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There’s a Fisher thermometer that will tell you
the exact amount of heat, whether you’re meas-
uring the temperature of liquid nitrogen, molten
metal, or the back yard in the middle of dog-
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days. If you need it, you can have the answer in
thousandths of a degree.

i

You can call on Fisher for a thermometer of the
exact shape, size, range and sensitivity that fits
the job you'’re doing . . . 279 different combina-
tions listed in the Fisher catalog. And Fisher’s
custom glass-shops are at your disposal for any
special order.

Whatever you're looking for in
the laboratory, you’ll find that

... your best source is the
Fisher catalog.

L :B:’tmf o Cleveland Philadelphia Washington
¢ :Bgffalp § . Detroit Pittsburgh Montreal
** *Chiadd® ° ° New York St. Louis Toronto

America’s Largest Manufacturer-Distributor of Laboratory Appliances and Reagent Chemicals
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This Month’s Cover. Ana-
lysts may look with pride at their
record of achievement in aiding the
progress and accomplishments of
medical research. Although their
work has not been so loudly pro-
claimed as the efforts of others, it
has been a significant factor in
pushing outward the frontiers of
medical science. A new tracer tech-
nique, an improved instrument de-
sign, or a better analytical method
often provides the key to open up a
new or hitherto blocked line of
medical research. The cover fea-
tures a newly developed instrument
for scanning body areas in which
radioactive isotopes may have
localized. This was one of many
analytical instruments and methods
discussed at the recent Symposium
on Analytical Methods sponsored
by the National Institutes of Health
(see page 21 A) and at the Fourth
Annual Research Equipment Ex-
hibit held in conjunction. This
meeting and others give strong indi-
cation that the role of the analyst
in medical research is an expanding
one.
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Spectrophotometer
Saves Money 3 Ways

m@ﬂ@“

LINZAR spectrum, from grating,
ELIMINATES adjusting a slit
width.

DEPEZNDABILITY Saves Repair Ex-
pense ... as compared with prism

machines electronic circuits.
Precision SQUARE tubes at $18.00
dozen ... compared to $72.00
dozen ... and WACO 4Omm Cells at
$9.00 instead of $35.00.

Coleman Junior
Spectrophotometer
Saves Money 3 Ways

INITIAL COST Saves 50% ... sim-
ply because prism spectrophoto-
meters can not be produced as
economically.

DEPENDABILITY Saves Repair Ex-
pense as contirasted to prism
machines with electronic cir-
cuit breakdowns.

TEST TUBE OPERATION ..
JUNIOR model .... U.S
has over a thousand!

Three Times
The Accuracy

—

No amplifier ... just ask fcr our
WACO Shielded Side Carrier ard
10x4Omm Cells. Used for ...
NELSON-SAMUELS ... Determination
of 17,21 dihydroxycorticosteroids
in blood plasma.

L 'HEUREUX~ROTH ... Using NATEL-
SON'S Determination of Serun Ci-
tric Acid.

THREE times the reading spreai...
for PALE liquids and even 1} ml.
volumes !

WRITE FOR OUR FREE BULLETIN AN-6

Laboratory Supplies and Eauipment

WILKENS-ANDERSON (oO.

4525 W. Division St.

Chicago 51, Il
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Have you received your copy of this valuable
250-page Specification Catalog?

It lists the complete line of Baker Laboratory
Chemicals, with prices and package descriptions.
It gives you specifications for all ‘Baker Analyzed’
Reagents—the laboratory chemicals with the in-
formative actual analysis on every label.

The listings usually include the formula, formula

Baker Chemicals

REAGENT - FINE <+ INDUSTRIAL

weight and physical description. Many new assay
and pH ranges are given for the first time. You
will also find 185 of the Reagent chemicals for
which ACS standards have been established.

One glance at this new 50th anniversary catalog
and you’ll want it at your fingertips, ready for
constant use. If you haven’t received a copy, mail
the coupon for yours now.

r-—-------------

J. T. BAKER CHEMICAL CO.
Dept. A-6, Phillipsburg, N. J.

Please send me a copy of your new
Specification Catalog.
Name.
Title.
Name of Company.
Address.
City. Zone State




In New York City, a Lindberg two-station High
Frequency Combustion Unit . . along with a Lind-
berg Volumetric Carbon Determinator and a Lind-
berg Sulfur Determinator is used in varied types of
ferrous analyses by Sam Tour & Company, Inc.,
one of the nation’s leading commercial testing
laboratories.

Hundreds of laboratories..commercial and pri-
vate . . have installed Lindberg High Frequency
Combustion units for the ignirtion of iron-steel sam-
ples in carbon and sulfur determinations.

Here are some of the reasons why you will select
Lindberg equipment:

LINDBERG

HIGH FREQUENCY COMBUSTION UNIT

® Both carbon and sulfur can be analyzed with the
same unit.

e Lindberg “HF” combustion units are ready for in-
stant use; preliminary warm-up, only once a day,
requires 57 seconds.

e They take only a small fraction of the power re-
quired by resistance element furnaces.

® “Vycor” glass combustion tube permits easy visi-
bility of operation . . costs only one-half as much . .
lasts many times longer than the old, conventional
furnace tubes.

e Only samples are heated .. no excess heat in lab-
oratory . . no elements to burn out.

For additional information call your nearest labora-

tory equipment dealer . . or write for bulletin # 1000.

Leading Laboratories Like
LINDBERG LABORATORY EQUIPMENT

LINDBEREG LABORATORY EQUIPMENT

Laboratory Division, Lindberg Engineering Company, 2440 West Hubbard Street, Chicago 12, Illinois

For further information, circle number 6 A on Readers’ Service Card, page 41 A
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The RIGHT WEIGH

THE KEYBOARD OPERATED WEIGHTS:

® Hang from the stirrup — have same effect as weights
in the pan

® Are units of mass — not arbitrary weights adjusted -
to the balance

® Are not handled in weighing — retain their accuracy
longer

® Can be removed easily — for cleaning, checking or
intercalibration

® Can be used with conventional weighing — or with
substitution method

® Can be used with tare weights — and have the range to
cover many variations.

THE KEYBOARD OPERATION:

® |s simple, sure — proved for 50 years

® Deposits or lifts any “carrier weight’’— without opening
the case

® Eliminates handling of smaller milligram weights — is
fast and convenient.

KEYBOARDS ARE AVAILABLE ON:

Ainsworth Micro, Semi-Micro, Assay, and
Two Series of Analytical Balances.

WM. AINSWORTH & SONS, Inc.

2151 LAWRENCE ST. « DENVER 2, COLORADO

For further information, circle number 7 A on Readers’ Service Card, page 41 A
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Harshaw Scientific can DELIVER IMMEDIATELY any of
these ANALYTICAL BALANGES

AINSWORTH

H-1550—TypeLC. . . . . . . . . . $177.00
H-1560—TypelCB . . . . . . . . . 276.00
(Capacity 200 gm., sensitivity 1/10 mg.)
H-1570—Type DL . . . . . . . . . $254.00
H-1580—Type DLB . . . . . . . . 353.00
H-1600—TypeB . . . . . . . . . . 285.00

*H-1605—Type BB . . . . . . . . . 384.00
(Capacity 200 gm., sensitivity 1/20 mg. H-1560, H-1580, H-1605
are equipped with chainweight and notched beam. Magnetic

dampers extra at $38.50 single end, $60.50 double end.)

CHRISTIAN BECKER

H-1803—Model AB-7. . . . . . . . $177.00
H-1813—Model AB-4. . . . . . . . 353.00
(Capacity 200 gm., sensitivity 1/10 mg., 1/20 mg. with loads up
to 100 gm.)

*H-1823—Model AB-2 . . . . . . . $449.00

H-1813-10 Model AB-5. . . . . . . 310.00
(Capacity 200 gm., sensitivity 1/20 mg. H-1813, H-1823 are
equipped with dial reading chainomatic, notched beam, magnetic
damper. H-1813-10 is same, but without damper.)

H-1843—Model AB-1. . . . . . . . $695.00
(Projectomatic with notched beam. Direct reading O to 100 mg. No
loose weights required up to 1.1 gm.)

VOLAND
*H-2440—No. 100 . . . . . . . . . $105.00

(Ideal for student use. Aluminum cabinet. Single knob releases beam
and pan simultaneously. Capacity 200 gm., sensitivity I/IO mg.)

H-2440-30. . . . . . . . . . . . . $%$23500
(Same as H-2440 but equipped with notched beam, drum chain,
equilibrium adjuster, and magnetic damper. No loose weights re-
quired up to 1.1 gm.)

H-2450—No.200 . . . . . . . . . $110.00

(Similar to H-2440 but has a separate pan release.)

H-2450-30. . . . . . . . . . . . . $240.00

(Similar to H-2440-30 but has a separate pan release.)

SARTORIUS “SELECTA”

*H-2424 Sartorius *“Selecta’ . . . . . $890.00

(Single pan; direct reading; no weight handling at all. Weights are
placed on beam by merely rotating external knobs. Last 100 mg.
projected on screen automatically.)

Harshaw Scientific stocks many other types of balances
including micro, semi-micro, specific gravity, etc. We will
welcome your request for literature or specific information.
Hllystrated

For further information, circle number 8 A on Readers’ Service Card, page 41 A
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spéed ...accuracy...dependability...

in the measurement of percentage hydrogen

in liquid hydrocarbons

menew CEINGC O

BETA RAY "/c METER

vtilizes radioisotopes

Here is a practical, efficient precision instrument
designed for use in research as well as in product
control and routine analysis. It provides a fast,
accurate means of measuring the percentage of
hydrogen, or the hydrogen-carbon ratio, in liquid
hydrocarbons. bt — —t— i i

20 T t t
* Makes complete determination in 5 minutes | I L /

* Accurate to within 0.02 weight percent hydrogen ‘ - | ] //

* Handles hydrocarbons ranging from normal pentane to 1.6-dimethyl-
naphthalene with no change in precision over the full range L

25
[ ||

T T
Eeqzene Z

Cyclohexane
!

* Calibration is independent of pressure changes in ionization chambers .85 : r / T
since they share a common supply of gas : ! | [ }

)

/ rC yc‘l/op:-nfafew i

80
|n-Octane ‘
et ol AL 1
| $ |

* Adequate shielding makes instrument safe from radiation hazards i I /',,_

* Temperature changes do not affect measurement since both specific
gravity and beta absorption measurements are made automatically
at same temperature

* Twin beam instrument using single beta ray source is independent
of source variations

Ax(p, + Koy ++
N

% Null-point balance is independent of electrometer variations Bl K |

The New Cenco Beta Ray H/C Meter fills a long 75 |
felt need in numerous petroleum processing operations ‘

. where the hydrogen-carbon ratio is altered . . . ‘T ‘ == | i
where the percentage of hydrogen is an index to the Arpemtme | | | | | ‘
performance of end products such as jet fuels, fuel 1] NEERE
oils, gasolines, etc. Our Bulletin No. 115 contains full r (gi/ o kmd”_',;) .
details about this precision instrument. Write for :

your copy today.

n-Hexane || |
1
t

700 ‘ 15 20

Fig.8. Typical Calibration Curve

Exclusive manufacturing and sales rights for the Cenco Beta Ray H/C Meter have been assigned to Central Scientific
Company by Standard Oil Company (Indiana).

CENTRAL SCIENTIFIC COMPANY

MAIN OFFICE — PLANT — CENCO INTERNATIONAL CIA.
1708 IRVING PARK ROAD « CHICAGO 13, ILLINOIS

BRANCHES AND OFFICES — CHICAGO NEWARK BOSTON
WASHINGTON DETROIT SAN FRANCISCO SANTA CLARA LOS ANGELES

CENTRAL SCIENTIFIC CO. OF CANADA, LTD. (and Hendry Division)
TORONTO MONTREAL VANCOUVER OTTAWA

REFINERY SUPPLY COMPANY — TULSA HOUSTON

The most complete line of
scientific instruments and lab-
oratory supplies in the world

For further information, circle number 8 A on Readers’ Service Card, page 41 A
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For Your

BYI{1VMM. . . THESE

' MERCK
REAGENTS

come in
plastic
containers

SupEROXOL®

Acid Hydrofluoric Merck
Mercury Merck

Acid Hydrofluosilicic Merck

Keep laboratory accidents at
a minimum. These high-
purity Merck Reagents are
packaged in safe, convenient,
chemically-inert plastic
bottles. Order them and
other laboratory chemicals
from your nearest distributor
of MERCK LABORATORY
CHEMICALS.

Actual stroboscopic photograph of a Merck plastic container, taken at 1/30,000th of a second. USe COUPOH belOW.

10A

MERCK & CO., INc.. Rahway, New Jersey, Dept. AC-6

Please senc names of distributors of MERCK
LABORATORY CHEMICALS.

MERCK & CO.InNc.

NAME TITLE Mam\zf&cturing Chemssts

(Please Print)
FIRM RAHWAY, NEW JERSEY
CITY. ZONE STATE

For further information, circle number 10 A on Readers’ Service Card, page 41A
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A full-fledged line-operated

PH Meter of remarkable accuracy
at the UNPRECEDENTED price of

"115*

.« « made possible by recent
advances in electronic tubes and
circuits.

Write for Bulletin #225 to

PHOTOVOLT CORPORATION
NEW YORK 16, N. Y.

95 MADISON AVENUE

PHOTOVOLT pH METER
MOD. 115

@® SIMPLE in operation and
maintenance.

@® FAST and dependable
daily service.

® FULLY stabilized for wide
range of line voltage
fluctuations.

in

PHOTOVOLT Densitometer

‘OI’

Partition Chromatography

and Paper Electrophoresis

D

A photoelectric precision instrument for the
rapid and convenient evaluation of strips and
sheets of filter paper in partition chromatog-
raphy and paper electrophoresis.

Werite for Bulletin #800 to

PHOTOVOLT CORP.

95 Madison Ave.
Also

Colorimeters
Fluorimeters
Nephelometers

New York 16, N. Y.

Electronic Photometers
Multiplier Photometers
Interference Filters

pH meters
Reflection Meters
Glossmeters

LUMETRON Colorimeter Mod. 450

for Nessler Tubes

A new photoelectric instrument of high accuracy for the
measurement of pale colors and faint turbidities.
® For all analytical colorimetric determinations in which
only a slight coloration can be developed.
® For sanitary examination of drinkable water and for
analysis of water for municipal and industrial purposes.
® For color standardization of lightly colored liquids such
as kerosenes, sugar solutions, solvents, vamishes, liquid
waxes, vegetable oils, beverages, cosmetics.
® Replaces visual color comparison in Nessler tubes.
Write for literature te

PHOTOVOLT CORP.

95 Madison Ave. New York 16, N. Y.

For further information, circle numbers 11 A-1, 11 A-2, 11 A-3 on Readers’ Service Card, page 41 A
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etely redesigned it

these are 5
of the redesign features

Single casting with leveling screws. Permits rigid
attachment to table if desired.

Completely new drive mechanism, similar to that
used in our micro pipet-buret. Handle remains
stationary.

New glass part eliminates T connection and permits
very easy filling.

Completely new mounting of glass part as em-
ployed in the micro pipet-buret.

00 0O

Simple mounting of gauge reduces breakage of
glass.

how the Microburet works*

A precision ground plunger, having the required diameter
so that the dial micrometer gauge reads directly in volume
units, displaces mercury in a reservoir sealed off by a sili-
cone rubber gasket, contained in an aluminum bushing. The
displaced meréury in turn forces exactly the same volume of
titrating liquid through a fine orifice immersed in the solu-
tion being analyzed, which may be stirred by a fine stream
of air bubbles. “Gilmont, R., Anal. Chem. 20, 1109 (1948)

Fiminates MERVE-RACKING Titration

Completely redesigned, this new version of the Gilmont
Ultra-Microburet provides vastly improved means of
achieving rapid titration. It accomplishes this with
complete elimination of time consuming and nerve-
racking manipulation.

This altogether improved Ultra-Microburet is now so
simple to operate that it is actually easier to use than
the ordinary buret of the analytical laboratory, besides
being capable of a higher degree of precision.

- o
price list
G 15391 A Uitra-Microburet, Gilmont, Capacity 1.0 ml. in .001 ml.

AIVISTONS! sviaassersisssussosssmmsmomssrsnsn e s i R b e S absssiasisd Each $75.00
G 15391 B Same as G 15391 A but Capacity 0.1 ml. in .0001 ml,
QIVISTONS! corressscnsuscssmonsusanessnsassensenssorsmsnpassasassfionssasnsdssesesiotissssissassscsd Each $75.00
G 15381 C Same as G 15391 A but Capacity .01 ml. in .00001 ml.
divisions .. <eeeen.EACh $75.00

G 15382 Attachments (complete set including 3 clamps, test tube
support, bubbling tube support, bubbling tube, milk glass, rubber
buld " and PINCHCIAMD):.: . cumimssmmevsrsssmspinmssivssnssissms st Each $19.00

Accuracy: within 0.1% of capacity. Constructed of corrosion resistant ma-
terials. Delivered filled with mercury ready for operation with instructions.

e EMIL, IVER Co.

20-26 N. MOORE STREET NEW YORK 13, N.Y.

For further information, circle number 12 A on Readers’ Service Card, page 41 A
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e Welchk TRANSMISSION DENSITOMETER for

QUANTITATIVE PAPER CHROMATOGRAPHY
ith Transmission
7 combines the DENSICHRON SR
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Light Source
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READINGS |
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PlAa

[ coMMENTED editorially in the Feb-
ruary issue on the streamlined name
of the “Society of Public Analysts and
Other Analytical Chemists” to “The Soci-
ety of Analytical Chemistry.” Analysis in
Britain started with the demand for con-

110V A.C. SWITCH

VOLUME
CONTROL |
|

FILTERS

e o

3

LAMP RHEOSTAT: y FOCUS CONTROL. __  RANGE_SWITCH

vrol of food and drug products, so that the No. 38358 B S
public could be protected against fraud The spec:;al Welch Transmlshslon hgdht s?‘m’::e with a filter paper guide for holding and advancing the
o : " i & paperg at3 mm ts, when used with the on a

and poisoning. The same conditions in _lror qusanstltahve paperfkwﬁgguphyh Tbhc quanhllaﬁll\:’ebanulvﬂs of complexdcorn:mun?s such as PRC')';
Sa i 3 3 = EIN! UGARS, VI I etc., has been simplified by reading maximum densities of papergrams wi

this country bmu'ght into ?)( ing the food the DENSICHRON.

and drug laws which necessitated develop- - ﬂ"l'hls new apparatus and procedure will :lpeed uhp your work and permit the analysis of very small samples.

ment of adequate an: ies rocedures orks equally well for quantitative paper electrophoresis.

o8 ]t} © -HII,( S (f (“}{]‘\:t‘" l} })f()( : d.U-.‘(‘s This Instrument was d trated last D ber at the Chemical Industries Exposition in Phitadelphia.

or the guidance of enforcement agencies. Write for literature describing the production of papergrams and the use of the Densichron for quanti-
For those whose libraries subscribe to tative determination by the maximum density method. $425.00

Food, Drug, Cosmetic Law Journal, we

recommend as interesting reading an arti- - of W. M. WELCH SCIENTIEIC COWA“Y
cle by George Taylor in the March issue, ta czw@ " ponts an DIVISION OF W. M. WELCH MANUFACTURING COMPANY

Vol. 9, page 133, df'uling' \\'iﬂl.th.() histo‘ry hﬁfgulwtf"pf,mﬂﬂs ESTABLISHED 1880
of analytical chemistry in Britain begin- Ss‘lf“bo‘ac oty 1518 Sedgwidt St., Depi. A-1, Chicago 10, Hlinois, U. SA

ning with the formation of the Society of
Public Analysts in 1874. For those who
do not have the article available, we quote:

For further information, cm:le numher 13 A on Readers Service Card, page 41 A

Despite its name, the membership of the
society was not confined to public analysts, ®
al1lmugh it was restricted to ‘“‘analysts in MEMO s o o o o FI’OIII the ACS EdltOl’S
practice” until 1899, when it was broad-
ened to include persons having a bona-fide . .
interest in analytical chemistry. But the TO e o o 0 0 o o o The Chemlst or Engl'
appointment as a public analyst was the

handiest of instruments for the endeavor neer Wh() Seeks SucceSb

to establish the science of analytical chem-
istry with particular reference to the com- 9

position of foods and their methods of SUBJECT . .. READERS’ INFORMA-
analysis. Ilven so, the work was not

omitted nor circumscribed; the laboratory

of the public analyst was often the center of TION SERVICE
activities dealing with matters of the health

and ':m{('mh(*s of the I?UMIC within the pur- An important service provided by ANALYTICAL CHEMISTRY is the
view of the particular local authority con- g il : . ey v . o 2 K .
cerned. . .. READERS® INFORMATION SERVICE section. This section provides

Following the historical outbreak of ar- an easy and simplified means for the reader to obtain additional infor-
senical poisoning in 1901-—consequent on mation on products offered in the Advertising Pages and the New Product
the use of arsenical glucose in a brewery o —

which resulted in beer containing poison-
ous amounts of arsenic—which caused a z g e g 5

. g AlSed B The editors believe strongly that this material offers the chemist and
number of deaths and many cases of seri- i 2 N i
ous illness, the society was associated with engineer, young and old, information of great practical value. Manu-
the b")(‘l(‘TV of Chemical Industry in de- facturers continually send in for review their product announcements and
vising l_nl(thodls 1_01 analy “ll“ \If‘r}lb}‘“ industrial literature. These are screened by the ACS editors to make

ave evidence before a royal commission < " = = .

8¢ ” sure that the information published is really new and contains valuable

whose final report recommended limits for . = . = : ; :
arsenical contamination in foods which scientific or technical data. Additional information can be obtained

have been generally accepted and have simply by marking up and mailing the handy return coupon or card

been officially acted on for more than 50 provided.

years. The recent recommendations of

the Ministry of Food in respect of statu- To assure your continued success in the most kaleidoscopic field, ANA-

tory limits can scarcely be said to differ : ¥

significantly from those earlier recommen- LYTICAL CHEMIST I?Y s editors suggest the pr.aLtlcal value of bllll(llr.lg

dations. . . . up a ready reference library of manufacturers’ literature—the coupon in
In 1929 the society collaborated with the this publication is the best means of developing such a source of data.

Association of British Chemical Manufac-

turers in recommending permissible limits Your READERS’ INFORMATION SERVICE coupon appears on page 41

for the arsenical contamination of coloring of this issue.

matters for foodstuffs, in 1930 with the
Food Manufacturers Federation in rec-
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Analyze Solids As Easily As Liquids
With New Potassium Bromide Die

The evacuable Potassium Bromide die is a revo-
lutionary step forward in the infrared analysis
technique. With the die, quantitative analyses can
be run on solid materials that previously could be
handled only as solutions.

A weighed amount of sample is ground and
mixed with powdered KBr. The mixture is then
pressed in the die into a clear window.

Developed for use with all Perkin-Elmer infra-
red instruments, the new die provides windows 13
mm in diameter. A disc holder is available that
permits positioning the discs in the standard mi-
crocell adaptor. No special optical condensing sys-
tem is needed for full energy uiilization.

Experience has shown that an evacuable die is
needed for best quantitative results. Other fea-
tures of the Perkin-
Elmer die include:
a split cone for easy
removal of the
pressed disc, rug-
ged construction
and careful design
for long life. A 20,-
000-pound labora-
tory press and a
small vacuum
pump are neces-
sary auxiliary
equipment.

Part numbers and prices are as follows:

021-0106 Evacuable KBr die $465.00

021-0107 Disc Holder 20.00

We will be pleased to provide additional infor-
mation on the new die and its applications.

The Perkin-Elmer Corporation, 800 Main Avenue, Norwalk, Conn.

\ Regional Offices: New Orleans, Chicago and Washington, D. C.

.

WORLD'S LEADING MANUACTURER OF INFRARED ANALYTICAL EQUIPMENT

PERKIN ELMER

The ONLY complete range of infrared instru-
ments and accessories to meet all research needs! |

Model 12-C Infrared Spectrometer —a fested single
beam instrument for routine control opplications,

Model 112 Double Pass Infrared Spec-
trometer—single beam, high resolving
power, excellent for structural analysis.
Suitable aftachments for all spectral
ranges. Write for Bulletin 102,

Model 21 Double Beem Infrared Speciro-
photometer—The fastest and most efficient
instrumeént commerciailly available for ihe
recording of farge numbers of spectra.
Records directly in percent transmission.

Write for Bulletin 104.

Model 13 Ratio Recording Infrared Spec- <
trophotometer—Records . double or single < 4
beam with many features of both the
Model 112 and 21..Ideal for the small
laboratory with a wide variety of problems.

Write for Bulletin 110.

ACCESSORIES:

Demountable Cell-may be assembled 70 any
thickness—for liquids, capillary films, mulls of
solids—and films and powders.

o R 8515

Fixed Thickness liquid Cell—for nearly all lig-
vids and solution work. Standard thickness be-
tween 0.025 and 1 mm—others to order.

Standard Gas Ce"s—i, 5,10 em and 1 and 10
m path lengths for various absorption studies.

Microcell—obtains good specira with 25;100
micrograms—available in thicknesses from
. 0.025 to 3 mm. :

Variable Space Liquid Cell—has accurately
variable path length of 0 to 5 mm to bring out
features of a spectrum and to compensufe for
solute absorphon in double beam specfromeiry.

Raflect Attach s

for speculur reﬂedunce
studies of solid materials.

Pressure Cells—for liquids or gasses; path
lengths from 0.025 to 50 mm, p.essures up to
300 psi. Useful in trace absorption or overtone ;
work. long and short sizes.

Heating Stage and Heating Stage Power Sup-
ply—used with above attachment; permits heat-
ing to about 300° C. For studying polymeriza-
tions and oxidations. Cycling feature of the |
Model 21 automatically records reaction stages ]
taking place. . i

Polarixer—for studies of crystal and molecular
orientations. Rotable Cell—To assist in sample
orientation for polymerization studies.

Microscope—For analysis of samples of few
microns in size as single fibers, tissues, crystals,
etc. . :

Write for Product Bulletin A-3 for more in-

formation about these accessories,

For further information, circle numbers 14 A-1, 14 A-2, 14 A-3, 14 A-4, 14 A-5 on Readers’ Service Card, page 41 A
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ommending standards for jams, and in
1935 with the Malt Vinegar Brewers Fed-
eration in compiling definitions of the
various kinds of vinegar. In 1937, follow-
ing on the steady development of the
North-of-England Scction, a Scottish Sec-
tion of the society was established dur-
ing the period from 1944 to 1946, three
groups were set up, these being funda-
mentally different from the sections in that
they are subject groups, membership being
based on interest in a subject or branch of
chemistry, whereas membership of a sec-
tion was simply geographical.

The society was now rapidly extending
its interest to all branches of analytical
chemistry. Men and women joined be-
cause it provided the readiest opportunity
for discussion and publication of purely
analytical papers. It had become largely
concerned with industrial analysis and re-
search. Iven during the war years of
1939 to 1945, while under the authority
of the Defence Research Department of
the government it accepted responsibility
for examination of foodstuffs for contami-
nation with war gases, many members were
engaged in war work in other fields. The
rapid advance in the knowledge and appli-
cation of scientific methods had resulted in
specialization, and our society grasped the
opportunity afforded by this development
by setting up the three subject groups—
microchemistry, an analytical advance
without which much of the progress of
biochemistry with its requirements for
intimate knowledge of the composition of
minute vital bodies, such as chromosomes
and genes, could not have been made;
physical methods, whereby, among other
1ssues, those of instrumentation have gone
far to do away with the difficulties arising
from the limitations of the hand and eye;
and biological methods, wherein even the
vital activities of unicellular microorgan-
isms are employed as analvtical reagents.
Itthereby, in fact, acknowledged the change
that had been slowly taking place in the
fundamental objects of the society—
namely, the change from a society largely
concerned with food, and its composition
and analysis, to a society engaged in the
promulgation of the science of analytical
chemistry.

In regard to the development of the
Analyst, journal of the society, first
published in 1876, Taylor writes that:

Very early, too, abstracts of analytical
methods published in other scientific jour-
nals began to appear. In due course, these
abstracts developed a characteristic per-
sonal to the Analyst—they were all “work-
ing abstracts’’—that is, the method of
analysis given in the abstract could, if
necessary, be carried out by any skilled
analyst without reference to the original
publication. They became a recognized
feature of the journal, often occupying
more than half the space of an issue. Year
by year the Analyst grew in size and repu-
tation until now it may quite fairly be said
that it is the premier journal devoted to
analytical chemistry in the United King-
dom and is recognized as such throughout
the world. It is on the same level with us
asis ANALYTICAL CHEMISTRY in the United
States. The year 1949 marked one new
departure, however.. At the end of that
vear abstracts were divorced from the
Analyst, and issued by the bureau of ab-
stracts as a separate publication entitled
British Abstracts C. But this diversion is
proving to be brief; the bureau of abstracts
is being closed down, and once again the
society will be responsible for the publica-
tion of these abstracts, now under the
name Analytical Abstracts, but still as a
separate monthly issue.
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23. © INPUT with

” POWER-O-MATIC__#

FULLY AUTOMATIC |
WATTAGE CONTROL ©

and af NO EXTRA COST!

BLUE M's SENSATIONAL NEW DEVELOPMENT
— POWER-(O-MATIC
gives you ALL the benefits of FULLY AUTOMATIC

WATTAGE CONTROL. STRAIGHT LINE CONTROL
AT ANY TEMPERATURE . .. and at NO EXTRA COST!

ACTUAL CONTROL POINT = " C.

@ Operator only sets temperature. Completely automatic. ® SAFER.
Multiple Modella heater elements and contactors take over progres-
sively and automatically, insuring completion of test or production
cycle. ® Better products, improved results. @ Straight line control
at any temperature with minimum wattage input. @® Six volt control
circuit. ® Saves 23.8%, KW hour input over conventional ovens
having 3” insulation. ® Automatic heat recovery.

g

NOW WITH
NEW

POWER
=Q=
MATIC

ll.U'!‘ﬂ'LlllE

CON-WATE MECHANICAL CONVECTION OVENS

MODEL | INSIDE DIMENSIONS | COMPLETE
No. W. D. H. PRICE

CW-14 14" 14" 14" $546.00
CW-20 20" 18" 20" 649.00
CW-25 25" 20" 20" 759.00
Cw-38| 38" | 20" | 25" 975.00
CW-48 | 48" | 24" 36" 1595.00
CW-14 either 115 or 230 volts. All

others 230 volts. Also available as
floor models at prices shown above.

PILOT LiGHTS %
Construction features: Temperature range
to 288° C. (550° F.). Horizontal air
flow. Stainless steel interior, enameled
steel exterior. 4" fiberglass insulation.
All wiring complete. Meets NEC speci-
fications.

WRITE FOR COMPLETE DETAILS

BLUE M ELECTRIC COMPANY

LOW VOLTAGE~ 7|
RELAYS

POWER-0- MATIC
CONTROL

POWER-O-MATIC WIRING DIAGRAM
AND SECTIONAL YIEW OF OVEN

306-8 WEST 69th STREET, CHICAGO 21, ILL.

For further information, circle number 15 A on Readers’ Service Card, page 41 A
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International
Refrigerated
Centrifuge

1284 SOLDIERS FIELD ROAD, BOSTON 35, MASS.

For further information, circle number 16 A on Readers’ Service Card, page 41A
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BECKMAN RESEARCH INFRARED
SPECTROPHOTOMETER

For those who require the utmost in accu-
racy and resolving power, the Beckman
Model IR-3 is the unquestioned choice.
Experience has shown conclusively that the
IR-3 outperforms all commercial instru-
ments with respect to resolving power,
photometric accuracy, wavelength accuracy,
freedom from stray light and elimination
of background absorptions.

Single-beam double-monochromator. Design perfection
achieves very nearly theoretical resolution. Stray light is
absolutely undetectable at 15 microns even with the excep-
tional one-tenth of one percent measuring sensitivity of the
Beckman IR-3.

Background ahsorptions eliminated. The entire optical path
of the IR-3 can be evacuated to completely eliminate back-
ground absorptions from water vapor and carbon dioxide.
Liquid and gas cell compartments in both entrance and exit
beams are separately sealed so that cells can be changed
without affecting the vacuum in the rest of the system.
All optical elements and samples are held at a constant
temperature by means of circulating water and thermostat-
controlled bath.

True transmittance recording through Memory Stand-
ardization. No cell matching. Wavelength accuracy, 5 mu;

100, 11,0 wavelength precision, 1 mpu.
Select an instrument today that will do
tomorrow’s jobs. See your Beckman Field
Representative about the superlative IR-3
or write for Data File 93- 15

Beckman cin

BECKMAN INSTRUMENTS, INC
SOUTH PASADENA |, CALIFORNIA
For fuither information, circle number 17 A on Readers' Service Card, page 41 A

Unexcelled resolution is illus-
trated by this NH; spectrum made
with sodium chloride prisms.
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ONE-PIECE

MICRO KJELDAHL
DISTILLING APPARATUS

® With Electric Steam Generator

AMHT.CO

KJELDAHL DISTILLING APPARATUS, MICRO, One-Piece
Model, with Electric Steam Generator, A. H. T. Co. Specification,
in accordance with the specifications of the Committee on Microchemi-
cal Apparatus, Division of Analytical Chemistry, American Chemical
Society. See Analytical Chemistry, Vol. 23, No. 3 (March 1951), pp. 527
528.  Consisting of a principal glass part made of Pyrex brand glass,
which incorporates a steam jacketed distillation flask with spray traps,
filling funnel and condenser, electrically heated steam generator,
tripod support and transformer for heat regulation.

The distilling flask proper, i.e., inner jacket of principal glass
part, is 175 mm long, with body 35 mm diameter, enclosed in a
steam jacket 225 mm long X 60 mm outside diameter. The flask 7
has two T-shaped traps at top in separate bulbs, 55 mm : 7497
diameter, for effectively retarding alkali spray, and is ]
sealed to a vertical, all-glass, West type condenser, 250
mm long X 18 mm outside diameter. Side filling 7497. Kjeldahl Distilling Apparatus, Micro, One-
funnel, with standard taper No. 4 stopcock, empties into Piece Model, with Electric Steam Generator, A.H.T.
bottom of distilling flask through a bent glass tube, 7 mm Co. Specification, complete as above described, including
diameter, through which steam in outer jacket also enters tripod, 8 inches diameter, and Transformer. Power con-
distilling flask. Condensate is drained through side arm sumption 750 watts. For use on 115 volts, 50 or 60 cycles,
with standard taper No. 4 stopcock at bottom of outer SRl Ble) dish Bitlfuyas s s « g winr s ourn s e g ik 19058
jacket. Overall dimensions of principal glass part
approximately 520 mm high X 290 mm maximum
width; interchangeable ground glass joint for connection

to steam generator, inner member size standard taper
34/45. 7497-E. Steam Generator (Kettle), Electric, only, as supplied with 7497.
Complete with reaction flask with clamp, 2000 ml capacity, and 7497-F

A y and Repl t Parts

7497-C. Principal Glass Part, only, as supplied with 7497, of Pyrex
brand glass, with standard taper 34/45 interchangeable ground joint. . 84.00

The steam generator consists of a reaction kettle of
Pyrex brand glass, with cover clamp, 2000 ml capacity,
with rigidly suspended Electric Immersion Heater, 750-
watt. The heating element is near bottom of reaction
flask enclosed in a horizontal one-and-one-half turn coil
of Stainless steel tubing. Heater terminals are connected
within a two-piece, dismountable Bakelite fitting to a
3-fr. cord with plug. A Variable Autotransformer permits
convenient control of boiling rate by providing continuous
wattage selection up to rated capacity of heating element.
Complete with tripod for stable support of steam generator
and solid rubber stopper for fourth opening in steam
generator cover, through which water is replenished.

SYMBOL OF QUALITY

Immersion Heater. With 3-ft. cord and plug for connection to suitable
power regulator; for use on 115 volts, a.c. or d.c. Without transformer
OF DO = sin & wivtis » Hoies 65,0 Homd Soie s HO&H HEE% & mram n soniais Sroes 52.00

7497-F. Heater, Immersion, Return-Bend Tubular Type, Electric’
only, as supplied with 7497-E. Designed for use in reaction flask, 2000 ml
capacity. Enclosed in Stainless steel tubing, 9/32-inch diameter, with
heating element in horizontal, one-and-one-half-turn coil, 43/4 inches
overall diameter. Unheated terminal arms are parallel, 31/, inches
apart, rising from opposite sides of coil. Overall height 91/¢inches. Com-
plete with two-piece, Bakelite terminal mounting block, with 3-ft. cord
and plug for connection to suitable power regulator, and two one-hole
rubber stoppers for mounting heater terminals in openings of reaction
flask cover. With directions for mounting. Power consumption 750
watts; for use on 115 volts; @.c. 0F diCeai cieew sisie o sisis 5 cmis s wia « 17.50

5450-K. Cover Clamp, only....ccovviinniiiiiernnennnieennnann.. 9.35

ARTHUR H.

THOMAS COMPANY

A.H.T.CO.

SPECIFICATION
| LABORATORY APPARATUS

Latbyratony SHpparativi and Fovagents

WEST WASHINGTON SQUARE PHILADELPHIA 5, PA.

Teletype Services: Western Union WUX and Bell System PH-72

L
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ANALYTICAL CHEMISTRY

WALTER J. MURPHY, Editor

What’s Ahead in the Next 25 Years?

AST year ANALYTICAL CHEMISTRY completed 25 years
of service to the profession of analytical chemistry.
It is both interesting and instructive to note the growth
of the journal in that period. What is of much greater
significance, however, is the change of attitude concern-
ing the importance of analytical chemistry that has
occurred in the lifetime of the publication. Mostly it is
a change of attitude on the part of analysts themselves.
The January 1929 issue of Industrial and Engineering
Chemistry, in announcing the establishment of an
AnavyTicaL Eprrion, had this to say about the role of
analytical chemistry:

Without regard to the way in which the work of chemistry may
be classified or subdivided, analytical chemistry is vital to all.
Its accomplishments may not be spectacular, much of it seems
routine, and usually the part it contributes to the success of im-
portant work is unnoticed. The contributions of analytical
chemistry may not be appreciated by the plant manager, nor by
the director of the laboratory, nor the chief of the bureau, but
every chemist knows to what extent we depend upon accuracy in
this field of work. . ..

These words were penned by the late Harrison E.
Howe who, as editor of Indusirial and Engineering
Chemistry, was mostly responsible for the idea of
establishing the ANaLyTicAL EpiTion. His description
of the status of the analytical chemist of 25 years ago
was accurate for that period. It provides us with an
opportunity for true evaluation of the progress that
subsequently has been made.

Today in most companies, certainly the progressive
ones, the worth of the analyst and the analytical de-
partment is fully appreciated by top management, by
the director of research, and by the plant manager. In
most organizations the head of the analytical de-
partment is a full-fledged member of the team and
participates in major decisions concerning research and
production.

The history of the growth of ANavLyTIcAL CHEMISTRY
in many respects reflects the progress of the profession.
This is as it should be. A scientific and technical journal
can and should provide professional leadership, as well
as being a medium for mass dissemination of data.

In its first year of existence, the AnavLyTicAL EpITIon
contained 245 editorial pages. In 1953, a total of 2078
editorial pages were printed, a gain of nearly 8009, in

945

the 25-year period. In 1933, it became necessary to
issue the ANALYTICAL EprTioN on a bimonthly rather
than a quarterly basis. Four years later the decision was
made to make the journal a monthly. In 1948 the big
gamble was taken and the AnaLyTical EpirioN was
completely divorced from Industrial and Engineering
Chemistry and given the title ANALYTICAL CHEMISTRY.

These successive steps were taken because the broad
field of analysis was expanding phenomenally. With
this expansion have come greater recognition and re-
sponsibility for members of the profession of analytical
chemistry.

It is but seven years ago that ANALYTICAL CHEMISTRY
in an editorial offered a four-point program designed to
obtain proper recognition and appreciation of the
analyst. Anyone reading that program now will agree
that a great deal of real progress has been made in seven
short years. However, there still remains much to be
done; indeed, there will always be much to be done.

It always is interesting to review the past, but what
we are really concerned with is the future. What ele-
ments of the original four-point program need to be re-
emphasized; what new objectives should be added?
We are members of a learned profession and, therefore,
have a feeling of responsibility to society. At the same
time, all of us have a perfectly legitimate desire for both
professional and financial success. If these are the gen-
eral goals, what are the best means of achieving these
objectives? Much of the past progress has been brought
about because the analysts discarded a defeatist atti-
tude. They replaced it with a realistic approach based
on a sound evaluation of the contribution they are mak-
ing to the advancement of chemistry and science and
industry generally. This was a necessary first step in
the attempt to improve the professional and economic
status of the analyst. Itisa firm foundation upon which
to build in the future.

We lack a crystal ball with which to prophesy the
future. We honestly believe, however, that when 1978
arrives, the editor of ANavyTicAL CHEMISTRY Will be
able to speak in glowing terms of the contributions of
analytical chemistry to the health and welfare of
society; also about further gains registered in the
professional standing of the analyst. With greater
professional recognition will come better monetary
rewards.



Separability of Hydrocarbons by Elution Chromatography

HORACE M. TENNEY and FRANCES E. STURGIS

Esso Laboratories, Louisiana Division, Esso Standard Oil Co., Baton Rouge, La.

A quantitative method has been developed for measur-
ing the relative adsorbabilities of hydrocarbons. Ad-
sorbability data are presented for compounds rep-
resentative of hydrocarbon classes, on
silica gel, alumina, active carbon; and combinations
of silica with magnesia and alumina. Adsorbability
is expressed in terms of the volume of develop-
ing solvent per volume of free space in the ad-
sorbent bed required to carry the adsorptive front
through this bed and also to effect its removal. The
geometry of the adsorbent bed is not eritical if the bed
depth is about 50 cm. or greater. Neither rate of eluent
flow nor particle size of the adsorbent is a critical
factor. In the order of increasing affinity for silica
gel the hydrocarbons form the series: paraffins, olefins,
diolefins, alkylbenzenes, alkenylbenzenes, acetylenes,
naphthalenes. The effect of ring closure is much less
than that of unsaturation. Neither ring closure nor
conjugation affects the adsorbability of diolefins. The
quantitative data presented here predict rather well
the separability of hydrocarbons on a practical analyti-
cal scale. Thus, using silica gel, mono-olefins appear
to be separable from diolefins and diolefins from
acetylenes. In some cases partial separation of acyeclic
from eyclic olefins can be effected. Poor separability
is indicated for diolefins from alkylbenzenes. Alumina
is superior to silica gel for the separation of alkyl-
benzenes from naphthalenes. Normal paraffins may
be partially separated from other saturated types over
activated carbon, using oxygenated compounds of low
molecular weight as developing solvents.

various

OR some years solid adsorbents have been extensively uti-

lized for the separation of hydrocarbon mixtures according to
molecular type (2-5, 9, 10). Three classes of techniques have
been employed: continuous introduction method, sometimes
referred to as frontal analysis, in which the mixture is continu-
ously added to the column and one or more properties of the
effluent are measured (3, 5,9); displacement development, in which
the mixture is forced through the adsorbent bed by a liquid
which is more strongly adsorbed than all components of the mix-
ture (2); and elution development, in which a small amount of
the mixture is washed through the adsorbent with a liquid
which is usually less strongly adsorbed than some or all the com-
ponents of the mixture (4).

Generally, it is considered (8) that the last of these techniques
is most effective for complete separation of a complex mixture.
Such separation problems could be approached more intelligently
if quantitative data were available on the relative adsorbability of
the various classes of hydrocarbons. These data should make it
possible to predict rather well for a given system to what extent
the several classes may be separated.

While some information is available, nothing approaching a
complete picture for the hydrocarbons has been presented by a
uniform method of study. Included among the efforts in this
direction is the work of Smit (7), who measured the “transport
factors” for several hydrocarbons of higher molecular weight,
representing paraffins, olefins, alkyl benzenes, and polynuclear
aromatics. He defined the transport factor as: 7 = g/V
where g is the weight of adsorbent in a given volume and V is the
volume of developer necessary to carry the adsorptive through
this amount (g) of adsorbent.
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Transport factors were determined for six hydrocarbons using
silica gel and in some cases for as many as four different develop-
ing solvents. TFink et al. (1) report data on the relative adsorb-
abilities of several olefins and aromatics as a result of determining
the capacities of silica gel for these compounds.

In the study reported here the objective was to obtain quanti-
tative data on the relative adsorbabilities of different hydrocarbon
types using various adsorbents, to do this in terms of the volume
of developer necessary to carry the adsorptive front through a
given volume of solid adsorbent, and also to determine the
volume of developer necessary for essentially complete removal.
In this study, these volumes are expressed in terms of the liquid
free space in the adsorbent bed. These two quantities are here
referred to as appearance factor and disappearance factor,
respectively. Their physical significance is more clearly eluci-
dated under the discussion of experimental technique. These
quantities turn out to-be numerically equal to the reciprocals of
the quantities B, and B, as defined by LeRosen et al. (6). These
latter values are defined as ratio of movement of adsorptive to
movement of developing solvent. It is believed that the concept
proposed herein offers the advantage of a more obvious physical
significance in considering the separability of different molecular

types.

TECHNIQUE

Figure 1 shows a schematic diagram of the simple apparatus
used.

TO N, SUPPLY

DEVELOPER

MANOMETER

pet—— ADSORBENT COLUMN

STAINLESS STEEL CAPILLARY

GRADUATED
RECEIVER

INFRARED SAMPLE CELL
MOUNTED ON SPECTROMETER

Figure 1. Schematic Diagram of Apparatus
Used in Adsorption Studies

A small column of adsorbent was mounted in close proximity
to a Perkin-Elmer infrared spectrometer. For most of the meas-
urements the diameter of the adsorbent bed was 5 mm. The
volume of adsorbent was about 12 ml. The effluent from the
bottom of the column was carried to the sample cell mounted
on the spectrometer. In practice the column was first evacuated.
The vacuum was broken by introduction of a known volume of
developer solvent at the top of the column. The solvent was
allowed to flood the column and to flow through the bed until
just level with its top surface. Noting the volume of effluent
at this point permitted the determination of the free liquid volume
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of the adsorbent bed. At this time a small amount (usually
0.1 =& 0.01 ml.) of the substance under study was introduced
at the top of the bed and washing was continued with the effluent
passing through the abserption cell. The spectrometer was set
on an absorption band sensitive to low concentrations of the
adsorptive in the developer solvent. The recorder was operated
and the appearance of the first trace of the adsorptive in the
sample cell gave rise to a sharp break in the recorded trace.
The volume expressed in terms of the liquid free space in the
adsorbent bed—i.e., ml. of efluent per ml. of liquid free space—
is called the appearance factor.
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Figure 2. Variation of Relative Concentra-
tration of 1-Hexene in Eluent (Absorbance)
with Extent of Removal from Silica Gel

Absorbent. No. 923 silica gel, 12.0 ml.
Column. 5-mm. diameter, 48-cm. height
Adsorptive. 1-Hexene, 0.1 ml.

Eluent. n-Heptane

Liquid free space. 8.2 ml.

It became apparent that it was equally important to know the
number of volumes of developer required to wash the gel free of
the adsorptive. The volume point at which the concentration of
the adsorptive in the effluent approaches zero is rather elusive,
since this approach is asymptotic. Figure 2 shows the shape of
the concentration vs. volume curve for 1-hexene. This is typical
of the curves obtained for other compounds. In these curves
the absorbance—i.e., relative concentration—has been measured
and plotted against the volume collected after the appearance of
the adsorptive in the effluent. The purpose of replotting these
curves was to find what fraction of the total amount of adsorptive
had been removed at some finite relative concentration. It was
observed by making planimeter measurements on the areas that
when the relative concentration reaches 5%, that of its maximum
value, 98% or more of the adsorptive has been washed out.
Such a degree of removal is adequate for present considerations.
The total volume of eluent (in terms of liquid free space) re-
quired for 98-+9%, removal is called the disappearance factor.

In some cases, particularly with the more strongly adsorbed
materials, an excessively long time is required to reach the 5%

V7V AT 5070 MAX
CONCENTRATION

0
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Figure 3. Correlation for Short-Cut Method for
Estimation of Disappearance Factor for Silica Gel

volume of eluent
free space
at 5% maximum concentration

Disappearance factor =
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EFFECT OF EXPERI-

Figure 4. Effect of Ratio of Gel MENTAL CONDITIONS

to Charge on Appearance Factor
Effect of Ratio of
Gel to Charge. It
might be assumed that
if a large ratio of gel
to adsorptive were used, the appearance factor and disap-
pearance factor would be independent of sample size. At in-
finite dilution the appearance factor probably would approach
the value of the disappearance factor. Figure 4 shows a plot
of appearance factor for several compounds vs. the ratio of
free space to charge size (proportional to ratio of gel to charge).
These data are for Davison No. 923 silica gel. As smaller charges
of adsorptive are used, the appearance factor becomes larger.
This is consistent with the known fact that adsorption isotherms
are not linear with concentration but curve toward the concen-
tration axis. One would expect the disappearance factor to be
independent of sample size. Figure 5 shows that this is not quite
true, but the reason becomes apparent when it is remembered
that the disappearance factor represents not the point of zero
absolute concentration but only the point at which 984 9% of
the material has been washed from the gel.
Effect of Col-
umn Geometry.
A study has been
made of the effect 2 o JENE_§__-—--
of diameter and
depth of the ad-
sorbent bed on the
relative adsorba-
bilities of hydro-
carbons. Appear-
ance and disap-

Free space proportional to amount of

gel
No. 923 silica gel. n-Heptane eluent

8 {I,5-HEXADIENE }

DISAPPEARANCE FACTOR
(-]

a [CYCLOHEXENE
pearance factors 3
were measured for 2
1,5-hexadiene on IHEXENE
Davison No. 923 o P T
silica gel using n- 30 40 50 60 70 20

heptane as eluent. LIQUID FREE SPACE /VOL. OF CHARGE

In this study two
bed diameters, 5
and 10 mm., were
used, and bed
depth was varied
from 170 to 920
mm. The data tabulated below would indicate that the appear-
ance factor is independent of the diameter but increases some-
what with increasing depth approaching a limit as the bed depth
is increased to a value of approximately 500 mm. Thisis shown
further in Figure 6.

Figure 5. Effect of Ratio of Gel to
Charge on Disappearance Factor

Free space proportional to amount of gel
No. 923 silica gel. n-Heptane eluent

Column Free Appear=- Disap-
Dimensions, Space, ance pearance
Mm. MI. Factor Factor
5 X 460 8.3 2.77 7.5
5 X 920 16.4 2.91 7.2
10 X 170 8.9 2.22 7.0
10 X 460 25.0 2.71 7.1

For the major portion of the work which has been done on .
hydrocarbons of various types, a sample size of 0.1 ml. has been



948

used with an adsorbent bed 5 mm. in diameter by 460 mm. in
height, containing about 12 ml. of adsorbent and having a liquid
free space of about 8.2 ml.

Effect of Particle Size. A study has been made of the effect
of particle size of gel on the appearance and disappearance
factors. The factors were determined for 1,5-hexadiene on
screened No. 923 silica gel using n-heptane as eluent. The
data show that particle size has no important effect on the ap-
pearance or disappearance factors.

No. 923
Screened Dis-
Silica Gel, Appearance appearance
Mesh Size Factor Factor
1,5-Hexadiene 80-100 2.60 6.60
100-150 2.55 6.07
150-200 2.64 6.14

Effect of Flow Rate. The effect of rate of flow of developer
through the adsorbent bed has been determined. Again the
system, 1,5-hexadiene, No. 923 silica gel (100 to 150 mesh), and
n-heptane eluent was employed. These data, shown below,
prove that rate of flow as measured by milliliters effluent per
minute per milliliter of free space in the column has no pro-
nounced effect on the adsorption of the material being measured.

Flow Rate, Appearance Disappearance
V./V./Min. Factor Factor
0.163 2.55 6.07
0.283 2.46 5.91
0.396 2.46 6.25
0.464 2.45 6.11
o
2 ]
Q 28
w H
w
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<
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g /
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Figure 6. Effect of Adsorbent Bed Depth on
Appearance Factor

No. 923 silica gel. n-Heptane eluent

ANALYTICAL CHEMISTRY

Hydrocarbons Used. When available, the hydrocarbons used
were those provided by the American Petroleum Institute as
calibration standards. Several of the diolefins were purchased
from the Farchan Research Laboratories and used without
further purification.

RESULTS

Silica Gel Studies. Measurements on individual compounds
are shown in Table I and presented graphically in Figure 7. The
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Figure 7. Relative Adsorbabilities of Hydrocarbons on

Silica Gel

Shown by presence of adsorptive in effluent
No. 923 silica gel. n-Heptane developer. Ratio of liquid free space
to charge volume, 80

Appearance and Disappearance Factors for Various Compounds

(Davison No. 928 silica gel, 24° C.)

Table 1.
Dis-
Free Appear- appear-
Space/ _ance ance
Compound Developer Charge Factor Factor
Acyclic mono-olefins
1-Hexene n-Heptane 82 1.42 2.48
1-Hexene n-Heptane 33 1.22 2.43
1-Hexadecene n-Heptane 82 1.06 1.93
2,4,4-Trimethyl-1-
pentene n-Heptane 82 1.37 2.76
2,4,4-Trimethyl-2-
pentene n-Heptane 75 1.68 2.88
2-Ethyl-1-hexene n-Heptane 75 1.79 2.79
trans-4-Octene n-Heptane 75 1.24 2.11
2,3-Dimethyl-2-butene n-Heptane 75 1.68 2.59
2-Methyl-1-pentens n-Heptane 82 1.90 3.70
Cyclic mono-olefing
Cyclohexene n-Heptane 82 1.71 3.41
Cyclohexene n-Heptane 33 1.49 3.07
Cyclohexene n-Pentane 82 1.55 2.88
Cyclohexene Chloroform 82 0.77 1.18
Cyclohexene Carbon tetra- 82 1.12 2.05
) chloride
4-Ethyl-1-cyclohexene n-Heptane 75 1.73 2.85
Diolefins
1,5-Hexadiene n-Heptane 82 2.93 6.77
1,5-Hexadiene n-Heptane 33 1.90 6.60
1,5-Hexadiene n-Pentane 82 2.32 5.31
1,5-Hexadiene Chloroform 82 0.79 1.19
1,5-Hexadiene Carbon tetra- 82 1.83 4.40
chloride
2-Methyl-1,3-pentadiene n-Heptane 75 2.72 5.34
1,3-Cyclohexadiene n-Heptane 75 2.75 5.63
1,4-Cyclohexadiere n-Heptane 82 3.10 7.20
1-Vinyl-3-¢yclohexene n-Heptane 82 2.94 7.06

Dis-
Free Appear- appear-
Space/ ance ance
Compound Developer  Charge Factor Factor
Aromatics

Benzene n-Heptane 82 3.76 9.00

Benzene n-Pentane 82 3.34 6.92
Benzene Chloroform 82 0.95 .

Benzene Carbon tetra- 82 1.78 4.39

chloride

Toluene n-Heptane 82 4.56 11.83

Toluene n-Heptane 33 3.23 10.80

Ethylbenzene n-Heptane 75 4.45 8.34
n-Butylbenzene n-Heptane 38 3.13 ..
tert-Butylbenzene n-Heptane 82 4.23 11.8

n-Decylbenzene n-Heptane 82 3.35 8.73
Styrene n-Heptane 82 5.27 13.1
Indene n-Heptane 82 6.88 24.0
Indane n-Heptane 83 4.85 12.9
Indane n-Heptane 33 2.73 ces
Tetralin n-Heptane 83 5.42 13.7
Naphthalene n-Heptane 82 8.26 24.5

Naphthalene Chloroform 82 0.84 1.43

Naphthalene Carbon tetra- 82 2.83 5.55

chloride
1-Methylnaphthalene n-Heptane 82 6.43 17.1
2-Methylnaphthalene n-Heptane 82 8.58 26.0
Dimethylnaphthalene n~-Heptane 82 8.95 22.1
Maiscellaneous

1-Hexyne n-Heptane 82 6.75 18.4

Chloroform n-Heptane 82 2.27 4.39

Methylene chloride n-Heptane 82 3.50 9.54
Carbon tetrachloride n-Heptane 70 1.13 e
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data in Figure 7 were obtained using 0.1-ml. samples on a 5 X
460 mm. gel bed with a liquid free space of 8.2 ml. and with
n-heptane developer. It can be seen from Figures 4 and 5 that
as the ratio of gel to charge (ratio of free space to charge) in-
creases, the appearance factors approach the disappearance
factors; thus, the ultimate separability of any two compounds
is dependent on the differences in disappearance factors. How-
ever, there is an upper usable limit to the ratio of free space to
charge. The ratio used in obtaining the data in Figure 7,
approximately 80, is large enough to resolve differences in ad-
sorbabilities of compounds, yet it is a practical value which
allows the separations to be carried out. The column length has
approached the limit where appearance factor is independent of
bed depth.

From Figure 7 it is possible to predict the feasibility of separat~
ing different materials by considering whether one material will
be washed from the gel prior to the appearance of the second
material. If present in different concentrations, the ratios of gel
to charge will differ for the two components, and this should be
considered in order to make precise predictions.

Table II. Appearance and Disappearance Factors for
Components of Binary Mixtures
Free Dis-
Space/ Appearance appearance
Charge Factor Factor
Cyclohexene éalone) 82 1.71 3.41
Cyclohexene (50-50 mix.
with 1,5-hexadiene) 82¢ 1.59 2.86
1,5-Hexadiene (alone) 82 2.93 6.77
1,5-Hexadiene (50-50 mix.
with cyclohexene) 824 2.86
Benzene salone) 32.8 2.45
Benzene (50-50 mix.
with tert-butylbenzene) 32.8% 2.00
tert-Butylbenzene galone) 32.8 3.11
tert-Butylbenzene (50-50
mix. with benzene) 32.8¢ 1.95

¢ Ratio with respect to component under consideration.
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Figure 8. Separation of Cyclohexene and
P Yy

1,5-Hexadiene

Adsorbent. No. 923 silica gel, 250 ml., 15 mm. X 150 cm.

Charge. 5 ml. of 50=50 mixture of cyclohexene and 1,5-
hexadiene

Eluent. n-Heptane

Effect of One Component on Another. It would also be ex-
pected that one component will have an effect on the appearance
and disappearance factors for other components in a mixture.
Data presented in Table II simply show that with the ratio of
gel to charge constant for a given hydrocarbon, the addition of
a second hydrocarbon tends to lower both the appearance and
disappearance factors.

Tests on Separability of Components. Several tests have been
carried out to determine how well the data presented in Table I
or Figure 7 may be used to predict the feasibility of separation
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in a larger column. For the first of these tests 5 ml. of a 50-50
blend of eyclohexene and 1,5-hexadiene were used with a column
containing 250 ml. of silica gel. These values correspond to a
ratio of free space to individual component of about 82. In
Figure 7 it is observed that these two components will yield some
overlap singly under these conditions—that is, eyclohexene dis-
appears at 3.41 volumes, whereas 1,5-hexadiene appears at 2.93
volumes. Cuts were taken of the efluent and analyzed for both
components by infrared methods, and the data are plotted
in Figure 8. Area measurements indicate that two fractions
could be obtained with about 989, recovery and 98% purity for
each component.

Tests have been made to check the predictions of the data of
Table I and Figure 7 relative to the separability of cyclic and
acyclic olefins. Referring to Table I it is observed that 2-methyl-
1-pentene is present in the effluent from 1.90 to 3.70 volumes of
the wash (in terms of the free liquid space in the adsorbent bed).
Cyclohexene is present from 1.71 to 3.41 volumes of the wash.
One would conclude that a separation of these compounds is not
feasible. A test was made in & column containing 250 ml. of gel.
In this test the ratio of the free space to the volume of each com-
ponent would be very nearly 82 or comparable to that used in ob-
taining the data listed above. The results of this test are shown
in Figure 9 and check exactly with what would be predicted from
the appearance and disappearance factors.
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Figure 9. Separation of Cyclohexene
and 2-Methyl-1-pentene

Adsorbent. No. 923 silica gel, 250 ml., 15 mm.
X 150 cm.

Charge. 5 ml. of 50=50 blend of cyclohexene
and 2-methyl-l1-pentene

Eluent. n-Heptane

Considering the possible separation of cyclohexene and 1-
hexene, it is observed that the factors for the latter are 1.42 and
2.48 and for cyclohexene 1.71 and 3.41. This would indicate
that a partial separation would be feasible. Tests were made on
this separation both at room temperature (33° C.) and at a re-
duced temperature (—6° C. at the bottom inlet of the jacket and
4° C. at the top outlet). Figure 10 presents the results obtained
at the higher temperature. The results at the lower tempera-
ture were similar. If two fractions were made by cutting at the

intersection of the two curves, the results (obtained by area

measurements) would be as follows:

33° C. —6°to +4° C.
Purity, Recovery, Purity, Recovery,
% %o % %o
1-Hexene 98 90 95 89
Cyclohexene 90 97 90 95

These results indicate that a fair separation is achieved, as
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would be predicted from the factors.
the reduced temperature.

Comparison of Developing Solvents. While most of the data
have been obtained using n-heptane as the developer, a few data
have been obtained using other solvents.

No advantage is shown for

Appearance Disappearance
Factor Factor
Compound n-C7 n-Cs CHCIls CCls n-C7 n-Cs CHCl: CCls
Cyclohexene 1.71 1.55 0.77 1.12 3.41 2.88 1.18 2.05
1,5-Hexadiene 2.93 2.32 0.79 1.83 6.77 5.31 1.19 4.40
Benzene 3.76 3.34 0.95 1.78 9.00 6.92 ... 4.39
Naphthalene 8.26 ... 0.84 2.83 24.5 ... 1.43 5.55

These data indicate that n-pentane is a more effective washing
solvent than n-heptane, as in all cases both the appearance and
disappearance factors are lower. It is concluded that essentially
the same degree of separation is possible using either paraffin,
however. It would appear that switching from a paraffinic
developer to a more strongly adsorbed material at some stage in
a separation procedure might have practical advantages in time
requirement and in reducing the volume of the effluent but no
advantage in feasibility of separations.
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Figure 10. Separation of Cyclo-
hexene and 1-Hexene

Adsorbent. No. 923 silica gel, 250 ml., 15
mm. X 150 cm,

Charge. 50-50 blend of cyclohexene and 1-
hexene

Eluent. n-Heptane

Te mperature. 33° C.

It was, at first, surprising to observe appearance factors of
less than unity using chloroform as the developer (this was also
observed for various other systems discussed in this paper). A
possible explanation is that if the developer is as strongly ad-
sorbed as the material being studied, the latter does not necessar-
ily have access to all of the space within the adsorbent. Thus,
the available free space actually is something less than that
value which was determined in flooding the column with developer
initially. Any tendency toward ‘channeling” likewise could
yield low values for the appearance factor.

General Conclusions for Studies on Silica Gel. It is interest-
ing to note the effect of substituents on the adsorption charac-
teristics of alkyl benzenes (Figure 7). Both the appearance and
disappearance factors are higher for toluene, ethylbenzene, and
tert-butylbenzene than for benzene—that is, substitution en-
hances the degree of adsorption. This is also shown in Figure
4. This is not true, however, when a mixture of alkyl benzenes
is displaced through a column with a highly adsorbing material
such as ethyl alcohol. A long paraffin chain such as n-decyl
does, however, result in a reduction of both factors.

ANALYTICAL CHEMISTRY

In considering the data of Table I and Figure 7 it is concluded
that the following separations are feasible:

1. Mono-olefins from diolefins.

2. Mono-olefins from aromatics.

3. Partial separation in some cases of acyclic from cyclic
mono-olefins.

‘4, Partial separation of bieyclic aromatics from monoeyclic
aromatics.

Definitely not feasible is the separation of aromatics from diole-
fins as general classes.

Studies on Activated Alumina. PRETREATMENT. Before mak-
ing measurements on individual hydrocarbons with activated
alumina, the optimum pretreatment was studied. For this work
Alorco Grade F-20 activated alumina was used. Dimethyl-
naphthalene (mixed isomers) was used as a test material and both
appearance and disappearance factors were measured. The
results are shown below:

Treatment of Grade F-20 Dis-
Activated Alumina Appearance appearance
Hours °C. Pressure Factor Factor
Untreated, as received 2.90 10.9
2 145 tm. 3.07 9.0
2 210 Atm. 2.94 10.2
2 425 Atm. 3.26 14.6
96 425 Atm. 1.94 6.32
2 165 Vac. oven 3.58 15.6
36 235 Vae. oven 3.40 12.3

It is concluded that heating for 2 hours in a vacuum oven at
165° C. gives the best activity, and material so treated was used
in subsequent work.

ApsorBaBILITY Dara. Table III presents the appearance
and disappearance factors that have been measured for various

Table III. Appearance and Disappearance Factors for
Various Compounds
{Grade F-20 activated alumina, 24° C.) Dbi
is-
Free Appear- appear-
: Space/ ance ance
Compound Developer Charge Factor Factor
Acyclic mono-olefins
1-Hexene n-Heptane 83 0.96 1.35
4.-Methyl-2-pentene n~Heptane 83 0.91 1.32
2-Ethyl-1-hexene n-Heptane 83 0.97 1.39
2,3-Dimethyl-2-butene n-Heptane 83 0.91 1.29
2,4,4-Trimethyl-2-
pentene n-Heptane 83 0.87 1.25
1-Hexadecene n-Heptane 83 1.02 1.54
Cyclic mono-olefins
Cyclohexene n-Heptane 41 1.02 1.46
Cyclohexene n-Heptane 83 1.06 1.45
Cyclohexene n-Heptane 277 1.07 1.54
Diolefins
1,5-Hexadiene n-Heptane 41 0.96 1.57
1,5-Hexadiene n-Heptane 83 1.11 1.84
1,5-Hexadiene n-Heptane 166 1.24 1.83
1,5-Hexadiene n-Heptane 277 1.29 1.87
1,5-Hexadiene Chloroform 83 0.78 S
1,5-Hexadiene Carbon tetra- 83 0.92 1.30
chloride
1,4-Cyclohexadiene n-Heptane 83 1.24 2.24
1,3-Cyclohexadiene n-Heptane 83 1.23 2.05,
1.Vinyl-3-cyclohexene n-Heptane 83 1.23 2.06
Aromatics
Benzene n-Heptane 41 1.15 2.51
Benzene n-Heptane 83 1.37 2.90
Benzene n-Heptane 277 1.52 3.04
Benzene Chloroform 83 0.84 1.15
Benzene Carbon tetra- 83 0.95 1.50
chloride
Toluene n-Heptane 41 1.16 2.40
Toluene n-Heptane 83 1.34 2.87
Toluene n-Heptane 277 1.69 2.96
tert-Butylbenzene n-Heptane 83 1.37 2.49
n-Decylbenzene n-Heptane 83 1.60 3.68
Naphthalene n-Heptane 83 3.55 14.5
1-Methylnaphthalene n-Heptane 83 2.73 14.3
2-Methylnaphthalene n-Heptane 83 4.14 16.5
Dimethylnaphthalene n-Heptane 83 3.58 15.6
Dimethylnaphthalene Chloroform 83 0.77 1.21
Dimethylnaphthalene Carbon tetra- 83 1.16 2.88
chloride
Phenanthrene Carbon tetra- 83 2.15 4.47
chloride
Diphenyl Carbon tetra- 83 1.41 2.70
chloride
Styrene n-Heptane 83 1.88 5.27
Indene n-Heptane 83 2.30 10.28
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Grade F-20 activated alumina. n-Heptane developer. Ratio of
ligquid free space to.charge volume, 80

hydrocarbons over activated alumina. Several developers have
been tried. Data showing the effect of ratio of adsorbent
to charge on the appearance and disappearance factors for sev-
eral different compounds indicated that this effect was similar to
that observed for silica gel. Figure 11 presents the appearance
and disappearance factors for various hydrocarbons in bar
graph form. In this figure all data are on a comparable basis to
facilitate predictions

of separability.

On the basis of TT 1T 1T T TTTTIm
these data, alumina C—— t - BU-BENZENE
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thalenes than does
silica gel. Solubility
limitations made it
difficult to obtain
data on more highly
condensed com-
pounds using n-hep-
tane as developer.
Poor separations are
predicted for any
combination of
mono olefins and di-
olefins. Aswithsilica
gel, poor separation
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Figure 12. Relative Adsorbabili-
ties of Hydrocarbons on Carbon

Shown by presence of adsorptive in
effluent

Columbia activated carbon 80- to 200-
mesh. n-Heptane developer

Ratio of liquid free space to charge vol-

is predicted between ame, 80
diolefins and alkyl
benzenes.

Studies on Activated Carbons. Preliminary studies on acti-
vated carbons were directed toward selection of carbons that
might show promise for separating hydrocarbon types which
were not found separable on either silica gel or activated alumina
—viz., separation of diolefins from alkyl benzenes and separation
of the saturated hydrocarbon types. Table IV and Figure 12
present the appearance and disappearance factors of several cyclic
and acyclic diolefins and of several alkyl benzenes on an activated
carbon using n-heptane developer. The data reveal that while
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Table IV. Appearance and Disappearance Factors for
Various Hydrocarbons on Columbia Activated Carbon
(80—200 mesh, n-Heptane developer, 24° C.)

Free Dis-

Space/ Appearance appearance

Charge Factor Factor
1-Hexene 80 0.73 .
Cyclohexene 80 0.83 1.52
1,5-Hexadiene 80 0.93 1.79
2-Methylpentadiene® 86 1.43 3.70
1-Vinyl-3-cyclohexene 86 0.99 3.12
1,3-Cyclohexadiene 86 1.14 3.24
1,4-Cyclohexadiene 86 1.33 3.0
Benzene 80 1.98 6.3
tert-Butylbenzene 86 0.97 3.93

¢ Mixed isomers.

activated carbon may be useful for the separation of certain in-
dividual compounds, it does not allow type separation of diole-
fins and alkyl benzenes.

A study was made to determine just what carbon and solvent
wash system would show greatest promise for separation of the
saturated hydrocarbon types. To this end n-heptane was used
as the adsorptive, on the basis that the highest appearance factor
possibly would point to the system having greatest resolving
power. Because, in general, saturated hydrocarbons are more
strongly adsorbed on activated carbon than are oxygenated com-
pounds, it was reasoned that the latter might prove effective as
developers in resolving the saturated hydrocarbon types. Alco-
hols of low molecular weight and acetone were the most promising
of the compounds tested. Results indicated the Columbia Grade
L activated carbon offered greater promise than Columbia
Grades G, S,and 45XA carbons, and chars derived from petro-
leum sources. The data in Table V show results obtained using
different solvents with Grade L carbon varying in size and in

Table V. Appearance and Disappearance Factors for
n-Heptane with Various Carbon-Seolvent Wash Systems

Grade L Columbia Dis-
Activated Carbon Free Appear- appear-
Heat Space/ ance ance
Mesh treatment Charge Solvent Factor Factor
60-160 Unheated 85 2,2,4-Tri- 1.14 2.57
methyl-
pentane
60-160 Unheated 82 CCls 0.65 c
60-160 Unheated 74 CHCly 0.81 C
60-160 Unheated 84 Acetone 1.26 2.88
Unsized Unheated 87 Acetone 1.39 2.52
100-160 Unheated 85 Acetone 1.33 2.03
120-160 Unheated 85 Acetone 1.47 2.31
60-160 (Vac. heated 85 Acetone 1.15 2.87
120-160 175° C., 85 Acetone 1.35 2.52
4 hours)
60-160 Unheated 85 C:HsOH 1.64 .
60-160 Unheated 28 CH:OH 3.61 7.0
Table VI. Appearance and Disappearance Factors for

Various Saturated Hydrocarbons on Columbia Activated
Carbon
(Grade L, 100-160-mesh, unheated)

Dis-
Free Appear- appear-
Space/ ance anece
Adsorptive Solvent Charge Tactor Factor
n-Heptane Acetone 85. 1.53 2.03
2,4-Dimethylpentane Acetone 86 0.97 .
Methylcyclohexane Acetone 86 1.09 2.15
1,1-Dimethyleyclopentane Acetone 86 0.92
2,2-Dimethylpentane Methanol 27 1.2 10.0
Methylcyclohexane Methanol 27 1.5 8.0
trans-1,2-Dimethylcyclo-
pentane Methanol 28 1.9 8.3
n-Heptane Methanol 28 3.6 7.0
Benzene Acetone 86 1.51 4.54
Toluene Acetone 86 2.10 5.34
Ethylbenzene Acetone 86 2,14 7.94
o0-Xylene Acetone 86 3.75 9.75
m-Xylene Acetone 86 2.75 12.0
p-Xylene Acetone 86 3.42 12.3
tert-Butylbenzene Acetone 86 1.34 3.58
1,4-Cyclohexadiene Acetone 86 1.61 3.36
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Figure 13. Relative Adsorbabilities of Hydrocarbons on
Carbon

Shown by presence of adsorptive in effiuent
Columbia Grade L activated carbon, 100- to 150-mesh. Acetone and
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heat treatment. It was concluded that 100- to 160-mesh material
with no heat treatment is slightly superior.

Table VI and Figure 13 show the appearance and disappear-
ance factors for the four classes of C; saturated hydrocarbons
using acetone and methanol as developers. It does not appear
feasible to effect good separation of any one class, but the possi-
bility does exist of partially separating the normal paraffins
from the other three classes.

s ]
b | % —
- ME THYLCYCLOHEXANE
&
§ 1.2
)
g N-HEPTANE |
amad &
22 08 1 =
w «d
E = ==
E)J 1
> Q.4 T
1
[ . F1
[ i
[} ! N
0 200 400 600 800 10006 1200
VOLUME EFFLUENT FROM COLUMN, ML.

Figure 14. Separation of Methylcyclohexane and
n-Heptane

Column. 15 mm. inside diameter, 150-cm. length

Adsor!i:ant. Columbia Grade L activated carbon, 60- to 150-
mes|]

Developer. Methanol

Mixture. 5 ml. of 50~50 methylcyclohexane and n-heptane

In order to demonstrate this prediction, a 5-ml. sample of a
50-50 blend of methyleyclohexane and n-heptane was percolated
through a bed of activated carbon, 15 mm. in diameter and 150
cm. in depth, using methanol as a developer. Fractions of 50
ml. each were taken from the column and analyzed by mass
spectrometer. The data are shown graphically in Figure 14.
If two fractions were made by cutting at the intersection of the
two curves, the results would be as follows:

Purity, Recovery
% %
Methyleyclohexane 98 93
n-Heptane 93 98

Table VII. Appearance and Disappearance Factors for
Various Hydrocarbons on Silica~Alumina and Silica-
Magnesia

(100-160-mesh; n-heptane developer; 24° C.)

Dis-
Free Appear- appear-
Space/ ance ance
Adsorptive Adsorbent Charge Factor  Factor
1-Hexene Silica-alumina® 83 1.10 1.63
Cyclohexene Silica-alumina® 81 1.29 1.58
1,5-Hexadiene Silica-alumina® 81 1.45 2.64
2-Methyl-1,3-penta- Silica-alumina?® 86 1.87 Reacted on
diene column
1,3-Cyclohexadiene Silica-alumina® 86 1.58 2.92
Benzene Silica-alumina® 86 2.05 5.05
tert-Butylbenzene Silica-alumina® 83 2.29 7.0
1-Hexene Silica-magnesia® 78 1.05 2.05
1-Hexadecene Silica-magnesiad 78 1.00 2.39
Cyeclohexene Silica-magnesia® 78 1.28 2.35
1,5-Hexadiene Silica-magnesia® 78 1.59 3.53
1,4-Cyclohexadiene Silica-magnesia b 76 1.79 5.00
1,3-Cyclohexadiene Silica-magnesiab 76 1.61 Reacted on
column
Benzene Silica-magnesia b 78 2.18 5.89
2-1(\1/[ethy1-1 ,3-penta- Silica-magnesiab 76  Reacted on column
iene

¢ 87% silica, 13% alumina.
b 709%, silica, 30% magnesia.

Relative adsorbabilities of several alkyl benzenes and 2 repre-
sentative diolefin on Grade L carbon with acetone developer are
also shown in Figure 13. This acetone-carbon system indicates
no separation between diolefins and alkyl benzenes as classes.

Silica-Alumina and Silica-Magnesia Adsorbents. Two com-
mercial cracking catalyst materials were tested for possible
selectivity in hydrocarbon separations: alumina-silica (13%
alumina) and magnesia-silica (309, magnesia). Both adsorbents
were screened to give a 100- to 160-mesh fraction and heated in a
vacuum oven at 175° C. for 2 hours for activation. Table VII
and Figure 15 show data obtained for representative hydro-
carbons of several classes on these two adsorbents. These data
indicate both adsorbents, in general, to be inferior to silica gel for
effecting separations.

While there is some indication of an advantage over silica ge)
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Heptane developer. Ratio of liquid free space to charge
volume,
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in the separation of alkyl benzenes from diolefins, the reactivity
of the latter may preclude their recovery. For analytical pur-
poses, it may prove useful in some cases to make separations on
silica gel to obtain a fraction containing alkyl benzenes and con-
jugated and nonconjugated diolefins. A subsequent percolation
over silica-alumina or silica-magnesia might effectively remove
the conjugated diolefins.

CONCLUSIONS

A method has been applied for establishing quantitatively the
relative adsorbabilities of hydrocarbons according to molecular
type on various solid adsorbents. Reliable predictions have
been shown to be possible for the feasibility of analytical separa-
tions on a practical scale.

Thus, on silica gel the following separations are possible:
(1) mono-olefins from diolefins, (2) mono-olefins from aromatics,
and (3) partial separation in some cases of acyclic- from cyclic
mono-olefins.

Alumina affords a better separation of aromatics based on the
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namber of aromatic nuclei in the molecule. Activated carbon
affords a partial separation of straight-chain paraffins from other
saturated hydrocarbons.
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Circular Filter Paper Ghromatography

RAYMOND J. LESTRANGE!, and RALPH H. MULLER®

New York University, New York, N. Y.

Most of the work on paper chromatography done to date
has been of an empirical nature. This paper attempts
to elucidate factors of somewhat more fundamental
nature. Data obtained using filter paper squares show
the effect of various factors on the rate of solvent flow
and the degree of resolution of a known cation mixture.
The circular technique offers many advantages over
the strip method. The solvent flow can be adjusted to
the desired rate, thereby shortening considerably the
time necessary for a chromatographic separation. This
technique appears to produce clearer, better-defined
The reflectance densitometer is a convenient
instrument for measuring zone widths, points of
maximum color density, and R, factors.

zones.

HE use of circular filter paper chromatography has not been

widespread. Early workers who used this technique in-
cluded Goppelsroeder (?), Skraup (17), Holmgren (8), and Brown
(2). Recently, Rutter has called attention to its advantages (15,
16). Rosebeek separated many of the amino acids using this
technique (14). Giri et al. have developed quantitative chroma-
tographic procedures for separating amino acids in circular sheets
(6, 8). Liuderitz and Westphal extended Rutter’s technique by
applying discrete spots of material in a circle about the center of
the paper rather than as a single spot at the origin, so that many
different substances could be compared (9). Bersin and Muller
separated many sugars on filter paper disks and compared their re-
sults with those using paper strips ().

As work in paper chromatography is still largely empirical, an
attempt has been made to reveal information of a more basic na-
ture which will help workers in this field.

This paper is reports on a continuation of the study of the flow
of liquids through paper (12); the use of a reflectance densitom-
eter in measuring zone widths and R, values on completed paper

! Present address, Photo Products Department, E. I. du Pont de Nemours
& Co., Inc., Parlin, N. J.

2 Present address, Los Alamos Scientific Laboratory, P.O. Box 1663, Los
Alamos, N, M.

chromatograms (12); and the efficiencies of separations using
filter paper squares as compared to those using strips.

EXPERIMENTAL DETAILS

Most of the present work has been performed using filter paper
squares.

Two parallel cuts are made from the same edge of a square
piece of filter paper to the center of the paper. The “tab’ is bent
at 90° with the plane of the paper and cut to suitable length.
The mixture to be separated is placed on the tab at the point
where it joins the center of the square. The paper is then sup-
ported on a crystallizing dish (8 cm. in diameter X 4 ¢cm.) contain-
ing the solvent. Another crystallizing dish is used as a cover in
order to prevent solvent evaporation. When the solvent flows
through the paper, the components of the mixture are separated
into circular zones.

Filter paper strips which were attached to a cork by a thumb-
tack were suspended in a 1000-ml. graduated cylinder containing
the solvent. Also in the cork were holes for two glass tubes. One
tube, which reached almost to the bottom of the cylinder, carried
nitrogen saturated with the solvent being used. The other tube
carried away excess gas. The mixture to be analyzed was placed
on the strip 1 inch from the end that was immersed in the wash
liquid.

A mixture of bismuth trichloride, cupric chloride, and mercuric
chloride was separated using butanol saturated with 3N hydro-
chloric acid (3). One hundred and thirteen micrograms of each
of these salts dissolved in excess hydrochloric acid was applied to
the paper. The solvent was the top layer obtained after shaking
equal quantities of 1-butanol and 3N (2.95N) hydrochloric acid.
A large quantity of solvent was prepared initially, so that in sub-
sequent experiments there was no question as to the uniformity
of solvent used. After formation of the chromatogram, the posi-
tions of the bands were revealed by using hydrogen sulfide. A
glass rack was made to fit inside a desiccator and support 10 to 20
squares. The air was evacuated from the desiccator and hydro-
gen sulfide gas was passed into it. Complete development of
colors occurred in a few hours. These colored zones faded imper-
ceptibly when exposed to the atmosphere for many hours.

Whatman No. 1 paper was purchased in 181/; by 22!/; inch
sheets. For comparative experiments squares or strips were cut
from the same sheet in the machine direction.

Throughout these experiments the temperature was kept at
24° + 1° C,

In experiments with squares, the front of the mercury band was
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indistinguishable from the solvent front, so that the position of
the former was used to calculate solvent radii and areas.

FACTORS AFFECTING RATE OF SOLVENT FLOW IN SQUARES

Width of Tab. Nine squares of paper, 4 by 4 inches, were
cut from one sheet of paper. Tabs, 3 to 8 mm., were .cut, and
the length of each was adjusted to 34 mm. Twenty-five milli-
liters of butanol saturated with 3N hydrochloric acid was placed
in each of nine crystallizing dishes. The squares were placed on the
dishes, and similar dishes were used as covers. The flow of liquid
through the paper was allowed to proceed for 180 minutes after
the solvent had reached the top of the tab.

The area wet by the solvent was calculated from the following
relationship:

A= wre’py — T

where A = area, 7o = radius of major axis, r» = radius of minor
axis, and w = width of tab. The width of each tab was deter-
mined by measuring the widths at different points with a traveling
microscope and averaging the results.

The values for the tab widths and the wet areas are shown in
Table I. As zero width must correspond to zero area, the average
slope was calculated by averaging all values of 4/w. The re-
sultant equation was:

4 = 262w

The average deviation of A (observed) from A (calculated) was
2.43%.

Table I. Effect of Tab Width on Rate of Solvent Flow
Wet Area,
Sq. Mm. Width, Mm.
2065 8.0
2090 8.0
1793 6.7
1721 6.7
1504 6.0
1402 5.1
1363 5.0
1039 4.0
770 3.0
Table II. Effect of Time on Area of Paper Covered by
Solvent
Wet Area, Sq. Mm. Time, Min.
1170 112
1070 112
1452 142
1370 142
1830 180
1784 180
2446 242
2955 298

The proportionality existing between area of the paper covered
by solvent and the width of the tab can be shown from known
facts. On strips of filter paper (12), the relationship between the
height. h, to which liquid rises in paper in a given time, ¢, is:

ht =at + b (1) .
where ¢ and b are constants. At any height, h, A = hw. Sub-
stituting A /w for h in Equation 1 gives:
A? = w¥at + b)

and A =wVat+b

Therefore, a4 _ _ we @)
i 2+/al+b '

Thus the increase in area developed in unit time is proportional
to the tab width.

ANALYTICAL CHEMISTRY

In order to cut tabs of uniform width, two single-edged paralle!
razor blades were clamped to adjustable brass spacers. A cutter
like this will cut tabs in paper squares with a variation of less
than 0.05 mm.

Time of Solvent Flow. In order to study the rate of solvent
flow, eight squares of paper were cut from one large sheet of
filter paper. The widths of the tabs (6.68 mm.) were kept con-
stant by using the parallel razor blade cutter. The same amount
of solvent (25 ml.) was placed in each crystallizing dish. Solvent
was permitted to flow for varying times and the resultant wet
areas were measured. Table II shows the results.

Equation 3 was computed from the results in Table II.

A = 10.0¢ (3)

The average deviation of A (observed) from A (calculated) was
2.449,.

The proportionality of area and time is a direct consequence of
h? = at + b. The rate of solvent flow in a strip is considered to
be made up of two factors, the capillarity factor and the accessi-
bility factor. At any given height, the capillarity factor is con-
stant and if the width of tab is constant, the accessibility factor
does not change. Therefore, the increase in area of the square
wet by solvent should be proportional to the time.

A. =k1t

This relationship confirms earlier measurements made on paper
(11).

If the area developed is plotted against time for squares having
tabs of various width, a family of straight lines is formed. The
validity of the relationship between area and width can also be
shown from Table III. If the slope of each line is divided by the
width of the tab, a constant value of 1.491 == 0.020 is obtained.
This corresponds to an average deviation of 1.34%. The preci-
sion is better than obtained previously, as the average slopes are
taken in each case and the errors involved in individual measure-
ments tend to cancel one another.

Distance between Paper and Solvent. The effect of the
distance between the plane of the paper and the solvent on the
rate of flow was studied. In order to keep this distance constant

Table III. Relationship of Tab Width and Time to Area
of Paper Wet by Solvent
Width, Area, Time, A/t
Mm. Sq. Mm. Min. A/t w Dev.
4.0 1039 180 5.97
6.05 1.512 0.021
4.0 2158 340 6.34
5.0 1363 180 7.57
7.47 1.494 0.003
5.0 2137 290 7.37
6.7 Slope taken from Table IT 10.00 1.493 0.002
6.0 1575 180 8.75
8.65 1,442 0.049
6.0 2070 242 8.55
8.0 1645 130 12.66
12.12 1.516 0.025
8.0 2090 180 11.60
Av. 1.491 0.020

Table IV. Effect of Distance between Paper and Solvent
on Rate of Flow

Height, Mm. Time, Min.

6.9 65

9.0 97
15.7 173
16.0 180
19.0 234
26.0 340
32.0 407
32.0 415
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during an experiment it was necessary to prevent the slight
sagging at the center of the square when the paper is wet.

Glass vials, 1 em. in diameter, were ground with emery dust
until, when placed inside the crystallizing dishes, the glass vials
were of the same heights as the dishes. The bottoms of the crys-
tallizing dishes were covered with solvent and varying amounts
of solvent were placed in each vial. Kight squares of paper hav-
ing tabs of similar width (3.60 mm.) were placed on the dishes.
The tabs were immersed in the solvent contained in the vials,
while the vials themselves supported the paper at the center of the
squares. Solvent was allowed to flow so that equal areas of paper
were wetted, and the times were noted. The results of this ex-
periment are shown in Table IV,

By the method of least squares, the equation for the straight
line produced was:

= 13.8h — 31

The average deviation of ¢ (observed) from ¢ (calculated) was
3.069%.

This line does not intercept the Y axis at zero. It is probable
that for very small 2’s, ¢ would approach zero, although probably
not in a linear manner. That the above should be true can be
shown from known facts.

Take the case of two squares with tabs of the same width. Let
the distance between solvent and paper in one case be h;, and in
the second case h,. Therefore,

h? = Dt
he? = Dty

The velocity is defined as dh/dt.

2hdh = Ddt
dh/dt = D/2h =V

Therefore, Vi = D/2hy and Vy = D/2h,
and Va/Vy = hy/he

For equal areas developed, the time, ¢, is proportional to 1/V.
Therefore, ti/ty = hi/he

Machine Direction in Filter Paper. The orientation of
fibers in a particular paper can be measured by admitting a drop
of dilute dye solution to the paper from a fine capillary (12). The
ratio of the major to the minor axis is constant in each case, inde-
pendent of the size of the spot. Using a dilute alcoholic solution
of methyl orange, this factor was found to be 1.15 =+ 0.02 for
Whatman No. 1 paper. Even for a paper with no machine direc-
tion, an ellipse will be formed during a chromatographic experi-
ment, because of the effect of the width of the tab.

At any time, 7, let 7o be the radius of paper wet by solvent in a
direction parallel to the tab, and r; be the radius in the direction
perpendicular to the tab. Then, as 72 = k¢,

ro = VT
o= Vkl + w/2
where w is the width of the tab. At all times, ellipticity defined
asry/ra = E.

_ VE +w/2_

cale Wie s
Vkt 2v/kt

This equation checks in the limits, for when ¢ is 0—that is,
when the solvent has just started to enter the square—F is in-
finite. When ¢ is infinite, £ is 1, since the paper has no machine
direction.

For a paper with a machine direction, the same derivation is
applicable. Thus, if the ellipticity of the wet area produced in
such a paper is 1.15, and this is made to coincide with direction b,
then

Therefore E
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re = \Vkt
o= 1.15 Vki + w/2
and g = 116 Vit + w/2

V]

=115 4+ —2=

Vkt 2vV/kt

In the limits, when ¢ is 0, E is infinite, and when ¢ is infinite, £ =
1.15.

Table V. Effect of Time of Solvent Flow on Ellipticity of
Resultant Zones

Time, Min. 1VE E (Obsd.) E (Caled.) Dev.
112 0.0953 1.220 1.216 0.004

112 0.0953 1.210 1.216 0.006

142 0.0840 1.200 1.205 0.005

142 0.0840 1.205 1.205 0.000

180 0.0746 1.196 1.195 0.001

180 0.0746 1.188 1.195 0.007

242 0.0643 1.181 1.184 0.003
208 0.0579 1 169 1.177 0.008
Av. 0.004

The validity of this equation can be checked by comparing the
ellipticity of the wet areas of the squares in Table II against F
(calculated) at various times, since the width of the tab (6.68
mm.) and k, the diffusion constant (10.0), are known. This com-
parison is made in Table V.

The extrapolated value of £ when 1/ \/ l is 0—that is, when £ is
infinite—is the same value as would be obtained by directly add-

L

e EMy————

Recorder Tracing of Completed |Strip
Chromatogram

Figure 1.

ing a drop of dilute dye solution to a piece of filter paper. If
this value is used, the equation is:

E = 1116 + i”/la (4)

The value 1.116 checks fairly well with the value 1.15 % 0.02 ob-
tained using the dye solution.

CHROMATOGRAPHIC MEASUREMENTS ON FILTER PAPER

Use of a Reflectance Densitometer. R, values, the thickness
of zones, and the distance between zones on completed paper
chromatograms were determined with a reflectance densitometer.
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An aluminum drum is used to hold the completed chromato-
gram. This drum is rotated at a uniform rate by a l-r.p.m. syn-
chronous motor. Light from a 6-volt lamp is focused on the
periphery of the drum by a condensing lens. Light, reflected from
a small spct of the illuminated area, is picked up by the micro-
scope objective and brought to focus on a barrier-layer photocell.
The output, of the cell is connected directly to a 100-ohm poten-

5 CM. =

Figure 2. Recorder Tracing of Completed Square

Chromatogram

tiometer, and the center tap and one end of the potentiometer are
connected through shielded and grounded wires to the Brown
Electronik recording potentiometer. Thus, the output of the
photocell can be varied from zero to a maximum.

As the sample drum rotates uni-
formly, the photocurrent varies in
proportion to the reflectivity and
this is faithfully reproduced on the
recorder chart. As the chart is also
synchronously driven, the chart dis-
tance corresponding to 1 mm. on the
drum can be calculated from the
known speeds of drum and recorder
paper.

Although the use of this instrument
for concentration measurements is
inferior to a transmittance technique,
it is very useful for other factors such
as width of zones, separation be-
tween zones, and R, values.

Interpretation of Reflectometer
Scanning. The mechanism of the
scanning process may be represented
as follows:

Imagine the scanning patch of
light to be rectangular and moving
across the opaque zone from left to
right. As long as the light is moving
along white areas in the paper, the
reflectance will be a maximum. As
soon as the edge of the light patch
reaches a colored zone, the pen starts
to move in a direction corresponding
to decreased reflectance. When the
light pateh is within the colored zone,
the recorder indicates minimum re-
flectance. When the light patch has
passed the colored zone, maximum
reflectance oceurs again.

Figure 3.

ANALYTICAL CHEMISTRY

Figures 1 and 2 show typical patterns produced in scanning
paper chromatograms. In order to relate distances on the chro-
matogram to distances on the recorder paper, the width at the
base of the recorder curve, indicating maximum reflectance, is
divided by a known factor (12.7 in one case). This distance, W,
is related to w, the width of the zone, and z, the width of the light
beam as shown below.

It can be seen that while the recorder paper has moved a dis-
tance W, the scanning drum has moved a distance w + z. Since
w, the width of the zone, is what we are interested in: w = W —uz.

The same line of reasoning may be applied to the measurement
of distances between zones. While the scanning drum has moved
a distance w’ — =z, the recorder paper has moved W’. Thus w’,
the distance between two zones on paper, is given as: w’ = W’ +
z.

The analysis given above was confirmed by scanning a strip of
paper on which were drawn several India-ink rectangles of various
known widths and distances apart.

In analyzing a chromatogram the situation is not as ideal as
pictured above. A light beam is not of uniform intensity. Fur-
thermore, a zone is not sharply defined at its edges. The result is
that the recorder curve will show a pronounced “toe.” In prac-
tice, the straight-line portion of the curve has been extended to
coincide with the “base’ line. This value for the “width’ of a
zone is repeatable. Furthermore, in comparing the widths of
zones under various conditions, any “‘error’”’ will be canceled,
owing to the consistency of the recorder.

In analyzing paper strips the procedure has been to scan the
chromatograms from beginning to end at a point of maximum
zone width. In analyzing squares, the procedure was first to scan
the squares at right angles to the direction of the tab, starting at
the solvent front and ending at the solvent front. This gave two

g

E

Separations in Squares after Development

252 minutes
332 minutes

A. 96 minutes D.
B. 151 minutes E.
C. 200,minutes
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Table VI.
Separations, and R, Factors

Effect of Time of Development on Band Widths, Band

effect on the separation of copper, bis-
muth, and mercury was studied. The
widths of the tabs were varied from 4 to

- Band 8mm. Eachsquare was developed to the
Time, Solvent Band Widths, Mm. Separations, Mm. Rr Factors samel totsllarcs (approximately) The
in. Radius Cu Bi Hg Cu-Bi Bi-Hg Cu Bi Hg 4 i Table VII :

96 19.2 4.58 4.68 1.66  2.73  0.43  0.452 0.818 0.982 results are shown in Table VIL.

96 19.4 4.39 4.83 1.85 2.80 0.58 0.452 0.828 0.975 From Table VII it is seen that the
151 25.4 4.00 4.36 1.31 5.34 1.70 0.456 0.818 0.087 . Iv slichtly widened b
200 o8  41a a6 140 e35  sis 047 O&fe Oom Gl e gl apigte |

. . : . 219 0.4 : ; : : s ..
200 27.9 419 480 1.35  5.83  2.23  0.450 0.822 0.991 increasing the tab width. This is due
252 30.8 4.32 4.52 1.28 7.15 2.40 0.452 0.826 0.989 in part, no doubt, to the low R, factor—
252 31.5 4.26 4.94 1.25 7.41 2.33 0.449 0.827 0.995 5 diti tudied
332 34.1 4.56 5.35 1.33 7.78 2.73 0.459 0.828 0.988 that is, under all the conditions studied,
332 35.7 4.60 5.47 1.43 8.17 2.78 0.443 0.825 0.989 this zone moves slowly enough to make

A 4430 479 L:43 0.451. 0.823  0.987 approach to equilibrium between paper
Table VII. Ef Tab Wi K R and solvent phase possible. The mer-

A2 Ect ot aléanlg:ha‘:(ll %a'i;ic“::g;hs’ Separation between cury band behaves almost ideally. This

’ ! zone is virtually at the solvent front and
an . . .
W’ﬁ?gh Band Widths, Mm.  Separations, Mm. Rr Factors Time in each case remains concentrated in a

Mm. Cu Bi Hg Cu-Bi Bi-Hg Cu Bi Hg Min very narrow zone. The bismuth zone

4.0 4.13 4.38 1.20 6.83 1.85 0.440 0.829 0.985 350 shows significant tailing. This spreading

4.1 4.20 4.38 1.12 6.80 1.72 0.434 0.840 0.982 340 . : h f th

.2,(1) 2'38 i .3(() }12(2) 8'22 %‘gg 0 42§ 8’2%1 8'8231 388 is almost entirely at the rear of the zone,

5. x 56 3 5 .80 0.446 .8 o8 ¢ % 1

6.0 4.21  4.60 1.20 6.64 1.89 0.437 0.828 0.978 242 having fohe effect of .decreasmg (';he

6.1 4.24  4.58 1.30 6.50 1.92 0.440  0.830 0.982 248 copper-bismuth separation but having

6.7 4.27  4.94 1.28 6.24 1.89 0.443 0.828  0.980 217 ; : h

6.7 1.40  4.70 1.24 6.35 1.95 0.437 0.824 0.983 210 little effect on the bismuth-mercury

8.0 456 5.32 1.32 5.79 1.97 0.456 0.828  0.980 180 S Avation

8.0 4.50 5.58 1.38 6.08 1.88 0.450 0.832 0.976 180 p .

The rate of development of the squares

values for the width of each zone and the distance between any
two zones. Next, the square was scanned from the center of the
square to the solvent front in a direction parallel to that of the
tab. This gave another value for each zone. The three values
obtained for each distance were then averaged to obtain the mean
value. Typical recorder tracings are shown in Figures 1 and 2.

SEPARATIONS IN FILTER PAPER SQUARES

Filter paper squares were employed to study various factors
which affect the separation of a mixture of cupric chloride, bis-
muth trichloride, and mercuric chloride.

Separations as a Function of Time of Development. Ten
filter paper squares with tabs of the same width (6.68 mm.) were
immersed to the same height of solvent. After being developed
for different times, the squares were sprayed with hydrogen sulfide
and the various distances measured. The resultant data are
shown in Table VI. Figure 3 shows five of these squares. The R,
factor is defined as the radius to the point of maximum density in
a band divided by the radius to the solvent front.

From Table VI it is seen that the metal zones get thinner at
first and then begin to widen gradually. The widening of zones,
or “tailing,” is always noted in the case of filter strips. However,
this effect appears to be less in the squares, as the increased di-
ameter of each zone partly compensates for the tailing effect. In
fact, over the times measured, the greatest deviation in the thick-
ness of any band is less than 1 mm.

The R, factors, measured at right angles to the direction of the
tab, are shown to be constant and independent of time of develop-
ment. The copper R, was 0.451 = 0.0034,
for an average deviation of 0.759%,. The

with 4-mm. tabs is about half that of
the squares with 8-mm. tabs; yet there
is no perceptible change in R, factors. This would indicate that
the ratio of the metal zone distance to the solvent distance is a
true constant, independent of rate of flow of solvent.

Separations as a Function of Distance between Solvent and
Paper. Using the parallel razor-blade cutter, tabs 3.6 mm. wide
were cut in five similar squares. The distances between plane
of paper and solvent level were varied and all squares were
developed with solvent to the same total areas. The results are
shown in Table VIII.

The first two columns show the times taken for development
and the distances between plane of paper and solvent level. Col-
umns 3, 4, and 5 show the effect of increasing the rate of solvent
flow on the width of the metal zones. The copper and mercury
zones again are fairly constant regardless of speed (except for the
mercury zone in the first case). However, the change in width of
the bismuth zone is marked. For a 4009, increase in rate, the
bismuth zone increases in width about 509%,.

Table VIII. Effect of Distance between Solvent and Paper
on Band Widths, Separation between Bands, and R:
Factors

Band
Diss Band Widths, Separations,

Time, tance, Mm. Mm. Ry Factors

Min. Mm. Cu Bi Hg Cu-Bi Bi-Hg Cu Bi Hg
97 9.0 4.07 6.07 1.80 5.34 0.00 0.445 0.829 0.962
180 16.0 3.99 4.57 1.20 6.20 1.32 0.439 0.832 0.968
234 19.0 3.92 4.60 1.12 6.20 0.40 0.462 0.850 0.973
340 26.0 4.15 4.42 1.35 5.94 1.39 0.466 0.842 0.970
407 32.0 4.16 4.18 1.26 5.68 2.17 0.458 0.827 0.971

bismuth R, was 0.823 = 0.0034, for a
deviation of 0.419%,. The mercury R,
was 0.987 == 0.0032, or 0.35%,.

An experiment was performed which Time, Soivent
was the same as that just described, ex- Min. Ht., Mm.
cept that the tabs were cut at right gg g(z)
angles to the machine direction of the 160 110
paper. The results confirmed the data égg %;2
in Table VI. ggg }‘;g

Separations as a Function of Tab 420 171

Width. Since increasing the tab width

Table IX. Effect of Time of Development on Separations Obtained

Using Filter Paper Strips

Band

Band Widths, Mm. Separations, Mm. Rj Factors
Cu Bi Hg Cu-Bi Bi-Hg Cu Bi Hg
16.6 27.5 11.2 9.55 5 0.220 0.708 0.840
16.4 26.0 12.0 8.90 5 0.210 0.680 0.836
18.2 32.4 15.2 17.7 1.1 0.209 0.650 0.857
20.6 34.7 15.2 20.2 6.8 0.196 0.641 0.867
19.4 35.8 14.3 28.0 3.2 0.211 0.684 0.870
19.0 37.3 13.3 34.2 14.7 0.216 0.655 0.892
25.0 37.0 14.8 41.5 12.2 0.212 0.690 0.880
27.2 38.6 14.7 47.9 17.4 0.214 0.708 0.918

Av. 0.211 0.677 0.873

increases the rate of solvent flow, its
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The last five columns show the separations between the zones,
and the R, factors. Although it is apparent that separations be-
come better with increasing time of development, the values for
the copper-bismuth and bismuth-mercury distances do not seem
to vary in an orderly manner. The rveason for this lies in the R,
factors. The R, factor for copper ix 0.454 == 0.0096; that for
bismuth is 0.836 == 0.0088, but individual values vary beyond
these limits. A small change in R, greatly changes the distances
between zones.
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Figure 1. Speed of Separalion in Strip and Square

Comparison of Paper Square and Strip in Separations. LFrI-
CIENCY OF SEPARATIONS. In filter paper squares, the constancy of
the R, factor (the ratio of the radii of solute and solvent) measured
at right angles to the dircction of the tab has been shown. By
taking 31 squares which were developed for varying times and
had tabs of different widths, the following values were obtained:

Copper 0.442 = 0.0086 = 1.949,
Bismuth 0.828 = 0.006 = 0.739%
Mercury 0.974 = 0.003 = 0.369,

To compare separations in strips and squares, eight strips of
paper were cut, 1 inch wide, and developed with solvent for vary-
ing times. The results are shown in Table IX.

A linear relationship exists between the square of the distance
traveled by the solvent and time. By the method of least squares,
the equation is:

h? = 6.8 + 958 (5)

The average deviation of k2 (observad) from A? (caleulated) is
3%.

From columns & and 4 it is seen that the widths of the copper
and bismuth zones vary from 1.5 to 7 hours. The mercury zone
remains narrow throughout this time irterval. Columns 6 and 7
show the separations between zones. It is apparent that after
sufficient time these separations are greater than in the squares.

ANALYTICAL CHEMISTRY

However, it is of interest to find out which technique gives the

fastest ones. )
In a strip, the relationship between height of solvent and time

is given as:
h? =al + b (6)

The Ry factor for a solute, my, is hn,/h..
Therefore, Be = Ty 'Ry
Substituting in Equation 6:

by = Ry, N/al + b
And for another solute, ma:
By = If_fm_n\/;,Tq_T
hwy = (_I\’,,,-m? — I\)_r‘",l) Vat + b (7
The actual separation between zones is somewhat less than (h,,,—
h.,,). which is the distance between the centers of the bands. Tf
(S,,,Z—S,,,l) is the actual separation and W, and W, are the
average widths of the bands, the following is approximately
true:

my

Subtracting, by —

By — by = (Smy = Suy) + 2 (Wary + Wony)

Substituting in Kquation 7:

Sy — Sw) = (R;, — R_/m\) Vat + b = Vo (W, + Way) (8)

From this equation it is seen that if the difference in B, factors
is constant and the widths of the solute zones do not change too
much, a plot of the separation between zones against Vat + b
should be linear. Furthermore, the value of ¢, when the separa-
tion is zero, gives the time necessary before separation begins.

If we define R, in the square as the
ratio of the radii of solute and solvent,
Equation 9 may be derived in the same
way.

(Smy = Swy) = (Rr, ), — K )

Vit F ¢ = Yo (W + Way) (9)
The only difference be-
tween [iquations 8 and 9
is in the values of the
constants.

gy

5 CM.

5 T \4
Separations in Strips after Development

Figure 5.

300 minutes
420 minutes

S. 90 minutes U.
T. 181 minutes V.
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Table X. Effect of Development Time of Band Separa-

tions
(Calculated values)

Time, Min, Cu-Bi, Mm. Bi-Hg, Mm,
90 7.4 0.0
90 8.5 0.0
160 20.5 00

190 22.7 3.7
230 27.1 5.6
300 37.9 9.8
360 39.5 13.2
420 43.1 15.5

Equations 8 and 9 make it possible to compare speed of separa-
tion of square and strip. However, these equations assume un-
changing R factors. In the case of the squares these factors are
reasonably constant, but, as seen in Table IX, the values for the
strips vary. In order to test Equations 8 and 9, the values for
the separations between zones were recalculated, assuming that
the R, factors for each filter paper strip were identical with the
average values given. These “adjusted” values are given in
Table X. In Figure 4, the separation between zones is plotted
against v/66.8 + 958 (from Equation 5). From the values of
4/66.8¢ + 958 when the separations are zero, the times necessary
for separations to occur are 47 minutes for the copper and bis-
muth zones (plot A), and 141 minutes for the bismuth and mer-
cury zones (plot B).

Figure 4 also shows the separations for squares plotted against
the square root of the time. From the values of \/ t when separa-
tions are zero, it is seen that 23 minutes are required for the copper
and bismuth zones to separate (plot C) and 45 minutes for the
bismuth and mercury (plot D).

Although the actual figures given for initial separations are of
little accuracy, they show that separations occur faster in the
squares.in this case. This may be shown pictorially by referring
to square A in Figure 3 and strip S in Figure 5. In the case of the
square, after 90 minutes, separation is already complete, while in
the strip it is not. (Actually, it appears that separation of the
bismuth and mercury zones is complete in the strip, but, as shown
by the photometric record, it is not. The light space between the
zones is yellow, indicating incomplete separation.)

The speed of separations in the square is at least as fast as in the
strip. For efficiency and clear definition of zones the square
method is often superior. The volume of solvent necessary for
separation is much less in the square. The height of solvent in
strip, or radius of solvent in square, necessary before separation
oceurs depends on the widths of the zones. Since these zones are
much thinner in the square, less development with solvent is re-
quired for the desired separation.

Measurements of B factors, zone widths, or areas are much
more accurate with the square method. There is less tailing of
zones and the ‘“‘center of gravity’”’ of each zone is much more
clearly defined. This will be apparent from Figures 1 and 2.

This discussion is not meant t6 minimize the importance of
paper strip chromatography, which for many purposes, especially
two-dimensional chromatography, is very valuable. Rather it is
desired to point out the advantages of using squares, so that this
technique will be used more widely.

CompARISON OF Ry and R, Facrors. The factor R was origi-
nally introduced by Martin and Synge in their theoretical treat-
ment of partition chromatography (10). The term R, was intro-
duced by Consden in extending this theory to paper chromatog-
raphy (4), and was defined as follows:

movement of zone
movement of advancing front of liquid

Ry =

Mathematically, the following relationship was shown to ex-
ist:
4,

By = 4, — ad,
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where A, = area of cross section of the mobile phase, A, = area of
cross section of the nonmobile phase, and @ = partition coef-
ficient.

Thus, the R, factor is a ratio of areas. In the case of the filter
paper strip, the area is directly proportional to the height. of
solute and solvent, and to the width of the strip. As the width
of the strip is constant, the ratio of areas reduces to the ratio of
the distances traveled by solute and solvent, respectively.

In dealing with squares, the areas of paper traversed by solute
and solvent are proportional to the square of their respective
radii. Thus, the R, factor obtained from an experiment with
squares would be the square of the ratio of the radii of solute and
solvent.

Table XI shows the R, values (ratio of radii of solute and sol-
vent) obtained in this work. The squares of these values are then
compared with R, values obtained from experiments with paper
strips. The agreement for copper and bismuth is seen to be good.
The mercury values do not check closely, but a large factor in this
discrepancy can be attributed to the use of an average R, value
for mercury. As Table IX shows, this value increases steadily as
the length of the experiment increases.

Table XI. Comparison of R Factors in Square and Strip
Rr (Square) Rr2 (Square) Ry (Strip)
Copper 0.442 0.195 0.211
Bismuth 0.828 0.685 0.677
Mercury 0.974 0.948 0.873

In experiments with squares, the ratio of the radii of solute and
solvent is the criterion for possible separations. Therefore, the
use of a new constant would seem convenient. Of course, this
constant could be easily deduced from the known B, value.

Confirmation of this relationship between strip and square can
be found in the work of Bersin and Miiller (7). Using the method
of Partridge and Westall (13), they separated many sugars using
filter paper disks and compared the “R/’ values obtained with
those reported by Partridge for paper strips. Although the rela-
tionship was not shown in the article, the squares of their “R,”’
values compare very favorably with the R, values obtained with
strips.

Many of these considerations would not be applicable to sys-
tems having variable B; values.
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Characterization of Essential Qils by Chromatography

ROBERT H. REITSEMA
A. M. Todd Co., Kalamazoo, Mich.

A method for the rapid inspection of a large number
of essential oils was needed. It was desirable that
the method characterize various oils by the patterns
they produced as well as give tentative identification
of major constituents. Chromatoplates were pre-
pared by coating glass plates with silicic acid using
starch as a binder. After development, the plates
were inspected under ultraviolet light for ultra-
violet-active materials. The plates then were
sprayed with an acidic solution of 2,4-dinitrophenyl-
hydrazine and inspected under visible and ultraviolet
light to detect ketones. After heating, the plate
was again inspected under visible and wultraviolet
light to detect heat- and acid-sensitive materials.
As a result of this study the identity of many essen-
tial oils can be indicated. Variation in condition of
the adsorbent is minimized by use of the plates.
The five-stage inspection of the plates gives op-
portunity for characterization not often possible in a
single chromatogram.

ENSITIVE tests for essential oil constituents were needed to
aid in evaluating the results of a mint-breeding program
which has been under way for several years. The chromato-
graphic method was indicated from the start. Classical methods
of distillation and preparation of derivatives were not useful,
since in most cases the amount of oil available was 0.1 to 1.0 ml,,
and many plants were to be studied. Infrared was not used in
most of the work, since the large number of compounds present in
the unfractionated oils would confuse the picture and make
translation of the curve a most complex undertaking. After a
survey of various chromatographic methods, the use of chromato-
plates was adopted. These were glass plates coated with silicic
acid, using starch as a binder (4). They are direct descendants of
the chromatostrips developed by Kirchner, Miller, and Keller
(3). These authors indicated the use of plates for a different
purpose—namely, two-dimensional chromatography. Other
methods of chromatography tried did not give good separations
of the terpenes of interest. Another major problem was to
locate the colorless constituents on the plates. Three new tests
were applied to the plates in working with the mixtures of com-
pounds in essential oils. These are of general usefulness with
many types of organic materials. On a single chromatoplate
many ketones and ultraviolet-active and heat-sensitive materials
could be detected by a five-step inspection sequence.

Tests for ketones were emphasized, since it was apparent that
ketones were often key compounds in the oils. This was particu-
larly true in the mints. Terpenic ketone dinitrophenylhydrazone
derivatives did not separate well and it was, therefore, of great
value to run the whole oil on the chromatoplate and then sub-
sequently prepare the derivative on the plate by spraying with a
solution of dinitrophenylhydrazine. The derivatives formed on
the plate had colors often characteristic of their degree of unsatura-
tion. Thus, furfural gave a red spot, carvone, an orange-red
spot, pulegone, an orange to yellow spot, and butyraldehyde, a
yellow spot.

Ultraviolet-adsorbing materials could be detected on the same
plate used for the ketone tests if an ultraviolet-active material
were added to the coating mixture, and the active materials
observed by masking effect. XKirchner, Miller, and Keller (3),
adopting the suggestion of Sease (6), used zinc cadmium sulfide
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and zinc silicate. It was found that Rhodamine 6G also could be
used for the same purpose. The latter dye was a useful additive
for ketone tests, as suggested by White and Dryden (?), because
after spraying with dinitrophenylhydrazine the dinitrophenyl-
hydrazones were visible under ultraviolet light on a chromato-
plate containing the dye. This was a convenient addition to the
observation of the derivatives in the visible range and was more
sensitive in some cases.

Heating the plate after spraying it with the hydrochloric acid
solution of dinitrophenylhydrazine usually revealed new spots
under visible and ultraviolet light. Heat- and acid-sensitive com-
pounds gave red, brown, or violet colors in the visible under these
conditions. Although the acid conditions were adequate to bring
out colors due to some of the materials, the use of heat made
additional materials visible and reduced the time for the test.

The chromatoplates rather than the strips were used to avoid
the difficulties of variation of R, values. Although the original
description of chromatostrips indicated several precautions
necessary for consistent results (3), the original workers still re-
ported that the R, of their control, limonene, varied from 0.41 to
0.55. It was easy to depart very slightly from the standard
procedure and obtain great variation in B, values as a result of
differences in thickness of coating or moisture content. Often
it was apparent that other constituents in the oils caused variation
in the R, values. Essential oils differ greatly in the type of con-
stituents present, and these constituents essentially could affect
the nature of the developer. Often the identification of a
ketone in 5%, concentration was attempted in the presence of
50% of an alcohol or ketone in the same oil. It was decided,
therefore, to use the wide plates and run pure, suspected com-
pounds on the same slide simultaneously with the unknown mate-
rial and to mix the known compounds with the unknown material
to see if the spots could be separated chromatographically with
various developing solvents. In this way the uncertainty of
many of the identifications was removed.

Figure 1 demonstrates the usefulness of the plates even
though the R; values varied. Various compounds including
carvone were run on chromatoplates on which the B; values of
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Figure 1. Relative Movement of Ketones
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carvone varied widely. For instance, if the B, values for men-
thone, dihydrocarvone, and furfural were plotted against the R,
values of carvone on the same plate, a straight-line function was
obtained. The relative positions of any two materials on a path
were nearly constant, and a fairly consistent ratio of R, values
could be calculated.

Thus, by knowing the location of one compound, the general
location of the others could be predicted. In the early work,
furfural was used for a reference compound, since it gave a good
test with dinitrophenylhydrazine and appeared in a region apart
from most terpenic ketones. However, Figure 1 demonstrated
that the slope of the furfural line was too slight to make that
compound of much use. Carvone or butyraldehyde was more:
useful.

EXPERIMENTAL

Preparation of the Chromatoplates. The preparation of the
chromatoplates followed the directions for the chromatostrips
(3). Besides the usual technique of directly spreading the
starch-silicic acid mixture on the glass, an alternative method
of coating the plates was to add an additional volume of water to
the mixture after heating, and spray it on the plate with a small
paint sprayer. A mixture of 28.5 grams of silicic acid (Fisher,
c.p., precipitated), 1.5 grams of starch (amylopectin, or corn-
starch can be used), 0.0011 gram of Rhodamine 6G, and 54 ml
of water was stirred on a water bath at 8° C. until a short time
after the mixture thickened. After the mixture was removed from
the bath, 20 ml. of water was added. The mixture was then
spread on plate glass 5 inches wide and 7 inches high. Metal
separators were used to give about 0.02 inch of coating. Certain
batehes of silicic acid were inferior to others in adsorption power
and were not used.

Development of the Chromatoplate. After the plates were
dried 20 minutes in an oven at 105° C. followed by 30 minutes at
2 mm. over potassium hydroxide, 1 to 2 v of the materials were
applied with ultramicropipets as rapidly as possible along a
line 2 cm. above the bottom of the plate. For rough work
syringes and hypodermic needles were used, with the materials
in Skellysolve C solutions. The concentration used depended
upon the relative amount of the compounds in the mixture under
study and on the sensitiveness of the particular test in question.

Development of the materials was accomplished in a covered
battery jar, using 10 to 15% ethyl acetate in hexane (Skelly-
solve B purified through an alumina column) as developing agent.
This gave results comparable to those obtained by Kirchner,
Miller, and Keller (8) with 159, ethyl acetate in hexane. The
use of hexane alone, also used by these earlier workers, was found
to be very useful for the separation of terpene hydrocarbons in
the present applications. Benzene was used for further tests of
identity of compounds.*

Location of Compounds. The detection of ultraviolet materials
was made immediately after the developing solvent had traveled
12 to 14 cm. from the initial line. The chromatoplate was then
sprayed with a solution of 0.4 gram of 2,4-dinitrophenylhydrazine
(DNPH) in 100 ml. of 2N hydrochloric acid as used by Bland (2)
for paper chromatography. After the position of the ketones and
the color of the derivatives was marked, the plate was inspected
under ultraviolet light to find trace ketones. The plate was then
placed in an oven at 105° C. for 10 minutes and again inspected
under visible light and ultraviolet light to detect heat- and acid-
sensitive materials. This consecutive series of observations, with
the notation of the time of appearance of the spots in addition
to their color and location, then became a characterization of the
material under study.

Recording of Data. Tracings on onionskin paper were made
of the chromatoplate and the areas colored appropriately with
colored pencils. In many cases, slides were made directly by
photographing the plate.

APPLICATIONS OF THE TECHNIQUE

The tentative identification of specific compounds by this
method is dependent upon a knowledge of the nature of the spots
produced by known materials. Some of these have been re-
ported by Kirchner, Miller, and Keller (3, 5). Many others have
been run during the present work. Ixamples of some materials
which can be detected on a single chromatogram, using the
described sequence of tests, are given in Table I. The R, values
given are to be regarded as relative and not as absolute ones.
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Table I. Range of Compounds on a Chromatoplate
Compound Ry X 100 Test Color
Monocyeclic terpenes 95-100 Ultraviolet and heat
n-Valeraldehyde 75 NPH spray Yellow
Butyraldehyde 68 DNPH spray Yellow
Menthone 58 DNPH spray Yellow
1,8-Cineol 54 Heat Red-brown
Dihydrocarvone 50 DNPH spray Yellow
Pulegone 47 Ultraviolet (faint) and  Yellow
DNPH spray
Carvotanacetone 44 DNPH spray Red
Carvone 41 Ultraviolet and DNPH  Orange-red
Citral 39 Ultraviolet and DNPH Yellow
Eugenol 36 Ultraviolet and DNPH Brown-violet
Linalool 31 “Heat Red-brown
Furfural 13 DNPH Red

The chromatoplate method has been used for characterization
of several essential oils. A typical result is shown in Figure 2
where spearmint-type oils were used. Carvone is one of the main
constituents of all the oils. However, the odor of each oil is
distinctive, and comparison of the relative size of the spots showed
significant differences. For instance, the commercial spearmints,
such as the American, contained relatively little dihydrocarvone,
and this spot did not appear when 1 y quantities were used.
Mentha crispa on the other hand had nearly as large a dihydro-
carvone spot as carvone, and M. spicata, Line 1 strain oil actually
had a larger dihydrocarvone area. These results have been
checked on oil from three different crop years and, in the case of
the M. spicata and commercial oils, from plants grown both in
Burope and the midwestern and western areas of the United
States.
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Figure 2. Comparison of Spearmint-Type
Oils

I, M. crispa; 11, M. spicata, Line 1 strain; III, American
spearmint; IV, Scotch spearmint
\\'\, spot visible under ultraviolet; ///, spot visible
after DNPH spray; open spot, spot visible after spraying
and heating

In Table IT are given the patterns of some essential oils which
have been examined in the above manner. The wide range of
types is clearly shown. The developing solvents in all these
cases was 109, ethyl acetate in Skellysolve B. One microgram
of the oil was used in this survey work. The table indicates in
the first column the location of the spots as the B, X 100 value.
The next three columns give the type of test obtained at each
area. In the column headed “UV” are indicated those materials
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Table II. Chromatoplate Patterns of Some Essential Oils

Ry X . Test Intensity Rs X Test Intensity
100 UV  Spray Heat of Spot i00 UV Spray  Heat of Spot
Anise oil 94 x Low Monarda punctata (horse-
62 x P mint oil) 93 x x Low
28 x Low 65 Y x Low
18 Or 50 Y Low
2 x Low 35 x PY
Carvone 37 20 BrR L
. W
Bergamot oil 97 BrR Low lé i % BrR °
66 BrR 3 BrR
39 Or BrR Low 0 x Y BrR
T
25 x Br Low Carvone 32
18 X Br Low Neroli oil 95 x BrR Low
6 x 73 xb
0 x Or Low 66 BrR Low
Carvone 38 44 Y Lowe
13
Camphor oil 97 BrR g; x BrR
78 X Or Vi Heavy 28 %
45 Y Low 20 BrR
g ox X BrR Low 0 x Y BrR
x r
19 Y BrOr Low Carvone 47
13 X Orange oil, California, ex-
Carvone 38 pressed 92 BrR Low
Clove bud oil 97 BrR o4 Y BrR Low
71 Y Low 38 Y
33 X Vi BrR Low 2 BrR
18 grg 18 BrR
2 x OrR Br Low 0 < v Br Low
Carvone 38 Carvone 41
gy s a
Dill oil ZZ x grR Low Pennyroyal oil, European gg v BrR Low
33 X OrR OrR 29 x orY BrR
18 x Or Low 18 x Y BrR Low
11 X Or BrR 7 Y
6 X Or BrR 3 ’ BrR
8 x 8’% gr% x Y Br Low
X T T.
Carvone 32 Carvone 32 N y
Eucalyptus dives 89 BrR Pettigrain oil, Paraguay gg o Br oW
52 Y Lows &7 BrR
41 R Low 44 Y
31 Y Low 38 x
30 x Or 36 xb BrR
17 BrR Low 23 xb Low
2 Y BrR Low 22 BrR
Carvone 42 3 BrR
Geranium oil 94 x BrR 4? x Ory Br
68 BrR iow Carvone
54 Y ow ;i Low
33 Brvi Pycnanthemum pilosum gg v x
32 BrR 35  x OrR OrR
21 x BrR 32 OrR
18 BrR 18 X Or OrR Low
4 Y Br Low 11 x Or OrR Low
9 Y Br 5 x Or BrR
Carvone 43 3 X OrR BrR
i 0 x orY BrR
Lavender, spike gé v BrR Low Carvone 32
36 BrR Low Sageloil 94 BrR
50 Y ge- 63 BrR Low
33 BrR 54 Y
25 Y 31 BrR
13 v %rR Low 292 BrR
T v 43
Carvone 43 T Ca .lone 92 BrR
nsyJoi x T
Lemon oil, California, ex- ansyl 63 Y Low®
pressed 96 BrR Low 40 xb BrR
61 X Low 33 x OrR
41 x orY 23 x OrR
31 BrR Low 17 Y Low
27 x 13 Y BrR Low
20 x 3 Y Br
1§ X v 0 x orY BrR
x Carvone 32
40 X Y Br Th a 95
o me Ol X
Carvone 3 v 70 Y Low
Lemongrass oil 98 BrR Low 46 < P
54 x ory 32 BrR Low
38 X OrR BrR 15 BrY BrR
28 X 7 BrR Low
15 BrR 4 BrY BrR Low
0 X Or Br 0 x OrR BrR
Carvone 38 Carvone 47
Lime oil, distilled 95 BrR Wormwood oil 96 x Bl BrR
43 Y BrR Low 87 x
25 xb BrR Low 78 BrR
7 x 63 BrY
0 BrY BrR Low 58 Y
Carvone 47 54 Y
. . 36 Or
Lime oil, expressed 97 BrR 28 BrR
64 Y Low 18 BrR
T S §oxom B
x T ow
18 x Y BrR Low Carvone 38
8 x Y BrR Low ¢ Long streak. i
5 w Y BrR Low b Ultraviolet active after spraying. i
0 x Or BrR Low Abbreviations. Bl, blue; Br, brown; Or, orange; P, pink; R, red;

Carvone 38 Vi, violet; W, white; Y, yellow.
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which showed up under ultraviolet light before spraying. In the
column ‘““‘Spray’’ are indicated those materials which gave a color
upon spraying with a hydrochloric acid solution of dinitro-
phenylhydrazine. Some materials which are particularly unstable
to acid appear here as pink or brown areas even though they do
not contain a carbonyl group. For instance, the spot at 62 in
anise oil gave a pink color on spraying, which is the same test
given by anethol at that location. The “Heat” column is for
those materials which appeared as visible spots after heating.
Materials giving a positive test on spraying are not indicated on
the heat test, unless a further significant color change occurred.
The colors produced are also characteristic of the particular
materials. The intensity of the spots is only a very rough
approximation of the quantity, but this quantitative indica-
tion has been found useful with some oils. The corresponding
value for carvone on the same chromatoplate is also given for
the oils to serve as a marker to permit comparison between
plates.

The next phase of the work is the identification of the spots by
comparison with authentic materials such as in Table 1. In
some cases materials of sufficient purity were available and have
been compared directly. The yellow spot appearing on spraying
at or slightly below carvone in oils such as lemon, lemongrass,
lime, or orange checks well for citral. Linalodl is located as a
red-brown spot after heating about 10 R; X 100 units below
carvone, and its presence is indicated in geranium, spike lavender,
expressed lemon oil, lemongrass oil, horsemint, neroli, orange,
and thyme. Other types of compounds detected are phenols,
such as eugenol, indicated at 33 in clove bud oil and at 38 in
geranium oil, and thymol or carvacrol in horsemint and thyme oil
at about the carvone area. Most monocyeclic terpene hydrocar-
bons are indicated in oils as heat-sensitive spots above 90.

Certain limitations to the method have been found. The
generalization of Kirchner, Miller, and Keller (3) that com-
pounds whose R, values differ by 0.05 could be distinguished has
held true in this work also. Thus, valeraldehyde and butyralde-
hyde were separated readily, but pulegone and dihydrocarvone
were not always separated. In some cases this difficulty was
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not troublesome, since the nature of the tests identified materials
that were nearly superimposed. ‘The presence of cineol, which
was heat sensitive, was detected despite partial superposition of
dihydrocarvone, which gave a ketone test. Similarly, pulegone,
which was ultraviolet active and gave a ketone test, could be
distinguished from dihydrocarvone, which gave a ketone test only.
Figure 2 also shows how overlapping of spots gave no particular
difficulty in many cases. Very inactive ketones such as fenchone,
which originally were reported to give no dinitrophenylhydrazone
by the usual preparatory technique (1), did not appear on the
plate. Other materials such as pulegone, which once was thought
to give no dinitrophenylhydrazone by the usual method in solu-
tion because of instability (1), produced good spots on the plate.
‘The method is particularly convenient for detection of oxygen-
ated constituents of essential oils. In those oils, which are of
particular interest because of hydrocarbon constituents, use of
another developer, such as hexane alone, would be indicated (5).
Other developers might be desirable for highly adsorbed materials.
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Polarographic Behavior of Organic Compounds

At the Mercury Pool Electrode

CARL A. STREULI and W. DONALD COOKE
Baker Laboratory, Cornell University, Ithaca, N. Y.

The study of the mercury pool cathode for the polarog-
raphy of organic compounds leads to significant
differences, although the polarograms are qualitatively
similar to those obtained for ion-metal reductions.
In contrast to the behavior exhibited by metallic ions,
the reduction potentials are often different from those
obtained at the conventional dropping electrode and
at times the number of waves is different. In general,
the reproducibility of the mercury pool cathode is not
as good as that of the dropping mercury electrode;
half-peak potentials are precise to 10 mv., and current
values, within 7%, of their relative values. The groups
which have been studied are: nitro, dinitro, keto,
diketo, azo, hydrazo, nitroso, disulfide, and quinone.
The new electrode extends the range of polarographic
methods to more dilute solutions. It is sometimes
possible, in the analysis of mixtures of organic com-
pounds, to take advantage of the shift in the reduction
potentials.

N A recent paper, the application of a polarized mercury pool
electrode to analytical polarography was demonstrated (10).
This study was limited to ion-amalgam reductions, and it was
shown that the polarographic waves obtained were theoretically
predictable by equations previously derived for oscillographic
reductions (8, 9). The mercury pool electrode has the advantage
of greatly increased sensitivity over polarographic methods
employing the conventional dropping mercury procedures.
Because of this advantage, an attempt was made to use the
mercury pool electrode for the reduction of organic compounds
and to determine the limitations involved.

The compounds selected for study were chosen to represent
typical examples of polarographically reducible organic functional
groups. Because the equations of both Sevcik (9) and Randles
(8) were developed for oscillographic polarography involving ion-
amalgam reductions, and because many organic compounds are
irreversibly reduced, it was not expected that they would apply
to organic work. It was found, however, that the polarograms
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were similar in shape to those previously reported for metal ion
reductions.

APPARATUS AND REAGENTS

A thermostated (25° C.) cell used in the beginning of this work
has been described (10). Later, the cell was modified as shown in
Figure 1. This arrangement allowed much more rapid and ef-
ficlent deaeration. The solution to be analyzed was placed in the
cell and the oxygen removed by forcing nifrogen (Seaford grade)
through a fritted glass disk at the bottom of the compartment.
To facilitate oxygen removal, a small amount of absolute alcohol
(about 1%) was added to the solution. The surface tension of
the solution was thus changed so that the nitrogen entered in
very fine bubbles. Under these conditions no oxygen was de-
tectable after about 15 to 30 seconds. Three milliliters of mer-
cury were then added through the small sidée arm with the de-
sired potential already applied. After the current had reached a
constant value, the voltage scanning was begun.

MERCURY INLET
1DEARM
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Figure 1. Cell

The cell shown used about 15 ml. of solution. A smaller cell
was also designed and found to be satisfactory. It held 1 ml. of
solution and had an electrode area of 0.8 sq. cm. Since the elec-
trode area was smaller, the peak currents measured were lower,
However, the absolute magnitude of the currents obtained is un-
important. Only the ratio of peak height to residual current and
the slope of the residual current values, with increasing positive
voltage, are important. With the smaller cell, the current values
were still large enough to be recorded on a conventional recording
polarograph. A large cell, with an electrode area of 8 sq. ¢cm. con-
taining about 100 ml. of solution, was also tried and yielded waves
similar to those previously obtained. The current values were
larger, but such a procedure seemed to offer no advantage. In
fact, the smaller the cell, the more favorable is the ratio of volume
to electrode area. A modified Leeds and Northrup Electro-
Chemograph was used in recording the polarograms, To de-
crease.electrical hash, this apparatus was modified by replacing
the polarizing slide wire with one having six times as many con-
volutions. The area of the mercury pool was 3 sq. cm. and the
dropping electrode;, used in comparison work, had an m2/31/6
value of 2.49, where m is the rate of mercury flow and ¢ is the
drop time.

All of the solutions studied, except those whose wave height
varied with polarization rate, were scanned at a rate of 400 mv.
per minute using an auxiliary polarizer (10). Duplicate deter-
minations were made for every point reported, and the reported
results are the average of the two determinations. Comparison
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polarograms, carried out with the dropping mercury electrode
utilized 1074M solutions, and 0.019, gelatin was added if a
maximum was encountered. The values of the peak heights were
corrected for the contribution of residual current by extrapolation
of the base line current.

EXPERIMENTAL

Nitro Compounds. Because nitro compounds are frequently
determined polarographically, and a large amount of electro-
chemical data is available for nitrobenzene (7), this compound
was chosen for exploratory work.

A wave typical of those obtained for nitrobenzene with the
quiet mercury pool is illustrated in Figure 2. It is similar in
shape to those obtained for ion-amalgam reductions. A more
abrupt frontal slope and sharper peak might have been expected
for this wave, because a 4-electron change is postulated for the
reduction at the dropping mercury electrode (4). Because of the
irreversibility of most organic reductions, little can be predicted
as to the theoretical shape caleulated from the equations of
Randles and Sevcik.

TableI. Comparison of Reduction Potentials at Dropping
Mercury and Mercury Pool Electrodes
Dropping Eleetrode, Pool Electrode,
Voit vs. 8.C.E. Volt vs. S.C.E.
Compound 1st 2nd 1st 2nd
Nitrobenzene —0.22 —0.68 —0.40 None
Dinitrobenzene —0.27 —0.38 —0.30 —0.51
Benzophenone —1.21 - —1.15 .
Benazil —0.93 —0.85
Azobenzene -0.83 . —0.72 .
1-Nitroso-2-naphthol —0.27 . -0.80 L.
Cystine —0.46 —~0.87 —0.56 —1.11
1,6-Anthraquinone disulfonate —0.67 - —0.66 -
Hydrazobenzene —0.83 L. —0.76

Nitrobenzene, at & pH of 1, in 109, alcohol, yields two waves
upon reduction at a dropping mercury electrode. The first wave,
for reduction to phenylhydroxylamine, has a half-wave potential
of —0.22 volt vs. S.C.E. (8). The second wave, much smaller
in magnitude, is caused by reduction of. phenylhydroxylamine
to aniline, and occurs at a half-wave potential of —0.68 volt. It
is significant that only one wave was obtained at the mercury
pool electrode and that it had a potential of —0.40 volt vs. S.C.E.
It was further, found that a pure solution of phenylhydroxylamine
failed to give a reduction wave. This isin contrast to the results
obtained for the reduction of metal ions where the half-peak
potentials obtained at a mercury pool agreed closely with the
half-wave potentials of the dropping mercury electrode. Table I
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shows a comparison of the reduction potentials at the twoelec-
trodes for various compounds. It is possible that at the mercury
pool the second wave of nitrobenzene was shifted to a value more
negative than the potential at which hydrogen discharge becomes
appreciable. When using the pool electrode, the hydrogen dis-
charge wave becomes appreciable at a potential 0.2 to 0.3 volt
more positive than when the dropping electrode was employed.
This is possibly caused by the greater sensitivity of the electrode.
As would be expected, the half-peak potential for the reduction
of nitrobenzene was dependent on the pH. 1In Table IT the values
are listed for solutions'of pH 1to4 (Z). A regular increase of the
average half-peak potential of 0.045 volt
wasnoted for a unit changein pH. The
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m-~Dinitrobenzene was the second example of an organic nitro
compound. The polarogram shown in Figure 4 is a typical ex-
ample of the type of curve found for this compound. The solu-
tion was 10™4M with respect to m-dinitrobenzene, was buffered
at a pH of 3, and contained 5%, alcohol by volume. The two
peaks are clearly resolvable, a phenomenon not possible at this
pH with the dropping mercury electrode. For comparison
purposes, a polarogram of the same solution, recorded at the
dropping mercury electrode, is shown. With this compound two
distinct waves are obtained for both electrodes. It is possible
that the third, long-drawn-out wave is present at the dropping
mercury electrode. With the dropping electrode, the half-wave
potentials are —0.22 and —0.37 volt vs. S.C.E. for the first and
second waves, respectively. The corresponding potentials at
the mercury pool are —0.28 and —0.51 volt. Here again the
reduction potentials obtained at the quiet pool are different from
those obtained by conventional polarographic procedures.

Wave height dependency on concentration is shown in Table
III. The first wave is proportional to concentration except for the
most concentrated solution. The second wave does not vary
linearly with concentration, as evidenced by the decrease in
value of Imax./C as the concentration increases. This might be

Variation of Half-Peak Potential for
Nitrobenzene with pH

(Polarization rate, 0.4 volt per anigng.e; solution, 10-5M; temperature
5° C.)

Table I1.

pH of Half-Peak Imax/C,
Solution Potential Imax., pa Ampere/Mole
1 —~0.405 5.45 £ 0.25 0.54 +£0.02
2 -0.45 6.60 4 0.20 0.66 =+ 0.02
3 —0.493 6.75+0.15 0.675 3 0.015
4 —0.54 7.40 4 0.20 0.74 +0.02

peak heights increased with pH, but T
not in a regular manner. At the
dropping mercury electrode, there is 100
also an increase in diffusion current
with higher pH values, but the effect
is much less pronounced (6). The
half-peak potential was found to be.
constant with concentration as well as
with the rate of potential scanning.
According to the equations of Seveik
and Randles, the peak heights ob-
tained in oscillographic polarography
vary with the square root of the rate of
voltage polarization. This was found 0

m- DINITROBENZENE

to be true for the reduction of nitro-
benzene at a quiet mercury pool as
shown in Figure 3. The average devi-
ation from linearity was 2.49%, and the
maximum deviation, 4.8%,.

The variation of peak height with
concentration is given in Table III for
various concentrations of nitrobenzene.
The solutions were buffered at a pH of
3 and contained 5% ethyl alcohol. The
concentration of ethyl alcohol was not
critical, because solutions containing

Microamperes

Although the calibration curve is linear
at lower concentrations, it falls off in
more concentrated solutions. Con-
siderably greater sensitivity was ob-

10% gave essentially the same results. ol /W{M

pH 3

i 1

tained with the mercury pool than with 0
the dropping electrode, making it pos-

sible to determine solutions containing

0.25 4 of nitrobenzene per ml.

Figure 4.

1 |
-6 -8
Volts vs. SCE

Polarograms of m-Dinitrobenzene
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caused by the growth of the first wave,
which partially masks the second as

concentration increases. BENZIL
Carbonyl Compounds. Waves were 2x10°5 ™
obtained for the reduction of benzo- O.IM LiOH

phenone in a 0.1M solution of ammonium 20

acetate (Figure 5). Because the hydro-
gen current appeared so soon after the
emergence of the carbonyl wave, the 15
wave heights for benzophenone were
measured by subtracting the background
polarogram from the benzophenone
polarograms, instead of extrapolating the
base line as was done for the other com-
pounds.

The dependence of wave height on
concentration is given in Table III. As
in the previous cases, the Imax./C value is
not constant over the whole concentra-

S

MICROAMPERES
4]

tion range studied. The half-peak po- -4
tential for these solutions was —1.15 ==

0.01 volts. In a buffer of pH 4, the

half-peak potential was —1.02 volts

and was unaffected by scanning rate.

A conventional polarogram of the 10~4M 'solution of benzo-
phenone is also shown in Figure 5. The half-wave potential was
—1.22 volts and the wave height was 0.80 ua. The hydrogen
discharge occurs at a much more negative potential than in the
case of the pool polarogram. The 74/Cm?316 value obtained
was 3.21. Day (2) gives this value as 2.60 in his work on benzo-
phenone.

501

30

BENZOPHENONE

-4
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2 0
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E
(=4
o
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Figure 5. Polarograms of Benzophenone

Benzil was found to yield one well defined wave and two
other waves much smaller in magnitude (Figure 6). The same
material yielded only a single wave at the dropping mercury
electrode with a half-wave potential of —0.93 voltvs. S.C.E. The
value of Iwax./C decreased somewhat with increasing concentra~
tion (Table ITI). A recent study by Marple and Rogers (5) has
shown that by substituting a mercury-plated platinum electrode
for the dropping mercury electrode, the number of reduction
waves for dinitrobenzene can be increased from two to three.

1 [}
-L.4 -1.6

-2

-1,0
Volts vs. SCE

Figure 6. Polarogram of Benzil

Azo Compounds. Azobenzene in 0.1M lithium hydroxide and
1% ethyl alcohol gave a well defined wave with an unusually
sharp peak (Figure 7). A polarogram of the same solution ob-
tained at a dropping electrode is shown for comparison purposes.
This compound is reduced at a more positive potential at the pool
electrode, as shown in Table I. The value of the peak current is
abnormally high when compared to the other compounds studied.
The high value of Imax./C shown in Table III can be explained by
postulating an adsorbed film of azobenzene on the mercury
surface. An adsorbed film would increase the peak current values
by increasing the concentration of the reducible compound at the
electrode interface. When the surface film was depleted, there
would be a sharp decline in the reduction current, which would
result in a pronounced peak. Further evidence to substantiate
this is that the peak values of this compound do not increase as
the square root of the scanning rate, as would be expected for a
diffusion controlled peak. The increase is almost linear. In-
creasing the amount of ethyl alcohol in the supporting electrolyte
exerted a profound influence on the height and shape of the
azobenzene wave. In raising the ethyl alcohol concentration
from 1 to 509, the value of the current was decreased to one
tenth its original value. A further difference in behavior of this
compound was the shift in half-peak potential with scanning rate,
toward more positive values. The uniform behavior of the other

Table III. Variation of Peak Current with Concentration
Imax./C, Ampere/Mole
m-Dinitro-
Concentration, Nitro- benzene, Benzo- .
Mole/Liter benzene 1st wave phenone Benzil
2 X 10-% 0.67
5 X 108 0.70 0.72
105 0.67 0.73 0.67 0.67
2 X103 0.66 0.72 0.67 0.68
5 X 10-s 0.67 0.71 0.54 0.65
7 X 10°s 0.61 0.69
10¢ 0.58 61 0.52
1,6-Anthra-
quinone Hydrazo-
Azobenzene Cystine Disulfonate benzene
2 X 1076 1.00
5 X 10-¢ 1.04 0.29 1.05
105 1.04 0.31 0.93
2 X 107¢% 0.98 0.32 0.31 0.97
5 X 1078 0.98 0.32 0.32 0.96
7 X 10~ 0.32
104 0.35 0.30
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organic compounds seems to indicate the lack of appreciable
adsorption.

Figures 7 and 8 illustrate the sensitivity which is attainable
with the mercury pool electrode. Figure 7 compares the
polarograms for azobenzene obtained with both the pool electrode
and a conventional dropping electrode. Further increase in
sensitivity can be had by increasing the rate at which the electrode
is polarized. Figure 8 shows a polarogram of azobenzene ob-
tained at a voltage scanning rate of 6.0 volts per minute. At
this concentration, a conventional polarographic wave was
hardly noticeable (4 = 0.03 pa.). The increased magnitude of
the charging current at the higher scanning rate is seen in the
initial sharp current rise before the plateau is reached. The
narrower range of voltage, between the anodic dissolution of mer-
cury and the evolution of hydrogen, decreases the value of the
higher rates of polarization.

AZOBENZENE

IO'5 Molar
0./ M LiOH -~ 1% alcohol

Microamperes

0.2f

O.lf

i ! 1 5 1 I 1 1

-2 . =6 = = 7o)
Volts vs. SCE

Figure 7. Polarograms of Azobenzene

Nitroso Compounds. 1-Nitroso-2-naphthol in a 0.1M am-
monium hydroxide—0.1 ammonium chloride solution gave a
wave in which the peak was less pronounced than in other
polarograms (Figure 9). Reproducibility of wave height was
distinctly poorer, and errors as large as 209, were recorded. The
linearity of peak height versus concentration was thus difficult
to evaluate, but the average value of all determinations was
0.40 ampere per mole. The reduction potential obtained at
the mercury pool was more than 0.5 volt more negative than the
half-wave potential at the dropping electrode.

Disulfides. At the mercury pool electrode, cystine was found
to yield two waves as shown in Figure 10. The reduction process
at the pool electrode is apparently similar to that which occurs
at the dropping mercury electrode. Under the same conditions,
the polarogram at the latter electrode also consisted of two waves.
The first, at a half-wave potential of —0.46 volt, was considerably
smaller than the second (Bi» = —0.87 volt). The second wave
was used for analysis, and the peak heights of this wave were
linear with concentration, within the precision of the method,
as shown in Table III. Because of the discharge of hydrogen
soon after the second peak, it was difficult to measure the current
values at dilutions below 2 X 10-5M. When a strong base was
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used as supporting electrolyte, no well defined reduction was
found. This behavior is similar to that which occurs at the
dropping mercury electrode.

Quinones. The ammonium salt of 1,6-anthraquinone di-
sulfonate in 0.1M lithium hydroxide and 1% alcohol yielded a
well defined wave (upper half of Figure 11). The peak currents
were linear with concentration, and the half-peak potential was
independent of concentration. The reduction potential, using
the mercury pool electrode, was close to the value of —0.67 volt,
which was obtained at the dropping mercury electrode under the
same conditions as in Table I.

80 6 Volts/Min.
AZOBENZENE
5%10"°M
60
|
!
w0l
(3
e ;
o
€
o
2
o
= 201
(o] 1 2 i 1 M
<2 -4 -6 =8 -0 -2
Volts vs. SCE
Figure 8. Effect of High Scanning
Rate

Unsaturated Compounds. Attempts were also made, using the
pool electrode, to obtain polarograms of anthracene in solutions
of 0.05M tetraethylammonium bromide and 5, 10, and 509,
alcohol by volume. In no case was a wave obtained. However,
a dropping mercury electrode polarogram of the solution contain-
ing 10% ethy!l alcohol, yielded an excellent polarogram with a
half-wave value of —1.63 voltsvs. S.C.E. Apparently, the reduc-
tion potential of this compound at the mercury pool is shifted to

sof NITROSO-R SALT
107 M
0.IM NH,OH - NH, CI
60
240}
H
[-%
E
o
o
8
=20}
O i 1 L 1 1 1 (] ] (1
5 -6 -7 =8 -9 -0 -l -2 -3 -4 -15

Volts vs. SCE
Figure 9. Polarogram of Nitroso-R Salt
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ization. In contrast to the nitrobenzenes, 1,6-
anthraquinone disulfonate yielded an anodic wave
when the electrode was polarized from negative to
positive potentials. The waves.obtained in both
directions are shown in Figure 11. The half-peak
potentials of the two waves agree within experi-
mental error. The existence of an anodic wave
indicates the reduction product is reoxidizable.
Because the half-peak potentials are the same, it
might be inferred that the electrolytic process is
reversible, 'This is the criterion used in oscillo-
graphic polarography for reversibility, although
the time involved here is much longer.

Azobenzene also yielded a reduction product
which was found to be reoxidizable at roughly the
same potential. The reduction product can be
shown to be hydrazobenzene, because the anodic
wave obtained with the latter compound was
identical to the wave found on the reverse polari-
zation of azobenzene.
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Figure 10. Polarogram of Cystine

such a negative potential that it i3 completely masked by the
hydrogen discharge.

Halogen Compounds. Organic compounds containing halo-
gens were also found to yield reduction waves at the pool elec-
trode. Carbon tetrachloride was found to be reducible, but
because of the experimental difficulties involved in keeping the
compound in solution during deaeration, no quantitative studies
were made (3). The gamma isomer of hexachlorocyclohexane was
also found to be reducible. Two waves were obtained in con-
trast to the single wave found at the dropping mercury electrode.
Because of the current interest in this compound, this specific
analysis was studied in detail (11).

ANODIC OXIDATIONS

An attempt was made to perform anodic oxidations at the
mercury pool electrode. The wave obtained for the oxidation
of hydrazobenzene in 0.1M lithium hydroxide is shown in
Figure 12. The general shape of the wave is what would be
expected from the results of oscillographic polarography. The
base lines obtained in these anodic polarograms were not as well
defined as those of the cathodic waves.

REVERSE POLARIZATIONS

In the previous work on ion-amalgam reductions, it was found
that entirely different curves were obtained if the polarization was
carried out from negative to positive potentials (10). Peaks are
not obtained, because the diffusion layer is already set up before
the half-peak potential is reached. Anodic currents, however,
appear as valleys in these polarograms because of the dissolution
of the deposited metal when the potentials become sufficiently
positive. When reactions are irreversible, these valleys would
not be expected, because no deposition occurs with organic com-
pounds. In Figure 13 a polarogram is shown that was obtained by
scanning the voltage from a negative to a positive potential.
From the shape of the curve, it is evident that the product of the
reduction of nitrobenzene is not reoxidized at the mercury pool
electrode. The wave obtained, however, is still characteristic of
nitrobenezene. The half-peak potential on the forward polari-
zation was —0.50 volt vs. S.C.E., while the value of the half-wave
potential on the reverse polarization was —0.49 volt. Similar
results were obtained for m-dinitrobenzene, except that two waves
were found. The half-wave potentials of both the waves ob-
tained corresponded to half-peak potentials of the forward polar-

DETERMINATION OF MIXTURES

Because the reduction potentials of various com-
pounds at the mercury pool cathode are at times
different from those obtained at the dropping electrode, it
seemed possible that some mixtures, with similar half-wave
potentials at the dropping mercury electrode, could be resolved
at the quiet pool. An example is the determination of m-di-
nitrobenzene in nitrobenzene. At a pH of 3, the half-wave
potentials of the two compounds, which are obtained by con-
ventional polarography, are so close that resolution is difficult.
At the mercury pool electrode, however, m-dinitrobenzene can
be determined in twenty times as much nitrobenzene with an
accuracy within 5%, as shown in Table IV, It is much more
difficult, however, to determine nitrobenzene in the presence of
dinitrobenzene. The second wave of the latter compound co-
alesces with the peak characteristic of nitrobenzene. Because
the second wave of nitrobenzene is not linear with concentra-
tion, it is difficult to compensate for the contribution of this
wave.
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Table IV. Determination of m-Dinitrobenzene in Pres-
ence of Nitrobenzene Using Mercury Pool Electrode

(pH of buffer, 3; scanning rate, 0.4 volt per minute; temperature, 25° C.)

Concentration, Mole/Liter tmax.
m-Dinitrobenzene Nitrobenzene 1st wave 2nd wave
5 X 10-s 3.50 & 0.00 2.08 = 0.07
5 X 106 3.40 = 0.05
5 X 1076 5 X 10°% 3.53 = 0.20 4.80 = 0.40
5 X 1076 105 3.40 £ 0.20 8.90 +£0.30
5 X 10~¢ 5 X 1073 3.35 = 0.05- 30.20 = 0.30
5 X 10-¢ 1074 3.35£0.15 60.5 % 0.50

THE USE OF STIRRED POOLS

In order to increase further the sensitivity of the mercury pool
electrodes, polarograms were carried out, in which the solution
above the electrode was agitated by means of a stirrer. The
current values were increased, and the ratio of current height to
residual current was found to be more favorable. As would be
expected, peaks are not obtained, and the shape of the curves are
similar to conventional polarograms. Work is being done on the
analytical application of such electrodes and will be reported in
a subsequent publication.

DISCUSSION

The mercury pool cathode has been applied to the polaro-
graphic determination of a small number of organic compounds
and the results obtained are different in many respects from polar-
ograms found by conventional methods. Obviously, further
work is necessary before any over-all evaluation of the applica-
tion of this electrode of polarography can be reached. However,
certain outstanding differences between the two electrodes are
evident.

0
4=REVERSE =3
-5
. ° ANODIC WAVE
5 HYDRAZOBENZENE
2 -5
g 2x16° M
g -is 0.0M LOH
=
-20
6 r 8 5 0 i —i2 -3

Volts vs, SCE
Figure 12. Anodic Oxidation

The increased sensitivity of the new electrode makes possible
the determination of much smaller quantities of reducible organic
material. Besides this obvious advantage, it is possible to work
in a lower range of concentrations and still use aqueous solutions.
In some cases, where by conventional procedures it was neces-
sary to use 80% ethyl alcohol because of solubility problems, the
reduction could be carried out in 5%, alcohol at the mercury pool.
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The precision of the various measurements using the pool
electrode seemed to be poorer than that obtained by conventional
procedures. The half-peak potentials, for example, were repro-
ducible to only 10 mv., a value higher than the comparable half-
wave potentials. Peak heights could be reproduced within
about 5 to 7% of their relative values.

An outstanding difference between the two electrodes is that
the reduction potentials are not the same in both cases. The
potentials obtained at the quiet pool are sometimes positive
and sometimes negative, when compared to the dropping elec-
trode values. When resolution is poor by conventional proce-
dures, the use of the mercury pool might well shift one of the
potentials, allowing the two waves to be separated.

'6p N ITROBENZENE
10°M
pH 3

Q= VOLTAGE SCAN=

MICROAMPERES

1
= -3 -5 -7 -9
Volts vs. SCE
Figure 13. Reverse Polarization

Some of the difference in reduction potentials might possibly
be explained by kinetic effects. With the dropping electrode,
a new diffusion layer is set up every few seconds. In the case of
the - quiet mercury surface, the same diffusion layer persists
throughout the entire recording of the polarogram. Since many
electroreductions occur slowly, this difference might explain some
of the potential shifts and differences in the number of waves for
organic compounds. The reduction of benzil at both electrodes
is an example in which a different number of waves is obtained,
At the dropping mercury electrode a single wave is obtained,
which has been shown to correspond to a reduction to benzoin.
No further reduction occurs, even though benzoin itself does
yield a polarographic wave. The rearrangement to benzoin is
apparently slow at the dropping mercury electrode (4). At the
mercury pool electrode, however, if benzoin is the reduction
product, it would remain in contact with the electrode long
enough to be reduced further. Similar phenomena have been
reported by Marple and Rogers (§). Their results are not com-
parable to the results for the reduction of dinitrobenzene reported
here because of the great difference in pH in the two experiments.

In using the pool electrode, it was found that for most support-
ing electrolytes the hydrogen wave occurred at a potential of
0.2 to 0.3 volt more positive than it appeared at the dropping
mercury electrode. Unfortunately, many important organic
functional groups, such as conjugated double bonds and the alde-
hyde group, are reduced to a value quite close to hydrogen
evolution, and cannot be determined by this procedure. The
rate of polarization has a distinet effect on the potential at which
hydrogen is discharged. At low rates of voltage scanning, the
hydrogen wave becomes appreciable at more negative potentials
(Figures 7 and 8). When polarizing at a rate of 0.4 volt per
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minute, the current becomes appreciable at —1.5 volts, while at
6.0 volts per minute a potential of only about —0.9 volt can be
attained.
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Polarographic Determination of the Gamma Isomer

0f Hexachlorocyclohexane

In the Presence of Other Isomers and Higher Chlorinated Material

CARL A. STREUL! and W. DONALD COOKE
Baker Laboratory, Cornell University, Ithaca, N. Y.

In the usual polarographic determination of the gamma
isomer of hexachlorocyclohexane, difficulties are ex-
perienced from other compounds which are normally
present. In particular, heptachlorinated compounds
are reduced at a half-wave potential which overlaps
that of the gamma isomer. If the dropping mercury
electrode is replaced by a mercury pool electrode, the
reduction potentials are shifted in such a way that
interferences are eliminated. This method has a
greater sensitivity than the conventional polarographic
method and has been applied to pure lindane, natural
isomeric mixtures, concentrates, dusts, and alpha-beta
cakes.

HE widespread use of lindane as a pesticide has aroused

recent interest in its analytical determination. Because of the
difficulty of determination in the presence of the usual impurities,
a solution to this problem has been attempted by a wide variety
of analytical methods.

Simple colorimetric tests have been devised (7, 9), but these
are not specific for the gamma isomer, and all other isomers
interfere. Bioassay methods which employ the toxic effect of
lindane on houseflies have been tried (§). These methods lack
precision and have inherent uncertainties in any one determina-
tion. Polarographic methods have been proposed (2, 4, 6, 10)
and are useful, because the alpha, beta, delta, and epsilon iso-
mers yield no diffusion wave, but the gamma isomer is reducible.
In the presence of hepta- and octachlorocyclohexane, the method
is difficult to apply. These more highly chlorinated products
give a wave which merges into the polarogram of the gamma
isomer. Draght (3) has devised an empirical procedure for
surmounting this difficulty if only small amounts of hepta-
chlorocyclohexane are present. Infrared methods have been
used for this analysis (2), but the other compounds absorb
radiation at all wave lengths within the spectrum of the gamma
isomer. Higher chlorinated material causes further uncertain-
ties in the analysis. When the method is applicable, however,
each individual isomer in a mixture can be determined. Al
components in the pesticide mixtures can be separated chromato-
graphically (Z, 8). In such procedures, the gamma isomer can
be separated and weighed and, therefore, is not dependent on

any interpretive procedures. The disadvantages of this method
are the time and technique necessary and the fact that a large
sample must be used.

A new polarographic procedure has been proposed, using
a mercury pool cathode (11), in which a wave is obtained for the
gamma isomer of hexachlorocyclohexane. None of the other
isomers contributes to this wave nor do the hepta- and octa-
chlorinated compounds. The method is rapid and has a sensi-
tivity more than ten times the conventional polarographic
procedure.

In applying the recently developed mercury pool cathode to
organic polarography, distinctly different results from those found
with the dropping mercury electrode were often obtained (12).
Reduction potentials were shifted, sometimes in a positive
direction and, at other times, toward negative potentials. In
some instances, even the number of waves obtained was different.
Because such results might be obtained at the mercury pool
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gamma isomsar

cedure was successful because of this difference
between the two electrodes.

The octachlorocyclohexanes also were found to
give two waves at the mercury pool. The first
wave apparently occurred at a positive potential,
because the polarogram begins at a high current
value. The second wave is close to the hydrogen
discharge and is not fully developed.

Because the difference between the reduction
potentials of the various compounds indicated
the feasibility of an analytical method, the line-
arity of the height of the gamma isomer wave
was first checked against concentration. Lindane,
which assayed 99.99%, pure, was used in these anal-
yses. Only the first reduction wave was con-
sidered, because the alpha isomer and the more
highly chlorinated compounds interfere with the
second peak. The wave height was measured as
illustrated in Figure 4. The current was found to
be linear within 5%, over the range of 1 to 25 »
per ml., as shown in Figure 3. In more concen-
trated solutions, the current values increase more
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Figure 2. Polarograms of Hepta- and Octachlorocyclohexanes

electrode, it was hoped that a solution to the problem of deter-
mining the gamma isomer might be found.

A solution of 209, ethyl alcohol with 19, potassium chloride
was chosen as the supporting electrolyte for the analyses. Polaro-
grams were run in this medium, both at the dropping mercury
electrode and the mercury pool cathode on the alpha, beta, and
gamma isomers of hexachlorocyclohexane, as well as the hepta-
and octa- compounds.

The gamma isomer was found to give one long wave at the
dropping mercury electrode at —0.94 volt vs. S.C.E. This poten-
tial is considerably more positive than the half-wave values usually
recorded at higher alcohol concentrations. In contrast, two
waves were found at the mercury pool electrode. The first had
a half-peak potential of —0.83 volt, and the second occurred at
—1.40 volts. The initial wave was different in shape from those
usually obtained at the mercury pool in that the peak was flat-
tened (12). A typical polarogram is shown in Figure 1,

No reduction wave was found for the alpha
isomer at the dropping electrode. A*wave

rapidly than would be predicted. The peak
heights also vary with the square root of the voltage
scanning rate, a behavior noted with other organic
molecules and inorganic ions (11, 12).

The greatest difficulty, in the application of the
conventional dropping mercury electrode to the determination of
lindane, is involved with the interference of the heptachlorinated
compound. Synthetic mixtures of the gamma isomer of hexa-
chlorocyclohexane with heptachloro- isomers were therefore ana-
lyzed for lindane content. The results are shown in Table I.
It may be seen that the first wave of lindane shows no interfer-

Table I. Effect of Heptachlorocyclohexanes on the Wave
Heights of Gamma Hexachlorocyclohexane

Approximate

Gamma Heptachloro- Current before
Isomer, cyclohexane, Correction by Wave Height, Error,
v/Ml. v/Ml Extrapolation, ua. ua. %
10 0 . 16.5 L.
10 10 23 16.2 —1.8
10 20 32 17.0 +3.0
10 30 39 16.8 +1.8

was obtained at the quiet mercury pool,
which occurred shortly after —1.0 volt. The
wave was not fully developed in this medium,
because of the appearance of the hydrogen
discharge shortly after its initiation. The
beta isomer did not give a wave with either
electrode, and neither of the two other iso-
mers was available for study. Polarograms
are shown in Figure 1 for each of these samples
at a concentration of 10 v per ml.

A mixture of the heptachlorocyclohexane
isomers was also studied. A single wave was
obtained at the dropping electrode with an
approximate half-wave potential of —0.6
volt. This polarogram was drawn out over
the long range of —0.2to —1.0 volt. At the
mercury pool electrode, two reduction po-
tentials were found (Figure 2). The first, a
positive value, had already begun to develop

E-
Q

Microamperes
n
o

at zero applied e.m.f.; the estimated half-peak 0
potential was about —0.1 volt. *The second =2

wave occurred at negative values merging

into the hydrogen wave. The proposed pro- Figure 3.

~6 —8
Volts vs. SCE

Polarogram of Lindane in a Natural Isomeric Mixture

-4
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ence from the heptochlorinated compounds.
There was a considerable contribution to the
second wave, however. A minor difficulty was
experienced with large amounts of the hepta-
compounds. The recorded currents from the
first wave of heptachlorocyclohexane did not
level off before the lindane wave appeared, and
straight-line extrapolation was not possible.
This difficulty could be easily avoided by ap-
plying a potential of —0.2 volt and not start-
ing the voltage scanning until the current had
reached a steady value. This usually occurred
in 2 or 3 minutes. Under these conditions, the
base line preceding the lindane wave could be
easily extrapolated. o

a0}

20

Microamperes

13.0% gamma
10 % alpha
I % beta

7

%o

According to the preliminary work, the
alpha isomer appeared to be the only one
which might cause difficulty. This com-
pound gave a reduction wave, which was
initiated shortly after the wave for lin-

~.6 -.8

Volts vs.SCE

Figure 4. Polarogram of the Gamma Isomer in a Dust

dane, as shown in Figure 1. If the amount
of the alpha isomer was very large, the ini-
tiation of its wave occurred at more posi-

Table II.

Gamma Isomer, %

Analysis of Technical Samples

Other Isomers

Type of
Material

Natural isomer

tive voltages. When the amount of the
alpha compound was greater than thirty

times the gamma isomer, this wave en- : };
crouched upon the lindane peak, the Concentrate ’
length of the current plateau was consid- ; gé
erably shortened, and an uncertainty was 3 42.
introduced in measuring its magnitude. Dust

This may be seen in the error introduced % %;1;
in the analysis of the alpha-beta cake as 3 24
shown in Table I1. Alll’ha'bem cake

The method was tested on analyzed

woNw  R;©

©

By pool By chromatog- Differ- (Chromatographic Analysis)
electrode raphy ence Alpha, % Beta, % Heptachloro-, %
2+0.5(6) 11.14+0.3 +0.1 63 8 2
9x£0.5(10) 12.3+0.3 +0.6 65 8 2
+=0.8(4) 35.6 0.5 —-0.7 25 3 21
+=1.2(4) 36.6 0.6 —1.0 25 3 21
+=1.14) 42.7+0.5 -0.6 20 2 17
+ 0.5 (4) 11.1 £0.3 +0.1 10 1 7
+=0.5(4) 12.4 0.3 +0.6 10 1 7
+£0.8(2) 22904 +1.6
+=0.25(2) 2.3+£0.2 +1.6 90

samples generously supplied by the Penn-
sylvania Salt Manufacturing Co. These
included natural isomers, concentrates, dusts, and alpha-beta cake,
which had beenanalyzed by a chromatographic method tentatively
approved by the Association of Official Agricultural Chemists.
The polarograms were run at a quiet mercury pool electrode, and
the amounts in each mixture were determined by reference to the
calibration curve. Polarograms are shown in Figures 3 and 4 for
a natural isomeric mixture and a sample of dust. The results of
these analyses, as well as the mean deviation and the number of
analyses, are shown-in Table II.

APPARATUS AND REAGENTS

The polarographic cell and circuit employed have been de-
scribed (77). The area of the pool was caleulated as 2.86 3 0.04
sq. cm. A saturated calomel electrode was used as the reference
electrode, and the temperature control was maintained at 25° =+
0.1° C. The polarograph was a Leeds and Northrup Electro-
chemograph with a voltage scanning rate of 200 mv, per minute.
The cell was deaerated with Seaford nitrogen from Air Reduction
Sales Co. Before entering the cell, it was passed through a scrub-
ber containing a,20% by volume solution of ethyl alcohol. -The
mercury for the pool was obtained from the Bethlehem Apparatus
Co. Its use eliminated the troublesome transients probably
caused by traces of grease, sometimes observed in polarograms
where mercury from other sources had been employed.

Reagent grade potassium chloride was used without further
purification. Absolute ethyl alcohol was better than 959, alcohol
in eliminating errors from impurities in the solvent. All water
used was redistilled. The various isomers of hexachlorocyclo-
hexane were supplied by Pennsylvania Salt Manufacturing Co.
and were used without further purification. The heptachloro-
and octachloro- compounds had been recrystallized from heptane
and undoubtedly were mixtures of the various isomeric forms.
They had a wide melting point range and analyzed slightly be-
low the theoretical value for chlorine.

PROCEDURE

A sample of appropriate size was dissolved in hot, absolute
ethyl alcohol, cooled, and.diluted to yield a solution of 209,

ethyl alcohol and 19, potassium chloride. About 15 ml. of the
solution were placed in the polarographic cell and deareated for
10 minutes with an applied voltage of —0.2 volt. Five milli-
liters of mercury were then added and deaeration was continued
for an additional 5 minutes. In later models of the electrolysis
cell, a small side arm with a ground-glass cap was supplied for
introduction of the mercury. The nitrogen was then bypassed
over the surface of the solution, and the polarogram was run from
—0.2 to about —1.4 volts at a rate of 200 volts per minute. Wave
heights were obtained by extrapolation of the base line, as shown
in Figure 4, and the gamma isomer content was obtained by com-
parison with the calibration curve prepared from pure lindane.
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Determination of Barium, Galcium, and Zinc in Lubricating Oils
Use of Fluorescent X-Ray Spectroscopy

ELWIN N. DAVIS and ROBERT A. VAN NORDSTRAND

Sinclair Research Laboratories, Inc., Harvey, lli.

This method is capable of determining in 3 to 12 min-
utes for each element, concentrations of barium, cal-
cium, and zinc normally found in lubricating oils.
The accuracy is comparable to chemical methods.
The use of a helium path extends the range of x-ray
fluorescence to wave lengths beyond those otherwise
available, making the determination of barium and
calcium practicable. Interferences due to absorption
by other elements in the sample are treated mathe-
matically and experimentally.

UBRICATION oil blending, being in general -a batch

process, requires quick control analysis for additive com-
ponents in order to use the blending’ facilities at their highest
capacity. X-ray fluorescence was found to offer advantages of
speed and accuracy seldom found in other analytical methods.
The x-ray method, as applied to barium, ealcium, and zinc in new
lubricating oils, requires no ashing or sample preparation. The
total concentration of each element sought is measured regard-
less of chemical form. A determination can be performed in 3 to
12 minutes for each element in the concentrations generally
found in additive-type lubricating oils. This method is currently
in use in a company refinery.

The use of x-ray fluorescence as an analytical tool has advanced
rapidly since 1948, when equipment became available com-
mercially. Instrumental imprevements, which should make the
method even more attractive, will soon be available. A good
discussion of the method is found in papers by Birks, Friedman,
etal. (2, 4).

DISCUSSION

The diagram shown in Figure 1 represents the optical system of
the x-ray spectrograph. A beam of primary x-radiation from the
tube is directed to the sample. The primary beam excites the
elements in the sample to give off a secondary or fluorescent radia-
tion, the wave lengths of which are characteristic of the elements
emitting the radiation. This secondary radiation passes through
a collimator, so that only a parallel beam of the secondary radia-
tion impinges on the analyzing crystal. The crystal serves as a
diffraction grating, separating the radiation into its various wave-
length components. The Geiger tube scans an arc around the
crystal, measuring the intensity of the x-radiation as a function of
wave length.

When the determination of barium, calcium, and zinc is at-
tempted by x-ray spectrography, some of the inherent limitations
of the method are encountered. With the equipment now avail-
able, analysis is limited to the wave-length region between 0.8
and 2.4 A. Above or below this region, analyses are of low
sensitivity. Table I shows that the useful wave lengths of both
barium and calcium fall in this region of low sensitivity. A
method of extending the useful range in the long wave-length re-
gion is to replace the air in the x-ray path by a light gas such as
hydrogen or helium. This procedure uses helium, permitting the
determination of both barium and caleium which would not be
practical with an air path. Zinc, having wave lengths in the
optimum region, does not require the helium path. However,
for convenience, all determinations, even that of tetraethyllead
in gasoline, are performed using the helium path.
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The secondary x-rays emitted from the metals in the sample
are partially absorbed not only in the air path, but also in the
sample itself. The fluorescing metal atoms are located at vary-
ing distances below the sample surface, and the radiation from
these atoms in reaching the surface is then subjected to absorp-
tion and scattering processes, which are related to the composition
of the sample. - Zin¢ radiation, for example, is absorbed by the
carbon, hydrogen, sulfur, barium, and zinc in the sample. Each
element has an absorption and scattering power which varies with
the x-ray wave length. This introduces the possibility of inter-
ferences from the sample. For example, 0.1% zinc in an oil
containing 1% barium gives a much lower intensity of zinc
x-radiation than would the same concentration of zinc¢ in the ab-
sence of barium. Interference problems such as this are cor-
rected for by preparing calibration curves based on samples con-
taining known concentrations of the interfering element or ele-
ments.

Optical Arrangement of the X-Ray
Spectrograph

Figure 1.

X-ray tube
Sample holder
Collimator

Rock salt erystal
Geiger tube

HPORA

Absorption calculations were made to confirm the validity of
the experimental results and as a method of predicting further
interferences. The principal exciting radiation for any element
is that of wave length just shorter than its absorption edge. This
radiation is more penetrating in these dilute solutions than is the
corresponding fluorescent radiation, whose wave length is ap-
preciably longer than the absorption edge. Thus the exciting
radiation penetrates to such depths in the sample that the longer
fluorescent x-rays have little ¢hance of returning to the surface.
The absorption coefficient for the exciting radiation of deeper
penetration is lower than that of the fluorescent radiation, so
that the problem may be treated as one of uniform excitation in-
dependent of depth. Excitation of the zinc K-radiation, for
example, will be proportional to the zinc concentration and
to the milliamperage (m) of the x-ray tube.

The absorption of fluorescent radiation is handled with the
usual absorption equation.

I = Ipe—(w/p)px (1)

where I is the intensity of radiation unaltered in direction and
wave length after traversing a distance, x, in a medium whose
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Table I. Wave Lengths and Spectrometer Angles of K
and L Lines for Barium, Calcium, and Zinc
Ka Kg La LB

MNA. Angle MA. Angle M A, Angle NA. Angle
Zing 1.4352 29.51% 1.292 26.55 Too long to be useful
Barium 0.389 7.89 0.340 6.93 2.770 58.83 2.562¢ 54.16¢°
Calcium 3.353% 73.13¢ 3.083 66.44 Too long to be useful

@ Values used in this work.

Table II. Mass Absorption Coefficients
Radiation
Zinc Barium Calcium
Absorber (1.43 A) (2.78 A) (335 A)
C 4.43 26 43
P 59.4 (400) (650)
S 75.0 454 780
Ca 142 (750) (150)
Zn 49.3 283 480
Ba 307 (3000) (470)
0

mass absorption coefficient is u/p. Here u is the linear absorption
coefficient, p is the density, and [, is the initial intensity. The
mass absorption coefficient of a mixture is expressed in terms of
the coefficients of the elements in the following manner:

slp = Wilu/ph + Wa(u/p)e + Ws (u/p)s + . . . (2)

where Wi, W, W3, etc., are weight fractions of the various ele-
ments in the mixture which have corresponding mass absorption
coefficients (u/p)1, (u/p)2, (u/p)s, ete. Pertinent coefficients,
given in Table II, are taken from x-ray literature (I, 5, 6) or
computed by accepted methods (3). The computed values are
in parentheses.

Using as an example the zinc radiation (1.43 A.) in a sample
containing a weight fraction of zinc, Wz, and other elements,
barium, carbon, sulfur, phosphorus, and hydrogen, a mass ab-
sorption coefficient for the mixture is obtained:

u/p =493 Wan + 307 Waa + 756 Ws + 59.4 We + 4.43 Wo
(3)

Using the condition
We=1—(Wzn + Wpaa + Ws + Wp + Wg) (4)

gives the final expression for the mass absorption coeflicient of the
mixture

p/p =449 Wzn + 303 Wpa + 70.6 Ws + 55 We + 4.43 (1 — Wa)
(5)

The change from Equation 3 to Equation 5 is for convenience
only and takes into account the fact that changes in absorption
due to increasing amounts of metal are partially compensated for
by the reduced carbon content. In Equation 3 it is always neces-
sary to allow for the changes in carbon concentration. Equation
5 is generally used without consideration for changes in hydrogen
concentration.
The intensity of the zinc radiation before absorption is

Tozn = Kzo mpWan (6)

ANALYTICAL CHEMISTRY

where Kz. is a constant which includes such factors as voltage
and target of x-ray tube, absorption and emission characteristics
of the zinc, geometrical factors, and the detecting efficiency.
Allowing for absorption, the intensity of zinc radiation meas-
ured, coming from different depths, x, in the sample, is given by

Toox = [OZDe—(n/p)px N

This equation must be integrated from x = 0 to x = « to give
the total intensity of zinc radiation escaping from the sample and
being measured. Experimental results show that the samples
are effectively of infinite depth.

Izn = / Tzuxdx (8
0

= KgumpWasy '/0‘ e~ W/Pexgy (9)
KanWZn
_ 10
(u/p) (10)
_ KzomW gn
= 449 Wzn + 303 Wea + 70.6 Ws + 556 Wp + 4.43 (1 — Wa)]
(11)

This formula checks accurately the experimental data on the
effect of barium on the zinc radiation. Comparison of observed
values and calculated intensities are given in Table III. The
value of 0.10% Zn and 0.09 Ba is used to establish the Kz,
value (Table IV). All other values are then valid comparisons.

Table IV. Values of K Expressing Calibration Data Using
Molybdenum Tube at 50 Kv.

Element K Value
Ca 1.10 X 103
Zn 19.5 X 103
Ba 2.05 X 103

Table V. Effect of Base Oils on Background Count and

Absorption Correction:

Counts per Second at
Zine Wave Lengths

Viscosity, C/H  Oil with- 0il with
S.U. Sec. °F, Ratio out zine 0.0759% zinc
Pennsylvania  bright
stock 150 210 6.69 20.0 131.0
Pennsylvania neutral 150 100 6.22 20.0 130.4
South Texas pale oil 2000 100 7.23 20.0 131.0
South Texas pale oil 100 100 6.80 20.1 131.0
Mid-Continent  sol-
vent refined neutral 160 100 6.57 20.1 130.6
Mid-Continent  sol-
vent refined bright
stock 120 210 7.03 20.0 131.2

In the concentration range of interest, zine showed no inter-
ference with the barium analysis. This has also been shown by
caleulations based on an equation analogous to Equation 11 us-
ing the Kga value in Table IV.

The variations in carbon-hydrogen ratio with stocks normally
encountered have no significant influence on the analyses. This
is shown in Table V for the determination of zinc.

A more complete treatment of the ab-
sorption problem considering an average

absorption coefficient (u/p), for the ex-

Table III. Zinc Radiation from Oils in Counts per Second above Background cited radiation as well as (u/p); for the
(Comparison of calculated and experimental values) ﬂuvalrescent I‘adl?.tlon gives KEquation 12
Counts per Second replacing Equation 10
0.02% Zn 0.07% Zn 0.10% Zn 0.12% Zn KpumW,
% Ba  Obsd.  Caled. Obsd. Caled. Obsd. Caled. Obsd.  Caled. I = — 22oMWZa (12)
0.00 29 30 103 103 1470 1470 175 176 (u/p)r + 0.5 (u/p)e
0.30 24 24 85 84 120 119.7 143 143 .
0.60 19 20.3 70 70 99 100.9 118 119 The factor 0.5 is a geometrical term

@ This value used for ealculating the Kzn value for use in Equation 11.
were phosphorus 0.1%, sulfur 0.05%, and hydrogen 13%,.

Other components of this oil
The density of the oil is 0.865.

required because the fluorescent radia-
tion travels a greater distance, emerging
at 30° to the surface, whereas the
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Figure 2. Polyethylene Bag as Installed on Instrument

excited radiation goes in nearly vertically. For fluorescent wave
lengths less than about 1.4 A., the infinite-depth approximation
is no longer correct. The integrals must each be evaluated for
the true dish depth.

INSTRUMENTATION

The x-ray equipment used in this work was a basic Norelco
(North American Phillips Co.) diffraction unit with fluorescence
accessories. (X-ray fluorescence equipment is also available
from General Electric X-Ray Corp. and from Ohio X-Ray Co.)
The equipment was used as supplied except for minor mOdthdthll
of the fluorescence assembly. A milliampere stabilizer, fur-
nished by the manufacturer as an accessory, is a necessary "addi-
tion to the equipment if accurate determinations are to be made.
The analyzing crystal supplied and used with the instrument is
rock salt with a d spacing of 2.819 A. The 7-inch nickel tubing
collimator supplied was used in the position between the sample
and crystal. No other collimator was used. The x-ray tube is a
Machlett OEG50 with a molybdenum target.

Figure 3.

Sample Dish with Indicator Attached

To establish a continuous helium path from sample to Geiger
tube it is necessary to enclose the space between the exit end of
the collimator and the Geiger tube. This enclosure must be
flexible and capable of moving with the rotation of the crystal
and Geiger tube. Such an enclosure (Figure 2) is constructed
in the following manner: A Plexiglas disk, 4 inches in diameter
and 0.5 inch thick, is affixed to the Geiger tube housing which
has been shortened by cutting about 0.75 inch from the bottom
of the housing. The space between the tube and the housing
must be filled with a putty or mastic compound to prevent helium
passing to the high voltage connection at the upper end of the
tube. Helium present in this part of the tube will cause a dis-
charge, giving erratic counting results. Another Plexiglas disk
about 3 inches in diameter and 0.5 inch in thickness is fitted and
cemented to the collimator and its supporting arm. A poly-
ethylene film about 0.002 inch thick is made into a gas-tight bag
fitting over and between the two disks when in their respective
positions on the equipment. Rubber O rings of the proper diam-
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Table VI. Effect of Replacing Air Path with Helium
Counts per Second above
Background
Without He With He
0.0 % Zn 58.4 78.8
0.7% Ba 8.7 28.2
0.5% Ca 0.7 8.7

eter hold the polyethylene bag in place on the Plexiglas disks.
A groove cut in the edge of the disk will aid in making a firm
connection at this point. A hole 2 inches in diameter is cut in
the side of the polyethylene bag to fit over the crystal holder.
Another O ring holds the bag to the equipment at this point.
Helium is admitted in both the x-ray tube housing and through
the Plexiglas disk on the Geiger tube. The helium entrance to
the x-ray tube housing is made by drilling the removable end plate
and attaching a brass tubing connector. A right-angle bend
should be made in the copper tubing attached to this fitting to
prevent the passage of x-rays straight through the connector.
The rate of flow of helium is ad]usted by gradually increasing it
until no further improvement in counting rate is observed. The
apparatus used in this work required a helium rate of flow of
about 600 ml. per minute. With some consideration to making
a more efficient seal around the sample dish entrance, this rate of
flow could be substantially reduced. Table VI indicates the im-
portance of using the helium path.
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Figure 4.

A critical point in obtaining reproducible determinations with
this procedure is to arrive at and maintain a uniform positioning
of the top surface of the sample in relation to the x-ray tube and
the collimator. To achieve this, minor modifications were made
in the fluorescence assembly and sample dish. So that the dish
could be filled to a reproducible level, a reference pointer was at-
tached in the manner shown in Figure 3. Filling is then done by
placing the dish on a level surface and adding the sample until it
just touches the pointer. The importance of using a level indica-
tor of this type is shown in Table VII. This table also shows
that the effect of infinite sample thickness is attained when the
depth is 0.23 inch or more.

The primary x-ray beam has an appreciable heating effect on
the sample, thus changing the volume and consequently the
level in the sample dish. To minimize this volume change, a
water-cooled aluminum block (Figure 4) replaced the sample dish
slide track. The entire bottom of the aluminum sample dish is
then in direct contact with the cooled block. Water is circulated
through the block at a rate sufficient to keep the sample at ap-
proximately room temperature. The block is extended beyond



976

the housing, to furnish a place to fill the dish and aid in getting it
into the housing without spillage. To install this system, it was
necessary to remove the safety shutter which blocks the x-ray
beam when the sample dish is removed from the unit. This was
replaced with a manually operaved shutter, which is curved to
match the contour of the tube ard slides back and forth parallel
to the axis of the tube. An interlock mechanism prevents the
removul of the sample dish until the shutter is closed.
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Figure 5. Calibration Curve for Zinc Using a Molyb-
denum Tube at 50 Kv. and 30 Ma. with Helium

Table VII. Influence of Sample Position and Sample

Thickness on Counting Rate

Distance
above or below Sample Counts
Normal Sample Level, Thickness, per
Incl Inch Second
-0 M5 0.280 120.0
0 0.266 113.3
0 0.234¢2 113.3
0 0.1574 105.0
—0.015 0.251 109 .2

¢ Achieved by placing false bottom in sample dish.

CALIBRATION CURVES

Calibration curves are constructed for each of the metals
through the concentration ranges which will be encountered.
This is done by carefully preparing 2 series of standards for each
metal, from known concentrations of metal sulfonates or naph-
thenates, and blending with a neutral oil of medium viscosity.
Each of these is run as directed in the orocedure. The number of
counts is converted to counts per second and these values plotted
against concentration of the metal in the standard. Typical
calibration curves are shown in Figures 5, 6, and 7.

When zine is determined in the presence of barium, a family of

ANALYTICAL CHEMISTRY

Table VIII. X-Ray and Chemical Analyses for Barium,

Calcium, and Zinc

% Barium % Zine % Cal(:ium
Sample X-ray Chemical X-ray Chemical X-ray Chemical
1 0.51 0.51 0.068 0.068
2 0.22 0.22 0.101 0.100
3 0.11 0.12 0.089 0.090
4 0.08 0.10 0.086 0.086
5 0.24 0.23 0.103 0.100
6 0.021
7 0.099
0.196
9 0 586
40
3
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Figure 6. Calibration Curve for Barium
Using a Molybdenum Tube at 50 Kv. and 40
Ma. with Helium

curves must be prepared by increasing the barium content of the
zine standards in steps of 0.19, through the concentration range
of barium that will be encountered. The decrease in zine radia-
tion with increasing barium in the sample is almost linear at
barium concentrations of less than 19, thus making interpolation
between curves an easy matter.

To maintain the validity of the calibration curves with day-to-
day fluctuation in instrument sensitivity, it is necessary to have a
stable standard with which to make accurate checks. For this
purpose a magnesium alloy containing a small amount of zinc is
used. This is permanently mounted in a sample dish and a
count taken on the zinc line every day. If this value changes
from that obtained at the time the calibration curves were pre-
pared, a correction factor is applied.

PROCEDURE

The unit is allowed to warm up for 30 minutes before any
quantitative measurements are made. Helium flow is adjusted
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Figure 7. Calibration Curve for Calcium Using a
Molybdenum Tube at 50 Kv. and 40 Ma. with Helium

to approximately 600 ml. per minute a few minutes before count-
ing determinations are to be made. The sample dish is carefully
filled to a fixed level and inserted in position under the x-ray tube.
The scaler is set for fixed count operation, the number of counts
in keeping with the accuracy desired. The statistics of counting
are discussed by Birks et al. (2). Spectrometer angles, using a
rock salt crystal for a d spacing of 2.819 A. for the elements to be
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determined, are shown in Table I. The spectrometer is adjusted
to the angle of the element to be determined, and the times re-
quired for several successive counts are recorded.

The times required for the several counts taken are averaged
and calculated as counts per second. The factor for instrument
sensitivity is applied, if necessary, and the concentration of the
element being determined is found from the calibration curve.

RESULTS

The results for a series of calcium, zine, and barium samples are
shown in Table 1. The accuracy of the x-ray data for these and
other determinations was found to be at least equal to chemical
methods. The method is capable, if sufficient counts are taken,
of yielding accuracies within 2 or 3% of the barium and
caleium, when present in concentrations greater than 0.05%, and
within 1 to 29, of zinc in concentrations greater than 0.005%,.
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Spectrochemical Determination of Impurities in Manganese Dioxide

J. W. MELLICHAMP

Signal Corps Engineering Laboratories, Fort Monmouth, N. J.

A spectrographic method has been developed for the
semiquantitative determination of 23 elements that
occur in manganese dioxide. Spectrochemical analy-
ses for elements found in natural and synthetic manga-
nese dioxide offer data that can be used to interpret
the effects of impurities in the manganese dioxide used
as the depolarizer in dry cells. The procedure is rapid,
compared with conventional Wet-chemical methods.
The results are reproducible to within +20%. The
sample is mixed with an equal weight of graphite and
burned in a deep, thick-walled, graphite electrode in a
direct current arc. When analytical data are obtained
for the alkali elements, lithium carbonate is intro-
duced as an internal standard. The analytical spec-
tral lines and their usable ranges are given.

OME of the elements that occur in the natural and synthetic
manganese dioxide that is to be used as the depolarizer in

dry cells act as poisoners to the battery system. Because other
elements have undesirable effects it is desirable to evaluate
chemically the number and concentration range of impurity

elements. These elements previously were determined by the
wet-chemical method which often overlooked small quantities;
therefore, this laboratory has developed a spectrochemical pro-
cedure that has proved to be both a rapid and satisfactory method
for obtaining semiquantitative analyses of elements found in
manganese dioxide.

In this procedure 19 elements are determined from one spectro-
gram and four elements (sodium, potassium, strontium, and
barium) are determined from a second spectrogram. The pro-
cedure covers the wide range in quantity of the elements found in
manganese dioxide, but no attempt is made to obtain the maxi-
mum accuracy possible for any one given element.

METHOD AND EXPERIMENTAL DETAILS

The sample is mixed with an equal weight of graphite, placed
in a deep, thick-walled, graphite electrode, and burned in
a direct current arc for 5 seconds after the arc begins to sput-
ter. A manganese spectrum line is used as the internal standard
for all elements. To obtain analyses of the alkali elements,
lithium carbonate is introduced as an internal standard and the
sample is burned in a direct current arc for 10 seconds.

Apparatus. A 1.5-meter grating spectrograph (Applied Re-
search Laboratories) is used in all of the work. It is supplied
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with two optical benches that are arranged to permit simul-
taneous photographing of the ultraviolet and visible regions. A
two-step filter is placed in the ultraviolet optical path. A 60-
micron slit opening is used in all exposures.

The excitation source is an Applied Research Laboratories
Multisource unit, which is operated on settings of 60 mfd.,
400 microhenries, and 18 ohms. These settings give a direct
current, short-circuit current of 13 amperes and a current of 10
amperes with a 1-em. arec.

The film, Eastman Spectrum Analysis No. 2, is developed in
D-19 at 69° C. for 3 minutes in an Applied Research Labora-
tories developing machine.

The films are measured with an Applied Research Laboratories
comparator-densitometer.

Standards. This laboratory uses as standards nine manganese
dioxide samples, which contain the majority of elements en-
countered and the usual range of impurities. These samples
have been analyzed chemically by several laboratories and have
proved to be satisfactory standards for analysis.

The standards include samples of the following manganese
dioxides: ores from the African Gold Coast, the Caucasus, Chile,
and Phillipsburg, Mont.; synthetic manganese dioxides are from
Bul;ige;xs, Bright étar, National Carbon, and Baker (c.p. reagent
grade).

Electrodes. The anode.is a rod of ultra-high-purity graphite
(United Carbon Products Co.), and has a diameter of 0.25 inch,
and length of 1.25 inches. A hole, which is 0.25 inch deep and
0.125 inch in diameter, is drilled in the top of the anode. When
the analyses of the alkali metals are obtained, a second, similar
anode is used in which the hole in the top is 0.166 inch
deep. The cathode is a graphite rod (not pointed at the end)
with dimensions of 0.125 inch diameter and 1.5 inches in length.

PROCEDURE

The original sample is mixed thoroughly and quartered, in
order to obtain a representative batch. The selected batch is
ground so that it will pass through a 100-mesh screen. A 100-mg.
portion of the sample and an equal amount of high-purity, 100-
mesh graphite are weighed on a Roller-Smith Precision Balance
and mixed for 20 seconds in a modified, dental Wig-L-Bug
amalgamator. Twenty milligrams of the mixture is placed in the
bottom electrode. The sample occupies about half the depth. The
electrodes are placed in the excitation source unit. The intensity
of exposure is controlled by a combination of quartz filters which
are adjusted so that the internal standard line for manganese
yields transmittance values between 20 and 409, in the lighter
of two steps. A two-step filter is held in the same mount as the
quartz filters. The top electrode is touched to the bottom elec-
trode and the arc is drawn to a gap of 1 cm. and burned at 10
amperes. The initial burn is a very smooth glow, which persists
for about 80 seconds before the arc begins to sputter. The
length of the glow period is dependent on the quantity of im-
purities present in the manganese dioxide. The glow or smooth
period is longer in purer samples and shorter in the less pure
samples. The total length of exposure is the smooth period plus
5 seconds of the sputtering period. Five two-step spectra are
recorded on one film length. One spectrum is a standard

Table I. Analytical Lines and Concentration Range of
Impurities in Manganese Dioxide
(Internal standard line manganese 2695.4 A.)

Analysis Concn. Range,
Element Line, A. %
Barium 2335.3 1 -5
Boron 2497.7 0.02-0.2
Lead 2833.1 0.02-0.2
2873.3 0.2 -2
Magnesium 2852.1 0.01-0.2
2781.4 0.2 -2
Silicon 2881.6 0.01-0.4
2435.2 0.4 -5
Iron 3020.6 0.01-0.2
2083.6 0.1 -2
Aluminum 3092.7 0.01-0.3
2660.4 0.3 -2
Molybdenum 3170.3 0.01-0.1
Vanadium 3185.4 0.01-0.1
Copper 3274.0 0.01-0.1
2961.2 0.2 -1
Zinc 3282.3 0.2 -2
Titanium 3372.8 0.01-0.2
Silver 3382:9 0.01-0.03
Nickel 3414.8 0.01-0.2
Cobalt 3453.5 0.01-0.2
Chromium 4254.3 0.01-0.1
Calcium 4302.5 0.01-0.2
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sample with approximately the same composition as the unknown
sample, whereas the other spectra are of the unknown samples.
The film is processed and placed in the comparator-densitometer
for measurement. The percentage transmittance of the internal
standard line for manganese and of the lines of impurity ele-
ments are measured and listed in Table I. The intensity ratio
of the internal standard line and the impurity element line is
established by means of the emulsion calibration curve. Church-
ill’s (2) preliminary curve method is used for the film calibra-
tion. The amount of each impurity element present in a sample,
expressed as percentage by weight, is obtained from previously
established working curves, based on concentration values of the
chemically analyzed standards versus the intensity ratio of the
internal standard line and the impurity element line. Because
each film contains its own appropriate standard, that standard
may be used to detect trends (deviations) in the analytical work-
ing curves.

END POINT
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Figure 1. Effect of Buffer on Selective Volatilization

The procedure for determining sodium, potassium, barium
(for values below 0.1%), and strontium is a modification of a
method suggested by Harvey (3). One per cent of high-purity
lithium carbonate is mixed with the sample and an equal weight
of powdered graphite is added to this mixture. A 30-mg. charge,
which completely fills the cup, is weighed into the 0.166-
inch-deep bottom electrode. The electrodes are burned for
ten seconds in a 10-ampere direct current arc. A lithium spec-
trum line is used as the internal standard. The analytical
spectrum lines used are shown in Table II.

Table II. Analytical Lines and Concentration Range for
Other Elements in Manganese Dioxide

(Internal standard line lithium 2741.3 A.)

Analysis Conen, Range,
Element Line, A. %
Sodium 3302.3 0.1 -2
Potassium 4044 .1 0.1 -3
Strontium 4077.7 0.01-0.1
Barium 4554.0 0.01-0.1
DISCUSSION

The procedure described is not a burn-to-completion method.
Further analyses of the residual powdered graphite reveal the
presence of manganese and of impurity elements, in about the
same relative concentrations as the original material. A mini-
mum amount of graphite is consumed in the time necessary to
volatilize most of the manganese. Selective volatilization is
eliminated very largely by the buffering effect of the manganese
dioxide and the powdered graphite. Ahrens and Liebenberg
(1) note that the presence of powdered carbon or graphite, when
mixed with a sample other than manganese dioxide, tends to
eliminate selective volatilization during the first period of arcing.
Figure 1 shows that manganese dioxide and graphite buffer the
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burning conditions for a longer period and more effectively than
do graphite and a material other than manganese dioxide.

When the correct exposure is obtained (transmittance values
between 20 and 409, for the internal standard line) the back-
ground is negligible and no background correction is necessary.

No thorough study has been made of the interelement effect,
or of the mineralogical effect of the various forms of manganese
dioxide ores encountered. Preliminary study of these effects
showed that a procedure to eliminate them would complicate the
method unnecessarily. Selection of the proper, closely related,
chemically analyzed standard makes possible partial corrections
for these effects.

Elements of low-ionization potential, such as sodium and
potassium, in concentrations greater than 0.5%, have a markedly
suppressive effect on most other impurity elements. The internal
standard line for manganese also is suppressed and, by increasing
the over-all exposure, the ratio between the internal standard line
and the impurity lines remains approximately the same as the
corresponding ratio for a sample that contains no elements of low-
ionization potential.

The manganese spectrum is relatively simple and there is little
interference between manganese lines and analytical lines. A
faint manganese line interferes with the lead line at 2833.1 A., at
values of the impurity below 0.029,. Manganese interference
with the most persistent zinc line limits the detection of that
elsment to 0.29,. There is zinc interference with the sodium line
at 3302.5 A.

Thus far no interpretive data have been obtained from im-
purity values below 0.019%, a value that has been set by this
laboratory as the lowest quantity to be reported. Because the
majority of the analytical spectrum lines show sensitivities below
this value and the synthetic manganese dioxides have few im-
purities above 0.019,, their analyses are greatly facilitated by
estimations rather than measurements, provided a standard with
impurities approximating this value is used for comparison. Asa
rule, natural manganese ores contain most of the elements sought
in a measurable quantity.

The nine chemically analyzed standards are supplemented by
special standards for high values of lead and barium. No work-
ing curves have been established for the analysis of arsenic,
antimony, or tin, as most samples do not contain them. When
these elements are present, an estimation is made from special
chemically analyzed standards.

When the element barium appears in quantities greater than
1% (the mineral hollandite is one form of naturally occurring
manganese dioxide that contains high barium), it is determined
from the film, using manganese as an internal standard line.
When the quantity is below 0.1%, barium is determined along
with the alkalies.

Lead and iron are chemically analyzed and spectrochemical
analyses are used only as a check on the polarographic determina-
tion of lead and the wet-chemical determination of iron. Table
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Table III. Spectrographic and Chemical Determinations
of Other Elements in Manganese Dioxide
Lead, % Iron, % Silicon, %
Spec. Chem. Spec. Chem. Spec. Chem.
0.15 0.14 1.3 1.0 6.0 6.1
0.18 0.16 1.1 0.96 5.0 6.3
<0.02 <0.02 1.2 1.1 0.80 1.0
<0.02 <0.02 1.4 1.2 0.75 0.95
0.06 0.04 2.0 1.5 1.0 1.4
0.27 0.25 2.0 1.8 5.1 4.8
0.29 0.20 1.2 1.1 5.7 4.9
0.30 0.41 0.13 0.16 0.06 0.06
0.03 0.02 0.01 0.01 0.01 0.005
<0.02 <0.02 0.08 0.09 0.19 0.14

Table IV. Reproducibility of Results from Ten Analyses
of Same Sample of Manganese Dioxide

Lead Iron Silicon
Deviation Deviation Deviation
% from mean %  from mean %  from mean
0.036 0.001 0.31 0.06 0.077 0.001
0.037 0.000 0.37 0.00 0.071 0.007
0.038 0.001 0.39 0.02 0.082 0.004
0.038 0.001 0.41 0.04 0.097 0.019
0.039 0.002 0.34 0.03 0.066 0.012
0.038 0.001 0.39 0.02 0.077 0.001
0.037 0.000 0.31 0.06 0.066 0.012
0.037 0.000 0.41 0.04 0.082 0.004
0.037 0.000 0.41 0.04 0.087 0.009
0.033 0.004 0.34 0.03 0.077 0.001
Mean 0.037 0.001 0.37 0.034 0.078 0.007
% Av.dev.
from mean 2.7 9.2 9.0

IIT gives comparative values between spectrographic and chem-
ical values for silicon, lead, and iron for ten samples.

REPRODUCIBILITY

A statistical study, conducted over a period of one year, in-
dicates that the procedure is reproducible to well within %209
for the majority of the elements, and better than 4=10%, for some
of the elements. Table IV shows the results of the same sample
analyzed ten times for three elements.
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Calibration Method for X-Ray Fluorescence Spectrometry

H. J. BEATTIE and R. M. BRISSEY

Thomson Laboratory, General Electric Co., Lynn, Mass.

A first-order linear correction for the absorption effects
of the various elements in an alloy on fluorescent x-ray
intensities is obtained by essentially assuming a mono-
chromatic incident beam. The result is a set of simul-
taneous equations; the unknowns represent composi-
tion, the diagonal coefficients are determined by in-
tensity measurements on the unknown alloy and pure
elements, and the nondiagonal coefficients are calcu-
lated from intensity measurements on analyzed binary
alloys. The simultaneous equations are overdeter-
mined, and the calculating procedure, which minimizes
the error introduced by the assumption, has been
determined empirically. Analyses based on this
method, where only pure elements are needed as stand-
ards, have been performed on quaternary alloys con-
taining molybdenum, nickel, iron, and chromium.
The calculated values agreed in nearly all cases to
within £59% of the values obtained by accepted chemi-
cal procedures.

HERMAN has treated the problem of fluorescent x-ray

analysis statistically (3). The following development con-

siders the physical mechanism of x-ray absorption and indicates
an empirical elemental calibration.

If it were not for absorption effects, the fluorescent x-ray in-
tensity due to an element in an alloy would be proportional to
the atomic density of that element, and a quantitative analysis
could be made from the ratio of intensity of the element in the
alloy to that of the pure element. The absorption effects arise be-
csuse the incident x-rays penetrate a significant distance below
the specimen surface, although Koh and Caugherty (2) have
shown that this distance is not more than 0.004 inch. An ex-
pression for the absorption effects can be derived, but its precise
form is not usable owing to the continuous spectrum of the inci-
dent beam. The excitation probability, however, is very high
only for a limited region on the short-wave-length side of the
absorption edge. By assuming the incident intensity and the
absorption coefficients of all the elements to be constant in this
region of high excitation probability, the first-order absorption
effects of all elements can be easily determined empirically from
binary alloys. The assumption of constant incident intensity
and absorption coefficients introduces an appreciable error when
the alloy contains elements whose absorption edges or characteris-
tic spectra lie in the region of high excitation probability. These
conditions are abundant in the chromium-iron-nickel alloys;
therefore, this ternary system would be a severe test for the as-
sumption. In the investigation of the chromium-iron-nickel-
molybdenum quaternary system, molybdenum was added to
test for large differences in atomic number.

Gillam and Heal dealt with the mathematical problem of
fluorescent x-ray intensities (7). Expressions of similar form
are derived here.

The fluorescent x-ray intensity due to a slab of thickness, dz,
at a depth, z, below the surface is determined (Figure 1).

Let Io(A\)d A be the intensity of the incident radiation in the
range of wave lengths between A and A + d\. At the slab, the
incident intensity is reduced by a factor of

exp [ —u(N)za]

where u(\) is the linear absorption coefficient of the specimen for
the incident wave length, A, and « is a geometric constant of the
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apparatus. Roughly, « csc @; more precisely, it is compli-
cated owing to the incident beam divergence.

If A is the area of the mask in front of the specimen, and if
N, is the atomic density of the element, g, in the specimen, there
are N, Adz atoms of a in the slab. If Q.()\)is the excitation proba-
bility of element a at wave length A, the intensity of fluorescent
x-radiation emitted by the slab in all directions is

To(Z)dX exp [ —u.(N)az]Q.(A\)N Adz

A fraction of this radiation within the infinitesimally small
solid angle, dw, which makes an angle ¢ with the specimen surface
in the plane of incidence, will be diffracted by the spectrometer
crystal to the Geiger counter. On emerging from the surface,
this radiation from the slab has been further reduced in intensity
by a factor of

exp (— w2 cse o)

where u, is the linear absorption coefficient of the specimen for
the monochromatic fluorescent x-radiation of element a. The
fluorescent intensity due to element @ in the slab, excited by the
range of wave lengths between A and A + d\ is

A, = Ii(MQa(MN.Adw exp [—(m{N)a + uf csc g)zldzdr (1)

The intensity due to the entire volume of the specimen is ob-
tained by integrating Equation 1 from a depthof £ = Otoz = o,
giving
_ Lo(M)Qa(MN s Adwd

dl,
(Mo + pyese o

(2)

To obtain an exact expression for fluorescent x-ray intensity,
Equation 2 must be integrated with respect to A; however, three
quantities in Equation 2 are unknown functions of \. At wave
lengths longer than the absorption edge of a, Q@a()\) is zero; it
is maximum at the absorption edge, and decreases rapidly as A
decreases from the edge. If we assume that I(A) and p,(\) are
essentially constant over the range of high @.()\), the approximate
expression for fluorescent x-ray intensity due to a is

I6QuN Adw
pear + s cSC @

K.N,
peax -+ py €SC @

Ia = (3)

where K, = [y @, Adw is a constant of the apparatus and the
element, a, and is independent of the absorption in the specimen.

The intensity is seen to be proportional to the atomic density,
N,, of a, modified by the absorption effect of the alloy in the
denominator of Kquation 3. We shall denote this absorption
effect by pMas, where p, is the density of the alloy, subscript a
refers to the radiating element, and subscript s refers to the alloy
matrix of all the elements. The mass absorption coefficient,
i/ p, of a mixture of elements is the sum of the mass absorption
coefficients of all elements in proportion to their composition by
weight. If W, is the fractional weight of element b in the alloy,

then
A @ ( b ) ab ( fb) ab
Zb P Zl P

the double subscript, ab, indicating the mass absorption coefficient
of element b for the excitation (first term of Equation 4) or char-

(4)
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acteristic (second term of Equation 4) radiation of element a.
From Equation 4, it follows that

Mo = Z WM o (5)
b

If the fluorescent x-ray intensity /,,, from a pure element speci-
men of a is divided by that from the alloy, I,,, the ratio is (using

Equations 3 to 5)
Ps Z WbMab

R, = Il" _ KuNga b
e Ias B pa;/‘/Iaa KaNa:
_ N Pa Moy .
= XN 2 e, ©

N as/ps 1s the number of atoms of a per gram of alloy, and Naa/p. is

the number of atoms of a per gram of a. Therefore,
Nac Pa ~
;‘ X N = Wa 7

the number of grams of a per gram of alloy, or the fractional

weight of . Multiplying Equation 6 by W, and setting 4. =
A[ab
ﬂ’[aay
RaWa = Z AabWb = Wa + Z AabWb
b b#a
or
(1= RWa+ D AalWy =0 ®)

b#a

The absorption parameters, A, can be easily obtained em-
pirically by reading intensity ratios on chemically analyzed
binary alloys. Thus, from Equation 8§,

A = %b (Ra — 1)

(9)
“Weip _
Apa = . (Ry ~ 1)
. o g

/i

E‘\ib:r:’q

Figure 1. X-Ray Fluorescence

Once these absorption parameters are determined over an al-
loy system, any alloy in the system can be analyzed by reading
fluorescent x-ray intensity ratios, Ba, Rs, . . ., for each element.
in the alloy and substituting them into simultaneous Equations
8:

—(Re — DWo + AWy + Ase Wet ... =0

ApWo — (By ~ )Ws + AsWod .. =0 (10)
AcaWa + Acb”’b - (Rc - I)Wc + e 0

(N
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The unknowns are further governed by the constraint:
Wot Wy +W.+ ... =1 (11)

EXPERIMENTAL PROCEDURE

Fifteen specimen blocks were prepared: Four were the high-
purity elements, chromium, iron, nickel, and molybdenum, with
respect to which the intensity ratios were taken; six were all of
the binary combinations of these elements for determining the
empirical absorption parameters of the system; the remaining
five were test alloys, three being chromium-iron-nickel ternaries,
and two being chromium-iron-nickel-molybdenum quaternaries.

The binaries, ternaries, and quaternaries were chemically
analyzed. These analyses were conducted with exceptional care
and the values from duplicate samples averaged. The pro-
cedures were checked by analyzing National Bureau of Standards’
samples at the same time.

All elemental, binary, and ternary samples were checked
qualitatively on the x-ray spectrometer for impurities, and none
was detected.

Fluorescent x-ray intensities were read using the General
Electric XRD-3S unit. The line intensities were read in all
samples for a given element without changing the goniometer
setting or the stabilized x-ray tube current. The latter was
adjusted so that the intensity from the pure element did not
exceed 3500 counts per second. Appropriate background
intensities were determined and subtracted from the observed
line intensities. Table IV lists intensity ratios for the alloys and
the actual intensities of the elements in counts per second. The
total count for each reading was 65,536, giving a statistical
probable error of 0.26%,.

Table I.- Chemical Analyses of the Binary Alloys

Analysis Binary Partner
for Cr Fe Ni Mo
Cr 48.24 48.07 74.28
Fe 50.83 51.53 65.33
Ni 48.19 46.65 53.70
Mo 23.53 34.44 46.27

Table II. Intensity Ratio for Binary Alloys
5&'2; Binary Partner

Element Ce Fe Ni Mo
Cr 1.000 1.760 1.815 1.841
Fe 3.360 1.000 1.613 1.835
Ni 2.860 3.670 1.000 1.954
Mo 3.770 2.787 2.461 1.000

Table III. Absorption Parameters
Eggg Absorbing Element

Element Cr Fe Ni Mo
Cr 1.000 0.721 0.813 2.660
Fe 2.482 1.000 0.676 1.582
Ni 1.863 2.420 1.000 1.108
Mo 0.877 0.9435 1.260 1.000

The compositions of the binary alloys are given in Table I,
and the x-ray intensity ratios of the binaries are listed in Table
II. The data in these two tables are substituted into Equations
9 to determine the absorption parameters (Table IIT). With
these evaluated, the simultaneous equations for the chromium-
iron-nickel-molybdenum quaternary system are:

—(Re: — 1)Cr + 0.721Fe + 0.813Ni + 2.660Mo = 0 (A)
2.482Cr — (Rre — 1)Fe + 0.676Ni + 1.582Mo = 0 (B)
1.863Cr + 2.420Fe — (Rxi — 1)Ni + 1.108Mo = 0  (C)
0.877Cr + 0.9435Fe + 1.260Ni — (Byo — 1)Mo = 0 (D)

An alloy of this system is analyzed by reading the four x-ray
intensity ratios from the alloy and the standard elements, sub-
stituting them into the above equations, and solving the equa-
tions.

Since there are no constant terms in these equations, we can
merely obtain ratios among the unknowns. The equations are,
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therefore, overdetermined, since there are only n— 1 independent
ratios among n quantities. A set of ratios can be obtained by
dividing through by any of the four unknowns. We can then
omit any one of the four equations to solve for the three unknown
ratios with the remaining three equations. Thus there are at
least 16 independent ways to solve the above equations.

These 16 independent procedures yield 16 different sets of
solutions, because the equations are based on a rough assumption
and the coefficients are empirical. Thus the equations are mu-
tually inconsistent to some extent. It is desirable to choose that
calculating procedure which tends to minimize the errors intro-
duced by the assumption. Such a calculating procedure was
developed empirically; however, the result indicates that it
can also be developed from the symmetry of the equations.

CALCULATING PROCEDURE

Initially, one element must be distinguished from the others.
Empirically it develops that the best solutions are obtained by
distinguishing the most abundant element in the alloy. By
dividing throughout by the unknown representing the relative
weight of the abundant element, the effective number of unknowns
is reduced by one.

The result is four equations in three unknowns, each equation
containing a constant term. The triple ratio among the three
unknowns, which is the triple ratio among the three elements
other than the abundant element, is best determined from the
three equations which contain the intensity ratios of these ele-
ments. Therefore, the equation which contains the intensity
ratio of the abundant element is omitted, and the triple ratio is
obtained by evaluating the three numerator determinants of
the remaining three equations. These determinants are then
multiplied by an adjustment factor, whose value depends on
the ratios of each of the elements to the abundant element, and,
therefore, whose value is best obtained by substituting the three
determinants into the fourth equation, which contains the inten-
sity ratio of the abundant element. The final four individual
solutions are determined by using Equation 11.

The use of the equations in combinations other than that just
described consistently yields solutions further from the accepted
values obtained by chemical analysis. The range of values cal-
culated among various combinations of the equations is particu-
larly large for chromium-iron-nickel alloys, because the abundant
anomalies in the ranges of high excitation probability introduce
large errors to the assumption. Therefore, this calculating pro-
cedure apparently uses all equations in the best possible manner
to minimize these errors. The relation of this procedure to the
symmetry of the problem fortunately provides convenient rules-
of-thumb.

SAMPLE CALCULATION

If Alloy 4 from Table IV, which gives the intensity ratios
of the ternary and quaternary alloys, is chosen iron is seen to

Table IV. Intensity Ratios for Ternary and Quaternary
Alloys
Ra = Iaaa/Ias
Alloy
No. Cr Fe Ni Mo
1 3.610 1.918 14.34
2 3.535 6.620 2.152
3 2.477 3.665 5.373
4 5.04 2.346 6.640 15.34
5 4.01 1.942 14.72 41.35
Iaa® 597 2795 3270¢ 1076
¢ Intensity in counts per second on pure element corrected for back-
ground.

 Intensity from a 0.75 X 0.75 inch sample area. Bent mica crystal
was 0.0016 inch thick.

¢ Nickel intensities were determined with a W-target x-ray tube operat-
ing at 24.1 ma. and 48.5 kvp. All other elements were determined under

49.6 ma. and 48.5 kvp.
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have the lowest intensity ratio; therefore, it is taken as the most
abundant element. Equation B is omitted, the equations are
divided through by Fe, the constant terms are transposed, and
the intensity ratios from Table IV are substituted.

—4.04Cr/Fe 4 0.813Ni/Fe + 2.660Mo/Fe = —0.721 (A)
1.863Cr/Fe — 5.640Ni/Fe 4 1.108Mo/Fe = —2.420 (C)
0.877Cr/Fe + 1.260Ni/Fe — 14.34Mo/Fe = —0.9435 (D)

If the denominator determinant of the coefficients times the
adjustment factor is denoted by k, then the numerator determi-
nants are

—0.721 0.813 2.660
kCr/Fe = |—2.420 —5.640 1.108 | = —108.61
—0.9435 1.260 —14.34
—4.04 —-0.721 2.660
k Ni/Fe = 1.863 —2.420 1.108 | = —163.42
0.877 —0.9435 —14.34
—4.04 0.813 — 0.721
k Mo/Fe = 1.863 —5.640 — 2.420 | = — 39.37
0.877 1.260 - 0.9435

Multiplying Equation B by k/Fe and transposing the resulting
constant term (with Er. substituted in from Table IV) yields

2.482 k Cr/Fe + 0.676 k Ni/Fe + 1.582 k Mo/Fe =
1.346 k (B)

The above three numerator determinants are substituted into
this equation, and the result is solved for %, giving

k= — 328.62

Equation 11 can now be used to evaluate the four unknowns
as follows (disregarding the negative signs):

k Cr/Fe = 108.61
k Ni/Fe = 163.42
k Mo/Fe = 39.37
k = k Fe/Fe = 328.62
k/Fe(Cr + Ni + Mo + Fe) = 640.02-= k/Fe
giving
108.61
Cr = m = 1697%
328.62
Fe = gi0.02 = %1:35%
. 163.42
Ni = o = 25.53%
39.37
Mo = &o03 = 615%
for the analysis.
DISCUSSION

The results on all five test alloys, using the calculating pro-
cedure outlined above, are given in Table V, together with the
chemical analyses. For Alloy 3, whose three elements are equally
abundant, the best analysis is obtained by taking the mean of
the three sets of solutions, using each of the elements as the abun-
dant one. This is not true for the remaining alloys, which, like
most practical alloys, have only one element in high abundance.
The single calculating procedure, therefore, should be adequate in
most cases.

In the derivation of Equation 2, all of the excitation radiation
was assumed to come from the direction of the x-ray source.
When a certain element in the alloy emits K « radiation in the
region of high K excitation probability for the element being
read, there will be a strong monochromatic component of the ex-
citation spectrum coming -from all directions. This secondary
excitation radiation, however, will still be strongest from the
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Table V. Final Results

Composi-
Composi- tion by
Composi- tion by X-Ray by
tion by X-Ray Propor-
Chemical Using . tional
Al- Ele- Analysis, Param- % Intensities, %
loy ment % eters, %, Error % Error
1 Cr 19.85 20.29 +2.22 27.7 +39.5
Fe 65.94 65.95 + Nil 52.1 —-21.0
Ni 13.98 13.76 —1.57 6.98 —50.0
2 Cr 21.23 20.39 -3.95 28.7 +35.2
Fe 13.85 15.04 +8.60 15.1 + 9.0
Ni 64.84 64.57 -~0.42 46.5 —28.3
3 Cr 32.13 32.44 +0.97 40.4 +25.8
Fe 35.43 35.86 +1.21 27.3 —22.9
Ni 31.86 31.66 —0.63 18.6 —41.5
4 Cr 16.45 16.96 +3.10 19.8 +20.4
Fe 50.20 51.35 +2.29 81.0 +61.4
Ni 26.80 25.54 —4.70 15.1 —43.6
Mo 6.55 6.15 —6.10 6.52 - 0.5
5 Cr 18.43 19.63 +6.51 24.9 4+35.1
Fe 66.26 64.93 —-2.01 51.5 —-22.3
Ni 12.99 13.23 +1.85 79 —48.4
Mo 2.32 2.22 —4.31 2.42 + 4.3

direction of the surface. Gillam and Heal (1) gave, without der-
ivation, an expression for the effect, which they called mutual
fluorescence, and which was to be added to a term analogous to
Equation 2. The inclusion of this expression would prohibit
the use of linear equations with empirical coefficients.

The use of empirically determined absorption parameters
compensates for this omission. This can be seen from the values
of the absorption parameters (Table IIT). Thus Acie, Acmi,
and Aren; have values less than unity—i.e., less than the self-
absorption value. Since the absorbing element in each case is a
little heavier than the radiating element, the low absorption pa-
rameters can be due only to mutual fluorescence. Hence, the
empirically determined parameters give an automatic correc-
tion for mutual fluorescence. The three corresponding param-
eters with the subscripts reversed, on the other hand, are ap-
preciably greater than unity. Close examination shows that
there is a correspondence in the departure from unity between
the two sets of three parameters. This stems from the recipro-
cal relation: high excitation of 4 from B’s K « radiation
means high absorption of B’s radiation by 4.

That the absorption parameters with their automatic correc-
tion for mutual fluorescence are not strictly constant can be seen
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in Table V. In Alloy 2, having a high nickel-low iron content,
the x-ray reading of iron is 8.6%, too high; whereas, for Alloy
5, in which the nickel-iron composition is reversed, the x-ray
reading of iron is 29, too low. Thus it is well to have the binar-
ies, from which the parameters are determined, near the 50-50
composition.

The last two columns in Table V give the compositions and
relative errors, assuming the relative compositions to be inversely
proportional to the intensity ratios of Table IV. The effects of
absorption and mutual fluorescence are readily observed, and
the effectiveness of the absorption parameters in correcting for
these effects is in evidence.

Analyses based on this procedure offer the significant advan-
tages of a physical method of analysis that is not restricted by
the need for reference or standard samples with a composition
similar to the sample being analyzed.

CONCLUSIONS

Absorption-excitation effects can be expressed in terms of em-
pirical parameters relating pairs of elements.

These parameters and flourescent intensity data can be com-
bined in theoretically simultaneous, linear equations.

A solution of these equations ultimately gives the percentage
by weight of each element in an alloy.

This definite system for solving these overdetermined equations
greatly simplifies the mathematical manipulation.

The accuracy of results obtained on ternary and quaternary
alloys compares favorably to that obtained by routine chemical
procedures.

This method is not restricted by need for reference samples.
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Spectrophotometric Determination of Humulone

Gomplex and Lupulone in Hops

GORDON ALDERTON, G. F. BAILEY, J. C. LEWIS, and FRED STITT
Agricultural Research Service, Western Utilization Research Branch, U. S. Department of Agriculture, Albany 6, Calif.

A rapid method for determination of lupulone and of
humulone complex (humulone plus cohumulone) in
petroleum ether extracts of hops is based on absorbance
measurements at wave lengths of 275, 325, and 355 mg.
The influence of solvent and of alkali in methanol on
the spectrophotometric stability of lupulone and
humulone complex has been studied. The background
absorption of hop extracts due to components other
than these two has been investigated by adsorption on
ion exchange resin and silica gel, by molecular distilla~
tion, and by alkaline extraction of hop extracts. Con-
ditions to which a background absorption must con-

form in a ternary spectrophotometric analysis, so that
it makes no contribution to values for each of two real
components, are pointed out. These conditions are
shown to be approximated well by the variable back-
ground absorption of hop extracts due to components
other than lupulone and humulone complex.

HERE is need for a rapid method for determination of the
resinous constituents of hops, which are important in brew-
ing. These include humulone, lupulone, and cohumulone.
Cohumiulone was discovered recently by Rigby and Bethune
(11), who isolated it by countercurrent distribution. It is
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precipitated with humulone by lead and o-phenylenediamine,
and its absorption spectrum and optical rotation are nearly
identical with those of humulone (9). Since humulone, cohumu-~
lone, and possibly a third component (11) are not distinguished
by the ultraviolet spectrophotometric method described or
by any other method, with the exception of countercurrent dis-
tribution (10), the term “humulone complex” is used for the
mixture and “humulone” for the pure compound.

A tentative proposal for spectrophotometric determination
made by the authors in 1949 (6) was based on their observation
that lupulone and humulone complex give rise to the principal
absorption of hop extracts in the spectral region approximately
from 300 to 400 mu. Although the tentative method proved
very useful in following the isolation of lupulone and humulone
complex, subsequent work by Rigby and Bethune (10) and work
in this laboratory has shown that the content of humulone com-
plex is overestimated systematically because of interference by
nonspecific absorption, which increases with decreasing wave
length.

The modified spectrophotometric method of Rigby and Beth-
une (10) was based on a preliminary purification of the hop ex-
tract by adsorption on silica gel, following the procedure of
Govaert and Verzele (4). Investigations of various methods of
fractionation of hop extracts have led to the wholly spectro-
photometric method reported here. The influence of the ill-
defined absorbing impurities is corrected by measuring the ab-
sorption at 275 mu, a wave length of minimum absorption for
both lupulone and humulone complex. The method is rapid;
results on prepared extracts can be obtained within 5 minutes.

The nature of the interfering background absorption was in-
vestigated by fractionating the impurities, that absorb at low
wave lengths, away from lupulone and humulone complex by
molecular distillation, by adsorption on ion exchange resin and
silica gel, and by alkaline extraction. Although the background
spectra thus obtained did not conform to varying concentra-
tions of a single hypothetical compound, they did follow the
relationship Asss: Ases:Aes = 1:(0.93 + 0.18X): X, which allows
a solution for lupulone and for humulone complex by ternary
simultaneous equations. It is possible that such a property of
ternary equations, in allowing a certain variation in the spectrum
of background absorption, has not been reported previously and
may be useful in other applications. For example, backgrounds
of constant spectra will rarely, if ever, be found for plant extracts.

Lupulone and humulone complex, although relatively stable in
hop extracts, were found to be much less stable in more highly
purified form in various solvents, so that special precautions are
necessary in fractionation and standardization.

SPECTROPHOTOMETRIC PROPERTIES OF LUPULONE AND
HUMULONE COMPLEX

Spectrophotometric observations usually were made with a
Cary Model 11 recording spectrophotometer. Photometric
accuracy was verified with a yellow and a blue reference filter
(NBS-G-5145)and alkaline potassium chromate solutions prepared
according to Haupt (5). Mercury and cadmium emission lines
were used as standards for wave-length calibration. In general,
absorption spectra were scanned between 400-and 220 mp.
Although the Beckman Model DU spectrophotometer was used
only occasionally, the instrument may be used to advantage in
the analytical procedure where absorbance is to be measured at
only a few wave lengths. Concentrations should then be some-
what lower than shown here, in order to fall within the best pre-
cision of this instrument.

In the following discussion the absorbance of a solution at a
given wave length, A, is given by the expression:

A\ = logm%“) = acd

where I, is the energy transmitted by solvent-filled reference
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cell, 7, the energy transmitted by sample cell, ¢, the sample con-
centration in grams per liter, d, the cell depth (path length) in
centimeters, and «, the specific absorption coefficient. Thus,
where specific absorption coefficients are given, they are in units
of liters per gram centimeter.

Another symbol, A3, is useful in describing the attempts to
separate the ultraviolet-absorbing impurities from the lupulone
and humulone complex in hop extracts by liquid-liquid extraction,
by adsorption analysis, and by vacuum distillation. In such
cases the fractional absorbance Ax = A,D, where 4, is the ob-
served absorbance for an aliquot of any fraction, and D the
dilution factor from the starting hop extract.

It was found early in this investigation that both lupulone and
humulone complex in methanol solution separately obey Beer’s
law, and that the absorbance is additive in mixtures. These con-
ditions are, of course, essential to the development of convenient
equations for the analytical procedure.
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Figure 1. Absorption Spectra of Lupulone and Humu-

lone Complex in Acidic (0.002N) and Alkaline (0.002N)
Methanol

Absorption spectra of lupulone and humulone complex in
methanol are shown in Figure 1; details of the purification pro-
cedures are given in the mnext section. Spectra usually were
scanned immediately after mixing 0.03 ml. of 0.2N sodium hy-
droxide or 0.2N hydrochloric acid with the 3.0-ml. contents of
the 1.00-cm. fused-silica absorption cells. The solutions, 0.002N
in acid or alkali, were found to give reproducible spectra over
reasonable periods of time, as shown in the section on stability.
The alkaline spectra proved most useful, and undefined readings
refer to this condition. Reagent-grade absolute methanol was
used as a reference solvent; the small changes in solvent absorp-
tion caused by the acid were very reproducible. The alkali pro-

Table 1. Stability of Humulone Complex in Neutral
Methanol
Conen. of Storage Conditions Increase in Absorbance, %
Humulone Approx.
Complex, temp., . Hlumi-
Mg./ M1 ° C. Time nation 335 mg 325 mp 275 mau
10 25 7 days Room —25 —24 67
5 5 28 days Dark 1 1 27
1 25 90 days Room —47 —44 83
1 25 24 hours Room 0.5 0.5 1
0.054 25 4 hours Room -2 -2 ..
0.054 25 2 hours Room ~1 —1 ..
0.054 25 1 hour Room 0.5 0:
0.040 25 4 hours Room -5 —6 19
0.040 25 4 hours Dark 0.5 0. 2
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tant primarily in fractionation,

Table II. Stability of Lupulone and Humulone Complex in Alkaline Methanol purification, and standardiza-
Sodium Hydroxide Ammonia tion. Unlike similar solutions
NaOH H.0  Storage Absorbance NH;  H.O . Storage Absorbance .
conen., concn., time, _ hange, % conen., concn., time, hange, % of the punﬁed components,
N o min. 355 mu 325 mu 275 mp N % min. 355 mp 325 mp 275 mp petroleum ether extracts of
Humulone Complex hops are unexpectedly stable.
0.02 1 10 -0.7 <0.5 1 0.03 1 960 -9 -9 19 i i
0.01 0.5 15 <0.5 <0.3 <2  0.01 0.3 15 <0.5 <0.5 <2 Absorption  Coefficients of
0.02 1 15 <0.5 <0.5 <2 0.02 1 15 <1 <1 <3 Lupulone and Humulone.
0.002 1 15 <1 <1 <2 0.002 1 15 <1 <1 <2 Luoul d
0.02 10 15 <1 <1 <3  0.02 10 15 <1 <1 <2 upulone was prepared by
0.012 0.3 180 <1 <1 <3 8'8% é 5 138 23 5 25 5 5 direct crystallization from the
Lol ’ petroleum ether—soluble solids
upulone R .
0.02 1 20 0.5 0.5 3 0.02 <0.1 10 -2 -1.5 6 of C(?mmeI‘CIally.drled hoPS.as
0.02 1 10 0.5 0.5 3 0.02 1 10 —4 -3 13 previously deseribed (7), with
.001 0.5 32 0.5 0.5 3 0.02 0. 120 17 —11 53 th talli : £
8_883 63 gg _(1) 0.5 g ree crystallizations from
-0005 . —-0.5 ~0.5
3300 9 20 -3 -0 3 petroleum ether and two from

909, methanol. The use of

duced precise results if the reagent was kept free of carbonate,
which may precipitate in anhydrous methanol and cause light
scattering.

Stability. Methanol was chosen as the solvent for spectro-
photometry because humulone complex and especially lupulone
are relatively stable in it. Solutions of lupulone in methanol
(250 v per ml.) showed no change in 3 months at room tempera-
ture in diffuse daylight. Humulone complex, although much
less stable, is adequately stable for analytical purposes at scanning
dilutions if dark storage is used or if the final dilution into meth-
anol is delayed until a few minutes before reading (Table I).

The stability of humulone complex and especially of lupulone
i3 least in nonpolar solvents. The spectrum of lupulone in 2,2,4-
trimethylpentane, although similar to that in acidified methanol,
changed within 20 minutes (109, decrease in As). On further
storage (up to 3 months at room temperature) the spectrum ap-
proached that of a simple carbonyl compound. Similar, but
somewhat slower, changes occur in petroleum
ether and carbon tetrachloride. However, lupulone

dry ice as an aid in grinding
hops (7) is to be avoided, be-
cause it causes unexplained losses of both lupulone and humu-
lone complex. Samples of this preparation were recrystallized
repeatedly by four different procedures.

1. By solution in petroleum ether and chilling to —20° C.
(seven times).

2. By solution in methanol and addition of 109, of water
(three times).

By partial neutralization with hydrochloric acid of a solu-

tion of sodium lupulonate in 609, methanol (three times).

4. By cooling a 4.5%, solution in petroleum ether successively
to 30°,20°, 0°, and —20° C., crystal crops being removed at each
temperature.

Table IV shows melting points and specific absorbances at a few
selected wave lengths for several stages of each treatment.
Inasmuch as the melting point of lupulone varies with rate of
heating, these melting points were determined by inserting the
capillary in a bath at 85° C. with the temperature rising 6° per
minute.

appears to be fairly stable in chloroform.
Humulone complex changes in ethylene dichloride
to givea spectrum similar to that of ischumulone (3)

Table III.

Variation of Spectrum of Humulone Complex in
Methanol with Sodium Hydroxide Concentration

when scanned in alkaline methanol. The change NaOH, Absorbance®

oceurs somewhat more rapidly in diffuse light than Concn., N 380 my 370 mu 360 mp 355mu 345mu 335 mp 325me 275mp 220 mu
in the dark, but is complete within 24 hours at 902 10 I3 T 14% DB 18Y 7% ok 3l
room temperature for a 0.03% solution. 9:00: 18 1y Lan LA a8 L& L7 ol 2B

The concentration and kind of alkaline give small
bur analytically important effects upon both the
spectra and the stabilities of purified lupulone and
A scanning solu-

humulone complex in methanol.
tion- composed of 999, methanol and 1%,
water, and 0.002N in sodium hydroxide
wag chosen for analytical purposes be-
cause lupulone is unstable in ammoniacal
methanol (Table II) and because the
spectrum of humulone complex is in-
fluenced by concentration of sodiumm hy-
droxide (Table IIT).

The concentration of water in the range
0.1 to 3% had no effect on the spectra of
lupulone or humulone complex in weakly
alkaline methanol. Higher concentra-
tions affected the spectrum of humulone
complex, particularly with the higher con-
centrations of sodium hydroxide. Vari-
ation of water concentration in the range
0.3 to 109, had little effect upon stability,
except for lupulone in the presence of
0.02N ammonium hydroxide.

Precautions regarding stability of lupu-
lore and humulone complex are impor-

@ Both lupulone and humulone complex have spectra in methanol which are independent
of the concentration of ammonia (from 0.0001 to 0.02N, or from 0.7 to 200 times the stoi-
chiometric equivalent) and which agree with those observed with low concentrations of so-
dium hydroxide. The spectrum of lupulone is independent of the concentration of sodium
hydroxide in the range 0.001 to 0.02N. Secondary maxima (227 mp for humulone complex
and 222 mu for lupulone) become evident in the more dilute alkali, because absorption by
the sodium hydroxide, not compensated in the scanning procedure used, obscures them at
all but the lowest alkali concentrations.

Table IV. Purification of Lupulone
Specific Absorption Coefficients®

Meliioe Ta Alkali Tn Acid
Procedure Stage °C. 355 mu 331.5mu 325mp 275 mu 355 mp 325 mp 275 mu
Starting

material 0 93-93.5 45.7 36.4 32.5 3.6 i8.4 21.0 15.5

1 1 93.5-94.5 45.6 36.6 32.5 3.5 18.3 21.1 15.8

2 94-95 46.3 37.0 32.9 3.7 18.5 21.5 16.2

3 94-95 45.0 36.7 32.7 18.5 21.3

4 94-94.5 46.1 37.0 32.8 3.6 18.4 21.3 16.0

5 93.5-94.5 46.0 36.8 32.5 3.9 18.2 21.1 15.8

6 89-92 45.0 36.1 32.0 3.9 17.9 20.8 15.6

7 85-90 44.1 35.5 31.5 3.6 17.6 20.5 15.5

2 2 46.1 36.8 32.7 3.5 18.4 21.2 15.8

3 46.3 37.4 33.0 3.5 18.6 21.7 16.1

3 2 45.2 36.0 32.0 3.6 17.9 20.8 15.7

3 45.7 36.3 32.1 3.7 18.9 22.0 17.2

4 1 95-96 46.0 37.2 33.3 3.7 18.1 21.2 15.7

2 95-96 45.9 37.1 33.0 3.6 18.4 21.2 15.8

3 95-95.5 45.8 36.9 32.8 3.6 18.2 21.2 15.4

4 92-93 45.7 37.0 33.2 4.4 18.0 21.1 15.6

@ Splvent is methanol, 0.002¥ in sodium hydroxide or hydrochloric acid.
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Table V. Purification of Humulone Complex
Specific Absorption Coefficientsd

tion with hydrochloric acid)
from the parent batch of o-
phenylenediamine salt on

Temp., _ Optical In Alkali In Acid ich the purification studies
Fraction ° C. Rotation, °% 355mp331.5mu 325mu 275mu 355mp 345 mu 331.5 mp 325 mu 275 mu which the p .
- of Table V were carried out.
Original € .. .. 31.8 37.4 38.0 8.3 16.6 17.8 20.6 21.4 20.7 )
a1 ¥ 0 ms g sso 83 1es s ol als 207 Thesolventsystem was 0.43M
43 3 U1 mk ome e g5 165 1wy @ ars s potassium phosphate bufler
la ‘. .- . . . . . . . . . 3 an rime -
Blad 37 — 208 31.7 37.1 37.8 g.0 16.7 17.8 20.5 21.4 20.2 (p ) = 4
pbt L L, @7 @l ws o s9 o 1e% 17e 24 B4 203 pentane (>99 mole %), ap-
B3a — . . . . . . . . . .. . s
BE ke @0 D Baowe MR e g mw oy DR W 5
B4a - . . . . . . . 1. . w] use .
B4b 31.6 37.5 38.1 9.1 16.7 17.9 20.5 21.4 20.4 et une, 0 p

¢ In methanol (¢2,1L). .
& Solvent is methanol, 0.002N in sodium hydroxide or hydrochloric acid.

¢ Except for Ala, the measurements for Series A were made on the o-phenylenediamine salt and corrected for

absorption due to the o-phenylenediamine content.

d For Series B, duplicate samples of each humulone-complex fraction were weighed for scanning to obtain an
The difference between duplicates is generally less than 0.5%.
The averages of set B3a and b have been chosen as the best values for the absorption coeflicients of humulone ¢com-

estimate of the precision of the absorption curves.

plex in methanol under the above conditions.

phosphate buffer. The con-
centration of humulone com-
plex influenced the distribution
markedly; 7.5 mg. per ml. gave
a distribution ratio, K, about
twice as high as that at 1 mg.

Repeated recrystallization by chilling in petroleum ether
(Procedure 1) caused the melting point and absorbance at high
wave lengths to pass through a maximum at the second and third
stages while As;; showed a minimum in the same region. Pro-
cedure 3 slightly degraded the starting material. Inasmuch as
the over-all changes in spectrum on repeated recrystallization
were very small (0.5% at higher wave lengths), the standard
lupulone sample is assumed to have high purity. The first and
second stages of Procedure 4 gave products with a 1° higher melt-
ing point than any others. Because lupulone melts with de-
composition making melting points highly sensitive to small
changes in technique, this treatment may not have produced
lupulone of significantly higher purity than that from the other
treatments. The specific absorption coefficients for lupulone
chosen for analytical calculations are: 355 mgu, 46.0; 325 my,
33.1; 275my, 3.7,

Humulone complex was isolated, from the petroleum ether—
soluble solids of hops remaining after lupulone crystallization, as
the o-phenylenediamine salt by the method described previously
(7). The absorption coefficients of humulone complex in acidic
and alkaline methanol were studied with both free humulone
complex and with the o-phenylenediamine salt (with corrections
for the absorption of the contained o-phenylenediamine). Spec-
tra were scanned for various samples crystallized by chilling
benzene solutions of the o-phenylenediamine salt of humulone
complex to successively lower temperatures. For
Series A of Table V, 10 grams of o-phenylene-

per ml.

The first 59-tube run gave
two peaks with approximate areas under the curves corre-
sponding to 14.5% of the slower component (K = 0.51) and
85.5% of the faster component (K = 1.27). The second run
gave 15% of the slower component (K = 0.53) and 85% of
the faster component (K = 1.34) as indicated by Aszs. Tt
appears that the humulone complex on which the absorption
coefficient studies were made contained less than 15%, co-
humulone, because the parent material was recrystallized from
benzene and from a benzene—petroleum ether mixture, a treat-
ment which, Rigby and Bethune (17) state, enriches the precipi-
tate in humulone.

INVESTIGATIONS OF HOPS

Extraction Procedure. In contrast to petroleum ether solu-
tions of lupulone and humulone complex, petroleum ether ex-
tracts of hops are remarkably stable. After 24 hours at room
temperature the spectra of hop extracts (equivalent to 2.5 mg.
hops per ml.) in petroleum ether (boiling point 30° to 60° C.)
show essentially no change. After 72 hours, the adsorption in
the 275 mu region rises moderately (approximately 30%) but
little change occurs at the higher wave lengths characteristic of
lupulone and humulone complex. The reason for this marked
difference in stability is not known. Direct extraction of dried
hops with petroleum ether has obvious advantages, with respect

diamine salt (crystallized three times from ben-
zene) in 125 ml. of benzene at 40° C. was cooled

Table VI.

Effect of Extraction Procedure on Extract Purity

Hop 1 Hop 2

to 25° C., a crop of erystals was removed, washed Lunal Humullone = Laoul Humullone 5

1 1 1 upulone, compiex, XCess upulone, complex, Xcess
w:it(.ih Petrc;leum ethfer, anlsl ldmed in vacuurg. (-,Tlv;g Extraction Method e o i A 5 2 Aneoes?
additional crops of crystals were removed a Direct methanol 5.2 8.4 150 4.8 7.8 167
and 5° C., the latter with the addition of 10% Petmleumf et;he}r1 ex. s )
petroleum ether. Humulone complex (458 mg., gﬁﬁcf methano -2 7.0 58 1.3 6.7 85

H 3 3 Direct petroleum

999, of theory) isolated by shaking with aqueous Irect b 47 7.6 £ 41 6.5 51

hydrochloric acid and ethyl ether from 600 mg. of
fraction Al gave the results shown for entry Ala of
Table V, in good agreement. with the coefficients

¢ Calculated using Equations 1a and 1b. X
b Direct extraction with petroleum ether by rocking at room temperature was found to
be complete in about 30 minutes in confirmation of earlier reports (2).

measured on the o-phenylenediamine salt.

A similar procedure on a larger scale was used
for Series B of Table V, except that free humulone
complex was made for the absorption and optical
rotation measurements reported for each fraction.

Fraction
The specific absorption coefficients for humulone Original
complex chosen for analytical calculations are: 1st extract
355 my, 31.8; 325 mu, 38.1; 275 my, 9.0. ggg:;g:&t
After the discovery by Rigby and Bethune (11) 4th extract
of cohumulone in hop extracts two countercurrent g:f;do‘;e
distributions were conducted with humulone com- fractions

plex isolated by ether extraction (after acidifica-

Table VII. Fractionation of Hop Extract by Aqueous Alkali Extraction

Assay Values, Dry Wt. of Hop, %

Humulone
, Lupulone Complex
_Excess A'sn ™ Ternary Binary = Ternary Binary
Al Alsm A ;:ss Amount 9% analysis analysis analysis analysis
52.2 196.0 204.1 15.0 40 4.56 4.41 5.89 6.46
37.9 158.0 160.3 7.0 23 3.16 3.09 5.34 5.61
4.0 20.3 26.3 1.3 48 1.03 1.02 0.14 0.18
1.8 6.3 8.2 1.0 125 0.33 0.32 0.02 0.05
1.0 1.9 2.3 0.7 250 0.08 0.08 —0.04 0.03
9.3 5.8 5.1 e 0.11 0.03 —0.02 0.28
54.0 192.3 202.2 10.0 4.71 4.54 5.44 6.15
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to simplicity and speed, over methanol extraction followed by
successive liquid-liquid extractions with petroleum ether, as
commonly employed.

The low absorption of both lupulone and humulone complex
near 275 my provides a region of relatively high sensitivity to
absorbing impurities. An index of absorbing constituents,
other than lupulone and humulone complex, in extracts is cal-
culated by subtracting from the observed Aus, the theoretical
Az for the lupulone and humulone complex, which a binary
analysis of A and Asss indicates should be present; this excess
absorbance may be expressed as a percentage of the calculated
Ags.

Hop T

Extract 02

N

Hop Extract

Absorbance, Distillation Residue

af
o ™~
s | chuum_\\ ol
2 L Distillation™~
o} Residue -~
[723 b
Rl
<< |
1 2 —_ N L
250 300 350

Wave length in Millimicrons

Figure 2. Absorption Spectra of Hop Extract
and Background (Separated by Molecular Distilla-
tion) in Alkaline (0.002N) Methanol

Methanol extraction of dried hops gave extracts with approxi-
mately 1509 excess Aqs; while petroleum ether extracts showed
about 50 to 60% excess Az; (Table VI). Liquid-liquid petroleum
ether extracts of methanol extracts give intermediate values for
excess Axs.  Moreover, the difference curve between the spectrum
for a direct petroleum ether extract and that for a methanol ex-
tract of .the same hop sample has a different shape than a typical
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hop-extract spectrum (Figure 2), being high at low wave lengths
and low at high wave lengths.

Fractionation of Hop Extracts. Although lupulone and humu-
lone complex obviously account for most of the ultraviolet ab-
sorption of petroleum ether extracts of hops, the presence of
excess absorption in the 275 mu region shows other absorbers to
be present. The larger part of this work has been devoted to
attempts to determine the nature of this interfering absorption.
The problem has proved to be difficult, and no procedure has
been found for separating completely the lupulone and humulone
complex from the other absorbers. Four approaches to the frac-
tionation of hop extracts have been tried: Alkaline extraction,
ion exchange absorption analysis, silica gel adsorption analysis,
and molecular distillation.

A major difficulty in any fractionation of hop extracts is the
instability of the separated constituents. In petroleum ether
and ethylene dichloride, whole hop extract is stable in comparison
with isolated lupulone and humulone complex, which are mark-
edly unstable. Thus, in adsorption analyses, conservation of
absorption of the various fractions is not achieved, absorption
being augmented at low wave lengths (below 300 mu) and lost
at higher wave lengths during fractionation. However, these
changes, during chromatography on both ion exchangers and
silica gel, can be minimized sufficiently by control of solvent
choice, time, and illumination to yield useful qualitative and semi-
quantitative information on the interfering absorbers. Molec-
ular distillation and alkaline extraction were the only operations
in which good absorbance conservation at all wave lengths was
obtained.

Alkaline Extraction. A petroleum ether extract (10 ml. of a
59, extract) of a good quality hop was extracted rapidly four
times with 2 volumes of aqueous 5%, potassium carbonate solu-
tion. The over-all conservation of absorbance was good (line
1 versus line 7, Table VII). Because of its ascending shape
toward lower wave lengths, the residue from alkaline extraction
calculates almost exclusively as humulone complex in the binary
analysis based on 325 and 355 mu. Its contribution to the humu-
lone-complex value (0.28) is approximately 5% of the apparent

Table VIII.

Samples Quality Fraction Cut No. 475 A;zs
Hop A¢ Poor  Original extract 51.2 68.8
Lup.-hum. cuts 1-14 13.4 38.0
Interference 15-24 40.4 27.0
Sum of cuts 1-24 53.8 65.0
Hop A Poor  Original extract 38.5 55.6
Lup.-hum. cuts 1-6 14.6 42.6
Interference 7-9 23.8 13.1
Sum of cuts 1-9 38.4 55.7
Hop B Fair Original extract 49.0 127.1
Lup.-hum. cuts 1-14 27,0 111.2
Interference 15-17 24.3 16.0
Sum of cuts 1-17 51.3 127.2
Humulone complex Original solution 264 1128
Humulone complex 1-7 247 1027
Interference 811 55 43
Sum of cuts 1-11 302 1070
Distillate of hop B Fair  Distillate 25.8 93.4
Lup.-hum. cuts 1-6 17.9 79.8
Interference 7-9 10.2  10.2
Sum of cuts 1-9 28.1 90.0
Distillate of hop C Good Distillate 42.3 191.3
Lup.-hum. cuts 1-6 35.5 172.0
Interference 7-9 12.5 18.0
Sum of cuts 1-9 48.0 190.0

Fractionation of Hop Extracts by Adsorption Analysis on Silica Gel

. Humulone
Excess Az27s Lupuloneb Complex?d
, % Ternary Binary Ternary Binary
Asss % Amount removed analysis analysis analysis analysis
62.0 241 36.2 0.86 0.50 1.81 3.18
38.1 53 4.8 87 0.75 0.69 1.17 1.39
19.0 570 33.4
57.1 273 38.4 0.71 0.31 1.65 3.14
52.6 235 27.4 0.95 0.67 1.31 2.33
43.7 78 6.5 76 0.95 0.88 1.22 1.47
_8.7 580 20.3
52.4 231 26.8 0.91 0.65 1.35 2.37
129.0 100 24.4 2.74 2.50 3.59 4.51
118.6 34 6.7 72 2.87 2.81 3.15 3.40
_10.9 500 20.0
129.5 110 26.8 2.81 2.55 3.46 4.47
941 1.5 4 -0.15 —0.1 100 100
848 3.3 8 —1.6 -1.7 92.2 92.4
29 380 43
877 20 51 —-2.2 —2.9 94.3 97.2
94.8 42 7.6 1.91 1.83 3.02 3.31
85.0 22 3.2 58 2.03 2.00 2.33 2.45
7.1 280 7.5
92.1 60 10.6 1.96 1.85 2.71 3.12
200.6 19 6.7 4.52 4.46 5.94 6.18
187.3 15 4.7 30 4.81 4.77 4.71 4.90
_13.3 66 8.3
200.6 35 13.0 4.71 4.58 5.52 6.00

¢ The sample (petroleum ether extractables) in ethylene dichloride (or benzene extract in Run A) was added to a 0.6 X 7 cm. column (0.6 X 16 em. for Run

B) of ethylene dichloride-washed silica gel (Davison).

Eluate was collected in 10-ml. cuts with a rate of flow of 0.6 ml. per minute.

elute the interference after complete elution of lupulone and humulone complex.

proximately 3 hours, and the cuts were scanned immediately after collection.
b Percentage of original weight.
¢ Benzene extract and developer.
d Decomposition exceeded purification.

‘Methanol was used to
The light intensity was less than 2 foot-candles, the time of elution was ap-
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content (6.15%). The residue contained about 259, of the pe-
troleum ether—soluble solids, or about 4%, of the weight of this
hop, and it accounts for about 509, of the excess Au; of the origi-
nal extract.

Silica Gel Adsorption Analysis. Adsorption analysis on silica
gel with benzene as a developer was introduced by Beyaert and
Cornand (1) for preparation of lupulone and humulone complex
and by Govaert and Verzele (4) for preliminary purification of
hop extracts in the analytical method for these substances.
Rigby and Bethune (10) adapted the procedure to the spectro-
photometric determination. Ethylene dichloride has been sub-
stituted in the present investigation because benzene extracts
of hops are unstable to light. Thus, with ethylene dichloride,
no change in A5 was noted in 66 hours, whereas a loss of approxi-
mately 5% was noted in 30 hours with benzene with a light in-
tensity less than 2 foot-candles. Separated humulone complex
is unstable in ethylene dichloride also, so that losses occurred
even with the duration of experiments limited to 3 hours.

Summarized in Table VIII are six fractionations on silica gel
of hop extracts, molecular distillates of hop extracts, and humu-
lone complex. It may be noted that ethylene dichloride gave
better recovery of adsorbance than benzene, but that approxi-
mately 89, decomposition of humulone complex occurred. The
excess Aa; formed during adsorption analysis of humulone com-
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distillation seemed most likely to offer easy control of decom-
position. The expectation was borne out by the excellent con-
servation of absorption at all wave lengths.

Extracts were prepared as follows, to eliminate a methanol-
insoluble waxlike material of very low specific absorption: Hand-
ground hops (usually 5.0 grams) were rocked at room tempera-
ture with 100 ml. of petroleum ether for about 40 minutes. The
solids were allowed to settle, and an aliquot of supernatant liquid
was evaporated to dryness under mechanical pump vacuum at a
low temperature. The solids were chilled in a dry ice bath before
release of vacuum and then dissolved in a volume of methanol
equal to that of the petroleum ether aliquot. A small amount
of insoluble wax was filtered off and the filtrate used for molecular
distillation. The wax represented less than 0.19, of the ultra-
violet absorption of the petroleum ether extract.”

For distillation, 2 or 3 ml of such a 5%, extract of hops plus an
equal volume of methanol were evaporated slowly to dryness
under mechanical pump vacuum in the molecular still to obtain
a film of uniform thickness. This is not difficult if heat is sup-
plied only by air conduction. Unless the films are protected from
contact with air (by vacuum or by chilling), excess absorbance
develops at low wave lengths and loss of absorbance at high wave
lengths. The still containing the solids was then chilled to dry
ice temperature, the vacuum released, and the still transferred to
a vacuum system consisting of a mercury-diffusion pump backed
by a two-stage mechanical pump. When the vacuum reached
<1 micron, the Dewar-type still pot was heated to 60° C. for
2 hours (sufficient for complete distillation of lupulone and
humulone complex, as judged from the shape of the residue

plex appeared principally in the methanol eluate. With all
hop extracts the sum of A’y

for all cuts exceeded the

original A.; whereas the re-

verse was true for A’p; and Table IX.

A'sss. Most of the composi-
tion change appears to be at Hop . ‘ ,
the expense of humulone com- Number Fraction Aws
plex, the lupulone values re- 1 Extract 25.2
maini.ng fajirly constan.t.' géi?g}j‘ete 13:3
It is evident that silica gel Dist. + res. 25.0
adsorption analysis does not 2 Extract 23.9
ctionate lupu- Distillate 14.5
completely fra 1 ona . u;i ' Distillat -2
lone a.nd hur-nu one complex Dist. + res. 23.8
from interfering absorbers. 3 Extract 48 4
The percentage of excess Aas Distillate 26.0
of the original extract removed ]g?::d‘i ree %
by adsorption analysis gives a ’ : ’
f the efficienc 4 Extract 38.5
rough measure of the efficie y Distillate 25 8
of the procedure. Approxi- Residue 13.9
mately 72 to 87% of the inter- Dist. + res. 3.9~7
ference was removed from hops o ED?::Sf:te ;’; 3
A and B, whereas with hop Residue 261
distillates, the decomposition Dist. + res. 63.8
exceeded the punfication. 6 Extract 51.7
Specially prepared silica gel Pistillate 358
has been recommended (1, 10), Dist. + res. 51.8
but was not tested in the in- 7 Extract 52.5
1 1 1 Distillate 35.0
vestigation. Rigby (?) ha? Distillat 259
stated that conservation o Dist. + res. 52.8
the absorbance of humulope 8 Extract 54.6
complex was obtained by its Distillate 38.7
us Residue 15.9
C- Dist. + res. 54.6
The spectl:a (.)f the methanol 9 Extract 55.9
eluates are similar to those for Distillate 44 .6
the residues of molecular dis- g?st‘d‘ii %
. . . . res. < .
tillation. The relative absorb- b s
£ thi terial from 10 Extract 60.4
ances of this materia 1 Distillate 45.4
the hop extracts are approxi- Residue 16.0
mately 1:1.5:2.1 to 2.7 for Dist. + res. 61.4
. . _ 11 Extract 45.1
Awsi Aums: Ay Distillate 39.7
Molecular Distillation. Residue 71
Since adsorption analysis had Dist. + res. , 46.8

shown hop extracts to contain
very labile systems, short-path

¢ Percentage of original weight.

Fractionation of Hop Extracts by Molecular Distillation

' Humulone
Excess A Lupulone® Complex?®
’ ’ % re- Ternary Binary Ternary Binary
Az Aszss Amt. 9% moved analysis analysis analysis analysis
44.7 48.7 17.4 222 1.42 1.24 0.61 1.27
38.4 44 .4 9.2 150 47 1.44 1.34 0.50 0.85
4.4 _§;9
42.8 47.4 1.45 1.27 0.48 1.14
30.3 32.0 18.3 325 0.92 0.73 0.26 0.96
26.4 29.7 10.1 230 44 0.94 0.83 0.28 0.66
3.7 20
30.1 31.7 0.90 0.72 0.27 0.96
72.0 70.0 33.9 234 1.42 1.08 1.56 2.84
61.7 63.8 14.4 125 58 1.48 1.34 1.53 2.08
10.2 6.0
71.9 69.8 1.41 1.07 1.56 2.85
105.3 109.9 19 97 2.58 2.40 2.74 3.45
98.4 104.5 8 45 58 2.51 2.44 2.76 3.05
_6.0 _339
104.4 108.4 2.52 2.31 2.71 3.47
140.7 133.7 35.4 122 2.12 1.77 4.52 5.85
122.1 118.3 13.1 53 63 1.91 1.70 4.38 4,86
13. 9.2
135.4 127.5 1.93 1.58 4.40 5.74
145.0 146.6 23.8 85 3.02 2.78 4.31 5.19
136.3 140.4 9.9 38 58 2.98 2.90 4.28 4.64
_7.8 _55
144.1 145.9 3.03 2.79 4 25 5.14
139.6 137.6 24.9 90 2.54 2.30 4.41 5.33
129.3 130.1 10.0 40 60 2.51 2.41 +4.33 4.69
_87 6.0
138.0 136.1 2.53 2.28 4.32 5.27
193.5 200.0 18.3 50 4.37 4.18 5.85 6.52
182.9 190.7 50 15 73 4.19 4.14 5.85 6.00
9.3 _ 6.8
192.2 197.5 4.22 4.04 5.92 6.58
212.8 217.6 15.5 38 4.51 4.35 6.83 7.39
202.1 208.3 6.7 18 57 4.37 4.31 6.65 6.86
9.2 7.3
211.3 215.6 4.44 4.27 6.74 7.38
220.8 225.7 18.4 44 4.69 4.51 7.01 7.68
209.1 216.6 6.3 16 65 4.64 4.58 6.79 7.00
10.2 7.7
219.3 224.3 4.69 4.49 6.89 7.61
213.0 224.4 6.1 16 5.13 5.08 6.57 6.77
206.6 221.1 2.6 7 57 5.32 5.30 6.18 6.34
5.2 4.1
211.8 225.2 5.35 5.27 6.25 6.54
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curves), while the cold-finger condenser was cooled with a mixture
of aleohol and dry ice. After distillation the still pot was cooled
in dry ice, the vacuum was released, and the distillate and residue
were dissolved quickly in absolute methanol.

Table IX gives results on extract, distillate, and residue for
11 hops of varying quality. The absorbance balances are ex-
cellent and superior to those for fractionation on silica gel. The
resuits have been selected (from results with 24 hops) to show the
widest ranges of lupulone and humulone-complex content and
ratio. Hop 2, with a brown color and strong valeric acid odor,
had about one twentieth as much lupulone or humulone complex
as the best hop (No. 10). The ratio of lupulone to humulone
complex varied from about 0.9 to 0.3.

— ; — T
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o o | .
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Figure 3. Relationship among A5, Aps, Ays for

Separated Hop Backgrounds

[ Silica gel chromatography

A Alkaline extraction

QO Molecular distillation

@ ILon exchange chromatograph

Regression line 4as/Ass = 0.933 + 0.1824 Am/Am
estimate = 0.068

Standard error of

Molecular distillation removed about two thirds of the excess
Aas of the extracts and showed the binary analysis for humulone
complex to be high by at least 7 to over 1009, depending on hop
quality, or by about 10 to 129, for the samples most frequently
encountered. The relative coefficients of nonvolatile residue
varied with hop quality as shown in Figure 3 where A;;5 has been
set at 1.00. The residues of hops with more than 5 to 7%, humu-
lone complex are fairly well represented by the relative coeffi-
cients 1:1.35:2.4 for Asss: Ases: Axs, whereas those with 3 to 5%
humulone complex have residue coefficients of about 1:1.4:3.0.
Table IX shows that lupulone values by the binary analysis are
relatively unaffected by the presence of the interfering materials
removed by molecular distillation. As will be shown below,
humulone-complex values by the ternary equations are much
less sensitive to variations in the relative coefficients of the inter-
ference than those by the binary equations.

Ion Exchange Resin Adsorption Analysis. Lupulone and
humulone complex are adsorbed quantitatively from methanol
(although not from: petroleum ether) by the strongly basic ion
exchange resins such as IRA 400 and Permutit S, and are eluted
quantitatively by 0.1V hydrochloric acid in methanol (Table X).
Inasmuch as lupulone and humulone complex have maximum
stability in methanol, these adsorbents should be preferable to
silica gel or other nonexchange materials from which these acids
are eluted by neutral methanol (and therefore require the use of
other solvents).

In preparation for fractionation of hop extracts on TRA 400,
elution constants were determined by the method desecribed by
Tompkins (12) from bateh equilibrations in 0.2N solutions of
various acids in methanol. The distribution values, Kd, for
lupulone and humulone complex, respectively, were as follows:
acetic acid, 100 and 942; formic acid, 24 and 67; chloroacetic
acid, 21 and 30; and malonic acid, 20 and 22. Experience with
columns has confirmed the prediction that formic acid is best

‘suited for the separation of lupulone and humulone complex,
whereas acetic acid is best suited for the resolution of those com~
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Table X. Sorption of Lupulone and Humulone Complex
by Ion Exchange on IRA 400

Humulone

Resin® ’ , Eﬁ?ﬂ:‘hl Lupulone,b Complexb,

Mg. Fraection Az Aes Amt. 9 Mg. Mg.
Original extraet 2544 663 175 36 21.7 32.7
10 Filtrate 2473 626 172 38 21.6 30.5
Eluate 117 51 16 44 0.0 2.9
75 Filtrate 1667 410 180 78 20.1 12.5
Eluate 888 275 35 14 1.4 20.2
150 Filtrate 858 260 160 160 11.8 4.3
Eluate 1724 475 88 23 9.4 29.5

300 Filtrate 236 160 116 138 2.0¢ 3.0¢
Eluate 2334 512 75 17 19.3 30.3

@ The resin was rocked with 25 ml. of hop extract (equivalent to 625 mg.
of hops) in methanol for 1 hour, after which it was washed twice by decanta-
tion and then rocked for 1 hour with 0.11N hydrochloric acid in 999, meth-
anol to effect elution.

b By binary analysis.

¢ The shape of the spectrum showed that less than half of the indicated
values actually could be lupulone or humulone complex.

ponents that are adsorbed less strongly than lupulone. Table X

" shows that nearly all of the material contributing to excess Aqy; is

less firmly bound than humulone complex, and the greater part is
less firmly bound than lupulone. With 300 mg. of resin, an
amount sufficient to adsorb humulone complex and lupulone
quantitatively, 669, of the excess Axs; remained in the filtrate.

A control experiment gave quantitative recovery of humulone
complex, when developed on a column of TRA 400 formate with
0.2N formic acid in methanol, if the column was kept in the dark.
With a column exposed to diffuse light, substantial losses of both
lupulone and humulone complex were incurred (Table XI). The
period of contact on the column appeared to have less effect
than exposure to light. Excellent resolutions of lupulone and
humulone complex were obtained, because these substances were
well separated from each other and from most of the strongly
adsorbed impurities of hop extracts that contribute markedly to
excess A, as well as from the impurities that are adsorbed less
strongly than lupulone. The latter were investigated by develop-
ing with 0.05N acetic acid in methanol. At least five distinct
components may be recognized (Table XIT),

" Fractionation of molecular distillates of hop extracts showed
that the absorbing materials coming off the TRA 400 column ahead
of lupulone were removed almost quantitatively by the distilla-
tion procedure, because less than 0.29% of Aps or Ass was re-
covered in cuts prior to lupulone. In these experiments on molec-
ular distillates, 0.5 hydrochloric acid in methanol eluted ma-
terial with Asss:Ases:Aers equal to approximately 1:2:5, in
amounts which accounted fairly well for the excess A5 of the distil-
lates. Interpretation of the origin of this material was compli-
cated, as with whole hop extracts, by breakdown of some lupulone
and humulone complex which was evidenced by failure to re-
cover quantitatively the absorbance at high wave lengths,

It is thought that better recoveries could be obtained by de-
velopment of columns in the dark at low temperature; and that
ion exchange sorption analysis might yield the absolute values
for lupulone and humulone complex required for confirming’
the validity of the spectrophotometric method proposed. The
evidence obtained from the fractionation experiments is discussed
in connection with the ternary analysis.

Analysis of Hop Extracts. Several possibilities exist with re-
spect to a spectrophotometric estimation of hop quality and par-
ticularly of the humulone complex which is of prime importance
to the bittering power of hops. Binary analyses based on two
absorbance readings in the neighborhood of the absorption
maxima, 355 and 325 my, for lupulone and humulone complex,
and ternary analyses of greater accuracy gained through the use
of an additional absorbance reading are discussed. Combina-
tions of spectrophotometric measurements and some method of
separation of lupulone and humulone complex from other ultra-
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values for humulone complex approxi-

Table XI. Recovery of Lupulone and Humulone Complex from IRA Formate mately 109, too high for good quality
Recovery of Original hops and as much as 1009, too high for
_Absorbance, 7 stored hops of poor quality. In the
Expt.® Test Load Conditions Fraetion Aws Awm 4w latter case the larger error is due to both
A Lupulone, 16 mg. Darkness, 4 hours; Lupulone 98.5 100 101 3 3
cluted 'in diffuss Deeomposition P the greater contribution of components
light other than lupulone and humulone com-
B Humulone complex, Darknessd Humulone complex 99 100 103 plex and the larger ratio of Asss:Asss
30 mg. Decomposition 1.2 1.2 1.8
. . because of such components. The errors
C Lupulone, 16 mg., Diffuse light, 9 hours Lupulone¢ 38 27 19 . e £ h
plus humulone Humulone complex® 47 57 77 in lupulone content arising from the use
complex, 30 mg. Decomposition 0.7 1 21 of Equation 1b are usually much smaller
b . . Total 86 85 118 than for humulone complex with the
xtract of 500 mg. of Dark column; elu- Impurity before lu- 3.4 3.8 11.3 H 5
hopsd ates collected over- pulone ore correspox.ldlng Equation 1a. .
:}llgli& without light Equations la and 1b should give ac-
1eldin, . .
£ hupulclme | 51 39 24 curate results for a procedure in which
umulone complex 38 49 61
Tmpurity aftor humu-  0.25  0.87 3.4 the components other than.lupuloge and
lone complex humulone complex are satisfactorily re-
Total 93 92 100 moved prior to spectrophotometric
E Extract of 400 mg. of Dark column; elu- Impurity before lu- measurements.
hops ¢ ates collected over- pulone 0.6 1.1 9 .
n}llghl'é without light %upulcl)ne 55 42 33 Ternary Analysis. Background com-
shielding umulone complex 38 49 37 -
Trpurity after pumu- ponents, other tban lupulone? and humu
lone complex 0.7 1.4 9 lone complex, with reproducible spectro-
Total 94 93 88 photometric properties may be elimi-

“'The columns, approximately 0.9 X 22 cm., were eluted first with 0.2N formic acid in methanol
until lupulone and humulone complex were removed completely, and then with 0.5N hydrochloric acid
in methanol until the decomposition products or impurities were recovered. The flow rate was ap-

proximately 0.5 ml. per minute. he resin was 80 to 100 mesh.

b The collection was interrupted, and. the column with adsorbed humulone complex was allowed

to stand overnight.

¢ It was calculated that 86% of the lupulone and 83% of the humulone complex were recovered.
4 Lyophilized hops; 5.1% lupulone and 6.7% humulone complex by binary analysis.
¢ Poor quality hops; 2.4% lupulone and 3.4% humulone complex by binary analysis.

nated readily by considering the mixture
as a three-component system, making
readings at three wave lengths and
solving three simultaneous equations.
However, in the estimation of only one
component, the background absorption

violet-absorbing constituents are not further considered here,
although alkaline extraction and batch adsorption with ion ex-
change resins appear promising.

Binary Analyses. A spectrophotometric method, based on
the assumption that the ultraviolet absorption of hop extracts
is due solely to the humulone-complex and lupulone content,
must be limited in its accuracy and precision in view of the vari-
able contribution made by minor components as reported. Both
the tentative method proposed earlier (6) and the modification of
Rigby and Bethune (10) are in this category. Both employ
absorbancies measured at two wave lengths in alkaline methanol
solutions, the former using 332 and 355 mu and the latter 320
and 355 my. Considerations of wave-length error, sensitivity,
effect of minor components, and errors in solution preparation
indicate that these choices are near the optimum. In this work
325 and 355 mu and the specific absorbancies listed above for
lupulonesand humulone complex are used, yielding

CH = —47.28 A355 + 6571 A325
CL = 54.43 A355 - 4543 A325

(1a)
(1b)

where Cy and C, are given in mifligrams per liter of the solution
for which A is the absorbancy for 1-cm. path length.

The results labeled “binary analysis” in Tables VII, VIII, and
IX were calculated using Equations 1a and 1b. By comparison
of these results in Table IX with those calculated by the more ac-
curate ternary analysis method, it is seen that Equation 1a gives

Table XII. Fractionation on IRA 400 of Hop Extract
Components Less Acid than Lupulone

) of T
Relative Absorbance Zi,:ofrbac::el
Component  Cut No. 355 mu 325 mp 275 mp 325 mp
1 1-2 1 1.5 4.1 0.25
2 3-8 1 1.3 1.7 .
3 9-13 1 1.7 3.5 0.8
4 14-25 1 1.4 2.2 1.3
5 26-30 1 1.1 1.5 0.5
Sum 1-30 1 1.3 1.8 5.4

need not be that of a single pure com-
ponent (A,:A,:As are ratios of con-
stants) but rather may vary widely in spectral shape if the
following relationship halds:
Ay:As: Ay = 1:(k + aX): X

where A4,, ,, ; are relative absorbancies of the background at the
three wave lengths in question, k¥ and a are constants, and X is
variable. This relationship amounts to the restriction that the
background be made up of algebraically additive combinations—
that is, including negative values—of the second real com-
ponent and a hypothetical third component. This restriction on
the properties of noninterfering backgrounds is broad enough
to accommodate widely varying spectral shapes—e.g., in the
equation presented below for humulone complex, backgrounds
with relative absorbancies at 355:325:275 my of 1:0.7:0.0 (de-
scending); of 1:0.96:1 (flat); of 1:3.3:10; of 1:26.5:100 (steep);
etc., are corrected. The separated backgrounds for the hop ex-
tracts tested, by conforming approximately to the relationship
Agss: Asss: Aars = 1:(0.933 + 0.183X): X, are eliminated reason-
ably well in a ternary analysis for humulone complex and lupu-
lone such as is desecribed below.

The choice of wave lengths for multicomponent analyses
may be made by plotting the ratio of the absorbance of each com-
ponent to that of the probable mixture against wave length (8).
When this is done for the ratios of absorbancies in alkaline
methanol of lupulone, humulone complex, and residue from a
molecular distillation of hop extract, respectively, to the absorb-
ance of a low-quality hop, several choices of three wave lengths
are offered from the maxima that occur at 400, 390, 355, 325,
and 275 mu. The last three were chosen as combining maximum
sensitivity with minimum influence of wave-length error,

The absorbancies (relative to A;s5) of the backgrounds separated
from hop extracts (by molecular distillation, alkaline extrac-
tion, or silica gel or ion exchange resin adsorption analysis)
at 275 mu plotted against those at 325 mu yield a good approxi-
mation of a straight line (Figure 3). On the assumption of a
background component B, with specific absorbancies of 1.0 at
855 mu, 1.5 at 325 mu, and 3.1 at 275 myu (a set of values picked
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from this regression line and typical of average quality hops), the
following equations hold for the absorbancies of a hop extract:
Apy = 37CL +90Cy + 31Cpg
Agps = 331CL +381Cw +15Cs
Aas = 460 Cr + 31.8Cy + 1.0Cs

where C, Cy, and Cp represent the concentrations, respectively,
of lupulone, humulone complex, and the assumed background in
milligrams per liter of solution measured. The equations yield

Cy = —51.56 Ay + 73.79 Ags — 19.07 Aups (22)
and
CL = 5557 A355 - 4759 A325 + 510 A275 (2b)
Setting Cx and Cr equal to zero, one obtains
Agzs A275
== = 0. 258 ——
Ao 699 + 0.258 Ao
and
A325 A275
— = 1.1 0.107 ==
A355 68 + A355
Setting Ags = 1 and Aos = X,
A3555A3255A275 = 1(0699 + 0258X)X (38,)

is obtained for a background that would not interfere in the cal-
culation of humulone complex, and

A2552A3251A275 = 1(1168 + 0107X)X (3b)

for a background that would not interfere in the calculation of
lupulone. Plots of Equations 3a and 3b will be called “correc-
325

tion lines.” The relationships between j— and % by Equa-
356 355

tions 3a and 3b and those found experimentally with actual sepa-
rated background fractions are plotted in Figure 3.

Figure 3 shows that the two cqrrection lines cross the regression
line of the naturally occurring backgrounds at the point repre-
senting the assumed background used in setting up the three
simultaneous equations. The slopes of the correction lines, and
thus the point of their intersection with the regression line,
may be varied by choice of relative absorbancies of the assumed
background. Other choices could make the correction lines
intersect the regression line in the region of As»s/A 355 characteristic
for low-quality stored hops, or any other point. The intercept
of the correction lines on the Ajs/Ass axis is substantially inde-
pendent of the choice of background absorbancies, if the latter
are picked from the regression line above Ags/Ass = 1.

The approximations to absorbance ratios for the actual back-
grounds of hop extracts, shown in Figure 3, were obtained in
various ways. A regression line based on the residues of molecular
distillations, which are subject to the least errors of decomposi-
tion, would not deviate markedly from that based on the other
estimates. A more serious problem arises from the possibility
that the observed backgrounds may not be completely represen-
tative of the actual backgrounds. That this is not likely to be
8o is indicated by finding that the spectrum of residual background
remaining in molecular distillates, as'estimated by subtracting
the contributions of lupulone and humulone complex (calculated
by ternary analysis) from the spectrum of the distillate, con-
formed to the general shape of the distillation residues,

A rigorous proof of the reliability of the ternary analysis
might be obtained by completely separating the background from
lupulone and humulone complex without speetrophotometric
change. It is believed that this could be accomplished best by
ion exchange sorption analysis in the dark at low temperatures.

If the fractions of the backgrounds shown in Figure 3 for vari-
ous hops are assumed to be representative of the actual back-
grounds, some estimates of error may be made. In Table IX,
lupulone and humulone-complex concentrations calculated by
Equations 2a and 2b have been listed along with binary calcula-
tions by Equations la and 1b. Comparison of the humulone-
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complex and lupulone contents of the distillate with those of
the sum of distillate plus separated background shows that the
backgrounds caused errors of the order of 1 to 49, when calcu-
lated by Equations 2a and 2b, whereas in binary analysis the same
backgrounds caused errors of about 10 to 509, in humulone
complex. Lupulone values by the binary method are much
less sensitive to background. The poorer agreement between
distillates and original extracts than that between distillate and
sum of distillate and background is due to slight decomposition
during the distillation procedure.

In the case of humulone complex separated by silica gel ad-
sorption (Table VIII), the same comparisons are much poorer
owing to greater departure of the relative absorbancies of the
backgrounds from the correction line.

In Figure 3, departure of a point from the correction line by
0.05 causes an error of about 129, in humulone complex, if the
given background and humulone complex are present in amounts
such that their absorbancies at 355 mu are equal. For lupulone,
a departure of 0.05 produces about 119, error, if its absorption
is equal to that of the background. However, the average back-
ground absorption in the extracts examined is about 109, of
the absorption of the humulone complex or lupulone at 355
mu—i.e., approximately 5% of the total absorption. The range
of the ratio, of background absorption to humulone-complex ab-
sorption at 355 my is from about 4 to 40%, the median value
being about 10%. Only three samples of badly degraded hops
gave the high ratios. The range of the same ratio for lupulone
was 3 to 209, with most samples around 10%,.

The random error (standard deviation), contributed by the
variation of background absorbance ratios from the regression
line of Figure 3, may be calculated as follows: (==0.07) (73.8)/
(0.1) (31.4) = =£1.6% for humulone complex and (=+0.07)
(47.6)/(0.1)(21.5) = *£1.5%, for lupulone in good quality hops.
In explanation, the first calculation represents the ratio [(error
of estimate of the regression line) X (coefficient of A;2;in Equation
2a)] to [(average Ass of the background relative to Ass; for humu-
lone complex) X (value for Cx obtained by substituting the coeffi-
cients for humulone complex, relative to Ass, in Equation 2a)].

Lack of coincidence of the regression line and the correction
lines contributes additional bias errors, which vary for humulone

complex from zero, at %%: = 3.1, to (0.15) (73.8)/(0.1) (31.4) =

3%, at %:-5 = 1 or 5 and for lupulone from zero to (0.2) (47.6)/
375
(0.1) (21.5) = 4%, at 1 or 5, for good quality hops. A positive

deviation of a background from the correction line causes a posi-
tive error in humulone complex and a negative error in lupulone.
The backgrounds of the majority of hops tested fall within 0.1
of both correction lines for Equations 2a and 2b. ’

If the points in Figure 3 representing extremely poor hops and
decomposition products of humulone complex and lupulone were
excluded, new equations could be set up to fit the correction lines
more closely to the data for the samples most frequently encoun-
tered. However, before setting up different equations for ex-
tracts of hops of different quality classes, it would be desirable
to get many more data on background absorption of such hops
by such refinements of techniques as have been described. The
procedure described below is based on Equations 2a and 2b,
which best fit all of the data regardless of hop quality.

SUMMARY OF PROCEDURE FOR ANALYSIS OF HOPS

To 5 grams of hand-ground hops in a glass-stoppered graduate,
sufficient low-boiling petroleum ether is added to bring the vol-
ume to 100 ml. The mixture is agitated by gentle rocking at room
temperature for 30 minutes and then allowed to stand until the
solids are settled, leaving a clear supernatant liquid. An aliquot
of this clear extract is diluted with reagent-grade absolute meth-
anol to a volume convenient for spectrophotometric reading.
The required dilution for the Beckman Model DU spectropho-
tometer is usually 100- to 200-fold. The diluted solution is then
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mixed with 1%, of its volume of 0.2N sodium hydroxide (aqueous)
in the absorption cell and immediately read in the spectropho-
tometer at 355, 325, and 275 mu. Reagent blanks should be run.
For ternary analysis the resulting absorbance readings are sub-
stituted in Equations 2a and 2b to give the humulone-complex
and lupulone content of the solution read in milligrams per liter.
These values are then multiplied by the dilution factor for the
hop sample to give percentage of humulone complex or lupulone.
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Coprecipitation from Homogeneous Solution

Manganese(ll) on Basic Stannic Sulfate

LOUIS GORDON, HARRY TEICHER!, and B. P. BURTT
Department of Chemistry, Syracuse University, Syracuse 10, N. Y.

The extent and nature of coprecipitation occurring

during precipitation from homogeneous solution were

studied. Among the many factors influencing the
extent of coprecipitation of manganese(I) with basic
stannic sulfate, precipitated by the urea method, are
the initial supersaturation effect, the initial concentra-
tion of manganese, the rate of precipitation, and
adsorption on the surface of the completely precipi-
tated carrier. Contamination by occlusion during
the formation of the major portion of the precipitate
is not a significant factor. However, considerable con-
tamination may occur in the early stages of the pre-
cipitation process owing to the initial supersaturation
effect. During the precipitation of the last portions
of the carrier and especially in the presence of excess
precipitant, coprecipitation by adsorption becomes
appreciable. When micro quantities of manganese
are present, essentially the same coprecipitation is
obtained with both the heterogeneous and the homo-
geneous methods of precipitation. However, with
macro quantities, owing to the elimination of initial
supersaturation and to the formation of the precipitate
under conditions in which the Paneth-Fajans-Hahn
rule is effective, contamination during the formation
of a carrier can be minimized by the technique of
precipitation from homogeneous solution.

HE problem of the contamination of precipitates is a major

aspect of investigations in gravimetric separations. The
separation of normally soluble substances from solution during
the formation of a host precipitate, or upon the addition of a pre-
formed carrier, constitutes the phenomenon of coprecipitation.
Other terms such as occlusion, adsorption, and inclusion are
used to describe the specific processes by which coprecipitation
occurs, although there often is disagreement about the precise
meaning of the particular term. These processes have been con-

1 Present address, Inorganic Chemicals Division, Monsanto Chemical
Co., Everett, Mass.

sidered in detail in the generalized theory of coprecipitation which
Kolthoff (7) presented in 1932.

Investigations with preformed carriers led to the formulation
of the Paneth-Fajans-Hahn rule (15). Although the rule is
subject to some exception, it furnishes useful criteria for the pre-
diction of adsorption phenomena. Studies by other investiga-
tors (8-10) have also included determinations of the total co-
precipitation resulting from the formation of a precipitate.

In general, as has been demonstrated many times, experimental
conditions strongly influence coprecipitation, especially in the
case of surface adsorption. If, however, the formation of a
mixed crystal is possible, there is less dependence on experimental
conditions. Instances of anomalous mixed-crystal formation
have also been observed by Hahn (4) who has referred to these
as isodimorphism. Kolthoff (7) has indicated that coprecipita-
tion due to mixed-crystal formation cannot be readily eliminated
since the contamination is inherent in the nature of the substances
involved. Kolthoff has maintained that, in the absence of mixed-
crystal formation, coprecipitation due to occlusion is real copre-
cipitation. He defines occlusion as the process which occurs
when foreign ions are adsorbed at the surfaces of a growing pre-
cipitate and are then covered over by the subsequent formation
of new layers; this definition is used in this study. The occlu-
sion process is markedly affected by such experimental conditions
as concentrations of initial reagents, stirring, temperature, and
aging.

In order to study properly the occlusion process, Kolthoff
suggested that studies be made of the change in concentration
of the impurity during erystal growth. A major obstacle in such
a study with an insoluble precipitate would be the high local
supersaturation effect produced by the direct addition of a pre-
cipitant to a solution. Because of this, Henderson and Kracek
(5) obtained erratic results in their studies of the barium-radium
chromate system. The technique of precipitation from homo-
geneous solution (3, 16) minimizes these local supersaturation
effects.

The objective of this study was to determine the extent and
nature of coprecipitation during the process of precipitation
from homogeneous solution. Basic stannic sulfate (18), which
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is precipitated by the urea method, was chosen as the carrier
and manganese(II) as the contaminant. For comparative data,
tin was also precipitated as the hydrous oxide with ammonium
hydroxide.

EXPERIMENTAL

Reagents. All reagents used, except where otherwise noted,
were either ¢.P. or reagent grade quality.

Tin(IV) Solution. Metallic tin (XKahlbaum or J. T. Baker
Chemical Co.) was dissolved in hydrochloric acid and the tin
subsequently oxidized with chlorine gas. The solution was
gravimetrically standardized by precipitation with ammonia
(6); impurities in the stannic oxide were accounted for by the
procedure of Caley and Burford (2). The solution contained
150 mg. of tin(IV) per 25 ml.

Manganese(II) Solution. Manganese(I1) chloride tetra-
hydrate was dissolved in water acidified with sulfuric acid. The
solution was gravimetrically standardized by precipitation with
diammonium hydrogen phosphate. (17).

Manganese-54. Cyclotron-produced manganese-54 was ob-
tained carrier-free from the Oak Ridge National Laboratory.
The material was supplied as manganese(II) chloride in 0.I1N
hydrochloric acid. Two working solutions containing this
nuclide were prepared. Ten milliliters of one solution contained
about 5 X 107% me. of manganese-54, 0,05 mg. of carrier man-
ganese, and 4 ml. of hydrochloric acid. The second solution was
prepared carrier-free and contained only the radioactive nuclide
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Figure 1. Reaction Vessel and
Sampling Device
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and hydrochloric acid. The 5 X 1073 me. were known to about
+10 to 20%,; this corresponds to about 6.5 X 1071 gram,
Gamma rays emitted by the radioisotope were measured with a
scintillation counter.

Urea. The urea used was obtained from the Matheson Co.,
Inc., East Rutherford, N. J. The required quantity, 20 grams,
was dissolved in about 40 ml. of water, and the solution filtered
prior to each precipitation.

Reaction Vessel. The reaction vessel and sampling device
used in the investigations are illustrated in Figure 1. In use, a
condenser was placed at 4 to maintain constant volume. The
reaction vessel, C, was calibrated at 10-ml. intervals from 150
to 220 ml. by the addition of known volumes of water. Inter-
mediate volumes could be read to #=1 ml. A fine frit of B per-
mitted the withdrawal of clear liquid samples. The 10.00-ml.
sampling tube, D, was calibrated in the same manner as C. The
apparatus was checked experimentally as described in the
general procedure.

Constant Temperature Bath. The oil bath used had a tem-
perature control of +0.3° C.

GENERAL PROCEDURE

Solutions were prepared to contain varying quantities of man-
ganese(II), about 150 mg. of tin(IV), 20 grams of urea, 14 ml. of
12N hydrochlorie acid, 5 ml. of 36N sulfuric acid, and 1 gram of
ammonium sulfate. The volumes were adjusted to about 210
ml., and the pH was adjusted to 0.50 with ammonia. The pH
meter was standardized at pH 1.00. The solutions were heated
for varying times, and samples of supernatant liquid were re-
moved and analyzed. Because of refluxing, the temperature of
the reaction mixture was 4° below that of the bath. The residual
tin was determined by the hematoxylin method of Teicher and
Gordon (13). Manganese was determined by the standard pro-
cedure of oxidation to permanganate (12) and subsequent photo-
metric determination. This photometric method was modified
by elimination of the recommended phosphoric acid, the presence
of which produced a turbidity by reacting with tin(IV).

The general procedure was checked with known quantities of
manganese and tin. These were added in separate experiments
to vessel C' of Figure 1, the entire apparatus was thermostated,
and samples were withdrawn into D and analyzed. The results
of two determinations, one with 10.13 mg. of manganese initially
added to C, and one with 59.2 mg. of tin, showed 10.11 and 59j.
mg. of the two elements, respectively, to be initially present in C.
This technique—i.e., indirect analysis—is subject to error. Be-
cause of this, the percentages of tin and manganese reported in
this paper are estimated to be in error by an absolute
+19% in the range from 0 to 100%. Indirect analysis of the solu-
tion was chosen in order to avoid the uncertainties encountered
in the direct analysis of a precipitate—for example, the washing
of a precipitate to separate it from mother liquor can lead to
spurious results (18).

Radiochemical Procedure. Radiochemical techniques were
utilized to determine the manganese when its initial concentra-
tion was 108} and below. Activity determina-
tions were made using 3-ml. liquid samples in
5-ml. glass vials.
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Precipitation at 97° C. Precipitations were per-
formed at 97° C. with solutions containing 10.13
mg. of manganese (9 X 1074 ). Stirring of these
solutions was provided by the carbon dioxide
evolved by the hydrolysis of urea. The results
are shown in Figure 2. The data are somewhat
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erratic; the curve merely shows the general trend.
The impure precipitate, which was formed, ap-
peared somewhat colloidal and exhibited a very
slight, off-white color. These observations indi-
cated that precipitation might have been too
rapid. The effect of precipitation at a lower
temperature was then investigated.

Precipitation at 86° C. A similar series of pre-

1 cipitations was then performed at 86° C. The

O 10 20 30 40 50 60 70 80 90 15
TIN PRECIPITATED (%) pH

Figure 2.
Sulfate

Initial concentration of manganese, approximately 10~ 3M

20 2.5 3.0

Coprecipitation of Manganese(II) with Basic Stannic

results are shown by the second curve in Figure 2.
These precipitates also exhibited the off-white
color. If the reaction was allowed to proceed be-
yond pH 3.0, it was difficult to stop it at any given
pH, because the pH would rapidly rise to 6.0, and



994

manganese dioxide would begin to precipitate. At pH 6.2, ap-
proximately 409 of the manganese would be precipitated; at pH
7.1, the corresponding value was about 75%,.

The greatest amount of coprecipitation seemed to occur during
the early stages of precipitation, when less than approximately
25% of the tin had precipitated. It was of interest then to
determine the effect of adding the manganese to the solution
after a pure 259, fraction of tin had precipitated. Identical
solutions were prepared with the exception that the manganese
was omitted. After about 25%, of the tin had been precipi-
tated, manganese was added. The reaction was then allowed
to continue for varying times, and samples were removed and
analyzed for residual tin and manganese. The results are also
shown in Figure 2. The precipitates did not exhibit the slight,
off-white color previously obtained.

2000 7%
160 L 8e'e. 7%°c.
pt

120 L

080

040 1 1 . I
o 10 20 30 40

TIME (hours)
Figure 3. Change of pH with Time at

Different Temperatures

Precipitation at 76° C. The observations at 76° C. are also
shown in Figure 2. Figure 3 summarizes the pH versus time
relationships at the various temperatures studied; at 76° C. the
rate of precipitation was reduced tonsiderably. The precipi-
tates seemed to be pure white until more than 0.05 mg. of man-
ganese was coprecipitated; beyond this point they appeared to
be just off-white.

Willard and Gordon (18) reported that basic stannic sulfate
produced from boiling solutions had a molar ratio of tin to sulfate
of 44. The precipitates obtained in the present study at 76°
and 86° C. had a molar ratio of about 32. The analyses for the
molar ratios were made by washing the precipitates with hot
29, ammonium nitrate and then with distilled water. After
air-drying, samples were fused with sodium peroxide in a nickel
crucible. The melts were taken up in water, treated with an
excess of hydrochloric acid, and transferred to a 500-ml, volu-
metric flask. The tin was determined by the hematoxylin
procedure. The sulfate was determined as barium sulfate.
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dropwise at a rate of approximately 2 ml. per minute, and the
solutions were stirred for an additional 15 to 20 minutes. During
the time the reaction vessel was in the bath, there was no ob-
servable change in pH due to the hydrolysis of the urea present
in the solution. Samples were removed and analyzed; the results
are shown in Figure 2.

The precipitates were voluminous and gelatinous; the data
indicated that they were considerably more contaminated than
the basic stannic sulfate. Several of these gelatinous precipitates
were allowed to digest in the mother liquor at varying tempera-
tures and for varying lengths of time. In one case, after 929, of
the total tin had been precipitated, the precipitate was digested
at 76° C. for 4 hours, during which time some additional tin
came down, so that 989 was precipitated. However, there was
no detectable change in the concentration of manganese in the
mother liquor. In another case, after the tin was quantitatively
precipitated at 76° C., the solid phase was then digested at 15° C.
for 16.5 hours, during which time the precipitate released about
one fifth of its coprecipitated manganese.

Since these studies had indicated that a very small amount of
contamination of basic stannic sulfate occurred at 76° C. at an
initial manganese concentration of about 10~2M, it became de-
sirable to study the effect of even lower initial concentrations of
manganese, using radiochemical techniques as described.

Preliminary experiments indicated that the nuclide, as received,
was in the bivalent state. The coprecipitation data observed,
with both stannic sulfate and hydrous stannic oxide from solu-
tions initially 1076} in manganese (0.05 mg. per 210 ml.), are
illustrated in Figure 4.

Limited observations made with carrier-free solutions, ini-
tially 10-1M in manganese, are shown in Figure 5.

Initial experiments indicated that no loss of radioactive ma-
terial due to adsorption on the glass surfaces occurred at both
initial manganese concentrations of 107 and 1011/,

DISCUSSION OF THE RESULTS

The extent of coprecipitation of manganese(II) with basic
stannic sulfate appears to be directly related to the rate of pre-
cipitation of the basic sulfate. Thus, at 97° C. with solutions
10—3M in manganese, quantitative precipitation of the tin re-
quired about 3 hours and was accompanied by a large amount of
coprecipitation. The relatively large amount of coprecipitation
obtained with the initial 259%, fraction of the tin precipitate sug-
gested that a supersaturated condition may have been present.
A slight flocculation effect was observed after 259, of the tin had

The composition of the precipitate appeared to be the wo ¥ Y T T T ' ! T T
following: stannic oxide, 93.7%; stannic sulfate, 3.4%;
and water, 4.3%. 901
Although the precipitates formed at 86° and 97° C. 80
showed no definite pattern under the microscope, the g |
precipitate formed at 76° C. was composed of clusters of o 0.
spheres. E
It.was found that complete precipitation of tin oc- E 60
curred at pH 1.0 at 76° C., rather than at pH 1.2 as 2 sol
observed at 86° C. The initial coprecipitation effect was g oHomogeneous
eliminated at the lower temperature, but as quantitative O 40 o Heterogeneaus
precipitation was approached, the amount of coprecipi- ﬁ 30|
tation increased rapidly. Z
Since the least amount of contamination of basic %20—
stannic sulfate occurred at.76° C., another series of ex- =
periments, in which the tin was precipitated as the hy- oF
drous oxide by the direct addition of ammonia, was per- o 1 1 i ] 1
formed under the same experimental conditions. The O 10 20 30 40 50 60 70 80 90 15 20 25 30
TIN PRECIPITATED (%) pH

reaction vessel was placed in the bath and about 30
minutes were allowed for the system to come to con-
stant temperature. The solution was then mechanically
stirred. Varying quantities of ammonia were added

Figure 4. Coprecipitation of Manganese(II) with Basic
Stannic Sulfate

Initial concentration of manganese. 10-¢M
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precipitated; this effect would decrease the total surface area
and may be related to the decrease in coprecipitation observed
in Figure 2. Finally, as the rate of hydrolysis of urea was de-
creased by reducing the temperature from 97° to 76° C.—about
30 hours being required for complete precipitation of the tin—
the initial amount of coprecipitated manganese was reduced
from 309 to a barely detectable amount. The flocculation
effect by the precipitate was also no longer apparent. The in-
terpretation of these results is in accord with the general observa-
tions reported by von Weimarn (14). La Mer and Dinegar (11)
have also.demonstrated a limiting degree of supersaturation in
the precipitation of barium sulfate when the latter was precipi-
tated from homogeneous solution.

Thus, it would appear that the initial coprecipitation with
basic stannic sulfate was due to supersaturation, the magnitude
of which was reduced as the rate of hydrolysis of urea was de-
creased. When the manganese was added to the reaction mix-
ture after the precipitation of an initially pure 25%, fraction of
the basic sulfate at 86° C., the extent of coprecipitation was neg-
ligible (Figure 2). As shown in Figure 2, the plateau obtained
in this case very closely approximates the other plateau following
the initial supersaturated effect, and appears merely'to be dis-
placed by the quantity of manganese coprecipitated by the
initial 259 fraction of basic stannic sulfate. This observation also
supports the view that a supersaturation effect is responsible for
the initial coprecipitation. If the rate of precipitation of tin is
reduced by lowering the reaction temperature, the supersatura-
tion effect becomes negligible (Figure 2).
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The results of 86° C. also illustrate the Paneth-Fajans-Hahn
rule. The plateau observed has not been previously reported and
is associated with the greater affinity of the precipitate for the
tetravalent tin.

Willard and Gordon (18) obtained typical Freundlich adsorp-
tion isotherms with basic stannic sulfate, when precipitation
took place from boiling solutions, and the final pH was from 1.3
to 1.9. The present study did not investigate this pH range at
97° C. It is possible that any given fraction of the precipitate
might follow the Freundlich relationship, even before quantita-
tive precipitation.

At 76° C. and at the same initial concentration of manganese
(10—3M) as shown in Figure 2, coprecipitation was not observed
until about 509%, of the tin had precipitated. From this point
on, the amount of coprecipitation slowly increased. After the
tin was quantitatively precipitated, a large increase in the amount
of coprecipitation was again observed, followed by an apparent
leveling-off at about 15%-of the manganese initially present.
Normally, one would expect a greater amount of adsorption at
the lower temperature. This effect was not too apparent here,
although there is somewhat more coprecipitation at 76° C. in
the case of the larger fractions of tin precipitated. It may well
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be that a larger particle size at the lower temperature decreases the
total surface area of the precipitate formed and thus operates
against the temperature coefficient of adsorption.

From these observations it appears that adsorption following
complete precipitation of the carrier must be considered an im-
portant factor in precipitation reactions. Willard and Sheldon
(19) also found a considerable amount of adsorption by cations
following complete precipitation of iron as the basic formate.
As a result of their work, they suggested a two-stage process
which produced excellent separations. The quantity of contam-
inant found by this method with a given amount of precipitate
is smaller than is obtained if the precipitate is separated in a
single-stage continuous manner. Willard and Sheldon ascribed
the success of their two-stage process to diminished adsorption
at low pH, but their results are better interpreted by a more gen-
eralized description which emphasizes the role of the Paneth-
Fajans-Hahn rule.

It is also of interest to examine these results in the light of
Kolthoft’s emphasis that occlusion is the significant factor in
real coprecipitation (?), as has been discussed. By following the
change in concentration of the tracer in the mother liquor during
the precipitation, as suggested by Kolthoff, this study has dem-
onstrated that adsorption on the completely precipitated carrier
contributes more to the final coprecipitation than does occlusion.

In this study there was a possibility that some of themanganese
was coprecipitated as the dioxide. However, the large quantity
of chloride ion acts as an effective reducing agent at the working
acidity. This was confirmed by the rapid dissolution of a small
quantity of freshly precipitated manganese dioxide added to the
solution. Furthermore, work by Anderson (1) and by Willard
and Sheldon (19) on the coprecipitation of manganese(II)
with hydrous ferric oxide and basic ferric formate, respectively,
indicates a lack of oxidation to manganese(IV), even at the higher
pH used to precipitate iron(III).

There is little doubt that some manganese(1I) is oxidized to
manganese(IV), as is indicated by the very slight, off-white
color exhibited by the basic stannic sulfate. However, the ex-
tent of oxidation is probably small; dark brown manganese di-
oxide did not begin to precipitate until pH 6.2 was reached.
The tin precipitates obtained at lower initial concentrations of
manganese were pure white.

It was surprising, in the case of solutions initially 10~¢ and
10711 at 76° C., to find that there was essentially no difference,
despite the obvious difference in surface area, in the amount of
coprecipitation by either the heterogeneous or homogeneous
methods of precipitation. This has been illustrated in Figures
4 and 5. This could be indicative of anomalous mixed-crystal
formation—i.e., Hahn’s isodimorphism (4).

The extent of coprecipitation from less than 1030 manganese
solutions was appreciably affected by the rate of addition of
ammonia. Thus, when a 509, fraction of tin was precipitated
by the addition of the reagent in 1-ml. portions rather than drop-
wise, the amount of coprecipitation increased from 2% to more
than 59 of the manganese initially present. The subsequent
results indicated that the precipitations were performed under
conditions approximating precipitation from homogeneous solu-
tion. By varying these conditions, such as dropwise addition
of ammonia and vigorous stirring, it is possible that any desired
coprecipitation values could be obtained.

Although the results obtained at low initial concentrations of
manganese (107¢ and 107113/ ) are essentially the same with either
method of precipitation, the gelatinous nature of the precipitate,
produced by the addition of ammonia and the retention of mother
liquor, are undesirable characteristics. The results at 10—3M
manganese are heavily in favor of precipitation from homogene-
ous solution.

This investigation suggests means for the separation of rela-
tively pure carriers. These include such factors as elimination
of the initial supersaturation effect and removal of the carrier
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before it is quantitatively precipitated. Although the technique
of precipitation from homogeneous solution can be used to attain
these factors and is favorable in other ways—i.e., slow precipi-
tation rate and concomitant reduction in surface adsorption due
to larger particle size—a certain amount of contamination seems

inevitable.
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Determination of Silica and Fluoride in Fluorsilicates

H. R. SHELL and R. L. CRAIG

Electrotechnical Laboratory, U. S. Bureau of Mines, Norris, Tenn.

In the separation and determination of silica and fluo-
ride, silica is determined by combined colorimetric and
gravimetric methods and fluoride, by distillation as
fluosilicie acid and titration with thorium nitrate at a
constant pH of 3 = 0.10. A new method for separating
fluoride and silicate in a one-filtration operation uses
zinc oxide in the fusion, and ammoniacal zinc oxide as
precipitant. Residual silica, left in solution after the
single filtration, is estimated colorimetrically. The
interference of ions in the distillation has been in-
vestigated extensively, including a special study of
silicate and borate. By evaporating the distillate to
dryness with sodium carbonate and fusing, all fluoride
is recovered in the presence of borate. This makes
possible the accurate estimation of fluoride by distilla-
tion when borates are present in the sample. Incom-
plete fusion of sample is a larger factor in fluoride loss
than is volatilization. Direct distillation of a small
fused sample is an excellent means of determining
fluoride without making any separations.

HE work reported in this article was done so that more

accurate analyses of synthetic fluorphlogopite mica and its
isomorphs, and of synthetic fluoramphiboles, might be obtained.
Many of these compounds contain boron in addition to fluorine.
Other types of natural minerals were included to make the results
generally applicable. A more detailed presentation will be
made in a subsequent report.

If the fluoride present is appreciable, silica cannot be deter-
mined accurately, unless the fluoride is removed prior to the
silica determination. Many combinations of sodium carbonate,
sodium borate, and boric acid, singly or together were tried, but
none gave accurate data for silica. 'This work substantiates
that of Lundell and Hoffman (5), who found that acidie recovery
of silica in presence of fluoride, even with borates or arsenites,
was unsatisfactory. An alkaline medium for separating fluoride
from silicate was therefore necessary. The method of Berzelius
(2) was evolved for precisely this situation. However, it is
quite lengthy, requiring three precipitations and filtrations, as

well as prolonged boiling and adjustment of pH. Further, re-
covery of all the silica is not easy, and the Berzelius determi-
nation of fluoride is notorious for the difficulties involved in
obtaining accurate results.

In experiments designed to find shorter and more accurate
ways of estimating silica and fluoride, a modification of the
Berzelius method was tried, reducing it to two filtrations with a
colorimetric determination of residual silica in solution. This
modification was adequate for many samples, and was actually
used for over a year, but the residual silica was not always low
enough for accurate estimation. The presence of 1%, or less of
silica, on the basis of the original sample, was preferred for colori-
metric estimation, since experience showed that too much error
might be obtained with 5 to 159, residual silica. In the quest for
a means of getting low residual silica, the discovery was made that
zinc oxide in the original sodium carbonate fusion, plus ammoni-
acal zinc oxide in the solution of the fusion, gave reliably low values
for residual silica. The zinc oxide actually assisted in giving more
complete fusion of fluoride-containing samples with sodium
carbonate, instead of hindering it as did aluminum hydroxide,
calcium oxide, or magnesium oxide. Moreover, the low residual
silica was obtained with only one filtration, because the ammoni-
acal zinc oxide was added to the unfiltered solution of the fusion.

Previous difficulties with the lead chlorofluoride method (4, 13)
plus the intriguing versatility and accuracy obtainable with the
fluosilicic acid distillation method (14), led to study of the latter
in detail. Application of the distillation procedure was easy;
it was only necessary to evaporate the filtrate obtained as above
to 100 ml. or less, and distill with perchloric acid. The small
residual silica obtained with the zinc oxide~fusion method was no
hindrance to distillation, because sufficient silica to form fluo-
silicic acid must either be present or added.

Borates caused no difficulty in accurate fluoride distillation
and estimation, provided the distillate with excess sodium carbon-
ate was taken to dryness in platinum, then fused to break up
borofluoride salts. Details are given in Section C. An extensive
bibliography on determination of silica and fluoride is given by.
Hillebrand et al. (4). McKenna has published a literature re-
view of methods of fluorine and fluoride analysis covering 516
réferences (7).
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Table I. Effect of pH on Titration of Fluoride with
Thorium Nitrate

(20.0 mg. of F~ taken)

pH F- Found, Mg. pH F - Found, Mg.
1.7 >23 3.2 19.95
2.4 20.62 3.4 19.50
2.6 20.14 4.0 18.54
2.9 19.96 4.5 <17

3.05 19.99

A. GENERAL CONDITIONS FOR DISTILLATION AND TITRATION
OF FLUORIDE

Distilling Apparatus and Procedure. The apparatus used
was modified from a design by the U. S. Department of Com-
merce (Ace Glass, Inc., Vineland, N. J., No. 6431). The capacity
of the Claissen flask was 250 ml. Because sulfate from sulfuric
acid volatilization caused high results and an indistinet end point
in the titration with thorium nitrate, 25 ml. of 729, perchloric
acid was always used as the distilling acid. The total distillate
collected was 500 ml., 75 to 125 ml. of which was distilled before
140° C. was reached. Under ideal conditions, fluoride was
completely recovered by distillation at 120° and 130° C.; how-
ever, 140° C. is recommended. As a source of silicon(IV),
150 mg. of very fine sand, 300 mesh or finer, was added. With-
out this addition, silicon(IV) and boron(III) would be dissolved
from the glass flask by the fluoride of the sample. In the ordi-
nary procedure this boron(1IT) contamination could cause slightly
low results for fluoride. An asbestos pad, with a hole cut to fit
the distilling flask, was used to prevent hot spots. After a
temperature of 120° to 125° C. was reached, steam from an
external source was admitted through the hole used for water
additions, and the temperature was raised to 140° C. Glass
beads or silicon carbide chips were used to prevent bumping.
If the amount of fluoride was small, a slight excess of sodium
hydroxide was added, and the entire 500 ml. of distillate was
evaporated in platinum to 100 ml. Porcelain and glass vessels
should not be used for this evaporation (6). The distilling flasks
were thoroughly cleaned with hot 109, sodium hydroxide between
distillations (9).

The rate of distillation was at least 4 ml. per minute, but not
over 6 ml. per minute. Under ideal conditions, with 100 mg. of
fluoride present and an original volume of 75 ml., 98 mg. of fluo-
ride was distilled in the first 100 ml. of distillate, 1.9 mg. in the
second 100 ml., and 0.1 mg. in the last 300 ml. These data are
based on 500 ml. of distillate, and it is recommended that 500 ml.
be collected, unless actual experimentation with the samples in-
volved indicates that less is satisfactory.

In a normal distillation, very little oiy the liquid being distilled
is carried over as spray or otherwise. This is proved by the fact
that the distillate from 100 mg. of silver ion in the Claissen flask
gave no test for silver. Also, with 4339 mg. of sodium ion present
idn thle liquid being distilled, only 1 mg. of sodium was found in the

istillate.

Titration of Fluoride with Thorium Nitrate. A close control
of the pH of the solution during titration is necessary (Table I)
if accurate results are to be obtained. The limits of pH allowable
are 2.8 to 3.2; however, a closer control of pH at 3.0 to 3.05 is
recommended. This was achieved by use of a. glass-electrode
pH meter and mechanical stirrer during the entire titration.
Dilute sodium hydroxide or dilute perchloric acid was added
with a dropper to give the correct initial pH of 3.05, and dilute
sodium hydroxide was added continuously during the titration
with thorium nitrate to maintain a constant pH of 3.0 to 3.05.
By this technique buffer was neither needed nor used. This
procedure gave the most well-defined end point of any tried, and
was particularly useful for titration of larger amounts of fluoride.
Adjustment of pH by using sodium alizarin sulfonate as an
indicator for the pH, as has been recommended, proved inade-
quate for accurate work. Also 1 ml. of buffer (94.5 grams
of monochloroacetic acid and 10.0 grams of sodium hydroxide per
liter) was insufficient for more than 3 to 4 mg, of fluoride. Even
4 ml. of this buffer was insufficient to maintain the correct pH
while titrating 20 mg. of fluoride.

The reason for contro! of pH with dilute sodium hydroxide is
that much hydrogen ion is produced from the reaction: Th++++
+ 4HF (weak acid) — ThF, 4 4H™*. A quantitative estimation
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showed that 1.000 mg. of hydroxide was needed for each 2.035
mg. of fluoride titrated. On the ionic basis this was 1.000 ion of
hydroxide to each 1.820 ions of fluoride. Dilute sodium hy-
droxide for pH control permitted the use of the minimum amount
of reagent necessary for each titration, regardless of the quantity
of fluoride present. .

Titration to the maximum pink color of sodium alizarin sulfo-
nate, in which traces of yellow were absent, was the end point
used. With this technique a titration blank of 0.10. ml. or less
was obtained. The end point is fairly easy to judge, but a little
experience gained by titrating standard solutions is recommended.

For most accurate results, the thorium nitrate solution should
be standardized by an actual distillation of lithium or sodium
fluoride, using the same distilling conditions as for the samples.
However, the difference between direct and distillation stand-
ardization was only about 1 part in 150. In amounts of fluoride
from about 0.5 to 50 mg., a 0.0800N thorium nitrate solution was
a satisfactory concentration.

Because the fluoride largely distills as fluosilicic acid, no inter-
ference from silicates was expected in.the titration. Amounts
of sodium metasilicate nonahydrate up to 1 gram did not interfere
when added directly to the solution being titrated. Also, borie
acid in amounts up to 1 gram did not interfere.

Table II. Effect of Certain Ions on Recovery of 100 Mg.

of Fluoride by Distillation of 500 MIl.

Ion and Amount Added,
Mg.

Compound Added F - Recovered, Mg.

Al*++ 100 AICls 96.5¢
BO3;~— =, 100 (as B203) H;3;BO: 93.0
BOs—~—, 40 (as Bs0s) 97.7
BO:;~ "7, 20 (as B203) 98.1
BO3;—— ", 10 (as B:0s) 99.1
Ce**+++ 100 (NH4)2Ce(NOs)s 98.9
Sc*++, 100 Se20s 98.0
8i0;~~, 127 Na28i03-9H:0 99.8
Si0;~—, 253 95.9
Th+**++ 100 Th(NOs)s 98.0
PH++*++ 100 UOzéNOa)z-GHzO 98.0
Zr*+++ 100 ZrO(NOs)2 76.4

¢ From the second 500 ml. of the distillate, 3 mg. of Auoride was recovered.

Additional Titration Tests. Since the perchlorate ion has the
least complexing tendency for thorium(IV) of the common an--
ions, it was thought that substitution of thorium perchlorate
for thorium nitrate might improve the sharpness of the end
point. The difference, however, was not great enough to warrant
the use of one salt over the other.

Room temperature was best for the titration, since 8° C. gave
slightly high results, and 38° C., slightly low.

High concentration of sodium ion, and presumably other alka-
lies, should be avoided since they cause a lowering of results.
Up t0 0.5 gram of sodium carbonate per titration could be present
without causing excessive lowering of fluoride recovered.

Ethyl alcohol solutions, 509, were less satisfactory for titra-
tion of macro amounts of fluoride than water alone (1).

Direct titration of the fluoride in the filtrate from the zine ion
separation of fluoride and silicate proved unsatisfactory. Recover-
ies of fluoride were excessively low. The interference of sodium,
zine, and other ions possibly present in the filtrate excluded the
use of this short cut. The titration is so sensitive to the effects
of cations which form complexes with fluoride, and of anions
which form complexes with thorium(IV), that data obtained
from any new titration, where other ions might be present,
should be rigorously checked.

B. INTERFERENCE OF IONS IN THE DISTILLATION OF
FLUORIDE AS FLUOSILICIC ACID

Determination of the extent of interference of certain ions was
made by distilling 100 mg. of lithium or sodium fluoride directly
in the presence of the ion. The distillation procedure was as
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described in Section A. Data for interfering ions are in Table II.
Surprisingly, very few ions seriously interfered in the complete
distillation of fluoride. These ions were aluminum(III), bo-
rate, metasilicate, and zirconium(IV). Ions that interfered slightly
were cerium(IV), scandium(III), thorium(IV), and uranium(VI).
Ions that did not interfere under conditions of the test were: anti-
mony(III), arsenic(III), barium, beryllium, bismuth(III), cad-
mium(II), calcium, chromium(III), cobalt(II), copper(II),
gadolinium(III), gallium(III), germanium(IV), indium(III),
iron(I1I), lanthanum(III), lead(II), lithium, magnesium, manga-
nese(II), mercury(1I), molybdenum(VI), neodymium(III),
nickel(II), niobium(IV), platinum(IV), potassium, rhenium(VII),
rhodium(IIT), samarium(III), selenium(IV), silver, sodium, stron-
tium, tantalum(IV), tellurium(IV), thallium(I), tin(IX), ti-
tanium(IV), tungsten(VI), yttrium(III), and zinc.

Distillation and quantitative recovery of fluoride in presence
of borate is described in Section C. A special technique was
devised to eliminate borate interference. Aluminum(III) will
not interfere in fluoride recovery by the zinc oxide~fusion pro-
cedure, because it is largely separated with the silica. However,
in direct distillations of fused samples, aluminum(III), if pres-
ent in large quantities, could become a factor in recovery
(Table III).

Table III. Effect of Aluminum on Fluoride Recovery by
Distillation
Al Taken, as F -~ Recovered, Mg.
F- Taken, Mg. Al(C1O4);, Mg. 15t 500 ml. 2nd 500 ml.
50.0 20 49 .4 0.09
50.0 40 49.5 0.40
50.0 60 48.8 0.96

Table IV. Effect of Sodium Metasilicate, Nonahydrate
on Recovery of Fluoride by Distillation

(100 mg. of F~ taken)

SiO: in 500 M.

8iQ; Taken (as
Distillaté®, Mg.

Na:Si0:-9H:0), Mg. F - in Distillate, Mg.

0 98.9% 63
20 98.5% 61
40 99.8 65
60 100.2 65
80 99.7 67
100 99.8 67

120 97.4 65
160 97 .4 64
200 95.9 61

e Quantity distilled with fluoride.
5 Slightly low value caused by borate from distilling flask.

Silica, in some form, is essential to the distillation of fluoride
as fluosilicic acid. If not provided, silica will be removed from
the glass distilling apparatus. With borosilicate glass, a slight
lowering of fluoride recovered would be expected, unless a special
technique is used (see Section C). Although silica or some silicate
is necessary, too much silicate will interfere by causing a loss of
fluoride (Table IV). This loss is not caused by an excess
of fine sand, but appears to be connected with the precipitation
of gelatinous silica during the distillation. Whether the loss
is caused by mechanical entrapment or by chemical combina-
tion is not known. Fluoride and oxygen ions are of similar size,
and differ in charge by only one unit, so it is not unlikely that some
of the fluoride may substitute for oxygen in the polymerized
silicie acid. A peculiarity of the silica interference is that small
amounts of fluoride (0 to 6 mg.) can be largely recovered in the
presence of a large excess of silicate, while large amounts of fluo-
ride (12 to 40 mg.) are not quantitatively recovered under the
same conditions {Table V). The recovery of microgram quanti-
ties of fluoride in presence of excess silicate has been given detailed
study in two recent articles (8, 11).

Stoichiometric amounts of silicate and fluoride gave quantita-
tive recovery, but silicate in excess of the theoretical ratio caused
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Table V. Fluoride Recovery with Constant Silica and
Variable Fluoride
(60 mg. SiO:, as Na:Si03-9H20, taken)
$i0; in 500 MI.
Distillate, Mg.

F- Taken, Mg. F =~ Recovered, Mg.

0.1 0.16

4.0 3.95 0.3

6.0 6.0
12.0 11.2 4
20.0 18.9 8
50.0 48.9
100.0 100 0 65
200.0 198.6

Table VI. Recovery of Fluoride in the Presence of Borate
by Fusion of Distillate with Sodium Carbonate

F~ Taken, Mg. B:0: (as H:BOs), Mg. F- Found, Mg.

100.0 100 99.7
100.0 100 100.0
100.0 300 99.7

progressively lower recovery of fluoride. The theoretical quan-
tity of silica needed for distillation of 100 mg. of fluoride as
fluosilicic acid is 53 mg. Since 60 to 67 mg. of silica actually
came over (Table IV), it is likely that other compounds of fluorine
which are enriched in silicon are also being distilled. The best
source of silica was 150 mg. of a very fine sand, because tests
showed that an excess of sand did not cause any loss of fluoride.
The simultaneous presence of calcium ion and phosphate, such
as in phosphate rock, prevents the complete separation of fluoride
from silicate by either the Berzelius method (10) or the zinc
oxide—fusion method. Two fusions (sodium carbonate) and
leachings recovered only 2.59, fluoride when 3.39, was actually
present. With the zinc oxide—fusion, a phosphate rock con-
taining 3.67 % fluoride gave 2.43%, in the filtrate and 1.249, with
the silica precipitate. In the absence of phosphate, calcium
fluoride is converted to calecium carbonate by reaction with hot
sodium carbonate solution. While interfering in separations,
phosphate does not interfere in the distillation of fluoride. Hence
the best method for samples such as phosphate rock is a direct
distillation, preferably after a sodium carbonate fusion.

C. DETERMINATION OF FLUORIDE BY DISTILLATION IN
PRESENCE OF BORATES

Table II shows that 100 mg. of fluoride could not be recovered
quantitatively in the presence of 100, 40, or 20 mg. of borate as
boric acid. Only 93 out of 100 mg. of fluoride was recovered
in the presence of 100 mg. of boric oxide. After several un-
successful experiments to determine the location of the un-
recovered fluoride (including adding sodium silicate to the distill-
ing flask, prolonged distillation, distillation with sulfuric acid at
several temperatures, trapping of any possible volatile gas, and
evaporation of distillate to dryness with sodium hydroxide), it
was decided that the missing fluoride must be in the distillate in
the form of a nonionized fluoboric acid or its salt. Accordingly
the distillate from a solution containing 100 mg. of fluoride and
100 mg. of boric oxide was evaporated to drynessin platinum with
2 grams of sodium ecarbonate. The salts were carefully dried,
then fused for 2 minutes with a Fisher burner at medium heat.
The resulting fusion was dissolved, diluted to 500 ml., and 100
ml. was titrated. Recovery of fluoride, even with 300 mg. of
boric oxide present, was complete (Table VI). The fusion had
presumably converted the nonionized fluoborate into the simple
ions fluoride and borate. Borate in this form does not interfere
in the titration with thorium nitrate.

A peculiarity of these fluoride-borate-metasilicate distillations
is that even with excess borate present, most of the fluoride
distills as. fluosilicic acid, while most of the borate that goes
into the distillate does so because of its volatility rather than its
combination with fluoride. In fact, it appears that the only
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borate distilling in combination with fluoride is the portion which
forms nonionized fluoboric acid. Recovery of fluoride in the
presence of the interfering ions aluminum(III), zirconyl, and
metasilicate was not improved by additions of borate to the dis-
tilling flask.

Apparently the volume-concentration ratio has a pronounced
effect on the fluoride-borate distillation. For example, complete
recovery of 2 to 20 mg. of fluoride in the presence of 100 mg. of
boric oxide was obtained even without the evaporation to dryness
and fusion. This distillation was made using the same liquid
volumes as was used for the 100 mg. fluoride~100 mg. boric oxide
mixtures. High volume and low concentration gave best re-
covery. This is of interest, because these amounts of fluoride
and boric oxide are in a range found in many materials, par-
ticularly if small samples (100 to 200 mg.) are taken for analysis.

P. ZINC OXIDE-SODIUM CARBONATE FUSION PROCEDURE FOR
DETERMINATION OF FLUORIDE AND SILICA

This procedure requires only one filtration to separate fluoride
from most of the silica. The residual silica accompanying the
fluoride is estimated colorimetrically. Fluoride is determined by
distillation with perchloric acid and titration of the distillate with
thorium nitrate. The main portion of the silica is determined
by standard gravimetric methods.

Decomposition of Sample. If complete decomposition of the
sample is to be attained in one fusion, the sample should be very
finely ground; minus 200 mesh is necessary for some samples.
Incomplete fusion can be a serious source of error, and should be
carefully guarded against, even though the zinc oxide fusion
gives better decomposition of the sample than sodium carbonate
alone. Silica should be added to the fusion mixture for high
fluoride-low silica samples. Possible reasons for the effectiveness
of zinc are: (1) It is a smaller ion, with higher field strength than
sodium. (2) It forms no ternary compounds with aluminum
and silicon.

Loss of Fluoride during Sodium Carbonate Fusion. Fifteen
minutes of fusion at medium heat, plus 15 minutes of fusion at
the highest heat of a Fisher burner (1100° C.), did not cause loss
of fluoride by volatilization. With a flame, the temperature of
the top of the crucible was at least 200° less than that of the
bottom. Samples of topaz, opal glass, and granite plus sodium
fluoride were fused in an electric furnace, giving the following
results: 950° C. for 30 minutes showed no fluoride loss; 1050° C.
for 20 minutes showed a loss of less than 0059, fluoride; and
1200° C. for 10 minutes showed a loss of about 0.839%, fluoride
(original sample basis). Each of these series was started in a cold
furnace. The upper limit of fusion temperature would therefore
appear to be 1050° C. in the electric furnace.

Detailed Procedure. 1. Fusion or SamprE. Using a gas
burner, fuse a 0.500-gram sample with 1.0 gram of zinc oxide and
5 grams of sodium carbonate, just above the melting temperature
of the sodium carbonate, for 20 minutes. Then fuse at about
1050° to 1100° C. for an additional 20 minutes. If an electric
furnace is used, start with a cold furnace, and fuse for 30 minutes
between 950° and 1050° C. Platinum crucibles are satisfactory
for use under oxidizing conditions, -but many gas burner flames
appear to be oxidizing but are really reducing (12). A reducing
flame leads to reduction of zinc and subsequent alloying with
platinum. Nickel crucibles appear to be satisfactory for use
with flames that are slightly reducing. (To check completeness
of fusion for new types of samples, transfer the ammoniacal zinc
oxide precipitate of Section D-2 to a platinum dish, add 5 grams
of sodium carbonate, and carefully dry. Either burn the filter
paper separately, or in the platinum dish, then mix well. Fuse,
and distill the entire fusion without separation of any kind.
Evaporate the 500-ml. distillate as described in Section A, and
titrate. Silica will of course have to be determined on a new
sample. )

2. PRECIPITATION WITH AMMONIACAL ZINC OXipE. Transfer
the fused sample to a 500-ml. stainless steel beaker containing a
stainless steel or nickel spatula. Add 200 ml. of cold water. If
the fusion sticks to the crucible, the entire crucible and lid may
be placed in the beaker. Allow to stand.until soluble salts are
dissolved, overnight if convenient. Break up the cake com-

999

pletely to make sure no undissolved salts remain. Remove and
police crucible and lid if they were placed in beaker. Add slowly,
with much stirring, 25 ml. of ammoniacal zinc oxide (containing
1.0 gram of zinc oxide, 1.3 grams of ammonium carbonate, and
2 ml. of concentrated ammonium hydroxide dissolved in 10 ml.
of water and diluted to 25 ml.).

Heat to boiling with constant swirling over a flame. Cover
and set the beaker in an aluminum cup or similar device on a hot
plate. This is necessary to prevent bumping and loss of sample.
Boil for 8 to 10 minutes. :

Remove from plate and let set 5 minutes. Filter through 12.5-
cm. No. 40 Whatman filter paper or e%uivalent, catching the
filtrate in a 500-ml. volumetric flask. ransfer the precipitate
to the paper and wash twice with boiling water. Transfer the
bulk of the precipitate back to the stainless beaker with the
spatula, then wash the remainder from the paper-into the beaker
with hot water. Adjust the volume to 60 or 75 ml., and stir
thoroughly. Filter through the same paper, transfer the pre-
cipitate to the paper, and police the beaker. Wash the paper and
precipitate 5 times with hot water, Washing must be carefully
done to avoid loss of fluoride to the voluminous precipitate.

3. CoLORIMETRIC KESTIMATION OF SiLicA IN FILTRATE.
Adjust the volume of the filtrate to 500 ml. and mix well. Trans-
fer with a pipet a 25-ml. sample of the filtrate to a borosilicate
glass beaker containing 70 ml. of water. This gives a 25-mg.
sample; another size of sample may be used if more convenient.
Adjust pH at 1.3 to 1.4 with 1 to 1 hydrochloric acid, using a
glass-electrode pH meter. Immediately add 5 ml of a 10%
aqueous solution of ammonium molybdate. Stir well and let set
5 minutes. Add 10 ml. of 109, tartaric acid in water, stir, and
let set 1 minute. Add 10 ml. of reducing reagent, stir, and
transfer to a 250-ml. volumetric flask. [The reducing reagent is
made according to Bunting (3). Solution A contains 90 grams of
sodium bisulfite in 800 ml. of distilled water; solution B con-
tains 7 grams sodium sulfite in 100 ml. of water plus 1.5 grams
1-amino-2-naphthol-4-sulfonic acid, which is stirred until dis-
solved. Add B to A and dilute to 1 liter.] After mixing, let
solution set 30 minutes. Measure per cent transmittance at 820
my, or with suitable filters, in a spectrophotometer or photom-
eter.

The reducing reagent will keep better if stored in a refrigerator
in small, completely filled bottles until needed. It is recom-
mended that the molybdate, tartaric acid, and reducing reagent
be made fresh each month.

4., DEeTERMINATION OF MAIN PoRrTION OF Sinica. Transfer
the paper and residue to a platinum dish, char carefully, and
finally burn the paper at 650° C., preferably in a muffle furnace.
Dissolve the small residue left in the stainless steel beaker with
25 ml. of hot water plus 4 ml. of concentrated hydrochloric acid.
Police into the platinum dish. Wipe the inside of the beaker with
a small piece of filter paper, and place this in the platinum crucible
to be used for silica determination. The crucible used for fusion
should also be used for silica (unless a nickel crucible was used).

Add 20 ml. of concentrated hydrochloric acid to the platinum
dish and set the dish.on a steam bath. Break up lumps thor-
oughly with a blunt borosilicate glass rod. Evaporate to dryness
on a steam bath. Add 50 ml. of hot water plus 5 ml. of concen-
trated hydrochloric acid, stir well, and let set on a steam bath
10 minutes to dissolve salts that might otherwise cause excessive
nonvolatile matter. Filter through 1l-cm. No. 40 Whatman
filter paper, and wash well with hot 5% hydrochloric acid in the
manner usual for silica determinations.

Add 3 to 5 ml. of nitric acid plus 20 ml. of perchloric acid to the
filtrate. Evaporate on a hot plate just to fumes of perchloric
acid, using a raised cover on the beaker. Place a closely fitting

watch glass on the beaker, and reflux for 20 minutes. Use pre-~
cautions generally advised for perchloric acid (4). Reflux at such
a rate that. perchloric acid is not lost from the beaker. Remove

from the hot plate, cool, and dilute with 125 ml. of hot water.
Add a small amount of macerated filter paper, filter through 11
cm. No. 40 Whatman paper, and wash well with hot water par-
ticularly around the top of the paper.

Place both papers containing silica in the same crucible origi-
nally used for the fusion (if platinum), and burn the paper at a low
temperature in an oxidizing atmosphere. Heat at 1200° C.
for 1 hour, remove to a desiccator, cover the crucible with a 50-
ml. beaker previously set in the desiccator, and weigh when cool.
Add 4 drops of 1 to 1 sulfuric acid, 15 ml. of hydrofluoric acid, and
take to dryness on a hot plate in a hood. Heat carefully over a
flame to decompose sulfates; then heat for 5 minutes at 1000° C.
in oxidizing atmosphere, preferably in an electric muffie furnace.
Cool and weigh as before. The difference in weight is silica.

Add the gravimetric and colorimetric values (both reduced to
per cent) to obtain the total per cent of silica of the sample.
For more accurate data, further recovery, or a correction, must
be made for the silica which is nearly always lost, even after two
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Table VII. Results Obtained for Fluoride by the Use of
Zine Oxide~Fusion Procedure

Fluoride, %

In® In Total

Sample residue filtrate found Present
Opal glass 91 0.12 5.70 5.82 5.75b
Synthetic mica 3692 0.10 9.04 9.14 9.18
Phosphate rock 56a 1.24 2.43 3.67 3.56b
Topaz 3254 0.19 14.88 15.07 15.08
Diabase W-1¢ 0.18 10.90 11.08 11.04
Granite G-1¢ 0.16 11.11 11.27 11.34

@ The silica—zine oxide precipitate, from part 2, was distilled instead of
being used for determining silica.

b National Bureau of Standards certificate value.

¢ Fluoride was added.

ANALYTICAL CHEMISTRY

as modified by Hillebrand and Lundell, except that the silica
precipitate was distilled to determine fluoride. With the modi-
fied Berzelius method, the silica precipitate was found to contain
an average of 0.199, fluoride. Also, the sodium carbonate
fusion of the Berzelius method did not give complete decomposi-
tion of topaz and synthetic mica, as was done by the sodium
carbonate—zinc oxide fusion of the zinc oxide—fusion method.
About the only conclusion arising from these facts is that for
most accurate fluoride results with either method, the silica pre-
cipitate should be distilled, and silica determined on a separate
sample. For most work a correction
would be satisfactory.

Table VIII.

Results Obtained for Silica by Zinc Oxide-Fusion Procedure
8i0:2, %

7. Resurrs OBTAINED FOR SILICA
BY ZiNnc Oxme-FusioN PROCEDURE.

Sample Size, ZnO, Na»COs,

Sample rams rams Grams Color. Grav.
Opal glass 91 0.5000 1.0 5 0.76 66. 52
0.5000 1.0 5 0.74 66.48

1.0000 1.0 5 0.54 66.78

1.0000 1.5 7.5 0.40 66.85

2.0000 3.0 15 0.43 66.84

Granite G-1b 0.5000 1.0 5 0.83 71.64
0.5000 1.0 5 0.60 71.82

1.0000 1.0 5 0.85 71.61

Diabase W-1% 0.5000 1.0 5 0.77 51.64

¢ National Bureau of Standards reported value.
b About 109, fluoride, as sodium fluoride, added.
¢ United States Geological Survey reported value.

Total found Present

The silica found by the above procedure
on three different materials is reported in

67.28 67.532

g;:%g Table VIII. The residual silica left was
67.25 less than 19, an amount well suited for
o 72.64¢ colorimetric estimation. Total silica,
;g-ig found by the summation of colori-
52 41 52.66° metric plus gravimetric determinations,

averaged 0.20% low. Previous work
with 0.5-gram samples of mullite re-
fractories and clays indicated that this

acidic dehydrations. This correction was about 0.209, (see
Table VIII), and varied slightly with conditions.

5. DeTERMINATION OF FLUORIDE. Transfer the remaining
portion of the 500-ml. filtrate (from step 2) to a stainless steel
beaker. Evaporate on a steam bath to 75 ml. or less, and transfer
to the 250-ml, Claissen flask used for distillation. Evaporation
may be done in the Claissen flask. The small amount of residue
in the beaker is best transferred to the flask by policing with 2
ml. of perchloric acid in 20 ml. of cold water. Add to the flask
150 mg. of very finely ground quartz sand, which is free of fluo-
ride, and a few silicon carbide chips or glass beads to prevent
bumping. Assemble the entire distillation apparatus including a
500-ml. volumetric flask for receiver. Add 23 ml. of perchloric
acid for a total of 25 ml. Distill, using a flame, until the tem-
perature is 123° + 3° C. Then add steam from an auxiliary
flask at such a rate that the condenser is not overloaded. Con-
tinue heating briskly urtil the temperature reaches 140° C.
At this point, adjust the flame so that this temperature is held for
the remaining portion of the distillation. The rate of distillation
should be about 5 ml. per minute. Collect 500 ml. of total
distillgte.

Adjust the volume to the mark, mix well, and if fluoride is high,
take a 100-ml. portion for direct titration with thorium nitrate.
If fluoride is low, transfer the entire distillate to a platinum dish;
which contains 3 pellets of sodium hydroxide, and evaporate to
100 ml. or less. he pH for this evaporation must be higher than
the phenolphthalein end point. In either method adjust the
volume to 100 == 10 ml. Add 2 ml. of sodium alizarin sulfonate
solution, prepared by dissolving 0.50 gram in 1 liter of water,
and titrate with standardized thorium nitrate solution. The use
of a glass-electrode pH meter, mechanical stirring, and dilute
sodium hydroxide to maintain a pH of 3.05, is recommended for
the titration. In the caleulations, remember that 25 ml. or
more was used for the colorimetric silica. determination; hence
the sample titrated above is not exactly 100 or 500 mg.

6. Resurts OBTAINED FOR FLUORIDE BY UsE oF Zinc OXIpE~
FusioN ProcepUurE. Results for six different materials analyzed
for fluoride by the described method, with the single exception
that the silica precipitate was distilled directly instead of being
usedfor silica determination, are in Table VII,

The results found for fluoride were very accurate, provided
that the fluoride distilled from the residue was added to the total.
Excluding phosphate rock, which is best analyzed by a direct
distillation, the average amount of fluoride in the silica residue
was 0.159%. It is believed that most of this is derived from
incomplete washing of the rather large precipitate which results
from the addition of the ammoniacal zinc oxide. This slight loss
of fluoride is not peculiar to the zinc oxide fusion. The same
samples, as in Table VII, were analyzed by the Berzelius method,

low wvalue is caused by incomplete re-
covery of silica in two dehydrations. 1t
i also generally known that some silica is not recovered in two
acid dehydrations, and that for highly accurate work, this silica
must be recovered and added to the main portion.

The small amount of fluoride, which averages 0.15%, left with
the silica could account for some of the unrecovered silica. The
theoretical loss of silica for 0.15% of fluoride is about 0.109,
but it is not believed that the theoretical loss is obtained during
an actual analysis. The only remedies for the slightly low values
are a correction, long dehydrations, or estimation of the un-
recovered silica by standard methods. Until experience is
gained, it is recommended that standard samples containing
fluoride, or known samples plus added fluoride, be analyzed
concurrently with the unknown material.

The ratios of sample to zinc oxide to sodium carbonate were
apparently not critical, for as seen in Table VIII, the lowest
residual silica was obtained with 1 gram of sample, 1.5 grams of
zinc oxide, and 7.5 grams of sodium carbonate.

E. DIRECT DISTILLATION OF FLUORIDE AFTER SODIUM
CARBONATE FUSION OF SAMPLE

The remarkable freedom from interference by most elements
in the fluosilicic acid distillation of fluorides prompted an interest
in the possibility of recovering fluoride without any separation at
all.  Accordingly, certain samples were analyzed for fluoride by
distillation after a preliminary fusion with 5 grams of sodium
carbonate. The entire fusion was transferred to the distilling
flagk, and the distillation and titration were made as usual.

Table IX. Recovery of Fluoride by a Single Direct
Distillation of Sample Fused with Sodium Carbonate

Sample Fluoride, %
Sample Size, Mg. Found Present

Muscovite mica 1000 0.27 0.35
1000 0.13 0.15

Opal glass 91 200 5.44 5.75
100 5.60 5.75

Na2S8iFs 200 60.50 60.62
Fluorspar 79 200 46.25 46.14
Granite G-1 + F~ 100 9.75 10.12
Diabase W-1 + F~ 100 9.75 10.07
Topaz 200 14.00 15.08
100 14.48 15.08

Lepidolite mica 200 0.78 0.79
200 2.08 2.25

200 7.10 7.79

Synthetic phlogopite mica 200 8.75 9.30
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Table X. Recovery of Fluoride by Two Direct Distillations
with Intervening Fusion of Residue

 Fluoride, %
1st Dis- 2nd Dis- Total
Sample tillation, %, tillation, %  found Present
Synthetic phlogopite mica 10.92 0.38 11.30 11.34
8.75 0.45 9.20 9.30
8.67 0.50 9.17 9.24

Results from several types of materials are in Table IX. The
data indicate that sample size should be kept as low as possible,
nearly complete recovery may be expected if fluoride is low, and
interference is about what would be expected from the amounts of
metasilicate, aluminum(III), and fluoride present.

Nearly complete recovery of fluoride was obtained by filtering
the residue in the distilling flask, washing well to remove per-
chloric acid, and again fusing in platinum with 5 grams of sodium
carbonate. This second fusion was distilled as before and the
fluoride added to that obtained in the first distillation. Prefer-
ably the same perchloric acid should be used in the second distilla-
tion. Resultsarein Table X. If borates are present, the method
presented in Section C must be used.

A single direct distillation of a sample after fusion with 5
grams of sodium carbonate may therefore be expected to indicate
the approximate quantity of fluoride present in the sample. This
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procedure makes an excellent qualitative test for fluoride.
Quantitative results may be obtained by again fusing the residue
from the distilling flask, redistilling, and combining the two
results.
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Determination of Low Concentrations of Oxygen in Hydrogen

M. M. WRIGHT

The Consolidated Mining and Smelting Co. of Canada, Ltd., Trail, B. C., Canada

Oxygen in hydrogen can be determined by the forma-
tion of water vapor on a platinum catalyst followed by
separation by condensation at the liquid nitrogen tem-
perature, and measurement of the volume at 10-mm.,
pressure. The method is standardized to take into
account the adsorption of water vapor on the glass
apparatus. The lower limit in the apparatus is
0.00005%, oxygen on a 1.3-liter sample with an error of
3-109,. The error decreases as the concentration in-
creases, becoming +29%, above 0.0029, oxygen. The
sensitivity and accuracy of the method are illustrated
in the determination of current efficiency in the elec-
trolytic formation of oxygen between platinum elec-
trodes in sulfuric acid. The current efficiency rises
from 53 to 939 between 10 and 68 ua.

HE determination of small amounts of oxygen in gases has

been attempted in many ways. Measured as molecular
oxygen, magnetic methods (10, 25) have been applicable to con-
centrations above about 0.01% and biochemical methods (22, 26)
to concentrations below about 0.0001% (1 p.p.m.). Although
the mass spectrometer does not appear to have been used for this
purpose, it would probably not be useful below about 0.005%,.
Thus, Inghram et al. (74, 18) have reported that the minimum
change in the oxygen content of tank hydrogen detectable with
the mass spectrometer is 0.0006%. If the oxygen is converted
to water vapor, the determination may be made with the infrared
gas analyzer (39), the frost-point hygrometer (4, 16, 35), or the
inorganic film hygrometer (9, 12, 37). These methods are appli-
cable to concentrations above about 0.001%, but, owing to prob-
lems arising from the adsorption of water vapor on the walls of
the apparatus and the fact that in a hygrometer measurement a
small amount of water is either condensed from or released to the

gas, they serve better for continuous analysis in flow systems.
Also suitable only for continuous analysis is a calorimetric
method (7, 20) in which oxygen is catalytically converted to water
vapor and the temperature rise measured. If the gas is passed
over carbon at 1120° C,, oxygen and its compounds are converted
to carbon monoxide (13, 36), which may be determined with
the infrared gas analyzer or by conventional means. A sensi-
tivity of 0.003%, oxygen in hydrogen-nitrogen mixtures has been
reported (34) for this method, but other work (13) suggests that
a much higher sensitivity is possible.

To support a study of oxygen poisoning on iron-synthetic am-
monia catalyst, it was necessary to have an analytical method for
oxygen. applicable to the range 1 to 100 p.p.m. Because there
appeared to be no approach to a sufficiently sensitive continuous
method for insertion in a flow system which would leave oxygen
in molecular form, it was necessary to develop a method for in-
dividual samples. To avoid the inconvenience of wet chemical
procedures, such as those based on the oxidation of manganous
hydroxide (40), ferrous hydroxide (32), copper (§), sodium
anthraquinone-g-sulfonate (3), or pyrogallol (38), the limitations
of a direct method were examined, in which oxygen is catalyti-
cally converted to water vapor on a platinum filament, the water
condensed, and its volume measured under reduced pressure.

The determination of a small quantity of water by measuring
its volume at low pressures was first investigated by Langmuir
(19) in 1912, In his classic research on low-pressure gas reac-
tions, he developed a microanalytical technique for as little as
0.001 ml. of gas, based on simple reactions such as the combina-
tion of oxygen and hydrogen, or oxygen and carbon monoxide,
on a-platinum filament, the condensation of carbon dioxide and
water vapor, and the use of the McLeod gage to measure pressure
changes so produced. Finding, however, that a direct pressure
measurement of water vapor was inaccurate, owing to its ad-
sorption on glass walls, such measurements were excluded from
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his analysical procedure, In low-pressure micromethods of gas
analysis described since the adsorption of water vapor on glass
has been recognized. Oxygen and hydrogen have usually been
determined indirectly by contraction methods (17, 27, 28), al-
though in some cases they are determined by a pressure measure-
ment on water vapor in calibrated apparatus (6, 30, 31). The
latter approach has also been taken for the microdetermination
of hydrogen in organic compounds (23).

At higher pressures and with larger amounts of water, adsorp-
tion may be neglected. Thus, water has been directly deter-
mined by pressure-volume measurements in the gases evolved on
heating glass (8, 33), in the hydrogen reduction method for oxygen
in metals such as copper, lead, tin, and their alloys (1, 15, 24),
and in a method of gas analysis described by Bamford and Bald-
win (2), in which oxygen is determined through its conversion to
water vapor.

The method described is essentially a refinement of the tech-
nique of Bamford and Baldwin, which was not extended below
0.01% oxygen. In the present apparatus the lower limit is
0.00005% oxygen (0.5 p.p.m.) on a 1.3-liter sample, with an
error of +10%. At concentrations approaching 0.002%, and
higher the error becomes +29%,. A single measurement requires

about 1 hour,
EXPERIMENTAL

In this apparatus a mercury piston pump circulates the gas
sample over a platinum catalyst and through a liquid nitrogen
cold trap in which the water vapor formed is condensed. This
water is then determined by measuring its volume at 10-mm.
pressure in a McLeod-type gage.

Since an amount of gas is usually measured in terms of volume
in milliliters and pressure in millimeters of mercury, it is con-
venient to denote it in liter-micron units, where a micron is
1078 meter of mercury. Thus, at a given temperature, 1.3 liters
of hydrogen at 760-mm. pressure is 1,000,000 liter-
microns, and at 0.00019, oxygen (1 p.p.m.), the
amount of water vapor to be formed is 2 liter-
microns, 0.2 ml., measured at 10-mm. pressure.

Apparatus. A diagram of the apparatus is shown
in Figures 1 and 2. Figure 1 gives the general
arrangement, showing the location of a McLeod-
type water vapor gage of capacity 5500 liter-
microns. Figure 2 shows how a second gage, of
capacity 150 liter-microns, has been inserted be-
tween cold trap 7T (Figure 1) and the vacuum
manifold. Construction details for the platinum
catalyst tube are shown in Figure 3 and the mer-
cury piston pump is pictured in Figure 4.

The direction of gas flow in a determination for
oxygen (Figure 1) is from the pump through stop-
cock 1, cold trap T, stopcock 2, over platinum
catalyst P, returning to the pump through stop-
cocks 3 and 5. Stopcocks 4 through 8, and 10
remain closed. Water vapor condensed in 7' is then
isolated by closing 1 and 2, and the hydrogen
evacuated through 10 and 11.  Finally, depending
on the amount to be measured, the water is evapo-
rated into the 5500-liter-micron gage or distilled
into the 150-liter-micron gage, and its volume de-
termined at 10-mm. pressure.

If it is possible to sample a gas stream directly,
or if a sample is to be drawn from a cylinder, the
sample may be introduced via I (Figure 1). If
direct sampling is not possible it is convenient to
bring the sample to the apparatus in a 5-liter bulb
and introduce it as shown in Figure 5. This ap-
paratus is inserted ahead of stopcock 1. Thus,
the sample bulb is set in place, air evacuated via 17
and 18, then 17 and 18 turned to admit the sample
to the circulating system. The gas is circulated
via 17 and 18 to 1, bypassing P via 7 (Figure 1),
until the water remaining in the gas and adsorbed
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Cold trap T (Figure 1) is a length of 8mm. tubing folded as
shown to allow snow carried forward from a to melt and condense
in b. It is always evacuated from the outlet side (via stopcock
10) to avoid the loss of water vapor condensed on warmer upper
parts of a. If a sample of condensate is to be taken for mass
spectrometer analysis, a sample tube may be sealed on at C.

A convenient arrangement for automatically supplying liquid
nitrogen to the cold trap Dewar, when circulating gas overnight,
is shown in Figure 6. It consists of a methane-filled gas thermom-
eter which acts as a switch for a solenoid air valve, and so con-
trols the flow of compressed air to a 50-liter liquid nitrogen con-
tainer from which the Dewar is fed. The cup around the
methane-filled finger is a simple device for delaying the on-off
action and so eliminating chatter. Liquid nitrogen does not
contact the finger until it enters the cup at level a, and so the
liquid nitrogen level fluctuates between ¢ and b. Normal evapo-
ration from the liquid nitrogen container, plus the air flow
needed to force liquid nitrogen into the Dewar, pass through
the normally open solenoid valve and escape at c.

The catalyst is an 8-inch length of No. 28 gage 90/10 platinum-
rhodium wire on No. 18 gage platinum leads. Its temperature
is derived from current-voltage measurements, taking the coef-
ficient of resistivity as 0.0013. Since the current required to
maintain a given temperature is about one tenth as much in a
vacuum as in one atmosphere of hydrogen, it should be off
when not in use, or when a large pressure change is to be made.
The spiral is supported by a thin-walled quartz tube so that it
will not touch and crack the glass wall. The water-jacketed
construction cools the glass, which otherwise would become
heated and desorb considerable amounts of gas. The cold trap
is placed ahead of the catalyst for its protection from mercury
vapor. It is wise to shield the catalyst tube from possible
damage; 1t could be broken with hydrogen in the apparatus and
lead to an explosion.

The water vapor gage, in which the pressure-volume measure-
ment is made, is a series of graduated cylindrical volumes, cali-
brated by mercury fillings. The larger has a volume of 550 ml.
above the cutoff point, the smaller, & volume of 15 ml.

The mercury piston pump consists of two 250-ml. bulbs con-
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Figure 1. General Arrangement of Apparatus
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Figure 4. Mercury Piston Pump

nected by a 20-mm. tube through which mercury flows back and
forth as the platform rocks. Kach bulb is therefore a cylinder,
and the mercury a piston; each has an inlet and outlet mercury
valve, and the two pumps operate in parallel and 180° out of
phase. The glass coils serve to connect the moving parts to the
fixed inlet and outlet tubes. The pump was run at 4 cycles per
minute through an angle of about 25°, displacing approximately
600 ml. per minute.

The apparatus in Figure 1, marked off by dotted line X, is
for the introduction of known amounts of oxygen for calibration
purposes. Volume A is filled with oxygen to the desired pressure
and then turned into the main flow. If very small amounts are
to be introduced, the amount in A can be further reduced by
expansion into B.

By introducing known amounts of oxygen the recovery of
water vapor can be measured. To obtain an analysis the volume
of the circulating system must also be known; in this case, the
volume was 1840 ml., measured by gas fillings.

Procedure. The amount of water vapor recovered from the
gas is found to be the net result of condensation in the cold trap
and the adsorption or desorption of water vapor from glass
walls. The recovery depends, therefore, on the procedure which
is followed. For example, it is important that the times allowed
for circulation, evacuation, and distillation of water vapor be
standardized. The room temperature should be held to within
1° or 2°. The glassware should not be heated nor the high
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frequency vacuum tester applied. In particular it is essential
that the catalyst tube have a cooling water jacket.
The following procedure was adopted:

A. In the initial preparation of the apparatus for analysis it
is necessary, after evacuation and filling with hydrogen, to cir-
culate gas through the cold trap and over the heated platinum
filament for several hours. This will remove adsorbed oxygen
from the catalyst and clear the system of water vapor. It is
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necessary that adsorbed water vapor in the catalyst chamber
between stopcocks 2 and 3 (Figure 1) be reduced sufficiently
that the determination is not affected. Pure hydrogen should
rex(rilalig in the bores of stopcocks 1 through 7 and a vacuum in 8
an .

B. The system is evacuated, a sample introduced as described,
and the entire sample circulated, bypassing P via 7, to remove
water vapor and other condensable gases. Because adsorbed
water vapor in the system must be reduced to the point that
an analysis is not affected, the time required will depend on the
oxygen concentration to be measured. If the oxygen concentra-
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Table I. Calibration Data, 5500-Liter-Micron Gage
Hydro- Liter-Microns of H.0 R,f:ffl- Hydro-
gen Added, as Measured, Liter- Zen
No Batch Day oxygen  as water Microns No. Batch Day
1 1 1 295 244 0.53 6

310 269 0.35
304 263 0.28
292 247 0.31
2 2 59.5 32.1 0.16
59.3 32.7 0.15

59.7 32.7 0.15 7 4
59.7 32.4 0.14
3 2 30.4 10.0 0.25
30.7 11.7 0.20

30.4 11.7 0.22 8

30.6 11.6 0.25
4 3 1022 943 0.25
1010 967 0.20

1011 978 0.18 9 5
1013 974 0.16
5 3 600 555 0.47
599 556 0.34
603 557 0.41

602 564 0.32 6

4

F. A water bath at 25° C.
is placed around trap T (Figure
1), and depending on the

Liter-Microns of H20 Rﬁilg— amount to be measured, the
Added, as Measured, _Liter- water is either evaporated
oxygen  as water Microns through stopcock 8 (Figure 1)
10.8 2.9 0.17 into the 5500-liter-micron gage,
%}'8 8'% g'gg for 3 minutes, or distilled
11.0 0.8¢  0.12 through stopcock 13 (Figure 2)
10.8 0.83 0.10 into the 150-liter-micron gage,
10.8 0.52  0.09 for 10 minutes, putting liquid
187.8 134 0.41 nitrogen in the glass cup built
189.6 148 0.34 into the gage for this purpose.
{gg‘? }g% g‘gg The mercury is then raised
' ’ above the cutoff and the gage
99.9 64.5 0.19 allowed to warm to room tem-
188 : g g; : g 8' }2 perature.
99.1 67.9 0.14 If the. amount of water to
be measured exceeds 5500 liter-
igg g? 3-3‘5’ microns, it can be measured in
13.6 2.4 0.21 portions. A water bath on T
13.9 2.3 0.28 (Figure 1) at 11° C. (pressure
13.6 2.8 0.25 of the water is 10 mm.) will
13.8 2.7 0.22 allow successive portions to be
13.7 2.5 0.25 evaporated either into the gage
}g; g'g o.22 or into bulbs of known volume
13.7 2.5 0.26 at f (Figure 2).
13.7 2.6 0.23 G. The mercury in the gage

is raised, and the amount of

tion exceeds about 25 p.p.m. (50 liter-microns of water vapor
in a 1.3-liter sample), a drying time of 1 hour is usually suf-
ficient. Below about 25 p.p.m. of oxygen, a longer drying time
is needed, and as drying proceeds, the amount of water vapor
recovered should be measured to determine when an analysis
can be made. For oxygen concentrations of 1 to 2 p.p.m.,
this may require 50 to 75 hours. It is evident, therefore, that
glassware must be clean, so that only the desorption of water
is involved and not the slow removal of water from a trace of
impurity such as alkali.

If, however, a gas stream is sampled directly, it is simple and
convenient to draw the sample through a drying train and
admit it to the previously dried circulating system. When this
is done, an analysis for any oxygen concentration can be made
immediately.

C. A suitable portion of gas is circulated over the catalyst,
and the water vapor is condensed at liquid nitrogen temperature.
In this work, the method was calibrated using liquid nitrogen
only. If dry ice is used, the vapor pressure of water at —78° C.
gives the method a lower limit of perhaps 1 p.p.m. of oxygen.
For amounts of water vapor in
excess of about 50 liter-microns,
measured in the 5500-liter-

water vapor determined by

several pressure-volume meas-
urements between 9- and 11-mm. pressure. The pressure is then
increased further to condense water and allow a measurement of
other gases which may be present.

H. A second portion of the previously dried sample is admit-
ted and analyzed immediately. A delay of several hours will alter
the contribution which the adsorption or desorption of water
vapor on glass makes to the analysis, particularly when measur-
ing small amounts. It is desirable to run one portion after
another and obtain a result which represents steady-state condi-
tions throughout.

EXPERIMENTAL RESULTS

Calibration. The method was calibrated by adding known
amounts of oxygen to a batch of dry oxygen-free hydrogen, mak-
ing several measurements at each level to obtain a steady-state
result. With each evacuation of the cold trap, the amount of
hydrogen remaining is reduced. A series of calibration measure-

micron gage, the sample is cir-
culated for 15 minutes. For
smaller amounts of water

Table 11

Calibration Data, 150-Liter-Micron Gage

. . Resid- . . Resid-
vapor, measured in the 150- Hydro- —mi‘;;"dem{‘; of HZ;’ Lual, Hydro- —;J(‘i?r&Mm‘;zs of Hfio Lual.
; . . . gen ed, as Measured, iter- gen ed, as easured, iter-
Bterqpl%xa)n .ga‘%e! circulation No. Batch Day oxygen  as water Microns No. Batch Day oxygen  as water Microns
ime is 30 minutes.

D. Hydrogen is evacuated ! 1 1 Blank 0.1 0.20 Blank 0.68  0.14
from the region bounded by 1.00 0.25 0.19 6 58.8 46.8 0.14
stopcocks 1, 2, 7, 8, 10 (Figure {88 8‘% 8&? gg.g gg.g 8}%
1), and tll? (Fifure 2) {{01”102 1.00 0.35  0.17 60.2 505 0.15
minutes through stopcoc R

E. In preparation for a Blank 0.13 0.17 Blank 0.66 0.10
measurement, the water vapor 2 3.00 0.66 0.18 7 101.0 86.2 0.12
gages are evacuated as follows: g:gg }Qi 8~ i? igi .g gg.% 8. H
Water from the prev;lo;xs.meahs- 3.00 1.07 0.15 101.0 90.7 0.14
urement is evacuated from the

f f 1 . . . .
5500-liter-micron gage for 5 Blank 0.30  0.13 8 3 3 Blank 0.80  0.09
minutes, through stopcock 9 3 5.00 1.63 0.17
(Figure 1). The 150-liter- 500 2 017 ig.g %é? 8'3?3
micron gage is evacuated for 5.00 518 014 158 R o2
1 minute through stopcock 14 Blank 0 54 013 18.8 11.2 0.20
(Figure 2), then by means of an . .
stopcoek 15, a measured 2 2 Blank 0.28 0.3 Blank 0.36  0.17
amount of water vapor is ad- 4 lg.ég ‘I{ossg 095 {g.g ig.g 8 .%g
mitted to the gage. This 9 81 1 028 187 10.4 818
amount is about 75 liter- 9.95 4.98  0.20 18.9 12.3 0.16
microns, obtained by allowing Blank 0.37 0.16 Blank 042 012
water in g to evaporate into
the 3-ml. volume, A, at room 5 38-(1) 2119 75 g-%g
temperature. After a moment 209 216 015
the gage is evacuated again,, 29.8 21.8 0.15

for 5 minutes.
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ments would begin, therefore, in hydrogen at about 700-mm.
pressure and end when the pressure had fallen to about 200 mm.
A second batch of hydrogen would then be introduced and
measurements continued.

Calibration data are assembled in Tables I and II, for the
5500- and 150-liter-micron gages, respectively, and summarized
in Table ITII. The measurements were made over several days,
and the water vapor recovered at various hydrogen pressures.

In Tables I and II the initial measurement at each level of
calibration, for reasons discussed below, is less accurate. The
column headed ‘‘Residual, Liter-Microns’’ gives the amount of
condensable gas other than water vapor which deposits in the
cold trap during a determination, and is measured as in Para-
graph G of the procedure. In Table II, “Blank” denotes a
measurement in which oxygen has not been added, but which
is otherwise identical in all respects with a regular measurement,

Table III.

5500-Liter-Micron Gage,
Liter-Microns of Hz:0 Re-

Calibration Summary

150-Liter-Micron Gage,
Liter-Microns of H.O Re-

Meas- Lost, covery, Meas- Lost, covery,
Added ured, » v % Added wured, p v 73
10.9 0.8 10.1 1.00 0.32 0.68 32
13.7 2.6 11.1 3.00 1.07 1.93 36
30.6 11.7 18.9 38 5.00 2.15 2.85
59.6 32.6 27.0 55 9.89 5.03 4.86
99.6 67.7 31.9 18.8 11.6 7.2
189.9 150 40 29.9 21.6 8.3 72
302 260 42 60.2 50.5 9.7 84
601 559 42 101.0 90.5 10.5
1011 973 38

The data summarized in Table III are plotted in Figures 7
and 8, as log p vs. log v, where p is the measured and v, the lost
water vapor—i.e., the difference between the amount of water
vapor introduced (as oxygen) and the amount measured. Since
each set of data represents steady-state conditions, this loss is
incurred in the water vapor gage, by absorption. The absorption
loss associated with the amount of water vapor measured in an
analysis is then taken from these curves.

>
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LOG p
Figure 7. Calibration Curve, 5500-Liter-Micron
Gage
Discussion. From Tables I and II the precision of the meas-

urements is seen to be very satisfactory. The condensation of
water vapor, its handling, and its adsorption in the gage are
evidently reproducible, even when the total amount is only 1
liter-micron, and the adsorption loss is 70%. It is conservative
to give the error of the method as +10%, approaching +2%
as the amount of water vapor involved rises to 40 liter-microns
and beyond.

Because the amount of water vapor recovered and measured
depends on the condition of the glassware and the establishment
of steady-state conditions, a single measurement is not sufficient
for an accurate analysis. Nevertheless the error is small, un-
less a sample low in oxygen follows one that is high. This mem-
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Table IV. Memory Effect, 5500-Liter-Micron Gage
Liter-Microns of H:0

No. Added Found % Error
0 265 .
1 295 294 -0.3
2 59.5 62.1 +4.4
3 30.4 29.7 —-2.3
4 1022 996 —2.5
5 600 607 +1.2
6 10.8 15.1 +41
7 187.8 179 —4.8
8 99.9 101 +1.5
9 13.2 16.8 +26
L5
[E+] o4
>
o 0.5
8T
o
T.5 L L L 1 4
TS5 o 05 Lo 5 20
LOG p
Figure 8. Calibration Curve, 150-Liter-

Micron Gage

ory effect is shown in Table IV, in which the first measurement of
each set of data of Table I is treated as an unknown, using the
calibration curve in Figure 7. To obtain greater accuracy at
least three measurements should be made.

When measuring very small amounts of water vapor, it is also
necessary that the blank be reduced to the levels indicated in the
data of Table II. Thus, if the sample contsgins 3 liter-microns
of water vapor (as oxygen) the blank must be reduced to 0.30;
otherwise the results will be high, because at this water vapor
level, a steady state will not be reached in two or three measure-
ments. The lower the water vapor level, the lower the rate of
drying, and the slower the approach to the steady state from a
higher level. However, the steady state is rapidly reached from
a lower water vapor level, so that the apparatus should always
be dried beyond the requirements of the sample,

Table V. Recovery vs. Evacuation Time, 5500-Liter-
Micron Gage

Liter-Microns of H:0

Added, as Measured, after Evacuating for
oxygen 5 minutes 10 minutes
99.7 66.1
99.8 67.8
99.9 68.8
99.7 67.8
99.8 61.7
99.8 64.3
99.7 66.3
99.9 65.6
99.8 62.2
99.8 67.0
Average 99.8 67.5+0.8 64.0 £1.7

In the measurement of a given amount of water vapor, the
portion lost by adsorption depends on the amount of preadsorbed
water in the gage; it increases as preadsorption is reduced. In
the procedure using the 5500-liter-micron gage, this is determined
simply by a 5-minute evacuation of the previous sample. The
effect of reducing preadsorption is shown in Table V, which pre-
sents a series of measurements comparing 5- and 10-minute



1006

evacuation periods. To measure very small amounts of water,
the adsorption loss must be reduced, not only by reducing the
adsorptive surface, but also by preadsorbing a definite amount
of water. Thus, the 150-liter-micron gage is prepared for meas-
urements by filling with 75 liter-microns of water vapor and
evacuating for 5 minutes. In this way preadsorption is held at
& high level. Therefore, in a single measurement using the
5500-liter-micron gage there is memory in both the circulating
system and the gage; with the 150-liter-micron gage, there is
memory in the circulating system only.

The degree to which the adsorption loss has been reduced in
the smaller gage is indicated in the recovery figures of Table
III. The 30- and 60-liter-micron levels are compared, and the
recovery at 3 liter-microns is seen to equal that at 30 liter-microns
in the larger gage.

A factor affecting precision is the pressure at which the volume
of water vapor is measured. Ten millimeters of mercury is
large encugh to be read by the unaided eye, yet not too near the
saturation pressure of approximately 25 mm. The higher the
relative pressure the greater the adsorption of water  vapor.
Thus, the pressure-volume measurement at 11-mm. pressure is
about 39, lower than the measurement made at 9 mm.

The rapid attainment of the steady state in each calibration
indicates that the conversion of oxygen to water vapor and its
removal are substantially complete in the time allowed.

Table VI. Catalytic Formation of Water from Oxygen
and Carbon Monoxide

H:0 Present as

Carbon Monoxide,

Oxygen,
100 to 1000 Liter-Microns 500 to 900 Liter-Microns

Temp., Recovery, Temp., Recovery,
°C. % °C. %
40 2 230 <1
110 9 270 <1
160 40 330 1.5
200 73 400 2
230 100 470 7
270 100 530 9
610 20

OXYGEN DETERMINATION IN THE PRESENCE
OF IMPURITIES

Because the oxygen determination depends on the measure-
ment of water vapor, it is necessary to remove any substances
which might poison the catalytic formation of water, or which
will condense with water and interfere in its measurement,
This is not as severe a limitation as it might appear at first sight.
In the preliminary treatment of the sample to remove water
vapor, by condensation in a liquid nitrogen cold trap, there is
also a complete removal of all potentially interfering substances
except nitric oxide, carbon monoxide, and nitrogen. Thus,
ammonia, carbon dioxide, nitrogen peroxide, hydrocarbons and
compounds of nitrogen, sulfur, and halogens are eliminated.
Ethylene, which would be hydrogenated to ethane and so condense
with water vapor, has a vapor pressure of 0.54 X 1073 mm. at
77.5° K. (21), or the equivalent of 0.4 p.p.m. of oxygen in a
1.3-liter sample. The only way in which these substances might
interfere is through the loss of oxygen in the condensate. Al-
though not investigated, this loss is believed to be very small,
if measurable. If a gas stream is to be sampled directly, suitable
purification can be provided for the continuous removal of water
vapor and other impurities. The purified sample will contain,
therefore, hydrogen and oxygen, and perhaps nitric oxide, carbon
monoxide, and nitrogen.

The effect of carbon monoxide in the oxygen determination was
investigated extensively. The conversion of carbon monoxide
to water and methane, as a function of catalyst temperature, is
given in Table VI, together with comparable data for oxygen.
The conversion is seen to be negligible at 270° C., at which
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Table VII. Determination of Oxygen in the Presence of

Carbon Monoxide
(Catalyst temperature, 260° to 270° C.)

Liter-Microns
Hydrogen of T3

Pressure, Added Present® % Measured, Liter-Microns
Day Mm. as 02 as CO CcOe H,0 CO: Total
1 738 99.8 964 0.071 76.9 17.9 94.8
695 99.7 893 0.070 81.6 19.3 100.9
656 99.9 825 0.069 80.3 19.2 99.5
619 99.8 761 0.067 80.3 19.2 99.5
581 99.7 700 0.066 80.1 19.2 99.3
2 546 317 643 0.064 212 50.7 263
517 319 559 0.059 235 53.5 289
488 326 477 0.053 244 55.4 299
459 323 398 0.047 260 54.4 314
434 326 325 0.041 275 53.0 328
410 328 257 0.034 266 47.1 313
386 328 198 0.028 287 43.3 330
365 319 146 0.022 289 37.0 326
344 322 103 0.016 311 31.8 343
324 326 67 0.011 310 24.6 335
3 304 325 40 0.007 268 12.9 281
289 326 26 0.005 336 19.4 355
273 326 6 0.001 321 8.9 330
258 328 . 348 5.0 353
243 330 336 2.1 338
228 328 323 0.7 324

% In this series of measurements on a bateh of purified hydrogen con-
taining initially 964 liter-microns of carbon monoxide, the falling carbon
monoxide partial pressure is caleculated from the amount removed as car-
bon dioxide and the amount removed with each evacuation of the cold trap,
5.6%. Since hydrogen removal is mainly by evacuation the carbon mon-
oxide concentration is falling.

temperature oxygen is completely recovered, suggesting that a
selective catalysis is possible.

When both oxygen and carbon monoxide were present, although
a temperature of 270° C. suppressed methane-water formation,
carbon monoxide competed with hydrogen for the oxygen and the
products were carbon dioxide and water, respectively. Table
VII gives data for the recovery of oxygen in the presence of ap-
proximately a 15-fold concentration of carbon monoxide. The
recovery, as water plus carbon dioxide, is quantitative. How-
ever, when these measurements were continued the following day,
after overnight exposure of the catalyst to the carbon monoxide-
containing gas, recoveries were low and erratic, indicative of
catalyst poisoning. The catalyst had also become poisoned for
water-methane formation; a second temperature study showed a.
recovery of less than 1%, (down from 79%,) at 470° C.

It may be concluded, therefore, that it is possible to make an
accurate determination of oxygen in the presence of carbon mon-
oxide, except, perhaps, at very low oxygen concentrations.
The carbon dioxide product is determined by increasing the pres-
sure beyond the saturation pressure of water vapor and making a
second pressure-volume measurement; the error arising from its
solubility in water at room temperature is negligible. The slight
loss in catalytic activity is quickly restored by heating to 670° C.
in pure hydrogen.

Despite the low carbon monoxide concentration in the hydro-
gen, about 0.06%, the amount of carbon dioxide formed is rela-
tively high. It is proportional to the first power of the oxygen
partial pressure and independent of the falling partial pressure
and decreasing concentration of carbon monoxide, except at low
levels. It indicates not only strong and preferential adsorption
of carbon monoxide over hydrogen but also that carbon monoxide
is monopolizing only a certain area of the surface, amounting to
about 109, (assigning two elementary sites to hydrogen and one
to carbon monoxide), and suggesting an interesting catalytic
investigation of surface heterogeneity.

The effect of nitric oxide in the oxygen determination was not
investigated. However, it would presumably be readily con-
verted to nitrogen and water vapor. If the sample received has
attained equilibrium at room temperature in the reactions

2NO + 0. 2 2NO; = N0,
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then, after passage through the liquid nitrogen cold trap, it will
not contain both nitric oxide and oxygen in measurable amounts.
Therefore, a qualitative analysis for nitric oxide should supple-
ment the oxygen determination in such cases,

Although nitrogen is potentially a source of ammonia in the oxy-
gen determination, such formation was never observed. None
was found after 15 minutes at 670° C. nor after 30 minutes, and
longer, at 350° C.

MEASUREMENT OF CURRENT EFFICIENCY

An interesting application was the measurement of current
efficiency in the electrolytic formation of oxygen at very low cur-
rents.

In a study of the poisoning of iron-synthetic ammonia catalyst
by oxygen, small amounts of oxygen were added to the gas
stream by electrolyzing a sulfuric acid solution between platinum
wire electrodes, 1 ¢m. long, 0.7 cm. apart. It was necessary to
measure the amount actually introduced, especially at very low
currents where the current efficiency might not be 100%,. Since
the gas stream, N, + 3H,, was purified before the addition of
oxygen, and subsequently purified further over potassium hy-
droxide pellets, Ascarite, activated alumina, and phosphorus
pentoxide, the stream could be sampled into the dry apparatus
and analyzed immediately. This was confirmed by an examina-
tion of the purified gas itself, which showed that the equivalent
of 0.1 p.p.m. of oxygen could be taken as an upper limit on the
impurity content. The data are shown in Table VIII,

The accuracy of the method is demonstrated by the results for
30 ua.; the same current efficiency is obtained at two concentra-
tion levels, 0.44 and 1.22 p.p.m. Further evidence of the relia-
bility is indicated in the approximately constant recombination
current of about 6 ua., the assumption being that the difference
from 1009, current efficiency represents recombination of dis-
solved hydrogen and oxygen in the cell.

Table VIII. Current Efficiency in Oxygen Electrolysis

Calculated Oxygen Addition Analysis, Current,
Current, Gas flow, P.p.m. P.P.M. Efficiency,
ua. liters/hr. [0} Os A
10.1 3.8 0.56 0.26 59
0.32
0.41
10.4 3.75 0.58 0.28 48
0.30
0.25
29.7 10.0 0.62 0.43 71
0.44
0.46
30.5 3.9 1.64 1.21 74
1.27
1.19
68 3.75 3.8 3.5 93
Summary
Current Recombination
Current, Efficiency, Current,
Ha. %% pa.
10 53 5
30 73 8
68 93 5

GENERAL DISCUSSION

Limitations of the Method. The adsorption of water vapor on
glass and the collection of a small amount of unknown condensate
in every measurement are two limitations which would appear
to preclude its extension to significantly lower oxygen concentra-
tions. As the oxygen concentration falls, the necessity for dry-
ing the circulating system to lower levels and the time for doing
this increase, One method of reducing adsorption is indicated
in the adsorption data of Razouk and Salem (29). They at-
tribute the adsorption of water on glass-to surface alkali and have
shown that prolonged wasking with pure water will reduce the
adsorption to about one half that on unwashed glass. On the
other hand, hot acid treatment for several hours followed by water
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washing may cause as much as a sevenfold increase in adsorption,
due to the solution of surface alkali and creation of a roughened
surface. The procedure indicated, therefore, is a mild detergent
wash followed by prolonged washing with water. A second pos-
sibility for reducing adsorption is to coat the glass in some way—
for example, with a chlorosilane (17). Such treatment, if prac-
tical and effective, would not only reduce the drying time but
also eliminate memory effects in the circulating system. There
are also advantages to reducing adsorption in the water vapor
gage, although at present adsorption in the circulating system
is a greater limitation on the method.

It was never possible to free the circulating system of unknown
vapors which would condense with water in the liquid nitrogen
cold trap. The amount of this gas, about 0.2 liter-micron
(Tables I and II), was too small for identification by the mass
spectrometer; it would not be possible to sample it properly,
because, if condensed and sealed off in a glass tube, there would be
contamination by vapors driven from the glass during sealing.
The amount found was not related to the oxygen introduced
nor to the water collected, but did decrease as a given batch of hy-
drogen was repeatedly circulated and dried. Therefore, it was not
due alone to impurities in the oxygen, nor to solution, nor trapping
of hydrogen in the condensate. Presumably it was traces of
hydrocarbons from the stopcock grease (Apiezon N) or traces in
the original tank hydrogen absorbed by the grease and slowly
released. Whatever its nature, it does impose a definite lower
limit on the determination of oxygen.

This method is not alone in having limitations imposed by
water vapor adsorption. Hydrogen reduction followed by the
measurement of water vapor with an infrared analyzer or hygrom-
eter is affected in the same way. Water vapor must also be
eliminated in carbon reduction methods since it will be reduced,
with oxygen, to carbon monoxide. In this respect chemical
methods, responding to molecular oxygen only, have an advan-
tage, but they suffer from the inconvenience of preparing and
handling oxygen-sensitive reagents. This method uses simple
apparatus and demands simple, though careful, manipulative
skill. The sensitivity is high, and small samples can be taken.

Applications. This technique should be applicable to certain
other analytical problems which are beyond the scope of ordinary
gas analysis. Thus, through the reaction

Pt
H, + l/2.02 — H,O

small amounts of oxygen and hydrogen may be determined in each
other, and in nitrogen, helium, and neon by adding excess hy-
drogen and oxygen, respectively. If the water vapor is condensed
at the dry ice temperature, oxygen and hydrogen may also be
determined in argon, krypton, carbon dioxide, and methane,
although with lower sensitivity owing to the higher vapor pres-
sure of water at this temperature. Analytical methods could also
be developed on the basis of the platinum-catalyzed reaction

Pt
CO + 1/202 —_ COz

and the condensation and measurement of carbon dioxide.
Further extension is possible by including in the apparatus a
nickel filament for catalyzing at 300° C. the reaction

Ni
CO -F 3Hz—> CH4 + H20

Carbon monoxide and hydrogen could now be determined in
each other and in nitrogen, inert gases, and methane. By com-
bining the three reactions the analysis of oxygen-hydrogen—
carbon monoxide mixtures would be possible.

A very interesting application is to the direct determination of
low concentrations of nitrogen in hydrogen and inert gases,
based on the iron-catalyzed reaction

Fe
N. + 3H; — 2NH;
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The catalyst could in the form of an iron filament, or as granules
of promoted iron-synthetic ammonia catalyst.

An obvious application is to the direct determination of
moisture in solids. Dry gas would be circulated through the
substance held at a definite temperature, and the water vapor
condensed and measured. This approach has the advantages
that small samples can be taken, provided the substance is uni-
form with respect to moisture content, and accurate weighings

are unnecessary.
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Colorimetric Determination of Elemental Sulfur in Hydrocarbons

J. K. BARTLETT! and D. A. SKOOG

Department of Chemistry, Stanford University, Stanford, Calif.

In the development of a rapid and accurate method for
the determination of small quantities of elemental
sulfur in hydrocarbons, it was found that, in acetone
solution, elemental sulfur reacts rapidly and quanti-
tatively with cyanide to give thiocyanate. Thiocyanate
can be estimated colorimetrically by addition of an
acetone solution of ferric chloride. The recommended
procedure, based on these reactions, is sensitive to
2 p.p.m. of elemental sulfur. Peroxides, sulfides, di-
sulfides, and mercaptans do not interfere even when
present in fairly large excess. Accuracies of 98 to 997,
are possible. The method is directly applicable to the
analysis of petroleum fractions, and with suitable modi-
fication, it should be possible to analyze other material
containing small amounts of elemental sulfur.

HE determination of small quantities of elemental sulfur

dissolved in hydrocarbons or other organic solvents has been
of considerable interest, and a variety of methods for this analysis
has been proposed. The reactions of sulfur with metallic mer-
cury (13, 15, 16) or metallic copper (2, 8) have been the basis of
numerous procedures; however, Kiemstedt (11) reported that
organic peroxides inhibit the reaction between copper and ele-

mental sulfur leading to low results. Peroxides also react with
metallic mercury giving dark precipitates which may interfere
with methods based on the use of this metal. Uhrig and Levin
(16) have suggested preliminary treatment of samples with aque-
ous ferrous sulfate to prevent such interference.

A modification of the doctor reaction, using butyl mercaptan
(butanethiol) as a reagent, has been proposed by Wirth and
Strong (17) for the quantitative analysis of free sulfur. How-
ever, Ball (3) has indicated that the method is susceptible to
interference by peroxides and in addition gives poor results for
low sulfur concentrations. Morris, Lacombe, and Lane (14)
have also studied this procedure as well as one involving reactions
of elemental sulfur with sulfite. They conclude that neither
is suitable for analysis of sulfur concentrations below 100 p.p.m.

The polarographic reduction of sulfur appears to offer many
advantages, and several papers have been published recently
reporting details for such methods (9, 10). Diphenyl disulfide
is the only compound so far encountered which interferes.

The reaction between sulfur and alkali cyanide has been pro-
posed by several authors as a means for the analysis of macro
quantities of elemental sulfur in various substances (1, 5, 6, 12).

1 Present address, Department of Chemistry, University of Santa Clara,
Santa Clara, Calif. .
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The thiocyanate formed in the reaction must be determined in
the presence of an excess of cyanide; methods for accomplishing
this have been proposed. Castiglioni (4) has suggested the use
of the reaction followed by treatment with ferric chloride as a
qualitative test for elemental sulfur, and it occurred to the authors
that this might also be used as a basis for a sensitive method for
the quantitative determination of the element. Investigation
has shown that concentrations of sulfur as low as 2 p.p.m. in
hydrocarbon solvents can be determined in such a way, Further-
more, it has been found that other sulfur-containing compounds
and peroxides either do not interfere or can be readily prevented
from interfering with an analysis by this method. Details of
the proposed method and a discussion of the variables affecting
the reactions involved are given.

APPARATUS, REAGENTS, AND SOLUTIONS

Spectrophotometer. A Beckman Model DU spectrophotom-
eter equipped with l-cm. Corex cells was used for all light
absorption measurements in this work.

Acetone Solvent. Fifty milliliters of water were diluted to 1
liter with technical grade acetone,

Sodium Cyanide Solution. This solution was prepared by
dissolving 0.1 gram of sodium cyanide in 100 ml. of the acetone
solvent. When first prepared, the solution was cloudy but be-
came clear upon standing for a few hours.

Ferric Chloride Solution. This solution was prepared by dis-
solving 0.4 gram of ferric chloride hexahydrate in 100 ml. of the
acetone solvent. Hydrolytic precipitation of part of the iron
occurred shortly after preparation. After the precipitate had
settled for 24 hours, the supernatant liquid was decanted into a
dry bottle. The resulting solution was found to be stable for
several weeks.

Mercuric Chloride Solution. Approximately 20 grams of
mercuric chloride and 20 grams of potassium chloride were dis-
solved in 1 liter of distilled water.

Standard Sulfur Solution. A standard sulfur solution con-
taining 50 p.p.m. sulfur on a weight per volume basis was pre-
pared by dissolving 50 mg. of powdered roll sulfur in exactly 1
liter of petroleum ether. The solvent had & boiling range of 77°
to 110° C. and a density of 0.73 at 25° C.

Miscellaneous Organic Compounds. The organic sulfides, di-
sulfides, and mercaptans used in the work were obtained from
Eastman Kodak Co. and used without further purification.
The tert-butyl hydroperoxide was obtained from Union Bay
State Co.; the n-amyl peroxide and nonyl hydroperoxide were
furnished. by Harry S. Mosher of Stanford University.

RECOMMENDED PROCEDURE

Analysis of Samples Containing No Mercaptans, Sulfides, or
Disulfides. Place a 5-ml. sample of the solution in a 25-ml.
volumetric flask. If the sample contains more than 50 p.p.m.
elemental sulfur, make suitable dilutions with petroleum ether
to give a sample which contains between 5 and 50 p.p.m. Add
15 ml. of the sodium cyanide solution, mix, and allow to stand
for about 2 minutes. Make up to the mark with the acetone
solvent, and withdraw a 5-ml. aliquot. Add exactly 5 ml. of
the ferric chloride solution to the aliquot and mix. Determine
the absorbance at 465 mpu against a blank which has been pre-
pared by mixing 5 ml. of the acetone solvent with 5 ml. of the
ferric chloride solution. Make absorbance readings within 10
minutes after preparation, or store the colored solutions in the
dark if optical measurements are to be made at a later time. If
the sample is colored, make a blank correction by carrying a
5-ml. aliquot through the procedure,.with the exception that no
cyanide should be added. Determine the concentration of ele-
mental sulfur from a calibration curve which is prepared by
treatment of a series of standard sulfur solutions in petroleum
ether in the same way.

Analysis of Samples Containing Sulfides, Disulfides, or Mer-
captans. Take about 20 ml. of the sample and add 50 ml. of
the aqueous mercuric chloride solution. Shake the mixture
thoroughly. If the amount of precipitate formed is small, with-
draw 5 ml. of the sample from the supernatant liquid and treat
by the above procedure. If the quantity of precipitate is large,
filter part of the supernatant liquid through a Biichner funnel
with gentle vacuum, remove a 5-ml. sample from the filtrate,
and treat by the above procedure.

EXPERIMENTAL

The reaction between elemental sulfur and an alkali cyanide
has been shown to take place rapidly in various solvents (1, 4);
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the mechanism of the reaction has been discussed in a recent
publication (7). The first attempts to utilize this reaction for the
quantitative analysis of small amounts of sulfur were carried
out by refluxing samples dissolved in acetone over an excess of
solid potassium cyanide. The acetone solution was then sep-
arated and evaporated to dryness. The resulting mixture of
potassium cyanide and thiocyanate was taken up in water and
the thiocyanate determined colorimetrically by addition of ferrie
ion. Several objectionable features to such a procedure be-
came apparent; the method was time-consuming, not as sensi-
tive as desired, and inapplicable to samples containing high
molecular weight, nonvolatile hydrocarbons. Furthermore,
the results obtained were not entirely reproducible and ap-
peared to depend upon the quantity of potassium cyanide dis-
solved in the solution during refluxing. This in turn depended
upon the type and quantity of sample taken for analysis. For
these reasons, attempts were made to earry out both the conver-
sion of sulfur to thiocyanate and the color reaction in a single
nonagqueous solvent.

Choice of Solvent. Several experiments were carried out
with anhydrous acetone as the solvent, and a considerable in-
crease in the sensitivity of the procedure was noted. This was
expected on the basis of the work of Woods and Mellon (18)
which has shown that the color intensity of the ferric thiocyanate
complex increases as increasing amounts of acetone are added to
an aqueous solution of the complex. However, it was also dem-
onstrated that the presence of very small quantities of water
caused a noticeable decrease in the intensity of the color, and if
reproducible results were to be obtained, considerable care would
be required to maintain anhydrous conditions throughout the
analysis. Furthermore, neither sodium nor potassium cyanide
is very soluble in anhydrous acetone, and solutions of ferric
ion in such a solvent are rapidly decomposed giving a dark brown
solution. All of these difficulties could be overcome by use of
an acetone solution containing a small amount of water, and
throughout the remainder of the work a solvent was used con-
sisting of 59, of water in acetone by volume. In such a solvent
small variations in water content do not appreciably affect the
color intensity of the ferric thiocyanate complex. This is illus-
trated in Table L

Table I. Effect of Variation of Water Content on Light
Absorption of Ferric-Thiocyanate Complex

Water Content

of Solution, Absorbance
% by Volume at 465 mpu
5.0 1.04
5.4 1.06
5.8 1.04
6.2 1.04
6.6 1.04
7.0 1.01

Iron Reagent. Solutions containing various concentrations of
ferric chloride hexahydrate were prepared in 95% acetone. With
all of these, rapid solution of the salt occurred followed by a
slow, hydrolytic precipitation of part of the iron. After 24
hours, the precipitate could be separated by decantation or
filtration to give solutions which were stable for as long as 2
months with respect to further precipitation and behavior with
thiocyanate solutions. The amount of precipitate formed by
the hydrolysis increased as increasing quantities of ferric chlo-
ride were taken; however, the solutions made up with larger
amounts of ferric chloride also contained more iron as indicated
by their color. These solutions were used to determine the op-~
timum iron concentration for color development by addition of
measured volumes of each to the acetone solvent containing
measured quantities of potassium thiocyanate. The results of
these experiments are shown in Table II. The decreasing light
absorption at higher iron concentrations presumably results
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Table I1. Effect of Iron Concentration on Color

Development
FeCli.6H20 per

100 M. Iron Reagent, Absorbance
Grams (465 myu)
0.20 0.910
0.28 0.970
0.36 0.975
0.40 0.980
0.48 0.975
0.60 0.970
1.00 0.950
2.00 0.950
4.00 0.930

from an increase in acidity which is associated with the more
extensive hydrolysis in the iron solutions of higher concentra-
tion. For the subsequent work, the iron reagent was prepared
by dissolving about 0.4 gram of ferric chloride hexahydrate in
100 ml. of the 959% acetone. Analysis of this solution, after
precipitation was complete, showed that it contained approxi-
mately 50 mg. of iron per 100 ml. of solution, which indicated
that almost half of the iron originally present had precipitated.

Table III. Effect of Cyanide Concentration on Ferric
Thiocyanate Color
Wt. NaCN,

Meg. Source of 8 Absorbance
0 KSCN 0.900
3.0 KSCN 0.915
3.0 S 0.910
6.0 S 0.935
9.0 S 0.955
12.0 S 0.960
15.0 KSCN 0.980
15.0 S 0.975
18.0 S 0.985

20.0 S 1.00

Effect of Cyanide Concentration. The effect of cyanide con-
centration upon the completeness of conversion of sulfur to
thiocyanate and upon the reaction of thiocyanate with ferric
ions was studied. A series of solutions' containing identical
quantities of sulfur as elemental sulfur and as potassium thio-
cyanate were treated with various volumes of a standard sodium
cyanide solution. This was followed by color development with
the standard iron solution. The results of these experiments are
shown in Table IIT.

At the same cyanide concentrations, the data for solutions pre-
pared from elemental sulfur and from potassium thiocyanate
agree within the experimental error of the measurements. This
indicates that quantitative conversion of the sulfur to thiocya-
nate is rapidly achieved even with the smallest quantity of cyanide
used. However, an increase in cyanide concentration results
in greater light absorption with both types of samples. In all
probability this results from the decrease in acidity of the solu-
tion as the cyanide concentration becomes larger. Such a
change in pH undoubtedly has a considerable effect on the
equilibria involved in the complex formation. Concentrations
of sodium cyanide greater than 20 mg. per 25 ml. were found to
cause precipitation of iron. To avoid this and yet work at
near the maximum sensitivity of the method, a sodium cyanide
concentration of 15 mg, per 25 ml. was chosen for conversion of
sulfur to thiocyanate. It is seen from Table III that great care
is not required in the preparation and addition of the cyanide
reagent.

Stability of Color. A study of the stability of the ferric thio-
cyanate color in acetone solution revealed that a slow decrease
in the color occurred when the solutions were exposed to day-
light. For example, a solution which was allowed to stand for 3
hours in ordinary daylight was found to have decreased in
absorbanee by about 20%,. Prolonged exposure to light resulted
in complete loss of the red color. Solutions kept in the dark for
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3 hours were found to be completely stable and gave identical
values for absorbance with solutions examined immediately after
preparation. The results of these studies are shown in Table
1v.

Calibration Curve. A plot of absorbance against concentra-
tion of elemental sulfur was found to give a straight line passing
through the origin. Beer’s law was followed over a concentration
range of 0 to 50 p.p.m. of elemental sulfur.

Interferences. The effect of the presence of a number of dif-
ferent organic compounds on the proposed analysis was investi-
gated. The results of these tests are shown in Table V. In
each case 5 ml: of a petroleum ether solution containing 0.25 mg.
of sulfur and a 200-fold excess of the compound under study was
used.

Ethyl, n-butyl, and benzyl mercaptan caused a marked de-
crease in the amount of sulfur found by the procedure. This
was to be expected, inasmuch as the reaction between mercaptans
and elemental sulfur is known to take place rapidly in basic solu-
tions. Undoubtedly most of the sulfur present in these samples
was converted to a disulfide in the basic cyanide solutions.
It was possible to eliminate completely this interference by shak-
ing the sample with an aqueous solution of mercuric chloride or
silver nitrate prior to the addition of cyanide. The sulfur analysis
was then run on an aliquot from the petroleum ether layer. With
large amounts of mercaptans, filtration of the mercaptides through
a Biichner funnel was necessary. Table V shows that excellent
recoveries of elemental sulfur in the presence of the mercaptans
studied were attained when this treatment was used.

Table 1V. Stability of Ferric Thiocyanate Color in
959, Acetone

Time after
Preparation, Type of
Min. Storage Absorbance
1 Dark 1.10
25 Dark 1.10
90 Dark 1.11
180 Dark 1.10
24 hr Dark 0.416
1 Daylight 1.10
5 Daylight 1.10
15 Daylight 1.10
20 Daylight 1.10
30 Daylight 1.08
40 Daylight 1.07
60 Daylight 1.03
120 Daylight 0.960
170 Daylight 0.890

The effect of four organic sulfides on the analytical procedure
was investigated. With methyl, ethyl, and benzyl sulfides, es-
sentially complete recoveries of the added sulfur were obtained.
However, low results were encountered when n-butyl sulfide was
present. Treatment of the sample containing this ‘compound
with aqueous mercuric chloride prior to the analysis removed
the interference and resulted in complete recovery of the added
elemental sulfur. The mercuric chloride may have removed the
sulfide as a complex, thus preventing its interference; however,
it seems more probable that the low recoveries in the untreated
samples occurred as a result of mercaptan impurities in the n-
butyl sulfide. ‘This was not investigated further.

Analysis of samples containing large amounts of methyl, ethyl,
and phenyl disulfides gave recoveries which were low by 1 to
3%. However, theoretical results were obtained when these
were treated with mercuric chloride prior to analysis. Here
again, the low results may have been caused by mercaptan im-
purities.

The effect of hydrogen sulfide on the analysis was also investi-
gated. A quantity of petroleum ether was saturated with the
gas and then diluted fourfold with more of the solvent. Sufficient
elemental sulfur was added so that 5-ml. aliquots contained 0.25
mg. of the element. These were analyzed with and without
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treatment with aqueous mercuric chloride. The untreated
samples gave erratic results. The low results probably arose
from a decrease in the ferric ion concentration as a result of re-
duction by the hydrogen sulfide. In any case, the interference
was readily prevented by removal of the hydrogen sulfide as
mercuric sulfide. Excellent recoveries were then obtained, as
illustrated in Table V.

The effect of peroxides on the proposed procedure was investi-
gated, because this type of compound has been reported to inter-
fere with many of the methods for determining free sulfur.
Analysis of samples containing excesses of fert-butylhydroperoxide,
n-nonyl hydroperoxide, and n-amyl peroxide indicated that
theoretical recoveries of sulfur could be expected when peroxides
are present. As further evidence for this, a sample of known
sulfur concentration was prepared in white gasoline which had
been air oxidized for several hours in sunlight. Sufficient per-
oxides were formed by this treatment to liberate appreciable
quantities of iodine from iodide. Analysis of this sample gave
a complete recovery of sulfur and no peroxide interference.

Samples containing thiophane, thiophene, and large quantities
of toluene and amylene were also 'analyzed, and these com-
pounds were found to interfere in no way with the analysis.

RESULTS AND DISCUSSION

A series of samples containing known quantities of elemental
sulfur and a variety of other compounds was prepared and ana-
lyzed by the proposed procedure as a test of the method. The
results of these analyses are shown in Table VI.

The data indicate that accurate analysis for elemental sulfur
can be made over a concentration range of 5 to 50 p.p.m. Ob-
viously, more concentrated samples can be analyzed by suitable

Table V. Effect of Various Compounds on Analytical
Results for Elemental Sulfur

Quantity of S Found, Mg.

Sample not  Sample Quantity
Quantity treated treated of 8
Compound Added, with with Taken,
Added Meg. HgCl2 HgCl: Meg.
None .. 0.250 0.250 0.250
Mercaptans
Ethyl 50 . 0.250 0.250
0.250%
n-Butyl 50 0.005° 0.252 0.250
0.253%
Benzyl 50 0.075°¢ 0.250 0.250
0.250°
Sulfides ’
Dimethyl 50 0.248 e 0.250
Diethyl 50 0.250 e 0.250
Di-n-butyl 50 0.202 0.249 0.250
0.250¢
Dibenzyl 50 0.248 e .0.250
Digulfides
Dimethyl 50 0.241 0.248 0.250
Diethyl 50 0.215 0.250 0.250
Diphenyl 50 0.244 0.248 0.250
0.248 0.254 0.250
Hydrogen sulfide a 0.254 0.250 0.250
0:252 0.250 0.250
0.110 L 0.250
Peroxides
tert-Buty! hy-
droperoxide 50 0.250 0.251 0.250
n-Amyl per-
oxide 50 0.250 0.250
n-Nonyl hydro-
peroxide 50 0.250 .. 0.250
Thiophane 100 0.252 0.250 0.250
Thiophene 20 0.250 0.250 0.250
Amylene o 0.127 0.127 0.125
Toluene S 0.125 0.125 0.125

1" Sample treated with aqueous silver nitrate rather than mercuric chloride
solution.
n-Butyl merecaptan (25 mg.) used in untreated sample.
¢ Benzyl mercaptan (12.5 mg.) used in untreated sample.
@ Samples were approximately one quarter saturated with HsS.
¢ Sample contained approximately 509, amylene.
/ Sample contained approximately 509, toluene.
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dilution with petroleum ether. As low as 2 p.p.m. of sulfur can
be determined, although the relative error at this level of concen-
tration would be greater than at higher concentrations. Some
attempts were made to increase the sensitivity of the method -
further by using smaller volumes of solutions and more concen-
trated reagents. However, precipitation of iron was encountered
under these conditions.

Table VI. Analysis of Samples Containing Known
Concentrations of Elemental Sulfur
Sulfur Content,
Other Compounds P.P.M.
Solvent Present Found  Present

Petroleum ether L. 5.2 5.0
Petroleum ether . 10.2 10.0
Petroleum ether . 15.4 15.0
Petroleum ether . 20.2 20.0
Petroleum ether o 50.0 50.0
Benzene e 24.9 25.0
‘White gasoline L 50.3 50.0
‘White gasoline (oxidized) e 49,7 50.0
Petroleum ether n-Butyl mercaptan 5.0 5.0

n-Butyl sulfide

n-Butyl mercaptan 9.9 10.0

Ethyl disulfide

n-Butyl sulfide 15.4 15.0

Ethyl disulfide

n-Butyl mercaptan 20.2 20.0

H.S

n-Butyl sulfide 49.7 50.0

n-Butyl mercaptan
Ethyl disulfide

The method is very simple and is free from interference by
compounds commonly occurring in petroleum fractions and ap-
pears to offer many advantages for the analysis of elemental sul-
fur in samples of this type. It seems probable that, with suitable
modification, it could be applied to the analysis of other ma-
terials containing elemental sulfur.
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Microscopic Identification of Wustite—Correction

In the captions of the figures of the article on ‘‘Microscopic
Identification of Wustite’’ [Wells, R. G., ANaL. CuEM., 26, 715
(1954)] the last sentence should read: Original magnification
X125, reduced '/, in reproduction.
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To obtain an estimate of reliability of a test method
from an exchange of samples between laboratories, the
data are first combed for wild results. Then a pre-
liminary review is made to determine whether or not
the reliability of the test depends on the magnitude of
the variable being studied. If so, a separate estimate
of reliability is made for each magnitude; if not, all
the data are pooled to obtain a single estimate of
reliability for the whole range of magnitudes studied.
The four statistical tools used are: analysis of variance,
the F test for comparing variances, Dixon’s Q test for
rejecting off laboratories, and Bartlett’s test for homo-
geneity of variances. The statistical evaluation is only
approximate. It gives a working estimate of the
reliability of the test method, and it indicates which
laboratories, if any, are not qualified to run the test
without improvements in their technique. The statis-~
tical evaluation outlined has proved useful in labo-
ratories of the Standard Oil Co. (N. J.).

ESEARCH work often depends on tests. In manufactur-
ing, the processes are controlled, and the quality of the
product is determined by testing. Both the research worker
and the manufacturer want to know the reliability of the test
method upon which they are depending. An approximate idea
of this is usually obtained by experience. However, cases arise
in which a direct determination is desirable. For example, when
a new test method is being tried, or when tests are being run in
several laboratories, questions arise such as: Is the new method
as good as the old one? Do all laboratories give the same an-
swer? Is the reliability of the test dependent on the magnitude
of the variable being measured?

Round-Robin Tests. These questions can be answered by
running a round robin of tests. Several samples are run several
times each in each of several laboratories. The data are then
examined to get an estimate of the reliability of the test. The
results will show how the test compares with former tests, how
well laboratories check one another, and how the reliability is
affected by magnitude.

The results from such an exchange are not always easy to
analyze. Frequently, one or two laboratories will differ radically
from the others, or one or two single wild determinations will
crop up, or the data may show that there is a highly significant
tendency for some laboratories to do better than average on cer-
tain samples and worse than average on others. It is difficult
to account for these anomalies. They make the job of estimating
the reliability harder.

No matter how perverse the results, however, it is desirable
to get some sort of working estimate of the reliability of the test
from them. It is also desirable to learn whether the reliability
depends on the magnitude of the variable being tested, and
whether some laboratories need help in improving their technique.
It is the purpose of this paper to suggest a method of determining
these things from the results of an exchange of samples.

Work by Others. Considerable work has been done on the
evaluation of tests. Peakes (6) has shown how to decide whether
a test method will distinguish between samples by using the F
test. ASTM Committee E-11 on Statistical Quality Control of
Materials is working on the evaluation of test procedures. The
committee has made (9) some preliminary suggestions based on
the use of control charts. However, it did not suggest any
method of handling wild results in the work. Moreover, the ASTM
method does not tell how to handle the situation where the relia-
bility of the test changes with the magnitude of the result. It
has been found that both of these problems crop up in practical
work.

Wernimont (9, 10) has done considerable work on this problem.
He showed (10) how to obtain separate estimates of the variability
in test results due to differences between laboratories, differences
between analysts in the same laboratory, day-to-day differences
when the tests are run by the same analyst, and differences in
replicate results on the same day by the same analyst in the same
laboratory. In the method suggested here, a separate estimate
of the variability due to the last two effects was not obtained.
From the practical standpoint, it seemed sufficient to get an
estimate of the laboratory effect and the combined effect of repli-
cates, days, and analysts. Mitchell (§) has recommended the
use of control chart techniques for the control of accuracy and
precision in industrial tests.

1
RUN A ROUND-ROBIN OF TESTS
(AT LEAST 3 SAMPLES IN TRIPLICATE IN AT LEAST 3 LABORATORIES)
TABULATE THE DATA
(DETERMINE ALL TOTALS AND AVERAGES}

- COMBFOR WILD RESULTS ~ %337
LOOK AT EACH SAMPLE. ’
" (REJEST "SPORTS)

00K AT EACH LABORATORY i

. (Bl COMPARE SPREADS - -
.= {REJECT "OFF" | ABORATORIE!

m
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Figure 1. Evaluation of a Test Procedure
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It is felt by the authors that the cost of statistical analysis is
small compared to the cost involved in evaluating a test proce-
dure. It, therefore, seems desirable to use the most efficient
statistical methods available in analyzing the results. The
analysis of variance technique is more efficient than the control
chart techniques. High efficiency in utilizing the data is, of
course, most important when the round-robin program is per-
force small. In industrial work, it is sometimes desirable to get
a rough estimate of .the reliability of a test by running only three
samples, three times each, in three laboratories. In cases such
as this the authors feel that the analysis of variance will give a
better estimate of reliability than control charts. When a large
number of tests can be run, the control chart technique looks
promising. It would seem desirable to incorporate into this
technique some means of taking into account the effect of magni-
tude on reliability and some systematic means of combing the
data for wild results.

The simplest and safest estimate of the reliability is, of course,
one which is based on all of the data from the test work. How-
ever, when one or two laboratories are far out of line, or some
obviously wild results are reported, this estimate of the reliability
is high. It is not acceptable to the experienced tester. Al-
though the estimate is a safe one, it i3 not a useful one. It is
preferable, from the standpoint of the user, to reject the wild re-
sults and base his estimate of the reliability on data from labora-
tories which are in control. An effort is then made to bring the
errant laboratories into line. In this way the round robin of
test work serves two purposes: First, it gives a usable estimate
of the reliability of the test method, and second, it indicates
which laboratories cannot meet this reliability level without im-~
proving their technique.

OUTLINE OF METHOD

The method is not exact. It is an approximate method de-
signed to come up with a working estimate of the reliability of a
test procedure. It is offered as a step toward the development
of a uniform, statistical evaluation of analytical procedures.

Description of Terms. The reliability (as used here) is meas-
ured in terms of the repeatability and the reproducibility.

The repeatability is a measure of the ability of the test method
to check itself when it is run in one laboratory. It takes into
account the effect of differences in analysts and days. The re-
peatability is a standard deviation. On the average, two out of
three results obtained on a sample in a particular laboratory will
not, differ from the laboratory average for that sample by more
than the repeatability.

The reproducibility is a measure of the ability of a test method
to check itself when it is run in different laboratories. 1t takes
into account all of the factors affecting the repeatability and, in
addition, includes the effect of differences between laboratories.
It is also a standard deviation. Two out of three results ob-
tained in any laboratory will not differ from the over-all average
(all laboratories) by more than the reproducibility.

The repeatability would be a useful estimate of test reliability,
where one laboratory is being used to control a manufacturing
process. The reproducibility is & more generally useful estimate
of reliability which would be useful, for example, in discussing
the quality of competitive products. The competitive products
would very likely be tested by several different laboratories.

Statistical Tools Used.” The statistical evaluation requires a
knowledge of the following:

1. The analysis of variance technique (171).

2, The use of the F test for comparing variances (1).

3. The use of Dixon’s @ test for comparing averages (2, 3).
4. Bartlett’s test for homogeneity of variances (8).

Details on the use of these four tools can be found in the ref-
erences shown and in many other textbooks on statistics. The
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laboratory worker will also need a desk calculating machine to
speed his analysis.

Steps in the Method. The evaluation is carried out in se-
quence as shown in Figure 1.

1. A round robin of test work is done in several laboratories.

2. The raw data are combed to eliminate wild results.

3. A preliminary examination is made to find whether the
repeatability of the method depends on the magnitude of the
variable being tested.

4. The data are analyzed to obtain the repeatability and the
reproducibility of the test.

When it is desirable, the second step can be deleted without
interfering with the rest of the analysis. However, it has been
found, particularly with newly developed tests, that some labo-
ratories are out of control. Unless these wild data are rejected,
the reliability figures obtained will not be realistic.

GENERAL PLAN

First, the basic data must be obtained by an exchange of sam-
ples between laboratories. Even for a rough estimate, at least
three samples should be circulated to at least three laboratories.
Each sample should be run three times by each laboratory.
The three runs on each sample should be made on different days
and by different operators, if more than one operator will be
running the tests in the normal course of events. The more
samples and laboratories involved, the better will be the estimate
of the reliability. The results are then tabulated, and all of the
totals and averages determined.

The data should then be combed to eliminate wild results.

First, look at the results obtained on each sample separately.
Determine the variance within laboratories (this is the first
estimate of repeatability), and look over the results to see if any
single determinations differ from the laboratory sample (results
obtained in one laboratory on one sample) average by more than
three times the estimated repeatability. If a wild result is found,
reject it, and simply substitute an averaged value. Single wild
determinations are thus rejected at about the 999, confidence
level. No correction is made in the degrees of freedom, since
the method is only approximate. This will simplify the subse-
quent calculations without introducing a large error in the result.
This averaged value is used as if it were a real determination in
the subsequent work.

Now look over the laboratories to find if any are out of control.
Compare the average result obtained by each laboratory on each
sample using Dixon’s @ test. If a laboratory is far out of line,
all results from this laboratory should be rejected. This pro-
cedure will identify the laboratories which need help with the
test procedure. The laboratories may then be compared on the
basis of the spread of their results, using Bartlett’s test for
homogeneity of variances. If the within laboratory variance in
one laboratory is much greater (999, confidence) than that ob-
tained in the other laboratories, it should be rejected. Some
improvement in technique is required before this particular
laboratory is qualified to run the test.

Subsequent handling of the data hinges upon whether the re-
peatability of the test depends on the magnitude of the variable
being measured. In some tests, the repeatability is poorer on
large values than it is on smaller values, and vice versa. For
example, the repeatability of the macro-Kjeldahl nitrogen de-
terminations is poorer for high concentrations of nitrogen than
it is for low concentrations. If the repeatability depends on the
magnitude of the variable being measured, the data for each sam-
ple are handled separately. A separate estimate of the reli-
ability is obtained for each sample. If enough samples have been
run it may be desirable to plot the reliability estimates against
the magnitude. This plot will then serve to give an estimate of
the reliability for any level within the range covered by the sam-
ples.

Where the repeatability of the method is not dependent on
the magnitude .of the variable being tested, all of the data are
handled together. A complete analysis of variance makes it
possible to determine whether there is a significant laboratory
by sample interaction. If the bias for a laboratory varies from
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one sample to another, then an ‘‘interaction” exists between
laboratory and samples (12). Where such an interaction exists,
an extra component must be added to the estimate of the repro-
ducibility.

Frequently it is found that the spread between laboratories
is significantly greater than that within laboratories. When
this oceurs, a separate component must also be added to the esti-
mate of the reproducibility. In the ideal case the reproducibility
is identical with repeatability. However, it is more common in
preliminary work to find that the reproducibility is greater than
the repeatability because of components contributed by differ-
ences between laboratories and by significant interaction effects.
As the test is perfected, these extra components may diminish
or disappear.

The best way to demonstrate the statistical evaluation of a
test method is to work through an actual example. Two exam-
ples are shown here, The first represents the first round-robin
results on a new test. Some of the laboratories are not in con-
trol, and a lot of data have been rejected. The second example
illustrates the evaluation of a well-developed test procedure.
All of the laboratories are in control, and no data are rejected.

DETERMINATION OF CARBON ON A CATALYST

Recently it was desired to obtain an estimate of the reliability
of a new method for determining the carbon on a catalyst.
When the catalyst is regenerated in the normal manner, most of
the carbon deposited thereon will be removed. Unfortunately,
this removal is not always complete; carbon which has been en-
trapped within the catalyst will not be removed, even in highly
efficient regenerators. A laboratory procedure was developed
to determine the burnable carbon remaining on the catalyst.
A portion of the catalyst sample is weighed into a combustion
boat and put into a furnace under a stream of oxygen at a tem-
perature of 1000° F. The temperature is gradually raised to
1600° F., and the evolved carbon dioxide is collected and weighed
in an Ascarite absorber. The per cent weight of carbon col-
lected in the absorber is reported as burnable carbon.

In order to determine the reliability of this new test, a round
robin of tests was run, and the data obtained are shown in Table 1.

The round-robin exchange of samples in this case consisted
of sending four catalyst samples to eleven laboratories and asking
each laboratory to run each sample three times. The totals
and averages were determined, and the data made ready for
statistical analysis,

COMB FOR WILD RESULTS

Look at Each Sample. By examining each sample separately,
an estimate of the repeatability (or replicate variance) within
laboratories is made. We can then decide whether individual
results in any one laboratory sample are wild. In other words,
do they differ from their laboratory-sample average by more than
would be expected on the basis of normal variations? The
results of an analysis of variance for each sample are shown in
Table II. Any results which differ from their laboratory-sample
average by more than three times the repeatability, 3S,, (sym-
bols are defined in Table III) should be rejected. An inspection
of the results shows that the second results obtained by Labora-
tory H on Sample 4 (0.39) differ from the laboratory-sample
average (0.28) by more than 38, (for this sample S, = 0.035,
so that 38, = 0.105). The average of the other two results
(0.23) is substituted for 0.39 and appropriate changes made in
the totals,and averages. Recalculating the corrected data on
sample 4 shows that the sample now has a repeatability, S,, of
0.021. There are no other wild results.

Look at Each Laboratory. The results obtained by each
laboratory on each sample may now be examined to determine
what laboratories, if any, are out of control. The laboratories
are compared both on the basis of their average result and the
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spread in their results. Laboratories which are a long way off,
in either respect, should be rejected. The averages can be com-
pared using Dixon’s Q test, and the spreads, using Bartlett’s test
for homogeneity of variances.

ComPARE AvERaGEs. The averages obtained.by each labo-
ratory on each sample have been compared using Dixon’s
Q test (3) at the 999, confidence level. The @ ratios are shown
in Table IV. The low result on sample 3 is out of line. A re-
examination shows that no other laboratories.should be rejected,
although Laboratory H is near the rejection limit (after rejecting
Laboratory G). A @ test on the over-all laboratory averages
shows that no other laboratories are sufficiently high or low in
over-all average to be rejected.

ComPARE SprREADs. The remaining laboratories should now
be examined to determine whether some show a significantly
greater spread in results than others. An analysis of variance
run on the data from each laboratory is shown in Table V. The
x% value as determined for Bartlett’s test (8) is 33.73, which

Table I. Results Obtained on Burnable Carbon
Sample No. Labora-
Labora- 1 2 3 4 tory
tory Carbon in Catalyst, %, Total Average
A 1.66 0.76 0.82 0.21
1.68 0.77 0.81 0.25
1.66 0.75 0.81 0.24
0.868

Total 5.00 2.28 2.44 0.70 10.42
Av. 1.67 0.76 0.81 0.23

[=1=1
[ ]
wo

Total 4.75 2.24 2.41 10.10 0.842

Av. 1.58 0.75  0.80

C 1.74 .75 0.81 0.21
1.69 0.76 0.80 0.23
1.65 8L 079 0.22
Total 5.08 2.32 2.40 0.66 10.46 0.872
Av. 1.69 0.77 0.80 0.22
D 1.70 0.76 .84 0.26
1.69 0.81 0.86 0.23
1.70 0.78 0.79 0.23
Total 5.09 2.35 2.49 0.72 10.65 0.888
Av. 1.70 0.78 0.83 0.24
E 1.57 0.70 .78 0.20
1.53 0.67 0.74 0.20
1.58 0.70 0.80 0.22
Total 4.68 2.07 2.32 0.62 9.69 0.808
Av. 1.56 0.69 0.77 0.21
F 1.55 0.60 .73 0.21
1.52 0.67 0.77 0.21
1.50 0.64 .69 0.19
Total 4.57 1.91 2.19 0.61 9.28 0.773
Av. 1.52 0.64 0.73 0.20
G 1.46 0.68 0.31 0.18
1.46 0.75 0.43 0.21
1.44 0.73 0.54 0.22
Total 4.36 2.16 1.28 0.61 8.41 0.701
Av. 1.45 0.72 0.43 0.20
H 1.65 0.80 .63 0.26
1.61 0.79 0.71 0.39
1.46 0.82 0.58 0.20
Total 4.72 2.41 1.92 0.85 9.90 0.825
Av. 1.57 0:80 0.64 0.28
I 1.66 0.74 070 0.26
1.62 0.75 0.80 0.22
1.64 0.76 0.76 0.23
Total 4.92 2.25 2.26 0.71 10.14 0.845
Av. 1.64 0.75 0.75 0.24
J 1.62 0.72 0.81 0.21
1.64 0.74 0.70 0.21
1.60 0.75 0.81 0.19
Total 4.86 2.21 2.32 0.61 10.00 0.833
Av. 1.62 0.74 0.77 0.20
K 1.47 0.76 .67 0.21
1.60 0.79 0.73 0.25
1.57 0.82 0.84 0.29
Total 4.64 2.37 2.24 0.75 10.00 0.833
Av. 1.55 0.79 0.75 0.25
Grand total  52.67 24.57 24.27 7.54 109.05 “e
Grand average 1.596 0.745 0.735 0.228 PN 0.826
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indicates that the variances are not homogeneous. The labora-
tories differ significantly in repeatability.

Inspections of the logarithms of the within-sample variances
in Table V shows that sample A is the heaviest contributor to
the lack of homogeneity. If the data from sample A are deleted,
the x? value for Bartlett's test drops to 18.35. This is not high
enough to prove (with 999, confidence) that the balance of the
data lack homogeneity. No further data need be rejected.
However, this value for x2 is suspiciously high (shows a lack of
homogeneity at the 989, confidence level). It is apparent that
Laboratories H and K have a much higher within-sample var-
iance than the other, laboratories. From the practical stand-
point the data from these laboratories were deleted. This re-
sults in a x? value of only 2.11, which shows that the balance of
the data are homogeneous. The decision as to what data should
be rejected to eliminate nonhomogeneous variances will depend
on the distribution of the variances and the judgment of the ana-
lyst.
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Table VI. Effect of Magnitude on Repeatability
(After rejecting 4 laboratories)

Sample No. 1 2 3 4
Sample average 1.62 0.73 0.78 0.22
Within laboratory variance X

104 (14 degrees of freedom) 6.36 6.78 18.07 1.93
Repeatability, So 0.025 0.026 0.042 0.014

The analysis shows which laboratories may be having trouble
with their techniques. It serves to pinpoint possible sources
of difficulty. A good estimate of the reliability of the test can
still be obtained from the seven remaining laboratories.

Does Magnitude Affect Repeatability? Subsequent handling
of the data hinges on whether the repeatability of the carbon
determination depends on the amount of carbon present. This
can be determined by inspection of the repeatability results in
the various samples. The repeatability figures on the four
samples (with data from Laboratories A, G, H, and K deleted)
are shown in Table VI. It is apparent that there is no consistent

Table II. Repeatability within Laboratory Samples trend. An F test on the two extremes shows that they are not
(Carbon determination) significantly different at the 999, confidence level. In this in-
Sample No. 1 9 3 4% stance we can handle all of the data together.
Sample average, % .60 0.74 0.73 0.23 (0.22)
Variance X 10
Between laboratones 7 7 02 39 0.87
Wlthm laboratories, 18 -0 47 1.85 (0.87) Table VII. Analysis of Variance on Seven Laboratories
0.66 3.42 1.20 (0.43) . :
Repeatabxhty = 8o = vV Ve o 042 0.026 0.058 0.035 (0.021) (Laboratories A, G, H, and K rejected) -
Degree
“ Youden (11). Sum of ofe%‘rees- Variance
b The vfah}xles in w;:ﬁ;entheses represent the recalculated values after Squares dom Variance Ratio
rejection of the one wild value Between samples 21.0509 3 7.0170 28416
Between laboratories 0.1053 6 0.0175 7.08%
Laboratory by samples 0.0445 18 0.002471 2.98%
Table III. Nomenclature Used Replicates 0.0464 56 0.000828
Symbol Total 21.2471 83
No. Number of repeat tests on each sample in each laboratory ¢ Significant at the 99% confidence level.
Ns§* Number of samples in the exchange program
N1 Number of laboratories in the exchange program
Vo Variance due to differenees between replicate tests
Vs Variance due to differences between samples
YL Variance due to differences between laboratories Analyze All Data. The analysis of variance on all of the re-
VI Variance due to interaction between laboratories and samples .. .. .
So Ve = repeatability maining data from the seven laboratories is shown in Table VII.
8s  Component of variance due to differences between samples The laboratory by sample interaction proved to be significant in
8L Component of variance due to differences between laboratories " 4 .
81 Component of variance due to laboratory by sample interaction this case. This points up the need for more work on the method.
Any results obtained for repeatability and reproducibility will
Table IV. Inspection of Data to Find Laboratories with only be working approximations for use until the procedure is in
Averages Far Out of Line better control. Testing the between-laboratories variance
(Using Dixon’s Q test) against the laboratory by sample interaction shows that it is
Sample No. 1 2 3 4 (Corrected) also significant. . .
Q Value® The components of variance due to the interaction effect and
On highest result 0.167 0.182 0.158 0.200 to the laboratory effect can be calculated from the data in Table
On lowest result 0.416 0.533 0.790 0.000 VII using the equations shown by Villars (7). See Table VIII,
Revised @ Values after Rejecting Laboratory Gb Case B.
On highest result 0.067 0.091 0.200 0.200 Vv, = S.2 = 0.000 828
. 0.334 0.530 0.000 e T BMe - - ’ e
On lowest result 0.176 3 5 S. = 0.026 = repeatablhty
¢ Value must exceed 0.679 for rejection at the 999, confidence level (3).
b Value must exceed 0.597 for rejection at the 99% confidence level. Vi=V, -+ N, (—L—_—l)-
Sr2 = 0.002,471
Table V. Inspection of Data to Find Laboratories with Repeatabilities (Table VH)
Far Out of Line = 0.000,828 + 3 (___)
(Laboratory G rejected) Se
D E F H I J K
Laboratory A B C (Corrested) Sz = 0 000,469
Total 10.42 10.10 10.46 10.65 9.69 9.28 9.74 10.14 10.00 10.00 S; = 0022 = component of
Average 0.87 0.8 0.87 0.89 0.81 0.77  0.81 0.84 0.83 0.83 reproducibility due to
Variance X 103 !abora't'o.ry by sample
Between samples 1055 931 1115 1088 942 908 948 1019 1029 859 interaction
Within samples, Vo 0.17 0.94 0.81 0.56 0.51 .90 3.86 0.86 1.20 3.63 Nt
Log Vo ~3.97 —3.03 —3.09 —3.25 —3.290 —3.05 —2.41 -—-3.06 —2.92 -—2.44 V=Vr + NN, Iv—_—i
Deviation from log Vo —0.74 0.00 -0.06 —0.22 —0.26 -0.02 40.62 ~-0.03 +0.11 +0.59 L

Bartlett’s test (8) for homogeneity of variances:

X a2 = 2.65(f — 1) = (Log Vo — Log Vo)?
2.65 (10 — 1)(1.4131)

1t

33.73 (significant at 999 confidence level)

Sz = 0.0175 (Table
VII)

0.002,471 4~ 4(%)

/1 1) Sy2
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Table VIII. Components of Variance?
Source of Degrees of
Variation Freedom Components of Variance

Case B, Assuming that all (or most) of the laboratories, which will be
using the test technique, are included in the exchange of samples

Between Nr N -1 NiL
laboratories Ve = Vo + N”m(sl)2 +
__Np 2
NsNo (NLN_ ) (Sr)
= Vi+ NsNogyp 1y (S0
Laboratory by (Nr — 1)(Ns — 1) NL
sample inter- Vi = Vo+ No Nz =D (8n?
action
Replicate tests NINS(No — 1) Vo = 8o2
(repeat-
ability)

Case C. Assuming that the laboratories involved in the exchange of samples
represent only a cross section of those using the test technique

Between N1 Np -1 VL = 8So2 + No.S12 + NoNs.SL?

laboratories
Laboratory by (NL — 1)(Ns - 1) VI = So? + No.Sr?
sample inter-

action

Replicates NLNS(No — 1) Vo = 82
e Villars (7).
S.? = 0.001,071
S, = 0.033 = component due to differences between labora-

tories

We now have all of the information required. The best esti-
mate available for the repeatability of the method.is S, = 0.026.
The best estimate of the reproducibility is given by:

V82 + 8 + 8

4/0.000,828 + 0.000,469 -+ 0.001,071
0.049

approximately 0.05%,

Reproducibility

Based on this working estimate, single carbon determinations
made in any laboratory will, on the average, lie within the in-
terval, mean value = reproducibility, 68% of the time. On
the average, determinations will lie within the interval, mean
value = twice the reproducibility, about 95% of the time.

If no data are rejected—i.e., if step 2 of the method is deleted—
the reproducibility figure is
higher than that obtained by
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peatability and reproducibility of the macro-Kjeldahl method
of determining nitrogen. This method is well established and
in control, so that few wild results would be expected in such a
survey. In this case five samples were run three times each
in five laboratories (Table IX).

Comb for Wild Results. Following the suggested statistical
procedure, the data were first surveyed for wild results. An
analysis of variance on each sample (Table X) showed that no
individual results could be rejected. Dixon’s @ test on each
laboratory sample showed that none of them can be discarded.

The variances within samples for each laboratory are shown
in Table XI. Bartlett’s test for homogeneity of variances shows
that the laboratories do not differ at the 999 confidence level;
therefore no data should be rejected.

Does Magnitude Affect the Repeatability? The next step is
to determine whether the repeatability of the test depends on
the concentration of nitrogen being determined. Since no data
have been rejected, we can use the results in Table X. Inspec-
tion of the results shows that the repeatability is poorer as the
nitrogen content goes up. Comparison of the ratio of replicate
variances, F, for the extreme samples (largest and smallest nitro-
gen content) shows that the difference is significant.

_221.3 X 107%(10 degrees of freedom) _

F= 2.3 X 107° (10 degrees of freedom) 96.2

—T
N

REPRODUCIBILITY X 10%
3
[
i

)
[
(o\
{

0.6 o8

NITROGEN LEVEL, %

Reproducibility of Nitrogen
Determination

Figure 2.

the method outlined.

Table IX. Results by Regular Macro-Kjeldahl®

Raw Refined Sam
ple No.
Data Data Labora- 1 3 1 5
Repeatability 0.0429%, 0.026%, tory % Nitrogen Total Average
Reproducibility 0.079% 0.049%,
P 8'882 8'8?3 8.8911 0.985 1.323
R . . . . 1.
On the raw-data basis, errors 0.011 0.053 0.083 8.8’8}3 l.ggsl}
as great as 0.16% (2 X 0.079) Total 0.025 0.164 0.278 2.942 1.003 7.412 0.4941
. Av.  0.008 0.055 0.093 0.981 1.334
may be expected. It is ap-
. . : 0.009 . . . .
parent that if this figure is N 00t  06%  0%6 067 1333
taken as the working limit, the 0.010 0.060 0.104 0.979 1.341
- : : _ Total 0.029 0.180 0.301 2.948 4.018 7.476 0.4984
method s of little use in meas Av.  0.010 0.060 0.100 0.982 1.339
uring carbon contents under
! R 0.015 0.062 0.097 0.979 1.334
0.309%,. For example, it would 0.011 0.061 0.099 0.984 1.326
be of no use on samples such 0.014 0.062 0.099 0.992 1.331
. Total 0.040 0.185 0.295 2.955 3.991 7.466 0.4977
as sample 4 in the exchange Av.  0.013 0.062 0.098 0.985 1.330
program. It is felt that the s 0.010 0.059 0.096 0.974 1.320
estimate based on the refined 0.010 0.058 0.094 0.981 1.342
data is & more realistic assess 0.009 0.057 0.095 0.983 1.335
a €alIStC assess- Total 0.029 0.174 0.285 2.938 3.997 7.423 0.4949
ment of the potentialities of Av.  0.010 0.058 0.095 0.979 1.332
the method. T 0.011 0.061 0.097 0.999 1.301
0.012 0.062 0.096 0.977 1.355
0.012 0.062 0.097 0.992 1.331
DETERMINATION OF Total 0.035 0.185 0.290 2.968 3.987 7.465 0.4977
NITROGEN Av.  0.012 0.062 0.097 0.989 1.329
. Semple total 0.158 0.888 1.449 14.751 19.996 37.242
The Esso Laboratories re- Av.  0.0105 0.0592 0.0966 0.9834 1.3331 0.49656

cently cooperated in a pro-
gram for determining the re-

¢ Based on data obtained by Lake (4).
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at the 99% confidence level. As indicated in Figure 1, the data
from each sample should be handled separately in this case.
We will get a separate estimate of the reproducibility for each
sample and then try to make up a composite picture of variation
of reproducibility with nitrogen content over the range studied.

The results of these calculations are shown in Table X, B.
In samples 1, 4, and 5, the variance between laboratories was not
significantly greater than the variance within laboratories. The
two variances can therefore be pooled to give an over-all estimate
of the reproducibility. In the case of samples 2 and 3, the be-
tween-laboratories variance, V., is significantly greater than

Table X. Regular Nitrogen Determination

Sample No. 1 2 3 4 3
Sample average, % N 0.010 0.059 0.097 0.983 1.33
Variance X 108
V1 between labora-
tories 11.8 26.0 26.2 46.8 49.0
Vo within labora-
_ﬁories 2.3 1.0 3.5 49.7 221.3
VVs = So = first esti-
mate of repeatability 0.0015 0.0010 0.0019 0.0070 0.0149
. VL/V, ratio 5.13 26.0 7.48 <1.0 <1.0
Is VL significantly
greater than Vo (999%
confidence)? o Yes Yes No No
Pooled variance X 108 5.0 L. L. 48.8 172.1
S22 X 108 0 8.33 7.57 0 0
Repeatability 0.0022 0.0010 0.0019 0.0070 0.0131
VSe? + 82 =
reproducibility 0.0022 0.0031 0.0033 0.0070 0.0131
Table XI. Comparison of Nitrogen Determinations
Laboratory P Q R S T
Total 7.412 7.476 7.466 7.423 7.465
Av. 0.4941 0.4984 0.4977 0.4949 0.4977
Variance
Between samples 1.150 1.148 1.136 1.142 1.140
‘Within samples,
Vo X 108 4.89 1.37 1.31 3.02 17.19
Log Vo —4.310 —4.863 —4.882 —4.520 —3.765

Bartlett's test (8) for homogeneity of variances.
X2y = 264 (5 — 1) X 0.8493 = 9.00 (4 degrees of freedom)
This value is not significant at the 999, confidence level.
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Table XIII. Modified Nitrogen Determination
Sample No. 1 2 3 4 5
Sample average, % N 0.010 0.057 0.095 0.976 1.32
Variance X 108

V1 between labora-
tories 13.2 123.2 48.7 563.0 676.0
Vo within labora-
tories 0.6 9.5 4.9 114.5 16.9
V' Vo = 8o = first esti-
mate of repeatability 0.0008 0.0031 0.0022 0.0107 0.0041
Vi/Vo ratio 22.0 13.0 10.0 4.91 40.0
Is VL significantly
greater than Vo (99%,
confidence)? es Yes Yes No Yes
Pooled variance X 108 .. .. .. 242.6 -
Srt X 108 0.8 7.6 2.9 0 44.0
Repeatability 0.0008 0.0031 0.0022 0.0156 0.0041
V802 + 812 =
reproducibility 0.0012 0.0041 0.0028 0.0156 0.0078

Table XIV. Comparison of Regular and Modified Method
of Determining Nitrogen

Sample No. 1 2 3 4 5
Average value

Regular method 0.010 0.059 0.097 0.983 1.33

Modified method 0.010 0.057 0.095 0.976 1.32
Estimated reproducibility

Regular method 0.0022 0.0031 0.0033 0.0070 0.0131

Modified method 0.0012 0.0041 0.0028 0.0156 0.0078

the within-laboratory variance, V,, so that separate estimates
for each component should be made. The estimates can be de-
termined from the expression:

Vi = 8,2 4 NoNsSL?

Villars (?) Case C is used here, since the five laboratories in-
volved represent only a sample of those using the test.

The five individual estimates of the reproducibility are not
particularly useful as they are. It is desirable to have some way
of interpolating to get estimates of the reproducibility at inter-
mediate nitrogen levels. Probably this can best be done by

plotting the reproducibility
against nitrogen content as

shown in Figure 2. Working
estimates of the reproduci-

Table XII. Results by Modified Macro-Kjeldahl Method® -
Sample No bility of the test method can
Labora- 1 3 3 1 5 then be read off this curve.
tory % Nitrogen Total Average
P 0.008 0.049 0.096 0.969 1.334
0.011 0.044 0.096 0.970 1.332 COMPARING TEST METHODS
0.009 0.047 0.096 0.970 1.328
Total 0,028 0.140 0.288 2.909 3.994 7.359 0.4906 When test methods are to be
Av.  0.009 0.047 0.096 0.970 1.331 compared, the same calculation
Q 0.009 0.055 0.090 0.968 1.315 i
0.009 0.067 0.093 0.990 1.310 is made for each method, and
0.009 0.058 0.091 0.979 1.306 the average values and the re-
Total 0.027 0.180 0.274 27037 3.931 7.349 0.4899 Tk
Av. 0.009 0.060 0.091 0.979 1.310 pr;‘duc‘blht‘es are c‘;lmpf"red'
R 0.010 0.059 0.097 0.945 1.301 or example, at the time the
0.010 0.059 0.097 0.979 1.305 results on the nitrogen deter-
0.009 0.057 0.097 0.952 1.310 ination di d 8b
Total 0.029 0.175 0.291 57876 3.016 7.287 0.4858 mination discussed above were
Av.  0.010 0.058 0.097 0.959 1.305 made, results were also ob-
8 0.009 0.056 0.093 0.979 1.309 tained using a modified macro-
000 008 6 o L6 Kjeldahl method. The detailed
Total 0.028 0.166 0.275 2.931 3.925 7.325 0.4883 results are shown in Table XII.
Av.  0.009 0.055 0.092 0.977 1.308 . .
Evaluation of this procedure
T g:gii 8:822 8:%82 8:832 ijgiz shows that no results should be
T 0.014 0'034 g~°g; ;-gog 1~g33 rejected. The results of the
tal 0.042 0.191 3 .98 1,015 5 . . .
Av. 0.014 0.064 0.101 0.996 1.338 7589 0.5026 analysis shown in Table XTII
Sample total 0.154 0.852 1.431 14.641 19.781 859 demonstrate the anomalies
Av.  0.0103 0.0568 0.0954 0.9761 1.3187 0.49145 frequently encountered in this

@ Based on data obtained by Lake (4).

sort of work. There is ap-
parently a tendency for the re-
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peatability to get poorer as the nitrogen content increases. In
spite of this, the repeatability is much better in the sample con-
taining 1.3% nitrogen than it is on the sample containing 1.0%,
nitrogen. More data on intermediate samples, or a more in-
volved statistical analysis, are needed to explain this result.

The regular and the modified methods of determining nitrogen
are compared in Table XIV. The modified method tends to
give lower nitrogen values. Obviously, the method giving the
best value can be determined only by running samples of known
nitrogen content. There seems to be little difference between
the methods from the standpoint of reproducibility.
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Effect of Aviation Fuel Components on the Accuracy

Of the Karl Fischer Electrometric Titration

R. W. SNEED, R. W. ALTMAN, and J. C. MOSTELLER
Weright Air Development Center, Wright-Patterson Air Force Base, Ohio

The Karl Fischer electrometric titration method for
quantitatively determining water has been considered
satisfactory for unleaded gasolines, light and dark oils,
and, with slight modification, greases and sludges.
With the advent of wider specification limits for gaso-
line and jet propulsion fuels, which permits the inclu-
sion of additional naturally occurring materials, and
with new or higher concentrations of fuel additives,
the validity of results by this procedure is questionable.
It has been theorized that finished fuels now contain
materials, natural or added, which influence the ac-
curacy of results obtained by the Karl Fischer pro-
cedure. This work was undertaken to determine if this
method is practical for determining the water content
of aviation fuels. The study conducted determined
the effect of as little as 0.001 weight % of tetraethyllead,
aromatics, olefins, mercaptans, and oxidation inhibi-
tors on the accuracy of water determinations. Of the
compounds investigated, only mercaptans appear to
show any appreciable interference.

HE Karl Fischer electrometric titration is now a standard

analytical procedure for the determination of moisture con-
tent of a large number of materials (§). In the majority of ap-
plications this procedure has been considered satisfactory for
the accuracy required. However, there have been considerable
disagreement and discussion regarding the applicability of this
procedure to aviation gasoline and jet propulsion fuel. This
disagreement arises from the fact that these fuels may contain
quantities of materials which cause reproducible inaccurate re-
sults. For example, several members of industry believe that
this method causes erroneous results for fuels containing tetra-
ethyllead, because the lead compound reacts with, and hence
consumes, the Karl Fischer reagent in much the same manner as
water. Data obtained by other organizations indicate that tetra-
ethyllead does not interfere with the accuracy of results. No
data have been presented in the literature specifically on the
effect of fuel components on the determination of water.

This uncertainty was of particular interest to the U. S, Air
Force, which is a major consumer of aviation fuels and must
operate in areas where climatic conditions could cause excess
moisture in the fuel to crystallize, resulting in malfunction
of equipment. Therefore, this program was undertaken to
check conflicting literature and to determine other compounds
that may affect the accuracy of results.

The project was conducted, keeping in mind the military fuel
specifications. It was assumed that accuracy to =0.001 weight
% water was sufficient for Air Force purposes. The Karl Fischer
electrometric titration has been employed in this attempt to
determine specifically the effect of several of the more predom-
inant, and usually disputed, components of fuel blends on the
accuracy of the method. Effects of aromatic, olefin, and mer-
captan (thiol) compounds, tetraethyllead, and oxidation inhibi-
tors on the accuracy of results have been investigated. In-
formation obtained shows that fuels need not be specially treated
to remove detrimental compounds before the determination of
water.

METHOD AND APPARATUS

The method of Karl Fischer has been widely employed by
research workers and has now become a routine tool for the de-
termination of water in a wide variety of materials or products,
including hydrocarbons (1, 3, 4, 11). Previous data indicated
that the Karl Fischer reagent was quantitative and specific for
small amounts of water. This reagent, a solution of pyridine,
sulfur dioxide, and iodine in anhydrous methanol, is normally
dark brown in color. A change in this color is usually evidenced
at the end point. However, in most instances an electrometric .
procedure is preferred to the colorimetric technique because of the
accuracy in detecting the end point, and because it permits
determinations in dark materials where the color end point would
be obscure. The electrometric method functions on the basis
that an excess of the reagent will conduct current. When a
slight excess of water is present, one of the electrodes becomes po-
larized, and the current decreases, approaching zero. Thus,
the end point may be determined by a dead-stop technique.

Karl Fischer reagent, equivalent to about 3.5 mg. of water per
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ml., was used for the titration of 25 to 40 grams of the sample.
The solvent used to render the system homogeneous consisted of
1 volume of anhydrous methanol plus 3 volumes of chloroform.

The specific method, apparatus, and calculations employed
have been described in detail (10).

DISCUSSION

Six fuels and an iso-octane were employed in this study. Four
gasolines of varying aromatic and olefin content were employed
to study the effect- of these materials on the accuracy of the
Karl Fischer technique. A single jet propulsion fuel with vary-
ing mercaptan content was used. The effect of tetraethyllead
on the procedure was investigated with iso-octane as the carrier.
A single gasoline containing inhibitors was employed in the
investigation of inhibitor effect on the method. This was con-
sidered a sufficient number to allow conclusions to be drawn

" from the data obtained.

Table I. Effect of Aromatic Concentrations on Water
Determination
Water Total Water, %
Water, Added, Calecu- Deter-
Fuel® A % lated mined
A 0.0051 0.0040 0.0087 0.0084
0.0043 0.0037 0.0084 0.0079
Av. 0.005
B 0.0052 0.0038 0.0091 0.0086
0.0054 0.0038 0.0091 0.0088
Av. 0.005
A+ 17 0.0072 0.0044 0.0115 0.0098
toluene 0.0070 0.0041 0.0112 0.0107
Av. 0.007
B + 129, 0.0064 0.0039 0.0103 0.0111
toluene 0.0063 0.0041 0.0105 0.0103
Av. 0.006

¢ Fuel A contains 0.0% aromatics and 11.0% olefins. Fuel B contains
14.1% aromatics and 0.9%, olefins.

Aromatic Compounds. The percentage of water in samples A
and B was determined in accordance with the procedure (10).
To each a known amount of water was added, using absolute
methanol as a carrier. The water content of each fuel was then
determined to see if the difference in aromatic content of the two
fuels would affect the results obtained for the total water con-
tent.

To test further the effect of the aromatic content, 129 by
volume of toluere was added to.each of the above fuels, and the
water content was determined by the Karl Fischer method. The
calculated water content, obtained by adding the percentage of
water initially in the fuel to the known percentage of water in-
jected, was compared to the water content as determined by the
Karl Fischer method.

Results of the above tests are tabulated in Table I.
concentration figures calculated in the manner given and those
obtained by employing the Karl Fischer procedure agree within
+0.001%, which is the limit of reproducibility of the equipment
and procedure employed. Therefore, it appears that in determin-
ing moisture in aviation fuels, a high aromatic-containing sample
has relatively no more effect on the accuracy of the test than a
low aromatic-containing sample.

Olefin Compounds. Fuels C and D, typical fuels with a low
olefin content, were selected so that the effect of the addition of
small quantities of olefins would be amplified. After the initial
water content of each of the fuels was obtained by the Karl
Fischer method, 129, by volume of diisobutylene was added to
each in order to increase the olefin content. The water content
was then determined on the newly blended, higher olefin fuel.
The results, presented in Table IT, indicate that the concentration
of the olefins used in this investigation does not tend to alter the

The water
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accuracy of the Karl Fischer method. It is possible that ole-
finic compounds other than those in the base fuels and those
added could have some influence on the data. However, this
program indicates that olefins will probably be of little conse-
quence. Because of the presence of more double bonds per
molecule, diolefin materials, such as used, probably offer greater
difficulty in obtaining accurate results than any mono-olefin—
type hydrocarbons.

Table II. Effect of Olefin Concentration on Water
Determination
Water Total Water, %
Water, Added, Calcu- Deter-
Fuel® Y% LA lated mined
C 0.0035 0.0036 0.0075 0.0066
0.0042 0.0037 0.0075 0.0076
Av. 0.004
D 0.0046 0.0036 0.0081 0.0078
0.0043 0.0037 0.0082 0.0089
Av. 0.005
C + 129 di- 0.0048 0.0043 0.0088 0.0081
isobutylene 0.0042 0.0044 0.0089 0.0080
Av. 0.005
D + 12% di- 0.0045 0.0040 0.0084 0.0080
isobutylene 0.0042 0.0042 0.0086 0.0089
Av. 0.004

% Fuel C contains 3.5% aromatics and 2.5% olefins. Fuel D containsg
17.0%, aromadtics and 0.8%, olefins.

M