 2.07 4
2.01 2.12 5
2.05 2.15 5
1. 99 2.14 8
1. 95 2.12 9

Av. 5
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which occurs in the normal case from about 0.3 to 0.7 does not
occur with the differential solutions, and the higher the scale read
ing employed, the more we tend to destroy the concentration
accuracy which can be gained by using the differential method.
It will also be observed that the greater A. for the differential
zero solution the greater is the proportion of potentially increased
accuracy which is lost by going to higher scale readings. (This
point was not recognized in 2.) The relative errors within any
given vertical column in Table I depend only upon assumption 1,
thus making the considerations more general.

A rigorous mathematical treatment of the complete error func
tion in terms of transmittancies, which is highly recommended
to the reader, has been made recently by Hiskey (6).

If A. for the zero solution is less than 0.434 it can be shown
(proceeding as in Table I) that the optimum scale reading will be
at a value which makes A. for the zero solution plus the scale
reading equal to 0.434. Thus the optimum scale reading will
shift from 0 to 0.434, depending on the value of A. for the zero
solution.

However, it will generally be possible with the Beckman instru
ment to make A. for the zero solution greater than 0.434. If this
condition is met and the unknown solution is read at zero on the
scale-that is, it has the same concentr<Ltion as the differential
zero solution-we can write:

Maximum accuracy of differential method _
'Maximum accuracy of normal method -

As for differential solution X 2.7
0.434

A. VALUES FROM SLIT APERTURES

Whether we use Formula 5 or 6 for computing relative accura
cies, we need to know A. for the differential zero solution. It is
important to remember that we do not need to know the value
of this with high accuracy in making these rough computations,
whereas we do need to know the increments in absorbency ac
curately in actually determining concentrations.

We can obtain the A. values in most practical cases by simply
reading the differential solution against a reagent blank, using
the 0.1 scale when the values are above 1.0. It is desirable to be
able to compute these values without making the measurements;
moreover, some of the A, values involved in the calculations ex
ceed 3.0, the maximum which can be read directly.

These computations can be done from slit width considerations.
They are necessarily approximate, but probably good enough for
the purpose desired. The method is as follows:

With the sensitivity knob set in some constant position, the
slit aperture necessary to set the scale zero with a reagent blank
(in many cases distilled water will do) is compared to thatneces~

sary when the solution to be used as the zero point in the differ
ential analysis is used. In a specific case, let us assume that the
above values are 0.02 and 2.0 mm., or that the second opening is
100 times the first. Actually, the slit reading applies to two slits
which are operated by the same mechanism (..0 and the light
finally striking the solution passes through both of these. If
both slits behave in linear fashion, it can be seen that the light
striking the solution will vary as the square of the slit reading or
in the case taken there will be (100)2 or 10,000 times as much
light striking the solution at the wider slit.

From this computation T. is evidently 1/10,000 and because
A. = log liT., A. = 4.0.

There are severa1 sources of error in such a computation, such as
errors in the slit mechanism, which was not intended to be used
in this way (5). Also, in the near ultraviolet using the tungsten
lamp the reference signal strength varies nonlinearly with prism
rotation and a systematic error is added to the slit dial error (5).
A very important source of error arises from the band width con
siderations discussed above. The calculations will hold strictly
only if the color has a very broad absorption band, so that the
band widths implicit in wider slit apertures do not stretch into
regions of low intensity.

A N A L Y TIC A L CH EM IS TRY

Table II. Comparison of Read and Calculated Values
Wave Length,

mp.

250'
270'
291'
350
364
450
500
550
600
700'
800
900

1000
1100

A comparison between values read directly and computed in
the above manner is given in Table II. These were obtained
using appropriate solutions of potassium dichromate, potassium
permanganate, nickel sulfate, and copper sulfate. Whenever
possible, an A. of about 2 was chosen, because this is about the
highest value that can be read accurately on the scale, and also
seems to be the most generally useful region for practical work.
Below 350 millimicrons one is limited to much lower values by the
fact that the slit must be normally used at wider apertures, limit
ing the maximum attainable A. values.

As can be seen, the computed A. values check reasonably well
those read directly. Actually, all the calculated values are some
what high, which would be expected on the basis of the increased
band widths alone. Inasmuch as the average error is 5%, it
would' appear sensible to correct all values computed in this
way by that amount. Such a correction would not have much
of an effect on our computations but it would certainly improve
most of the A. values in the vicinity of 2.0. Then, too, it would
partially correct for the greater discrepancies which would be
expected at still higher absorbencies owing to broadening band
widths. On this basis it was decided to apply a -5% correction
at all wave lengths to A. values computed from slit apertures.
The value for the example computed before thus becomes 0.95 X
4.0 = 3.8.

RELATIVE ACCURACIES

It was considered desirable to compute relative accuracies using
both Formulas 5 and 6, since 6 represents a maximum quantity,
whereas 5 permits the use of a reasonable range in making mea&:
urements. Table III represents a series of calCulations based on
theassumption that a system could be found at each wave length
which wouldohey all the restrictions on which Formulas 5 and
6 are based at i maximum aperture slit. The A. values corre
sponding to a 2.0-mm. slit are given at various wave lengths, com
puted as just described (corrected by -5%). The correspond
ing relative a~curacies. 'of differential and normal procedures
computed from Formuhis 5 and 6 are given 'in succeeding col
umns. Without altering the light source, these may be regarded
as:the maximum. accuracy increases possible by the' differential
procedure on ,this instrument. Because' of .the uncertainty. iI!
computing the' values, all but the smaller ones have been rounded
offto the nearest whole number. The bandwidths of light which
result frommaximum aperture slits are also given in Table III.

It can be seen that the accuracy increase values falloff sharply
in the ultraviolet region owing to the wider aperture slits requir~\j
for normal operations. The same tendency occurs although.'not
as markedly (in the range covered) toward the infrared end of the
spectrum. The accuracy increase values in tKe raige of' 225
through at least 350 miL are probably actually obtainable, but
the very high valuesindicated over an appreciable portion of the
spectrum probably cannot be obtained because of the great width
of the spectral bands shown.

As a more reasonable basis for practical work in the spectral
region above 350 miL, Table IV has been prepared. Here the
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without disturbing the solution being used to set the scale zero.
This was done to include errors due to wiping and positioning the
cell.

The readings were not taken exactly at the same point on the
scale for samples A and B but sufficiently close to permit a direct
comparison of relative reproducibility. The reproducibility is
about the same in both cases. The average values in each case
show a maximum difference of 0.001 between first and second
readings for any given observer, and a maximum difference of
0.002 between any two observers. Although the difference in
concentration between zero point and sample is very nearly the
same in samples A and B, the reading for A is higher than that for
B. This is true in spite of the fact that (as shown in Figure 2)
potassium dichromate obeys Beer's law over the higher cOncen
tration range. The effect and the reasons for it have been dis
cussed previously. Just how serious the effect is can be ascer
tained as follows.

The A. value of the differential zero solution calculated from
average slits is about 1.82.

The A 8 value of the 42.4054-gram standard is, therefore,
about 1.82 + 0.44 = 2.26, whereas it should be about 1.82 +
0.46 = 2.28 if assumption 2 in the section "Computations of Ac
curacy" held. Although A. has increased by about 500%, the

22
21
18

9
14
15
15
15
15
L3
12
11
7

0.000

9
9
8
6
6
6
6
7
7
6
6
4.9
3.7

Accuracy In
crease Using

Formula
5 6

1. 42
1.10
0.86
0.76
0.58
0.51
0.45
0.40
0.37
0.34
0.32
0.31
0.30

Slit
Aperture

for 30 mp.
Band

Width

0.458 0.457

Accuracy
Increase

Using
Formula

5 6

7 17
8 18
8 18
8 18
6 14
4.6 10
4.9 11
5.0 11
5.0 11
5.1 11
5.1 11
4.5 9
4.1 9
3.4 7
2.2 3.4

0.457

Table V. Reproducibility Tests
8,2132 grams of 0.10000 N K,C"O, per liter read against
distilled water at slit width of 0.21 to 0.22 mm.

Observer 1 Observer 2 Observer 3
1 2 1 2 1 2

0.456 0.. 459 0.457 0.457 0.456 0.457
0.457 0.458 0.458 0.458 0.456 0.457
0.457 0.457 0.457 0.458 0.456 0.457
0.457 0.457 0.457 0.457 0.456 0.456
0.457 0.457 0.457 0.458 0.456 0.456

0.457 0.457 0.456 0.456
0.457 0.458 0.456 0.455

0.456 0.455
0.456 0.455
0.457 0.456
0.456 0.456

0.458 0.456 0.456

Table IV. Accuracy for 15 and 30 D11l Band Widths
Slit

Aperture
for 15 mp.
Nominal

Band
Width

1.37
0.98
0.70
0.54
0.42
0.34
0.28
0.24
0.21
0.19
0.17
0.16
0.15
0.144
0.138

405
450
500
550
600
650
700
750
800
850
900
950

1000
1050
1100

Wave
Length,

mp'

Av. values

DifJerence
between 1 and 2 0.001 0.001

Maximum difference between observers, 0.002

Sample AG.

Table III. MaxiInuD1 Accuracy
Nominal

Slit A. Band
Accuracy In-Aperture Corre- Width (m!')

Wave for sponding for crease Using
Length. Distilled to 2.0-Mm. 2.0-Mm. Formula

mIl Watera Slit Slit 5 6

225 1. 66 0.154 3.1 1.4 ~

230 1.37 0.312 3.3 1.7 c
240 1.07 0.52 3.9 2.2 3.2
260 0.75 0.81 5.1 2.9 5.1
280 0.64 0.94 6.5 3.2 6
300 0.57 1.04 8.2 3.4 6
325 0.40 1.33 10.7 4.1 8
350 0.20 1.90 13.5 5.4 12
405 0.049 3.1 22 8 19
450 0.030 3.5 . 30 9 22
500 0.020 3.8 42 10 24
550 0.018 3.9 54 10 24
600 0.026 3.6 69 9 23
650 0.050 3.0 84 8 19
700 0.036 3.3 100 9 21
750 0.030 3.5 115 9 22
800 0.026 3.6 127 9 22
850 0.022 3.7 144 10 23
900 0.020 3.8 156 10 24
950 0.026 3.6 168 9 22

1000 0.029 3.5 177 9 22
1050 0.040 3.2 185 8 20
1100 0.072 2.7 192 7 17

The band width which can be used depends on the system under
study. For potassium dichromate at 350 mil it has been possible
to use maximum aperture slit. In the case of copper (2) a slit
corresponding to about 26 mil was possible. Judged by the
work done on these two systems and permanganate, accuracy
increases of at least 5 to 6 should be possible at 0.434 and 12 to 16
at 0.0 on the scale in the spectral range of 350 to 870 mil. [The
accuracy increase of 6 computed roughly for copper in (2) actu
ally corresponds to the higher range of the graph shown. It does
not take into consideration the increased accuracy which should
be obtained at lower scale readings.] Assuming a reproducibility
of "=0,,2 transmittancy the accuracy increases indicated above
would correspond to concentration errors of 0.3 to 1.1 part per
thousand.

The values given in Tables III and IV may vary somewhat from
instrument to instrument, especially in the ultraviolet region,
but should serve as working approximations. (The ultraviolet
values were obtained with a hydrogen lamp which had seQn
considerable use; somewhat greater increase values could prob
ably be expected with a new lamp.)

Sensitivity knob set at 2 turns from clockwise end for all measurements;
I-em. cells used throughout.

a Considered as pure solvent, or reagent blank.
~. c A. for differential zero solution is less than 0.434, hence Formula 6 does

not apply. For ~ scale reading of highest accuracy is 0.280. Reading at
this point would yield 1.4 times normal accuracy. For C optimum scale
reading is 0.122, which would yield 2.1 times DOfmsl accuracy.

accuracy increases corresponding to 15 and 30 mil band widths
have been computed. The slit apertures shown in Table IV were
computed from graphs and formulas provided with the instrument
(3), which were also used to calculate the band widths given in
Table III. The accuracy increases were computed using these
slit apertures, the apertures for distilled water given in Table
III, and Formulas 5 and 6:

0.438

0.000

0.437

Sample B. 42.4054 grams of 0.10000 N K,Cr,O, per liter read against solu
tion containing 34.1830 grams per liter at slit width of 1.95 to 1.96mm.

Ohserver 1 Observer 2 Observer 3
1 2 1 2 1 2

0.437 0.436 0.438 0.437 0.438 0.438
0.439 0.437 0.438 0.438 0.438 0.438
0.436 0.435 0.438 0.438 0.439 0.438
0.437 0.436 0.438 0.437 0.438 0.439
0.436 0.436 0.438 0.438 0.439 0.438

0,438 0.438

0.436 0.438 0.438 0.438Av, values

Difference
between 1 and 2 0.001 0.000

Maximum difference between observers, 0.002

G A 50-mi. volumetric flask served as a weighing bottle, the solution then
being transferred to the I-liter volumetric flask. The same procedure was
followed for sample B, and the same I-liter voLumetric flask was used. '

EXPERIMENTAL REPRODUCIBILITY TESTS

The preceding treatment assumes that the reproducibility in
reading the scale at any given point is independent of the con
centration of color used to set the zero point on the scale.

To check this reproducibility, tests were conducted by each of
the authors on appropriate potassium dichromate solutions
which'were read at 350 mil in 1-cm. cells. The sensitivity knob
was used at about 1.5 turns from the clockwise end. Each ob
server was extremely careful in making the readings, but all re
sults were obtained' independently and were not compared until
the measurements were completed. The results are given in
Table V. . The readings marked 2 in each case were obtained
by replacing the solution which was being read with a fresh one,
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0.110

SLIT (mm.)

29
24
215
158
13

mp

492
494
496
498
500

0100 0105

NORMALITY OF Kz Crz 0 7

Direct Analysis of Potassium Dichromate Solutions

2 and 4 this range has also been computed from Formula 1, in
which S is taken directly from the experimental curve. That the
same results were obtained (to the number of ~ignificant figures
shown) by both methods tends to establish the validity of the slit
aperture computations.

The uU:known solution was allowed to stand together with the
standard solution until both were at room temperature. Three
standards were weighed corresponding to various regions on the
graph, and three unknowns having weights in the vicinity of 7.8
grams, so as to allow for a concentration variation of about 0.09 to
0.11 N. All standards and unknowns were diluted in the same
flask and read in the absorption cell against a zero point standard
prepared as above. (Several readings were taken on each sample
and the results were averaged.) The average deviation of the
three standard points from -the graph was determined and the
unknown readings were all corrected by this value.

ANALYSIS OF POTASSIUM DICHROMATE SOLUTIONS

After preliminary determinations yielded the proper details,
the following procedure was used:

A 0.10000 N and an "unknown" solution of potassium di
chromate were prepared by observer 3 by direct weighing of
Bureau of Standards Sample 36 which had been dried for an hour
at 110 0 C. Both solutions were prepared in the same 2-liter
volumetric flask and diluted to the mark with water at 28 0 C.
(te'mperature of the water from the still and within 1 0 of room
temperature). Observer 2 was given the known and unknown
with the stipulation that the unknown be between 0.09 and 0.11 N.
(This was the range that could be covered by the procedure to be
described. )

Observer 2 obtained the data for the circles shown on Figure 2
by weighing out varying .amounts of the 0.10000 N potassium
dichromate and diluting all samples in the same 200-ml. flask
with water at 28 0 C. These were read in a single l-cm. absorp
tion cell against a zero point concentration of 6.8306 grams of
0.10000 N potassium dichromate per 200 ml. contained in a
companion cell. The zero point standard was also read against
itself in the adjacent cell which provided the point near zero.
'The slit was used at 2.0 mm., and the sensitivity knob at 1.5 turns
from the clockwise end at a wave length of 350 ml-', which is in the
region of maximum absorption. An initial curve was then drawn

,through these points, ·using a 10 X 15 inch graph paper. The
scale of the graph was such as to permit reading the concentra
tion to a precision of 1 to 2 parts per 10,000 (based on the total
concentration ).

To obtain the additional points shown on the graph (done in
batches as indicated by the different symbols), a zero standard
was prepared by volume very nearly the same concentration as
the original (6.84 ml. per 200 mI.). Samples were weighed and
diluted as before, taking precautions only to ensure that all
samples were at the same temperature and within a few degrees
of 28 0 C. These solutions were all read in a single absorption
cell against the zero point solution. The average deviation of
each batch of points from the original line was determined and
all of them in the group were shifted by this average amount.
When all the points had been so shifted the best line was drawn
through all of them.
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loss due to increasing the slit aperture is only about 1%. This
tends to justify assumption 2 at least for this case.

Errors of 0.001 to 0.002 at the indicated scale readings corre
spond to slightly less than errors of 0.1 to 0.2% in transmittancy.
Therefore, on the basis of these tests it appears perfectly·justifi
able to assume that two different observers can reproduce each
other with a precision of at least ±0.2% in transmittancy when
the sensitivity knob is set 1.5 turns from the clockwise end.

Very nearly the same reproducibility should be obtained with
the sensitivity knob at two turns from the clockwise end, the
conditions under which the data in Tables III and IV were
taken.

INTRODUCTION TO EXPERIMENTAL WORK

Many sources of error which may be relatively unimportant in
ordinary colorimetric work must be considered in differential
analysis because of the potentially increased accuracy.
These include discrepancies in volumetric equipment and
absorption cells, and volumetric errors due to temperature
effects (the specific gravity of water varies about 2 parts in
10,000 per 0 C., 7). A very important consideration in
taking advantage of the increased accuracY made possible
by duplicate (or greater numbers of) determinations is that
we must concern ourselves with not only the unknown solu
tion but the differential zero solution as well. In other
~ords, if we read three unknowns against a given zero point
standard, then the standard must be located with a preci
sion equivalent to three individual determinations as well.
The failure to do this in the previous work (2) probably
constituted a serious source of error.

Although it has been demonstrated that the most ac
curate results obtainable by differential colorimetry occur
when the unknown is matched with the standard at zero on
the optical density scale, this requires that the concentra-
tion of the "unknown" be known accurately. Although
some situations may arise in which this is nearly the case,
in most practical cases it is desirable to have a wider
latitude in concentration.

In the work that follows the authors have used the sC[t\e from
0.0 to about 0.5.. In each case the accuracy that should be ob
tained by reading the curve at the lowest and highest point
plotted has been computed and the accuracy expressed in terms
of a range. The computations have been made using !lA./A.
where the A. values have been computed from slit apertures,
and the !lA. values have been computed assuming a reproducibil
ity of ±0.2% transmittancy in all cases. In the case of Figures
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Table VII. Analysis of 0.09893 N PotassiuIll Dichromate
Solution

'fable VI. Analysis of Potassiun1 DichroIllate Solution
Normality of Normality of

K,Cf20, Found K,Cf20, Taken

0.09893

Normality
Found

0.09890
0.09888
0.09896
0.09901
0.09910

Wave Length, mp

500
498
496
494
492

0.09892
0.09890
0.09889

Av. 0.09890 '" 0.1 part per thousand

Computed errora '" 0.5 to '" 1.2 parts per thousand
Error found - 0.3 part per thousand

a Based on scale readings of 0.00 and 0.50 and "'0.2% transmittancy.

Unknown weights were read from the graph using the cor
rected scale readings and the concentration was computed from
the relation:

Weight from graph
X 0.10000 = normality of unknown

Actual weight of unknown

Actually, the relationship as stated is not entirely correct.
It would hold only if the specific gravity of the unknown and
standard solutions were identical, because only then would a
given weight of solution represent a given amount of solid potas
sium dichromate. A determination of the relative specific grav
ity of 0.09000 and 0.1100 N potassium dichromate solutions utiliz
ing a single 50-m!. specific gravity bottle showed a difference be
tween these of about 0.7 part per thousand. For purposes of
making the small correction involved we can assume a linear rela
tionship between specific gravity and concentration. As a mat
ter of fact,. in the case taken, no correction was needed because the
concentration of the unknown was in the vicinity of the standard.

Found
(Oxalate)

0.09898
0.09888
0.09886
0.09897
0.09890
0.09886

0.09891 '" 0.5 part per thousand

0.09865
0.09888
0.09882
0.09885

'fable VIII. Normality of Potassium Permanganate
Solutions

Found
(Colorimetric)

Av. 0.09897 '" 0.7 part per thousand

Computed error "'0.5 to "'1.0 part per thousand
Error found +0.4 part per thousand

ever, great care must be taken in displacing and resetting the
wave-length scale. This is due to the fact that we are in a region'
where the absorption curve is steeper than at the point of maxi
mum absorption (8). In the above case, a magnifier was placed
over the wave-length scale and two lines were drawn on the glass
equidistant from the hair line to prevent errors due to parallax.
The wave-length scale was displaced and reset several times in
the course of the analysis.

ANALYSIS OF POTASSIUM PERMANGANATE SOLUTIONS

'fwo potassium permanganate solutions were prepared and
standardized under as nearly identical conditions as possible by
observer 3, utilizing Bureau of Standards sodium oxalate 40e
and the procedure recommended by the bureau (10). Because
both samples were titrated under nearly identical conditions,
no blank cQrrection was applied in either case.

Colorimetric work was done by observer 2 in a manner similar
to that already described. The work was done at 526 m,u, which
is in the region of maximum absorption for potassium perman
ganate, slit width 0.25 mm., sensitivity knob setting 1.5 turns
from clockwise end. Figure 4 and Table VIII summarize the
results obtained. The specific gravity correction was made on
the basis of a direct comparison of the known and unknown solu
tions in the "50-m!." specific gravity bottle.

The.results of the oxalate standardization on the permanganate
from which Figure 4 was prepared showed an average deviation
of "=0.7 part per thousand. In view of this, the reader might
question expressing the results shown to a precision of 0.1 part

Av. 0.09880 '" 0.8

Value corrected for spe- 0.09878
cilic gravity

Computed error "'0.4 to "'1.0 part per thousand
Error found (taking oxalate value as correct) -1.3 parts per thousand
Based on scale readings of 0.00 and 0.46 and precision of "'0.2% in trans-

mittancy.
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Figure 4. Analysis of PotassiuIll
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DIRECT ANALYSIS OF 0.1 N POTASSIUM DICHROMATE
SOLUTIONS

To investigate the effect of working at higher concentrations
of color, the possibility of analyzing 0.1 N solutions directly
without further diiution was considered. ,This can be accom
plished by working at a wave length removed from the region of
maximum absorption.

Figure 3 shows a family of three-point curves at suitable wave
lengths, all plotted against the same 0.09 N zero point. Below
492 miL the plot was decidedly curved and consequently unsatis
factory. The 0.09893 N solution was checked on each curve.
All solutions were at room temperature and all were read in the
same absorption cell. The results are given in Table VII.

The computed accuracy range here was obtained from the least
and most accurate points shown on the graphs. The precision
is within the computed range, the accuracy slightly better.

In working away from the region of maximum absorption, how-

The results obtained are given in Table VI. The accuracy is
actually better than the computed range, which may indicate
that the reproducibility in transmittancy is better than the as
sumed vilue. The extreme precision indicated by the average
dev.iation probably has no special significance other than that it is
better than that computed.

The above procedure is believed to meet all the difficulties de
scribed in the previous section. As long as the standards are
treated exactly as the unknowns, all these sources of error tend to
cancel out.
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Table IX. Ultraviolet Accuracy Increase in Values witb
New Lantp

As anticipated, the accuracy increase values are greater than
those given in Table III, the most appreciable differences being
at wave lengths below 260 mIL. Based on these results, differen
tial colorimetry would be feasible even at the shorter wave
lengths. The data given should merely be taken as indicative
of the performance to be expected from a new lamp, because
these lamps probably vary in their light output.
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per thousand. This has been done only to compare the precision
of the colorimetric and volumetric methods more closely. Actu
ally, the average colorimetric value' is very nearly within the
experimental error involved in the oxalate standardizations.

DISCUSSION

A very inviting possible application of differential colorimetry
would be in the determination of a base metal in an alloy, the
content of which was known to be close to 100%, or in the an
alysis of a "pure" metal. Here a very short range graph could be
prepared in the vicinity of zero on the optical density scale.
It might also be possible to obtain an accuracy of 0.1 % trans
mittancy over such a short range. All these factors would make
for extreme accuracy.

CONCLUSION

Differential colorimetry with the present Model DU Beckman
spectrophotometer is capable of yielding results as accurate as
most gravimetric and volumetric methods of analysis. The
problem of finding colors that are stable and reproducible enough
to utilize needs investigation.
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ADDENDA

Some time after the data in Table III were taken, the ultra
violet source employed burned out. The lamp, together with
its reflector which showed signs of wear, was replaced and the
ultraviolet data were rechecked at a sensitivity equivalent to
that previously employed. The results are given in Table IX.

Wave Length,
mIL

225
240
260
280
300

Slit Aperture
for Distilled

Water

0.50
0.41
0.36
0.34
0.33

A.
Corresponding

to 2.0-Mm. Slit

1.14
1.31
1.42
1.46
1.49

Accuracy Increase
Using Formula
5 6

3.6 7
4.0 8
4.3 9
4.4 9
4.4 9

Chromium and Manganese in Steel and Ferroalloys
Simultaneous Spectrophotometric Determination

JAMES J. LlNGANE AND JUSTIN W. COLLAT

Harvard University, Cambridge .~8, Mass.

Tbe spectrophotontetric Dlethod of Silverthorn'and Curtis has been re-exantined
to deterDline whether the em.pirical calibration with standard steel sam.ples is
necessary. A study of the various optical and chem.ical factors dem.onstrates
that Beer's law is obeyed and the m.anganese and chroDlium. contents can be
com.puted frOnt the densities observed at two appropriately chosen wave lengths.
Corrections have been established for the effect of other elem.ents contm.only
present in ferroalloys. Results obtained are equal in precision and accuracy to
values derived from. entpirical calibrations.

SILVERTHORN and Curtis (5) described a spec!,rophotometric
method for the simultaneous determination of chromium

and manganese in steel, which inherently is of great practical
utility. The method is based on a persulfate oxidation of th'e
two elements to dichromate ion and permanganate ion, in the
presence of phosphoric acid to decolorize the ferric iron. From
measurements of the optical density of the solution it two appro
priate wave lengths the chromium and manganese contents can be
computed.

Under the particular conditions that they selected, Silver
thorn and Curtis found that it was necessary to calibrate the
method empirically with a series of standard steel samples. It is
not clear from their description whether this apparent failure of

Beer's law was due to the chemical aspects o~ their procedure or
whether it was instrumental in nature and a reflection of the
spectrophotometric technique which they employed.

The purpose of the present investigation was a critical study
of the various aspects of the Silverthorn and Curtis method. It
was found that under the proper chemical conditions, and when
the absorption measurements are made with a spectrophotometer
that operates with a relatively narrow spectral band width,
Beer's law is obeyed and it is not necessary to resort to empirical
calibration. In the improved procedure periodate ion is used in
addition to persulfate ion to ensure complete oxidation of the
manganese and to eliminate the fading of the permanganate
which occurs when persulfate is used alone. The influence of
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I tnillitnolar perJ'uanganate ion, dichrotnate ion, and pervanadyl ion,
and 100 lDillim.olar nickelous ion, in I ]ttl sulfuric acid-o.7 ill phos

phoric acid

coefficient with increasing concentration, is well known from the
excellent study by Kortum' (2). This apparent deviation at
relatively small hydrogen ion concentrations is doubtless partly
due to the shift of the chromate ion-dichromate ion equilibrium
with changing total chromium concentration.

Table I. Extinction Coefficient of Dichrolllate Ion
(Measured at 440 m,.. in a l-cm. cell with a band width of 0.5 m,... Solutions

were 1 M in sulfuric acid and 0.7 M in phosphoric acid.) .

K,Cr,Or Millimolar D •

0.166 0.062 0;373
0.417 0.153 0.367
0.833 0.308 0.370
1.250 0.459 0.367
1.~ O.~ O.~
4.17 1.544 0.370

Av. 0.369 == 0.002

D
Calcd.

0.604
0.585
0.555
0.502
0.448
0.399

D
Obsd.

0.607
0.588
0.558
0.502
0.448
0.397

Hi

Figure 1. Absorption Spectra

Dichromate
Soln., Ml.

50
25
25
25
10

5

2.5

~2.0
o....

'"o
-1.5

Table II. Test of Additivity Principle with Dichrornate
Perrnanganate Mixtures at 440 rn,u

(Measured density of the dichromate solution alone was 0.627 and that of
the permanganate solution was 0.376. Both solutions were 1 M in sulfuric

acid.)
Permanganate

Soln., Ml.

5
5

10
25
25
50

In solutions of high hydrogen ion concentration Beer's law is
accurately obeyed, as shown by the data in Table I. In this
table, D is the observed optical density (extinction), defined by
D = 10g(Io/I) = elG, where e is the extinction coefficient in the

.units cm.-1 (millimoles per liter)-l, I is the cell length (em.),
and G is concentration (millimoles per liter). The value of e is
constant to ±0.5%over the concentration range which can be
measured with a I-em. cell.

The extinction -coefficient of dichromate ion decreases with in
creasing concentration of sulfuric acid, but above 0.5 M acid
the rate of change is not very great-for example, with 1.667
millimolar dichromate ion in 0.5, 1.0, 2.0, and 3.0 M sulfuric acid
the observed densities at 440 m,u were seriatim 0.611, 0.610, 0.604,
and 0.597.

Multicomponent determinations rest on the assumption that
the substances concerned contribute independently to the total
optical density at a given wave length. This was verified for the

EXPERIMENTAL TECHNIQUE

Absorption spectra were measured from 220 to 1100 m!' with a
Beckman Model DU quartz spectrophotometer, using I-em.
quartz cells which had been matched against each other. (The
less expensive Corex glass cells may be used in the actual analy
ses, inasmuch as measurements do not need to be made below 440
mf·) The slit widths were adjusted so that the spectral band
WIdths were smaller than 5 m!' at all wave lengths, and in
the ran~e from 300 to 700 m!' it was usually possible to employ a
band WIdth as small as 1 m!' when care was taken to maintain the
optical system in optimum focus.

The absorption spectra shown in Figure 1 were measured
against the same concentrations of sulfuric and phosphoric acids
in the reference cell. Later it was found that a sulfuric-phos
phoric acid solution does' not absorb over the range of wave
lengths used in the analyses, and hence water may be used in the
reference cell.

A standard 1 millimolar solution of +2 manganese was pre
pared determinately from pure manganous oxalate dihydrate (3),

.by decomposing a 179.0-111g. sample of the salt in 5 ml. of hot
concentrated sulfuric acid and finally diluting to Iliter.

Standard dichromate solu.tions were prepared determinatelv
from pure potassium dichromate. Standard solutions of pel:
vanadyl ion-nickel, cobalt, copper, and 'iron-were prepared
from purified ammonium vanadate, nickel ammonium sulfate
hexahydrate, cobaltous sulfate heptahydrate, cupric sulfate
pentahydrate, and Bureau of Standards ingot iron. All reagents
were of analytical reagent quality.

Measured volumes of these solutions were carried through the
oxidation procedure described below to obtain the solutions used
for the determination of the extinction coefficients.

other elements commonly present in steels and ferroalloys has
also been investigated and theappropriate corrections have been
established.

RESULTS AND DISCUSSION

Absorption Spectra. Judgeg by the absorption spectra in
Figure'I, an optimum wave length for the measur\ilment of pure
dichromate solutions would be at the peak in the near ultra
violet at 350 m!'. However, even in the presence of phosphoric
acid, ferric iron begins to absorb so strongly below about 425 m,u
that shorter wave lengths than this are inaccessible in steel
analyses, and it is necessary to employ the weaker broad band at
440 mI'. Even at 440 m,u the correction for ferric iron absorption
corresponds to 0.0005% chromium for each 1% of iron, and
hence amounts to 0.03 to 0.05% chromium with most steels.

From the curves for dichromate and permanganate in the
region 400 to 450 m,u it is seen that 425 m,u at the minimum in the
permanganate curve would be the optimum wave length for
measurement of the mixture, for at this point the ratio of the ex
tinction coefficients of dichromate and permanganate is maximal.
However, because the correction for iron adsorption is greater
at 425 than at 440 m,u, measurement at the latter wave length is
the best compromise.

Silverthorn and Curtis (5) measured the permanganate ex
tinction at 575 m,u and at this wave length the extinction due to
dichromate ion is negligibly small. The present authors prefer
to measure at the absorption maximum at 545 m,u, which pro
vides greater precision, and to apply the small correction for di
chromate absorption. Because the apparent extinction coef
ficient at the sharp absorption maximum decreases with increas
ing band width, the analytical measurements must be made with
the same slit width used to determine the extinction coefficient.
The apparent extinction ~oefficientat 545 m,u decreased by 2.4%
when the slit width was increased from 0.01 to 0.2 mm., corre
sponding to an increase in the band width from 0.8 to 5.3 m,u:
At 575 m,u an increase in band width from 0.9 to 3:1 m,u caused
the apparent extinction coefficient to increase by 3.9%. At 440
Ill,u the apparent extinction is, of course, much less sensitive to
band width.

Validity of Beer's Law for Dichromate. The fact that
potassium dichromate solutions do not obey Beer's law in very
dilute (0.005 N) sulfuric acid, but show an increasing extinction
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present case by preparing separate solutions of dichromate ion
and permanganate ion and measuring the density of each at 440
mJl. The solutions were then mixed in various ratios from 0.1 to
10 and the optical density of each mixture was measured at 440
mJl. The data in Table II demonstrate that the observed densi
ties of the mixture agree with those calculated from the individ
ual densities and the mixing ratio, and hence the additivity prin
ciple is valid in this case.

Calculational Technique. Assuming for the moment that
absorption at 440 and 545 mJl is due only to dichromate and per
manganate ions, the following relations are valid for a I-cui.
light path:

D440 44U~Cr CCr + 440~Mn CMn (1)

(2)

at 440 than at 545 mJl. The speetrum of cobaltous ion (not
shown in Figure 1) comprises a broad band with a maximum at
510 mJl.

When the pereentages of nickel, cobalt, and vanadium are
known, the corresponding corrections are most conveniently made
in terms of the optically equivalent chromium and manganese
percentages computed once and for all from the experimentally
determined extinction coefficients. These corrections are listed
in Tables ill and IV, as the equivalent chromium or manganese
percentages corresponding to each 1% of the element in question
which must be subtracted from the apparent chromium and
manganese percentages computed by Equations 6 and 7 to ob
tain the true values. Expressed in this way, these corrections
are independent of the sample weight. In all cases the correc
tions on the ehromium are much larger than on the manganese,
which tends to render the ehromium determination somewhat
less preeise than that of the manganese.

where the subscripts Cr and Mn denote dichromate ion and per
manganate ion, and concentrations' are expressed in millimoles
per liter. Simultaneous solution of these two equations yields

Table III. Chromium Corrections at 440 mJl

0.490
0.0266
0.0072
0.0039
0.0005

Correction, %
0.369
0.095
0.00482
0.0015
0.0008
0.0001

Substance
Cr,O,-
MnO,
VO,+
Co++
Ni++
Fe+++

(Values listed under Correction are equivalent percentages of chrornium
to be subtracted from apparent chromium percentage for each 1% of element

in question.)
E

(3)
440~Cr D 546 - 646~Cr D 440

440 ECr 54SEMn - MsECr 440 EMn

Combining Equation 4 with Equation 1 yields for the concen
tration of diehromate ion

When the values of the various extinction coefficients (Tables
III and IV) are introduced, Equation 3 becomes

0.·0·0·25
0.0011
0.0001

Correction, %
2.35
0.011
0.0027
0.0002
Negligible
Negligible

Substance

MnO.~

C"O,-
00++
Ni++
VO,+
Fe+++

Table IV. Manganese Corrections at 545 mJl
(Values listed under Correction are equivalent manganese percentages to be
subtracted from apparent manganese percentage for each 1% of the element

in question.)
E(4)CMn= 0.426 D546 - 0.013 D440

0.00549 V
Manganese, % = W (0.426 D 646 - 0.013 D44O ) (6)

0.01040 V
Chromium, % = W·· (2.71 D440 - 0.110 D646 ) (7)

Correspondingly, the percentages of manganese and chromium
in a sample of W grams in a volume of V ml. are

where the constants 0.00549 and 0.01040 are 10-4 multiplied by
the atomic weight of manganese and twice the atomic weight of
chromium, respectively.

Of the other elements commonly present in ferroalloys, vana
dium, cobalt, and nickel, exhibit extinction coefficients at these
wave lengths which are suffieiently large so that corrections
must be subtracted from the apparent manganese and chromium
percentages computed from the foregoing equations when moder
ately large amounts of these elements are present. Correction
for iron itself is also appreciable atMO mJl.

The absorption spectra of pervanadyl ion and nickelous ion are
shown in Figure 1. The nickel spectrum corresponds to a con
eentration 100 times larger than the other elements. Absorp
tion by pervanadyl ion is still appreciable at 440 mJl but negligible
at, 545 mJl. Absorption by nickelous ion is also more significant

Ewing and Parsons (1) recently demonstrated that apparent
extinetion coefficients measured with ten different Beekman
Model DU spectrophotometers differed slightly but signifieantly
from each other, even though the several instruments and meas
urement conditions were apparently identical. The differences
are small enough so that the correetions for nickel, eobalt, vana
dium, and iron listed in Tables III and IV may safely be used
with different Beekman Model DU instruments, and probably
they may also be used with the simplified Model B Beckman
spectrophotometer. It is advisable, however, to determine
the extinction coeffieients of diehromateion and permanganate
ion at 440 and 545 mJl with the particular instrument used, em
ploying solutions of known concentrations of dichromate ion and
permanganate ion prepared according to the procedure described
in the following section.

Procedure. Persulfate (peroxydisulfate) ion in the presence
of silver ion as a eatalyst is one of the few oxidants which quan
titatively oxidize both ehromic ion and manganous ion to di
chromate ion and permanganate ion in acid solution and it has
long been a favored reagent for this purpose (4). The oxidation
may be performed in solutions containing (either or both) sulfurie
and nitric acids. The optimum acidity is stated (4) to be be
tween 0.5 and 1.5 molal' sulfuric aeid; with too Iowan acid COll

centration manganese dioxide tends to precipitate, and the oxi
dation of ehromium is inhibited at greater acidities.

Although the persulfate oxidation of chromium is invariably
satisfaetory, oxidation of manganese oecasionally is erratic and
incomplete. In the hot acid solution required persulfate ion de
composes rapidly by oxidizing water, 2820 8-- + 2H20 = O2 +

(5)CCr = 2.71 D 440 - 0.110 D646



% Found
Cr Mn

0.23 1. 37

VOL U M E 2 2, N O. I, JAN U A R Y I 9 5 0

4S0,-- + 4H+, and various substances can catalyze this reac
tion at the expense of the manganous ion'-persulfate ion reaction.

Purthermore, permanganate solutions prepared by a persulfate
oxidation are not stable, but fade rather rapidly, and hence the
measurements must be made immediately after the oxidation.
In a typical instance the optical density at 545 mIL of a perman
ganate solution prepared by persulfate oxidation in 1 M sulfuric
acid and 0.3.M phosphoric acid decreased by 2.4% per hour.

These difficulties are eliminated by the combined use of per
sulfate ion and periodate ion. The superiority of periodate ion
for the oxidation of manganese was originally demonstrated by
Willard and Greathouse (6). Permanganate solutions prepared
by periodate oxidation are stable indefinitely. Because periodate
ion does not oxidize chromium quantitatively, persulfate ion is
retained for this purpose in the present procedure.

Sy appropriate choice of sample weight and final volume of the
oxidized solution the following procedure may be applied to
steels, ferroalloys, and copper-nickel alloys with manganese con
tents between about 0.1 and 5% and chromium contents from a
few tenths of 1% up to 20% or more. The sample weight and
final volume should be chosen so that the optical densities at 440
and 545 mIL fall in the range 0.1 to about 1.5.

For an excellent discussion of various methods of dissolving
chromium steels the monograph of Lundell, Hoffman, and Bright
(4) should be consulted. In most cases solution can be effected
in hot, dilute sulfuric acid, a mixture of sulfuric and nitric acids,
or concentrated perchloric acid. ~Then tungsten is present phos
phoric acid is added to the dissolving acid to prevent precipita
tion of tungstic oxide. When much carbonaceous residue is left
the solution must be evaporated to sulfuric acid fumes to obtain
complete decomposition of chromium carbide.

Obviously, the final solution must be optically clear, and if there
is any turbidity in the sample solution the aliquot taken for the
oxidation must be filtered or centrifuged.

Table V. Test of Method with Bureau of Standards
SaDlples

Sample and N.B.S. Certificate Values

1. Mn steel 100
Cr 0.18, Mn 1.38, Ni 0.151, V 0.011, Cu 0.124,
CO.617

2. Nickel·copper alloy 162 0.21 2.33
Cr 0.24, Mn 2.34, Fe 0.34, Ni 66.38, Cu 28.93,
Co 0.54, Ti 0.20, Al 0.23, Si 0.67, C 0.11

3. Ni·Mo steel 111A 0.24' 0.737
Cr 0.242, Mn O. 743, Ni 1. 75, Mo O. 222, V O. 002,
Cu 0.079, C 0.203

4. Steel32C 0.69 0.741
Cr 0.654, Mn 0.752, Ni 1 20, V 0.003, Mo 0.063,
Cu 0.099, C 0.429

5. Ferrovanadium 61A 0 .. 77 1.77
CrO.68, Mn 1. 78, V 50. 2, Si 5. ll, Fe 41.0

tL Cr-V steel 30d 1. 16 0.781
Cr 1.15, Mn 0.786, Ni 0.1.50, V 0.190, Mo 0.034,
Cu 0.092, C 0.363

7. Cu-Ni-Crcastiron115 2.17 0.99
Cr 2.17, Mn 1.01, Ni 15.89, Cu 6.44, C 2.42

8. Ni-W-Cr-V steel 134 3.69 0.155
Cr 3.73, Mn 0.15-5, Mo 8.68, W 1.82, V 1.13,
Ni 0.077, CO. 810

9. Mo-W-Cr-V steel 132 4.05 0.250
Cr 4.11, Mn 0.252, Ni 0.094, V 1.64, Mo 7.07,
W 6.29, C 0.803

10. Co-Mo-W steel 153 4.08 0.204
Cr 4.14, Mn O. 22, V 2.03, Co 8.43, Ni 0.12, W 1. 58,
Mo 8.36, Cu 0.10, C 0.86

11. Steel 135 5.14 0.459
Cr 5.15, Mn O. 458, Ni 0.083, V O. OW, Mo O. 575,
Cu 0.076, C 0.094

12. 18 C,...8Ni steel101b 18.4 0 ..575
Cr 18.49, Mn 0.597, Ni 8.99, V 0.049, Mo 0.078,
Co 0.078, Cu 0.168, CO. 069

1:3. 18 Cr-1O Ni steel 121 A 18.6 1. 27
Cr 18.69, Mn 1.28, Ni 10.58, VO.035, Mo 0.020,
Co 0.090, Ti 0.361. C 0.073
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To a I-gram sample ill a 300-m!. Kjeldahl flask add 30 m!. of
water arid 10 m!' of concentrated sulfuric acid (also 10 m!' of 85%
phosphoric acid if tungsten is present). Boil gently until de
composition is complete or the reaction subsides. Then add
5 m!' of concentrated nitric acid in several small portions. If
much carbonaceous residue persists, add 5 m!' more of nitric
acid, and boil down to copious fumes of sulfuric acid. Dilute to
about 100 m!.. and boil until all salts have dissolved. Cool,
transfer to a 250-m!' volumetric flask, and dilute·to the mark.

Pipet a 25- or 50-ml. aliquot of the sample solution (centrifuged
or filtered if not perfectly clear) into a 250-m!' Erlenmeyer flask.
Add 5 m!' of concentrated sulfuric acid, 5 m!' of 85% phosphoric
acid, and 1 to 2 m!' of 0.1 N silver nitrate solution, and dilute to
about 80 m!' Add 5 grams of pure potassium persulfate, swirl the
flask until most of the salt has dissolved, and heat to boiling.
Keep at the boiling point for 5 to 7 minutes. Cool slightly, and
add 0.5 gram of pure potassium periodate. Again heat to boiling
and keep at the boiling point for about 5 minutes. Cool, trans
fer to a 100-m!' volumetric flask, and dilute to the mark. Trans
fer a portion of the solution to a I-em. absorption cell and measure
the optical densities at 440 and 545 mIL. Compute the percent
ages of chromium and manganese as described above.

Results. The validity of the foregoing procedure is sub
stantiated by the results shown in Table V, obtained with a wide
variety of National Bureau of Standards steel samples, a sample
of ferrovanadium, 'and a nickel-copper alloy. All the eiements
likely to be encountered in the analysis of ferroalloys are repre
sented by these samples. These results are based on the direct
application of Beer's law, using the extinction coefficients ob
tained with pure dichromate and permanganate solutions.

The fact that satisfactory chromium results were obtained with
the low-chromium steels, with the ferrovanadium, and with the
nickel-copper alloy is especially noteworthy, because in these
unfavorable cases the total corrections due to manganese, vana
dium, and nickel are much larger than the small chromium con
tents.

SUMMARY

An improved and rapid method for the simultaneous spectro
photometric determination of chromium and manganese, based
on the measurement of the cumulative optical densities due to di
chromate ion and permanganate ion at 440 and 545 mIL, is de
scribed. When measurements are made with a spectrophotom
eter employing a narrow spectral band width (5 mIL or smaller),
and with solutions containing at least 0.5 M sulfuric acid, absorp
tion by dichromate ion, permanganate ion, and mixt,un)s of the
two strictly follows Beer's law.

Ferric iron (even in the presence of phosphoric acid), nickel,
cobalt,and vanadium absorb appreciably at 440 and 545 mIL, and
the appropriate corrections have been established..

The oxidation Of the chromium and manganese in a solution of a
steel is best performed by the combined use of peroxydisulfate
ion and periodate ion.

Very satisfactory results were obtained with many different
types of Bureau of Standards steels and ferroalloys, ferrovana
dium, and copper-nickel alloys containing from 0.1 to 5% man
ganese and 0.2 to 20% or more chromium. None of the elements
commonly present in ferroalloys interferes.
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Rapid Photom'etric Determination of
Copper in Ferrous Alloys

Use of Alpha-Benzoinoxime

RAYMOND A. DUNLEAVyl, STEPHEN E. WIBERLEY, AND JOHN H. HARLEY"

Rensselaer Polytechnic Institute, Troy, N. Y.

A direct colorimetric method for the determination
of copper in plain and low-alloy steels and cast irons
has been developed. A nitric acid solution of the
steel is treated with Rochelle salt to complex iron
and the pH is adjusted to 11.3 to 12.3 with sodium
hydroxide. A solution of a-benzoinoxime in sodium
hydroxide is added and the green copper complex is

extracted with chloroform. The color may be meas
ured with a spectrophotometer ora:filterphotometer.
The method is rapid and accurate. Three samples
may be run in about 20 minutes, and the average
error of a single determination is 0.005% copper.
The only elements causing appreciable interference
are nickel (above 2%) and cobalt (above 0.25%).

found necessary to remove them by filtration. The above pro
cedure may be used without change.

If the sample does not dissolve readily in the 1 to 2 nitric acid,
a few drops of hydrochloric acid may be used to complete solution.

The calibration curve was obtained by adding known amounts
of a standard copper solution to 0.5-gram samples of Bureau of
Standards steel 22b. 'With the spectrophotometer, the curve was
linear up to at least 0.21 % copper, while with the filter photometer
the curve tapered off above 0.15% copper.

ANALYTICAL RESULTS

A group of Bureau of Standards steels and cast irons of various
compositions were run using the above method. Table I contains
all the results obtained, which represent accidental errors as well
as those inherent in the method.

For 28 steels and irons, the average error for a single determina
tion is 0.0045% copper with the spectrophotometer, and 0.005%
copper with the filter photometer. The corresponding errors for
the average of triplicates are 0.0035 and 0.0045% copper.

EFFECT OF VARIABLES

Chloroform was found to be the most suitable solvent for the
copper compound on the basis of high solubility and color
stability. Chloroform, alcohol, acetone, ammonium hydroxide,
and sodium hydroxide were tried as solvents for the reagent itself.
Both chloroform and ammonium hydroxide gave poor extraction,
alcohol and acetone caused rapid fading of the color, but sodium
hydroxide was entirely satisfactory.

Effect of pH. Solutions of steel containing the equivalent of
0.106% c.opper were adjusted to various pH values with 10%

12

Figure 1. Effect of pH on Extraction of Copper
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PROCEDURE FOR DETERMINATION OF COPPER

In Steel. Weigh a 0.500-gram sample into a 15O-m!. beaker
and dissolve in 20 ml. of 1 to 2 nitric acid. If necessary, add a
drop or. two of 30% hydrogen peroxide to dissolve any manganese
dioxide and boil off the oxides of nitrogen. Cool slightly, and add
25 m!. of Rochelle salt solution and 30 m!' of 10% sodium hy
droxide. Adjust the pH to the range 11.3 to 12.3 with 10%
sodium hydroxide and add 2 m!. (pipet) of 0.5% a-benzoinoxime
solution.

Transfer to a 25O-m!. pear-shaped separatory
funnel, add 40 m!. of chloroform, and shake
vigorously for three 30-second periods. Filter
the chloroform through a small paper into a
5O-m!. volumetric flask, and rinse by running
5 m!' of chloroform through the separatory funnel
and the filter. Make up the extract to volume
with chloroform and measure the intensity of
the color. (The maximum absorbency is at 440
mil, and measurements with the spectrophotom
eter were made at this wave length. Measure
ments with the filter photometer were made
with a combination filter peaked at 480 mil.)

, Present address, Department of Chemisl:ry, Univer
sity or Cincinnati. Cincinnati, Ohio.

2 Present address, U. S. Atomic Energy Commission.
:-lew York Operations Office, New York, N. Y.

In Cast Irons. Inasmuch as the large amounts
of graphitic carbon and silica present in cast
iron collect at the interface, it has not been

REAGENTS AND EQUIPMENT

Alpha-benzoinoxime (Eastman Kodak), 0.5% solution in
0.25 N sodium hydroxide.

Sodium hydroxide, 10% in water.
Rochelle salt, 300 grams in 500 m!' of water.
Chloroform, reagent grade.
Beckman spectrophotometer, Model DU.
Klett-Summerson filter photometer, with test-tube attachment.
Beckman pH meter, Model M.

AT THE present time, there is need for a simple rapid method
for the determination of the small amounts of copper

present in cast irons and steels. The reagent a-benzoinoxime is
relatively specific for copper and has been used as a gravimetric
reagent. The present investigation has been directed towards
determining the proper conditions for the use of a-benzoinoxime
in the colorimetric determination of copper in iron and stee!.

Feigl (1) reported the use of a-benzoinoxime as a reagent for
copper in 1924. Kar (3) and Silverman (.4-) reported its use for
the gravimetric determination of copper in steels. Although
.Feigl had stated previously that a-benzoinoxime was specific for
copper, Jennings (2) reported that nickel, cobalt, platinum, and
palladium also formed complexes with the reagent.
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Table I. Detennination of Steel and Cast Iron
Beckman, % Klett-Summerson: % True Value,

B. S. Steel 2 3 Av. 2 3 Av. % Operator
Bessemer

8c 0.008 0.008 0.008 0.008 0.008 0.008 0.007 0.008 0.010 2
8c 0.006 0.005 0.004 0.005 0.005 0.004 0.004 0.004 0.010 1
9c 0.016 0.016 0.012 0.014 0.015 0.015 0.015 0.015 0.020 1

10c 0.018 0.017 0.017 0.017 0.015 0.015 0.015 0.015 0.020 1
22b 0.008 0.007 0.007 0.007 0.008 0.008 0.007 0.008 0.009 2
23a 0.008 0.007 0.010 0.008 0.008 0.007 0.010 0.008 0.014 1

B.O.H. steel
llb 0.014 0.013 0.012 0.013 0.012 0.012 0.012 0.012 0.014 3
14b 0.012 0.014 0.018 0.015 0.012 0.013 0.014 0;013 0.017 1
15c 0.138 0.138 0.136 0.137 0.126 0.126 0.126 0.126 0.141 1 .
16c 0.050 0.062 0.072 0.061 0.048 0.066 0.068 0.061 0.060 1

A.O.H. steel
19c 0.162 0.165 0.164 0.164 0.150 0.150 0.150 0.150 0.161 3
20d 0.155 0.160 0.150 0.155 0.156 0.156 0.154 0.155 0.164 3
21c 0.046 0.056 0.052 0.051 0.048 0.056 0.052 0.052 0.050 1
34 0.016 0.012 0.012 0.013 0.014 0.012 0.012 0.013 0.015 1
35 0.054 0.052 0.052 0.053 0.054 0.052 0.052 0.053 0.06 I

Cast iron
4e 0.012 0.012 0.013 0.012 0.012 0.011 0.012 0.012 0.010 1
6d 0.150 0.166 0.142 0.153 0.148 0.154 0.138 0.147 0.151 1
82 0.021 0.024 0.021 0.022 0.026 0.026 0.026 0.026 0.020 . 1

107 0.054 0.062 0.080 0.066 0.064 0.065 0.080 0.069 0.074 I
122a 0.044 0.045 0.048 0.046 0.046 0.046 0.048 0.047 0.045 I

Low-alloy steel
24 0.022 0.024 0.025 0.024 0.022 0.022 0.022 0.022 0.022 I
33a 0.064 0.072 0.064 0.068 0.070 0.076 0.070 0.072 0.080 1
36 0.110 0.116 0.116 0.114 0.110 0.118 0.118 0.115 0.112 3
72a 0.082 0.084 0.084 0.083 0.082 0.083 0.082 0.082 0.079 1

111 0.122 0.130 0.114 0.122 0.124 0.132 0.120 0.125 0.122 1

Electric steel
51 0.044 0.036 0.038 0.039 0.043 0.034 0.034 0.037 0.044 I
65 0.060 0.059 0.059 0.059 0.065 0.062 0.058 0.062 0.060 2

Ingot iron
55b 0.043 0.041 0.036 0.040 0.042 0.041 0.038 0.040 0.042 3

Rail steel
lOP 0.127 0.128 0.128 0.128 0.124 0.124 0.124 0.124 0.124
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5 IDg., equivalent 'to 1% nickel, present

sodium hydroxide in the presence of Rochelle salt. The absorben
cies were measured at 440 ml-' on the spectrophotometer and the
percentage of copper was determined from the calibration curve.
T.he percentage of copper is plotted against the pH in Figure 1.
In the range of pH 11.3 to 12.3, the measured copper content was
within ±0.0025%.

Effect of Amount of Reagent. Theoretically; 1.5 ml. of a 0.5%
a-benzoinoxime solution are necessary to combine with the
copper in 0.5 gram of a 0.2% copper steel. Two milliliters were
found to be sufficient,. and an excess' caused no error with plain
steels. Absorption curves for the extracts from 2- and 1Q-ml.
portions of the reagent showed no significant differences above

360 mI-'. If the nickel content of the steel is over 0.25%, a large
excess of reagent causes extraction of some nickel.

Effect of Amount of Rochelle Salt. The quantity of Rochelle
salt should be held within the limits of 20 to 30 ml. of the solution
specified. Incomplete extraction was obtained when the quantity
was varied outside of these limits.

Effect of Standing. Three samples of steel containing 0.141 %
copper showed an average decrease of 0.002% copper after 30
minutes and a decrease of 0.003% copper after 75 minutes' stand
ing.

'Effect of Other Ions. Of the elements present in plain and low
alloy steels and cast irons, only nickel and cobalt were found to
interfere. The absorption curves for 5 mg. (corresponding to 1%)
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% Ou Found
Sample % Ni % Cu Beckman Klett

34 0.30 0.122 0.126
0:069107 0.81 0.074 0.066

32b 1.21 0.117 0.114
0:iZ5111 1. 75 0.122 0.122

33a 3.24 0.080 0.068 0.072
126 36.42 0.096 0.026

SyntheticU 3.0 0.077 0.058 0.060
2.5 0.071 0.062 0.063
2.0 .0.065 0.065 0.066
1.5 0.059 0.056 0.059
1.0 0.053 0.062 0.064

" 'Ylixtures of Bureau of Standards steels No. 55 (0.041% Cu, 0.021% Ni)
and No. 33a (0.080% Cu, 3.24% Ni).

of nickel and cobalt with 2 and 10 ml. of reagent are shown in
Figures 2 and 3.

Although 1% nickel would correspond to,0.02% copper when 2
ml. of reagent are used, the error is usually less, because of the
equilibria existing with a-benzoinoxime, nickel, and copper. The

. following results were obtained on Bureau of Standards steels and
irons:

Figure 4. Absorbency of Copper-a-Benzoinoxillle

These results indicate that the method is useful for ferrous
alloys containing up to 0.25% cobidt.

These results indicate that the method is useful only for
routine control analyses of ferrous alloys containing over 0.5%
nickel.

In the case of cobalt, the interference is more serious.

• Mixtures of Bureau of Standards steels No. 65 (0.060%
13.') (0.099% Cu, 8.45% Co).

No.
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SUMMARY

The method described is useful for the rapid determination of
copper in many ferrous alloys. The chief interferences are nickel
and cobalt, limiting the application of the method to plain and
low-alloy steels and cast irons.% Cu Found

0.071
0.064
0.036

Cu) and

% Cu

0.063
0.062
0.099

% Co

0.585
0.28
8.45

San1ple

Synthetic a
Syntbetic·
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Modified Molecular Weight Apparatus
ROBERT MATTESON

California Research Corporation, Richmond, Calif.

[n laboratories handling a large volullle of lllolecu
lar weight deterlllinations the rapidity with which
the test lllay be perforlTIed is second in ilUportance
only to the accuracy. A solution to the problelU in
these laboratories has been effected through the re
design of the water-filled, differential vapor pressure
therlTIolTIeter of Menzies used in conjunction with a
specially designed ebulliolUeter perlTIitting a deter
lllination to be lllad~ with as little as 100 lUg. of
lllaterial. The operation is silllple enough to be
lUade by nontechnically trained personnel, and the
tillle required for a test is of the order of 25 lUinutes.

Using chloroforlTI as a solvent, practically all of the
high boiling types oflllaterials encountered in petro
leuIU research lTIay be handled. The norlUal boiling
point of the unknown lTIust be at least 150 0 C. higher
than the boiling point of the solvent. Changes in
barolUetric pressure during the test do not affect
the results. The equipnlent is standardized by four
pure cOlTIpounds covering the range frolTI 128 to
890 in lTIolecular weight. By a short e?,trapolation,
molecular weights up to 1000 lllay be deterlllined
with an accuracy only slightly less than that ob
tainable using benzene in the cryoscopic lllethod.

I N CONNECTION with many research problems, it is neces
sary to determine accurately the molecular weights of large

numbers of samples. Often, particularly in industrial laborato
ries, speed is essential; costs must be held down and accuracy
maintained at a high level. Older methods have not been able
to fill all these requirements; hence, the Menzies-Wright (4)
method was re-examined to ascertain if it could be adapted to the
conditions mentioned above. As a result of this investigation,
a modification of Menzies (3) differential thermometer has been
successfully developed and a new ebulliometer designed for use
with this thermometer. .

Subsequent to the development of the apparatus described
below, two excellent papers by Kitson and co-workers (1, 2) ap
peared. They cover essentially the same ground as this pape!,
but their solutions of the problem are somewhat different me
chanically. It is this difference that should prove of interest to
workers in the field of molecular weights. For example, Kit
son's apparatus is more complicated to fabricate, the heater is
not easily replaced, and experience in these laboratories has shown
that a traveling microscope rigidly attached to the frame holding
the ebulliometer permits more accurate reading of the position
of the meniscus of the liquid in the thermometer.
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Before constructing the ebulliometer, there was some concern
that possibly superheating of the liquid would result and make
the design inoperable. Experience has proved that this is not the
case, as evidenced by the negligible rise of .the water column in
the capillary of the thermometer when the pure solvent is boiling
as compared with the height of the column when both bulbs are at
room temperature.

Figure 3. Apparatus in Operation

COMBINED EQUIPMENT

Figure 3 is a photograph of the equipment in operation. A
small I-watt lamp operating at 10 volts is placed behind the
boiler in order to illuminate the upper meniscus in the thermom
eter. A white translucent paper shield is placed between the

lamp and the boiler to diffuse the light. Motion of the meniscus
is observed by means of a Gaertner 32 X microscope mounted in a
traveling micrometer slide capable of measuring to 0.01 mm.

OPERATION

Solvent. In a pt!troleum research laboratory the preponderant
type of sample for analysis is hydrocarbon or allied material.
The preferred solvent is carefully dried chloroform of C.P. grade,
which possesses the desired characteristics of relatively low boiling
point and the power to dissolve an extremely wide range of sub
stances. For over 4 years of operation in these laboratories, it has
been found necessary to resort occasionally to only one other
solvent, acetone. When acetone is used it is necessary to cir
culate ice water to the condenser; otherwise, tap water at room
temperature (about 25 0 C.) suffices.

The present equipment uses 10 m!' of solvent in a determina
tion of molecular weight.

Calibration. Each new batch of solvent is calibrated by de
termining the I!J.S vs. mass curves for four compounds of known

000.
1.0.......
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ential Vapor Pres
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The 10-watt heater is
made from 30 cm. (12
inches) of No. 26 Ni
chrome wire wrapped
on the lower leg of the
boiling section. Voltage
across the heater is 10
volts supplied from a
fixed-ratio transformer
or a Variac. Where line
voltage variations are
troublesome it may be
advisable to employ a
voltage regulator, al
though such a step has
not been necessary in
this laboratory.

An unsilvered heat
shield protects the boiler
from drafts. The top of
the boiler is fitted with
a ground-glass joint into
which is fitted the ther
mometer, thus affording
constant positioning of
the thermometer, a fac
tor found to be impor
tant in attaining repro
ducibility of results.

A removable Drierite
filled drying tube is
placed in the top of the
condenser to prevent
moisture from entering
the ebulliometer during
operation. The cock at
the bottom of the return
leg serves in draining the
solution at the end of a
test.

H[AT •.

""I(LD

. Figure 2. Ebuiliorneter

THERMOMETER

EBULLIOMETER

Figure 2 shows the ebulliometer designed specifically for use
with the new thermometer.

The Pyrex thermometer (Figure
I) is constructed by sealing the lower
bulb to the drawn end of the 1.09
mm. inside diameter capillary. Thi~

bulb is approximately 30 mm. long
and is made from ll-mm. outside
diameter tubing. These dimensions
are not eritical, however. The total
length of the capillary is 160 mm.
In fabricating the thermometer a 6
mm. outside diameter tube is sealed
to the upper end of the capillar~·.

This tube is made a convenient
length for handling.

Several liquids were tried in ex
perimental thermometers before
water was selected as the preferred
filling material. Water is siphoned
into the lower bulb, capillary, and
upper bulb and then boiled out until
the lower bulb is half full. At a
point 25 mm. above the juncture of
the capillary and the 6-rnm. outside
diameter tube the larger tube is
sealed off to form the upper bulb.
The 6-mm. tube is then cut off
aud a solid rod of equal diameter
is sealed to the upper bulb. The
male portion of the ground joint
and the handle are sealed to the
upper bulb as shown in Figure 1.

With both bulbs of the thermometer at the same temperature,
the upper meniscus of the liquid should stand about 50 mm. above
the lower meniscus, the natural head due to capillarity. It is
possible to adju,st this height by cooling the lower bulb and bring
ililg all the liquid into this bulb, then permitting the two bulbs to
attain the same temperature, preferably in the ebulliometer con
taining the boiling solvent.
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Figure 4. Calibration Curves for Differential ThernlOlll
eter

Determination of Molecular Weight. The first step in making
a determination is to boil approximately 10 ml. of pure solvent
in the ebulliometer for a reasonable length of time to clean it out.
About 5 to 10 minutes have been found by experience to be
sufficient time for this when working with clean stocks. Occa-

molecular weight. The preferred materials used in these labora
tories are naphthalene (crystallized from alcohol), diphenyl
bismuthine, tetraehlorobenzene, and tristearin. All chemicals
are C.P. grade and cover the molecular wflight range suit·able
for calibrating from mu' = 100 to 1000.
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Figure 5. Standardization Curve for Differential
TherrnoDleter
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sionally refractory materials require a longer cleaning time. The
solvent from this cleaning run is drained through the cock at the
lower end of the boiler and vacuum is applied at this point to
hasten drying. Throughout the operation, the Drierite drier is
in place as shown in Figure 3, and is removed only during intro
duction of solvent. With the ebulliometer clean, exactly 10 ±

0.01 ml. of solvent are charged and the heater is turned on, bring
ing the solvent to a boiling temperature.

Upon initial boiling the meniscus in the capillary of the ther
mometer rises immediately to the upper bulb, which is filled com·
pletely except for a tiny bubble that remains at the top. When
the boiling vapors reach the upper bulb and the contents reach the
temperature of the vapor, the upper meniscus is depressed into
the capillary where it comes to rest at its equilibrium position.
Boiling of the pure solvent is permitted to continue until the
meniscus ceases moving, at which time the first portion of sample
material may be introduced to the return leg of the ebulliometer.

In determining the molecular weight of a particular sample,
approximately 50 to 60 mg. of the material are loaded into the end
of a piece of 2-mm. inside diameter Pyrex tubing about 20 em..
in length, all material adhering to the outside of the tube is
wiped off, and the tube and contents are weighed to 0.1 mg. A
short piece of rubber tubing connected to the end of the glass tube
opposit~ the sample ~acilitates hand~g and introduction of ~he
sample mto the ebulhometer. The tIp of the glass tube holdmg
the sample is lowered into the refluxing solvent which washes out
the sample.

With the thermometer indicating that equilibrium has been
obtained in the boiling solvent, the position of the meniscus in the
capillary is noted by means of the traveling mieroscope and is
recorded as 8 1•

The drier is removed temporarily while this sample is intro
duced to the apparatus and is then replaced. The meniscus rises
and comes to rest at a new position, which is noted and recorded
as 8 2• t>.S is then 8 2 - 8 1, A second 50 to 6O-mg. portion of
sample is next introduced into the ebulliometer and the third
position of the meniscus is recorded as S3. The value of t>.S

Table I. CODlparison of Freezing Point Molecular Weight
with Boiling Point Molecular Weight Determinations

Molecular Weight Differ.
Sample No. Freezing point Boiling point ence, 0/,
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In Figure 4 are plotted the t>.S vs. mass curves for a typical
calibration. t>.S is the change in scale reading, or meniscus rise,
for the addition of a given mass of solute to the solvent and is a
measure of the increase in boiling point of the solution. In clas
sical methods (.5), (t>.T/ml, where T is temperature and m is mass,
is plotted against II! to zero concentration, and the molecular

weight is calculated from (t.T) and the proper constant.
m m .'" 0

However, experience with the new apparatus has proved it is

better to plot, from the calibration curves, values of t>.S (taken at
m

m = 100 mg.) against molecular weight, as shown in Figure 5,
and to use this curve in determining molecular weights of un-

knowns. It has the advantage that the value for (t>.S)m m _ 100

is obtained by interpolation, whereas (t>.S) is obtained by
m m-O

extrapolation, with the possibility of introducing much larger
errors.
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corresponding to the sum of the two masses is then 8 3 - 8,.
The t:.S VB. m curve is then plotted on rectangular coordinates.
This method of plotting has the advantage that the origin gives
an additional point through which the curve must pass and it
becomes easier to detect flaws in the data.

From the curve thus constructed the value of (d8) is
m m = 100

found and. by reference to the standardized curve, such as Figure
5, the molecular weight is obtained.

A single determination of molecular weight can be made in a
few minutes under ideal conditions. Where readily soluble com
pounds are being measured, and no cleaning difficulties are en
countered, the average time required for a complete determination
is about 25 minutes.

DISCUSSION

The change in the position of the upper meniscus is the only
one followed in these measurements. This is done for purposes
of simplification and is permissible, because the drop in the lower
meniscus is a constant function of the rise in the upper meniscus.
The method of plotting automatically takes care of the fact that
dB is not ~ d8. Actually, d8 equals approximately 97% of
~d8 in practically all measurements made on this apparatus.

The usual precaution of maintaining an adequate difference be
tween boiling point of solvent and solute must be observed, and in
this laboratory no attempt i$ made to measure molecular weight
by the ebullioscopic method of samples boiling below 210° C.
Le., 150° C. above the boiliJ;).g point of chloroform.

With careful attention to details, the accuracy attainable with
this equipment is only slightly less than that obtained on the
cryoscopic apparatus using benzene as a solvent and a Beckman
thermometer for temperature measurement. A comparison of
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results obtained by the two methods on duplicate samples ap
pears in Table 1.

Certain types of compounds yield anomalous results, but this
is common to the other widely used methods for determining
molecular weight. In particular, the molecular weights of stearic
acid and azoxybenzene are far too low when measured in the ap
paratus described here.

A word of caution is in order relative to the grease used in the
ground joint ~f the thermometer. The silicone greases cause ex
cessive foaming in the boiling solution and render the apparatus
inoperable. A satisfactory grease is Celvacene Heavy, a. product
of Distillation Products, Inc., Rochester, N. Y.

Experience over the past 4 years has shown that this equipment
meets all the requirements of speed, quality, and ruggedness in a
laboratory where a large volume of molecular weight work is
constantly being turned out.
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Long-Chain Alkyl Sulfates
Colorimetric Determination of Dilute Solutions

FRED KARUSH' AND MARTIN SONENBERG'

New York University College of Medicine, New York, N. Y

A simple colorimetric method has been developed
for the determination of long-chain alkyl sulfates.
Solutions as dilute as 5 X 10-6 M can be analyzed
with an accuracy of about 2%. The method depends
on the formation of a complex between the deter
gent anion and the cationic dye rosaniline hydro
chloride. This complex is extracted into a mixed or
ganic solvent, 50% chloroform and 50% ethyl ace-

I N CONNECTION with a study of the interaction between
bovine serum albumin and sodium octyl, .decyl, and dodecyl

sulfates (CnH 2n+rSO,Na), the need arose for an accurate analyti
cal method for the determination of these alkyl sulfates in very
dilute solutions, of the order of 10-5 M. A search of the litera
ture revealed that no adequate method had been published.

The development of a colorimetric method was therefore
undertaken, following the previous work of Brodie, Udenfriend,
and Levy (1). As the basis of methods for the analyses of certain
strong organic acids, these investigators utilized the formation of
organic soluble complexes between the acids and the cationic
dye rosaniline hydrochloride. The method described here is
based on the formation by this dyestuff and pararosaniline hydro-

1 Present address, Sloan-Kettering Institute for Cancer Research, New
York, N. Y.

tate, and its spectral absorption is read with a Klett
Summerson colorimeter. Pararosaniline hydro
chloride is also suitable as a dye reagent. The molar
sensitivity of the method increases from octyl to
decyl to dodecyl sulfate, because of increasing ef
ficiency of extraction of the dye-detergent cOlnplex
with increase in chain length. The molar ratio of
dye to detergent in the extracted complex is 1.

chloride of complexes with alkyl sulfates and their extraction
into an organic phase. It has been applied to the determination
of the alkyl sulfates noted above and is sufficiently sensitive to
permit the analysis of solutions as dilute as 5 X 10-<1 M (involv
ing 2 X 10-8 mole) with an accuracy of about 2%. Its usefulness
is not limited to alkyl sulfates and it can undoubtedly be applied
to other strong organic acids which contain relatively large non
polar groups.

MATERIALS

The rosaniline hydrochloride was obtained from the National
Aniline Division, Allied Chemical and Dye Corporation, and
was of 82% strength according to the manufacturer, the impurity
being largely salt. A solution of the dye at a concentration of
4 X 10-' M was prepared in 0.025 M phosphate buffer, pH 6.1.
This solution was extracted several times with the same solvent
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used in the analysis until the intensity of color in the organic phase
remained unchanged on consecutive washings. The dye was
then stored in a Pyrex bottle in the dark. The pararosaniline
hydrochloride used in this study was a specially purified sample
supplied by this manufacturer, and specified to be of 96.5%
strength and to contain 2.5% moisture.

After some trials with a number of organic solvents, a mixed
solvent consisting of 50% (by volume) chloroform (c.p.) and
50% ethyl acetate (c.p.) was selected for the extraction of the
colored complex. The treatment of this solvent with aqueous
alkali to remove organie acid was found to be an unnecessary
precaution.

The spectral absorption of the complex was measured with
the Klett-Summerson photoelectric colorimeter using a green (540)
filter. However, it was found that the soft-glass absorption
tubes ordinarily used with this instrument were undesirable be
cause of the relatively high blanks they gave. Instead, specially
made Pyrex tubes of outside diameter 14.0 ± 0.1 mm. were ob
tained and were found to give lower blanks than the Klett tubes
when used in accordance with the procedure described below.

To minimize errors introduced by differences in the optical
properties and dimensions of the Pyrex absorption tubes, zero and
thickness corrections were established for each tube. Only tubes
whose thickness correction was not more than 1% (of the Klett
reading) were selected for use, thereby rendering this correction
negligible.

For purposes of efficiency, simplicity, and the avoidance of
contamination, it was desirable to carry out the extraction, cen
trifugation, and absorption measurement in the same tubes.
This was possible with Pyrex tubes if they were treated before
use with a boiling solution of approximately 1 N hydrochloric
acid for about 1 hour. After this acid treatment the tubes were
rinsed well with distilled water and dried in 'an oven for 10 to 15
minutes. Glass-stoppered Pyrex tubes were employed initially,
but inverted serum caps (No.2) were found to be as suitable
as the glass stoppers. These eaps were cleaned after use by
soaking in 0.1 N hydroehloric aeid solution, followed by thorough
rinsing.

PROCEDURE

In a typical analysis eight or nine samples were simultaneously
examined in triplicate with three blank controls. To each tube
was added 1 m!. of the rosaniline hydrochloride solution (4 X
LO-' M in 0.025 M phosphate, pH 6.1). This was followed by
the addition of the appropriate volume of alkyl sulfate solution
in the same buffer, not exceeding 4 m!. The final volume of the
aqueous phase was adjusted to 5 m!. and contained 0.025 M
phosphate, pH 6.1. For the extraction 5 m!. of the mixed sol
vent were added and the tubes were stoppered and shaken by
hand about 50 times.

Centrifugation for a few minutes resulted in the complete sepa
ration of the two phases with the organic phase, containing the
colored complex, at the bottom. Its spectral absorption was then
measured with the colorimeter against the referenee tube filled
with solvent. After the necessary corrections, including that
for the blank, the amount of alkyl sulfate was read from the
appropriate calibration curve.

Considerable variations in the conditions of the procedure can
be tolerated. The use of pararosaniline hydrochloride does not
lead to an increase of the blank nor does the use of 0.05 M phos
phate buffer, pH 7.0. Furthermore, with dodecyl sulfate at
least, the same sensitivity is observed with both dyes and under
either set of buffer conditions.

Typical calibration curves for octyl, decyl, and dodecyl sulfates
based on the procedure described above are shown in Figure 1.
The upper scale refers to octyl sulfate and the lower one to the
other sulfates. These curves were obtained with .specially puri
fied samples of alkyl sulfates supplied by the Fine Chemicals
Division of :E. 1. du Pont de Nemours & Company. The cali
bration data are plotted in terms of the amount of alkyl sulfate
used in the analysis.

DISCUSSION

Though the authors have not investigated in detail the nature
of the dye-anion complex, it is fairly evident that its formation
and extr~ction depend on the electrostatic interaction between
opposite charges and the presence of a large nonpolar group in
the organic anion. The significance of the latter is apparent
from a comparison of the calibration curves in Figure 1. vVith

ANALYTICAL CHEMISTRY

450 2

400

350

3
~z
is
j250
a::
f-
f-

'::J 200
:<::
f-
wz

150

100

50

2 3 '4

MOLES OF ALKYL SULFATE X 10-8

Figure 1. Calibration Curves

increase in chain length the molar sensitivity of the method in
creases and the curves deviate less from linearity. This is, of
course, precisely the behavior one would anticipate if the frac
tion of organic anion extracted into the organic phase as a colored
complex increased with chain length. This conclusion has been
verified experimentally by making a second extraction of the
aqueous phase. The usual procedure was carried out with 4 X
10-8 mole of dodecyl sulfate and 10 X 10-8 mole of octyl sulfate
to give net Klett readings of 309 and 326, respectively. A second
extraction with 5 mi. of solvent was performed on 4-m!. aliquots
of the aqueous phases including blank,controls. The net Klett
values obtained, 1 for the dodecyl compound and 175 for the
octyl compound, clearly demonstrated the dependence of the
efficiency of extraction on the chain length of the detergent.

Inasmuch as only electrostatically neutral complexes would be
expected to be extractable into the organic phase, it was inferred
that the molecular ratio of dye to detergent in the complex is 1 to
1. This conclusion was liubjected to experimental test by extract
ing 5 m!. of a buffered solution containing 4 X 10-8 mole of para
rosaniline hydrochloride and 100 X 10-8 mole of dodecyl sul
fate with 5 m!. of solvent. Because of the large excess of deter
gent, the dye was eompletely transferred to the organic phase
and gave a net Klett reading of 326. On the other hand, with 4 X
10-8 mole of detergent a net reading of 307 was found by the usual
procedure (involving dye excess). The ratio of the readings is
0.94, a value that is sufficiently close to 1 to establish the 1 to 1
stoichiometry of the dye-detergent interaction.

Whereas the drop in molar sensitivity is slight between do
decyl and decyl sulfates, the sensitivity for octyl sulfate is less
than one half that for the other homologs. The concentrations
of the alkyl sulfates used for analysis were far below the critical
micelle concentrations (2, 3).

One of the most persistent difficulties eneountered in this
study was the high and variable blanks. This was not due to the
solubility of the dye in the organic solvent, but rather to con
tamination and absorption of the dye on the glass surface. By
the use of Pyrex tubes and the procedure described above it was
found possible to obtain satisfactorily low and consistent blanks.
Over a period of weeks the average Klett readings for the blanks
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varied from 20 to 30, though in any particular series the individual
readings generally agreed to within 2 units.

The dependence of the amount of colored complex extracted
on the aqueous dye concentration was considerably different
among the several homologs, but was consistent with the other
differences noted above. A twofold increase in the dye concen
tration gave a 45% increase hJ. the net Klett reading for octyl
sulfate, about 8% for decyl sulfate, and practically none for
dodecyl sulfate. Associated with this higher dye concentration
was a slight increase in the blank reading. Increase of phosphate
concentration from 0.025 M to 0.05 M yielded a 7% increase in
the reading for octyl sulfate. No change in blank reading was
observed. However, the presence of higher salt concentrations
e.g., 0.1 M sodium chloride-resulted in large increases in the
blank.

The use of a mixed solvent instead of pure chloroform was
dictated by the observation that the presence of ethyl acetate
increased the efficiency of extraction of the colored complex.
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However, because its inclusion did give rise to higher blanks, a
compromise figure of 50% was selected.

A few attempts were made to apply this method to long-chain
fatty acids, but without success. Its failure in this case was un
doubtedly associated with the weakly acidic character of the
carboxyl group.

ACKNOWLEDGMENT

The authors are grateful to R. Keith Cannan for the generous
hospitality afforded them in his laboratory during this investiga
tion.

LITERATURE CITED

(1) Brodie, B. B., Udenfriend, S., and Levy, B., personal communi
cation.

(2) Corrin, M. L., and Harkins, W. D., J. Am. Chern. Soc., 69, 683
(1947).

(3) Hoffner, F. D., Piccione, G. A. and Rosenblum, C., J. Phys. Chern.,
46, 662 (1942).

RECEIVED August 8, 1949. Investigation conducted during tenure of a
fellowship in cancer research of the American Cancer Society, recommended
by the Committee on Growth, National Research Council.

Determination of Water in. Glycols and Glycerol
CHARLES B. JORDAN AND VIRGIL O. HATCH

Paint and Chemical Laboratory, Aberdeen Proving Ground, lHd.

A method has been developed for determining the

percentage of water, by volume, in glycol-water or
glycerol-water solutions. The procedure IS a reHux

distillation and salting-out process. I-Butanol was

selected as a reHuxing medium. This solvent forms
an azeotrope with water, but not with glycol or

glycerol, and is capable of breaking the hydrates

which are fonned in aqueous glycol solutions. Forty.

samples of known conIposition, varying in water

I N PHASE rule studies of aqueous glycol or glycerol solutions,
it is essential that the exact percentage of water be known.

Boiling points, freezing points, and corrosive action on metals
depend upon the amount of water in the solution. An industrial
application of this type of problem exists in the investigation of
permanent-type antifreeze solutions.

Several methods of determining water in different substances'
have been perfected, but no method could be found which would
accurately and rapidly determine large percentages of water in
glycol or glycerol samples. The accuracy of the Karl Fischer

content from I to 95%, were anal),zed. The method
was found to be reliable and accurate. It is also

applicable to mixed glycol-water solutions and mix

tures of glycols with glycol-ethers and/or I-butanol
and alcohols containing Dlore than four carbons.

The Dlethod is especially applicable to perrnanent
type antifreeze solutions. It works equally well

for new or used antifreeze solutions, with no in
terference from inhibitors or inorganic impurities.

method of determining water (3) decreases rapidly as the water
content exceeds 2%. The presence of dyes and certain inorganic
salts affects the Karl Fischer method by giving false end points
during titration. Therefore the method is not accurate for all
antifreeze mixtures. Stevens and Nickels (5) determined small
amounts of water in glycols and glycerol by means of a cloud
point; however, this procedure is not applicable where large
percentages of water are present.

A method of determining water in petroleum products (1),
using the Dean and Stark apparatus (2) with toluene as the re-

Table I. Determination of Composition of Glycol, Glycerol, and Antifreeze Solutions

Water Known Butanol Known Nonvolatile CoIistituent"
Run Base Temp. Received Water Error Received Butanol Error Received Known Error

of. MI. MI. MI. MI. MI. MI. MI. MI. MI.
1 Ethylene glycol 385 0.5 0.5 0 20.0 20.0 0 99.0 99.5 0.5
2 Ethylene glycol 385 30.0 30.3 0.3 20.0 20.0 0 69.5 69.7 0.2
3 Ethylene glycol 385 50.0 50.3 0.3 20.5 20.0 0.5 49.5 49.7 0.2
4 Ethylene glycol 385 70.5 70.2 0.3 19.5 20.0 0.5 29.5 29.8 0.3
5 f~~rr~~~~egllcol 385 95.0 95.0 0 20.0 20.0 0 5.0 5.0 0
6 385 5.0 5.5 0.5 20.5 20.0 0.5 94.5 94.5 0
7 Antifreeze A 385 52.5 52.8 0.3 20.5 20.0 0.5 47.0 47.2 0.2
8 Antifreeze B 385 20.0 19.5 0.5 54.5 54.0 0.5 46.0 46.5 0.5
9 Propylene glycol 370 1.0 1.0 0 20.5 20.0 0.5 98.5 99.0 0.5

10 Propylene glycol 370 50.5 50.5 0 20.0 20.0 0 49.5 49.5 0
11 Diethylene glycol 450 2.0 2.0 0 19.5 20.0 0.5 98.5 98.0 0.5
12 Diethylene glycol 470 51.0 51.0 0 20.0 20.0 0 49.0 99.0 0
13 Antifreeze C 385 4.0 4.0 0 20.0 20.0 0 96.0 96.0 0
14 Antifreeze C 385 51.5 52.0 0.5 20.0 20.0 0 48.5 48.0 0.5
15 Glycol mixture 370 10.5 11.0 0.5 20.0 .20.0 0 89.5 89.0 0.5
16 Glycerol 450 3.0 3.0 0 20.0 20.0 0 97.0 97.0 0
17 Glycerol 450 41.5 41.8 0.3 19.5 20.0 0.5 58.5 58.2 0.3
18 Glycerol 450 70.5 70.9 0.4 20.0 20.0 0 29.0 29.1 0.1
" Figure obtained by measuring volume of liquid remaining in distilling Bask after distillation.
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Table II. DeterIDination of Water Content in Glycol,
Glycerol, and Antifreeze Solutions

Water Known
RUD Base Temp. Received Water Error

of. MI. MI. MI.

I Ethylene glycol 350 0.5 0.5 0
2 Ethylene glycol 350 30.0 30.3 0.3
3 Ethylene glycol 350 50.0 50.3 0.3
t Ethylene /tlycol 350 70.5 70.2 0.3
.j Ethylene glycol 350 94.5 9.;.0 0.5
7 Propylene glycol 350 1.0 1.0 0
8 Propylene glycol 350 50.5 50.5 0
!l Antifreeze D 3.10 31. 5 32.0 0.5

10 Diethylene glycol 350 2.0 2.0 0
II Diethylene glycol :l.1O 51. 0 51. 0 0
12 Glycol mixture 350 10.5 11.0 0.5
13 Glycerol 3,,0 3.0 3.0 0
14 Glycerol 3.10 41. 5 41. 8 0.3
15 Glycerol 350 70.5 70.9 0.4
Iii 2-:\1ethyl-~. 4-pentam·diol :l50 15.0 1.';.0 0

---- -_._-----~----

fluxing medium, could not I>p used. because toluene, water,
and ethylene glycol form a ternary constant boiling mixture.
Xylene was substitutpd for toluene but produced the same effect,
as found by Trusler (6). TIl(' samp difficulty was encountered
when petroleum naphtha was suhstituteu for toluene.

In their method of separating water and glycerol, Il'menev and
Ovechkina (,.0 made usp of the fact that I-butanol formed a 'con
stant boiling mixture with watpr. For cases where the percent
age of water was great. ver~' largt> quantities of I-butanol were
required.

The reflux distillation methou, as originally proposed by Dean
and Stark (2), was adapted to the determination of water in the
presence of glycols and/or glycerol by using I-butanol as a re
fluxing medium. Tables I and II are representative of the re
sults and accuracy that ma~' be obtained hy this method.

APJ'ARATUS

The apparatus consists of a 25D-ml. round-bottomed, short
necked flask, with standard-taper ground joint 24/40, having
one side inlet tube for inserting a 580 0 F. thermometer. A Dean
and Stark (Barrett type) receiver trap with stopcock and stand
ard-taper ground joint 24/40, capacity 10 mI., is used. The
water condenser is equipped with a male ground joint, standard
taper 24/40, and has a water-jackt,t length of 400 mm. A drying
tube containing anhydrous calcium ehloride is inserted into the
top of the condenser. An eleet.ric heater of the rheostat type,
600-watt, or similar "ontrollahle heat source may be used
(Figure 1). .

I'ROCEDURE

Procedure I is a method for uetermining percentage, by volume,
of water in a single known glycol or glycerol. Procedure II is a
method for determining percentage, by volume, of water in an
unknown glycol, a glycol mixture, or permanent-type antifreeze
solution.

Procedure 1. Transfer exactly 100 ml. of the sample to be
tested into the round-bottomed f1a.~k, and add exactly 20 ml. of 1
butanol (distilling range 238 0 to 243 0 F.) and a few boiling chips.
Insert the thermometer into the arm of the flask until the bottom
of the bulb rests 0.25 inch (0.6 em.) above the level of the liquid.
Connect the flask to trap extension and insert the condenser.
Set heat control so that the temperature will rise slowly but
steadily until boiling commences, and adjust heat source to
maintain a slow steady boil. For test samples having large
percentages of water, it will be necessary to withdraw 5-ml. por
tions of water from the trap into a loa-ml. stoppered graduated
cylinder at regular intervals. Care should be taken to maintain
the lower layer (water layer) in the t.rap as high as possible dur
ing refluxing. Thus, the temperature of the flask cannot rise
much above the boiling temperature of I-butanol. Reflux for
2.5 hours and check the lower layer in the trap. Check again in
20 minutes. If no visible change in volume is noted, withdraw
the water layer into the stoppered gl'llduate.

Allow distillation to continue by increasing the heat source,
if necessary, until the thermometer reaches a temperature 3 0 F.
below the boiling point of the glycol. Butanol should be re
moved from the trap, into the same stoppered graduate contain-
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ing the water, at regular intervals so as to prevent its flowing
back into the flask. When the thermometer records a tem
perature 3 0 F. b~lo~'l the boiling point of t~e gl.ycol, all the buta;nol
will have been distilled; only glycol remams III the flask. With
draw the remainder of the butanol into the graduate.

For samples containing large percentages of water, it will be
necessarv to use two loa-ml. glass-stoppered graduates. Any
one graduate should not contain more than 80 ml. of liquid, leav
ing sufficient graduation to record volumes during the salting-out
process.

CALCULATION. Record volume of liquid in the stoppered
graduate to the nearest 0.5 1111. To this liquid, add 1 gram of
anhydrous potassium carbonate. Stopper, shake well, and al
low to settle. Read the volume of the butanol (top layer) to the
nearest 0.5 ml. Add 1 gram more of anhydrous potassium car
bonate, stopper, shake well, and allow to settle again. Again.
read the volume of butanol. If the butanol volume has increased
add successive I-gram portions of potassium carbonate until no
increase in butanol content is noted. Record the volume of
butanol, and subtract it from the original volume of liquid re
corded. This will be the volume of water present in this sample
and will be numericall~' equal to the percentage of water in the
sample.

If during the reflux distillation, no water layer is formed and,
upon the addition of 1 gram of potassium carbonate, no layer
separates, allow the graduate to stand for 1 hour. If still no
separation is noticed, this indicates that only a small amount,
if any, of water is present in the sample. Pour the butanol into
another graduate, allow for proper drainage, then read the new
volume to the nearest 0.5 mJ. Any water present will have been

Figure 1
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absorbed by the potassium carbonate. The difference in vol
umes of liquid in the two graduates will be the volume of water
present in the sample and numerically equal to the percentage of
water in the sample.

Subtract the calculated volume of water from the original
lOO-m!. sample. This will be the volume of glycol or glycerol in
the samjJle and numerically equal to the percentage of glycol or
glycerolm the sample.

The percentage of glycol or glycerol can be checked by properly
draining the distilling flask, after cooling, and measuring the
volume of liquid remaining in the flask (Tahle I).

Procedure II. For aqueous mixtures of glycols or antifreeze
solutions of the permanent type containing polyhydric alcohols
of unknown boiling point, it is possible to determine the water
content by use of Procedure I with the following modificat.ion:

Aft.er t.he 2.5-hour reflux, or at t.he t.ime when no increase in
the water layer is not.iced, remove the water layer from the trap.
Cont.inue the distillation until the temperature of the vapor just
reaches 350 0 F., and withdraw all liquid in the trap. Perform
salting out and calculations as before (Table II).

The presence of glycol ethers, I-butanol or higher alcohols, 01'
inorganic salts, does not interfere with this procedure.
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ACCURACY

From Table I, based on glycols, glycerol, and antifreeze solu
tions of knmm composition, it can be seen that the maximum
difference in volume received and known volume of water, buta
nol, or glycol is 0.5 ml. Table II, giving the water determination
in compounds of presumably unknown composition, shows a
maximum 0.5-m!. errol'.
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Determination of Sealing Strength of Paraffin Wax
c. S. FUNK AND H. D. DAVIS

Western Waxed Paper Company, San Leandro, Calif.

J. E. HANSON AND J. R. SEGESSER

California Research Corporation, Richmond, Calif.

In the manufacture of waxed heat-sealing wrappers-e.g., bread wrappers and
carton wrappers-the sealing strength of paraffin wax plays an important part
in establishing whether or not the finished paper will be satisfactory for its in
tended use. The method described offers a means of evaluating sealing strength
with an accuracy within 5%. In most laboratories it is not possible to duplicate
commercial waxing methods, but the test method presented here correlates with
commercial results.

EVERY year a large quantity of waxed paper is used in wrap
pers for food products to protect foods against changes in

moisture content during shipping and storage. Use has been
made of the thermoplastic property of t.he wax coatings on these
papers to provide heat-sealed closures on the packages. Typical
examples are waxed bread wrappers and waxed carton overwraps.
Automatic packaging machinery has come into common use for
the application of these wrappers to the bread loaves or to the
cartons. The heat seals are commonly made by passing the
wrapped package first between heated plates and then between
000led plates, and applying pressure during both heat.ing and cool
ing periods.

In order to be certain that a sufficiently strong heat-sealed
closure will be provided by the waxed wrapper, it is necessary to
be able to measure the sealing ability of the wax used, to compare
waxes available from different sources, and to select a wax that
can be counted on to meet the requirements of the particular
wrapper.

Some indication of the heat-sealing ability of the wax can be ob
tained from measurement of its tensile strength. In general, in
comparing paraffin waxes of similar melting point, it can safely
be assumed that the wax with the highest tensile strength will
possess the greatest sealing strength. Such an assumption is not
considered correct, however, if waxes of different melting point or
different composition are being compared.

A method of determining directly the heat-sealing ability (seal
ing strength) of the waxes obviously is desirable for making such
comparisons.

One method for sealing strength determinations has been

briefly described by E. 1. du Pont de Nemours & Company (1).
This method of sealing requires passing a roller over strips of
waxed paper placed on a heated surface. The type of machine
used to test the seal was not described. Padgett (2) recognized
the importance of sealing strength and referred briefly to a test
method. Other authors have mentioned sealing strength without
presenting a complete method of evaluating it. This paper de
scribes a laboratory method of applying uniform films of paraffin
wax to paper, sealing the waxed sides of the paper together be
tween hot glass plates, and measuring the force required to sepa
rate the heat-sealed papers.

Al'PARATUS

A supply of unwaxed opaque bread-wrap paper, preferably in
1'011 form, 5 inches wide. The paper used in this series of tests was
M.G. coated opaque sulfite bread-wrap weighing 25.5 pounds per
ream (24 X 36 inches, 500 count).

Glassine paper, 24.0 pounds per ream (24 X 36 inches, 500
count).

Five steel disks, 7 inches in diameter, 1.25 inches thick, weigh
ing 14 pounds, having one face flat and polished and the other
fitted with a handle.

Five steel disks, 7 inches in diameter, 0.625 inch thick, and hav-
ing one face flat and polished.

Disks of blotter paper 7 inches in diameter.
Oven, controlled to ±2° F. at 200 0 F.
Five glass plates, 0.25 X 4 X 4 inches.
Five glass plates, 0.25 X 5 X 5 inches.
Two glass trays, 2 X 6 X 10 inches for waxing paper.
Two racks for suspending waxed paper.
Paper cutter or sharp scissors.
Sealing strength tester (Figures 1 and 2).
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American recording chart No. FO-IS0-8.
Planimeter for measuring t.he area within an irregular closed

tine. "'::.i

Figure 2. Sealing Strength Tester

CALCULATIONS

The line inscribed by the recurding peu is somewhat irregular
in shape, as illustrated in Figure 4. To determine the average
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same procedure is used to prepare paper waxed with the standard
wax.

Precautions. Wax should uot be scraped off on the tray edge
when the paper is w3:xed, .

During oven treatmg carp s~lUuld be. ex.ef(ase~ to preveI!t t~e
paper from touching the oven SIdes 01' stICkIng to Itself, as thiS WIll
result in erratic sealing st.rength values.

The tests should be l'ompleted within 1 hour after oveu treat
ing.

SEALING TEST

Two 4 X 5 inch sheets uf waxed paper are placed ~ith their
glossy waxed sides togeth~r b~tween two sheets of glassme paper.
This waxed paper sandWich IS placed between two glass plates
preheated to 195 0 to 205 0 F. The bottom 5 X 5 inch ~lass plate
rests on a 7-inch diameter steel disk and the top 4 X 4 mch glass
plate is pressed down with a 14-pound, 7-inch diameter steel disk,

The glass plates are insulated from the steel disks with blotter
paper. After 5 minutes, the sealed sheets of waxed paper are re
moved and cut to exactly 3.5 X 4 inches, making sure that a!1
edges are trimmed. The 4-ineh dimension is in the machine di-
rection of the paper. .

Before the laminated sheets are attached to the sealing strength
tester the pen arm is adjust.pd to zero on the recording chart.
The s~aled sheets are peeled apart about 0.5 inch across th~ 3.5
inch dimension and the resulting ends are attached to the clips on
the horizontal bar. The motor is started and pulls the ends of the
sealed sheets apart at the rate of 21 inches per minute. A record
of the force required to separate the sheets is made on the .re?ord
ing chart. Strip width can be altered when necessary to ehmmate
extremely large or small deflections of the pen arm.

Normal useof the sealing strength tester requires the adjustment
of setscrew 1 and pen arm 2. Setscrew 1 is adjusted until it just
touches the spring, then pressure is increased. by turning ?l~c~

wise for three fourths of a turn. The pen arm IS moved until It IS
about 0.25 inch from the zero circle of the recording chart, and
final adjustment is made t.o the zero .circle w!th setscrew 1. Static
friction is overcome b~' geIlt!~· tn,ppmg the mstrument after each
n,djustment of the sptscrp\\',

1. Setscrew to adjust, spring tensioll
2. Pen arm
3. Clip
4. Pulley
5. Adjustable lever arm
6. Setscrew
7. Setscrew

CALIBRATION AND PROCEDURE

Adjusting Sealing Strength Tester. The following parts in
Figures 1 and 2 are referred to when calibrating or adjusting the
instrument:

figure 1. Sealing Strength Tester

Calibrating Sealing Strength Tester. The ealibration is
checked by suspending a IO-gram weight over pulley 4 by.means
uf a small string or thread that is attached to cltp 3. The mstru
ment is tapped near the record~ng pen an~ near pull~y 4 at the
same time until a constant readmg IS obtamed. The mstrument
was calibrated with a 10-gram weight for a deflection of 75 units
on American recording chart No. FO-I50-8. This value should be
c:hecked each day the instrument is used. ..

In order to calibrate the instrument a 10-gram weight IS sus
pended over pulley 4 as describe~ above. The deflection of t~e
pen is adjusted to 75 by changmg the length of lever arm i>.

When the levels of setscrews on lever arm 5 are changed, clamp 3
(unloaded) is adjusted to the same height above the hase ~Y
means of setscrews 6 and 7. These two setscrews allow the entIre
assembly between 6 and 7 to be moved vertically.

After a deflection of 75 units is obtained with a lO-gram weig!lt,
(·he instrument is calibrated with weights of 1 to 20 grams usmg
the procedure required for checking the calibration. Figure 3 is a
plot of the deflection radius against force in grams.

Procedure. Eight IS-inch strips cut successfully from a stub
roll of bread-wrap paper are arranged in such a manner that the
first third fifth, and seventh sheets are used with the wax to be
tes~d. The alternate sheets are used with the standard wax.
Alternate sheets are used in this manner to minimize the varia
tions which normally might occur in the test paper. The test
sample of wax is placed in a 6 X 10 inch nay and heated to 175 0

to 185 0 F. The paper is waxed on the glossy face only by passing
over the surface of the molten wax. With practice the paper
strips can be pa.ssed over the wax surface without running wax
onto the back of the paper. The waxed paper strips are suspe!ld~d
from a rack to permit draining of wax across the paper while III

the oven. The strips are then placed for 10 minutes in an oven
set at. 200 0 F. After oven treating, the strips of wa.xed pape~ are
stacked with the glossy face up and cut, into 5-mc~ sect!ons.
These sections are then cut to approximately 4 X 5 mch pieces
\\ith the 5-inch edge in the machine direetion of the roll. The
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radius, a semicircular section is selected that excludes the first and
last sections of the recorded curve. I t is generally preferable to
select a section that starts just after full load is applied.

An average radius of the sealing strength curve is calculated
from the planimetered area of the semicircle. A mean radius is
calculated for five determinations, discarding all value ±5% from
this value and recalculating the mean. Five similar determina
tions are made using the standard wax.

Total force is obtained from the calibration curve and converted
to grams per inch.

The sealing strength of the standard wax was established by av
eraging values obtained from 60 determinations. A correction is
applied to the sealing strength of the test sample by means of the
following equation:

s=:i. XB
a

Table I. Oven TreatDlent at Various TeDlperatures and
TiDles

Lab. Oven Oven Wax: on Sealing
Temp., Temp., Time, Paper, Stren,th.

OF. of. Min. Lb./Ream" GraIllB Inch

75 160 5 17.2 3.7
75 160 10 13.1 3.4
76 180 5 13.1 3.1
75 180 10 2.9
72 200 2 13.1 3.0
83 200 5 11.6 2.7
82 200 7 10.1 2.6
77 200 10 10.3 2.6

a After oven treating.

Table II. Variable Waxing TeIllperatures
Lab. Temp., Waxing Temp., Wax on Paper, Sealing

o F. 0 F. Lb./Ream Strength

77 160 9.8 2.6
76 190 10.3 2.6
78 210 9.9 2.7

2.6
2.7
2.8

2.6
2.6
2.6
3.4

77
77
77

24
24
24
24

Effect of Aging TiIlle
Aging Temp., Sealing

o F. Strength

Conditioning Paper before Waxing
Storage Sealing
Time, Stren~th,
Hours GraIllB/Inch

0

~
l--'

0..
0

----<>~

0

0

Table III.

~ ...
.....
e
:c
0- 3.

'"Z.....
a:
t;
~ 2.

::::;
..:.....
<I)

Aging Time,
Hours

10 min.
2

24

Relative'
Humidity,

%
Anhydrous

45
81

100

Table IV.

ness as sealing strength. Near 10 pounds per ream of wax the
sealing strength remains fairly constant at 2.6 grams per inch.

Sealing strength was not changed significantly when the bread
wrap paper was waxed at different temperatures, as shown in
Table II.

The effect of aging time after oven treating and before sealing
was determined at 10 minutes, 2 hours, and 24 hours. As shown
in Table III, the sealing strength changes very slowly on aging.

10 12 '4 16 ..

WEIGHT Of WAX filM (LB.lREAM)

Figure 5. Effect of Wax FilIll
Thickness on Sealing Strength

In order to evaluate the effect of humidity on sealing strength,
unwaxed bread-wrap paper was stored at constant humidities for
24 hours. Table IV indicates that sealing strength remained con
stant at 2.6 grams per inch up to 81 % relative humidity. At
100% relative humidity the sealing strength increased to 3.4
grams per inch. This increase was probably due to the moist con
dition of the paper. Moderate changes in laboratory humidity
from day to day should not materially alter sealing strength val
ues.

The effect of sealing temperature on sealing strength is shown
in Table V. The measured sealed strength increases with an in
crease in sealing temperature. The tests run at higher tempera-

where S = corrected sealing strength of sample, A = standard
sealing strength value of standard wax, a = measured sealing
strength of standard wax, and B = measured sealing strength of
test sample.

Figure 4. Sealing Strength Trace

EXPERIMENTAL

Using the sealing test procedure described above, systematic
changes were made at different important steps in the procedure
to determine the variation in sealing strength. To eliminate
changes due to the paper, a control run was made with paper from
the same section of the roll. The refined paraffin wax used in all
tests had a melting point of 147· F. (American melting point).
A sealing strength of 2.6 grams per inch was established as the
average of 60 determinations.

For all tests one factor was varied while the remaining condi
tions were the same as those used for the control.

It can be seen from Table I that an oven temperature of about
200· F. is required to drain the excess wax. At this temperature
about 7 minutes are required for the wax in the paper to reach a
constant level.

Figure 5 illustrates the relationship between sealing strength
and wax thickness on the test strips. The increase of sealing
strength with an increase of wax thickness can be primarily attrib
uted to the instrument characteristic of measuring paper stiff-
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Table V. Variable Sealing Temperature
Initial Temp., Sealing Strength,

Glass Plates, 0 F. Grams/Inch

tures indicated no advantage over those run at 200 0 F. Experi
mentally it is easier to work at the lower temperature.

Table VI demonstrates the change in sealing strength caused by
variations in the paper. These variations can be corrected by the
use of a control run with a standard wax. Each value was ob
tained using paper from a different stub roll. All the stub rolls
were cut from one large roll.

DISCUSSION

In most laboratories, the preparation of waxed paper for a seal
ing strength test does not duplicate the conditions attained by
machine-waxed paper t.or commercial use. With this in mind a
test method should eliminate or reduce to a minimum the effect of
as many variables as possible. The results of experiments con
ducted have shown that waxing temperature and moisture con
tent of the paper before waxing for normal laboratory conditions
do not affect sealing strength values. Hand waxing of paper pro
duces an uneven film of wax, which results in erratic sealing
strength values. If the paper is placed in an oven to allow the ex
cess wax to drain off, reproducible results are obtained. It was
found that 7 to 10 minutes at 200 0 F. resulted in a uniform wax
film thickness. Oven treating also adjusts the humidity content
of the paper to a common level, thus minimizing the effect of
moisture conte'nt. Aging time after oven treatment results in a
gradual increase but is within experimental error if the test is
completed within 1 hour after oven treating. Although sealing

200
250
300

Table VI.

Stub Roll

1
2
3
4
5
6

2.6
2.8
3.3

Effect of Paper Variations
Sealing Strength,

Grams/Inch

3.1
2.9
3.1
2.5
2.5
2.8

strength increases with sealing temperature, the increase between
200 0 and 250 0 F. is only 8%. Therefore, sealing strength valueil
are well within the limits of experimental error when small
changes of plate temperature occur at 200 0 F.

No method of known accuracy was available for comparison
with this method. The mean deviation from the mean of 60 tests
was found to be less than 5% after correcting for deviation in re
sults due to paper differences.

In addition to evaluating straight paraffins, this method has
been used to compare the sealing ability of wax blends and to
evaluate wax additives. Not only can tests be made on labora
tory-waxed samples, but this same instrument has been useful in
comparing machine-waxed samples. In this use, commercial
machine-waxed samples are sealed together between hot glass
plates in the manner described for oven-treated laboratory-waxed
samples. The force required to separate the heat-sealed sheets is
measured by means Of the same sealing strength tester. An im
portant use that has been made of this sealing strength tester is
the investigation of customer complaints.

CONCLUSIONS

This test method permits the determination of sealing strength
of different grades of paraffin waxes, and values can be correlated
with results found in commercially waxed paper. 'With usage a
minimum sealing strength can be established that will result in
satisfactory seals for bread-wrap paper.
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Colorimetric Determination of Reducing Sugars
with Triphenyltetrazolium Chloride

A. M. MATISONl AND C. O. JENSEN

The Pennsylvania State College, State College, Pa.

TRIPHENYLTETRAZ?LIUM chlori~edissolves in w~ter to
form a colorless solutIOn. Upon bemg reduced, thiS salt

forms triphenylformazan, which is a red water-insoluble com
pound (.If). Reducing sugars in an alkaline medium are capable
of reducing triphenyltetrazolium chloride (5) and the quantity of
formazan formed is proportional to the quantity of reducing
sugars present. If time, temperature, and alkalinity are con
trolled, this reaction can be used as the basis of a convenient
colorimetric method for the determination of reducing sugars.

REAGENTS

Sodium hydroxide solution, 1.00 N.

1 Present address. N. Y. Agricultural Experiment Station, Geneva, N. Y.

Acid-pyridine, 15 m!. of concentrated hydrochloric acid per 100
Ill!. of pyridine.

Tetrazolium reagent, 0.5% solution of 2,3,5-triphenyltetra
zolium chloride in water. This reagent is somewhat sensitive to
light. It is desirable to make it daily, although it may be kept for
longer periods if stored in a dark cool place. (The tetrazolium
salt can be secured from Arapahoe Chemical's, Inc., Boulder,
Colo., or Panone Chemical Co., Farmington, Conn.)

APPARATUS

A constant temperature water bath maintained at 25 0 ± 0.1 0 C.
A photoelectric colorimeter with a 490 mJL filter or a spectro

photometer. The data reported in this article were secured with a
Coleman Model 14 spectrophotometer using square cuvettes, 13
X 13 X 100mm.



VOL U M E 22, N O. 1, JAN U A R Y 1 950 183

A convenient colorhnetric method has been developed for the determination of
sugars by the reduction of triphenyltetrazolium chloride and found applicable
to the analysis of lactose in milk. The percentages of glucose and of fructose.
may be determined in a mixture of these sugars by using the Quisumbing and
Thomas method and the proposed method. Glucose and fructose have been
determined in honey by this method.

STANDARD CURVES

Table I. Relative Reducing Power of Some Reducing
Sugars

the tetrazolium reagent by glucose followed by the addition of
pyridine had a minimum transmittance at 480 to 500 mit. A
similar study on a solution of recrystallized triphenylformazan
dissolved in chloroform gave a value of 490 mit as the wave
length of minimum transmittance. Therefore 490 mit was chosen
as the wave length for transmittance measurements.

where L equals optical density (2 - log G), and e equals sugar
concentration in milligrams per 10 m!. of sample solution.

The K values for lactose, glucose, fructose, and invert sugar are
presented in Table I. A comparison of the amount of lactose
found by using the determined K value with the amount actually
present in known lactose solutions is shown in Table II.

(1)

1:00
0.92"

0.523
1.00
7.07
4.14

Relative Reducing Power
Quisumbing

Tetrazolium and Thomas
method method

K = Lie

Table II. Determination of Lactose
Present, Found, Present, Found.

Sample Mg. Mg. Sample Mg. Mg.

1 24.7 24.9 9 13.8 14.1
2 23.7 23.4 10 12.4 12.4
3 22.3 22.3 11 10.4 10.3
4 20.7 21.2 12 9.9 9.7
5 19.8 19.8 13 7.4 7.4
6 18.5 18·.7 14 6.9 6.7.
7 17.8 18.0 15 6.2 6.1
8 14.8 14.9 16 5.9 5.8

K

Lactose 0 . 0268
Glucose 0.0512
Fructose 0.362
Invert sugar 0.212

a In range 100 to 150 mg.

Standard curves for lactose, invert sugar, fructose, and glucose
were established. Upon plotting the optical density (2 - log G)
against sugar concentration, straight-line graphs passing through
the origin were obtained. The slopes of these lines were evaluated
by averaging the individual K values for each particular sugar
concentration used. The K values were calculated by the equa
tion:

ANALYSIS OF MILK

Milk samples were clarified by the addition of neutr"al lead
acetate (2) followed by ammoniuJiIl oxalate. The copper sulfate
method of clarification could not be used, as it interfered with the
subsequent determination of lactose by the proposed method.
The clarified filtrate was used for analysis by both the proposed
method and the Quisumbing and Thomas method (1). The
10-m!. aliquot used for the proposed method corresponded to
0.5 gram of milk. The per cent lactose was calculated by use of
Equation 1, substituting the value 0.0268 for the constant K. A
comparison of the results obtained with milk samples by using the
proposed method and the Quisumbing and Thomas method is
shown in Table III.

SUGAR SOLUTIONS

The procedure employed will give readings between 10 and 85%
transmittance with the following concentrations of sugars (mg.
per 10 mI.): lactose 3 to 30, fructose 0.3 to 2.7, glucose 1.5 to 19,
invert sugar 0.4 to 4.7. The purity of each sugar used was
assumed to be the purity found as the result of an analysis by the
Quisumbing and Thomas method. Lactose concentrations are ex
pressl;d as anhydrous lactose.

Satisfactory results were also secured when round cuvettes, 19
X 105 mm., were used.

PROCEDURE

The sugar solution to be analyzed (10 m!.) is introduced into a
dry 50-m!. Florence flask and placed in a water bath, maintained
at 25.0 0 C., for 10 minutes to allow the flask and solution to reach
a constant temperature. A blank solution using distilled water is
also placed in the water bath.

Ten milliliters of alkali are added to each flask and the time is
recorded. The flasks are swirled to mix the solutions, returned
quickly to the water bath, and held in the bath for 6 minutes to
allow equilibrium temperature to be reached.

At the end of 6 minutes, 2 m!. of the tetrazolium salt solution
are added to each flask. The flasks containing the solutions are
agitated and returned to the water bath for exactly 30 minutes
after the addition of the tetrazolium salt.

At the end of this period 10 m!. of acid-pyridine are added to
each flask. The pyridine dissolves the formazan and a clear red
solution results, except in the case of the blank which is colorless.

The per cent transmittance is read at a wave length of 490 mit
by means of a photoelectric colorimeter or a spectrophotometer.
From this value the sugar content can be determined by means of
a standard curve previously prepared.

FACTORS INFLUENCING THE DETERMINATION

Alkalinity. The alkalinity of the reaction is one of the less
critical factors. The 1 N sodium hydroxide used may vary by
:3% without causing an appreciable error.

Temperature of Reaction. Because triphenyltetrazolium chlo
ride is readily reduced by reducing sugars at room temperature
in alkaline solutions, 25 0 C. was chosen as the standard reaction
temperature. The reaction is sensitive to rather small changes
in temperature. A change of : 1 0 C. from 25 0 C., for instance,
will result in an error of about 10% in a lactose· determination.
By controlling the water bath to :0.1 0 C. the error in per cent
transmittance due to temperature variations is reduced to 1% or
less.

Length of Reaction Time. The reaction time was chosen for
convenience as 30 minutes. This reaction time did not allow too
much color to develop and furthermore allowed a number of
samples to be run simultaneously. In order to control the varia
tion in transmittance to less than 1%, it is necessary to limit dif
ferences in the length of reaction time to : 30 seconds.

The reaction is terminated at a definite time by adding acid to
lower the alkalinity of the medium below that at which the
reaction will occur at room temperature. By incorporating the
acid and the pyridine in one reagent, the reaction is stopped and
the formazan is dissolved in one step. The color developed under
these conditions is stable for several hours if the solution is kept
out of direct skylight.

Wave Length. The preparation of a spectral-transmittance
curve showed that the red solution resulting from the reduction of



ANALYTICAL CHEMISTRY

where A is a constant that can be evaluated by substituting ex
perimentally determined values of Sand S' corresponding to
known' sugar concentrations.

The value of A so determined was found to be 6.48.

The honey was clarified with dialyzed cream of alumina accord
ing to the usual procedure (3). A rapid method of inversion by
heating after the addition of acid was used. Ten-milliliter sam
ples equivalent to 3 mg. of honey were used for the proposed

ANALYSIS OF HONEY

·The percentages of glucose and fructose in honey were deter
mined by using the method previously outlined for determining
glucose and fructose in a mixture of these sugars (Equations 3 and
5).

(4)

(5)

(S - S') = (a - a') F

(S - S') = AF

where
Sand S' are equal to the apparent per cent total sugars ex

pressed as glucose by the tetrazolium method and the Quisumbing
and Thomas method, respectively.

a and a' are constants denoting the relative reducing power of
fructose in a mixture of fructose and glucose by the respective
methods.

F equals per cent of fructose.
G equals per cent of glucose.
Subtracting Equation 2 from 3:

After the value of constant A has been established, Equation
5 can be used to calculate the percentage of fructose in unknown
mixtures of glucose and fructose from experimental values of S
and S.'. The per cent glucose may be determined by substituting
the value 0.92 for constant a' in Equation 3 and solving this
equation for G after the per cent fructose has been determined.
Experimental values obtained using known sugar mixtures are
shown in Table IV.
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Table III. Lactose in Milk

Lactose, %

Sample
Quisumbing

Tetrazotium and Thomas Ratio
No. method I method II IIII

4.44 4.34 1.023
4.44 1.023

2 4.25 4.32 0.984
4.31 0.998

3 4.39 4.39 1.000
4.36 0.993

4 4.28 4.29 0.998
4.31 1.005

5 4.56 4.54 1.006
4.56 1.006

6 4.53 4.48 1.011
4.50 1.006

7 4.76 4.65 1.024
4.76 1.024

8 4.76 4.69 1.017
4.76 1.017

9 4.19 4.07 1.030
4.16 1.022

10 4.16 4.09 1.017
4.13 1.010

11 4.25 4.17 1.019
4.25 1.019

12 4.37 4.28 1.021
4.31 1.007

13 4.46 4.38 1.018
4.43 1.011

14 4.43 4.35 1.018
4.37 1.005

15 4.40 4.32 1.018
4.40 1.018

16 4.46 4.35 1.025
4.40 1.011

Total 32.404
Mean 1.0126

Deterlllination of Glucose and Fructose .in Honey

Table IV. Mixtures of Glucose and Fructose
(Basis, 100% total reducing sugars)

DETERMINATION OF GLUCOSE AND FRUCTOSE IN MIXTURES

72.3

70.2

67.2

70.4

69.9

72.7

73.1

Total sugars

99.7
100.2
100.2
99.9

Quisumbing
and Thomas
method, %

(invert sugar)

Total Sugars

Combined
methods,

%
71.9
71.9

69.9
69.8

66.8
66.8

70.1
70.1
70.1
70.1

69.5
69.6
69.5
69.5

72.3
72.3
72.4
72.3

72.8
72.8
72.8
72.8

78.9
61.0
49.3
40.4

Fructose
Experimental Values, %

Glucose,
%

33.2
33.5

31.8
32.7

30.8
30.8

32.4
32.0
31.7
32.0

31.9
31.5
31.9
32.1

33.2
33.5
33.0
33.9

34.2
34.5
34.5
34.2

Glucose

20.8
39.2
50.9
59.5

Fructose,
%

38.7
38.4

38.1
37.1

36.0
36.0

37.7
38.1
38.4
38.1

37.7
38.1
37.7
37.4

39.1
38.8
39.4
38.4

38.6
38.3
38.3
38.6

66.8

66.5

63.9

69.7

67.0

69.2

Actual
Glucose,

%
20
40
50
60

Quisumbing
and Thomas

method,
S'(ap)

68.8

Apparent Total Sugars as
% Glucose

Tetrazolium
method,

Slap)

320
318

314
307

297
297

311
314
316
314

311
314
311
309

322
320
324
318

320
318
318
320

Table V.

2

5

4

7

3

6

Sample
No.

(3)

(2)aF + G

a'F + G

S

S'

The relative reducing power of fructose to glucose (Table I)
varies greatly between the proposed method and the Quisumbing
and Thomas method. Using the proposed method, fructose has
about seven times the reducing power of glucose, whereas when
using the Quisumbing and Thomas method fructose is only 92%
as active as glucose in the range of
100 to 150 mg. of sugar. The relative
activity of glucose and fructose in a
mixture of these sugars has been found
to differ somewhat from the relative re
ducing power of the single sugars. In
mixtures with glucose-fructose ratios of
20-80 to 6040 the relative reducing
power of fructose was found to be 7.40
times that of glucose. Using values ob
tained from sugar determinations by
both the Quisumbing and Thomas and
the tetrazolium methods it is possible
to 'calculate the percentages of glucose
and fructose in a mixture of these
sugars.

The development of the equations
necessary for the calculation of glucose
and fructose in a mixture is shown
below.
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method, and a sample containing 150 mg. of honey was used for
the Quisumbing and Thomas method. The results are found in
TableV.
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Determination of Certain Nitrogen-Containing
Functional Groups in Organic Compounds

WALTER W. BECKER

Hercules Experiment Station, Hercules Powder Company, Wilmington 99, Del.

Nitrogen exists in a considerable num.ber of com.binations with oxygen, hydrogen,
and carbon in organic com.pounds. It is often necessary to determ.ine the spe
cific nitrogen-containing functional group present. This paper presents a review
of available m.ethods for determ.ining certain of these groups. Included are
literature references and an outline of the procedures for the determ.ination
of the nitrate, nitro, diazo, azo, aIllino, am.ide, alkiIllide, and nitrile groups in
organic cOIllpounds.

N ITROGEN exists in organic compounds in probably more
_ combinations with oxygen, hydrogen, carbon, and itself
than any otheJ: element. Its several valences enable it to unite
with these other elements to form a variety of nitrogen-containing
functional groups. In early days only the total nitrogen could be
determined by the Kjeldahl or Dumas methods; as time went on,
methods for determining the specific groups began to be de
veloped.

This article presents a review of the available methods for the
specific determination of certain of these groups, which have been
arbitrarily divided into a number of classes for the purpose of
presentation. The principle of the procedure, a few typical com
pounds which have been analyzed, and literature references are
given.

NITRATE NITROGEN (-ON02)

The methods for determining nitrate nitrogen fall into three
general classifications.

By Nitrometer. The apparatus in general use today is the Du
Pont compensating-type nitrometer (29), which is a modification
of Lunge's gasvolumeter (21). With the du Pont nitrometer, the
nitric oxide generated may be readily brought to the volume it
would occupy at 20° C. and 760 mm.; this eliminates the need
for temperature and barometric corrections. Elving and Mc~

Elroy (10) developed a semimicronitrometer of the compensating
type, with a motor-driven shaker. The nitrometer is usually
standardized with potassium nitrate, which reacts with sulfuric
acid and mercury according to the following equation:.

2KNOs + 4H.SO. + 3Hg~ K.SO. +3HgSO. + 4H.0
+2NO

In assembling the nitrometer, care must be taken to dry all
glassware and to use clean mercury. As a safety precaution, a
cellulose acetate face mask must be worn during the generation of
the nitric oxide, in case of an explosion. When carefully trained,
the average analyst is able to operate the nitrometer safely.
Complete directions for assembling and standardizing the Du Pont
nitrometer, as well as the procedure for analyzing samples, are
given by Scott (34) and by the American Society for Testing
Materials (3).

The method can be applied to the analysis of nitroglycerin, .
nitrocellulose, pentaerythritol tetranitrate, and similar esters,. or
to compounds that liberate nitric oxide quantitatively. Ob-

viously, the method is inapplicable to nitrate nitrogen-containing
compounds that liberate carbon dioxide, sulfur dioxide, or gases
other than nitric oxide. Nitrogen in finished explosives usually
cannot be determined by means of the nitrometer because they in
variably contain stabilizers such as diphenylamine or diethyldi
phenylurea. These stabilizers undergo partial nitration in the de
composing bulb, and cause low results. However, certain com
pounds undergo quantitative nitration under these· conditions.
For example, if weighed amounts of potassium nitrate and
material containing mononitrotoluene are shaken with sulfuric
acid in the decomposing bulb, quantitative nitration to dinitro
toluene takes place. The decrease in volume of the nitric oxide
obtained is a measure of the mononitrotoluene present.

Saponification Methods. The reduction of inorganic nitrates
to ammonia by the use of Devarda's alloy is well known (2). It
would seem, then, that organic esters such as nitroglycerin and
nitrocellulose could be saponified with sodium hydroxide, and then
Devarda's method applied. Unfortunately, when such esters
are treated with sodium hydroxide, various reduction products
including ammonia are formed.

Muraour (24) avoided this difficulty by conducting the
saponification in an oxidizing medium. He dissolved the sample
in acetone, added sodium hydroxide, sodium perborate, and hy
drogen peroxide, then let stand overnight for the saponification to
sodium nitrate. He then added Devarda's alloy, heated, and dis
tilled the resulting ammonia into standard acid (2).

Considerable foaming occurs at the start of the distillation, due
to the presence of a floating layer of isophorone which is formed by
reaction of acetone and sodium hydroxide. A good distilling head
must, therefore, be used to prevent entrainment of alkali during
distillation.

Muraour's procedure has been used in this laboratory for vari
ous products, with good results. It is particularly applicable to
samples of lacquer containing nitrocellulose; in this case the
nitrogen content of the nitrocellulose- must be known or as
sumed in order to calculate the amount of the latter present.

Volumetric Reduction Methods. Knecht (16) first determined
nitric acid in aqueous solution by reduction to nitric oxide with
ferrous iron in hydrochloric acid solution, then titrating the re
sulting ferric iron with a standard solution of titanous chloride,
using ammonium thiocyanate indicator. In this laboratory, it
was found that Knecht's method could be used for the determina
tion of the nitrate nitrogen in nitroglycerin and nitroglycol, after
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dissolving the sample in glacial acetic acid (4). The procedure
could be applied in the presence of aromatic nitro compounds
such as 2,4-dinitrotoluene; the stabilizers diphenylamine and
diethyldiphenylurea did not interfere.

The equations in the case of nitroglycerin are as follows:

C3H.(ON02), + 9FeCl2+ 9HCl----+
C,H,(OH), + 9FeCl, + 3NO + 3H20

TiCl, + FeCI, ----+ TiCl, + FeCI,

NITRO NITROGEN (-NO,)

The methods for determining the nitro group depend upon the
three general types of organic nitro compounds; more than one
method is applicable to each type.

Nitro Aromatic Compounds. The reduction of the nitro group
by means of titanous chloride solution was first developed by
Knecht (16) and applied to various compounds by English (11)
and Callan and Henderson (6). The compound is dissolved in
water or alcohol and an excess of standard titanous chloride is
added. After boiling, the excess is titrated with standard ferric
iron solution, using ammonium thiocyanate indicator, thereby ob
taining a measure of the nitro nitrogen present. Six equivalents
of titanous chloride are required for each nitro group.

Certain nitro compounds do not reduce in the orthodox manner
with titanous chloride. For example, in hydrochloric acid solu
tion, low results for a-nitronaphthalene are due to the formation
of 1,4-monochloronaphthylamine. Nitroanisole becomes chlo
rinated in a similar manner. Using titanous chloride and sulfuric
acid, English (11) obtamed low results for nitro hydrocarbons such
as the mononitro derivatives of benzene, toluene, and xylene.
Callan and Henderson (6) showed that accurate results could be
obtained on the foregoing types of mononitro hydrocarbons by
using titanous sulfate in place of the chloride, and a reflux con
denser to avoid loss of the sample by steam distillation.

For compounds such as dinitrotoluene'and trinitrotoluene, a 5
minute boiling period is necessary in acid solution. With the use
of an alkaline buffer such as sodium citrate, Kolthoff and Furman
(17) state that the reduction will take place practically instan
taneously at room temperature. This shortened and equally
accurate procedure was used at ordnance plants operated by the
Hercules Powder Company (5) during World War II.

The polarograph may also be used to determine the nitro
group; the reduction at the dropping mercury electrode probably
proceeds as follows in the case of nitrobenzene:

C6H.N02 + 6H+ + 6e----+ C.H.NH2+ 2H20

Shikata (36) and his associates measured the reduction po
tentials of mono- and dinitrobenzene, mono- and dinitrophenol,
and the nitranilines, with satisfactory results. Kolthoff and
Lingane (18) summarize the application of the polarograph to
nitro compounds; the E. H. Sargent Company (33) publishes fre
quently a review of the literature concerning the applications of
the polarograph.

Nitro Aliphatic Compounds. The nitro group in this type of
compounds is much more difficult to reduce. The total nitrogen
content may be determined by the Dumas method or by suitable
modifications of the Kjeldahl method. A study of the available
references listed in the review article by Hass and Riley (14) did
not reveal any reliable volumetric reduction'methods for the
specific determination of the nitro group in nitroparaffins.
. DeVries and Ivett (9) developed a polarographic method for
the quantitative determination of several low-molecular-weight
nitroparaffins, when present in dilute solution. A 0.05 M sul
furic acid" solution was used as the supporting electrolyte. The
half-wave potentials V8. a normal calomel electrode ranged from
0.60 to 0.72 volt, for the series nitromethane to nitrobutane. The
half-wave potentials were not sufficiently far apart to determine
the compounds separately in the presence of each other. Heyrov
sky and Novak (15) used the polarograph in connection with an
investigation of the stability of smokeless powder, to determine
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oxides of nitrogen and nitric acid. Nitroglycerin interfered but
could be removed by solvent extraction.

Nitroamino Compounds. In connection with the analysis of
newer explosives compositions during World War II, this labora
tory worked on the development of methods for the determination
of nitroguanidine and cyclotrimethylenetrinitramine, popularly
known as RDX. In the analysis of nitroguanidine, the regular
titanous chloride reduction method gave erratic results. On
increasing the acidity and lengthening the boiling time to 15
minutes, it was found that 1 mole of nitroguanidine reacted with
4 moles of titanous chloride (19).

Cottrell, MacInnes, and Patterson (8) determined the nitrogen
content of nitroguanidine by dissolving the sample in concen
trated sulfuric acid and titrating with ferrous sulfate solution.
The visual end point was not sufficiently reproducible, but by
using a platinum-tungsten electrode system, they were able to
obtain concordant results by titrating potentiometrically.
Apparently, when dissolved in sulfuric acid, the nitroguanidine
yields nitrate ion under the given conditions.

Cope and Barab (7) were able to analyze nitroguanidine and
tetryl by the nitrometer method; Elving and McElroy (10) also
analyzed these two compounds. Cope and Barab postulated that
the nitro or nitroso group must be attached to a second nitrogen
atom, which in turn is attached to a carbon atom. For example,
they were able to determine the nitroso group on diphenylnitro
soamine, which fulfills these conditions, but found that no reaction
occurs in the nitrometer with p-nitrosodimethylaniline or nitro
methane.

Rathsburg (31) used titanous chloride to analyz!l "the nitration
product of hexamethylenetetramine" (cyclotrimethylenetri
nitramine or RDX) and formulated the reaction as follows:

C,H.N,(N02), + 12TiCI, ----+ C,H6N6

He did not balance the equation.
In this laboratory, titanous chloride alone gave low results on

RDX. Ferrous chloride was tried, but the reduction was negligi
ble. However, by the addition of both reducing agents and a 30
minute boiling period, reduction was complete, 4 equivalents of
titanous chloride being required for each nitro group (19). In view
of these results, it seems likely that Rathburg used titanous
chloride which contained ferrous iron as an impurity.

DIAZO AND AZO NITROGEN (N==N= AND -N=N-)

Diazo. Knecht and Hibbert (16) successfully titrated ben
zenediazonium chloride with titanous chloride and found tha~ 4
equivalents were required. Wienhaus and Ziehl (43) treated the
ethyl ester of diazoacetic acid with hydrogen in the presence of
palladium catalyst, and measured the nitrogen liberated. Pierce
and Risirig (28) modified Mehner's (22) method and adapted it to
a micro scale.' The sample is heated with hydrochloric acid in a
closed system, and the gaseous nitrogen formed is measured in an
azotometer. On diazoaminobenzene and three substituted diazo
aminobenzenes, they obtained values which agreed closely with
the total nitrogen present as determined by another method.
The method should be applicable to any substance that evolves
nitrogen quantitatively under these conditions.

In this laboratory, methods for the determination of diazo and
nitro nitrogen in diazodinitrophenol were devised (35). Raths
burg (31) had, formulated the reduction of this compound by
titanous chloride as follows:

C6H20(N02)2N2 + 13TiCI, ----+ C6H20(NH2)2NNH2

The author's results confirmed the stoichiometry of Raths
burg's equation, but no differentiation between the diazo and
nitro nitrogen could be calculated. On treating diazodinitro
phenol with hydrochloric acid or sodium hydrosulfite and
measuring the evolved nitrogen gasometrically, low results were
obtained. However, when a large excess of titanous chloride was
added to the sample, the mixture heated, and the evolved nitrogen



VOL U M E 2 2, N O. 1, JAN U A R Y 1 9 4 9

measured, quantitative results were obtained on diazodinitro
phenol. Rathsburg's unbalanced equation is. apparently in error.

Azo Nitrogen (-N=N-). Knecht (16) was able to analyze a
variety of "azo dyestuffs" with titanous chloride, either by ti
trating directly, or by adding an excess of the reducing agent,
boiling, and back-titrating with ferric solution or a dye solution
such as methylene blue. He gave the general reaction as follows:

R'.N:N.R" + 4 TiCb +4HCI~R'.NHz+R".NHz +
4 TiCI.

Azobenzene and its derivatives are reduced at the dropping
mercury electrode in neutral, acid, and alkaline media. Using
the polarograph, Tachi (39) measured the reduction potentials of
azobenzene, p-aminoazobenzene, and dimethylaminoazobenzene
in dilute ethanol solution at 0.001 M concentration.

AMINO NITROGEN (-NH,)

A widely used method applicable to the determination of many
aliphatic primary amino groups is that developed by Van Slyke
(.~O). The general reaction is:

RNHz + HNOz~ ROH + HzO + Nz

The nitrous acid is prepared from sodium nitrite and glacial
acetic acid. After the reaction, the gas mixture is treated with
alkaline permanganate in a Hempel pipet, and the nitrogen, which
remains, is measured in a b.uret. Since publication of the original
pawer, a micromanometric apparatus has been developed which
permits the determination of much smaller amounts of nitrogen
(41). A general write-up of the method and description of the
apparatus are given by Peters and Van Slyke (27}. Van Slyke's
original paper (40) discusses the manner in which various types of
aliphatic amines react with nitrous acid. The most significant
facts are that the amino groups in the a-amino acids react quan
titatively in 3 or 4 minutes at room temperature, whereas amino
groups in other types of substances react much more slowly.
For example, methylamine and ammonia react completely only
after shaking for about 2 hours and aminopurine or aminopyrimi
dine after 2 to 5 hours. Urea required 8 hours. No nitrogen is
split off from the amino group in creatine.

Primary and secondary amines possess active hydrogen, and
can therefore be determined by the method of Zerewitinoff (44).
This procedure depends on the quantitative reaction in a closed
system of the sample and Grignard reagent, to yield methane.
The reactions are as follows:

RNHz + 2CHaMgI~ 2CH. + RN(MgI)z

RzNH + CHaMgI~ CH. + RzNMgI

With primary aromatic amines such as I'l-naphthylamine and
p-toluidine, Sudborough and Hibbert (38) found that heating at
125 0 to 130 0 C. was necessary for complete reaction. Only one
volume of methane was evolved from secondary amines such as
diphenylamine and ethylaniline. Zerewitinoff analyzed succini
mide and phthalimide, and found that one mole of methane was
evolved. No reaction takes place with tertiary amines. A de
tailed write-up of the use of the Zerewitinoff method is given by
Nieder! and Nieder! (25) and by Pregl (30).

Primary aromatic amines, such as aniline and the toluidines.
may also be determined by diazotization in hydrochloric acid
solution with a standard solution of sodium nitrite, the end point
being detected by using potassium iodide-starch paper as an
outside indicator (1).

ALKIMIDE NITROGEN (=NCH.)

Alkylimino groups of low molecular weight may be determined
in organic compounds by a modification of the Zeisel method.
The sample is refluxed with 57% hydriodic acid to 'form the re
spective quaternary ammonium iodide. Upon heating at 360 0 C.
the lower alkyl radicals (methyl, ethyl, etc.) are split off from the
nitrogen in the form of their alkyl iodides.
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Friedrich (12) improved the original apparatus, while Viebock
and Brecher (42) developed the volumetric procedure for deter
mining the alkyl iodides. Two or more distillations must be made
to be certain that all the alkyl iodide has been swept out of the
reaction flask.

Samples which are insoluble in hydriodic acid may give low re
sults; the addition of phenol and acetic anhydride to dissolve the
sample, then completing the determination, is helpful.

The methylimino group in atropine may be determined by this
method. Kuhn and Giral (20) analyzed trimethylpentadecabe
taine successfully. When more than one group is present, caution
must be exercised in interpreting the results, for all the groups
may not react. Slotta and Haberland (37) analyzed cocaine
hydrochloride and codeine, which contain both methoxyl and
methylimino groups. The former group was measured by treat
ing with hydriodic acid at 135 0 C., then changing absorbers, heat
ing at 360 0 to 380 0 C., and measuring the methylimino group. A
detailed write-up of the method is given by Niederl and Niederl
(25) and by Pregl (30).

MISCELLANEOUS NITROGEN GROUPS

Several types of nitrogen linkage in organic compounds may be
determined by the Zerewitinoff method. In pyridine at room
temperature, acetamide reacts with Grignard reagent to evolve
1 mole of methane; at 95 0 C. 2 moles are evolved. Acetanilide
evolves 1 mole of methane at room temperature; aniline reacts to
give only 1 mole, even on warming. Nitriles and isonitriles react
with Grignard reagent without the evolution of methane; how
ever, the amount of reaction can be determined by adding water
or aniline and measuring the unconsumed reagent.

Rose and Ziliotto (32) developed a modification of the method
of Friedrich et ai. (13), whereby the sample is first treated with
potassium iodide and sulfuric acid to reduce the nitrile. The de
termination is then completed by the regular Kjeldahl method.
They successfully analyzed several nitrile compounds, including
acrylonitrile and benzonitrile.

Using the polarograph, Pech (26) quantitatively determined
saccharin (o-benzoic sulfimide), using a supporting electrolyte
that was about 0.05 N in hydrochloric acid and 0.05 N in potas
sium chloride. Quinoline and nicotine in dilute solution may also
be determined polarographically.

Mitchell and Ashby (23) determined uRsubstituted acid amides
hy measuring the increase in acidity on reaction with 3,5-dinitro
benzoyl chloride in pyridine. A blank is run on the reagent plus
alcohol. Water interferes, but can be corrected for. The method
is generally applicable to primary amides of mono- and dibasic
aliphatic and aromatic acids such'as acetamide, benzamide, and

. phthalamide.

SUMMARY

Included in this review paper are literature references and an
outline of the procedures for the determination of the nitrate,
nitro, diazo, azo, amino, amide, alkimide, and nitrile groups in
organic compounds. The methods listed are specific for the par
ticular group in question, but they may not necessarily be the
shortest ones to use if no interfering constituents are present.

In applying an apparently appropriate method to the analysis
of a new compound, it is always advisable first to apply the
method to a known compound whose structure approximates
that of the sample to be analyzed.
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Physicochemical Micromethods of Test for
Petroleum Products

HARRY LEVIN, A. B. MORRISON, AND C. R. REED

The Texas Company, Beacon, N. Y.

Microlllethods are described for pour point, titer, and vapor pressure, each of
which elllploys less than 1% of the salllple used in conventionallllacrolllethods.
COlllparisons are lllade between results by the lllicro- and lllacrolllethods.

BECAUSE the modern petroleum industry is concerned with
highly chemical operations and processes and miscellaneous

organic and inorganic materials either as products of its own
manufacture or items of purchase relating to its plant operations,
microchemical procedures, both analytical and synthetic, are of
intense interest and importance. However, miscellaneous physi- .
cochemical measurements-some very empirical-are also of
great importance to this industry because they are used in control
of manufacturing operations, included in customers' specifica
tions, and involved in analysis of samples from service and com
plaints. Macromethods are generally used, but occasionally the
sample is too small; this frequently happens when the case is
particularly important. Micromodifications of these macro
meth~dshaveoften proved a godsend.

M~ethods for determining viscosity on microsamples of oil have
been, reported by Levin (7) and Cannon (.n and micromethods for
unwoi-ked and worked consistency of grease by Kaufman (6) and
Hain (5). The present paper describes methods that have been
successfully used on relatively small quantities of sample to deter
mine the pou~ point of lubricating oil, titer of fatty acids, and
vapor pressure of gasoline.

POUR POINT

By a simple modification of the well known practice of deter
mining solidification or melting point of wax on a thermometer
buib, it has been possible on a drop of oil to obtain pour test reo

suIts which agree very well, generally, with those obtained by the
conventional A.S.T.M. method{l) involving some 30 or 40 grams
'of sample. The apparatus is shown in Figure 1.

To make a determination, the bulb of the thermometer at room
temperature is dipped into the oil at room temperature, to a depth
of about 3 mm. If the drop of oil that adheres appears so larg€
that it will be likely to fall off in subsequent manipulations, it
should be reduced. The copper wire (No. 29 gage, 5 cm. long) is
bent into a single loop 4 to 6 mm. in diameter at oneend'lit aright
angle to its stem, which should be cut to be 25mm:long.. ,The
loop is applied to the drop of oil on the bulb where it·adheres by
surface tension, and the stem serves to magnifythe'm()yemi!lltof
the drop in the subsequent observations. A vertically)ii~IMliiled
label pasted inside the pour test jar facilitates observationofthe
movement of the wire.

The pour test jar, thermometer, etc., are nowasseIIlbledin the
customary manner and the assembly is preheategkand'.pooled
from bath to bath exactly as for an A.S.T.1VI.;PQll.~,.Kes,t;}!'I;'he

assembly is removed for ob~ervation !l't each teffiI].i!:,~~,ur%~r()p
of 5° F.(2.8° C.). -The maximum penod thatthe~~IIlpl:YIIlay

be kept out of the cold bath for an observation is3sec?nds,asin
the A.S.T.M;,-m~thod. The temperature.at 'whicn1Ilo:movement
is noticeable when the aSsembly is in a horizontaHposition. for, 5
secono.s is5~'F; (2~8 ~ C: }:belowthepour poiIit;'#JI\.tli'e''.I\.;~:T.M.
method. Oils ofhighpourpciint may be heaUJd;;R~fqr~i;'applica
tion on the'thermometer bulb, to the same temperattir:tjsper
mittedin theA.S.T;M; 'maximum pour method;'\,AU,.manipula
tions, after ,the' assemblyiof the apparatus, ~re in ~tri<:tac?ordance
with the A.S.T.M. method of test for maximum pour pomt.
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VAPOR PRESSURE

An apparatus which has proved very
satisfactory for determining vapor pres
sure on 1 m!. of sample in the gasoline
range is shown in Figure 4. In use it is
moUnted on a stick calibrated in pounds
per square inch, the customary system in
the ,petroleum industry.

The apparatus is a manometer (and
leveling bulb) made of 8-mm. (outside
diameter) glass tubing with a bulb, ap-

Apparatus for Titer
Test
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+50
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+40
+40
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Figure 2.

In calibration the cor
rected value was seldom
more than 1 0 C. away
from the macrodetermi
nation. The microtiter
is generally reproduced
within 0.6 0 C. The
microtiter requires one
drop of fatty acids, the
macroprocedure some 20
grams.

The micromethod has
contributed to the

ability to determine if grease left on ball and roller bearings
which had "frozen" in storage was the grease intended, when
the quantities available were much too small for macroproce
dures. The method was likewise uniquely applicable to the
analysis of small amounts of grease recovered from bearings on a
complaint that the product was too liquid and here, too, the
question was one of identity. In each case the microtiter was

made on the fatty acids isolated from the
soaps in which they were combined.

The authors have used also a method
involving a vacuum-jacketed microtube
and thermocouple, to obtain a cooling
curve simulating the macroprocedure for
titer, but the results were no better than
those obtained by the much simpler de
vice and procedure that are described in
this paper.

point microdetermination. The thermometer is held in a test
tube with a cork so that the copper wire is about 12 mm. from the
bottom of the tube. With another cork the test tube is fixed in
the pour test jar, which contains water at room temperature; the
cork has a small slit to permit vapors to escape. The assembly is
placed in a beaker of water, at room temperature, which is then
heated until the thermometer is 'about 10 0 C. above the visible
liquefaction point of the acids, and then the source of heat is re
moved. The pour test jar assembly is removed from the beaker
and carefully tilted from the vertical position at intervals of
0.3 0 C. fall in temperature, and the copper wire is observed for
movement. The highest temperature at which there is no move
ment of the wire is recorded as the approximate titer. The
assembly is reheated, as before, to liquefy the acids and the ob-

servations on cooling are
repeated, but this time
the first observation is
made at 2 0 C. above the
approximate titer. The
highest temperature at
which there is no move-
ment of the wire is re
corded as the microtiter,
uncorrected. This value
is corrected by a curve
(Figure 3) correlating
uncorrected microtiters
with macrotiters (3) ob
tained on acids recovered
from the fats and greases,
shown in Table II.

LOOPED COPPER
WIRE.

DROP OF OIL.

"

26.7 207 84

28.8 85 68

23.5 104 57

20.4 311 0

19.5 761 6

27.0 97 94

22.9 191 85

24.7 132 85

22.1 161 75

I I
----~-I-- --

I I
I I
I I

Gravity,
A.P.I.

27.1

COinparative Data froD1 Pour Point Methods
Viscosity, Pour Point, 0 F.

S. U. Viscosity A.S.T.M.
1000 F. 2100 F. Index max. Micro

180 95 +20
+20
-15
-15
+20
+20
+95
+95
+70
+70
-45
-45
-25
-20

5
- 5
+ 5
+ 5
+35
+35
+10
+15
+75
+75
+40
+40

Table I.

Sample

Figure 1. ' Apparatus for Pour Point Test

VERTICALLY RULED PAPER
PASTED TO INSIDE BACK
OF TEST JAR.

Dewaxed cylinder stock (green)

Bright cylinder stock (red)

Undewaxed cylinder stock

Lard oil

Pale oil

Pale oil + 1% ParaHow

Pale oil + 1% Paratone

Pale oil

Pale oil distillate

Pale oil

Pale oil

Pale oil

Airplane oil

The results obtained by this pour point microprocedure and by
the A.S.T.M. (maximum) method on a number of types of oil
commonly encountered are shown in Table 1. The precision of
the micromethod, as well as the agreement between its results and
those by the A.S.T.M. method, is within the toierance of the
A.S.T.M. method: The one exception is that of undewaxed
cylinder stock having a pour point on the order of 80 0 F. The
authors have tried many conceivable variations of the pour point
micromethod, but could not correct the situation with regard to
this stock.

The micro pour test has been particularly useful as an aid in
establishing the identity of the unaltered residue 'from used and
oxidized lubricating oils, greases, and deposits.

TITER TEST

By still another simple modification, it is possible to obtain
good indications of the titer on a single drop of liquefied fatty
acids. The apparatus is shown in Figure 2.

The fatty acid is melted on a steam bath and the bulb of the
thermometer is dipped into the molten mass, as in the pour
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Titer Test, 0 C.

Table II. Comparative Data from Titer Methods

A

8

F"4' l'Igure . Apparatus for
Deterlllining Vapor

Pressure

is closed. By lowering the
leveling bulb a small negative
pressure is imposed on the
15-cc. bulb. This effects
equilibrium faster in sub
sequent operations. How
ever, if th.e vapor pressure is
relatively high, it may be
necessary to raise the leveling
bulb and impose a positive
pressure to avoid loss of sam
ple from the bottom of the
15-cc. bulb through the left
arm of the manometer, dur
ing subsequent shaking. It
will be obvious when pres
surizing is necessary.

The apparatus is then put
in a water bath at 100 0 F.
(37.7 0 C.), and the rubber
cap of an eyedropper is placed
over the funnel-shaped out
let above the stopcock to
keep water out of the ap
paratus. After 5 minutes the
apparatus, exclusive of the
leveling bulb, is shaken for
about a minute without be
ing removed from the water

. bath. The mercury' level is
returned to B by opening
the pinchcock; which is then
closed, and the pressure is
read directly on the manom
eter. Several successive read
ings are taken to ensure ac-
curacy. .

To pr'epare for the next
sample, the apparatus is
taken from the bath, the
rubber cap is removed, the

stopcock is opened, the mercury level is raised into the opening
above the stopcock, and the tested sample is removed with an
eyedropper. It is advisable to remove also about 1 m!. of the
mercury, in the same manner, to eliminate contamination by
reaction products which tend to emulsify the surface layer of
mercury and make precise level· readings difficult. The mer
cury leveling bulb is lowered and raised several times to remove
last traces of old sample by aerating the sample tube. The ap
paratus is then ready for a new sample. The elapsed time for .a
determination is about 30 minutes, during which several repeat
readings are obtained on the contents of the microapparatus.

66.5
59.4
53.5
51.4
50.0
47.2
47.0
45.0
43.7
39.8
39.6
38.3
34.3

31.3
33.0
31.3
30
28.6
24.8

67.0
60.1
54.7
52.9
50.8
48.8
48.2
46.4
44.5
42.1
41.1
40.2
35.6

Macromethod Micromethoda

r VI

/
V
i

V
0-"

V

Nature or Source of Patty Acids

Neo fat 1-65
Palmitic acid
Snodotte acids
Stearic acid, commercial
Neo fat 1-13
Myristic acid
Cocoa butter
Hydrogenated fish oil
Commercial lubricating grease
Acidless tallow oil
Commercial lubricating grease
Conduit grease
Special lubricating oil
25% stearic acid
75% oleic acid 34.2
Oil from sheep hide 33.8
Commercial lubricating grease 32.4
Cottonseed oil 31. 1
No. liard oil 30.8
Commercial lubricating grease 26. 7

a Direct thermometer reading; not from curve.
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TITER (MICRO) ·c.

Figure 3. Correlation of Uncorrected Micro- and
Macrotiters

20

proximately 15 cc., 'blown in the leg equipped with the stop
cock.i In the authors' apparatus the volume from line B to the
stopcock is 4.18 cc. and 0.83 m!. of sample is used, thus retaining
the A.S.T.M. (2) requirement of 4 to 1 vapor to liquid ratio. The
volume from B to the stopcock was determined by drawing mer
cury into the inverted apparatus through the stopcock, then
weighing the mercury and correcting for the contents of the
bore of the stopcock. To introduce the sample a screw plunger
micropipet, shown in the figure, is used.

To make a determination the apparatus, with stopcock open
and mercury level at A., is placed in an ice-water bath for 10
minutes, a rubber cap sealing the open end above the stopcock, to
exclude moisture. After about 5 minutes the mercury level is
checked and if necessary readjusted (to A) by opening the pinch-
clamp. .

Beginning with the mercury level at A eliminates the need for
correcting for the change in air volume on going from ice tem
perature to 1000 F. The position of A is established by bringing
the mercury level to B at 100 0 F. and adding, as sample, Octoil S,
closing the stopcock, and bringing the assembly to ice temperature.
The new position of the mercury surface at this temperature is A.

The vapor pressure of Octoil S (Distillation Products, Inc.,
Rochester, N. Y.) at 100 0F. is practically zero.

With suitable precautions to exclude moisture, the pipet at a
temperature of 32 0 to 40 0 F. (0 0 to 4.4 0 C.) is filled to the mark
with sample at the same temperature, the sample is introduced to
the apparatus through the bore of the stopcock, and the stopcock

~ f"-v.'"®
4f---1--l-+-A:"!--l---+.--(3) --+--+-+--1--1-+--+----4o

o
2f--b~+-+--+-f--+-+-+-+__+---j-_l_-+---l

10

VAPOR PRESSURES.lbs./in~
MICRO VI.A.5.tM.

Figure 5. COlllparative Results by Macro- and
Microlllethods
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Comparative results obtained on: gasolines by the micromethod
011 I-in!. samples and by the A.S.T.M. method requiring 13D-m!.
samples are shown in Figme 5. The solid line is A.S.T.M. vapor
pressme, located by points X; the dots are microvalues and the
numbers at the dots represent the numbers of identical results ob
tained for the points shown, about half of them being repeats on
one filling, and the rest individual tests on separate fillings. In
practically every case the micro result is within' 0.2 pound of the
A.S.T.M. value. ,The standard deviation of the micromethod is
0.2 pound.

This apparatus and technique can probably be adapted to eve!).
smaller samples. The vapor pressme microprocedure is useful
in carburetor studies, test tube synthesis, stability studies, etc.

Natelson (8) described an ingenious method for determining
vapor pressure on a single drop of liquid. Unfortunately, it is
limited by its authors to pme substances and the present authors'
experience confirms its inapplicability to a mixture of hydrocarbons
like gasoline. The present method is, of course, applicable also
to pure hydrocarbons in the gasoline range. .
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Manometric Apparatus for Gas Measurements on Packaged Materials
J. L. BLATT AND N. P. TARASSUK

Dairy Industry Division, University of California, Davis, Calif.

In this procedme, the gas pressure and free space volume in a
container are derived from the measmement of pressme when the
volume of the container gases is expanded by two fixed amounts.
If

Once the PdP1 ratio is found, graphs or tables may be con
structed to eliminate the individual calculations of V z and the

(
Vz + Va) .pressure factor V

z
,masmuch as Va and Vb are constants.

Components which of necessity are common to both manomet
ric and volumetric systcms are a puncturing device, a means for
clearing the system of contaminating gases before measurements
are made, a measuring chamber into which container gases are ex
panded, a leveling system for the transfer and compression
of gases, and a communicat,ing passage to a gas analyzing systen:i~

vz - an unknown volume (the effective free space in a con-
tainer)

P z original gas pressure in the container
Va volume of one expansion
Vb volume of another expansion
Pr pressure of gases after expansion into Va-i.e., pressure at

volume Vr = (Vz + Va)
P2 pressure of gases after expansion into Vb-i.e., pressure at

volume V2 = (Vz + Vb)
and the temperature and the number of gas molecules measured
remain constant,

PzVz = K = PrV, = P,(Vz + Va) = P 2V2 = P 2(Vz + 'Vb)

from which

V z = Va - Vb(PdP,)
P2/P, - 1

Pz = P1(Vz + Va) = P 2(Vz + Vb)
Vz Vz

or preferably

and

I N RECENT years, there has been an increasing interest in the
relation of quality deterioration of various food and industrial

products to the natme of the atmosphere smrounding the material
dming its processing 0.1' storage (1-5, 7-9). Some useful correla
tions have been made simply by the analysis of gases taken from
containers before and after the material has been subjected to test
conditions. However, in order to correlate certain quality
changes with absolute gas pressures, or with milliliters (S.T.P.) of
atmospheric gas per gram of packaged material, it is necessary
also to determine the effective volume and pressure of the con
fined atmosphere, and it is preferable, though usually not possible
with most equipment, to make all measurements in a continuous
integrated procedme.

Cartwright (3) has described a noteworthy apparatus which, in
addition to permitting the determination of quality and quantity
of gases about dry materials in all manner of containers, is adapt
able to the detection of leakage in dry vacuumizcd packages, to
the determination of gas permeabilities of packaging materials,
to the determination of densities of dry irregular substances, and
to the es~imationof air entrapped in powders dming manufacture.

A portion of gas from a test container is transferred into a buret
evacuated with a mechanical pump. The volume is read follow
ing compression under mercury to atmospheric pressure. By us
ing a leveling bulb and manipulating three of the system's five
stopcocks, this gas is expelled and a similar fraction is introduced
and measmed. The original volume and pressure of gases in the
container are derived from these values. The measurement
of barometric pressure is determined separately. Samples of gas
for analysis may be withdrawn from the container and trans
ferred to an appropriate system. Fair reproducibility and accu
racy are demonstrated when the packaged materials are essen
tially "dry" and relatively nondesorbing of gases during the pro
cedure.'

In the use of a simplified manometric apparatus the limitations
of moisture and desorption inherent in Cartwright's method are
largely overcome, and distinct advantages in simplicity of con
struction and operation and precision in measmement are gained.
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These features have been met by a simple structure (illustrated
in Figure 1) which combines a punch, P, a three-way 120 0 capil
lary bore stopcock, C, an expansion bulb, E, a 3D-inch open Y
manometer tube, M, an overflow trap, 0, a leveling bulb, L, and
an adjustable scale, S, all mounted on a wood and metal support
ing structure, D and F, such that most operations and observa
tions are made at eye level when one is standing.

The glass components are relatively easily fashioned from stock
Pyrex parts, the Y-tube from small-bore heavy-walled stock, and
the leveling bulb, the overflow bulb, and expansion bulb from
round-bottomed flasks. Translucent rubber is used for connect
ing passages E 1 and E 2, which are made as short as practical. Scale
S is a meter stick, calibrated in millimeters from bottom to top,
and fitted immediately along side the left-hand manometer tube,
so that it can be moved vertically through a distance sufficient
to cover the range of local barometric pressures. It is held at a
desired position with a wing nut and bolt. A sliding leveling bulb
holder, H, allows the bulb to be adjusted to and held at any de
sired height. The punch crank assembly, K, the sampling plat
form, A, the manometer board, D, the leveling bulb slide bar, Z,
and other accessories are mounted to the pipe-supporting frame,
F, by movable 90 0 double-grip clamps, G.

Permanent reference levels b and a are placed one above, the
other below the level of bulb E, and the volumes enclosed between
the surface of the container at P and each of these levels in the
chamber are calibrated-e.g., by using known container volumes.
In the authors' apparatus, these volumes (Vb and Va) are 3.0 and
150.0 mI., respectively.

COMPARATIVE FEATURES

Advantages in this apparatus arise from (1) features that could
apply equally well to volume measurement techniques, and (2)
those that result from measuring pressure rather than volume.

Simplification of Stopcock System. The introduction and ex
pelling of gases through a single three-way port at the top of the
measuring chamber not only facilitates the handling of gases with
the leveling bulb, but (in reducing the number of stopcocks so
needed from three to one) it simplifies construction and consider
ably lessens the maintenance needed to prevent leaks.

Taking Measurements in a System Saturated with Water
Vapor. By maintaining moisture on the walls of the measur
ing chamber, the behavior of water vapor in gas samples is
changed from an unknown to a predictable and controllable
factor. (If water is drawn into the measuring chamber and ex
pelled, sufficient moisture remains on the walls to keep the cham
ber saturated with water vapor until cleaning is required.) In
this technique, the contribution of water vapor to the total pres
sure is automatically deducted in the scale setting. (With the
moist chamber evacuated, and the mercury in the chamber set at
reference level a, the zero of the adjustable scale is set opposite
the mercury level in the left manometer tube. Thereafter, the
"dry" pressure of gases held at level a in the chamber can be read
directly from the scale, regardless of whether gases in the con
tainer were moist or dry.) In volume measurements the baro
metric pressure used in calculations would in each case be effect
ively,reduced by a fixed amount-i.e., by saturated vapor pres
sure.

Eliniination of Mechanical Pump. Instead of a mechanical
pump, the leveling system can be used as a piston in clearing the
measuring chamber and connecting passages of interfering gases
by expelling them through E 2• This double use of the leveling
sy-stem not. only eliminates the pump and its stopcock but allows
the retention of moisture in the chamber.

Replacing Volumetric Buret by Manometer Tubes and a
Linear Scale. This simplifies construction and readings. Meas
urements in this case are of length rather than volume; hence,
many inexpensive scales, whose calibrations are easily and pre
cisely checked, can be purchased, from which readings of three
and four-place figures can be made without the necessity of
applying corrections. The readings themselves are made by
bringing mercury to fixed levels in capillary tubing rather than
by matching mercury columns of relatively large diameters.

Reducing Inducement of Materials to "Desorb." As it is
necessary neither to remove gas from the measuring chamber nor
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to manipulate stopcocks before making a second required reading
but only to change the mercury level, measurement is concluded
quickly and with a minimum of exposure of materials to altered
pressures. The volume technique necessarily exposes material
during the period of the first measurement to pressure changes of
considerably greater magnitude and for longer duration.

Elimination of Barometer Readings and Vapor Pressure
Values in Calculations. Although the height of mercury sus
tained in an "evacuated" chamber is a function of both baro
metric pressure and the magnitude of saturated vapor pressure,
]neasurement of these values is eliminated in the scale setting

z

R

Q

Figure 1. Apparatus
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and does not enter into calculations. In volume measurements,
calculations must take into account the value of barometric pres
sure and the magnitude of saturated vapor pressure (or some value
of vapor pressure) in addition to the value of atmospheric tem
perature utilized by both methods in converting figures to a
common base.

to the analyzer buret, B, in the amounts needed. The relative
pressure of gases in the chamber is immediately apparent from
the manometer scale. When it is desirable to conserve test gas,
the passageway to the buret, E" may be cleared by displacement
with mercury, obviating the need for rinsing or sweeping. By
virtue of its simplicity, the apparatus is conveniently used as a
sampling and transfer device, even when volume and pressure
measurements are not required.

Table I. Reproducibility of P2/PI Ratio with Varying
Alllounts of Moist Gas in Systelll of Fixed Volullle

pev. from
Trial P, P, Ratio Mean

The reproducibility to be expected in readings, the validity of
the scale setting, and the successful control of water vapor in
pressure measurements are demonstrated in Table I by the con
stancy of the several P2/PI values obtained with different amounts
of moist gas in a system of fixed volume.

Gas samples for analysis may be withdrawn from the container
to any extent desired by using the leveling bulb and transferred

OPERATIONAL PROCEDURE

Union of container N with the measuring apparatus is made by
moistening the surface of the hollow rubber pad which surrounds
punch P, and then compresli'ing the pad by turning the pressure
crank, K, sufficiently to make a gas-tight bond.

In evacuating the system with the leveling bulb, gases in E are
first expelled through E2 ; thereafter, most of the gas in connect
ing passage E l can be expanded into E and then expelled. Usu
ally a single repetition of the procedure is sufficient for the "com
plete" evacuation, which is seen visually from the scale when the
height of mercury sustained in the evacuated chamber by atmos
pheric pressure is the same for the whole system as for chamber E
alone. Leaks into the vacuumized system can be very quickly
and critically detected (as evidenced by an ebbing mercury col
umn) in setting the mercury at mark b. After evacuating, a mer
cury seal can be left in passage E2 as an added precaution against
leakage.

The adjustable scale may be set for the atmospheric tempera
ture and pressure conditions peculiar to each determination.

The container is punctured by further turning the pressure
crank, K; by using the leveling bulb the confining volume is suc
cessively extended to marks b and a, and the resultant pressures,
P 2 and PI, are noted. For the pressure of gases held at the upper
mark, b, to avoid moving the scale, the vertical distance between
marks a and b is subtracted from the corresponding direct scale
reading. For convenience in reading, this distance is made to be
an exact 100 mm.

1
2
3
4
5

754.0
711.0
607.0
540.0
491.0

482.0 1. 5643 0.0004
454.0 1. 5661 0.0022
389.0 1.5604 0.0035
345.0 1.5650 0.0011
314.0 1. 5636 0.0003

Mean 1.5639 0.0015

ACCURACY

Representative calculations incorporating gas analysis data
are illustrated in Table II for determinations made on a container
of powdered ice cream mix originally sealed in air, and another on
nonfat dry milk solids originally sealed' in an atmosphere of ni
trogen. The figures' given are particularly significant, not in re
gard to the quality of the materials and the packaging (as there
are many variables not indicated), but as illustrative of the pro
cedure and precision of results to be expected.

The estimated probable error for each step in the determination
is separately indicated for the first example. In quantities such
as PI and P 2 which are measured directly, errors given are deter
mined largely by the specifications and calibration of equipment,
and by t~e reproducibility of measurements. Estimations of the
error in calculated quantities, such as V. and p., were derived by
a method of partial differentiation (6) of the expressions from
which these values were calculated and from the probable errors
of the quantities measured directly. In the example cited in Ta
ble II, the partial errors in V. due to the probable errors in meas
urement of P,jPI , Va and Vb were calculated as 1.9, lA, and 1.9
mI., respectively, the most probable error (indicated in the table)
due to their combined effects being 3.1 mI.

The sensitivities and accuracies indicated for the determina
tions of V., p., density, and the milliliters of gas in this method
compare well with similar measurements made by other means,
and might be improved in some cases by refinement in specifica
tions and calibration. For example, from the expression for the
derivation of V. it is seen that the sensitivity of the determination
is dependent on the structural specifications of the apparatus-

Le., on the size of ~: ~ ~: which determines the ratio of P2 /Plo

With the limitations indicated for the chamber volume calibra
tions and for the reproducibility of pressure readings, the capac
ity of bulb E needs to be approximately 10% or more of the vol
ume of V., and the passageway volume E l kept small to get full
accuracy from the apparatus.

699 mm. =1.6 741 mm.

454 grams =3.0 241 grams
835 ml. =6.0 452 ml.
413 ml. =6.8 187 ml.
1.10 =0.018 1.29
25.6° C. =0.2 23 2° C.
2.04% =0.05 1.14%
9.71% =0.05 0.11%

13.0 mm. =0.32 7.78 mm.

62.0 mm. =0.35 0.75 mm.

0.0159 ml./gram =0.0004 0.0112 ml./gram

0.0758 ml./gram =0.0009 0.0011 ml.jgram

Derivation

Meas.
Meas.
Calcd.
Va - Vb X (p,/p,)a

P,jP, - 1
P,(V. + Va)

V.
Meas.
Mess.
Vc - V:z:
Wm/Vm
Meas.
Mess.
Mess.
% CO, X P. X 273

100 (T + 273)
% A, X P. X 273

100 (T + 273)
VX' X PC02

760 X Wm
V. X Po,

760 X W m

Quantity

P.
W m (wt. of material)
V c (vol. of lJontaiuer)
V m (vol. of material)
Apparent density
TO
CO,
A,
CO,

CO,

a,

a,

Representative Deterlllinations Illustrating Calculations and Precision of Measmelllent
Example 1 Probable Example 2

(Ice Cream Mix) Error (Milk Powder)

694.0 mm. =0.5 733.0 mm.
513.0 mm. =0.5 470.0 mm.
1.353 =0.0016 1.560

422 ml. =3.1 265 m!.

Table II.

Determination

Pressure and free space

Apparent densityb

Partial pressure at 0° C.

Gas. ml. (S.T.P.) per gram of material

Temperature of measurements
Haldane analysis

a Va (calibrated) = 153.0 = 0.5 m!.
Vb (calibrated) = 3.0 = 0.5 mi.

b Designates density of milk solids together with air cells entrapped in powder during manufacture, 8S contrasted with "cell-free" density.
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Determination of Phosphorus in Iron Ore
JAMES L. KASSNER AND MARY ALICE OZIER

University of Alabama, University, Ala.

THE determination of phosphorus in iron ore is carried out in
three steps: solution of the sample, precipitation of the

ammonium molybdiphosphate (7), and alkalimetric titration of
this salt to determine the amount of phosphorus present. This
study deals specifically with the second and third steps in this
procedure. The solution of the sample is effected by standard
procedure.

The single-strength citromolybdate solution used in the deter
mination of phosphorus pentoxide in phosphate rock (3) did not
give complete precipitation when used in the determination of
phosphorus in iron ore. After eonsiderable experimentation a
double-strength citromolybdate solution was prepared and found
to be stable. This study has shown that the time required for a
eomplete determination of phosphorus in iron ore can be short
ened by using the new double-strength eitromolybdate solution
and separating the ammonium molybdiphosphate at the boiling
point. The analysis of several Bureau of Standards samples
indieates that the precision and aeeuracy of the method are good.

The new mixed indicator (3) used in the determination of phos
phorus pentoxide in phosphate rock is used in determining the
end point.

REAGENTS AND STANDARD SOLUTIONS

Double-Strength Citromolybdate Solution. Solution A. Dis
solve the following reagents in 1400 m!. of water and warm while
stirring until solution is complete: 100 grams of ammonium ni
trate, 128 grams of citric acid monohydrate, and 136 grams of
ammonium molybdate, (NH4).M07024.4H20.

Solution B. Dilute 528 m!. of concentrated nitric acid (specific
gravity 1.42) with 300 ml. of water..

Prepare the citromolybdate solution by pouring Solution A into
Solution B. Clear it as follows: Add 10 to 15 drops of 20% di
ammonium hydrogen phosphate solution, boil 5 to 10 minutes,
allow to stand overnight; then siphon off the clear solution.
(Such a solution remained clear 2 years.)

The other reagents for this method are essentially those used
in the determination of phosphorus pentoxide in phosphate rock
(3).

PROCEDURE

Weigh out a 2-gram sample of iron ore into a 150-ml. beaker,
add 20 m!. of concentrated hydrochloric acid (specific gravity
1.19) (8), heat the covered solution on a hot plate until the ore is
dissolved, add 5 to 10 m!. of concentrated nitric acid (specific
gravity 1.42) en, add 12 to 15 m!. of 60 to 70% perchloric acid
(1,2, 11, 12), heat on a hot plate to copious fumes of perchloric
acid, and fume at least 5 minutes to dehydrate the silica. Wash
the filter with hot 1% nitric acid solution and then with hot water.
Reserve the filtrate.

In order to recover any pho~phorus that might be retained in
the residue, volatilize the silica by treating the residue with an
excess of hydrofluoric acid and a small amount of nitric acid (6);
fuse the residue with sodium carbonate, leach with warm water,
and filter to remove any titanium that might be present. Add to
the filtrate from the fusion a little ferric chloride free from phos
phorus and precipitate the ferric phosphate with ammonia (10).

Wash the precipitate with hot water, dissolve in not more than 20
m!. of hot 1 to 2 nitric acid solution, and add it to the reserved fil
trate.

Dilute the solution to 80 m!., add 100 m!. of double-strength
citromolybdate solution, heat to boiling, and keep at this tem
perature for 5 to 10 minutes. Remove the solution from the heat.
and filter immediately. Before transferring the precipitate to a
Gooch crucible, wash it three times by decantation with 1% nitric
acid solution, using about 5 m!. for each wash. Transfer the pre
cipitate to the crucible and wash it 10 to 12 times with 1% potas
sium nitrate solution. Place the crucible in the original beaker
and dissolve the precipitate in a known volume of 0.1 N sodium
hydroxide solution, using about 30 ml. in excess (3). Add 0.5 m!.
of the mixed indicator (3) and titrate the solution with 0.1 N
nitric acid until it turns yellow. Remove the crucible from the
beaker, wash with carbon dioxide-free water, and adjust the
volume to about 100 m!. In direct sunlight or in front of an
illuminator equipped with a fluorescent daylight Mazda lamp,
back-titrate the solution with 0.1 N sodium hydroxide until a
purple coloration appears and remains.

The percentage of phosphorus is calculated on the basis of:
P "" 23 NaOH. Data are tabulated in Table 1.

DISCUSSION AND NOTES ON PROCEDURE

Arsenic seems to interfere more in this procedure than it does
when the precipitation is carried out at a lower temperature by
shaking. If arsenic is present, it should be removed as recom
mended by Lundell, Hoffman, and Bright (5)..

Table I. Results Obtained with Bureau of Standards
Iron Ores

Interferences P,O, P,O,
Sample Present Certified Exptl.

No. TiO, V,O, Value Value Deviation

% .% % %
26 0.07 0.09 O.n a +0.02

O.lOa +0.01
O.lOb +0.01
0.09 b 0.00
0.10" +0.01
0.09" 0.00

27B 0.023 0.004d 0.036' 0.035 a -0.001

g:g~f~ -0.001
-0.005

0.036 b 0.000
0;037" +0.001
0.035" -0.001

29 0.99 O.OS 1.01 1.05a +0.04
1.04a +0.03
1.0Sb +0.04
1.04 b +0.03
1.03" +0.02
1.04" +0.03

29a 0.15 0.002 0.007 O.oosa +0.001
0.007 a 0.000
0.007 b 0.000
O.OOSb +0.001
O.OOSe +0.001
0.007 e 0.000

a Boiled 10 minutes and allowed to stand overnight before filtering.
b Boiled 10 minutes and filtered immediately.
" Boiled 5 minutes and filtered immediately.
a Per cent vanadium.
6 Per cent phosphorus.
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In routine analysis of iron ore at the mine, any phosphorus re
tained in the acid-insoluble material is often neglected (9). If
titanium is not present this fraction seldom contains more than
0.003% phosphorus (6). The treatment of the sample should be
varied according to whether the analysis is being made for
soluble, soluble and insoluble, or total phosphorus.

Because iron retards the separation of the yellow precipitate
and forms a complex with citric acid, it is necess;:try to use a more
concentrated citromolybdate solution than that used in the deter
mination of phosphorus pentoxide in phosphate rock. Although
this solution is referred to as double-strength, it contains more
than twice the amount of citric acid used in the original solution
(3). The double-strength citromolybdate solution must be
cleared by adding diammonium phosphate and boiling in order
to saturate the solution with the yellow precipitate and to re
move colloidal molybdic acid.

The sharpness of the end point can be increased by filtering off
the asbestos after making the solution acid and washing it with
carbon dioxide-free water. If enough excess of sodium hydroxide
is used when dissolving the precipitate (3), the end point will be
sharp and remain indefinitely. If too little alkali is used in
dissolving the precipitate, the end point will come too soon and
fade repeatedly.

SUMMARY

Free molybdic acid does not separate at the boiling point when
a molybdate solution containing nitric and citric acids of a pre
scribed composition is used. At the boiling point the yellow
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precipitate separates almost immediately. The accuracy and
precision of this method are good.
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Elimination of Interference by Copper in the Titan Yellow
Method for Magnesium

A. E. WILLSON AND I. W. WANDER

Citrus Experiment Station, Lake Alfred, Fla.

Inasmuch as th@ use of copper is recommended in citrus fer
tilizers, enough copper is present in most soil extracts to prevent
reliable estimations of magnesium by titan yellow, as shown in
Table II.

Samples 595 and 596 were from areas receiving no copper
on the soil. The results given in Table II also show that,
with the addition of potassium cyanide to the titan yellow pro
cedure, determinations comparable to an accepted procedure (6)
can be made.

Table I. Effect of Varying Amounts of Copper and
5% Potassium Cyanide on Magnesium Recovery

(15 micrograms determined in 5 mi. of solution)

Copper Present, 5% Potassium Magnesium
'Y Cyanide, Ml. Recovery, %
o 0.0 100
1 0.0 80
2 0.0 57

A 4 0.0 33
8 0.0 30

16 0.0 30
32 0.0 25

16 0.05 107
16 0.10 100

B 16 0.20 99
16 0.40 100
16 0.80 105

MODIFICATIONS of Kolthoff's titan yellow method (2) for
determining magnesium are being used extensively for the

analysis of soils and plant tissues (1). Using a method proposed
by Peech and English (5), erratic results were obtained on sandy
soils planted to citrus in Florida; no magnesium was found in
some samples where it was known to be present.

It has been reported that copper ions interfere with the titan
yellow procedure (.4-). This effect of copper in a soil extracting
solution (3) on the determination of magnesium by the Peech and
English method results in very low recoveries, as shown in Table
I,A.

The addition of cyanide to a soluton containing copper ions re
sults in a soluble copper complex with a dissociation constant of
5 X 10-28, thus effectively eliminating copper ions from the solu
tion. The effect of potassium cyanide on the copper interference
is shown in Table I, B. Variation in the amount of potassium
cyanide from 0.05 to 0.8 ml. did not affect the magnesium re
covery. The presence of 0.1 ml. of the 5% potassium cyanide
solution was able to eliminate the effect up to 40 micrograms of
eopper satisfactorily (Table I, C).

Because potassium cyanide alone or potassium cyanide with
copper has a tendency to intensify the magnesium titan yellow
color slightly, it has been found advisable to add copper and potas
sium cyanide to the magnesium standards. Inasmuch as this
effect of copper does not increase appreciably over 8 micrograms,
it is suggested that 8 micrograms be added to the standards.
Thus in the modified procedure both copper and potassium
cyanide are added to the standards and 0.1 ml. of 5% potassium
cyanide is added to all unknown.

C

o
16
24
32
40

0.10
0.10
0.10
0.10
0.10

100
100
104
104
107
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magnesium procedure. It is therefore advisable to modify such
procedures for tissue analyses in a manner similar to that
suggested for soils.

The copper spray residues on leaf samples may result in suffici
ent copper in sample solutions to interfere with the titan yellow

5.7 13.7 12.6 (1)
2.5 6.0 6.0
4.2 4.0 5.9 (2)3.0 3.4 5.9
2.2 4.7 6.3 (3)
5.0 14.3 14.7 (4)

(5)
(6)
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Table II. Analysis of Soil Samples by Titan Yellow and
Oxine (6) Procedures

(Microgra1?S of magnesium per gram of soil)

Titan Yellow, No Titan Yellow + Oxine
Soil Sample Potassium Cyanide Potassium Cyanide Procedure

593
594
595
596
597
598

Determination of Fluorine in Organic Compounds by Titration with Aluminum Chloride
MARY JO GILBERT AND JOHN H. SAYLOR

Duke University, Durham., N. C.

APROCEDURE has been described (4) for the titration of
fluoride ion in a nearly neutral solution with aluminum

chloride using Eriochromcyanine R as an indicator. This method
has been applied with certain modifications to the determination
of fluorine in organic compounds.

ANALYTICAL PROCEDURE

Decompositon of Sample. Efforts to decompose the organic
compounds with potassium in sealed glass tubes as described by
Elving and Ligett (1) usually gave high results for the fluorine
content, as previously noted by Kimball and Tufts (3). After a
trial of several methods of decomposition, the method finally
adopted is essentially that described in detail by Kimball and
Tufts (3), which consists of a decomposition by means of metallic
potassium in a nickel bomb at 500 0 to 550 0 C.

The nickel bombs used in the present investigation have a small
circular groove cut 5 mm. from the outer edge of the cup, which
seems to improve the seal between the cup and the lid. In other
respects the design of the bomb and its use in the decomposition
are as described by Kimball and Tufts.

Solid and high boiling liquid samples arc weighed in gelatin
eapsules. Volatile liquids are weighed in thin-walled glass am
poules, and gases are vacuum-distilled into drawn-out sections of
8-mm. Pyrex tubing, one end of which is cooled by liquid air.
The sample size usually should be 0.1 to 0.2 gram.

After the bomb is cooled and opened, the nickel cover is placed
in a 50-ml. beaker containing about 2 ml. of purified methanol.
The cup is inserted into the reflux apparatus described by Kimball
and Tufts and the excess potassium is decomposed by refluxing
with methanol. It was no'~ found necessary to purge the ap
paratus with carbon dioxide.

After the decomposition of the potassium, the reflux cylinder,
the nickel cup, the beaker containing the cover, and the covel' are
rinsed with warm water into an 800-ml. beaker with the aid of a
rubber policeman to loosen the carbonaceous material. The final
volume is about 400 ml. Then approximately 1 gram of am
monium bicarbonate and a few glass beads are added; the beaker
is placed on an asbestos board and the solution is evaporated al
most to dryness over a Meker burner. The residue is filtered with
t.he aid of warm water into a 110-ml. flask. The alkaline fluoride
solution should be clear and colorless.

Distillation of Decomposition Products. It is necessary to
separate the fluoride ion from interfering substanees by distilla
tion as hydrofluosilicic acid according to the method of Willard
and Winter (5). Several types of distillation apparatus described
in the literature were tried, but entirely satisfactory results were
obtained only with the constant temperature steam-distillation
apparatus of Huckabay, Welch, and Metler (2). The tempera
ture is maintained constant in this apparatus by refluxing Sym-

tetrachloroethane. Certain minor modifications were made in
the original design.

The sulfuric acid and the sample are introduced into the dis
tilling bulb through a long-stemmed funnul fitted with a stopcock
and sealed into the stopper of the apparatus. The steam gen
erator is heated on a hot plate and the precise control of the steam
flow (which is important) is made possible by inserting a steam
trap made from a large adapter between the generator and the dis
tillation apparatus with a screw clamp on the drain tube to con
trol the steam flow. The apparatus is heated with a 200~m!.

capacity Glas-col mantle controlled by a Variac.
After steam is being generated, a 10 to 2~m1. aliquot of the

sample solution and 2 m!. of 33% silver sulfate are added through
the funnel in the top of the distillation apparatus. The silver
sulfate may be omitted if no chloride ion is present. Then 20 ml.
of 18 M sulfuric acid are added dropwise. While adding the sul
furic acid, heating the distillation flask is started. When the
acid has been introduced, a small stream of steam i3 passed
through the solution to mix it and as the tetrachloroethane begins
to reflux, the steam flow is increased until approximately 40 drops
per minute of distillate are being collected. Three llO-m!. por
tions of distillate are collected. If the third llD-m!. portion col
lected does not constitute a blank, 110 Ill!. more are collected.

When the distillation is completed, the Glas-col heater is
turned off, the distilling bulb is emptied, with the use of suction,
steam is passed through the apparatus for several minutes, and
finally, after cooling to about 50 0 C., it is thoroughly rinsed with
water.

Determination of Fluoride. The procedures for the preparation
of the indicator solution, the 0.2 to 0.25 N aluminum chloride
solution, and its standardization against pure sodium fluoride
have been described (4).

Better results are obtained when the 0.1 % solution of Erio
chromcyanine R is not used until it has stood for 4 days and is
not used after 14 days. All titrations are done in a darkened room
using a Fisher illuminator containing a daylight fluorescent lamp.
All volumetric apparatus is calibrated.

Two 50-m!. aliquots are withdrawn from each of the llO-m!.
volumetric flasks containing the distillate and are placed in 125
m!. Erlenmeyer flasks. Then to each aliquot are added 25 grams
of sodium chloride (reagent grade, sulfak'-free) and 2 drops of
phenolphthalein. The solution is made slightly basic with 0.5 N
or 0.1 N sodium hydroxide, depending OIl the amount of the
hydrofluosilicic acid in the distillate and heated to 90 0 to 100 0 C.
on a hot plate, and the pH of the solution is carefully adjusted \vith
split drops of 0.1 N hydrochloric acid added from a dropper with a
capillary tip until the pink color of the phenolphthalein just dis
appears. It is important to avoid a large initial excess of sodium
hydroxide, as such an excess leaves the solution with a yellow
tinge after the final adjustment of the pH.

To this colorless and slightly boiling solution are added 10 drops
(1 drop per 5 m!. of solution) of 0.1 % Eriochromcyanine R solu-
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ANALYTICAL RESULTS

The results obtained for the analysis of 25 organic compounds,
carefully prepared analytical samples, are given in Table 1.
Chlorine and bromine have been successfully determined in
several organic compounds containing these halogens both
separately and together with fluorine. Decomposition was
accomplished with equal success by the methods of both Elving
and Ligett (1) and Kimball and Tufts (3). However, it was
found advisable in these cases to use glass ampoules instead of
gelatin capsules to contain the samples because of the chlorine
content of the gelatin capsules. The benzotrifluoride was ob
tained from the Hooker Electrochemical Company and the other
compounds were prepared by other workers in this laboratory and
will be described in future publications. The majority of the com
pounds were liquids, but some were solids and gases at room tem
perature. The empirical formulas, the mean value of the fluorine
content, as well as the average deviation and the number of de
terminations for each compound are listed in the table.

Usually all the fluorine is distilled over in the first two UO-ml.
portions of the distillate, about 86% being in the first portion.
Better results are obtained for the titration by collecting two
portiolls rather than one 2OO-ml. portion. Titration of aliquots
from the third 110 mi. of distillate gives both a check on
the completeness of the separation and a combined indicator and
distillation blank. The indicator blank alone is about 0.02 mJ. for
50 mi. of solution, while the blank determined on the distillate is
of the order of 0.024 mI. and usually remains constant for a par
ticular still as long as the conditions of distillation are carefully
standardized.
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Table I. Analysis of Organic Fluorine Compounds

No. of % F-, % F-,
Compound Detns. Theory Found

4,5-Dichloro-l,3(tri8uoro-
methyl)benzene,
C,H,ChF,

Benzotrilluoridc, C,H,F,

C,H,OF,

C,H,ChF,B.,

C,HF,O

C,H,F,O

C,F,O

C,H,O,F,

C,F,O

C,H,F.BrCI

C,H,F,

C,H,F.

C,H,F"

C,H,F12

C,H,FlI

(",H,F,

C,H"F,

C,H"O,I3F,

C"H,F,

C"H,N.O,F.

C"H,N,O,F,

C..H,F,

C"H,F"N.O,

C.. HuF

C20H"FO

tion, which gives a slight yellow color to the solution. Then the
standard aluminum chloride solution is added dropwise from a
microburet. When the color of the solution becomes a darker
yellow as the end point is approached, split drops of the standard
solution are added. The solution is boiled very gently and the
flask agitated carefully in order not to precipitate the colloidal
pink lake which is blue in the precipitated form. At the end
point there is a sudden change in color from yellow to pink.

In general. the aliquot of the sample solution to be distilled
should be of such size as to require 1 to 2 mi. of the standard
aluminum chloride for titration of a 50-mi. aliquot from the first
no mJ. of distillate. The end point is more difficult to detect
when larger amounts of fluoride ion are present. This is probably
because of interference by the hydrolyzed silica, as no difficulty is
encountered in titrating larger amounts of sodium fluoride.

SUMMARY

Organic compounds containing fluorine are fused with metallic
potassium and the fluoride ion is separated by distillation as hy
drofluosilicic acid. The fluoride ion is subsequently titrated with
aluminum chloride, using Eriochromcyanine R as an indicator.
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crystals are readily obtained from ethanol, ether, and chloroform.
No polymorphism was observed during this study.

BEGINNING this month an editorial change announced in the
November issue becomes effective. Henceforth, the name

and sponsoring laboratory for each description will be given full
recognition, and full publication credit will be acknowledged to
each contributor. With this change it is hoped more data will be
submitted than under the past system. As in the past, data
should be submitted to W. C. McCrone for completion, checking,
standardization, etc.

trans-Stilbene is soluble in most organic solvents and excellent

26. trans-Stilbene H H H H
C-C H C=C
/~I /"-.

HC C-C=C-C CH
"-./ I~ /
C=C H e-C
H H H H

Structural Formula of trans-8tilbene

CRYSTAL MORPHOLOGY
Crystal System. Monoclinic.
Form and Habit. Plates and tablets from ethanol lying on 100

showing orthopinacoid {I00 I. clinodome toII}, and clinopinacoid
{OlDI·
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Figure 1. trans-Stilbene

Left. Large crystals (roIn ethyl alcohol on slow cooIin1;;
Right. Thyntol tnixed fusion. crossed Nicols

Axial Ratio. a:b:c = 2.77: 1 :2.17; 2.1702: 1: 1.4003 (3);
l.077: 1 :1.415 (1).

Interfacial Angles (Polar). 011 A 011 = 126° 30'.
Beta Angle. 114°; 114° 6'(3); 113° 48'(5); 114° (4, 6).

X-RAY DIFFRACTION DATA
Space Group. P2dc (1, 4, 6).
Cell Dimensions. a = 15.89 A.; b = 5.73 A.; c = 12.42 A.

a = 12.35 A.; b = 5.70 A.; c = 15.92 A. (6). a = 12.20 A.;
b = 5.72 A.; c = 16.00 A. (5). a = 12.42 A.; b = 5.73 A.;
c = 16.0A.(4). a = 9.6A.; b = 8.9 A.; c = 12.6A.(1).

Formula Weights per Cell. 4.
Formula Weight. 180.24.
Density. 1.131 (flotation); 1.166 (x-ray); 1.159 (4).

Principal Lines

ANALYTICAL CHEMISTRY

Optic Axial Angles (5893 A.; 25° C.). 2V = 52°. 2E = 96°;
91 ° 33' (3).

Dispersion. Axial dispersion with change of sign.
Optic Axial Plane. .1.010 with 'Y /\ C = 6 ° in acute fJ.
Sign of Double Refraction. > 4070 A., positive; < 4070,

negative.
Acute Bisectrix. BXo /\ c = 6° in acute fJ (X < 4070 A.);

BXa II b (X /\ 4070 A.).
Extinction. 'Y /\ c = 6 ° in acute fJ.
Molecular Refraction (R) (5893 A.; 25° C.). ..yafJ'Y = 1.758.

R (ealcd.) = 59.2. R (obsd.) = 65.5.
FUSION DATA

trans-Stilbene melts at 124-125°C. with some tendency to sub
lime. The crystals of sublimate are usually rounded, but show
the characteristic rhomb shape with a 49°30' profile angle. The
melt supercools somewhat but always solidifies spontaneously to
give broad rods growing rapidly parallel to c with a sharp pointed
crystal front (profile angle, 49°30'). The optical properties are
consistent wit.h the fact that only the view lying on 100 is shown.

It is a pleasure to acknowledge the help of Miss Anne Hum
phreys in determining the powder x-ray diffraction spacings and
intensities.
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Textile Testing, Physical, Chemical and Microscopic. John H.
Skinkle. 2nd edition. xii + 353 pages. Chemical Publish
ing Co., Inc., 26 Court St., Brooklyn, N. Y., 1949. Price,
$7.75.

C
I

Figure 2. Orthographic Projection
of Typical Crystal of trans-Stilbene

OPTICAL PROPERTIES
Refractive Indexes (5893 A.; 25° C.). a = 1.704 ± 0.002;

fJ = 1.728 ± 0.002; 'Y = 1.844 ± 0.005.

Dispersion Data by Bryant (2)
Wave Length a fJ "Y 2V,o

3650 (1.797) (1 975) (2.03) 53
4047 1.769 (1. 864) (1. 973)_ 90
4358 1. 751 (1 823) (1. 940) 80.5
4916 1.726 1.772 1.893 67
5461 1.712 1 743 1.860 57.5
5780 1.706 1 732 1.848 53.5
6234 1.699 1. 721 1.835 50
6908 1.691 1.708 1.818 45

The second edition of this little book has gained through the
addition of new material, the revision of old, and a distinct im
provement in format. No change has been made in the outline
of the book, but the section on statistical methods has been re
vised and the sections on water resistance and identification of
organic finishing agents have been rewritten. The methods for
analysis of fiber mixtures and microscopic identification of fibers
include the newer commercial fibers. Curiously, the second edi
tion like the first contains no information on the widely used and
extremely important tests for color fastness to light, laundering,
perspiration, etc., and no explanation is givell for the omission of
these tests. The revision of the references to literature, listed at
the end of each chapter, to include more recent publications is
commendable, but the gap between the date of the latest refer
ence, 1945, and the date of publication of the book, 1949, presum
ably attributable to conditions in the printing industry, is to be
deplored. The book is in general clearly and concisely written.
It contains a surprising amount of useful information and should
be of increased value, especially to students.

WM. D. ApPEL

Practical Spectroscopy. C. Candler. viii + 190 pages. Hilger
and Watts, Ltd., 98 St. Pancras Way, Camden Road, London,
N.W. 1, England, 1949. Price, $6.10.

This book was written partly to provide instruction for pur
chasers of the Hilger wave-length spectrometer and partly as an
introduction to general spectroscopY'. The first purpose is ful-
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filled amply; the second purpose leaves much to be desired. The
topics treated are qualitative and quantitative spectrochemical
analysis, absorption spectra, infrared and Raman spectra, inter
ferometers, and the structure of line spectra. Candler presents
the basic principles of each topic in a brief and elementary form,
listing some fundamental experiments and a bibliography.

The treatments of the topics and subtopics show considerable
variation-for example, Candler describes the measurement of
wave lengths rather fully, including even the use of Edser-Butler
plates, while his discussions of light sources and sensitometry are
much too limited to be of practical or educational value. Much
of the theory and application is oversimplified and the bibliog
raphies at the end of each section are incomplete, particularly iIi
so far as developments since 1941 are concerned. Th~ contribu
tiOIlS of Sawyer, Duffendack, Owens, Enns, Dieke, Kaiser, and
Barnes, to name only a few, are conspicuous by their absence
from the text as well as the literature references.

These defects limit the usefulness of the book to the first in
tended purpose of the publishers as mentioned above. Labo
ratory analysts and practical spectroscopists will find little new
information of practical value in this book.

JACOB CHOLAK

Physical Methods of Organic Chemistry. A. Weissberger, editor.
Part 1. 2nd ed. ix + 1072 pages. Interscience Publishers,
Inc., 215 Fourth Ave., New York 3, N. Y., 1949. Price, $12.50.

This volume is nearly half again as large as the first edition.
Three chapters (X-Ray Diffraction, Electron Diffraction, and
Refractometry) have been moved forward into a forthcoming
Part II and four chapters have been added: Temperature Meas
urement; Temperature Control (b'oth by J. M. Sturtevant);
Determination of Vapor Pressure (G. W. Thomson); and Deter
minations with the Ultracentrifuge (J. B. Nichols and E. D.
Bailey). Ten of the original chapters have been more or less re
vised: Melting· and Freezing Temperatures (E. L. Skau, H.
Wakeham); Boiling and Condensation Temperatures (W.
Swietoslawski and J. R. Anderson); Density (N. Bauer); Solu
bility (R. D. Void and M. J. Void); Surface and Interfacial Ten
sion (W. D. Harkins) including a section on the Parachor by G. W.
Thomson; Properties of Monolayers and Duplex Films (W. D.
Harkins); Calorimetry (J. M. Sturtevant); Microscopy (E. E.
Jelley); Crystal Form (M. A. Peacock); and Crystallochemical
Analysis (J. D. H. Donnay). Three chapters have been re
written: Viscosity (T. E. M.cGoury and H. Mark); Osmotic
Pressure (R. H. Wagner); and Diffusivity (A. L. Geddes).

The treatment of each chapter varies with the scope of the
topic covered; some chapters are more theoretical than others;
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thus density requires only two or three pages of theory, whereas
vapor pressure requires nearly forty for adequate treatment. The
authors of the various chapters and the editor must be commended
both for achieving their stated purpose and for maintaining
throughout what is probably an optimum balance between theory
and description.

Any chemist, organic or otherwise, who wants to learn a lot
about an instrumental tecnnique or the.theory behind it; or who
wants to build good equipment, will find this authoritative work
invaluable. It is well illustrated and documented, and save for
one or two minor duplications-e.g., pages 581 and 648-it is very
well edited. The reviewer's copy spends little time on the libra!')'
shelf.

THOMAS R. P. GIBB, JR.

Manual of Spectroscopy. Theodore A. Cutting. 220 pages.
Chemical Publishing Co., Inc., 26 Court St., Brooklyn, N. Y.,
1949. Price, $6.50.

This manual, the author says, "has been written to assist those
who wish to analyze ores, minerals, alloys and inorganic chemicals,
or wish to teach others to do so." The contents suggest that any
amateur mineralogist can find $10,000 worth of uranium with a
$2.50 spectroscope! The history and theory of spectroscopy are
presented in 6 scant pages, light sources in 11, spectroscopes in 38,
and spectroscopic analysis in 30. The next 85 pages deal with
elementary mineralogy and visible spectral lines of 70 elements
including such nonspectroscopic material as the discovery,
sources, uses, properties, and prices of elements. (The para
graphs on illinium and masurium are obsolete, and the price of
xenon is grossly inflated at $600 per liter~) The last 38 pages give
approximate wave lengths and intensities of strong lines selected
from "M.LT. Wavelength Tables." A bibliography of 16 items
contains S works on mineralogy (from 1907), a manual of clinical
therapeutics, and the Smyth Report, but ignores all spectroscopic
publications since 1939. Obviously, this book will not be of use
to anyone except possibly the tyros for whom it was written.

WILLIAM F. MEGGERS

Laboratory and Workshop Notes
In the review of "Laboratory and Workshop Notes," by Hut.h

Lang [ANAL. CHEM., 21, 1431 (1949)], it was stated that the
Institute of Physics is to receive the royalties on the bool.:.
In the case of this and other books, the royalties go to the Benevo
lent Fund of the Institute of Physics, set up to help physicists
and their dependents who find themselves in strained cireum
stances because of some misfortune.

Fifth Southwest Regional Meeting
THE Fifth Southwest Hegional Meeting, sponsored by the

three Oklahoma Sections of the AMERICAN CHEMICAL
SOCIETY, was held December 8 to 10 in Oklahoma City. Ab
stracts of the papers presented before the Section on Analytical
Chemistry are given below.

Colorimetric Determinations of Oxidizing Agents Using the
Cadmium Iodide-Linear Starch Reagent. PAUL ARTHUR,
THOMAS E. MOORE, AND JACK LAMBERT, Oklahoma A. and M.
College, Stillwater, Okla.

A stable starch-iodide reagent, using cadmium iodide and the
linear A (butanol-precipitated) starch fraction isolated by Schoch,
has been developed for the quantitative determination of oxidiz
ing agents. This reagent is stable indefinitely toward atmospheric
oxygen, diffused sunlight, and the growth of microorganisms.

The reagent responds to oxidizing agents according to the pH of
the solution. Weak oxidizing agents, such as selenious acid, are

reduced only in highly acid solutions, whereas stronger oxidizing
agents, such as hypochlorite, react even in neutral solution. The
blue starch-iodine color produced shows maximum absorption at
about 615 mIL and obeys Beer's law closely when absorption is
plotted against concentration of the oxidizing agent.

Permanent outside standards for the linear starch-iodine blue
color can be prepared by adding a small amount of potassium
chromate to a solution of nickel hexammine sulfate and making
the proper dilutions, always keeping the solutions concentrated
with ammonium hydroxide.

A colorimetric method of analysis for trace amounts of selenium
(as H 2Se03) in water has been developed using the cadmium
iodide-linear starch reagent. The reagent is also used in a method
being developed for the determination of minute concentrations
of chlorine in water in the presence of chloramines.

Biochemical Oxygen Demand of Some Common Organic Com
pounds Present in Chemical Wastes. E. R. STRONG, JR., C. I..
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SHREWSBURY, AND R.. HATFIELD, Southwest Research Institute,
San Antonio, Tex.

The 5-day RO.D. values have been determined at 20 0 C. by the
dilution method for some of the common water-soluble organic
compounds found in chemical wastes. Original data were ob
tained for such toxic organics as aldehydes, acids, formates, and
alcohols. These data are being used to estimate the pollution
characteristics of industrial wastes in treatment and disposal
problems.

In this work the B.O.D. was determined for a number of com
pounds which are normally bactericidal. The RO.D. values
were found to increase with increasing dilution to a point where
the toxic effect on the bacteria was nil and then the values become
consistent.

An Improved Method for Determination of Sulfur Dioxide in
Beer and Foods. HAROLD E. WEISSLER, San Antonio Brewing
Association, San Antonio, Tex.

The standard method for the determination of sulfur dioxide in
beer and food for the past 20 years has been the Monier-Williams
method. Despite its inconveniences it has undergone only slight
modifications. The method proposed overcomes the objections to
the older method without the sacrifice of accuracy.

The entire contents of a cold 12-ounce package of beer are intro
duced into' a carbon dioxide gas-filled system similar to that of
Thompson and Toy. Thirty milliliters of concentrated hydro
chloric acid are added, the solution is slowly heated to boiling,
and refluxing is continued for 1 hour, while a steady, slow flow of
carbon dioxide is maintained. The sulfur dioxide expelled from
the sample is oxidized by iodine contained in the cold receiving
flask. After refluxing is completed the excess iodine is removed by
boiling and the solution is neutralized with 0.1 N sodium hy
droxide. The sulfate is then titrated with standard barium
chloride solution, using tetrahydroxyquinone or potassium
rhodizonate as internal indicator in the usual manner.

The results are consistently 0:2 to 0.5 p.p.m. higher than those
determined by the Monier-Williams method but are in closer
agreement with the gravimetric values than the latter.

Advantages of the method are: Only one standard solution is
required and this is easily obtained, prepared, and preserved. The
titration is easily performed without the use of electrometric
equipment. Some time is saved.

A Field Kit for the Approximate Chemical Analysis of Oil
Field Waters. MARYANN DUGGAN AND A. V. METLER, Magnolia
Petroleum Co., Dallas, Tex.

The construction, equipment, reagents, and method of operat
ing a portable water analysis kit are described. The kit was de
signed with a view toward economy as well as versatility and
simplicity of operation. The pH value of the water is found
colorimetrically or by use of a pH meter. Total dissolved solids
in the water are found by either density or conductivity measure
ments. Calcium, magnesium, barium, chloride, sulfate, and sul
fide are determined by turbidimetric tests. Turbidimetric stand
ards are furnished in the kit. Ferrous and ferric iron are deter
mined colorimetrically. The method for determining total alka
linity, carbonate, bicarbonate, free carbon dioxide, and hydroxide
incorporates the use of two pH measurements and the carbonate
equilibrium slide rule of Hirsch. The results obtained with the
kit compare well with results obtained using standard water
analysis methods for a number of water samples of various types.

Economic evaluation indicates that use of the kit can obviate
many of the usual delays and expenses of laboratory analyses.
Initial cost of outfitting this kit is low compared to market prices
of available water-testing kits. '

The tests possible with the kit are adequate for purposes of
corrosion control, water repressuring programs in oil fields, identi
fication of oil field brines, boiler water treatment diagnosis, and
inhibition of scale formation.

Radiochemical Separation of Tungsten, Rhenium, and Osmium.
G. S. BRICKAM, S. E. TURNER, AND L. O. MORGAN, University of
Texas, Austin, Tex.

An ion exchange method for the separation of tracer quantities
of rhenium and osmium from larger amounts of tungsten has been
developed in order to facilitate the target chemistry of tungsten.
In this method, the hydroxide, or free base, form of the anion ex
change -resin Amberlite IR-4 is used in a chromatographic
column. Sample solutions probably contain the elements in,the
form of tungstate, perrhenate, and perosmate anions at pH 6 to 8.
The rate of adsorption of tungstate at this pH is relatively slow,so
,that if a rapid rate of flow is maintained in the column the tung
sten may be recovered quantitatively from the aqueous eluate.
Rhenium may then be removed from the column by hydrolysis
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with ammonium hydroxide. Osmium remains on the column in a
reduced form. At high tungstate concentrations, or at a pH lower
than 6, appreciable amounts may be retained on the column. In
this case, the hydrolytic elution may be controlled, by adjustment

" of the ammonium hydroxide concentration, to give selective elu
tion of tungsten and rhenium, the tungsten being removedmore
readily.

Some Errors Involved in the Use of Radioactive Tracers at
Very Low Concentrations. L. O. MORGAN, University of Texas,
Austin, Tex.

The effect of adsorption of ionic or molecular species from solu
tion is often overlooked as a source of error in radiochemical ex
periments, especially when one or more of the components is
present at extremely low concentrations. In experiments in this
laboratory by D. Marshall, N. Hackerman, and L. Morgan,
otherwise undetectable amounts of sulfur 35 were found to adsorb
preferentially on chromium surfaces from active chloride solu
tions. This gave rise to erroneous interpretations until the situa
tionwas recognized. In connection with another problem, the ad
sorption of perrhenate ions on the glass walls of the transfer sys
tem was found to increase to a large extent the apparent width of
the elution band of rhenium tracer from a chromatographic
column. Others have noted the anomalous behavior of radio
colloids. In experiments with zirconium 95 tracer, considerable
difficulty can be encountered unless adequate precautions are
taken to minimize the detection of the daughter columbium 95
which is present. in very low concentration and which has a
marked tendency to colloid or subcolloidal polymer formation in
most media.

Determination of Calcium and Magnesium Ions in Water
Using the High Frequency Titrimeter. FRED W. JENSEN, G. M.
WATSON, AND L. GUTIERREZ-VELA, Texas A. & M. College,
College Station, Tex.

The standard soap method for the determination of total hard
ness in waters is not too accurate. Instead of utilizing the forma
tion ofa permanent foam as an indication of the end point, the use
of the high frequency titrimeter was introduced. Soap solutions
were standardized by titration with hydrochloric acid in the
titrimeter not only more rapidly but with greater accuracy and
reproducibility than by the standard method. The iriteresting
form of the titration curve suggests possible uses of thetitrimeter
in other fields. The determination of calcium by soap solution
gave reproducible results which checked the stoichiometric end
point b,etter than the standard method. Magnesium was deter
mined by titration with sodium hydroxide in ethanol; again the
accuracy was better than by the standard method. Mixtures of
calcium and magnesium present difficulties which have not yet
been overcome.

A High Frequency Oscillator Utilizing the HeterodynePrinci
pIe to Measure Frequency Change Induced by Diverse Chemical
Systems. PHILIP W. WEST AND T. S. BURKHALTER, Louisiana
State University, Baton Rouge, La.

An instrument which has unusual potential utility in the field
of chemical analysis consists essentially of two high frequency
oscillators (one a reference and the other a working oscillator) and
a detector system for measuring the frequency difference between
the two oscillators.

Application of the instrument to chemical analysis is based
upon the principle that the frequency of an oscillator changes
with a change' ofcomposition of the core material of the tank
circuit coil:- In this instrument the tank circuit coilform,is hollow
and the, core material is changed by placing a small glasscell, filled
with any desired chemical system, within the 'hollow'.coil ,form:
The frequency change, caused by inserting a chemical system into
the tank circuit coil of the working oscillator, ,is meas!1red by com;:
paring the frequency of the working oscillator with",that of the
reference' oscillator before and after insertion of"the 'chemical
system. The magnitude of the frequency change;is'afunctionof
the, composition of the chemical system inserted.

StabilitY,of oscillation, essential for thistype'pfoperation, ha~
been checked. and fO,und satisfactory. A prelimiilary.irivestiga~
tion of sensitivity and' possible application has' beeti' made: ',The
instrwnenthas been used to make conductometric :ti1;rations, to
analyze binary, organicmixtllres, to detect very Small changes in
concentratiQnof;diluteionic aqueous systems,and, to ,distinguish
between, isomers of sh6rt-chain saturated alcohohi '" The following
data illustrate the, instrument's sensitivity to cnange in composi
tion: ,Distilled waterJ caused a frequency change of 4725 cycles,
while 0.001 N hydrochloric acid caused a changeof5977cyCIes;
isopropyl alcohol caused a change of 4025 cycles, while n-propyl
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Fifth Annual Microchemical Symposium

L.S.U. Analytical Symposium
THE third annual Louisiana State University Symposium on

Modern Methods of Analytical Chemistry will be held on the
campus at Baton Rouge, January 30 to February 2, 1950. Regis
tration will begin Monday morning in the Coates Chemical

Saturday Morning

JAMES S. WIBERLEY, Presiding
Separation and Identification Techniques in Organic

Analysis. SIDNEY SIGGIA.
Identification of Resinous Plastics. T. G. ROCHOW.
Luncheon, Hotel Alden

9: 15

8:00

8:15

combining the useful features of several existing methods for
type analysis of nonolefinic oils and by making various adapta
tions, to derive a scheme of analysis whi.ch is believed to be fairly
general for polyolefinic oils. This scheme was illustrated in con
nection with the analysis of a typical polyolefinic, polycyclic dry
ing resin marketed under the trade name Panapol 2-C.

The -oil is selectively hydrogenated in order to saturate only
the olefinic linkages, after which it is completely hydrogenated to
saturate the residual aromatic bonds. The average number of
rings per molecule and the average size of the rings are com
puted on the completely saturated oil, making use of type formu
las and molecular volumes. The true unsaturation is derived
from the increase in hydrogen content on selective hydrogenation,
whereas the aromaticity is computed from the difference in
hydrogen content between the selectively and totally hydro
genated oil. Final results show the percentages of naphthenic,
aromatic, and alkyl carbon atoms, as well as the distribution of
olefinic double bonds, along the entire boiling range of the oil.
The analysis is supplemented by a study of ultraviolet and in
frared spectra. In common with any analytical procedure, cer
tain assumptions are necessary. These were pointed out and the
limits of uncertainty were defined. The method is also applicable
to oils containing conjugated olefinic and/or alkyne linkages.

THE Fifth Annual Microchemical Symposium, organized under
the auspices of the Metropolitan Microchemical Society to

stimulate interest in the field of microchemistry and to promote
more widespread use of microchemical techniques, will be held in
New York, N. Y., February 24 and 25. There is no registration
fee, and the public is cordially invited to attend.

At 6:00 P.M. on Friday, February 24, the symposium will open
with a dinner at the Hotel Alden, 225 Central Park West. Tech
nical sessions will be at the A~ericanMuseum of Natural History.

Friday Evening

Welcome. OLGA R. FRY, Presiding, BELLA LITTMAN,
Chairman, Metropolitan Microchemical Society.

Introduction. OLGA R. FRY, Symposium Chairman.
Rapid Analyses by Means of Emission Spectroscopy.

HAROLD HUGHES.
Microscopy, Textiles, and Dyes. GEORGE L. ROYER.

10:00

11:00
12: 15

Saturday Afternoon

JOHN A. MEANS, Presiding

2:00 Developments in Techniques and Uses of Spot Test
Methods of Analysis. PHILIP W. WEST.

3:00 Problems in Agricultural Microchemistry. C. O. WILLITS.

Dinner and luncheon reservations should be made by February
16 with Mrs. Olga R. Fry, E. 1. du Pont de Nemours & Company,
Inc., Arlington, N. J.

alcohol caused a change of 4170 cycles. The instrument is sensi
tive to a frequency change of about 10 cycles.

Determination of Solubilities with the Beckman Du Spectrom
eter. MADISON L. MARSHALL, Texas State College for Women,
Denton, Tex.

Solubility data in the literature are extensive and frequentlv of
a high degree of accuracy. However, the widespread usefulness
of such data justifies the extension of solubility studies. Ultra
violet absorption measurements provide a novel method for the
determination of the solubility of certain organic compounds in
water. Data were supplied for the solubility of benzene and for
toluene in water. Comparisons with the literature values were
made. Three conditions must be met for applicability of the
method: The solute must exhibit absorption in the measurable
range, whereas the solvent must be optically clear; the solute
must be only slightly soluble; and absorption must obey closely
the Beer-Lambert law. Fortunately, the third condition is likely
to be met if the second is fulfilled. Possible extension of the
method to systems involving aldehydes, ketones, Il.nd other
classes of organic compounds was proposed.

Quantitative Ultraviolet Analysis of Two Aromatic Hydro
carbon Isomer Systems. JOHN A. PERRY, Monsanto Chemical
Co., Texas Division, Texas City, Tex.

Quantitative analytical methods based on ultravioletabsorp
tion spectrophotometry have been set up for the xylenes and
ethylbenzene, and for the diethylbenzenes and sec-butylbenzene.
n-Heptane purified by silica gel filtration is used throughout as
the solvent. Extinction coefficients are established in a two-step
procedure. In the first step, the relative magnitudes of the co
efficients are determined merely by introducing an unweighed
.sarriple of the pure hydrocarbon into the absorption cell and ob
:serving the optical densities at the various selected wave lengths.
In the second step, the optical densities observed from synthetics
are used to establish the relative magnitudes of the sets of co
-efficients. This is done by successive solutions of the matrix
Jormed from the coefficients and the observed densities, with indi
·cated adjustments of the sets of coefficients between the solutions.

Apparent deviations from Beer's law seem to be the chief
limitation of accuracy and precision of the method. Excellent
.accuracy (0.2% relative) is available for the middle concentra
tion ranges, and only fair accuracy (5 to 10%) for the extreme
·concentration ranges. The high accuracy and precision are the
result of deriving the values of the constants directly from the ex
perimental conditions; the diminution of accuracy and precision
is believed to be the result of uncorrected apparent deviations
from Beer's law.

The approach described permits rapid development or revision
·of multicomponent normalized analyses; the speed is achieved by
the elimination of most of the experimental work in the determina
tion of extinction coefficients.

Polarographic Determination of Zinc in Oils. J. T. WILEY,
.J. E. DELONEY, AND R. L. WINSTEAD, Texas Co., Port Arthur,
Tex.

The ever-increasing use of various types of additives by the oil
industry has made it desirable to have a rapid and accurate means
·of controlling the amount of additive present in the oil, and also
to assure a homogeneous mixture. This can be controlled by the
determination of zinc, where it is one of the metals present in the
.additive being used.

The polarographic method gives accurate and reproducible re
:sults and is much faster than the usual gravimetric or electro
plating methods. Zinc has been determined accurately in con
·centration from 0 to 0.10% by weight, and the method should be
.applicable to much larger concentrations. Barium, phosphorus,
-or calcium, other metals which are sometimes present along with
the zinc in additives, do .not interfere.

The method consists of carefully ashing the oil to remove the
-organic matter, dissolving the ash in concentrated hydrochloric
acid, adding gelatin as a maximum suppressor, making up to a
known volume, and determining the polarogram. The percentage
-of zinc is then calculated from the step height obtained versus
known standard samples where zinc oxide is used.

Determination of Molecular Structures in Polyolefinic Hy
·drocarbon Oils. SIMON MIRON AND R. J. LEE, Pan-American
Refining Corp., Texas City, Tex.

The thorough characterization of molecular types present in the
·complex high-boiling olefinic oils derived by thermal or catalytic
treatment of petroleum fractions is not possible by the use of any
·one scheme present in the literature. It was found possible, by
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Laboratories. Registration fee will be $7, which will include
banquet ticket. Fee for students, not including the ,banquet, is
$2. '

Monday Morning
A. R. CHOPPIN. Greetings.

Monday Mternoon
WALTER J. MURPHY. Progress in Analytical Chemistry.
PAUL DELAHAY. Polarography.
PAUL DELAHAY. Amperometric Titrations.

Tuesday Morning

W. C. MCCRONE. Microscopic Identification of Organic and
Inorganic Compounds.

JOHN FLAGG. Organic Reagents.
CHARLES E. WHITE. Fluorometric Methods of Analysis.

Wednesday MorniJ,lg

W. C. MCCRONE. Microscopic Identification of Organic and
Inorganic Compounds.

JOHN FLAGG. Organic Reagents.
CHARLES E. WHITE. Fluorometric Methods of Analysis.

Wednesday Afternoon

B. L. CLARKE. Analytical Chemistry in Quality Control of
Product and in Research.

DONALD LONG. Raman Spectrometry.
G. F. SMITH. Perchloric Acid and Its Uses in Analytical Chem-

istry. ' -
Evening round table discussions.

Thursday Morning

W. C. MCCRONE. Microscopic Identification of Organic and
Inorganic Compounds.

JOHN H. YOE. Colorimetric Methods of Analysis.
CHARLES E. WHITE. Fluorometric Methods of Analysis,
Afternoon round table discussions.

Tuesday Mternoon

NORMAN'vVRIGHT. Infrared Spectrometry.
DONALD LONG. Raman Spectrometry.
A. C. SHEAD. Profile Microscopy.
Social hour and banquet.

Hotel reservations may be made by writing directly to the Hotel
Heidelberg, Baton Rouge. Preregistration for the symposium is
encouraged and may be made with P. "V. "Vest, Coates Chemical
Laboratories, Louisiana Stat.e University. Baton Rouge 3, La.

Pittsburgh Conference on Analytical Chemistry

Thursday Morning

Session on Infrared Spectroscopy
J. J. MCGOVERN, Presiding

9:00 N. D. COGGESHALL, Gulf Research and Development
Corp. Determination of Organic Functionality by
Molecular Spectroscopy

9:35 C. W. YOUNG, M. R. MEEKS, AND V. E. WHITTIER, Dow
Chemical Co. Determination of Low Concentrations

Thursday Afternoon

Session on Analytical Chemistry

M. L. Moss, Presiding

2:00 C. F. HISKEY, Polytechnic Institute of Brooklyn.
Colorimetry Applied to High Absorbance Systems

2:30 H. A. LIEBHAFSKY, General Electric Co. Some Unusual
Cases in Photometric Analysis

3: 15 Exposition recess
3:35 GEORGE TELEP AND D. F. BOLTZ, Wayne University.

Ultraviolet Spectrophotometric Determination of
Molybdenum

3:55 R. E. KITSON, E. 1. du Pont de Nemours & Co. Simul
taneous Determination of Cobalt, Copper, and Iron

4:25 H. F. BEEGHLY, Jones and Laughlin Steel Corp. Be
havior of Nitrogen and Some of Its Compounds in Steel

4:45 P. E. WENGER, D. MONNIER, AND Y. RUSANI, University
of Geneva. Use of Sensitive Reactions in Semiquanti
tative Determinations (translated and presented by
HENRY 'FREISER)

Thursday Morning

Session on Analytical Chemistry

HENRY FREISER, Presiding

9:00 HARVEY DIEHL, Iowa State College. Titrations with
Ethylenediamine Tetraacetic Acid

9:35 H. H. WILLARD, University of Michigan. Determination
of Fluoride

10: 15 Exposition recess
10:40 GEORGE A. PERLEY, Leeds & Northrup. Electrode

Problems in Electrometric Measurements
11:35 E. ST. CLAIR GANTZ, GERALD C. WHITNACK, CLIFFORD J.

HOLFORD, AND G. B. L. SMITH, U. S. Naval Ordnance
Test Station, China Lake, Calif. Determination of
Nitric Oxide and Nitrogen Dioxide in Admixture

12: 00 Lunch and exposition

Wednesday Afternoon

R. G. RU:3SELL, Presiding

WILLIAM SEAMAN, American Cyanamid Co. The Indus
trial Analytical Chemist in a Changing Scene

J. CONVEY, Canadian Bureau of Mines. Spectro
chemistry at the Bureau of Mines in Ottawa

Exposition recess
CHESTER M. ALTER, Boston University. An Analysis of

Analyses '
VAN ZANDT WILLIAMS, Perkin-Elmer Corp. Recent De

velopments in Infrared Spectrometry

Wednesday Evening

Conference Dinner, Ball Room. Toastmaster, J. R.
ANDERSON. Main Speaker, H. V. CHURCHILL

6:30

2:00

2:30

3:00
3:30

4: 15

10:00

11: 15

THE Pittsburgh Conference on Analytical Chemistry and
Applied Spect.roscopy, sponsored by the Analytical Division,

Pittsburgh Section, AMERICAN CHEMICAL SOCIETY, and the
Spectroscopy Society of Pittsburgh, will be held at the William
Penn Hotel, Pittsburgh, Pa., February 15 to 17, 1950. An exposi
tion of modern laboratory equipment will be a part of the confer
ence, and on Thursday afternoon, February 16, Committee E-2
of the American Society for Testing Materials will hold a meeting
at which conferees are welcome. The following tentative program
has been arranged.

At 8: 30 A.M. February 15 registration will begin at the Fort
Duquesne Room, William Penn Hotel, and the exposition will
open in the Urban Room.

Wednesday Morning

C. MANNING DAVIR, Presiding
Welcoming Remarks
R. A. FRIEDEL, Chairman, Spectroscopy Society of Pitts

burgh
T. C. BRYSON, President, Analytical Division, Pittsburgh

Section, A.C.S.
MARY E. WARGA, University of Pittsburgh
HENRY FREISER, Chairman of Exposition
PHILIP J. ELVING, Pennsylvania State College. Funda

mental Operations of Analytical Chemistry
GEORGE R. HARRISON, Massachusetts Institute of Tech

nology. Progress iri: Spectrographic Instruments
Lunch and exposition 'recess

10:30

12:00



Third Symposium on Analytical Chemistry. Louisiana State
University, Baton Rouge, La., January 30 to February 2,1950

Analytical and Microchemical Group, Philadelphia Section,
AMERICAN CHEMICAL SOCIETY. Harry Levin, "Micro
chemistry in the Petroleum Industry," February 7, 1950

Pittsburgh Conference on Analytical Chemistry and Applied
Spectroscopy. William Penn Hotel, Pittsburgh, Pa., Feb
ruary 15 to 17, 1950

Fifth Annual Microchemical Symposium. American Museum of
Natural History, New York, N. Y., February 24 and 25,1950

Chemical Institute of Canada, Analytical Division. Royal
Connaught Hotel, Hamilton, Ontario, March 2 and 3,1950.
Second annual symposium

Symposium on Molecular Structure and Spectroscopy.
Mendenhall Laboratory of Physics, Ohio State University,
Columbus, Ohio. June 12 to 17, 1950

Third Annual Summer Symposium. Ohio State University,
Columbus, Ohio, June 16 to 17, 1950

International Microchemical Congress. Graz, Austria, July 2
to 6
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of Low Molecular Weight Polar Solutes in Nonpolar
Solvents

10:05 Exposition recess
10:30 JOHN U. WHITE, Perkin-Elmer Corp. Applications of a

Double-Beam Infrared Spectrophotometer
11:00 D. D. FRIEL, E. 1. du Pont de Nemours & Co. Analysis of

Plant Samples with Infrared Gas Analyzers
11:30 JAMES D. STROUPE, Rohm and Haas Co. Infrared

Analysis of Certain Cr C4 Hydrocarbon Mixtures
12:00 Lunch and exposition

Session on Emission Spectroscopy
J. R. CHURCHILL, Presiding

9:00 M. F. HASLER, Applied Research Laboratories. Direct
Reading Analysis of Stainless and Tool Steels Covering
Wide Ranges of Composition

9:45 R. W. CALLON AND L. P. CHARETTE, Aluminium Labora
tories Limited. Direct-Reading Methods for Analysis
of Aluminum and Aluminum Alloys Using Pin Samples

10: 20 Exposition recess
10:40 GEORGE WIENER, Westinghouse Electric Corp. Effect

of Heat Treatment and Composition on Spectrographic
Determination of Carbon in Steel

11: 15 GALEN PORTER, Union Carbide and Carbon Research
Laboratories. Spectrochemical Determination of
Magnesium in Cast Iron .

II :40 W. B. MCCREARY, International Harvester Co. Factors
Influencing the Spectrographic Analysis of Silicon in
Gray Iron

Thursday Afternoon

Session on Infrared Spectroscopy

F. A. MILLER, Presiding

2:00 J. S. ARD AND THOMAS D. FONTAINE, U. S. Department of
Agriculture. Triethylamine Addition as a Means of
Increasing the Applicability of Infrared-Transmitting
Solvents

2:25 H. G. MONTEITH, Aluminum Research Laboratories.
Quantitative Infrared Analysis of Solid Isomeric Mix
tures

2:45 J. SEIDMAN, Sinclair Refining Co. Infrared Analysis of
cis- and trans-Decalin

3: 10 R. A. FRIEDEL, U. S. Bureau of Mines. Infrared and
Ultraviolet Spectra of Phenols

Thursday Evening

G. W. KELCH, Presiding

8:00 GRANT T. WERNIMONT, Eastman Kodak Co. Design
and Interpretation of Two-Factor Experiments

This session will be followed by an informal social hour. Admis
sion by badge.

Friday Morning
Session on Ultraviolet Absorption Spectroscopy

R. A. FRIEDEL, Presiding
9:00 LIONEL S. GOLDRING, ROLAND C. HAWES, ARNOLD O.

BECKMAN, CHARLES D. CORYELL, AND MICHAEL E.
STICKNEY, National Technical Laboratories. Anoma
lies in Extinction Coefficients at Low Absorbancies

9:25 D. L. TllIIMA, Mound Laboratory. A Modified Beckman
Spectrophotometer and Its Performance

9:45 J. R. ANDERSON AND J. J. MCGOVERN, Mellon Institute
of Industrial Research. Spectrophotometric Detection
and Determination of Thianaphthene in Naphthalene

10:05 Exposition recess'
10:30 J. E. NEWELL, U. S. Rubber Co. Residual Monomer in

Polystyrene. A Spectrophotometric Method .
11 :05 ALVIN S. GLESSNER, JR., A. C. WHITAKER, AND N. D.

COGGESHALL, Gulf Research and Development ·Corp.
Ultraviolet Absorption Analysis for N, N'-Di-sec-butyl
p-phenylenediamine in Gasolines

11 :25 FRANK P. HAZLETT, Roy B. HANNAN, JR., AND JOSEPH
H. WELLS, Mellon Institute of Industrial Research.
Determination of Anthracene in Crude Anthracene
Cakes by Ultraviolet Spectrophotometry

12: 00 Lunch and exposition recess

Session on Emissi"n Spectroscopy
MARY E. WARGA, Presiding

9:00 B. F. SCRIBNER, National Bureau of Standards. Stand
ardization of Spectrographic Analytical Methods

9:35 J. SHER:\IAN, Philadelphia Naval Shipyard. Stability

10:00

10:25
10:45

11:10

11:35

12:00

2:00

2:25

2:50

2:00

2:20

2:55

3:20
3:40

4:05

4:25

4:40

3:10·

3:45

4:20

4:45
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of Spectra as Determinable by Statistical Analysis of
Experimental Data

JOHN HARLEY, GEORGE PETERSON, AND GEORGE WEL
FORD, U. S. Atomic Energy Commission. Spectro
graphic Determination of Beryllium in Air Dust Sam
ples

Exposition recess
E. K. JAYCOX, Bell Telephone Laboratories. Quantita

tive Spectrochemical Analysis of Ashes, Deposits,
Liquids, and Other Miscellaneous Samples

J. T. ROZSA, N. A. GRONDIN, AND J. GOLLAND, National
Spectrographic Laboratories. Crucible Fusion Tech
nique of Spectrographic Semiquantitative Analysis

ALFRED T. MYERS, U. S. Geological Survey. An Im
proved Cutting Tool for Spectroscopic Electrodes

Lunch and exposition recess.

Friday Afternoon

Session on Emission Spectroscopy
B. F. SCRIBNER AND J. C. BALLINGER, National Bureau of

Standards. Spectrochemical Analysis of Bronzes by
the Porous Electrode Technique

J. A. NORRIS, Massachusetts Institute of Technology.
Spectrographic Analysis of Beryllium Metal

Exposition recess
Session on Analytical Chemistry

J. C. REDMOND, Presiding

W. A. KIRKLIN, Hercules Powder Co. Standardization
in Analytical Chemistry

CALVIN GOLUMBIC, Bureau of Mines. Separation and
Analysis of Phenols by Countercurrent Distribution

L. A. WOOTEN AND W. G. GALDNER, Bell Telephone
Laboratories. Low Pressure Techniques. Determina
tion of Oxygen and Carbon in Metals

Exposition recess
E. B. READ AND L. P. ZOPATTI, Massachusetts Institute

of Technology. Determination of Oxygen in Zir
conium Metal

L. C. COPELAND AND F. S. GRIFFITH, New Jersey Zinc
Co. of Pa. Manual Polarograph for Rapid Routine
Determinations. Lead and Cadmium in Zinc

WILLARD P. TYLER AND EARL C. GREGG, B. F. Goodrich
Research Center. Analytical Polarographic Study of
the Bis (dialkylthiocarbamyl) Disulfides and Dial
kyldithiocarbamates

ALLEN M. GOLDSTEIN, Tracerlab Incorporated. Some
Uses of Tracer Techniques in Analytical Chemistry

Session on Specialized Techniques
J. H. LIEBLICH, Presiding

HAROLD P. KLUG, Mellon Institute of Industrial Re
search. Recent Applications of X-Ray Diffraction in
the Analvtical Field

WILLIAM PRIESTLEY, JR., Esso Laboratories. Fluores
cence Spectroscopy

ANNE L. CONRAD AND WINIFRED C. JOHNSON, Standard
Oil Co. of Ohio. Flame Photometer Techniques for De
termining Typical Additives in Petroleum Oils .

RICHARD H. HUGHES, Westinghouse Research Labora-
tories. Microwave Spectroscopy and Chemical
Analysis
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Solenoid valves apply vacuulIl to pUlDp when energized and air
pressure when de-energized

Glass Circulating Pump. Marvin F. L. Johnson and John
A. Glover, 'sinclair Refining Company, Harvey, Ill.

Two automatic Toepler pumps connected in parallel may be ad
vantageously employed as a gas circulating pump if means be

provided for obtaining proper timing, thus ensuring nearly con
tinuous flow. This type of. pump has the advantage of operating

by positive displacement of circulating gas, and so may be used to
circulate through restrictions such as stopcock bores and at sub
atmospheric pressures. In the pump described here, continuous
flow is obtained by operating the two Toepler pumps one half
cycle apart, and by arranging the electrical circuit and check
valves so a.~ to prevent one side from reversing direction until
the other side is in a position to do so and to prevent the mer
cury in either side from proceeding too far in any direction.

Application of compressed air or vacuum through a solenoid
valve to the lower reservoirs will raise or lower the mercury in the
upper reservoirs, thus forcing gas past check valves 2 or 7 in one
case, or drawing in gas past check valves 4 or 5; these check valves
are arranged to permit passage of gas only in the indicated direc
tions. (The solenoid valves were obtained from the Automatic
Switch Company, Catalog No. 83061, and operate on 110-volt,
6o-cycle alternating current,. 16 watts. They have '/8 inch
ports, with adapters for '/. inch copper tubing on all outlets.) If,
therefore, compressed air is being admitted to one reservoir, while
the other is simultaneously open to vacuum, one pump will be
drawing gas in while the other is pumping out, or vice versa.

Reconditioning of Nernst Glower in Beckman Infrared Spectro
photometer. E. J. Serfass and Mafi M. Chaudhuri, Lehigh
University, Bethlehem, Pa.

THE infrared spectrophotometer, Model IR-2, manufactured by
the National Technical Laboratories, South Pasadena, Calif.,

utilizes a Nernst glower as a source of infrared radiation. This
glower is a small cylindrical tube, 1 to 2 cm. long and about 0.5
mm. in diameter, composed of refractory oxides, which have a
negative temperature coefficient of resistance-the property of
conducting electricity when hot.

The glower operates from a regulated alternating current
supply adjusted to a current consumption of 0.8 ampere. It is
heated to a dull red starting temperature by a coil of platinum
wire, called the heater, which is mounted close to the glower and
can be electrically heated to a bright red. The radiated heat
from the heater brings the glower to a starting temperature and
the latter starts passing current and also simultaneously operates
a relay which turns the heater off.

After continued use, the glower becomes coated with a thin
metallic, low-resistance film, which ~llows the glower to pass
current without emitting radiation. Such a glower is con
sidered defective and normally must be replaced by a new one.
Frequent replacements are a heavy item of expense, which may,
however, be reduced by reconditioning the defective glower by
heating with an oxy-gas flame.

The glower, which is brittle, is carefully dismounted from the
holder. It may be partially dismounted by removing one end
from the holder and carefully bending the platinum leads so as
to remove the glower fro~ the heater. A tiny oxy-gas flame is
then applied to the glower until the conducting film volatilizes,
leaving a white surface. The reconditioned glower is remounted
with care and is ready for operation.

The authors have reconditioned a number of glowers in this
manner and are using one that has been reconditioned twice.

This is accomplished by arranging the electrical circuit so. that
contacts 10 and 12 are connected in series with one coil of the
relay, contacts 11 and 13 with the other coil, with the voltage
applied as shown at contacts 9 and 14. (The double-pole, double
throw rel!iy was obtained from Struthers Dunn, Inc., Catalog No.
51AXA1102; the contacts are designed for l1o-volt, 6o-cycle
alternating current; the coils operate on 6-volt, 60-cycle alter-

. nating current.) In this way, reversal of direction takes place
only when mercury makes contact at both 10 and 12, or 11 and
13; thus, one coil of the relay is momentarily energized, becoming
locked in position, and in turn causes energization of one solenoid,
de-energization of the other. When the other set of contacts are
made the situation is reversed, and the pumps again change
directions.

If the mercury in one side should make contact ahead of that
in the other, further travel is prevented by check valves 1, 3, 6,
and 8. These valves, and Nos. 4 and 5, consist of conically or
spherically ground surfaces, and '/. inch steel balls; these balls
rest on indentations in the glass, and are floated up by the mer
cury to the ground surfaces, closing the valve when contact is
made. Valves 2 and 7 are similar, but are opened by the balls
being floated off the ground surface, and closed when the mercury
moves down, leaving an annular ring of mercury to effect a seal.
The balls are weighted by mercury-filled glass bulbs, which keep
them in place. Stopcock 17 is used for cleaning, filling with mer
cury, and adjusting the mercury in each pump to the same level

By proper adjustment of stopcocks 15 and 16 and the sources of
vacuum and compressed air, the over-all rate of circulation can be
controlled; fine adjustment will lead to better timing of the two
pumps and therefore more continuous delivery. The use of 20-cc.
bulbs in a system whose total volume is 150 cc. will conveniently
circulate 80 cc. of gas per minute, with a total fluctuation in pres
sure equal to not more than 2% of the total pressure. It is there
fore satisfactory for studies of catalytic gas reactions.
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