










Briefs

Wavelength-Modulated Continuum Source Atomic
Fluorescence Spectrometer 386

A continuum source atomic fluorescence system with an os­
cillating interference ruter as the wavelength isolation de­
vice is constructed and evaluated for Cu and Mg determi­
nations in a flame.
F. Lipari and F. W. Plankey,· Department of Chemistr)" Univer­
sity of PittsblUi. i'ittsblUib. Pa. 15260 Anal. Chern.• 50 (1978)

selective Excitation Fluorometry for the
Determination of Chlorophylls and Pheophytlns 392

The use of selected monochromatic excitation and emission
wavelengths enables each component to be determined
with greater selecth~tythan with previous spectrophoto·
metric or nuorometric methods.
Kevin G. Bolo· and John S. Bunt. Australian Institute of Ma­
rine Science. Cape Ferguson. P.M.B. No.3. Towns"ille M.S.O.. Q.
4810, Australia Anal. Chern.• 50 (1978)

Multlcomponent Analysis by Synchronous
Luminescence Spectrometry 396

The approach offers several advantages, including narrow·
ing of spectral bands, an enhancement in selectivity by
spectral simplification, and a decrease of measurement
time in multicomponent analysis.
Tuan Vo-Dinh, Health and Safety Research Division, Oak Ridge
National Laboratory. Oak Ridge, Tenn. 37830

Anal. Chern., 50 (1978)

Experimental and Theoretical Considerations of Flow
cell Design In Analytical Chemiluminescence 401

A variable geometry, modular flow cell is used to examine
the chemiluminescence from two systems, luminol and gal·
lie acid, which have greatly different absorhance character·
istics.
Scott Stieg and Timothy A. Nieman,' School of Chemical Sci­
ences, University of Illinois, Urbana, Ill. 61801

Anal. Chern.• 50 (1978)

Flow Photometric MonItor for Uranium In Carbonate
Solutions 404

An unsegmented, continuous flow monitor demonstrates a
linear response to uranium in the 0--100 ppm range with
good precision. Because of the presence of carbonate, few
interferanls are observed.
B. B. JablonalD and D. E. Leyden,' Department of Chemistry,
University of Denver, Denver, Colo. 80208 Anal. Chern., 50 (1978)

Pulsed Radlofrequency-Exc"ed Electrodeless
Discharge Lamps for Analytical Atomic Spectrometry

407

The behavior of rf excited electrodeless discharge lamps for
Ar, Zn, Cd, and Hg, operated in a pulsed mode, is de·
scribed.
John W. Novak, Jr. and Richard P. BroWDer,' School of Chem­
istry, Georgia Institute of Tochnology, Atlanta, Ga. 30332

Anal. Chern., 50 (1978)

, Corresponding author.
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Stationary Cold-Vapor Atomic AblOfJltlon
Spectrometric Method for Mercury Determination 412

A new stationary cold·vapor method using a 4·cm UV cell
is reported with a detection limit of 0.02 pph Hg(lJ). Parti·
tion constant is also determined by a radintracer technique.
Soo·Loong T0D.C, Department of Chemistry, University of Ma-
laya. Kuala LumpUr, MalBYIia Anal. Chern., 50 (1978)

Discrimination of Monostereolsome.. In Asymmetric
Solvents by Fourier Transform Infrared Spectrometry

415

The procedure is demonstrated hy measurementa on all the
permutations of both stereoisomers of malic acid dissolved
in both stereoisomers of 2·octanol.
David L. Grieble and Peter R. Griffith.. ' Department of Chem­
istry. Ohio University, Athens, Ohio 45701, and Tomaa Binch·
feld, Block Engineering, Inc., 19 Blacbtone Slreel, Cambridge,
M.... 02139 . Anal. Chern., 50 (1978)

Dual·Beam Fourier Transform Infrared Spectrometer
418

A dtiaJ-beam IT·IR spectrometer is described, which a1.
lows intense sources and sensitive detectors to be used for
measuring transmittance spectra of weakly absorbing sam·
pies without encountering digitization noise.
Donald Kuehl and Peter R. Griffith..· Department of Chemis­
try, Ohio University, Athens, Ohio 45701 Anal. Chern.• 50 (1978)

On-Une ldentnlcatlon of Gas Chromatographic
Effluents by Dual-Beam Fourier Transform Infrared
Spectrometry 422

A dual-beam IT·IR spectrometer is modified for GC·1R
measurements. Detection limits of less than 100 ng are
demonstrated for strongly absorhing samples separated on
packed GC columns.
Maria M. Gomez-Taylor and Peter R. Griffiths,' Department
of Chemistry, Ohio University, Athens, Ohio 45701

Anal. Chern.. 50 (1978)

Determination of Fluorine In Organic and Inorganic
Pharmaceutical Compounds by High Resolution
Nuclear Magnetic Resonance Spectrometry Interfaced
with a Computer System 428

Organically bonded fluorine is determined hy previous
combustion or run directly without prior treatment. Inor·
ganic compounds are analyzed directly hy dissolving them
in appropriate solvents.
Richard J. Warren,- A. Dougl.. Bender, David B. Staiger,
aDd John E. Zarembo. Smilh Kline & French Laboratories. 1500
Spring Garden Street, P.O. Boz 7929, Philadelphia, Pa. 19101

Anal. Chern., 50 (1978)

Carle·Polnt Pyrolysis and Field Ionization Mass
Spectrometry ot Polysaccharide. 428

A new method for the controlled thermal degradation of
technical and hiological macromolecules by Curie-point Pl"
rolysis inside the ion source of a high resolution field ion·
ization mass spectrometer is introduced.
B.·R. Schulten' and W. G6rtz, Institut fOr Physikalische Chem­
ie, UniveraitAt Bonn, Wegelentr. 12,6300 Bonn, West Germany

Anal. Chern., 50 (1978)





Briefs

Automated Simultaneous Qualitative and Quantitative
Analysis of Complex Organic Mixtures with a Gas
Chromatography-Mass Spectrometry-Computer System

433

More than 100 components in the urinary orgnnir ficid~

fraction are identified and quantitated with n technique
which uses mass chromatography-, GC retention indin>s.
and a reverse library search of GC·MS data.
S. C. Gates, M.J. Smisko, C. L. Ashendel. N. D. Young. J. F.
Holland. and C. C. Sweelry.· Deportment of Biochemislt)',
Michigan State University. East Lansini:. Mich. -ISS:!4

.4."01. fht'm., 5u (1978J

Magnetic Fields to Eliminate Beta Ray Interference In
Measurement 01 X-rays Following Neutron Activation

441

The interference reduction increases with increac;;ing inten­
sity of the magnetic field and reaches 99'\. and 95'" fur 4.5
and 14 keY, respectively.
M. Mantel: Z. B. Altassi, and S. Amid. Nuclear Chemistr\' De-
partment.. Sorcq Nudear Research Ce:"ltre. YIl\'ne.l.!"fael -

A.nol. ('lIt'm.,.511 (19ic)

Preservation 01 Some Trace Metals in Samples of
Natural Waters 444

Loss of AI, Cd, Co, Cr, Cu, Fe, Mn. Mo, Ni, Pb, and Zn
from synthetic and natural water samples stored in Pyrex
and Nalgene containers is studied as a function of time in
the pH range 1.5 to B.O by graphite furnace atomic absurp­
tion spectrometry.
K. S. Subramanian, C. L. Chakrabarti,- J. E. SueiralO. and I. S.
Maines, Metal Ions Group. Department of Chemistr~y. Carleton
Uninrsit)o', Ottawa, Ontario. Canada KIS.=>86

Anal. Chern., 50 (19,8)

Radlolnvnunoassay of Calcitonin In Normal Human Urine
449

A simple, reproducible method is described fur the precise,
interference·free radioimmunoassay of calcitonin in human
urine over the range of 0.02-3 ng/mL.
Richard a Snider: Charln F. ~oore,Omega L. Silva, and
Kenneth 1... Becker, Metabolic Research Laboratory (688/151.1).
Veterans Administration Hospital. 50 Ir\,jn~ Street, N\\', Wash-
ington. D.C. 20422 Anal. Chern .. 5U (19iH)

Klnellc determlnallon 01 Borate at the Parts per Million
level 455

Spectrophotometric rate measuremenL., of the bor8te·cata~

Iyzed decompOsition of N ·nitrosohydroxylamine·N·sulfo.
nate in aqueous solution provide a method for micro and
trace analysis of borate.
J. C. Gijlben lUld J. G. KJoooterboer," Phillips Research Laho.
ratories. Eindhoven. The Netherlands ATUJI. Chem., 50 (978)

312 A • ANALYTICAL Cl£MISTRY. VOL. 50, NO.3, MARCH 1978

Interlaboratory Comparison 01 Determinations 01
Trace level Petroleum Hydrocarbons In Marine Sedi-
ments 458

Hesults uf the determination of trace level petroleum hy.
drocarbons in two marine sediments arc compared among
eight laboratorieR.
L. R. Hilpert, W. E. May, S. A. Wi.., S. N. Cheller, aad H. S.
Hertz..- AnalytiC'sl Chemistry Divisiun, National Hureau of Stan·
dards. Washin~on,D.C. 20234 Anal. Chl·m .• 50 (1978)

Indirect Determination 01 SelenIum In Sodium Selenate
463

The method is based on the stoichiumetric reduction of
hexavalent selenium to the tetra..alent state with hydro·
chloric acid. At a 5e6+ level of 41%, the standard deviation
is 0.023%.
Wlad}',la".. Heichel· and Me)'er Lallouz. Canadian Copper Re·
finers Limited, Montreal East. Quebec, Canada H2\' 3H2

.4nol. Chern .• 50 (/978)

Oetermlnatlon 01 Residual Chlorine In Water with
Computer Automation and a Residual-Chlorine Elec-
trode 465

Assays accurate to ±2 ppb for chlorine in the 3-100 ppb
concentration range can be done in 5 min by computer au·
tomation of the standard addition assay technique.
Le5ter P. Rigdon,- Gwilym J. Mood)', and Jack W. Fraur,
Lawrence Livermore Laboratory, University of California, Liver·
mure, Calif. 94550 Anal. Cht>m., .'50 (1978)

Oetermlnatlon 01 Sub-Nanogram Amounts 01 Sliver In
Rainwater by Stable Isotope Dilution 469

AI{ is determined in concenlrationR 85 low as 0.01 nglg by
stable isotope dilution with errors of about ±0.OO7 ng/g.
M. E. Bickford.. Lyle R. Silka. Robert D. Shulter, Ernest E.
Angino, and Charles R. Ragttdale, Department of Geology, Uni·
versity of Kansas. Lawrence. Kon. 66045 Anal. ('lIt'm., 50 (1978)

Solubility Products 01 Bis( 0, 0'­
diethyldlthlophosphato)copper(lt) and 0,0'-
dlmethyldlthlophosphatocopper(l) 472

The solubility product of the cupper(JI) complex is fuund
to be IO-I:>,:,!:! in a KNO:J medium of ionic strength 0.1. An
approximate value for the copper(J) complex is reported.
Walter Rudzinliiki and Quinus Fernaodo,- Deparlmenlor
Chemistry, Univer!iity uf Arizuna, Tucson, Ariz. 85721

An"l. Chern., 50 (1978)

Investigations 01 the Ferrlcyanide-Ferrocyanlde
System by Pulsed Rotation Voltammetry 476

The theory and technique of pulsed rotation voltammetry
are presented and applied to the measurement of the heter·
ogeneous electron transfer rate constants fur the ferricya·
nide-ferrocyanide reaction.
W. J. Blacdel- and R. C. Englilrom, Department or Chemistry,
University or Wi~onsin.Modison, Wi". 5:l706

Anal. ('/1I·m., 5U (1978)

































Figure 1.

Thermal characterization methodologies

If Equation 5 is substituted inw 4 and
the product is integrated in a similar

-dlSj - F.I = K"'e- f:,,1RT
dt '

X ISj - F.ln" (4)

If a plot of hj vs. T(t) were made, it
would result in a single peak whose
position is dependent upon KoiJt • Elfi ,

n'j, and M. The expression for the
maximum of this peak may be ob­
tained by differentiating Expression 8
and setting this first derivative equal
to zero, as follows:

manner w that reported by Jilntgen
and others (15-19), the following ax­
pression is obtained:

dIF.) =~ -I-:"IRT
d7' M c

X [IS, - F.III"-n,,1

+ (flki - 1)K"kiR7''l]n''J/I-"''J
ME.j (6)

which is valid if n kj "" I and E.j » RT
and if the elementary processes estab­
lishing thermal equilibrium are rapid
as compared with the heating rate.

The initial concentration of the kth
fragments in the sample is ISj - F.lo­
The concentration of the kth fragment
is measured mass spectrometrically as
a current of ions I, whose magnitude is
related to dlF.l/dT by the following
relationship:

dlF.1 QdT = Mii iJ.loj (7)

where Q is the flow rate of the gas
passing over the sample, g is the
weight of the sample, and iJ. is a pro­
portionality factor relating a neutral
fragment Fk to its mass spectral ion
current U.j). There is obviously a dif­
ferent value of tJk for each fragment
F•.

IL" = LK L"C-E"J1HT., QiJ. v.,
X [ISj - F.lo"-n,,1

+ (n.j - I)Kni.RT2]n"i1-n" (8l
ME'j

M E.
In-T2 .+lnR~K.-

m.J ulfJ

_~[_1_] (9)
R Tm• j

E'j/2 RTnj » 1

where Tmlfi is the temperature that
corresponds to the maximum evolu­
tion of the kth fragment by the jth
process. It should be seen that this ex­
pression is independent of the order of
the reaction. Therefore, if a series of
temperature ramps were used, plots of

(5)M=dT
dt

in which ISj - F.I is the concentra­
tion of the kth fragment produced by
thejth process in the sample, IF.) is
the concentration of the kth fragment,
nlfj is the reaction order of the produc­
tion of the kth fragment in the jth
process. t is the time. and KIcJ is the
specific reaction Tate of the jth pro·
cess for the production of the kth frag­
menL

The temperature dependence of the
specific reaction rate constant is ex­
pressed by the Arrhenius equation:

K,j = K..je-O·"IRT (3)

where KoJrj is the pre-exponential fnc­
tor, Elcj is the activation energy of the
production of the kth fragment by the
jth process, T is the temperature, and
R is the gas-law constant.

Substituting Equation 3 inw 2, the
following expression is obtained:

Consider the system where the tem­
perature is not held constant but is
varied linearly with a constant tem­
perature ramp M, i.e.,

(8-9) have heen analyzed by field de­
sorption techniques or by using the
C(lM! source coupled with a time-of­
flight mass spectrometer that has unit
mass revolution at 2000 daltons (lO).
Proteins have heen sequenced mass
spectrometrically (l1-14) by breaking
the molecule iaw a number of small
polypeptide units by various N-termi­
nal degradations and analyzing the
polypeptides by GC-MS techniques
to deduce the order of amino acids in
the original molecule. However. these
techniques are not as general as the
thermal degradation methodologies.

Theory

Nonisothermal Degradation
(15-19). Consider the following reac­
tion in which a sample is thermally de·
composed into various fragments:

,VI

(Samplej-Fragment. )ooIHI --

(Samplej)~IHI + (Fragment. )"p,,, (I)

where (Samplej-Fragment.) repre·
sents one of the jth variety of ways in
which one of the k fragments is
present in the sample, and (Samplej)
represents the pertinent. site aIter the
removal of the kth fragment.

The general rate expression for this
nth order reaction is given by

-dlSj - F.) = (dIF.I)
dt dt j

= K.ilSj - F.ln.j (2)

128 A • ANAlYTICAL CIEMlSTRY, VOl. 50, NO.3, MARCH 1978

























FACSS • V MEETS
IN

mSTORIC BOSTON

FIIIII_~
_ 01 AMIylIcal~

MIl SplctroecopJ SocIeIIes
~30-_3.1'7a

$heral...__ Holel

HJMS Auellorium

Call for Papers
,,-,.._In"__ '" Analytical ChomlsOy
_~.Tho_""litlos_s

200-250 wad_is May 1. 1971.
Sand to:

"-F. CoIgro••
Progr_ a.elrmon, FACS5-71

GTE ~.1""'1nc.
~S,.. ... Roed

w.......... MA02154
(617) 890-3460

General Information
e:-oct Arr__ Chalrmon

Paulllbiin
GTE lJIboralories Inc.

40 Sylvan Road
Wahham, MA 02154

(617) 890-3460

Scientific Program
Tho__ wIIIlncIucIe __ InIhe'oI-
Iolmg .....: _ Sdence; ThormoanaJysls;

&ofaoo AnaIyaIo;~ OCIlolS; Auto----0plic0I"",-,-­X-Ray IliflnIcllon; EmUlon; X.flay. _ or<!
AcouolIc: Speclroocopy, car-J; ChomIc8I _

e.-~

• AnK:hem Award
• BenedettI PicHer Award

Instrument Exhibit
A ...........,.&PPmonl~lnlheHyMI-.... ... _ cIIpIoys "'Ihe __
_In..-,-_.
Workshops
~~
X-Rayllilll'odlon

Short Courses

--~".....T........,,~

- AbIapllon Spec1roocopy

Special Events at
FACSS - 1978.­.~
.......... Progr-

(7) Samples must be stable and ca·
pable of surviving the rigors of com·
mercial transportation.

(8) Reserve samples should be pre·
pared and preserved to replace lost
samples and to permit reanalysis of
samples considered as outliers to at·
tempt to discover the cause of abnor­
mal results.

(9) 'rhe instructions must be clear.
They should be reviewed by someone
not connected with the study 10 un.·
cover potential misunderstandings'
and ambiguities.

(10) If the analyte is subject to
change (e.g.• bacterial levels. nitro·
glycerin tablets). provision must be
made for all participants to begin the
analysis at the same time.

(ll) Practice samples of a known
and declared composition should be
furnished with instructions not to an­
alyze the unknowns until a specified
degree of recovery and repeatability
(or other attribute) has been achieved.

(12) Provision should be made when
necessary for submission of standard
curves, tracings of recorder charts, or
photographs of thin-layer plates in
order to assist in determining possible
causes of error.

Other Types of Interlaboratory
Studies

This Iype of collaborative study.
which is designed to determine the
characteristics of a method. must be
carefully distinguished from other
types of interlaboratory studies which
by design or through ignorance pro­
vide other kinds of information. The
most important types of other studies
are:

(I) Those studies which require the
collaborators to investigate the vari­
ability of paris of methods or applica·
bility to different types of samples_
(An interlaboratory study is usually
an inefficient way of obtaining this
type of information.)

(2) Those studies which permit an
analyst to use any method he desires.
Such studies invariably produce such
a wide scatter of results that the data
are of little value for evaluation of
methods. They may be useful in se­
lecting a method from a number of ap·
parently equivalent methods. provid­
ed the purpose is emphasired before­
hand and the participants provide a
description of the method used in
order to permit a correlation of the de­
tails of the methods with apparent
biases and variabilities.

(3) Those studies which are used for
quality control purposes, whose par­
ticipants are not permitted sufficient
time to gain familiarity with the meth·
od. or who permit deviations to enter
into the performance of the analyses
on tha grounds that the deviation is
obviously an improvement which

could not possibly affect the .....ults
of the analysia. or who claim to have
a superior method.

With this background information.
it is now appropriate to introduce the
following definitions which were
agreed upon as part of the guidelines
for collaboration between the AOAC
and the Collaborative International
Pesticide Analytical Council Ltd.
(CIPAC) (6).

Collaborative study. An analytical
study involving a number of laborato·
ries analyzing the same sample(s) by
the same method(s) for the purpose
of validating the performance of the
method(s).

Preliminory interlaboratory study.
An analytical study in which two or
more laboratories evaluate a method
to determine if it is ready for a colla·
borative study.

Laboratory performance check.
The analysis of very carefully pre·
pared and homogeneous samples. nor­
mally of known active ingredient con­
tent, to establish or verify the perfor·
mance of a laboratory or analysL

Summary

The collaborative study is an exper·
iment designed to evaluate the perfor­
mance of a method of analysis through
the analysis of a number of identical
samples by a number of different lab·
oratories. With proper design. it pro­
vides an unbiased evaluation of the
performance of a method in the hands
of those analysts who will use it. A col­
laborative study must be distin­
guished from those studies designed
to choose a method or to determine
laboratory or analyst performance.
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Analyze with it
Acquire with it

Teach with it
Learn with it

Experiment with it

The ND60 is no ordinary multi·
channel analyzer.

It is the product of extensive
input from scientists and educators
who suggested each of its
capabilities and features. It com·
bines microprocessor technology
with Nuclear Data's DataPlan Six
design concepts in a sophisticated
yet economical MCA system.

The ND60 is a flexible MCA
system whose utility far exceeds
any comparably priced measure·
ment system. It is designed to
operate like a computer terminal
with comprehensive alphanumeric
display of experiment and system
parameters simultaneous with
linear or logarithmic display or
spectral data.

The ND60 is remarkably
versatile with greater capabilities

of data acquisition, display.
manipulation and inpul/output
flexibility than any MCA in its price
range. It lends itself well to the
demands of today's laboratory
environment and requires a
minimum of instruction to obtain
clear and precise data.

ND60 Systems offer: large·
screen, 8 by 10 cm display CRT:
2048 channel, solid state memory
with selection of 4 subgroups: built·
in preamplifier, amplifier and 50
MHz ADC: movable curser and dual
markers for multiple region of
interest selection: net area and
background calculations: serial
and parallel inpul/output interfaces:
and auto analysis with selectable
sequencing.

The ND60 is a lot of little
analyzer from a lot of big ideas.

CIRCLE lAB ON READER SERVICE CARD
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Nuclear Data Inc

Gall and Meacham Roads
Schaumburg, IllinOIS 60196
Tel: 312 884·3621

Bonameser Strasse 44
6000 Frankfurt/Main 50
Federal Republic of Germany
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LOOKING FOR THE BEST
IN DIFFERENTIAL

REFRACTOMETERS?
N ow you can get increased sensitivity,

digital readout, switch-selectable
cell temperatures, plus

improved reproducibility and accuracy.

IchrDmatixl

If you're looking for the best in differential refracto­
meters. here's a new instrument that will be of interest
to you. It's the Chromatix KMX-16 Laser Differential
Refractometer and it has performance and features
that put it way out in front of conventional instruments.
Consider these:

Increased Sensitivity. The KMX-16 uses a coherent
laser source that offers much greater beam collimation
than the mercury or tungsten light sources used in
conventional instruments, The optical design includes
a telescope which increases the effective moment arm
of the instrument, The result is a ten fold improvement
in sensitivity to 2 x 10.1 Refractive Index Units.

Digital Readout. A digital display on the front panel
of the KMX-16 provides an unambiguous. easily read
displacement value, Completely eliminated are the
visual strain of using a magnifying eyepiece and the
accompanying interpolation and estimation errors, of
superimposed images,

Switch Selected Cell Temperatures. The KMX-16
provides closed-loop cell temperature control over a
-10 to +165°C operating range. Just set the desired
cell temperature with the digital thumbswitch and the
KMX-16 does the rest. For temperatures near ambient
or below. external cooling may be required.

Accuracy and Reproducibility. The reproducibility
of differential refractive index measurements is greatly
improved with KMX-16 as compared to conventional
instruments. This is due to the high energy leser
source. digital displacement readout. mechanical and
optical stability. and sample cell temperature control.
The KMX-16 reproducibility is specified as 1 x 10"
R.I. Units. Accuracy of differential R.1. measurements
is also improved with the KMX-16 because of its
inherent wavelength accuracy, digital readout, and
temperature control.

For full information on how you can make a
significant increase in differential refractometer
convenience, efficiency. and performance. contact·
Chromatix today. Circle No. 37 for brochure. Circle
No. 38 for application information. Circle No. 39 to
have a technical representative call.

06903 Neckargemund 2
Unter.strasse 4sa
West Germany
Phone: (06223) 7061/62
Telex: 461·691

560 Oakmead Parkway
Sunnyvale. CA 94086
Phone: (408) 736-0300
TWX: 91 o-33~9291
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New Products

The pX 7000 series onaIyzor '0< Ha" Augar, and electton _Iou opoctromotry combines
color~video displa,. 6:k:lwacter ASCII keyboard. end dedicated slngle-funcllon controls
in 8 single Interactive console. FCMX alternate data acquisition modes are keyboard selectable:
x~y energy spectrOf'l'letry. pulse heiglt analysis. sequential pulse counting or signal averaging.
and simultaneous x-ray energy spectrometry and sequential analysis. Five data reductkln
functions ares-' end customized progarns can be added. Floppy disk package Is available
for mass data and supplementary program storage. Kevex Corp. 403

JY-38~ pIaMIa opeclromolo< ,..t..es an induc1lvely coupled plasma source thet
permits the quantttatiYe detennlnatk>n Of trace elements in IIqukts. The Instrument offers sen­
sitivity down to the plcogam level with an accuracy end repeatability In excess of 1%. The
dynamic range of 10" permits quan1ltatlve meas..ernent over a wide concentreUon level. The
Instrument Is computer compatible end Is offered with a computer option InchJdlng the sohware
'or automa1Ic element search, bad<~ound subtraction, end au10matlc calibration. Instruments
SA,Inc. 401

I'

I
l.

i"X:;;-
.~

Photoionization Detector

Model PI 51 photoionization detector
(PID) for gas chromatography can be
used with column temperatures more
than 100°C higher than the previous
version PID. The detector employs a
sealed ultraviolet lamp adjacent to an
ionization detector and uses ultraviolet
photon energies of 9.5, 10.2, or 11.7
eV for ionization of the species. The
dead volume has been reduced by a
factor of three, making it ideal for capil­
lary column analyses. Species that can
be detected by this new PID include
high molecular weight compounds such
as drugs, pesticides, and polynuclear
aromatics. HNU Systems, Inc. 412

GC/MS Data System

Model 29KS compu1erized data system
features Stereospectromelry, the simul­
taneous acquisition and display of mass
spectra acquired in two modes of spec­
trometer operation. The system can
present EIfCI dual spectra, positive/
negative ion CI spectra, or any other
pair of spectra that the mass spectrom­
eter is capable of acquiring. Data are
displayed continuously on an interactive
display monitor. Either spectra or Ion
currents can be monitored be'ore and
during acquisition. Other features in­
clude selected ion recording of ion
chromatograms acquired in two simul­
taneous modes 0' operation, ratio cal­
culation, and simultaneous recording
of 12 ions. Teknlvent Corp. 413

,_FC;-:iil
. I) ~
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Quadrupole Mass Analyzer

The IQ 200. with a range of 0-200 amu,
features three video display modes. The
tabular mode allows totally independent
monitoring and precise calibration of
up to 10 masses; the bar graph display
mode permits broad spectra data dis­
play with Peak-Lock identification of
mass number; and the conventional an­
alog mode is used for display of peak
shapes. Spectra manipUlation is possi­
ble in all modes, permitting data stor­
age, backgrOUnd subtraction, or inver­
sion. Inficon Leybold-Heraeus Inc. 419

Enzyme Analyzer
Spectrophotometer

The SEA Jr. spectrophotometer, de­
signed primarily for the clinical labora­
tory, has an operating wavelength
range 01 330-710 nm. Absorbance and
concentration measu--ements are digi.
tally displayed and supplied to a printer
output. The cuvette well accepts both
cylindrical and square cuvettes. Major
components of the instrument are a
tungsten lamp, a narrow bandpass sin­
gle-beam grating monochromator, and
a vacuum photodiode detector. Ac­
cessories include an electronic printer
and a f1ow-thru, temperature-controlled
cuvette. Helena Laboratories 410

Mass Spectrometer Data System

The VG 20000B series Is specifically
designed for use wi1h double-beam or­
ganic mass spectrometers. In addition
to all of the features of the VG 2000
series, the 200008 range permits real
time mass measurement accuracies
of better than 15 ppm when operating
in double-beam mode at 1000 resolving
power. The system includes additional
software for the real time determination
of accurate mass at both low and high
resolu1ion in the single-beam mode. It
Is available in a wide range of configu­
rations from simple stand alone sys­
tems throug> those operating in fore­
ground/background mode to sophisti­
cated multiple spectrometer systems
that can operate in conjunc1ion with all
types of mass spectrometers. VG Data
Systems Ltd. 426

382 A • ANAlYTICAl Ct£MISmy, VOL. 50, NO.3, MARCH 1978























Books

An Aid for the Practicing Chromatographer

Chromatographic Syllams-Malnle­
nance and Troublelhoollng. 2nd Ed.
J. a. Walker. M. T. Jackson. Jr.• and
J. B. Maynard. xIII + 359 pages. Aca­
demic Press Inc.• 111 Filth Ave.• New
York, N.Y. 10003. 1977. $14.95
Reviewed by R. E. PecRar, Varian
Assoc., 6// Hansen Way. Palo Alto,
Calif. 94303

Many texts ex.ist on the principles
of chromatography. but there has
been a need for one devoted to the
practicing chromstographer who
wants to master his chromatograph.
This book abounds with helpful oper·
ating hints and diagnoslic lechniques
to optimize the instrument and nurse
il back to health when troubles occur.
The book also serves as an inlroduc­
tion to the techniques of liquid chro­
matography (LC) and gas chromatog­
raphy (GCl. as basic operating princi­
ples occupy about 50%. This may seem
like undue emphasis, but if one does
not appreciate what proper operation
is, one will not recognize a problem.
Understanding the basics also helps
to direct one to the culprit more rap·
idly when troubleshooling a system.

The authors could have improved
their cohesiveness by making one in·
troductory theory chapter and includ­
ing a single glossary for GC and LC.
More attention to ASTM-approved
nomenclature would also have been
beneficial. The LC treatment of
pumping systems and inlets is excel­
lent. The detector chapter gives curso­
ry treatment to variable wavelength
UVNIS detectors. These are the mosl
rapidly growing type today.

The GC lheory includes very bene­
ficial parametric curves demonstrat­
ing the effecl of operating variables
on efficiency. Pneumatics are also well
lreated with practical discussions of
all flow components. Inclusion of py­
rolysis is worthwhile, but inslead of
treating the lopic in the general for­
mat of the text, it is presented as an
historical review, which is very much
out of context. A good review of all
significant types of GC detectors is in­
cluded. The treatment of characleris­
tic properties could use significant re·
wording. As the Coulson conduclivity
detector is used only limitedly, too
much emphasis was given to this de­
tector.

GC detector electronics and record·
eCll are well done, bUlthe discussion

of data reduction devices is not repre­
sentative of 1977 technology. Micro­
processor-based systems with memory
have captured the market, but the
text treats this subject from a 1971
peCllpective_

GC and LC columns also suffer
from a lack of currentness. In LC. pel­
licular packings are not the hope of
the future, and liquid-liquid chroma­
tography is nearly obsolete_ Bonded
phases on small totally porous sup­
ports are used by the majority of 1£
practilioners. In GC, stationary phase
slruclures are very helpful, but squa­
lane has not been seriously used since
the advent of SE30. The OV series are
currently lhe most popular.

Lestlhe reader of this review be
misled, I heartily recommend this lext
overall. The comprehensive trouble­
shooling charts are very well done.
and will be a savior for less experi.
enced chromatographers. In addition,
most chapters close with a Question
and answer format which practically
applies lhe material covered on that
topic.

The price of the text is reasonable,
bUI unfortunately liltle or no allen­
lion is paid to proofreading. In reading
the text, 162 errors were discovered.
In spite of lhis, I expedlo see this
text in the lab working with lhe chro­
matographer, and not sitting on ali­
brary shelf.

Vlbrallonal Spectra 01 Organometallic
Compounds. Edward Maslowsky, Jr.
xli + 528 pages. Wiley-!nlerscience,
605 Third Ave., New York. N.Y. 10016.
1976. 524.95
Reviewed by James R. Durig. College
of Science and A'atht'maliu, Uniuer­
.it)' of Sourh Carolina, Columbia,
S.C. 29208

The aUlhor has inlended to provide
a comprehensive review of the litera·
lure dealing with infrared and Raman
spectra of organometallic compounds. I
He has included all compounds that
contain a direct metal carbon interac­
tion except those compounds lhal
contain only carbonyl or cyano ligands
or bolh unless other types of metal
carbon interaction are found in the
compounds. The definition used for
a metal is ralher broad in that the au­
thor has included the elements boron,
sillcon, germanium, phosphorus, arse·
nic, antimony, selenium, and telluri­
um, in addition to those elements

more generally dermed as metals. The
literature reviewed includes work pub·
lished up to the end of April 1976_ In
this reviewer's opinion, the author baa
admirably attained his goal of a com­
prehensive review in the area.

This comprehensive review of the
literature is intended for vibrational
spectr08COpists and ror inorganic
chemists interested in characterizing
the strudures of organometallic com·
pounds_ Additionally, graduate or un·
dergraduate students interested in or­
ganometallic or inorgmic cbernistly
would find the book very useful_ It is
written at a level where the author has
assumed that the reader has a fair
knowledge of vibrational spectroscopy
with an understanding of normal vi·
brations and character tables with
lheir accompanying symmetly nota­
tion.

The book is divided into tIuee sec­
tions. The first section is entitled
"Alkyl Organometallic Derivatives"_
This section takes up approximately
half of the book and includes 1014 ref·
erences. The author discusses the vi­
brational assignments and lists most
of lhe important group frequencies for
representative compounds. Many of
lhe assignments in comprehensive ta­
bles are summarized and the structur­
al implications are discussed when ap­
propriate. In tbe discussion of the
structures, references have also been
included on the application of other
physical techniques such as single
crystal x-ray, NMR, and electron dif­
fraction studies to provide data rele­
vantto the conclusions reached from
vibrational studies. In most of the
structural cases discussed, vibrational
data are provided and the conclusions
by the original workers are included.
\Vhen controversy exists concerning
the interpretations of the data, the au·
thor has presented both viewpoints.
In many places he has indicated where
there are inconsistencies in assign­
ments and also where controversies
exist in such assignments.

The second section of the book
deals with "Non-Cyclic Unsaturated
Organometallic Derivatives" and con­
sists of 66 pages with 267 references.
Again, the author has done an excep­
tionally good job in presenting the
data and the various reasons for strue·
tural conclusions when appropriate.

The third section of the book is con·
cerned with "Cyclic Unsaturated Or·
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Table ill Interference Filter Trarullniaaion Characteristics

Trans·
mission

Central at normal
wavelength. incidence. Bandpass,

Element nm .,.. 11m

Cu 324.6 13 2.16
Mg 286.2 10 2.34

G Measured with Shimadzu Double-beam Spectrophoto­
meter UV·200 (Shimadzu Seisakusho Ltd., Japan).

Eimsc lamp was directed onlo the surfaoe of the interferenoe f1Ilers
placed in front of the entrance slit of a GCA/McPherson EU·7oo
scanning monochromator. The effects of bandpass. transmission,
and central wavelength changes were determined as 8 function
of incidence angle of the light. A calibration plot of modulation
amplitude with output voltage of the sine wave generator was
made and therefore the exact position of the analyte line with
respect 10 possible inlerfering lines and with respecllo its position
in the filter's bandpaas was known as 8 function of modulation
amplitude.

The de mode of operation of the system was also investigated.
The dc method involved only locating the normal position of the
ruter, turning off the sine wave generator, and disconnecting the
current amplifier to lock-in amplifier input.

Reagen... and Solution Preparation, Certified (1000 "g/mL)
copper. magnesium, and lead atomic absorption standards were
purchased from Fisher Scientific Co., Pittsburgh, Pa. 15219.
Pooled blood serum samples were generously supplied by
Presbyterian·University Hospital of Pittsburgh, Pa. 15261.

Standard Li, 1000 pg/mL and standard NaC), 2600 pg/mL,
8Olutioll5 were prepared by dissolving the appropriate amounts
of dried Li,C03 (J. T. Baker Chemical Co.) and NaCI (Fisher
Scientific) salls in HCI and water respectively and diluting to I
L with deionized water. Standard solutions for the analytical
curves were prepared by serial dilutions of the copper and
magnesium stock solutions. Blood serum solutions were prepared
by a 1 to 5 dilution of serum with deionized water in a 2·dram
vial for the copper analyses and a I to 100 dilution of serum with
deionized water for the magnesium analyses. For the copper and
magnesium analyses of blood serum by the standard additions
method, known quantities of Cu and Mg standards were added
10 the serum and then diluled accordingly with deionized water.

Waveform Figure Preparation Flame background, analyte.
and interferent waveform figures were prepared with the aid of
a PDP 11/10 computer (Digital Equipment Corp.) interfaced 10
the filter modulator system. The subsequent current amplifier
signaJa were BignaJ averaged by the compuler through the use of
SPARTA (Signal Processing and Real Time Analysis) Software
supplied by Digital Equipment Corp. and the averaged signal
displayed on a storage oscilloscope (Tektronix Model 603,
Tektronix Inc.) Fourier transform spectra were also prepared
with the SPARTA software.

RESULTS AND DISCUSSION
Correction for Scatter and Flame Background In·

lAlrference8. In order to investigate the utility of this system,
solutions of varying concentrations of Cu and Mg were made
up in 1000 "g/mL Na. The solutions were run in the
wavelength modulation (WM) mode with the subsequent
results compared to those obtained by their analyses via
atomic absorption spectrometry (AAS), The modulation
amplitude was chosen as described earlier. Modulation
amplitudes of approximalely 9.20 and 130 were chosen for Cu
and Mg, respectively, The phase control of the lock·in
amplifier waa Bet with a standard solution of Cu or Mg, reo
spectively.

The effect of 1000 "g/mL Na does not change the slope of
the analytical curve but only the inlercept of the curve
(additive inlerference) and can usually be corrected for by a
suitable blank correction. The signal due to the 1000 "g/mL
Na solution is probably alray light for it shows up as a positive

F9.We 2. Signal averaged waveforms of ClITent amplifier photocLn'ent
during wavelength modulation wnh the Mg interference fitter. (A)
Modulaled signal due 10 1 ~g/mL Mg being aspirated. (B) Sine wave
driving waveform from the function generator to the torque motor
amplifier control. (CI Modulaled signal due to flame backgrotJlld wilh
deionized water beIng aspirated

F'slure 3. Signal averaged waveforms utiliHlg the Mg ilterlerence fitter
lor (A) Flame backgrouod sig:lal due 10 1000 "gin Na belog aSl*ated.
(8) Sine wave driving waveform. (C) 1 Jlg/mL Mg solution being
aspirated. Sensitivity 200·lold less lhan A

si~nal on the recorder and not as a negative signal as would

be observed for an interfering line. As staled earlier, rotatioo
of the filler causes the overall integrated transmittance of the
filter to decrea...., thereby modulating any continuous spectral
features at two time. the modulating frequency as shown in
Figure 2. A 1000 "g/mL No solution (Figure 3) produces a
small 2/0 component in phase with the 2fo component of Mg
and therefore a 1000 ~g/mL Na signal shows up as a positive
deDection on the lock·in. However, the magnitude of the 1000
pg/mL Na stray light signal corresponds to an equivalent
signal produced by 0.05 "g/mL and 0.1 "g/mL Mg and Cu
solutions, respectively. The apparent sensitivity of the
analytical curve is not affected by Na and its effect can be
minimized by a suitable blank correction. However, even with
a hlank correction, a small but noticeable intercept occurs and
thus may affect the accuracy of determinations near the
detection limit. Background docs not appear to be a major
problem at concentration levels removed from the delection
limit.

As pointed out by Vickers (I I), Dame hnckground emission
ur fluorescence can be a serious limitation in nondispersive
AFS. A sloping or changing background in the modulation
interval will produce both fo and 2fo signal components. This
effect can be attributed to the derivative nature of the
modulation which senses changes in inlensity with wavelength
such as that near an absorption line or curving background
(J4). Normally, the modulation inlerval with wavelength
modulation by oscillating refractor plales was chosen so that
the modulation interval was approximately equal to or two
times the spectral slit width of the monochromator (4, 15).
Consequently, the modulation interval, ~~, was on the order
of a few angstroms. The background over such a small region
'was essentially cnnstant and did not contribule to the signal.
A wavelength modulation inlerval with inlerference fillers
corresponds to a much larger modulation inlerval due to the
much larger bandpass of an inlerference filler compared to
the spectral slit width of a monochromator. Therefore, if the
background changes over that inlerval, then a amall 2fo
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FIgure 4. 5eIec1ed portion oIl1ame backlToood mole<:uIar l'oorescence
spectrum obtained In the dc mode with a 15D-W Elmac lamp, a
GCA/McPearson EU-700 scanning monochromator, and stoichiometric
a1r/C,H2 flame

component will result. An examination of the flame back­
ground of an air-acetylene flame (Figure 4), obtained in the
de mode with a scanning monochromator reveals the presence
of a small slope or change in intensity with wavelength.
Therefore, at reasonably high modulation amplitudes a small
2fo component due to flame background can be seen (Figure
2). Also, as described earlier, the effective change in
transmittance and bandpass shape of the f1lter induCES a small
2fo componenL Similarly, unequal tilting of the filter can lead
to non-uniform background modulation and can result in a
small fundamental (fo) signal as in Figure 2.

It appears that because of the increased spectral throughput
of interference f1lters as compared to monochromators, flame
flicker is the major source of noise in the present system. This
fact along with the various other factors just described ul­
timately affects the SjN ratio and detection limit for most
elements.

Correction for Spectral Interferences. Correction for
spectral interferences can normally be accomplished by the
use of the zero-crossing technique introduced by Epstein and
O'Haver (I5). The technique is based upon the fact that the
second harmonic response function of a wavelength modulated
system resembles a second derivative curve with two zero
crossings (i.e., points where the intensity goes through zero)
on either side of the central maximum (I6). The assumption
that the wavelength positions of the inflection points (zero
crossings) are independent of interfering species concentration
is valid up to a point where at high concentrations self-ab­
sorption broadening of the analyte line approaches the in­
strumental slit function. However, with the present system,
the bandpass of the filter is so large compared to the ab­
sorption line width that self-absorption broadening is not a
limiting factor, The unique aspect of wavelength modulation
is that the positions of the zero crossings are adjustable
parameters and not a property of the analyte or interferent,
The adjustment is usually made by aspirating a concentrated
solution of the interferent and adjusting the modulation
interval so that the point of zero crossing (or zero intensity)
of the interfering line lies under the analyte maximum or 90°
out of phase with the analyte, thereby resulting in a zero
output from the lock-in amplifier, In a similar manner, it has
been shown by Hieftje and Sydor (6) that wavelength
modulation by interference filters results in a modulation
pattern for the interfering line that differs from the analyte
on the basis of phase and frequency.

In order to test the effectiveness of our system from spectral
interferenCES, the effect of the Li line at 323.3 nm on the Cu
324.7 nm resonance line and the effect of the Pb line at 283.3
nm on the Mg 285.2 nm resonance line were investigated.
Both of these interfering lines fell within the bandpass of their
respective f1lters. Solutions of Cu and Mg were made up with
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Figure 5. Schematic diagram illustrating the e«eel of Pb and Mg on
the resulting stgnal waveform at low modulation ampUtudes (see text
for explanation)

Figure 6. Signal averaged wavaforms~ the Mg Interference filter
for (A) 1 I'g/ml Mg solu1lon being asp~ated. (B) Sine wave driving
waveform. (C) 200 I'g/ml Pb solution being aspirated. Sensllivity is
the same as In C as In A

varying concentrations of Li and Pb, respectively, and in·
vestigated in both the de fluorescence and wavelength
modulation modes. Ideally, the modulation interval should
be chosen so thet the interferent line would be shifted out of
the filter bandpass and at the same time the enalyte line will
be a maximum (zero-crossing techniques). However, this was
impossible in our case, since the central wavelength maximum
of the filter was approximately coincident with the analyte
line and both interfering lines lie at shorter wavelengths than
the analyte line. Upon rotation, tbe shift to shorter wave­
lengths of the filter wavelength maximum would cause the
analyte line to be out of the bandpass and the interferent line
to be at a maximum. Therefore, it was decided to adjust the
modulation interval such that both analyte and interferent
lines were shifted out of the bandpass and discrimination could
be achieved on the basis of the differing phase and frequency
composition of the interferent peaks.

The interference of Pb on Mg was investigated by com­
paring the lock-in amplifier signals from 0.5l'gjmL Mg and
0.5 I'gjmL Mg with 50 I'gjmL Pb added as a function of
modulation amplitude. At low modulation amplitudes, a 50
I'gjmL Pb solution gave a negetive lock-in signal, indicative
of a lSO° phase shift with respect to the Mg signal The signal
due to 0.5l'gjmL Mg with 50 I'gjmL Pb was much smaller
than the 0.5l'gjmL Mg signal. However, the sums of the 0,5
I'gjmL Mg plus 50 I'g Pb and the 50 I'gjmL Pb signals were
approximately equal to the amplitude of the 0.5 ~jmL Mg
signal. At higher modulation amplitudes, the Pb signal
became progressively smaller and the amplitude of the 0.5
I'gjmL Mg plus 50 I'gjmL Pb signal approached that of the
0.5 I'g(mL Mg signal. At a modulation amplitude of about
21.4°,50 I'g(mL Pb produces about a 2.5% interference (or
signal reduction) on 0.5 ~jmL Mg. These results are shown
in Figure 5 and Figure 6.

At higher modulation amplitude (_15°) such that the Mg
lines shifts out of the bandpass and the Pb line remains in
the bandpass but with greatly reduced intensity (Figure 7),
the Mg line again appears at 2fo but the Pb line now begins
to show noticeable 4fo components superimposed on its main
2fo waveform. This is because at that modulation amplitude
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figure 7. SchematJc diagram HluslraUng the efleet of Pb and Mg on
the rO&lltlng signal waveform at high modulation amplitudes (_15°)
(see lexl for explanaUon)

figure 10. Signal a_aged waveform ldzIng the Mg ilter1...ence fit...
at very high rroc1JIaUon~ (-21.4°) for (A) 1 ~glrrL Mg _
being aspirated. (B) Sine wave drlvilg waveform. (C) 200 ~g/ml. Pb
being aspirated. Sensnlvlty Is the same In C as In A

Fig... t. SChematJc diagram lIuslrating the effeet of Pb end Mg on
the resultJng signal weveform at very high modulaUon emplnudes
(_21.4°) (see texl for explanation)

figure 8. Signal averaged waveforms utiJizing the Mg ilter1erence rjt...
at high rroc1JIation 8fT1lItudes (-15°) for (A) 1 ~g/rrL Mg _ beilg
esplrated. (B) Sine wave atvilg waveform. (C) 200 ~g/rrL Pb solution
being aspirated. 5ensltMty Is the same In C as In A

with respect to Mg) due to flame background (Figure 2). As
a consequence, zero suppression is needed for the Mg analysis.
The Fourier transform power spectrum of intensity vs. fre­
quency for 200 ~g/mL Pb at a modulation amplitude of 21.4°
shows a rather large 4/0 component due to Pb and a much
smaller 2/0 component.

A similar investigation for the Li interference on the Cu
signal was also conducted and it was found that at a mod·
ulation amplitude of approximately 14.5°, 100 ~g/mL Li
produces about a 5"10 interference on 0.1 ~g/mL Cu. The
somewhat higher interference due to Li is due to the fact that
100 ~g/mL Li produces a fairly intense emission signal which
is modulated by the fIlter resulting in a negative deflection
(180° quadrature) of the lock·in amplifIer.

In the dc mode of operation, both the Li and Pb effed un
Cu and Mg, respectively, were more pronounced along with
a great deal more interference from scatter due to Na and
flame background.

It is apparent that wavelength modulation can correct for
spectral interferences. However, the magnitude of the cor­
rection is based on the differing frequency composition of the
interferent peaks with respect to the analyte peaks and thus
dependent on the modulation amplitude chosen. Therefore,
very narrow bandp... interference fIlters should be used to
limit the bandpass distortion that results at higb modulation
amplitudes and help eliminate foreign lines tbat might fall
ill the mter bandp.... It should be cautioned, however, that
high modulation amplitudes increase the likelihood of foreign
lines falling in the fIlter bandpass and bandp... distortion
which induce 2/0 signal components due to flame background
modulation; hoth interferences limit the magnitude of the
correction.

Linearity and Detection Limit•. The extent of linearity
for Cu and Mg by WMAFC is about the same as that obtained
by AAS. Cu appears to be linear up to 7.5 I"g/mL and Mg
up to 1.0 ~g/mL. The value for Mg appears a little low;
however, this may be due to appreciable self·absorption of
fluorescence and tbe range may be extended by focusing the
source radiation onto the portion of the burner nearest the
detector. The detection limits are within an order of mag­
nitude of the best reported detection limits by AAL, AFL,
AFC (Table IV) and comparable to those obtained by high
resolution wavelength AAC with an echelle monochromator.
The average SIN for a particular Cu concentration was found
to be relatively independent of modulation amplitude,
probably owing to the essentially constant flame and source
background in that region (12). The average SIN for Mg,
however, was found to increase with increasing modulation
'amplitude to a maximum near an amplitude of 15° and remain
essentially constant at higher amplitude. This effect can be
explained by the fact that the Mg line was shifted completely
out of bandp... at that modulation amplitude. However,
noticeable 2fo components of the flame background are present
at high modulation amplitude (Figure 2).

Pb

Mg

\ " '\ ... \-I

the Mg line shifts out of the filter bandp... and appears at
essentially zero intensity (Figure 8) while the Pb line remains
in the bandpass and appears at a fInite but somewhat reduced
intensity than when Pb is at maximum intensity. At normal
incidence, the Mg line is at maximum intensity while the Pb
line is at minimum intensity (but not zero). Upon rotation,
the Pb line approaches a maximum and Mg approaches a
minimum, further rotation causes the Pb line intensity to be
reduced slightly and the Mg line intensity to be essentially
zero and therefore, a 4/0 component appears for Pb. At much
higher modulation amplitudes (-21.4°) both the Mg and Pb
lines are shifted out of the bandp... (Figure 9). As a con·
sequence Pb appears essentially at 4/0 and Mg at 2/0 (Figure
10). From Figure 10, it is evident that when Mg is at a
maximum, Pb is at a minimum and when Mg is shifted out
of the bandp... (zero intensity), Pb also appears with es·
sentially zero intensity. Tbe broadened base of the Mg 2/0
components is indicative of tbe fact that the Mg line stays
out of the bandpass for a much longer time period than the
Pb line. Since Pb appears at 4/0 and Mg at 2f.. discrimination
by the lock-in can be acbieved on the basis of frequency of
the interferent peaks. The fact that the Pb interference is
not reduced to zero at this modulation amplitude is probably
due to the extensive modulation of the flame background at
such large amplitudes that distortion of the bandpass shape
may result inducing 2/0 signal components (1SOo out of phase
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Table IV. Comparative Detection IJmluG,b for Cu and Mg

Element WM AFCC DC AFc<l AALe

Cu 0.02 0.08 0.0041
Mg 0.0025 0,01 0.0003h

AAC'

0.0181

0.0021

AFL'

O.OOlh

0.0003h

AFCh

0.0016h
0.0003h

o Detection limits are defined as that concentration which gives a signal 2 x rms noise level. b Detection limits are in
""g/mL. C WMAFC denotes wavelength modulation atomic fluorescence flame spectrometry with a contmuum source (pre­
sent work). d DCAFC denotes dc atomic fluorescence flame spectrometry with the radistion normal to the rdter aurface
with the dc mode of detection and no modulation (present work). e AAL = atomic absorption flame spectrometry with a
line source. f AAC = atomic absorption flame spectrometry with a continuum source and R wavelength modulated echelle
monochromator. , AFL = atomic fluorescence flame spectrometry with a line source. h AFC = atomic fluorescence flame
spectrometry with a continuum source. I Reference 17. It Reference 18. J Reference 4.

Table V. Comparitive Determinations of Cu and Mg
Levels in Pooled Blood Serum In ~g/mL .

WMAFC
WMAFC ana· AALG

Ele· standard Iytica! standard
ment addtions curve additions AFC (19)

Cu 1.28 1.34 1.30 1.31 • 0.36
Mg 23.6 26.1 22.3 24.6. 6.1

G= Perkin·Elmer Model 306 Atomic Absorption
Spectrophotometer equipped with Cu and Mg Hollow
Cathode Lamps.

The detection limits for the de mode of operation are about
an order of magnitude worse than the WMAFC. Flame
background, scatter, and spectral interferences are more
pronounced in the de mode.

In order to ascertain the relative accuracy of our system
in a real analysis, a sample of pooled blood serum was analyzed
for Cu and Mg levels (Table V). Human blood serum affords
a fairly complex background matrix to test the effectiveness
of our system. The analysis was performed utilizing both the
standard additions and analytical curve methods with the
results compared to the results obtained by the standard
additions method and atomic absorption spectrometry. The
results obtained by the WMAFC standard addition and AAS
standard additions differ by about 1.6% and 5.5% for Cu and
Mg, respectively. The values obtained by the WMAFC
analytical curve and AAS differ by about 3.1 % and 5.1 % for
Cu and Mg, respectively. The values obtained by WMAFC
and AAS standard addition methods are in complete
agreement with the mean values obtained for Cu and Mg
serum levels in our laboratory (19). The values obtained by
the WMAFC analytical curve method and WMAFC standard
additions method differ by about 4.7% and 6.7% for Cu and
Mg, respectively, and are withln the experimental error of the
technique. This is probably due to the difference between
the water standards and the serum matrix and can be
eliminated by dilution of both serum and standards with a
10% glycerol solution (19). As can be seen by the accuracy
of our results, the WMAFC approach does not necessitate the
use of complex blank solutions or matched matrices, and
accurate results can be obtained with the analytical curve
method and simple water standards.

CONCLUSION
A wavelength modulated continuum source atomic

fluorescence spectrometer shows considerable promise as a
dedicated instrument for the analysis of severa! trace elements
in diverse matrices. The wavelength modulation feature bas

proved effective in reducing scatter, flame background. and
spectral interference. It has resulted in reasonably good
detection limits and accurate analyses for Cu and Mg levels
in such complicated matrices as human blood serum without
the need for complicated blank solutions. The fact that the
wavelength modulation can be accomplished with Interference
filters is important for it allows the filter to act as both the
spectral isolation device and the background correction device
eliminating the need for a monochromator. Also, since a
continuum source can be used instead of several line sources.
it allows for a low cost, simple, dedicated system to be built
for several elements. As a consequence of the high spectral
throughput of interference flIters. flame flicker appears to be
the major noise source and an atomization system of low
background, e.g., a graphite furnace cell, may prove most
effective. Also, the use of very narrow bandpass interference
filters is recommended to reduce any modulated 2/0 back­
ground signal components and eliminate the likelihood of
foreign spectral lines falling in the flIter bandpass.

The system is currently being improved and its applicability
to the analysis of several trace elements in diverse matrices
with a graphite atomizer is being investigated.

LITERATURE CITED
11) W. SneUeman, Speetroehlm. Acta, Part B, 23, 403 (1968).
(2) W. Snelleman, T. C. Rains. K. W. Yee. H. D. Cook, and O. MenJs. Anal.

Chern .. • 2, 39. (1970).
(3) R. C. Elser and J. D. W",efordner. Anal. Chern...., 69a (1972~

(.) A. T. zander, T. C. O'Haver, and P. N. K_. Anal. Chern...., 1168
(1976).

(5) W. K. Fowler. D. O. Knopp. and J. D. Winefordnor, Anal. Chern.....
601 (1974).

(6) R. J. Sydor snd G. M. H1eftje. Anal. Chern., ... 535 (1976).
17) T. J. Vickers, P. J. Slevin, V. I. Muscat snd L. T. Farias. Anal. C/Iem..

••. 93011972).
(6) D. G. Mitchon and A. Johanosson. S__. Acts. PartB, 25,175

(1970).
(9) P. D. Warr, TBlanta, 17. 543 (1970).

(10) R. C. Elser snd J. D. Wlnelordner. AppI. Spectrosc.. 25, 3.. (1971).
111) V. I. Musco'. T. J. Vickers. W. E. RJppe.oo, and E. R. Johnson, AppI.

Spec/rose., 29, 52 (1975).
(12) W. K. Fowler and J. D. Wlnelordnor. Anal. Chern.. U, 9« (1977),
(13) P. L. Larkins andJ. B.IWls, Spectrochm. Acta, PBltB, 29, 319 (197.~

(14) R. N. Hager. AlIBI. Chern..... 1131A (1973).
(15) M. S. Epsleln and T. C. O'Haver. Spec_. ActB. Part B, 30. 135

(1975).
(16) A. T. zander, T. C. O'Haver. and P. N. Kelher, Anal. Chern., U, 838

(1977).
(17) F. S. Chuang and J. D. Wlnefordnor, Appl. Specrrosc.. 29, .12 (1975~

(18) D. J. Johnson. F. W. Plankey, and J. D. WlnolorO'lOl'. Anal. Chern., .7,
1739 (1975).

(19) R. D. Dresser and F. W. Aankey, unpublshed work, this laboratory.

RECEIVED for review August 1,1977. Accepted December 14,
1977. Acknowledgement is made to the Donors of The Pe­
troleum Research Fund, administered by the American
Chemical Society, for the support of this research.



312. ANALYTiCAL CHEMISTRY, VOL 50, NO.3, MARCH 1978

Selective Excitation Fluorometry for the Determination of
Chlorophylls and Pheophytins

Kevin G. Boto' and John S. Bunt

Auslnlllan Ins/ltllle of Marm ScleflCll, Cepe Ferguson, P.M.B. No.3. Townsville M.S.O., Q. 4810. Aus/relia

A modllJed Duorometrlc method for lhe determination 01
ch/orophylls a. b, and c and their corresponding pheophytlns
I' pre..nted. The UI8 01 aelected monochromatic excitatIon
and emIsaIon wave'engt/ll enable' each component to be
determIned with greater ..Iectlvlty than with previous
spectrophotometric or Duorometrlc methods. The factors
limiting the accuracy of determInation 01 each pigment In the
UlUal multlcomponent mIxtures encountered are dlscu88ed.

Estimates of chlorophyll concentrations in natural waters
are frequently required in studies related to primary pro­
duction. Probably the most widely used analytical technique
depends upon spectrophotometric measurements of extinc­
tions of 90% acetone extracts at three different wavelengths.
Solution of appropriate simultaneous equations (trichromatic)
provides estimates of chlorophyllil a, b, and c (1). Pheophytin
a can also be estimated by this method after acidification of
the extract solution. Various improvements to the trichro­
matic equations have been published by a number of authors;
for example, new data for the extinction coefficients of the
chlorophyllil, including Ct and C2, based on highly purified
samples of each pigment (2).

Fluorometric methods, most of which give crude estimates
of chlorophyll a only, have also been used (3). Loftus and
Carpenter (4) have refined the tluorometric method for the
analysis of chlorophylls using the Turner Fluorometer, em­
ploying a series of emission mters to improve the selectivity
between the emission spectra of each chlorophyll. Their
method involves the measurement of the emission through
three separate mter combinations and again requires the
solution of simultaneous equations to yield the concentrations
of each pigment. Acidification of the extract, followed by a
further three measurements through the filter combinations
yields, in theory, the concentration of the corresponding
pheopbytins. However, only pheophytin a can be estimated
with any degree of certainty, and then only if chlorophyll b
is not present as a significant component of the mixture.
Improved accuracy of chlorophyll b and c determinations
compared with spectrophotometric methods is claimed.

The most obvious advantage of a tluorometric technique
is the greatly increased sensitivity compared with spectro­
photometry. An increase in sensitivity of two orders of
magnitude is easily achieved and, provided that no loss of
accuracy is incurred, tluorometric techniques should provide
a much fastar method than conventional spectrophotometry
for parforming chlorophyll analyses in natural water samples.
In addition, fluorometry eliminates any possible interference
by the abeorption of nonchlorophyllous pigments in the 600+
region of the spectrum.

This paper describes a new approach to the usual tluo­
rometrie method_ Variable monochromatic excitation is used
to greatly improve selectivity between chlorophylls a, b, and
c and their corresponding pheophytina. Thus, appropriate
selection of excitation and emission wavelengths reduces the
overlap between the emission spectra of each pigment to a
greatar extant than is possible with broad band excitation and

Table!. Chlorophyll a, b, and c Spectral Properties
in 90% Acetone

Ratios

Chloro- Amax. nm All Ad Alii
phyll I II III All AlII AlII

a 432 664 1.11
b 459 647 2.67

444 580 631 7.22 0.63

the use of relatively broad band filters for emission.

EXPERIMENTAL
Chlorophylls a and b were extracted from local land plants (e.g.,

Melaleuca alba) methanol or acetone. The crude pigment extract
was purified by thin-layer chromatography (3) using Merck Silica
Gel 0.2-mm plales with dioxane (30%) in hexane as the solvent.
Chlorophyll c was similarly isolated from locally available
Sargassum sp. AU solvents were of analytical resgent grade. The
purified pigments were stored at -20 'C until used although
samples were not kept for more than 24 h.

The purity of each pigment was checked by UV-visible
specirophotometry with an Aminco DW-2 spectrophotometer. No
significant decomposition products or xanthophyll impurities were
detected although some chlorophyll a samples contained a small
amount «3%) of pheophytin a.

Table I shows the wavelength of maximum ahsorption for the
major "blue" and "red" peaks for each chlorophyll and the ratios
of their absorption values in 90% acetone. The chlorophyll c
obtained from some batches of algae contained small amounts
of what appeared to be chlorophyllide a due to the presence of
an active chlorophyllase in some of the species extracted. Barrett
and Jeffrey (5) bave described this product. The presence of the
impurity did nol appear to affect the chlorophyll c fluorescence
properties and the chlorophyllide in fact bebaved fluorometricaUy
very similarly to chloropbyll a. This indicates that the fluorometric
method would not distinguish between chlorophyll a and chlo­
rophyllide a.

The concentration of each purified pigment solution was
spectrophotometrically determined. using the extinction coef·
ficients according to Jeffrey and Humphrey (2), which appeared
to be the most reliable available. To calculate the chlorophyll
c concentration, it was assumed that (Ct):(C2) was 1:1. This will
introduce some small errors in the subsequent determination of
chlorophyll c if the (c,):(c,) is greatly different. Jeffrey (6) has
listed the absorption and fluorescence spectral properties of
chlorophyUs Cl and C2 and hence the appropriate correction can
be made if desired. Solutions for fluorescence studies were
prepared by diluting the concentrated (usually 5-15 I'g mL-l)
purified solution with 90% acetone. Primary dilutions were made
with a calibrated (by weight) 1-mL bulb pipet and lOO-mL
volumetric flasks to maximize precision. Solutions so prepared
were then used as secondary stock solutions from which further
dilutions were made to prepare calibration curves for each
pigment. Solutions of the pheophytins were prepared by the
addition of I or 2 drops of 0.1 M HCI solution to the chlorophyll.

The fluorescence studies were performed with an Aminco·
Bowman specIrofluorometer (J4-8203G Model). Special attention
must be given to the slit combinations in the opticalaystem of
this instrument. For the degree of resolution considered ac­
ceptable and for good sensitivity, the slit combination used was
as follows: Xenon lamp emission: I mm (i.e., 5-nm bandpaaa);
slit slide I, fully open; excitation monochromator, 2 mm; slit slide
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Figure 1 shows the excitation and emission spectra for
chlorophylls .. b, and c and !heir respective pheophytins. The

400 450
WAVE LENGTH (nm)

EXCITATION EMISSION

Figure 1. Excitation and emission spectra of: (A and B) Chlorophyll a (---) and pheophytin a (-), concn of both = 0.1341'9 mi.". (C and 0)
Chlorophyll b (---) and pheophylln b (-), concn of both = 0.1721'9 mL". (E and F) Chlorophyll c (---) and phaophytln c (-), concn of both
= 0.0421'9 mi.". Note that the pheophytin c Cll'Ves are shown on a tenfold higher sensitivity scale to the others. AD solutions ..eln 90% acetone

2, fully open; photomultiplier, 2 rom. The celibration and linearity excitation spectra were obtained by holding the emission
of the instrument were checked at frequent intervals with standard wavelength at the emission maximum and slowly scanning the
1.0 and 0.01 pg mL" quinine/O.I ~ J:I' SO, solutions. Also, after excitation wavelength over !he required range. The emission
eve~r five measurements, the emls~lOn re.sponse for the O.OllJg spectra shown have not been corrected for changes in phD--
mL s~ndardwas checked and adjusted If necessary, as. a sh?rt tomultiplier response wi!h wavelength. These spectra show

~~~~fo~:,~'7;x:~~o~"wu::"~~~~~~v:=~;:'~I~~~~~~ that ~i~ suitable c~oice of exci~tion wavel~ngths,.good
no variation was ever observed. selectiVity can be achieved. Assummg that a given mixture

contains all three chlorophylls and their pheophytins, a
detailed set of equations can be derived for the emission
responses at the usual emission maxima of each pigment when
the mixture is excited at various chosen wavelengths. After
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The terms underlined are the major terms in each equation.
Note that in Equation 5, as the excitation and emission spectra
of pheophytins b and c overlap greatly, only one equation is
obtainable and the concentrations of pheophytins b and c must
be estimated by a reiterative procedure (below). Although
the equations appear complex, it must be remembered that,
in most cases, the K values in the minor terms are such that
many can be neglected at the 2% error level. Further sim·
plification is often possible when one considers that, in most
offshore seawater samples, the only primary pigments found
are chIorophyUs a and c along with pheophytin a. Chlorophyll
b and pheophytins b and c are either absent or present in
minor amounts. Pheophorbides also are commonly found.
However, these would probably have very similar fluorometric
properties to the pheophytins and, hence, could not be
separately determined by any fluorometric method.

Table II shoWl! a full listing of aU the K values required for
Equations 1 to 5. H values were measured as the number of
recorder divisions obtained with the photomultiplier set on
the most sensitive setting, i.e., the 0.1 multiplier scale on this
instrument. For purposes of cross calibration with other
instruments, emission peak height (H35Oex, 448em) of the 0.Ql
,.g mL-1 quinine standard was 2100 divisions on the 0.1
multiplier scale. The response for the standard was always
set to this value 88 noted above. The K values were then

K( 435. 635, c) = 22966
K(435, 635, a)= 401
K(435, 635, b)= 731
K(435, 635, pal = 25
K(435, 635, pb)= 892
K(435, 635, pc)= 115
K(390, 667, pal = 3464

K(390, 667, pb) = 561

K(390, 667, pc) = 262

K(435, 657, pb)= 8111
K(435, 657, pc)= 1048
K(435, 657, pal = 185

K(435, 667, a)= 5013
K(435, 667, b)= 731
K(435, 667, c)= 850
K( 435, 667, pal = 308
K(435, 667, pb)= 3893
K(435, 667, pc) = 629

K(470, 651, b) = 5800

K(470, 651, a)= 47

K(470, 651, c) = 1469
K(470, 651, palm 76
K(470, 651, pb)= 282
K(470, 651, pc)= 76

calculated (K( ex, em, x) = H( ex, em)/C,) either by the slope
of H( ex, em) vs. C, calibration graphs for each pigment, or,
in some cases where K was sman, by direct calculation from
the excitation and emission spectra for each pure pigment in
a solution of known concentration. The H vs. C calibration
graphs were linear, in all cases, in the concentration range
0.00.1 w 0.2 ~g mL" with never more than a 2% deviation from
linearity for ony individual point.

\( should be noted that, while the K values are listed for
completeness, the purpose of this paper is to demonstrate the
principle of the method only. It is strongly recommended that
any laborawry wishing w consider this modified fluorometric
technique carry out individual calihrations as described above.

Using the K values listed in Table II, and taking into
account the most likely pigment compositions of the phy·
toplankton in most seawater samples, a simplified set of
equations was obtained as shown below. As the quantum
efficiency of chlorophyll c appears to be very high (Ierge K
value), its emission spectrum is very little affected by in·
terference from the emissions of other pigments. Therefore,
its concentration can be quite accurately calculated and this
value then used to give accurate estimates of the others, viz:
(al Before acidification,

H(435, 635) = K(435, 635, c)Ce (6)

H(435, 667) = K(435, 667, a)G. +
K(435, 667, c)Ce (7)

H(470, 651) = K(470, 651, b)Cb +
K(470, 651, c)Ce + K(470, 651, a)C. (8)

(b) After acidification,

H(390, 667) = K(390, 667, pa)C'pa (9)

li(435,657)=K(435,657,pb)C'pb +
K(435, 657, pc)C' pc (10)

To solve Equation 10, initially put C'", = C, and solve for
C'pb and then use this value to give a better estimate of C'",
and so on. Usually only two or three iterations are required
for convergence. This procedure is, of course, subject to
substantial error when one considers the likely errors involved
in reading the actual H values. Hence the final estimates of
Cpb or C'" originally present probably will only represent
order-of-magnitude estimates unless either pb or pc is present
in relatively large amounts. Note that in all analyses and
calibrations, the H values must be corrected for the usually
small, but nonneglible solvent fluorescence at the particular
wavelength investigated.

Using Equations 6 to 10, calculations can be performed
reasonably quickly by manual methods; however, use of a
simple computer program enables greater refinement of the
estimates using Equations 1 to 6 with reiterative procedures

Table II. The K(A.m , A.m , x) Coefficienl8 Required for
Solution of Equatiooa 1 to 5 (eee lext)

(5)

(4)

K(435,657,pc)C'pc +
K(435, 657, pa)C'""

acidification of the mixture to pheophytins alone. further
information can be obtained as indicated below.

In the following equations, H (>.",. A".,) denotes the height
of the emission measured at A.m following excitation of A...
and K (A"., A.m, x) denotes the coefficient of emission response
VB. concentration (of species x) at the same Ae• and Arm' Cr

is the concentration of chlorophyll x in the mixture while CO'
refers to the concentration of pheophytin x. All concentrations
are in ~g mL-' in the actual extract solution. After acidifi·
cation C;,. = CO' + C" i.e., the new pheophytin x concentration
is now equal to that originally present (CO') plus the amount
formed from the chlorophyll (C,). The equations are:
(a) Before acidification of the solution,

H(435,667) = K( 435,667, a)Ca +

K(435, 667, b)Cb + K(435, 667, c)Ce +
K(435, 667, Pa)C... + K(435, 667, pb)Cpb +
K(435, 667, pc)Cpc (1)

H(470, 651) = K(470, 651, b)Cb +

K(470, 651, c)Ce + K(470, 651, a)Ca +

K(470, 651, pa)C... + K(470, 651, pb)Cpb +
K(470, 651, pc)Cpc (2)

H(435, 635) = K(435, 635, c)Ce +

K(435, 635, bleb + K(435, 635, a)C. +
K(435, 635, pa)C... + K(435, 635, pb)Cpb +
K(435, 635, pc)Cpc (3)

(b) After acidification,

H(390, 667) = K(390, 667, pa)C'.. +

K(390, 667, pb)C'pb +
K(390, 667, pc)C'pc

H(435, 657) = K(435, 657, pb)C'pb +
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Table 111. Results of Analyses Using the Proposed Fluorometric Method for Artificial Mixtures and Actual Seawater
Extracts (in 90% Acetone)

Actual concentrationsO Measured concno (errors in parentheses)

Sample type Ca Cb C. Ca Cb C. C'pa C'Pb C' pc

Prepared mixture 0.176 0.0954 0.171 0.0935 0.178 0.0943
(-2.8%) (-2.0%) (+0.9%) (-1.1%)

Prepared mixture 0.0176 0.00954 0.0185 0.00968 0.0172 0.0091
(+5.1%) (+ 1.5%) (-2.4%) (-5.0%)

Prepared mix lure 0.161 0.054 0.0595 0.155 0.049 0.057
(-3.7%) (-9.3%) (-4.2%)

Prepared mixture 0.094 0.014 0.0595 0.087 0.0135 0.059
(-7.4%) (-3.6%) (-0.8%)

Prepared mix ture 0.021 0.007 0.00774 0.020 0.0053 0.0076
(-3.8%) (- 2.4%) (-1.8%)

Prepared mixture 0.115 0.563 0.120 0.006 0.057 0.110 0.0003 0.050
(+4.3%) (+1.2%) (-4.3%) (-11.1%)

Local seawater
cxtractb 0.059 0.001 0.0087 0.086 0.0018 0.0327

Similar collected
near same spotb 0.046 0.0002 0.0088 0.090 0.0012 0.0458

a Concentrations in Jolg mL- 1 of the actual ex tract. b Results shown here are averages of duplicates for each seawater
sample.

to apply the small corrections needed. In applying these
procedures to pigment analyses from samples of local seawater,
it was found that this refinement is usually unnecessary at
a 5% level although it became necessary for some artificial
mixtures (see later) where the concentration ratios of each
pigment were deliberately adjusted to give analytically un­
favorable conditions.

A number of samples containing mixtures of (a) chlorophyll,
a and b only, (b) chlorophylls a, b, and c, and (c) chlorophylls
a and c only were prepared and analyzed, with the results
shown in Table III. Also, two actual analyses of lO-mL
extracts from local seawater are shown in Table III.

DISCUSSION

From the results shown in Table III it can be seen that for
mixtures containing only chlorophylls a and b, very good
estimates were obtained, the worst error of +5% for ea ob­
Lained with a solution containing only 0.01761'1: mL·t of a and
0.00954 I'g mL ' of b. The Cb/C. ratio of ca. 0.5 in these
analyses represented an unfavorable case where correction of
Cll for the Ch, term is necessary. On acidification, the estimates
of C'pa and C'pb (= C. and Cb, respectively in these solutions
as no extra pa or pb is present), were also very good although
it should be noted that, in mixtures conLaining a, b, and c,
the pheophytin b estimations would be expected to be less
accurate. Analysis of a, b, and c mixtures showed that the
estimates of a and c were within ±7% or better while the
estimate of b could be subject to fairly large errors (up to 30%)
when Cb was very small or if C,:Cb was 5:1 or greater.
Theoretical calculations using Equations 1 to 3, with estimates
of the inaccuracies involved in the readings of the emission
responses, showed that the estimation of Cb was subject to
errors in agreement with those actually found. Also, similar
ealculations showed that, if only a and c were present, and
if C. and/or C. were of the order ofO.1l'g mL-t , then Cbcould
be estimated as being 0.006 I'g mL-, when none was actually

present. Actual analysis of such a mixture (Table III) con­
firmed this possibility. Thus such levels of chlorophyll b, if
found in real samples, would need to be treated with suspicion.

The local seawater sample analysis (Table Ill) showed an
unusually high concentration of pheophytin c. In this sit­
uation, it could be demonstrated by use of Equations 1 to 5
that the expected order of accuracy would be 10-20%.
Therefore the proposed method at least gives a reasonably
reliable estimate of pheophytin c if present at these levels.
This is certainly an improvement on previous techniques
where pheophytin b or c was not obLainable.

In general, as the method gives good selectivity and avoids
the use of equations with large correction terms (except
perhaps for chlorophyll b), it is felt that the concentrations
of chlorophylls and their pheophytins can be estimated with
a greater degree of confidence than with previously available
methods.
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Multicomponent Analysis by Synchronous
Luminescence Spectrometry
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"synchronously") both Au< and A,m while keeping a constant
wavelength interval toA between them (1,2). At first glance,
the use of a constantly changing excitstion energy may seem
undesirable for spectrometric applications. This continuous
variation of the excitation would not allow it to be used as
a light source to reccrd emission spectra in the usual manner
(oonstant excitation energy) that spectrometrists employ. This
feature however can he a distinct advantage. In order to assess
the figures of merit of the synchronous technique, it is
necessary to discuss the corresponding luminescence ex­
pressions.

Consider a luminescent substance excited at a given
wavelength A'. EM(A) is defined as the intensity distribution
pattern of the emission (also referred to as an emission
spectrum). The recorded luminescence signal at a given
emission wavelength A, 1" which depends on the value of EM
at A, is also proportional to the spectral radiance of lu­
minescence R, emitted hy the compound excited at A':

where k ; a constant factor.
In the above expression and in further development, MA')

denotes the wavelength variable that corresponds to the actual
wavelength position of the emission (excitation, respectively)
monochromator. The effect of instrumental factors (spec­
trometer profile function, detection system response,
transmission factor of all optics, etc.) not essential to our
discussion is neglected. Assuming the validity of the well­
known Lambert law for dilute solutions, R" can also be ex­
pressed as:

where YI.; the luminescence quantum yield, 10 ; the incident
exciting light intensity, t = the moJor extinction coefficient,
c ; the concentration of the analyte, d ; the thickness of the
sample, h' = an experimental constant factor.

The product, YI. 10 <, which depends exclusively on A' can
be related to the excitation function. It is proportional to the
excitation spectrum Ex(A') which is experimentally measured
when the excitation wavelength is scanned:

with K; k k' k"-I. One specific condition of the synchronous
technique is

where h" = constant factor.
By combining Equations 1, 2, and 3, we can obtain the

synchronous luminescence intensity (lJ expression as a
function of Aand A':

or

A methodology lor the synchronous excitation technique Is
developed to Improve the selectivity 01 luminescence spec­
trometry. ThIs approach ~ers several advantages, Including
narrowing 01 speelral bands, an enhancemenl In selectivity
by spectral UnpIllcaUon, and a decrease 01 measuremenlllme
In multlcomponent analysis.

Luminescence spectrometry with its excellent sensitivity
has provided a useful analytical tool for monitoring trace
organic oompounds. Nevertheless, despite the ability to select
both the excitation and the emission wavelengths, the con·
ventionalluminescence methods have limited applicability
since most spectra of complex mixtures often cannot be re­
solved satisfactorily, The present awareness of the large
variety of pollutants in our environment has increased the
necessity to have instruments and methods for monitoring
complex samples. Our present approach to this need for
multicomponent analysis is to develop and extend the ap­
plicability of simple methods which can be used on a routine
basis without resorting to techniques that are expensive or
excessively time consuming.

In this work, an attempt will be made to evaluate the
applicability of simultaneous analysis of multicomponent
mixtures by the so-called synchronous excitation technique.
The idea of synchronous excitation luminescence was first
suggested by Lloyd (1). Although forensic researchers and
oil-spill analysts have often employed this technique in an
empirical manner (2, 3), the effective use of this technique
in the general field of analytical luminescence spectrometry
has been limited somewhat. This might be partly due to a
lack of specific information and methodology which makes
it difficult for analysts who are not familiar with spectroscopic
techniques to exploit fully the possibilities offered by this
simple approach. Practical applications have been limited
SO far only to providing fmgerprints of complex samples such
as crude oils of various origins (3). The intention of this paper
is to develop and present a simple method for organic trace
analysis and to investigate how the technique of synchronous
excitation can he applied to obtain not only spectral signatures
from complex samples but also specific information of ana­
lytical interest. A methodology for multicomponent analysis
is suggested. Specific examples of the fluorometric charac­
terization of various representatives of the important class
of polynuclear aromatic hydrocarbons (PAH) are presented.
The results illustrate that this technique has a great potential
to offer an effective, rapid, and simple "screening type"
method of analysis,

BASIC PRINCIPLE
In conventional luminescence spectrometry, an emission

spectrum can be monitored by scanning the emission
wavelength A..,. while the luminescent compound is excited
at fIXed excitation wavelength Au.. On the other hand, an
excitation spectrum can he obtained by scanning Au, while
the emission is monitored at a given A..,.. It was suggested
that a third possibility consists of varying simultaneously (or
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f9n 1. (a) Fluorescence errissIon and exdlation spectra ollelracene.
(b) Synclvonous fluorescence signal of tetracene

In order to introduce explicitly the parameter toX, Equation
4 can be expressed as

conditiolU\. The excitation spectrum (with A.., = 507 nm)
ranges from 480 nm to 350 nm, revealing absorption bands
at 470 nm, 442 nm, 416 nm, and 397 nm. There is a small
wavelength differenoe of 3 nm, often called the "Stokes shift,..
between the peaks of the 0-0 band in the emission and in the
excitation spectra. With a wavelength interval t.A = 3 om,
matching the Stokes shift, the synchronous spectrum of
tetracene is shown in Figure 1b. Instead of a spectrum
covering several hundreds of nanometers, the synchronous
signal consists simply of one single peak located at 473 om.
This unique feature is the consequence of the restrictive
character of the product of the two nearly mirror-symmetric
functions EM(X) and Ex(X'). Sinoe EM(X) is a function which
is limited on the short wavelength range and Ex(X') is a
function limited on the long wavelength range, the corre­
sponding synchronous signal, resulting from their product,
must necessarily have a limited spectral band width.

Note that what is usually called a "synchronously excited
emission spectrum" is referred to here as simply 8

··synchronous signal" or "synchronous spectrum" since it can
be considered either as an emission or as an excitation
spectrum. Effectively, it can be notioed thet Equation 4 does
not give priority to the emission wavelength Xor to the ex­
citation wavelength X'. Expressed explicitly in function of X',
Equation 6 could also be written as:

~p.. ,X') = KcdEx(X'JEM(X' + D.X) (7)

Relation 7 shows that the synchronous signal could also be
considered as an excitation spectrum with a synchronously
scanned emission wavelength.

Narrowing of Spectral Bands. There are various causes
for diffuseness in the spectrum of complex mixtures. One
trivial reason is that the emission bands of each individual
spectrum are intrinsically broad. Severe overlapping of varinus
spectra are often another cause for diffuseness. It will be
shown that the synchronous technique can decrease the
adverse effect of these two sources of diffuseness.

In conventional luminescence spectrometry, the spectrum
can show a resolved structure only when the monitored lu­
minescence function consists of narrow bands. But with the
synchronous technique, it is sufficient, in order to observe a
narrow peak, that either one of the two functions EM(X) or
Ex(X') has resolved structure in a given spect.ral range. This
increases the chance of obtaining spectra having resolved
structure. The synchronous signal fails to show a resolved
peak only when both functions Ex(X') and EM(X) are fea­
tureless. We consider the example shown in Figure 2, where
EM(X) and Ex(X') represent two bands belonging to an
emission and an excitation spectrum. In this case, the optimal
condition is achieved when toX is chosen to match the
wavelength interval between the maxima of these two peaks.
This situation provides the most intense synchronous signal
with narrowest half-width. In Figure 2a, the hypothetical
emission EM(X) and excitation Ex(X') bands were represented
for the sake of simplicity, with Gaussian shapes and identical
intensities. If the sample is excited monochromatically at X,'
(X, or X3 , respectively), the observed emission spectrum h
would sbow an intensity represented by h, (h" I~, respec­
tively). As shown in Figure 2b, the intensity is increased
proportionally with the excitation (absorption) intensity but
the band width of the observed emission remains unchanged.
However, as depicted in Figure 20, if the emission is monitored
while the exciting radiation is varied (synchronous method)
the signal would show a more narrow peak having the intensity
that corresponds to the maximum value II., obtained with fixed
"-- This band-narrowing effect is essentially a consequence
of the multiplication of two functions increasing and/or
decreasing simultaneously. This process is illustrated in Figure
3. The dashed curve shows a portion of the fluorescence

(6)

©©©©
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This relation represents the basic equation of synchronous
spectrometry. In conventional luminescence, the intensity
of the emission spectrum depends upon the excitation
wavelength. This dependence, however, is restricted solely
to the intensity factor of the spectrum but the spectral features
remain generally unchanged. In other words, the excitation
wavelength acts only as a multiplicative parameter in the
emission expressions of conventional luminescence spec·
trometry. On the other hand, in the synchronous technique,
as shown in Equation 4, the luminescenoe intensity expression
is an explicit function of Xas well as X'. The improvement
in sensitivity of this technique is indeed reOected in Equation
6 which involves two functions instead of only one in the
conventionalluminescenoe method. In addition a new degree
of selectivity is introduced by the parameter toX which can
be selected by the experimenter.

RESULTS AND DISCUSSION

The Synchronous Signal. The basic performance of the
synchronous technique is illustrated in Figure I. The
conventional excitation and emission spectra of tetracene in
a solution of ethanol is shown in Figure Is. The Ouorescenoe
spectrum (with "- = 442 om), showing three distinct emission
bands at 473 nm, 507 nm, and 546 nm, covers the spectral
range from 460 nm up to 600 om under our experimental

EXPERIMENTAL
Apparatus. In this work, a Perkin-Elmer spectronuorimeter

(Model 43A, Perkin Elmer, Norwalk, Conn.) was used for
spectrometric measurements. Both excitation and emission
wavelengths can be locked together and scanned synchronously:
this possibility was primarily designed in the commercial in­
strument for absorption measurements. A 150-W xenon arc lamp
was used 88 an excitation light source. The detection device was
a R508 photomultiplier (Hamamatsu Co., Middlesex, N.J.) that
has a spectral response from 200 to 750 om. Spectral resolution
less than 2 om was used. No correction for instrumental response
was applied. All spectra were recorded on a strip-chart recorder
(Perkin-Elmer, Model 023).

Reagents. All compounds investigated were commercially
available and used without further purification.
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Figure 4. Speclrsl simpifocalion effect. E,J.A) = emission SpeclrLWT1;
EX<X'} = excitation spectrum

FIgure 3. Band width of conventional and synchronous fluorescence
slgnal 01 telraCBfl8

spectrum of tetracene using fIXed excitation at440 nm. The
solid line curve shows the significantly narrower synchronous
aignal (with 6A = 3 nm) of the 88ffie 88IDple.

Simplification of Emission Spectra. In some cases, the
synchronous technique can greatly simplify complex quasi­
linear spectra. In order to bring out the situation more clearly,
two graphical examples are given in Figure 4. A signal is
observed only when 6A matches the interval between one
absorption hand and one emission band. If it is possible to
select and use one particular 6A which matches one unique
pair of absorption and emission hands, the synchrohous
spectrum will show only one single peak. This situation is
shown in Figure 4a, where 6A (= A, - >-<,') is assumed to be
the wavelength interval which matches only the absorption
hand at A,{ and the emission peak at AI' As can be observed,
instead of a complex emission spectrum, only one peak at A,
should he observed. In multicomponent mixtures, the spectra
of various compounds will be consequently simplified and
interferences resulting from spectral superposition will be
greatly reduced. An interesting feature is the possibility to
analyze a specific compound 'in a mixture by selecting an
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appropriate aX value among the numerous combinations of
wavelenglh intervals. This would offer another opportunity
to study selectively a certain component in a mixture in the
case where the traditional approach with fixed excitation
would be unsuccessful.

In order to have a situation where an interval .6.X can be
found to match solely one pair of excitation and emission
bands, it is necessary that the emission and the excitation
spectra consist of bands which are not separated by similar
wavelength intcrvals. The situation where, by accidental
coincidence, two (or several) pairs of bands in the emission
and excitation spectra show identical intervals (= oA) is il­
lustrated in Figure 4b. Even in this case, if 6A is chosen to
match the two strong bands (in Figure 4b, at >-<" and AI), the
intense peak at AI is enhanced more strongly than the weak
peak at >-<,. It is important to emphasize here again that,
whereas in conventional spectrometry with fixed >.exc one can
only increase the intensity of all the emission bands at the
same time. the synchronous technique can increase selectively
the stronger peaks when a proper 6A is used. The situations
discussed above show how the synchronous technique, if
applied properly, can enhance the selectivity: characteristic
intense peaks are increased strongly while, on the other hand,
the interfering effect of weak bands can be reduced.

Reduction ofthe Spectral Range. For the spectrometrist
involved in fundamental research, the detailed structure of
the entire emission spectrum is of crucial importance since
it reflects directly the physical properties in which he is
interested. For the analytical chemist, however, the details
of the whole spectrum might not be of vital importance:
usually he selects only one or several spectral bands useful
for his analysis, provided these spectrometric data are suitable
for his needs (for example, direct correlation with the amount

·of analytes). Most of the other spectrometric details are
generally not considered and their presence serves only to
confuse the total spectrum by interfering with the emission
of other components in the mixture. The previous discussions
show the various processes by which the synchronous tech-
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Figure 8. (a) Conventional fluorescence spectrum of a mlxt\l"e of
naphthalene, phenanthrene, antlvacane. petylene, and tetracane. (b)
Synchronous spectrum of the mixture

the emission signal of each individual component in a mixture
is the most outstanding feature offered hy the synchronous
technique. Figure 6 shows the effect of various 6A values upon
the synchronous fluorescence spectra of tetracene: the 6>'
values were 3 nm (Figure 6a), 30 nm (Figure 6h) and 45 nm
(Figure 6c).

Multlcomponent Analysis. One illustration of the
methodology developed in this paper is given in Figures 7 and
8. Figure 7 shows the fluorescence excitation and emission
spectra as well as the synchronous luminescence (SL) signal
of several compounds such 88 phenanthrene, anthracene, and
perylene. The conventional fluorescence spectrum shows
several typical vibronic hands of the compound that covers
a large spectral range of several hundreds of nanometers. In

Figure 7. (a) Fluorescence excitation. emission. and synclronous
spectra of phenantlvene. (b) Fluorescence excitation, emission. and
synchronous spectra of anttYacene. (c) Fluorescence excitation.
emission. and synchronous specb'a o. perylene
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Figure 6. Effect of the wavelength Interval on the synchronous
fillorescence signal of tetracene: (a) /l>' = 3 nm, (b) /l>' = 30 nm,
(c) /l>' = 45 nm

nique can simplify the emission signal and reduce spectral
interference; this section will describe how the choice of /l>'
can affect the spectral range of the synchronous signal. The
influence of the Stokes shift is also discussed.

The emission and excitation spectra with various spectral
overlaps are schematically shown in Figure 5. The shortest
wavelength of the emission spectrum is depicted as Ao and the
longest wavelength of the excitation spectrum is Ao'. In Figure
5a, the spectral overlap is assumed to have zero value (Ao' =
Ao). If a given wavelength interval ll>' is used, the synchronous
signal would have a band width of /l>., covering from Ao (where
the compound starts its emission) to Ao' + /l>' (where the
compound no longer absorbs the excitation radiation). Figure
5b illustrates the situation where the emission and the ex­
citation spectra overlap each other (Ao < Ao'); in this case the
synchronous spectrum covera from Ao to Ao + ll>' + 0>" having
therefore a band width of ll>' + 0>" 0>, being the spectral
overlap. In Figure 5c, the situation involving a Stokes shift
of 0>, is illustrated: in this case (Ao' < Ao), the spectral hand
width of the synchronous signal is equal to ll>' - 0>, (from Ao
to Ao + 6>' - 0>,). It is therefore experimentally possible to
modify the spectral hand width of the synchronous signal by
varying 0>, and ll>.. The Stokes shift can be varied by
changing the solvent environment. But of most interest, the
width of the synchronous spectrum can be directly compressed
or expanded just hy decreasing or increasing the experimental
parameter 6>'. Whenever it is experimentally possible, the
decrease of the hand width of the synchronous signal would
he advantageous since spectral overlap could be greatly re­
duced. This possihility to modify the spectral band width of

Figure 5. Influence of the Slokes shift and the wavelength interval
on the synchronous slgnai
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the synchronous spectrum (using dA = 3 nm. which is close
to most Stokes shifts). only one single bsnd, hsving sp­
proximately 10 to 15 nm in halfwidth, sppears st the (H) band
positions: 347 nm for phenanthrene. 3Sl nm for anthrscene.
and 440 nm for perylene.

The conventional fluorescence spectrum of a mixture of five
PAHa of various sizes and configurations in 8 solution of
ethanol is shown in Figure Sa: naphthalene. phenanthrene,
anthracene, perylene, and tetracene. The excitation wave·
length was at 258 nm. Although the total spectrum reveals
several peaks, the analysis of such a mixture is not simple and
straightforward. On the other hand. if the synchronous
technique is used. the resulting spectrum, illustrated in Figure
Sb, consists of a series of exceptionally well· resolved peaks.
Each band (or group of bands for naphthalene) corresponds
unequivocally to one component is the mixture and can be
correlated perfectly with its synchronous signal in each in·
dividual spectrum (compare with Figure 7).

Correlation of the Synchronous Signal with the
Structure of the PAH Compound. The first correlation
between the structure of a PAH compound and its fluores·
cence spectrum is reflected by the dependence of the energy
of the 0-0 band with the ring size of the compound. The
information provided by the vibronic structure is less typical
because, for most PAHs, the fluorescence spectra ususlly
consist of a principal series of vibronic bands of diminshing
intensity which are evenly spaced at intervals of equal fre­
quency, 1400 em-I. due to the dominant C-c vibrational modes
(4). On the other hand. the spectrum of a higher ring number
linear cyclic compound occurs generally at a longer wavelength
than a lower ring number compound. Nonlinear PAHs also
follow. to a certain extent, this basic rule. With conventional
spectrometry. because of severe spectral overlap, this simple
rule cannot be efficiently applied, especially when a large
number of components in a mixture have to be analyzed. With
the synchronou., technique. however, the effect of limiting each
individual spectrum to a definite spectral band provides the
most useful feature to locate the presence of specific com­
pounds in a mixture. The method is most suitable to give
information about the presence of a given compound or group
of compounds. Its simplicity makes it very suitable as a rapid
"screening method". As shown in Figure Sa and Sb, the
synchronous technique can achieve some sort of "spectral
confinement" or "spectral separation" into individual com·
ponents without requiring any actual physical separation
process.

Data Chart for Synchronous Spectra. Because of the
simplicity of the signal which shows generally one or a limited
number of emission bands within a definite spectral range,
one can construct some type of graphical classification. The
spectrallocstion of the synchronous signal can be determined
from spectrometric data already available in the literature.
An example of such a chart for a variety of polyaromatic
hydrocarbons is given in Figure 9; most of the spectral in­
formation used to construct this chart was deduced from data
in Berlman's Handbook (5). The synchronous signal of each
compound is limited by Ao. the shortest wavelength of the
emission, and by A,,' + dA (A,,' being the longest wavelength
of the absorption and dA the assumed wavelength interval);
dA used for the chart in Figure 9 was taken to be 3 nm. It
is clear from Figure 9 that such a chart is useful in the analysis
of mixtures. Note the shaded areas in Figure 9 which should
theoretically represent the synchronous signals of naphthalene,
phenathrene. anthracene, perylene. and tetracene. These
bands are in excellent agreement with the experimental data
in Figure 8.

Analytical Considerations. As expressed in Equation 4,
the linear relationship between the measured synchronous
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Figure 9. Data chart for synchronous spectra

signal J11 and the concentration of the luminescent compound
is preserved in the same way as with conventional spec­
trometry. Quantitative analysis is therefore straightforward.
Synchronous spectrometry should offer the same possibilities
and have the same limitations as those that are encountered
in conventional spectrometry. The figures of merit of lu­
minescence spectrometry such as linear and dynamic range
of analytical curves, accuracy of experimental data, etc., are
well documented and, so, are not discussed here. The general
applicability· of luminescence analysis has been amply
presented in a large number of works (6, 7). The possibility
of quantitative analysis by synchronous spectrometry is
demonstrated in a study of shale oil processed water (S).
Conversely, synchronous spectrometry has also the limitations
inherent to the luminescence technique, such as spectral
distortions caused by intermolecular interactions and by static,
as well as dynamic, quenching processes. Especially at high
concentrations, energy transfer processes can become quite
effective; in these cases, it is expected that the intensities of
the emission from compounds with high excited state energies
should decrease whereas those from compounds with lower
energies should increase. These observations have been
reported by John and Soutar in their studies of crude oil (3).

Sensitivity. One important factor in any analytical
technique is the sensitivity of the method. The synchronous
spectra shown in the previous examples were measured with
relatively narrow slit widths (1-2 nm). Because of the small
value of the wavelength interval ~A (3 nm) employed. the use
of larger slits would create undesired scattering and stray light
interferences. One might think, therefore, that the syn­
chronous method would be limited by the use of such narrow
slits and consequently by low sensitivity. Nevertheless, the
tradeoff between spectral resolution and sensitivity must be
considered. In Figures 7 and 8, the vibronic band widths are
ofthe order of 4 nm. In low temperature studies which use

.. special solvents such as the Shpolskii mstrices (9), the
quasilinear structure can even have emission band widths of
the order of 0.1 nm. The use of broad slit widths would
increase the radiance throughput but at the same time would



alter the spectral structure. The same tradeoff consideration
applies also for excitation: an excitation covering 8 large
spectral band would increase the limit of detection but also
remove the selectivity of the excitation since several com·
pounds would also be excited simultaneously. There is another
factor the analyst should keep in mind: for a mixture, the
method with the lowest detecticn limit is not necessarily the
one which provides the strongest signal because only the
signal-to·noise ratio determines the detection limit. This
feature favors the synchronous technique since a synchronous
signal, as previously discussed, shows Jess contribution from
emission of other components in the mixture. The photon
noise associated with the emission from other compounds
would decrease the signal·to-noise ratio. Finally, the simplicity
of this technique makes it particularly attractive 8S 8 mon­
itoring method for organic pollutants on a routine basis. It
can easily be applied to fluorimetry as well as phosphorimetry,
which are two complementary luminescence tools. No ad·
ditional equipment is required and synchronous measurement
can be performed directly using any commercial spectrometer
in which excitation and emission monochromators can he
interlocked.

Selectivity and Multicomponent Analysis Approach.
It is noteworthy to emphasize again the multicomponent
excitation approach of the synchronous technique in contrast
with the fixed wavelength excitation method. Even if in those
situations where it is possible to excite selectively each
component present in a mixture, several measurements hove
to be performed, each using a different excitation most suitable
for one specific component. In contrast, it was shown in FiJ{Ufc
8 that for compounds of a given group (such as the PAHs),
it is possible with the synchronous method to ohtain in the
same measurement all the information specific to each
compound. This would result in a shorter measurement time.
It could be argued that the information obtained by this
hmulticomponent excitation approach" has to be traded
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against the loss of spectral information that would have been
contained in the complete spectrum obtained with the
conventional fixed excitation method. Fortunately this loss
of spectral information that is contained in the other part of
the spectrum does not have any adverse effect on the analysis
but, on the contrary. car. reduce interfering spectral overlap.
It is interesting to note that the multicomponent feature
offered by the synchronous approach is provided by the si­
multaneous scanning of both excitation and emission
wavelengths, which allows each component to be excited and
measured at a specific spectral range most suitable to them.

This simple method of analysis using synchronous excitation
and detection opens up a host of possibilities for monitoring
organic pollutants by luminescence spectrometry. Some recent
practical applications include the characterization of poly­
nuclear aromatic compounds (PNA) in by·product water from
the Synthane gasifier and the multicomponent analysis by
room temperature phosphorimetry of organic compounds
absorbed on filter paper (8).
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Experimental and Theoretical Considerations of Flow Cell
Design in Analytical Chemiluminescence

Scott Stieg and Timothy A. Nieman'

School of Chemical Sciences. UnNersffy of Illinois. Urbana. Illinois 61801

A modular flow cell has been designed lor chemiluminescence
(Cl) analysis. The ceilleatures Inert construction, detectlon
01 light not Iront emitted, and abIlIty to vary cell geometry to
optlmlze for a particular chemical system. A mathematical
model was developed to predict observed CL Intensity as a
fLW1ct1on 01 solution abso<bance ('c), eel depth (I), and degree
01 reflectance at the back wall of the cell (r), The cell and
fheory were tested with several geometries Including cell
depths between 0.2 cm and 1,0 cm (volumes befween 0.25
mL and 4.50 ml). The chemical systems employed were
luminal, which has no significant absorption 01 the Cl emission,
and gallic acid, which has slgnUlcant absorption. Theory and
experimental observation ahow excellent agreement. A
practical limit on cell depths Is such that ,ells less than about
0.65.

For our studies of the analytical applications of chemilu·
minescent (CL) systems (I), we have found it necessary to

develop a flow cell suited particularly for CL measurements .
rather than the more common measurements of solution
absorbance or fluorescence. This cell was designed with four
goals in mind. The geometry of the cell should be easily
variable in order to see the effect of changes in cell dimensions
on the observed CL. The cell should collect light which is not
emitted in the direction of the detector. (This approach has
been suggested, but not systematically investigated, in dis·
cussions of other CL measurement systems (2-4), and is
presently employed in certain commerical fluorescence cells
(5).) Flow characteristics must ensure an even, well-rinsing
flow through the cell. Finally, the cell must be chemically
inert, since many of the CL reactions studied are sensitive to
trace concentrations of metal ions and are performed in
strongly alkaline H,O,. Because the first goals are related to
the absorbance of the resident emitting solution, we have
chosen two CL reactions, luminol and gallic acid, to evaluate
the flow cell. In the gallic acid system, the products are
strongly absorbing (I, 6); however, in the luminol system,
neither the reactants nor products absorb significantly over

0003-2'00I78/035G-0401501.00/0 iO 1978 American Chemical Society



402 • ANALYTICAl CHEMISTRY, VOL. 50. NO.3, MARCH 1978

h.

r-n-­
"~TIJ

, -,
, lU, 0

Figure 3. Schematic of Cl solution within cell

Figura 2. Olagram of flow spacer

figura 1. Dlagram of CL flow cell

Table I. DlmelUlion. of Flow Spacers (em)

W'/~r-r~~ , l--~ __L, ,
,

+W-+

(5)

(6)

(2)

(4)

IOH-! = 0.10.IH,O,! = 0.40, and ICo(ll)] = 1.0 X 10"'. CoUI)
is present to enhance the CL emission.

RESULTS AND DiSCUSSION
The CL from the two systems was measured for three sets

of flow spacers (dimensions given in Table I). Dam from each
set was taken using both the TFE (from now on called the
"white" cell) and the Delrin (from now on called the "black"
cell) back plates. We then constructed, from mathematical
considerations of CL emission and solution absorption, a
model for the relative intensity of CL observed as 1(ceU depth)
was varied.

Consider the CL solution in the flow cell as a series of n
thin plates of area = A (the ceU aperture) and depth d>:. Thus
1= nd>:. The first plate, at r = 0 is closest to the photocathode
of the PMT, and the last plate, at r = I, is adjacent to the
white or black back (Figure 3). Initially, the light emitted
from the plate towards the PMT is Pr,o and the light emitted
from the plate towards the back of the cell is Pb,"; that is, only
light in the ±r direction is considered. This simplification
can be rationalized by considering thst for each plate an
average luminescence is detected by the PMT directly from
photons emitted along the r direction and from photons
emitted up to ahout 10· above and below the r axis for a PMT
5 em away from r = O. Emission at angles greater than this
is not detected directly, but is scattered by the TFE walls and
a portion of it eventually detected. This light integrating effect
tends to equalize the light contribution of each plate. We can,
therefore, speak of the average luminescence per plate if we
are interested only in the effect of increasing the dismnce of
a given plate from r = 0, and as if the luminescence (P'P and
P b•O) were absorbed by a pathlength, b, determined by the
plate's position, r. Since the emission from a plate is isotropic
with respect to the r direction,

pt .o = Pb •O = Po (1)

Po is proportional to the thickness of the emitting plate,
Hence t

where S is a function of the particular CL system, the con·
centrations of reagents, the aperture, the distance of the PMT
from the fi"'t plate, CL emission efficiency, and time, In this
study since the first five are constant for a given set of spacers
and CL system, and the measurement of CL and absorption
are at one given time, lobo> S is a constant for a given CL system
and cell aperture.

The pathlength, b, for Pr,o is simply:

b=x (3)

and for P b•O reflected at the back of the cell,

Po = St!.x

b= 2/-x

Thus,

Pt = Po1O-tc%

and

Pb = rPo10-tc(2'-,x)

1

~
0.2' 0.3, 0.4, 0.5, 1.0f
0.2,004,0,6,0.8, 1.0
0.2,004,0.6,0.8, 1.0

w
1.0
1.0
0.5

h
4.5
2.5
2.5

Sets
A
B
C

the region of maximum CL intensity (7).

EXPERIMENTAL
Cell Dealgn. Our flow cell consists of several TFE plates

.""cked into a threaded tube and pressed tightly together by
means of a large presser screw and a stainless steel presser plate
(Figure I). The front TFE plate holds the Pyrex window (21
mm in diameter, 3 mm thick) flush against the flow spacers. The
back plate has two 1.5·mm holes which carry the flow of solution
into (and out 00 the chamber created by the flow spacer. Thus,
the flow enters from a small hole and makes two right angles before
exiting: a path favorable to turbulent flow and efficient rinsing.
In some of the experiments, the back plate was white TFE (highly
reflective (8)) and in othe'" it was dark brown Delrin (nome·
flective); we were, therefore, able to compare the observed CL
from cells in wbich only the light emitted towards the detector
is detected with cells in which the dete<'tOr receives both the light
emitted towanla the front and the light reflected off the back wall
To facilitate leak-tight seals with the 80 lb in.-' used in the
stopped-flow system, s smalJ amount of silicone grease was applied
to the TFE plates. The cell is easily connected to our delivery
system (1) using commercially available inert fittings which screw
through the steel presser plate rather than into the soft TFE in
which threada are easily stripped. The width, W, height, h, and
depth, I, of the cell (Figure 2) can be varied by placing flow spacers
baving desired dimensions between the window holder and the
back plate. The cells used in this study (Table I) have volumes
between 0.25 and 4.50 mL. The cell is easily dis888embled for
cleaning, changing flow space"" or replacing the window, should
it break or become Icratcbed.

Rea,entl. Luminol (Pfalt. and Bauer) and gallic acid
(Mellinckrodt, reagent grade) were used without further puri.
fication. Solutions of H,O, were made from an unatabilixed 30%
solution. Co(NOalr6H,O was used to prepare all solutions of
Co(II). .

Procedure. Tha total CL was maasured as previously de·
acribed (1) without wavelength discrimination. Absorbance was
measured as a function of tima in a I-em path length flow cell
(Pracision Cells) with a GCA/McPhe",on Modal 721 Spectro­
photomater; the measurements were made at 425 nm for luminol
and at 643 nm for the gallic acid system, tha wavelengths of
maximum CL intensity (1, 3, 4). Tha reactant concentrations
(moles/litar, before miIing) used wera (a) luminol system:
[Iuminol] • 1.0 X 10", [OH-j • 1.0, [H,O,] = 0.01, and [Co(lI)!
• 1.0 X 10--, and (h) gallic acid Iystem: [gallic acid) a 2.6 X 10",
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I, or a white cell back, and the lower curve and points cor­
respond to r ; 0, or a black cell back. It is interesting to note
that, within the uncertainty of our data, the reflectivities of
TFE and Delrin are indeed 1 and 0, respectively. There is
good agreement between the results for the three different
cell geometries and between the experimental observations
and the model predictions; no systematic difference is observed
between data from the three different sets of flow spacers.

CONCLUSIONS

Within the geometrical variation achieved by apacer sets
used, we found that the relative CL response (as cell depth
is increased) is independent of the aperature, A, as shown by
Figures 5 and 6. The relative CL response is shown to be a
simple function of ,c at t.. and cell depth,/ (if tC is constant

Agure 6. Gallic acid. Experimental results with white back (0);
experimlntal resUls with black back (et. theoretlcal_tIoos(-~
,c; 1.6. (A) Individual data fO( 1tI'8O spacer sols. (8) A-..ge
response for the ttYee spacer sets

0.4 0.6
Cel Depth, J (em)

Figuro 5. Luminol. Experlmental results with white back (0); ex­
perimental results with black back Ie); theoretical _lions I-~
,c = O. (A) InciviclJaI data fa 1tI'8O spacer sets. (8)A_,­
for the ttvee spacer sets

(9)

(8)

(7)

1.0OB0.2 04 0.6

cell ()epth,llcml

Agwe 4. Predicted relative response (Equation 10) for various values
of 'c. (r; 1)

where P r and Pb are the light intensities of monochromatic
light seen at the PMT after absorption of Pr.• and Pb" by the
solution resident at tobo' r is the fraction of Pb•• reflected at
the back of the cell, , is the molar absorptivity and c is the
molar concentration of the absorbing species. Adding
Equations 5 and 6, and substituting Equation 2, all light seen
at the PMT from one plate, then is

P, + Pb ; 8L1x(10-<c% + r10-«(21-%»

Ploh then is the sum over n of these emitting plates:

Plo ' = io8L1x,(10-«% + r10-«(21-%»

If n; lId.< and d.< -. dx, then n - wand

Plot; f&8(10-'C% + r10-ec(2/-%»dx

Solving Equation 9,

Pto<; 8(2.3fcr'(1- r10- lecl + (r - 1)10-ecl ) (10)

To illustrate the relative CL responses (P..J predicted,
Equation 10 is plotted for r ; 1 (total reflectance at the back
wall) for various values of ,C, the absorbance through a 1-cm
p.th of the resident solution; P"" for I ; 0.2 cm is defined to
be unity (Figure 4). Note tbat when Equation 10 is taken
to a limit of ,c ; 0, a straight line occurs, indicating simply
the additive process of endless depths of solution giving
endless amounts of CL. Since all real cases can only approach
,c ; 0, all real solutions will eventually show a leveling of
response, at some upper limit of I, and the higher the value
of ,c is for a solution, the shallower the cell need be for this
leveling off to occur. Eventually, at the limit of a completely
opaque solution (<c - w), we can see that tbe relative response
would be independent of any variation in cell depth. Our two
real cases, luminol and gallic acid, lie between these two
extremes.

The data for each CL system for each of the three spacer
sets were plotted along with the predicted response curve.
Each data set was normallied (the parameter S adjusted) such
that the predicted value of P"" was unity for the wbite cell
back with I ; 0.2 cm. Only one parameter was adjusted. The
same value of S was used with data from both the white and
black cells. The normallied data appears in Figure 5 (luminol)
and Figure 6 (gallic acid); the individual data points for each
spacer set (15 points on each curve, one point for each flow
spacer listed in Table I) are shown in graph A and the average
of the three spacer sets is shown in graph B. For luminol, the
predicted curves were drawn using the limit ,c ; 0, and for
gallic acid the curves were drawn for <c ; 1.6. For both the
luminol and gallic acid systems, , is fairly constant over the
detected emission band. The values of 'c, used to draw tbe
theoretical lines, were experimentally obtained from absor­
bance measurements at the maxima of the emission bands.
In each graph, the upper curve and points correspond to r ;
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over the wavelength range of observed emission). This result
implies the validity of the "average plate luminescence"
assumption made earlier. However, the absolute CL response,
which depends on S, is not independent of the aperture and
increases as the aperture does, as expected. It would be
desirable, then, to increase A as much as possible to achieve
betU!r sensitivity and lower deU!ction limits. However, a fourth
set of spacers construcU!d to this end, and having w = 1.5 cm
and h = 2.5 cm, did not rinse efficiently enough for analytical
use. Thus, the requirement for efficient rinsing places an
upper limit on the cell width. For our flow system, this limit
is at about I cm. Presumably, a limit is placed on cell depth
in the same way; however, we did not use any cell. with depths
greater than 1 em. Obviously, need for a reasonable sample
size and reactant volume will also limit the cell dimensions.

Use of a CL system which has a large value of <c will also
place a definite upper limit on cell depth; in the case of gallic
acid, use of cell depths greater tban about 0.4 cm is a waste
of reacting solution. From Equation 10, if r = 1, and f'. =
S(2.3 ,ct1 which is the response observed for a cell of infinite
depth, then P"".= P. (l - 10-''''). For gallic acid '0 = 1.6, and
at the practical maximum value of 1which is 0.4 cm, PI'"~ =
0.95 P•. By the time ,eI has increased to 0.65, about 95% of
tbe maximum response is obtained.

As ,eI becomes very large, then, the reflectance of the rear
wall has no effect on the CL observed. This is seen exper­
imental1y and theoretical1y in Figure 6. For gallic acid, beyond
about O.4-cm cell depth, only light which L. front emitted (Pr,o)
is detected and the responses of cells having r = 0 and r =

1 become identical. Thus, the desirability of a CL flow cell
to collect light that is not front emitted (Pb.O) is dependent
on the absorbance of the resident solution.

All of the work reported in this paper was done with a
stopped flow delivery system (I), but the results and con­
clusions are applicable to botb stopped flow and continuous
flow systems. We routinely use cells based on tbis modular
design for measurements in both stopped flow and continuous
flow systems. Results dealing witb tbe effect of 'c, I, and r
on the observed signal are also applicable to CL measurements
which are not done in flowing streams.
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Flow Photometric Monitor for Uranium in Carbonate Solutions

B. B. Jablonski and D. E. Leyden'

Department of Chemistry, University of Denver, Denver, Colorado 80208

The reaction between U(VI) and 2,3-dlhydroxynaphthal­
ene-6-suHonlc acid Is the basis 01 a continuous Ilow photo­
metric monitor lor uranium In carbonate solution. L1neamy In
the 0-100 ppm range has been observed with reiaUve standard
deviation 01 1.1 % at 60 ppm uranium and a lower detection
IImH 01 3.5 ppm. The applicability 01 the method has been
tested by analyzing process samples Irom a solution mining
operation. Very lew Interferences have been observed.

Uranium can be effectively recovered from low grade de­
posits through the use of a solution mining technique which
has only recently been applied to uranium mining. The
process relies on the solubilization and complexation of
uranium in the ore deposit by ammonium carbonate solutions.
Carbonate forms a strong complex with the uranyl cation,
facilitating its solubilization. When the uranium is in solution,
it can be removed from the deposit. The next step in the
process is to recover the uranium as UO,(CO,),'~ or UO,­
[(COal,.2H201'~ on an ion-exehange bed. Because the anionic
complex is recovered, quaternary ammonium ion exchangers
are used.

The removal of uranium from solution can be improved by
cycling the carbonate host througb the bed. Once the uranium
concentration in the bed effluent drops below several parts

per million, further cycling no longer improves the recovery
of uranium and, for economic reasons, the cycling process is
stopped. At present, it can take considerable time to obtain
a sample of the bed effluent, transport the sample to the
laboratory, and determine the amount of uranium in the
sample, A simple on-line monitor for uranium would improve
the efficiency of uranium processing by reducing the time
spent waiting for analytical results.

Numerous methods for determination of trace amounts of
uranium exist. An early review of methods for uranium
determination covers a wide range of techniques (1). Col­
orimetric methods have enjoyed wide popularity. Rodden (2)
list., at least 40 different colorimetric procedures for uranium.
The most widely used photometric procedure involves ex­
traction of the sample with trioctylphosphine oxide (TOPO)
and the use of eitber dibenzoyl methane or 4~(2-pyridyl­

azo)resorcinol as the colorimetric reagent (3). Other in­
strumental methods of analysis have been applied to the
problem of uranium quantitation. A partial listing of
techniques includes neutron activation analysis (4), UV
fluorescence (2), x-ray fluorescence (5), polarograpby (6) and
spectrophotometry (2).

Despite the abundance of methods for uranium analysis,
very few applications of these methods to automated analysis
have been found. In 1958, Bertram et aI. (7) publisbed the
design of a flow system for a polarographic monitor for

0003-2700178/0350-0404301.00/0 © 1978 American Cl1emIcaI SocIeIy
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F5gure 1. Fklw system design

uranium in process solutions. The system is critically de·
pendent on accurate dilution of the sample with supportin~

electrolyte and requires close control of temperature. Re·
cently, a continuous flow method designed for n Technicon
AutoAnalyzer has been proposed (8). The method is a col·
orimetric procedure employing 2-(2-pyridylazo)·5·diethyl·
aminophenol (PADAP) as the colorimetric reagent. The
reported relative standard deviation is 2-3%. The technique
which is intended to be used with acid digested ore samples
is nottolally automated and involves an extraction of the ore
sample or leach solution into TOPO. The extraction is
performed manually and the organic phase is manually placed
in the Technicon sampler.

The complexities of existing instrumental methods and the
requirement of an acid pH for most colorimetric procedures
make it difficult to automate uranium analysis. We have
developed an unsegmented, continuous flow monitor for
uranium based on the colorimetric reaction between uranium
and 2,3-dihydroxynaphthalene-6·sulfonic acid at alkaline pH.
The reagent was chosen on the hasis of its selectivity for
uranium and that color development takes place in alkaline
solution (9, 10).

EXPERIMENTAL
Reagents. All reagents employed were reagent grade. Astock

solution of 1000 ppm uranium (as U) was prepared by dissolvin~

1.7819 g of uranyl acetate (Baker) in 1 L of deionized water.
Solutions for the standard curves were made by dilution of the
uranium stock solution with appropriate amounts of either
deionized water or ammonium carbonate. Stock solutions of 10
M NaOH, 20% (NHe),C03 and 5% cyclohexanediaminetetraacetic
acid (CyDTA, Aldrich) were also prepared. A 64% solution uf
hydrazine (Eastman) was used as received from the manufacturer.
The mixture of reagents indicated in Fib'lll'e 1 (pump channel No.
3) was prepared by mixing 20 mL of the hydrazine solution with
200 mL each of the sodium hydroxide and ammonium carbonate
solutions. A 3% solution of 2,3-dihydroxynaphthalene-6-sulfonic
acid, sodium snit (Pfalt.z and Bauer) was prepared daily since the
reagent oxidizes upon exposure to atmospheric oxygen for long
periods of time. Oxidation of the rcagent increased the blank
by 0.002 absorbance unit over a period of 18 h. This change io
absorbance is equivalent to 0.8 ppm uranium.

Apparatus. The now system employed a 4·channe! peristaltic
pump (PolYSlntic) as shown in Figure I. Latex tubing (1/32 inch)
was used in all four pump channels. Tygon tubing (1/32 inch)
served as transmission tubing. All connections were madc with
Technicon AutoAnalyzer gla.ss connectors. The delay coil was
made from 40 inches of'/32 inch TYgon tubing mounted on a glass
support.

A Perkin·Elmer model 200 double beam spectrophotometer
Was used for detection. A Savant Precision Cell (Savant In·

struments. inc.) with 250-~L volume and IG-mm path length was
used in the sample beam. A cuvette filled with deionized water
was placed in the reference beam.

Procedure. In laboratory studies the uranium solution was
manually placed in the sample channel of the now system (channel
No. I, Figure 1). For on-line analysis, this channel can be
connectt:-d to the process stream. Enriched process samples were
analyzed after dilution by an appropriate amount to bring the
concentration into the linear range. Once steady state was
achieved, a percent transmittance measurement was made from
the digital readout of the spectrophotometer. Both the uranium
stock solution and concentrated process samples were also an­
alyzed hy oxidimetry as described by Main (II). The titration
procedure involved pre-reduction of the sample with SnCl, and
titration against standard 0.02 N K2Cr207 to 8 diphenylamine­
sulfonate endpoint.

RESULTS AND DISCUSSION
The success of the carbonate solution mining process is

dependent on the large overall formation constant for ura­
nyl-carhonate complexes (J2).

U01h + 2CO)1- :

[UO,(CO,),.2H,Or- P,; 4 x 10"

UO]]· + 3CO)1-:
UO,(CO,)," P,; 2 x 10"

Unfortunately, the stability of the complexes limits the
possibility of a quantitative reaction between uranium and
any known colorimetric reagent. To free uranium from
carbonute so that the colorimetric reaction may take place,
concentrated NaOH is added to induce the formation of a
diuranate anion (J3):

2UO,(CO,),'- + 60H- ~ U,O,'· + 6CO,'- + 3H,O (3)

The reaction takes place above pH 11. Because the uranium
is liberated from the carbonate complex, it is then able to
undergo the reaction with the colorimetric reagent more
quantitatively. Compared to acidic leaching, the presence of
carbonate in the solution mining process streams is an asset
as far as possible interferants are concerned. In solutions with
a moderate to high carbonate content very few ions are soluble,
thus reducing the number of interferants in the analysis.
Unfortunately, in practice the carbonate concentrations have
been observed to vary as much as a factor of a thousand
(0.01 % to 10%) creating interference problems in solutions
with a low carbonate content. Ca2+ and Fe" may be present
in such solutions. 1'0 prevent precipitation of Ca(OH), and
Fe(OH), upon addition of the NaOH, CyOTA is employed
as a masking agent. CyDTA was chosen rather than EDTA
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Table I. Statistics of Results"

Uranium
found,

Trial No. ppm Trial No.

1 8.25 1
2 L40 2
3 8.25 3
4 7.09 4
5 8.25 5

Mean 8.25 Mean
Std 0.817 Std
deY dev
RSD, % 9.89 RSD, %
Lower limit of detection, ppm

a Samples arc in 1% carbonate solutions.

I 10"

Uranium
found,
ppm

60.6
59.4
59.4
60.6
59.4

59.9
0.658

1.1
3.5

Table IL Interference Study

Uranium Uranium
taken, Conen, found,
ppm Interferant ppm ppm

100 vo,- 100 100
1000 99.8

10000 102.2
MOO.. 2- 100 100.1

1000 99.6
10000 106

50 Fe(lI) 2 69
5 95

10 97
10· 31

C. 50 50.1
100 49.9

1000 49.8
2000 47.5

(J Cation exchange column used to remove Fc(II).

figure 2. Response 01 flow cell

because CyDTA depressed color intensity to a lesser degree
than other compleIans of this type (J 4).

A second prohlem associated with varying carbonate
concentration is that for a given concentration of uranium,
the absorbance of sample solutions will decrease with in­
creasing carbonate. To avoid the problem of carbonate de­
pendence, a sufficient amount of 20% (NH,),CO, is added
to bring the carbonate concentration of all samples above 10%,
at whicb point the absorbance is no longer dependent on the
carbonate concentration.

At the high pH involved in the analysis scheme, 2,3-di­
hydroxynaphthalene-6-sulfonic acid is susceptible to oxidation.
In the presence of hydrazine, no time dependence is observed
and oxidation is effectively prevented.

The colorimetric reagent forms a tm complex with uranium
above pH 10. The complex obeys Beer's law up to 100 ppm
uranium. Above 100 ppm, a negative deviation from linearity
is observed. A least squares fit of the data for the calibration
curve evaluated the equation of the line to be Abs = 1.6 X
10-'(ppm U)-1.1 X 10-3• The correlation coefficient was
calculated to be 0.999 with Student's t = 140. Standards for
the calibration curve were I % in (NH,hC03•

The precision of the analysis was evaluated at 8 ppm and
60 ppm uranium. The precision at low concentration of
uranium (8 ppm) was found to be 9.9%, improving to I.l %
at 60 ppm. Data relating to precision of the analysis are
presented in Table I. A lower limit of detection, taken as
the concentration of uranium necessary to give an absorbance
equal to three times the atandard deviation of the blank
determination, was calculated to be 3.5 ppm.

In designing the flow system, the philosophy was to keep
the device as simple as possible. Therefore, no bubble seg­
mentation is used. In order to minimize the number of pump
channels required to deliver the reagents, a mixture of reagenl8
is used in the pump channel No.3 (Figure I). A pump rate
of 18 mL/min was employed throughout this study. As can
be seen in Figure 2, washout time for the flow cell is ap­
proximately 0.5 min. An analysis time of approximately 1.5

4,,_

'0".

....

'0.,.
min per sample was observed at the flow rate employed. A
total reagent volume of 20 mL is consumed per analysis of
6 mL of sample. Since the system has been designed for
on-line analysis. there is no shortage of sample and sample
consumption as high as 6 mL is not prohibitive. Since the
reagents are inexpensive and readily available, reagent
consumption does not preclude the utility of the system.
Reduction of both sample and reagent volumes by 50% can
be reasonably expected in an on-line application. In acquiring
the data presented here. the system was allowed to achieve
steady state hefore a new sample was introduced to the flow
system. No memory effect has heen ohserved in the tubing.
Figure 2 is a recorder trace of the Perkin-Elmer instrument
showing the response (as % T) of the system to alternate
injections of 4-ppm and SO-ppm samples. If memory were
indeed a problem, analysis of the lower concentration sample
after a sample of high uranium content should displace the
measurement of the 4-ppm sample to a higher absorbance
(lower % T) reading. In fact, no such effect is observed.

As mentioned previously, very few interfering metal ions
are anticipated because of the presence of carbonate. The
major contaminants in solution mining process streams are
low levels «20 ppm) of MoO,4- and VO,-. Six process
samples were analyzed for the presence of interferants by
energy dispersive x-ray fluorescence spectrometry. The
samples were pre-concentrated by evaporating a 2O-mL aliquot
of each sample to circa 1 mL. The remaining solution was
deposited and evaporated onto filter paper. In all six cases,
less than 2 ppm of Mo and V was detected. Additionally a
slight amount (less than 1 ppm) of Ca and Fe was detected
in only one sample. The degree of interference by molybdate
and vanadate was investigated using solutions which were 100
ppm in uranium. The effecls of the presence of Ca and Fe
were examined using 50 ppm solutions of uranium. Resull8
of the interference study are given in Table II. Interference
is a significant problem only at concentrations of interferant
much higher tban normally found in process samples. Fe(ll)
interferes to a greater extent than any of the other species
investigated. The carbonate concentration of all samples was
0.1%.

The flow method was evaluated by comparing it to two
other colorimetric methods using actual process samples. The
colorimetric method employing 4-(2.pyridyl)azoresorcinol as
described by Florence and Farrar (J 4) was used in the
comparison study. The second method involved extraction
of the uranium sample into trioctyl phosphine oxide with
dibenzoyl methane as a colorimetric agent. The DBM-TOPO
data were acquired by the laboratory supplying the process
samples. Table 1II contains the data for the three methods
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Table IV. Statistics of Results, No Carbonate PrC&ent

sensitivity improved by a similar amount.. Unfortunately, the
linear region for this method extends only to 60 ppm. The
equation of the least-aquares fit of the calibration curve is Aba
= 2.03 x \0-3 (ppm U) + 1.84 x \0". The correlation
coefficient is 0.993 and Student's t (5 degrees of freedom) is
18.7. Precision was evaluated to be 6.2% at 4.5 ppm and 0.3%
at &1 ppm uranium. Data pertaining to the precision of the
method in the absence of carbonate are included in Table IV.

The proposed flow method gives rapid and precise analyses
for uranium in the presence of large amounts pC carbonate.
The method is simple and does not require that the carbonate
be destroyed by lowering the pH to the acid range, nor does
the llJethod require extraction of the uranium sample into an
organic solvent.
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25.4

DBM·TOPO

87.0
10.8
83.0
36.0
20.0

PAR

85.8
11.4
85.2
39.1
27.4
4.2

25.2

84.5
11.4
85.2
39.1
27.4

4.2
25.2

1
2
3
4
5
6
7

Uranium Uranium
found, found,

Trial No. ppm Trial No. ppm

1 4.40 1 82.7
2 4.40 2 82.7
3 4.17 3 83.0
4 4.85 4 83.0
5 4.85 5 82.4

Mean 4.58 Mean 82.8
Std 0.286 Std 0.273
dev dev
RSD,% 6.2 RSD,% 0.3
Lower limit of detection, ppm 0.59

Table III. Comparilon of Methods Using Proceaa
Samplea, ppm U,O.

Sample This
No. method

and agreement is quite good. A statistical test (pair data
experiment) was applied to the data set to see if the methods
give statistically equivalent results. At a 95% confidence level,
the data can be said to belong to the same population.

The applicability of the flow method to the analysis of
uranium in natural waters was examined by performing the
analysis on synthetic uranium samples in the absence of
carbonate. Since carbonate is not present at the high levels
associated with solution mining, there is no need to add NaOH
or (NH,),C03• As a result, improved sensitivity and detection
limit are anticipated. The pump manifold was altered by
eliminating pump channel No.3, that is, the mixture of NaOH,
(NH.),C03, and N,H, was not employed. The detection limit
improved to 0.59 ppm uranium as indicated in Table IV. The

Pulsed Radiofrequency-Excited Electrodeless Discharge Lamps
for Analytical Atomic Spectrometry

John W, Novak, Jr. and Richard F. Browner'

School 01 Chemistry, Georgia Inslnute 01 Technology, Aftanla. Georgia 30332

Nov.1 behavior of rf .xcU.d .1.ctrod.I... d1lcharg. lamps II
observ.d wh.n th.se 8OUrC.S are op.rated In a pulsed mode,
Th. radiant output of the EDL. I. found to Incr•••• rapidly
wh.n thor! «0.8 ms) puls.s are us.d, at Incld.nt pow.rs
wh.r. CW op.ratlon of th. lamp. on.n result. In d.cr.as.d
radiant output, thus Indicating dlff.r.nt .xcUatlon proc......
Th. b.havlor of rf .xcU.d Ar, Hg, Cd, and Zn EDLs I.
compar.d wUh mlcrowav••xcU.d lamp. for th. sam••,."
m.nt.. An Int.nslty comparl.on olth. m.tal EDL. glv.s Hg:
rf > mlcrowav.; Cd: rf '" microwave; Zn: rf < mlcrowav•.

The search for new and improved radiation sources for
analytical atomic spectrometry, particularly atomic

fluorescence spectrometry, has recently received a great deal
of attention (I~). In particular, much recent work has been
with pulsed sources, and the potential advantage of pulsed
source operation in AFS has been thoroughly described by
Omenetto et al. (3, 6, 7). However, experimenLal detection
limits obtained for many elements using pulsed sources,
including pulsed HCls (4,5,8), pulsed tunable dye lasers (2,
6) and pulsed continuum sources (1), have been disappointing
(7). As a consequence of the problems observed with the
previously mentioned sources, a study of the spectral
properties of electrodeless discharge lamps (EDLs) when
operated under high power pulsed conditions was initiated.
While CW or modulated operation of meLal EDLs (both
microwave (9-14) and rfexcited (15-17) has been thoroughly
exanJined, we know of no previous studies involving the high

oo03-2700/7SI0350-0407$01.00/0 <e 1976 American Chemical Socioly
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FIgura 1, Circuit diagram of rf ganerator

power pulsed operation of these lamps, other than for
wavelength assignments (18-21), although recently the high
power CW operation of sealed rf excited lamps has been
described (22),

EXPERIMENTAL
Optical Systom and Electronics. All source radiance

measurements were made on 8 O.5·m Ebert monochromator
(Jarrell-Ash model 82-020) using an 1180 grove/mm grating,
blazed at 190.0 nm with a Varian model EMI 9783 B phutu­
multiplier. Supply voltage to the PMT (-700 V) was from a
Keithley Instruments model 244 High Voltage supply. Source
emission signals were displayed on 8 Tektronix model 561 A
oscilloscope Of. in 8 few instances, on 8 Keithley model 4145
Picoammeter connected to a Sargent-Welch model S26 recorder.

Focusing lenses were of fused quartz with diameter;. 5 em,
focallenglh = 12.5 cm.

ElectrodeJes8 Discharge Lamps. Lamps were made from
Vitreosil transparent quartz tubing 8 em in length and 8-30 mm
internal diameter. Lamps with an internal diameter between 13
and 20 mm proved most satisfactory. Tubes of 16·mm i.d. were
found to be optimum, and were used primarily in this study. All
lamps were single element (or element plus 12), prepared as
described by Dagnall and West (12). The pure metal was used
for most Zn, Cd, and Hg lamps, but ti,e iodides of Zn and Cd were
also investigated. Argon was used as the fill gas with pressures
varying from 0.3 to 3.0 Torr. No other fill gas was studied. as
Ar has been previously demonstrated to provided an opt.imum
combination of long lamp lifetime and high output intensity (13,
23).

RF Generator and Pulsing Unit. A circuit diagram of the
generator is shown in Figure J. The generator was operated at
a frequency of 13.5 MHz. The plate voltage was variable from
oto 3000 V. During pulsing, the cathode current rarely exceeded
700 rnA. In the pulsed mode the range of the generator was
between 100 and 1600 W peak power.

The excitstion coil was made from 12 turns of 4-mm o.d. copper
tube and the lamp was positioned axially along the coil. The coil
(6.4-cm i.d., 14 cm long) was widely spaced and radiation was
measured at right angles to the tube axis along 8 cross-sectional
diameter. An open plate capacitor was used in tuning the cavity,
the optimum tuning criteria being a combination of maximum
lamp emission intensity and minimum screen current.

The pulsing unit (circuit diagram available on request) faye
pulse repetition rates variable from about 1 s·' to 1.5 x 10- S-I.

Pulse width was variable from 10 to 0.2 ms. The total ppwer
coupled to the discharge was limited by the low Q of the system.
It is unlikely that more than 20% of the rf energy coupled to the
EDL a1tbough accurate coupling efficiency measurements were
not attempted. The coupling efficiency could be improved by
use of-more carefully designed energy couplers (24, 25), but in
order to be effective these require a highly frequency stable rf
source. The frequency stability of the rf generator was not
adequate to take advantage of the higher Q possible with these
couplers,

The microwave generator used for comparison purposes was
a 2.45-GHz Microtron 200 MK III unit (E1ecLromedical Supplies,

Figure 2. Comparison of radiant output or pulsed and CW operated
Ar EDLs as a function of Incident rf power. (0) pulsed operation. (l:l.)
CW operation. In the pUsed mode, the signals recorded are peak values

\\'antag-e, U.K.) with variable frequency source modulation. A
3/4 >.. Bruida cavity was used for lamp coupling. Microwave
excited lamps were optimized for temperature by operation in
a thermost.ated mode.

EDL Temperature Control. The lamp t.emperature was
optimized for each measurement by controlling the temperature
of the air from a fan/heater·coil arrangement. Air temperature
was variable from 20 to 400°C. Individual temperature opti·
mization of the lamps was necessary at each power setting in the
CW mode in order to compensate for the considerable inductive
rf healing which occurred, particularly at high powers. However,
in the I)ulsed mode one temperature setting of the heater was
usually sufficient. At most, there was a need for only two
temperature settings, one for high power and olle for low power
operation.

RESULTS AND DISCUSSION

The first study of pulsed EDLs consisted of a comparison
of UV resonance line intensities, with the lamps operated first
in a pulsed mode, then CW. The lines monit.ored were those
commonly used for AFS: namely Zn, 213.8 nm; Cd, 228.8 nm;
and Hg, 253.6 nm. Ar was monitored both at its 420.1 nm
and 337.1 nm resonance lines and also at the 247.9 nm ion
line. There were no notiecable differences in behavior between
the resonance and ion lines and only curves for the 247.9 nm
line arc presented here. All lines measured were integrated
over the entire line profile by the use of instrumental spectral
band widths of "0.1 nm. Line profile effects would not,
therefore, be observed from these data.

Ar Elcctrodcless Discharge Lamps. (Innuence of
Power on Emission Intensity), The variation in Ar
emission intensity as a function of incident rf power was first
studied for a low pressure (-1 Torr) Ar lamp with both pulsed
and CW operation (Figure 2). The S-type curves in Figure
2 are explained as follows: (i) when the lamp first ignites, the
discharge is concentrated along thc inner axis of the tube. (iD
As the power increases, the lamp suddenly develops a
"fireball" type of emission, with a very intense area occupying
about a third of the tube length. (iii) As the power is raised
further, the intense discharge spreads more evenly over the
entire tube. (iv) After the intense discharge fills the tube, an
increase in pm"'er creates a much more moderate increase in
lnmp intensity. Heating effects of the inner plasma probably
become significant when the rf power is increased further,
resulting in decreasing intensity, especially in the CW mode,
even when the lamp is cooled.

From the two curves, one can see that at lower wattages
the CW mode results in a higher source intensity. Also the
intense glow occurs at a lower power. However, as the power



FIgure 3. Comparison of radiant output of pulsed and CW operated
Ar EDLs as a function of Incident rf power; no hlgh intensity mode
<lCCt61Tlg. (0) pulsed operation. (..)CW operation. In lhe pulsed modo.
the signals recorded are peak vafues

is increased, the output of the pulsed lamps continues to rise
while the CW lamp output levels off. The slope is not very
steep, even for the pulsed lamps. A disadvantage with the
rf generator used in these studies was the lack of peak power
output advantage in the pulsed mode compared to the CW
mode of operation. As a consequence of this, and the lack
of our ability to couple rf energy more efficiently with the
EDLs (see Experimental Bection), it proved impossible to
determine the form of these curves at higher powers. Con­
sequently, it is not known whether the curve for pulsed source
operation will ultimately reach a peak or a plateau region.

Lamps made with argon at fill pressures greater than
approximately 3 Torr failed to make the transition to the
"fireball" state and, consquently, radiant output at the Ar lines
was much lower in both CW and pulsed modes of operation
than with the I-Torr lamps. However, the difference in
intensity between the two modes was more marked than for
I-Torr lamps (Figure 3). In this case the pulsed lamp in­
tensity at maximum rf power was about a third brighter than
for the CW lamp, and was still rising sharply, whereas the CW
operated lamp intensity became asymptotic to the power axis.

Tube Diameter and Fill Gas Pressure. The effect of
tube diameter and fill gas pressure was investigated for Ar
and Hg EDLs. The optimum fill pressures for all the lamp
diameters investigated (i.e., 8-30 mm i.d.) was found to be
in the range 0.3-3 Torr. There was little difference between
the maximum intensities at the different pressures, but the
transition from diffuse glow to "fireball" emission occurred
at lower powers with lower fill gas pressure. It was also found
that the "fireball" emission occurred at lower powers in the
larger diameter tubes.

Hg Electrodeless Discharge Lamps. A comparison of
pulsed VB. CW operation for a typical Hg lamp (-I Torr Ar
fill gas) showed a similar pattern to the Ar lamp (Figure 4).
Initially, the glow was concentrated along the tube axis. Under
these conditions there was probably strong self-reversal of the
source output, resulting from reabsorption of radiation in the
nonemitting outer layers of the lamp. Again, there was a clear
transition between a region of low slope at powers below about
300 W, followed by a region of high slope. The CW operated
lamp again went into its high intensity glow at lower power
than the pulsed lamp. However, at higher powers the pulsed
Hg EDL continued to increase in intensity while the CW
operated lamp reached a maximum intensity, followed by a
rapid drop in output with further increase of rf power. A likely
explanation for this behavior is that adequate cooling of the
CW operated lamp, which is necessary in order to maintain
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Figure 4. Comparison of radiant output of pulsed and CW operated
Hg EOLs as a function of Incident rl power. (0) pu/sed operation, (0)
CW operation. In lhe pulsed modo. signals re<:orded oro peak values

Figure 5. Comparison of radiant output of pulsed and CW operated
CD EOLs as a function of Incident rl power. It) pulsed operation. (0)
CWoperation. In tho pulsed mode. slgnals recorded oro peak values

an optimum vapor pressure of the Hg in the lamp, becomes
impossible at such high powers. The resulting high Hg vapor
pressure probably results in severe self·reversa1 of the emitted
radiation, producing a net drop in intensity. However. other
mechanisms may also playa part in influencing this behavior.

Cd Electrodeless Discharge Lamp•. Cd EDLs showed
similar behavior to the Hg lamps. Figure 5 shows a com­
parison of pulsed vs. CW operation for a typical cadmium EDL
(2-Torr fill pressure). As before. the emission was more intense
at lower rf powers in the CW mode; however, once the
"fireball" emission took place, the pulsed EDLs surpassed the
CW EDLs in intensity. As maximum generator power was
approached, the slope of the CW Cd emission curve was less
than that of the pulsed emission curve.

One interesting aspect of pulsed mode operation is that it
proved possible to dispense with the external thermostating
recommended by Browner and Winefordner (13), and control
the lamp temperature by varying the duty cycle (pulse width
X pulse rate). However, this would be feasible only with 1amps
containing volatile elements or compounds. and for moat of
the studies external thermostating was necessary.
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Figura 8. Comparison of radiant output of pulsed and CW operated
Zn EDLs as a function of incident rf power. (X) pUlsed operetlon. (0)
CW operntlon. In the pulsed mode .Ignals recorded are peak values
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Figura 7. Comparison of radiant output of pulsed Hg EDLs at varying
pulse rates as a function of Incident rf power (Pulse width constant at
1 ms). (0) 100 Hz, (X) 50 Hz. (.) 250 Hz, (0) 10 Hz. (.:» 500 Hz.
Signaia recorded are peak value.

Zn Electrodelesa Discharge Lamps. The Zn lamps
(2.8-Torr fIll pressure) (Figure 6) did not show quite as marked
a change as the Ax, Hg, or Cd lamps and the initial appearance
of the ufireball" emission was less intense. Further increase
in incident rf power produced a progressive increase in
emission intensity up to the output limit of the rf generator.
The alopes of these lines showed no great difference between
pulsed and CW operation.

Duty Cycle. The effect of duty cycle (pulse width X pulse
rate) on the emission intensity was observed for the metal
lamps by varying pulse width and pulSl: rate independently.
The effect of varying the pulsing rate (at a fIxed pulse width)
for a Hg lamp is shown in Figure 7. Very little difference
in emission resulted, except differences which could be at­
tributed to heating effects. As a consequence, more rapid
pulaing was found to diminish the Hg emission slightly,
probably from overheating, in spite of the use of cooling air,
as the dimensions of the lamps (I6-rom i.d.) make effective
uniform cooling impossible at high powers. A similar lack of
any significant relationship between emission intensity and
pulse rate was found for Zn and Cd.

Figure 8. Comparison of radiant output of pulsed Hg EDLs at varying
pulse widths as a function of Incident rf power (Pulse rate constant at
225 Hz). (0) 0.5-ms width. (O)O.8-ms width. (.:» l.lHns width. Signals
recorded are peak values

Figure 9. Comparison of radiant output of pulsed Cd EDLs at varying
pulse width. as a function 01 Incident rf power. (0) 1.0-ms width. 240
Hz = rate; (e) 2.0-ms width, 240 Hz = rate; (X) 3.O-ms width. 240
Hz = rate; (.:» 0.5-ms width, 825 Hz = rate; (0) 1.2-ms width; 825
Hz = rate; (0) 0.3-ms width; 240 Hz = rate. Signals recorded are
peak values

The pulse width, by contrast, was found to exert a sig­
nificant effect on lamp emission. Maximum emission intensity
for Hg EDLs occurred at about 0.5 ms, and decreased with
increasing pulse width to 1.6 ms. At pulse widths below ca.
004 ms, there was a drop in intensity, but source instability
precluded recording accurate data in this region. The curves
for Hg are shown in Figure 8.

Cd lamps followed the same general pattern as the Hg
EDLs. Figure 9 shows the effect of duty cycle on the emission
intensity. Again, pulae repetition rate had very little effect
on the emission intensity, except for a reduction in intensity
at high repetition rates, due possibly to overheating problems.



FIgure 10. Comparison of radiant outp<rt of pulsed Zn EDl..s at varying
pulse widths as a function of incident rf power. (6) O.tkns width. 285
Hz = rate; (e) 1.2-ms width, 285 Hz = rate; (X) 0.6-<nsec width, 285
Hz = rate; (0) O.4-ms width. 285 Hz = rate: (.) O.6-ms width. 625
Hz =rate: (0) 2.0-ms width. 625 Hz =rate. Signals rec",dod are
peak values

The major point of interest is that maximum signals and
highest slopes of these curves resulted from pulse widths below
I ms. The clear difference between the behavior of lamps
excited with narrow ~1 ms) and broad> 1 ms) pulses is most
significant and would indicate differences in excitation
mechanism. Pulse widths below 0.4 ms resulted in lower
emission intensity, as with the Hg EDLs.

Zn EDLs (Figure 10) followed a slightly different pattern.
Initially there was an increase in intensity with pulse width,
but source intensity then dropped off much more slowly than
with either Cd or Hg as the puise width was increased.
Maximum intensity and slope was found for a pulse width of
approximately 0.8 ms, which is about the same value found
for Cd EDLs, but slightly longer than that found for Hg EDLs.
Ageln pulse rate appeared to have a negligible effect, provided
adequate thermostating was available. Without proper
temperature control, problems arise with lamp stability and
intensity, especially at the lower duty cycles.

Comparison between RF and Microwave Excited
EDLs. Lamp intensity comparisons were made between rf
and microwave excited EDLs. The microwave excited EDLs
were conventional 8-mm Ld., 35-mm long lamps with -I Torr
Ar fill gas, prepared in our laboratory. It was found that with
the present apparatus, peak pulsed intensities for rf lamps
were approximately the same as maximum CW intensities for
the microwave excited lamps. The Hg rf excited EDLs were
more intense than the microwave excited EDLs, CD EDLs
were about the same for both systems, and the Zn EDLs were
slightly more intense with microwave excitation than with rf
excitation.

Modulation of the microwave generator was also examined
but, with the current apparatus, this was not analogous to rf
pulsed operation. The microwave system can at best produce
75% modulation over a constant level of 25% power. This
is necessary to keep the lamps from extinguishing. The rf
lamps in the puised mode are totally self·initiating whether
hot or cold, which allows easy pulsing of the system from a
true zero level, unlike the microwave system.

Source Drifts and Noise. Source drift was rarely a
problem with the rf system. The drift was primarily sinusoidal
in nature, the amplitude seldom exceeded 5% of the total
signal. The microwave sources operated in the 3/4 A Broida
cavity required more care to prevent drifting source intensity.
Therm08tating the lamps improved the situation for both rf
and microwave excitation (13). Source noise was comparable
for both systems, Le., ~l% total signal.
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Lamp Lifetimes. Lifetimes of the rf and microwave
excited EDLs were also compared. No Hg, Zn, or Cd mi·
crowave excited lamps had failed after approximately 100
hours running time, as expected. The rf excited Hg and Cd
lamps also behaved Btably for the same running time, and the
clean-up on their inner surface appeared no worse than that
of the microwave excited lamps. However, the rf excited Zo
lamps have shown signs of failure after approximately 50 hours
running. At present, there appe8Z8 to be no obvious expla·
nation for this behavior. Ar lamps also showed a drop in
intensity after about 25 hours running time.

CONCLUSIONS
In order for high power pulsed rf EDLs to offer a major

advantage over either CW-rf or CW-microwave excited EDLs
as sources for atomic fluorescence spectrometry, it is necessary
that the pulsed rf lamps should produce peak intensities of
atomic resonance lines far in excess of the intensities produced
by either of the CW sources (rf or microwave). So far, current
studies with pulsed rf EDLs have not achieved this looked-for
gain in intensity. However, it is clear from the plots of
resonance line emission intensity vs. rf power input that
maximum intensity has not been reached for any of the EDLs
studied. Furthermore, with the Hg and Cd lamps, the curves
were still of very high slope at the rf power limit (for Zo, the
slope was less steep). While it is dangerous to speculate on
the form of the continuation of these curves at higher rf
powers. there is reason to hope that the maximum emission
intensity for pulsed operation might be well above that for
CW operation, as the curves for CW operation of the Hg and
Cd lamps had already reached a maximum value at the rf
powers used in these studies. By contrast, the curves for
pulsed operation of Hg and Cd lamps were still of steep slope
at the same powers where CW operation had produced a
maximum value.

In addition, the pulse width studies have indicated a strong
inverse dependence between pulse width and peak intensity.
Output intensity of the EDLs is greater for short (.~0.8 ms)
pulses than for longer (> 1 ms) puises or for CW operation.
Furthermore, the slopes of the curves of peak intensity VB. rf
power are steepest for the short pulses, and output intensity
is again limited primarily by the power available from the
present rf generator.

The need for further studies with pulsed rf EDLs is clear,
in order to establish fully their potential as sources for AFS.
Primarily, power must be coupled more efficiently with the
EDLs in order to investigate their behavior at higher input
powers. In addition, mechanistic studies should be made in
order w clarify differences between pulsed and CW excitation
modes, and line profile studies should also be made in order
to examine possible broadening processes. With these de­
velopments, it is hoped that pulsed rf excited EDLs may fulfill
a valuable role as sources for AFS. A preliminary examination
of their properties as sources for AFS and AAS will be
presented in a later paper.
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Stationary Cold-Vapor Atomic Absorption Spectrometric
Method for Mercury Determination

Soo-Loong Tong

Department of Chemistry. UnIversity of Malaya. Kuala Lumpur, Malaysia

A new statlonaty cold-vapor atomic absorption method using
an ordlnaty 4-cm UV-cell tor mercuty determination Is pro­
poNd. Mercuty(II) Is reduced and then parlllloned between
an aqueous and a gas phase In a stoppered UV-cell. Direct
atomic absorption measurement Is taken by allowing the
mereuty reaonanllghl beam to pass lIlrough tile vapor phase
of tile system whUe non-atomlc absorption Is conected using
an automatic background conector. The calibration graph
obtained lor Hg(II) In 4 M HoSO. Is linear from 0 to 30 ppb
and absorbance at concentrations up to 50 ppb shows only
slight deviation from IIneamy. The slope of the nnear region
Is 0.0253 ppb-1 and the detection limit Is 0.02 ppb or 0.1 ng.
The absorbance was lound to be dependent on the con­
centration althe common acids used. The partllJon constant
of elemental mercuty between the two phases was also
determined employing a radlolracer technique. The value
obtained was 0.88 ± 0.04 for Hg(II) In 2 M HoSO•.

Most determinations of mercury by etomic absorption
spectrophotometry at ppb and sub-ppb levels are based on
the cold-vapor method reported by Poluektov et al. (I) and
HatCh and Ott (2). There are many modifications and im­
provements on this principle which have become standard in
many laboratories (3). Practically all of these involved
measurements of transient atomic absorption of reduced
mercury. In one approach. mercury reduced by stannous ion
is bubbled and swept with a carrier gas through the absorption
cell or. alternatively. the carrier gas is continuously recirculated
so that more steady absorbance readings can be obtained. In
another method. the reduced mercury is partitioned between
the liquid and a fixed volume of air by agitation. after which
the mercury-laden air is blown directly through the absorption
cell.

In principle. the reduction and partition of mercury may
be carried out in a closed vessel with UV-transparent windows
followed by direct stationaty atomic absorption measurement
if accurate non·atomic absorption correction can be made
easily. Sucb a system with a minimum dead volume for the
air phase would then provide better detection sensitivity.
further simplification in operation and be subject to less

analy1ical variables. In this report. a detailed study on the
use of an ordinary rectangular 4-cm UV·celi for this purpose
is described. In addition. the partition constant of reduced
mercury between the solution and air phase determined by
a radiot.rncer technique is also reported.

EXPERIMENTAL

Apparatus. All atomic absorption measurements were made
on an Instrumentation Laboratory IL-251 double beam spec­
trophotometer equipped with an automatic background corrector.
The burner in the atomization compartment was replaced by a
specially designed holder (Figure I) for a 4-cm UV-ceU (Spectrosil,
dimensions: 10 x 32 x 40 mm, Thermal Syndicate Limited.
England) which allows for proper alignment with the atomic light
beam. A Varian mercury hollow-cathode lamp and a hydrogen
continuum lamp for background correction were used.

Gamma activity for 203Hg was measured using a 50 X 50 mm
well-type Nal(TI) detector in coojunction with an ORTEC single
channel analyzer.

Reagents. Reagent grade chemicals and deionize-d·distilled
water were used for all the preparation of solutions. Stock mercury
solution (1000 ~g/mL) was prepared by dissolving 1.354 g
mercury(ll) chloride io 50 mL of concentrated hydrochloric acid
and then dilute to 1 L. Working standards (U.2-1.0 ~g/mL) were
prepared weekly by appropriate dilution from this solution with
5% HNO,-O.OI % K,Cr,O,solutioo. The reductant consisted of
10% (w/v) SnCI,. 5% (w/v) NaCI, and 10 mL H,sO, in tOO mL
solution.

Radioactive 20JHg was purchased as mercuric chloride in 0.1
N HCI solution (Radiochemical Centre Ltd.• Amersham) with
specific activity of 0.68 mCi/mg.

Procedure. A pair of 4-cm UV-cells. of volumes 12.9 mL and
t3.0 mL each have been used alternatively for the reduction­
partition and subsequent cold-vapor atomic absorption mea­
surement. To obtain the calibration graphs, 5.0 mL of acid
solutions were pipetted ioto the cell followed by the addition of
appropriate volumes (0.02CHl.50 mL) of the workiog standards
of Hg(l1) and 0.20 mL of the reducing agent and the cell was
tightly stoppered. After shakiog for 2 min. the cell was placed
in the holder fixed to the atomic absorption spectrophotometer.
The holder has been previously aligned to allow the atomic light
beam to pass through the upper gas phase of the cell with
maximum intensity. Lamp currents applied to the mercury
hollow-cathode lamp and hydrogen continuum lamp were 4 mA
and 15 mAo respectively. The mercury 253.7-nm resonant lin.
was used with slit width of 320 nm and photomultiplier high
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Figwe 2. Cokl-vapor absorbance 01 10 ppb Hg(1I) In H,SO. (X). In HCl
(e), and in HNO, (0)

to 50 ppb (1.230 absorbance) shows only slight deviation from
linearity. The sensitivity in terms of the slope of the cali­
bration graph in the linear region is 0.0253 ppb-'. The de­
tection limit, defined as the concentration which yields an
absurbance twice that of the standard deviation of the ab­
sorbance of s blank, is 0.02 ppb or 0.1 ng under the present
instrumental conditions. These results compare favorably
even with the best detection limits for the transient cold-vapor
absorption method as reported by Hawley and Ingle, Jr. (4).
The slopes of the atomic absorption calibration and the
detection limits obtained by them were 0.0219 ppb-1 and 3
ppt Hg(Il), respectively, for a 2(}.cm cell, and 0.0636 ppb-1 and
1 ppt Hg(IJ), respectively, using a GO-cm cell. These results
were achieved through the reduction of dead volume of the
reducing apparatus, increasing the efficiency of diffusion of
elemental mercury into the carrier gas, and by modifying the
instrument light source and detector. Our method, being
simpler in operation. can be further improved in sensitivity
with the use of a similar UV-cell of longer patblength (sucb
as 10 or 20 cm).

As shown in Figure 2, the absorbance measured is strongly
dependent on the concentration of the acid medium. The
gradual increase observed in the absorbance of 10 ppb Hg(II)
solutions in H,sO, of increasing concentration is qualitatively
consistent with the observation of Koirtyohann and Khalil
(5) who have found a more rapid change. The absorbance was
found to decrease rapidly in hydrochloric acid of more than
2 M and nitric acid of more than 3.5 M concentration.
Contrary to these trends, the latter authors found practically
no variations for both acids three to four times more con­
centrated. III the system we employed, the volatility of these
acids possibly causes not only reduction in the amount of
elemental mercury distributed in the gas phase but also errors
in the automatic background correction.

As a test of feasibility for real sample analysis, the method
described has been used for the analysis of fish samples
digested according to the procedure of Ramirez-Munoz (6).
The digested solution was filtered after the oxidation but
before the addition of hydroxylamine sulfate for the reduction
of excess permanganate. Results based on the standard
addition method are shown in Figure 3. Linear regressions
carried out for each set of the known addition data gives
correlation coefficients of 0.993-0.998. It ia therefore con-

Figure 1. cell hokfer attachment for stationary cold-vapor atomic
absorption measurements

voltage of 460 volts. Atomic absorption of the mercury vapor was
taken using double-beam and simultaneous background correction
mode with 1·s integration time. After the measurement, the cell
was washed with dilute nitric acid-dichromate solution in a fume
cupboard and thoroughly rinsed with deionized water and shaken
dry.

Experimental conditions for the determination in hydrochloric,
nitric, and sulfuric acids of various concentrations have heen
studied. Linear and working ranges of the mercury solution of
the proposed procedure, and the possible 'effect due to room
temperature fluctuation during an analysis, were im'cstigated.

Direct determination of the partition constant of elemental
mercury between the solution and gaseous pha.c;cs has been carried
out using varying concentrations of 203Hg.labeled standards
ranging from 1.2-59.6 ppb in 2 M H,sO•. After carrying out the
reduction and partition equilibration in the cell as described above,
exactly 4 mL of the solution were pipctted cautiously into a 4.f>.mL
vial. Tbe vial was stoppered tightly and counted immediately
with the single-channel 1'-ray counter. The concentrations of
mercury remaining in the solution phase at equilibrium were
det~rmined by comparing the counting data with the count·raW
of a 2O'Hg-labeled standard.

RESULTS AND DISCUSSION

The optimum volume of the sample solution to be used in
the system described here was found to be not more than 6
mL, in order to give a minimum dead volume possible for the
gas phase upon which the atomic light beam is being passed
througb. Larger solution volume would cause partial ab­
sorption interference which cannot be corrected by simul­
taneous background correction. Sample solution of 5.0 mL
with 0.20-0.40 mL of the reducing agent was fouod tu be
satisfactory for Hg(1I) concentration ranging from 0-50 ppb.

Partition equilibrium of reduced mercury between the two
phases was established in less than 1 min by applying
moderate shaking; normally each solution was shaken for 2
min before absorbance was taken. Cell positioning with
respect to the beam path is quite critical and cell-in cell-out
reproducibility has to be observed carefully to achieve op­
timum precision. The absorbance reading usually became
stabilized within 30 s after insertion of the cell into the holder.
Initial fluctuations observed are suspected to be due to the
thin film of liquid adhered on the cell windows. From
repetitive measurements of a 5.0 ppb Hg(1I) solution, relative
precision of 2% was obtained. Temperature effect on the
partition equilibrium has been investigated although no strict
temperature regulation of the present system is possible. No
noticeable changes were found in the absorbance readings,
however, wben room temperature fluctuated between 22-26
°C.

The calibration graph for Hg(II) in 4 M H,sO, solution is
linear from 0 to 30 ppb and absorbance at concentrations up
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Q Average of triplicate determinations.
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Partition constant, ](0

0.61
0.70
0.63
0.68
0.66
0.69
0.66 t 0.04

Table I. Partition Conatant or Reduced Mercury between
tbe Liquid and Goo Ph...

Hg(n) concn, ppb

1.2
2.4
7.2

14.4
28.8
59.6

Mean 1 std. dey
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Koirtyohann and Khalil (5). The latters found K values of
0.40 for mercury in hydrochloric and nitric acids, and from
0.4Q-{).70 for mercury in ()-6 M H,sO•. Our results from using
radioactive ""'Hg tracer and the system described above are
presented in Table I. The mean partition constant is 0.66
± 0.04 for Hg(Il) in 2 M H,SO. ranging from 1.2-59.6 ppb,
as compared with the value of approximately 0.50 obtained
by Koirtyohann and Khalil (5) under the same acid condition.
As shown previously in Figure 2, variations of the partition
constant as a function of the concentration of some common
acids are prominent for our system.

In conclusion, transient peak atomic absorption and peak
area integration measurements for the cold-vapor method can
be replaced by a steady-state atomic absorption method.
Although simultaneous background correction is essential
while employing the technique, it is basically simpler in
operation than many other techniques for rapid mercury
determinations. With the use of a set of 4 reduction-ab­
sorption cells, an average of 20 determinations can be carried
out per hour.

0.6

0.8

ABSORBANCE
(2X .xponsion)

1.0

o 5 W ~ W
SPlKEO HV CONCENTRATION. ppb

Flgwa 3. Known acldltlon datermlnatlon of mercury In digested lish
sample sokrtIons. Concentrations 01 Hg(1I) foood In solution 1: 3.9
ppb; _ 2: 1.4 ppb; and solution 3: 0.3 ppb. BIari< solution: -x-x-

eluded that ions commonly present in digested fish solution
do not interfere with the determination. However, incomplete
digestion often encountered for fish tissues of high fat content
have been found to render the method inapplicable because
of foaming problems.

The system is expected to be generally useful for monitoring
mercury in natural and polluted water as well as mercury in
other digested samples. Common oxidants normally required
for sample treatments such as potassium dichromate, po­
tassium permanganate, hydrogen peroxide, and bromine, do
not interfere with the determination.

The partition constant of the reduced mercury between the
liquid and vapor phases is of fundamental interest for the
cold-vapor methods. However, few studies concerning this
have appeared in the literature. A rough estimate based on
the results of Ure and Shand (7) yields a partition constant
value of 0.25, which is defined as

K Concentration of HI in air

Concentration or Hg in liquid

This value is significantly lower than the values reported by
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Discrimination of Monostereoisomers in Asymmetric Solvents
by Fourier Transform Infrared Spectrometry

David L. Grleble and Peter R. Griffiths'

DepBrtment of Chemistry, 0hJ0 UnIversity, Athens, 0hJ0 45701

Tomas Hirschfeld

Block EnglnHrin(J, Inc" 19 BJaclcstone StrSSI, Cambr/dgS, Msssschusstts 02139

In princIple. both members of an enanllomerlc paIr have
identical phyalcal propertlea except to polarized rallaUon. and
thus cannot be dlallnguWted by conventional apectrometllc
method.. To rasolve both compounds, dlastereolsomerlc
derivative. may be prepared by combining them wllh an
aa)'ll1l1l8lrlc raagant ("reaoMng agent"). The reaultlng change
In molecular .ymmetry then make. both molecule. dlatln­
gulahable. The same enect may be used for analyllcal
purpose. through the measurement of spectral perlurbatlona
caused by dI8aoIvtng the enanllomenlln an aaynmetrIc solvent.
The "virtual elIastereolsomer." produced by the aoIule-aolvent
Interactloll8 will then producs dlnerent solvent-Induced band
shift. which could be u.ed analyllcally. The procedure I.
demonstrated by measurements on aU the pennulatlona 01 both
stereol.omer. ot malic acId dlaaolved In both .tersolsomer.
ot 2-octanol.

The analytical differentiation of monostereoisomers is an
important aspect of the analysis of natural products, bio­
chemicals, snd pharmaceuticals. Such isomers are indis­
tinguishable, in principle, by any physical measurement except
those employing polarized radiation. The most common
method of distinguishing between monostereoisomers is to
determine the optical rotatory activity of a solution in an
optically inactive solvent (1). This measurement is generally
performed using ultraviolet or visible radiation, since the
optical components necessary for these measurements
(achromatic quarter wave plates, rotators, etc.) are not
available for infrared radiation. Thus the infrared equivalent
of the highly successful ultraviolet-visible optical rotatory
dispersion or circular dichroism techniques has not been
achieved even though it should have great value in structural
analysis.

In several analytical and preparative techniques, otherwise
identical monostereoisomers are distinguished by combining
them with a second monostereoisomer (the "resolving agent").
The resulting diastereoisomeric derivative now shows gross
differences in physical properties depending on which initial
compound it was obtained from.

It should be possible for analytical purposes to dispense with
the synthetic step described above, and to study the properties
of the different "virtual diastereoisomers" formed by so­
lute-solvent interactions between an asymmetric sample and
an asymmetric solvent. Fourier transform infrared (FT·IR)
spectrometry has been used to distinguish between the spectra
of closely related isomers (2) and to detect weak solute-solvent
interactions (3) through the application of absorbance sub­
traction routines. A logical extension of these studies was to
investigate whether the absorbance subtraction technique
could be used to show specific interactions between asym­
metric solutes and asymmetric solvents. In this work we have

used the two optical isomers of malic acid for the solute and
those of 2-octanol for the solvent.

EXPERIMENTAL
Samples of the enantiomers of malic acid, designated +M and

-M, (Fluke AG, Puriss Grade) and of 2·octanol, designated +0
and -0, (Fluke AG, Purum Grade) were obtained from Tridom
Chemical, Inc. (Hauppage, N.Y.). The octanol samples had been
determined as beller than 99% pure by gas chromatography, and
had specific rotations, lal~ of "'II '" 1'. The malic acid samples
had quite different physical properties. Whereas the sample of
+M was white and apparently quite pure Imp = 98-102 ·C, cf.
the literature val!,e (4) of 100-103 ·Cl and dissolved readily in
octanol, the sample of -M was discolored, had a melting range
of 92-103 ·C, and did not completely dissolve in octano\. The
sample of -M was purified by dissolving it in the minimum
amount of a heated 1:1 mixture ofacewne and chloroform, filtering
the solution after most of the sample had di880lved, and cooling
the filtrate in ice to recover the malic acid. After three such
treatments a white product was obtained whose melting range
was 100-102·C and whose dissolution properties in octanol were
identical w th""e of +M. The specific rotations of the malic acid
samples measured as 10% (w/w) solutions in water were -1.7·
and + 1.6·, respectively.

All spectra were measured using a Model FTS-14 FT·JR
spectrometer (Digilab, Inc., Cambridge, Mass.) at a resolution of
4 em-I using double precision (32 bits per word) signal-averaging,
FFT, and arithmetic routines. Solutions with 0.100 mole fraction
of malic acid in 2-octanol were prepared and held in a precision
sealed cell (Wilks Scientific Corp., South Norwalk, Conn.). This
cell was the thinnest we could obtain commercially, but even
though its pathlength was specified as 15 I'm, it was measured
as 25 I'm. At this pathlength, one band in the spectrum of malic
acid and three bands due to 2·octanol had peak absorbances
greater than 2.5. The absorbance of all the other bands in tha
spectra of the solutions studied were of the correct magnitude
to allow spectral subllaction techniques to be used to differeotiate
the spectra. All measurements were made without dismantling
the cell holder, and we believe tbe pathlength to be oonstant to
within 1%.

RESULTS AND DISCUSSION
The spectra of all four solutions (-M in +0, +M in +0, -M

in -0, and + M in -0) showed appreciable differences in
overall intensity as shown in Figure 1. All bands in the
spectrum of -M in +0 were substantially weaker than the
corresponding bands in the spectra of any of the other s0­

lutions, and the spectrum of +M in -0 was somewhat more
intense than that of the other two solutions. No obvious
spectral shifts are seen from these spectra before spectral
subtraction routines are applied, but the relative intensities
of several bands can be seen to have changed. The moat
obvious region where this effect can be observed ia between
1100 and 1000 cm-I (see Figure 2), where the intensity of the
band at 1040 cm-I relative to the intensity of the band at 1070
em" can be seen to change markedly.

Before the result of applying spectral subtraction routines
is discuased, it should be recognized that for these routines
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Figure 1. Absorbance spectra 01 the malic acld/2-octanol solutions. (A) (+M In -0); (B) (-M In -0); (C) (+M In +0); (0) (-M In +0)

figure 3. IAlscaIed difference spectra of malic add/2-octano1 soIutlons.
(A) (+M In +0) - (+M in -0); (B) (+M in +0) - (-M in -0); (C) (-M
in -0) - (+M in -0). Nolo evidence 01 a shih in tho carbonyl band
01 (+M in +0) and (+M In -0) (spec1nJm A), but the similarity between
the spectra of (-M in -0) and (+M in -0) (spectrum C). The variation
In intenslty of the 1035 em" band Is very apparent from Ihese spectra.
Frequency regions where the absorbance of either spectrum exceeds
2.5 are leh blank

stretching vibration of malic acid, while the 1035 cm· l band
is present at medium intensit)' in the spectrum of octanol and
weakly in the spectrum of malic acid. Since octanol is the
major component, it is most likely that perturbations to this
band indicate an interaction with the octanol molecule.
However, we are not certain of the vibrational mode to which
this band can be assigned; initially we believed it to be due
to the C-O stretching vibration, but the strong band at 1110
em" is better assigned to this mode for a secondary alcohol
(9). Small shifts and intensity changes associated with other
bands are evident from the difference speelra, but the effects
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Flgwe 2. Scal&-expandad absorbance spectra of male acld/2-octanol
solutions batween 1100 and 1000 em". (A) (+M In +0); (B) (-M in
-0); (C) (+M In -0); (0) (-M In +0)

to be effectively used, the peak absorbance of all bands in the
spectrum should be small, preferably less than 0.7 (5-8).
However both malic acid and octanol are such strong infrared
absorbers that we were unable to keep the peak absorbance
of the strongest bands in the solution spectra (at 1715, 1455,
1375 and 1110 em") below 2.5 with the IR cells available to
us at the moment. If absorbance spectra containing such
intense bands as these require multiplication by a large scaling
factor before subtraction, it is known that artifacts will be
introduced into the difference spectrum due to the effect of
"resolution errors" (5). Thus all difference spectra are plotted
only at frequencies where the absorbance is less than a certain
value, which was arbitrarily selected as 2.5. In addition no
difference plots involving strong bands in the spectrum of -M
in +0 are shown, since the scaling factor would have to be
so great that enormous resolution errors are incurred and
meaningful conclusions cannot be drawn from the data.

The three difference spectra showing the result of sub·
tracting each combination of two of the other three speelra
are shown in Figure 3. Two features, centered at 1715 em"
and 1035 cm-', are prominent in these spectra. The band at
1715 cm·1 may be unequivocally assigned to the carbonyl
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F1gIn 4. Scaled cifference spectra, (+M in -0) - x(-M in +0), between
900 and 700 em-'. (A) x = 1.15; (6) x = 1.20; (C) x = 1.25; (D)
x = 1.30

of these changes are generally of much smaller magnitude than
the effect of the band shift on the carbonyl band of malic acid
and the intensity change in the 1035 em" band of 2-octanol.
Therefore it appears that infrared difference spectrometry can
indeed detect spectral changes due to interactions near the
chiral center, and thus differentiate between monostereoi·
somers for analytical purposes, It is also apparent that much
more work is needed for a theoretical interpretation of these
perturbations in terms of sample structure.

An interesting question is raised by the intensity difference
between the spectrum of -M in +0 and that of +M in -0.
This anomaly, which occurs for the bands due to both
components of the solutions, could not be traced to air
bubbles, cell thickness variations, sample preparation, or other
such trivial causes.

It is also of interest that whereas some bands in the spectra
of the other three solutions were as much as twice as intense
as the corresponding bands in the spectrum of -M in +0,
other bands are only slightly stronger. For example, in the
region between 900 and 700 em", there are two bands of
medium intensity (at 840 cm" and 722 em"). Each of these
bands in the spectrum of -M in +0 is apparently slightly
shifted from the corresponding bands in the spectra of the
other three solutions, while also exhibiting a relatively small
intensity change. Figure 4 shows the result of multiplying the
spectrum of -M in +0 by various scaling factors and sub­
tracting the result from the spectrum of +M in -0. The
intensity of the 840 cm- l band is equalized by applying a
scaling factor of 1.20, as evidenced by the most symmetrical
feature in the series of difference spectra, while the intensity
of the 722 em" band is equalized by applying a scaling factor
of 1.25. Other bands in the spectrum require scaling factors
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of 2.0 or more to minimize the difference band, although it
should be stressed that the effect of resolution errors ill very
noticeable when such large scaling factors are applied.

The explanation of these phenomena seems to lie in the
nature of the residual polarization in Michelson interfer­
ometers, It has been shown that the beamsplitter acts dif­
ferently on both polarizations, so that a weak residual p0­

larization develops in the output beam (10). However, since
at all scan locations except the center fringe there is a phase
delay between the interfering beams, this residual polarization
will be not linear but elliptical (11).

The spectral degeneracy between monostereoisomers will,
of course, hreak down in elliptically polarized light. The effect
has not yet been calculated quantitatively because of the
multicyclic nature of the delay and the matbematical con­
sequences of the Fourier transformation, which lead to fairly
complex equations, The complementary OJtput emerging
from the interferometer will show a residual ellipticity of the
upposite sense, raising the possibility of infrared circular
dichroism measurements using a dual-beam (optical sub­
traction) FT-IR system of the type described recently (12),
and an attempt to build a spectrometer for this purpose is
now under way.

In summary it can be stated that the solute-solvent in­
teractions between a monostereoisomeric solute and 8 chiral
solvent lead to the formation of a virtual diastereoisomer
capable of breaking the degeneracy between the spectra of
the enantiomers. These intemctions, picked up by absorbance
subtraction FT-IR spectrometry allow analytical differenti­
ation of monostereoisomers. The behavior of different bands
can be used to study molecular structure and behavior, al­
though much work will have to be done to clarify these
phenomena.
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Dual-Beam Fourier Transform Infrared Spectrometer

Donald Kuehl and Peter R. Griffiths·
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A system Is described lor increasing Ihe sensitivity 01 all­
IIOIJIIlon IfIedromelry using a Fourier Iransform Inlrared
(FT-IR) IfIedrOm8ler In which bolh exll beams from a MI­
clIe1son Interferomelar are paasad onto Ihe same deleclor.
WIth this ayltem Ihe delector may be changed Irom Ihe
conventional lrlglyclna sultale (TGS) pyroelectric bolomeler
to the more senallive mercury cadmium lellurlde (MCT)
photoconducllve deleclor without limiting lhe senalllvlty by
dlgIlIzallon noise. The senalllvlty of the syslem Is abcut len
lknea grealer than thaI 01 a convenllonal FT-IR spectromeler
and would be'a lactor of a Iaalt five grealer Ihan Ihls were
It nol for Ihe facl Ihat the reapcnsa of Ihe MCT deleclor
bacomaa nonlinear al high leve" of Incident radlallon.

General purpose mid-infrared Fourier transform spec­
trometers have the rather unusual design criterion that the
scan speed of the moving mirror must be fast enough to ensure
that the signal-to-noise ratio (SIN) of spectra is always limited
by the infrared detector and not by the analog-to-digital
converter (ADC) or the data system of the spectrometer. In
order to obtain absorption speelra with the very low noise
levels of which Fourier spectrometry is capable, rapidly
scanned interferograms are signal-averaged before the Fourier
transform. For the measurement of medium or low resolution
(2 cm- I or lower) mid-infrared spectra on a 2-inch aperture
interferometer operating at its throughput limit using can­
ventiona! continuous sources (Nemst glower, globar, nichrome
wire), a triglycine sulfate (TGS) detector, and a 15-bit ADC,
the scan speed of the moving mirror must be at least 2 mm
8-1•

To substantially increase the sensitivity of rapid-scanning
Fourier spectrometers while maintaining a reasonable mea­
surement time, one would like to replace the somewhat in­
sensitive TGS detector (DO -2 X 10' W HZ'1/2) by a more
sensitive detector such as the mercury cadmium teUuride
(MCT) photodetector, the average D· of which is at least ten
times greater than that of TGS. If the avorage transmittance
of the sample and sampling accessory is less than approxi­
mately 0.07, it can be shown that a TGS detector may be
directly replaced by an MCT detector without limiting the
sensitivity of the measurement by digitization noise (1).
However if the average transmittance of the sample ap­
proaches 1.00, the SIN of interferograms measured with an
MCT detector near the point of stationary phase will exceed
the dynamic range of a 15-bit ADC if the scan speed of the
interferometer is not changed. Of course, the SIN of the
interferogram may be reduced by increasing the scan speed.
However to decrease the SIN by a factor of (0.07)'1, tlie scan
speed has to be increased by a factor of (0.07)'2, or about 200.
In practice the scan speed has to be increased by an even
greater amount than 200, since the D· of the MCT detector
increaa88 with modulation frequency,

The sampling frequency of a He·Ne laser referenced in·
terferometer for mid·infrared measurements between 400 and
4000 cm'l when the scan speed of the interferometer is 1.6
mm S·1 is 5 kHz. Increasing the scan speed of the moving
mirror by a factor of 200 implies that the sampling frequency

must be increased to about I MHz, a value which is far greater
than the maximum allowed sampling frequency of state-of­
the-art 15-bit ADC's and disk data systems.

Another method of eliminating the dynamic range problem
includes the use of a gain-ranging amplifier (2); but we have
found that the SIN of spectra measured on our system with
and without a gain-ranging amplifier are little different. Two
other techniques which have been suggested are blanking or
clipping the interferogram near the point of stationary phase
(3); however, with either technique the photometric accuracy
of the computed spectra is very low and it is very unlikely that
weakly absorbing bands could be measured in either case.
Finally the use of chirped interferograms (4) has also been
suggested for this purpose, but there are two arguments
against the use of chirping. The beamspliUers of most
commerical interferometers ace not designed to chirp the
interferogram. and the calculation of the FFT of a highly
chirped interferogram takes much longer than the corre­
sponding calculations for a relatively unchirped signal.

In this paper, a technique will be described which is de­
signed to reduce the SIN of the interferogram without re­
ducing the amplitude of modulations due to sample absorption
bands. The system is based on the optical subtraction method
first suggested hy Bar-Lev (5) and applied to GC-IR mea·
surements using an early low resolution interferometer by Low
(6). In this dual-beam Fourier transform infrared (DB-FT-IR)
system, both beams from a conventional Michelson inter·
ferometer, see Figure I, are measured using a single detector.
If a sample of transmittance T, is placed in beam R, the
resultant ac interferogram, 1(0), is theoretically given by (7):

1(6) = '" [~~B(v)[l - Tv] cos (21T1,o/) + 6v)dv

where R(v) is the relative speclral energy of the source at
wavenumber, " em-I; {, is the optical retardation, in em; and
0, is a frequency-dependent phase angle. The greater is T"
the smaller is the amplitude of the interferogram at all values
of 0, so that interferograms of weakly absorbing samples may
be measured using intense continuous sources and sensitive
detectors without limiting the spectral SIN by digitization
noise.

INSTRUMENTATION

The optical layout was built around an FTS·14 spectropho­
tometer (Digilab, Inc., Cambridge, Mass.) as shown in Figure 2.
The radiation from a modified Nemst glower source (Perkin-Elmer
Corp., Norwalk, Conn.) is collimated by a 3-inch focal length
off-axis paraboloid (Special Optics, Little Falls, N.J.) and enters
the interferometer at an angle, relative to the beamsplitter, of
49.5°. The two exit beams (A and B in Figure I) are picked off
by two plane mirrors and renected to two 3-inch focal length
paraboloids (Special Optics) which focus the beams in the sample
compartmenL The beams are picked up by two off-axis ellipsoids
(Special Optics) and focused onto the detector. The diameter
of the beams at the sample focus is 3 mm and at the detector it
is 2 mm. The detectors used in this study were the Barnes
Engineering (Stamford, Conn.) TGS detector which is a com­
ponent of the FfS-14 spectrometer, and an MCT detector (Texas
Instruments, Dallas, Texas) which was interfaced to the spec'
trometer using a Perry Amplifiers (Brookline, Mass.) Model 601
amplifier.
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Figur. 3. Steps In the calculation of transmit1ance spectra In a
D.JaI.beam FT-IR~'er, usklg the spectnm of poI)'eIhyIena from
3200 to 400 em- for llustration. (A) Dual-beambeck~ wIIh no
sample In either beam; (B) Uncorrected dual-beam spectrum of
polyethylene; (C) Result of subtractJng A from B; (0) Single-beam
background spectrum; (E) Result of dividing C by 0, subtracting the
result"lg spectrum from ..,iIy. and mllllplying by -1; (F) Transmillance
spectrum of polyethylene measuring using a conventional U>gIe-beam
FT-IR spectrometer. Comparison of E and F shows the result of poor
phase correction for the sharp band at 720 cm- I but otherwise good
photometric aCCU"8CY
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Figur. 1. The two output beams (A and B) from a Michelson Inter­
terometer when the Input beam Is slightly skewed

Fig",. 2. Optical diagram of the dua~beam Fourier transform
spectrometer used In this wori<

The geometry of the interferometer does not quite allow the
full 2·inch diameter collimated beam from the source to reach
the detector. However, the SIN of spectra measured on a standard
FTS·14 spectrometer were almost identical to those measured
on our system using the same source and TSG detector with one
beam blocked.

The optics were designed In a modular fashion to accommodate
either conventional infrared cells, flow through ceIJs for on·line
identification of HPLC peaks. or parallel GC-IR light-pipes. In
the latter mode, the two off-axis ellipsoids and the detector are
moved back as a unit to allow the light·pipes to be mounted.

RESULTS AND DISCUSSION
Measurement of Transmittance Spectra. As was

discussed earlier, the result of the Fourier transform of a
dual·beam interferogram is B(.) [I - T.]. For the calculation
of T.. therefore, this spectrum must be divided by tbe sin­
gle·beam background spectrum, B(.j, and the resultant
spectrum must be subtracted from unity. In practice it is
found that a perfect optical subtraction is never achieved on
DB·FT-m systems (8, 9), and we have found two broad re­
sidual banda centered at 840 and 550 cm- l • This observation
differs from the previous reports, where a third band, at 1225
cm-', was reported. The maximum value of m) for the system
with one beam blocked and no sample present is about 30
times greater than the maximum value in the dual-beam
configuration, so that the system could be used for the
measurement of the spectra of weakly absorbing samples using
the MCT detector without encountering digitization noise.

If a very flat spectral baseline is desirable (which is always
necessary if T. is large), the dual-beam background must be
subtracted before division by B(.). For certain measurements

we have found it preferable to subtract a dual-beam back­
ground interferogram from the sample interferogram before
the FFT, while for others better results were found by fllSt
performing the transform on the spectrum as measured and
then subtracting a dual-beam background spectrum. We were
not able to find any way of forecasting whether subtraction
of interferograms or spectra would provide superior results
for a given experiment. The steps in the calculation of the
transmittance spectrum of a film of polyetbylene are illus­
trated in Figure 3 with subtraction of the background
spectrum. A comparison of the spectrum measured in this
way and a transmittance spectrum of polyethylene measured
using the conventional ratio-recording technique shows little
apparent difference between the spectra, each of which was
measured with a TGS detector.

Practical Comparison of Sensitivity. A direct com­
parison of the SIN advantage of the dual·beam system with
an MCT detector over the conventional single-beam mea­
surements with a TGS detector was made using a series of
successively more dilute solutions of anisole in CC4 in a 90-_
fixed pathlength cell. A variable pathlength cell (Wilks
Scientific Corp., S. Norwalk, Conn.), whose pathlength was
adjusted to give the best optical null in the dual·beam
configuration when the sample cell was filled with pure CCI.,
was placed in the reference beam.

The dual·beam measurement was made by subtracting the
dual·beam background interferogram from the corresponding
sample interferogram, and the single-beam transmittance
measurement was made by ratioing the sample spectrum by
the reference spectrum. AU spectra were measured at 8 em-I
resolution, signa1-averaged over 10 scans, and computed using
double-precision (32 bits per word) software. The measured
spectra are shown in Figure 4.

The SIN of the dual-beam system was a factor of 9 better
than that of the single-beam system in the fmgerprint region
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flgon 4. Di'ect~ of a sOlgIe-beam (00) spectrum measu-ed
using a TGS detector and a dual-beam (DB) spectn.m measu-ed using
an MeT del.cler. The sample Is a 0.01% solution 01 anisole in CCI,
In a SO-I'"' eel (with a refer.nce eel of equal palhlenglh). The spectra
were both measured at 8 cm-' resolution after averaging ten Inter·
larograms. The absorbance 01 th. 1240 cm-' band Is 1.7 X 10"

FIgura 5. Three successive slngle-scan spaclra from 3200-800 em-'
of a 0.1 % solution of anisole In CCI, (So-/lm pathlangth) with a c.1I
01 equallhlckness lIIed with pure CCI, In the r.'....nce beam, showing
th. dlfflcutty In phase correction

of the spectrum. In the dual-beam spectra, the stronger bands
ofa 0.005% (vIv) solution could be easily identified and could
still be seen at concentrations as low as 0.001 %. With ex­
tensive signal-averaging, absorption bands from solutions
containing less than 1 ppm of anisole in the go-/lm cell could
be observed.

Phase Erron. When dual-beam interferograms were
transformed, the effect of poor phase correction was often
observed in the resulting spectra, especially for weakly ab­
sorbing samples. Improving the optics! alignment occasionally
improves the phase correction, but by no means completely
solves the problem, since scan-to-scan variations in spectral
baseline and band shapes were noticed even on a well aligned
system, see Figure 5. This effect is apparently caused by a
ahort-term optical instability, the source of which was very
hard to track down.

Changes in band shapes were often noticed when the size
of the short double-sided interferogram used in the Mertz
method of phase correction (10) was increased. However,
changing the number of pointa in the phase array rarely led
to correct ovarall phase correction. It is well known that the
Mertz method of phase correction works best for single-beam
interferograms when B(g) is non-zero at all wavenumbers, and
does not give good'resulta for the computation of discrete
emission spectra (or Fr-NMR spectra for which similar
prohlema are found). The DB-Fr-m spectra are similar in

+-t­
1:-t
+-t-
+t-

Figure 8. Four successive single-scan lnterferograms In the region
of zero retardation, (A) measured dual-beam and (8) measured sin­
gle-beam; both sets of data were measured using 8 lGS detector

appearance to emission spectra, but we believed that if a
"good" stored phase spectrum could be computed using the
dual-beam system with a spectrally uniform screen of high
transmittance, this spectrum could be used for all subsequent
calculations of discrete absorption spectra. Unfortunately,
this approach also failed to yield satisfactory results, pre­
sumably due to the variations in /(6) from scan to scan.

We finally discovered the cause of this short term instability
was to be found in the interferometer itself. The largest
intensity variations are near the point of stationary phase, see
Figure 6, and since it is this region from which the phase
information is extracted, it is easily seen why such poor phase
correction is observed. When a new (1976) Digilab Model 396
interferometer was tested with our optical system, lhe
scan-lo-scan variations in the dual-beam interferograms
disappeared almost completely. It is probable that lhis
difference is caused by the new "fast break" mechanism
installed in recentDigiiab interferometers to increase their
duty cyde efficiency at low resolution. On interferometers
fitted with the fast break device, a steep ramp voltage across
the drive transducer coil rapidly retards and stops the moving
mirror at the end of ita retrace; on older systems a foam rubber
SUlp was used for this purpose. By eliminating the vibrations
caused on impact with the ruhber stop, the newer interfer­
ometers appear to be much more stable for dual-heam
measurements.

Linearity of the MCT Detector, The measured increase
in sensitivity of DB-IT-IR measurements made with an MCT
detector compared with the corresponding single-beam or
dual-beam measurements made with a TGS detector is less
than the ratio of the published D* values of the two detectors.
The probable reason for this effect is that the photoconductive
MCT detector is driven towards saluration hy the very high
level of incident radialion from the source. To illustrate the
magnitude of this effect, the peak intensity of the polyethylene
hand at 2875 em-I measured in the dual-beam configuration
was plotted against the percentage of the total radiation
reflected from the paraboloidal mirror in the source unit and
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Figure 7. Maximum Intensity of the 2875 cm-1 polyethylene band
measll'ed using the dual-beam optics as a fLllCtion of the percentage
01 the radiation from a modified Nemst glower SOlI'ce using the MeT
detector Ie) and TGS detector (0). The nonlinearity of the response
of the MCT detector is MlenI. (The ardnala scale lor the MCT detector
is ten times larger than that for the TGS detector)
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Figure 8. The relative SIN for the 2875 cm- I polyethylene band
meeSll'ed with the dual-beam opIIcs using the MeT and TGS detectors,
as a function of the percentage of the sOllee radiation entering the
lnterlerometer

transmitted through calibrated wire mesh screens, see Figure
7. The resulting nonlinear plot suggests the approach of
detector saturation. No spectroscopic evidence of nonlinearity
(such as the presence of high frequency overtones of sharp
bands) was observed. Very recently Borrello et al. (/1) have
reported that the D· of the MCT detector should vary ap­
proximately with the square root of the background flux above
a certain threshold, and our results agree quantitatively with
their calculations. Hirschfeld (12) has also suggested that part
of the reduction in SIN at high photon flux is caused by the
increase in photon shot noise. However the noise level
measured at the detector with both beams incident was the
same as the noise level with both beams blocked so that, for
our system at least, the contribution of photon shot noise is
negligible.

The linear region of the detector response is found at
radiation levels below 5% of the maximum allowed throughput
from the source, and it is at such low levels of radiation density
that the MCT detector is most commonly used in single-beam
systems. On the other hand, the TGS detector shows good
linear response over the full range of radiation intensity from
our source, see Figure 7. A plot of the ratio of the SIN of the
2875 em-I polyethylene hand measured using the MCT and
the TGS detectors against the transmittance of the screens,
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FIgure 9. Calculated ratio of the ralatlve SIN of the 2875-cm-'
poIyathytene band measu-ed uslng an MeT delactor In the 0Jal.beam
and slngle-beam configll'ations. as a function of the SOlI'ce radiation
entering the Interferometer

see Figure 8, reveals the sensitivity advantage of the MCT
detector as a function of source intensity for our spectrometer.
To obtain these measurements the TGS detector was also
placed in the dual-beam optics, so that the only difference
between the two sets of measurements was the detector.

At low incident energy it may be seen that our MCT de­
tector is a factor of about 70 more sensitive than the TGS
detector at 2875 cm-'. However the advantage drops for the
high source intensities which the dual-beam system was
desib'Ded to measure. For most measurements of high incident
source energies, the dual-beam technique affords an im­
provement in sensitivity of a little better than a factor of ten
over the corresponding measurements made using a TGS
detector.

Most commercially available FT-IR spectrometers using
a TGS detector in the single-beam mode operate close to the
digitization noise limit. Under these conditions a change to
a more sensitive detector would result in little or no net gain
in sensitivity. A plot of the calculated SIN advllfitage of the
dual-beam system using an MCT detector over a single-beam
system also using an MCT detector against the percentage
of the maximum allowed energy from a typical infrared source
is shown in Figure 9. It can be seen from this plot that the
maximum advantage for the dual-beam system in this case
is found when a high proportion of the source radiation is
incident on the detector.

CONCLUSION

The dual beam system offers about an order of magnitude
gain in sen.,itivity over conventional single-beam FT-m
spectrometers. This approach is most useful where trace
quantities of materials are to be identified under conditions
where the sampling technique gives radiation losses of less
than 90%. Thus the DB-FT-IR technique is readily applicable
to the on-line identification of compo'mds separated by gas
and high performance liquid chromatography. Our system
was designed with such measurements in mind, and papers
describing GC-IR and HPLC-IR measurements using the
dual·beam approach are in preparation.

The problem of phase oorrection is apparently characteristic
of 0lIl instrument as the newer interferometers do not erllibit
this problem. The nonlinearity of the MCT detector _ponse
reduces the overall sensitivity of the technique. The solution
to this problem is not apparent to us, and is the limiting factor
in obtaining the maximum sensitivity from dual-beam FT-JR.
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On-Line Identification of Gas Chromatographic Effluents by
Dual-Beam Fourier Transform Infrared Spectrometry

Marla M. Gomez-Taylor and Peter R. Griffiths'

Department 01 Chemistry, Ohio University, A/hens, Ohio 4570/

An Inlrared optical system was built around a commercial
Fourier transtorm spectrometer primarily lor the on-the-Ily
analysis ot organic compounds eluting Irom a gas chroma­
tograph. This system Is based on the dua~beam or optical
subtraction technique. whereby the dynamic range 01 the
Interferogram Is reduced without decreasing the total energy
flux reaching the detector. Therefore a more sensitive detector
may be used without encountertng dIgltlzatlon noise problems
that occur when the sIgna~to-nolseratio 01 the Interferogram
exceeds the dynamic range 01 the analog-to-dlgltal converter
01 the data system. The use 01 a mercurY cadmium teUurlde
photoconductive detector. a high temperature source and
Ught-plpe gas-ce" 01 high optical transmission contributed to
the high sensitivity achieved by the system. IdentHlable
spectra 01 100 ng or less 01 strong absorbers have been
obtained with this dual-beam GC-IR system.

One factor limiting the sensitivity of conventional infrared
Fourier transform spectrometers is the dynamic range of the
analog-to-digital converter (ADe). For example, the sig­
nal-to-noise ratio (SIN) of an interferogram of an unatten­
uated incandescent source generated by a rapid-scanning
interferometer and measured with a pyroelectric bolometer
can be as high as 10':1, so that if the signal were digitized with
a 15-hit ADC, the noise level would he less than two bits. If
the SIN of the interferogram were much larger. the noise level
would fall helow the least significant bit of the ADC, and the
noise level on the spectrum would be determined by the ADC
(digitization noise) rather than by the detector (detector noise).
In order to avoid inaccurate sampling of the interferogram,
at least one bit should be used to sample detector noise. Under
these circumstances, the fuJI benefits of replacing the relatively
insensitive triglycine sulfate (TGS) pyroelectric bolometer
normally used for FT-IR spectrometers with the liquid ni­
trogen·cooled mercury cadmium telluride (MCT) photo­
conductive detector are not attained even though this detector
is atleeat 20 times more sensitive than the TGS detector.

Severa! methods can be used to keep the SIN of the in­
terferogram from exceeding the dynamic range of the ADC
when the MCT detector is used for GC-IR measurements.
The temperature of the infrared source could be reduced;
however. the SIN of the spectrum would be significantly
degraded at high frequencies. The dynamic range of the

interferugram could be reduced by scanning the moving mirror
faster. However to reduce the SIN of the interferogram by
a factor (If X, the velocity must be increased by a factor of
X'. As a result of this, the data rate may well be increased
heyond the maximum allowed by the ADC or the disk-based
data system. In addition, the duty cycle efficiency of the
interferometer is usually lowered as the scan speed is in­
creased. A7.arraga (1) developed a technique to eliminate the
dynamic range problem which involves the use of long and
narrow light-pipes where reOeclion losses attenuate the signal
across the complete spectrum. The decrease in sensitivity due
to a smaller energy Oux at the detector is partially com­
pensated by the increase in the absorbing pathlenglh of the
cell. However. Griffiths (2) recently made some calculations
showing that the SIN gained using Azarraga's method with
an MCT detector is only ahout a factor of four better than
the optimum value obtainable using a TGS detector.

A technique that has been used to get around tbe dynamic
range problem without decreasing the total energy Oux
reaching the detector involves dual-beam (DB) or optical
subtraction IT-IR. the theory of which is discussed elsewhere
(3-5). The dual-beam technique has been used in the past
for gas analysis by several authors with limited success.
Bar-Lev (6) described a dual-beam interference spectrometer
incorporating one source, two detectors, and a long pathlength
cell. This system was used for the detection of gases at low
concentration. A nulling ratio (7) of 40:1 was attained with
this system. Low (8) described an experimental arrangement
designed for the infrared identification of GC efOuents, which
consisted of one detector and two sources, A nulling ratio of
30:1 was obtained with both gas cells at room temperature
and the nulling ratio decreased to 20:1 after the cells were
heated. Several years later, Low and Mark (9) described a
system consisting of one source and two detectors, using which
a nulling ratio of 100:1 was achieved. Griffiths and Lephardt
(10) designed an arrangement using a single source and a single
detector for the purpose of measuring the infrared spectra of
GC peaks, They attained a nulling ratio of 100:1 even when
the gas cells were hot. The main advantage of this system
was that no pick-off mirrors were present in the beam path,
thus increasing the optical throughput of the spectrometer.
Surprisingly enough, the dual-beam technique has rarely been
used under conditions when the single-beam spectrum would
have been digitization noise limited (which is really the only
time that this method is useful). As pointed out previously
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Fluure 1. Optical layout of the dual-beam system for the on·line
measurement of GC peaks

RESULTS AND DISCUSSION
The dual-beam system for GC-IR work achieved a nulling

ratio of 15:1 when the light-pipes were heated. Even with this
rather poor nulling, the reduction of the modulated signal of
the interferometer was sufficient to reduce the SIN at zero
path difference below the dynamic range of the ADC.

The different variables affecting the sensitivity of any
GC-FT-IR system have been dillcussed in detail previoualy
(11). These include the chromatographic conditions, the
dimensions of the light-pipe gas-cell, the type of source, the
type of detector, and the scan speed of the interferometer.
The dual-beam FT-IR configuration for Gem measurements
was designed with these variables taken into consideration.
The improvement in sensitivity achieved by the system over
an earlier GC-IR system based on the FI'S-14 spectrometer
(12) was derived from three main modifications: (1) the
replacement of the nichrome wire source normally used with
the FTS-14 spectrometer with a modified Nernst glower, (2)
the installation of light-pipe gas-cells of dimensions 30 em X
4 mm x 4 mm, and (3) the replacement of the standard TGS
detector with an MCT detector.

The replacement of the nichrome wire source with a
modified Nernst glower permits operation at higher tem­
peratures, thus increasing the infrared energy reaching the
detector especially in the fingerprint region, below 2000 em-'.
It was found that the use of a Nernst glower source allowed
spectra to be measured at about two to three times greater
sensitivity than that attainable with the nichrome wire source
in this region. The SIN advantage decreases at higher fre­
quencies since above 2000 cm-' the emissivity of the Nemst
glower falls off quite rapidly.

In order to obtain the maximum sensitivity in GC-m, as
much sample as possible should be present in the light-pipe
during the measurement time. Griffiths (13) has made 80me
theoretical calculations for the optimum dimensions of
light-pipe gas-cells according to the chromatognsphic con­
ditions and found thet the optimum volume for a flow-through
gas-cell ill equal to the volume of the carrier gas between the
half-width points of the GC peak. Sharp peaks are desired
to obtain a greater SIN and the cell volume must be limited
in order to avoid the possibility of having two different GC
peaks in the cell simultaneously. The half-width oC a "harp
peak eluting from a gas chromatograph with a 'I..inch o.d.
pecked column is typically about 5 mL, 80 that the volume
of the light-pipes used, 4.8 mL, is therefore very nearly ideal
for GC-IR work utilizing packed columns. The pathlength
and cross-sectional area for thia cell are cloee to the optimum
calculated dimensions, although the measured transmittance
of the tubes (20-25%) was only about half of the calculated
value (-50%).

An experimental comparison with respect to the relative
sensitivities of the MCT and TGS detectors ia complicated
by the nonlinearity of the MCT detector response. Kuehl and
Griffiths (14) have found that a high d.c. level of radiation
on the MCT detector caused the sensitivity advantage of an
MCT detector to be amalIer than expected. At high radiation
levels the detector is apparently driven to saturation which
causes the nonlinearity in the observed response. As tha
energy reaching the detector ill attenuated, the relative ad·
vantage of using an MCT detector over a TGS detector in-
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Procedure. Interferograms were signal-averaged during the
time that each peak was present in the ligbt-pipe, and interior­
ograms from sUoceeBive GC peaks were stored in sequentiallllD,Yll
in the data system of the FTS-14 spectrometer. A l00-scan
optically subtracted reference interferogram of the empty.calls
was subtracted digitally from each sample interferogram and the
subtracted interferogram was then transformed using double­
precision software (32 bits per word) to give the infrared spectrum.
All spectra were measured at 8 em-I resolution.
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EXPERIMENTAL
Instrumentation. The optical layout of the dual-beam GC-lR

system is shown diagrammatically in Figure 1. The source is 8
modified Nernst glower (137 type from Perkin-Elmer Corp.,
Norwalk, Conn.). A 3-inch focal length 45° off axis paraboloidal
mirror (Special Optics Corp., Little Falls, N.J.) was used to
produce a beam of radiation 2 inches in diameter with a solid angle
of 3.43 x 10" steradians as input into a Model 296 interferometer
(DigiJab Inc., Cambridge, Mass.). The input beam to the in­
terferometer is slightly skewed allowing both output beams to
be collected by two plane mirrors which direct the radiation
towards two off-axis paraboloids identical to the one mounted
in the source unit. Each output beam is brought to a 3-mm
diameter focus at the entrance to the light-pipes. Two light-pipes
30 em in length and 4 mm x 4 mm in cross-section enclosed in
an oven assembly (Norcon Instruments, Inc., S. Norwalk. Conn.)
were used in this study. The two emerging beams from the
light-pipes are focused onto a 2-mm square MCT detector (Texas
Instruments, Dallas, Texas) by two off-axis ellipsoidal mirrors
cut from a 12.5-inch diameter section with focal lengths of 4.3
and 10.3 inches (Special Optics Corp.).

Chromatography. The gas chromatography was performed
using a Perkin-Elmer Model 3920 gas chromatograph equipped
with a thermal conductivity detector. For observing sample
quantities of less than I /lg, a Gow-Mac Model 40-700 flame
ionization detector (FID)/electrometer unit was adapted to the
chromatograph. This detector was used in conjunction with an
eft1uent stream splitter whose measured split ratio was about 14:1.
The temperature of the transfer line between the chromatograph
and the light-pipes was monitored in several places to ensure thet
no cold spob were present.

(5), the application of the DB-FT-JR technique should allow
a definite improvement in the sensitivity of GC-IR mea­
surements now that the sensitive MCT detector is readily
available.

This paper describes a system designed around a Digilab
Model FTS-14 Fourier Transform spectrometer for DB-FT-m
work using an MCT detector. The system has been applied
to the on-tha-f1y measurement of infrared spectra of GC peaks.
This system has both a high optical transmission and a high
optical throughput and, consequently, a very high sensitivity
should be achieved.
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figure 3. OrOnate expanded spec1ra of 100 ng ct1Iorobenzene betw-.
2000 and 800 an-I (a) slbtrac1i1g i1terte"'!1ams, (b) slbtrac1i1g spectra

snd reference interferograms before performing the FFT on
the resultant interferogram and subtrscting the spectra after
performing the FFT on each individual interferograrn. A fairly
flat baseline was obtained when the interferograms were
subtracted but a less nat baseline was obtained when spectra
were subtracted. This result is the opposite of the result that
was found for longer measurementa using condensed phase
samples, and is presumably relsted to the lack of repeatability
of the dual-beam interferograms from scan to scan. It may
be noted that the water vapor absorption is also better
compensated when interferograms are subtracted, resulting
in a slightly higher SIN between 1900 and 1300 cm-'. The
detrimental effecta of uncompensated water vapor was one
of the main problems during tbe measurementa, although it
may be noted that all resulta were found using an unpurged
spectrometer.

It is possible that the width of the GC peaks may become
broadened during the transit time from the GC column to the
light·pipes. Such an effect would result in undesirable
degradation of GC resolution. As a check on the amount of
peak broadening in our system, cyc1ohexanone was injected
into the chromatograph and tbe IR absorption profile was
determined from the variation of the absorbance of the
carbonyl stretching mode during consecutive scans; the IR
absorption prome was then compared with the GC profile (see
Figure 41. With a helium gas now rate of 30 mL/min, tbe
half-width of tbe GC peak was 10 s which corresponds to a
peak volume of 5 mL, while the IR prome shows a half·width
of approximately 14 s. Peak broadening due to the integration
of the sample in the light-pipe will always occur, and it has
been shown (I3) thst for a peak volume approximately equal

. to the ligbt-pipe volume (as is the case here), the IR profile
should be 1.5 times broader than the GC prome. These results
therefore suggest that there is little peak diffusion occurring
in the transfer line. The prome was also monitored by placing
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Compound TGS MCT Dual·belm

Anioole 0.8 0.20 0.050
Cblorobenzene 1 0.25 0.075
Diethyl malonate 2 0.45 0.100
Acetonitrile 5 1.5 0.400
Benzonitrile 10 2.5 0.750
Aldrin 5 1.5 0.400
Perthane 10 2.5 0.750
p.p··DDT 6 1.5 0.400
Heptachlor 8 2.0 0.600

F1gIn 2. OrdInate expanded spectrum of 100 ng of anisole between
2000 and 800 em-'

Sinlle-belm

Table L Experimental Detection L1mita for a Group of
OrpoJe Compounda in the Dual·Beam Sy.tern. The
Experimental Detection Limila Obtained with a
S1nlle-Beam 8yotern Ualng Both a TGS and an MCT
Detector Ate Included fo< Comparilon

Detection limits, ~g

creases and, at low radiation levels, the MCT detector response
becomes linear. The SIN obtained with the dual-beam system
for GC-IR measurementa agrees well with the detector re­
sponse calculations under conditions when the source signal
is attenuated to 20-25%.

Tabel I shows the detection limita obtained for several
organic compounds measured on·the-fly using the dual·beom
GC-IR syatem. Some sensitivity resulta obtained with a
single-beam GC-IR syatem designed in our laboratory using
the same source, interferometer, and light-pipes are included
for comparison. The replacement of the TGS detector with
an MCT detector in the single-beam syatem led to an im­
provement in sensitivity of approximately a factor of four. The
radiation from the source had to be attenuated somewhat to
avoid digitization noise problems in this system. The
dual-beam syatem gave an improvement in sensitivity of a
factor of three compared to the single-beam system with
identical optics. Consequently, this system is at least an order
of magnitude more sensitive than the corresponding system
utilizing a pyroelectric bolometer for infrared detection. Less
than 100 ng of strong absorbers gave identifiable spectra for
on·the-fly measurementa with the dual-beam GC-IR system.
Figure 2 shows a scale expanded spectrum of anisole obtained
from 100 ng of injected sample between 2000 and 800 em-'.
All the strong bands in this region are still apparent in the
spectrum.

For all infrared measurementa a dual-beam interferogram
oflbe empty cells was subtracted digitally from the dual-beam
sample interferogram to eliminate the residual background
due both to the imperfect matching of the optics and to the
presence of surface species on the beamsplitter. Figure 3
shows a spectrum of 100 ng of chIorobenzene between 2000
and 800 em-' contrasting the effect of subtracting the sample
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Figure 4. IR absorption profile vs. GC profile. carrier flow rato: 30
mUmin

a flame ionization detector ot the exit of the light-pipe. A peak
broadening of about 25% was observed at this point but this
value is relatively insignificant if the GC peaks are resolved
in the chromatogram.

The feasibility of performing quantitative GC-IR analysis
has also been investigated. using the chlorobenzene band
located at 1080 cm- I (away from the water vapor region).
Different amounts of chlorobenzene were injected on the
chromatograph and the GC-IR spectra were measured on­
the-fly. A plot of the SIN obtained for the 1080 em-I band
vs. the amount of injected sample is linear except at very low
sample concentration indicating that the technique can be
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used for quantitative analysis. At very low amcentlations the
SIN observed is slightly Jess than that expected from the
results at higher concentrations, which may indicate a small
amount of error in the data collection timing due to the
"hit-or-miss" nature of the measurements. This effect may
also be due to sample loss somewhere in the system but we
were unable to detect any cold spots between the detector and
the light-pipes.

It is likely that the detection limits observed in these studies
will be further reduced if the chromatographic conditions are
optimized. for example through the use of support-coated
open-tubular columns. It should also be noted that these
measurements were taken on a three-year·old spectrometer
and the performance of commercial FT-IR instrumentation
has been improved over the past three years. If all chro­
matographic and spectroscopic parameters were optimized.
it is very likely that the detection limits of GC-IR mea­
surements will be reduced below 10 ng for strong absorbers.
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Determination of Fluorine in Organic and Inorganic
Pharmaceutical Compounds by High Resolution Nuclear
Magnetic Resonance Spectrometry Interfaced
with a Computer System

Richard J. Warren,' A. Douglas Bender, David B. Staiger, and John E. Zaremba

Smffh Kline & French I..8boratories, 1500 Spring Garden Street, P.O. Box 7929, Philadelphia, Pennsylvania 19101
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Table I. Tuning Parameters for Computer System

Parameter Value/units Function

Pcak opening slope 0.79 mV/min Pcak detection
Opening duration 0.3 s Peak detection

counter
Filter time constant 0.7 s

Table II. Computer Print·out of
Fluorine Analysis by NMR

Analysis: 13 General Run

Name Time Percent

Sum .1344E+ 0
Stop Time 69

milligrams per unit dosage form (tablet, ampule, etc.).
The same procedure with modifications is followed for inorganic

samples. The most significant change is occasional usc of a
different internal standard. For most inorganics, sodium fluoride
has been found to be satisfactory. In rases where TFAA can be
used. this is the standard of choice.

RESULTS AND DISCUSSION

The NMR method as described is quite straightforward and
depends on the integration of the 19F signal from the sample
relative to the integrated signal of a reference material added
as an internal standard. For organically bound fluorine, we
have found that trifluoroacetanilide (NBS material) is sat·
isfactory. It is readily available, soluble in most NMR solvents,
and gives a single NMR signal. The internal standard (TFAA)
signal is found at 0.2 ppm upfield from trifluoracetic acid

. which is used as a zero reference for chemical shilt assign­
ments. The organic fluorine-containing samples studied by
this method appeared at approximately 18 ppm downfield
from trifluoroacetic acid.

A commerlcal computer has been Interfaced wUh a high
resolution nuclear magnetic resonance spectrometer equipped
wUh a fluorine accessory and has been used successfully to
quantUatlvely determine the fluorine content of organic and
Inorganic compounds. Organically bonded fluorine may be
cIel.....-ed bY'P'evlous combustion or run cIrectIy without prior
treatment. Inorganic compounds may be analyzed directly
by dissolving them In appropriate solvents. We have dem­
onstrated that after selecting approprfate tuning parameters,
the Integration of the nuclear magnetic resonance signal by
the above-mentloned computer system Is accurate and .re­
producible. The method can be used wllhout slgnal en­
hancement techniques for samples containing approximately
5 % fluorine by weight.

On the past several years 19F nuclear magnetic resonance
spectrometry (NMR) has been used extensively in structural
analysis and assignment of molecular configuration (J-4).
There have also been reports of the use of 19F NMR for
quantitative analysis of certain functional groups and en­
antiomers (5, 6). These analyses have involved derivatization
techniques followed by NMR analysis of the fluorinated
products. This paper reports the direct quantitative analysis
of fluorine-containing pharmaceuticals and pharmaceutical
intermediates by an 19F NMR interfaced with a computer.
The method is rapid, accurate, and specific for fluorine. It
has the added advantage of having no interferences from other
ions. The method can be used without signal enhancement
techniques for samples containing approximately 5% fluorine
by weight and uses as little as 25 mg of sample.

EXPERIMENTAL
Apparatus. All experiments were controlled and monitored

via an interface of a Perkin-Elmer Model R32 90·MHZ spec­
trometer to an Electronics Associates Industries PACE III
computer system.

Reagents. The trifluoroacetanilide used in this study was NBS
material The sodium fluoride was analytical grade material and
used witbout further purification. The DMSO·d. was obtained
from Merck & Co. The following standard samples were obtained
in these laboratories and were shown by other methods to be of
the higbest purity: Bendroflumethiazide, Triflupromazine and
Trifluoperazine.

Procedure. The nuorine·containing material, 25-50 mg, is
weighed into a small vial. An accurate weight of trifluoroacet­
anilide is added and the combined sample is dissolved in ap·
proximately 0.8 mL of DMSD-<4- The solution is then transferred
to a standard 5-mm o.d. NMR tube. The fluorine spectrum is
then obtained on a Perkin·Elmer Model R32 NMR apectrometer
equipped with a fluorine accessory package operating at 84.6 MHZ.
The lDf spectrum is integrated fiye times. The integration ratio
ofsample to atandard is obtained and the average of the five ratios
is then used to calculate the amount of fluorine in the sample.
The fluorine can be reported as milligrams per unit weight or

0OO3-2700178/0350-ll426$Ol.00/0 '" 1978 Ame<lcan ChemIcal Society
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Table 10. Resullo of Analyalo of Fluorine-Containing Compoundl by "F NMR

"F NMR meUtod

Computer Recorder
Compound % F, Theory integration l> inteeration A

Trifiupromazine 14.66 14.66 0.01 14.89 0.23
CII H.,N 2SFJ

Trifluoperazine 11.87 11.70 0.17 11.89 0.02
C"H..F,N,S·2HCI
Bendronumelhiazide 13.52 13.55 0.03 13.73 0.21
C'SH, .. FJN,O"SJ

Figure 1. Typical speclnJm of fluorine organic and internal standard

The PACE III computer system interfeced to Ute NMR was
a computer system used for handling chromatographic data.
One channel of the computer was reserved for NMR data
processing. The PACE III is a fully programmed digital
computer-based system designed to automate data acquL.ition,
data reduction, interpretation, and report generation oper·
ations. An ASR Model teletype is the primary means of
entering information into, and receiving mes.'i8ges and reports
out of the system. The PACE III digital computer has 16384
words of core storage for instructions, standard data tables,
and data input. The tuning parameters were calculated based
on 150-mV recorder response for the P-E Model R.~2. Values
for these parameters are given in Table I.

PACE HI is connected directly into the output section of
the NMR spectrometer. On the Perkin-Elmer R32 the

connection is made at the auxiliary signal output. From thie
point, the computer system takes over the data processing
functions all the way through to production of a complete
sample report.

Certain computer parameters must be adjusted for a specific
analysis such as fluorine or proton NMR. The parameter
values vary from one type of analysis to another but once
established they remain constant. The parameters which must
be established for 'OY analyses are those involving peak shape,
scan speed, recorder response in millivolts, and computer
points.

Adjustments are made so that the peake are Gaussian and
de-tuned to eliminate ringing-if not the computer will read
each pf the sharp, ringing peaks as individual signals.

Spectra are phased and baseline drift is corrected for prior
to integration. Note that once these adjustments are made
for the first sample, subsequent analysis of the same kind
(same sample and solvent) requires no adjustments or very
minor adustments at most. Our observation has been that
analogue integration of a detuned signal is as reliable as a well
tuned signal providing sweep rate is sufficient to prevent
saturation.

The scan speed must be optimized. If the speed is too slow,
saturation results; if too fast, there will be computer inte­
gration of an insufficient number of points.

Figures I and 2 show the typical NMR spectra of organic
and inorganic fluorine-containing compounds. A typical
print·out from the computer using a general run (area nor·
malization) is shown in Table II. The sample appeared 13

--..,~
__--.,L

L--.......L
L
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Flgwe 2. Analysis 01 Inorganlc F CCllI'IllOOOds by ''F NMR

NaBF4 SODIUM BOROFlUORATE
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seconds into the run and the internal standard is shown at
56 seconds. Both the raw areas of the signals and the percents
(normalized) are given.

Table 1JI ahows the results of analyses obtained by the
conlputer method and compares these with results obtained
by recorder integration and hand calculation. The computer
system is able to read weaker signals more accurately and, of
course, has the added advantage of rapid calculations for
repetitive samples.

Tbe procedure for analysis of dosage forms is as follows.
Grind a tablet or contents of a spansule in a mortar and pestle.
Slurry with DMSO-d.. Add an accurately weighed quantity
of internal standard, mix, and transfer to a small vial.
Centrifuge, draw off the supernatant with a Pasteur pipet,
and filter through a cotton plug into an NMR tube. Obtain
the NMR spectrum and integrate the spectrum five times.
Average the five integrations and calculate the fluorine
content.

The advantage of speed. accuracy, the nondestructive nature
of the method, and the absence of common interferences such
as phosphorous, halogens, and certain metallic impurities, all
recommended this method.
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Curie-Point Pyrolysis and Field Ionization Mass Spectrometry of
Polysaccharides

H.-R. Schulten' and W. Gorlz

Inst/lul fiir Physlka/lsch8 Chem/e, Unlverslliil Bonn, Wege/erstr. 12, 5300 Bonn, West Germany

A technique for controlled thermal degradation of technical
and bl0logicai poIyrnen by Cwte-point pyrolysis 1nsIdB the mass
lfl8CIromeIer and the analysis of the pyrolysls products by field
Ionization ma" spectrometry I. Introduced. Integrated Ion
recording by photographic detection gave reproducible lin­
gerprlnla of the macromolecular substances. High resolution
and accurat. mass meaaurementa revealed that the spectra
contained almost exclualvely molecular Ions 01 the pyrolysis
product., which could be correlatod with chemical species
found In prevloua chemical and pyrolytk: atucles. The method
eppears as an uaefultool lor dlfferenllaUon, characterization,
and IdentIlIcatlon of micrograms of bIopolymera and contrIJutes
to a beUer understanding of the mechanisms In the pyrolyals
01 macromolecule••

Pyrolysis techniques, in combination with gas chroma·
tography (GC), mass spectrometry (MS), or gas chroma­
tography combined with mass spectrometry (GC-MS), have
been used extensively to identify synthetic polymers (1-6) and
complex biological material (7-9). Using these techniques,
high molecular weight materials have been characterized by
their typical pyrograms or by specific pyrolysis products which
could be correlated with their chemical structures. Polymeric
substances analyzed include proteins (10), nucleic acids
(11-13), lignins (14, 15), and in addition complex organic
matter such as bumic acids (16, 17), and even whole bacteria
or microorganisms (18-23).

The thermal degradation of polysaccharides has been in­
vestigated thoroughly by GC (24,25), other chromatographic
techniques (26,27) and GC·MS (28). However, to date only
a rew studies on direct vacuum pyrolysis of these biopolymers
in combination with the mass spectrometric analysis of the

pyrolysis products have been reported (29, 30). This fact and
the improvements in the techniques for pyrolysis as well as
in mass spectrometry prompted our study in this field. In
particular, the development of Curie-point pyrolysis (31, 32)
using rapid heating rates (>1 ·C/ms), reproducible timet
temperature profiles, and small sample amounts appeared
promising for studies in conjunction with the mass spec·
trometer. In order to identify individual chemical species in
the complex mixtures produced in the pyrolysis of biological
material, it is desirable to reduce the ionization-induced
fragmentation in the mass spectrometer as far as possible.
Therefore, once a reproducible and significant pyrolytic
fragmentation has been obtained, the use of MS with low
voltage electron impact (EI) ionization (33) or better by mild
ionization modes such as chemical ionization (CI) (34), field
ionization (FI) (35), and field desorption (FD) (36, 37), is
advantageous.

It is the purpose of this paper to report the first pyrolysis
MS experiments involving vacuum Curie·point pyrolysis in
the ion source of a high resolution FI mass spectrometer in
order to explore the potential of this combination for the
differentiation, characterization, and identification of small
amounts of biopolymers and for the elucidation of the
chemical composition and structure of the pyrolysis products
of biological material.

METHODS
Field Ionization Maos Spectrometry. The FI mass spectra

were produced on a modified CEC 21-110B instrument (38), using
the photographic detection system with Ilford Q2 plates. The
resolution obtained was better than 10000 (at half peak width),
and the average accuracy in the mass determination was ±2.5 mmu
for all peaks. For accurate mass measurements (in the text the
theoretical masses are given), reference masses were taken from
the FI mass spectrum of perfluorotributylamine. The emitters
used in all experiments were prepared by high temperature
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Agur. 1. Schematic drawing 01 the Instrumental salup 10< CurIe-poinI
pyrolysis In combination with field ionization mass spectrometry. The
pyrolyzer and the FI ion source chamber are mounted in the
source-housing of the CEe 21·1108 mass spectrometer

activation of 7·lJm diameter tungsten wires (39,40). The dis­
tribution and morphology of the carbon microneedl.. was different
from those of the usually employed field desorption anod.. (39).
The typicaJ FI emitter was a tungsten wire with small-toothed
needles (like a fine comb) having an average length of 3 to 5 IJm.
As standards we used emitters which gave a total emission of 3
x 10-7 A and a signal for the molecular ion Crnle 58) of 2 V
(amplification factor of the multiplier 1 x 1()6; output resistance
of the multiplier lOS n; ion source and emitter temperature ..... 50
°C) when checked using acetone at a source pressure of 5 X 10-.(
Torr.

Curie-Point Pyrolysis. The pyrolysis mass spectrometry
system shown schematically in Figure 1 was designed in our
laboratory. Basically, this system consists of a special Curie-point
pyrolysis inlet with a high frequency coil (Fischer. Labortechnik
1.5 kW. 1-MHz hf power supply) fixed close to the Fl ion source.
The sample is transferred in a glass capillary into the source
housing via the conventional direct introduction system of the
mass spectrometer (vacuum lock). The capillary is mounted
exactly in the center of a cylinder of ferromagnetic mewl which
is adjusted in the middle of the high frequency coil hy the in·
troduction rod. When the high frequency pulse is applied (usually
between 2 and 4 s), the metal mantle reaches its Curie·point
(change from ferromagnetism to paramagnetism) within a fraction
of a second and keeps a precise temperature specific to the metal
used. e.g.• for iron 770 ·C. nickel 358 ·C. cobalt 1128 ·C. The
sample is pyrolyzed almost simultaneously and the products
diffuse into the high vacuum of the ion source chamher (glass
cylinder) and are field-ionized.

Curie-Point Pyrolysis in Combination with High Reso­
lution FI Mass Spectrometry. D(+)-Glycogen (MW 270000
to 3500000, Fluka AG.• Buchs. Switzerland) and a series of

dextrans with MW between 32000 and 40000000 (Serva, Hei­
delberg. West Germany) were pyrolyzed at the Curie-point of.
cyJindric iron mantle (Figure )). The ionization (and exposure)
time of the pyrolysates was regulated. with an automated emitter
heating device (41. 42). The time program for the emitter heating
current and the observed total emission measured between the
field anode and the slotted cathode plate at 2·mm distance and
at +10/-2 kV accelerating voltage are shown in Figure 2. Before
the start of the pyrolysis pulse. a background emission of about
5 x 10-9 A was observed due to ionization of residual gas (5 x
10" Torr) in the ion source chamber (a). AJJ depicted, pyrolysis
starts at (bl and gives momentarily an intense ion current which
drops after about 10 s. At this point (c), the emitter heating
programmer raises the heating current (dashed line in Figure 3)
linearly from 0 to 10 mA and is subsequently turned off. During
this procedure, those products arc desorbed which have been
adsorbed onto the emitter surface after pyrolysis of the polymeric
material. This field desorption is clearly indicated by a slight
rise in the total emission Cd) and contributes to the detection of
substances of lower volatility which survived for the time required
to travel between the place of pyrolysis and the emitter. Figure
2 shows that the rotal emission due to FI of the gaseous pyrolysis
products by the cleaned, low temperature surface of the emitter
is ot first enhanced, but within 5 min falls close to the vaJue
observed at the beginning (a). although a second heating interval
was applied after 4 min. Prior to the evaluation of the high
resolution data from the photoplate, the characteristic proftles
of the heating current and total emission gave an indication of
the thermostabHity and thus the best pyrolysis temperature of
the material under investigation.

The time consumed for one analysis is approximately 10 min
fur sample loading, probe introduction, pyrolysis, and recording
of the FI mass spectrum. However, processing of the photoplate
and data acquisition (up to 32 spectra are stored) takes a few
hours. Obviously the main obstacles to making the proposed
technique available for routine work are the considerable costs
of the Herlog-Mauttauch geometry instrument, the data system,
and the necc5Sary comparator.

RESULTS AND DISCUSSION

~'igure 3 shows the FI mass spectrum of the thermal
degradation products of glycogen. a branched polymer of
amylose chains joined through a 1 - 6 links. When Cu­
rie·point pyrolysis was performed in the ion source of the mass
spectrometer (Figure 2), the photographically recorded mass
spectrum gives a fingerprint for this polysaccharide. Repeated
measurements under the same experimental conditions re­
vealed that the characteristic pattern of the pyrolysis products
is reproducible and allows the recognition of the biopolymer.
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Figure 4. Proposad pathway foc the focmatlon Of the larger pyrolysis
pt'oducts (> mi. 100), •.g. Ievoglucosenone by dehydration Of Ie­
voglucosan

84 all substances listed in this table have been identified
previously in other pyrolysis experiments of carbohydrates.
Since only pyrolysis products with a maximal number of six
carbon atoms were observed, it was assumed that splitting of
the polymer into monomer subunits followed the mechanisms
suggested by Shafizadeh et al. (43) for other 1 - 4 linked
polysaccharides such as cellulose. In order to explain the
formation of the observed ions and in order to correlate their
occurrence with the structure of the biopolymer, three basic
chemical reaction mechanisms were employed. Dehydration,
retroaldolization, and decarbonylation were taken to be the
essential processes for generating the smaller pyrolysis
products, in particular after the cleavage of the polymer into
C. subunits.

In vacuum pyroly.is of 1,4 linked polysaccharides, one of
the main products is I,6-anhydro-lJ-o-glucopyranoside (Ie­
voglucosan) (26). The formation of levoglucosan as a primary
product of the thermal fragmentation explains the appearance
of mle 162 in the FI spectrum of glycogen (Figure 3). Le­
voglucosan, which is thought to be a key oompound for further
pyrolysis reactions in the thennal degradation of cellulose (26,
43,44) can yield products that contribute to the ions at mle
144 and mle 126 by dehydration a. depicted in Figure 4. One
possible structure for the ion at mle 126 is 1,6-anhydro­
3,4-dideoxY-IJ-o-glycero-hex-3-enopyranos-2-ulose (levo­
glucosenone) which was found by other authors in acid-ca­
talized pyrolysis of cellulose and related carbohydrates (45,
46). In addition, this compound was identified by Ohnishi
et al. as the prevailing volatile product in Curie-point py­
rolysis-GC investigations of cellulose (47). A probable
structure for the pyrolysis product which gives a prominent
ion at mle 144 in FI-MS is proposed in Figure 4. This
compound, 1,6-anhydro-3-deoxy-IJ-D-threo-hexopyranos-2­
ulose was not found previously, but appears to be a reasonable
intermediate in the reaction pathway involving water eHm·
inatian.

At present, an assignment of a certain structure to the ions
at mle 146, 116, and 113 on the basis of the high resolution
data alone is difficult and requires the analysis by other
techniques such as collisional activation MS (48).

As may be inferred from Figure 5, the formation of the
smaller thermal degradation products of the polymer origi­
nates from the proposed C. subunit and follows the three
dominant pyrolysis mechanisms: dehydration, retroaldoli­
zation, and decarbonylation. Moreover, this pyrolysis pattern
is strongly supported by the thorough investigations of the
substances generated by thermal decomposition of levo­
gluoosan (44) which is thought to be a principal and important
intermediate in the pyrolysis of 1 - 4 linked polysaccharides
(26). Furthermore, the pyrolysis products of glycogen which
are represented by the FI ions at mle 102.031 (C,Hs03) and
mle 84.020 (C,H,O,) can be explained by dehydration of
erythrose and fit into the pyrolysis pathway of glycogen
described in Figure 5.

Under the same experimental conditions, other poly­
saccharides give a different pattern of pyrolysis products. For
instance, a dextran with a molecular weight of 2000000 shows
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FIgure 3. Fl ma.. spectrum of the pyrolysis products of Curie-polnt
pyrolysis of glycogen (pyrolysis program In Figure 2)

Reproducibility here means that qualitatively the same ionized
products ere always found and that the pattern of the signal
intensities differed significantly from that of other poly·
saccharides. The variation in the relative intensities of the
ions for repetitive pyrolysis was about :1:5% for peaks between
10 and 80% logarithmic blackening. However, in view of the
considerable inner variance of the technique due to the field
ionization process itself and the recording system used, the
advantage of Curie-point pyrolysis/FI-MS is not its repro­
ducibility. Clearly, the differences in the quality of the
photographic emulsion, the developing procedure, and the
small dynsmic range of the photoplate for the recording of
large, organic ions contribute intrinsicslly to the deviations
in the signal intensities. In this respect, the method for
fingerprinting of polymers and micro-organisms described by
Meuzelaar and co-workers (33), using Curie-point pyrolysis
in combination with electron impact ionization in 8 low
resolution quadrupole mass spectrometer and registration of
the spectra in a time averaging computer is superior. But as
far as specificity of the pyrolysis data, that is the production
and identification of primary, thermal degradation products
is oonoerned, the results of this high resolution FI investigation
make our method attractive for the following reasons.

I. The soft ionization mode produces almost exclusively
molecular ions and thus moss spectrometric fragmentation
does not obscure the recognition of the chemical substances
in the oomplex mixture which is created in the rapid thermal
degradation of a macromolecule.

2. The resolving power achieved enables accurate mass
measurements and gives a reliable indication of the elemental
composition of the individual chemical species.

3. As described in the Methods part (see Figure 1), in this
first approach to performing Curie-point pyrolysis in the ion
source of the mass spectrometer, the distance between the
places of pyrolysis and ionization was considerably smaller
than the free pathway of the pyrolysis products after release
from the direct pyrolysis zone. Therefore intermolecular and
wall oolIisions are strongly reduoed and the escaping products
should enable a direct correlation with the structure of the
macromolecule inveatigated.

4. Even the strongly fluctuating currents of a wide variety
ofdifferent ions generated in the pyrolysis pulse are registered
by integration and simultaneously as the photoplate is em­
ployed as a recording device.

Indeed, 88 may be inferred from Table I for the peaks shown
in Figure 3, an elemental oomposition was found and a
chemical structure for these pyrolysis products was tentatively
assigned. With the exception of mle 146, 144, 116, 102, and
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a spectrum (Figure 6) which can be distinguished from the perimental conditions. Second. proton transfer reactions are
Curie-point FI mass spectra of glycogen by three general facts. more pronounced as may be inferred from the intensities of
First, this polysaccharide yields more gaBeous pyrolysis the signals at m/e 18/19; m/e GO/61; m/e 90/91 for example.
products (and a higher total emission) under the same ex- Third. accurate mass measurements reveal intense FI ions in
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Propoaed compounds
Ion

type
Error,
mmu

Theoretical
mau

Tabl~ L Hlp ReooIullon nata and Propooed Cllemical Idenllty of the Oboerved Molecular Iona in the Curie-Point
PyroIyoIa/Fle1d Ionization Mall Spectrum of Glycogen

Probable
elemental

composition

18.011 +2 H,O M Water
19.018 0 H,O M+l
22.989 -2 Na SodiumG

27.997 +3 CO M Carbon monoxide
28.031 -3 elH.. M Ethene (28)
29.003 +4 CHO f
29.039 +2 e,H, f
30.011 -4 CH,O M Formaldehyde (25, 26)
31.018 -2 CH,O M+l
37.029 -2 H,02
42.010 +3 C,H,O M Ketene (26)
42.047 +2 e,H, M Propene (28)
43.018 +4 C,H,O M+ 1
43.055 -2 C,H" f
43.990 -4 CO, M Carbon dioxide
44.026 -3 C,H,O M Acetaldehyde (25, 26. 28, 44)
44.997 +4 CHO, f
45.034 0 C,H,O M+l
46.005 0 CH,O, M Formic acid (26)
55.018 +3 C,H,O f
56.026 -5 C,H,O M Acrolein (25, 28, 44)
57.070 -3 C"H, f
60.021 +2 C1H.. 0 1 M Hydroxyacetaldehyde (26, 43. 49)
61.029 -2 C,H,O, M+l
72.021 0 C,H"Ol M PyruvaJdehyde (26, 43, 44)
74.036 -1 C,H,O, M Hydroxypropanone (26, 43, 44)
84.021 +4 C"H..O, M b
85.029 -2 C.H.D, M+l
86.037 -4 C.H.O, M 2,3·Bulancdione (26, 28, 43, 44)
90.032 -2 C,H,Ol M Glyceraldehyde (26, 43, 49)

Dihydroxypropane (49)
91.040 0 C,H,O, M+l
96.021 +3 C.H"O, M 2-Furaldchyde (25, 26, 43, 44,

46,47)
97.029 +2 C,HJO, M+l
98.036 0 C,H.0 1 M Furfurylalcohol (28)

l,5'Anhydro'2,3-dideoxY-~'D-

(pent·2·cnofuranosc (45,46)
102.032 -1 C"H,O, M b
103.040 +3 C.. H"O.. M + 1
110.037 +3 C,H,O, M 5-Melhyl·2·furaldehyde

(26,28)
113.024 -1 e,H,O, M + 1 b
116.047 -1 e,H,O. M
126.032 -3 C,H,OJ M Levoglucosenone (45-47)

5-Hydroxymethyl'2-furaldehyde
(26, 43, 44, 46, 47, 49)

127.039 -4 C.H,O, M+l
128.047 -2 e.H,O, M 1,6'Anhydro-3-deoxY'~'D-

Ihreo·hex-3-enopyranose (47,)
144.042 +2 e,HIO.. M b
145.050 +3 C,H,O, M+l
146.058 -2 C.H,oO<l M b
162.052 -3 C,HIOO. M Levoglucosan (26, 43, 49)

l,6'Anhydro-~-D-glucofuranoae

(43,49,50)

o Impurity. b Molecular ion or protonated molecules not previously found.

tbe bigher mass range whicb contain more than .ix carbon
atoms (see Figure 6).

CONCLUSION

The results deacribed above clearly demonstrate three basic
features of the Curie-point pyrolysi., FI-MS combination.
First, large primary products are generated, predominantly
by thermol cleavage of the macromolecule. Second, the
analytical procedure to identify these substances involves high
resolution and accurate mass measurements. Third, as
consecutive 1114$' .pectro11U!tric fragmentation does not
obscure the 8pectrallines due to the thermal fragmentation

and an elemental composition of the molecular ions can be
assigned, a direct correlation between the pyrolysis products
and the structure of the polymer can be established.

The main reasons for the potential of this technique are:
High vacuum pyroly.is, the .hort distance between the
position of pyrolysis and of ionization, and 8 soft ionization
mode. FI is 8 particularly .uitable mode because of the small
electronic excitation energy transferred in the ionization

--process (only a few tenth of an electron volt) and due to the
f8ct that ionization 8t the emitter .urface offers the possibility
of energy relaxation of the thermally excited pyrolysis
products.
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Automated Simultaneous Qualitative and Quantitative Analysis
of Complex Organic Mixtures with a Gas
Chromatography-Mass Spectrometry-Computer System

S. C. Gates,l M. J. Smlsko" C. L. Ashendel,3 N. D. Young,4 J. F. Holland. and C. C. Sweeley'

Departmenl of Biochemlslry. Michigan Slate University, Easl Lansing. Michigan 48824

A aystem has been developed which uses retention Indices
In performing an oN·llne reverse library search of selected
mass chromatograms from the repetitive scanning GC-MS
analysis 01 complex mixtures. More fhan 100 components In
a typical mixture of organic acids from urine are aufomatlcaUy
Identnled and quantitated at a rate of one compound each 6
s. Typical of the analytical results obtained In this 8tudy are
an observed precl810n of retention Index determination 01
0.2%. a lower limit 01 detection 0110 ng Injected. a GC-MS
precision of 8 % upon duplicate determInations of the same
sample, and a 1000-fold linear range of quanlRatlve analysls.

AnaJysis of multicomponent organic mixtures i" of interest

1Present address, Department of ChemistJy. University of Michigan,
Ann Arbor, Mich. 48104.
49~63.esent address, Aeroquip Corp. 300 S.E. Ave. Jackson, Mich.

'Present address, McArdle Laboratory, University of Wisconsin.
Madison. Wis. 53715.

.. Present address, Upjolm Company, Kalamazoo. Mich. 49001.

in a number of specialities within the field of analytical
chemistry. Classically. analytical procedures have been
designed for the analysis of one or a very small number of
compounds in these mixtures, but 8 more recent trend has
been to develop a means of measuring the complete "prome",
or analyte pattern. The utility of such systems is particuIarly
apparent to forensic. atmospheric. and clinical chemists. all
of whom occasionally analyze multicomponent mixtures when
it is not known in advance what compounds will be of most
importance.

A common feature of most such profiles is the relative lack
of qualitative variation from sample to sample. despite the
considerable complexity of the samples. Thus, for example,
the clinical chemist analyzing urine samples encounters
virtually the same set of compounds in each sample, with
relatively minor variations. The two features of interest, then,
are quantitative differences in one profile compared to a profile
from another source or the same source at 8 different time,
and the appearance of one or more highly unusual constituents
in a particular sample. The task of analyzing the profile is
therefore greatly simplified because a massive library search

0003-2700/78/0350-0433$01.00/0 iC 1978 American Chemical SocIety
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of comparison features (spectra or other physical properties)
need not be undertaken to identify every compound in each
such sample. A "local" library of features that are parlicularly
pertinent to the type of sample being analyzed can thus be
riulintained and referenced conveniently on a conventional
laboratory minicomputer system.

A typical approach in the determination of profiles has been
a chromatographic separation of the components, followed by
spectroscopic analysis of the separated sample. When 100 or
more components are present in 8 given sample or fraction,
the method of choice has most frequently been gas chro­
J1latographic separation followed by mass spectrometric
identification of individual GC peaks (1-4). Some use has also
peen made of liquid chromatographic separations to obtain
profiles (5,6), but such efforts have been hampered hy the
lack of a detection system capable of uniquely distinguishing
a wide variety of closely eluting substances in a liquid medium.

Two problems associated with profile analysis by gas
chromatography-mass spectrometry (GC·MS), however, have
been the lack of a means of identifying substances that are
incompletely resolved, and an inability to quantitate the large
number of minor components typically present in biological
mixtures. Traditional library search techniques, even on small
data bases, are poorly suited to the identification of individual
bomponents when a mass spectrum may contain contributions
tram 8S many as five or more compounds. Furthermore,
selected ion monitoring, usually the method of choice for
quantitative analysis by GC·MS, cannot be used for analyses
of more than a dozen or so compounds, at least with presently
available instruments.

Hence, most published GC and GC·MS profiles of biological
nuids have not identified or quantitated more than the major
components in the mixture (1-4, 7, 8). An approach taken
by some laboratories to circumvent this problem has been to
group compounds together and quantilate clusters of unre­
solved compounds by GC peak area (7,8). A more satisfactory
fOlution has been the use of capillary GC columns (9-11); these
have been especially effective when used with suitable data
processing techniques to allow compound identification (12).
However, even capillary columns do not fully resolve· all
components, nor do they provide completely unambiguous
identification of substances without the use of a mass
spectrometer.

Hence, the goal of this laboratory has been to develop a low
resolution GC-low resolution MS-computer system which
would provide automated quantitative and qualitative analysis
of 100 or more components in a complex organic mixture: The
system that was developed to meet this goal is described in
this paper.

EXPERIMENTAL

Urine Separation. Organic acids are separated from human
urine by a modified version (J3) of the procedure of Thompson
and Markey (7). In brief, this procedure consis~, of precipitation
of polybasic inorganic salts from 1 to 2 mL urine with barium
hydroxide, oxime formation with hydroxylamine hydrochloride
(J. T. Baker Chemical Co.), and separation of the neutralized urine
on a column of DEAE-Sephadex (Pharmacial in the acetate form.
After an aqueous wash of the column (50 mL), acids are eluted
with 40 mL of 1.5 M pyridinium acetate and the eluate is lyo­
philized to dryness. The residues arc treated with 250"L of
bis(trimethylsilyl)triOuoroacetamide (BSTFAl, containing 1%
trimethylchlorosilane (TMCS) (Pierce), in dry, redistilled pyridine
(4:1, vIv). Trimethylsilylation is carried out at 80 ·C for 1 h, after
which the samples are stored in sealed, silanized glass capillaries
at 4 ·C.

Gas Chromatography. Gas chromatography is performed on
ii Varian 2100 GC equipped with dual Oame ionization detectors
and Varian A-25 recorders. Aliquots (2 "L) of the trimethyl­
silylation reaction mixture are chromatographed on 12 fl by 2 mm
Ld. glass columns containing 5% OV·17 on 80/100 mesh Su-

pelcoport (Supelco). Conditions of analysis include injector aod
detector temperatures of 300 °C, amplifier gain of 10- 10 A/V,
attenuation at 2, and recorders at I-mV full scale. The column
oven is temperature programmed from 60 to 290°C at 4°Imin,
with no initial isothermal period. Gases used are helium as carrier
at 40 mL/min, hydrogen at 30 mL/min and air at approximately
300 mL/min.

Mass Spectrometry. Mass spectral data are obtained on an
LKB-9000 gas chromatograph-mass spectrometer (LKB Pro­
duktur) with a Digital Equipment PDP 8/e·based data system
(141. The gas chromatograph of the LKB contains alOft by 2
mm i.d. coiled glass column packed with 5% OV·17 on 80/100
mesh Supelcoport. During normal operation, the column is
temperature programmed from 50 to 260·C at 4· /min; the sample
(2-8 "L) of the silylated orgaoic acids fraction (described above)
is inject.ed when the column reaches 60°C and data collection
begins approximately 7 min later. Oilier conditions arc: ion source
temperature, 290°C; GC injection port, 150°C; gain 8 on the
multiplier; scans at constant 4-s intervals at scan speed 8 over
the range m/z 49 to m/z 550; acceleratiog voltage, 3.5 kV; trap
current, 65 J,lA; filament current, approximately 4A; and ionizing
voltage, 70 eV. Calihration of nominal mass a~ainst per­
Ouorokerosene masses and checkin~ of system noise levels are
performed once each day. Atest sample of urinary organic acids
is also injected at the beginning of each da}' to check the per­
formance of the entire GC-MS-computer system.

When the system has·met the test specifications, the GC column
of the LKB i. pre-treated by two injectioos of the BSTFA-TMCS
silylatinJ{ mixture and the column cooled to room temperature.
An aliquot. (0.5 j..IL) of a mixture of 8 straight-chain hydrocarbons
(with 10, 11, 12, 14, 16, 18,20, and 24 carbon atom.) in hexane
is withdravo't1 into a lO-Jl.L S)Tin~e. followed by a O.5-JolL air "spacer"
and 2 to 8 J,l1.. of the derivati7.cd urine sample. The sample
<:apillary is discarded immediately, even if sample remains. The
sample is analyzed on the LKB under the above conditions, after
which t.he run is validated by brief manual inspection of a few
mass chromatograms, and the data are then transferred to a PDP
11 140 computer (Di~ital Equipment) for subsequent processing.
During the traTlsfer, which takes 6 to 10 min, the data are
com.-crted to the standard mass spectral data format used on the
PDP 11/40 in thi. laboratory (15). The PDP 11/40 system
consists of a 16-bit, &6000-word core memory minicomputer with
two 1.2-million word removable disks, a 7-track magnetic tape
drive. DECwriter, Tektronix 4010 scope display unit, and a
Tektronix 4610 hard copy unit. All programs on the PDP 11/40
are designed to be used with the Diftital F4uipment time-sharing
system, RSX-llD (Version 6B). Programs are written in assemhly
lan~uage, Fortran IV, or a mixture of both. MS.SMET (described
later) occupies approximately 8100 words of core memory in the
PDP 11/40, exclusive of n 12 QOO..word library of general purpose
system and Fortran subroutines.

ANALYSIS OF GC-MS DATA

Once the GC-MS data are collected and transferred, they
can be processed at nny later time by the mass spectral
metabolite program (MSSMET), copies and details of which are
available from the authors. This program is used to convert
GC-MS data to analyte identities and relative or absolute
concentrations. In brief, it does this by using a reverse library
search of individual ion profiles (mass chromatograms (16))
in the region of the expected gas chromatographic retention
index (17,) of each compound of interest. If a small set of 2
to 8 pre-salected- differentiating ions are all found to apex at
the same location and in the proper ratio, as specified by the
library entry for that compound, the substance is considered
positively identified. Each compound is quantitated by
calculating the ratio of an ion peak area and peak height of
the compound relative to the ion peak area and peak height
of a quantitative internal standard. This search of m/z in­
tensities is performed automatically by the computer for each
library entry and the results are printed or stored for further
statistical analysis.

Program operation is flow-charted in Figure I; details are
published elsewhere (18). In general, MSSMET is designed to
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(1)

where Me = match coefficient, N = number of confarming
ions, I! =intensity or jth ion in library entry, If =intensity
of jth ion in data.

The "match coefficient" calculated by this method is uaed .

The quantitation factor, k, is determined experimentally
utilizing a pu,. reference compound. The accuracy of COD­

centration (C) obtained from Equation 1 depends on the
reproducibility of the designate ion intensity, relative to total
ionization. The confirming ion set includes those ions that
must peak at the same time as the designate ion, each paired
with its intensity relative to the other confirming ions. By
definition, the designate ion must be included in the set of
confirming ions.

Once a library entry for a compound is read into core
memory, the computer calculates an expected retention time
for the substance. Library retention data may be expressed
as retention time in minutes and seconds, relative retention
time, or retention index; regardless of the form, it is converted
to the scan number in the GC·MS data. A time ~window"

is then calculated within which the substance is expected to
elute. The width of the window is based on the value of a
library option; it is typically 120 to 200 s wide in our system,
and is centered at the expected retention time. Mass
chromatograms are collected of all of the confirming ions
within the window, and the computer finds any peaks of the
individual ions.

After the mass chromatogram peaks are located, an area
and height are calculated for each. The ratios of the areas
(or heights) of all of the confirming ions are calculated and
compared to the library rati"" using a slightly modified version
of a formula by Grotch (19):

(2)100

C=k~.!r
Au V

where C is concentration in mglmL, A is the area of the
designate ion, W is the weight (mg) of the internal standard
added to tha sample, and V is the volume (mL) of sample
extracted.

Figur. 1. MSsa.ET flowchart

be completely automatic; hence, all but the initial set of
commands are entered from a library file which resides
permanently on the disk and which is read sequentially by
the computer. All entries in the library arc of one of two forms:
either a command to change the value of a particular program
variable ("option") or a set of information about a particular
compound. Each of these types of entries may aL<;o be entered
manually from the teletype during the program execution, if
desired.

A typical analysis by MSSMET begins with the operator
specifying the names of the two disk nIes containing the library
entries and the mass spectral data. In addition, the operator
is prompted to provide information about the amount of
internal standard added to the original sample, the volume
of sample (urine) extracted, and the amount of any other
normalizing factor to be used in quantitation (e.g., creatinine
concentration). Once these data are entered, the first entry
in the library file is read. Usually, the first several entries
provide the initial numerical values of the 34 program options.
The information on the first compound in the library is then
read in the library file. This four-line entry includes the
compound's identifying number and name, if known; its
nominal (expected) retention time; the mlz of the "designate"
ion and a quantitation factor, and the set of "confirming" ions
and their expected relative intensities. The designate ion is
that ion which is expected, based on previous experience, to
be most differentiating of the compound at its anticipated
elution position. The ratio of the area of the designate ion
of the compound to the area of the designate ion of the internal
standard is converted to actual concentration using the
quantitation factor and the following formula:
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as one measure of the match between the library entry and
the spectra from the GC-MS analysis. The other measure is
the deviation of the retention index (or other measure of
retention behavior) observed experimentally frum that
predicted by the library entry. The match coefficient and the
retention index deviation must both he within certain limits,
set by library options, for a positive identification ("+" match
category). Marginal matches between library and SlIml,/e data
are nuted ("?" match cntcg-ory), as nrc negative matches ("-"
match category), and a file containing only compounds
considered to be positive matches is established; it is t.his
"found" file which is generally retained for manual or stn·
tislical evaluation. Both types of files contain the name of
the compound; the match coefficient and the match category
(+, ?, or -); peak area and height; uncorrected relntive
concentration; retention time; retentiun index; de\'intion in
time and retention index units of the compound from its
nominal value; and the scan numbers where the peak was
found. Match coefficients and relative concentrations are
computed from both peak heights and penk nreas. Any ur nil
of this information may be suppressed using the oppropriutc
value of the "print" option.

Peak and Baseline Determination. Two criticul pnrl,;
of the proJ.{ram deal with the detection and 4uontitation of
peaks in the illdividua! mass chromato~rams. Peak detection
consists of u series of decisions based upon the critical pn­
rameter volues provided by the library. The program con­
sccutively detects three reJdons of each peak. Initinlly, the
intensity ot cach tmccecdin~ scan within the window is ex­
amined until a pre-set number of increlt'iin~ points, or n critical
slope vuluc, is tiurpnssed. Then, in the second region, the
program examines points until a maximum has becn detected
and the peak intensity falls below a predetermined thre~hold,

which may be either a fixed intensity vaille or, more usuully,
a fraction of the height of the peak. In the 18!;t region, euch
point is examined to see if the intensity has begun illcreal;ing
agnin; if it hns, or if the end of the window is encountered,
the pcak is considered ended.

\Vhen all peaks of t.he confirming ions within the window
have been located, a second poss through the data i!' used to
select up to 20 points for a baseline. All dllta poinL,; within
the window are examined as potential candidates for thl'
baseline. They ore discarded from consideration if t.he!t· ml"t't
any of the following criteriu: occurrence before the beginning
of the first peak; occurrence after the end uf the Inst peok;
occurrence Ylithin the boundaries of n peak, except for the first
und last points of the peak; occurrence ot u puint common tu
two unresolved penks, unless that point is lower than the
prc\lious baseline point; occurrence at the first point of the
window, unless lower thun the next baseline point; or oc·
currence at the lost point of the window, unlt!ss lower than
the previous baseline point-.

The haseline points selected by this proces!' are used to
determine an unweighted lenst-squures fit 1.0 on lIt.h order
curve, where n is set by the library to 0 "ulue bctween 1 und
5, inclusive. A complete bnseline is then interpolated from
these data ond the baseline subtracted areas uf ull penks nre
determined. Unresolved peak areas arc divided at the
minimum between the two peaks. No further attempt is mode
to deconvolute the penks.

Retention Index Determination. Although gas chro­
matographic retention hehn\Iior may be expresscd in terms
of elapsed time, relative retention time, or retention index,
the last measure has been most commonly used with Mssm:r.
Two similar methods for computing retention indices hav('
been tried. The first relies exclusively un the retention data
of the straight-ehain hydrocarbons co-injected with the sample.
In this method, one of the hydrocarbons is located using an

est.imated retention time and a very wide search window. All
other hydrocarbons are located using estimated retention times
relativc to the first hydrocarbun locatcd. Retention indices
of componenL,; of the mixture arc then calculated by linear
interpolation between thc appropriate pair of flanking hy·
drocarbons.

The second approach is to locate 8 hydrocarbon standard
hy estimated retention time, then locate two neighboring:
sample component.s (not hydrocarbons) by relative retention
time. These two are then used as retention index standards
to locate, by linenr extrapulation, several other sample
component.s, which are, in turn. added to the list of retention
index standard!'. Hetention indices of other compounds are
then calculated by linenr int.erpulation betwecn flanking
retention index st4'lndards, exactly as when using hydrocarbon
standards.

Selection of Library. The librory is built using the
slandord texl editur on the PDP 111'10. Ench librnry entry
is based Oil slU(lics of the mass spectra of reference com­
pounds, or mass spectra from the type of sample to be 8n­
alyz('d. Hetention indices nrc determined empirically and
pcriodkally updated us more samples ore analyzed.

Two methods h:Jve been used to select designat.e and
conlirming ion sets for use in the librnry. One of these is
st.rictly intuitive, b:Jsed on knowledge of the general types of
sp'.!clra invn!v{'d. The second, and more recent, approach is
t.o Ust'l.IIl algorithm (fo.1SSI>SG) which compares the complete
lihrary spectrulTl to spectra taken from a sample of the type
til he Hllnlyzrd. The kry feature of this comparison is that
the lihrary spectrum is (:ompared to spectra taken from the
region of the sample where it would be expected to occur,
based 011 the retelltion ind~x of the librnry spectrum. Thus,
for (~xnlllple, a mass spectrum of th~ trimcthylsilyl derivativc
of lactic acid might he compared to 16 mnss spectra taken
during: CC sep;uation of n urine extract in t.he re~ion around
the nominal retention index of the TMSi deri\'ative of lactic
arid (l JOlon 5'k OV·17). Hm;ed on this comparison, ratios
orc computed which compare each ion of the normalized
lihrnr~' spe<.'trum to the corresponding: ion in the nurmalized
sum of the sample speClrn:

R = LmQ
m Sm (3)

WhN{, /lm is the ratio for ion mas~ m, Lm is the normalized
intensily of ion of mass 11l in the Iihrary spectrum, Sm is the
normalized intensity of the ion mass m in the summed sample
spectru, lUld q is a factor (typically 1.05) used to weight intense
ion~ more hea\·il\,.

The ratios arc ~alculated for as many a~ JO different samples
und the ratios computed for each sample nre then ranked by
olwthcr program (MSSCHS) and summed. The highest set of
ranked ratios arc scleclCci and the ion with the highest ratio
is dlOsrn tn he the designate ion. Up to 7 other inns are
selpt'lro to complete the confirming: ion set. Only one ion from
each isotoJle cluster i!' chosen.

Once library entries have been ~elected by either method,
they art> tested ngainst se\'Nal samples. Using the "dehug"
option to examine the actunl ratios of t.he confirming ions, the
lihrary entry is modified until it adcquately functions in
finding the library compound in severn I hiological samples.
The lihrnry determined hy this method for organic acids in
human urine is available fwm the authors and is included as
un appendix in Ref. 18.

RESULTS AND CONCLUSIONS
Baseline and Peak Area Determination. The per­

formance of MSSME'T' was evaluated in part by comparing the
results obtained by this method with data calculated from
manually determined baselines and areas. As illustrated in
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Figure 4. Variability of ratention times of retention Index .ta_.
Retention times were fOt.n:l by MSSMET for each of the retention Index
stendards In 5 sample. of Lrinary "'98nk: acids analyzed on 1he
LKB-9000 over a 1·year pertod

a highly complex biological sample such as urine are found
somewhat less precisely (mean standard deviation was 2.79
for 652 determinations). If substances in the sample are used
instead of hydrocarbons as retention index standards, precision
improves considerably (mean standard deviation was 2.38 for
781 determinations). Retention times and relative retention
times are less precise than retention indices. As shown in
Figure 4, retention times, even when they are reasonably
reproducible over short time periods, can vary markedly over
longer periods of time (J year ill Figure 4), with some vari­
ations as well in the shape of the retention time VB. nomin~

retention index curves.
Quantitative Analyais. MSSMET has been tested on a

variety of pure samples to evaluate quantitative precision and
accuracy (24, 25). Subsequent studies on urine samples have
confirmed that the repetitive scanning technique provides
linear results over approximately a !Ooo-fold range. 10
complex mi:r:tures such as the urinary organic acid fraction.
the technique therefore yields reliable quantitative data even
for substances representing 0.01 % or less of the dry weight
of the tots! mixture. The reproducibility of relative peak area
determinations with the organic acids fraction from urine
samples is illustrated in Figure 5. MSSMET was used to
quantitate the relative peak areas of 106 urinary organic acids
found in two injections of the same sample. Individual data
are plotted in order of increasing retantion index. The sample
marked with triangles was analyzed on the GC-MS one week
after the sample marked with circles; data from both sampl...
are plotted as the percent each is of the mean value of the

Figwe 2. Peak and basehl determination by MSSIoET. Each black ci'cIe
represents 8 baseline point which woukl be se~cted by MSSI.£T. The
dotted Ina represents a second-order least squares fit of the base6ne
points

Figure 2, the MSSMF.T algorithms are capable of resolving
complex peaks, detecting changing or nonlinear baselines, and
integrating even small peak areas. Unlike other peak resolving
algorithms (20), there is no limit to the number of components
which can be resolved in a cluster of peaks, as long as the
confirming ions of each compound are at least partially re­
solved from one another. The determination of baseline can
use up to a fifth-order least-squares fit, but a second-order
fit is generally most satisfactory for a window width of 30 scans
(120 s). The typical mass chromatogram peak of a designate
ion detected by MSSMET is 15 scans, although peaks from 4
to 28 scans are routinely detected within the 3O-scan window.

Match Coefficient. Previous studies by us with pure
compounds have indicated that the match coefficient is
sensitive and reliable down to the limit of detection of the
designate ion (21). Since the limit of detection varies with
the substance and the intensity of the ion chosen, as well as
with the sensitivity of the GC·MS at the time of analysis, no
defmite detection limit can be established. However, for most
samples, about 10 ng must be injected before match coeffi­
cients above 80 are observed. When program options are set
so that either the peak height or the peak area match coef­
ficient must exceed 80 to permit a positive match, the 157
compounds found in 8 series of urine samples had 8 mean
match coefficient of approximately 93, as shown in Figure 3.
Experience with the system has shown that retention behavior
and peak areas for compounds with mean match coefficients
below 86 are unreliable; these low match coefficients are
observed with substances that are present in very small
amounts, and with substances for which an optimal library
entry has not yet been obtained.

Retention Index. As noted by Nau and Biemarm (22) and
independently by our work with metabolic profiling (21,
23-25), retention indices are an extremely precise measure
of compound identity, despite the fact that GC-MS data points
are recorded for each mass only once every scan (4 s in our
system). Pure compounds are found with the most precision;
the mean standard deviation for multiple determinations of
several pure compounds was 2.20 (n = 156). Compoundsjn
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Occasionally, one or more of the retention time standards
is not found properly because it deviates too far from its
expected retention time. In these cases, it is a simple matter
for the operator to change the expected retention time and
have the computer reprocess the librsry entry for the standard.
Generally, once the retention standard is properly located,
no further difficulties are encountered. After the quantitative
internal standard is located, no further operator intervention
is required. About 4 min per sample is required at the teletype
for overall supervision of the process.

Reverse Library Search Using Retention Indices. The
use of retention indices and a reverse library search with a
small set of differentiating ions has resulted in a much higher
degree of precision of identification than most conventional
library searches that are based solely on forward searches of
mass spectral data. Retention indices often provide more
precise information about compound identity than do mass
spectral fragmentation patterns, especially when dealing with
large numbers of relatively similar mixtures. In our system,
retention index precision is such that the compound can be
assumed to occur within a region of 4 to 5 scans (about 9 Rl
units) on either side of its nominal retention index; hence, the
use of the retention index narrows the search for a compound
to a region representing less than 2% of the total GC-MS run.
Even including the somewhat larger "window" needed to
integrate the peak area adequately,less than 4% of the spectra
are examined to find a particular compound.

Abramson has pointed out (28) that reverse search pro­
cedures, even without using retention indices, avoid the
problem of supression of important ions from one compound
by the presence of ions from a large, overlapping compound.
McLafferty has also advocated the use of the reverse search
method (29) and has provided a means for selecting appro­
priate ions to use in such searches (30). Nau and Biemann
originally developed a method for assigning retention indices
to GC-MS data (22), which they used to help interpret results
from GC-MS analyses (31). Reimendal and Sjovall (32) used

APPROXIMATE RETENTION INDEX

figura 8. Reproducibility Of repetitive scanning GC-MS on urine samples

two samples. Of the 14 compounds with a relative standard
deviation greater than 35%, one is an artifact peak, 2 arc
subatances just above their limits of detection. 3 have a re­
tention index more than 6 retention index units from the
library value (and 2 of these also have one of their match
coefficients below BO). and 4 show evidence that the designate
ion peak is poorly resolved. The problems with the remaining
four substances are not explainable on the basis of the data
contained in the MSSMI!T outputs. Analysis of the data
suggests that use of multiple quantitative standards would
help improve quantitative precision.

Analysis or Urine Samples. Routine MSSMET analysis
of the acidic fraction of urine samples has indicated that
approximately 100 :10 30 components are reliably detected and
quantitated by MSSMI!T with a version of the library that does
not contain some 40 unidentified substances for which library
dats are presently being obtained. As shown in Figure 6, many
of the substances are incompletely resolved by the GC. The
analysis is therefore dependent on the use of differentiating
ion mass chromatograms. It should be noted that many of
the substances in Figure 6 are compounds for which pure
standards are not yet available; these substances are treated
no differently by MSSMI!T. Provisional identities in some cases
are baaed on spectra in the literature (26, 27).

DISCUSSION

MSSMET is a reliable method for both quantitative and
qualitative analysis of complex mixtures by GC-MS tech·
niques. Once a suitsble library has been assembled and tested,
MSSMET operates rapidly and requires little or no decision·
making by the analyst. Typically, with the 157-compound
library,leas than 6 s is required for the computer to identify
and quantitate each compound. Excluding the time required
to set up files and locate the retention index and quantitation
standards. the time required is approximately 4 s per com·
pound. Most of this time is required to transfer data from
the disk to core memory.
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Figure 6. Urinary acids identified by USSIET in urine sample from a "healthy" adult subject. Substances labeled A ttvoug, I are stralght-chaln
hydrocerbons with 10. 11. 12. 14. 16. 18. 20. 24. and 28 cerbon atoms per molecule. respectively. The otller substances are: (1) U-l. (2) U-50
(3) n-hydroxyisobutyric. (4) lactic. (5) U-2. (6) 9lycolic. (7) {l-hydroxybuly7lc. (8) U-4 (pyruvic oxime). (9) U-79. (10) U-5 (cresol). (11) oxaJic. (12)
U-6. (13) U-51. (14) U-7. (15) glycerol. (16) Ievulinlc. (17) malonic, (18) methylmaionlc, (19) U-RA 183, (20) U-OXB1. (21) U-9 (2-methylglyceric).
(22) phosphoric. (23) U-l0 (_xyerytlYonic), (24) benzoic. (25) U-l1 (_xytl....onic). (26) succinic. (27) fumaric, (28) phenylacetic. (29) nIcollnlc,
(30) U-54 (deoxytetronic). (31) U-14 (deoxytetronlc). (32) U-56 (deoxytl1reonic). (33) U-57 (tIYeonolactone), (34) glutaric. (35) 3.34nethylglutaric.
(36) cltremaic. (37) male. (38) U-58 (3-melt1yl ~COllic-jleak 1). (39) U-16 (ery1tYcri:). (40) U-8O (~COllic-jleak 2~ (41) U-59 (tIYeonoIedone~

(42) U-17 (ltveonic). (43) mandelic. (44) adipic. (45) 3-methyladlpic, (46) o-hydroxybenzoic, (47) U-60. (48) a-hydroxyglutaric. (49) U-61, (50)
{l-hydroxy-{l-methylglutarlc, (51) U-21. (52) U-82. (53) m-hydroxybenzolc. (54) pyroglutamlc. (55) U-83 (hydroxymethytfurolc), (56) U-22. (57)
o-hydroxyphenylacetic. (58) U-84, (59) tropic (Internal standard). (60) arabonolactone. (61) n-ketoglutaric oxime, (62) p-hydroxybenzoic, (83)
m-hydroxyphenylacelic, (64) U-24. (65) p-hydroxyphenylacetic. (66) ribonolaetone, (67) arabonic. (68) suberic. (69) {l-gIyCOfophosphoric, (70) U-64.
(71) U-87, (72) U-65, (73) n-glycerophosphoric, (74) U-26. (75) cIs-aconllic, (78) U-66. (77) U-67. (78) U-68. (79) c~ric. (80) azelaic. (81) lafephthalc.
(82) vanillic, (83) U-89. (84) U-29. (85) homovaniillc. (86) galactono-l,4-lactona, (87) m-hydroxyphenyihydracrylic, (88) veratric, (89) U-30. (90)
o-coumarlc, (91) hexuronic, (92) gluconic, (93) p-hydroxyphenyllactic. (94) U-72, (95) venilmandeic, (96) asccxbic. (97) U-91. (98) hexlXOnic, (99)
hexlXonic, (100) hydrocelleic. (101) U-74. (102) U-2071. (103) parnilic. (104) U-75. (105) hippuric, (106) cellelc-peak I, (107) U-76 (hydroxydecanedoic~

(108) U-77, (109) U-37. (110) Indoleacetic. (111) U-NE8. (112) cellelc-peak 2. (113) urocenlc, (114) uric. (115) U-41. (116) m-hydroxyhlppuric.
(117) U-42. (118) 3.4,5-trlmethoxyclnnamlc. (119) 5-hydroxylndoleacetic

moss chromatograms in a semi-automated reverse search
procedure which later included some quantitative analysis (33).
However, it has been the combination of retention indices and
reverse library search. developed in this laboratory (21.23-25)
and later used elsewhere (20. 34). which has proved to be the
most precise means of identifying multiple components in
complex mixtures.

Retention indices also allow a considerable extension of the
type of technique used by McLafferty (30) to select appro­
priate ions and weighting factors for computer decisions about
whether a spectrum from a particular sample represents a
sufficient match to a given library spectrum. As shown in
Figure 7,the intensities of ions at a given area of the GC-MS
run may vary markedly from the overall distribution of ions
in the sample analyzed. This variation frequently can be
observed even on a scan-to-scan basis, so thut the 4uality of
the reverse library search is improved considerably by
knowing, in advance, the approximate set of "interfering"
substances which may be present at the same set of scans as
the compound of interest. Thus, selection procedures such
as MSSDSG and MSSCHS can be used with retention indices to
identify the region where the compound is expected to elute
in any sample; the reference spectrum can then be compared
to the spectra of exactly the milieu in which it must elute. if
it exists in the sample.

Ba.eline and Peak Area Determination. Originally. the
peak area within a mass chromatogram was determined by
integrating the designate ion intensity from the starting point
of a peak to its end. with the baseline determined by linear
interpolation between the two points. Comparison to
manually chosen integration limits and baseline values in­
dicated that tbis approach was inaccurate in many cases.
Hence, a series of increasingly sophisticated algorithms was
tested, each one being modified as anomalous results were
detected.

The principal limitation to accurate peak area determi­
nation appears to be the narrow width of the window. Most
of the special provisions within the baseline determination
algorithm are a consequence of the difficulty in processing
peaks which either begin prior to the start of the window or
finish after the end of the window. Frequently. a baseline
value must be extrapolated for such peaks, as shown in Figure
2. Fortunately. if the window is properly centered. the peak
of interest occurs at the center of the window. and integration
is much more occurate.

It is important to note that the proper choice of designate
and confirming ions plays 8 critical role in peak area de­
termination. If these ions are chosen so that they are the most
well-resolved ions for that compound. the integration will be
correspondingly accurate. The need for well-resolved mass
chromatograms peaks is not unique to MSSMh'T; the Stanford
group's "cleanup" procedure (20) is equally dependent upoll
the detection of such peaks. It may be possible to devise
methods that are capable of functioning without the need for
well-resolved ion sets; one such method has been developed
in this laboratory and will be published elsewhere (35).

In our e.perience. it is almost always possible to find at least
2 ions of reasonable intensity that are well resolved (unique
for a particular compound). Cases such as the one illustrated
in Figure 8. where a number of compounds elute at almost
the same time, are extremely common; qualitative and
quantitative analysis are thus both dependent on the correct
selection of designate ions. Practically the only e.ceptions
are those in which two isomeric substances elute very near
each other. In these cases, confirming ions of one substance
may be partially obscured by the ions of the other. Depending
upon the degree of overlap of the two substances, MSSMET

either groups the two substances together (if overlap is severe)
or computes separate areas for each.

Quantitation. In addition to providing rapid qualitative
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figure 7. Dependence 01 Ion cistrllullon upon the region of the QC.MS
anaJysls 01 lrtnolhylsllyl organic acids 01 human urine. Ion intensities
haV8 been summed IOf selected scans within the scan range marked
on each plot

510490 "'"
SCAN NUMBER

Figure 8. Identification of closety-eluting substances by MSSMET

analyses, MSSMI:....I' routinely calculates the BreBS of designate
ions, relative to an internal standard designate ion, of each
of the 100 or more Bubstances present in a typical sample of
organic acids in urine. Since k factors have not yet been
determined for most of the library compounds. a value of 1.00
is usually used for k in Equation I. Hence. the values reported
are uncorrected for percents of ionization or recovery during
the extraction procedure. The uncorrected concentrations
suffice for most profiling purposes, but inter-laboratory or
inter-method comparisons of data would require absolute
values.

An alternate method has been described by Smith et al. (36)
for qualitative and quantitative analysis of complex mixtures.
It. utilizes techniques similar to MSSM!.., in that a reverse
library search is made with specific regions of mass chro­
matograms, and identifications are based on both gas chro­
matographic retention indices and mass spectral patterns.
However, this technique differB from MSSMBT in that all of
the ions belonging to a single compound are used for the
Quantitation, after spectra are "cleaned up" of contributions
from background and other intarfering peaks. Quantitation
is not corrected for incomplete recoveries in the pre·purifi­
cation process Of for differences in total ion intensities among
compounds, since it is relative to an external standard.

Direct comparison of the reBults obtained by Smith et al.
(36) with data obtained by MSSM~'T is not possible. Bince
different sample extraction tachniques were used, and because
accuracy, precision, sensitivity, and linear range of the method
of Smith et al. have not yet been reported (36). However, their
system can resolve doublets but not multiple overlapped
mixtures of substances. whereas MSSM,;r has successfully and
routinely handled peak envelopes containing contributions
from 5 or more Bubstances (Figure 8). Since multiply ov­
erlapped peaks can be Quite common in some complex
mixtures (Figure 6). this can be a significant problem. To our
knowledge. no other automated system is currently capable
of resolving all of the components shown in Figure 6 by
GC·MS. In addition. methods that base quantitation upon
an estimate of total ion intensity (called "areal total ion
current" in Ref. 36) are very dependent upon accurate reB­
olution of the most intense ions; however, in the case of
trimethylsilyl derivatives. the most intense ions are frequently
those produced by the derivatizing group. and hence masB
chromatograms of these ions are usually the least weD-resolved
by the GC. Dependence upon approximate methods for
resolving such ions may result in significant inaccuracies
during quantitation. In contrast. MSSMF:r uses designate ions
which are selected specifically because they are well-resolved
and unique; hence, quantitation is based almost exclusively
on ions for which there is minimal inaccufacy. If several ions
for 8 given compound are well-resolved, precision (not ac·
curacy) may be improved by using all such ions during
quantitation; however. the more complex the mixture. the
Bmaller the number of well-resolved ions will be.
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In general, the results obtained with MSSMET over a period
of more than two years lead us to believe that it has a very
good potential for metabolic profiling studies. While our
experience has been limited to analyses of the organic acids
and steroid fractions of human urine, it appears that MSSMET
can easily be adapted to a variety of other fractions and sample
types. We have begun to use MSSM],.'T "found" mes as the basis
for statistical analysis of urine samples (J3) and to develop
other methods for increasing the size of the MSSMET library
(35, 37). Preliminary results on these projects suggest that
at least 140, and perhaps more, organic acids can be monitored
routinely in urine, and that the challenge for users of MSSMET
and related systems will be the interpretation of the wealth
of new data provided by these techniques.
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Magnetic Fields to Eliminate Beta-Ray Interference in
Measurement of X-rays Following Neutron Activation

M. Mantel,' Z. B. Alla551,' and S. Amlel

Nuclear Chemistry Department, Soreq Nuclear Research Centre. Yavne, Israel

Magnetic dellectlon Is used lor Ihe elimination 01 beta In"
terference wRh the measurement 01 x....ays obtained loJlowlng
neutron activation. Theoretical calculations snd experimental
resuRs show that permanent magnets 01 3.5-4 kG greatly
Improve the accuracy 01 the measurements 01 .....ays 01 low
and medium Z element6 In the presence 01 strong {3 em,"ers
by lowering the background. This effect Increases with I....
creasing Intensity 01 the magnetic Ileid and lor a 50 /lCI "0
source reaches 99% and 95% lor 4.5 and 14 keY, r....
spectlvely.

I Permanent address, Nuclear Engineering Department, Ben·Gurion
University of the Negev, Beer·Sheeba. Israel.

The simultaneous nondestructive determination of many
elements in the same irradiated sample has been achieved by
applying x-ray spectrometry to activation analysis (1-3). One
of the problems associated with this method is the interference
of i3 particles emitted from the irradiated sample. These (3
particles may increase the dead-time of the Si(Li) detector
upsetting its resolution, which causes inaccurate integration
of the x"ray peaks. Furthermore the {3 particles produce a high
background which may completely obscure the x-ray peaks
obtained from trace amounts of low and medium Z elements.
The elimination of this interference is especially important
for matrices such as biological materials and seawater, since
their major components-sodium, potassium, chlorine. and
phosphorus-are strong {3 emitter6, following irradiation.

The principle of this technique has been briefly explained
previously (4). The present work 6hows a detailed study of
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figura 1. S<:hem8t1c dIa~am of the experlmenlal setup

the possible use of magnetic deflection of f3 rays in neutron
activation followed by x-ray spectrometry. Theoretical
calculations wera carried out, their principle was explained,
and the results were compared to those obtained experi­
mentally. Several practical examples which iIlustra'" the
usefulness of the technique are described.

EXPERIMENTAL
Apparalul. The experimental setup used is shown sche­

matically in Figure I. A lOO·mm' area and 4-mm depth Si(Li)
detector (manufactured by Seforad Israel) wns used. The output
signals from the detector were passed through an Ortec ll8A
preamplifier and an Ortec 410 amplifier. Ortec 408 bissed am·
plifier, and arlee 411 pulse streteher. The resulting pulses were
analY2ed by a T.M.C. 400-ehannel anslyzer. The r.solution of
the system for the 6.4-keV Fe Ko x-reys (obtained from "Co) was
450 eV (FWHM).

A magnet of 3.4 kG manufactured by AEI for a MINIMASS
M888pectrometer PPG-2, was used in most experimenls.

Standard Sources. The standard BOurees used were: e IO-.Ci
"Co source obtained from Amersham, England, and 5Q..Ci "p
source prepared by evaporation of 8 calibrated solution or :l2p

obtained Crom the Nuclear Research Center, Negev, Israel.
Samples. Thin and uniformly distributed samples were

prepared as described before (2, 3). by introducing the smallest
possible quantity of the material to be anslyzed into small
polyethylene cups.

Irradiation. The irradiations were carried out in the
pneumstic tube of the IRR-l reactor.

RESULTS AND DISCUSSION
Theoretical Calculations. The purpose of the calculstions

was to de"'rmine the fraction of f3 particles in a f3·particle
beam moving perpendicular to the de"'ctor. which will be
<leflected by a given magnetic field, according to its in"'nsity
and the sourcHe"'ctor distance. and thus prevented from
reaching the detector.

A magnetic field applied perpendicular to the direction of
the f3 particles will deflect them in a circular path. The radius
of the deflection is given by the equation (5):

17033.10'
rIEl = [(EI0.5198 + I)' - 111/' (1)

H
where r(E) is the radius of deflection (cm). E the kinetic energy
of the (J particle (MeV). and H the magnetic field in"'nsity
(Gauss). As an example. in order to obtain r = 2 em which
is a practical radius of deflection. the required magnetic field
is 3.05 kG for E = 1.39 MeV (E_. of "Na f3 rays).

The fraction of (J particles which are deflec"'d from the
detector by a given magnet can be calcu1Bted from geometrical
considerations. the radius of deflection r(E). and the spectrum
of the (J particles. The calculations are based on the ex­
perimental setup shown schematically in Figure 1.

The collimator, C. is used to prevent those (J particles which
would not ordinarily collide with the detector. from hitting
it because of deflection by the magnet.

If the radius of deflection r(E) is smaller than the width
of the magnetic poll.. (r(E) < ~), the pparticles move in a circle

in the area between the source and the detector and will never
reach the plane of the surface of the de"'ctor.

For r(E) > ~. the distance alE) by which the f3 particles are
deflect<!d on the plane of the surrace of the detector (see Figure
1l can be shown by geometrical consideration to be given by
the equation:

alE) = (b5 + 5'/2 -,.:z + ,yr' - 5')/vr' - 5' (2)

where r is rIEl from Equation 1.
If alE) is larger than the diameter of the detector, d. none

of the P particles with energy E will hit the surface of the
detector. For alE) < d' only a fraction of the f3 particles will
hit the detector. This fraction f(E) of f3 particles with kinetic
energy E which hit the detector is the segment of the area of
a circle with diame"'r d overlapped by the same circle with
its diame"'r shif"'d, by the distance o(E), along the line of
the centers.

The fraction of f3 particles removed by the magnet. h(E).
is given by

2 ---
hIE) = -[X(E)V1 - X'(E) - arc sin X(ElI (3)

1f

where X(E) = aIEl/d.
Since the f3 particles are not monoenergetic. the deflected

fraction k(E) has to be averaged over the whole spectrum of
the P particles. Thus the fraction of Ii particles which are
removed by the magnetic field is given hy the equation:

~m fh{E)p(E)dE

D. = ~m fp(E)dE

where p(E)dE is the number of f3 particles having a kinetic
energy between E and E + dE, and Em is the maximum energy
of the f3 particles.

The main sources of iJ particles obtained from irradia"'d
biological and seawater samples are UNa. "1', and "'CI. These
nuclides are all low Z elements and hence their iJ particle
energy spectra can be described quite accurately by the
expression (6):

p(E)dE=
C{E + 0.511)(E' + 1.022E)'I2(E - Em)'dE (5)

where C is a normalization constant. E and Ern are in MeV.
From this equation and Equation 4 the fraction of p particles
removed by a magnetic field was calculated by integration
using Simpson's rule, for the particular case in which the width
of the magnetic poles (~) is equal to the source detector
distance (b = bI2). For each value of the maximum energy
of P particles. the fraction removed was calculated as a
function of the intensity of the magnetic field and the
source-detector distance. Table I shows the calculated fraction
removed for 1.71 MeV (321') and 4.92 MeV ("'ell f3 particles.
As may be seen. in the case of 321' f3 rays, a magnet of 3 kG
is necessary for the removal of 98% of the f3 particles at a
source-detector distance of 2 em, and a 2-kG magnet for the
same percentage at a distance of 3 cm. On the other hand
for the "'Cl Ii particles, it will be necessary to use a very strong
magnet (H =5 kG) to achieve 98% removal at 2 cm, or to
increase the distance to 4.5 em for a 3-kG magnet.

Due to the physical size of the magnet. the counts of both
x rays and f3 particles are reduced by the geometric factor (s
+ Il/I' where I is the distance between the surface of the
detector and its detecting layer and s is the sourc..-detector
distance (see Figure I). This factor is given in the second
column of Table I for I = 0.5 mm, for a sourc..-de"'ctor
distance ranging from 1 to 5.5 em and represents the percent
of x rays reaching the detector. Thus it is possible using Table
I to calcula'" the feasibility of the method in every case. Le.,
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FIgure 4. Spectra obtak1ed lor 1 mg Cr and 50 mg phosphate _ted
for 30 min In the reactor core. counted for 10 h. (el without magnet
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calculated by comparison wiLh a pure Cu standard to be about
20 ppm. For bromine, the I J.9-keV Br K" x rays may be
measured without a magnetic field (spectrum a), but the
peak-to-background ratio increases with tbe use of a magnet
from 3.5 to 13 making the integration of the peak more ac­
curate. Preliminary results obtained for Br are 250 ppm.

(2) Determination of Cr in the Presence of Phospbates. A
sample containing phosphate and chromium in the ratio of
100:1 was prepared and irradiated for 30 min in the core of
the reactor as described previously (1). The sample was

FIgure 3. X....y spec1Ja 01 neutron iTaciated hai'. 90 mg hai', _ted
tor 30 min in the reactor core, counted for 40 min. (a) without 8
magnetic flak'; (b) wrth a magnetic fteki
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Table I. Fractioo of P Particles Deflected by a Magoetic Field

{J particle Source Magnetic field, kGenergy, detector Geometric
MeV distance, em factor, % 1 2 3 4 5

1.71 1.00 11.11 0.07 0.21 0.42 0.66 0.86
"P 1.50 6.25 0.16 0.47 0.79 0.98 1.00

2.00 4.00 0.30 0.73 0.98 1.00 1.00
2.50 2.78 0.45 0.91 1.00 1.00 1.00
3.00 2.04 0.60 0.99 1.00 1.00 1.00
3.50 1.56 0.74 0.99 1.00 1.00 1.00
4.00 1.23 0.86 1.00 1.00 1.00 1.00
4.50 1.00 0.93 1.00 1.00 1.00 1.00
5.00 0.83 0.98 1.00 1.00 1.00 1.00
5.50 0.69 0.99 1.00 1.00 1.00 1.00

4.92 1.00 11.11 0.02 0.05 0.10 0.15 0.22
laCl 1.50 6.25 0.05 0.13 0.22 0.35 0.48

2.00 4.00 0.10 0.23 0.39 0.57 0.74
2.50 2.78 0.15 0.35 0.57 0.77 0.91
3.00 2.04 0.22 0.48 0.73 0.91 0.99
3.50 1.56 0.29 0.61 0.86 0.98 1.00
4.00 1.23 0.38 0.73 0.94 1.00 1.00
4.50 1.00 0.46 0.83 0.98 1.00 1.00
5.00 0.83 0.55 0.91 1.00 1.00 1.00
5.50 0.69 0.64 0.96 1.00 1.00 1.00

'0'

F~ur. 2. Influence of magnetic fiek1s of different intensities on the
spectrum of SO-IJCI 3Zp

the theoretical limits of detection for different elements in
Lhe presence of strong 13 emitters as a function of the magnetic
field.

Experimental Results. Effect of Magnetic Deflection.
The effect of magnetic deflection on the high background
produced by fJ rays was studied by measuring a 50-~Ci 32p
source with magnetic fields of different intensities (0.8. 1.0
and 3.4 kG). The spectra were compared with that obteined
for the same source without a magnet. As may be seen in
Figure 2, the use of a magnet results in the drastic lowering
of the background. This reduction increases with the in­
creasing intensity of Lhe magnetic field and reaches 99'10 and
95'10 for 4.5 and 14 keY, respectively. The influence ofthis
effect on the measurement of x rays may be seen from the
examples given below.

Examples of Practical Applications. (I) Determination
of Copper and Bromine in Hair. A sample of 90 mg of hair
was prepared as described before (I), irradiated for 30 min
in the core of the IRR-l reactor and the x-ray spectrum
measured with and without the 3.4-kG magnet. The results
given in Figure 3, show that Lhe 7.S-keV Ni K" x rays obtained
from Cu following neutron irradiation are completely obscured
by the background and cannot be measured wiLhout Lhe use
of a magnetic field (spectrum a). From spectrum b, obtained
witb a magoetic field, the amount of Cu in hair could be
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counted for 10 h with and without a magnetic field. Figure
4 shows the results obtained. In this case also, without a
magnetic field the 4.8-keV V x rays, obtained from Cr after
irradiation are completely obscured by the background
produced by the {J particles emitted from the irradiated
phosphate. By applying a magnetic field, the V Kn x rays
may be accurately integrated and measured.

This experiment is of special importance for the analysis
of biological materials by nondestructive activation analysis.
The other {J emitters contained in these matrices (Na, K, cn
produce isotopes with much shorter half-lives than 32p (14 d)
and Cr (27 d) after neutron activation. Thus, after an ap­
propriate waiting period, the 32p will remain the only serious
source of interference with the nondestructive determination
of Cr in these matrices.

Comparison of Expcrimentaland Calculated Results.
A magnet of 3.4 kG with circular poles of about 2.5·cm di­
ameter was used in the experiments. Because of the shope
of the magnet, the 8ource-detector distance was about 5 em.
Thus one of the conditions on which the calculations were
based, that the magnet should fill the entire .ource-detector
distance, was not fulfilled. As a result, the fraction of Ii
particles removed from the surface of the detector cannot be
obtained exactly from Table I. However, this table indicated
thatror our setup, at least 99% of 32p Ii particles (1.71 meV)
will be removed by the magnet compared with the experi­
mental value of 95-97% (calculated from Figure 2).

There are several possible factors which could contrihute
to the slight discrepancy between the experimental and
calculated resulla. (i) In the calculations, it was assumed that
we have 0 radioactive point source and a collimator which
prevenla all the 13 particles which do not hit the detector in
the absence of a magnet from hitting it after denection. On
the other hand, in the experiments 8 6-mm diameter source
was used without a collimator to get enough activity.

(ii) The denected 13 particles could collide with different
materials which as a result will emit hremsstrahlung. The

latter are detected by the detector but have not been con­
sidered in the calculation.

(iii) Equation 1 is valid only in vacuum. It does not consider
the possible collision of 13 particles with air molecules and the
resulting change in their momentum. However, experiments
were al<;a carried out at lower pressures down to 1 Torr without
any further reduction in the background. indicating that the
presence of air probably does not contribute to the discrep­
ancy.

(iv) The calculations yield the fraction of 13 particles re­
moved by the magnetic field, but do not take into account that,
as a result. the spectra of the fJ particles which reach the
detector are changed as compared to the initial spectra. This
change of spectra ha. to be calculated in order to evaluate the
changes in the detect<Jr background. '1'0 this purpose. the
response functions uf lhe detector to monoenergetic electrons
of various energies, will havc lo be studied.

(v) The whole area of the detector was considered to have
the same efficiency whereas it was found (7) that for x-ray
measurement, there are radial gradients in the cfficiency of
Si(Li) detectors.
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Preservation of Some Trace Metals in Samples
of Natural Waters
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11le 1088 01 11 trace metals on storage 01 both synthetic water
samples and natwal water samples In Pyrex gla.., Halgen.
Unaar polyathylane, and Tellon containers has been sludled
U8lng graphite lurnace atomic absorption apeclrometry. The
-.nI 01 aach trace melailoal has been studied as a Iunc1Ion
01 time In the pH range Irom 1.5 to 8.0. AcldU'catlon to pH
< 1.5 w"h n"rlc acid and storage In Halgene contalne.. are
lound to be the moat effective ways of preventing the 1058 01
trace malals Irom natural wate...

Several workers have reported significant loss of trace
metals from aqueous solutions upon storage-the extent

IOn leave (rom the Department of Chemistry, Santiago de
Compostela University, Santiago de Compostela, Spain.

varied, among other things, "ith the type of container, contact
time, pH, and the initial concentration of the metal. Eichholz
et al. (/) reported loss of trace metals from hard water stored
in polyethylene and borosilicate glass containers. Robertson
(2) reported significant losses of Ag, Co, Fe, In, Sc, and U on
storage of seawaler in Pyrex and polyethylene containers.
Durst and Duhart (3) could find no suitable containers for
storage of dilute aqueous solutions of Ag. Posseltand Weber
(.1) and King et al. (5) observed that at pH > 7. cadmium in
distilled water was adsorbed more by glass than plastic
containers; however, at pH < 2, adsorption of cadmium by
either of these containers was negligible. Other workers (6-9)
reported the need of acidifying the samples with HN03 to pH
< I in order to prevent precipitation and adsorption of trace
metals by container walls. It was reported that the amount
of trace metal lost was directly related to the length of storage
time and inversely related to the concentration of the trace
metal (/0-12).
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Most of the published literature to date is on the loss of
trace metals from synthetic samples of dilute aqueous se>­
lutions. Little has been reported about the magnitude and
the rate of loss of trace metals.on storage of natural water
samples in glass or plastic containers. However. the above
studies indicate that there is a problem of severe loss of trace
metals from natural waters. In view of the above, it was
thought advisable to study the effect of pH and container
material on the stability of natural water samples under
routine conditions of sample collection and storage, and to
find out the most suitable container that prevents or at least
decreases the extent of the loss. The metals studied were AI,
Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Sr, and Zn.

EXPERIMENTAL
Apparatus. The amounts of trace metals were determined

using a Perkin-Elmer atomic absorption speclrophotomewr, model
50.1, equipped with a HeaWd Graphiw Atomizer 2000 (HGA-2000),
single-element hollow cathode lamps as narrow line sources, and
a Perkin-Elmer Deuterium Background Corrector.

Container ror Water Samples. Pyrex glass (borosilicate
glass-]()()..mL volumetric flasks with ground-glass stoppers) and
Nalgcnc (linear polyethylene, 250-mL and lOOO·mL screw-cup
bottles) were used as containers for waLer samples. Tenon beakers
(fitted with tight-fitting lids) were used for zinc because of the
severe contamination found with Pyrex and Nalgenc containers.

Reagents. (a) Ultrapure water of resistivity 18.3 megohm-em
was obtained from a MiIli-Q2 Sy.tem (Millipore Corporation).

(b) Stock solutions of AI, Cu, Fe, Ni, and Zn were prepared
by dissolving pure metals in a minimum amount of ultrapure
HN03, evaporating off the excess acid and making it up with
ultrapure water-the final solution contained 1% (vjv) HNO;l'
Stock solutions of Cd, Co, Cr, Mn, Pb, and Sr were propared by
dissolving a suitable oven-dried AnnlnR salt of each metal
separately in ultrapure water and acidifying the solutions to pH
2.0. A11stock solutions were stored in clean polyethylene bottles
(with the exception of zinc, which was stored in a Tenon bottle)
and contained 1000 "g/mL of metal. Appropriaw standard
solutions were prepared by serial dilution of the slock solutions
with ultrapure water immediately prior to analysis.

(c) Humic acid (Technical Grade, Aldrich Chemical Compony,
Milwaukee, Wis.) was purified by leaching it for 3 days with 0.1
M HN03 (stirring continuously with a magnetic stirrer) to remove
heavy metals. The leached acid was washed with ultrapure water
and dried at ISO 'C. A stock solution containing 100 "g/mL of
humic acid was prepared by dissol\'ing 5.0 mg of the purified acid
in 5.0 mL of 2 M Na,CO, (which had been purified by electrol}~is),

and then diluting the solution to 500 mL with ultrapure water.
(d) Synthetic water samples and Rideau River (Carleton

University site, Ottawa, Ontario) water samples studied are
described below. The bulk composition of the synthetic water
samples was as follows (13): (i) Inorganic bulk matrix (in "g/mL):
Ca", 40; Na', 12; HCO,·, 115; CI-, 25; and SOlo, 25; O'llanic bulk
matrix: humic acid, 5 pgjmL; (ii) Trace metals: the values
selected were based on the results of analysis of a Rideau River
waler sample by graphite furnace atomic absorption spectrometry
(GFAAS). The values selected are presented in Table I.

Procedure. Immediately prior to use, aU containers were
cleaned sequentially as foUows: a detergent wash, tap water rinse.
soaking in 2'70 HNO, for 24 h, distilled wawr rinse (6 times), and
ultrapure water rinse (6 times). After the cleaning operation, any
containers found to give blanks (with ultrapure water acidified
to pH 1.0 with nitric acid) having detectable concentrations of
the trace metals were rejected.

Stability of water samples was studied using both synthetic
wawr samples and Rideau River wawr samples at pH's: 1.5, 2.5,
4.0, 6.0, and 8.0. The pH values were adjuswd with ultrapure
HN03• Unacidified natural water samples were found to have
a pH of about 8.0 and were used as the water samples at pH 8.0.
The samples were stored in two containers of each mawrial (Pyrex
glass and Nalgene linear polyethylene for all metals except zinc
for which Teflon was used) at each of the above pH values at 23-24
·C. (Before adjustment of pH and storage, the river wawr samplea
were filtered through a 0.45-"m membrane mwr). The amount
of each trace metal lost was determined by GFAAS on days: I,
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Table L Analytical Lin.. and Operating Conditiona for
Graphite Furnace Atomie Absorption Spectrometry

Atomi~tionparameters

Semi·
Char- tivity,b
ring 1 X

Ele- line, tempO, TempO, Time 10-12

ment nrn 'C 'C • e
Ae 328.1 300 2400 5 10
AI 309.2 1200 2400 6 35
Cd 228.8 250 1500 4 3
Co 240.7 800 2500 6 80
Cr 357.9 900 2500 6 40
Cu 324.8 700 2500 6 70
Fe 248.3 900 2500 6 50
Mn 279.5 900 2500 6 25
Mo 313.3 1200 2500 8 120
Ni 232.0 800 2500 8 220
Pb 283.3 500 2100 4 30
Sr 460.7 600 2500 8 80
V 318.4 1300 2500 8 600
Zn 213.9 400 2000 5 1.3

G Temperatures represent the meter acttings on the can·
trol panel of the power supply. b Mass for 0.0044 absor­
bance with the purge gas now in the normal mode except·
ing for AI, Cd, Pb, and Zn for which the interrupt mode
was used. Except for AI when argon was used as the
purge gas, for all other elements nitrogen was used as the
purge gas.

2, :I, 4, 5, 10, 20, and 30. The GFAAS technique was chosen
because it has the extremely high sensitivity required for de·
tfrmining, without pre-concentration, the low concentration levels
«()-50 ng/mL) at which trace metals are present in natural wawra,
and also because it has the high selectivity, precision, and
day-to-day reproducibility required for reliable analytical results.

F'or the determination of a particular metal, fi.., 5Q.., or l()()..IlL
volumes (depending on the sensitivity of the metal) of samples
were introduced into the graphite furnace with an Eppendorf
syringe fitted with disposable plastic tips. Prior to use, the tips
were decontaminated from traces of metals by soaking them for
24 h in 5'70 nitric acid (Baker Ultrex), followed by four rinses with
Ultrapure water. The sequential"dry", "char", and "atomize"
program of the HGA-2000 was followed, and the peak absorbance
noted. The results of five replicate analyses of each test solution
per container were averaged. The cumulative averages from the
two containers for each metal at each pH were then used to draw
the plots of % loss of metal vs. time. These plots obtained for
each metal in the natural water sample were then compared with
those in the synthetic water samples to determine the change in
loss, if any, due to difference in the composition between the
nalural waler and the synthetic water samples.

The amount of each trace metal in the river water sample
immediately after collection, and at time intervals of I, 2, 3, 4.
5, 10, 20, and 30 days were obtained by reference to linear working
curves prepared using a series of standard aqueous solutions of
each metal, acidified to pH 1.0 using HNO, (Baker Ultrex). At
this pH, the standard solutions were found to be .table at least
for one day. Nevertheless, compensation for small changes in the
working curve due to conditions beyond the control of the analyst
wa. made by running the standards at pH 1.0 at about3G-min
intervals during the analytical run. Also, on the days when the
water samples were tested, a fresh calibration curve was prepared
using a series of fresh (aqueous) standard solutions at pH 1.0_ The
relative standard deviation of each point in the calibration curve
was 2-3%.

The concentrations of the trace metals in the synthetic water
samples immediawly afwr spiking and at the above lime intervals
were determined. The calibration curve obtained with aqueous
standards was used for determining the concentration of the trace
metals in synthetic water samples because it was found that the
aqueous samples and synthetic water samples with the same
analylA! concentration gave the same inslnJmental response within
the limits of experimental error, i.e., no interference was observed
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FIgure 1. Loss of cadmium from Pyrex glass and Nalgene containers.
Rideau River water sample (0.12 ~g/L Cd): Pyrex glass: (0) pH 1.6,
2.5, 4.0: (e) pH 6.0: (A) pH 8.0. Nalgene: (0) pH 1.6, 2.5, 4.0, 6.0,
8.0. Synlhetle water sample (0.10 ~g/L Cd): Pyrex glass: (0) pH 1.6,
2.5,4.0: (V) pH 6.0: (0) pH 6.0. Nalgene: (0) pH 1.6, 2.5, 4.0, 6.0,
8.0

• 0-0-0>--.<:0'------<:>------00

~ ,.
CONTACT TIME ,DAYS

Figure 4. Loss of Iron from Nalgene container. Rideau River water
sample (170 ~g/L Fe): (0) pH 1.6: (e) pH 2.5: ('I') pH 4.0: (A) pH 6.0:
(_) pH 8.0. Synthetic water sample (150 ~g/L Fe): (0) pH 1.6: (e)
pH 2.5: (V) pH 4.0: (A) pH 6.0; (0) pH 8.0
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FIgure 2. Loss of ahmlnum from Pyrex glass and Nalgene contaIners.
Rideau River sample (230 ~g/L AI): Pyrex glass: (0) pH 1.6, 2.5: (V)
pH 4.0: (0) pH 6.0: (e) pH 8.0 Nalgene: (0) pH 1.6, 2.5: (_) pH 4.0,
6.0, 8.0. Synthellc water sample (200 ~g/L All Pyrex glass: (0) pH
1.6,2.5; ('I') pH 4.0: (A) 6.0; (A) pH 8.0. Nalgene: (e) pH 1.6,2.5:
(_) pH 4.0, 8.0, 8.0

~
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Flguro 3, Loss of ron fram Pyrex glass container. Rideau River water
sample (170 ~glL Fe): (0) pH 1.6: (e) pH 2.5: (_) pH 4.0; (0) pH 6.0:
('I') pH 8.0. Synthetic weter sample (150 ~g/L Fe): (0) pH 1.6; (e)
pH 2.5; (A) pH 4.0: (V) pH 8.0, 8.0

with the synthetic water samples. No such tests could be made
with the natural water samples since 811 accepted standard natural
water sample was not available. However, the values obtained
(or the trace metals in natural water samples using the abo\"e
calibration curve method and the standard addition method are
in good agreemenL Therefore, the day-la-day concentrations of
the trace metals in the natural water samples were also detennined
by reference to the calibration curve obtained using aqueous
standard solutions.

RESULTS AND DISCUSSION
Table I presents analytical lines and operating conditions

used for graphite furnace atomic absorption specirometry.
Table II presents results of analysis of water samples by
graphilA! fumace atomic absorption spectrometry, Figures 1-7

,.
CONTACT TIME. DAYS

F~we 5. loss of manganese from Pyrel( container. RKieau River water
sample (30 pg/L Mn): (0) pH 1.6, 2.5; (V) pH 4.0; (0) pH 6.0: (A)
pH 8.0. Synthetic water sample (25 ~g/L Mnl: (0) pH 1.6, 2.5: ('I')
pH 4.0: (0) pH 6.0: (A) pH 8.0

•
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Figure 6. loss of manganese from Nalgene contaIner. Rideau River
water sample (30 ~g/L Mn): (0) pH 1.6,2.5; (V) pH 4.0: (A) pH 6.0:
(0) pH 8.0. Synthellc water sampte (25 ~g/L Mn): (0) pH 1.6, 2.5:
('I') pH 4.0: (A) pH 6.0: (e) pH 8.0

i~ ~j
o 10 20 '0

CONTACT TIME. DAYS

figure 7. Loss 01 lead from Pyrex glass and Nalgene con1ailer.l. Rideau
River water sample (4 pg/L Pb); Pyrex glass and Naigene containers:
(0) pH 1.6: (A) pH 2.5, 4.0: (0) pH 6.0, 8.0. Synthetic water sample
(5 ~g/l Pb): Pyrex glass and Nalgene containers: (0) pH 1.6; (V) pH
2.5. 4.0: (e) pH 6.0, 8.0

show the percent loss of Cd, AI, Fe, Mo, and Ph from synthetic
and river water samples stored in Pyrex glass and Nalgene
linear polyethylene containers at various pH values as a
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at pH 4.0, 6.0, and 8.0 was: for iron-32, 44, and 58 (river
water samples), and 22, 39, and 55 (synthetic water samples)·,
respectively Wigure 4); for manganese-32, 50, and 78 (river
water samples), and 32, 53, and 70 (synthetic wawr samplesl,
respectively (Figure 6). Since the amount of adsorption
generally increases with increasing pH (17), it is probable that
the increasing loss of the metals with the increasing pH is due
to adsorption by the container surfae.. of hydroxo or carbonato
complexes of metals which predominate with increasing pH.
Based on stability constant values (15), the various species
may be identified as: colloid~1 hydrated aluminum oxide in
the case of aluminum; CuHCO,+ and CuCO, at pH 6.0, an'!
Cu(CO,j,'- at pH 8.0 in the case of copper; and CdHC03+ at
pH 6.0, and CdC03 at pH 8.0 in the case of cadmium. Bene!
and Smetana (18), who observed significant loss of iron (10-1
to 10" M) above pH 3.0 (e.g., -98% at pH > 6.6) attributed
the loss to chemisorption of FeOH2+ and Fe(OH),+ in the pH
range from 2 to 5, and of colloidal hydrous ferric oxide above
pH 5. The loss of iron observed in the present study may be
explained similarly. Jenne (19) has reported that hydrous
manganese oxides are to remain coated on silicate surfaces:
It is probable that the loss of manganese in the present study
may be due to adsorption of the hydrous oxide on the con·
tainer surface, especially the glass surface.

(iii) At a given pH, loss of metals from river water samples
was always higher than from synthetic water samples (Figures
1-6). This is probably due to the greater biological activity
of the river water samples. Additionally, in the case of iron,
the organic acids (e.g., humic acids) in river waters have been
reported (20) to hold the iron as peptized sols above pH 5;
the rate of adsorption of these iron·organic colloids by the
container walls may be grcawr than that of the inorganic iron
sols. Similarly, the smaller concentration of cadmium in the
river wawr samples (0.12 .gjL) than in the synthetic water
samples (1.00 .gjL) may be responsible for the greater loss
of cadmium from the river wawr samples (26% at pH 6.0, and
31 % at pH 8.0 in 30 days) than from the synthetic water
samples (17% at pH 6.0, and 24% at pH 8.0 in 30 days) (2I).

(iv) Loss of metals from the Pyrex glass containers was
higher than from the Nalgene linear polyethylene containers
(Figures 1-6). For example, cadmium showed no loss on
storage of synthetic water samples, and river water samples
in Nalgene linear polyethylene containers at pH < 8.0 (Figule
I). King et al. (5) also observed no loss for two weeks Oil
storing an aqueous solution of 25 ngjmL of cadmium ill
polyethylene, polypropylene, and poly(vinyl chloride) con­
tainers in the pH range from 3 to 10. There was considerable
loss on storage of samples in Pyrex glass containers (Figure
I). Struempler (22) also found that an aqueous solutio,!
containing 1 ngjmL cadmium stored in borosilicate glass
containers showed a 200/0 loss in 20 days of storage. The
maximum loss of aluminum from river water samples and
synthetic water samples stored in Nalgene linear polyethylene
containers for 30 days was 350/0 in the pH range from 4.0 to
8.0 (Figure 2). The loss on storage in Pyrex glass was 81 'l'o
from river water samples, and 65% from synthetic water
samples, at pH 8.0 in 30 days. As discussed in section ii,
similar results were obtained for iron and manganese. The
difference in the nature of surface of the Pyrex glass and the
Nalgene linear polyethylene may be responsible for the
difference in the amount of metal species adsorbed.

Synthetic and river water samples containing zinc could not
be stored in Pyrex glass or Nalgene linear polyethylene
containers because of the continuous increase in the COD­

centration of zinc in the sample solution on storage in these
containers. Pyrex glass and Nalgene linear polyethylene
containers have been reported to contain 730 ngjmL and 28
ngjmL zinc, respectively (23). Also, Struempler (22) could

198 (196)
0.1 (0.1)
2 (2)·
1 (I)
2 (2)
148 (149)
26 (26)
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5 (5)5

5
5
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200
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2
1
2
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25

Rideau river sam­
plc.a conc"b found,
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not detectable
230 (229)
0.12 (0.15)
1.6 (1.5)
0.5 (0.6)
1.4 (2.0)
170 (168)
30 (32)
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7 (6)
4.3 (4)
42.5 (44.0)
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2.8 (3.0)

Ag
AI
Cd
Co
Cr
Cu
Fe
Mn
Mo
Ni
Pb
Sr
V
Zn

Ele·
ment

Table II. Resulta of Analysis of Water Samples by
Graphite Fumace Atomic Absorption Speclrometry

Synthetic water sample

Conen Conen
added, round,
.g/L .g/Lb

a Samples collected on October 18, 1974. b Concen­
trations given in parentheses were obtained by the method
of standard additions. All other values were obtained by
the calibration curve method using metal standard& in aq·
ueous solutions acidified to pH 1.0. The average of the
values obtained by the calibration curve method.and stand­
ard addition methods is taken to represent the initial con­
centration of each analytc. The % loss reported in Figures
1-8 for each element was obtained by reference to these
initial concentrations. The relative standard deviation is
2-3%. C No signal from 200·.L samples.

function of time. The percent loss of each' element was
determined with reference to the initial measured concen­
tration of cach element given in Table II. As can be seen from
these Figures, storage of synthetic and river" water samples
in Pyrex and Nalgene containers resulted in no loss for AI,
Fe, and Pb at pH < 1.5, for Mn at pH <2.5, for Cd, and Cu
(no Figure) at pH <4.0, and for Cr, Ni, and Sr (no Figure) at
pH <9.0. The stability of these metals in solution may be due
to the absence of any binlogical transformation or lack of
formation of any colloidal nr ion·exchangeable species likely
to be adsorbed by the container surface (14). Calculations
based on stability constant values (15) show that AI, Cu, Cd,
Fe, Mn, and Pb exist in solution as aquo ion, and Cr, Ni, and
Sr remain in solution in complexed or anitmic form (16) at
the pH's stated above.

As can be seen from Figures 2-7,losses were observed for
AI, Fe, and Pb at pH > 1.5, for Mn at pH > 2.5, and for Cu
(no Figure) at pH > 4.0, when both synthetic and river water
samples were stored in Nalgene or Pyrex glasS containers. The
following fcatures of Figures 2-7 are worth noting; explanation
of some of these features is offered below.

(i) Most of the losses for the above metals (except copper)
occurred within 5 days of storage. Virtually no further loss
occurred up to 30 days of storage. In the case of copper, most
of the loss (35% at pH 6.0, and 50% at pH 8.0) occurred in
one day, and no further loss was observed up to 30 days.

(ii) The amount lost increased with increasing pH irres·
pective of the composition of the wawr samples, and the
nature of the container. Thus, in Pyrex glass containers, the
pert..nt loss in 30 days from river water samples at pH 4.0,
6.0, and 8.0 was: for aluminum-53, 70, and 81, respectively
(Figure 2); for iron-54, 78, and 85 (Figure 3); for
manganese-43, 72, and 90 (Figure 5); and for lead-48, 62,
and 76 (Figure 7). The corresponding loss from synthetic
samples was: for aluminum-49, 60, 65 (Figure 2); for
iron-37, 70, and 70 (Figure 3); for manganese-35, 62, and
77 (Figure 5); and for lead-ume as for river water samples
(Figure 7). In Naigene containers, the percent loss in 30 days



441 • ANALYTICAl ClEMISTRY, VOL 50, NO.3, MARCH 1978

CONTACT TIME, DAYS

Figura e. Loss of coba~ from Pyrex glaS$ and Nalgene containers.
Rideau River water sample (1.6 pg/l Co); Pyrex glass: (0) pH 1.6;
(0) pH 6.0. Nalgene: (0) pH 1.8, 8.0. Synthetic waler sample (2.0
pgil Co); Pyrex glass: (0) pH 1.6; (l» pH 8.0. Nalgene: (0) pH 1.6,
8.0

not preserve dilute aqueous solutions containing 100 ngjmL
zinc in polypropylene containers because of severe contam­
iDatians by zinc. Since Teflon containers were found to be
free of contamination from zinc (24), they were used in the
present sludy. Samples stored in these containers showed no
1088 of zinc in the pH range from 1.5 to 8.0 for at least 30 days.
II seems that the various species of zinc (based on stability
constant valueo (I5)), which predominate in various pH's, viz.,
lo(lI) aquo ion al pH < 4.0, ZnHCO: and ZnCO, at pH 6.0,
and ZnCO, at pH 8.0, are not adsorbed by the surface of
Teflon.

Figure 8 presenta the loss of Co from Pyrex glass and
Nalgene linear polyethylene containers. Like Cd, Co showed
no loss on storage of synthetic and river water samples in
Nalgene linear polyethylene containers in tbe pH range from
1.5 to 8.0. Resulta were, however, different when synthetic
and river water samples containing Co were stored in Pyrex
glass containers. As seen in Figure 8, no loss of Co was
observed at pH 1.5. However, at pH 8.0, the loss of Co was
initially linear, reaching values of 12% and 16% in 5 days for
synthetic and river water .amples, respectively. Beyond 5
days, the rate of loss was much smaller-29% in 20 days and
32% in 30 days for both synthetic and river water samples.
As in the case of cadmium, the lOBS of cohalt was probably
due to adsorption of some cobalt species, e.g., hydroxo or
carbonato species formed by Co(III) (after oxidation of Co(1I)
to Co(III)).

CONCLUSIONS

Since appreciable amounts of trace metals can be lost from
unpreserved samples of natural waters, caution should be
exercised in interpreting the results of analysis of such
samples. The best method of pre.ervation seems to be
acidification of the samples with nitric acid to a pH S 1.5, and
storage in Pyrex glass or Nalgene linear polyethylene con­
tainers (except in the case of zinc, for which Teflon is the only
suitable container). However, since Nalgene linear poly­
ethylene is less expensive, lighter, more durable, and easier
to handle than Pyrex glass, it is the preferred material for
containers for natural water samples.

LITERATURE CITED
(1) G. G. Eichholz. A. E. Nagel, and R. B. Hugnes, Anal. Chem .. 37, 883

(1.S5).
(2) D. E. Robertson, Anal. ChIm. Acta, 42. 533 (19118).
(3) R, A. DInt and B. T. 0<Jhsl1, Anal. Chern .. 42, 1002 (1970).
(4) H. S. _ and W. J. WebOer, "Envirorwnontal ChomIsb'y of CadrTUn

In Aqueous Systems", TtK:h. Rep .• T-71·1. LWversity 01 Michigan. AM
Arbor. MIch.• 1971.

(5) W. G. Kklg, J....~z, and C. M WaJ, Anal. Chern.. 41, 771 (1974).
(6) E. F. Mcfarren and R. J. Ushkar. Adv. Chern. StJr.• 73. 253 (1968).
(7) A. O. Rathje, Am. Ind. Hyg. Assoc. J., 30, 126 (1989).
(8) M. R. Greenwood and T. W, Clarkson. Am. Ind. Hyg. Assoc. J., 31.

250 (1970).
(9) R. D. Edlgar, AI. AbSOfPI. NewsJ.• 12, 151 (1973).

(10) R. V. Coyne and J. A. CoIIns. Anal. Chern.• ce, 1093 (1972).
(11) C. Feldman. Anal. Chern .• ce. 99 (t97.).
(12) R. M. Roseln and C. M. Wei. Anal. Chim. AeU.. IS. 279 (1973).
(13) H. H. Dobson. MPrinclpIe Ions and Dissolved Oxygen In Lake Ontario",

Reprint Series No. 32. Department of El'l8fgy. Mines and R8SOlXceS.
Ottawa, Canada. 1967.

(14) L. J. Stryker and E. Matl)evlc. Adv. Chern. SBr., 78. 44 (1968).
(15) W. StlMTlm and J. J. Morgan. "Aquatic Chemistry". WUey-lnlersclence

New York. N.Y.• 1970. pp 161-221.
{lSI P. Benes and E. Stalnnes, WaleT Res., to 741 (1975).
(17) P. Benei and I. RaJman. CoIlttCl. Czech. Chern. Comrnun., 34. 1375

(1969).
(18) P.lle<leS and J. Smetana. Collect. Czoch. Chem. Cotmul.. 34, 1380

(1969).
(19) E. A. Jenne, Adv. Chern. s",.. 73, 337 (1968).
(20) J. Shapiro. J. Am. Water Works Assoc., 51. 1062 (1964).
(21) G. TOIg, T."'nta. 19, 1489 (1972).
(22) A. W. SltUempIor. A""/. Chem .• 45. 2251 (1973). .
(23) O. C. 8lxrel...AtorrK; Spectrometric Analysis of Heavy-metal Pot.Jtants

In Water", Ann Arbor Pre". Ann Arbor, Mich" 1974. P 97.
(24) D. E. Robertson. In "UltraplXlty", M. Zlef and R. Speights. Ed" Marcel

Dekker. New Yoric., N.Y., 1972. pp 208-250.

RECEIVED for review May 17, 1977. Accepted November 18,
1977, The authors are grateful to Environment Canada for
a three-year research agreement in support of this study. One
of the authors (J.E.S) is indebted to the Ministry of Education,
Government of Spain, for a postdoctoral fellowship,



ANALYTICAL Ct£MISTRY, VOL. 50, NO.3, MARCH 1978 • 441

Radioimmunoassay of Calcitonin in Normal Human Urine

Richard H. Snider,· Charles F. Moore, Omega L. Sliva, and Kenneth L. Becker

Metabolic Research L.ebaratory (6681151JI, Veterans Administration Hospital, 50 IrvIr>g Street, NW, Washington, D.C. 20422

Direct radioimmunoassay 01 calcllonln In human urlnes
containing :53 ng/mL Is complicated by Interlerence Irom
substances most probably struetUraUy similar to the methylated
xanthlnes. A simple, reproducible procedure Is described for
the removal of the Interlerlng substances prior to radlolm­
munoassay, Utllzlng this procedure and a sensitive antiserum
specific for the carboxyl terminal region 01 calcllonln, II has
been possible to obtain precise estimates of calcllonln con­
centrations In the urine over the range, 0.02-3.0 ngImL wllhln
which calcitonin Is lound In normal urIne. The Intra- and
Interassay 51 fc were 5 and 15%, respectively. The urine
calcllonln values apparently reflect serum calcllonln con­
centrations (e.g" urine/serum r = 0.9873 for 40 hypercal­
cllonemlc pallents); but urine calcltonJn determination has Iwo
important advantages: greater reproduclblilly because 01
decreased heterogeneity and grealer differentiation of patient
populations. In view 01 Ihese resulls, Ihe assay of urine
calcllonln may prove 10 be a very uselul clinical 1001,

Since the discovery of lhe hypocalcemic, hypophosphatemic
polypeptide hormone calcitonin (CT), by Copp (J) in 1961,
much effort has been directed toward the development of
techniques for its measurement in biologic fluids. Much of
the uncertainty over serum concentrations in normals as
determined by radioimmunoassay (RIA) appears to emanate
from size- and immuno-heterogeneity of the hormone as well
as the presence of interfering substances (2).

In 1971 Voelkel and Tashjian (3) reported finding hypo­
calcemic activity in the urine of patients with medullary
lhyroid cancer (MTC). Later Melvin and co-workers (4) found
that the hypocalcemic activity in the urine was immuno­
chemically similar to human CT and co-eluted with the
synthetic hormone on short G-75 Sephadex columns.

We have developed a simple, reproducible technique for
lhe assay of CT in hurnan urine which should yield consistenl
inlerlaboratory results provided that the same standards and
assay conditions are utilized. Urinary CT concentrations
appear to refle<:t CT concentralions in the serum (parliculary
for patients with hyperca1citonemia) and they afford an earlier
indication of an increased production rate or metabolic
clearance of the hormone, and pennit the study of physiologic
changes which may not be detected in the serum.

EXPERIMENTAL
Collection and Storage of Samples. Serum from fasting

patieots was colle<:ted in 13 X 100 rnm non·siJiconized glass lubes
(Venoject; Kimble-Terumo, Elkton, Md. 21921) and stored at-20
·C unlil assayed.

Urine from fasting patients was collected in polyethylene or
nint glass re<:eptacles containing sufficieot NH,HCO,to maintain
a pH ~ 7.5. Usually the first morning urine was discarded, and
the urine for assay was coHected over a fixed period of time (1-2
h). One-mL aliquots of the urine are stored at -20 ·C until
assayed.

Radioimmunoassay of Serum CT. Synthetic human CT (see
Acknowledgment) was labeled w a spe<:ific activity of 150-250
$lei/JIg utilizing a modification of the Hunter-Greenwood
chloramine-T method (5). Non·equilibrium and equilibrium

_ paper not subject 10 U.S. Copyright.

assays were performed with carboxyl terminal antiserum Ab-IV
and midportion anlisera Ab-I1 and Ab-lII as previously described
(2). A new midportion antiserum Ab-llIb very similar to Ab-llI,
but 2-:1 limes more sensitive (based on 50% (BjBoJ in a legit-log
plot or lhe standard curve) than Ab-IV was also utilized. Cal­
culated from Scatchard plots (6), the dissociation constanta (K...,)
were -3.2 X 10-11 M for Ab-IV and -1.0 X 10-11 for Ab-IDb, and
the binding site concentrations were -2.3 x 10-11 M for Ab-IV
and -7.6 x 10-12 M for Ab-lIIb. Serum aliquota of ~50 pI. were
used ror most assays. Beckman CT (according to Beckman, their
0.5-mg vial (lot #809(3) contains 0.58 mg human CT) was utilized
10 generate the data in this paper. This standard yields slightly
lower concentrations (-20%) than we have reported in earlier
papers using Organon CT standards.

Purification of Urine Samples. The l-mL aliquot for RIA
was boiled for 3 min and dextran blue (B-2000, 2000000 daltons;
Sigma Chemical Co., 3500 o.Kalb Streel, St. Louis, Mo. 63118)
added. The boiled urine was passed through a 6 x 220 mm glass
column contaioing 5 mL polyacrylamide gel (Bi<H;el P.2; 100-200
mesh; Bio-Red Laboratories, 32nd and Griffin, Richmond, Calif.
94804) suspeoded in 0.1 M NH,HCO, at pH 7.5. The blue void
volume was collected in a 7·mL non-siHconized glass tube, lyo­
philized. and reconstituted in 2 mL of 1% (w/v) human serum
rJbumin (Culter Labs, Inc. Berkeley, Calif. 94710) in buffer
containing 0.15 M NaCland 0.13 M H,BO, at pH 7.5. Columna
were rinsed with 1 M HCI Bnd repacked before use. Urines
containing ~10 ng/mL were not purified.

Radioimmunoassay or Urine CT. The assay was carried out
as described for serum except for the addition of 10% guinea pig
or hypocalcitonin human serum. The addition of guinea pig serum
accomplished two functions: BSSlly sensitivity was increased (2)
Bnd the occBsional non·parallelism of dilution curves for urine
CT component U·2 as compared to the standard curve was
eliminated.

The boiled and gel filtered urine which was re<:onstitu!ed to
2 mL is assayed in a1iquots of ICl-200 pI.. Urine column fractions
were assayed as described for serum fractions.

Permeation Gel Chromatography. Urine samples were
ehromatographed on 3 x 110 em glass columns containing 800
mL G-75 superfine Sephadex suspended in 0.1 M NH,HCO, at
pH 7.5 or 0.1 M NH,O,CH at pH 4.7. The sample was eluted
in 6.4·mL a1iquots (7-8 aliquotsjO.1 K.) which were assayed and
the concentrations were plottad graphically as described previously
for serum (2).

Concentration or Urine CT ror Permeation Gel Chro­
malography on G-75 Sephadex Column•• Concentration of
the CT in urine samples containing more than 200 pgjmL was
unneCes.108ry; however, the following procedures were utilized on
some high CT as well as low CT samples to determine recoveries.

Tric111oroacetic Acid Precipitation of Protein. Urine CT was
co-precipitated with urine proteins by the addition of 10%
trichloroacetic acid as described by L. Constan and co-workers
for proinsulin and insulin (7).

Petroleum Ether Emulsion. Alkaline urine was added w 300
mL petroleum ether (ACS grade), (bp 35-60 ·C, Fisher Scientific
Co., Silver Spring, Md. 20910) io a 2-1. separatory funoel. The
funnel was shaken vigorously for 2 min and the two phases were
allowed to separate. An emulsion fonned at the interface. The
et.her and aqueous phases were removed and the emulsion was
dried by nash evaporation. The dried emulsion, which contained
2Cl-30% of lhe wta! CT, was dissolved in 10 mL 0.1 M NH,HCO,
buffer, pH 7.5, and freeze dried. A modification of the above
procedure utilized for urine from some MTC patienta WIS to add
1 mL normal human serum and to reexuact following emulsion
formation with three more 3OQ.mL portions of petroleum ether.

N>IsIled 1978 by Itle Amerlcan Chemicll Socloly
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Table I. Serum ICT Compared to Urine ICT for MTC Palienu

Urine ieT

Mean
(, S.D.)
Correlation (r)

Serum ieT, nglmL
Sample nglmL (A)

1 0.19 3.5
2 0.62 36
3 0.62 2.2
4 1.2 78
5 1.3 46
6 1.4 35
7 9.0 250
8 14 210
9 19 380

10 50 1230
11 50 1940
12 150 3650

nglmg
Creatinine

(B)

2.3
15
14
38
26
26
95

480
360
830

1020
3950

Ratio
(A)lserum

18
58

3.5
65
35
25
28
15
20
25
39
24

28
;18

0.9815

Ratio
(B)lserum

15
24
23
32
20
19
11
34
19
17
20
26

22
,7

0.9897
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b
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~
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UriNfy HCT for MtC Patienl E.G.

Flvure 1. (a) Urine from MTC patient having mostly U-2 fraction of
calcrtonin. (b) Urine from MTC patient having mostly U-l fraction of
calcitonin

Despite the good results obtained for direct RIA of CT in
the urine of patients with hyperco1citonemia, difficulties were
encountered in trying to determine the CT concentrations in
the urine of normals and patients who had hod th)TOidectomy
(Thx). Direct RIA of urines from these patients in aliquots

This procedure recovered 55% of the urine CT.
Creatinine Determinations. Creatinine was assayed in

aliquotll of urine .., described by Henry (8).
Isoclcctric Focusing. Sucrose density gradient isoelectric

focusing was carried out in various pH ranges at -20°C on a
1l0·mL LKB 8101 column (LKll·Produkter AB, Brumm. 1.
Sweden) essentially as described by Hoglund (9).

RESULTS AND DISCUSSION
Radioimmunoassay ofCT in Urine. Initially, Melvin and

co·workers (4) indicated that :525 ilL of urine could be ra­
dioimmunoossoyed direcUy. In our laboratory, urine samples
from MTC and other hypercalcitonemic patients containing
~3 ng/mL CT did yield results by direct RIA (in aliquots :5S
ilL) which were consistent with results obtained following gel
filtration of the urine on our long G-75 Sephadex columns
(Figure I, a and b). The principal fraction of immWlOreactive
calcitonin (jCT) in most MTC urines. U·2, had an apparent
molecular size of 5400 daltons on pH 7.5 columns and 4500
daltons on pH 4.7 columns and was best recognized by
carboxyl terminal antisera (3-5 times better than midportion
recognizing antisera). The apparent molecular size of U-2 on
the pH 7.5 colwnns is altered following pretreatment with acid
or base. Pretreatment of the 5400 dalton fraction with acid
yielded the 4500 dalton fraction. Pretreatment of the 4500
dalton fraction with 1 N NH.OH at 55 ·C for 1 h yielded a
5400 dalton fraction. Guanidine hydrochloride, 5 M. at pH
4.7, had no effect on the apparent molecular size of U-2 except
the effect described above for low pH. It should be noted that
synthetic ""I-HCT added to urine eluted with apparent
molecular size of 3500 daltons and its Kd was unaffected by
the pH of the columns or pretreatment with acid or base.
Salmon CT (excreted by patients receiving salmon CT therapy
for hypercalcemia) eluted with a Kd much closer to that of
synthetic salmon CT monomer. Fraction U-I (-8000 daltons)
was recognized as well or better by midportion antisera as by
carboxyl terminal antisera. Because of the greater recognition
of the principal MTC urine fraction, U·2, by carboxyl terminal
antisera, Ab-IV, a carboxyl terminal antiserum was chosen
for most of our urine studies. Although most normal urines
tested in our laboratory produced only 5-10% damage of
'"'I·HCT in 24 h (as determined by binding to excess anti.
body), NH.HCO, was added to all urineS in order to prevent
the degradation of urine CT which occurs at low pH (3). Bosa1
and post stimulation concentrations of urine CT were cor­
related betler with serum CT concentrations when the urine
CT was expressed as ng CT/m" creatinine (Table I). The
correlation, r, for 40 bosa1 urine/serum concentrations for
MTC patients was 0.9873.
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Table II. Compounds Interfering with RIA of iCT with
Carboxyl Terminal Antisera

figure 2. (a) lk1conceotratad lri1e of a normal person. (b) Concentratad
lri1e caIcitorWl {tricHoroacetic aOO} of a normal person from lri1e UIized
for 28

Aliquot(ml)

10 20 so 100 200 500 1000 2000
HClIP&!,

10 20 $0 100 200 500 1000 2000
Hell""

0.0002 o.oOos 0.001 0.002 a.ODs o.tU 0,02 0.05 O~l 02.

Figur. 3. (a) Dilution curves for inferlerlng substances compared to
the standard curve In the radioimmunoassay. (b) DIMion curves lor
1J.1. 1J.2 (without hypocalcltonin senm), and a diluted .me (PF) which
had high concentration of ICT compared fa the standard curve

of !If-20!,L did not correlate well with results for gel nItration
of the unconcentrated urine on our long G·75 Sephadex
columns. As shown in Figure 2, a and b, two fractions ofCT
Were found in the urine of normals whicb corresponded both
in apparent molecular si2e and antibody recognition to those
found in MTC patients; however, the total amount oblained
for the gel nItration fractions from normals did not correspond
to the amount found by direct RIA. The average diaplacement
of 1251·HCT from antibody for 20·!'L aliquots of urine from
23 normals was 25.2% (% B/Bo = 74.8 :I: 8.4), which would
correspond to a mean CT of 0.44 ng/mL. The averege dis·
placement of 125I·HCT from exc'" antibody added at the end
of the routine RIA incubation period was 2.9% ('Yo B/Bo =
97.1 :I: 2.2) indicating that damage to label did not account
for much of the observed displacement. Dextran·coated
charcoal (10) extracted urine, in 2Q.!,L aliquota, diaplaced only
8.6% ('Yo B/B. = 91.4 :I: 7.2) 125I·HCT from antibody in
routine RIA; therefore, m06t of whatever interfered in the RIA
as well as the CT was extracted. Chromatography on the long
G·75 Sephadex columns revealed that the source of inter·
ference was of small molecular size (eluting in the salt
fraction). A series of known constituents of the urine as well
as analogues were teated in the RIA syatem with the results
shown in Figure 3a and Table II. It should be noted that the

-Ab-II
----Ab-IV
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0.1
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Apparent ieT in ng
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Table IVa. Comparison of Urine iCT Levels Determined
with Two Different Carboxyl Terminal Antisera

Table !Vb. Correlation of iCT Levelll Determined with
Two Different Carboxyl Terminal Antisera

Patients No. Slope Inlercept

Table 1lJ. Recovery of iCT from Urine after Gel
FIltration through Polyacrylamide (Bio-Gel P-2) Columns

Urine iCT, ng/mL

Antiserum·A
(Ab·IV) Antiserum-B

urine iCT, urine iCT,
Sample ng/mL ng/mL

I 0.037 0.060
2 0.043 0.060
3 0.070 0.090
4 0.11 0.12
5 0.13 0.14
6 0.14 0.14
7 0.34 0.33
8 0.42 0.44
9 0.22 0.19

10 1.09 1.04
11 1.13 1.02
12 2.2 1.8
13 30 23
14 36 36
15 180 175
16 1950 1900

0.022
3.21

11.50

Recovery,
%

98
93
96
81
89
94

104
118
106

99
83

0.8591
0.9691
0.9745

4.24
35.3

324
178
357

59
671
400

71
15.6

317

0.9894
0.9987
0.9988

4.32
38.1

337
219
401

63
648
340

67
15.7

383

19
9

28

Unchromato· Chromato-
graphed graphed

Av recovery;: 96 :t. 10%

Sample

1
2
3
4
5
6
7
8
9

10
11

Normal
MTC
All

average reco\'ery for these urines was 96 ± 10%. Recoveries
of added CT were similar. For example, a urine containing
0.H9 * 0.022 ng/mL (6 determinations) contained 0.201 *
0.014 ng/mL (10 determinations) fo1l0wing the addition of
0.05 ng/mL to the urine. No detectable losses of urine CT
were observed for alkaline urines from normal or MTC pa·
tients allowed to stand at room temperature for 24 h.

Reproducibility. Table IVa compares individual urine CT
concentrations determined with two different carboxyl ter·
minal antisera after gel filtration. The correlation. r, for the
CT concentrations compared in Table IVa is 0.9999; while the
correlations for the various categories of CT concentrations
compared for the two antisera to dste are given in Table !Vb.
When eigbt l·mL a1iquots of the same normal urine were
filtered and assayed on two separate occasions the means *
S.D. were: 0.154 * 0.008 and 0.154 * 0.008 ng/mL, re­
spectively. Thus the within assay relative standard deviation
'(sIX) was only 5.2%. Similarly the interassay (sIX) was
14.8% for 19 consecutive assays with Ab-IV. These results
indicate that good interlaboratory reproducibility sbould be
obtained using the techniques we have described, the same
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urine in Figure 3a was found to contain only 0.035 ng/mL of
actual CT.. Interestingly, the methylated xanthine, carfeine,
was the moet potent interfering substance producing sig.
nificant displacement of 12sI·HCT from antibody even at the
500-ng level. Since carfeine and other methylated xanthines
are contained in many food and beverage products and are
excreted with their metabolites in the urine (1 J). these
compounds may account for much of the interference.
Chloroform removed some, but not all, of the interfering
substances from the urine. The interference produced by the
methylated xanthines is region specific. affecting carboxyl
terminal but not midportion recognizing antisers. The
methylated xanthines and creatinine interfered in equilibrium
as well as non·equilibrium assays. Figure 3b gives dilution
curves for U-I, U·2 (without hypocalcitonin serum), and MTC
urine as compared to the standard curve.

Radioimmunoassay of CT in Gel Filtered Urine. In
order to assay small amounts (~3 ng/mL) of CT in the urine
by RIA, a method for separating CT from the interfering
substances was developed which satisfied 4 objectives: (I) the
method was rapid and simple; (2) the recovery W88 ~90%; (3)
replicate samples and identical antisera yielded reproducible
results; (4) and the levels determined on purified samples
corresponded to the amounts found in CT fractions for the
same urine samples on long Sephadex columns.

Simkin (12) had previously reported using the affinity of
purines for polyacrylamide gel to separate serum uric acid on
BiD-Gel P-2 columns. Because the interfering substances were
of small molecular siw and were likely to be structurally
similar to the purines, the gel filtration procedure described
in the Experimental section W88 devised. When "C·labeled
caffeine W88 added to urine <0.2% appeared in the void
volume when filtered through a Bio·Gel P-2 column. Fur·
thermore, coITee drinking was not found to have any significant
effect on the assay results when the urine was gel fUtered. One
additional modification in assay procedures was required.
Although fraction U-I diluted parallel to the standard curve
in our standard assay buffer, fraction U·2 diluted slightly
nonparallel to the standard curve. All fractions of urine CT
could be made to dilute parallel to the standard curve by the
inclusion of hypocalcitonin or guinea pig serum at a final
concentration of 10% vIv. Although the reasons for this last
observation are unknown, it is notewortilY that the effects of
the interfering substances in the urine and of the methylated
xanthines were significantly reduced by the inclusion of such
serum; therefore, the serum was included in all urine assays
to ensure consistent results over the usable dilution range of
the assay. Boiling the urine was included as a step in the
procedure because some «5%) of the urines studied con­
tained sufficient enzymes to degrade both the urine CT and
the labeled CT during the assay. Boiling did not alter the
concentrations of CT determined following filtration of the
urine. For eumple, three l·mL a1iquots of urine from one
normal patient contained 0.148 *0.017 (mean *S.D.) ng/mL
CTwithout boiling and 0.150 * 0.031 ng/mL following boiling.

Rapidity. Ten or more of the BiD-Gel P·2 columns may
be run simultaneously requiring 20 min for elution of the CT
in the wid volume; the I·h total turnover time includes rinsing
the columns with I N HCl and repacking with fresh poly­
acrylamide gel. The void volumes containing CT may be
assayed direcUy or lyophilized and reconstituted in 2 mL of
standard assay buffer for RIA.

Recovery. Two kinds of recovery experiments were done:
high CT samples were assayed before and after passage
through the polyacrylamide gel columns; and low CT samples
with and without added amounts of synthetic CT and U-2
were assayed subsequent to flItration on polyacrylamide gel.
Results for 11 MTC urines are shown in Table m. The
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Urinary ieT (Pet Ether Emulsion) - Thyroidectomized (GY)

F~ure 4. Concentrated urine calcitonin (Petroleum Ether Emulsion) of thyrotdectomized patient

standards, and similar antisera. The correlations between
urine CT concentrations determined with Ab·IV and those
determined with Ab·IJIb were not as good as those obtained
for the two carboxyl terminal antisera. The correlations were
r = 0.4078 for 17 normals, r = 0.8032 for 24 MTC patients,
and r = 0.8765 for all 44 patients studied. The very poor
results for normals appears to result from the relatively greater
proportion of CT recognized by midportion antiserum in their
urines as compared to MTC urines.

Validation of Post·Filtration Calcitonin Levels. As
shown in Table V for 10 Thx patients (9 male, I female) the
conc~ntrationsof CT determined for filtered urines is lower
than for unfiltered urines demonstrating that the interference
from non·CT constituents in the urine is considerable. AI·
though it was possible to demonstrate that the CT levels
determined for some normal males who had ~O.15 nglmL of
urine CT did correspond to the CT content of the iCT
fractions obtained after the gel filtration of the unconcentrated
urines of these individuals on our long Sephadex columns (e.g.,
Figure 2a), it was not possible to detect the low concentrations
found in the unconcentrated urines of most Thx patients
following gel filtration on the long Sephadex columns. Since
it was necessary to determine whether the low levels deter·
mined for Thx following filtration of the urine were real or
artifactual, the urine CT was concentrated in order to de·
termine whether the apparent CT in Thx urine did correspond
to the appropriate gel filtration fractions on the long Sephadex
columns. The method first tried was extraction of CT from
the urine with 10 mglmL Quso G·32 (micro fine precipitated
silica, Philadelphia Quartz Co., Valley Forge Executive Mall,
Valley Forge, Pa. 19482) by mixing it with urine for 1 h
followed by elution of CT with 20% acetone, 1% acetic acid
in water (viv). Although this procedure has been used
successfully to purify labeled CT (13), the recovery of urine
CT by this method was 5': 2%. Recovery of purified urine
CT added to 1% HSA was slightly better: 10': 2'70. Ul·
trafiltration with an UM·2 filter on an Amicon thin channel
ultrafiltration cell TCFI0 (Amicon, 21 Hartwell Ave., Lex·
ington, Mass., 02173) followed by filtration on the long G·75
Sephadex columns gave ~10% recoveries with severe deg·
radation of the hormone. Trichloroacetic acid precipitation
and subsequent elution of urine proteins, a method which bas

Table V. Estimate of Artifactual ieT in Urine of
'Thyroidectomized Patients

Urine ieT, ng/mg Creatinine Artiractua!
Unchromato- Chromato- ieT, ng/mg

Sample graphed graphed creatinine

1 0.23 0.027 0.20
2 0.33 0.017 0.32
3 0.43 0.058 0.37
4 0.26 0.032 0.23
5 0.28 0.028 0.25
6 0.45 0.023 0.43
7 0.26 0.024 0.23
8 0.25 0.033 0.22
9 0.25 0.031 0.22

10 0.52 0.061 0.46

Mean 1 S.D. 0.33,0.10 0.034, 0.029 0.29, 0.10

been very successful for the extraction of insulin from the urine
(6), gave only 10-25% yields of urine CT (e.g., Figure 2b).
Finally, it was found that formation of petroleum ether
emulsions followed by fUtration on the long Sephadex column
yielded ~25% of the urine CT. When this latter method was
applied to two different urines of Thx patients, it was found
that both contained "apparent" iCT which eluted on the long
Sephadex columns with the peak fraction having the same
K d as fraction U·2 in normal and MTC patients (e.g., Figure
4). Furthermore, assay of aliquots of these extracts filtered
on the short polyacrylamide columns corresponds to the
amounts determined for the CT fraction found on the long
Sephadex columns. Thus although we are not able at this time
to be certain that all the "apparent" CT in the gel filtered
urine of Thx patients is real, it is highly likely that much of
it is. It should be noted that the evidence that what is being
assayed in MTC urine is derived from serum CT is substantial:
urinelserum CT concentrations correlate extremely well both
before (r = 0.9873 for 40 basal samples and r = 0.8973 for 30
post stimulation samples) and after thyroidectomy for MTC.
Presently, the best available evidence that what is assayed
in normal and Thx urine is derived from CT is experimental
data which demonstrates the identity of the assayed material
in the different urines. Urines from all three groups, MTC,
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normal, and Thx patienlB, have a fraction which elute. from
G-75 Sephadex column. with the same Kd . Furthermore.
isoelectric focusing over the pH range 3.5-10 has resolved two
major band. at pI = 4.9 ± 0.2 and pI = 6.3 ± 0.2 (.ynthetic
human CT has pI =8.0 ± 0.2) a. well a. immunoreactivity
with pI < 3.5 in concentrate. of both MTC and normal urine.

Present evidence indicates spot urines may be utilized for
assay of CT if the concentrations are expressed as a ratio of
CT to creatinine (volume and collection times do not have
to be measured). Sequential 2-h urine .amples throughout
the day have shown no significant variation with the exception
that the first morning urine had less CT than samples taken
the re.t of the day (e.g., for one patient 8 continuous 2·h
samples gave 0.25 ± 0.04 ng/mg creatinine; wher.... the fir.t
morning sample contained 0.19 ng CT/mg creatinine). This
decreased concentration of first morning urine CT may be due
lo enzymatic de.truction of CT in the acid media of the
bladder.

Application of Urine Calcitonin Measurements. To
date, concentration. of urine CT have been lowest for Thx
patienlB (m..n ± S.D. = 0.034 ± 0.015 ng iCT/mg creatinine
and concentration. for women (0.059 ± 0.019 ng iCT/mg
creatinine) have been significantly higher than for Thx pa­
tienlB (P < 0.002) but significantly lower (p < 0.02) than men
(0.11 ± 0.067 ng iCT/mg creatinine). Preliminary results
indicate that urine CT increases appropriately followin~

stimulation (14) and may serve to better discriminate patients
having hypcrca1ciwnemia from normal patients (15), probably
hecause of the smaller amount of heterogeneity, ahility tu
remove interfering substances, llod relatively greater incre­
ments in the urine relative to the serum. Althuugh urine CT
concentrations renecl serum CT concentrations for different
population groups (e.g., Thx patients compared to women and
women compared to men), for various stimulation tC!olts (e.g.,
calcium infusion), and for individual hypercnlcitonemic pa­
tients; no significant urine/serum CT concentrations cur·
relation has been found for normal individuals.

CONCLUSION

Direct RIA of urine CT i. possible for urines containing 2:3
ng/mL; however, RIA of CT in urines containing less CT is
complicated hy interfering sub.tances mo.t probably
structurally similar to creatinine and the methylated xun·
thine•.

We have described a simple, reproducible method for lhe
removal of these interfering substances from urine and
subsequent RIA of CT in human urine which renects the

concentrations of CT in the serum. Because RIA of serum
CT is more difficult to interpret because of substantial size­
and immuno·heterogeneity, protein effects, and perhaps
interference from substituted purines, it would appear that
RIA of urine CT utilizing our procedures provides a greater
index of discrimination between patient groups and allows
study of conditions in which the production rate and metabolic
clearance arc altered prior to manifest changes in the serum.

ACKNOWLEDGMENT
We thank H. M. Greven. Organon Laboratories, Os., The

Netberlands. for his gifts of synthetic human calcitonin and
peptide fragments; J. Bastion and P. Alfred. Armour Phar­
maceutical Co., Kankahee, Ill., for their gifts of .ynthetic
human calcitonin; \V. Rittel, Ciba·Geigy Corporation, Basal,
Switzerland, for his gift of peptide fragments; and the Briti.h
Medical Research Council, Mill Hill, London. N.W. 7, for
human calcitonin MRC standard•.

LITERATURE CITED
(1) D. H. CoPP. A. G. F. Davidson, and B. A. Cheney, Fed. B/ol. Soc., 4,

17 (1961).
(21 R. H. Snder, O. L Siva, C. F. ~e. and K. L BecKer. ca,. awn. Acta.

76, 1 (19771.
(3) E. F. Voelkel and A. H. Tashjian. Jr .• J. Cfin. Endocrinol. Metab .• 32.

102 (1971).
(41 K. E. W. Molvin, H. H. Miller. and A. H. Tashjian, Jr .. N. Eng. J. Med..

285, 1115 (1971).
(5) D. L. Siva. A. H. Sr«1ef. and K. L Becker. CIin. Chern.. (Wnston·SDJem,

N.C.), 20. 337(1974).
(6) G. $calchard, Ann. N. Y. Acad. Sci.. 51. 660 (1949).
(7) L. Conslan. M. Mako. O. Juhn. and A. H. Rubenstein, Diabetologia. 11.

119 (19751.
(al A. J. Hervy, in "CIi1icaJ CherTistry: Pri1ciples and Technics", Harper and

Roe, Now York. N.Y.. 1964, P 294.
(9) H. Hagknj in "Melhods of Biochemical Anatysts." Vat 19. C. Glick, Ed.•

Inlcrsclence Publishers, New Yor1I. N.Y.. 1971 pp 1-104.
(10) V. Hefbert.. K. $. lau. C. W. GottIeb. am S. J. 8Iclcher", J. C61. Erd:x:trci.

Motab .• 25. 1375 (1965).
(11) M. J. Arnaud, Biochem. Mod., 16.67 (1976).
(12) P. A. Simkin, CUn. Chern. (Winston-Salem. N.C.). 16. 191 (1970).
(13) A. H. Tashjian, Jr., Endocrinology, 84. 140 (1969).
(14) K. l. Becker. D.l. Silva. R. H. Snider. and C. F. Moore. Coo. Res. 25

(31. 534A (19771.
(15) D.l. S~\la, R. H. Snider. S. B. Baylin. C. F. Moore. and K. L. Becker.

Pr<>gam o'!he American CoIege 01 Physidans Fof1y~ Arn..BJ Sesslon.
Dallas, Texas. Absl. 36 (1977).

HECEIVED for re\'iew Aug-ust 25, 1977. Accepted December
8. 1977. This work has been supported by Veterans' Ad­
minislration Medical Research Funds at the Veterans' Ad­
minislration Hospital in \Vashington, D.C. 20422. A pre·
liminary report of this work was presented at the 28th
PiUshurgh Conference on Analytical Chemistry and Applied
Spectroscopy Cleveland. Ohio. March 3, 1977 (paper ;:357).





458 • ANALYTICAL CHEMISTRY, VOL. 50, NO.3, MARCH 1978
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°3.~1--~3."'2;-------';3."'3-l.Q.-J ~3t;'--~3.'5

-,
Figur. 1. Rste constants k. of the uncatalyzed and kb of the bo­
rate.eatalyzed decomposJUon of N-niuosohydroxylamine-N-sulfonate
as a function of tamperature. pH 7.0. Ie) k.ls-'). IX) k,IM-' s")

20

5o!;-----.,1-:-o.-------.t2o,,------,3t,o.---~'.O------.-"0
------+ JJg B In the reaction mixture

Figur. 2. Calibration curve of the kinetic determination of borate.
Temperature: 15°C. pH 6.80. k.:;:; 7.2 X 10·" 5. ' ; kb = 9.6 M- 1

so,

rate-catalyzed reaction take place simultaneously, the overall
rate of disappearance of the sulfonate may be descrihed by
the empirical rate equation

-d(ON(SO, -)NOI
dt ; (ha + hb[H,BO,IT)[ON(SO;)NO-);

k.b.d[ON(SO,-)NO' I (7)

if the pH is kept constant. IH,BO,h represents the total
concentration of borale, irrespective of its actual form in the
solutioo (3) and k..., is the observed pseudo-first-order rate
constant.

In the presence of other catalysts, additional lerms have
to be added to Equation 7.

Choice oC Reaction Conditions. For a sensitive detection
of borate, it is desirable that the ratio kb/k. be as high as
possible. Determination of the rate constants at three different
temperatures shows that this raLio increases with decreasing
temperature (Figure I).

A reaction temperature of 15 ·C was chosen. Lower
temperatures proved impractical because of the condensation
of moisture on the cell windows. The pH was lowered from
7.0 to 6.8 to bring the observed rate constants into the desired
range (half-lives between 5 and 15 minutes).

In Figure 2, a calibration curve is shown. It has been drawn
for e Hmited range of concentrations. We have extended the
range of borate concentrations up to 12/ll: B but no deviations
Cram linearity have been observed. However, the use of an
extended range of concentrations is impractical since at high
concentrations the rate of the reaction increases considerably.

Table I. Kinetic Determination of Borate Obtained from
Various Calibration Curves

Calibr3tion Analysis

10'- hb- 104 •

SampJe ha - (M-'- h obsd" ~g B
No. Type of sample (s-' ) 5. 1) (s" ) found

La,O,-Al,O,- 7.4 10.2 15.3 2.92
B,O, glass no. 1 7.6 10.5 15.6 2.88

La, O,-Al)OJ- 7.4 10.2 16.9 3.52
B,O, glass no. 2 6.3 8.9 14.5 3.46

3 Aqueous solution 7.3 9.7 12.5 2.03
ofH,BO, 6.9 9.6 12.1 2.02

This makes an accurate determination of the rate constant
very difficult. For accurate rate measurements, proper mixing
and slabili7.ation of temperature is absolutely necessary.
Reaction rates at high concentrations may be reduced by
decreasing IH'I but then the measurement of the blank
solution will require impractical long times of reaction.

With 0 and 4 ~g B, the reaction half-lives were approxi­
mately IS and 7 min, respectively. The inclusion of long
reuclion times for the blank requires more time than needed
fur 8 proper dilution.

\Vhen the sulfonate solution was stored overnight in a
refrigerator at 6 ·C both slope and intercept of the calibration
curve varied considerably from day to day. Such variations,
however, did not seriously affect the analytical results if
calibrations were made daily: straight plots were always
ohtained. In Table I, a few results are given which were
ohtained from different calibration curves. The last sample
was treated with a sulfonate solution which was kept in ice
and in a nitrogen atmosphere. Under these conditions kb was
nearly constant over a period of a month but k. was not. In
order to facilitate comparison of results, the calibration curves
used in the following have been shifted vertically to match
the curve of Figure 2 at the point IBI = O.

The stability of the reagenl solution and lhe reproducibility
of the calibration graph seem to be affected by temperature
and oxygen concentration. The slow, thermal oxidation of
alkaline solutions of the sulfonate has been reported by
Ackermann and Powell (5) and, at temperatures above 40 ·C,
a hydroxide-dependent decomposition has been observed in
the absence of oxygen (3). Since the proton- and borate­
catalyzed reaction are first-order in the sulfonate concen­
tration, a small reduction of the latler would not be expeeled
to have a large influence on the observed rate constant unless
the oxidation products catalyze the decomposition of the
sulfonate.

Some InterCerences and Their Removal. Metal Jons.
Heavy metal ions, e.g., Cu2+, are known to catalyze the de­
composition of the sulfonate ion (7). This interference may
be uvercome hy complexation of the metal ions, e.g., with
EDTA.

We found that aluminum also interfered with the deter­
mination of boron. EDTA reacts only very slowly with
aluminum (8). The rate of complexation may be enhanced
by boiling. CDTA (l,2-cyclohexylene dinitrilotetraacetic acid)
reacts immediately with aluminum at room temperature.
Therefore the use of this compound was preferred for the
determinatiun of boron in aluminum-lanthanum alloys.
Resull' are given in Table II. Monovalent metal ions which
were present in excess as K+ and No+ ions from the buffer
solution did not interfere.

Silieate and Fluoride. For the determination of boron in
glass, the interference of fluoride and silicate was investigated
separately and in combination. The presence of an excess of
either or both anions has hardly any effect on the borate
content found (Table III). However, if glass is dissolved in
hydrofluoric acid, BF.- anions are formed, and these do not
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Table IV. Anaiylia of Boron in NBS GI... No. 93
(Certified Content: 12.76% B, 0, )

50.9 12.5
98.2" 12.9
99.0 12.7
99.5 12.8

101.8 12.7
Average 1. 0 12.7 :t 0.2

a After digestion, the melt was healed in the platinum
crucible for an additional 10 min at 850-900 °c in order
to check for any loss of boron.

Table II. Detennination of Boron in the Presence of
Aluminum and Lanthanum

B La AI EDTA CDTA 10' B
taken, added, added, added, added, hobm found

.c .g .g limol limol 5-' .g

0 7.2 0
2.00 12.3 2.00
2.00 25 25 6 15.4 3.24
2.00 25 25 6" 12.1 1.94
2.00 10 12.3 2.00
2.00 10 12.3 2.00
2.00 10 12.3 2.00
2.00 25 25 10 12.7 2.14
2.00 25 25 10 12.4 2.08
2.00 25 25 10 11.9 1.86

weight of glass, mg B,03 found, %

a Solution boiled for 5 minutes.

'fable Ill. Determination of Boron in the Presence of
Silicate and Fluoride

Si
B B added as F

added as added as Na ISiD J' added as 10' B
H,BO" NaBF.. 9H,O, NaF, hobsd found,

.g .g .g .g 5-' .c
0 7.1 0
4.00 17.3 4.00
4.00 20 17.3 4.00
4.00 100 17.3 4.00
4.00 250 17.5 4.08
4.00 500 17.3 4.00
4.00 100 250 17.3 4.00

4.00 7.0 0.0
4.00" 17.'1 4.04

Q After treatment of the NaBF. solution with AlBrJ'

catalyze the decomposition of N-nitrosohydroxylamine-N­
sulfonate.

Though BF.' ions may he converted to borate by the
addition of aluminum bromide (fluoride ions nrc complexed
more strongly by aluminum than by boron (9)), this method
is not very useful for the determination of boron in glass;
silicate, brought into solution as H2SiF6• is also deprived of
its fluoride ions and then precipitation of SiO:!°nH:!O occurs.

Other Anions. The specific catalytic effect of boric acid
on the rate of decomposition of the sulfonate was discovered
by Seel and Winkler (7), who studied the acid-catalyzed
decomposition of the sulfonate using different buffer solutions
and salts for ionic strength control.

Phosphate, carbonate, sulfate, and perchlorate were found
to give rise to no interference at a concentration level between
10" and 10.1 M. We observed that neither chloride nor
bromide nor fluoride interfered. However, a negative primary
salt effect has been reported for the acid-catalyzed decom­
position of the sulfonate (7). The ionic strength should
therefore be kept approximately constant.

Check for Other Sources of Interference. One of the
difficulties of kinetic analysis is that samples may contain
unexpected catalysts. A useful check for their presence is to
analyze an aliquot of the sample solution after the addition
of a known amount of a borate standard solution. If the rate
constant measured after standard addition fits the calibration
graph, no interference is to be expected. If not, a careful

investigation of the cause of interference may be necessary.
In cuses where the composition of the matrix is known, the
preparation of a calibration curve with the same matrix so­
lution can be useful. However, in view of the causes of in­
terferences studied, the reaction seems to be fairly specific
in the presence of a strong complexing agent for heavy metal
ions.

Determination of Boron in Borosilicate Glas8. Since
dissolution in hydrofluoric acid proved to be inadequate,
recourse was had to dissolution after fusion of the glass with
alkali carbonate. We first checked for interference from
carbonate ions or from possibly dissolved platinum ions from
the crucible, but no interference was observed.

To 100 mg of glass, 700 mg of a mixture of sodium and
po!a.,,-,ium carbonate were added (60 wt o/a of Na,C03) and the
glass wa, digested by heating to 850-900"C (10). After cooling
to room temperature, the mixture was dissolved in 50 mL 10"
M hydrochloric acid. The solution was transferred to a
volumetric flask of 100 mL and made up to the mark with
quartz-distilled water.

'1'0 a portion of 10.00 mL of this solution, 100 mg CDTA
were added and the pH was raised with KOH to a value of
11-12 in order to dissolve the CDTA. The solution was diluted
to 45 mL in a 50-mL volumetric flask, the pH was reduced
to 6.80 by means of hydrochloric acid, and the volume was
made up to the mark. From this solution 0.50 mL was pi­
petted into the cuvette and borate was determined as de­
scribed under Experimental.

Results are shown in Table IV. The usefulness of the
kinetic method is obvious from the results shown in this Table.
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Interlaboratory Comparison of Determinations of Trace Level
Petroleum Hydrocarbons in Marine Sediments

L. R. Hilpert, W. E. May, S. A. Wise, S. N. Chesler, and H. S. Hertz'

Anslytlcal Chemistry DIvision, Nationsl BurSBU 01 Standards, WashIngton, D.C. 20234

R....lts oIlhe determination 01 petroleum hydrocarbons at the
ltg/kg (ppb) level In marine sedlmen1S have been compared
among eight laboratories, Values for concentral/ons 0' total
extractable hydrocarbons scattered between 9 to 500 ltg/kg
and 49 to 6625 ltg/kg tor the two sHes examined. Scatter
of results for hydrocarbOnS In the gas chromatographic elution
range, the most abundan1 aIlphallc and aromatic hydrocarbons,
and total polynuclear aromatic hydrocarbons (four rings and
larger) were slmUar, Resulls for percent water and prls­
tane/phylane ratio were somewhat more consistent. Sample
Inhomogenelly and analysis uncertainty contributed to an
observed Inlralaboratory precision (111) of ±25% lor nine
replicate analyses of one sediment sample, The data are
discussed with ragard to the reI/ability and comparability of
curren1 methods for environmental basellna measurements.

Analytical methodology for the determination of petroleum
hydrocarbons in sedimentn is evolving at a rapid rate. Studies
on the fate of hydrocarbons that enter the marine environment
from natural sources such 88 seeps or that are introduced
through man's aetivity in the form of pollution with fossil fuels
have recently been reviewed (1,2). Uptake by intertidal and
benthic sedimentn is one such fate. Since the oil may then
persist for years, resulting in continuous exposure of the
marine ecosystem, measurement of petroJeum hydrocarbon
content in sedimentn must be an integral part of oil pollution
studies. Intensified research efforts arising from environ­
mental and public health questiollR have resulted in numerous
methods for the measurement of hydrocarbons in sedimentn
(3--8). The toxicity of petroleum is well documented for a
number of different compound classes and specific compounds
such as naphthalene. benzo[a]pyrene, and toluidine (9).
Polynuclear aromatic hydrocarbons (PAH) have been studied
extensively in recent years because of reported mutagenic and
carcinogenic properties (10). Environmental PAH concen­
trations must be monitored in order to assess potential human
exposure.

Analyses of environmentally significant molecules present
at trace levels are currently being performed in many labo·
ratories, and the environmental analytical chemist is heing
called upon to report narrower confidence limits at lower levels
of petroleum pollution. Ultimately, he must seek to extend
the range of analysis to the sub-ppb level for accurate
measurement and assessment of the hydrocarbon burden.

For many of the environmental analyses, there is little or
no knowledge of comparability of data from different labo·
ratories and, in most cases, probably little knowledge of
intraJaboratory precision. In order that the data from diverse
methods be meaningful and reliable, there must be a basis
for intercomparability. Furthermore, unless the data can be
put on an equivalent basis, environmental standards can be
neither set nor enforced.

Farrington et aL have intercalibrated gas chromatographic
analyses for hydrocarbons in spiked cod liver lipid extractn
and tuna meal samples and found good agreement among

three laboratories (I n. Resultn of an initial feasibility study
consisting of an intercalibration of sediment analysis between
two laboratories have recently been published (12). The
results of an eight laboratory intercomparisoo exercise for the
determination of hydrocarbons in two intertidal sediment
samples from the Northeastern Gulf of Alkaska are described
below. It was decided to inwrcnlibrate on "real world" samples
(Le., samples containing hydrocarbons from natural sources
and not "spiked"), recognizing that the mixture of chemicals
in petroleum is highly complex and that the products of
weathering and microbial degradation compound this com~

plexity. It is also true that sample inhomogeneity may
complicate intercalibration studies of a natural sample. If
these problems can be controlled effectively, these data could
be uniquely valuable in assessing the variability and reliability
of current sediment hydrocarbon analyses from sample
work-up through measurement and interpretation.

EXPERIMENTAL
The intercalibration material consisted of two intertidal

sediment ~;nmples from the Prince \\'iIIiam Sound and North·
eastern Gulf of Alaska. Two sites were selected for sampling:

Hinchinbrook Island: 1460 41' W, 600 21' N; this site is at the
ocean entrance to the Prince William Sound and is constantly
being washed with water from the Gulf of Alaska.

Katalla River: 1440 35' \\', 600 11' N; this site is downstream
from 8 known oil seep and provides samples with hydrocarbons
known to be of petroleum origin.

All samples were collected during low tide and stored in
()recleaned I-gal. tin-plated sleel CBns. Samples were frozen
immediately with dry ice and maintained in that state except for
a brief period when the sediments were homogenized. The bulk
sediment from each site was homogenized by mixing for 3 h in
n specially modified cement mixer which had heen cleaned with
pentane prior to use. Subsamples (-350 g) of each sediment were
removed from the rotating mixer with a stainless steel trowel and
placed in l6-oz, acid·washed. glass hottles. The hottles were sealed
with plastic screw caps containing alwninum foil cap liners. These
samples were refrozen immediately after packaging.

Two bottles each of the Katalla aod Hinchinbrook sediment
samples were shipped frozen to each participating laboratory. The
following data were to be obtained for each sample:

1. Total hydrocarbons in GC elution range (approximately
C,o-C",).

2. Total extractable hydrocarbons.
3. PristanejPhvtane ratio and the amount of each of these

present.
4. Percent water.
5. Identities and amounts of tbe three most abundant aliphatic

and three most abundant aromatic hydrocarbons.
6. Total polynuclear aromatic hydrocarbon (PAH) concen·

tration (4 rings and larger).
7. Ideotity and amount of the most abundant PAH (4 rings

or larger).
The analytical methods employed by each of the participating

laboratories are summarized briefly in Table I.

RESULTS AND DISCUSSION
The importance of establishing environmental baselines for

hydrocarbon levels in sediments is well accepted; however,
these baselines are meaningful only if one can assess the
accuracy and precision of the data. This intercalibration

This paper not aubjoct to U.S. Copyright. PubII1lhed 1975 by tho Amorican ChemIcal Soclot)'
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910, 231 (25%)
(n ~ 9)·

Average

K·15H-30 + H·31
homogenized

Average"

H·23

H·39

Bottle

H·4

HomotleDeity Studi.. OD IntercolibratioD Materiola, Reou1ta or Replicate Analy...

Hinchinbrook Sediment Kalalla Sediment
Hydrocarbolll in Hydrocarbon. in
GC range, "g/kg Bottle GC range, "g/kg

437 K·21 709
318 816
~O "7
564 K·36 1071
470 728

399 K·l 1226
352 1093

1175

602282
723
394
386
408

418, 124 (30%)
(n ~ 12)·

a PreciJion expreased as the standard deviation (10). b n indicates number of analyses.

Table n.

Table III. Analy... or Hinchinbrook and Katalla Sediments"

Water, %

4.4,0.1 22.5, 0.2 0.22 2.5
4.7 23.5 4.4 12.8
4.4 22.6 6.2 11.0
5.0 23.5 24.3· 65.8
5.8 22.8 7.9 57.6

4.3 22.4
4.3 22.2
4.79 26.3 3.12 109

21.3 7.92 10.7
15.4, 5.7 36.5,6 2.9 5.4
14.3, 2.1 34.3, 2.1 0.64 3.9

Laboratory

NBS
2

3

4
5

6

Hinchinbrook KaLalla

Total extractable hydrocarbons, Ilg/g

Hinchinbrook Katalla

8
Range 4.3 - 15.4 21.3 - 36.5 0.22 - 7.92 2.5 - 109

a Some laboralories lupplied results or duplicate analyses. In such cases both results are presented in the Table. Where
presented, precilion is expressed as the standard deviation (10). b Laboratory 3 reported that this result is probably in
error.

exercise was conducted to determine the adequacy of ana­
lytical procedures for hydrocarbon determinations in sedi­
ments and to indicate the uncertainty with which results from
different laboratories may be compared. The current, most
commonly used analytical approach for determining hy­
drocarbons in sediments involves an organic solvent extraction,
saponification, and column or thin-layer chromatography to
isolate the hydrocarbons (1,13). Within this general scheme,
however, there exists a variety of analytical methods. Since
the "true" or "actual" values cannot be verified with current
atete-of-the-art methodology, one cannot conclude which ia
the "beat" method or result. It is imperative, however, that
one be oognizant of the Iimitetions of each method; knowledge
of how a procedure compares with others is extremely im­
portant when environmental decisions with far reaching
economic and social consequences are to be made. .

Examination of the Hinchinbrook and Katella sediments
showed both to be predominantly fine to medium grain sand.
Homogeneity studies on the two sediments were conducted

'by the National Bureau of Standards utilizing the dynamic
headapace sampling technique previously described (8). The
results of these studies are summarized in Table II. The
relative atandard deviation for the Katella sediment (910
/AI/Iq :I; 25", n 5 9) is slightly better than that for the
HinchiDbrook sediment (420 /AI/Iq :I; 30%, n = 12). An

internal standard of phenanthrene was added to both sedi­
ments at the 20 "g/kg concentration level; an average of 83%
was recovered from the Kamila sediment, while only 41 % was
recovered from the Hinchinbrook sediment. Mesitylene,
naphthalene, and trlmethylnaphthalene also exhibited similar
recovery behavior from the two sediments. The Hinchinhrook
sediment thus appears to have greater affinity for hydro­
carbons than the Katalla sediment.

IDtercomparisoD Results. Table III contains the results
of percent water analyses for the two sediments. The
agreement is generally good with the exception of high results
from lab No.7, which accounts for the large standard de­
viations (Hinchinbrook = 6.7:1; 4.3% H,O, Katalla = 25.3:1;
5.2% H,O). However, this uncertainty or even larger un·
certainties have no significant effect on the remaining data,
which are reported on a dry weight basis.

The amount of extractable hydrocarbons obtained for the
sediments is reported in Table Ill. Laboratories 5, 6, and 8
dried the samples (freeze dried or otherwise) prior to ex­
traction. The drying process results in some 1088 of hydro­
carbons (up to Cro. depending on the procedure, temperature,
etc.) from the mixture of hydrocarbons to be measured.
Farrington (14) has suggested an alternative method to
circumvent this loss which employs a headspace analysis of
the sediment, followed by freeze drying and solvent ext:action.
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unk 3
unk 2
unk 1
unk 0.6
unk 0.5
unk 0.4

C,·Naph 2.7
Phen 0.7

2·M..Naph 0.3
unk 3
unk 3
unk 3

unk 1.8
unk 1.5
unk 1.2

unk 6

C,·Naph 1.3
Phen 0.7

C,·Fluor 0.2
unk 7
unk 3
unk 3

en 4.7
C" 4.5
C" 3.3

C" 30
C,.12
C,.12
en 5
Cit 5
Cit 5

C l7 0.39 en 2.9
Prist 0.38 COl 1.9
COl 0.32 C.. 1.8

Prist 1.6

CilIA
C 20 1.3
C" 1.1

Most abundant hydrocarbona, "g/kg

Aliphatic Aromatic

C.. 16.12 Me·Naph 2. 1
COl 15 • 8 C,·Naph 1
CO' 12. 1 C,·Naph 1
en 7
C14 7
C1)6
en 40
C.. 20
C,. 19
Prisl4
C,.4
e l ,4
C21 4

2.71
3.6

1.67

2.59

2.05
2.78

Pristane'
phytane

ratio

0.8

0.9.0.2

Total

250

144
103

75
80

21
23

4
10

35
12

9
26

420. 120

54
57

Aliphatic

44
38

15.9
34.1

100 • 50 40 • 30 140
500. 600 400. 100 900

140
93

2

6

8

4
5

Laboratory

NBS
(ex traction)

NBS
(headspace)

Table IV. Hinchinbrook Sediment",b

Hydrocarbons in GC range. pg/kg

Unsat./
aromatic

Range 9-500 4-400 15.9-900 0.8-3.6

a Some laboratories supplied results of duplicate analyses. In such cases both results are presented in the Table. Labora­
tory 7 submitted a summary of multiple analyses on each boltle of sediment. All precision data is expressed as the standard
deviation (10). b In the Table, unk is used as an abbreviation for unknown; ex represents n·alkane containing % carbona;
Prist is pristane; Me is methyl; Naph. Phcn. and Fluor are naphthalene, phenanthrene. and fluoranthene. respectively. A
dash (-) is used when results were not supplied by a participating laboratory.

Losses of volatile hydrocarbons would be minimized with such
8 procedure and a broader molecular weight range of com­
pounds could be analyzed.

Data obtained for the Hinchinbrook sediment, including
hydrocarbons in the GC range, pristane/phytane ratio, and
the most abundant aliphatic and aromatic hydrocarbons are
presented in Table IV; analogous data for the Katalla sediment
are shown in Table V. The results of measurement of hy·
drocarbons in the GC range vary widely among the eight
laboratories; the agreement is better for the Katalla sediment
than for the Hinchinbrook sediment. This variability, which
exists even for laboratories employing similar extraction
and/or work·up procedures, may be partially a result of the
different manner in which the gas chromatographic quan·
tification was carried out. GC analysis of the saturated or
aliphatic fraction of the sediment extract usually produces
a chromatogram with an unresolved complex mixture of
alkanes and cycloalkanes with a wide range of molecular
weights. Quantitative data based solely on resolved chro·
matographic peaks differs from that in which a contribution
from the unresolved "envelope" is considered. Studies were
conducted at NBS in which a sediment sample was head·
space·extracted and analyzed by capillary column gas
chromatography. The resulting chromatogram was quantified
both on the basis of resolved peaks only, and resolved peaks
plus a contribution from the unresolved envelope. Values for
the hydrocarbon concentration showed a variability as high
as 300%.

In cases where quantitation was based on an external
standard, the percent recovery for each component of the
standard must be known. Warner (15) has shown that <liethyl
ether extraction recoveries for naphthalene, dimethyl·
naphthalene, and hiphenyl from spiked marine organisms may
be as low as 40% for concentrations below 0.1 "g/g. The

addition of an internal standard prior to any analysis step
would seem logical in order to correct for such losses. The
internal standard should contain both aliphatic and aromatic
components characteristic of the molecular weight range and
concentration of compounds to be analyzed in the samples.
Losses during sample work·up are compensated for by a
similar loss of the internal standard. The sample must be
analyzed with and without the internal standard, however,
to ensure that components in the standard are not also present
in the sample; or if they are present, their contribution can
be taken into account. The underlying assumption in methods
involving an internal standard is that the standard is in·
corporated into, and equilibrated with, the sample matrix.
This mayor may not be the case, however, and errors may
result. Values for the most abundant aliphatic hydrocarbons
in the Katalla sediment (Table Vj show that the headspace
extraction recovered the volatile, lower molecular weight'
components, C,-CII , which may be lost during the sample
drying step or the solvent concentration step required in
methods employing an organic extraction.

Sample extracts were saponified to reduce the problem of
separating hydrocarbons from lipids coextracted from the
sediments by laboratories 3, 6, 7, and 8. These compounds
may co-elute or overlap with peaks of interest on certain
chromatographic systems (14). Methods which do not remove
these polar compounds may be expected to give results for
hydrocarbon content which are high. Even when saponifi­
cation is carried out. there is a potential problem of trans­
esterification with the potassium hydroxide-methanol ex­
traction usually used. Methyl esters of fatty acids may be
produced at concentrations which are significant when an­
alyzing for hydrocarbons at the ppm level (16). Farrington
has noted that saponification in the presence of 25% water
will reduce transeaterification considerably (3). Laboratory



Most abundant hydrocarbons, jIg/kg

unk 14
unk 13
unk 6
unk 0.8
unk 0.7
unk 0.7

Phen 9.1
C,-Naph 7.4
2-Me-Naph 5_7

unk 72
unk 58
unk 29

unk 19
unk 14
unk 8
unk 2.9
unk 2.5
unk 2.1

AJiphatic Aromatic

CIO 32 , 11 Me-Naph 16 i 5
CII 25 i 7 C,-Naph 15 i 3
C, 23 i 13 C,-Naph 14 i 4
CII 66 C,-Naph 54
C" 66 C,-Naph 27
Prist 58 Me-Naph 24
C" 42 C" 98 Phen 9.7
C" 24 C" 60 C,-Naph 7.1
Prist 23 CM 57 2-Me-Naph 5.3
Cn 180 Prist 110 unk 50
C" 180 C" 100 unk 50
Prist 140 unk 90 unk 40

CM 75 C" 194
C" 57 C" 179
C" 53 C" 138
C" 19.9 Cit 4.3
C" 18.7 C" 4.1
C'" 13.7 C" 3.9
en + Prist 47
Coo 36
Coo + Phyt 21
Prist 28.8 Prist 19.9
C" 22.7 Cn 16.2
C" 22.7 Cn 15.5
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Table V. Katalla Sediment",b

Hydrocarbona in GC range jIg/kg Pralane/
Unaat./ phylane

Laboratory Aliphatic aromat.ic Tolal ratio

NBS 910, 230 1.9 i 0.02
(headapace)

NBS 2700 1.7
(extraction)

2 610 120 730 3.27
880 130 1010 3.27

3 1940 530 2470 3.55
1420 710 2130 6.32

4
5 3464 401 3855 2.81

6625 417 7042 2.69

6 196 14 210 3.71
49.4 4.2 53.6 2.38

7 200 i 200 300,300 500
400, 200 801 10 480

8 3.25
3.10

Range 49.4-6625 4.2-710 53.6-7042 1.7-6.32

G Some laboratories supplied results of duplicate analyses. ]n liuch cases both result& arc presented in the Table. Labora­
tory 7 submitted a summary of multiple analyses on each bottle of sediment. All precision data is expressed as the standard
deviation (10). b Abbreviations arc the IBme as in Table IV, in addition Phyt is phytane. A dash (-) is used when results
were not supplied by a participating laboratory.

Table VI. Polynuclear Aromatic Hydrocarbons in Sedimentsll,b

Hinchinbrook Sediment Katalla Sediment

Average 4.4 i 0.85
(n = 2jC

Laboratory

NBS
2

Tolal PAH. jIg/kg,
4 rings and larger

5 i 0.5

3.8

Most abundant PAH. jIg/kg

chrysene 0.3
pyrene 0.08
pyrene 0.1
chrysene 1
Me-pyrenes and
Me-nuoranthenes 1

Total PAH. jIg/kg,
4 rings and larger

40 i 2
10

8.6
74

33_2 i 31
(n= 4)

Most .bundant PAH. jIg/kg

Me-chrysene 3
Me-pyrene 3.9
Me-pyrene 3.2
Me-pyrencs and
Me-fluoranthenes 28

o Results of duplicate analyaes are presented for Laboratory 2. All precision data is expressed as the standard deviation
(10). b A duh (-) indicates no results were supplied. en indicates the number of values averaged.

1 (NBS) employed high-performance liquid chromatography
(HPLC) to remove the polar biogenic compounds in the
extraction procedure, but not in the headspace procedure (see
Table I). It was found that an HPLC clean-up of headspace
sampled sediment resulted in no change in the results of the
GC analysis. This result indicates that these interfering
compounds were removed from the somple matrix during
solvent extraction only and not during headspace sompling.

Values for relative amounts of prislane and phylane are
sometimes used to differentiate natural sources of hydro­
carbons such as biogenic hydrocarbons from petroleum-based
pollutants (5). Experimental values for the pristane{phytane
ratio (Tables IV and V) are in sufficient agreement to answer
this question.

Results for the polynuclear aromatic hydrocarbon (PAH)
content of the samples are presented in Table VI. Only three
of the eight laboratories involved in the intercomparison
submitted rt!8u1ts for PAH concentratiooa. It seems clear from
this limited response that this higher molecular weight
fraction, which may be the most critical in terms of toxicity.
ClIlcinopnicity, and peraiatenC8, cannot be easily determined

by gas chromatography alone. Laboratories 2 and 4 both
found the methylpyrenes to be the most abundant PAH (4
rings and larger) in the Kalal1a sediment. Laboratory 4
identified methyl-substituted pyrenes and f1uoranthenes. and
chrysene in the Katal1a sediment by comparison of their mass
spectra with known standards. NBS used HPLC and
fluorescence emission spectroscopy to identify methylchrysene
as the most abundant PAH in the Katalla sediment.

CONCLUSIONS

The results of this study indicate the high variability of
slate-of-the-art hydrocarbon analyses on "real world" sediment
samples. Unlike intercalibration on spiked samples where a
substrate is added to a matrix at a suilable concentration and
assumed to be incorporated into and equilibrated with the
matrix, intercalibration on real samples requires no such
assumption. In setting environmental baselines. use of in·
accurate and imprecise consensus values is alwaY" a danger;
we feel the inlercomparison data for a common (homogeneous)
sediment sample are a necesaary addition to such baseline
data. We hope other laboratories will be encouraged to



undertake such interlaboratory comparisons with sediment
samples in the future, especially as new methods are developed
and applied to environmental analyses. Such studies are
needed to determine when different numbers generated by
different laboratories using different methods are environ­
mentally significant.

If nothing else, the results of this intercomparison study
should serve as a warning against overinterpretation of
currently generated trace-level hydrocarbon determinations.
The results should rwl be used as an argument against further
intercomparison exercises, but should be used as encour­
agement for the continued development of the state-of-the-art
of trace organic analysis. Ultimately, the goal of the National
Bureau of Standards is to produce a Standard Reference
Material with certified trace-level concentrations of envi­
ronmentally significant organic compounds in 8 "real" matrix.
Unfortunately, methods for preparing and certifying such a
material have not yet been developed. Problems associated
with sample homogeneity, stability, matrix effects, etc. must
also be resolved before any such standard can become
available. The low concentration of hydrocarbons anticipated
in many pollution baseline studies necessitates the devel­
opment of sensitive analytical techniques. Finally, some form
of information exchange or intercomparison must exist among
laboratories in order to assess the uncertainty of the data from
these new analytical techniques.
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Indirect Determination of Selenium in Sodium Selenate

Wladyslaw Reichel' and Meyer Lallouz

Canadian Copper Refiners Urn/ted, Montreal East. Quebec. Canada H2Y 3H2

A method lor the determination of 5es+ In sodium selanate,
baaed on the stoichiometric reduction 01 hexavalent selenium
to the tetravalent atate wllh hydrochloric acid, has been
developed. A calculatad excass of AaH Is added to the
dissolved sample. Liberated chlorine oxldlzea AaH to AaH

and the excess Aa'+ la titrated with standard potaaslum
bromate. $&<+ does IlOtlnterfere. The accuracy 01 the method
was evaluated using high purity sodium selanate to which
calculated amounts 01 5e<+ were added. Average recovery
of 5eH waa 99.98%. The atandard deviation waa 0.023 %
at 41.38 % 5eH concentration.

An increasing demand for purer sodium selenate, partic­
ularly by drug manufacturers, bas become apparent in recent

years. Therefore the precise and accurate determination of
Se6+ has become imperative. Gravimetric analysis (I) is not
sufficiently accurate, since moisture retained by selenium
causes high results. Common volumetric methods (2,3) are
subject to interferences and unacceptable errors. These
procedures are not specific for Se6+ and require corrections
for interfering ions, including Se4+. Barabas and Bennett (4)
developed a differential potentiometric method for the de­
termination of selenium in refined selenium with acceptable
precision. However, a correction for SeH is mandatory, a step
which introduces an error. The same limitation can be ob­
served in the differential AAS procedure of Reichel (5).

Kalthoff and Elving (2) suggest a reaction in which hex­
avalent selenium is quantitatively reduced to the tetravalent
state on reaction with hydrochloric acid:

H,SeO. + 2HCl- H,SeO, + Cl, + H,O (l)

0003-2700l7a/0350-04a3$01.00/0 e 1978 American Chemlcel SocIety
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Table I. Recovery of Selenium" from Synthetic Standards

Sodium Equivalent Added sodium
selenate, gO Be' ... g selenite, g

1.7000
1.8000
1.9000
1.9800
1.9900
1.9960

0.7103
0.7521
0.7939
0.8189
0.8272
0.8323

0.3000
0.2000
0.1000
0.0200
0.0100
0.0040

Equivalent 8e'+
8e4 + found, g Recovery. %

0.1370 0.7102 99.99
0.0913 0.7523 100.02
0.0457 0.7938 99.99
0.0091 0.8186 99.96
0.0046 0.8273 100.01
0.0018 0.8321 99.97

RECEIVED for review September 5, 1977. Accepted December
5,1977.

Table II. Precision Study Data

%Setd

Zn2+ Sb5+ Pb2+ Na+ Cr3+ Cu~2+ }<~C3+ V4+ SnH and NiH
did I~ot in;erfer~ up t;) 0.01'%. T'he pr~sende of er3+, Cu2+,
Fe3+, VI+, and Ni2+ in higher concentration than 0.01 % results
in highly colored solutions, obscuring the detection of the end
point. This interfercnce study was performed on synthetic
samples of sodium selenate spiked with the above elements
at their various oxidation states. It is, however, most unlikely
that the interfering ions will be present in high purity sodium
selenate, particularly those in their lower oxidation state.

Effect of Hydrochloric Acid Concentration. Optimum
conditions were reached by addition of concentrated HCI to
the dissolved sample to result in a final 10 M HCI solution.
In more dilute solutions the reduction of selenium was slow
and required longer refluxing time.

Effect of Temperature and Reflux. Arsenic losses
occurred over a wide range of temperatures. Volatilization
of arsenic chloride resulted at temperatures as low as 50 ·C.

The use of a water cooled condenser prevented losses of
arsenic at temperatures of up to 95-100 ·C. At higher
temperatures, severe losses occured even under reflux. AI.
though losses appeared to be minimized at lower temperatures,
the reaction was found to be complete only at or above 85 ·C.

Accuracy and Precision. The accuracy of the procedure
was evaluated by recovery experiments on synthetic samples
of pure sodium selenate to which calculated amounts of SeH

were added, Near-theoretical recoveries were obtained (Table
f). The precision was evaluated on a sodium selenate Bample
with a mean Se6+ concentration of 41.38%. The standard
deviation for a set of 18 results was 0.023% with relative
standard deviation of 0.054% (Table 11),

Other Applications. The method with slight modification
was successfully applied to the determination of selenium in
sodium selenite. In a preliminary step, SeH is oxidized to Se6+
with hydrogen peroxide in the presence of excess sodium
hydroxide. The indirect bromate procedure is then followed.
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VoILme I, Robert E.1U1eger Publishing Con'<>anY. fiJnOOgIon, N.V.. 1975,
P 92S.

(2) I. M. Koltholf and P. J. Elvlng. "Treatise on Analytical Chemistry", Part
11, VoILme 7, Intersdonce~ New Vorl<, N.V.. 1961. pp 175--179.

(3) 5Ivlo Barabas and W. Charla.~. Anal. Chern.. 2S, 129(1956).
(.) Silvio Barabas and Peter W. Bennen, Anal. Chern., 35, 135 (1963).
(51 Wladyslow Reichel, Anal. Chern., 43. 1501 (1971).

G Sodium selenate used was 99.98% pure.

On the basis of this reaction a single vesBel technique has
been davised in which a calculated exceSB of trivalent arsenic
(as As20 3) iB oxidized to the pentavalent state hy chlorine
liberated upon the reduction of selenium.

AsCI, + Cl, - AsCI, (2)

The reaction iB carried out under refiux and is completed
within one hour. The optimum excess As'+ established by
preliminary analysis is then titrated with standard potasBium
bromate. High accuracy iB achieved since only a small portion
of the originally added arsenic is titrated.

EXPERIMENTAL
Apparatus. A 5OO-mL conical fiask with 8 ground joiot,

attached to 8 50-em water-cooled condenser and a comhination
hot plate-magnetic stirrer were used.

Reagents. All reagents should be of aoalytical grade. Distilled
or deionized water should be used. The reagents used were:
Potassium bromide solution, 2% wIv; Sodium hydroxide solutioo,
2.5 M; Methyl orange solution, aqueous, 0.1 % wlv (free of
sediment); Arsenic trioxide, powder form; and Potassium bromate
Bolution, 0.02 N.

Procedure. Weigh 2 ± 0.0002 g of the sample in triplicate into
the 5OQ.mL flasks, each contoining 1.0470 g amenic trioxide. Carry
a reagent blank throughout the procedure in which sodium
selenate and arBenic trioxide are omitted. Add 10 mL of 2.5 M
sodium hydroxide Bolution and mix. Heat gently with frequent
agitation until the arsenic trioxide is completely dissolved. Cool
and add 50 mL concd HCI. Connect immediately to the water
condenser and reflux for 1 h on the hot plate at a temperature
of 89 ± 4 ·C. When reflux is completed, wash down the condenser
with 50 mL of diBtilled water into the llask. Disconoect the flask,
introduce a magnetic stirring hac into the solution, add 2 drops
of KBr solution aod 2 drops methyl oraoge. Be consisteot in the
addition of methyl orange. Add the oame number of drops to the
blaok. Raise the temperature to 85 ± 5 ·C and maintain it
throughout the titration. Use one of the triplicate sampleB to
determine the approximate volume of potassium bromate titrant
needed to reach the end poinL Titrate the remaining two oamples
to within 2 to 3 mL of the end point. Complete the titratioo
dropwise until the color of methyl orange is diBcharged. Correct
the result with that obtained on the reagent blank.

Calculations. The selenium concentration is given by

(A - B) X 1.0539 X 100
%8e" = -------__

C

where A is the mass in grams, of As3+ added; B is the mass in
grams, of Ag3+ found, and C is the mass in grams, of the sample.
The ratio of the atomic weights of selenium to amenic iB 1.0539.

RESULTS AND DISCUSSION
Several samples of commercial grade sodium selenate were

analyzed and found to contain between 40.65 and 41.68% Se6+.
The amount of AsS. added varied with the purity of the
sample, such that excess arsenic ranged between 10 ilDd 15
mg. Greater excesses of arsenic resulted in higher titrations
and decreased accuracy.

Interferences. Strong oxidants such as nitric acid, per­
manganate, and chromate, or strong reductaots such as organic
matter and stannous chloride seriously interfere. Te6+ reacts
in the same manner as SeB+ and also interferes; Te'+' Ag+,

41.39
41.39
41.41
41.36
41.34
41.36
41.39
41.39
41.40

41.39
41.34
41.35
41.34
41.37
41.37
41.39
41.40
41.38

n = 18
AV,41.38%
Std dcv, 0.023%
Rei std dev 0.054%
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Determination of Residual Chlorine in Water with Computer
Automation and a Residual-Chlorine Electrode

Lester P. Rigdon.' GWllym J. Moody,' and Jack W. Frazer

Lawrence UVBr1TIOt'e Labors/Of)', UnlllBrsity 01 CSUlomia, Livermore, CSUlomia 94550

I Present address, The Univenity of Wales Institute of Science and
Technology King Edward VII Avenue. Cathays Park, Card.ff, CF
1 3 NU, W~.., United Kingdom.

where S represents the Nernstian factor, 2.303 RTlnF. The
iodide sensing element develops a potential E, that depends
on only the iodide level in solution;

The difference AE between the individual potent.ials that is
developed by the sensors is simply related to the iodine in
solution by

Thus the residual·chlorine electrode can be used to indi­
rectly determine active chlorine after in situ stoichometric
conversion of iodide to iodine by such chlorine species in a
pH 4 acetate-buffered solution (1). The reactions pertinent
to the success of the assay, using hypochlorite to represent
active chlorine, are:

(4)

(6)

(6)

OCI- + 21- +. 2H' - I, + CI- + H,O

0, + 41- + 4H' - 21, + 2H,O

I,(oo)ution) - I,(gas) T

Thus oxidizing agents, including bromine, iodate, cupric ion,
and manganese dioxide, that convert iodide to iodine will
interfere with the assay (3). Oxygen dissolved in the sample
or absorbed from the atmosphere during the assay can oxidize
the iodide, giving significantly high results in tbe low-ppb
range samples. Los; of gaseous iodine may also occur, resulting
in erroneously low results. It is desirable to minimize the effect
of these latter two reactions and operate under conditions
where their magnitudes are comparable.

In lhe method described below, the assay technique of
known standard-addition was employed. Also, we used
computer automalion to add a standard, measure the po­
tential; plol the potentiometric curve, its Gran version, an error
function (4,5); and calculate the amount of chlorine in the
assay solution. The error function locates the region of a
potentiometric titration curve where the electrochemical cell
is most nearly Nernstian.

EXPERIMENTAL
Apparatus. Two Orion Research Inc. model 97-70 residu­

al·chlorine electrodes were used in this work. For a few pre­
liminary manual electrode calibrations. the potentials were
measured with 8 Fisher Scientific Co. model 520 pH/ion meter
with digital readout to 0.1 mY. For the computerized mea­
surements, the electrode potentials were amplified, filtered. and
interfaced to the computer through an analog-l<HIigitai converter
(ADC). The amplifier i. a multicell unit so tluat up to three
electrodes can be monitored simultaneously. It is designed such
that the signal range and lower limit can be set to use the full
range of the ADC.

For all standard additions, we used a Mettler Instruments
Corporation model DVII digital buret drive with interchangeable
10-mL burets. This setup could deliver titrant volumes sa small
as 0.001 mL under computer control, or 0.1 mL by manual push
bulton control. A PDP8/1 computer using FOCAL computer
language (4), and a computer system consisting of a GT-44 and
PDPll/45 using FORTRAN computer language were uaed. Both
computerized systems used a cathode ray tube to display the
potentiometric data as acquired, and Gran and error-function plata
when generated. Both were also equipped with a Iight·sensitive
pen and cursors so that positions in the data array could be
specified by the operator.

All electrode calibrations and assays were carried out at 25 ±
0.5 'C in 150-mL beakers. A glass stirring psddle and electric
motor controlled by 8 rheostat were used to control the atining
characteristics.

Reagents. The Orion Research Inc. iodide reagent (catalogue
No. 97-70-10) and acid-buffer reagent (catalogue No. 97.7Q.09)
were used as recommended for some preliminary studies (3). For
later studi.., and all the assays we report here, either reagent-grade
KI crystals or a 10% (w/v) solution of KI in 0.025 M NaOH was
added directly to the lest solution. The pH 4 buffer wsa prepared
by dissolving 243 g of sodium acetate trihydrate and 480 g of g\acia1
acetic acid in enough deionized. water to make 1 L, in accordance
with the ASTM procedure (1, 2).

Standard.. Chlorimine-T trihydrate (Aldrich Chern. Co., Inc..
catalogue No. 85.731-9) and calcium bypochlorite (Fischer Sci.

(3)

(1)

(2)

A method 01 determining active chlorine In water In the
concentration range 3 to 100 ppb with an accuracy 01 2 ppb
has been developed. The method uses the Orion model 97-70
resldual-chlorlne electrode and the known standard-addition
potentiometric technique to measure the potential difference
between iodide and IocIine that Is generated by actlve c:hIome.
The assay Is compo1er-ao1omated to carry 001 the mulliple
addllion 01 a standard; measure the potentials; plot the po­
tentiometric c..-ve, lis Gran version. and an error tunctlon; and
calculate the concentration 01 active chlorine In the assay
solo1lon. The electrode, the chemJcal reactions that OCcur
during the assay, the preparation and storage 01 standards,
and the procedure are discussed. Data obtained Irom the
assay 01 standanls prepared !rom deionized water, two llOU'C8S

01 public water supply, and one swWnmlng pool are presented.

E, = Eo' - 8 log [I')

The Orion Research Inc. model 97-70 residual-chlorine
electrode has been used to develop a procedure for determining
active chlorine in water in the concentration range 3 to 100
parts per billion (ppb). Although the lower concentration IimiL
of the linear calibration curve for the electrode is quoted at
about 50 ppb, our procedure. using two such electrodes,
consistently yields linear calibrations beginning at about 3.5
ppb. This combination electrode offers a simple, rapid and
more sensitive alternative to the established American Society
for Testing and Materials (ASTM) procedures for total re­
sidual chlorine (I, 2). This dual sensor comprises a platinum
redox element that develops a potential E, based on the
relative levels of iodine and iodide ion in solution:

flE = constant + 812 log [I,)

8 _
E, = Eu + 2' log [1,)- 8 log [I )
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Figure 1. Effect of stiTing rates (adsorption of oxygen) on the potential
from the Orion 97·70 chlorine electrode

600r-~---,--""""---,---,----,----,--",

Error,
ppb

+0.16
-0.56
+0.21
+0.65
+0.03
-0.75

ReI
std
dev

0.10
0.25
0.89
1.39
0.41
1.65

No.
Chloramine-T of

taken, ppb runs

B1ankb 5
4 5

10 5
20 5
40 5
80 6

Table I. RaiduoI·Chlorine AlAy Uling Chloramine-T
Standard; 180 Data Poinu Taken in 180.-

Residua!
chlorine
found,

ppb

0.16
3.44

10.21
20.65
40.03
79.25

o Standard addition initiated 1 min arter iodide reagent
was added. b No blank corrections applied to
thloramine·T samples.

en~fic Co., catalogue No. C-IOO) were used 10 prepare active
chlorine standards. All standards and reagents were prepared
with water distilled over potassium permanganate or deionized
water, each being fmally de.er.ted with highly pure nitrogen. For
electrode calibrations, 8 0.01 M solul-ion of chloramine·T was
prepared .nd seri.lly diluted when re.dy for use. Fresh stock
standards were prep.red d.ily to contain 2 g of chlorine 05.882
g of chloromine·T per liter), .nd l-mL aliquots were diluted to
1L to give 2 ppm. We assayed stock solutions by titrating with
sodium thi06UIf.te using starch indicator (6). Both chlor.mine-T
and a filtered calcium hypochlorite solution provide 8 suitable
direct BOurce of active chlorine standards, but chloramine.']' is
considerably more stable. showing less than 270 loss of chlorine
after 226 hours storage in gl.... Calcium hypochloritelosl14%
.nd 35% of chlorine when stored for 216 hours in gla.. and
polyethylene bottles, respectively. We prep.red iodate standards
by di..olving the c.lcul.ted .mount of prim.ry-standard grade
KH(IO:J, (G. Frederick Smith Co., Inc.) in deionized water.
Generally. stock om N solution w.s serially diluted as needed
for electrode calibrations and standard~oddition assays. Alter~

n.tively, the Orion iod.te re.gent (catalo~'Ue No. 97-70-07) can
be employed (3).

Procedure. A 50- or 100-mL .Iiquot of s.mple in a 150-mL
be.ker is mixed with I mL of huffer, .nd the electrode is sub­
merged so that the iodide~sensing element is about 0.5 cm below
the liquid aurface. The stirring motor is adjusted to J:::ive a
well-stirred solution with minimum vortex and in which no visible
air bubbles are entr.ined. Either 50 to 100 mg of KI, or I mL
of 10% KI in basic solution is .dded, and after I min the potenti.1
is recorded and the standard addition initi.ted. Then,. stand.rd
containing 2 ppm of active chlorine or its equivalent is added in
ISO incremenlll of 0.005 to 0.010 mL each. One increment is .dded
e.ch 0.72 s. Tbe potenti.1 is recorded just before e.ch .ddition.
The d.ta .re plotted on the cathode r.y tube .nd tr.nsformed
to 8 Gran plot, and the error-function minimum is determined.
Then the concentration of Rctive chlorine is calculated from the
error~function minimum. The electrode is rinsed thoroughly and
blotted dry with ti..ue before the start of e.ch .ss.y.

RESULTS AND DISCUSSION
Blank and Interference by Oxygen. We conducted

experiments to determine the level of oxygen interference in
.erated water and the effect of stirring r.te on possible oxygen
.bsorption during assay. Finll we .er.ted deionized w.ter by
bubbling .ir through it for 7 10 10 min and then ass.yed the
water by the above procedure to test for dissolved oxygen. An
average of 0.16 ppb with. rel.tive standard devi.tion of 0.1
ppb Was found (Table I).

To sludy the effect of stirring on oxygen .bsorption, we
deaer.ted deionized water by bubbling highly pure nitrogen
through it for 7 W10 min. The nitrogen stream was slopped,
1 mL each of buffer solution and 10% KI were added, and
the potential Was measured.t 0.72·s intervals for 6 min. The
effect on these measurements of two greatly different stirring
r.tes was determined. The minimum stirring r.te generated
a small vortex and brought no air bubbles inw the bulk of
the solution; while at the maximum stirring rate, the vortex

650

Chloramine-T
(pH 4.01

>
E 600
I..
.~

J!

550

~o,.01,,3"'55"""0""'.31,5""5 ---"3,J.5:-:5"--:3~5-::.5"--;3:!5":'5-"'3,,!o55:-:0"-3~5500
Chlorine - ppb

F~ur. 2. Computer calibration at an Orion 97-70 reslduakhlorine
electrode under three different conditions

extended nearly to the bottom of the solutinn and many small
air bubbles were continually entrained into the bulk of the
solution. The eleclrode took about 60 s to equilibrate .t the
start of each run. The total increases in potential after 60 5

were 1.66 mV for the minimum rate .nd 20.02 mV for the
maximum. These potentials .re equivalent to about 0.6 .nd
20 ppb of chlorine respectively (Figure I).

Iodate oxidizes iodide to iodine in acid solution according
to:

10,- + 51- + 6H' - 31, + 3H,O (7)

Orion Inc. and ASTM recommend KIO, and KH(IO,)" reo
spectively, as • standard inste.d of. compound yielding .ctive
chlorine because primary standard-gr.de iod.te is re.dily
.v.il.ble and iod.te solutions are much mnre stable th.n
aClive chlorine solutions. lod.te .ppe.rs to be • satisfaclory
stand.rd for the manual iodometric ASTM methods for
assaying active chlorine, but we have not investigated this
point.

However, iodate is unsatisfactory below 35 ppb for the Orion
stand.rdization procedure wilh the 97-70 chlorine electrode
(Figure 2). At pH 4 the re.ction is 100 slow, but at pH 2.6
it is fast enough for satisf.clory use .t chlorine levels of 4 ppb
or more. Thus calibr.tions were investig.ted with KH(IO.),
and'chloramine-Tusing .cetic .cid sodium .cetate buffer at
pH 4, and also with iodate solutions .djusted W pH 2.6 with
0.2 M acetic acid. We placed the electrode in the buffered
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Figure 3. Response of the Orion 97-70 chlo<ide electrode to chlo<amine-T In pH 4 acetate butter
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In 0.2 M acetic acid at pH 2.6
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figure a. Response of the OrIon 97·70 chIortne _ to 355-ppb
Iodate solution at two different pH values

between 1 and 6 min for the stirred solutions were between
0.2 and 0.3 mY.

StaDdard AdditioDs. To determine the effect of the
amount of chlorine added per increment, 500 additions of
standard chloramine·T containing 2 ppm of chloriDe were
added in increments of 0.002 to 0.016 mL to aasay IOlutioDll
containing 10 ppb of chlorine in deaerated water. Over the
range tested, there is DO significant differeDee in the results
(Table II). Tbe averqe amount found was 9.69 ppb with a
relative standard deviation of 0.23 ppb.

solutions and initiated Reaction 7, or of course Reaction 4,
by injecting 1 mL of KI solution. We then measured the
potential at least once per second for 6 min with continuous,
minimum stirring. Typical potential vs. time curves are shown
in Figures 3 through 6 and typical electrode-calibration curves
are shown in Figure 7, where the potential (measured 60 s after
addition of KI) is plotted against the equivalent concentration
of active chlorine. An example of a typical potentiometric
curve, Gran plot, and error function are shown in Figure 8.

Iodide ReageDt. Some lots of Orion 97-70·10 iodide
reagent gave blanks ranging from 5 to 15 ppb of chlorine when
20 drops were added to 50 mL of water. We also found that
a 10"10 aqueous solution of KI slowly turned brown with
increased storage time and yielded increasingly high blanks,
presumably because of the oxidation of iodide by oxygen in
air. Adding KI crystals to the sample is a satisfactory means
of correcting the problem of iodide-reagent oxidation.
However, the initial potential varies with the amount of iodide
(Reactions 1 and 2). Therefore, the iodide ooncentration must
be the same for electrode calibrations. There was no effect
on the assay wben 50 to 250 mg of KI was added to 50 mL
of samples, while a 10"10 solution of KI in 0.025 M NaOH was
stable for at least several weeks. It is recommended tbat
aliquots of such a solution be used even for routine assays.

Lo.. of Gaseous IodiDe. To appraise the error that might
result from loss of iodine gas, we monitored potential vs. time
for 6 min at chlorine conceDtrations from 10 to 80 ppb and
at the minimum stirring rate. Changes in potential observed

Time -s

figure 4. Response of the OrIon 97-70 chlorine electrode to KH(IO,h
In pH 4 ecetate butter
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Table II, Effect of the Size of the Incremental Titrant
Additions for Known·Addition Assay of 10·ppb
Standard Chloramine·'J'G

650,--,--,.---,.---,--,--,---.,

(J The data show no significant change with increment
size. The assay used 1 mL of 10% KI in basic solution
and pH 4 aceLate buffer. b No blank correction applied.

CONCLUSION
This method of using the 97-70 electrode exhibits no liquid

junction problem and gives reproducible slopes. More than
300 assays have been made without any noticeable deterio­
ration of the electrode response. In addition to providing a
rapid, simple means for determining low-level active chlorine,

Gran transformation

Potentiometric curve

Error function
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Figure 7. Simultaneous computer-based calibration of two Orion 97-70
residual-chlorine electrodes with chloramine-Tin pH 4 buffer. Slopes
are 30.0 and 29.55 mV per decade of concentration
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this method could be varied for determination of many other
species, for example ozone.

3
Volume of standard added - mL

FiglXe 8. Potentiometric curve, &an transformation, and error-h.llction
plots for the determination of 10 ppb of active chlorine

Amount
found,
ppbb

9.56
9.98
9.40
9.76
9.26

Incremental
volume of

chloramine-T, mL

0.002
0.005
0.007
0.010
0.015

A series of blanks and standard assay solutions were
prepared using deaerated water. The average chlorine found
for blanks was only 0.16 ppb. The data indicate that the
precision of the assay tends to overlap the level of the blank,
and careful control of stirring to minimize absorption of
oxygen is more crucial than a blank correction. The data for
the standard assay solutions are given in Table II.

In addition to using deionized water to prepare assay
standards, water from two sources of public water supply and
one swimming pool was used to prepare lO-ppb assay
standards. We allowed these waters to stand for several days
and deaerated them with nitrogen for 7 to 10 min to remove
any residual chlorine before adding the standard (J, 2).
Recoveries of the \().ppb additions were 9.59, 9.\4, 9.62, and
9.06 ppb.

Electrode Calibrations, Gran and Error-Function
Plots. We calibrated two different Orion 97-70 electrodes,
both manually and using the computer, and found them to
be linear from about 3.5 to 35460 ppb. The mean slope for
30 calibrations was 29.59 mV per decade with a standard
deviation of \.12 mY. Figure 7 shows the calibration of two
electrodes determined simultaneously in the same solution,
with the computer used to measure the potentials 1 min after
iodide reagent was added. There is some difference between
the two electrodes, but the linear range extends to about 3.5
ppb. The lower limit of the assay is probably governed more
by absorption of oxygen than by the sensitivity of the elec­
trode.

Although the calibration curves shown in Figure 7 appear
linear over a five-decade concentration range (3.5 to 35460
ppb), if one expands the curve around the 3.5-ppb level, some
curvature is observed. The error function locates the region
where the electrode response is most linear (4, 5), and uses
only a small set of standard additions to extrapolate the initial
concentration. This, coupled with this method's capacity for
very small and precise additions of standard, allows one to
obtain reasonably accurate results even when the electrode
response is not linear with concentration over the range added.
For example, the Gran plot in Figure 8 shows some curvature
with increasing concentration of standard. If we extrapolate
the initial concentration using the entire data set, the error
is greater than when we used a small subset of data near the
beginning of the standard addition. In this example, 40 data
points were used in successive estimates with a to-point
increment (shown by the error·function plot in Figure 8). The
error-function minimum occurs where 51 to 9\ additions have
been made.
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Determination of Sub-Nanogram Amounts of Silver in
Rainwater by Stable Isotope Dilution

M. E. Bickford,' Lyle R. SlIka,' Robert D. Shuster, Ernest E. Anglno, and Charles R. Ragsdale

Department of Geology. University of Kansas. Lawrence. Kansas 66045

Methods for the coIeclIon of r""water and lis analysis lor sliver
were developed In connection wUh AgI cloud-seeding pro­
grams In Kansas. 'OIAg tracer Is added In the field and Ag
Is removed by electrodeposRlon wUhout processing or pre­
concentration for mass spectrometric analysis. Tests indicate
that accwacy Is about ±6 % for concentrations 01 0.10 nglg
or greater. Absolute errors averaging ±0.007 nglg tor solutions
containing 0.01 O9/g Ag Indicate that the method Is probably
lImlted by contamination or absorptive effects In the collecting
bomes. Data lor Ag concentration In Kansas rainwater over
a two-year period are given.

There is currently great interest in weather modification
through seeding of cloud systems with AgI in Kansas as well
as most of the other plains states. The cloud seeding process
is not completely understood with respect to cificiency and
down-wind effects. This has suggested monitoring of the Ag
concentration in precipitation across the state both before and
after cloud seeding experiments. Moreover, although Ag has
been introduced into the atmosphere during cloud seeding for
at least 25 years, virtually nothing is known about its dis­
tribution in rainwater, surface water, or ground water.

With these concerns in mind, we were asked by the Kansas
Water Resources Board to design systems for the collection
and Ag analysis of rainwater within the state. This paper
presents the details of analysis of Ag in concentrations ranging
from 0.01 to lOA nglg in Kansas rainwater by stable isotope
dilution analysis. We chose isotope dilution as on analytical
technique partly because of our experience in the determi·
nation of U, Pb, Rb, and Sr by this method in connection with
the measurement of isotopic ages of geological samples.
However, we have found the technique to be ideally suited
to the demands of the present research and we believe that
it offers advantages over other analytical methods currently
in use.

Others bave reported the analysis of Ag in natural water
in sub-nanogram quantities by neutron activation (1), Oame
atomic absorption with microsampling boot (2, 3), and
nameless atomic absorption (4,5). Neutron activation analysis
is subject to rather large reproducibility errors (on the order
of ±25% at nanogram concentrations) and is expensive.
Atomic absorption methods are relath'ely inexpensive but
require some preconcentration of water samples. with at-

I Present sdd"""', u.s. Environmental Protection Agency, 401 M.
Street, S.W., Washington, D.C. 20460.

tendant possibilities for sample contamination, to obtain
reasonable precision of measurements. All methods, including
isotope dilution, are subject to additional errors which result
from adsorption of Ag onto the walls of sample containers (6,
7) unless steps are taken to prevent this.

EXPERIMENTAL
Collection and Field Procedure. We collect rainwater in

devices such as those illustrated in Figure 1. A box, placed upon
n 4-ft wooden to.....er and sealed around the top with weather­
stripping, contains 8 child's ordinary plastic swimming pool of
about l·m diameter. The swimming pool has a hole in ita center
to which a funnel is attached "ith epoxy cemenl The fwmelleads
to a 2-L polyethylene collecting bottle. in a wooden traveling case,
through a short length ofTygon tubing to which an inverted fwmel
is attached to prevent dust contamination of the sample bottle.
Sample bottles. filled with dilute (0.10 N) HNO, solution, are
shipped to our collecting sites. When rainfall begins. the top of
the collector is opened and the swimming pool is washed with
the 2 L of dilute HNO, from the sample bottle. Then the bottle
is placed, still in its traveling case, on a shelf beneath the collector
and the Tygon tube is inserted into the mouth of the bottle.

After the rainfnll stops, about 4 ,.g of Ill>Ag spike in 3.5 N HNO,
is added from a 5Q.mL bottle which has been sent to the site fcom
our laboratory. Immediately, the spike bottle is rinsed with about
30 mL of distilled 3.5 N HNO, containing about 10,.g of 99.9999%
pure Au; this solution is added to the sample bottle to complete
the transfer of spike, acidify the solution, and make the resulting
spiked rsinwater sample about 5 ppb Au. Then the bottle is
agitated for 7 min to equilibrate the isotopic tracer with the Ag
present in the rainwater. If the rainfall is enough to completely
fill the 2·L sample bottle, water is decanted until the volume is
about 1.8 L before the spike and acid are added. This procedure
minimized problems associated with adsorption of Ag on the walls
of the sample bottle, for the Au is evidently preferentinlly adsorbed
and the quantitative information resides only in the IO'JAg/IOlAg
ratiu after the spike has been equilibrated with the sample. We
began adding Au to our samples at the suggestion of I. L. Bames,
National Bureau of Standards, who found that Au stabilized Hg
in nglg concentrations in water solutions, and that the addition
of Au to such solutions quantitatively released Hg which had been
adsorbed on the container walls. Following the addition of the
spike. the sample bottles are returned to our laboratory for mass
spectrometric analysis.

ElectroplatiDg aDd ,"otope DilutioD ADafYlil. In the
laboratory. we separate the Ag from the rainwater sample by
electroplating it directly onto high purity Pt wire electrodes nt
a poteotial of 2 V. We use Pt wires about 12 cm long and place
them directly in the sample bottle, thus eliminating losses or
contamination through transfer or preconcentration procedures.
We electroplate for at least 12 h and have obtained a yield greater
than 95% when the solution is about 0.07 N in HNO•. As. will
be discussed below, we can obtain atable ion beams for mass

0003-2700178/0350-0489$01.00/0 <I:> 1978 Amottcon ChofricoJ Sor:loly



470 • ANAlYTICAL CHEMISTRY, VOL. 50, NO.3. MARCH 1978

figure 1. Rainwater coDector on site near Lawrence. Kansas

Table I. Isotope Ratio Measurements on 109 Ag Tracer and Normal Ag Standard

Material I01Ag/1f79Ag!. 10 Material IOlAg/'~Ag 1 1 a

Tracer
Tracer
Av.
ORNL value

0.00792 , 0.00230
0.00787 ± 0.00220
0.00790
0.00746

NBS SRM 978 1.0727 , 0.0021
1.0801 , 0.0066
I.07 83 , 0.0064
1.0798 , 0.0020
1.0766 , 0.0182
1.0789, 0.0026

Av. 1.0777
NBS value 1.0760

spectrometry with samples of 50 to 100 ng so that yield in the
electroplating process is not critical. During electroplating, the
rainwater sample is stirred on a magnetic stirplate using a Teflon
stir-bar whicb bas been cleaned in distilled HNO, and distilled
and deionized water. After electroplating is complete, the Ag is
stripped from Lbe caLbode with distilled HNO,. transferred to
a 5-mL Pyrex beaker. and evaporated to dryness.

Nitric acid (or use in this work is distilled in 8 Vycor glass
sub-boiling still from reagent-grade starting material. We prepare
water by distilling it in 8 Pyrex glass still and then passing it
through 8 mixed-bed deionizing column.

The mass spectrometer used is 8 6-inch radius of curvature,
single-focusing, 6O°-sector instrument with a thermionic emission
ion source. The Ag samples are loaded onto a single 20-mil
rhenium filament on a bed of silica gel in the presence of 0.28
N H,PO, following the technique of Cameron and others (8). This
technique is now routinely used for mass spectrometric analysis
of Pb and Lbe similarities of Pb and Ag. especially with respect
to ionization potential. suggested that it might also be suitable
for Ag mass spectrometry. \Ve fOWld, after some experimentntion,
that we could obtain sLable beams of Ag ions producing output
signals of 30 to 100 mV with about 50 ng of Ag on a filament We
have obtained beams at lower intensities with total samples of
only 0.10 ng, but our results are much more consistent with
somewbat larger amounts of sample on the filament Isotope ratios
are recorded on our instrument by an automatic peak·hopping
magnet current control circuit and a vibrating· reed electrometer.
The output of the electrometer goes to a voltage-to-frequency
converter wbooe output is counted and fed to a printer. Resolution
of Ag isotopes by Lhis ins1rument is excellent (Figure 2) and isotope
ratiOll can be measured routinely wiLb precision better Lhan ±1 %.
Precision falla to about ±6'10 for extremely small samples which
yield low ion currenta.

RESULTS
Spike Composition and Accuracy or Isotopic Mea­

surements. We obtained 50 mg of approximately 99%

Mass Number

F~ure 2. Silver mass spectrum

enriched 'WAg from Oak Ridge National Laboratory (ORNL)
for use as the spike. After making a solution of this material
in distilled HNO=, we measured its isotopic composition on
uur mass spectrometer (Table I) and found that our resul ....
agreed very closely with those given by OHNL. The spike was
then calibrated by isotope dilution against an Ag shelf solution
carefully prepared from NBS Ag(NO,) SRM 978. The cal­
ibration value agreed with the gravimetric value of concen­
tration of the spike solution within 0.5%. In addition. we have
measured the isotopic composition of the shelf solution. These
measurements (Table I) agree closely with the composition
determined by NBS.

Analytical Accuracy. We made several testa to detennine
the accuracy of our analytical scheme. We obtained ultra pure
water and determined that its Ag concentration was 0.0029
ngjg of H,o. Using this water and several of our 2-L rainwater
sample bottles, we prepared solutions of varying amounts of
normal Ag in about 1.85 L of water, made them about 5 ppb
Au, and spiked them with lOOAg tracer. Silver was then



separated from these by electroplating and the IrnAgj,ooAg
ratio was measured on the mass spectrometer. Ag concen­
tratioll!l were calculated from the isotope ratios and compared
with the known Ag concentrations of the test solutions. The
results of these tests are given in Table II.

The data in Table II indicate that our absolute errors in
analyzing the test solutions are about 6% for concentrations
of 0.1 ngjg or greater, although one result (8.51 ngjg test
solution) is in error by 13%. The absolute errors for the
analys... of test solutions whose concentrations are in the 0.02
to 0.01 ngjg range are small, averaging about 0.007 ngjg, but
these errors are a quite large percentage of the Ag concen­
trations of the test solutions. The results suggest that we are
limited in the analysis of these very dilute solutions by
contamination, adsorptive effects on the laboratory ware, or
both. Our results in the 0.01 to 0.02 ngjg range are accurate
only to within plus or minus a factor of two.

In a similar series of tests, done before we began the ad­
dition of Au to our solutions, we consL.tently found that our
isotope dilution results were low by 15 to 25% suggesting that
Ag was being lost to the walls of the 2-L sample bottles. The
present results evidently confirm that the addition of 5 to 10
ppb Au to the solutions inhibits or prevents adsorption of Ag
on container walls. As mentioned earlier, we are indebted to
I. L. Barnes of the National Bureau of Standards, who
suggested the addition of Au as a means of solving the ad­
sorption problem.

The tesls are probably a fair measure of the accuracy with
which we can measure Ag concentrations in rainwater, for we
used the same sample bottles and other apparatus, and
followed the same procedures as in our regular analytical
method. In the analysis of field samples, additional uncer­
tainties arise from potential contamination of collectors and
from the presence of dust or other particulate matter in the
atmosphere during rainfall.

Concentration of Ag in Kan.as Rainwater and Snow.
Table III gives the results of analyses of over 100 rainwater
samples and of several snow samples that we have collected
in Kansas. We began stabilizing samples by the addition of
Au in April 1977. We currently have eight collecting stations:
two are located at Lawrence, Kansas; the others are on Ag·
ricultural Experiment Stations at Colby, Garden City, Scandia,
Hays, Tribune, and St. John, Kansas. The data in Table III
should be representative of background Ag levels in rainwater
in Kansas, and may be compared with values from several
sources which are given in Table IV.

DISCUSSION
The isotope dilution technique described here offers two

major advantages for the analysis of nanogram quantities of
Ag (or other elements) in natural waters. First, the tracer may
be added directly to the sample in the field immediately after
collection, thus minimizing errors which arise from adsorption

Table 11. laotope Dilution Teota

Ag conen
in teat

lolution,
ni/i

201.6
22.41
12.00

9.62
8.51
0.970
0.024
0.132
0.018
0.014
0.010

.Ai conen
by isotope
dilution,

ni/i

203.2
22.49
11.66
10.34

7.38
0.919
0.050
0.127
0.023
0.024
0.0045

Difference,
ni/i

+ 1.6
+0.08
-0.34
+0.72
-1.13
-0.051
+ 0.026
-0.005
+ 0.005
+ 0.010
-0.0055
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Table m. Ranie of Ai Concentrotlonaln K.....
Rainwater Sampleo

Collection
Location interval Ai Conen, i/i'

lAwrencet Kanau 6/75-4/77 0.1-104 X 10-"
Lawrence, Kanau 9/75-4/77 0.5-2.9 X 10-"

(Nelson Tract)
Colby Exp. Field, 6/75-4/77 0.15-41.6 X 10-"

Colby, Kan...
Garden City, Kansas 8/75-4/77 0.1-31.0 X 10·"
Scandia., Kansas 1/76-4/77 0.2-5.4 X 10-"
Hays, Kansas 2/76-1/77 0.2-10.0 X 10·"
Tribune, Kansas 4/76-4/77 0.7-3.5 X 10'"
St. John, Kansas 1/76-4/77 0.1-29.6 X 10-"

Table IV. Reprelentativ~Ai Concentrations in
Rainwater and Snow

Location and
Reference Date Ai Conen, i/i

Southwest 2/71-7/71 0.1-0.9 X 10-" (anow)
Montana (4)

Eastern Sierra 1966-1969 0.04 X 10- JO avo (snow)
Nevada (1)

Lake Erie, New 1968-1969 0.21 x 10- 10 avo (snow)
York State (1)

Climax, 1966-1969 0.4 X 10- 10 avo (snow)
Colorado (1 )

Quill.yule, 12/68 0.1-10 x 10-" (rain)
Washington (9)

Nebraska-South 4/70 0.05-0.5 x 10-" (rain)
Dakota (10)

Coral Gables, 6/73-10/73 0.5 x 10- ,. avo (rain)
Florida (5)

Seawater (I) 15.0-29.0 X 10-"

of the sample onto the walls of the sample container. Second,
electroplating of the Ag directly from the sample bottles
without preconcenuation eliminates errors or contamination
from such procedures.

The great sensitivity of the mass spectromewr permits the
measurement of isotope ratios from samples of Ag as small
as 0.1 ng, and this in turn permits working with relativelyemall
water samples. We currently collect 2-L samples, but we could
probably work with 1 L or less. Much of the sensitivity of
the techniques we are using results from the remarkable
improvement in mass spectrometry of Pb (and by extell!lion
Ag) nince the development of the silica gel-phosphoric acid
method by Cameron and others.

The method described here is quite simple to carry out. It
has the disadvantage of requiring a mass spectrometer for
measurement of isotope ratios.
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Solubility Products of Bis(0,0'-diethyldithiophosphato)copper(II)
and 0,0'-dimethyldithiophosphatocopper(l)

Walter Rudzinski and QukItus Fernando·

Depwtment of Chotmtrr. ~Iity "f NfzDna. T~. Arizona 8512r

The anmonUn sal of O,O'-<llettJyllllliopholpiloulc acid reacts
wlth copper(II) In aqueous oululIun 10 give a mixhwe of the
copper(I) and copper(II) cumpIe... of O,O'-<llethyldllhic>­
phusphunlc acid. The sulublIIIy prUclucl of the copper(II)
cumpIe. wao lound 10 be 10'" 22 In a KHO, medk.m of iunic
olrenglh 0.1. The reactJun of copper (II) wIlh the """""'*""
oaII of O,O'-<llmelhyldllhlophuophun acid gaye a _e of
..yeral compte.... The dlmerlc c:upper(I) cumpIe. of 0,·
O'-dmelhyklllllopholphouic acid wat redy synlhetIzed and
an appro.lmale Yalue lor lis tolubIlly prUclucl was ubIained.

A large number of sulfur·containing compounds are em·
ployed as notation agenta and among these are the dithio­
phosphonic acids and their sodium, potassium, or ammonium
salta (aeronoata). Unlike most notation agents, the dithio­
phoophonic acids are stable in the presence of strong acids
and are potentially useful in certain hydrometallurgical
processes that make use of strong acids for the partial dis­
ruption of an ore matri., A disadvantage of the dithio­
phoophonic acids is the relatively high solubility of their
tramition metal comple.... Of special interest to us are the
valu.. of the solubility producta of a series of bis(O,O'·di·
a1kyldithiophosphato)copper(1I) compounds that were first
reported by KakoVllky (J) and subsequently by Tulyupa (2).
Both sets of solubility producta decreased as the number of
carbon atoms in the a1ko.y substituenta on the phosphorus
atoms increased. There were considerable discrepancies.
however, in the magnitude of the solubility producta reported
by the two workers. For example, the valu.. reported for the
solubility product of bis(O,O'·diethyldithiophosphato)cop·
per(ll), Cu(dtp)" differed by a factor of 10'. This large
discrepancy raises a qu..tion concerning the identity of the
copper comple. thet was synthesized hy the two investigators.
Wasson has reported that attempts to prepare (O,O'·di·
a1kyldithiophOlphato)copper(Il) comple.es as solids were
unsuccessful probably because the dithiophosphate ligand
acted as a reducing agent to form copper(l) comple.es (3).

The formation of bis(O,O'·dimethyldithiophosphato)cop·
per(ll), Cu(dmp)" is of particular importance because it is
the basis for a propOled titrimetric method for the deter·
mination of malathion by Hill and co-workers (4). In a
subsequent report, Hill presented evidence which indicated
that the copper(JI) compie. existed in equilibrium with the
corresponding copper(l) comple. and the disulfide formed by
the oxidation of the dithiophosphate ligand (5).

The work thet is described below was carried out to resolve
the widely divergent values of the solubility producta thet have
been reported for Cu(dtp), and Cu(dmp),. In the course of
this work, it was essential to determine the oxidation state
of the copper in the comple.es that were synthesized and to
verify that the comple.es had the predicted composition.

EXPERIMENTAL
Syuthelll ot NH,[(S)SP(OC,H,),], NH,(dtp). The prep·

aration was adapted from the method of Coldberry, Fernelius,
and Shamma (6). One hundred mL of ethanol was added slowly
over a period of 1.5 h to no g of finely powdered P,s, (Eastman

Chemical Co.). The reaction mixture was heated under renux
foe 3 h and the H,s that ..-as ...-oIved ..... passed through suuhbers
containing H,o, and NaOH. The reaction product which con·
sisted of a black oily liquid was filtered ...ithout suction and the
filtrate was ext.raeted v,ith three 5Q..mL portions of water. Gaseous
ammonia was bubbled through the exlract r.ontaining the 0.­
O··dieth),ldithiophosphonic acid. Two hundred mL of acetone
'A"3S added and the mixture was concentrated to one half of its
original ,,·olume. \\fhite crystals of the ammonium salt which
formed on standing ...ere liltered, dried, and recrystallized from
ethyl acetate. Titration of the ammonium salt, dissolved in 90%
ethanoL with NaOH sho...ed that the purity of the wt ...as 99.39,.

Synthesis or Cu[S(S)P(OC,H,),]" Cu(dtp), aud CullS)·
SP(OCH,),]" Cu(dmp),. Attempts ...ere made to prepare
Cu(dtp), and Cu(dmp), by the slo... addition of NH,(dtp) or
I\H,(dmp) (Aldrich Chemical Co.) to an aqueous solution of
copper(U) nitrate. In each case, a yello...ish bro...n oil was formed
when the reaction was complele. The components of the oily
brO\\'l1liquid that was obtained in the synthesis of Cu(dtph were
separated on silica gel plates v.ith a solvent mixture that consisted
of 929< "/v toluene and 890 vlv ethyl acetate,

Synthesis of Cu[(S)SP(OCH,),], Cu(dmp). An aqueous
solution of copper(Il) nitrate was added to 8 solution containing
an excess of NH.c(dmp). \Vhen 8 pale yellow precipitate was
obtained. 502 was passed through the solution to reduce any
Cu(dmp), that may ha,'e formed. The pale yellow precipitate was
washed repeatedly v.,ith water and dried in a vacuum desiccator.
(Cu: 28.8% calcd. 28.9% found; P: 14.Q.l90 calcd. 14.159, found.)

Infrared Spectra. A Perkin·Elmer Infracord Spectropho­
tometer was used to record all infrared spectra in the range
4000-700cm·'. A Beckman IR 12 double beam spectrophotometer
was used to record the spectra in the region 700-200 em-I.

The infrared spectra of Cu(dtp), and Cu(dmp), which ...ere
obtained as oily liquids were run as Nujol mulls and as neat oils
on AgCI disks. The infrared spectrum of the pale yellow com·
pound, Cu(dmp), was run as a KBr pellet in the region 4000-200
em-I.

M..s Spectrum of Cu(dmp). The mass spectrum of Cu(dmp)
...as obtained with a He...lett·Packard Model 5930A mass
spectrometer with an electron energy of 8 eV. The compound
was intrcx:luced into the sample chamber which was maintained
at 200 °C by the direct insertion method.

Photoelectron Spectroscopy. X-ray photoelectron spectra
were obtained with a McPherson ESCA 36 Photoelectron
spectrometer equipped with a Sargent-Welch turbomolecular
pumping system (10-7 to IO-a Torr). The sample was irradiated
with AI K" x·rays (1482.6 eV). A finely powdered sample of the
compound was spresd on double·stick adhesive tape (3M) which
was attached to an aluminum planchet. The sample holder was
cooled with liquid nitrogen. The binding energies of the pho­
toelectrons were determined by assuming that the carbon electrons
from the adhesive tape had a binding energy of 285.0 ± 0.24 eV.

Atomic Absorption Spectrophotometry. The total copper
concentrations in solutions that were in equilibrium with solid
Cu(dtp), ...ere determined with a Varian Model AA-5 atomic
absorption spectrophotometer. The copper concentrations of
solutions that were in equilibrium with Cu(dmp) were determined
with a Heath Model 703 atomic absorption spectrophotometer.
Single slot burners designed for usc with an wr-acetylene flame
were employed. A standerd copper hollow cathode lamp was used
as the source and the copper resonance line at 3248.8 A was used
for all the measurements.

Fluorescence Measurements. The concentrations of the
ligand, dmp, in solutions that were in equilibrium with the pale
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Figure 1. Potentiometric titrations of copper(ll) nitrate (2.166 X 10-'
M) with NH,dtp (2_232 X 10-' M) and eopper(ll) nitrate (2_211 X 10-'
M) with NH,dmp (2.241 X 10-' M) with ae~ ion selective elec1rode

yellow solid, Cu(dmp), were determined nuorimetrically. A
Perkin-Elmer Model 204A fluorescence spectrophotometer wa'i
used for the fluorescence measurements; the excitation wavelength
was 384 om and the fluorescence intensities were measured in
a I-em quartz cell at 385 nm_

Potentiometric Measurements. All potentiometric deler­
minations were carried out in a water-jacketed vessel that was
maintained at 25°C. The potentiometric measurements were
made with an Orion Model 701 digital pH/mY meter with a cupric
ion selective electrode (Model 94-29) and a double-junction
reference electrode (Model 90-02-00). Standard solutions of
copper(II) nitrate were made with sufficient KN03 to maintain
8 constant ionic strength of 0.1. The calibration and detennination
of the response of the cupric ion selective electrode have been
described before (7).

Twenty-five mL of a 2_166 x 10-3 M solution of Cu(lI) nitrate
was titrated with a 2.232 x 10" M solution of NH,(dtp). The
solution was stirred at a constant rate throughout the titration.
The concentration of Cu2+ was calculated from the measured
potential difference between the Orion cupric ion selective
electrode and the double-junction reference electrode at each point
in the course of the titration. It was found essential to keep the
cupric ion electrode surface free of precip!tated Cu(dtp}z. This
was accomplished by removing the electrode from the titration
vessel and wiping the electrode surface to free it from any adhering
precipitate. Failure to do this at least three or four times in the
course of 8 titration resulted in nonreproducible potential dif­
ferences. All titrations were curried uut in triplicate to ensure
that the potential differences were reproducible.

The ahove titrimetric procedure was repeated with NH,(dmp)
as the titrant. Twenty-five mL of a 2.211 x 10-3 M solution of
copper(I1) nitrate was titrated with a 2.241 x 10-' M solution of
NH.(dmp). Examples of the experimental curves 8re shown in
Figure 1.

RESULTS AND DISCUSSION
Attempts to synthesize Cu(dtp), resulted in the formation

of a yellowish brown oil which was separated into two
components by thin·layer chromatography with a mixture of
toluene and ethyl acetate (92:8 v/v) as the developing solvenL
The yellowish brown oil separated into two zones, a colorless
zone which contained the dimeric copper(l) complex (R, = 0)
and a pale yellow zone which contained the Cu(dtp), complex
(R, = 0.55). The dimeric copper(l) complex was identified
as the 1:1 complex of copper(I) and dtp by the characteristic
bands in its infrared spectrum (9). The pale yellow zone
contained (Cu(dtp), which has an absorption band in the
visible region at 420 nm; neither the disulfide oxidation
product nor the 1:1 complex of copper(1) absorbed in this
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Table L Infnred AbeoJplioD BaDda of NI(dtp), aDd
Related CompouDdi (em-')

Yellowiah
brown oil Ni(dtp)," Cu(dtp)b

1302
1235
1162 1159 1150
1095 1103 1098
1040 1049 1035
1008 1004 1015
964 970 965
955 955
822 823
806 807
786 785
774 775
690
630 643 640
518 544 538
502 524
482
401 396

c Ref. (8). b Ref. (9).

Figure 2. Infrared spectrum of the copper(l) complex of drop In KBr

FIg...e 3. Infrared spectrum of the copper(l) complex of dmp In KBr
in the low frequency region

region of the spectrum (5). The colorless zone at R, = 0 was
extracted with chloroform. The solution gradually darkened
and after shout 2 h it had an absorption band at 420 run. This
indicated that Cu(dtp), was formed in the chloroform solution
of the copper(1) complex and existed in equilibrium with the
copper(l) complex and the disulfide (5).

R,P(S)S-8(S)PR, + Cu,[S(S)PR,J, P 2 Cu[S(S)PR,J, (1)

where R = OC,H,.
A comparison of the infrared frequencies that have been

reported for Ni(dtp), (8) and the copper(I) complex of dtp
(9), with the frequencies that were observed for the yellowish
brown oil (Table I) confirmed the finding that it is a mixture
of the copper(l) and copper(Il) complexes of dtp.

The infrared spectrum of the copper(l) complex of dmp,
which is a pale yellow solid, has two prominent banda at 840
cm- l and 489 cm- l (Figures 2 and 3) which are not found in
the infrared spectra of either the copper(l) complex of dtp
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(9) or Ni(dmp), (8). The presence of these two bands may
be attributed either to the contamination of the copper(1)
complex of dmp with a small amount of Cu(dmp), or to the
presence of the disulfide oxidation product. The former is
unlikely since these two bands are not found in the infrared
spectnl of either Ni(dtp), or Ni(dmp),. Moreover, the presence
of a copper(lI) complex could not be detected in the x·ray
photoelectron spectrum of the pale yellow copper(l) complex
of dmp. The 2p,/, peak was found at 953 eV (FWHM = 3
eV) and 2P3/' peak at 933 eV (FWHM = 2 eV). The satellite
or secondary peaks that are usually associated with the x·ray
photoelectron spectra of copper(II) compounds were absent.

It is conceivable that the copper(l) complex of dmp can have
additional infrared absorption bands that arise as a conse·
quence of ring puckering and alteration of the symmetry of
the molecule. It was decided, therefore, to obtain the mass
spectrum of the compound with the expectation thst any
copper·t'Ontaining peaks would be readily identifiable since
the "'Cu:"'Cu isotope ratio is 7:3. The values of mle with the
corresponding relative intensities for the mass spectrum of
the copper(I) complex of dmp are given in Table II. The low
molecular weight fragments at mle values of 93 and 125 are
characteristic of all dithioph08phate compounds (10) and may
be assigned to the fragments P(OCH3), and P(OCH3),(S),
respectively. By analogy to the fragmentation patterns that
have been 'observed for NillS)SP(CH3),)" (J 1, 12), the
fragments observed at mle values of 314,250,157, and 188
may be attributed to the following disulfide fragments:
(CH30),P(S)-S-S-(S)P(OCH3),; (CH30),P-S-S-P(OCH3),;

(CH30),P-S-S-PO,; (CH30),PS, and (CH30),P-S-S-P.
Unfortunately, no copper containing peaks could be

identified. The peaks at mle values of 377 and 379 may be
attributed to Cu(dmp), even though the ratio of the peak
intensities do not correspond to a value of 7/3. It is possible
that Cu(dmp), is formed when Cu,(dmp), is subjected to
electron impact. The peaks at 440 and 442 may be indicative
of the presence of a fragment of the dimer, but the peaks are
too weak to be interpretable. The only conclusion that can
be drawn is that the 1:1 complex of copperll) with the ligand,
O,O'·dimethyldithioph08phate, is nonvolatile and probably
dimeric or polymeric.

It has been established from the foregoing experiments that
the yellowish brown oil formed by the interaction of copper(Il)
nitrate with NH.(dtp) in an aqueous solution is a mixture of
the copper(l) and copper(II) complexes of dtp. The reducing.
action of the ligand, dtp, results in the formation of the
copperll) complex as well as the disulfide, and the following
equilibria are established in the aqueous solution.

Tablen. Mag Spectrum of the
Copper(l) Complex of dmp

Relative
mle intensity mle

76 5.5 314
93 100 315

125 65.0 316
157 10.5 370
158 9.1 377
188 11.3 379
220 6.0 440
222 0.9 442
250 7.1

Cui. + 2[S(S)PR,t ~ Cu[S(S)PR,J.

i.e., Cu'· + 2 dtp' "" Cu(dtp)" and

Cu[S(S)PR,J. ~ I/,Cu,[S(S)PR,J..
'/.[R.P(S)8-S(S)PR.)

dioulfide

Relative
intensity

39.3
4.2
7.6
2.5
2.9
1.8
0.3
0.4

(2)

(3)

where R = OC,H•.
It can be inferred from Equations 2 and 3 tbat copper(lI)

reacts with the ligand, dtp, in the stoichiometric ratio of 1:2
to form not only the copper(II) complex of dtp but also the
copper(1) complex of dtp and the disulfide. It should be
possible to verify the stoichiometry of the reaction and to
follow the course of the titration of a solution of copper(II)
nitrate with NH.(dtp) with a cupric ion selective electrode.
If there are no other complexes of importance in solution, it
should be possilile to calculate the solubility product of
Cu(dtp), from the titrimetric data in the manner outlined
below.

The solubility product of Cu(dtp), at a constant ionic
strength of 0.1 is defined by:

K... = [Cu")[dtp')' (4)

where the terms in square brackets are molar concentrations.
If the equilibrium concentrations of Cu" and dtp are de·
termined, K,p can be calculated. This can be accomplished
by the addition of an excess of dtp to a solution containing
copper(II); tlie uncomplexed Cu'· can be measured witb the
cupric ion selective electrode and the unreacted dtp can he
calculated from the stoichiometric excess of NH.(dtp) added,
i.e., after the equivalence point in the titration of copper(II)
nitrate with NH,(dtp),

CLVL - 2Cm V.
[dtp")= (5)

Vo + VL

where em and CI, are the initial molar concentrations of
copper(Il) nitrate and NH.(dtp), respectively; Vorepresents
the initial volume, in mL, of copper(1I) nitrate and VL the
volume of NH.(dtp) added. At the equivalence point, V, mL
of the titrant has been added and,

2Cm V. = CL V. (6)

Substitution of Equations 5 and 6 in 4 and rearrangement
gives.

(V• • VL) CL CLV.
----=---·VL --- (7)
[CU h ]I/3 (Ksp)112 (KSp)1I2

A plot of values of (Vo+ V,)/ICu'·]'/' as ordinates and the
corresponding values of VL as abscissa should give a straight
line of slope Ct!(K,p)I/2. Values of [Cu'>] were obtained from
the equation

[Cu") = 10U'·E·)/"'" (at 25 'Cj (8)

where E is the potential difference, in millivolt." between the
cupric ion selective electrode and the double junction reference
electrode and E' is a constant, the value of which depends on
the standard electrode potential of the cupric ion selective
electrode, the liquid junction potential, the potential of the
reference electrode, and the activity coefficient of Cu'· in
solution. The constant E' was evaluated by substitution in
Equation 8 of the calculated values of ICu") before the
equivalence point and the corresponding values of E that were
obtained experimentally. Before the equivalence point, the
concentration of Cu" ions can be calculated on the assumption
that the only equilibria that govern the free Cu" concentration
are represented by Equations 2 and 3. Hence,

Cm V. - 0.5 CL V L
[Cu")= (9)

V. + V L

Measured values of E and the calculated constant E' were
employed in obtaining values of ICu"] after the equivalence
point.

The average value of the slope of the straight line given "by
Equation 7 was found to be 9.088 X 10' for three replicate



titrations. The initial concentration of the ligand, Ct , was
2.232 x 10-' M and the calculated value of K,p, the soluhility
product of Cu(dtp)" is 10-...22

The basis for the above calculation is, (a) that Cu" reacts
stoichiometrically with the ligand, dtp, in the ratio 1:2 and
(b) that in the presence of an excess of the ligand, the only
copper-rontaining species in solution is the uncomplexed Cu'+.
The stoichiometry of the reaction was verified by determi­
notion of the r intercept of the straight line given by Equation
7. The maximum difference between the value of V. that was
determined from the r intercept and the calculated value on
the basis of the assumed stoichiometry for the three replicate
titrations was 0.08 mL which represented an error of +1.6'10.

The total copper concentration in a solution containing an
excess of the ligand was determined by atomic absorption
spectrophotometry. A 25-mL aliquot of a standard solution
of copper(lI) nitrate (-10" M) was titrated with a standard
solution of NHidtp) (-10-' M). The titrant was added until
the dtp was in slight excess. The yellow-hrown oil was re­
moved by filtration, first through a 5-pm Millipore filter and
then through a 0.2-pm Millipore filter. Three successive
filtrations removed the oil as well as any suspended particles
that were present in solution. The total concentration of
copper in solution was determined by atomic ah!'ocption
spectrophotometry and the free ligand concentration, (dtp-I,
was calculated from Equation 5. [n a typical experiment, the
total copper concentration determined by atomic ahsorption
spectrophotometry and assumed to he the value of ICu"l in
solution was 1.42 x 10-< M. The concentration of the free
ligand, Idtp-). that was calculated from Equation 5 was 1.86
X 10-'. Hence the calculated solubility product of Cu(dtp)"
from Equation 4 is 10- 15.3• This value is in reasonable
agreement with the value of K", determined potentiometrically
with the cupric ion selective electrode, and the nssumptions
on which the calculation is based are valid.

The thermodynamic solubility product of Cu(dtp), reported
by Kakovsky (I) is IO-"A\ if an approximate correction is
made for ionic strength effects, the solubility product in 0.1
M KN03 is IO'I~" which is in fair agreement with the value
uf IO'I~ that was measured potentiometrically with the cupric
ion selective electrode. The solubility product of 10-'1'-' re­
ported by Tulyupa (2) is in error.

Replacement of the ethoxy groups on the phosphorus atom
in dithiophosphonic acid by methoxy groups results in a
marked change in the properties of the ligand. The reaction
products of O,O'-dimethyldithiophosphonic acid, (drnp), or
its ammonium salt, NH,(dmp), and copper(lI) nitrate are quite
different from those obtained with O,O'-diethyldithio­
phosphonic acid. The predominant complex is a copper(l)
complex of dmp instead of the expected copper(II) complex,
Cu(dmp),. In addition, experimental evidence was obtained
for the successive formation of a series of copper-containing
complexes. A solution of copper(l!) nitrate was titrated with
NH (dmp) and the concentration of Cu2+ was monitored
thr;ughout the course of the titration with a cupric ion se­
lective electrode. A plot of the potential differences between
tbe cupric ion selective electrode and the reference electrode
as ordinates and the volume of the titrant added as abscissa
did not give the expected sigmoid-shaped curve with a
well-defined vertical segment at the end point. Instead, a
titration curve with a long drawn out end point was obtained
(Figure 1) which indicated that the concentration of Cu'+
gradually decreased over a wide concentration range of added
ligand. It may be deduced from the absence of a sharp d~op

in Cu2• concentration in solution that the successive farmalum
of several copper-containing complexes contributes to the
gradual decrease in the concentration of Cu" in solution.
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Although the copper(lI) complex of dmp could not be
prepared in aqueous solution as a stable species. the dimeric
copper(!) complex of dmp, Cu,(dmp)" was readily synthesized
as a pale yellow solid. An approximate value for the solubility
product of Cu,(dmp), was obtained by two methods: (a) The
solid Cu,(dmp), was equilibrated with an aqueous solution
containing copper(II} nit.rate at an ionic strength of 0.1. The
uoreacted Cu,(dmp), was separated by nItration and the total
copper in solution was measured by atomic absorption
spectrophotometry. (b) The solid Cu,(dmp), was equilibrated
in an aqueous solution containing NH,(dmp). The uoreacted
Cu,(dmp), was separated by filtration and the total dmp in
solution was determined Ouorimetrically. In this experiment,
no inert electrolyte was added to control the ionic strength
because of the quenching effect exerted by most common
anions.

The solubility product of Cu,(dmp), is given by

K", = [Cu'][dmp] (10)

When Cu,(dmp), is equilibrated with aqueous solutions of
copper(l[) nitrate (1.11 X 10-< M to 5.53 X 10-' M) the total
cupper in solution varied from 2.2t X 10" M to 7.42 X 10-·
M. The excess copper in solution was produced by the
dissociation of Cu,(dmp), and was assumed to be present only
as Cu+. On the basis of this assumption, the calculated
solubility product of Cu,(dmp), varied between 10-9... and
10.9.35.

When Cu,(dmp), is equilibrated with a known excess of the
ligand, the solubility product of the complex may be calculated
from ~;quation 10 in which Idmp-I is the sum of the con­
centrations of added NH,(dmp) and the dmp produced by
the dissociation of Cu,(dmp),. The added ligand varied from
1.12 X 10-6 M to 5.61 X 10-< M, and the total dmp found in
solution by the Ouorimetric method varied from 3.60 X 10'"
M to 4.09 X 10-' M. Hence, the concentration of dmp in­
troduced into solution by the dL'sociation of CU2(dmp), ranged
from 3.49 X 10-' M to 3.53 X 10-' M. The solubility product
therefore, of Cu,(dmp), calculated from Equation 10 varied
between 10-"" and 10-"'"'. In the absence of any added
NH,(dmp), the concentration of dmp in solution measured
OuorimetricaUy in solution wa, 3.1 7 X 10" M and the solubility
product (If Cu,(dmp), calculated from Equation 10 was 10......

There are many uncertainties in the experimental tech­
niques and in the assumptions involving the molecular and
ionic species that are present in solution. The above mea·
surements therefore, give only an order of magnitude of the
soluhility product of Cu,(dmp),.
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Investigations of the Ferricyanide-Ferrocyanide System by
Pulsed Rotation Voltammetry

W. J. Blaedel' and R. C. Engstrom

Department of Chemistry. University of WIsconsIn. Madison. WISconsin 53706

In Equations 2-7: C' representa the bulk concentration
(mol/cm') of the species denoted by the subscript; M rep­
resents the mass transport coefficient (cm/s) of the species
denoted by the subscript; i", and it.. represent the limiting
cathodic and anodic currents of the voltammogram of a

(6)

(7)

(5)

(1)

(4)

(3)

(2)

[
-anF 1

k l = hO exp RT (E - EO)J

[
(l-a)nF J

kb = hO exp RT (E - E")

k b [nF 0 ~8 = - = exp -(E - E )
k l RT

it .• = nFAMo Co *
il •• = -nFAMR CR *

1 8 1
-+-+­
Mo M R hr

In Equation 2.

the faradaic current, in terms of mass transport coefficients,
is given by (11-14):

h+ho
Mo M R

i=-------

monotonically increasing rotation rate (7). The analytical
usefulness of hydrodynamic modulation has been demon­
strated using a sinusoidally modulated rotation rate with phase
sensitive detection to obtain scanning voltammograms at the
5 X IO-s M concentration level (8). The rate constanta for a
quasi-reversible electron transfer reaction were obtained, also
using a sinusoidal rotation rate (9). Pulsed flow work in a
laminar flow regime through tubular electrodes has also been
reported (10).

The purpose of the following work is to dcmonstrate the
technique of pulsed rotation voltammctry (PRV), in which
the rotation rate of a rotated disk eleelrode is switched be­
tween a high and low value. while the potential is held
constant. By measuring the difference currents at a number
of discrete applied potentials, a voltammogram may be de­
velopcd and plotted pointwise. The advantages and limi­
tations of this experiment are demonstrated using the fer­
ricyanide-ferrocyanide redox system at a glassy carbon rotated
disk eleelrode. The heterogeneous rate constant (hO) and the
transfer coefficient (a) of the electron transfer reaction of that
system are evaluated using equations based on mass transport
coefficients such as those presented originally by Jordan (I 1)
and later by other workers (12. 13).

THEORY
For the electron transfer reaction,

"I0+ ne;=> R
kb

The attainment of reproducible current-voltage data for
low concentrations of electroaclive compounds at solid
electrodes is difficult using conventional voltage scanning
techniques. Several procedures have been devised to improve
the quality of the voltammograms, including that of
steady-state voltamrnelry (SSV). As described in the literature
(1). SSV involves the application of a constant potential to
the electrodes, and waiting for the transient current to decay.
until a current is reached that is constant with time. The
steady·state current is the component that is due to transport
of the electroactive material in solution, uncomplicated by the
transients that represent charging and electrochemical re­
actions of the electrode aurface. With these transients
eliminated, background steady-state currenta are very low,
permitting discernment of very low concentrations of elec­
tr08ctive materials. The technique has been successfully
applied to the electrochemical study of nicotinamide adenine
dinucleotide at the micromolar level (2). One drawback to
SSV is the time required to reach a true steady-state. A1!. long
88 an hour may be required for the transient currents to decay
to nanoampere levels. so that acquisition of data for an entire
voltsrnmogram may require many hours. Also. error sources
like drifting backgrounds and slow decomposition of the
eleclr08ctive material may become important over a long
experiment that are usually unimportant for short experi­
ments.

Instead of waiting to achieve the true steady-state current,
a difference current may be measured between two different
rotational speeds of a rotated disk electrode. The difference
current is purely convective and is not influenced significantly
by transient surface reactions of the electrode. The difference
current may be measured before steady-state is reached. and
the time of the experiment may be greatly reduced.

The concept of hydrodynamic modulation is not new. It
has been used in the determination of rate constants at rotated
disk electrodes by measuring current as a function of linearly
increasing ro.tation rate (3) and linearly increasing square-root
of rotation rate (4, 5). Miller. Bruckenstein, and co-workers
have done a great deal of work in developing the theory and
practice of hydrodynamic modulation at rotated disk and
ring-disk electrodes. In addition to a simple square-root
function of rotation rate (6), they have designed a system for
programming the speed of rotation io give any of a number
of modulations that can be superimposed on a constant or

Tha tachnlqu8 01 pulaad rotation vonammatry (PRV) at a
rotated dIIk a1actroda Involv.. awnchlng tha rotation rate 01
the elactroda baIw.... two values, and meaaurtng a dIlference
currant while maintaining a constant appUed potential. Ex­
tr.-naly low background aIgnaIa are acHeved at glauy carbon
a~odes, aUowlng a detection limit of 1 X 10" M lerrl­
cyanide. Wa. defined c..ranl;>otantlal curv.. are obtained
lor the lerrlcyanlda-ferrocyanlde aystem, and aatlmat.. 01 the
hatar.- rata c:onatant (kO) and the Iranaler coenJclant
(a) ara reported.
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ic ==
il . c (9)

M
1 + 0 +-I,.

In Equation ii, the subscripts i and 2 designate the values
of M and of iL< at low and high rotational speeds, respectively.
Equation 11 may be solved for h, in terms of the quadratic
formula

(15)

(14)

I:. . \
A; (0 + I)' - ~(O + 1)0

I:.la

B; (M, + M,)(O + 1)0

C; M,M,O'

EXPERIMENTAL
Apparatus. A rotated disk electrode system was constructed

similarly to one described previously (2), but with several
modifications. The molor speed controller (Model 8-47, Gerald
K. Heller Co., Las Vegas, Nev.) was modified by putting an
additional speed control potentiometer into the circuiL A
two-position rotary switch was used to select which potentiometer
controlled the speed of the rotated disk electrode. Voltages were
applied to the two·electrode system with a battery powered
potentiometer circuit and monitored with a digital voltmeter
(Model 282, B&K P,ecision, Chicago, Ill) of sufficiently high input
impedance so as not to load the circuit. Currents were measured
with a picoammeter equipped with 8 current suppression option
(Mode1414S, Keithley Instruments, Inc., Cleveland, Ohio). The
output of the picoammeter was monitored on a strip-chart recorder
(Model A51I3-2I, Houston Instruments, Austin, Texas). The
rotation counting system consisted of a combination LED­
phototransistor fitLed. over a twelve-slotted wheel attached to the
electrode chuck. Voltage pulses produced by light passing through
the slots were counted by an events counter (Model IM-4100,
Heath Co., Benton Harbor, Mich.) modified to have a 5-s count
time. The display therefore read revolutions per minute directly.
The counting· rotation system was found to have a standard
deviation of 0.74Ofc (95% confidence limit).

Eleclrodes. A0.5-cm length of 3-mm glassy carbon rod (Grade
30S, Tokai Mfg. Co., Tokyo, Japan) was epoxied into the end of
a 0.5-in. o.d. Lucite rod (Rohm and Haas Co., Philadelphia, Pal
with Epotek 349 (Epoxy Technology Inc., Watertown, Mass.) and
polished with successively finer polishing paper, followed by 8

O.I-~m alumina slurry, until a mirrorlike finish was obtained.
Tht! rt!ference electrode was a chloridized silver wire in 0.0100

M KCI (2). A frit permeated with agar gave very low leakage
between the reference and sample compartments of the cell

Rcagcnts. Tap distilled water was redistilled from alkaline
permanganate and this was used to prepare all solutions. The
supporting electrolyte was 0.1 M phosphate buffer (pH 7.50),
prepared from reagent grade potassium salts (Fisher Scientific,
Fair Lawn, N.J.). K,Fe(CN). and K.Fe(CN)~3H20 (Mallinckrodt
Chemical \Vorks. St. Louis, Mo.) were used without further
purification for 0.01 M stock soluuons of the oxidized and reduced
forms. For an electrochemical experiment, aliquots of the stock
solutions were injected into the supporting electrolyte to give the
desired concentration. Ferrocyanide solutions were prepared with
deaeraled buffer just before use.

Procedure. All work was performed in a thermostated cell
at 25.0 ± 0.2 °C. A iOO-mL aliquot of buffer was pipetted into
the cell and pretreatment of the electrode begun. This consisted
of cycling the applied potential between +1.0 V and -1.0 V for
two cycles, allowing 10 min at each voltage. The system was
deaerated during pretreatment by bubbling water-saturated
nitrogen through the solution. At tha end of this time, the nitrogen
delivery tube was raised just above the surface of the liquid for
the remainder of the experiment. A background voltammogram

, RT Co
E(AI;o); E" + -In-

nF CR

A similar argument for the oxidation of the reduced form
results in 8 quadratic expression for kb• with

M" using the verified square-root dependence of current upon
rotation fate.

When the rates of mass transport and electron transfer are
similar, that is, for a quasi-reversible system, a simple rela­
tionship between E" and E,/, does notexisl A more accurate
method of estimating EO' is to find the potential at which Iii
becomes zero for a solution containing known concentrations
of ferricyanide and ferrocyanide:

(8)

(13)

(12)

(11)

(10)

1 + 0 + M 1

k,

M,
1 + 0 +~

h,

-B + ..jB' - 4.AC

2A

where

1:.'
A; (0 + I)' - ~(O + 1)

I:. Ie

B; (M, + M,)(O + 1)

C; M,M,

The negative square-root term results in negative rate con­
stants, and is not used.

In practice, h( may be calculated using Equations i2 ~nd
i3 from a voltammogram of ill, vs. E. For the calculatIOn,
M" M" and E'" must be known. M, and M, may be calculated
from the SSV limiting currents at low and h,gh rotatIOnal
speeds, using Equation 6. Alternatively, M, may be calculated
from the SSV limiting current, and M, may be calculated from

i
a

== _---.:i~,.~a _
1 M

1 + - +-o hb

The cathodic difference current (~iJ between a high and
a low rotation rate may be expressed as:

il ,c.2 il,c.l

M
1 + 0 +-

k,

For purposes of calculating rate constants, it is simpler and
more accurate to deal only with solutions of the oxidized form
(ferricyanide) alone, or of the reduced form (ferrocyanide)
alone, in which cases, Equation 8 becomes

mixture of 0 and R; and the other terms have their usual
electrochemical significance. In practice, formal rate constants
(hr,h", h'" and 0') and a formal standard potential (EO') are
determined and used at a constant ionic strength, instead of
the thermodynamic values designated in Equations 2-7.

For the work in this paper, it will be assumed that transport
coefficients of the oxidized and reduced species are equal (Mo
; M. ; M). This assumption is supported by an estimate
of 1.11 for the ratio MolM. for the ferricyanide-ferrocyanide
system (5). Only when 0 is close to unity will this ap­
proximation cause significant error. Such error will be avoided
in treating data, and currents at potentials close to EO' will
nol be used in the computation of kinetic parameters.

A more rigorous derivation has been worked out for the case
where Mo and M. are not equal (16). The equations are quite
complicated algebraically, and their use does not seem justified
for the treatment of the ferricyanide-ferrocyanide system,
whose oxidized and reduced forms are similar in weight and
size.

With the approximation that Mo ; Mfu Equation 2 becomes

. il. c + il,a D
I;
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FJvure 2. Cooent-polentJal curves lor 10 I'M lerrlcyanide In 0.1 M
phosphate buffer. pH 7.5. Conditions: As in Figura 1

I160 na
SCAN

I5 na
SSV
PRV

0.4 0.2 0.0 -0.2 -0.4 -0.6 -Q.8

APPLIED POTENTIAL,volt.

figure 1. Background Clnent-potentJal curves fo< 0.1 Mphosphate
buffer. pH 7.5. Rotation rate. 500 rpm fo< scan and SSV, 500 and
1500 rpm tor PRV. PulsIng frequency, -15 s

was obtained by oetting the applied potential to the initial value.
The current was allowed to decay until the baseline no longer
changed repidly (this usually wok no more then a minute). then
the rotation rate was switched from its lower value (500 rpm) to
ita higher value (1600 rpm). The switehing was done three times
at each potential, about 15 s being allowed at each rotation rate.
After three pulses, the potential was reset to the next value and
the pulsing repeated. For fale constant calculations, the current
was allowed to reach a steady-state at the final potential, and its
absolute value recorded for the calculation of mass transport
coefficient&. The potential was then reset to the starting point,
and an appropriate amount of the analyle stock solution added
with an Oxford Sampler (Oxford Laboratories, ~'oeter City, Calif.).
Five minutes of deaeration was performed before beginning the
voltammogram of the analyle.

Date Treatment. The strip chart recordings of the pi­
coammeter output were read by means of 8 digitizer (Numonics
Corp., North Wales, P..) interfared to a desk·top programmable
calculator (TEK 31, Tektronix Inc., Beaverton, Ore.). The
calculator was programmed to compute the average difference
cuneat for each potential on the vollammogrem. It also performed
the calculations for the estimation of h, or h.. Plots were made
of In hr or In hb VB. E - E!", and h'" and " were determined from
the intercept and slope, respectively.

RESULTS AND DISCUSSION

Ma.. Tran8port. The dependence of limiting current on
rotation rate was evaluated using 10 I'M potassium ferri­
cyanide over the range of 200-2000 rpm. A log-log plot of
current against rotation rate was completely linear with a slope
of 0.495 :I: 0,003 (90% confidence limitl (I7), indicating nearly
ideal behavior for the rotating disk electrode. This relationship
was used to calculate M, from the SSY measurement of M"

Background Yoltammogram. Figure 1 shows a com­
pariaon of the background current-voltage curves of the
pbosphate buffer obtained from a conventional acanning mode,
a 8teady-tltate mode, and a pulsed rotation mode. The scanned
background is very large due to the current associated with
double layer charging, It is aIao comparatively noisy, and the
magnitude depends on the direction and rate of scan. The
ateady-state current is much smaller than the scanned current
because there are no charging currents. Slow surface reactions
at the electrode and electrolyte decomposition are postulated
to account for the major portion of the SSY current. The
pulsed mode shoWll an extremely low beckground, indicating
good correction for electrode surface currents and electrolyte

~O rpm

30naL
Imln

~oo rpm

FIgure 3. PRV cu-rent-time record fo< 10 I'M lerrlcyanide. Conditions:
As In FIg",e 1, at -0.6 V

decomposition. The PRY curve also indicates the virtual
absence of electroactive impurities in the potential range of
+-0.2 to -0.6 V. The nonconvective nature of solvent de­
composition observed in SSV and in PRY should permit
mea<;urement to be made over a wider voltage range than for
cunventional scanning voltammetry, It should be noted that
the PRV data was taken in about 20 min, compared to several
hours for the SSV curve.

Calculation of Electron Exchange Rate Constants in
the Ferricyanide-Ferrocyanide System. Reduction of 10
I'M Fe(CN),'-, corr...1.ed for background, by SSV and by PRY
is shown in Figure 2. Very well defined waves and plateaus
were obtained by both techniques. Figure 3 is the current­
time record for a point on the plateau of the PRY curve of
Figure 2.

To evaluate the mass transfer coefficients from the limiting
current and Equation 6, the electrode area must be known.
This was done both electrochemically and optically. The
electrochemical determination was done using literature values
of the diffusion coefficient of ferricyanide in 0.1 M KCI (I5l,
and calculating the area from the limiting current in that
medium, based on the Levich equation, and using the ex­
perimentally determined exponent of rotation rate. A value
of 0.0847 em' was found. Microscopic measurement of the
electrode diameter using a calibrated micrometer eyepiece
yielded an area of 0.0873 :I: 0.0018 em'. A 3.1 % difference
exists between the two measurements, and the optically
determined value was used in further calculations.

The formal standard potential was determined by preparing
an equimolar solution of both redox species in phospbate
buffer, and by PRY in the region of zero current, observing
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In.l[\JV\
I min 10 nM I<.Ft(CN).

0.23 t 0.03
0.69

a Tabled values accompanied by 90% ~onfidence limits.

Table I. Rate Conatanll for the
Ferricyanlde-Ferrocyanlde Byatema

Potential relian kO'cm!s X 10'

Cathodic 4.7 t 0.7
Anodic 5.4

the potential where the current crosses the voltage axis.
Triplicate determinations of Ea. gave 0.054 ± 0.003 V (90'70
confidence limit).

Triplicate voltammograms of 10 pM ferricyanide reduction
w.... obtained, and values of In k" calculated from Equation
12, were plotted against the applied potential. The values of
kOo and a obtained from cathodic reduction data are reported
in Table I. Values are also given from the anodic oxidation
of ferrocyanide. The values of kG. from the oxidation and
reduction agree reasonably well with one another. Theyare
similar to determinations (0.001~.0071 cmjs> reported under
various conditions at carbon paste rotated disk electrodes (18),
and somewhat larger than values around 0.002 cmjs reported
for glassy carbon tubular electrodes (13). Discrepancies among
literature values of kOo for the ferricyanid~ferrocyanide system
at solid electrodes are prevalent, and may be ascribed largely
to differences in history and pretreatment of tbe electrodes.
A thorough study of modes of preparation and pretreatment
of solid electrodes is called for.

The values of the transfer coefficient, a, obtained from
oxidation and reduction data, are decidedly not in agreement
with one another. Associated with this is the observatior. that
all of the plots of In kf or In kh vs. E - EO. show a deviation
from linearity at low values of overpotential. The deviation
for cathodic data is in a direction that approaches the slope
for anodic data, and vice-versa. This phenomenon is not
unique to the experimental method presented here, but has
been observed in a similar chemical system at glassy carbon
turbulent tubular electrodes, where a definite change in slope
occurs neel zero overpotential for solutions containing both
ferricyanide and ferrocyanide (13). This indicates that there
is a different transfer coefficient for tbe oxidation than for
the reduction, implying that something more than a simple
electron transfer between the two species is taking place.
Apparently this is not restricted to glassy carbon electrodes.
At graphite rotating-disk electrodes, the formation of a dimer
consisting of one molecule of ferricyanide and one molecule
of ferrocyanide, which reacts more readily than either form
alone, h.... been postulated (19). Other possible explanations
for nonlinearity in Tafel plots of. the ferricyanid~ferrocyanide

system have been suggested: they include a potential-de­
pendent transfer coefficient (20), and an influence on the
electron transfer by ion-pairing (21). At micromolar con­
centrations, this last idea can be ruled out.

Sen8itivity of PRY. Two separate experiments were
performed to determine the linearity between the difference
current (6i) and the ferricyanide concentration, for an applied
potential in the current·limited region of Figure 2. The
concentration range (}-10 pM gave a least squares slope of 19.4
± 0.2 nAjpM (90'70 confidence limits) and the range of(}-Ioo
pM yielded 19.2 ± 0.2 pAjpM.

BACKGROUND

fig.... 4. PRV QlTent-trna record for 10 nM fe<Ttcyanlde. CondItlons:
As in Figure 1. at -0.6 V

Although the blank has a definite 6i signal, its noise level
in this system is only nA. Based on a signal-t()onoi.. ratio of
I, the limit of detection for ferricyanide should be around 10
nM. Current-time traces are given in Figure 4 for 10 nM
potassium ferricyanide and for blank buffer solution, verifying
experimentally the detectability of that concentration.

CONCLUSIONS
The technique of pulsed rotation voltammetry is designed

primarily to compensate and correct for nonconvective
background currents that trouble conventional voltammetric
techniques at solid electrodes. It is a potentiostatic technique
that is considerahly more rapid than steady-state voltammetry
without sacrifice of data quality. It offers both qualitative
and quantitative information on the measurement of elec.
troactive material, and on electron transfer kinetics. In·
strumentation is relatively simple, and the experiment is easy
to perform. PRY has been used to obtain the rate constants
for heterogeneous electron transfer in the ferricyanide-fer­
rocyanide system at a glassy carbon rotated disk electrode.
Electrochemical kinetic studies with PRY are in progress on
systems involving riboflavin, nicotinamide adenine di.
nucleotide, and porphyrin compounds.
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Determination of the Electrochemically
Effective Electrode Area

Timothy E. Cummings and Philip J. Elvlng·

1M University of Mlchl/}an, Ann Arbor, Mlchl/}an 48109

The lactor. are dleeUll8d which allact dlIfUlion conlrolled
behavior In de polarography al a controled drop-lln1e dropping
mercury electrode (OME) and In cyclic vollanvnelry al a
hanging mercury ctrop eleclrode (HMDE) wHh respecllo the
eveluallon 01 Ihe electrochemlcelly ellactlve erea. The
me..uremenl 01 Ihe laUer In lerme 01 capaclly, Ihe re.ulls
oblalned, and the difference In Ihe ellecllve area lor laradalc
and nonIaradaJc~. are delCrlbed. Baled on publllhec:l
value. ollhe dlIfUlion coelllclenl 01 Cd(II) In 0,1 M KCI, the
de polarographic dlriullon cwrenl al a conlrolled ctrop-llme
DME II louncI 10 obey Ihe lheory lor dlffUlion 10 an expanding
ephere; deplellon elleell are conllderably reduced by con­
vecllon r8lUllJng lrom .... 01 e mechanical drop-knocker, and
currenl-Ilme behavior lor lingle drop. I. very reproducible,
even alllmel .. 1horI .. 0.2 .. Contrary 10 publIIhed theory,
ahfeldlng eIIect. Irom lhe gl811 capillary decrea.. wllh lime
aller drop-blrth. An experlmenlal lechnlque lor callbrallon 01
HMDE are.. UIing lhe Irtoxelalolron(III) epeele.l. delCrlbed,
which give. a precl.lon 01 2 10 4 %. Use 01 Cd( II) lor
evaluallon 01 HMOE area. I. IUbJect 10 errors due 10 Irace
adlOrbale.. U.. 01 Ilow eean rale. I. recommended lor
preclle HMDE area evaluallon, and a mathemat1c81 procedure
I. delaUsd which accounl. lor Ihe el1anl epherlcHy ellecls.

DME. Mathematical theories for describing the polaro·
graphic diffusion current at a dropping mercury electrode
(DME) have been reviewed (I). Because of both its simplicity
and satisfactory description of the physical relations under
normal conditions, the originalllkovic equation (2) continues
to be used, despite considerable advancement in the math­
ematicalsophistication used to solve the DME boundary value
problem. In a study of current-time behavior at a DME (3),
the experimental data at times shorter than one second
showed a marked deviation from published theories.

While it was, at one time, difficult to use a DME having
a short drop-time because of the necessarily large mercury
flow-rates and the concomitant polarographic maxima induced
by the rapid mercury flow, the mechanical drop-knocker has
made work at short drop-times feasible. Use of short
drop-times has several advantages. A wider drop-time range
increases the capability to study chemical kinetics. The
current flow at the end of a mechanically controlled drop-life
can be made much smaller than for a natural drop-life, which
reduces iR losses in solution, a fact of particular importance
in ac polarography and cyclic voltammetry at the DME.
Furthermore, controlled drop-times are used in analysis to
speed determinations and, in general, to avoid dependence
of the natural drop-time and, hence, of the drop area on the
applied potential. .

Until recently, it was generally assumed that the contact
area between the mercury drop and the DME was small and
that shielding effects from the glass capiUary were minor;
however, no reliable method was known for experimentally
evaluating these effects. Recently, Mohilner et aI. (4), in
connection with differential capacity measurement, reported

a useful relationship for evaluation of the effective electrode
area that is not available because of shielding end orifice
contact (this combined effect wiU be referred to as the effective
contact area). A previously reported method (5) for evaluating
the effective contact area was more complex in introducing
correction for back pressure; the authors underemphasized
the importance of the effective contact area correction by
stating that it approximately equaled the orifice area and by
failing to report the determined values.

Because of the importance of knowing the true area for
many purposes, e.g., evaluations of diffusion coefficients and
of the relation between polarographic limiting current and
mercury column height, the effects of effective contact area
and sphericity at the DME on measured parameters were
systematically studied with the aim of determining the
simplest set of equations which could, within a given tolerance
of error, be employed.

HMDE. For much work employing the hanging mercury
drop electrode (HMDE), the electrochemically effective
electrode erea must be known. Regardless of which type of
HMDE is employed, e.g., platinum contact or syringe, for
precise work, the area must be experimentally evaluated.

Determination of the HMDE area from cyclic peak current
relations (6, 7) and experimental voltammograms for a re­
versible compound with e known diffusion coefficient, D,
suffers from two problems. Since D is e function of tem­
perature, solvent, and ionic strength, only D values determined
in a solution of ionic strength sufficient for electrochemical
work may be used. ~'urthermore, the literature is replete with
contradictory D values.

One intent of the present study is to present an internally
consistent method for HMDE area evaluation using dc po­
larographic and cyclic voltammetric data obtainable in the
same laboratory, thereby avoiding reliance on externally
obtained values which may not have been obtained under
identical conditions. The method has the advantages of the
precision with which the DME effective area can be evaluated
and the accuracy obtainable through comparison of mca­
surements on the same solution.

EXPERIMENTAL
Chemicals. Reagent grade CdCI,·2.5 H20 (Baker) was dried

at 110 ·C for several days. Reagent grade Fe,(SO.Jr6H20 (Merck),
K2C20.·H20 (Mallinckrodt) and KCI were used without further
purification. Mercury for electrodes was chemically purified and
distilled. Water was suitably distilled.

Instrumentation. All data were obtained using a jacketed.
three-compartment cell thermostated at 25 % 0.1 ·C. The DME
capillary was a 2O.S-em length of Corning Code No. 215670 marine
barometer tubing. The mechanical drop-knocker was a solenoid
with a metal pin atlached to the solenoid plunger. Th. pin moved
horizontally, striking the DME capillary with a force which was
dependent on the electrically regulated solenoid current. The
HMDE was a Metrohm E 410 Micro-Feeder. The potentiostat
was a standard configuration, similar to one described (8).
Triangular waveforms were supplied by a Wavetek Model 112
function generator. Potentials were monitored by a Hewlett­
Packard Mode1344OA digital voltreeter with a Model 3443A high
gain/auto range unit. Data were recorded on a Houston Model
2000 x-y recorder.
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Procedl11'el. Solutions were deaerated wilb purified nitrogen
for 30 mini a nitrogen atmosphere was maintained in the elec­
trochemical cell during experiments. Reported potentials are va.
an aqueous saturated calomel electrode.

DC PoIarO/irophy. For 0.183 mM Cd(m in 0.3 M KCI80lution,
the potential was scanned at 4 mVIs, starting at -ll,3 V. For all
other solutions, lbe potential was held constant st a value on lbe
diffusion plateau, -ll.700 V for Cd(lI) and -ll,350 V for Fe(IlI),
and the currents for 10 to 20 drops were recorded, using lbe
time·base sweep on the recorder .x·axis; an identical procedure
used for background alone permitted background subtraction.

To minimize long term stirring effects, the mechanical
drop-knocker was adjusted to deliver the minimum striking foroe
nece..ary to dislodge the drop.

Cyclic Voltommetry. A drop corresponding to 10% of one
rotation (two divisions) of the micro-feeder piston mechanism was
used. The precision of thus setting the piston is about 1'fe. A
new drop was used for each cyclic voltammogram.

THEORY
Because most read·out instruments in cunent use respond

sufficiently rapidly to measure the instantaneous polaro­
graphic current, the theory will be considered for such cur­
renls. Conversion for mean currents should be readily ap­
parent.

DC Polarography. The originallIkovic equation (2), which
does not account for sphericity effecls at the DME, is:

id = 709 nD I12 Cm'l3 t'l6 (1)

where id is the maximum diffusion current in IJ,A, n is the
number of electrochemical equivalents per mole of species
electrolyzed, D is its diffusion coefficient in cm'ls, C is its bulk
solution concentration in mM, m is the mean mercury flow
rate in mgls, and t is the life-time of the drop in s.

Derivations which accounted for sphericity effects (9-16)
have produced, after truncating a series expression, equations
of the following type, in which only the coefficient B differs:

id = 709 nD'''Cm'''t ''"(l + BD'" til" 1m''') (2)

In Matsuda's solution (I5), which appears to be the most
rigorous (I), B is 36.3 for a freely hanging sphere and 23.5 when
the shielding effect of the gla.. capillary is considered.

Mohilner et al. (4) equated the electrochemically effective
electrode area, A, to the difference between the area computed
from drop volume assuming a spherical sbape, A.. and the
effective contact area of the drop, AD- The accuracy of the
spherical shape assumption has been shown to be sufficient
(17-19). On substituting for A.. based on the mercury now
rate and drop-time, Mohilner et al. obtained

A = (6 m,,'"ld)''3t''' - A o (3)

where d is the density of Hg. A useful (and obvious) rela·
tionship is

A = A,(l- AoIA,) (4)

Since the Dkovic equation is linear in A. (incorporated in terms
of m and t), one can correct for the effect of A.. i.e., replace
A. by A, by substitution of Equation.4 into Equation I, which,
upon further substitution for A.. y,elds

id = 709 nD' 12Cm'''t""(l- 117.8 A o/m"3t"3) (5)

where A is in cm'. Since the effective electrode area does
not appe"ar in the derivation of Equation 2 in p~ces leading
to the second term in the parentheses (at least not m a manner
amenable to correction of A. for Ao), Equation 4 can be in­
troduced into Equation 2 analogously to the substitution into
Equation 1, so that

id = 709 nD' 12 Cm'''t''"(l + BD' 12t""'m''')(l-
117.8 A o/m"3t2l3) (6)
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AC Polarography, Although Mohilner et aI. (4) were

solving for the differential capacitance, this approach is readily
adaptable to ac polarographic current measurementa, wbic;h
can be used to determine the DME drop area in the absence
of a faradaic process. Since lbe measured ac current, i... equals
the product of the ac current density, j ... and the electrode
area, substitution of Equation 3 for the electroda area relptea
i.e and j.,;.

i", = j",(6 m,,' 12ld)'13t'l3 - j.,Ao (7)

Thus, at constant Edco a plot of i" va. (l/3 should be linear with
a slope, U, equal toj" (6m"t/2/,J)'/' and an intercept,Z, equal
to -j."Ao. Values of U and Z can be determined by least­
squares; if m is known, Ao can then be evaluated from

A o = -Z(6 m,,'''ld)2I3IU (8)

Because of resistance in solution and through the DME, the
measured ac currenla must be corrected for iR 1068 (20), which
also results in a phase shift of tbe working electrode ac voltage,
tiE., relative to the applied ac voltage, V. If the in-phase,
io-. and quadrature, igo-, components of the ae current are
measured, the total ac current. itt is given by

i, = (ioo' + iooo')'" (9)

Correction for the iR loss is then made using Equation 10.

i", = iJsin[arctan(iooo/ioo)] (10)

Cyclic Voltammetry. Nicholson and Shain (7) have
tabulated the current functions, ...1/' x(at) and ",(at), for a
reversible charge-transfer for Equation 11, where ro is the
HMDE radius and v is the scan rate.

i = 6.02 X 10'n312AD I"Cv"'[,,"'x(at) +
0.16(D"'lrofl'''VI12 )tf>(at)] (11)

At fast v, the second term in bracketa in Equation 11 becomes
negligible and Equation 11 can he accurately approximated
for the peak current by

i.= 2.687 X 10'n3"AD'12 CV"' (12)

At slow v, the assumption made in obtaining Equation 12 is
not valid. If D'/' is not large and ro and v are not v.ry smaIl,
i. will still appear 28.5 mV past Ell' and Equation 11 can be
written for ip as

i. = 6.02 X 10'n"'AD' 12Cv'" [0.4463 +
0.1203 Dll2lronll2v"'] (13)

For a rapidly diffusing species, a very small TO or a very slow
v, the second term in bracketa in Equation 11 causes a shift
of E. to slightly more negative values (for a reduction), and
different numerical values of ...1f2 x(a/) and ",(at) lIJe required
(7).

HMDE Area Evaluation. Several relationshipa may be
used to obtain the HMDE area. If Equation 1 sat.iafactorily
describes the dc polarographic current and Equation 12
accurately describes the cyclic peak current, the area caJ­
culation is straightforward. Equation 15 is readily deduced
from Equations 1, 12, and 14; the HMDE area is then
evaluated using experimental values of i.lev l !' and Id'

Id = id/Cm'" til" (14)

(i.ICv"')/1d = 3.790 X 10'n'''A (15)

In the event that Equation 5 is assumed to be valid, Id' defined
by Equation 16, replaces Id in Equation 15.

Id' = id/C(m"3 til" - 117.8 A olt l12 ) (16)

If sphericity effecta at the DME are important, it is nec­
essary to evaluate Dl". Using Equation 2, Id is given by
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Table I. AC PolarOilaphlc Cwrento and
Current Denaltle"

t, I

2.10 2.06 0.00903 228.3 268.6 261.4
2.22 2.16 0.00938 229.3 268.6 261.6
2.39 2.26 0.00986 229.6 267.2 260.6
2.64 2.37 0.01028 230.6 267.0 260.8
2.69 2.48 0.01069 231.9 267.6 261.6
2.86 2.69 0.01112 232.8 267.4 261.6
2.98 2.67 0.01147 232.8 266.6 261.0

Mean 230.7 267;6 261.2
Std dev 1.82 0.78 0.41
Rei ltd dev, % 0.79 0.30 0.16
Ranie 4.68 2.09 1.01
Rei ranie, % 1.98 0.81 0.40

• 0.4 M K,C,O.; Ed. = - 0.090 V; h = 39.6 em. b Baaed
on m calculated from Equation 22 with ,nIh. = 0.01429
~/c:m.. C Ai. = 0.00106 em l , bued on iai VI. tIlt,

d A. = 0.00083 em', baaed on i•• VI. (mt)" .

Equation 17, which is a quadratic equation in 0'1'; hence, DII'
il given by Equation 18.

Id = 709 nD"'(1 + BD"' t" 6/m 113) (17)
D 'f2 = [(1 + 4 Bt' 16I d /709 nm"')·f2 - l]m"3/2

Bt"· (18)

lfEquation 6 is employed, Ii replaces 1. in Equations 17 and
18.

When aphericity effects at the HMDE are negligible, DII'
can be used with cyclic voltarnmetric results to evaluate A
directly from Equation 12. If u is sufficiently slow that
sphericity effecta are not negligible, Equation 13 must be used.
To simplify the calculation, advantage can be taken of the fact
that A equals 4"'0'; substitution of A' /'/2,,1/' for '0 in
Equation 13 leads to

i. = 6.02 X 10'n 3f2AD I 'Cu"'[0.4463 +
0.4263(DIAnu)'f2] (19)

Since Equation 19 is a quadratic equation in All',

A = {[(0.1817 Dlnu + 2.965 X 10'·
i./n

3f2
D I 'Cu"')'f2 - 0.4263

(Dlnu)'I2]/0.8926l' (20)

RESULTS AND DISCUSSION: DC
POLAROGRAPHY

Contact Area. A 0.4 M K,c,O, solution was employed for
the contact area ev,,!uation byac polarography. A plot of i",
va. t'/3 (Table I) Yielded a slope of 1.422 jJA/s'/3 and an
intercept of -0.2736 jJA, giving an Aoof 0.00106 em', based
on m = 0.525 mg/.. An identical Ao was obtained for the same
capillary using 0.3 M KCI, suggesting that Ao is independent
of the nature and concentration of the supporting electrolyte;

Because of the short drop·times employed, back-pressure
effects can be significant; since Ao is evaluated by a long
extrapolation, a nonconstant m can result in an erroneous A.,.
To test the effect of variations in m on A~, fbe data in Table
I ,,:ere analyzed as follows. Equation 7 indicates that a plpt
of '", va. (m/)2I3 should be linear with a slope of j", (6"I/'/d)'/3
and an intercept of -j..Ao, so that Ao &tn be evaluated
analogously to the method employing Equation 8. The
proposed method requires experimental evaluation of either
m as.a function of I at the column height, h, employed or the
relation between m and the corrected column height, h since
h, is related to h and I through the back-pressure te~m hb
[given by 3.1/(m/)I/' (21), assuming the surface tension is 400
dyne/cml, i.e.,

h. = h - 3.1/(mt)"3 (21)

Since, for a given capillary, m/h, is a constant, symbolized
by K, multiplication of Equation 21 by K, yields Equation 22,
where Kh, is replaced by m, which permits calculation of m
for any values of h and I, once K is determined.

m = Kh + 3.1 K/(mt)I/3 (22)

For h of 39.6 and 63.4 cm at 2.10 sand 39.6 em at 2.85 s, m
of 0.5225, 0.8694, and 0.6277 mg/s, respectively, were ex­
perimentally determined at open circuit; the corresponding
h.. determined from Equation 21, were 36.6, 60.8, and 36.9
em, respectively. The average m/h, or K, 0.01429 mg/cm s
(relative average deviation of 0.06"10), was used in Equation
22 to calculate m at the various drop-times employed for the
ac data (Table I) obtained at an h of 39.5 em. A plot of i"
vs. (m/)'I' yielded a slope of 2.132 jJA/mg'I' and an intercept
of -0.2075 jJA; the Aoof 8.3:1: 0.8 X 10-< cm' is 22"10 less than
that obtained from the i" vs. 1'/3 plot.

Since i", is related to the differential capacity by drop-time
independent terms except for the electrode area, the ratio of
i" to the effective electrode area should be drop-time inde­
pendent. Values of i",/A.. and i",/ (A, - Ao) for Aoof 0.00106
and 0.00083 em' are shown in Table I. The results indicate
that A = A, - 0.00083 cm' is the best of the three values. For
either value of Ao, the precision of the mean i,,/ (A, - Ao) is
better than the precision of the data; however, using Ao =
0.00083 cm', no systematic trend is observed between i,,/(A,
- Ao) and I as is the case with the larger A.,. The importance
of using the correct Ao is evident from the difference between
the two mean values of i../(A, - Ao).

The results in Table I indicate that the value of A" de­
termined from m and I, is accurate to better than 0.5% over
the time range of 2 to 3 s; for shor/er times, the accuracy may
be slightly poorer, depending on the validity of Equations 21
and 22.

Several points must be made regarding the results just
presented and the work of Mohitner et al. (4). Mohitner's
procedure was developed for evaluation of differential ca­
pacitance data based on the slope of a plot of i" vs. 1'/3; he
was not interested in the value of Aobased on the intercept.
However, the intercept and slope of a straight line fit to data
are not independent, and differential capacitance (or current
density) values based on intercept calculated contact area
corrections should agree with corresponding values calculated
from the slope of the plot. The values of i../(A, - Ao), based
on the slopes, were 0.1 JJA/cm' lower than the respective mean
values in Table I in both cases, so that a plot, which yields
an incorrect intercept calculated Ao, will also give incorrect
values based on slope evaluation. Because evaluation of m
at several values of hand/or t is tedious, it is desirable to avoid
such a task whenever possible; as use of m values in calcu­
lations introduces the errors associated with evaluation of m,
e.g., precise back-pressure calculation~ it is advisable to use
Mohitner's approach, i.e., to obtain values of i.. at long
dtop-times, since m becomes relatively independent of I after
a few seconds. Since the linear least-squares method will
preferentially fit data at large values of I, the data at long
drop-times should lead to proper evaluation of Aofrom a plot
of i.e vs. t'J./3. However, data at short drop-times, e.g., down
to 2 s, should also be used in the fit to prevent the need for
a long extrapolation to the intercept. The need to consider
back-pressure effects on m at the shorter drop-times confirms
the complex evaluation procedure of Nancollas and Vincent
(5).

Cadmium(II). Using the diaphragm method, Rulfs (22)
obtained 7.0 x 10" cm'/s for the diffusion coefficient of 1 mM
Cd(Il) in 0.1 M KCI; a later study (23) reported a weighted
average of 7.0:1: 0.13 X 10-< cm'/s based on published results
of four independent workers using different techniques.
Because D for Cd(II) in 0.1 M KCI has been carefully eval-
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Table II. Diffualon Coefficienta for 1.012 mM Cd(lI) in 0.1 M KCI"

0.009
0.33

2.71"
2.71
2.72
2.72
2.72
2.72
2.72
2.72

2.72
0.003
0.11

2.82'
2.82
2.81
2.81
2.81
2.80
2.80
2.79

2.81
0.012
0.42

0.030
1.07

0.030
1.11

2.69'
2.69
2.71
2.71
2.72
2.71
2.72
2.72

2.71
0.011
0.41

2.58'
2.59
2.61
2.61
2.62
2.62
2.62
2.62

2.61
0.015
0.57

0.040
1.54

0.100
3.17

3.23d

3.23
3.19
3.17
3.16
3.15
3.15
3.13

3.18
0.037
1.16

2.93c

2.93
2.93
2.93
2.93
2.93
2.93
2.92

2.93
0.003
0.10

0.010
0.34

4.55
0.028
0.61

Id'b

4.59
4.57
4.56
4.54
4.54
4.53
4.52
4.51

0.084
1.85

0.014
0.34

Idb

4.16
4.15
4.16
4.15
4.16
4.15
4.15
4.14

4.15
0.004
0.10

he,em

36.5
41.1
46.9
50.9
53.8
55.9
58.7
60.8

Mean
Std dev
Rei std

dev, %
Range
ReI

range, %

o t = 2.1 5; nt/he = 0.01376 mg/cm s; literature value, D I /'1 = 2.65 ± 0.025 X 10-) cm/s ll1 (23). b Units are IJ,A S1l1/mM
mg'1I\Jd' is for A o = 0.00083 em1, C Expanding plane model, Equation 1 (Ilkovic equation). d Expanding plane model,
Equation 5, A o = 0.00083 em 1 ~I1kovic equation with contact area correction). e Expanding sphere model, Equation 2.
B = 36.3 (Matsudn.equation). Expanding sphere model, Equation 2, B = 23.5 (Matsuda equation accounting for shielding
effect). ' Expandmg sphere model, Equation 6, B = 36.3, A o = 0.00083 em 2 (Matsuda equation with contact area carTee·
tion). h Expanding sphere model, Equation 6, B:;:. 36.3, Ao :;:' 0.00047 cm] (Matsuda equation with contact area correction).

FlglB'e 1. Variation of de polar'9'aphlc diffusion current with CO<Tected
mercuy~~ h, (calculated ~om hand mlhc usi>g Equatloos
21 and 22; 1= 2.10 s). (AI 1.012 mM Cd(1I) In 0.1 M KCI: mlh, =
0.01376 mg/cm s. (B) 0.212 rrM Cd(1I) 10 0.1 M KCI: mlh, = 0.01376
mg/cm s. (Cl 0.183 10M Cd(1I) 10 0.3 M KCI: mlh, = 0.01521 mg/cm
5 and 1= 2.07 s. (0) 0.341 mM Fe(III) In 0.4 M K,C,O.: mlh, =
0.01429 mg/cm s

uated, this system should serve as a good check on the contact
area correction value for faradaic processes.

The diffusion current for 1.012 mM Cd(lI) in 0.1 M KCI
was measured at -0.700 V at ten column heights, using a
controlled 2.10-s drop-time. Similar measurements were made
on 0.212 mM Cd(II) in 0.1 M KCI and 0.183 mM Cd(II) in
0.3 M KCI. Because 1 was controlled, only m was dependent
on h,; the expanding plane model predicts that id should be
linear with h;/3 and heve a zero intercept. The latter reo

o lationships are verified by curves A to C of Figure 1; however,
when id is corrected for the effect of Aoon the electrode area.
a nonzero intercept results (curves A to C of Figure 2). If
the polarographic diffusion current is best described by the
form of Equation 2 or 6, id is not linear with h;/3 because of
the spherical correction term, and a linear extrapolation of
id \'5. h/13 should have a nonzero intercept, a fact borne out
by theoretically predicted id-h;/3 relations (Figure 3). It is
also obvious from Figure 3 that a positive value of Aoalters
the apparent intercept, which is a function of A•• mfh" I, D,
and the range of h, values at which data are fitted (the ap­
parent linearity over the entire range of curve B of Figure 3
is merely a fortuitous consequence of the theoretical parameter
values).

The diffusion coefficient for Cd(II) in 0.1 M KCI W811

evaluated from the data in curves A to C of Figure 1, using
various theoretical relationships (Tables II to IV); points
deviating noticeably from the fitted line were not included.

From the results in Table II, the simple Ilkovic equation
gives the best precision for D1/', but the deviation from the
reported value (23) is 10%. Equation 6 with B = 36.3 and

Tablem. Diffusion Coefficients for 0.212 mM
Cd(lI) in 0.1 M KCI"

1.0
Idb Id'b

DCdOI)I!] X lOS, cm/s l/1
hc,cm

36.5 4.09 4.53 2.55' 2.65d 2.79'
41.1 4.08 4.50 2.55 2.65 2.79
46.9 4.08 4.47 2.56 2.66 2.78
50.9 4.08 4.47 2.57 2.67 2.79
53.6 4.09 4.47 2.58 2.67 2.80
55.9 4.08 4.45 2.58 2.67 2.79
58.7 4.08 4.44 2.58 2.67 2.79
60.8 4.08 4.44 2.59 2.68 2.79

Mean 4.08 4.47 2.57 2.67 2.79

0.5 ~
Std dev 0.006 0.030 0.014 0.010 0.004
Rei std dev, % 0.15 0.67 0.54 0.39 0.14

~ Range 0.018 0.09 0.037 0.027 0.011
Rei rang", % 0.44 2.01 1.45 1.01 0.39

at:;:. 2.1 s, m/h~:;:' 0.01376 mg/cm s; literature value for
1 mM Cd(II), DO. =2.65 • 0.025 X 10-' em/s'" (23).
b Units are IJA sll1/roM mg]/s. C Expanding sphere model,
Equation 2, B =36.3 (Matsuda equation). d Expanding
sphere model, Equation 2, B:;:. 23.5 (Matsuda equation ac·
countmg for shielding effect). e Expanding sphere model,
Equation 6, B =36.3, A, =0.00083 em' (Matsuda equa·
tion with contact area correction).
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Flgur. 2. Variation of de polarographic diffusion current (corrected
for contact area effect) with corrected mercury column-height.
Conditions and curve designations are as In Figure 1; A, =0.00083
em'

Table IV. Diffusion Coefficients for 0.183 mM Cd(ll)
in 0.3 M KCI"

he. em Jdb Id'b D Cd (1() x 10', cm/sl/~

36.6 4.05 4.44 2.54c 2.63d 2.76'
43.6 4.04 4.38 2.54 2.64 2.74
48.3 4.02 4.34 2.54 2.63 2.72
50.9 4.04 4.35 2.56 2.65 2.74
53.9 4.02 4.32 2.55 2.64 2.72

Mean 4.03 4.37 2.55 2.64 2.74
Std dev 0.012 0.049 0.010 0.007 0.014
ReI std dev, % 0.31 1.11 0.37 0.28 0.50

o I::: 2.07 s; m/hc :; 0.01521 mg/cm s; literature valu.e for
1 mM Cd(ll) in 0.1 M Kel, D'" = 2.65 1 0.25 X 10"
cm/s" 1 (23). b Units are IJA s"2jmM mg2/3 . C Expanding
~here model, Equation 2, B = 36.3 (Matsuda equation).

Expanding sphere model, Equation 2, B = 23.5 (Matsuda
equation accounting for shielding effects). (' Expanding
sphere model, Equation 6, B:; 36.3, Au::: 0.00083 em'
(Matsuda equation with contact area correction).

Ao =0.00083 cm' gives DI/' values 4 to 6% higher than the
published value. Matsuda's relations predict DI/' in close
agreement with that reported, being 1.5 to 3.8% low if a freely
suspended sphere is assumed, and, in the case of a shielded
sphere, within less than I % for the two lower concentrations.

Iroo(III). The Fe(lII)/Fe(1I) couple in high K,C,O.
concentration has been reported to be an uncomplicated, rapid
electron-transfer couple at mercury (24-28). A recent in­
vestigation (8) of Fe(lII) reduction in I M K,C,O. showed that
the ac polarographic peak current was linear with the square
root of frequency up to 15 kHz (upper limit of the study) and
that the cyclic voltammetric cathodic-anodic peak potential
separation was that expected for a simple reversible elec­
tron-transfer at scan rates up to 4000 VIs (fastest scan rate
employed). Because of its reversible nature and nonin­
volvement of amalgam formation, the Fe(lJI) IFe(I1) couple

o 4 8 12 16

h::3 cm
z13

Flgure 3. Theoretical relation of de polarographic diffusion CLXrent to
corrected merclJ')' ~umn height. Parameters: D = 7 X 10~ cm2ts:
C =1 mM; n = 2; 1= 2.10 s; mlh, = 0.014 mg/em s. (A) I. relation
derU1ed by Equation 2 with B = 36.3. (B) i. relation defined by Equation
6 with B = 36.3 and A o = 0.00083 cm2. Lines represent estImated
linear relation of Id to he2/3 for he213 ~ 11 cm213

in K,C,O. should be excellent for evaluation of the effective
DME and HMDE areas.

The Fe(lll) dc polarographic id-h, relstion was examined,
analogously to the Cd(I1) study (curve D in Figures 1 and 2).
Trioxalatoiron(lII) diffusinn current constant and coefficient
data are given in Table V.

Lingane (28) reported an Id for Fe(lll) in 0.2 M Na,C,O.
based on average currents which, when converted to the
maximum current vnlue, is 1.75 ± 0.035, in agreement with
the mean value of 1.75 ± 0.011 in Table V, but 8% below the
mean Id of 1.90 ± 0.09. Smith and Reinmuth (29) obtained
4.95 X 10-< cm'ls for D of Fe(llI) in 0.3 M K,C,O. + 0.1 M
H,C,O. + 0.05 M KCI, based on the slope of a plot of ac
polarographic peak current vs. frequency; the corresponding
value of DI/', 2.22 X 10 3 cm/s'/', is in excellent agreement
with that of 2.23 X 10-3 cmls ll ' in Table V, based on the
Matsuda equation for a freely suspended sphere. The latter
agreement may rellect apparently identical definition of the
electrode area as A" and Smith and Reinmuth's use (29) of
Koutecky's theory (/6) to obtain the value of D by ac po­
larography. (Koutecky's B of 39.5 is quite close to Matsuda's
B of 36.3.)

The Apparent Area. It is well established that, at a
naturally dropping mercury electrode, the drop fall does not
cause sufficient convection to homogenize the solution.
Consequently, after the growth of the first drop under
conditions of faradaic activity, there is some depletion of
electroactive species in the solution region into which new
drops grow, and the faradaic current for the first drop may
be 10-20% larger than for succeeding drops (30). Thus, id

for 1 mM Cd(1I) in 0.1 M KCl would be expected to predict
diffusion coefficients lower than those measured by nonpo-
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Table V, Diffusion Coefficients for 0.341 mM Fe(U1) in 0.4 M K,C,O:

he. em ldb Jd'b DFcOlO'/1 X 101
, cm/s" l

36.5 1.73 1.91 2.45< 2.69" 2.20" 2.28' 2.48' 2.31h

41.1 1.74 1.90 2.45 2.68 2,21 2.28 2.40 2.31
45.8 1.74 1.89 2.46 2.67 2.22 2.30 2.40 2.32
50.9 1.76 1.90 2.48 2.67 2.24 2.31 2.40 2.34
55.8 1.76 1.89 2.48 2.66 2.25 2.32 2.41 2.34
60.8 1.76 1.89 2.48 2.66 2.26 2.33 2.41 2.34

Mean 1.75 1.90 2.47 2.67 2.23 2.30 2.40 2.33
Std dev 0.011 0.085 0.016 0.012 0.025 0.022 0.005 0.015
Rei std dev, % 0.65 0.45 0.65 0.45 1.11 0.97 0.20 0.64
Range 0.027 0.024 0.038 0.034 0.064 0.057 0.013 0.035
Rei range, % 1.54 1.27 1.54 1.27 2.87 2.47 0.54 1.50

a l;:: 2.1 s; m/hc;:: 0.01429 mg/cm s; literature value, Dill ;:: 2.22 X 10) em/sill (29). b Units are IJA SIIJ/mM mgJlJ ;ld' is
for A o ;: 0.00083 em'. C Expanding plane model, Equation 1 (likovic equation). d Expanding plane model, Equation 5,
A o = 0.00083 em' (I1kovic equation with contact area correction). e Expanding sphere model, Equation 2, B ;: 36.3
(Matsuda equation). , Expanding sphere model, Equation 2, B::. 23.5 (Matsuda equation accounting for shielding effect).
I! Expanding sphere model, Equation 6, n;:; 36.3, A o ;:: 0.00083 em' (Matsuda equation with contact area correction).
11 Expanding sphere model, Equation 6, B = 36.3, A o = 0.00047 cm1 (Matsuda equation with contact area correction).

larographic techniques; since the results in Table II agree with
or, in most cases, exceed the reported value, stirring due to
the drop knocker must homogenize the solution and may even
slightly enhance id because of convective effects extant at the
drop fall.

To investigate the possible presence of stirring effecL", the
following procedure was used to examine the ;-t profiles for
single drops: (a) At E ~ -0.700 V, several drops were allowed
to grow and fall at a controlled 2.10'5 drop-time; (h) the
drop-knocker was shut off as a drop was di510dKed so that the
next drop grew and fell with a natural drop-time (this drop
will be referred to as the [!nit natural drop) and iL. H behavior
was recorded; (c) ;-t profiles of successive drops with natural
drop-times were recorded (these will be referred to as the
second natural drop, etc.). A similar procedure on the
background solution permitted background subtraction. Sume
qualitative conclusions were immediately obvious. Com­
parison of i-t profiles for several controlled drops indicated
very rep:oducihle i-I behavior for I > O. I s (the recorder
response time under the conditions employed). The i-I
bebavior of the first natural drop during its first 2.10 s was
the same as tbat of controlled drops, a ratber obvious ex­
pecLation. Tbe i-I behaviors of the second and third natural
drops were identical within experimental uncertainty for t <
9 s. At any given insLant in tbe drop-life, the current for tbe
first natural drop was larger than that for succeedinK drops.

Curve A of Figure 4 represents tbe current for the first
natural drop to grow into relatively undepicted solution
beyond the region traversed by a 2.10·s controlled drop.
Altbough the second drop (curve C) grows into a region
depleted by the previous drop, the extent of the depletion
decreases with increasing distance from the capillary orifice
and, with increasing time into the drop-life, tbe drop grows
into a solution region for wbicb diffusion bas bad additional
time to reduce depletion due to the previous drop; hence, the
depletion effect on the current decreases witb time after
drop-birth.

Tbe profound difference in current at short times between
the first and second natural drops indicates that the me­
chanical drop-knocker introduces stirring effects which reduce
or eliminate depletion due to tbe previous drop; however, tbe
matter of whether such stirring merely homogenizes the
solution or enhances the current, even 2.10 s after drop-birth,
relative to theoretical prediction is unanswered. Although the
behavior of the effective contact area corrected currents for
the first natural drop (curve B of Figure 4) indicates that
stirring influences the current even 2.5 s after drop-birth, this
may be an artifact due to the effective conLact area for faradaic
processes being smaller than that determined by ac polaro-

1.6

+~e 5".
figure 4. DC poIarograpl1ic ement-Iime proBes to< si"ogIe o-0p5. (AI
First drop attar drop-knockar shut-olf; k ~ 1; 0.212 mM Cd(1I) In 0.1
MKCI; h ~ 49.7 an; m/h, ~ 0.01376 mg/an s. The smaJ rectangles
represent the data in curve A lor k = 1 - O.OOO471A,. (B) Same as
Aexcept k ~ 1 - 0.00083/A•. (Cl Second drop alter o-op-«nocker
shut-ofl; k ~ 1. (0) same as C excepl k ~ 1 - 0.00083/A,. (E)
Behavior predicted by Equation 2 for n ~ 2, C = 0.212 mM, D ~ 7
X 10-' cm'/s. B ~ 36.3, h ~ 49.7 cm, m/h, ~ 0.01376 mg cmla
and k ~ 1. (F) same as Eexcept B ~ 23.5. (G) Behavior predicted
!:'y Equation 1; parameters same as for E. The factor k ls a means
of area correction

graphic charging currents and/or a breakdown in the m/h,
relationship at short times. The latter seems unlikely, since
the apparent effect is seen for drop areas which are inter­
mediate between those for which the m/h, ratio was found
to be constant.

An alternative estimate of Ao can be obLained from the­
oretical relationships between id, and m and t. To a lint
approximation, tbe conLact area predicted by the Matsuda
equation witb shielding effects (Equation 2 with B ~ 23.5)
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Figwe 5. Variation with scan rate of the cyclic vottammetric reduction
peak etrnlOI Mction for 0.183 n#,I Cd(U) in 0.3 MKCl. (e) el<p<l(i'nental
values. (0) calculated planar cooent function values. based on the
dilfereoc:e between the obsen!ed vWe end the spherical Clneot f.->ction
vaue cak::uL11ed usilg A = 0.0144 em? BOO 0 112 ::;: 2.55 X 10-3 cmlS"1.

Ooshed line Is the predicted planar current function value based 00 the
Indicated values at A and 0 112

, Uncertainties represent the standard
deviaUon of 2 to 3 measurements

Clln be estimated us the difference between the sphericit.y
terms (in the absence and presence of shielding effect <:or·
reetion) times the spherical electrode area, (36.3 - 23.5) nil'
ti/O A.lm'I' or 12.8(6.. '/'ld)'I' DII' 1'/6 m'I"; this approach
indicates an average effective electrode arca for the data in
Tables II and III, which is 0.00047 cm' smuller than the
calculated sphericul area (range of 0.00042 t.o 0.000050 em').
Correction of points on curve A for a contact area of 0.00047
cm2 yields the results shown in Figure 4. Contact aren
corrected currents should obey relationships for a freely
suspended drop and, indeed, the corrected curve A data do
parallellhe theoretical predictions (curve E) over the range
of 0.5 to ca. 7.5 s; although these corrected id values lie above
curve E, the deviation is well within the uncertainty of the
D value for Cd(lI).

The difference in apparent effective contact areas indicated
by ac and dc polarography may result from several factors,
e.g., an electrode may have different effective areas for faradaic
and nonfaradaic processes. It is well established that the
faradaically effective area for solid planar electrodes, e.g., Pt
and graphite, is the projected area, which more closely ap·
proximates the macroscopic rather than the microscopic oren
(31, 32) because the diffusion layer extends far beyond the
surface roughness. This projected area phenomenon is
precisely the reason why a spherical Hg electrode supports
a larger current than a planar Hg electrode of the same
geometric area, since the projected area for a spherical
electrode is larger than its geometric area. Although the
spherical term of Equation 2 accounts for the projection, the
expression for a freely suspended sphere cannot properly
account for the projection in the region of the neck or
movement of the drop's center of mass; the latter projection
may partially compensate for the effective contact urea de­
termined by ac polarography. Because the ac polarographic
charging current does not involve diffusion and because the
double layer is very thin compared 00 the drop radius, the true,
unprojected area is determined by the ac polarographic
charging current method.

RESULTS AND DISCUSSION:
CYCLIC VOLTAMMETRY

Cadmium(II). To minimize problems associated with iR

Table VI. Area of the HMDE Baaed on dc Polarographic
and Cyclic Voltammetrie Data for 0.183 mM
Cd(lI) in 0.3 M KCl·

u, V!s
A,cm'

0.091 0.0144" 0.0139< 0.0134d 0.0136< 0.0125'
0.128 0.0145 0.0139 0.0134 0.0135 0.0124
0.182 0.0147 0.0142 0.0137 0.0136 0.0126
0.365 0.0144 0.0138 0.0133 0.0132 0.0122
0.730 0.0142 0.0137 0.0132 0.0129 0.0119

Mean 0.0144 0.0139 0.0134 0.0134 0.0123
Std dev 0.0002 0.0002 0.0002 0.0003 0.0003
Relstd 1.3 1.3 1.4 2.3 2.3

dev, %
Range 0.0005 0.0005 0.0005 0.0007 0.0007
Rei 3.5 3.6 3.7 5.2 5.7

range, %

a CaJculated from data in Figure 5 and Table IV.
b From Equation 20; Dill = 2.546 X 10. ' em/sill.
e From Equation 20; D l/t = 2.638 X 10. ' em/sill.
d From Equation 20; Dl/t = 2.735 X 10. ' cm/s I/2 •

l' From Equation 15; Jd = 4.035 IJA s1/2/mM mg'/J •

f From Equati90 15; Jd• =4.369pA Sill/roM mg-".

8~0_....L_....L--;:0!;.3~...J,.-...J,.--;:0l;:.6-...J,.-...L.--::o~.9

,/'; (V/S}"Z

Ag....e 6. Variattan with scan rate of the cyclic vottammetric reduction
peak current funcHon for 0.341 mM Fe(lll) in 0.4 M K2C20... (e)
experimental values. (0) calculated planar current functton values,
based 00 the tiHerence between the ob5efVed value and the spherical
current function value calculated using A = 0.0151 cm2 and 01/2 =
2.30 X 10-" cmJs '''. Ooshed line Is the predicted planar ClITent Mction
value based on the indicated values of A and 0 112• Uncertainties
represent the standard deviation of 3 to B measurements

loss, cyclic "oltammetric data were acquired on 0.183 mM
Cd(Il) in o.a M KCI. The peak current funcfion at varying
scan rate (Figure 05) clearly shows the effects of electrode
sphericity, i.e., it decreases with increasing u. Using the Table
IV data and either Equation IS or 20, the HMDE area was
e"aluated (Table VI); the results using Equation IS show a
trend with u due to sphericity. Even at the fastest u, where
sphericity is relatively negligible (less than a 2% contribution),
Equation IS predicts an areu ca. 10% smaller than that
obtained from Equation 20 with the best estimate of D'/'.

Subtraction of the spherical contribution from the observed
current yields the planar current contribution, described by
Equation 12 for a reversible system, for which i.leu'I' should
be scan-rate independent. The results of such a subtraction
(Figure 05) show that the calculated planar term is, indeed,
essentially COllStant with no point deviating by more than 2%
from the expected value.

Iroo(III). Cyclic voltammetric peak current function data
for 0.341 mM Fe(lII) in 0.4 M K,c,O. (Figure 6) were analyzed
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Table VII. Area of the HMDE Baaed on dc Polarographic
and Cyclic Voltammetrlc Data for 0.341 mM Fe(lII)
In 0.4 M K,C,O"

0.02 V. However, the difference between Eoo and the potential
at half peak height, Eoo/" which should be 0.014 V, was 0.03
V, which, becaUse of the observed value of Eoo - E,., cannot
be due to iR loss in solution. In light of the reported effect
of impurities on the cadmium behavior, the drawn-out nature
of the cathodic peak is probably the result of a small ko,h.
However, regardlesa of the reason for tha drawn-out nature
of the Cd(II) peaks, their deviation from the theoretically
predicted behavior for a reversible system suggests that
HMDE areas calculated from Cd([ij data, assuming reversible
behavior, will be erroneous and, because of the drawn-out
nature of the peaks, will be low.

EVALUATION OF
THEORIES AND PROCEDURES

DC Polarography, The results clearly indicate that, for
controlled 2-s drop-times, the I1kovic equation does not ac­
curately describe either the i.-h, or i-t relations for a single
drop. Application of Equation 5 and the effective contact area
determined by ec polarography results in calcUlated diffusion
coefficients for Cd(II), which are at variance with previously
reported resulta by over 40% (209'. for D'/').

The remarksbly good sgreemimt between the D values in
Table III, calculated using Equation 2 with B a 23.5, and the
published value is a fortuitous consequence of the drop-time
employed for data acquisition, as is obvious from the time (1.87
s) at which experimental curve A of Figure 4 and curve F for
the theoretical behavior predicted by Equation 2 with B a

23.5, crosa, and by the fact that the difference between curves
A and F at 2.10 s is only 0.3%. It is evident from Figure 4
that, in the time range from 1 to 4 S, the experimental data
(curve A) are within 3% of the theoretical prediction based
on Equation 2 with B = 23.5 (curve F); the same accuracy is
obtained for B =36.3 (curve E) in the range of 2.3 to greater
than 12 s on the first drop with natural drop-time; however,
use of long controlled drop-times may result in eventual
development of depletion in the solution region encountered
by the electrode surface near the end of its drop-life, since
the stirring effects accompanying mechanical dislodgment may
not completely homogenize the solution far from the capillary
orifice. Within the range ·of 2 to 4 s, either form of the
Matsuda equation Ivi\l apparently give comparable accuracy.

The change at apout 3.4 s in the value of B for Equatiop
2, which better describes the·i-t relation, probably reflecta
the assumption used in Matsuda's derivation (15), that the
drop is spherical throughout its life. The assumed spherical
shape defines a certain fraction of the drop for which (a) th~
drop is nearly contacting the glass capillary or (b) the distance
between drop and CllPi1lary is less thali the eXJl!!Cted diffusion
layer thickness, so that supply of electroactive species to that
region of the electrode is greatly reduced; based on Matsuda's
theory, the fraction of the drop area suffering from one of these
two phenomena increases during drop-life. Early in the
drop-life, the shape probebly is relatively spherical; however,
the drop is actually pendant-shaped, particularly later in its
life when the weight is relatively large. The pendant shape
results in the major portion of the drop's mass-and, hence,
area-being below the neck and, consequently, farther re­
moved from the capillary than would be the case for a
spherical shape, with concomitantly reduced shielding by the
capillary. Thus, early in the drop-life, when the shape ap­
proaches spherical, the equation sccounting for shielding more
accurately describes the i-t behavior; later, as the mass in­
creases and the drop neck stretches, the shielding effect
diminishes and the i-t behavior is more nearly approximated
by the equation for a freely suspended drop.

For very accurate measurement of D, i.e., 1 to 2% accuracy,
it is evident from the factors discussed in the previous
paragraph and the fact that the Hg flow-rate influences the

0.0142'
0.0142
0.0140
0.0139
0.0131
0.0130
0.0138
0.0134

0.0137
0.0005
3.5
0.0139
0.0003
2.2

A,cm'v, Vis

0.036 0.0151b O.Ol44c 0.0154d
0.051 0.0153 0.0146 0.0154
0.073 0.0152 0.0146 0.0152
0.146 0.0154 0.0147 0.0151
0.218 0.0146 0.0140 0.0142
0.291 0.0146 0.0140 0.0140
0.457 0.0156 0.0147 0.0149
0.641 0.0152 0.0145 0;0145

Mean 0.0151 0.0144 0.0149
Std dev 0.0004 0.0003 0.0005
Rei ltd dev, % 2.4 2.0' 3.5.
Mesn' 0.0153 0.0146 0.0151
Std dev' 0.0002 0.0001 0.0003
Rei ltd dev, %' 1.2 0.8 2.3

• Calculated from data in Fillllre 6 and Table V.
b From Equation 20j D1I2:= 2.304 X 10·' emli ll ',

C From Equation ~Oi D" 2
:: 2.402 X 10·' em/a l/ '.

d From Equation 16j Jd :: 1.748 siA al/'/mM mg2/ ',
e From Equation 15;ld':::: 1.896 JJ~ a1/2 /rnM mg"I.
, Sued on lix points not ine1uding valuel at v = 0.218 VII
and 0.291 VII.

analogously to the cadmium data to determine the electrode
area (Table VII) and to calculate the planar current function
(Figure 6). All with Cd(Il), a trend in the calculated area using
Equation 15 indicates the effect of sphericity. If the data at
scan raleB between 0.2 and 0.3 V/ s are neglected, the standard
deviations of the determined area are about 1%, the same as
the Cd(II) data; however, the mean areas determined using
the two chemical systems differ by 0.0005 to 0.0015 cm'''or
5 to 12% of the area obtained using Fe(lll), which always gives
larger areas.

Effect of Chemical System on Determined HMDE
Area, Because the uncertainti~sin the parameters associated
with the calculation of D'/' and A are <;onside~ablybelow the
level which could account for the 5 to 12% discrepancy in the
areas determined using Cd(II) and Fe(lll), the difference is
likely to be significant. In fact, a1t~ough the F-test indicates
no significant difference between the variances at the 5%
uncertainty level, i.e., 8,'/8,' is smaller than the value of F
which would be exceeded by chance 5% of the time, there is
a significant difference between the mean areas determined
by Cd(II) and Fe(lll) even at the 99% confidence level.

The probable source of the discrepancy is a difference in
behavior of the chemical systems. Some often overlooked
reports suggest that Cd(II)/Cd(Hg) is not a satisfactory model
system. Delahay and Trachtenberg (33, 34) showed tlujt, when
"normal eare" is taken in chemical purification, small amounts
of adsorbeble impurities may be present, which can drastically
alter the heterogeneous rate constant (k.,h) measur~d at an
HMDE but which have little effect on work at a DME. They
observed a decrease of more than two orders-of-magnitude
in the Cd(II) k"" when the exposure ~f the HMDE to the
solution before measurement varied from a few minutes to
two hours. Randles and Somerton (35, 36) noted a change
of over three orders-of-magnitude in k"" upon variation in the
concentration of added surfactant. The extreme sensitivity
of k.,h to adsorbed impurities is probably due to the close
proximity of the Cd(II) reduct'ion potential to the paten­
tial-of-zero-charge.
. The cyclic voltammograms, from which the data in Figure

5 and 'Pable VI were derived, showed a seemingly peculiar
phenomenon. For a two-electron reduction, the difference
between cathodic and anodic peak potentials, E", - E,., should
be 0.030 V; the observed values, even at v = 0.09 V/s, were
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time at which the i-I behavior is more accurately described
as that of a freely suspended drop, that calibration data should
be obtained under the drop-time and Hg flow-rate conditions
to be employed. For the purpose of calibration, the system
of 1 mM Cd(II) in 0.1 M KCI appears to be excellent, since
D for Cd(II) under these conditions is accurately known.

Considerable debate has recenUy centered on the questions
of whether polarographic behavior at controlled drop-times
of less than 1 s is accurately described by the llkovic equation
and whether the back-pressure term in the calculation of
h,-and, hence, m-is properly described by 3.l/(mt)'/'.
Canterford (37) has reviewed the various reports and has
presented evidence which indicates that the llkovic equation
does not properly describe the currents at short drop-times.
The results of the present study also clearly indicate that use
of a mechanical drop-knocker tends to diminish or eliminate
the depletion effects, which, under conditions of natural
drop-fall, counterbalance sphericity effects and permit the
llkovic equation to describe accurately the i-h, relation.

Cyclic Voltammetry. For accurate determination of the
HMDE area using cyclic voltammetry or linear potential scan
amperometry, a chart recorder is preferable to an oscilloscope
as a read-out device because of the inherenUy greater accuracy
of the former; however, because of the relatively slow response
time of a recorder, it is generally not possible to employ scan
rates exceeding 0.5 to 1 VIs; even with scan rates of ca. 0.5
VIs, low current axis sensitivities must be employed to prevent
recorder response degradation, thus reducing the precision
with which peak currents can be measured. (The danKer
associated with using too high a current axis sensitivity is
exemplified by the points in Figure 6 for ,,'/2of 0.47 and 0.54
V"2/s'/2.) Thus, one must evaluate the electrode area under
conditions of slow scan rate, for which it is necessary to use
the cyclic voltammetric peak current equation which accounts
for sphericity.

The variability of the HMDE area, as indicated by the
standard deviations for the peak current functions (Figures
5 and 6) is less than 3%.

Because of the previously mentioned problems associated
with the Cd(JI)/Cd(Hg) system, this system should not be
employed for HMDE area evaluation. The Fe(III)/Fe(II)

couple seems to be an excellent choice for such area evaluation.
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Solvent Extraction of Chromium(III) by Salicylic, Thiosalicylic,
and Phthalic acids

Dennis G. Sebastian' and David C. Hilderbrand·

Department of ChemIs/ly. South Dakota Slata Unlvsrslty. Brookings. South Dakota 57007

The use 01 salcyllc, thIoaaUcylk:, and phthalic acid complexlng
agents for the solvent extraetlon 01 Cr(III) from aqueous
IOlulIon was Investlgated. N-8utanol was used as \he organic
menl. The extraction eIIlcIency was optimized wRh respect
to pH, haatlng period, cholca of buffar, and concantratlon of
a aaltlng-oul agent. An axtractlon amclancy of graatar than
97% waa obtalnad uslng a mlxad phthallc-thlosallcyllc
compIaxlng system.

Quantitative solvent extraction of many first row transition
metal elements can ba readily achieved at room temperature

I Present address, Acnco Chamical Co., South Pierce Chemical
Works, Bartow, FlL 33830.

using a variety of complexing agents. The solvent extraction
of chromium is much more difficult with quantitative ex­
traction occurring only after extraction at elevated temper­
ature for a prolonged period oftime. One cause of chromium's
poor extractability is the lability of the hexaquochromium ion.
The half-life of the exchange o(water molecules has been
reported as 40 h (1) and corresponding rate constants for the
exchange reaction of 2 x IO-{; (2) to 4.8 x IO-{; S-l (I) have been
reported. By comparison the rate constants for exchange of
hydrated copper(I1) and iron(III) ions are 2 X 10' .-, and 2.5
x 102 s-' (2). Chromium(III) was chosen as the oxidation state
for extraction because of its stability compared to chromi­
um(I1). Acetylacetone, thenoyltriOuoroacetone, hydroxy­
quinoline, diethyldithiocarbamate, and l-phenyl-3-methyl­
4-benzoylpyrazolone have previously been used to extract

0003-2700178/03504488$01.00/0 <l:> 1978 American Chemical 5oc;e1y
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Table I. Effect of Heating Time on Extraction
EfflCiency4 (mixed phthalic lICid-thiolalicylic
acid extraction)

...l
1.41·

'.20'

1'HIOSAlICVLlC

/~---,

/ "-
,/ ~-\
/ /' '. \

// \
SALICYLIC

Duration of
healing. min

20
25
30
35
60

Extraction.
%

90.4
93.8
96.5
97.6
97.4

a Extraction conditions where pH = 3.0 and 7.6 g
NaCI/25 mL of aqueous 6olution.

Table II. Dgtribution Rati08 and ~ Extraction
(mixed phthalic acid-thiooa1lcylic acid extraction)

competing complex could be either a hydroxide complex or
an acetate complex. The optimum extraction efficiency
achieved using thiosalicylic acid in the presence of acetate
buffer was 40% greater than for salicylic acid.

Since acetate is knmm ta form a competitive nonextractable
complex with chromium(III) (8), the extraction efficiency of
chromium by thiosalicylic acid in the absence of buffer was
determined. The pH of the solution to be extracted was
adjusted to the desired value prior to introduction of the
organic solvent-complexing agent solution. The extraction
efficiency vs. pH is shown in Figure 2. The pH of the solution
decreases after introduction of the complexing agent because
of dissociation of the agent. The extraction efficiency achieved
was greater at high pH values than was achieved in the
presence of acetate. This indicates that the acetate competes
effectively with the thiosalicylic acid for the chromium at pH
values where 8 large fraction of the acetate is in the ionized
form. The extraction efficiency at higher pH values is ul­
timately limited by the formation of hydroxide complexes.

The effect of adding sodium chloride as a salting-out agent
in combination with thiosalicylic acid as a complexing agent
is also presented in Figure 2. The maximum extraction er·
riciency was increased by 20% and occurred at a lower pH
where the formation of insoluble hydroxides is less trou­
blesome. The salt concentration was 0.2 g/mL aqueous
solution. . •

Control of pH by use of a potassium hydrogen ph{ru;­
late-phthalic acid buffer system was studied as an alternative
to the acetate buffer system. Phthalic acid itself is a com­
plexing agent and was found to give extraction efficiencies in
the presence of a salting-out agent aimilar to those obtained
by use of thiosalicylic acid. When phthalic acid and thio­
salicylic acid were used as the complexing agents in combi­
nation with a potassium hydrogen phthalate buffer, the
highest extraction efficiencies for chromium were obtained.
Addition of NaCI further increased the extraction efficiency
as shown in Figure 3. The pH range of optimum extraction
efficiency was 3.0-4.0.

The effect of heating time for the refluxing process on the
extraction efficiency was determined. Table I indicates that
the extraction efficiency was not increased by heating times
exceeding 35 min. Distribution ratios and percent extractions
for selected extraction conditions are presented in Table II.

Mole ratio plota for thioaalicylic and phthalic acid indicates
that two moles of ligand combine with one mole of chromium.

a 6.5 g NaCI/25 mL aqueous solution.

pH

Figure 1. RalstN'e extraction efficH!ncy of dvomium(JIl) by saUcyUc
and thlosalicyllc ack1s In the presence of an acetate buffer

chromium at elevated temperatures (3-6), Extraction of
chromium with neither salicylic, thiosalicylic. nor phthalic
acids has been thoroughly studied. Salicylic acid has. however,
been used in the extraction of trivalent ions such 8S alumi­
num(lII) and iron(lII) (7).

EXPERIMENTAL
The solvent extraction studies were performed using equal

volumes of aqueous and organic solvents. The organic solvent
selected was I-butanol. Complexing agents were dissolved in the
I-butanol to provide concentrations of 0.15 M for salicylic Dnd
thiosalicylic acid, and 0.10 M for phthalic acid. A mixed
complexing agent solution that was 0.15 M in thiosalicylic acid
and 0.10 M in phthalic acid was also used.

The pH's of thc cxtraction solutions were controlled by usc
of acetate or phthalate buffer systems. The pH of buffer-free
systems was adjusted using dilute Hel or NaOH as appropriate.
The pH range investigated was from 2.0 to 5.0.

The organic solvent and aqueous sample were refluxed for 20-60
min prior to separation. Sodium chloride was added to thc
extraction system to dctermine the effect of salting.out agents
on the efficiency of extraction processes.

After separation, the organic layer was analyzed to dctermine
the percent extraction of chromium from the aqueous layer. For
selected extractions. aliQuots of both the organic and aqueous layer
were analyzed for chromium to permit calculation of the dis­
tribution ratios. Solutions to be analyzed for chromium were
prepared by 8 wet digestion procedure. Samples were initially
digested with dilute nitric acid until all readily oxidizable material
had been destroyed. Sample digestion was completed using a
mixture of nitric. perchloric. and sulfuric acids.

Chromium was determined using a Perkin·Elmer model 303
atomic absorption spectrophotometer. The spectrophotometer
was equipped with a premix burner chamber and digital signal
averaging uniL A fuel rich air-acetylene flame was used to inhibit
the formation of refractory oxides of chromium. From these data,
percent extractions and distribution ratios were determined.

RESULTS AND DISCUSSION
The relative extraction efficiencies of salicylic, thiosalicylic,

and phthalic acids in the presence of different pH values and
buffer systems are discussed below.

Figure 1 presents the relative extraction efficiencies of
salicylic and thiosalicylic acid in the presence of a sodium
acetate-acetic acid buffer system. The optimum pH for the
extraction of chromium(llI) with salicylic acid is 4.5 and for
thiosalicylic acid is between 3.0 and 3.5. The efficiency of the
extraction initially increases with increasing pH. This change
is due to the higher degree of ionization of the compiexing
acid. After passing through a maximum, the efficiency beings
to decrease. This results from the formation of nonextractable
complexes that compete effectively with the complexing agent
for the chromium. The pH at which the maximum occurs is
dependent on the dissociation constants of the complexing
acid and the formation constants of all of the complexes. The

Extraction conditionQ

20-min heating, pH 3.5
2o-min heating, pH 3.0
6o-min heating. pH 3.0

D

8.12
13.8
19.1

'roE
CromD

88.9
93.1
95.1

%Efrom
recovery

86.3
90.5
97.4
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Flgwa 3. Relallve extraction efficiency of chromlum(lII) by thlosalicytlc
and phthalic aclds from a phthalate buffered solution

This agrees with the fmding of Aggett for salicylic acid as the
complexing agent (7).

A plot of the absorbance of a series of solutions of constant
concentration of chromium and phthalic acid and variable
concentrations of thiosalicylic acid is shown in Figure 4. The
absorbance increasad linearly with increasing concentration
of the thiosalicylic acid. This indicates that a mixture of
complexes is present in the system. If phtbalic acid was not
being replaced by thiosalicylic acid. the absorbance would
remain constant at concentrations of thiosalicYlic acid greater
than 1:1 mole ratio which corresponds to complexation of all
chromium. If phthalic acid was quantitatively replaced by
thiosalicylic acid at the stoichiometric concentration of
thiosalicylic acid, the absorbance would be constant at

.01

.•
i
c

.01

•MOll 'A'IO

THIOSALlCYtlC ACID I PHTHALlC ACID

Figure 4. Mole ratio plot for a constant concentration of phthalic acid
and chromiJm (1:1 mole ratio) flnd a variable concentration of thiosaIcyic
acid

concentrations of thiosalicylic acid greater than a 2:1 mole ratio
of thiosalicYlic acid to chromium. Since the absorbance
continues to increase at mole ratios of thiosalicylic acid to
chromium of up to at least 3:1, a gradual replacement of
phthalic acid by thiosalicylic acid is indicated. Thus it appears
that the formation coristants for the two complexes are of the
same order of magnitude and the one which predominates is
primarily dependent on the relative concentrations of the two
ligands. The line through the data points is a least squares
fit with the equation y = 0.00344/x + 0.0316.

An efficient new method of chromium extraction has been
demonstrated. The extraction efficiency of a combination of
phthalic and thiosalicylic acid yields extraction efficiencies
in excess of 95% in conjunction with a potassium hydrogen
phthalate buffer system and a salting·out agenl The optimum
pH for extraction is 3.6. No further increase in extraction
efficiency was seen with heating periods exceeding 35 min.
Use rif sodium chloride as a salting-out agent increased the
extraction efficiency of all systems studied.
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Liquid Chromatographic Analysis of Pharmaceutical Syrups
Using Pre-Columns and Salt-Adsorption on Amberlite XAD-2

Hussain Y. Mohammed and Frederick F. Cantwell'

Department of Chemistry, Universffy of Alberta. Edmonton. Alberta, Canada TOO 2G2

Twenty-nlne drug compounds are chromatographed In acJdle,
neutral, and akallne solutions containing varying amounts 0'
water and methanol on a column of AmberIte XAD-2 nonlonlc
resin. Cationic conjugate acids 0' amine drugs are adsorbed
via "salt-adsorption". Their retention volumes depend on
concentration and type 0' anion (e.g. CI-, CIO,-) added to the
mobile phase as well as on Its pH and solvent composition.
Pharmaceutical syrups can be analyzed wllhout prior treatment
when short pre-columns containing anJon-exchange resln and
XAD-2 are added. As examples, synthetic and commercial
syrups are analyzed for phenylephrlna hydrochloride, acet­
aminophen, glyceryl gualacolale, and dextromethorphan
hydrobromlde.

Phannaceutical syrups are complex mixtures containing' one
to ten "active" drug ingredients along with up to several dozen
"inert" components such as dyes, novoring agents, sweeteners,
preservatives, and buffers. F'Jr this reason, gas chromatog­
raphy and high efficiency liquid chromatography have been
populor for their analysis. Gas chromatographic assay
methods require an initial liquid-liquid extrnction of the drugs
from the aqueous syrup to eliminate water (I) and sometimes
to eliminate interfering inert ingredients (2). Furthermore,
some polar amines like phenylephrine must be converted to
less polar derivatives hefore gas chromatography (3). Using
liquid chromatography, Sprieck H) analyzed phenyl­
propanolamine, chlorpheniraminc, pseudoephedrine, and
pheniramine in syrups on a pellicular cation-exchange column
by direct injection. The liquid chromatographic behavior of
a number of drugs on nonpolar bonded phases has also been
reported (5, 6) but syrup samples with their multitude of
potentially interfering "inert" ingredients were nut analyzed
and amine drugs showed considerable tailing (5). Chroma­
tography of syrup samples on a nonpolar bonded phase
(octadecylsilyl) required preliminary liquid-liquid extraction
(7) to eliminate interferenLs. When chromatographing amines
on nonpolar honded phases, the pH was adjusted to a value
at which the nonionized free· base was the adsorbed species
(5-8).

In another approach to syrup analysis, Doyle and Levine
(9,10) have popularized gravity·now liquid-liquid partition
chromatography employing ion-pair distribution of the salls
of amine drugs with simple anions such as CI-, Br', and N03 .

Although the chromatographic column must be prepared fresh
before each analysis, and it has a very low column efficiency,
the approach of Doyle and Levine has remained popular.

High efficiency ion-pair partition chromatography of amines
has been demonstrnted using aqueous (1 l-l3) and nonaqueous
(l1) stationary liquid phases supported on silica gel. Recently,
oetadecylsilyl bonded packings have been used as stationary
phases for reverse-phase "ion pair" chromatography of cationic
sample components using a large organic anion as the
counterion (14, l5), and for anionic sample components using
quaternary ammonium counterions (J5-l8). Horvath et aI.
(19,20) have investigated the retention of charged species from

aqueous solutions on octadecylsilyl phases and interpreted
the results in terms of "solvophohic theory"_ None of these
high efficiency techniques has been applied to the assay of
syrups.

Ambcrlite XAD·2 is a rigid, nonionic, macroreticular co­
polymer of styrene and divinylbenzene which is stable at all
pH in aqueous solution (21). It is capahle of adsorbing both
neutral and ionic chemical species from solution (22, 23) and
has been shown to be suitable as a stationary phase for liquid
chromatography of n variety of chemical classes (24-27). A
previous study (28) has demonstrated the utility of this
stationary phase in the chromatographic analysis of pre­
servatives in pharmaceutical syrups. In that study a short
pre-column was used to facilitate on·column clean-up, allowing
direct injection of the syrup.

In the present study the chromatographic retention, on
XAD-2, of 29 drugs which are common components of
cough-cold preparations, has been investigated as a function
of mobile phase compooition. Both neutral and ionic conjugate
spedec; are retained, and retention volumes depend on percent
methanol, pH, and nature and concentration of anion. The
ohserved retention diagrams are used Ul predict appropriate
mobile phase composition for a given analysis. When com·
hined with short pre-columns of XAD·2 and anion·exchange
resin, the resulting chromatographic system is used for the
analysis of phenylephrine hydrochloride, acetaminophen,
glyceryl guaiacolate, and dextromethorphan hydrobromide
in commercial syrups.

EXPERIMENTAL
Apparatus. Pump PI' all valves, chromatographic columns,

injectors, fittings, and Teflon tubing were of the "Cheminerf'
variety, obtained from Laboratory Data Control, Riviera Beach,
Fla. The chromatograph used for the aonlysis of syrups is pictured
in Figure 1. With valve V3 (Model R6031 SVP) in the position
shown, pump P, (Model CMP·2VK) pumped Solvent 1 through
the sample injection valve, VI (Model CSV), the pre-column, C"
and the analytical column, c,. Simultaneously, pump P" which
was based on the design of Fritz (29), pumped Solvent 2 to waste.
When valve V3 was switched (dashed lines) it allowed Solvent 1
u) flow directly into the analytical column and diverted Solvent
2 through C,. In the analysis of dextromcthorphan bydrobromide,
the in,it'ction valve was moved to V2 instead afV, and an additional
pre-column was added at C2. The use of the chromatograph is
described below. The UV detector was a Model 770 spectronow
Monitor (Schocffel Instrument Corp., Westwood, N.J.); the re­
corder, a Model SR (Sargent-Welch Co., Skokie, 111.); and the
electronic integrator. a Model CSI-38 (Columbia Scientific In·
dustries, Austin, Texas). The glass aonlytical oalumn C, was either
30 em x 0.20 cm or 15 cm x 0.28 em (Type MB) packed with 0.25
g of <325 mesh Amberlite XAD-2. Pre-column C, was 3 em x
0.28 cm and C, was 2 em x 0.28 em. All columns were dry packed.
Pre·culumn packings are described below. Experiments were
performed at ambient temperature.

When measuring adjusted retention volumes, pump PI was
coonected directly to the 30 em x 0.20 em analytical column via
a septum injector (Model I83A8), and 5 ~L of sample solution
containing 2.5-5.0 ~g of a soluble drug salt was injected with a
Pressure-Lok microsyringe (Precision Sampling, Baton Rouge,
La.). Adjusted (Nel) retention volumes were calculated as VN
= Va - VM · Here Va i. the sample retention volume and V" is

OQ03.2700/78/035ll-0491S01.00/0 C 197. AmorIcan Chemica' Sociely
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Table I. Droll Compoaition of Blank Syrupo"

Blank
for

phenyl· Blank Blank
ephrine- for for
HCl and glyceryl dextro·

aceta- guaia- mcthorphan°
Drug mg/mL minophen eolate HBr

Acetaminophen 20.0 A + +
Phenylephrine·HCl 2.0 A + +
Glyceryl guaiacolate 20.0 + A +
Dextromethorphan'HBr 3.0 + + A
Codeine phosphate 2.4 + +
Methoxyphenamine maleate 3.4 + +
Diphenhydramine·HCl 2.0 + +
Diphenylpyraline'HCI 0.4 + + +
Ephedrine' HCI 6.0 + + +
Brompheniraminc maleate 0.8 + + +
Chlorpheniramine maleate 0.4 + + +
Phenylpropanolamine·HCl 4.0 + + +
Pheniramine maleate 1.5 + + +
Pyrilamine maleate 2.5 + + +
Promathazine·HCl 1.0 + + +
Phenyltoloxamine citrate 2.0 + + b
Methdilazine·HCI 0.4 + + +

G A (+) indicates presence in blank syrup. An (A) indicates the analyte component, which is absent from the blank. A
(-) indicates drugs omitted from blank. fj Not found in combination with dcxtromcthorphan·HBr in commercial syrups.

v,

c,

ToWolt.

Figura 1, DIagram of the liquid c1Yomatograph (description in text)

the retention volume of an unretained component (0.70 mL in
this caae). VN is readily found by injecting a small amount of
water into a mobile phase containing 8 high percent methanol.
Water is unretained and produces 8 peak 8S it elutes, due to a
large change in refractive index.

Resins, Chemicals, Solvents, and Syrups. The preparation
of <325 mesh Amberlite XAD·2 resin and 120-325 mesh Am·
berlyst A·26 strong bose anion·exchange resin (Rohm and Haas
Co., Philadelphia, Pa) has been described (28). Water, methanol,
dyes, flavors, and caramel coloring were as previously reported
(28), and all drug substances were USP or equivalent grades. All
the chemicals were reagent grade. Dextromethorphan hydro­
bromide was analyzed by Fajan's titration and by nonaqueous
titration as 95,4%, Phenylephrine hydrochloride was analyzed
by Fajan's titration as 100'0%. Glyceryl guaiaoolate and acet­
amioopheo were analyzed spectruphotometrically U&ing USP and
NF Reference Standarda as 99.6% and 99.4 %, respectively.

All methanol-water mobile phose solvente were prepared
volumetrically by transferring measured volumes of water and
aqueoua reagent solutiona into a volumetric nask and diluting
to volume with methanol. Solvent composition is therefore
reported as vlv percent water,

Mobile phases used to measure the dependence of VN on
chloride and perchlorate concentration shown in Figure 4 were
prepared to contain 1.0 X lO-d M Hel or HelD.. plus a sufficient
amount. of added NaCI or NoClO, to yield the desired anion
concentration, in 100% water (Le., no methanol).

Commercial cough-cold syrups were purchased at a local
pharmacy. The undiluted syrup was drawn into the sample
injection valve and injected directly onto the pre-column.

Blank and Spiked Blank Syrups. In order to demonstrate
the lack of interference by other likely active and inert syrup
components, blank syrups were prepared to contain the drugs
shown in Table I. Blank syrups also contained the dyes, ex·
cipients, &\'ors, and other ingredients listed in Table I of reference
(28) along with I mg/mL of cinnemaldehyde. Quantitative
re-covery of the analyte component was demonstrated with a
spiked blank syrup prepared by adding a known concentration
of analyte compound to a portion of the appropriate blank syrup
before injecting it.

RESULTS AND DISCUSSION
Retention of Drugs. Twenty·nine different drugs were

chromatographed on a 30 em X 0.20 em column of XAD·2
using acidic, neutral, and alkaline mobile phases, each con·
taining various ratios of water and methanol. The chro­
matographic behavior is presented in Figure 2 as plots of log
VN vs. percent water. (Tables of all of the data in Figure 2
are available directly from the authors upon request.) Ad·
justed reU!ntion volumes above about 17 mL are too long and
those below about 0.1 mL ore too short to measure accurately.
In the 0.010 M ammonia mobile phases (Figure 2, A and B)
compounds 1-24 are present as neutral species and are ad­
sorbed on the resin as such. (See Table" for compound
names and identifying numbers.) Many of the compounds
exhibit a linear relationship, as has been observed before (28,
30).

Compounds 25-29 possess a phenolic or carboxyl proton.
They are ionized in ammonia solution and show greatly re­
duced r~tention volumes. Their retention behavior was
studied in water-methanol mobile phase without added base
(Figure 2E) as well as in 0.10 M Hel (Figure 2, compounds
25-27). or this group of compounds, only phenylephrine (No.
27) possesses a basic functional group. Consequently, the
neutral conjugate species for all but phenylephrine is the
predominent species in both water and 0.10 M HCl and the
plots of net retention volumes YO. percent water are similar
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Figur. 2. Relationship between log V. end percent water In the mobile phase II)( 0.010 M NH, (A and B), 0.10 M Hel (C and D), and with no
added acid I)( basa (E). on a 30 em X 0.20 em column of Amberlne XAD-2. Compounds identifl8d In Table II

for these compounds in both acidic and neutral solvents.
Compounds 22-24 are not significantly ionized in 0.10 M

HCI, water, or 0.01 M NH, and their retention behavior is
similar in all three.

In 0.10 M HCl mobile phases (Figure 2, C and D) com­
pounds 1-21 (except 14) and phenylephrine are cations. Of
this group, compounds 1-8 are divalent cations and the re­
mainder are univalenL These cationic species are adsorbed
by Amberlite XAD-2. It is recognized that the adsorption of
ionic species at the interface between a hydrophobic resin and
a solution will likely differ mechanistically from their par­
titioning between two bulk liquid phases. For this reason the
term "salt-adsorption" (26) will be used for the former. It is
shown below, however, that there are similarities between the

retention behavior of ions in both the adsorption and liq­
uid-liquid ion·pair partition systems.

Compound 14, phenothiazine, is actually too weak a base
to be protonated in 0.10 M HCl and its retention volume is
the same in acidic mobile phases as in those containing 0.01
M NH3. However, the compound is rapidly decomposed in
an acidic solvent and the decomposition product elutes with
a much shorter retention volume then phenothiazine. The
curve for compound 14 in Figure 2C is that of its decom­
position product.

For a given methanol-water composition, the retention
volume of a monofunctional acid or base can be predicted as
a function of pH from a knowledge of its ionization constant
and the net retention volumes of its two conjugate species (19,
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o See text for anomalous behavior of this compound.

Equation 2 implies that the plate height, H, is independent
of the sample component whose peak is used to calculate N,
which is only approximately true. Also the right hand form
of Equation 4 assumes that the retention volumes for peaks
i and j are not too different, so that their widths may he
considered approximately equal (32).

Figure 2 and Equations 1--4 are used as follows. If columns
Bre pocked with resin in a reproducible manner, then the
coJumn void volume, VM , and the retention volume, VR• are
both directly proportional to the amount of packing in the
column, and the values in Figure 2 can be adjusted to apply
to any column size. Thus, for 8 given column, one first selects
a mobile phase composition from Figure 2 to give the desired
hi Since N is known for the column then Equation 4 can be

used to predict the minimum "ill required to achieve the
desired resolution. An example will illustrate the approach:
The 16 em X 0.28 cm column used for syrup analyses exhibited
plate heights (H) between 0.1 and 0.2 cm for a variety of
methanol-water compositions, at linear velocities between 0.14
and 0.4 cmls (0.5 and 1.0 mL/min). Thus N "" 100 plates for
this column. In order to separate dextromethorphan (No. 21)
from promethazine (No. 19) with a resolution Rs = 1.0 (i.e.,
about 2'70 mutual overlap of similar size peaks), one would
proceed by first selecting a mobile phase that will elute the
more strongly retained promethazine with hI between 2 and
10. Vsing Equation 1 and the measured value of VM = 0.70
mL, it is evident that VNJ should be about 3.5 mL (log VNJ
= 0.54) in order to have hI = 5. Either 0.010 M NH3 in 2%
water or 0.10 M HCI in 38% water would be satisfactory. (At
intermediate mobile phase pH's, intermediate methanol-water
compositions are appropriate.) From Equation 4 the value
of "ill necessary to produce Rs = 1.0 is 1.9 (log "ii' = 0.28).
This corresponds in Pigure 2 to 8 vertical distance between
the lines for compounds 19 and 21 of 0.28. The observed
distance in the ammoniacal solvent is 0.12 and in the acidic
solvent it is 0.28. Hence Rs = I separation can be achieved
in this case by salt-adsorption chromatography but not by
chromatography of the free bases. Since Rs is proportional

to ..IN it would require a 34-cm column to achieve Rs = 1.0
with the ammoniacal mobile phase.

Chromatography of Inert Ingredients. The azosulfonate
dyes used to color syrups are adsorbed on XAD-2 and alter
the retention volumes of amine drugs (28). They are readily
removed from the injected syrup and prevented from reaching
the XAD-2 adsorbent by placing a short pre-column of
Amberlyst A·26 macroreticular anion-exchange resin im­
mediately downstream from the sample injection valve. After
30 syrup injections, a I-cm lengtJI of the ion exchanger showed
no sign of dye breakthrough. Any VV absorbing components
in the common syrup ingredients sucrose, sorbitol, and caramel
coloring elute nearly unretained from the XAD-2 column and
present no interference in the analyseR. Adjusted retention
volumes of the preservatives methyl and propyl p·hydrox­
ybenzoate, of the flavor components vanillin. benzaldehyde
and cinnemaldehyde, and of their decomposition products
benzoic acid, vanillic acid, p·hydroxybenzoic acid, and cin·
namic acid can be estimated for any XAD-2 column with an
acidic mobile phase from Figure 2 in Ref. 28 by multiplying
the net retention volume from that figure by the ratio of the
weight of resin in the two columns. Maleic acid, from maleate
salts of the drugs, has k' "" 1 in a 100% water acidic mobile
phase and is nearly unretained when the methanol content
is increased. In an alkaline mobile phase, all of these com­
pounds except benzaldehyde and cinnemaldehyde exist as
anions and are trapped on the anion-exchange resin along with
the azosulfonate dyes.

Analysis of Syrups. Application of the data in Figure 2
to the analysis of real syrups will be illustrated by three
examples: determination of phenylephrine hydrochloride and
acetaminophen; determination of glyceryl guaiacolate; and
determination of dextromethorphan hydrobromide. In these
analyses, the analytical column, C3• was 15 cm X 0.28 cm. In
each case blank syrup chromatograms showed straight
baselines in the region of interest. Quantitation was based
on comparison with standard curves obtained by injecting
aqueous solutions of the analyte drug. Both peak height and
peak area measurements yielded linear calibration curves and
similar syrup assay values. Relative standard deviations for
replicate injections were about 1.4% for area measurements
and 1.6% for height measurements. Asaay values reported
in Table III are tbe average of botb height and area values.
The three spiked blank syrups and eight commercial syrups,

(4)

(3)

16. Diphenhydnmine'
(HCI)

17. Diphcnylpyraline'
(HCI)

18. Dimethoxanate·(HCI)
19. Promethazine·(HCI)
20. Phenyltoloxamine'(cit­

rate)
21. DCKtromcthorphan'

(HBr)
22. Glyceryl gUBiaeolate
23. Caffeine
24. Phenacetin
25. Acetaminophen
26. Salicylamide
27. Phenylephrine'(HCI)
28. Salicylic acid
29. Acetylsalicylic acid

VN(~)(--..!!i...-)
4 QIII l+h/

Table II. Namea and Identifying
Numben of Drop Studied

1. Pheniramine'(maleate)
2. Doxylamine'(auecinate)
3. Chlorpheniramineo

(maleate)
4. Brompheniramine·

(maleate)
6. Methapyrmne'(maleate)
6. Tripelennamine·(Hel),
7. Pyrilamine'(malealc)
8. Chloreyclazine·(HCI),
9. Ephedrine'(HCI)

10. Methdiiazine·(HCI)
11. Phenylpropanolamine'

(HCI)
12. Caramiphen'(ethanesulfo-

nate)
13. Codeine'(phosphate)
14. PhcnothiazineG

15. Methoxyphenamine'
(HCI)

26,31). Likewise for difunctional bases (e.g., No. 1-8), re­
tention volumes intermediate between those for the divalent
cation and free-base are obtained with mobile phase pH's
between those of 0.10 M HCl and 0.010 M NH3•

Predieting Separation Conditions. The plots in Figure
2 may be used to seleet the eolumn length and mobile phase
composition required to separate any two syrup components
i and j, where j has a larger retention volume than i. The
following symbols are defined:

VN", VNJ = adjusted retention volumes in mL for

i andj= VR.,- VM, VRJ - VM

h,', hi' = capacity factors for i and j = ~v:NI.~ (1)
M I'M

W,. WI = band width of eluted peaks i and j in mL

H = height equivalent to a theoretical plate in cm

L = column length in cm

N = number of theoretical plates in the column =

~ = 16 (VR ., \' (2)
H WI)

QUi = separation factor for j and i = VN,I
VN .,

Rs = resolution between i and j '" 2( VNJ - VN,I) '"
W,+ W,
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Table 1Il. Result. of Syrup Analyse.

Found mg/mL (Label claim mg/mL)

a Amount in parentheses in this row is amount added to spiked blank.

Other drugs present

2.49 (2.50)
1.91 (2.00)
1.48 (1.50)

Table I
Phenylpropanolamine·HCI

Diphenylpyralin..HCI
Phenylpropanolamine'HCI
Brompheniramine maleate
Triprolidine' HCI
Pseudoephedrine·HCI

2.89 (3.00) Phenylpropanolamine·HCI
Pheniramine maleate
Pyrilamine maleate

2.80 (3.00) Diphenhydramine·HCI
0.94 (1.00) Carhinoxamine maleate

b Peak height data only.

Dextromethorphan'
HBr

20.1 (20.0)

10.6 (10.6)
10.1 (10.0)
10.1 (10.0)

19.8 (20.0)

Glyceryl
gtiaiacolate

20.4 (20.3)

21.7 (21.6)

16.4 (16.0)

Acetaminophen

1.10 (1.10)

0.46 (0.50)
2.04 (2.00)
0.92 (1.00)

0.4, (1.00)b

Phenylephrine·
HCIProduct

Spiked
blanko

A
B
C
D

E

F

G
H

MINUTES

Figure 3. Typical syrup chromatograms of phenylephrine·HCI (AUFS
= 0.1, A ~ 275 nm) and acetaminophen (AUFS = 1.0, A = 275 nm)
(A); glyceryl gualacolale (AUFS = 1.0, A = 275 nm) (B); and dex­
lromethorphan·HBr (AUFS = 0.4, A = 280 nm) (C). on a 15-cm CO"""

-_......

-----~;:-:.:.:::-.~~==/
cA

each containing two or more of the four drug compounds of
interest, were analyzed. Assay values are compared with the
known amounts added to spiked blanks and with label claims
of commercial syrups, in Table III. Typi~ chromatqgrams
of syrups are shown in Figure 3.

Phenylephrine and Acetaminophen. Using 0.10 M HCI
in 100"10 water these two compounds are well resolved from
one another (.1 log VN = 0.8). Df the 27 other drugs inves­
tigated, all are well resolved from phenylephrine and only
ephedrine and phenylpropanolamine might interfere with
acetaminophen. At 275 nm, however. both of these potential
interferents have sufficiently low molar absorptivities that they
do not interfere with the acetaminophen peak. In 0.10 M HCI.
the resolution between phenylephrine and acetaminophen is
actually too large so that when acetaminophen elutes with k'
~ 12 phenylephrine has k'~ 2 and overlaps components such
as maleic acid which are nearly unretained. Since phenyl­
ephrine is retained via "salt·adsorption". while acetaminophen
is adsorbed as a neutral species, it is possible to selectively
increase the retention volume of the former by an increase
in anion concentration (3]). Figure 4 shows the effect of
chloride concentration on VN of both compounds. The rel­
atively small increase in VN for acetaminophen above 0.1 M
CI- is a "salting-out" effect (33. 34). An increase in chloride
concentration evidently does not sufficiently reduce aili for
acetaminophen and phenylephrine. Changing to a per­
chlorate-containing mobile phase. however. results in a much

"'\--+'---'0':-'----,0~.)----,':---;f;J
Molo';I~ of Alliotl

~e, 4. Deper<ience of VN for acetarmophen (...)and phanyIepIme
(-) on concentration of chloride (e) and perchlorate (0) on a 15 em
X 0.28 em column of Am;bertlte XAD-2

larger VN for phenylephrine and a nearly unchanged VN for
acet8.minophim.

There are similarities between the retention behavior of
cations (exemplified by phenylephrine) in this system and in
a liquid-liquid ion-pair partition system (11). First. the
marked increase in VN with anion concentration, though
nonlinear in the former system, is common to both. Second,
the effectiveness of the anion in promoting adsorption of the
organic cation improves in the order Cl- < ClO.-. (Experi·
ments with other organic cations and a wider range of anions
show the order Cl- < Br- < CID,- < d-camphorsulfonate).
However, since the adsorption of ion-pairs has not yet been
proved as a m~or retention mechanism on XAD·2. we employ
the less specific term "salt-adsorption".

For this determination the liquid chromatograph shown in
Figure I had no valve V. or column C. and employed 0.030
M HCID, in 100"10 water as Solvent 1 and 0.030 M HClD, in
5% water as Solvent 2. The upper one-third of pre-column
C, contained anion·exchange resin and the lower two-thirds
contained XAD·2. With Solvent I pumping through Ph Ch
and C3• a Ie-ilL sample was injected. After 6.0 min, when
phenylephrine and acetaminophen had quantitatively eluted
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from C, onto Ca, but before the other drugs, preservatives or
flavor ingredients had eluted from C" valve Va was switched,
and Solvent 2 washed all of these component... from C, to
waste, while Solvent I continued to pass through the analytical
column. After the elution of acetaminophen, Va, was switched
back and another injection made after a 3-min equilibration
period. If the syrup contains drugs which elute right after
acetaminophen (e.g., No I) then some fraction of them may
be transferred onto column Ca along with acetaminophen.
These are washed off by the "slug" of Solvent 2 from C, which
passes through C, when valve Va is switched back.

The phenylephrine-HCI content of Syrup "H" is well below
label claim and the phenylephrine chromatographic peak for
this sample is overlapped by another peak with a longer
retention time. A similar peak appears in chromatograms of
aerated alkaline solutions ofphenylephrine-HCI that have been
stored at elevated temperature and is accompanied by a
decrease in the phenylephrine peak. This presumed de­
composition product can be resolved from phenylephrine on
a 3O-cm column of XAD·2 using a mobile phase 0.010 M
HCIO, plus 0.10 M NaCIO,.

Glyceryl Guaiacolate. In an alkaline mobile phase.
glyceryl guaiacolate is well resolved from all 28 other drugs
studied except caffeine and phenylpropanolamine (Figure 2.
A and B). The former is not present in commercial syrups
along with glyceryl guaiacolate and the latter has such a low
molar absorptivity at 275 nm that it shows negligible ab­
sorbance at the detector sensitivity employed. The chro­
matograph for this determination was identical to that used
for phenylephrine and acetaminophen except that Solvent I
was 0.010 M NaOH in 50% water, Solvent 2 was 0.010 M
NaOH in 5% water. and column C, contained 2.0 cm of
anion-exchange resin followed by 1.0 cm of XAD·2.

With Solvent I nowing through p,. C, and Ca, a 2-pL syrup
sample was injected. After 2.5 min, the glyceryl guaiacolate
had all been eluted from column C, onto Ca and valve V3 was
then switched to allow Solvent 2 to wash off the syrup
components that were retained on C,. With Solvent I as
mobile phase, all of the preservatives, navor ingredients, and
their decomposition products except benzaldehyde and
cinnemaldehyde were trapped on the anion-exchange resin,
while the latter two compound. were retained on the XAD-2
resin in Column C" along with the other drug components,
and subsequently washed off to waste by Solvent 2.

Dextromethorphan Hydrobromide. This compound is
the major nonnarcotic cough suppressant used in syrups. With
0.10 M HCI in 35% water as mobile phase. the only unresolved
drugs, of those which are found in combination with dex­
tromethorphan, are diphenhydramine hydrochloride and
diphenylpyraline hydrochloride. At 280 nm both of these
compounds are too weak absorbers to interfere with dex­
lromethorphan. The chromatograph for this determination
had no V,. Pre-column C, contained 3 cm of XAD-2 while
pre-column C2 contained 2 em of anion-exchange resin.
Solvent 1 was 0.10 M Hel in 35% water and Solvent 2 was
0.010 M NaOH in 35% water. Before injecting the sample,
valve V3 was set to allow Solvent 2 to pump through V" C"
and C, to waste, while Solvent I passed through the analytical
column only. When a 10-pL sample was injectad, the com­
ponenls which arc anions in an alkaline solution were trapped
on the anion-exchange resin, while dextromethorphan was
adsorbed on pre-column C,. Weakly retained compounds, like
the drugs glyceryl guaiacolate and codeine and the navor
components benzaldehyde and cinnemaldehyde, elute from
C, to waste during this time. After 2.5 min, V3 was switched
to allow Solvent I to pass through pre-column C, eluting

dextromethorphan through both C, and Ca. Compounds such
as methdilazine and promethazine, which are adsorbed onto
C, from an alkaline solvent, elute from C3 either before or after
dextromethorphan. After a total of 12 min, valve V3 is
switched back to its original position and the next injection
is made after a short equilibration period.

CONCLUSIONS
Retantion volumes of drugs on columns of Amberlita XAD-2

can be controlled by variation of mobile phase pH, solvent
composition, counterion type, and counterion concentration.
The moderate efficiency (H '" 1-2 mm), compatability with
solvents of all pH, long column life. and low cost of such
columns make them an attractive alternative to low efficiency
liquid-liquid partition systams (9, 10) for many applications.
When combined with suitable pre-columns, the use of this
resin eliminates the need for syrup clean-up prior to injection.
Finally, it is obvious from the principles outlined in the
Discussion nnd from the data in Figure 2 that separation
factors for many drug pairs are large enough that quantitative
separation cnn be achieved on very short columns with Jaw
pressures or gravity now (28).
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Effect of Solute Ionization on Chromatographic Retention on
Porous Polystyrene Copolymers

Donald J. Pietrzyk,' Eugene P. Kroell, and Terry D. Rotsch

Chemistry Department, The Universffy of Iowa, Iowa Cny, Iowa 52242

The effect 01 solute ionization on the chromatographic retention
01 weak monoprotlc and dlprotlc acids and bases and am.
pholyles on Amberlfte XAD-2 was InvestJgated. This stationary
phase, which Is a polystyrene-dlvlnylbenzene copOlymer, Is
particularly suited to these kinds 01 studies because of Its
stability throughout the entire pH range. Equations relating
the capacity factor to pH, In which all equHlbria are accounted
for, were described for each type 01 lonogenlc substance.
Each equation was experimentally verified. For monoprotlc
and dlprotlc acids and bases, retention Is high as the neutral
form and low as the dissociated form. The greatest change
In retention for the dlprotlc acids and bases occurs during the
formation of the singly charged species. For ampholytes, the
retention as a function of pH passes through either a minimum
or a maximum.

Several years ago we had shown that the retention of weak
monoprotic acids (1) and bases (2) on the nonpolar adsorhent
Amberlite XAD-2 (a polystyrene-divinylbenzene copolymer)
could he quantitatively described by considering the effects
of solute ionization. These equations were also shown to hold
for XAD-4 (a polystyrene-divinylbenzene copolymer with a
larger surface area and smaller pore size than XAD-2) and
for XAD-7 (a cross-linked acrylic ester copolymer). Although
the initial equations were expressed in terms of batch dis­
tribution coefficients as a function of hydrogen ion concen­
tration, these same equations are readily expressed in capacity
factors or retention times or volumes (3-5) since these pa­
rameters are directly related to the batch distribution
coefficient. Recently, the effect of solute ionization on the
retention of the solute on the nonpolar bonded phase, oc­
tadecylsilica (ODS), was considered (6). Equations describing
retention of monoprotic acids and bases, diprotic acids, and
diprotic ampholytes were considered.

This paper emphasizes two main points. First, it is shown
that the XAD copolymers are useful stationary phase models
for studying the effect of solute ionization on chromatographic
retention. The XAD copolymers are stable throughout the
entire pH range, unlike ODS which is stable only in the pH
range of 2-8, and thus, retention of monoprotic and polyprotic
acids and bases and ampholytes can be studied. Second, the
equations describing retention of the acids, bases, and am­
pholytes are shown experimentally to be valid. Because of
the pH limitation of ODS, experimental verification is limited
to acids, bases, and ampholytes having ionization constants
within certain limits.

EXPERIMENTAL

The chromatographic equipment used and procedures for
cleaning and sizing of XAD copolymers and conditioning of
columns have heen described previously (2-5). The column used
to collect the data reported here was 25.0 cm x 0.236 cm and
contained 0.310 g of 45 to 65 ~m XAD-2 except for valine which
was studied on a XAD--4 column. ExperimenlB were repeated with
new solutions and samples using a second column of similar

dimensions and also with a longer column. Buffers were 0.01 M
and were prepared with analytical grade phosphate salts, NaOH,
and HC!. Ionic strength was maintained at 0.1 M by adding
appropriate amounts of KCI to the buffer solution. All mixed
solvents were prepared 8S percent by volume.

RESULTS AND DISCUSSION
Retention of a weak monoprotic organic acid on XAD-2

(J -5) and on ODS (6) will be large in acid solution where the
weak acid is undissociated and low in basic solution where
the weak acid is dissociated. The equation relating capacity
factor to pH is given by

k' ~ __k_o _ + h_, (1)

1+~ 1+ [H')
[H') K.

where koand k , are the capacity factors for the undissociated
and dissociated form of the weak acid and K. is its ionization
constant. The reverse, or high retention in basic solution and
low retention in acidic solution, is found for weak organic
monoprotic hases (2-4, 6) where retention is given by

h' ~ h, + ho (2)
1+ [OW) ~+1

K b [OW)

and k, and koare the capacity factors for the dissociated and
undissociated form of the weak base and K b is its ionization
constant. Equation 2 can also be derived in terms of the
conjugate acid HB+, K.. and H+ (2-6).

Weak Acids. Verifying Equation 1 with the ODS support
is limited since this support will decompose in strongly acidic
and basic solutions. In many cases, more acidic and more basic
conditions than provided by this pH range are required to
experimentally determine koand k_, values. Consequently,
only organic acids in the pK. range of 2.8 to 4.4 were studied
on ODS and shown to follow Equation 1 (6). Alternatively,
the K. values can be calculated from Equation 1 by exper­
imentally determining the capacity factors as a function of
pH (1,2,6).

The XAD copolymer does not suffer from the pH limitation
and can be used over the entire pH range. Thus, Equation
1 can be w.ted with several different weak acids. For example,
Equation 1 was shown to describe the retention of chlorinated
and nitrated phenols (pK. 0.71 to 9.98) (1), phenoxyacetic acid
derivatives (pK. =< 2.8) (3,4), and benzoic acid derivatives (pK.
~ 2. I to 4.6) (I, 3, 4) as a function of pH by experimentally
determining ko and k_" generating a plot of k' vs. pH with
Equation 1, and then experimentally determining k values at
intermediate pH values for comparison (I, 3, 4).

Weak Bases. Equation 2 which describes the effect of
ionization of weak organic bases on their retention was not
w.ted with the ODS column (6). However, there is no reason
to expect that it would not predict the chromatographic
retention of weak organic bases on this column. As with the
weak acids, the pH limitation of ODS permits its use only in
examining organic bases that are in the pKb range of ap-

0003-2700/78/035~497S01.00/0 © 1978 American Chemical Society
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• Ooophtnolic octet

14

6
k'

101---"""":-------,

(3)

proximately 6 to 10. For stronger or weaker bases. the de­
termination of hoand h, requires a stronger basic and acidic
condition then can be tolerated by ODS.

The XAD·2 copolymer with its pH stability was shown to
follow Equation 2 by comparing experimental h' data to
calculated h' data (3). Alliline and pyridine derivatives
covering a pKb range of 4 to 11 were studied.

In general, the buffered solutions used to evaluate Equations
1 and 2 with XAD-2 contained 10% alcohol (1-4). Reasonable
agreement was obtained at higher alcohol concentrations even
though aqueous K, and Kb values were used. Good agreement
was also obtained for XAD-4 and XAD·7; however, the latter
copolymer was not studied as extensively as the XAD-2 and
-4.

Diprotic Acids. A 6econd ionization step, such as provided
by a diprotic acid can be accounted for (6). Thus, it can be
shown that

[H'] K.,
k. l +ko~ + k"[H']

h' &1

= [H'] K.

1 + K., + [H:]

where ho, h'l> and h_. are the capacity factors for the un­
dissociated, half-dissociated, and fully dissociated diprctic acid,
respectively, and K" and K.. are the two ionization constants.
(Equation 3 has been arranged into a different algebraic form
than that provided elsewhere (6).)

Since ODS is limited in its useful pH range, testing
Equation 3 is limited to acids within a specific K, range. Good
agreement between Equation S and h' data was found for
o·phthalic acid pK., = 2.95 and pK.. =5.41) (61. For weaker
acids, the base conditions required to convert the acid into
the dissociated form would decompose the ODS column.

Figure 1 illustrates how h' for a diprotic acid changes with
pH according to Equation 3. The parameters are arbitrarily
chosen to illustrate the factors which determine the shape of
the h '-pH curve.

As K.. approaches K., for a diprotic acid, the h '-pH curve
tends to fuse into a single break with its '/ ,-break position
approaching a pH equal to 1/.(PK., + pK.,). This is illustrated
in curves a to d in Figure I, where it is assumed that the
capacity factor for the intermediate species, h' l in Equation

FJgure 2. Capacity factors for several diprotlc acids as a function of
pH with ko. k_ 1• and k_2 calculated by Equation 3 using a nonlinear
least sQuare~ fit. .K.,. KaJ.' ka. k~, and k_2 arSJiven. respectively,
for o-phthalic acid: 1.2. X 10 • 3.09 X 10 . 13.3. 1.9. 0; for
m·hydroxybenzoic acid: 8.70 X 10-'. 1.20 X 10-10• 11.8. O. 0; and
for p-hydroxybenzolc acid: 3.31 X 10-'.4.78 X 10.10.7.3. O. O. A
45 to 65 pm. 0.31 g. 25 X 0.236 em XAD-2 column at a tlow rate
of 0.94 mLimin. V, = 0.89 ml was used with phosphate buffers at
0.01 Mconcentration made to ionic strength 0.1 Mwith NaCIIn 4%
CH,CN·96 % water

:l, is significantly different than ho and h.•.
If the retention is largely affected by the concentration of

the singly charged species formed in the first ionization step;
that is h" - h.•• then a single break in the h'-pH curve is
approached. This is shown in Figure 1 as curve f for the
extreme case where h_, = h.2• In contrast, if the retention is
affected only by the doubly charged species that is formed
in the second ionization step, the single break in the h '-pH
curve that is approached is shown as curve e in Figure 1 for
the extreme case where ho = h_,. In the first case the 't.-break
corresponds to the pH where ph" = pH and in the second
where ph" = pH.

Figure 2 illustrates experimental data for several diprotic
acids on XAD-2. Small amounts of CH3CN were used to
roouce the h'values since in aqueous acidic solutions retention
times are very large. Although the ionization constants for
the hydroxybenzoic acids are sufficiently different, a stepwise
h'-pH curve is not obtained. The hLpH curve indicates that
the capacity factor, h'l> for the intermediate singly charged
species approaches the h_. value and that the '/,-break pH
value corresponds clO6ely to the pK.,. Hence, the major change
in retention is the result of conversion of the undissociated
acid to the singly charged species and further dissociation has
little effect on the retention.

o·Phthalic acid, which is a stronger diprotic acid that has
closely related dissociation constants, undergoes a major
change in retention during the first ionization step. However,
the data in Figure 2 also indicate that retention of the singly
charged species occurs. Similar results were reported for the
retention of o-phthalic acid on ODS (6). Although not re­
ported here, h' data for 3-nitro- and 4-nitro-o-phthalic acid
were collected as a function of pH and were found to follow
Equation 3. In strong acid solution, where retention of the
neutral form occurs, the order of retention is o·phthalic >
4-nitro· > 3-nitro·.

The h' values for o-phthalic acid are larger on XAD-2
(Figure 2) in comparison to ODS (6). For example, in aqueous
solutions, h' values greater than 30 were observed on XAD·2
while the maximum h' on ODS was reported to be 6 (6).
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The values for ho, h-h and h_, cited in Figure 2 were cal­
culated from the experimental data from Equation 3 using
a nonlinear least squares fit of the data and were used to
calculate the solid line. Alternatively, the limits of the ex­
perimental h' data can be used as values for ho (strong acid)
and h_, (strong base). These values and a h'at an intennediate
pH are used to calculate h. l . From these data and the K
values, the entire h'-pH curve can be calculated by Equatio~
3 and compared to other experimentral h' data.

Diprotic Bases. For a diprotic ha,<;c, B, the ioni7.ation steps
are

10

6
k'

and arc described by the equilibrium constanL,

B + H,O .. HB+ + OH-

HB+ + H,O" H,B+' + OH-

Motine 24

20

16

k'

12

8

4

0
12 14

pKb,

4
4
4
4
4
4

a 10 5 3
b 10 5 3
c 10 5 3
d 10 5 3

10 3 3
10 10 3

12

10

8

k'

6

4

pH

Figure 3. Plots of the capacity factors for diprotlc bases YO. pH
calculated by Equation 4 using the variables

Curve ho k , k,

XAD-2 (2). Increasing the acidity in order to convert the base
to the doubly charged species appeared to have little effect
on its retention. However, the K." values for these two basea
are very small and these diprotic bases are not ideal com­
pounds to test Equation 4.

Figure 4 shows the experimenLa1ly determined k' data for
two different diprotic bases on XAD·2. Similar resulta were
found for m-phenylenediamine. Acetonitrile was used in the
eluting mixture for nicotine to avoid the large h'value that
would be found in basic solution if aqueous solutions were
used.

A stepwise change in the h'-pH graph was not obtained
indicating that the formation of the singly charged species in
the first ionization step has the greatest effect on reducing
the retention of the base. That is, k, - h2 in value. I-Jao, the

pH

Figure 4. Capacity factors for several diprotlc bases as a f\01ClIon of
pH with k,. k,. and k, calculated by EquaUon 4 using a llOIlIMar
least.squaresm.. K~,. K", k .. k~ and k, are.ren. respec1lvely, for
p-phenyienedialT1lO8. 1.45 x 10 .6.31 X 10 .5.6.0.12, O. end lor
nicotine: 1.05 X 10-'.1.32 X 10'''.23.0, 1.05. O. A 45 to 65 I'm.
0.31 9. 25 X 0.236 em XAD-2 coIurm at a flow rate 01 0.97 IT'U"*,,
V. = 0.83 mL was used wIIh phosphate ~ers at 0.01 M concentration
made to IooIc strength 0.1 M wIIh NaO i'14%~96% _ (10%
CH,CN for nicotine)

(4)

[OIr) Kb
hi + IIO~ +11,--'-

II' = b, [OH-)

[OW) K b •
1 + --- + --'--

K b , [OW)

If ho, hi' and h, are the capacity factors for thc rctention of
the neutral, half-dissociated, and fully dissociated species,
respectively, it can be shown using procedures outlined
elsewhere (l~) that

K _ [HB+][OH-)
b, - [B)

K _ [H,B'+)[OIr)
b, - [HB+)

Equation 4 can be rcwritten in H+ concentration and K. values
for the conjugate acid form of the base, B, by appropriate
substitution or derived directly by considering ioni7.ation of
the conjugate acid H,B'+. It should be noted that Equation
4 in terms of H+ and K., and K., for the base, B, is not the
same as Equation a.

A discussion of the retention of diprotic bases on ODS and
the XAD copolymers would follow that for diprotic acids, with
the exccption that a large h'would be obtained in basic so­
lution (conditions for sorption of the undissociated form) and
a small one in acidic solution (conditions for sorption of the
dissociated form). As with diprotic acids, the pH limitations
of ODS prevent its use in evaluating Equation 4 except ovcr
a narrow pKb, and pK." range. XAD-2, in contrast, can he
used to test the validity of Equation 4 throughout the entirc
pH region.

The effect of pH and Kb values on the chromatographic
retention of diprotic bases according to Equation 4 is illus­
trated in Figure 3. As K." approaches Kb" assuming an
intermediate value for hi' a single break in the h'-pH curve
is approached and is located at a 1/,-break position where the
pH = pK. - '/,(pKb, + pK.,,). This is shown in curves a to
d in Figure 3. As hi - h, or the case where the retention is
determined by the formation of the singly charged species in
the first ionization step, curve e in Figure 2 (the extreme case
where hi = h,) is approached. Its 1/ ,-break position corre­
sponds to a pH where pH = pK. - pKb,. For the case of hi
- h.. or where retention is determined by the doubly charged
species formed in the second ionizatin step, curve f in Figure
2 (the extreme case where ho= hi) is approached. Its 1/,-break
position corresponds to a pH where pH = pK. - pK.,.

Previously, it was shown that formation of the singly
charged species in the first ionization step provided the most
significant influence on reducing the retention of the diprotic
bases 2·aminopyridine and 2-amino-4-methylpyridine on
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(8)

(9)

(7)

(10)

is now highly charged even though it is electrostatically
neutral. If the HGly form were not to exist in a zwitterion
form, the solute species would have no charge and the capacity
factor should increase as the concentration of this neutral
species increases. As the pH is made basic the anion form
Gly is formed and the capacity factor sbould increase relative
to the capacity factor for HGly if it exists as a zwitterion or
decrease if it is not a zwittcrion.

The ionization expressions for Equation 5 and 6 are given
by

K = [W][HGlYI
" [H,Gly'l

K = [W)[Gly'l
" [HGlyl

Since the overall capacity factor is

where Rand S arc the reRin and solution state. respectively,
it can hc shown (I--6) that chromatographic retention as a
function of pH is given by

[WI K.,
h o + "'T + IL, [WI

II' = [~~I K.,

1+~+ [WI

II' = 0 :,.[H:-:c-,G-::l",-y_·I;::It:....+--,:[Hc:::-:G::-:1y",1:;:1t_+----;-[G:;oI::-Y-::'1:-:.:-1t
[H,G1y'ls + [HGlyls + [Gly-Is

In this equation, which can be represented in sevcral algebraic
forms, lio is the capacity factor for the retention of the neutral
form (HGly), h, for retcntion of the cationic form (H,Gly+),
h 1 for retention of the anionic form (Gly'), and K., and K.,
are the ionization constants for the diprotic ampholyte.

An expression describing the retention of ampbolytes on
ODS as a function of pH was recently described (6) and differs
from Equation 10, in that K., and K., values were apparently
defined as hydrogen ion loss from the zwitterion state and as
a hydrogen loss from the cationic form of the ampholyte,
respectively. Substitution of literature Ka, and Ka: values as
customarily defined (see Equations 5 to 8) into the equation
derived in reference 6 will lead to incorrect results.

Figure 5 illustrates how the different capacity factors (ho,
h" h ,) and ionization constants (K." K.) will affect retention
according to Equation 10. The ionization constants selected
in Figure Sa are typical of the amino acids while the rest
(curves b 10 d) were chosen to illustrate the cffect of the K;s
on t.he Ii '-pH graph, assuming that the intermediate species
is a zwittcrion and that its retention is low; that is, ko < hi
and h ,. According to Equation 10, a broad minimum in the
vicinity of the isoelectric pH value is predicted assuming a
small hovalue. The range of this minimum can be correlated
to a fraction plot wbereby the fraction of the ampholyte in
solution as the neutral form is plotted as a function of pH.
Where the fraction of the neutral form is large in concentration
(the isoelectric pH), the retention is at a minimum. As the
difference in K., and K82 decreases. assuming zwitterion
formation, the broadness of the minimum decreases. This is
shown in ~'igure 5b to 5d.

If-zwitterion formation for the intermediate species does
not occur, then a maximum in h' would be expected and
Equation 10 would still apply. This is shown as Figure 5e.
Although not shown, it is readily concluded that decreasing
the difference in K., and K., will reduce the broadness of the
maximum. This also correlates to the fraction plot but, in
this case, the maximum in the h'-pH plot is at.. some pH range
at which the fraction plot is at a maximum. It should be noted

1/"break positions in the curves in Figure 4 are predictable
88 outlined previously,

The potentia1locations of charge differ for the bases studied
in Figure 4, Nicotine contains a tertiary amine side group
(pK",) which is not in conjugation with the pyridine-N (pK",)
in the molecule, In contrast, both amine groups (pKb, and
pK",) are directly joined to a benzene ring in the phenyl­
enediamines, This difference in types of charge sites does not
cause a deviation from Equation 4.

The values for h.. h" and h, cited in Figure 4 were calculated
by a nonlinear least squares fit of the data using Equation
4. Alternatively, the limits of the experimental data can be
used as values for h, (strong acid) and ho (strong base). With
an experimentally determined h' at an intermediate pH, HI
can be calculated. These data and the Kb values are then used
to calculate the entire curve which can be compared to all the
experimental data. No attempts were made to test ODS
because of its pH limitations.

Polyprotic Acids and Base., Equations can be derived
to describe retention of any polyprotic acid and hase. Each
ionization step must be considered and the resultant equation
will be in terms of the capacity factor for the retention of each
of the dissociated and undissociated forms, the K. values, and
H+ concentration. Experimental verification of these
equations becomes more difficult as the number of ionization
steps increases since a capacity factor must be determined
not only for the undissociated form but also for each of the
dissociated forms. Since it appears that the initial ionization
step with the formation of the singly charged species has the
greatest effect on reducing the retention of the neutral species,
an independent measurement of capacity factors for additional
charged species is not always possible.

The differences in the K. (or Kb) values for polyproti('
systems are also significant factors. The closer they are
numerically, the more difficult it is to achieve an experimental
condition which ensures that the intermediate dissociated
species are at a high concentration relative to the other species.
Also, depending on the magnitude of the K. (or Kb) values,
it may even be difficult to achieve an acidic and basic condition
that ensures a complete conversion to the undissociated and
dissociated forms of the weak acid (or base),

Based on present and past observations (1-5), it appears
in general, that the chromatographic behavior of polyprotic
acids and bases on nonpolar stationary phases can be predicted
by considering only the first ionization step. For more
fundamental studies, an exact expression accounting for all
the equilibria can be derived,

Ampholyte., The chromatographic behavior of an am·
pholyte on a nonpolar stationary phase should not be the same
88 a typical diprotic system since the intermediate species will
be electrostatically neutral. Two possibilities for the effect
of pH on h' can be predicted. Consider glycine as a typical
ampholyte where the ionization steps are

K
H,'NCH,CO,H + H,O~ H,NCH,CO,H + (5)

H,O'

H,Gly' HGly

K.
H,NCH,CO,H + H,O~ H,NCH,CO,' + (6)

H,O'

In strong acid solution, glycine is present as H,Gly' and its
capacity factor on a nonpolar type phase should be small.
Increasing the pH converts glycine into the form HGly which
will exist in tbe zwitterion form, H3+NCH,CO,·. Thus, the
capacity factor should be even sma1ler since the solute species
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values reported for the pKb, and pKb, for p-phenylenediamine
range from 7.66 to 7.92 and 10.89 to 11.33, respectively (8).

The errors introduced by the uncertainty in the K. or Kb
values have their greatest effect in the calculation of the
capacity factor for retention of the intermediate species for
the diprotic acids and bases and for the neutral form of the
ampholytes. Although these errors are present, the examples
studied here clearly demonstrate that Equations 3, 4, and 10
accurately describe how solute ionization affects chromato­
graphic retention. Furthermore, they demonstrate that a
significant change in the retention of polyprotic acids and
bases, at least for the XAD copolymers, occurs during the
formation of the singly charged species during the lint
ionization step. For the ampholytes the major effect is more
complex because of the retention of the intermediate form.

~.L-~-'--'--'--'-.......::!!= """""-L.....Jo
6 8 10 12
pH

Figur. 6. Capacity factors for fwo ampholytes as a function of pH
wi1h k" k., and k .• calculated by Equation 10 usrg a ""'*-r squares

~~kl~ir1~'>< ~o~·i.~~:'I'Oa;~0~~n3~~s~~":~~~a::a:.~
X 10-3, 1.35 X 10-10.3.38. 1.20. 1.75. CoUm condtions lor antt<ariIc
ackl are listed in Figure 2. For valine. a 45 to 65 I'm, 0.46 g, 30 X
0.236 em XAD-4 column at flow rate of 0.50 mLlmln, with detection
at 208 nm. V. = 0.83 mL was used with phosphate buHers at 0.02
M concentration made to ionic strength 0.2 M with NaCt In 100% water

CONCLUSION

The effect of solute ionization on chromatographic retention
of these solutes as discussed here and elsewhere (1-6) is not
limited to the bonded phase ODS and the nonpolar adsorbent
XAD copolymer but, in fact, should apply to many other types
of stationary phases providing the stationary phase does not
itself participate in an acid-base interaction with the solute.
If the latter does occur, as for example with ion exchangen,
formulism describing the retention can still be derived. These
equations must include consideration of the effect of the
exchange site on the reaction (9, 10).

From a theoretical standpoint, the XAD copolymers appear
to be more suitable for evaluating the effects of pH on re,
tention of widely different organic acida and bases since these
copolymers do not decompose in strong acid or base as does
the ODS stationary phase. Although the XAD copolymers
can be used for analytical separations, their chromatographic
efficiencies are much less than that provided by the micro­
particulate ODS stationary phase, and the latter stationary
phase would be preferred in many applications. However,
where strong acidic (pH < 2) or basic (pH> 8) solutions are
required for optimum elution, the XAD copolymers would
have the advantage. What remains to be quantitatively
establisbed is whether the data obtained over wide pH

Curve k. k, k, pKa, pKa]

a 3 8 7 2 9
b 3 8 7 3 4
c 3 8 7 3 6
d 3 8 7 3 8
e 11 8 7 2 9

pH

Figure 5. Plots of the capacity factors for arrVoolYtes vs. pH calculated
by Equatton 10 using the variab~s

that the theoretical curves shown in Figure 5 do not agree with
those previously shown (6) because of the differences in
selecting the parameters.

The pH limitations of ODS prevent its being used to test
Equation 10 with ampholytes, such as amino acids, because
of their widely different K., and K., values. The XAD
polymers, not having this limitation, can be used to test
Equation 10. Figure 6 contains a plot of experimentally
determined k' data for valine (Vall as a function of pH using
a XAD-4 column. The values for k" k", and k., were calculated
by a nonlinear least squares fit of the data using Equation
14 and were used to calculate the solid line. Alternatively,
the k'values at the isoclectric pH (k.), in strong acid solution
(k.), and in strong base solution (k.,) can be used to verify
Equation 10 by calculating the h'-pH curve and comparing
it to the remaining experimentally determined k' data.

A minimum corresponding to the isoelectric pH is observed.
Thus, retention for valine is high in acidic solutions (pH :s
3) where H2VaI+ is present, low at intermediate pH values (pH
:s 3 to 8) where the zwitterion +HVal is present, and then
high again (pH> 9) where Val is the principal species. Details
of additional examples and a discussion of other factors, such
as an additional ionization step, on the retention of amino
acids and peptides on the XAD copolymers will be described
elsewhere (7).

It was possible to study the retention of anthranilic acid
as a typical ampholyte on ODS because its K., and K., are
within the steble pH region of an ODS column (6). A
maximum was found suggesting that the intermediate form
docs not exist appreciably in the zwitterion form. Thus,
retention is low in acid solution where the H,A+ species is
present (pH :s 2.2), high at intermediate pH's (pH'" 2.2 to
5.3) where the HA species is present, and low (pH 2: 5.3) where
the A-species is present.

This same result was found on XAD-2 and these data are
shown in Figure 6. A small amount of CH,CN was used in
the eluting mixture in order to reduce the magnitude of the
k'values which are much larger than that found on ODS.

Limitations. In calculating the capacity factor values from
the experimental k'-pH data by a nonlinear squares fit, it was
assumed that the ionization constants were precisely known
for the ionic strength conditions used in the chromatographic
experiment. This is not always the case and the error in the
K. or Kb values can be significant. For example, the literature
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conditions on the XAD copolymers, can be used to predict
retention behavior in the limited u.o;eful pH range of the ODS
or other similar bonded phases.
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Investigation of the Retention and Separation of Amino Acids,
Peptides, and Derivatives on Porous Copolymers by High
Performance Liquid Chromatography

Eugene P. Krooff and Donald J. Pietrzyk'

Chemistry Department. The University 01 Iowa. Iowa Cay. Iowa 52242

Conditions are described for the separation of amino acids,
derivatives, and peptldes by high performance liquid chro·
matography on AmberfIle XAD-2, -4, and -7 copolymers which
act as reversed &laUonaly phases. Retention changes In the
order XAD-7 ~ XAD-4 > XAD-2 while resolution changes In
the order XAD-4 > XAD-7 ~ XAD-2. Water, water-ilthanol,
or water-acetonltrlla mIxtures with or without pH control are
potential eluting conditions. As the organic solvent con­
centration Increases, ratentlon decreases. In acid and base
solulJon, retaallon Is high whOe at the Isoelectrlc pH, retention
Is low. Tha effect of amino acid and peptlda structure and
of peptide chain length on chromatographic ratantlon Is
evaluated. DNP, daRSyl, and PTH amino acld derivatives were
studied. An equation which describes capacity factor as a
function 01 pH and accounts for all the equWbrla that Influence
the ratentlon was verified for amino acids and paptldes.
Several separallons which are predicted from these data are
listed.

Reversed phase liquid chromato&'Taphy employing a bonded
phase is perhaps one of the moot used and versatile techniques
in high performance liquid chromatography (HPLC). Bonded
phases have the advantage of good reproducibility, high ef­
ficiency, and often require only aqueous-alcohol or -acetonitrile
eluting mixtures. Their main disadvantage is that they can
be used only over a narrow pH range of about 2 to 8.

The separation and subsequent determination or purifi­
cation of amino acids, small and large molecular weight
peptides, and other biologically significant compounds are
important analytical procedures. Usually, thin-layer and
ion-exchange chromatographic techniques have been used (1).

Recently, reversed phase pockings have been used for these
separations. For exwnpJe, several aromatic amino acids were
separated on an ODS column (2-5) and on a bonded optically
aclive tripeptide stationary phase (6). The effeets of pH, salt,
and solvent on the retention of five nonapeptides on several
reversed bonded phases were studied (7). The optimum

condilions for their HPLC determination in pharmaceutical
ell)Sage fonns were developed and these results were compared
to those obtained by bioassay (8). Phenyl-cora.i1, Porage! PN,
and Poragel PS were used to investigate di- to decapeptide
ret-cnt inn (9). Severnl amino acid and peptide derivatives were
studied un bonded phases (1,5,9) and related adsorbents (10).

In our laboratory. studies were initiated several years ago
to investig-ate the chromatographic properties of the nonpolar.
porous Amberlite XAD-2 (a polystyrene-divinylbenzene
copolymer) and related adsorbents which function as reversed
phase adsorbents. Organic acids (11-13), bases (14), and
l1onionic compounds, such as steroids and hydrocarbons (12),
were sepnrated by HPLC on these stationary phases using
aqueous-alcohol and acetonitrile solutions. Although the
bonded phases are more efficient than the XAD copolymers,
these latter supports have the advantage of being slable
throughout the entire pH range and have larger loading
capacities (14, 15).

A detailed study of the ionization equilibria, which innuence
lhe chromatographic retention of organic acids (11-13) and
bases (1 J) on Ihe XAD copolymers, was reported. RecenUy,
this was extended to diprotic acids (15,16) and bases (13,15)
nnd to ",,,photeric compounds (15, 16).

'I'he chromatographic retention of amino ocids, small chain
peptides, and amino acid derivatives on XAD-2 and related
adsorbents is described in this report. With these data, it is
possible to predict separations, to discuss the influence of
amino acid structure and elution conditions on the retention
of the amino acids, and to establish quantitatively the
equilibria that influence the retention.

EXPERIMENTAL
Reagents. Amino ocids, amino acid deri\'atives, and pcptides

were obtained from Aldrich Chemical Company, Eastman Kodak
Chemical, Fischer Scientific, Matheson Coleman and Bell, and
Sigma Chemical Compaoy, and were ,".ed as obtained. Absolute
ethanol and pesticide quality acetonitrile was used in the
preparation of mixed solvents. Inorganic salts, acids, and bases
were of analytical reagent grade.

Amberlite XAD-2, -4, and -7 were purchased from Rohm and
Haas or Mallinckrodt Chemical Works. The preparation of these
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Table I. Capacity Factora for Nonpolar and Aromatic Type Amino Acilla on XAD·2, ·4, and ·7 u a Function of
Ethanol-Water Comp08ition

Capacity ractor. k'

15

1.04
1.01
1.10

XAD·7C

% Ethanol

5 10

1.15 1.09
1.12 1.08
1.31 1.15

o
1.29
1.13
1.38

XAD-4b
% Ethanol

XAD-2"
% Ethanol

Amino acid 0 5 10 0 5 10

Glycine, Gly 0.30 0.29 0.30 0.76 0.72 0.69
DL·Alanine, Ala 0.31 0.29 0.30 0.79 0.72 0.67
DL·Valine. Val 0.47 0.39 0.40 1.42 0.94 0.91
DL·!soleucine.Ue 0.96 0.65 0.58 3.11 1.61 1.43
DL·Leucine, Leu 1.08· 0.71 0.63 3.79 1.82 1.66 1.73 1.67 1.43 1.24
DL·Tyrosine, Tyrd 1.38 0.89 0.76 2.00 4.07 3.23 2.48 1.81

a 45 to 64 ~m, 0.72 g, 46 X 0.236 cm XAD-2 column at a flow rate or 0.50 mL/min. V. = 1.30 mL. b 46 to 66 ~m. 0.46
g, 30 X 0.236 cm XAD·4 column at a flow rate of 0.50 mL/min V. = 0.83 mL. c 46 to 65 ~m. 0.39 g, 45 X 0_236 cm
XAD-? column at a flow rate or 0.50 mL/min, Vo = 1.10 mL. aData for other aromatic amino acids are provided in ref 13.

copolymers for column experiments has been previously described
(11-15).

Procedurea. Stainl... steel tubing (0.236 em i.d.) and fritted
end fittings were purchased from Waters Associates. Columns
were 30 and 45 em and were dry packed with 45 to 65 ~m (250
to 325 mesh) particles of the desired copolymer. Column
preparation and conditioning procedures have been discussed
earlier (J 1-15).

A Waters Liquid Chromatograph, Model-202 equipped with
an M-6000 pump, 2M·nm UV detector with 8-~L flow cell, and
a U6K sample injector fitted with a 2·mL sample loop, was used.
A modular system, comprised of an Altex M·1oo pump, Rheodyne
905-19 injector system (with 175-~L sample loop), and a Tracor
970 variable wavelength detector fitted with an 8-~L Teflon flow
cell was also employed_ Gradients were generated with a Tracor
Model 920 solvent programmer.

Sample solutions were prepared by dissolving 0.5 to 7.0 mg of
the desired compound per 1 mL of water or water-ethanol
mixture. Samples were stored in 6-mL Hypovials fitted with
Hycar Septa and sealed with aluminum caps (Pierce Chemical).
Pressure Lok Series B-110 1O-~L or 25-~L syringes (Precision
Sampling Corporation) were used to inject 3 to 10 ~L of a sample
into the chromatographic system.

Flow rates were 0.4 to 2.0 mL/min for the various experiments
and inlet pressures were 250 to 1500 psig, depending upon the
flow rate and the composition of the eluting solvent. Aromatic
amino acids were detected at 254 om, while nonaromatic amino
acids were monitored at 208 om.

Water-organic solvent mixtures are expressed as percent by
volume. Phosphate salt buffer systems, and dilute solutions of
HCI and NaOH were used to control the pH of the eluting agent.
A constant ionic strength was maintained by adding NaCI to the
buffer solutions. All pH values were determined with a pH meter.
Capacity factors were calculated by

k' = VR - V,

V.

where Va is the elution volume for the chromatographic peak aod
V. i. the column void volume.

RESULTS AND DISCUSSION

Amino acids (AA) will ionize according to

K. 0

H:NCHCO,H + H,O~ H,O + H,NCHCO,H
I I
R R

H,AAo H N5HCO·
'I' (1)

R
HAA

K., 0

H,NCHCO,H + H,O _ H,O + H,NCH,CO,· (2)
I I
R R

AA-

and these ionization steps have a strong influence on their
chromatographic behavior. The structure of the R group will
also influence the chromatographic behavior by providing a
hydrophobic center rather than having a strong influence on
the K" and K...values (these values are similar for the different
amino acids). In reversed phase chromatography, both factors
will influence the interaction between the AA and the solid
nonpolar stationary phase since pH changes will alter the
charge sites while a change in R will affect the hydrophobic
sites.

Effect of Support. Table I lists capacity factor data for
several amino acids on three different Amberlite supports.
XAD·2 and XAD-4 are polystyrene-divinylbenzene co­
polymers and differ in that the surface area is larger and the
pore siZe smaller for the XAD-4 (11-15). Both act 88 nonpobir
stationary phases (J1-15). The fact that retention (see Table
I) is larger on XAD·4 is consistent with these properties.

XAD·7, which is also porous. is a cross-linked acrylic ester
type copolymer which exhibits characteristics of an inter­
mediate polar stationary phase. The tendency for larger k'
values on the XAD-7 is consistent with the more polar
character of this support (see Table I).

In comparing the three XAD supports in Table I, the order
of retention of the AA on the supports is XAD·7 ~ XAD-4
> XAD-2. However, the capacity factors for the different AA
cover a larger range on XAD·4. Thus, the order of resolution
would be XAD-4 > XAD-7 ~ XAD·2.

Although Table I considers only a few AA using water and
water-alcohol eluting mixtures, these same conclusions would
be drawn when considering other AA and derivatives (see
Table II) and the effect of pH in the eluting mixture (see Table
III).

Amino Acid Structural Effects. The AA in Table I can
be divided into two groups according to the magnitude of the
k'values. The lower values were found for those AA that do
not contain aromatic or conjugated groups in the R portion
of the AA molecule; while those that do. have the higher k'
values. Within each group, the order of selectivity is consistent
with what might be predicted based on the influence of the
R group on the interaction. For example. the k' decreases in
the order Leu > De > Val> Ala> Gly which is also the order
of a decrease in the hydrophobic nature of R, that is,
(CH3).CHCH.- > CH3CH.CH(CH3) > (CH,).CH- > CH.­
> H. The polar -oH group in Tyr causes its k'to be smaller
than that for Phe while the double ring system of Trp causes
its k' to be larger than Phe.

Polar changes in the R group will affect the chromato­
graphic behavior of the AA. This is illustrated in the data .
in Table II where k' data for other naturally occurring AA are
listed as a function of EtOH-water concentration. These AA
were investigated only on XAD-4 and XAD-7 since the re-
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Table 11. Capacity Fa<:to... tor Polar Amino Acida on XAD-2, ·4, and ·7 as a Function of Ethanol-Water Compoaition

Capacity factor, k'

XAD-4Q XAD·7·
% Ethanol % Ethanol

Amino acid 0 5 10 0 5 10 15

DL-Aapartic acid, Alp 0.51 0.48 0.36 0.54 0.55 0.53 0.51
o L-.Berinet Sec 0.76 0.69 0.70 1.40 1.21 1.17 1.04
DL-Threonine, Thr 0.87 0.80 0.76 1.49 1.32 1.22 1.04
o L.cyateinc, Cya 1.00 0.97 0.88 1.57 1.54 1.24 1.09
DL-Glutamic acid, Glu 0.58 0.57 0.53 0.76 0.54 0.58 0.59
DL-Glutamine, Gin 0.87 0.80 0.67 1.21 1.12 1.10 1.01

G Same column AI in Table I. footnote b. b Same column as in Table I, footnote c.

Table III. Efrect or pH on the Capa<:ity Facto... for Amino Acids on XAD-2, ·4, and -7

Capacity faclor.h'. on XAD·za

pH

Amino acid 2.2 4.7 5.9 6.5 8.1 8.9 11.5

DL-Tyrosine 0.35 0.25 0.22 0.22 0.29 0.22
DL·Phenylalanine, Phe 0.83 0.69 0.66 0.68 0.78 0.79 0.91
DL-Tryptophan, Trp 2.44 1.64 1.60 1.68 2.65 1.73 1.58

Capacity factor, Jz', on XAD-4 b

pH

2.3 4.8 6.5 8.9 11.4

Glycine 0.46 0.34 0.30 0.35 0.22
DL-AJanine 0.45 0.36 0.35 0.45 0.30
DL-Valine 0.97 0.56 0.57 0.64 0.68
o L-Iaoleucine 2.08 1.10 1.02 1.20 1.53
oL-Leucine 2.27 1.30 1.25 1.45 1.71
DL-Tyrosine 3.33 1.75 1.56 1.94 0.25
DL-Phenylalanine 8.18 5.13 4.54 6.75 7.28

Capacity factor, k'. on XAD·7 c

pH

1.16 2.70 4.40 5.80 7.22 8.83 11.38

DL-Valine 1.41 1.20 1.13 1.14 1.10 1.08 1.22
DL-Leueine 2.39 1.77 1.32 1.26 1.26 1.29 1.29
DL-Threonine 1.09 1.04 1.02 1.00 0.99 1.01
DL-Tyroaine 4.59 2.88 1.90 1.86 1.80 1.65 0.88
DL-Phenylalanine 5.77 3.69 2.34 2.28 2.29 2.33 2.31

Q 45 to 66 "m, 0.72 g, 45 X 0.236 cm XAD-2 column at a now rale of 0.50 mL/min, V, = 1.30 mL. Phosphate buffers
were 0.02 M and the .olvent was 10% ethanol-90% water by volume. • 45 to 65 "m, 0.46 g, 30 x 0.236 cm XAD-4
column at a flow rate of 0.60 mL/min, V o = 0.76 mL. Phosphate buffers were 0.02 M and the solvent was 5% elhanoJ-95%
water by volume. C 45 to 66 "m, 0.39 g, 45 X 0.236 em XAD-7 column at a now rale of 0.50 mL/min, V, = 1.10 mL.
Phosphate buffers were 0.04 M with the ionic strength maintained at 0.2 M by adding NaC! and the solvent was 100% water.

tention is greater on these copolymers in comparison W XAD-2
(see Table I). It was expected that the modifications in the
AA would lead to lower k' values.

A change in the polar nature of the R group and its effect
on k'values can be seen by comparing the data in Table I and
Table II. For example, k' decreases in the order Cys > Ala
> Ser > Asp where the respective change in carbon 3 is -SH,
-H, -OH, -CO,H. Introducing another -CH3 onto carbon-3
as in Thr increases the k' value (compare k' for Thr to Ser
in Table 11).

The large influence of the -CO,H group on the R chain,
which is readily dissociated, is evident by comparing the data
for Glu to Gin in Table II. The k' value for the latter AA,
where the R contains a terminal amide group, is almost twice
that of Glu, where the R contains a terminal carboxyl group.

Effect of Organic Solvent. The data in Table I and II
demonstrate that the capacity factors for the AA on XAD-2,
-4, and -7 decrease sharply as the ethanol concentration
increases. This is consistent with previous observations of
the eluting power of ethanol-water mixtures (I1-15). Using

other organic solvents will also alter the eluting power. In
general, the order reported previously (I1-15) is observed for
the amino acids, that is, the eluting power decreases in the
order CH,CN > EtOH > MeOH.

Effect of pH. Large capacity factors for organic acids on
the XAD copolymers are favored by acidic conditions where
the acids exist a, the undissociated form. In basic solution,
where the dissociated form is present, h' values are much lower
(11-13). The reverse is found for organic bases (14). Since
AA have both an acidic and basic site, the influence of solute
ionization should be expecled to be more complex.

Table 1IIlists the k' data for several AA on XAD-2, -4, and
-7 as a function of pH. If these data are graphed, a minimum
is found at the isoelectric point pH except for XAD-7 where
the h' tends to level off in basic solution. Tyr, Wllike the other
AA, is triprotic and the k' decreases at higher pH values since
a doubly charged species forms because of dissociation of the
phenolic group (pK" = 10.13).

The AA-XAD copolymer interaction at the two pH ex­
tremes and at the isoelect~ic pH can be viewed as
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(4)

3~
........~ ~. o~

o1---------------4

([H'J) (K)k o + h 1 -- + k_ 1 ~
K. [WI

h':;;: 1

[WI Ka,
1+--+­

Ka, [H']

where h.. hI' and h_1 are the capacity factors for the zwitterion
ion form, cationic form, and anionic form, respectively, and
K., and K.. ere ionization constants for the two-step ionization,
respectively (15, 16).

Verification of Equation 4 was accomplished in two ways.
Figure 1 shows plots of experimentally determined h'values
on XAD·4 for several AA as a function of pH at controlled
ionic strength. The k", hi and h_1 values listed in Figure 1 were
calculated by Equation 4 using a nonlinear least·squares fit
of the date. Semiquantitatively, the solid line in Figure 1 can

number of measurements. That is, the Ko. k't or retention
time or volume can be calculated as a function of pH providing
the K. (or Kb) and the Ko, h, or retention time or volume for
Ihe neutral form and the dissociated forms are known.

Recently, an equation was derived which relates the capacity
factor of a weak diprotic acid to the pH of the eluting solution.
The equation, which is in terms of the ionization constants
of the diprotic acid and of the capacity factors for the retention
of the undissociated, half·dissociated, and fully dissociated
forms of the diprotic acid, was shown to hold for the nonpolar
octadecylsmca stationary phase (16) and for the XAD supporte
(I5). Similarly, an equation for weak diprotic bases was
derived and shown to hold for the XAD supports (I5).

For substances that have the potential to exist as zwit·
terions, such os amino acids, the equation describing its
sorption is

oo!:--~~..L~--!-~--!:a---l,l:-o~--l.:I2,......-JI4
pH

Figure 1. Capacity factors for several amino acids on XA0-4 8S 8
lunction 01 pH with k" k .. and k., calculated by Equation 4 usO>g a
nonlinear squares fit. For the folSowing amino adds. K•. K•. k" k Ot
and k., ara respectivaly: lX....lanine. 4.47 X 10"'. 1.35 Xla·", 0.94
± 0.02. 0.74 ± 0.01, 0.13 ± 0.02; lX.·vaine, 5.13 X 10"', 1.91 X 10-",
3.38 ± 0.15, 1.19 ± 0.09. 1.15 ± 0.12; lX.-leudne, 4.88 X 10"', 1.82
X 10-". 16.35 ± 0.89. 3.56 ± 0.51. 6.07 ± 0.96; L-phenylalanine.
2.63 X 10"'.5.75 X 10''',73.2 ± 2.6. 23.0 ± 1.9,56.8 ± 2.9. 45
to 65 ~m. 0.46 g. 30 X 0.236 em XA0-4 coloov1 al a flow rala of 0.50
mLim (L.f>he 2.0 nUmil), V. = 0.83 mL. Phosphata buffers In waler
al 0.04 M and ionic strangth made to 0.2 M with NnCI

(3)

!.o.!tctrlc pH

IH 2N-) H;NCHCOi ~C02H)
I

~

h' ; h, ( 1 ) + h , (1 )
1 + K./[H'J - 1 + [H'I/K.

where hoand h' l are the capacity factors for the undissociated
and dissociated form of the weak acid, respectively, and K.
is its ionization constant. A similar equation can be derived
for the retention of weak organic bases. These equations have
been shown to hold for the adsorption of monoprotic phenol,
carboxylic acid, phenoxyacetic acid, amine, and pyridine
derivatives (II-I5).

The usefulness of such equations is twofold. (1) They derme
the equilibria that influence the sorption of organic acids and
bases in reversed phase chromatography, and (2) they permit
the prediction of elution behavior as a function of a minimum

copolymer copolymer copolymer
surfoce surfoce surfoce

The interaction between the (nonionizable) R group and the
copolymer surface will be constant throughout the entire pH
range. Thus, any variations in the h' value will be the result
of a change in the ionization of the -CO,H and/or -NH,
groups. In the region of the isoelectric pH both groups are
fully ionized (zwitterion form) and will be directed away from
tbe nonpolar copolymer surface. For an acidic solution, the
-eO,H group is unionized, while, in basic solution, the -NH,
group is unionized. Under these conditions, they will par:
ticipate in the adsorption process, thereby increasing the h'
value.

Alternatively, the XAD copolymer, being aromatic, can be
viewed as having good electron donor properties. Thus, its
interactions with the different groups (-R, -NH" and -CO,H)
could be described by a donor-acceptor type interaction.
Evidence of a broad nature which supports this type of in·
teraction includes (I) observation of the order in which
substituents influence the chromatographic retention of
organic acids and bases (12, 13), (2) the elution order observed
for different solvents (I1-14), (3) the solvent uptake order
observed for the XAD copolymes (12, 17), (4) the fact that
retention on the XAD copolymers is much larger than on the
ODS stationary phase (I5, 16), and (5) the observed retention
order of the AA. Additional experiments, which should more
clearly define this interaction, particularly in the case of the
AA, are currently underway and will be described later.

In all the h'-pH studies of AA (see Table III and Figure
I), the h' values in acidic solution were always found to be
larger than those observed in basic solution. This is attributed
to the greater interaction of the -eO,H group over the -NH,
group.

A comparison of the three XAD copolymers in Table III
at a given pH condition leads to conclusions outlined pre·
viously about the chromatographic performance of each
support. That is, XAD·4 appears to be the most versatile with
respect to resolving mixtures. Furthermore, structural changes
within the amino acids as discussed previously, have the same
chromatographic effect at the different pH conditions. Also,
the h'values will decrease at a given pH if the alcohol con·
centration is increased or if the organic solvent used is one
of higher eluting power than ethanol (I1-15).

Calculation of Adsorption Data. It was previously showo
that the adsorption of weak monoprotic organic acids and
bases on the XAD copolymers is influenced by ionization
equilibria (II-I5). Thus, the change in capacity factor, h',
for the retention of a weak organic acid as a function of pH
is given by
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Table IV, EUect of Salt Concentration on the Capacity Factor for AmIno Adela on XAD-2
Capacity factor, k'o

Concentration of NaCl, M

Amino acid 0 0,001 0,006 0,010 0,060 0.100 0.600

DL-Tyroaine 0,34 0,23 0.27 0,29 0.29 0.32 0.26
DL-Phenylalanine 0.83 0,67 0,68 0.74 0,74 0,79 0.77
DL-Tryptophan 2,06 1.74 1.73 1.71 1.76 1.96 2.04

• 46 to 66 I'm, 0,72 S, 46 x 0,236 cm XAD-2 column at a flow rate of 0,6 mL/mln, and a lolvent mixture of 10%
ethanol-90'll, water, V, = 1.30 mL,

Using the approach outlined elsewhere (15), an equation
which describes the influence of the three ionization steps on
the relationship of h' to H+ can be derived as

be calculated with Equation 4 using the three experimental
points, hi at pH 1.00, h. at the isoelectric pH, and h., at pH
12,65, Excellent agreement demonstrates that Equation 4
accurately describes the equilibria that influence the chro·
matographic retention of AA, Secondly, it confirms that
potential eluting conditioDJl based on pH can be predicted
from a minimum set of column h '-pH measurementa.

Equation 4 also describes the chromatographic retention
of AA on XAD-7, This was demonstrated by carrying out
these same kinds of Calculations using the h '-pH data for
XAD-7listed in Table 1lI, where hlo h.. and h., are the capacity
factors at pH 1.15, 5.80, and 11,38, respectively.

If the AA has a third ionization COllstant, an equation which
accounts for the third ionization step can be derived. An AA
of this type is Tyr which contains a phenolic group in addition
to the -CO,H and -NH, group, Thus, the three ionization
steps are given by Equations 1 and 2 where

-R • 'CH,-D-0H

2

°~0~---!;-.L...--!4;-~~6;-L-;\-B-~b<-~-+'''''''''---d'4
pH

Figure 2. Capa~ factors for ~oSlne_on XAD-4 a~,~ func~n of pH.
FO~,7roSI~, K. - 4.57 X ~O , K., - 7.73 X ~ ,K.) - 7.38 X
10 ,k, - 15.1 ± 0.4, kg - 4.20 ± 0.28, k., - 4.04 ± 0.66, and
k.2 = 0.48 ± 0.33. Column condnlons ara glvan In Figure 1

Several other AA and related derivatives have three ion·
ization steps and their retention should follow Equation 6.
However, the calculation of k'-pH data with Equation 6 and
a minimum set of k' data is more difficult since as the number
of ionization steps increases in the molecule or the more closely
related they are, the more difficult it becomes to experi·
mentally determine the capacity factor for the retention of
the undissociated form and for each of the dissociated forms
of the molecule.

Effect of Salt. Addition of salt to the eluting mixture will
affect the sorption of organic acids or bases on the XAD
copolymers when the experimental condition ensures that the
acid or base is in the dissociated form, particularly, for strong
acids like sulfonic acids (12, 13). Two major effects were
observed in these studies as salt concentration was increased:
(I) the retention volumes and capacity factors increased, and
(2) the peaks tended to be sharper.

Since the AA are in a charged form at different pH con­
ditions. the effect of added salt was evaluated. Table IV lists
the h' data for three aromatic AA as a function of NaCI
concentration in the absence of pH control. Under these
conditions, the AA should be in its zwitterion form. Although
the changes are small, they are consistent in that the k' values
for the three AA decrease initially and then slowly increase
as salt concentration is increased.

In buffered solution near the isoelectric pH (studied in the
pH range of 5.88 to 7.20 at a buffer concentration of 0.02 M)
little salt effect was noted upon the addition of NaCI (0.05
to 0.25 M). Apparently, the salt components of the buffer
itself were sufficient to influence the h' value and for this

(6)

(6)

HzNfHCO,·

¢
0·

and Equation 5.

H,NCHCO,H t HzO ~ H,O' t

JH,

¢
OH

k, t k,([H'I) t k.,(~) t k.,(Ka,Ka,)
k' = Ka, [WI [WI'

[H') Ka, Ka,Ka,
It--t--t---

Ka, [H'I [H'I'

where h.. hi' h.lo h.• are the capacity factors for the zwitterion,
protonated species, anionic species, and doubly charged
anionic species, respectively, and K." K.., and K.. are the three
ionization constanta.

Experimentally determined h' values for tyrosine as a
function of pH are shown in Figure 2. Like the other AA,
the retention of Tyr is high at low pH values, where it exists
as a singly charged cation, The h' value then decreases and
levels off at the isoelectric point pH and stays constant. As
the pH is increased to pH values where the doubly negative
charged species is formed, the h' value decreases again. The
values of hlo h.. h.lo and h., were calculated from the ex·
perimental data by a nonlinear least-squares fit of the data
to Equation 6. The K. values are taken from the literature
(IB, 19). Limitations in these calculations are discussed
elsewhere (I5),
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Table V. Capacity Factora for Small Chain Peptldes nn
XAD-2 81 a Function of Ethanol-Water Concentration

Capacity (actor, h'G

Table VI. Capacity Factonl for Small Chain Peptid.. on
XAD-2 sa a Function of pH

Capacity factor. h'G

% Ethanol pH

a 45 to 65 pm, 0.32 g, 30 X 0.19 cm XAD-2 column at
a flow rate of 0.5 mL/min. Vo = 0.7 mL.

0.3 0.3
0.3 0.3

3.2 1.6
0.1 0.1
0.1 0.1
0.4 0.3
0.1 0
0.2 0.2
0.3 0.2
0.5 0.3

2.11

4.11
5.89

10.35

2.66
4.56

21.2

Peptide 3.68 5.70 7.40

G1y-DL-Phe 2.44 1.44 1_56
DL-Ala-DL-Phe 4.33 2.56 2.67
1.·Val-L-Phe 5.89 3.11 7.78
DL-Leu-DL-Phe 10.67
L-Ser-L-Phe 2.22 1.33 1.44
L·Pro-L-Phe 3.56 1.89 3.00
L·Met-L-Phe 13.4 6.89 16.2
L-Phe·G1y 1.89 1.56 2.67
L-Phe-L-Ala 1.78 1.22 3.22
L-Phe-L-Val 4.11 2.33 14.6
L-Phe-G1y-Gly 1.56 1.33 2.56 3_78
Gly-GIY-L-Phe 3.00 1.44 1.56 2.00

a 45 to 65 pm, 0.71 g, 45 X 0.236 cm XAD-2 column at
a now rate of 0,50 mLlmin, V. = 0.90 mL. Phosphate
buffers were at 0.1 M concentration in a solvent of 10%
ethanol-gO% water.

dipeptide are influencing its retention.
The dipeptide-XAD copolymer interaction can be viewed

as

30

0.1

20

0.1

15

0.3
0.6
1.0
5.1
0.3
1.4
3.1
0.4
0.4
0.8
4.7
0.1
0.3
0.6
0.2
0.3
0.2
0.6

10

0.5
1.0
1.7
7.3
0.5
2.2
4.6
0.6
0.6
1.4
6.9
0.1
0.5
1.1
0.4
0.5
0.2
0.6

Peptide

Gly-DL-Phe
DL-Ala-DL-Phe
L-Val-L·Phe
DL-Leu-DL-Phe
L-Ser-L-Phe
L-Pro-L-Phe
L-Met-L-Phc
L-Phe·G1y
L-Phe-L·Ala
L-Phe-L-Val
L-Phe-L·Leu
Gly-L·'1'yr
Gly·DL·Phc
Gly-L·Trp
L-Phe·G1y·Gly
Gly-G1Y-L-Phe
DL-Tyr
DL-Phe

reason salt effects in strong acid or base solution were not
examined.

The major salt effect is noted when comparing data de­
termined in alcohol-water mixtures to that in buffered al­
cohol-water mixtures. This is illustrated by comparing the
data in Table I to the data at the isoelectric pH in Table III
for the same ethanol concentration. In all cases, tbe k'data
are lower in the presence of the buffer. Although there is a
salt effect it is less significant than observed with other organic
acids and bases at least for the conditions examined.

Peptides and Amino Acid Derivatives. Since R groups
in the AA were shown to have a significant influence on the
chromatographic retention of the AA, it was of interest to
establish R group effects in peptide systems. Several potential
factors were considered. These included the effects of
structure of each AA unit in the peptide, the position of each
AA unit in the peptide, and the length of the peptide.

Capacity factor data on XAD-2 were determined for several
dipeptides and a few tripeptides, as a function of ethanol
concentration and pH. As shown in Table V, an increase in
the ethanol concentration decreases the k' value while a
minimum in k', as shown in Table VI, was found near the
isoelectric point pH when the pH of the eluting mixture was
varied. These general trends are the same as found for the
simple AA.

Examination of the k' data in Tables V and VI reveals
several trends in the effect of structure on chromatographic
retention. Sin"" one AA unit of the dipeptide is held constant,
the effect of the other unit on retention can be ascertained.
(Although examined in less detail, similar results were found
for Tyr· and Trp-eontaining dipeptides.i

As observed with the individual nonpolar AA, increasing
the hydrophobic character of the R group in l.he varying AA
subunit of the Phe-derived peptide (see Table V and VI)
results in an increase in retention. That is, k' for the peptides
changes in the order Leu> Val> Ala> Gly. This trend is
observed regardless of whether these AA units provide the
free -NH, group or the free -CO,H group in the dipeptide.

In the absence of salt or buffer (see Table V) and at the
isoelectric point pH (see Table VI), retention is the largest
when the Phe unit provides the free-CO,H group in the
dipeptide. In acid and base solution, this trend is not observed
suggesting that the terminal-NH, and -CO,H groups in the

C~e?J~~eer c~?~~:r

In acid solution, the larger k' is favored by the dipeptide in
which the Phe provides the -CO,H group. Under these
conditions this group, which is closest to the phenyl ring, is
undissociated. In base solution, the reverse is found, that is,
a smaller k'is favored by the dipeptide where the Phe provides
the -CO,H group. Under these conditions the -CO,H is
dissociated and the phenyl ring is close to the charged site.

This trend is consistent with the observation that the
aromatic AA are much more highly retained than the nonpolar
AA (sec Tables I to III). Thus, any large change in polarity
in the vicinity of the phenyl ring should have a significant
influence on the retention. A change in polarity close to the
R group in the dipeptide will also influence its interaction with
the XAD copolymer; however, the dominating factor in the
case of this series of dipeptides is the phenyl group.

This is further illustrated by comparing the tripeptides
Gly-Gly-Phe to Phe-Gly-Gly. In base solution, high retention
is favored by the Phe group providing the free -NH, group
or at position I in the tripeptide while, in acid solution, high
retention is favored by the Phe being at position 3. In both
cases, the highest retention occurs when the aromatic ring of
Phe is the furthest from the charge site.

If a polar group is introduced into one of the AA units,
retention is decreased. This is illustrated by comparing
Ser-Phe (where a -DH group is introduced in Ser) to Ala·Phe.
In Met-Phe a S heteroatom is introduced in the Met AA unit
but it is introduced as a methyl-thio ether. This group is less
polar than the -OH group and the corresponding -SH group.
Thus, the retention of Met·Phe is intermediate between
Val-Phe and Leu-Phe suggesting that it is acting similar to
a 4 C·unit R chain. Based on these results the dipeptide
Cys-Phe would be predicted to have a larger k' than that for
Ser·Phe but less than that for Leu-Phe, and probably similar
to Val·Phe (see Table V). Since Pro is also a 4 C·unit R chain,
it is not surprising to find that retention of Pr<>-Phe is similar
to that for Val·Phe even though the C-unit R chain is bound
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0.46
1.28
1.77
1.99
2.47
6.69
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Table VII. Capacity Factora on XAD·4 for a Seri.. of
Alp.nine Peptid..

Peptide Mol. wt

D L·Alanine 89,10
L·Alanyl·L·alan;ne 160.2
Tri·L·alanine 231.2
Tetra·L·alanine 302.3
Penla·L·alan;ne 373.4
Hexa·L·a1anine 444.5
Poly·DL·alanine 1800 (Avg.)

• 45 to 65 ~m, 0.46 g, 30 X 0.236 em XAD·4 column at
a flow rate of 0.60 mL/min, Vo = 0.B3 mL. Eluting mix­
lure wu 10'.1\ elhanol-90% water.

to the nitrogen within the Pro molecule.
For mixtures of dipeptides and perhaps tripeptides, it

should be possible to qualitatively predict elution order by
considering the structure of the R groups in the AA units and
their pooitions relative to the charge sites if pH is to be used
as an eluting variable. The data for simple AA in Tables I
to III would serve as the guidelines. Using these, the trends
observed in Tables IV 'and V are consistent with the pre·
dictions.

AA are frequently converted into derivatives in order to
facilitate chromatographic separation and detection. Two such
classes of derivatives are the DNP·AA, fanned by the reaction
of an AA with 2,4·dinitrofluorobenzene, and the dansyJ·AA,
formed by the reaction of an AA with N,N·dimethyl·!·
naphthylamine-5-sulfonic acid chloride (dansyl chloride). In
both cases the reaction site is at the amine groul'. For glycine
the derivatives are

':102 ~(C~)2

Or ~,I/
" 1102 ~
HNCHzC¥ S02NHCH2C02H

°NP' l! 1Y !!!!!!l!:.i!l
Because of the structural changes in the derivatives {in·

creased number of functional groups and reduction of
zwitterion ion formation), the chromatography of the de·
rivatives on the XAD copolymers should be different than for
the simple AA. Although detailed studies were not carried
out it was readily shown that.: (I) the derivatives acted as weak
acids in response to a pH change in the eluting mixture, (2)
the derivatives were more retained than the corresponding
simple AA and stronger eluting conditions were required for
their removal off the column, and (3) the order of elution of
the derivatives was the same as for the simple AA, that is
retention changes in the order Phe > Leu > Val> Ala> Gly.

Preliminary experiments were also carried out with the
PTH·AA derivatives which are formed by the reaction of an
amino acid with phenylisothiocyanate. In these derivatives
botb the amine and carboxyl group are involved in the reo
action. Retention was greater in comparison to the simple
AA (examined on XAD·7) and strong eluting conditions were
required (30 to 50% CH.CN-H,O was studied). The elution
order for the PTH derivatives was found to be similar to the
simple AA.

Peptide Chain Length. Since the XAD resins have large
porosities, experiments were conducted to evaluate whether
peptide size had a significant effect on its retention. XAD·4
was chosen as the stationary phase since it provides high
retention and has the smallest average pore size of the three
XAD copolymers (II, 12, 14), Thus, if peptide molecular size
is significant, it should be more readily observed with this
stationary phase,

Table vn lists the capacity factor data for a series of alanine
peptides. As the molecular weight increases, the retention

6

•
5

•
•

4

k' 3
IL- a1al4 •• ••

2

I~ • • c. (gIY)3
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Figure 3. Capacity factors for two peptides on XAD-4 as a function
of pH with k 1• ko. and k_ 1 calculated by Equation 4 using 8 nonlinear
sq~es fit. For tri-glycin~: K. :;:; 5.89 X 10-~ K.

l
:;:; 8.13 X 10-9,

k, - 1.07 ± 0.05. ko - 0.71 ± 0.04. k., - 0.~9 ± 0.04. For
tetra-l-alanine, K•• :;:; 3.80 X 10", K., :;:; 1.15 X 10~. k 1 :;:; 5.18 ±
0.25. k. = 1.33 ± 0.25. k, = 2.98 ± 0.24. Column conditions are
given in Figure 1

increases. Intermediate peptides between hexa-L·alanine and
poly·l)l,·alanine, which would more clearly define lhe change
in retention, were not available. However, the data still clearly
indicate that as molecular weight increases the retention
increases and thus, XAD-4 is not acting as a size or exclusion
type stationary phase but rather as a typical adsorbent.

The effect of pH and organic solvent on retention followed
the trends observed for simple AA and dipeptides. Elution
of tbe poly-DI.·alanine was not observed even with changes
in the eluting mixtures up to 80% acetonitrile which rep·
resents a sharp increase in eluting power. A more detailed
study of eluting conditions for large molecular weigbt peptides
is currently underway.

A glycine peptide series analogous to the alanine peptide
series listed in Table VII was also examined. Although some
difficulty was encountered due to lhe limited solubilities of
the glycine series, the trend of an increase in capacity factor
with increase in molecuJar weight was observed. Also, as
anticipated from comparison of retention of alanine to glycine,
the h' values for the alanine peptides Were larger than for the
corresponding glycine peptides.

Calculation oC Peptide Adsorption Data. Di·, tri·, etc.
peptides will still contain the acidic -CO,H sile at one end
of the molecule and the basic -NH, site at the other end of
the molecule. If the peptide does nol contain any AA units
with additional acidic or basic sites, such as TYr, the equilibria
influencing the retention of the peptide should still be ion·
ization of the acidic and basic site. Thus, Equation 4 should
describe the cbange in k' as a function of pH.

Figure ashows plots of experimentally determined II'values
on XAD·4 as a function of pH at a constant ionic strength
for two peptides. Peptide k' data on XAD·7 are shown in
Figure 4. These results are similar to those found for the AA.
In acid and base solution, retention occurs as the cation and
anion, respectively, while in the intermediate pH region,
zwitterion formation, which leads to a highly charged species,
reduces the extent of the retention.

The hi' ho, and h' l values listed in Figure 3 and 4 were
calculated by a nonlinear least·squares fit of the experimental
data to Equation 5. It should be noted that a minimum set
of data was used in the fitting of data in Figures 3 and 4. The
K. values are taken from the literature (I8). Limitations in
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Figure 6. Increasing resoluUon through pH control in the separation
of amino acids on XAD-4. 45 to 65 ~m, 0.46 g. 30 X 0.236 em XA0-4
column at a flow rate of 0.8 mLlmin using detection at 208 run where
(A) pH 5.89. phosphate buffer. Ionic strength 0.2 M. (B) pH 2.53. Hel
solution. iaolc strength 0.2 M. and (C) pH 1.99. HCl sokJ1ion. ionic strength
0.2 M. all 100% H20

The separation of compounds 1 to 4 can be improved by
utilizing a gradient in which CH3CN is introduced slowly into
water up to the I % level and then increased more rapidly to
reduce the R, for DL-Phe and DL-Trp (if in the sample).

Figure 6 illustrates both the utilization of pH to bring about
a separation and the use of Equation 4 to predict the sepa­
ration. If faced with having to separate a mixture of DL-Ala,
DL-Val, tetra-L-Ala, and DL-Leu the h'value for each would
be measured in strong acid solution (hi), at the isoelectric pH
(ho), and in strong base solution (h_ t ). With these data and
the ionization constants, graphs of h'vs. pH can be calculated
by Equation 4 (see Figures 1 and 3). Comparison of these
graphs allows the prediction of the optimum pH condition
for the separation.

In Figure 6A, the isoelectric point pH is used for the
separation. As predicted from Figures 1 and 3, h' values at
this pH are not significantly different for the three AA and

Figure 5. Separation of amino actds on XAD-4. 45 to 65 IJm, 0.46
g, 30 X 0.236 em XAD-4 coUm at a flow rate of 0.5 mLlmil (Increased
to 1.0 mUmin at h and using 1% CH,CN-99% H20. Sample: (1)
27 ~g. (2) 29 ~g, (3) 35 ~g, (4) 3.3 ~g, and (5) 3.3 ~g, and detec1Jon
at 208 nm

4

2

oOL-~..J2L-~..J4L-~..J6L-p~H~8:--~.JIO=-.L....J12=-"'----:'14

Figure 4. Capacity factors for two peptides on XAO-7 as a function
of pH with k ,. k o• and k -1 calculated by Equation 4 using a nonlinear
squares fit. For tetra,,-alanine. K., ;:;; 3.80 X 10-4, K., = 1.15 X 10-8,
k, ; 1.43 ± 0.04, k, ; 1.03 ± 0.03, k .• ; 1.00 ± 0.04. For
L-alanyk.-Ieucine, K., ;:;; 5.01 X 10-4

, K. = 7.24 X 10-9, k 1 =5.53
± 0.35. k, ; 1.35 ± 0.27, k., ; 1.30 ~ 0.34. 45 to 65 ~m, 0.39
g, 45 X 0.236 cm XAD-7 column at a flow rate of 0.50 mUmln, V,
= 1.09 mL. Phosphate buffers in water at 0.04 M and ionic strength
made to 0.2 Mwith NaCI

5
•

these calculations are discussed elsewhere (15). Alternatively.
the h '-pH relationship can be calculated by using Equation
4 and the capacity factors determined at three pH conditions
as previously described for the amino acids.

Thus, it can be concluded that Equation 4 provides a
quantitative description of the equilibria that influence the
retention of diprotic peptides on the XAD copolymers. If the
peptide has additional ionization sites, these can be accounted
for by modification of Equation 4 (see Equation 6). Since the
h' data are readily determined as a function of pH. Equation
4 can also be used to determine the K. values for the peptide.
Finally, eluting conditions based on pH are readily predicted
from a h '-pH plot which can be calculated from a minimum
number of experimentally determined h' data.

Separations. Changes in capacity factors for the AA and
derivatives can be achieved by controlling variables in the
eluting mixture, such as pH, organic solvent-water ratio, the
type of organic solvent used, or the addition of salt and by
choice of the XAD copolymer as the stationary phase. The
separations cited here were designed to illustrate the scope
of the XAD copolymers in separating AA and derivatives
through the control of these variables.

Initial experiments showed that plate heights (2 to 5 mm)
were similar to those found for retention of organic acids and
bases (11-14) and that sample loading could be done up to
1 to 2 mg/g 01 support without sacrificing plate height. All
separations reported here were done at loading capacities well
below this level.

Figure 5 illustrates a separation of nonpolar and aromatic
amino acids on XAD-4 using 1% CH3CN-990/0 water as the
eluting mixture. The XAD-4 support is preferred over the
XAD-2 because retention of the nonpolar AA is much higher
on the XAD-4. Ifonly aromatic amino acids. which have large
h' values, were being separated, XAD-2 would be a suitable
support. The conditions for the separation of a DL-Tyr,
DL-Phe, DL-Trp mixture on XAD-2 has been reported pre­
viously (13).

If Trp were included in the mixture in Figure 5, its peak
would appear at a much higher R, relative to DL-Phe. For
convenience, a larger flow rate was used to elute the DL-Phe.
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Figure 9. Separation of dansyl derivatives of amino acids on XAD-2.
Same column as in Figure 8 using gradient described in the text.
Sampla: (1) 6 ~g. (2) 5 ~g. (3) 5 ~g. (4) 6 ~g. (5) 8 ~g. (6) 9 ~g. and
(71 8 ~g. and delection at 254 nm
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figure 7. Reversal In elution order for the separation of 8 dipeptide
mixture on XAC-2 by e change In the pH of tha alutlng agent. 45 to
85 ~m. 0.31 g. 21 X 0.238 cm XAC-2 column at e flow rate of 0.5
nUmil usklg delection el208 nm. a sarr1lIe 012.7 ~g of each dipeptide.
and (A) pH 2.73. phosphale buffer el ionic strength 0.2 M In 2%
EIOH-98% wat.... and (B) pH 11.03 phosphate buffer at ioolc strength
0.2 M In 2% EIOH-98% waler

3,4

5

o 5 10 15 20
ml

Flgur. e. Separation of DNP derivatives of emlno acids on XAC-2.
45 to 85 ~m. 0.71 g. 45 X 0.236 em XAC-2 column el a flow rale
of 1.0 nUmln and using 15% CH,CN-85% H20. Sample: (1) 3.6
~~U~WU~~U~and~U~andde~ioo
al254 nm

the peptide. and only two peaks are obtained, the first
containing two AA and the peptide and the second containing
Leu. Although increasing the pH in the eluting mixture to
pH 12 would increase the difference in h'values. the difference
would not be as large as that possible in acid solution. Figure
68 illustrates the complete separation at pH 2.53. Increasing
the acidity, as shown in Figure 6C, increases the resolution;
however, the time for the complete separation is also increased.
Considering both the time and resolution factor, the optimum .
pH for the separation is in the range of pH 2 to 3.

As noted previously, the type and position of the R group
in the AA subunits in the peptide have an effect on the
chromatographic retention at different pH conditions. This
effect can be large enough to cause a reversal in the elution
order and can be used advantageously in many practical
applications. An example of this is shown in Figure 7 where
L-Phe-Glyand Gly-L-Phe are separated under acidic (Figure

o 5 10 15 20
ml

Figure 10. Saparation of a dipeptide mi,"..a on XAQ-2. '45 10 65 ~m.

0.71 g. 45 X 0.236 cm column at a flow rala 01 0.5 rrL/mln and using
0.1 MNaHCO, In 10% EtOH-90% H20. Sampla: (1) 5 ~g. (2) 10
~g. (31 15 ~g, (4) 23 ~g. and (5) 20 ~g. and deleclion at 254 nm

7A) and basic (Figure 7B) eluting conditions. As predicted
from Table VI, in acid L-Phe-Gly appears first, while in base
it appears second.

Figures 8 and 9 illustrate separations of AA as the DNP
and dansyl derivatives, respectively. XAD-2 was used over
XAD·4 because the derivatives already have large h'values
and the stronger adsorption power of XAD-4 is not necessary.
Since both AA derivatives contein free carboxyl groups. pH,
which was not explored in detail, is also a variable that can
be used to effect the separation.

The initial mixture for the gradient used in Figure 9 was
2:1% CHJCN-77% water containing 0.11 M NaC!. The
mixture was changed by adding 1.25 mL CHJCN/min until
35% CHJCN was reached; the eluting mixture was then
maintained at this level. In the absence of the salt, the peaks
in Figure 9 were broader and the resolution was reduced. This
type of salt effect was previously found when separating other
organic acids (12. 13).

Examination of the k' values in Table V and VI suggest that
a wide variety of dipeptide combinations are readily separated.
Figure 10 illustrates the separation of a mixture of 5 dipepties
on XAD-2. If the k '-pH graphs for each dipeptide were
determined, as outlined for Figure 6, the optimum pH
condition for the separation is readily predicted. Several other
dipeptide mixtures such as Gly-L-Tyr, Gly-DL-Phe. GIY-L-Trp
were also separated.
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Figure 11 illustrates the separation of a mixture of alanine
peptides on XAD-4. The tetra-L-A1a was not included in the
mixture because, under these eluting conditions, its peak
would not be resolved from the tri-L-Ala peak.

Several attempts were made to separate small chain
peptides that differed only in optical activity. Enough success
was experienced to warrant further examination since it
presently appears that resolution is going to be achieved for

A

2 I. DL-olo
3 2. (L-olo)2

3. (L-olo)3
4. (L-oloJ5

4

5
ml

Figur. 11. Separation of a paptlde mixture on XAD-4. 45 to 65 I'm.
0.46 g. 30 X 0.236 em XAD-4 column at a flow rate of 0.4 mL/mln
and using 5% EtOH-95% H20. Sample: (1) 11 1'9. (2) 2.7 I'g. (3)
3.7 I'g. and (4) 4.7 I'g. and datectlon at 206 nm

Evaluation of Benzene as a Charge Exchange Reagent

S. C. Subba Rao1 and Catherine Fenselau'

Department 01 Pharmacology and Experimental Therapeutics. Johns Hopkins University School 01 Medicine. Banlmore, Maryland 21205

Tho feasibUlty 01 utDlzklg benzene as a reagent gas Is explored.
Under chemical Ionization conditions CaHo+. Is the reactant
Ion In benzene. C,H,+' Ions ionize compounds wlth Ionization
potentials below 9.2 eV by charge exchange. These spectra
contain prominent molecular Ion peaks wKh evidence 01 very
little fragmentation and no peaks beyond the M+ group. The
C,H,+, species has been found to Ionlze ontY the unsaturated
fa"y acids In a mlx1ure of saturated and unsaturated fatly
acids.

Charge exchange reagents offer the potential of selectively
ionizing only those components of a mixture which have lower
ionization potentials (1). Thus a charge exchange reagent with
recombination energy in the middle of the range of ionization
potentials of most organic compounds, 7-11 eV, should be a

'On Sabbatical leave from Lincoln University, Lincoln Univelllity.
Pa.

useful reagent gas for chemical ionization mass spectrometry.
Einolf and Munson have evaluated a number of small gaseous
molecules with ionization potentials in this range (1). and
subsequent work with nitric oxide has been reported from a
number of laboratories (2-4). However. the selectivity oi nitric
oxide as a charge exchange reagent (see reaction 1), was found
to be compromised by other ion molecule reactions, including
electrophilic addition (reaction 2), and hydride abstraction
(reaction 3) which also lead to ionization of the sample. Thus
nitric ·oxide at pressures used in chemical ionization sources
will ionize most compounds, regardless of their ionization
potentials.

NO' + R - NO + R·· (1)

NO' + R - R·NO' (2)

NO' + R - HNO + (R-H)' (3)

Charge exchange ionization has also been reported by
methane at chemical ionization pressures (5). However. the
charge exchange reactions of alkanes are usually superseded
by ion molecule reactions involving proton transfer.

0003-2700176/0350-0511$01.00/0 <0 1978 Amarican CIlamicaI SocIety
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Table L M.. Spectra of CdH, at Varioua Bowce
Temperatures and 0.4 Torr

Relative intensity

Table n. M... Spectrum of CoD, at
185'C and 0.4 Torr"

mle Relative intensity

a Not corrected for isotope peaks.

mi. 100'C 140'C 170'C 185'C 200'C

63 2 1.7 1.9 1.9 2.2
77 1.7 2.2 4.0 4.3 5.0
78 100 100 100 100 100
79 12 10.0 10.0 10.0 10.0

115 L5 L2 L2 LO LO
128 3.2 1.7 1.6 1.6 1.6
154 7.0 1.7 1.7 1.7 1.7
155 25.0 9.0 7.0 7.0 7.0
156 2.7 1.2 1.2 1.2 1.2

230 ·c
2.2
6.0

100
10.0

2.0
1.6
1.7
7.0
1.2

66
82
84
85
86

122
136
166

1.04
3.96

100
6.5
2.6
1.0
1.2
5.0

and Dohme, Canada, Ltd., labeled minimum isotopic purity 99.96
atom 010 D.

For aniline the calculated value of llH for reaction 5 is -10
Kcal/mol (10). llH values for reaction 5 with other mono·
substituled benzenes are estimated using the llH value for
aniline and proton affinities of monosubstituted benzenes (11).
These are presented in Table III.

CQmpounds with ionization potentials lower than that of
benzene (9.2 eV) were found to be ionized by C.H,,· and the
spectra produced are reported in Table IV. The spectra
exhibit the following features: (I) M·· is the base peak; (2)

RESULTS AND DISCUSSION
The mass spectra of C.H. at a pressure of 0.4 Torr and over

a source temperature range from 110 to 230°C are presented
in Table I. The C.H", ions contribute the base peak at all
temperatures. The next most inlense peak, at m/_ 155,
corresponds to C.H.·C.H,. ions. The intensity of the
C.H..C.H,. peak decreases with increasing temperature. The
dimer [C.H.],.· is not significant at any lemperature. Both
the intensities of C.H.·C.H,. and IC.H.J,.· and the effect of
temperature were more pronounced in an earlier study (B),
and the differences probably reflect primarily the shorter
residence time of ions in lhe source used in the present work.
The mass spectrum of C.D. at 0.4 Torr and 185 "C is pres­
ented in Table II. The base peak corresponds to C.D", and
CsD"CsD,· ions contribute the second most intense peak. The
correspondence between the speclra of CoHo and C.D. is
straightforward.

Charge Exchange Mass Spectra of Monosubstituted
Benzenes. Several monosubstituted benzenes (Table Ill) with
ionization potentials in the range of 7 to 10 eV were used as
model compounds to study charge exchange ionizalion by
C.H", ions. The C.H", ions would be expected to undergo
reaction 4 if the ionization potential of compound A is lower
than that of benzene or reaction 5 if the proton affinity of
compound B is greater than that of the phenyl radical (10).

(4)

(5)

9.3
16.6
16.4

0.2
4.2
6.7

-10
-0.1

AH,
kcal/mol

7.7
8.2
8.7
8.8
9.1
9.2
9.5
9.7
9.9

Compound

1. Aniline
2. Anisole
3. Iodobenzene
4. Toluene
5. Chlorobenzene
6. Fluorobenzene
7. Benzaldehyde
8. Benzonilrile
9. Nitrobenzene

fable III. Ionization Potential of Some Substituted
Benzenes (12) and AH for the Reaction
C.U;· • XC,H, - C,U, • (XC,U,Ht

Ionization
potential,

eV

C,H:· + A - A·· + C,H, .

C,U;, • B - BH' + C,U" .

a Not corrected for isotope pesu.

Thus the ideal reagent for selective ionization by charge
exchange alone would appear to be a molecule which un­
dergoes neither electrophilic addition nor proton transfer
readily. Additional considerations require that the substance
have a high enough vapor pressure for use in the CI source
and that ita recombination energy fall within the range of
ionization potentials of most organic compounds.

Previous studies (6-B) of the ion-molecule reactions oc­
curring in gaseous benzene suggest that it is a candidate for
the kind of selective charge exchange reagent being sought.
At a pressure of 0.5 Torr and temperature of 200 ·C. benzene
produces predominantly CsH"· ions. The recombination
energy of CsH.·· is approximately 9.3 eV (9) mid-range in the
ionization potentials of most organic compounds. The proton
affinities of most organic molecules are generally lower than
that of the phenyl radical and thus most samples are not
expected to be ionized through proton transfer. The C.H.··
ion is not a good electrophile and does not generally attach
itaelf to organic molecules; therefore charge exchange should
be the only ionizing event to result from most CsH.·· ion­
molecule collisions.

The objectives of this study are (1) to investigate the
competitive occurrence of charge exchange, proton transfer,
and ion attachment in ion-molecule reactions of C.H,,· at
approximately 0.4 Torr; (2) to examine the specificity of CoH.··
as a charge exchange reagent; and (3) to apply C.H.·. charge
exchange ionization to the analysis of mixtures.

EXPERIMENTAL

All mass spectra were recorded on a DuPont 21-491 double
focusing mass spectrometer equipped with a dual EI/CI source
and interfaoed to a Varisn 2700 gas chromatograph through a glass
jet saparator. The source has a saparate introduction port for
reagent gas. Tbe source temperature was maintained at 185 'C
(unless otherwise specified) and the reagent gas pressure in the
source at 0.4 Torr.

All the CI mass spectra were recorded with a sample con­
centration of :50.5'l'o of the reagent gas. For reactant ion
monitoring, the sample concentration was maintained at 1-2%
of the reagent gas.

Samples were introduced from the batch inlet system at 150
·C. Samples were introduoed from the gas chromatograph using
a 6·ft glass column packed with 3'l'o OV·IO/. Column temper·
atures are reported with each chromatogram. Tbe GC·MS in·
terface line was maintained at 300'.

An Incas data system was used for the acquisition and pro­
cessing of data. Gas chromatograms were reconstructed by
computer from electron impact scans made under computer
control throughout the time of the chromatographic elution.
Reagent ion records (m/e 78) were reconstructed by computer
from repetitive scans made under CI conditions. For ion intensity
studies, a apectrum averaged from 50 scans of the benzene reagent
gas was subtracted from a spectrum obtained as the average of
50 scans of reagent gas and sample additive.

Benzene was Photorex Reagent grade from J. T. Baker
Chemical Company. I3enzene-<4 was obtained from Merck Sharp
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Figure 1, Reconstructed gas chromatogram (RGe) (eleetron Impact) and reaetant ion trace (RIM) (Celie+. Ians) far a mlxue of monosubstltuted
benzene compounds. The gas chromatogram was programmed tram 70°C at 10°'min
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• .' I, __-,., -,.,__---,:-_
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Figure 2. _Ion currenl/Tatallon current X 100 as a f\IlCIion
of the difference between the ionization potentlal of~ and thet
ot the sample. Samples are (1) Anline. (2) _. (3) (-.zane,
(4) TokJene. (5) ChIorobenzene. (6) FJuarobenzene, (7) Benzaldehyde,
(8) BenzonltrUe. (9) Nitrobenzene

of time. The intensity of reactant ions decreases when these
ions react with a sample, e.g., a sample eluted into the source
of the mass spectrometer from the CC. A trace of reactant
ion current vs. time resembles a gas chromatogram. The area
of a peak depends on the amount of substance passing into
the m8S!! spectrometer and it has been proposed (14) that the
area depends on the rate constant for the ion-molecule re­
action.

A mixture of toluene, anisole, benzonitrile, and nitrobenzene
was injected through the GC (total ion current, Figure 1). As
toluene and anisole were eluted into the source of the mass
spectrometer, there was a momentary decrease in the reactant
ion current. As benzonitrile and nitrobenzene were eluted into
the source, there was no detectable decrease in the reactant
ion current. The trace of reactant ion current VB. time is shown
in Figure I. Ionization potentials of benzonitrile and ni­
trobenzene are higher than that of benzene and no reaction
takes place with CoH"· ions.

A graph of the ratios of molecular ion current to total ion
current as a function of the difference between the ionWition
potential of benzene and the ionization potentials of com·

very little fragmentation occurs; (3) no peaks are present
beyond the molecular ian peak group.

Compounds with ionization potentials greater than 9.2 eV
were found to produce very weak spectra. The (M + H)+ ions
contribute the base peaks in these spectra, and M+· ions have
little or no abundance. Thus ionization is not occurring by
charge exchange. The (M + H)+ ions could be formed from
a reaction of a molecular ian of the sample with a molecule
of the sample

M'· + M - (M + H)' + (M - H)·. . . . . (6)

or proton transfer from any hydrogen-containing reactant ion
in the reagent gas to a molecule of the sample (13).
XH' + M - MH' + X..... (7)

Reactions between molecules of sample were deemed unlikely
to occur under the present experimental conditions because
the partial pressures of the samples were kept at a low value
and the proton affinities of the compounds used are low.
Benzene--<ig was used as the reagent gas to determine whether
or not proton transfers occur between C.H.+· ions and the
compounds with ionization potentials greater than 9.2 eV. If
protons are transferred from C.H", ions, then deuteron
transfer would be expected to occur from C.D,,· ions yielding
(M + D)+ peaks. However, no ionization at all took place with
CoD. as the reagent gas, indicating that the (M + H)+ peaks
observed previously were caused by either a contaminant in
benzene or in the mass .pectrometer.

Benzene-d. was also used as a reagent gas for compounds
with ionization potentials lower than 9.2 eV. The spectra
produced are presented in Table N, and are almost identical
with those obtained with C.H. as a reagent gas except in the
case of aniline. The CoD. charge exchange spectrum of aniline
contains M+· as the base peak and a small (M + 0)+ peak.
This is the only compound studied for which (jJ{ in reaction
5 is significantly negative; thus proton transfer competes,
though weakly, with charge exchange from CoH"· to aniline.

Further evidence that ian-molecule reactions do indeed
occur between CoH.+. and only those compounds with ian·
izatian potantials below 9.2 eV is obtained by monitoring the
reactant ian current. In the reactant ian monitoring technique
(14); the intensity of the reactant ian' is monitored as a function
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injected through the GC. The area per I'mole of the sample
as a function of IllP is shown in Figure 3. It is observed that
the areall'mole increases as the IllP increases. This indicates
that the relative rate constants for the ion-molecule reaction
between CoHo+. and these compounds increase with increasing
IllP.

Charge Exchange between C.H.·· and Fatty Acid. In
order to demon.trate the utility of C.H.+. as a reagent ion for
charge exchange reactions with mixtures encountered in
bio-organic problems, seven esters of saturated and unsat·
urated fatty acids were examined (Table VJ. Only the esters
of unsaturated fatty acids were found to be ionized by CsH.+·.
All the spectra contain intense molecular ion peaks. small M
+ 1 peaks and few fragment peaks. The molecular ion is the
base peak in all the spectra except in the case of methyl oleate.
In this spectrum [M - 32)+. ions contribute the base peak and
the relative intensity of the M+ peak is about 40%. The
spectrum of methyllinoleate is shown in Figure 4. Although
ionization potentials of fatty acids do not appear to have been
measured, it is apparent from the present findings that the
ionization potentials of unsaturated fatty acids lie below 9.2
eV. The ionization potentials of some model compounds are
given in Table V, in which unsaturated hydrocarbons are seen
to have ionization potentials below that of benzene.

The esters of saturated fatty acids were ionized much less
efficiently, and then apparently by proton tran.fer. since the
spectra contained (M + H)+ peaks as the base peaks in ad·
dition to other fragments. Evidence that this was not caused
by proton transfer from C.Hs+. was obtained by reactent ion
monitoring. A mixture of five esters was prepared and injected
through the GC. As the ester of each unsaturated fatty acid
\\0'85 eluted into the source, a decrease in the reactant ion
current was observed. As the esters of the saturated fatty acids
were eluted, no change in the reactant ion current was re·
corded. The trace of the reactant ion current vs. time is shown
in Figure 5, along with the gas chromatogram reconstructed
by the computer from electron impact spectra of the same
mixture.

CsHs+. Charge Exchange Spectra of Miscellaneous
Compounds. In order to demonstrate the versatility of this
reagent, the benzene charge exchange spectra of nalorphine,
cholesterol, and the methyl ester of tryptophan (introduced
by direct probe) are shown in Figures 6 to 8. Each of the

"

M+(294)

0'

~'hyf LIflOMO"

B.n.z.~ C£

'0

eo

'00

v

I
'00 0,

0,

! 0,

II 0.
'0

II
0,.II

1
'a

",IPleVI

Flgur. 3. Normallz&d area per ~mole or the reactant Ion peak 8S a
function of the dillerence between the ionization polentlel of benzene
end thet of the sample. Semple. ere the same as In Figure 2

200 210 240 260 280 3CX)

m/e

fig.... 4. Benzene charge exchange mess .pectnm 01 methyilinoleete

pounds 1-9 is shown in Figure 2. It is interesting to note that
as IllP increases. the value of Iml};]; also increases. It is likely
that the efficiency of charge exchange ionization increases as
the difference in the ionization potential of the reagent gas
and the additive increases, at leaet in the close interval ex·
amined here. In order to test this, known amounts of
compounds with ionization potentials below 9.2 eV were
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Figure 5. Reconstructed gas chromatogram (RGC) (electron Impact) and reactant Ion trace (RIM) (C,He+. Ions) for a mixture of fatty acid esters.
The gas chromatograph was programmed from 175°C at eO/min



ANALYTICAL Ct-£MISTRY. VOl. 50. NO.3. MARCH 1978 • 515

Table IV. C.":' and c.n:· <""harge Exchana:e Mus Spectra of MODOIubitituted BeozeneaG

C,H,+' C.D;·

Substituent (M-l)' M'· (M + 1)' (M-l)' M'· (M + I)' (M + 2)'

NH, 2 100 11 1.5 100 8 4
OCH, 100 9 100 8
1 100 7 100 7
CH, 35 100 8 25 100 8
CI 100 7
F 100 7

a Not corrected for isotope peaks.

IGO
M'

Tryptophan 274

~ eo· MethyiEsler

~ Benzene CE

~

~
GO

~
40 216

?O

10.40
10.18

9.46
8.95
8.48

o
o
o
1
2
3
4
o
o
1
1
2

Compound

Methyllaurate
Methyl myrislate
Methyl palmitate
Methyl oleate
Methyllinoleate
Methyllinolinate
Ethyl arachidonate
Methyl pentanoate
N·hexane
I-Hexene
lrans-3-Hcxene
2.4-Hexadiene

Table V. Fatty Acid Est.nI and Related Compounda

Number of
double bonds IP (J2)

Figure 6. Benzene charge exchange mass spectrum of nalorphine

Figura 7. Benzene charge exchange mass spectrum ot cholesterol

300 320 340 360 3BO 400

mI.
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CONCLUSION
Henzene ions can be used quite satisfactorily for charge

exchange of samples with ionization potentials below 9.2 eV.
Henzene ions have the advantage over many other reagent ions
in that proton transfer, hydride abstraction, and ion at·
tachment do not occur significantly in competition with charge
exchange. Benzene ions will ionize unsaturated fatty acids
by charge exchange in the presence of saturated fatty acids.
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recommend this charge transfer technique for certain ana­
lytical problems.
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spectra contains a molecular ion peak as the base peak, ac­
companied by little fragmentation. The intensity of (M + I)
ions is somewhat larger than the expected isotopic value,
presumably reflecting proton transfer from species other than
C.H.+" No attachment ions are detected. The intense
molecular ions and the fragmentation greatly reduced relative
to electron impact or proton transfer chemical ionization
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Determination of Dissolved Iron in Seawater by Radioisotope
Dilution and the Chelating Agent Bathophenanthroline

G. M. Sharma' and Henry R. DuBois

Department of ChBmIc8/ Oceanography. New York OCean Science Laboratory. Montauk, New York 11954

In these equations, Eo is the radioactivity bound when a units

A new racloilolope dIkdIon method lor the lIrect delermklatlon
of Ionic Iron In a small volume 01 ocean waler Is described.
Known emounls 01 unlabeled lerrous Ions are added 10 Ihe
allquola 01 Ihe radioactive lerrous Ions ("FeH ) and Ihe
mixtures are reacted w"h balhophenanlhrollne 10 yield
[Iron-(balho).p+ complex. A standard curve Is conslrucled
by pIoI\klg % balho-bound racloectJvllles agalnslthe amounts
of l.I1labeled ferrous Ions on 1ogII-log peper. The concenIration
of Iron In an unknown sample Is oblalned by observing the %
radJoactlvlty of the labeled Iron bound by balhophenanlhrollne
alter radlodllullon by Ihe unlabeled Iron presenl In a known
volume 01 Ihe sample; Ihe concenlrallon Is read Irom Ihe
standard curve. The Inlerference due 10 cuprous Ions Is
elmlnaled by complexlng them wtIh neocuprolne. The method
Is slmpIe and ,""able lor routine delermlnaUon 01 soluble Iron
on shipboard.

(subsl<lichiometric amount) of bathophenanthroline is reacted
with m units of the Isbeled ferrous ions and B is the radio­
activity hound by a units of bathophenanthroline when re­
acted with a mixture of m units of the labeled and x units of
the unlabeled ferrous ions. The expressions BIBo= P and
m/(m + xl represent the % batho-bound radioactivity and
degree of isol<lpe dilution ~espectively. When x is known and
P is plotted vs. x on a logit-Iog paper, a linear standard curve
is obtained. The slope of the line will be -I when log, x is
used or the slope will be -2.303 whenloglO x is used. Any large
deviation of the slope of the experimental line from the
constant value should indicate interference from some other
element or elementa to the binding of ferrous ions with ba­
thophenanthroline. Using this criterion it was discovered that,
except for ionic copper, no other ions present at their normal
concentration in seawater compete with ferrous ions for
binding to bathophenanthroline. The interference due l<l
copper ions was eliminated by complexing them with the
copper specific binder 2.9-dimethyl-I,10-phenanthroline
(ncocuproine). The concentration of iron in an unknown
sample is obtained by adding a known volume of the sample
l<l the aliquot of the radioactive iron and observing the percent
radioactivity bound by bathophenanthroline from this
mixture. The concentration is read from the standard curve.
The sensitivity range of the method appears l<l extend from
the lowest l<l the highest values of iron encountered in ocean
waters. For other applications of this technique, Ref. 5 may
be consulted.

EXPERIMENTAL
Apparatus. Radioactivity was measured ~1th a Baird Atomic

Gamma Counter (Baird·Atomic, Inc.. Cambridge, Mass.) equipped
with a well type scintillation detecl<lr (Model 810). a general
purpose scoler (Model 132), and a timer (Model 960A). Reagents
used in the assay were pipetted with a Schwan/Mann "biopipet"
or a "diulamatic microdispenscr" (calibration 0-100 ilL) made
by Drummond Scientific Company, Broomall. Pa.• (distributor.
Fisher Scientific Co.). Logit·log graph papers were purchased
from Schwarz/Mann. Mountain View Ave., Orangeburg. N.Y.
10962. Whatman GF/C filter pads for filtering seawater were
obtained from VWR Scientific Company. All reactions were
corried out in polypropylene tubes. Polypropylene tubes and other
plastic apparatus used in assays were cleaned thoroughly by
immersing in 50"10 v/v hydrochloride acid for 2 h and then washing
liberally with dooble·distilled water.

Chemicals. lron·59 solutions containing on the day of cali·
bration -100 ~Ci of "Fe as ferric chloride in 1.0 mL of O. t N HCI
were purchased from Amershnm/Searle Corporation. Total iron
in each vial was ..... 13,.,.g. Bathophcnanthroline and neocuproine
were porchased from G. Frederick Smith Chemical Company,
Columbus, Ohio. Analytical grade sodium acetate. hydroxylamine
hydrochloride, and hydrochloric acid were obtained from J. T.
Baker Chemical Company. Isoamyl alcohol was purchased from
Fisher Scientific Company. Redistilled ethanol was used to
prepare bathophenanthroline and neocuproine solutions.

Preparation of Reagents. Bathophenanthroline Solution
(Bntho·solution). A stock batho-solotion was prepared by dis­
solving 0.0700 g of 4,7-diphenyl·1,I(}.phenanthroline in 100 mL
of ethyl alcohol and then adding 100 mL of distilled water. The
stock solution was kept in a well stoppered polyethylene bottle.
Working solutions containing 350, 700, and 1230 ng batho-

(1)

(2)

(3)

Let BIBo = P, then

P m
1-P= -;-

In l~P:; logitP=ln(m)-ln (x)=

In (m) - 2.3031og,o (x)

Although biologically essential trace elements (Fe, Cu. Co.
Mn, Zn, Mo, V, etc.) occur at low concentrations in ocean
watelll. marine organisms are able l<l absorb them in quantities
far in excess of their biological needs (I). This is well
demonstrated by aUl<ltrophic algae which contain trace el­
ements at concentrations as high as 10" times of their seawater
concentrations (2). Biological uptake processes of this
magnitude should produce seasonal variations in the dis­
tribution of elements being consumed. Experimental veri­
fication of this phenomenon would require analysis of a large
number of samples per season. Projects of this type would
be speeded up considerably if the analysis could be carried
out on shipboard. For this, simple methods for the direct
detennination of trace elements in a small volume of seawater
(I mL or less) are needed. In this paper we describe a ra­
dioisol<lpe dilution method for the determination of ionic iron
which enjoys these features. The method is based on the
observation that after reduction l<l the ferrous state. the ionic
iron in seawater samples or in standard solutions competes
with the added radioactive ferrous ions ("'Fe2+) for complexing
with the iron specific binder, 4,7-diphenyl-I.I(}.phenanthroline
(bathophenanthroline or simply bathol on an equal basis. In
competitive binding experiments. the radioactivity bound
usually represents the degree of isol<lpe dilution (3,4). In view
of this we can write Equations 1-3.

B m
~=m+x
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pheuanthroline in 100 1'1. of the solvent were pr.pared by diluting
0.1,0.2, and O.35-mL a1iquots ofth. stock solution to 10 mL with
50% vlv ethanol-water mixtur•. These solutions are respectively
1.05 X 10-",2.11 X 10", and 3.68 X 10" M bathoph.nanthrolin•.

Neocuproine Solution. A stock solution of neocuproine was
prepared by dissolving 100 mg of 2,9-dim.thyl-I,I().ph.nanthrolin.
io 100 mL of ethanol. The working solution was pr.par.d by
diluting I mL of the stock solution to 10 mL with 50% vIv
ethanol-water mixture.

Iron-Free Hydroxylamine Hydrochloride. Th. r.agent grad.
hydroxylamine hydrochloride was crystallized twice from 10%
vIv hydrochloric acid and then from doubl. distilled water. Th.
crystallized material was dri.d_ Th. dried salt, 10.0 g, wss
dissolved in 100 mL of distilled water. The solution was mad.
iron-free by reacting with bathophenanthroIine and extracting
the red iron-batho complex with isoamyl alcohol as d.scribed by
Strickland and Parsons (6). Th. iron-free hydroxylamine solution
was stored in a well-stopp.r.d polyethyl.ne bottle.

Iron·Free Sodium Acetate Ruffer. Reag.nt grad. sodium
acetate tribydrate, 75 g, was dissolved in 100 mL of distilled water
and the solution was made iron-Cree according to the procedure
described by Strickland and Parsons (6).

Iron and Copper·Free Seawater. Seawater was mtered through
a GFIC filter pad. A lOO-mL aliquot of the filtrate was mixed
with 10 mL of 0.48 N HCl and 2.0 mL of hydroxylamin. hy­
drochloride solution in a clean Nalgene separatory funnel and
the mixture was allowed to stand for 5 min to complete the
reduction of ferric to ferrous and cupric to cuprous ions. Then
2.0 mL of ac.tate buffer and 5 mL of bathl>-solution were added
and. after mixing, the mixture was let stand for 10 min. The
complexes of ferrous and cuprous ions with bathophenanthroline
were extracted with 30 mL of isoamyl alcohol. The aqucous layer
was s.parated and boil.d in a nask for 10 min to .xpel most of
the isoamyl alcohol. This iron and copper-free seawater was stored
in a w.lI·stoppered polyethylene bottle.

Iron·59 Solutions. Solutions containing --15 ng, 50 ng, and
100 ng of Fe"/IOO "L and having 5000-17000 cpmllOO "L w.r.
prepared by mixing appropriate volumes of 10 ppm f.rric chlorid.
solution and radioiron solution in l().mL volum.tric flasks. After
the addition of 2.0 mL of hydroxylamine hydrochloride solution
and 0.4 mL of conc.ntrated HCI, th. volumes w.r. brought to
10 mL by adding double-distilled water. Th. solutions were stored
at 4 ·C in well-stoppered plastic tubes. Th. quantity of hy­
droxylamine present in these solutions is sufficient to reduce the
progressively increasing amounts of ferric ions used in the
competitive binding experiments.

Cold Iron Solutions. Th. solutions containing 10, I, and 0.1
,.g ferric ions in 1.0 mL of distilled water were pr.pared daily from
1000 ppm F." stock solution. The 1000 ppm Fe" stock solution
was pr.pared by dissolving 0.5000 g of analytical grad. iron wire
in 20 mL of 6 N HCI and making the volume to 500 mL with
distilled wat.r.

Copp.r Solutions. Working solutions containing 10, 1.0, and
0.1 ,.g of Cu" in 1.0 mL of distilled water w.r. pr.pared by serial
dilutions of 1000 ppm copp.r solution purchas.d from Fisher
Sci.ntific Company.

Saturation Curv•• On. milliliter of distilled water was placed
in each of the 18 sequ.ntially numbered polypropylen. tubes. For
duplicate runs, the tubes w.r. arranged in pairs and progressiv.ly
increasing amounts of radioactiv. f.rrous ions were added to th.m.
After counting the radioactivity in .ach tub., the pH of the
solutions was brought within the raog. 4-4.5 by adding 50 "L of
ac.tate buIf.r and mixing. To each tub., 100 "L of 3.68 X 10-'
M batho-solution was added and, after mixing, the tubes w.r.
allowed to stand at ambi.nt temperature for 20 min. During this
period the tubes w.r. vortex.d three times (after 5, 10, and 20
min) so that the iron-batho compl.x produoed during the reaction
could coat the sides of the tubes. Th. aqueous solutions were
poured into anoth.r set of similarly number.d tubes. By
measuring the radioactivity in th.se tubes, the counts due to
uncompl.xed iron w.r. obtained. Rinsing the assay tubes with
water did not improve the precision on coWlting the uncomplexed
iron. The radioactiviti.s bound to bathoph.nanthrolin. w.r.
calculated by subtracting the counts due to uncompl.xed iron
from the total counts. The calculated bathl>-bound radioactivities
w.r. almost identical with the ones obtain.d by counting
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Tabl.l. Counting Data of • Typical Competitiv.
BindinK Experiment:lron"; 100 nK; total cpm, 16712

Tub. Cold F., Free Bound
No. ng cpm epm BIB. X 100

1 0 5100 11612 B. = 11835
2 0 4948 11764
3 0 4584 12128

4 10 6366 10346 87.4
5 10 5906 10806 91.3
6 10 5620 11 092 93.7

7 20 6782 9930 83.9
8 20 6392 10320 87.2
9 20 7016 9696 81.9

10 50 8392 8320 70.3
11 50 8242 8470 71.6
12 50 8264 8448 71.4

13 100 10102 6610 55.9
14 100 10080 6632 56.0
15 100 10130 6582 55.6

16 200 12406 4306 36.4
17 200 12352 4360 36.8
18 200 12028 4684 39.6

19 500 14728 1984 16.8
20 500 14748 1964 16.6
21 500 14728 1984 16.8

22 1000 /6018 694 5.9
23 1000 15890 822 6.9

iron-batho compl.x directly. Th. iron-batho complex coated to
the sides of the assay tubes was dissolved in 2 mL of isoamyl
alcohol prior to counting. The saturation curve shown in Figure
I was obtained by plotting total counts vs. the bound counts.

Competitive Binding Studies. The experiments were done
.ither in duplicate or in triplicate in well-cleaned polypropyl.n.
tubes using distilled water, filtered seawater, and seawater mad.
fr.e of iron and copper ions. Th. amounts of labeled iron used
in these experiments are not to be taken too exactly, rather they
are intended to indicate a concentration that is orders of mag·
nitude higher than the 11K valu. of bathophenanthrolin•. Th.
concentration of batho-solutions were such that lOO-JlL aliquot
would hind 40-70% of th. label.d iron when th. dose of the
unlabeled iron was zero. Actual amounts of radioactive ferrous
ions and bathoph.nanthrolin. used in th. experim.nts are listed
in th. leg.nd of the curves of the .xperim.ntal data (see Figurea
2 and 3). Progressively incr.asing amounts of the unlabeled iron
add.d to th. labeled iron may b. read from the abscissa of the
graphs. Th. procedure for obtaining data in triplicate is described
below.

Water, 1.0 mL, was added to 24 sequ.ntially numbered po­
Iypropylen. tubes. Th. tubes w.r. arranged in sets of three, and
to sets 2-8 progressively increasing amounts of unlabeled ferric
ions w.r. added. Th.n, 100 "L of iron-59 solution was added to
each tube. After mixing, the tubes were allowed to stand at room
temperature for 5 min to compl.te the reduction of the unlabeled
f.rric ions to the ferrous state by the hydroxylamine present in
the iron·59 solution. During this period, the radioactivities in
tubes 1-3 w.r. counted and averaged to give total counts for the
.xperim.nt. Finally, 50 "L of ac.tate buIf.r and 100 "L of
bathl>-solution of appropriate molarity w.r. added to oach tube
and the contents of the tubes were mixed thoroughly using a vortex
mix.r. The procedure for separating the iron-batho complex from
the uncomplexed iron was the same as described under
"Preparation of the Saturation Curv.... Tb. counts due to
uncomplexed iron w.r. d.termined and subtracted from the total
counts to give counts bound by bathoph.nanthrolin•. The bound
counts in tubes I, 2, and 3 were averaged and the averaged counts
w.r. r.presented by the symbol B.. Th. counts bound by ba·
thophenanthrolin. in all oth.r tubes w.re repr.sented by the
symbol B. Percent radioactivities bound by bathopheuanthroline
w.re calculated using the .xpression P = BIBo X 100_ By plotting
P against the amounts of cold iron on logit-Iog papero, the curves
shown in Figures 2 and 3 were obtained Counting data ofa typical
.xperim.nt and calculation of P from it is shown in Table I.



a 1.0 mL of seawater was used for each determination.
b 100 mL of seawater was used for each detcnnination by
colorimetric melhod.

Table 111. Comparison of the Results of Iron
Determination oC Seawater by the Radioisotope Dilution
Method and by the Colorimetric Method Described by
Strickland and Parsons (6)

heterocyclic amine, bathophenanthroline, is known to react
with ferrous ions almost specifically to give IFe(batho),J"
complex (7). The formation constant (8), K, of the complex
is 10 10 which suggests that even at parts per billion level the
ferrous ions will react with suhswichiometric amounts of
bathophenanthroline to give theoretical yield of {Fe(batho),]"
complex. Thus two of the three components needed for the
radiochemical determination of iron are readily available.

In order to develop a technique fur separating the iron­
batho complex from the uncomplexed iron, known amounts
(20-100 ng) of radioactive ferrous ions were reacted with
100-~L aliquots uf :1.68 X 10' Iv! batho-solution in poly­
propylene tuhes. Interestingly, the iron-hatho complex
produced during the reaction was found to coat the sides of
the luhes very tenaciously when the contents of the tubes were
swirled using a vortex mixer. The aqueous solutions con­
taininK the uncomplexed iron were poured into another set
of tubes. The counts in these tuhes were determined and
subtracted from the total counts to give counts due to
iron-batho cumplex coated to the sides of the first set of tubes.
When batho-bound radioactivities were plotted vs. the total
counts, the saturation curve shown in Figure 1 was obtained.
This curve clearly demonstrates that even at low concen­
trations the reaction hetween ferrous ions and stoichiometric
amuunt of bathophenanthroline practically goes t.u l'Ompletion.
The coating of the iron-batho complex to the sides of the assay
tubes makes the quantitative separation of the uncomplexed
iron from the bound iron an easy process.

Compet.itions between known amounts of labeled and
unlabeled ferrous ions for binding with bathophenanthroline
were st.udied in three separate media: viz, distilled water,
seawater, and seawater made free of iron and copper ions. The
curves A, B, and C of Figure 2 represent data obtained in
distilled water using, respectively, 15,50, and 100 ng of hot
iron. The amounts of cold iron added to the aliquots of hot
iron may be read from the abscissa of the graphs. The slopes
of these curves lie in the range -2.20 to -2.30, which is in close
agreement with the slope of -2.303 expected for a theoretical
curve. In sharp contrast to this the data obtained in filtered
seawater gave a curve (Figure 3, curve A) which had a slope
of -2.80. The increase in the slope of the curve upon going
from distilled water to seawater was attributed to the com­
petition of cuprous ions, present in the later medium. with
ferrous ions for binding to bathophenanthroline. This view
was substantiated when the curve (curve B; Figure 3) con­
structed from the data obtained in copper-free seawater
exhibited a slope of -2.30.

It is well known that neocuproine binds specifically with
cuprous ions (7). When the competitive binding experiments
were repeated by including this reagent in the protocol, the
interference due to copper was found to have been eliminated.
The data gave curves which had slopes close to the expected
value of -2.303.
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Table II. Inbibition of the Bindine of Iron to
Bathophenantbroline by Copper. lroon ::; 100 ng;
total cpm = 7751; batho = 100 ~ L 3.68 X 10-' M Solution

Cu, Neocuproine. Free Bound
Tube ne ~L cpm cpm BIB, X 100

1 a a 3253 4498 B, = 4522
2 a a 3195 4556
3 a 100 3295 4456

4 10 a 3471 4280 94.6
5 1Q a 3521 4230 93.5
6 10 100 3207 4544 100.5

7 20 a 4157 3594 79.5
8 20 a 3859 3890 85.1
9 20 100 3167 4584 101.4

10 50 a 4885 2866 63.4
11 50 a 4883 2868 63.4
12 50 100 3399 4352 96.2

13 100 a 6107 1644 36.4
14 100 0 5835 1916 42.4
15 100 100 3169 4582 101.3

16 200 0 7457 294 6.5
17 200 0 7275 476 1Q.5
18 200 100 3425 4326 95.7

Curve B of ~'igure 3 is the graphical representation of these data.
Interference due to Copper. Distilled water, 1.00 mL. and

radioiron, 100 ng. were added to each of the 18 sequentially
numbered polypropylene tubes. The tubes were arranged in sets
of three. and to sets 2-6 known amoWlts of cupric ions were added
(see Table II). After mixing, the contents of the tubes were
allowed to stand at room temperature for 5 min to complelc the
reduction of cupric to cuprous ions. During this period the
radioactivities in tubes 1-3 were counted and averaged to give
total counts used in the experiment After adding 50 ~L of acetate
buffer to all tubes, 100 ~L of neocuproine solution was pil>etted
to one tube of each set (i.e., tubes 3, 6. 9, 12, 15, and 18). This
was followed by the addition of 100 ~L of 3.68 X 10" M ha­
tho-solution to each tube. The experimental procedure for
determining the radioactivities bound to hathophenanthrulinc
was the same as described in the preceding experiments. The
counting data of this experiment are given in Table II. The line
shown in Figure 4 was obtained by plotting % batho-bound
radioactivities vs. the amounts of copper added on n logit-Iol{
paper.

Preparation of the Standard Curve. The data for the
construction of the standard curve was gathered in iron and
copper-free seawater. Except for the addition of 100 ~L of
neocuproine 80lution prior to the reaction with bathophen·
anthroline the procedure for obtaining the data was the same as
described Wlder the "Competitive Binding Studies". The standard
curve constructed from the data obtained by reacting lOO-~L

aliquots of 2.11 x 10-' M batho-solution with mixtures of 50 ng
of radioactive iron and progressively increasing amounts of the
unlabeled iron had a slope of -2.20.

Assay Prooodure, The seawater samples were mtered through
GFIC mter pads to remove particulate iron. One-milliliter aliquots
of the mtratea were placed in polypropylene tubes and the same
amounts of radioactive iron, acetate buffer, neocuproine and
batho-solutions as used in the preparations of the standard curve
were added to each tube. The % radioactivities bound to ba­
thophenanlhroline were determined and the concentrations were
read from the standard curve. These samples were also analyzed
by the colorimetric method described in Ref. 6. The results are
compared in Table III.

RESULTS AND DISCUSSION
The determination of iron by competitive binding tech­

niques would require three components: (I) A radioisotope
of iron having high specific activity, (2) a substance that binds
specifically and avidly to ionic iron, and (3) some technique
for separating the iron-binder complex from the uncomplexed
iron. Preparation of ferric chloride labeled with iron-59, a
strong'Y emitter, are commercially available. The bidentate

Isotopic method
(duplicate analysis),a

~g/L

6.0,4.2
5.0,4.8
4.1,4.5
7.0,7.5
5.2,5.8

Strickland and Parsons method
(single dctermination),b

~g/L

4.9
4.3
5.0
6.0
5.8
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Unequivocal proof for the interference of copper in the
hinding of iron to bathophenanthroline and for the ability of
neocuproine to eliminate this interference was provided by
the results of the fonowing experiment. Progressively in­
creasing amounts of cupric ions were added to the aliquots
of radioiron solution and the mixtures were reacted with
hathophenanthroline both in the presence and in the absence
of neocuproine. The counting data of this experiment are
collated in Table III. It may he noticed that less and less
radioactivity binds to bathophenanthroline as the dose of
copper added to the radioiron is increased from (}-200 ng. In
the presence of neocuproine, hathophenanthroline binds the
expected amount of radioactivity irrespective of the qUilntity
of copper added to the radioiron. When percent bathe-bound
radioactivity is plotted va. added copper on a legit-log paper,
the curve shown in Figure 4 is obtained. The linearity of this
curve (slope -3.20) suggests that it should he p088ible to

determine the concentrations of copper in seawater by ex­
ploiting the ability of cuprous ions to stoichiometrically reduce
the binding of iron to bathophenanthroline. The only re­
quirement is that a technique for eliminating the interference
due to iron present in seawater should be developed. Work
on this problem is being actively pursued.

In Figures 2 and 3, 50% dilution of the radioactivity should
correspond to a point where the dose of cold iron added is
equal to the amount of labeled iron used. It may be pointed
out that in nearly every competitive binding experiment, the
quantity of hot iron read from the logit-log plots was -1(}-25
ng greater than the actual amount of iron·59 used in the
experiments. This discrepancy was attributed to the con·
tamination of polypropylene tubes by iron although pre­
cautions were taken to clean them thoroughly. Nevertheless,
this contamination does not affect the reproducibility of the
asaay when aU the tubes are cleaned in exactly the same way.
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The tubes cleaned in identical fashion are expected to contain
the same quantity of residual iron.

In the procedure for the preparation of the standard curve
and determination of iron in unknown samples, neocuproinc
was used to complex copper ions which otherwise interfere
with the binding of iron to bathophenanthroline. Several
seawater samples were analyzed for the concentration of the
dissolved iron by the isotopic method and by the colorimetric
method described in the literature (6). The results (Table III)
indicated a fair agreement between the two methods.

It may be pointed out that, to approximate shipboard
conditions, we carried out all experiments in a laboratory
which was neither air conditioned nor kept solely for trace
element work, The major source of contamination, under
these conditions, was the air-borne dust which completely
voids the assay if the tubes are not kept capped at all times
except for the addition of reagents. With this precaution, the
values obtained in replicate determinations agreed well among

themselves in the range l()-lOO ng Fe/mL. The relative
standard deviation at 10 and 20 ng Fe/mL was 13.6 and
12.4%, respectively. In the range around 1-5 ng Fe/mL level,
the sentter of individual determinations around the mean was
found to be much larger if all sources of contamination were
not scrupulously eliminated. This point is well demonstrated
by the data reported in Table Ill.
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Determination of Phentolamine in Blood and Urine by High
Performance Liquid Chromatography

Frederic de Bros·

Anesthesia Laboratory of Harvard Medical School. Massachusetts General Hospital, Boston, Massachusetts 02114

Ernest M. Wolshln 1

Astra Pharmaceutical Laboratory of Clinical Pharmacology, St. Vincent Hospitaf. Worcester, Massachusetts

A high performance liquid chromatographic method lor the
analysis 01 phentolamine In blood and urine Is described. The
procedure requires 1 mL 01 biologicailluids and Involves the
addlllon of a double Internal standard, alkaJinlzaUon, extraction
Into ether, lollowed by back extraction Into sulfuric acid.
Separation 01 drug end Internal standards Is accomplished by
HPLC on a reverse phase column w"h octane sulfonic acid
In the mobile phase as an Ion pairing reagent. Chromato­
graphic separation Is complete In less than 12 minutes. The
assay Is linear lor concentrations Irom 15 to 5000 ng/mL The
11m" 01 detection Is 15 ng/mL lor a 1-mL sample. Relative
standard deviations lor replcate samples average 4.57%. The
assay Is specilic lor phentolamine. There Is no Interference
Irom commonly coadmlnlstered drugs.

Phentolamine or 2-(N'-p-tolyl-N'-m-hydroxyphenyl­
aminomethyllimidazoline (Figure I) is an cr adrenergic
blocking agent (1-5) with a slight {i stimulating effect (6). It
was introduced in 1950 (7) as a vasodilating drug for in­
travenous and oral administration (8). 11 has been reported
as a useful agent for therapy in congestive heart failure.
myocardial infarction, arrhythmia, angina pectoris, shock, and
bronchial asthma (9). Current pharmacologic investigations
of phentolamine have been summarized in the proceedings
of a symposium (10). Because of the recent interest for use
of this drug as a continuous infusion or for long-term therapy,
a simple, specific, quantitative assay in biological media is
desirable.

Techniques applied to the analysis of pharmaceutical
preparations include titrimetry (2), gravimetry (I), UV
spectrophotometry (In, colorimetry (12-14). gas chroma­
tography (15), and high pressure liquid chromatography (16).
The colorimetric reaction (17) has been adapted for use in
biological samples (18), but was not found to be specific for
phentolamine_ The HPLC analysis of phentolamine utilizes
an ion-exchange column (16); however. the method is char­
acterized by asymmetric peaks and poor resolution (R < 1.0).
Analysis of imidazoline compounds in biological samples with
TLC (19) is specific for phentolamine, but is limited to
quantities greater than 1 ~g. In addition, the TLC technique

I Present address. Astra Pharmaceutical Products. Inc., Fram·
ingham, Mass. 01701.

is time consuming but may be of value for monitoring of drug
concentrations in urine. Although gas-liquid chromatography
is employed to assess the purity of pharmaceutical prepa­
rations and possibly may be adaptable to clinical determi­
nations, the technique for derivatization of phentolamine and
its measurement in nanogram quantities has not been re­
ported.

A rapid and specific, clinically applicable assay with na­
no~ram sensitivity for phentolamine has not previously been
published. This paper presents an analytic method which
meets the above criteria for phentolamine in biologicall1uids.
It can measure the drug in a broad concentration range and
is suitable for pharmaceutical development purposes as well
as drug monitoring in a clinical laboratory.

EXPERIMENTAL
Reagents and Solvents. Phentolamine mesylate was provided

by Ciba-Geigy. Summit, N.J. Antazoline base and naphazoline
hydrochloride were obtained from Pfaltz and Bauer, Stanford,
Conn. Sodium octane sulfonic acid was purchased from Eastman
Chemicals, Rochester, N.Y. Triple distilled methanol, diethyl
ether, and cyclohexane were obtained from Burdick and Jackson
Laboratories, Moskegon. Mich. Distilled, deionized, neutral,
charcoal filtered, and bacteria free water was used for all solutions.
All other reagents were analytical grade or better.

Apparatus. A liquid chromatograph with a Milton Roy
Minipump (Milton Roy Company, Riviera Beach, Fla.) was used.
A pulseless solvent flow was obtained with a .. configuration of
dampers and restrictors (Waters Associates, Milford, Mass.).
Pressure was monitored continuousJy with a glycerine filled. 5O(X)
psig Lenz gauge through a high pressure manifold connected to
a 10000 psig Circle Seal adjustable relief valve, set for a 5000-psig
cracking pressure. The mobile phase was continuously filtered
through the solvent inlet line by a 3O-~m filter (No. 25531, Waters
Associates). Further particulate matter was removed from the
solvent by a 2- and O.5-~m filter (Swagelok SS2F-2 and SS­
2QOO-SR12, respectively) placed in series after the pulse damping
network. Samples were injected through a 7000·psig, six·port
Valco valve, with a 5O-~L loop. A Glenco sample injection syringe
(Model VIS 50-700) and filling port (VISF-I) were used. Sep­
arations were accomplished on a Microbondapak/Cl8 column
(Waters Associates) maintained at constant temperature in a 2O-L
water bath. The drug concentration in the column effluent was
monitored by a variable wavelength detector (model SF770,
Schoeffel Instruments, Westwood, N.J.). Chromatograms were
recorded with a model 252A Linear Instruments strip chart
record~r.

Chromatographic Conditions. Separations were performed
at 2.4 mL{min and at a back pressure of 4000 psig. The column

0003-2700178/035G-OS21S01.00/0 Ie 1978 American ChemIcal SocJety



522 • ANALmCAL CHEMISTRY. VOL. 50, NO, 3, MARCH 1978

Table I. Recoveries of Naphazoline (N), Phentolamine
(Pl, and Antazollne (A) from Blood and Urine

N P P P A

COlliPOUND

Figure 1. Imldazollne. and thai, generic namas

RESULTS AND DISCUSSION
When blood and urine samples were alkalinized with

ammonia hydroxide, phentolamine could be extracted by using
water saturated ether. The average pH of extraction was 10.3.

medium blood blood blood urine blood
~g add.d 0.1 0.06 0.6 5 6
~g recovered, m 0,081 0.041 0,389 4.23 3.2
SO, n; 4 0,0092 0.0065 0.0833 0.645 0.452
RDS, % 11 16 21 15 14
Mean recovery J CJ"o 81 82 78 85 64

Eth.r yielded a macroscopically clean phase after extraction
and had a reasonably equal affinity for the drugs of interest.
Dir.ct evaporation of the ether extract gave residues which
were insolubl. in small volumes «100 "L) of mobil. phas.,
The pr.cipitates did not form wh.n the drug was back-.x­
tracted into 0.2 M sulfuric acid. Th. back-extraction was
further enhanced by the addition of cyclohexane. This
procedure concentrates the drug in the relatively small,
particulate fr.e volume by reducing its solubility in the organic
phas•.

Recoveries were determin.d by comparing the peak heights
of extracts with those of stock solutions. Phentolamine yielded
an average recovery of 83% over the range 15-5000 ng/mL.
Naphazoline and antazoline had r.coveries of 81 and 64%,
respectively (Tabl. I).

A second extraction was performed to ascertain the amount
of drug and internal standard remaining in the alkaline
aqueous phase; 4% of the naphazoline and 8% of the
phentolamine and antaloline were found. The effectiven.ss
of back-extraction was determined by evaporation of the
ether-cyelohexane mixture, The residue was chromato­
graphed and traces « 1%) of antazoline were found.
Phentolamine or naphazoline were absent. The back-ex­
traction recovered all of the drugs of interest.

Ion-pair chromatography is an application of the ion-pair
extraction of amine drugs which has been extensively studied
(20). In an ion-pair extraction, an anionic reagent such as
bromth}'mol blue pairs by mutual charge attraction with a
cation such as protonated amin.. The ion pair exhibits a
lipophilic solubility not shown by the individual components
and may be .xtracted into an organic phase from an aqueous
phase. Likewise a cation can be us.d to extract a desired
anion.

R.c.ntly it was reported that the addition of various alkyl
quaternary ammonium salts to a m.thanol, water, formic acid
mobile phase could be used to increase the retention and
resolution of a UV absorbing sulfonic acid dye on a lipophilic
column such as Bondapak/C1s (21). The lipophilic column
is analogous to the organic phase of extraction. From this it
was postulated that various UV-absorbing amines could be
chromatographed by the addition of an appropriate non­
UV-absorbing lipophilic sulfonic acid. Octane sulfonic acid
was chosen for exp.rimentation and found to have useful
properties. A pH was s.lected such that both compounds
would be ionized, Use of an ion-pair r.agent in the mobile
phase produces high resolution between homologous com­
pounds as w.lI as symmetrical peaks which are characteristics
not normally associated with the chromatography of ionized
substances.

An alternate way to render an amine lipophilic and hence
retained, is to suppress its ionization by the sel.ction of a
mobile phase pH above its pK•. These values, usually above
pH 7.0 cause dissolution of the column silica. Ion-pair
chromatography lengthens column life by employing a mobile
phase pH where t.he silica is more stable, such as pH 4.0.

Phentolamin., naphazoline, and antaloline were chro­
matographed by revers. phas., ion-pair chromatography as
symmetrical peaks with excellent resolution (Table II). A

ANTAZOl.1HE

HAPHAZOLINE

PHENTOLAWINE-CHI-H-o-CHS

Q
OH

w.. maintained at 25 :I, 0.05 'C and the efflu.nt was monitor.d
at 280 nm.

Stock Solutions. Ph.ntolamin. stock solution w.. pr.par.d
by dissolving 6 mg of the me.ylate .alt in 100 mL of di.till.d
d.ionized water. The .olution w.. u.ed for pr.paration of
standard curve. and absolute r.cov.ry studi.s.

Th. internal stoDdard .olution contain.d 50 ~g/mL antazolin.
b..e and 1~g/mL naphazolin. HCI in water. All .tock solution.
were stored at 4 'C in the dsrk.

Mobile Phase. The mobBe ph... wa. pr.psred from a
methanol and an aqueous compon.nt. Each compon.nt contained
6.16 mM I-octane sulfonic acid and 1% v/v glacislacetic acid.
The m.thanol solution w.. adjusted to pH 4.0 with 1.0 N po­
tas.ium hydroxide in m.thanol and th. aqueous solution w..
adjusted to the same pH with 5.0 N sodium hydroxide in water.
One percent acetonitrile w.. add.d to the aqueous component
.. a pre.ervativ•. Th. mobil. phase .olution w.. mad. by adding
52 parta of the methanolic compon.ntto 48 parts of the equ.ous
component.

Extraction Procedure. The extraction was p.rform.d by
pipetting 1.0 mL of blood or urin•• 100 ~L of internal standard
solution, 600 ~L of 1.0 M ammonium hydroxid•• and 6.0 mL of
water·8stufated ether into 8 lS·mL, conical bottom, centrifuge
tube. After capping the tube with a poly.thylen••topper, it was
mixed for 20 min at 18 rpm on a Drummond Scientific Rotary
Mixer. The organic and aqueous ph.... w.r•••parat.d by
c.ntrifugation of 20 min at 1500 rpm (400 X g). Fiv. millilit.r.
of the water-.aturated eth.r w.re tran.ferr.d to a c1.an 15-mL
c.ntrifug. tube and mix.d with 25"L of 0.2 M .u1furic acid. by
vortexing for 1 min. Th••th.r and sulfuric acid w.r•••parat.d
by the addition and mixing of 6 mL of cycloh.xan., follow.d by
c.ntrifugation for 20 min at 1500 rpm (400 X g). As much ..
possible of the cycloh.xane-.th.r lay.r w....pirated off and the
sampl. w.. warmed for 5 min at 70 'C in a water bath to .liminate
residual organic solvent. The recover.d aqu.ous volume (45-50
~L) was d.posited in the sample loop for injection.

Standard Curvas. Sampl.s for the standard curves in the
250 to 5000 ng/mL range were prepar.d from drug-free blood.
or urine, by the addition of microliter volumes of the phentolamine
mesylate .tock .olution (50 ~g/mL). For .ampl.s in the 15 to
250 ng/mL range. the stock solution was diluted to 5 ~g/mL.

Study of Blood Concentrations_ A 6O-kg patient und.rgoing
surgery for 8 pheochromocytoma received a 3f).mg intravenous
"bolus" injection of ph.ntolamine mesylate (Regitine, Cibe-Geigy).
Samples of arterial blood were drawn at the appropriate times
and stored at 4 'C in h.parinized vacutain.rs for 18 h prior to
analysis,
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Volume ratio Retention volume, Theoretical

of water
mL plate count

to methanol N P A N P A

44/56 6.48 8.64 11.9 829 1024 1102
50/50 10.1 15.1 21.6 1394 1760 1600
56/44 23.4 40.3 58.0 1878 2478 2454

Table IV. Eff..t of the Water/Methanol Ratio in the
Mobile Phaae on Retention Volum.. and Theoretieal
Plate Counta of NapbazoJlne (Nl, Phentolamine (Pl,
and Antazollne (Al

A
6.6
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Table II. Chromatographic Parameters of Phentolamine
(Pl, Naphazollnc (Nl, and Antazoline (A)"

Compound N P
Capacity factor K' 2.70 4.4
Theorctical plates N 860 1218
Retention time, min 5.5 7.5

ReLention volume. Theoretical
mL plate count.

OSA,mM N P A N P A

0 7.09 9.27 12.0 676 740 860
1.50 9.27 12.0 16.4 1056 1239 961
3.08 10.9 14.7 20.2 1124 1797 1081
4.50 12.0 16.2 22.3 1354 1827 1183
6.16 12.4 17.5 25.5 1504 1936 1296

Table 111. Eff..t of the Ion Pairing Reagcnt Octane
Sulfonic Acid (OSA) on Retention Tim.. and
Theoretical Plate Counu of Naphazoline (N),
Phentolamine (Pl, and Antazolinc (A)

WAV[UNGTH (~ )

TIME (min.)

figura 2. Ctvomatogram of a patient's urine sample containing 500
ng/mL of phentolamine (P). Internal standards: N = naphazo~ne, A
= anmoline. Graphical quantitation: The dotted line connecting the
tops of the antezoline and naphazoline peaks nearly Intercepts the top
of a 5()O.ng phentolamine peak. Ctromatogaplic parametars: CoUm:
I'Bondapak/C", Mobile phase 48% H,O. 52% methanol. 6.16 mM
octane sulfonic acid, 1% acetle acid. pH 4. Flow rate: 2.4 mL/mln.
Temperat\l'e 25 'c, UV scale 0.01 eufs at 280 nm

decrease in the concentration of octane sulfonic acid caused
a decrease in both retention volume and theoretical plate count
(Table III). Conversely, a decrease in the concentration of
methanol increased the value of these parameters (Table IV).

It is possible that, as the concentration of the octane sulfonic
acid is reduced, the acetate ion also present in the mobile
phase may associate more witb the cbromatographed com­
pounds and become the dominant ion-pair adduct. In our
present system, the only function ascribed to the acetic acid

o 4 6 10 12

Figura 3. Superimposed UV spectra of the lWg and the two Inlema1
standards In mobile phase. 0.202 roM naphazoline Hel. 0.132 rrM
phentolamine mesylate, and 0.180 rrM antezoline base. Spec1ra
obtained with a model 25 Backman spectrophotometer and recorder

is control of pH. Future research should elucidate this point.
Antazoline and naphazoline were chosen as internal

standards because they are readily available and bave
structural as well as chromatographic properties similar to
phentolamine. Both are agents for topical use and are never
coadministered with phentolamine because of antagonistic
physiological properties. Thus, blood levels related to their
use are unlikely to occur. A dual internal standard was chosen
for several reasons. First, one may quantify accurately both
low and high levels of phentolamine with minimal attenuation
changes. Second, if an interfering substance coincides with
one of the internal standards, quantitation is still feasible with
the other. Third, one may rapidly approximate the con·
centration of phentolamine as being more than or less than
500 ng/mL by drawing a line from the top of the antazoline
peak to the top of the naphazoline peak (Figure 2). The peak
height ratios using either internal standard were linear over
a three-decade concentration range for both blood and urine
(Tables V and VI ) with a minimum correlation coefficient
of 0.997.

The UV spectra of phentolamine, naphazoline, and an­
tawline are shown in Figure 3. Although sensitivity is higher
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Table V. Standard Curves Cor Phentolamine in Whole Blood

~g phentol- Naphnzolinc as internal standardaminc/mL of
blood PHRP (m) SD RSD,% II

0.Ql5 0.0978 0.0061 6.2 4
0.050 0.327 0.0218 6.7 4
0.1 0.664 0.0356 5.4 4
0.2 1.12 0.0440 3.6 4
0.5 3.06 0.103 3.4 4
1 6.56 0.125 1.9 4
2 13.78 0.372 2.7 4

" 0.998
Intercept 0.0245
Slope 0.1426

a PHR = pe:ak height ratio of drug to internal standard.

Table VI. Standard Curves for Phentolamine in Urine

PHR(m)

0.0125
0.0350
0.0651
0.143
0.349
0.652
1.375

0.997
0.0023
1.461

SD

0.0004
0.0028
0.0029
0.0047
0.0215
0.031
0.065

RSD,%

3.2
8.0
4.5
3.3
6.2
4.8
4.7

Phentolamine
Naphazolinc as internal standard

~g added to menn RSD,
1 mL urine PHRo SD % n

0.038 0.238 0.023 9.7
0.05 0.433 0.0207 5.0
0.45 3.51 0.1747 4.9 5
5 43.0 2.2623 5.3

" 0.997
Intercept 0.0214
Slope 0.1157

a PHR ;;: peak height ratio of dru~ to internal standard.

Antazolinc as internal standard

mean RSD,
PHRP SD %

0.0381 0.0033 8.6
0.0551 0.0032 5.8
0.507 0.0114 2.2
5.66 0.0215 3.8

0.998
0.0064
0.8809
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Figure 4. ClvomatCllram 01 a patient's blood sample containing 244
nglmL of phentolamine. N =naphazoline. P =phentolamine. A =
antazoline. Clvomatographlc parameters: Column: ~BondapakIC",

MollIe phase 48% H,Q, 52% methanol, 6.16 mM octane Sl.Ifonic acid,
1% ecetic acid, pH 4. Flow rate: 2.4 mlJmIn. Temperattre: 25 ·C.
Waveleng1h: 280 mn

at 240 nm, the assay was developed for 280 nm to allow the
use of a low cost fixed wavelength detector. The minimum

TIM [ (,"Ift.1

Figure 5. Blood levels of phentolamine measured after a "bolus"
injection of 30 mg of phentolamine mesylate (Regitine) to a 6~g patient.
The measureable terminal half-lite is 19 min

detectable quantity was 15 ng for a 1.0-mL sample. This is
based un a peak heighl of twice baseline noise.

With this assay, the pharmacokinetic properties of
phentolamine are now under investigation. A chromatogram
of a p"atients's blood sample containing 240 ngjmL is shown
in Figure 4. Figure 5 shows a lypical example of phentolamine
blood concentrations measured after an intravenous injection



of 30 mg of phentolamine to a 60-kg patient. The curve
observed during this experiment reflects the phases of dis­
tribution and elimination. The measurable terminal half-life
of 19 minutes suggests a high degree of drug metabolization.
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Evaluation of a Self-Scanned Photodiode Array Spectrometer
for Flame Atomic Absorption Measurements

F. S. Chuang, D. F. S. Natusch. and K. R. O'Keefe·

Department of Chemistry. Colorado State University. Fort CoRIns. Colorado 80523

A self-scanned photodlode array Is evaluated In terms 01 lis
utMy 85 a detector for name atomic absorption meas..-ements.
The relaUve quantum elllclency 01 the device Is presented and
Is shown to oller an advantage over conventional detectors
for multlwavelength atomic absorption measurements.
Senalllvity and detection IImlls of the atomic ab80rptlon
apectrometer are established for eight elements over the
wavelength range 213.8 to 589.0 rwnln a single element mode
and are shown to be generally comparable to conventional
systems. The use of two or more absorption lines for a single
element Is shown to extend the range of concentrations that
can be measured wllhout addllional solution manipulations or
Instrumental changes. Applications of the spectrometer to
mullielement determination for two or three elements are
presented and the major llmItalIons In this technlque are seen
to be mulliplexing several light sources, optimizing Ilame
condlllons for Beveral elements slmullaneously, and a Umlled
wavelength coverage wllh high resolution.

The utilization of multidetector arrays in spectrometry has
increased dramatically recently largely because of the in­
troduction of vidicon tube and silicon photodiode array devices
with adequate wavelength coverage and 6ensitivity for many
spectrochemical application6 and because of the widespread
availability of laboratory scale computers with adequate
computing capability to process the data output from these

devices. The major limitations of these devices are recognized
as low sensitivity as compared to a photomultiplier tube and
limited spectral range with high resolution (1-4). Although
the sensitivity limitation may be severe when application to
atomic or molecular emission measurements is considered,
absorption measurements are feasible as long as intense
sources are available for the spectral region in which mea­
surements are to be made. Resolution limitations are generally
not a problem in molecu1ar spectrometric measurements where
the resolution of the photodiode array is adequate (tJ.Io.! 10. =
10-'). In atomic spectrometry, however, spectral coverage
generally has to be limited to ensure adequate resolution.
Atomic absorption measurements using these array detectors
are thus practical since limited spectral resolution usually
yields satisfactory results when using hollow cathode lamp
sources and since the hollow cathode lamps are sources of
intense radiation at appropriate wavelengths.

In the past few years several reports have described the use
of silicon vidicons (1, 2) and photodiode arrays (3) as detectors
for flame atomic absorption measurements. Although the
significant advantages of these detectors, including mul­
tielement analysis, extension of the linear concentration region
by use of atomic lines of different sensitivities, background
correction by use of nonspecifica1ly absorbed atomic lines, and
relative 6implicity and stability of instrumentation are widely
recognized, evaluations of the photodiode array have thus far
been largely qualitative. Horlick (5) has discussed in detail
the characteristics of this device as a transducer for spec­
trochemical measurements; however, the evaluation of his
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Figure 1. Bk>ck diagram 01 opllcal conHguraUon used for quantum efficiency measurements
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Figure 2. Block diagram of optical contiguratton used for flame atomic absorption measurements

a Slit width of monochromator was set at 100 JIm.

a Monochromator slit width;:. 100 JIm. b Ne line
emitted from each hollow cathode lamp.

Table II. Experimental Conditions for flame Atomic
Absorption Measurements with the
Photodiode Array Detector"

Table I. Experimental Conditions for the Measurement
of the Relative Quantum Efficiency of the
Photodiode Array DetcctorO

Hollow
cathode

lamp
current,

rnA

12
20
20
15
20
25
25
25

variable
20

1.0
2.0
0.2
0.5
0.1
2.0
2.0
2.0

variable
0.1

Inte~ation

time, s

Zn 213.8
Fe 248.3
Mg 285.2
Ag 328.1
Cr 357.9
Ca 422.7
Sr 460.7
Ba 553.6
Neb 585.2
Ne 633.6

Hollow
cHthoclc

Wave- lamp
length, Integration current,

Element nm time,s rnA

Zn 213.8 2.0 12
Fe 248.3 1.5 20
Mn 279.5 1.0 25
Mg 285.2 0.8 20
Cu 324.7 1.3 20
Cr 357.9 0.6 20
Ca 422.7 1.0 20
Na 589.0 2.5 25

Wave­
length,

Element nm

Drroy is shown in Figure 1. The photomultiplier tube module
used in this work is the model EU 701-30 (GCA-McPherson,
Acton, Mass.) with datu acquisition as described elsewhere (7).
The monochromator's exit folding mirror is removed when
measurements are made with the phoWdiode array. The radiation
from the hollow cathode lamp is focused on the entrance slit of
the monochromalnr by the quartz lens and is masked at the slit

results with respect In application in a specific case. e.~ .. name
atomic absorption measurements, is difficult.

Characteristics of the source. detector, and data processing
algorithms each contribute to atomic absorption measure­
ments in ways that must be determined before the ultimate
utility of the system can be eslnblished. Source characteristics
of interest include how In multiplex alnmic lines of all desired
elements along the same optical path without reducin~ in­
tensity to unacceptable levels or introducing spectral inter­
ferences. These characteristics are in addit.ion to conventional
criteria of stability, source life, cost, etc. Crileria for the
sample presentation system, e.g., a nebulizer/burner in flame
atomic absorption measurements, are basically the same as
those of imporlance in conventional measurements. although
optimization of name conditions for multielement analysis
may represent a fundamental limitation fur such techniques.
Factors such as sensitivity over the wavelength range of
interest, noL.., stability, and resolution nrc critical with respect
In the suitability of a proposed deteclnr. In addition, the data
processing algorithms may be evaluated in terms of their
stability to accurately extract us much chemical ioformation
as possible from the spectral data obtained. Finally, the
application of an analytical technique in several typical
situations may provide a great deal of information about iL'
utility for practical analysis.

The purpose of this report is to evaluate a self-scanned
phoUXIiode array spectrometer for name atomic absorption
measurements. Toward this goal, the system components arc
individually characterized and the system as a whole is
evaluated for single and multielement analysis.

EXPERIMENTAL
The polychromator/photodiode array and associated pseu­

do-random access electronics and computer control system used
in this work are described elsewhere (6). Both 512 and 1024
clement phoUXIiode arrays (Models 1024C/17 and 512C, Reticon
Corp., Sunnyvale, Calif.) were used in this work. The 512-elemeot
array was used without a window for quantum efficiency mea·
suremenla; the 1024-element array with the standard quartz
window for atomic absorption measurements. Both devices were
operated at about-10 °C In reduce dark currenl. The poly­
chromator used in this work provided wavelength coverages of
about 26 and 52 run with the two arrays since the former covered
only half the portion of the focal plane covered by the latter.

A block diagram of the optical configuration used for the
measurement of the relative quantum efficiency of the phoWdiode
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change with increasing absorbance because of the presence
of nonabsorbed lines in the monochromator bandpass or
variations in the absorption geometry in the flame, the cal·
culated maximum intensity as well as the apparent position
of the maximum intensity may change when the quartic fit
is utili2ed. Work is continuing in our laboratory to characterize
this behavior; however, because of the uncertain bias of the
technique, it was not adopted for the remainder of the work
reported. Rather, the average of the five diodes experiencing
the most intense irradiation by the atomic line during the
100% transmittance measurement was used for subsequent
atomic line intensity measurements.

A major factor in determining the utility of a spectral
detector for high precision atomic absorption spectrometry
is the quantum efficiency of the device over the spectral range
of interest, e.g., 200-600 nm. The relative quantum efficiency
of ..he photodiode array was determined by comparing its
response to a reference photomultiplier tube detector whose
quantum efficiency as a function of wavelength was known.

The signal obtained when observing an emission line from
the hollow cathode lamp can be expressed as

(2)

(1)

for the diode array or the photomultiplier tube detector,
respectively. In these expressions, So and SPM are the signals
obtained for a given measurement time (units are "number");
N. is the number of photons with wavelengths in the bandpass
of the monochromator emitted by the source during the
measurement interval (photons), I, and 1m are the fractions
of emitted light, N., collected by and transmitted through the
monochromator (unitless); 10 or IPM is the fraction of light that
exits the monochromator that illuminates the detector,
subscripted to indicate which detector is illuminated (unitless);
<I> is the quantum efficiency of the detector indicated by the
subscript (photoelectrons/photon); and k is the transfer
function corresponding to the conversion of photoelectrons
during the measurement interval to a number by the asso­
ciated electronics and interface (number/photoelectronl. The
Imi term is included in Equation 2 because an exit folding
mirror is in the monochromator in this case. Note that Imio

1m, and <I> are wavelength dependent to a considerable extent
and may be tagged to indicate the wavelength at which a
measurement is made. The two remaining optical efficiency
terms, I, and IPM or 10 may be slightly wavelength dependent
because of changes in optical characteristics of the system with
wavelength, but they can generally be considered constant.

If mea8urements are made on a reference and a sample
atomic line, Xr and Xs, respectively, four equations can be
written corresponding to Equations I and 2 above for each

Figur. 3. Mg hoIow cathode emission spectn.m near 285.2 nm atomic
line

by a mask 400 ~m high. The experimentel conditions used for
the quantum efficiency measurements are shown in Table 1.

The optical configuration used for flame atomic absorption
measurements is shown in Figure 2. One of the hollow cathode
lamps and the beam splitter is removed during single element
measurements. The experimental conditions for flame atomic
absorption measurements are shown in Table 11.

The burner/nebulizer used in this work was that provided with
the Model 303 atomic absorption spectrometer (Perkin-Elmer
Corp., Norwalk, Conn.). Gas regulators and f]owmeters were from
the same model instrument manifold (Perkin-Elmer Corp.). Gas
flow fates and burner height were optimized for each set of
experimental data reported, except as noted.

RESULTS AND DISCUSSION
An emission spectrum of a Mg hollow cathode lamp near

the 285.2 nm atomic line is shown in Figure 3 as acquired using
the photodiode array spectrometer and displayed using a point
plotting output option. From this figure, it is clear that
determining the atomic line intensity and, hence, subsequently
atomic absorption, is not necessarily straightforward. Al­
though one can use the intensity value of the peak diode, it
is not always possible to ensure that the peak diode is on the
peak of the atomic line, especially in multielement mea­
surements. In addition, using only the peak diode as a
measure of atomic line intensity disregards information that
is contained in adjacent diodes and that may improve the
precision of atomic line intensity measurements. Methods
that take advantage of this information include averaging or
summing several diodes on the atomic line or fitting an
equation to several diodes across the peak and calculating the
maximum value of the fitted curve. The results of using the
different methods to measure the peak intensity of the
magnesium 285.2 nm atomic line emitted from a hollow
cathode lamp using an 0.8-s integration time are shown in
Figure 4. Three methods were applied to data collected at
I-s intervals after the lamp had warmed up for about an hour.
The three methods included taking the intensity of the peak
diode, taking the average of the five diodes exposed to the
most intense irradiation, and determining the maximum of
a fourth-order curve fit to the seven most intense diodes. In
the latter two cases, the same diodes were always used, and
in all cases correction for background (dark current, detector
and electronic offset, etc.) was made by applying the same
method to the signal obtained with emission from the hollow
cathode lamp blocked. With the first measurement in each
case arbitrarily set to 100% T the results show a standard
deviation for the peak diode measurement of 1.3% T,of0.48%
T for the average, and 0.37% T for the quartic fit. The
stability of the lamp over the measurement interval is expected
to be better than 0.1 % (8).

Th. use of either the quartic fit or the average is indicated
by the good measurement precisions of these algorithms;
however, measurement bias is difficult to evaluate for the
quartic fit. Because the measured intensity distribution may
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Table III. Comparilon ot Analytical Figures ot Merit tor Single Element Atomic Aboorption

Wave- Sensitivity t ppmG Detection limit, ppmb
length, Linear Rclatived

Element nm This work Literaturee This work Literaturce raogce std dey, %

Zn 213.7 0.03 0.04 0.006 0.005 1200 2.0 (1)
Mn 279.5 0.05 0.08 0.01 0.005 1700 2.0 (1)
Mg 285.2 0.02 0.02 0.006 0.003 1900 1.5 (1)
Cu 324.7 0.14 0.10 0.02 0.005 2000 1.5 (1)
Cr 357.8 0.15 0.15 0.03 0.01 2500 2.0 (3)
Ca 422.7 0.08 0.10 0.01 0.01 2000 1.1 (l)
Na 589.0 0.04 0.05 0.06 0.005 500 1.0 (1)

o Sensitivity;: the concentration of analyte which absorbed 1% of the hol1ow cathode lamp intensity. b Detection limit;;
the concentration which gave an absorbance signal of 2 x rms noise level. C Linear range = the range over which a linear
log-log plot resulted within 15%. d Relstd dey = SclC X 100%, where Sc was the standard deviation of fOUf measurements
of concentration C. e Sec Reference 12.

600200 400 """
Wovelength (nm)

figure 5. Relative quantum efficiency of photodiode array spec1Tometer

intensity measurement is directly related to the photon arrival
rate at the detector. Because the photodiode array has a
constant "gain" for each diode and since, in addition t each
diode has a relatively constant quantum efficiency. iIlumi·
nation of the detector at any wavelength allows constant
precision measurements insofar as the photon arrival rates
are constant. This condition can often be met in the mul·
tielement atomic absorption case by controlling lamp current
and selectively filtering the output of multielement lamps so
the incident intensities of all the atomic lines of Interest are
approximately equal.

Single element name atomic absorption measurements were
made on several elements over the wavelength range 20lHi00
nm in order to evaluate the o\'erall spectrometer perfonnance.
The flame conditions and the region viewed by the spec­
trometer were optimized individually for each element studied
and the absorption signal recorded was the result of a single
integration of the length specified in Table II. Analytical
figures of merit for these studies are shown in Table III. The
literature figures of merit, which ore included for comparison,
are reported for a conventional atomic absorption spec­
trometer using a burner/nebulizer identical to that used in
this work (12). The similar sensitivities (anaJyte concentration
required to produce 1% absorption) for all the elements except
copper using either type of instrumentation indicates that the
photodiode array detection system is equivalent to more
conventional detection systems with respect to those factors
that influence sensitivity. e.g., resolution. and that the main
factors determining the instrumental sensitivity are similar
for both spectrometers. It is expected that burner/nebulizer
characteristics are the primary factors determining sensitivity
in these instruments. which is the reason that the results
reported for this work are compared to results obtained on
conventional instrumentation equipped with a similar burn­
er/nebulizer. The 30% poorer sensitivity for copper reported
in this work is due to the relatively high lamp current used
for tllese studies. This type of behavior is well documented
(13). The lowered sensitivity was judged to be acceptable for
these studies because later multielement work required similar

(3)

(6)

(5)

(4)

wavelength. Ratioing the sample signal «) the reference signal
for the photodiode array measurement gives

SoP,s) = N,,"{m('l\s)'{c'{o'rpo('l\s)'ko

Sop,r) N",'fm(lIr)'fc'{o'rpu(lIr)'/lo

Eliminating constant terms,

So(lIs) = N Adm(lIs)'rpo(lIs)

So(lIr) NAif•• (IIr)-rpo(lIr)

Similarly, for measurements made with the photomultiplier
tube detector,

Dividing Equation 4 by Equation 5 and rearranging gives for
the relative quantum efficiency of the photodiode array

t/Jn(lIs) =So(lIs). S,•.,(lIr) . (ml(lIs). rpPM(lIs)

t/Jn (11 r) So(lIr) SPM(lIs) (ml(lIr) t/Jp~.lllr)

SPM(lIs) = N A..rm(lIs)'fml(lIs)·rpp.,(lIs)

SPM(lIr) N Aifm(lIr)'fml(lIr)'rpPM(lIr)

In Equation 6. the S values are measurable quantities; the
efficienc), of the front surface aluminized mirror is available
in the literature (9). as is the relative quantum efficiency of
the photomultiplier tube detector as a function of wavelength
(10); hence, the relative quantum efficiency of the photodiode
array detector can be calculated. Using the experimental
conditions outlined in Table I with the Ne 585.2 nm emission
line taken as the reference line in all cases gave the results
shown in Figure 5. These data were all obtained using the
same region of the photodiode array. e.g., diodes 290-310, for
sample and reference wavelength measurement. although a
cursory examination of several different regions of the device
showed no significant difference in relative quantum efficiency.
Replicate measurements of the data in Figure 5 gave results
that generally agreed to within ±5%.

Actual values ranged from a relative quantum efficiency
of 0.5 at 328 nm to (by definition) 1.0 at 585.2 nm. This
behavior is quite different from that of most photomultiplier
tubes, which generally show dramatic decreases in quantum
efficiency near the extremes of their wavelength range. at least
one of which usually occurs in the 200-600 nm region. For
example. the 1P28A photomultiplier tube that was used as .
a reference in this work shows a maximum quantum efficiency
at 340 nm, dropping to 15% relative quantum efficiency at
200 nm and to 19% at 600 nm, a variation of more than a
factor of five.

The relatively constant quantum efficiency of the diode
array is a distinct advanUlge in spectrochemical measurements.
A fundamental limitation on the precision of photometric
measurements is the statistical nature of photon and phI>­
toeIectron emission (11); hence. the ultimate precision of an



integration times for all the elements to be determined si­
multaneously, and the relatively high copper lamp current
provided the atomic line intensity that was required to meet
this criterion.

The detection limits reported in this work are the analyte
concentrations that produce a signal equal to twice the
root-mean-square signal obtained during at least ten mea­
surements while water was aspirated into the flame. The
detection limits reported in this work are generally about a
factor of three poorer than those reported in the literature
(12). This may be due to any of several faclors, although the
exact cause is difficult to evaluate because the experimental
conditions used to obtain the literature results are not well
defined. One of the contributing factors that could be
considerably different in this work as compared to the lit­
erature is the instrumental time constant or measurement
time. Since the sensitivities are about the same in both cases,
the detection limit is expected to be inversely proportional
to the measurement noise, which in turn is proportional to
the square root of the measurement time (14). As seen in
Table II, measurement times of about 1 s were used in this
work; hence, the factor of three difference in detection limits
reported in tbis work and the report cited could be due to a
9-s measurement time having been used in that study. When
ten measurements were averaged using the spectrometer
described herein, improvements in measurement precision of
a factor of about three were generally obtained. The ultimate
detection limits, based upon the limit in variance of the 0
absorbance signal at very long measurement times varied from
0.002 ppm for Mg to 0.008 ppm for Cr. This fundamental limit
is due both to flame and source flicker noise and long-term
lamp drift since a single beam optical arrangement is used
in this work. The exact values for these "ultimale" delection
limits vary by a factor of 10 or more for the same element if
different lamps are used, especially for mullielement or very
old lamps, and can be treated only as very approximate values.

A second factor that could be important in contribuling to
poorer detection limits is the presence of a major noise source.
This could include a noisy lamp power supply, burner/neb­
ulizer assembly, impure combustion gases, irreproducible gas
delivery, or a host of other sources. Although it is impossible
to definitely rule out these noise sources, the good "ultimate"
delection limit cited for the elements sludied and the uni­
formity of the effecl over all the elements sludied snd over
the several months that measurements were made, make these
sources unlikely. In addition, several lamps and lamp power
supplies were used for various elements, two different burn­
er/nebulizer assemblies were used at various times, and several
sources of gas were utilized, all without seeming to affect the
results reported.

A third factor that could have contributed to the poorer
delection limits reported herein is the use of an inherently
poor signal-to-noise ratio detector. As noted earlier, however,
the signal-to-noise behavior of the photodiode array detector
and measurement system employed closely parallels that of
a convenlional photomultiplier tube with outpul current
measured using a dc amplifier technique and measurement
precision seems to be nebulizer/burner limited. These
characteristics rule out this effect as a predominant noise
source.

One important potenlialapplication of the photodiode array
detector in atomic absorption spectrometry is its use for
multiline measurements of a single element. Horlick has
examined this application with respect to improving the
efficiency of utilization of information contained in an atomic
absorption spectrum (3). Another use of this approach is the
measurement of several atomic lines of different sensitivities
so that a wider range of analyte concentrations can be directly
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Table IV. Some Atomic Lines of Different Sensitivities
for Several Elements and Accessible Concentrations

Analytical Sensitivity, Concn
wave- conen (ppm) acces-

length, required for sible,
Element nm 1% absorption" ppmb

Chromium 425.4 0.26 0.1-125427.5 0.65
Copper 324.7 0.04 0.02-150327.4 0.14
Iron 372.0 0.38

386.0 0.6 0.2-1100
392.0 11

Lead 217.0 0.16 0.05-580261.4 5.8
Nickel 341.5 0.46

352.5 1.0 0.2-5000
362.5 49

Selenium 196.0 0.8 0.5-1000204.0 11.2
Tin 224.6 0.4 0.2-2000266.1 18.7

Q Sensitivity data: Varian Techtron Hollow Cathode
Lamp Data, March 1970. b Linear analytical curves:!. 5%
using all the lines listed.

measured than is possible with conventional single line atomic
absorption measurements.

Extension of the analyte concentration range was explored
in this work using two copper lines of different sensitivities.
The copper lines used were the 324.7 run line with a sensitivity
of 0.029 A/ppm and the 327.4 om atomic line with a sensitivity
of 0.0072 A/ppm. The results of these measurements are
shown in Figure 6. The more sensitive 324.7 nm line is linear
within 5% on the log-log plot over concentration range 0.02
to 40 ppm while the less sensitive 327.4 nm line is linear over
the concentration range 0.1 to 150 ppm copper. Since both
atomic lines can be measured simultaneously using the
photodiode array spectrometer. concentrations from 0.02 to
150 ppm copper can be measured without dilution by utilizing
the appropriate line. The solid line in Figure 6 shows the
resulting analytical curve with a transition from using the 324.7
om to the 327.4 nm atomic line at an analyte concentration
of 20 ppm. This measurement concept can be extended to
most elements determined by atomic absorption spectrometry
since most metals show atomic absorption with different
sensitivities at several wavelenglhs (15). Some appropriate
mliltiplets within the 52-nm window of the detector along with
atomic absorption sensitivities and analyte concentrations
accessible are shown in Table IV.

Perhaps the major utility of the photodiode array detector
in atomic absorption'spectrometry will be for simultaneous
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2.2 (3)
2.5 (3)
3.7 (6)

1600
1900
1100

324.7
357.8
372.0

Cu
Cr
Fe

Table V. FIIfWeI of Merit for Simullaneoua Multielement Detenn1natlon of Mn and Me and Cu, Cr, and Fe

Wavelength, Senaitivity, Detection Linear ReI std
Element nm ppmCl limit, ppmb rangeC dey, % (ppm)d

Two-element analYlia
Mn 279.5 0.07 0.014 1400 2.0 (1)
Me 285.2 0.13 0.03 1300 1.7 (1)

Three-element analysis
0.29 0.07
0.34 0.09
0.96 0.26

at b, C, and d are defined in Table III.

o -:.r./.;;.j~~ _.;..; •.J'-._-.: ....__~...,..

300 2eo 260
WMI.ng!I'I(Ml)

FIguN 7. Enisslon epectn.rn of mulllplexod MIl and Mg hollow ca1hoda
lamps

multielement analysis. The evaluation of the photodiode array
spectrometer with reepact to multielement analysis was carried
out by performing both two- and three-element analyses. The
mllior limitations 81 to the number of elements that can be
detarmined simultaneously in this work were the method of
multiplexing the hollow cathode lamp outputs and the limited
wavelength coverage. Two lamps were the maximum number
that could be multiplexed using the beam splitter approach
while maintaining an adequate intensity; therefore the number
of elements that could be determined simultaneously was
limited by both the 52·nm window of the detector and the
availability of intense multielement lamps. Efforts are
currently underway in our laboratory to devise more suitable
multiplexing methods to extend the number of elements thet
can be determined simultaneously to between six and ten.

The wavelength coverage limitation of the spectrometer is
a direct result of the geometric constraintll of the detector as
well 81 the optical configuration of the polychromator. With
a given detector wavelength, coverage can be increased by
reducing the linear dispersion of the polychromator with a
concomitant reduction in resolution. In many atomic abo
sorption measurements, a resolution of 0.1 nm is adequate (I5,
16), which allows for a wavelength coverage of 102 nm with
the present 1024·element device. A 1SOO·element device is
available at the present time which would allow a 1BO-nm
coverage with O.l-nm resolution.

Multielement determinations were performed with mag'
nesium and manganese 81 the analytee and also with copper,
chromium, and iron 81 analytee. In the fmt case, magnesium
and manganese single element hollow cathode lamps were used
81 the sources of atomic radiation. The emission spectrum ­
of the multiplexed lampe is shown in Figure 7 with the entire
52-om region viewed by the detector displayed. The mag·
nesium singlet at 285.2 nm and the manganese triplet at 279
nm are well resolved in this spectrum. The flame conditions
and region viewed by the polychromator were optimized for
the determination of manganese in this case. The fIgUres of
merit for the measurements are shown in Table V. From this
table it is clear thet the analytical figures of merit for a given
element depend strongly upon experimental conditions. The

results for manganese are virtually the same for single element
and multielement measurements while the results for mag­
nesium are 'much poorer in the multielement cese, reflecting
the fact that the experimental variables were optimized for
the determination· of the former. Nevertheless, the mea­
surement of magnesium and manganese simultaneously using
these conditions is practical.

Copper, chromium, and iron were determined simulta­
neously using a Zn-Cu-Fe-Mg multielement hollow cathode
lamp and a Cr single element lamp. The optimum flame
conditions and burner height are considerably different for
these three elements (16); hence, compromise conditions were
chosen 80 that about equal absorbances were obtained for each
element when a solution that was 1 ppm in each element was
aspirated into the flame. The figures of merit for this
multielement configuration are shown in Table V. In this case
the figures of merit for both copper and chromium are
considerably worse than in the single element measurements,
reflecting the compromise conditions selected.
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CORRESPONDENCE

Limitations on the Spectrophotometric Determination of
Copper(I) with Ferrozine

G Each of the data represents the average of at least 5
samples.

Q Each of the data represents the average of at least 5
samples.

a Each of the data represents the average of at least 5
samples.

Iron found,
mg/mL

1.59
2.77
3.92
6.63

1.09
1.36
1.67
2.03
2.32

Iron found,
mg/mLa

1.20
2.42
3.66
4.90
7.31

Iron taken,
mg/mL

1.63
2.76
4.12
6,59

Copper found,
mg/mLG

Table 11. Detennination of hon in a Solution
Containing Iron Alone

Iron taken,
mg/mL

1.22
2.44
3.65
4.87
7.37

Table III. Simultaneous Detennination of Iron and
Copper in a MixtureQ

Copper taken, Copper found,
mg/mL mg/mL

1.69 1.27
3.39 1.71
5.08 2.66
7.42 3.30

of copper(I)-Ferrozine complex is weak at 470 nm. This is
not surprising in view of the dlO electronic structure of Cu(l).
In the presence of iron. this absorption peak is completely
masked and is not observed as shown in Figure 1. Besides.
the molar extinction coefficient of the Fe(ll) complex is much
higher than that of the Cu(l) complex at this wavelength. Our
experimental results show that at 470 nm. the molar extinction
coefficients for Cu(l) and Fe(ll) complexes are 4332 and 9802,
respectively.

Table I shows the results for copper determined in a so­
lution in which copper was present alone and Table II is that
for iron. Comparison of Tables I and II shows that iron is
more precisely determined than copper by the Ferrozine
method. Table III shows typical data obtained in the si­
multaneous determination of iron and copper from synthetic
mixtures. To verify that results obtained from the digestion
of hemoglobin were not affected by the digestion procedure
or any biological material present. we determined iron alone
by this procedure and the results of such determinations ahow
that iron in the protein samples is determined as precisely

Table I. Dctcrminatlon of Copper in a Solution
Containing Copper Alone

Copper taken,
mg/mL

1.23
1.62
2.02
2.46
2.87

Sir: The use of Ferrozine (Hach Chemical Co.), the di­
sodium salt of 3(2-pyridyl)-5.6-bis(4-phenylsulfonic acid)­
1,2,4-triazine, for the determination of severa) metallic ions
such as iron, cobalt, copper, osmium, etc. has been reported
by several workers (J.-3). It ha, also !>een used for the indirect
determination of species which reduce ferric iron such as
ascorbic acid (4) and also for determining sulfur dioxide in
liquid samples (5). In 1974. Kundra et al. (2) showed that
copper(I) and iron(II) can be determined simultaneously in
samples containing the two ions. They showed that this
method yielded quantitative data and that it was free from
interference by other ions. Our attention was drawn to this
method because of our interest in hemoglobin and other
proteins. This seemed to be an attractive method for the
determination of copper which is known to be present in
several biological macromolecules (6). Nagel et al. (7) have
reported the binding of copper to hemoglobin and showed that
this could be a good model for the study of protein metal
interaction.

If the precision claimed by Kundra et al. (2) is correct, then
it will be possible to determine the equilibrium constant for
the binding of copper ions to hemoglobin spectrophow­
metrically.

We have repeated the work of Kundra et al. after taking
cognizance of the modifications suggested by Gibbs (3). As
a note of caution to other workers, we report the results of
our findings. The results show that copper cannot be de­
termined quantitatively and that the precision becomes wor.;e
in the presence of iron. Addition of sodium sulfite. however.
improves the precision for the determination of copper. The
possible reasons why this method fails are discussed in terms
of the instability of copper(1) complexes.

EXPERIMENTAL
Apparatus. A Unicam SP 6-200 spectrophotometer and

Radiometer 4 pH meter were used.
Reagents. Fcrrozine purchased from Hach Chemical Co. wa'i

recrystallized as suggested by Kundra et aI. (2). Ferrozine solutinn
was made according to the method of Gibbs (3) since precipitaws
formed under the high acid conditions suggeswd by Stookey (I);
the solution was then made up with doubly (glass) distilled waWr.
All glassware used in this work was soaked in concentrated
hydrochloric acid for several hours and later rinsed copiously with
doubly distilled wawr.

Ali other solutions used were prepared as described by Kundra
et al. (2).

Digestion of Hemoglobin Samples. Digestion of the prowin
molecule was carried out by the method of Cameron (8). The
hemoglobin sample, 0.1 mL, was measured with an Agla mi­
crosyringe (Wellcome Ltd) into a 20-mL standard flask. 0.1 mL
of perchloric acid and 0.1 mL of hydrogen peroxide were added.
and tbe mixture was digested at 100 ·C in a water bath for 30
min. Then 1 mL of 1% hydroxylamine hydrochloride was added
to the mixture and heated further for about 7 min. Determination
of copper and iron was carried out as suggested by Kundra et al.

RESULTS AND DISCUSSION
The copper(I)-Ferrozine complex and iron(II)-Ferrozine

complex have been shown to have absorption maxima at 470
om and 562 om. respectively (2). We fmd that the absorption

0003-2700178/035().()531$OI.0010 e 1978 American Chemical SocIoty
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Table 1V. Determination of Copper in the Presence
of Sodium Sulfite

FJgure 1. Absorbance of a solution containing copper(l) and iron(lI)
salts atter treatment with Ferrozine

a Each of the data represent.s the average of at least 5
samples.
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experimental errors, but rather that copper is underdeter­
mined in all cases. We noticed that the color of the Cu(l)­
Ferrozine complex fades on long exposure. This suggests that
the complex is unstable. It is known that in aqueous solutions
of many low molecular weight collper(l) compounds. univalent
copper is almost instantaneously oxidized into copper(ll) by
molecular oxygen (9). This means that many copper(1)
complexes will have a limited stability in the presence of
oxygen. This can explain our observat.ion that the color of
the Cu(l)-Ferrozine complex fades on long exposure and the
fact that copper cannot be determined quantitatively by the
use of ferrozinc. The precision of such determinations for
Cu(l) is improved by the addition of sodium sulfite as shown
by the results in Table IV.

There is, however. a possibility that this method may be
used to determine copper quantit.atively if oxygen is com­
pletely excluded.
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University Ill' Ihuuun
Ihndnn, Nigeria
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Copper found,
mgjmL"

1.28
1.61
2.58
3.00
3.91

Copper taken,
mgjmL

1.39
1.72
2.77
3.12
4.16

A

as iron in inorganic Fe(lI) solutions by this methoo.
All the results show that the amount of copper founo is

consistently lower than the expected value. The devint ions
ohserved show that the results cannot he attributed to ranoom
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Positive Pressure Columns for Solvent Cleanup or Chromatography

B. P. Semonlan. J. A. lubkowltz.' and l. B. Rogers·

Department 01 Chemistry. University 01 Geor9ia, Athens, Georgia 30602

There are many applications, such as solvent and sample
purifications, which still utilize the classical gravity-feed
columns. However, the It'ie of volatile solvenL"i often generates
problems in those (gravity-feed) systems. The most common
inconveniences are, first, the formation of gas bubhles in the
column bed. which renders the column useless and. second.
the loss of mobile phase by evaporation from the solvent
reservoir. In addition, the dissolution of waler vapor (from
the air) at the column outlet, can contaminate the sample or
solvent. To minimize those problems, n closed syst.cm was
devised in which the high partial pressure of the solvent
provided a protective gas blanket.

The columns were based on the principle of an addition
funnel (I), and with the aid of a simple mereury pressure valve,
the problem of gas bubble formation was eliminated when
purifying n-pentane over silica gel. The loss of II-pentane

1Present address, Apartado 1747, Caracas 101, Venezuela.

through evaporation was suhslantially reduceu and waler
contamination was essentially eliminated. The pscudo·scaled
system utilized the partial pressure of the II-pentane to
generate a pressure of approximately 50 Torr greater than the
ambicnt pressure.

The pressure served several functi(ms. It served to c()lIapse
any bubbles already present in the column. At the same time,
the positive pressure also kept air from leaking around the
sides of the stopcock which often generales additional bubbles
in the column packing through evaporation. Since the system
was a pseudo-closed one, the liquid vaporized to the point of
establishing its characteristic partial pressure. After this
pressure had been achieved, further losses due to evaporation
were eliminated. This system could also be useoto exclude
atmospheric gases by employing a purge gas.

EXPERIMENTAL
Apparatus. A diagram of the system is shown in Figure 1.

All unions used were 24/40 ground glns.<;; unions. The column was

0003-2700/78/0350-0532$01.00/0 © 1978 A"""""n Chemical Society
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Figure 1. Column with upper and lower (2-L) reservoirs

60 cm X 2.54 cm (o.d.) and 2.24 cm (i.d.). The sintered-glass frit
was of medium porosity. The top joint of the reservoir was fitted
with a tubing-adapter. A latex rubber tube was used to connect
the reservoir tubing adapter, through a glass ''T'. to the venting
arm that followed the column. The third port of the "T" was
connected by latex tubing to a 4·mm o.d. glass tube which had
been inserted through a two-hole rubber stopper and into the
mercury reservoir. (An optional ballast tank could be placed as
a branch at any convenient location along the latex tubing.) The
pressure was regulated by the mercury reservoir, and it was
adjusted by raising or lowering the height of the glass tube in the

mercury pooL Once the pressure had been set to a desired value,
no other adjustments were necessary.

Procedure. The silica gel was first dried overnight at 170 ·C.
It was then slowly poured into the column which had previously
been filled with n-pentane. The top reservoir was then attached
and also filled with n·pentane.

The routine operation of the column consisted of four steps:
Ca) Filling the reservoir. (b) cleaning the receiver of vapor hy
blowing filtered house air into it, (c) clamping the receiver to the
hattom of the column. and (d) adjusting the now rate of liquid
to a desired level. Once those steps had been taken. the column
required no further maintenance.

RESULTS AND DISCUSSION
We have repeatedly used this technique for cleaning up

technical grade n-pentane. The advantages of this system .....
first. that slow now rates can be used without vaporization
losses of the n-pentane becoming a problem. We have used
up to 12 h to pass 2 L of n-pentane without appreciable loss.
Second, more efficient columns were maintained since
bed-disrupting bubbles were prevented from forming. Third,
safety was increased because an increase in ambient tem­
perature could not generate either higher column pressures
or noticeable amounts of gaseous n-pentane. (Nevertheless.
this system was operated in a good fume hood!) Fourth. the
pseudo-closed system eliminated the access of water vapor
to the outlet of the column. Finally. accidental degradation
of the column material by water adsorption was reduced. Even
in cases where the column was accidently allowed to run dry
and to remain in that condition for several hours. there was
no evidence that atmospheric water had penetrated the system
to an extent that deactivated or seriously impaired the op­
erafion of the column. Obviously. this type of technique could
also be used to exclude atmospheric gases if an appropriate
purge gas were employed.

The system was ideal for solvent cleanup. and it can be
readily adapted to fraction collection by incorporating several
containers inside the receiver Oask. In this mode of operation.
one would (most probably) use the optional ballast tank.
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Preparation of Wet Fish Reference Material from Shark Meat

Yuklko Doklya, Masashl Taguchl,' Shozo Toda: and Kellchlro Fuwa2

Department 01 Agricultural Chemistry. Facully 01 Agricuffure. 'The University 01 Tokyo. Bunkyoku. Tokyo. Japan. 113

Standard reference materials or certified reference materials
for metal analysis of biological or environmental samples have
recently attracted the attention of analytical chemists who
deal with those "soft" materials. Since H. J. M. Bowen (I)
prepared his Kale Powder in the early 1960·s. several trials
for preparing such materials have been performed. including
grass samples by J. B. Jones (2). Orchard Leaves and Bovine

I Present address, Department of Fisheries. Faculty of Agriculture.
The Univerait)' of TokYo. Bunkyoku Tokyo. Japan. 113.

•Present addres!r. Department of CbemlS!ry'J Faculty of Science.
The Univeraity of Tokyo. Bunkyoku. Tokyo, apan. 113.

Liver by NBS research groups (3. 4). Cd-rice by N. Yamagata
(5) and Oyster Powder by R. Fukai (6). Among these works.
those of NBS research groups .... considered to be the most
systematic and comprehensive. An unprecedented demand
for Orchard Leaves and Bovine Liver is currently reported
by J. P. Cali (7).

The authors, in a cooperative study with NBS research
groups, have performed some researches for new biological
reference materials. and tbe work includes the preparation
of Tea Leaves and Pepper Bush samples (8). No standard
reference materials of flah meat bave been auccessfully
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Table J. Experimental Conditions (or Atomic Absorption and Flame Emission Spectrometry

Element K Na Ca Mg Zn Fe

Analytical
line, om 766.5 589.0 422.7 285.2 213.9 248.3
Mode FE FE FE AAS AAS AAS
S.B.W.• nm 0.4 0.4 0.4 1.0 1.0 0.4
Flame

Air now rale 15 Llmin
C1H: now ralc 2.4 Llmin
Position 1.5-1.8 em above the burner

Table II. Water and Elementary Content of the Raw Material (Squalus mitsukurii)

T.L., mmo B.W., kgb
H,O.

Shark % Na< K Ca Mg Zn Fe Hg

I 1131 8.45 73.9 795 3590 43 235 4.1 6 1.75
2 1010 6.15 79.4 740 3000 50 210 2.9 7 1.74
3 1055 8.48 74.4 930 3670 57 240 2.9 7 1.83
4 968 5.24 76.3 700 4050 45 250 2.8 7 1.54
5 1045 6.85 75.2 770 3320 82 215 3.6 6 1.40
6 1087 6.63 75.3 975 3700 43 225 3.8 10 2.13
7 1193 10.37 75.3 725 3600 43 225 3.6 12 2.11
8 1080 7.80 76.5 725 3050 38 230 3.0 5 1.83

Av 1070 7.50 75.8 759 3500 50 229 3.3 8 1.79
Rei std dev I % 6.5 21.6 2.2 12.9 10.1 28.1 5.7 14.8 30.7 14.0

a Total length. b Body weight. C Elements given in ~g/g wet.

Table III. Variation of Water and Elementary Composition during the Preparation of "Wet" Shark Reference Material

Steps of Production

1. Raw material
2. Mixture in silent cutler
3. "Wel" shark reference material

8, 2
30, 7
26, 5

Steps

I.
2.
3.

Kb

3500, 350
3560, 110
3650, 100

Mg

229, 13
221, 4
220, 6

Ca

50, 14
68, 7
59, 3

H,O.%

78.5,1.7"
68.1 , 0.4
68.5, 0.2

Zn

3.3, 0.5
3.5, 0.8
3.1, 0.6

Fe

759 t. 98
13800, 200
13700, 450

Hg

I.79, 0.25
1.94 , 0.03
1.96, 0.05

Q (x i 0 11 _,», b E1l!mcnts given in J.Jc/g wet.

prepared up to the present, because of the difficulty in re·
alizing homogeneous concentrations of elements. especially
that of calcium (9). In this study. the white muscle of shark
(Squalw; mitsukurii) was adopted as the raw material. since
the distribution of metals in the muscle is known to be
comparatively homogeneous owing to the fact that this fish
has less bones in the muscle parts (10. 14).

In the fields of food science. oceanography. environmental
science. etc., where fish meat reference materials are required,
metals are often determined in "wet" or "fresh" samples.
Although the wet weight is rather hard to define as a scientific
unit, it can be practically useful to prepare a reference material
of a wet weight basis under given conditions. The procedure
of producing Japanese fish paste was adopted for this purpose
and a strong preservative. AF-2, which is now forhidden for
usc in food, was utilized to preserve it for a long period.

EXPERIMENTAL
Preparation oC "Wet" Shark ReCerenee Material. Eight

fresh sharks of similar size (Table l) were obtained from the fish
market of Choshi and the muscle parts of them were dissected
and frozen and processed as follows. NaCI and starch were of
analytical grade. AF-2(2-furyl)·3·(5·nitro-2·furyl)acrylamide) was
obtained from Ueno Pharmaceutical Co.

The white muscle of each fish (ca. 500 g wet) was dissected and
cut into small pieces by a stainless steel knife and homogenized
hya mixer. The fine bones and the red muscle were discarded.

The meat (2.5 kg) was further homogenized in an ordinary silent

cutter for 40 min. 811d Noel (75~) and starch (25 g) were then
added to enable the paste to clot after steaming:. AF-2 (0.1 ~)

which was also added caused the paste to become yellow in color.
'rhe resulting: pasle was steamed in II wooden frame for 15 min.

Then the dotted pO!:ite was cut into pillars of 2-3 g and put into
Pyrex glass hottles with caps and Teflon-coated pllckings, and
sterilized at 120 °C and 1.2 atm for 3U min by a hi~h-pressurc

sterilizer.
Determination of Metals. A random selection of 10 hottles

was taken from the products, and the contents wcrc trnnsfered
to na,ks (:100 mL) containing HNO, (5 mL) and H20, (5 mL) for
digestion. The flasks were heated ~enl)Y with coolers whose tops
were connected to traps of acid (J I). After 10 h, the digested
solution volume was adjusted to [)O mL and used fur the met.lll
determinations. Wet Saml))es (2 g) of the row mnterial Hnd the
mixture in the silent culler were digested in the same manner
fiS ahove.

Nn. K, Ca. Mg, Fe, and Zn were determined by name emi!:;sion
and atomic absorption spectrometry under the conditions specified
in Tahle I, using a Seiko SAS 721 atomic absorption spectro­
photometer.

Hg was determined by the reduction-cold vapor atomic ab­
sorption method using a l()()·cm quartz absorption cell attached
to a Hitachi 207 atomic absorptiun spectrophotometer (12).

Determination of Water Content. The weight change by
drying at 90 °C in an electric oven was used for determining the
water content oCthe raw material, the mixture in the silent cutter,
and the products.

Determination or Microbial Activities. Fungal activity was
determined by counting the colonies. The testing paper
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Table IV. Elemenlary Compoaltlon of "Wet" Sbuk Reference MoterIaJ (PIli .et)

Bottles Na K Ca MI Zn Fe Hi
a 13200 8720 60 215 8.0 25 1.92
b 13600 8690 66 225 2.2 21 1.99
c 13000 3700 57 210 3.0 24 2.05
d 13900 8710 59 215 8.1 21 1.92
e 13900 3630 60 225 4.6 25 2.00
f 14200 3590 55 220 8.4 25 1.99
i 14000 8650 64 215 2.5 35 1.92
h 13300 3630 57 215 2.8 32 1.89

13400 3400 57 230 2.8 22 1.99
13700 3750 57 215 3.2 28 1.92

Av 18700 3650 59 220 8.1 26 1.96
Rei std dey, % 8.8 2.6 5.9 2.8 20.6 17.8 2.6

Table V. Chanie of Weiiht and Microhlal Activltle.1n Three Month. (from Feb. 1977 to M.y 1977)

Microbial activity

0,0,0,0,0
0,0,0,0,0

0,0, -0.1,0,0
- 0.3, - 0.2, 0,

Room temperature (Dark)
Sterilizedb

Not sterilized

C~~:~i~~d~ca. 4°C)

Not sterilized
Freezer (- 20 ·C)

Sterilizedb 0, 0, 0, 0, 0
Not sterilized 0, 0, 0, 0, - 0.05

• Starting sample weiiht: 1.7-3.0 g. b Sterilization: 120 ·C, 1.2 atm, 30 min.

-+-+-

"Wet" Shark Reference Material (Shark Paate)

~i/i dry· ~i/i wetb

11600, 800 8650. 100
48400. 8000 18700. 450
890 • 13 220 • 6
187. 13 59. 4
83. 15 26. 5
(3)' (1)'
10.2 8.1.0.6
(3)' (1)'
6.22. 0.16 1.96. 0.05

800. 20
810. 10
2680, 120
66.4
0.20. 0.02

Bovine Liver
NBS·SRM 1577 (4)

9700. 600
2430. 130
(605)
(l23)
270. 20
193. 10
130. 10
10.3. 1.0
0.016. 0.002

K
Na
Mg
Ca
Fe
Cu
Zn
Mn
Hg

Tsble VI. Metal Concentr.tlon of Some Animal Reference Materials

Oyster Powder
lAEA·Monaco
MA·M·1 (6)
~i/i dry

a Calculated values from ,..g/g wet. b Averaec ~ an_,. C Approximate value.

"Bactester", purchased from Kanto-Kagaku Co. Ltd., was utilized
for the determination of bacterial activities.

RESULTS AND DISCUSSION

Characteristics of the Raw Material. The total length,
the body weight of the eight sharks obtained, their water
content, and the K, Na, Ca, Mg, Fe, Zn, and Hg contents of
the white muscle are summarized in Table II.

The most typical characteristic of this fish is the high
concentration of Hg in the muscle, presumably owing to their
eating habits. A correlation between the total length and the
Hg content in the muscle is also known (13). Thus, considering
the field of utilization and according to the user's require·
ments, shark muscle of Hg content ranging from 0.2 to 2.0 ~g/g

(wet weight basis) can be obtained as the raw material for the
reference by chosing the appropriate variety and the total
length of the shark.

The K, Na, Ca, Mg, Fe, and Zn contents are similar to those
of other fish meat. The variation of Ca content (Rei std dey,
28.1 %) between the individual sharks was the greatest among
those of the elements examined.

Changes during Preparation. The changes of water

content and mineral concentrations during the preparation
are summarized in Table Ill, As NaCI was added in the
process,. the concentration of Na was increased more .than ten
times that of the raw material. The slight decrease of the
water content of the mixture in the silent cutter may be
attributed to the addition of starch (l 'i'c) and to evaporation.
The increase of Fe concentration observed with the mixture
in the silent culler and with the product was considered to
be due to contamination from the material of the silent cutter.
This contarnination should be eliminated by chosing a more
suitable culler material or by changing this process to a less
contaminating one.

The variation of metal concentrations was shown to be
reduced after the preparation, except in the case of Zn. The
situation was best for Ca where the rei std dev value after
preparation was 5.9'10 relative to 28.1'10 for the raw material.
No significant loss of Hg was observed during the preparation.

Water and Metal Contents oC "Wet" Shark Rererence
Material. The water and metal contents of samples contained
in 10 bottles selected at random are shown ill Table IV. The
homoreniety with respect to Na, K, Ca, Mg, and Hg was sho""
to be within 6'10 (rei std dey value), while that of Zn and Fe
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were as much as 20%.
PreiervatioD of the Sample. As the samples are wet,

long-term preservation should be one of the most difficult
factors to realize, Thus, the preservation test was performed
periodically after the completion of the preparation. Fifteen
bottles were sterilized by a high-pressure sterilizer and sets
of 5 bottles were then kept at (1) room temperature, (2) 4 ·C,
and (3) -20 ·C. The weight and microbial activity of each
sample was determined. This procedure was repeated for a
further 15 sample bottles but omitting sterilization. A
summary of the results of these tests after 3-month storage
are given in Table V.

Except for the bottles not sterilized and kept at room
temperature, microbial activity was not observed, neither
fungal nor bacterial, and the change of weight during pres­
ervation was shown to be negligible. These tests are being
continued for a few years.

Comparison with Other Animal Reference Material.
The elementary composition of this wet shark reference
material was compared with NBS-SRM 1571, Bovine Liver,
and with the Oyster Powder produced by R. Fukai (6) of the
Marine Research Laboratory (Monaco) of IAEA for the
purpose of intercalibration (Table VI).

The most typical characteristics of this shark reference
material are the high concentration of Hg and the low con­
centration of other heavy metals such as Fe, Zn, Cu, and Mn
compared with other materials,

CONCLUSION
As the first trial to make a fish reference material of wet

basis, a Japanese-style steamed fish paste reference material
was prepared from shark meat, Provided the prerequisites
for reference materials are as follows: (1) Availability in large
amount, (2) availability at low cost, (3) homogeniety of
samples, (4) preservation, (5) safety in transportation, (6)
appropriate concentration of elements. this material can be
concluded to be a good candidate. For the first two items,
the price of shark fish is comparatively low and the fish can
be obtained in sufficient numbers at certain markets (about

$2 for a fish),
The homogeniety with respect to Hg, K, Na, Ca, and Mg

was shown to be within 6% of reI std dev value, using about
2 g of wet sample (ca. 0.6 g dry matter). This material can
be preserved for at least 3 months even at room temperature
and may be preserved for longer periods in a cold room or in
8 refri~erator.

Safety in transportation can be readily achieved with careful
packing-. For the last item, this material can serve as a very
good reference material in those fields concerned with the
analysis of Hg in fish meat, where Bovine Liver, because it
contains too low 8 concentration of Hg, is difficult to utilize.
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Use of Electron Capture-Induced Products for Confirmation of Identity in Pesticide
Residue Analysis

Waller A. Aue' and Shubhender Kapl/a

5637 Life SclBnces, DalhouslB University, Halifax. N.S.. Canada

The products of reactions taking place in the electron
capture detector (ECD) are sometimes capable of reacting with
electrons themselves; in fact, this secondary reaction has so
far been the only means of detecting their presence (1-3).
Some of these EC-induced products have been tentatively
identified by retention data (3),

Some pesticides yield distinct product patterns (e.g.,
pentachloronitrobenzene yields pentachlorobenzene and the
possible tetrachlorobenzenes) and these could conceivably be
used to confirm the presence of the pesticide in an analytical
sample. The need for confirmation of GC peak identity needs
DO belaboring; the publications on this subject are far too
numerous to cite. They include GC-MS, UV photolysis, use
of multiple selective detectors, and, most prevalent, a wide
variety of derivatization reactions.

Derivatization usually involves reaction of the total sample,
rather than reaction of a single GC peak, While the latter
would be preferable on theoretical grounds-i.e. the proba·
bility of mistaking another compound for the expected de- F1gUIa 1. Flow schematic

0003-2700/78/0350-0538$01.00/0 © 1978 American Chemical Society
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rivative is reduced-the technical difficulties in such on
approach are formidable and, in most cases, forbidding.
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EC-2

PCNS

..
AROCLOR 1254

(I-'Ef~K • 5)

Figur. 3. Ctvomatograms of products and residual analyte as seen
by EC-2 lor cuts taken as i>dicated In Fogoxe 2. Residual analyte peaks
are starred. Same attenuation ttvoughout

Electron capture as 8 derivatization reaction appears much
more restricted in its application than the other methods, but
it is one approach which could be used on a single peak right
in the chromatograph itself. Analysis would thus be combined
with confirmation (similar to GC-MS) and the amuunt uf
injected analyte could be in the picugram range.

The present study atlempts to demonstrate the feasibility
uf this approach; a demonstratiun called fur by the hazards
of prediction when the temperamental EC detectur and
thermolabile compounds in very low concentration ranges are
involved.

EXPERIMENTAL

Figure I provides Q self-explanatory nuw chart uf the uJlpumtus.
The two detectors were re~ular Mikrutek ('I'mcor) Ni-63 models.
Th<' cmrier ~8S. prepurified argon. was saturated with the vapor
of purified isuoctane to favor product formation (3). The
hil-:h·temp~rature4'port ,"ulve was a Volco.product. and the steel
diaphragm pressure regulator sen'ed to keep both inputs to the
vRlve at the same pressure. This setting was chosen such that
8 signififant flow of carrier entered EC·I, adding to the effluent
fWIll culumn I.

Colullln I. and column 2 plus the dummy column. were in­
dependently thermostnted, the furmer ut hi~her tempemture than
the IUller two. Columns 1 und 2 were packed with 3% OV-10I
on Corhuwax 20M-modified (4) Chromo:;orb W. 45/60 mesh. The
dummy column (0 column of similar resistance as column 2, used
to avoid pressure and now nuctuations) was packed. with bare
Chromosorb of the same mesh.

Figure I shows the usual nowpath. i.e., pure carrier sweeps
column 2 and EC-2. while the effiuenl1l from column 1are shunted
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to an exhaust duct via the dummy column. The valve is turned
only to let the peak of interest pass on to column 2; an operation
noted by the dark rectangle on the time axis of Figure 2.

RESULTS AND DISCUSSION
Figure 2 shows regular chromatograms obtained from EC·1

for PCNB (pentachloronitrobenzene, a much·used fungicide)
and Aroclor 1254 (a typical polychlorinated biphenyl product),
followed by a mixture of the two, in which PCNB overlaps
with peak 6 of the Aroelor.

In each case, the valve was turned at the aame time, allowing
PCNB, Aroclor peak 6, and their EC-induced products to enter
column 2. Residual analyte (starred) and products were
monitored by EC·2 as shown in Figure 3. As expectad, the
product patterns of pentachloronitrobenzene and the poly·
chlorinated biphenyl(s) are drastically different and allow
unequivocal distinction, even in mixture.

It should be noted thet, even though columns 1 and 2 are
packed with the same stationary phase, the analyte peaks
overlap severely in Figure 2 but are almost resolved in Figure
3. This i. caused by the temperature difference between the
two columns and the superior chromatographic conditions for
resolution on the second one. The effect could have been

easily enhanced by using a different colwnn packing in column
2; and, mutatis mutandis, there are obvious analytical ad·
vantageous to such an approach.

While the method appears to work well, an obvious limi·
tation and caveat should be kept in mind. First, not all
compounds which respond well in the EC detector give rise
to useable product patterns. Second, the requirement for a
"clean" system, so typical of EC·GC, is even more stringent
in this case, where peaks in the picogram range are being
manipulated. This taken into account, the described approach
should prove valuable for the detection and confirmation of
pesticide residues.
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Tantalum Treated Graphite Atomizer Tubes for Atomic Absorption Spectrometry

VladImIr J, Zalka

J. Roy rJottJon Research Laboratory, INCO Meta/s Company. Sherldsn Parle, Mlss/ssa"Qa. Ontario. Canada. L5K lZ9

Atomic absorption analysis in electrically heated graphite
atomizers has found widespread acceptance as a routine
method in many research and application laboratories.
Atomization of the aample in graphite tubes heated up to 3000
'C makes the method exceptionally sensitive and capable of
determining a large number of trace elements directly in
diverse sample matrices.

Unfortunately, practicing analysts have not always been
able to take full advantage of the high temperatures. The
tubes rapidly deteriorate and a frequent use of standards is
then required due to a steadily changing response. At 2700
'C a useful lifetime of 30 to 60 firings is not unusual. By
lowering the atomization temperature, the lifetime of a tube
can be increased but sensitivity for many elements is thus
sacrificed and potential problems from an incompletely
volatilized sample matrix may be generated.

To alleviate the sensitivity problems, matrix modification
(1,2) or various pre-treatments of the graphite tube, some·
times of questionable value, have been tried (3-5) including
the in situ coating with pyrolytic graphiU! (6-9). In all these
approaches, only the interior of the tube is affected and the
exterior surface is left unprotected towards oxidation. No
substantial improvement in the lifetime of the tube is so
achieved.

Obviously, a muc.h more useful approach is one where the
whole graphiU! tube surface, both interior and exterior, is
involved in the proU!ctive treatment. Tubes with a complete
pyrolytic coating are available from Varian-Techtron. It is
the purpose of the pres<!nt paper to document the outstanding
properties of tantalum carbidized graphite tubes. Developed
originally for handling lanthanum matrices, the treated tubes
showed such a steady response and long lifetime at 2700-2800
·C that they are now being used for over two years for general
electrothermal atomic absorption practice. In the meantime,
two papers were published dealing with specific determi­
nations of silicon in tungsten (lO) and beryllium in biological
material (l1) for which tubes impregnated with tungsten,

tantalum, or zirconium salts were used. In the present paper,
a rapid soaking method is described. The procedure is simple
enough to be carried out in any laboratory and is easily
amenable to commercial mass production of carbidized tubes.
The general performance of the tantalum carbidized tubes
is distinctly superior to that of tubes with internal pyrolytic
coating (9).

EXPERIMENTAL
Apparatul. The work was done on a Perkin·Elmer Model

HGA 74 graphite furnace atomizer mounU!d in a Model 306 AA
spectrophotometer with a Model 165 recorder. Also used were
a Leeds and Northrup disappearing·filament optical pyrometer.
a Cameca Model MS 64 electron microprobe, and a Siemens x-ray
diffraction unit.

Regular graphite tubes were utilized for the treatment by
tantalum. Sample solutions were injected by Eppendorf microliu.r
pipets. The atomizer system was operated in the gas-stop mode
with argon as the purge gas.

Tantalum Soaking Solution (6% Ta). Weigh 3 gof tantalum
metal into a 100·mL PTFE beaker, add 10 mL of dilute hy·
drofluoric acid (I + 11,3 g of oxalic acid dihydrate, snd 0.6 mL
of 300/, hydrogen peroxide. Heat carefully to dissolve the metal.
Add more peroxide when the reaction becomes too slow. \\Then
dissolution is complete, add 4 g of oxalic scid and approximately
30 mL of water. Dissolve the acid and dilute to 50 mL. Store
in a plastic bottle.

Tube Treatment. Vertically immerse the graphite atomizer
tubes in the 6% tantalum soaking solution co'ltained in a plastic
viel. Transfer the vial into 8 desiccator. evacuate (water pump),
and maintain under reduced pressure for 20-30 s. Release the
sir bubbles formed on the tube walls by tapping tbe exterior of
the desiccator. Restore the atmospheric pressure in the desiccator.
remove the tubes from the bsth and dry them first in the air (30
min) and then at 105'C (1 h). Mount each tube in the atomizer
unit fitted with new unused graphiU! rings and, while the argon
purge gas flow and the water cooling are on, raise the temperature
gradually (30 s) to 1000 °C snd then for a few seconds to 2500
·C.

Repeat the treatment once again but soak the tubes for only

OOC3-2700f7S/035().()538S01.OCfO It> 1975 American Chemical Society
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Table U. Accuracy in Copper Metal Analysis°

Parts per million

Bi Pb Sb Sn

NBS Designation Found NBS Found NBS Found NBS Found NBS

SRM 394 (Cu I) 0.3 0.35 28. 26.5 3.7 4.8 65
SnM 395 (Cu II) 0.4 0.50 3.4 3.25 7.8 7.5 1.7 1.5
SnM 396 (Cu III) 0.1 0.07 0.44 0.41 <.2 (.2) 0.9 0.8

a 2% copper nitrate solution in 5% v/v nitric acid; aliquot analyzed, 10 /olL~ instrument parameters as in Table 1; all data arc
single analysis results.

10 s under the reduced pressure.

Flgwe 1. Repealability 01 signals in okJ tantal\m carbidized tube (soIJtion
matrix 5 mg mL- l la and 2 mg mL- 1 Fe In 5% HNOJ). Temperature
program: So. 120·/20 s. 500·/20 s. 2700·/5 s. Pb. 120·/20 s.
400·/20 s. 2700·/5 5

RESULTS AND DISCUSSION
To form a thermally protective layer of refractory metal

carbide over the entire graphite tube surface, tantaiurn is the
ohviOl" first choice. It forms a thermodynamically stable
interstitinl cnrbide. TaC. with very high melting puint of 4270
I< (12) and a vcry low vapor tension. It is clcctroconductive,
is not decomposed by water, and is chemically inert. This
ensures the longevity of the treatment without altering the
physical properties of the parent graphite tube.

Composition of Soaking Solution. It is essential that the
~olulion be free of strong mineral acids, ~uch as sulfuric or
nitric, as they destroy the graphite surface on evaporation and
contrihute to both a reduced tube lifetime and poor re­
peatability of atnmization signals. The hydroOuoric-oxalic
acid medium is suitable for holdinK a sufficiently hiKh tan­
talum concentration (6%) required for the graphite treatmenL
The solution is stable and keeps indefinitely even when only
a small excess of free hydroOuoric acid is present.

Treatment of Graphite Atomizer Tubes. By using
reduced pressure, the penetration of the soaking solution
inside the graphite tube is fast and the whole operation takes
nnlya few minutes or so as compared to 24 hat atmnspheric
pressure (10) or 6 h at 175·C in an autoclave (I I). After one
treatment, electron microprobe analysis of the cross section
of the tube showed a uniform tantalum penetration through
the whole wall thickness. In the second treatment. tantalum
was deposited at the tube surface only. approximately 0.1 mm
deep. X-ray diffraction examination showed tantalum cnrbide,
TaC. and carhon as the only major phases. The carbidizing
reduces the porosity of the Kraphite tubes but does not seal
the surface completely.

Temperature Calibration. The temperature meter on the
HGA power supply unit was calibrated in the range of
1500-27oo·C by measuring the actual temperature inside the
heated tube. The radiation from the inner wall of the tube
was focused through the sample introduction port at the
viewing lens of the optical pyrometer. The estimated accuracy
of the measurement was ±50 ·C. Temperatures achieved in

CONCLUSIONS

The lifetime and the long-term respon,e stability nf the
graphit.e atomizer tuhes is substantially improved by tantalwn
carhidization of their entire surface. Even at high atomization
temperatures of 2700 ·C. the cnrbidizcd tubes survive 350-400
firings with continued high precision on replicate analyses.
The useful lifetime of a regular tube is thus extended by a
faclur of 8 or better. The decrease in sensitivity due to aging
is minimal; for instance, a loss of only 25% was recorded for
selenium during the course of 350 firings at 2700 ·C.

The tantalum treatment does not alter the temperature
calibration of the furnace by more than 50 ·C. The cnrbidizcd

the double tantalwn cnrbidized tubes did not differ from those
in the regular tubes and a re·caJibration of the met.er is
therefore not necessary.

Hesponse and Lifetime of Treated Tubes. The carbi­
dizing of the graphite atomizer tubes greatly improves the
repeatability of replicate atomization signals even after ex·
tended use of the tube at temperatures of 2700 ·C. The
refractory coating of the entire tube surface assist.."i in
maintaining the tube in uniformly good condition and ef­
fectively retards the aging effect cnused by hiKh temperatures.

For example, trace elements are routinely determined in
this laboratory by electrothermal atomic nbsurption after
collection on mixed lanthanum-ferric hydroxidl.'S. Problems
were encountered in the past when the regular untreated
graphite tuhes were used. Some of the lanthanum always
remained in the tube as carbide. As an ionic type, the lan­
thnnum carbide was hydrolyzed by the next sample aliquot
or. simply. by humidity in the air and this led to rapid de­
struction of the tube surface and deterioration of tuhe per·
formance. For this reason, the recommended lanthanum
treatment of the tube interior (3, 4) does not appear ad­
vantageuus. In the tantalum carbidi7.ed tubes, it is possible
to ensure a completc matrix removal at an atomization
temperature of 2700 ·C withnut sacrificing the useful lifetime
and a steady response of the tube. Figure 1 shows the chart
recorder tracings and peak height readings on 10 replicate
nnalyses of 1.5 ng of Pb and 3 ng of Sn in a La-Fe matrix as
they were obtained in a tantalum carbidized tube wit.h a
history of 300 and 350 firings at 2700 ·C. respectively. AI­
iquots of 5 and 10 Ill.. respectively. were added manually. The
excellent precision of 1.3% and 2.2% (RSD) for such an old
tube is remarkable. The useful lifetime of this part.icular tube
was ovcr 400 firin}{s, which is not unusual for the tantalum
treated t.uhes operated at 2700 °c.

No difficulties have been encountered at the trace level
determinations of Ag. AI. As. Bi, Cd. Co. Mn. Pb, Sb. Se. Sn,
Te, and Zn in a variety of inorganic matrices using the
tantHlum carbidizcd atomizer tubes. Examples of achieved
precision. i.e., the repeatability of replicnte analyses of identical
aliquots and the reproducibility of results from independent
samples. and of accuracy in the analysis uf ASTM nickel test
samples and of NBS mpper SHM's are given in Tables I and
II. Potential interferences remain the same as are those
ohsen·ed in t.he regular unt.reated graphite tubes.

UO:I'ox;

1.Snp Pb In] J.....I

CARBIDIIEo TUBE I
ohM 300 lirinVI

Jng Sn 1]16 )"...1

UO='2'1:

CARBIDIZED TUBE/
alt.r JSO 'iring.

t:: 0,)

Z..
: 0.2

:...,



tubes are suitable for general electrotbermal atomic absorption
analysis of trace elements in various matrices. Tbey failed,
buwever, in tbe determination uf platinum group metals by
effectively suppressing their atomi7.ation. While the tubes may
not he suitable for a tantalum determination, a similar
treatment with the second highest boiling niobium carbide,
NbC, may make it possible.

The developed procedure is simple and inexpensive. It
unifurmly affects the whole surface of the graphite tube. The
extent uf the carbide formatiun can be easily controlIed by
the number of sequential treatments and by the concentration
of the tantalum solutiun.

LITERATURE CITED
(1) E. L. Henn. Anal. Chern .• 47. 428 (1975).
(2) E. L. Heno. ASTM SfP 618, 1977. P 54.

ANALYTICAL CHEMISTRY. VOL. 50. NO.3. MARCH 1978 • 541

(3) J. H. Runnel•• A. Merrylleld. and H. B. Fishar. Anal. Chern .. n, 1258
(1975).

(4) K. C. Thompson, K. Wag...". and K. C. Wheatstone, Ana~I(Loodc>l),
102,310 (1977).

(5) R. Cion!, G. Ottonello. and A. Mazzucoteli. AMI. Chlm. Acta. 82, 415
(19761.

(61 D. D. Slemeo', A. WlXDfff, and B. Watna, AppI. Spectrosc.. 28, 582 (1974l
(7) S. A. ClybISn. T. Kantor, and C. Ve~lon. Anal. Chern., 46, 2213 (1974).
(61 K. C. Thompson. R. G. GocIden, and D. A. Thome<son. Anal. Chim. Acta.

74, 289 (19751.
(9) O. C. Manning and R. D. Ediger. At. Absorpt. News/., 15. 42 (1976).

(10) H. M. Ortner and E. Kentuschef', Talanta, 22, 581 (1975).
(11) T. Stiefel. K. Schulze. G. TOIg, and H. Zorn, Anal. Chim. Acta. 87. 67

(19761.
(12) A. K. Hoiday.G.~, and 5.". Waker "Garbon" il "Comprehensive

lno<gank: Chemistry.. , Vol. " J. C. Ballar."'.. H. J. EmeIOus. R. Nyholm.
and A. F. Trotrnan-Oido:enson. Ed.• Pergamon Press. Oxfad. 1973. P 1211.

RECEIVEU for review Oclober ~, 1977. Accepted November
23, 1977.

Contamination-Free Adjustment of pH during Trace Analysis

J. E. Riley, Jr.

Belf Laboratories. Murray Hill. New Jersey 07974

Determinations of trace elements in high purity materials
often require dissolution of the sample fullowed by adjustment
of the pH prior to chemical separations or preconcentration.
These adjustment steps are sources of contamination even
when efforts are made to use high-purity reagenL, (I -3). Very
high purity reagenls are produced by a number of excellent
nonboiling distillatiun procedures (1-6). However, assuming
reagents of acceptable quality are produced, storage for periods
of time can result in contamination of the reagent by even
extensively predeaned storage vessels (2).

Circumventing the problem of reagent contamination during
storage can be accomplished by using gaseous reagents
generated when nceded for trace analyses. Gaseous acids and
bases have been used occasionally in industrial applications
(7,8). Use of such reagents in the trace analysis laboratory
could be more extensive (9). This paper reports a study uf
the application of gaseous reagents Ul trace analysis with data
to exhibit the utility and advantages.

EXPERIMENTAL
Equipment. Important considerations in the design of the

apparatus are: (I) total amount of reagent tu he transferred. (2)
8(:curacy and precision of transfer, (3) speed of reat:ent transfer,
and (4) number of samples to be trealed. In the majority of trace
analytical work in our laboratory, a relatively small numher of
valuable samples are processed. Precise control of pH in small
volwnes of solution (2-5 mL) is essential for quantitative recovery
of trace elemrnts during chemical separations.

The apparatus in Fif{Ure 1 is bnsically an isopiestic distillation
system. The container was a cut-off 2000-mL beaker placed on
a glass plate with multiple samples accommodated around a single
reservoir. Isopiestic distillation will proceed until stopped or until
the volatile reagent has attained an equilibrium distributiun in
aU solutions. Initially, for control, an extra sample sulution with
indicator was used in one of the beakers; but after several runs
the transfer rate was characterized for the particular experimental
arrangement and the indicator was omitted. To increase the speed
of distillation, a small disk of aluminum with a radially bored hole
for a small cartridge heater was placed under the reservoir. To
minimize leaching by the sample solutions. only the reservoir and
not the entire apparatus was heated. When used, this heater did
little more than supply the heat of vaporization to the reagent
reservoir. The reagent in the reservoir was not boiled since violent
bubbling would transfer droplets to the open sample beakers.

The gas stream apparatus (Figure 2) processed aingle samples
quickly with exact control of pH. The rate of reagent generation

was controlled by the temperature of the reservoir. There were
two reagent delivery modes in this system, one for rapid transfer
with coarse control (left side) and one "diluting" system for exact
control of the final pH adjustments (right side). For the higher
rate of transfer, the "wand" portion of the t:enerator directed the
output to the surface of the sample solution. Although transfer
of reagent is more efficient and the sample is stirred by bubbling
from the submerged tip of the capillary. this contact shuuld he
avoided unless great care is taken in choosing and cleaning the
capillary in order to minimize leaching impurities into the sample.

Exact control of the pH was achieved by metering into the
sample small amounts of the reagent or reagent and pure carrier
gas mixtures with a syringe. To avoid drawing sample solution
into the capillary due to a low now of highly soluble gaseous
reagent, a constant stream of pure, filtered carrier gas (N2 or He
at <100 mL/min) was bubbled through the sulutiun. Careful
selection of capillary bore and t:1lS flow rate was essential to avoid
excessive bubbling, which leads to contamination or loss of sample.
The positive, inert atmosphere over the sample surface also aided
in the exclusion of airborne contamination. Gaseous reagent, a
mixture of reagent and carrier gas, or pure carrier gas was drawn
into the syringe through a mixing valve consisting of two Teflon
stopcocks with staggered opening angles. A syringe \'alve allowed
filling frum the mixing valve and discharge through a fine Teflon
needle into the carrier gas stream at the lop of the capillary.
Construction of the apparatus with all-plastic or Teflon-coated
stninless steel minimized opportunities for inorganic contami­
nation. For the ultimate in pH control, the gnseous reagent in
the syringe was diluted with carrier after each small injection,
thus successively dccrea,;ing the amount of reagent added per unit
volume of the syringe. For the final additions, the syringe was
disconnected and all but a small fraction of its contents ejected
before further dilution.

Bcc.ause of the evolution of toxic gases and the need to minimize
chances for sample contamination, both apparatus and samples
were huused in a laminar·now clean hood with exhaust.

Contamination Measurements. Radiotracer Studies. One
hundred milliliter.; of reagent grade HCI and NH,OH were added
to their respective reservoirs for experiments with the gas stream
system. Both reagents were then spiked with 1-4 ~g per mL with
each of the following catiuns: Na, Cr, Mn, Fe, Co, and Zn. The
spiking solutions had been tagged with sufficient 22Na, "Cr, "Mn,
"Fe. "Cu, and "Zn su that there would be on the order of 50
cpmlng of each element. A O.I-mL aliquot of the HCl solution
was counted on a Iithium·drifted germanium detector to acquire
the spectrum shown in Figure 3.

Multiple samples of HNO, (8 M) and NaOH (10 M) were
neutralized with gaseous reagents from the radioactive reservoirs.

0003-2700/78/0350-0541$01.00/0 © 1978 American Chemical Society



a 4 mL, 8 M HNO J • b 2 J.l L NH 4 0H from reservoir,
diluted to 4 mL.

Table I. Total -y-roy Activities of
Neutralized HNO) Solutions

Sampleo Activily, cpm
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Figure 1. Reagent chamber transfer apparalu~
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Figure 2. Gas stream transfer apparatus
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Figur. 3. -y-ray spectrum of spiked Hel reservoir

The reservoirs were stirred and heaWd gently to the point where
gas bubbles were fonned. At the phenyl red end point, the samples
were counWd in a 7.62·cm (3·inch) well· type NaI detector wired
to an amplifier and timer/scaler. Also counWd were 2·~L aliquots
of each radioactive reagent. This volume contained 4.0, 5.6, 4.2,
4.0,8.0, and 3.6 ng of Na, Cr, Mn, Fe, Co, and Zn, respecth'ely,
on the basis of the added dopants. All -y-ray activity from 0.3
to 1.4 MeV was integrated for a period of 2000 s for samples,
reservoir aliquots. and backgrounds.

X·ro)' Fluorescence Measurements. Blank samples were
prepared containing 0.1 mL of 44% perchlorit acid (high purity),
2 ~g of Ti coprecipitanl, and 2.5 mL of high purity water. After
adjusting the pH with gaseous or high purity aqueous ammonia
to 4.0 ± 0.1, 2 drops of 2'10 aqueous solution of diethyldithio­
carbamate were added (10, ll). The subsequent Microdot samples
were examined with a nondispersive x'ray fluorescence (XRF)
instrument incorporating: (1) a Ag target x·ray tube operating
at 50 kV and 10 rnA with a O.050·inch aperture, (2) a lithium­
drifWd silicon detector, (3) a Princeton Gamma Tech PGT-looo
Analyzer system.

Reagent Chamber Transfer Rates. Solutions of HCI and KOH
were neutralized to the phenyl red end point with NH, and HCI,
respectively, in the reagent chamber apparatus. The initial
concentrations of the lO-mL sample solutions of HCI and KOH
extended through the 0.1 to 1.0 M range with duplicates run at

...J...z

~
'"
~
u

51Cr

o!",....L...J...J.....L...L...J-L..L.J.....J......L.L.J
o 4 6 8 10 12 14

TIME (MINUTES)

Figure 4. NH3 transfer with reagent chamber

each point. The reagent reservoir, 8 250-mL beaker containing
!OO mL of concentrated NH.OH or HCI, was warmed by. small
heater to prevent self-chilling of the reagent to below room
temperature. The reservoir was filled with fresh reagent prior
to each neutralization, and the cover was put into place im­
mediately. The enlire assembly was agitaled slightly on a regular
basis during the course of t.he neutraliz.ation in order to mix the
sample solutions and to facilitate end-point detection.

RESULTS AND DISCUSSION
Tables I and II show the results of the contamination

sludies. As can be seen, there is no detectable transfer of the
doped elements into the nonactive samples from the reservoirs
of reagent containing contaminants at a level one hundred
times normal. The spectrum acquired with the Ge(Li) de·
teclor showed that the 'l'-ray activity levels measured ap·
proximately the same for the six tracers. Dividing the average
measured reservoir activity equally among the elements (total:
29.4 ng) yields roughly 60 cpm for 1 ng of all elements
combined. From this and the measured background, a
minimum detectable level (I2) can be set at 0.3 ng of total
impurities in the 4-mL sample (0.08 ppb). Therefore, it can
be estimated that the largest total weight of the six elements
Ihat could have been Iransferred without being detected in
Ihe tracer studies was less Ihan 0.3 ng during the transfer of
32 mequiv of NH.OH and 40 mequiv of Hel.

While the tracer work indicated Ihat no detectable con­
tamination was transferred to samples from the reservoir.
information was also necessary concerning the introduction
of contaminants by other parts of the apparatus. XRF data
taken on blanks prepared with pH adjustment by either
gaseous or high purity aqueous NH, showed no measurable
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Table IL Tote! 'Y're)' ActIvltl.. of
Neutralized NaOH SoIutioDi
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Figure 5. HCI transfer with reagent chambar

difference between the two methods for Cu. Ni. Co. Fe, Mn.
Cr. and Zn. This information complemented that from the
radiotracer studies by indicating that the contamination
introduced between the reservoir and the sample was also
negligible. The contribution of this gaseous technique for pH
adjustment is further enhanced by the facts that during the
preparation of the XRF blanks (1) there was a negligible
increase in sample solution volume. (2) precise control of the
pH adjustment of small, unbuffered solutions was maintained
easily to better than :I: 0.1 pH unit. (3) with a high degree of
control the adjustments were performed more quickly than
with aqueous reagents, and (4) reagent grade NH,OH was used
as the source for the high purity gas.

In Figure 4 are plotted data from neutralizations of 10·mL
HClsolutions in 50·mL beakera with NH3 using the reagent
chamber. On the average. the rate of NH3 uptake from the
250-mL reservoir is 0.7 mequiv/min. Figure 5 shows a similar

plot of the reversa situation where baaic solutions (KOHl were
neutralized from HCl (12 Ml reaervoira. The average rate of
HCl transfer was 0.4 mequiv/min. When 30·mL sample
beakers were used, the transfer rate decreased by 30%.
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Rapid Packing of Coiled Glass Gas Chromatography Columns

Geraldine Olerlch

Analytical Chemistry DivisIon. oak Ridge National Laborstory. oak Ridge, Tennessee 37830

Many methods have been tried in our laboratory to pack
gas chromatographic columns of high efficiency and repro­
ducibility. Because of the fragile nature of the majority of
our columns. 20 ft X '/sin. o.d. glass. delicate handling is
necessary. Until now, the most efficient method we have
found was to place a small plug of glaBs wool in one end of
the column and attach the column to a vacuum line. A 3 ft
X '/, in. o.d. Teflon tube was filled with the packing material
and. using Swagelok fittings. one end of the tube was atteched
to the column and the other end to a dry nitrogen source. The
packing was forced into the column with a nitrogen head
pressure of 50 psig and vibration. Several hours were required
to pack the columns. apparently because of stetic electricity
generated by the friction of the packing against the glass. The
static charge caused the packing to coat the inside of the
column and prevented it from moving freely to give a high
density packed column. The problem can be alleviated
somewhat by packing the column following heat treatment
in the gas chromatographic oven. The front of the column

is connected to the inlet of the chromatograph and the empty
column is heated to -200 DC for 5 min. After cooling. the
column is removed from the oven and again attached to the
vacuum and nitrogen lines.

We realized then that most of our problems could be solved
if the columns could be packed directly in the GC oven. The
column packer described in this paper is a simple. inexpensive
device which allows this to be done. This device (Figure 1)
was constructed to fit a Perkin-Elmer Model 3920 but could
be adapted to any gas chromatograph.

A small glass wool plug is placed in the back end of the glass
column. Two or three inches of packing is pulled into the
column with vacuum to allow compacting of the gl888 wool
plug. The column is then placed in the GC oven and the front
end attached to the inlet as usual. The system retainer nut
and the metal and glass liner are removed from the inlet and
the 1/.-in. o.d. copper tube of the column packer is inserted
as far as it will go into the inlet. The Swagelok is tightened
to hold the packer in place. Using a small funne\, the reaervcir
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'-in, ooPPEA DISKWITM 'I.. ·in
HOLE ORlLUO IN C£NTER

SWAGELOK NUT WITH
TEfLON F£RRUL.£

~.. ·iII_ 00 COPPfA fU8lNG

THE C'.OllJMH PACKER IS ASSlW8l.EO
WITH SILVER SOLOE:R

Figur. 1. Column packing reservoir

is filled witb packing material. A 1/,-in. o.d. copper tube is
attacbed to the top Swagelok fitting and tbe otber end is
connected to a nitrogen or belium tank. By applying a
pressure of 60 psig and vibrating the copper tube just under
the reservoir, the packing will flow into the column. When
the column appears to be fuU, each coil is lightly vibrated with
the vibro·tool and the copper tube is again vibrated until no
more packing will flow into the column. If static electricity
slows the movement of the packing, close the oven and heat
to -200 ·C. Immediately cool the oven and the packing will
continue to flow. After gradually reducing the pressure to
atmospheric, the column is removed from the oven and a glass
wool plug is inserted in the front of the column.

By this method, we have been able to reproducibly pack
20 ft X 1/ 8 in. o.d. coiled glass columns of high density in 5
to 10 min.

RECEIVED for review September 12. 1977. Accepted October
17,1977. Research sponsored by the U.S. Energy Research
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CORRECTION

Precision of Flame Atomic Absorption Measurements
of Copper

In this article by N. W. Bower and J. D. Ingle. Jr., Anal.
Chern., 48, 686 (1976), Equation 15 should read:

h = [E. 2.303 Af' [a,,' - (~I' + ~/)(E,T)'-

mGKE,T- aot' - a.'l'l2
The correct form of the equation shown here was used for all
calculations presented as well as in a more recent paper (N.
W. Bower and J. D. Ingle. Jr., Anal. Chern., 49, 574 (1977)).
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Want the only
dispenser with
aTeflon~coated
plungert

Ask for the
'Teflon Dispense.:'

Why does a Brinkmann Dispenselle seem to work more
smoothly than other bOllle-top dispensers?

The secrel is its Tellon-coaled plunger.
Dispensers with glass or polypropylene plaslic plungers olten

'freeze' or 'stick' when used with alkaline reagents. On a Dispen­
selle, the Tellon coating on the plunger insures smooth operation

with any reactive chemical (except HF), even with concentrated
acids and bases,

Of course, it takes more than a smoothly-working plunger
to make a dependable dispenser, Instead of external glass
tubing that could break or chip, Dispenselles are eqLipped
with flexible Teflon filling and discharge tubes that C3n
easily be cut to any desired length, Simply pull them off
and a Dispenselle is ready for autoclaving at120'C
without funher disassembly.

Dispenselle offers a wide selection of models
for fast, accurate dispensing of volumes from 0,'
to 50ml, with beller than "', ,0% accuracy and
"'0.' % reproducibility, There is hardly a standard
size screw-neck reagent bottle, can or container

(even STJ 24/40 and 29/42 glassware) which
a Dispenselle will not fit, either directly or with

optional screw-in adapters,
Some Dispenselle design features have been copied by other

dispensers, bUI none has its smooth, toolproof operation. That's
because only Dispenselle has a Teflon-coaled plunger. Write for
literature: Brinkmann Instruments, Inc., Cantiague Ad .. Westbury,
N,Y, 11590. In Canada: Brinkmann Instruments (Canada), Ltd.

mBrinkmann
~~Dispensette®

Anl/abl. trom: Ace Sc'flnlllic
Beckman Instrumentl, Science Enenl/al, Oper.lIona
Ble·R.d L.boratorl •• 'Cote·Pafmer Inltrumenl Co.
CUrlin Math.son Sclenll,jc/Flah8f SclonllllC
Genetal Scient,l,c/Marklon Sc,.ntltlc/Pto.u, Sclenlllll:
Sargenl Welch/ScienlillC Producta/SOA SClenhhc
Ar1huf H. Thomas,VWR SclonU!lc/W.lkena·Ande,..on Co.
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