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I. INTRODUCTION
Recent developments in automatic instrumentation and
construction of solid electrodes have been combined to develop
a rapid, selective, sensitive, and inexpensive electrochemical
detector applicable to forced-flow column chromatography. In
the development of the electrochemical detector, parameters such
as concentration, flux of electroactive species to the electrode
surface, effects of electrode pretreatment, and dependence on
the supporting electrolyte were investigated. "Hie effects of
these parameters on the electrochemical reactions were studied
using a rotating, platinum-disk electrode (RPDE). After preliminary
investigation with the RPDE, the electrochemical detector was
evaluated in terms of its sensitivity, reproducibility, detection
limit, and selectivity.
An amperometric technique for the determination of Sb(lll)
in acidic media was invesxigated. In solutions of H^SO^^, Sb(lll)
is not electroactive at platinum electrodes and an indirect
technique was required»

The catalysis of the oxidation of Sb(lll)

in aqueous solutions of H^SO^^-NsiBr by electrogenerated Br^, i. e.
catalytic enhancement, was investigated at an HPD2, and the results
were used to choose suitable conditions for the detection of
So(ill) with the electrochemical detector.
Recently it was discovered that iodide adsorbed at the surface
of the platinum electrode electrocatalyzes the direct electro
chemical oxidation of Sb(lll) in dilute HCl (40). The effect
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of incomplete surface coverages by adsorbed Iodide on the direct
electrochemical oxidation of Sb(lll) was investigated at an
RPDE. The amperometric determination of Sb(lll) using the
electrocatalyzed mechanism was concluded to be a more suitable
basis for chemical analysis than the determination using
enhancement. The determination of Sb(lll) was made in a variety
of matrices using forced-flow liquid chromatography with electro
chemical detection.
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II. LITERATURE REVIEW
Measurements of the formal potential of the S"b(v)/Sh(lll)
couple were made in aqueous solutions of a large variety of
supporting electrolytes at solid electrodes (7, 8, 59i 76, 81,

83, 123, 129, 180, 181, 206, 214). The polarographic reduction or
oxidation of Sb(lll) and the reduction of Sb(v) in various
supporting electrolytes at a dropping mercury electrode (DUE)
have been studied by many investigators (l, 12, 14, 15, 24, 29,
35, 37, 46, 47, 50-53, 61, 67, 68, 71, 72, 74, 78-81, 91, 93, 96,

101, 107, 119, 124, 126, 129, 136, 140, 141, 142, 154-156, I60,
162, 164, 165, 167, 173, 175, 183, 200-202, 211, 213, 217, 225,
226, 228, 230, 231» 238, 239). Other polarographic techniques,
such as A. C, and derivative polarography, have been used to
investigate the direct electrochemical reactions of Sb(lll) and
Sb(V) at solid and mercury electrodes (25-27, 32, 41, 49, 73, 75,
84, 85, 1C5, 111, 134, 145, 176, 186, 208, 216).
Antimony has also been determined by controlled potential
electrolysis at mercury (55) and platinum cathodes (l/l).
Goulometric determinations with electrogeneration of Br^ at
constant current in 2 M KCl were reported by Brown and Swift (28).
Lingane and Bard (150) and Wise and Williams (234) coulometrically
determined Sb(lll) at pH 7-8 using electrogenerated 1^. Kostromin
and Akhmentov (l20) determined Sb(lll) in 2 M

and 1 M HCl

with electrogeneration of Cr^O^"".
Polarographic5 coulometric, and amperometric methods have
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all been used to determine antimony in a variety of inorganic
matrices. Polarographic analyses have been used primarily for
the determination of antimony in ores and alloys (41, U6, 49,
67, 74, 124, 142, 145, 154, 173» 175, 183, 212, 225). In his
book entitled "Amperometric Titrations", Stock listed some of
the applications of amperometry for the>determination of Sb(lll)
(197)' Rechnitz reviewed the applications of controlled potential
electrolysis (171). The available electrochemical techniques
described are generally subject to interference from metal ions
such as As (154, 162, 225), Bi (173), Cu (l45), Fe (l45), Pb (l42,
145, 212), and Sn (154). Elimination of the interfering species
is usually done by precipitation (154, 237) or with masking
agents (87, 124, 142).
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III. INSTRUMENTATION
km

Electronic Circuitry

1. Three-electrode Potentiostat.
A schematic of the three-electrode potentiostat is shown in
Figure III. 1. A variable voltage source was constructed "by
applying a ±3.6 V signal to a 10-tum, 10 K A potentiometer.
The variable voltage signal was applied to the input of control
amplifier A-1 and the output of this amplifier was connected to
the counter electrode. A voltage follower with high input
impedance, amplifier A-2, was placed between the reference electrode
and the negative input of amplifier A-1, and a second amplifier
with high input impedance, A-3, wais used for the current follower.
The output of the current follower was fed to a voltage
divider consisting of a 100 KSl resistor in series with a 10-tum,
10 KXL potentiometer. For most experiments, a lilO reduction in
the signal was required. The ouxput from the voltage divider was
used to dzrive a strip chart recorder and operate an electronic
integrator.
Feedback resistors for the current follower were calibrated
by the Iowa State University Physics Instrument Shop. The RC
constant of the integrator was determined by applying a 0.250 V
signal across a 10 KA resistor to the negative input of amplifier
A-3.
2. Foxir-Blectrode Potentiostat.
Ihe electronic instrument used was that for the simultaneous
and independent potentiostatic control of two electrodes described

6
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Figure III. 1. Scheaatic for three-eleetrods pctsntlostat
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in Reference 148. Ihe portion of the circuit for potentiostatic
control of electrode I-l in Figure 1 of Reference 148 was modified
according to the design described in Reference 29»

Ihe modification

permitted the control of potential or current in electrode I-l
with simultaneous potentiostatic control of electrode 1-2# The
circuit was constructed in our laboratory "but an equivalent
instrument is available commercially from Pine Instrument Go. of
Grove City, Pennsylvania. Rather than use a recorder with a
potentiometric input for recording the current in electrode 1-2,
as described in Reference 148, a difference amplifier was used
to monitor the difference in the voltages at the outputs of
amplifiers A-2 and P-2.
Voltages were measured using a digital voltmeter. Model 3^5t
from Data Technology, Inc., of Palo Alto, California. The volt
meter was equipped with BCD output and was interfaced to a
digital printer, Model DP12, from Mechanics For Electronics,
Inc.; of Wilmington. Massachusetts. Current-potential curves were
recorded using an X-Y recorder. Model 815, from Bolt, Beranek,
and Newman, Inc., of Santa Ana, California. Instruments used for
determining values of current, voltage, and resistance were
calibrated using standards from the Physics Instrument Services
of Iowa State University.
3. Circuitry for Automatic End Point Shut Off.
A circuit which automatically monitors the indicator
electrode current and shuts off a clock timer and the constant
current in the coulometric electrode is described schematically

8

coil of DPST
relay in MPI
model 1029
diode

ic

C-1
ep

O switch

I

- 20,000 ohms

Figure III. 2. Device for autoaatlc detection of end point
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in Figure III. 2. The clock timer used was Model 1029 from
McKee Pederson Instruments of Danville, California.
A positive voltage proportional to the indicator current,
was continuously applied to resistor

"by the output of

the difference amplifier described in Section III. A. 2. At
the end point,

The control amplifier, C-1, was

wired with positive feedback with the result that the output
was stable only at the saturation limits, *12 V. A bias voltage
equal to "-gp "^s applied to resistor R^. Before the end point,
E. < E and the output state of C-1 was +12 V. At an
10
ep
^
infinitesimal time past the end point, E-y' E^^ resulting in
the state of the output of C-1 changing to -12 V. Electrical
current was then conducted by the diode actuating a relay which
stopped the timer and shut off the current in the generator
electrode. At the beginning of a coulometric determination.
< E^^ and the momentary opening of the switch resulted in
the output voltage of C-1 reverting to +12 V. The clock timer
and flow of current in the generator electrode were thus started.
3. Coulometric Detector
A tubular platinum electrode^ ha\'ing an inside diameter of
0.28 cm and a length of 1.5 cm, was provided by Pine Instrument
Go. The electrode is shown in its Teflon housing by the schematic
in Figure III. 3»

The interior of the electrode was packed by

John LaHochelle in the following manneri each end of the tubular
electrode was packed with a wad of 32 gauge platinum wire and the

10
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Figure III. 3* Cross-Section of Gouloaetric Electrode
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center was filled with finely chopped platintin wire ranging
from 26 to 32 gauge*

A coil of platinum wire, which served as

the counter electrode, was wrapped around a Beckman SCE and
both were inserted into the chamber above the tubular electrode.
C. Liquid Chromatograph
1. Chromatographic Design*
%e liquid chromatograph was constructed according to the
design described by Seymour, Sickafoose, and Fritz (240).
Teflon tubing, sample Injection valves, eluent selection valves,
and the chromatographic column were obtained from Gilmont
Instruments, Inc.

A synchronous, screw^iriven syringe pump

and Teflon mixing chamber were built by Pine Instrument Co.
Eluent tanks, nylon intake and exhaust manifolds, and brass-toTeflon adapters were built by the Iowa State University Chemistry
Shop*

A schematic of the liquid chromatograph used is shown in

Figuré m»
2.

Measurement of Flow Rates.
When compressed helium was used for pumping eluents, flow

rates were controlled by restricting the fluid flow through the
Teflon tubing with a screw clamp. %e flow rate was related to
the flow meter readings by preparing a calibration curve of flow
meter reading versus flow rate.

To measure flow rates, the eluent

was diverted into a 10-ml buret and the length of time required to
deliver a particular volume was determined.
The syringe pump had a variable speed motor which was control
led by a 10-tum pctsntioaster.

The flow rate was measured as a
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Figure III. 4. Diagraa of Forced-Flow Liquid Chroiaatograph
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fimotion of the potentiometer setting. Flow rates were measured
>7 the same method as used for the pumping by compressed helium.
Calibrations for both pumping systems are shown in Figure III. 5*
3»

Volume of Sample loops.

The exact volume delivered using the 0.5-ml. sample loop
volume was determined by comparing the volume of 0.10 M NaOH
titrant required to titrate 1.0 ml aliquots of $.0 M HClO^j
delivered from a calibrated pipet, to the ajnount of 0.10 M NaOH
titrant required to titrate two 0.5 ml aliquots of 5.0 M HCIO^^
delivered by the sample loop. The volume was determined to be
0.5065 ± 0.0017 ml.
The 2.0-ml sample loop volume was measured by delivering am
aliquot of 0.0100 M
4,0 M

As(ill) into

a coulometric cell containing

and 0.10 M NaBr. The

As(ill) was

generating Br^ at a constant current of 10.00
^4

*4

^ ^ m»
^<3 4 WK ^
4 A ^
ua.j 10.00LvckA
oai wov,^u_LViia

TTT

titrated by electromA

using the

A
^
A
O
Ae
C, CUILL
XU.X• JA#
^
•

llic

sample loop volume was found to be 2.01? * 0.0035 ml.
D. Ultra-Violet Spectra
Spectra in the UV region of the electromagnetic spectrum
between 200 nm and 350 nm were obtained using a Bausch and Lomb
Spectronic 600 dual beam spectrophotometer equipped with a Sargent
Model SRIG recorder to record the transmittancs versus wavelength.
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Figure III. 5, Flow Rate Callbj^itlon Curves for Compressai Helium and Syringe Pumping
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IV. INVESTIGATION OF THE PHENOMENON
Œ CATALYTIC ENHANCaiENT

A. Introduction
To be applicable for in-stream analysis, the electrochemical
detector must be capable of continuous operation at high stream
velocities. For the electrochemical detector, a dropping mercury»
hanging mercury drop, or mercury pool electrode was judged to be
unsuitable because of the physical instability of the mercury
electrode at high stream velocities. Random motions of the
electrode surface would result in charging currents which would
prevent application of the detector for trace determinations.
A solid electrode, such as platinum, is preferred as a
detector material for in-stream analysis. One disadvantage,
however, is that the reduction of Sb(lll) plates the electrode,
thus changing the electrode properties.

Also, if hydrogen

svcluticn occurs slnultanôouôly with the deposition of antimony,
some stibine may be produced (l7l). An amperometric method was
developed which utilized the electrogeneration of an intermediate
which reacts rapidly and quantitatively with the non-electroactive
species in solution. The technique is based on the measured
increase, caused by Sb(lll), of the limiting current for the
oxidation of Br~ to Br^ in acidic media. The mechanism for the
Faradaic reaction is described by Sg_uatlon IV. 1 and IV. 2.
According to this mechanism, Br" serves essentially as a catalyst
for the electrolysis of Sb(lll). Such a phenomenon is commonly
known as a ''catalytic enhancement". The use of catalytic

16

enhancement for electroanalytlcal determinations of electroinactive species was described by Mairanovskii (135)»
Platinum electrodei

2Br"'

» Br^ + 2e"

Diffusion layer* Sb(lll) + Br^

(IV. l)

* 2Br~ + Sb(v)

(IV. 2)

This investigation of the catalytic enhancement ly Sb(lll) of
the limiting current for the oxidation of Br" was made using an
RPDE. This electrode was chosen because the rates of convective
transport can be precisely controlled and easily changed by
controlling the rate of rotation of the electrode (125)»

It is

necessary to study the effect of variations of fluid velocity on
the applicability of any detector used in a fluid streamrate of the forward reaction in Equation IV. 2

If the

is fast relative

to the rate of mass transport in the vicinity of the electrode, and
if the equilibrium constant for the homogeneous reaction is large,
the concentrations of Br and Sb(lll) at the surface of the
electrode equal zsrc for an elôctrùde potential in the region of
the limiting anodic wave for Br", Thus, the total current in
the electrode is limited by the rates of ccnvsctive-diff'osional
transport of Br and Sb(lll) and independent of the rate constant
as described by Equation IV, 3«
^«,tot'ng^^Cflux Br") +

For a rotating disk electrode,
F(flux Sb(lll))

(IV. 3)

Equation IV. 3 is written as Equation IV. 4. In Equation IV. 3 and
IV. 4,

-g,tot "

^^

"sb(lll)^Sb(lII)ib(lll)^
(IV. 4)
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I = Faradaic current limited "by rate of convectivediffusional mass transport
F = Fsoraday's constant
A = area of the disk electrode
V = kinematic viscosity of the solution

CÛ = angular velocity of electrode rotation
n.= number of electrons transferred in reaction of the
^ ith species
diffusion coefficient of the i^^ species
concentration of the
the solution

species in the "bulk of

If k for Equation IV.. 2 ic zerc-, the-=^2erv-^ currant is
due only to the oxidation of Br~ and is predicted Dy Equation
IV. 5.
I
= T
£,tot ^£,Br
= 0,62

5)

The solution of the equation of convective-diffusion for the
case of intermediate values of k has been discussed by Haberland
and Landsberg (??) and by Prater and Bard (163).

It has been

found that Equation IV. 4 is applicable for the catalytic enhancement
of Sb(lll) in 4.0 K H^SO^ for low values of

CO

when

3. Experimental
1. Chemicals and Reagents.
Stock solutions of As(ill) were prepared using Primary
Standard As^O^ from the National Bureau of Standards. Stock
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solutions of Sb(lll) were prepared using Technical Grade metal
from Coleman and Bell Co, and Reagent Grade from J. T. Baker,
Inc. All water used was triply distilled with a deionization
between the first and second distillation, the second being
from alkaline permanganate.
Coulometric determinations of Sb(lll) with electrogenerated
Br^ in 4.0 K

were performed for two standard alloys from

the National Bureau of Standards and two standard alloys
prepared by Dr. John D. Verhoeven of the Department of Metadlui^
at Iowa State University and Ames Laboratory of the Atomic Energy
Commission. Hie certificate values of the standards were as
follows I

NBS-54D contained 88.57^ Sn, 7.04^ Sb, J,62% Cu,

0.62^ Pb, and 0,1% of As, Bi, Fe, Ag, and Ni.

NBS-53 contained

78.87^ Pb, 10.91% Sn, 10.09% Sb, and 0.1% of Bi, Cu, Fe, and
As. ISU-1 contained 96.00% Pb and 4.00% Sb. ISU-2 contained

56.00% Sn, 40.00% Pb, and 4.00% Sb.
2. Preparation of Solutions.
a. As^O^. StaJidard solutions of As(ill) were prepared as
follows: Sufficient Primary Standard As^O^ to prepare 1.0 1 of
5 mM As(III) was dissolved in 20 ml of 5 M NaOH. ïhe solution was
transferred to a volumetric flask and 200 ml of water was'ai&ed.
225 ml of concentrated

were added with mixing, the solution

cooled to room temperature, and diluted to the proper volume with
distilled water.
b. Sb and Sb^O^. Stock solutions of Sb(lll) were prepared
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using sufficient Sb metal or SbgO^ to prepare 1.0 1 of 5 mM
Sb(lll) which was dissolved in 30 ml of concentrated H^SO^ at
250-275° C. Prepurified

was bubbled through the solution

during cooling to remove dissolved SO^. The solution was
transferred to a volumetric flask and 200 ml of distilled water
added while vigorously stirring to prevent the hydrolysis and
precipitation of Sb(lll). 225 ml of concentrated H^SO^ were
added, the solution was cooled and diluted to the proper volume
with distilled water:
c. Pb-Based Alloys (Procedure A). Die procedure for
dissolution of alloys designated ISU-1 and NBS-53 was similar
to methods described for lead-based alloys in References 236 and
227' Sufficient alloy to prepare a solution 3-5 mM in Sb(lll)
was dissolved in 30 ml of concentrated H^SO^ at 250-275° C.
After cooling to room temperature, 70 ml of water were added
slowly with vigorous stirring and the solution was again cooled.
The solution was decanted from the precipitate of PbSO^ and
heated to gentle boiling to remove dissolved SO^,. The PbSO^
was boiled with 10 ml of concentrated HCl until the gray
precipitate of PbSO^ was converted to white, crystalline PbCl^.
The process resulted in the dissolution of all Sb(lll). Ihe
PbCl^ was removed by filtration with Whatman No. 41 paper and
rinsed with 50 ml of 40$^

The combined filtrate wsis diluted

with sufficient H SO. and H^O so that the final acidity was 4.0 M
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d. Sn-Based Alloys (Procedure B). The procedure for
dissolution of alloys designated NBS-54D and ISU-2 was as followsi
Sufficient sample to prepare a solution 3-5 oM in Sb(lll) was
dissolved in 30 ml of concentrated H^SO^ at 250-275° C. 70 ml
of water were added and

"bubbled through the solution during

cooling to remove dissolved SO^. The solution was transferred
to a volumetric flask and diluted with concentrated H^SO^ and
H^O, while vigorously stirring, so that the final acidity was
4.0

HgSO^:
Solutions of Sn-based alloys prepared according to

Procedure B developed a yellow color within a few days of
preparation and a yellow precipitate after 2 to 4 weeks. The
yellow color and precipitate were concluded to be the products
of the slow hydrolysis of Sn(lV) since the same phenomena
occurred for solutions containing only Sn(lV) prepared by
dissolving Sn according to Procedure B. Solutions of Sn-based
alloys were stable if 5-10 ml of concentrated HCl were added
after the first addition of water. The modification of Procedure
3 with the use of HCl will be referred to
3»

Procedure B + HGl.

Standardization of Solutions;
Coiilometrlc determinations of As(ill) and Sb(lII) by electro-

generation of Br^ at constant current were performed using a
glass cell constructed with three chambers separated by fritted
glass disks. The larger chamber contained a platinum generator
electrode, a microplatinum indicating electrode, and a Beckman

Model 39270 Saturated Calomel iOlectrode.

The solution of

electrolyte in this chamber was 0.10 M NaBr in 4.0 M H^SG^.
coil of 21 gauge platinum wire in 4,0 N
counter electrod.e.

A

was used as the

The chamber for the counter electrode was

separated from the chamber containing the generator electrode by
an intermediate compartment filled with 6.0 M
Coulometric determinations were made using the circuit
described in Section III. A. 2 with galvanostatic control of the
generator electrode and simultaneous potentiostatic control of
the platinum indicating electrode.

An electrical current of

approximately 20.0 mA was used for the electrogeneration of Br^
with the exact value determined at the time of each analysis by
measuring the IR-drop produced by the current across a standard
resistor.

The electrolyte in the generator compartment was

stirred during the coulometric analyses using a magnetic stirrer
and a Teflon-coaxed bar.

The current of the indicating electrode

was typically 0.02 jj, k throughout the coulometric determinations.
The current cerrssponding to the end point was arbitrarily taken
as 0.10 yu. A and was due to the reduction of excess Br^.

The

circuitry used to automatically shut off the constant current
in the generator electrode and the clock timer was described in
Section III. A. 3*
4.

Experimental Procedures.
Voltammetrie studies of catalytic enhancement were performed

using the circuitry described in Section III. A. 2 and an RFD2
fron Fine Instrument Co.

The geometric area of the disk electrode
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2
was 0.3135 cm • The REDE was rotated using a variable speed
rotator, Model PIR, ftom Pine Instrument Co. A description of
the glass cell used for volumetric studies is given in Reference

98. "Hie cell was thennostated "by circulating water from a "bath
at constant temperature through the water jacket. The temperature
was controlled within i0.2° G.
The RPDE was polished with Beuhler Handimet 6OO paper
stripe followed by 30^,

, and 1^ Beuhler AB Ketadi Diamond

on nylon lubricated with Beuhler Metadi Fluid. Following each
step in the procedure, the electrode was washed carefully with
detergent using a cotton swab and was then rinsed thoroughly
with distilled water. At the beginning 01 each experimental day,
the electrode was polished with 0.3^ alumina on Beuhler microcloth using distilled water as a lubricant and the electrode '
was cleaned as described above. The electrode was then
potentiostated in 4.0 M K^SO^ for 3 minutes at +1.5 V, -I.5 V,
and 0.0 V.
All solutions were deaerated using Air Products, prepurified
(99.999%) nitrogen. All potentials of the electrode were measured
and are reported in V vs. SCS. Following pretreatment of the
electrode, the potential was set to O.3OO V and the voltage range
scanned between the pre-eet scan limits. When the voltage
returned to 0.300 V, the voltage scsa was held until the current
fell to less than 2/4. A. This procedure was repeated for every
I-E curve obtained.
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Values of the limiting cuirrent for oxidation of 3r~ in the
absence and presence of Sb(lll) were obtained using a potentialstep method•

Following the pretreatment of the electrode, the

potential was set at O.3OO V and the residual current allowed
to decrease to less than 2^^ A.

The potential was then stepped

to 1.100 V which is in the region of the limiting current for
oxidation of Br .

The currents for charging of the double layer

and oxidation of the platinum surface were allowed to decay and
the value of current printed.
to

0.300

V,

The potential was then returned

All additions of reagents were made with the potential

of the electrode at O.3OO V.
C.
1.

Results and Discussion

Coulometry.
a.

Stock solutions of As(III) and Sb(lll).

The current

efficiency for the electrogeneration of Br^ in 4.0 K HgSO^ was
determined by coulometric titration of the solution of NBS Primary
Standard As^O^.
As(ill).
5 months.

Each aliquot contained from 25 to 50/*. moles of

A total of 29 determinations were made over a period of
The average efficiency was 100.0% with a relative

standard deviation of 2 ppt.
Table IV. 1 contains the results for the coulometric
standardization of the stock solutions of Sb(lll).

The concentration

of Sb(lll) found for the solutions prepared with technical grade Sb
were consistently less than the calculated values, undoubtedly
because of impurities.

The concentration of Sb(lll) found for

*

zk

the solution prepared from reagent grade
value calculated.

was equal to the

The precision of the determinations for both

stock solutions was essentially identical.

The values of

concentration determined coulometrically were used as the correct

values.
TABLE IV. 1
Standardization of Stock Solutions of Sb(lll)
Solution

Determinations

Calculated (mK)

Found (mM)

Std. Dev. (mM)

1^

10

4.11

4,03

0:012

2^

4

4.00

3.96

0.024

3%

5

5.00

4.95

0.015

4%

7

4.05

4.05

0.012

-yPrepared from technical grade Sb metal.

Prepared from reagent grade Sb^O^.

References 13O amd 234 prescribe the use of tartaric acid
when determining Sb(lll) by a coulometric method in neutral and
slightly basic media.

The chelating properties of tartrate prevent

hydrolysis and precipitation of Sb(lll).
not necessarj' in 4.0 K

The use of tartrate was

but when added, it had no adverse

effect on the results of coulometric determinations.
b.

Lead and Tin-Based Alloys.

The results of the coulometric

determinations of Sb in the four standard alloys are summarized
in Table IV. 2.

The success of the procedures for dissolution

and coulometric determinations is evident from an inspection of
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the results. No difficulty waa experienced in precisely
applying Procedure A for Pb-based alloys. It was stated above
that solutions of Sn-based alloys without the use of HCl were
not stable because of hydrolysis of Sn(lV). Hie results of
coulometric determinations of Sb(lll) in solutions which were
yellow were distinctly low perhaps due to the formation of a
stable dlnuclear complex between Sb(lll) and the product of
the hydrolysis of Sn(iv).

The modification of Procedure B with
TABLE IV. 2

Determination of ^b in Standard Alloys
Certificate
VeuLue
Determinations Found

Rel. Std
Dev.

Alloy

Dissolution

ISU-1

Procedure A

4.00#

3

3.98*

4 ppt

NBS-53

Procedure A

10.09%

3

10.10%

2 ppt

NBS-5ifD

Procedure

7.04^

4

7.04#

4 ppt

NBS-54D

Procedure B^

7.0^

2

3.56%

NSS-54D

Procedure B+KGl

7.049G

4

7.03%

4 ppt

ISU-2

Procedure S-mCl

4.0(^

3

4,00%

3 ppt

Solution analyzed immediately after preparation.
^Solution analyzed 4 days after preparation.
the ad.dj.vlon of concentrated HCl for dissolution of Sn-based samples
is reooaaended. It was reported in Reference 236 that Cu(ll)
interferes in the analysis of alloys for Sb. No such interference
occurred for the analysis of NBS-54D which contained 3*62^ Cu.
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Large positive error existed in preliminary tests of the
procedures for dissolution and analysis when no special precaution
was made for removal of dissolved SO^»

For the Pb-based alloys

containing no Sn, SO^ was removed by gentle boiling.

Ihe same

technique was not applicable to solutions containing Sn(lV).
Boiling resulted in the solutions quickly becoming yellow due to
hydrolysis of Sn(lV) and subsequent coulometric analysis gave low
results for Sb(lll).

Dissolved SO^ was removed from solutions

containing Sn(iv) by dispersing

through the solution during

cooling.
2.

Voltammetry.
Current-potential (I-E) curves for platinum electrodes in

H^SO^ are shown and discussed in Reference 100.

I-E curves

obtained with the RPDE used in this study in 4.0 M
consistent with that discussion.
4 K

were

The I-E curves obtained in the

after addition of 0.1 mK Sb(lll) were virtually unchanged

fron those for the supporting electrolyte.

The irreversibility

of the oxidation of Sb(lll) prevents determination of Sb(lll) by
a direct amperometric method other than by electrodeposition of
5b.
The anodic portion of the I-E curve obtained with the RPDE
at

- 6.47 (rad/sec)^^^ for O.63

shown in Figure IV. 1.

Br" in 4.0 M H^SO^ is

Following pretreatment of the electrode,

the potential of the RPDE, S^, was set at O.3OO V and the current
alloved to decay to approximately 2^ A.

E^ was then scanned at

T
1.2

T
1.0

oie"

0.6

T
0.4

T
0.2

E^, (V VB. SCE)

-100

.200

-300

I.
Flfuro IV. 1,

I'»E Curve» for Br" in 4.0 M H^O^^
Scan Rate 1.0 V/aln. Temperature 24® C.
41.9 rad/»eo. A - O.63 mM Br". B - O.63

Rotational Velocity
Br" and 0.524 iM Sb(lll).
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1.0

v/mln aiid the 1-2 curve recorded.

The oxidation of Br~ in

acidic media is discussed in Reference 99»

The

for the

oxidation is approximately 0.85 V and the anodic current is
limited "by the rate of convective-<ilffusional mass transport at
>0.9 V.

The process resulting in the small anodic wave at

= 1.0 V is the oxidation of the surface of the platinum
electrode (99)«
According to Equation IV. 5» the current for the electrochemical
reaction of a species at a rate liiûited by convective-diffusional

l/o

processes is proportional to u) ' .

The results of a study of

the limiting current for the oxidation of Br",
function of CO

as a

confirmed this dependency for 6»47 (rad/sec)^'^^

< 3 2 . 4 ( r a d / s e c i n A-.O K

These results are

consistent with those reported in Reference 99*

The value of

was calculated using Equation IV. 5 from the slopes of the
plots of Ig

vs_. a)

The value determined is 0.76 X lO"^

cm'/sec in 4.0 K H^SO^.
The I-E curve obtained following addition of 0.524 mM Sb(lll)
to the 0.63 1% 3r

in 4.0 K

is also shown in Figure IV. 1.

The mechanism resulting in the increase of the anodic current at
= 1.1 V is given by Equations IV. 1 and IV. 2 and was discussed
in Section IV. A.

This increase is defined as I.
, . I.
j2,,cat
i,cat*

for the case when k in Equation IV. 2 is large, is found by
subtracting Equation IV. 5 from Equation IV. 4 as shown by
Equation IV. 6.
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^£, cat " ^,tot'
^ABr"
- 0.62FAV / ^^^%-b(lIl)^Sb(lIl)°Sb(lIl)

(IV, 6)

I-E curves obtained in 4.0 M H^SO^ for 0.633 bW Br" and for
0.633

Br" plus 0.70 aM S'b(lll) are shown in Figure IV. 2.

Also shown in Figure IV. 2 are the anodic portions of three
consecutive I-E curves obtained after the
to 1.49

was increased

The anodic wave began to shift to more positive

potentials and on the third and subsequent scans produced I-S
curves which were identical, but not convectlve-diffusional
controlled. 1-2 curves for fresh solutions of Br" obtained at
the HPDE after recording the curves in Figure IV. 2 were identical
to those curves obtained after the collapse of the Br" wave is
shown in Figure IV. 2. All effoirts to reactivate the electrode
by repeated anodlzation and cathodlzation were futile. The
electrode was removed from the solution, polished according to
the procedure described previously and an I-E curve obtained for
the fresh solution of 0.633 nM Br . Apparently, Sb(lll) was
adsorbed at the surface of the electrode and resulted in deactivation
of the electrode.
It was found to be necessary to restrict the values of E^ if
the proper functioning of the electrode was to be maintained. For
E^ •< 0.3 V; some So was deposited at the electrode, and although
the majority of the deposit was stripped for

> 0.3 V, the

electrode was deactivated. Polishing of the electrode surface
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1.1

0.9
0.8
\(V T8. SCE)

0.7

0.6

— -100

-150

-200

Figure IV. 2. I-B Curves for Br" in 4.0 M
Sean rate 1.0 v /niin. Temperature 25° C. Rotational
velocity 41.9 rad/sec. A - 0.63 ^ Br*. B - 0.63 m Br"
and 0.70
Sb(lll). C - 0.63 ^ Br" and. 1.49 ^ SbTlIl).
first seaaT D - O.63 1^ Br" and 1.49
Sb(lll), seeoadL
scan. S - 0.63 3^ Br- anS. 1.49 aH Sl>(iri), third sesn.
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was necessary to restore activity.

3.

Cateilytlc Enhancement,

a. Effect of Br" Concentration. Values of I/,
obtained
'
''
jK>fC3.U
using the potential-step method as a function of
three values of C^^-, are shown in Figure IV. 3 for 4.0 M H^SO^.
Each plot is linear with a zero intercept for
As

< C^^-.

was made larger, deviation from linearity increased

until

finally collapsed to the residual value. For leirger

values of Gg^- a las^ger value of

was necessary to

deactivate the electrode. Johnson and Bruckenstein (99) found
that Br" is adsorbed strongly at a platinum electrode in 1.0 M
and a complete coverage of the surface of the electrode is
achieved for

> 3 nM. Apparently the adsorption of Sb(v) is

inhibited by increased surface coverage by adsorbed Br". Johnson
and Bruckenstein showed that for

> 1.1 V. the desorption of Br"

as HOBr occurs. In 4.0 M H^SO^ the concentration of Sb(lll)
required to deactivate the electrode decreased for

> 1.1 V.

b. Effect of H„SO,. Concentration. Values of I^
. were
2—4
jfciCat
obtained using the potential-step method as a function of Sb(lII)
concentration in solutions of 4^0 K and 1.0 M

The Br"

concentration was O.63 nK for both H^SO^ concentrations. In 1.0 M
H^SO^, the concentration of Sb(lll) which caused deactivation of
the electrode was 0.97 mM while in 4.0 K
of Sb(lll) which caused deactivation was 1.55
and because stock solutions of Sb(lll) in 4.0 M

the concentration
For this reason
axe stable
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300 —

200 —

<
is

/>

9

100 —

..0

1.5

2.0

Figure IV. 3. ^jt.cat —" "SIjCIH)
-o
4.0 M H^O^. Taaperature 25*0"' C. Hotational

velocity 41*9 rad/sec. Q - 0.13 ^ Br «
Br". O- 1.22 mM Br",

û• 0.63 sX
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for much longer periods of time, 4.0 K

was chosen as the

supporting electrolyte.
c. Temperature Dependence. The values of

were

determined as a function of temperature using the potential-^tep
method. The limiting current for a 1.22 œM NaBr solution in
4.0 M HgSOj^ was measured at four values of temperature in the
range 20° C < T ^ 35° C. The solution was then made 0.5 mM in
S'b(lll) and the total current measured at the same temperatures.
For maximum precision, all measurements were majde with thermo
static control to within ^.2° C. In the temperature range
investigated, a linear dependence of catalytic current,
versus temperature was olDserved. The magnitude of this
dependence was found to be +2.1y&A/^C. in 4.0 K
d. Diffusion Coefficient of Sb(lll). Plots of I
a function of W

1/2

as

*
were obtained using the potential-step

method for 1.22 inK Br at two Sb(lll) concentrations in 4.0 K
The plots, shown in Fi[;ure IV. 4, are linear with zero

1/2

intercepts only for the low values of W ^ . The deviation from

1/2

linearity at high values of 60 ' was concluded to be the result
of a slow raté of reaction between Br^ and Sb(lll) relative to
the rate of convective-d1ffusional mass transport. For values
of

higher than those used in Figure IV. 4, a deviation

from linearity occurred at lower values of
The value of

calculated using Equation IV. 5

and the slopes of the linear portions of the plots in Figure IV. 4.

34

10.0

20.0

30.0

(rad-eee"^)^/^
Pj&ure IV. 4. I

* T8. w 1/2

JMfCatw

4.0 M H^O^. Texpasaitm 25»0° C.
Û- 1.22 aH Br" aM 0.0964 wH Sb(lll).
O - 1.16
Br' acd 0.138 :^'Sb(lIl).
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In 4.0 M

^SbClIl)

calculated to "be 2.7 * 0.1 X lO"^

cn^/sec, which is in good agreement with the value of 2.7 X lO"^
CH^/sec reported in Reference 4-2.
e. Precision Study. The potential*^tep method was used for
obtaining values of

for solutions prepared "by standard

addition of stock solutions of Sb(lll) to 1.22 mM Br" in 4.0 M
HgSOj^. The values of

we^re determined using the

calibration curve in Figure IV. 5 and the results are tabulated
in Table IV. 3«

"5:8 average relative error for the detenujiationa

is slightly larger than expected for electroaiialytical methods
and results ftom the fa^t that evaluation of In

, involves

it y CSLw

taking the difference of two relatively large numbers,
Z&,tot -

relative error decreased as

increased.
fs Interference Study. Tiis interference of several cations
was investigated using the potential-step method. The limiting
current was measured for a 1.22 nM solution of NaBr in 4.0 M
KgSO^^ and the total current measured after addition of 0.43 mK
Sb(lll). Additions of stock solutions containing the interfering
cations in 4.0 M H^SO^ were made and the total current measured
after each addition. The stock solutions of Cu(ll), Gd(ll),
Zn(ll); Ni(n); and Fe(lll) were 0.100 M and the Sn(iv) and
3i(lll) stock solutions were 0.0100 M and 0.00500 ^ respectively.
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TABLE IV. 3
Analytical Applications of Calibration Curves
^

= 6.^7(rad/sec)^^^

cl. = 1.22 m

Temp = 25*0° C.
Tot. mg St
added

Tot« mg STD
found

Relative Error

3.01

2.87

-4.7

6.02

6.02

0.0

9.03

8.81

-2.4

12.04

11 .98

-0.5

15.05

14.65

-2.7

3.01

3.14

4.3

6.02

6.0?

0.8

9.03

9.00

-1.2

15.05

14.87

—1» 2

Average Relative Error

-1.8

In all instances the interferences resulted in a negative
error» %e concentrations of the interfering species prodiicing a
50^ change in the I
. are given in Table IV. 4.
I,cat
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TABLE IV. 4
Concentration of Interfering Species Producing
a S% Decrease in I^

= 1.22 m
(^L(III) =

" 6.47(rad/sec)^^^
Temp =• 24.0° G.
Cation

Concentration (mM)

Bi(lll)

0.20

Sn(lV)

0.33

Gd(ll)

1.0

Fe(lll)

1.2

Zn(ll)

5-7

Cu(ll)

6.0

Ni(ll)

6.8

None of the species listed in Table IV. 4 is oxidized "by
Br^. The interference was greatest for those cations forming the
strongest complexes with Br . Because of the severe interference
by Sn(iv), Sn-oased alloys could not be analyzed by the catalytic
method without prior separation. HCl was added to solutions
of Pb-based alloys, and because CI is oxidized at values of
in the region of the limiting wave for Br", these could not be
analyzed. Several masking agents were used including phosphate
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and oxalate. None successfully prevented interference
probably because of the high acidity of the solution.

cations,
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V. ELBCTROCATALYSIS BY AISORBED IODIDE
A. Introduction
The investigation of any electrode reaction must "begin with
a study of the electrical double layer (^5)' A double layer is
formed at the electrode-electrolyte interface because of electro
static and specific interactions of the charged electrode with
the solvent and ions in the electrolyte (196, 209). The double
layer affects the rate of electrode reactions because specific
and non-specific adsorption of ions and solvent change the
"outer" Kelmholtz potential,^ (196).

The potential which drives

the electrode reaction is the effective potential, E " 0, and
not the applied potential, S (4^).
The effective potential, J -

, is strongly affected by

adsorption of ions and neutral molecules.

The effect of the

adsorption of organic molecules on S - ^ has been reviewed in
detail by Damaskin, Petrii, and Batrakov (38)»

This type of

adsorption usually inhibits electrode reactions and will not be
discussed further.
The adsorption of ions at electrodes cannot be treated
mathematically in the same .manner as the adsorption of organic
molecules because of the strong interactions between the ions
in the double layer (l$8). The mathematical treatment of ionic
adsorption was developed primarily by Parsons (158, 159) and
Hurwitz (90).

There are many reports in the literature of the

determination of adsorption isotherms for ions at a variety of

ko

electrode materials.

Only the adsorption of halides, and especially

that of iodide, at platinum electrodes is of interest for this
thesis. Experimental methods of measuring adsorption parameters
are reviewed in detail "by Gileadi and Conway (70).
The adsorption of I on platinum electrodes has been thoroughly
investigated using several different techniques by Johnson (98);
Hubbard, Osteryoung, and Anson (89); Osteryoung ajid Anson (153);
and 'TrukhaJi, Povanov, and Lukovtsev (210). Frumkin, Petri!, and
Kotlcv (62); Cooper and Parsons (36); Veber, Pirtskhalova,
Vasil'eva, and Bagotskii (218); and Johnson and Bruckenstein (99)
studied the Br^/Br adsorption at platinum electrodes. Studies of
the adsorption of other halides at platinum electrodes were also
reported in the literature (lO, 44, II6, 178, 18^).
Heyrovsky, according to deLevie, was the first to discover that
adsorbed halides can promote electrode reactions of metal ions (4$).
He observed that the reductions of Sn(ll), Bi(lll), In(ill), and
Sb(lll) at a mercury drop were electrocatalyzed by the presence
of halides in the solution of electrolyte and postulated that
the electron transfer occurred, by a bridging mechanism (45).
In his review on anion electrocatalysis and anion bridging,

delevie illustrates the general nature of the phenomenon at
mercury surfaces by reviewing the cases which have been reported
in the literature (45). Anson has observed that the oxidation of
Co-iCDTA complexes at a platinum electrode is electrocatalyzed by
the presence of halides (6), but the interpretation of the results
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obtained at solid electrodes is much more difficult than at
mercury surfaces because of insufficient double-layer data for
solid electrodes (45), and because of the difficulty in obtaining
a reproducible platinum surface.
The effect of ion adsorption on electrode processes is
studied by observing the effect of ion adsorption on electrode
kinetic parameters such as the Tafel slope, exchange current
density, and the transfer coefficient, ÙL(194). Many methods
for determining the electrochemical kinetic parameters of electrode
reactions have been reported in the literature. The use of
current-voltage curves to determine kinetic parameters, which
is the most widely reported technique, have been described by
Vetter (219, 220); Vetter and Manecke (222, 223); Vetter ajid
Thiemke (224); Gerischer (66); Petrocelli and Paolucci (l6l);
and Lov'ev, Kolodov. and Gorodetski (132). Faradaic impedance
techniques have been reported by Randies and Somerton (l68);
Llopis and Vazquez (l3l); Vetter (221); and Baticle and Perdu
(ll). The rotating disk electrode has been used by Jahn and
Vielstich (94); Frumkin and Tedoradse (63); and Newson and
Kiddifùrd (152) to deteraine heterogeneous kinetic parameters.
Other methods such as the galvanostatic (5, 140), potential-step

(31), faradaic rectification (2), thin-layer voltammetric (88),
Tjotential sweep (l95), and hydrodynamic voltammetric methods

(102, 103) have also proved to be useful for the determination of
kinetic parameters.
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The techniques which involve the determination of kinetic
psorameters from current-voltage curves use the portion of the
I-E curve "between the limiting current and the equilibrium
potential. The determination of kinetic parameters from this
portion of the I-E curve requires long extrapolations leading
to large uncertainties in the values of the kinetic parameters

(66,

132,

161,

219,

220, 222-224).

Methods involving the HDE electrode use plots of l/i versus
l/(£»J X/2 at constant values cverpotsntial,^ , to determine
kinetic parameters. No long extrapolations are used in this
method, but at high exchange current densities, greater than
10 ma/cm^, the unceirtainty in the determination of kinetic
parameters is large (63, 94, 152).
A method for determining kinetic parameters, such as the
heterogeneous rate constant, k^, the exchange current density,
i^, and the trajisfer coefficient, 0(, is described in this thesis.
The method described involves measurement of the slope of the
1-2 curve at the equilibrium potential as a function of the
rotational velocity of the electrode.

The measurements axe made

for different concentrations of either the oxidized cr reduced
species, while the concentration of the species not varied is
held constant.
If one assumes that the rate of the electrochemical reaction
is not infinitely fast, and that there is no concentration
polarization, the current at any point on the I-E curve is given
by Equation V. 2 (196) for the oxidation-reduction reaction in
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Equation V. 1,
0 ± ne - R

(V. l)

1 - rffAK^ [«xp

(B - E°)j 0°
exp

<E - B°)} 0°] (V. 2)

Equation V. 2 is modified to include concentration polarization
"by substitution of Ekjuation V. 3 to give Equation V. 4 (196).
cb
E-E°=^ + ^ln-Y

(v. 3)

In the previous equations,
i = Faradaic current at any point on the I-E curve
E = Voltage applied to working electrode
S°= Equilibrium potential of O/R couple
C°" Concentration of i^^ species at the electrode surface
Overpotential
layer thickness
or" Diffusion lay*

^
C_

1

(V. 4)
R
Rearrangement of Equation V. 4 and substitution of Equation V. 5

(205) into Equation V. 4 gives Equation V. 6. Equation V. ^ is
the fundamental equation of heterogeneous kinetics relating all
kinetic parameters.
i = nFAk 0^(1 - 0(.)cbOL
0
0 o
R

(y, 5)
V
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(V. 6)
Equations V. 7 and V. 8 account for concentration polarization
when i ^ 0 (128).

O

II

aquation V. 6 then becomes Equation V. 9»
nFADC
o

Solving Equation V. 9 for i gives Equation V. 10.

1+

=;

'

' =R
(V. 10)

kt ^ ^ Of

1 and

^ 1, so the approximation

that e*SJ 1 + X is valid. Equation V. 10 reduces to Equation V. 11
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Since or.

(125), Equation V. 11 becomes
-1

i

;

IJ72

(V'

'* 0.62nF

Taking the derivative of Equation V. 12 with respect to ^ and
rearranging gives Equation V. 13»
.RT /, \-l
"W^-0
"F(V

m(C^ * Cg)

-1/2

0.62
\J x\

(V. 13)
A plot of

versus

allows calculation of

1^ from the intercept according to Equation V. 13. To calculate
cCt & plot of In 1^ versus In
the slope is equal to (l-oC) when

is made, and from Equation V. 5,
is held constant. From the

intercept, In (nFAk^), the heterogeneous rate constant, k^, can be
calculated*
The above aethcd was applied to the determination of the
kinetic par&aetsrs for the Sb(v)/S'b(lll) couple in 12 H HCl as a
function of the amount of adsorbed I~ at the platinum electrode.
B. Experimental
1. Chemicals and Reagents»
A stock solution of Fe(lll) was prepared from 100.00#
electrolytic iron from G. Frederick Smith Chemical Co. All
other solutions were prepared fros J. T. Baker, Inc. reagent
grade chemicals. All water used was triply distilled with a
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deloxiizatlon between the first and second distillation and the
second distillation being ftom alkaline permanganate.
2. PrsTsaratica of Solutions»
a. FeCciO^)^* Cl"

Sufficient electrolytic iron to

prepare one liter of 0,08 M FeCclO^^)^ was dissolved in 85 ml of
7O-725É HOIO^^ by bringing the lElG^^ to a boil for five minutes•
The solution was cooled slowly to room temperatrj*9 while

was

bubbled through the solution to remove 01^ and prevent air from
entering the solution as It cooled. If water vapcr froz ths air
were to enter the solution, the Cl^ in the hot HSIO^ would
disproportionate into Gl" and 010" (241 ).
b. SbgO^. A 5.00 X 10~^ M stock solution of Sb(lll) was
prepared by dissolving sufficient SbgO^ powder in concentrated
HCl and diluted to one liter with HCl and H^O. The final HCl
concentration was 4.0 M,

A 1.0 X 10~^ K stock solution was

prepared by dissolving sufficient Sb^O^ in 12 M HCl and diluting
it to 100.0 nl with 12 M HCl.
c. SbCl^.

A 0.0414 M Sb(V) stock solution was prepared by

diluting reagent grade SbCl^ with concentrated HCl.

The concen

tration of the solution vas calculated using Enuation IV; 5 and.
the measured value of

assuming the diffusion coefficient

of Sb(V) in 12 M HCl equals the diffusion coefficient of Sb(lll).
This method is acceptable because the same assumption is made
in calculating the kinetic parameters.
d. EDTA. Reagent grade disodium ethylened lamine tetra-
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acetic acid di-hydrate was recrystallized from $0 ml volume
percent ethanol-water according to the procedure described by
Blaedel and Knight (l8).
3«

Standardization of Solutions.
a.

Sb(lll).

The coulometric standardization of Sb(lll)

was performed by the procedure described in Section IV. B. 3*
b,

Fe(lll).

The coulometric determination of Fe(lll) at

constant current was made using a Sargent Model IV constant
current coulometer with electrogenerated

(l28)=

The generator

compartment of the cell (see Section IV. B. 3) was filled with a
solution of 0.050 K UOg(CiyCOO)^'ZH^O, adjusted to a pH=1.9
with HClOj^, and 2 drops of 5 H NaiBr were added to sharpen the
end point.

The remaining two chambers of the cell were filled

with 1 M HCIO^^.

Two platinum wires, polarized with a 10 ^ A

current, were placed in the generator electrode chamber as
indicator electrodes.

Ihe potential difference between the two

electrodes, ÛE, was recorded versus time using an Electronics
Associated Incorporated, Model II3I, Variplotter.

As long as

there was a reversible couple present, AS was approximately zero.
At the end point, A 2 was equal to the difference between the
formal potentials of the

and Fe^'^/Fe^'*" couples.

A

spike was observed on the A E-t curve at the end point.
4.

Experimental Procedures.
a.

Voltasiffletry.

A description of the RPDE, variable speed

rotator, and cell used in this research is given in Section IV.
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B. 4. The electronic circuitry is described in Section III. A. 2.
The RPDE was pretreated by potentiostating the electrode in 1.0 M
HCIO^ for two minutes at 2.5 V and -2.5 V. The potential range
between 1.4 V and -0.2 V was scanned for 5 minutes before
changing the supporting electrolyte to the one used to obtain
the voltajnmetric data.
When 4.0 H and 12 M HCl were used as the supporting electrolytes,
the electrode was pretreated by potentiostating for 3 minutes at
1»2 V; -0=6 y, and 0.0 V. The potential range was then scauined
in a cyclic manner between the chosen limits until reproducible
curves were obtained.
b. Kinetic Data, Sb(v)/Sb(lll). All kinetic data was
obtained at a constant concentration of Sb(lll). The concentration
of Sb(v) was varied by adding known volumes of a stock solution
of Sb(v),

The 1-2 curves for each mixture of Sb(V) and Sb(lll)

were recorded at seven rotation speeds using an expanded scale
to Increase the accuracy of the measurement of the slope at
1=0.
C. Results and Discussion
1. FeClII^/^eCn) System,
Before obtaining the heterogeneous kinetic data for the
Sb(v)/Sb(lll) couple, the effect of traces of I~ and Br" on
the reduction of Fe(lll) was investigated at aji RPDE. Resnick
(172) reported that the presence of traces of Cl~ in a solution
containing Fe(lll) and 1 M HGIO^ shifted the observed
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the cathodic wave to more positive values. I-E curves for 0.^ mM
Fe(lll) were obtained as a function of the rotational velocity
of the RPCS in a solution of 0.10 K 3DTA which contained 1.5
NaCl, curve A, 0.40 M NaCl, curve B, and 0.40 M NaCl-1 nM Nal,
cturve G. All solutions were adjusted to pH 5*1 with NaOH.
1/2
Plots of Ijj vs. W ' for each solution are shown in Figure
V. 1. The plot for the solution containing I . 5 nM NaiCl (curve a )
shows a marked deviation from the linear relationship predicted
by Equation lY. 5*

when the NaCl concentration was increased

to 0.40 M, the deviation from Equation IV. 5 became smaller. The
addition of 1 nM Nal to the solution which already contained
0.^ M NaCl resulted in a linear relationship for 6.47(rad/sec)^^^
< 60

< 32.4(rad/sec)^^^.

Ihe decreased curvature observed in Figure V. 1 was
attributed to the increased adsorption of halides at the RPDE
when the CI concentration was increased, and to the adsorption
of I instead, of CI . This effect is called electrocatalysis.
In the pH range of 3«5 to 6.0, the concentration of EDTA and
hydrogen ions has no effect on the half-wave potential of the
Fe(lll)/Fe(ll) ccupls (llS). In this pK xaxi^e the only species
which exist are FeY and FeY , where Y

refers to the unassociated

EDTA molecule. The formation constants of the Fe(lll) and Fe(ll)
chloride complexes are much less than the Fe(lll) and Fe(ll)
EDTA complexes. Therefore, chloride cannot effectively compete
with the EDTA ligand (34).
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T

Figure y» le
0.10 M SDTA, -0.400 V.
a - 0.50 sX Fafin) and I.5 aS NaCl
Û - 0.50 iâ
aad 0.40 K SaCl
O - 0.50 mK Fe(ni), 0.40 » !&C1 asd
1.0 Si 5al

51

I-E curves were obtained for various ratios of [F0(lll)]:
[Fe(ll)j in 0.10 M EDTA, 0.10 M NaBr, and 0.05 M NaClO^^ at pH
5.1. The I-E curves are shown in Figure V. 2. Fe(ll) was
electrogenerated by electroreduction of Fe(lll) at a constant
potentieil of -0.40 V vs. SCE using a platinum gauze electrode.
In this way, the analytical concentration of iron remained
constant. The ratio of Fe(lll) i Fe(ll) was varied between
1.0 and 0.0. Bromide was chosen to electrocatalyze the
oxidation-reduction reaction because the strength of the bromide
adsorption at platinum is intermediate between that of chloride
and iodide (lO).
The dependence of the Fe(lll) reduction and the Fe(ll)
oxidation on the rotational velocity of the REDE is shown in
Figure V. 3»

1/2

The plot of Ijg^vs.^ •'

was made for equal

concentrations of ?e(lll) and Fe(Zl): Values of Ig for the
oxidation and reduction of iron were chosen O.3OO V anodic and
cathodic of the half-wave potential. At the same overpotential
the reduction of Fe(lll) was linear for 6.47(rad/sec)^^^ ^
< 12.9(rad/sec)^'^^, but the oxidation of Fe(ll) was only
^
.
«
• I — / -/
\1'
^2 =:
^ . ^1/2
-- '/
/
^1/2
iinear
lor
o.'+y^.raa./sec;
' '
< l9.4-^raa/sec;
'.
2. Sb(v)/Sb(lll) System.
a. Voltanuaetry, 4.0
and 0.125

HGl. I-E curves for 0.125

Sb(lll)

Sb(v) in 4.0 K KGl containing 2.0 M Nal are shown

in Figure V. 4. During a period of approximately one hour,
Iff a-wi'irM measured at 0.52 V, decreased from I50 to 115juA, a

52

--60

-- 40

- - 2 0
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0.10

I

ÙJ, rad/see
A - kl.9
u - 9^.3
C - 167.5
D - 262.0
S - 377.
p - <11.

I

Figure V. 2. I-E Curve* for Fe(lll)/Fe(ll) in 0.10 M EDTA. O.O5 M NaClO.,
aai 0.10 M KaSr
0.25
Fe(lll). 0.25 mM Fe(n). 0.5 v/ain.
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/

/
<

4,

/
20.0

Figure V. 3, l£^. it)1/2
0.10 M SDTA, 0.05 M NaClO^, and 0.10 M NaBr.
O - 0.25

Pe(lll).

Û - 0.25

Fe(ll).
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23^ decrease. In the same tine period,

S"b(lll)'

at 0.80 V, decreased from 172 to 16?^A, a 2.95^ decrease. "Rie
large decrease in

s"b(v)

be caused by inhibition of the

electrode reaction from the irreversible adsorption of a species
in the solution or from a change in the nature of the electroactive species in solution. Neumann (151) found that Sb (v)
is slowly hydrolyzed in dilute K31 solutions and that the products
are not electroactive at platinum electrodes.
The absozrption spectra obtained in a solution of 4.0 M HC"!
.Vi«X
containing equal concentrations of Sb(v) and St(lll) and 2^M

l" are shown in Figure V. 5» I-E cmrves were recorded less than
five minutes before the absorption spectra were obtained and the
electrode potential was scanned between the limits 0.5 and 0.8 V
during the entire experiment. "Rie absorption at 260 nm, which
corresponded to the absorption maximum for Sb(v), decreased with
time. On the basis of the results shown in Figure V. 4 and V. 5»
it was concluded that the decrease in

Sb(v) ^ -elated to the

hydrolysis of SbCl^~. Also shown in Figure V. 5 are the absorption
spectra for 5.0 X lO"^ M Sb(lll) and 2 X lO"^ M Sb(v) alone.
b. Voltammetry. 12 IL HCl. A study of the heterogeneous
kinetics of the Sb(v)/Sb(lll) couple in 4.0 M HCl was not
performed because of the presence, in that media, of electroinactive forms of Sb(v). In 12 M HCl, Sb(v) and Sb(lll) exist
only as SbCl^ and SbCl^ , respectively. Values of

for the

anodic and cathodic reactions in 12 M HCl were determined not to
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150

0 min
25 min
55 min

100

E^, (V vs. SGE)
0.80

0.70

0*60

-50

-100

—i-150

Figure V. 4. Time Dependence of I-E Curves for Sb(v )/S'b(lII) in
4.0 K HCi
S"bXv)•Sb(lTl) - 0.125
Rotational Velocity
l68 rad/see. Scan Rate 0.5 V/sin.
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decrease with time.
The I-E behavior of Sb(v )/Sb(lll) mixtirres was investigated
as a function of the concentration of Nal added. After each
addition of Nal, the potential was scanned between the limits
0.25 V and 0.80 V until no change in the I-E curve was observed.
The concentration of Nal was varied from 0.0to 2.0^H and
the 1-2 curve recorded on the anodic scan of potential. No
change in the observed I-E curve was found for ^l""j > 2.0^^.
The rate of the heterogeneous reaction of the Sb(v)/Sb(lll)
couple can be vaxied simply by changing the iodide concentration
as shown by the data in Figure V. 6. The reciprocal of the
slope of the I-E curve at

=0, -(^ i/^^

related

to the reciprocal of the exchange current, i^"^, through Equation
V. 13« If the amount of iodide adsorbed on the electrode surface
is controlling the rate of the electrochemical reaction, a plot

1

of -(3 i/J^)^ vs. fl should be the mirror image of the
=0
^
V
»
adsorption isotherm for iodide. A plot of -(o i/()^
vs.
^I'J is shown in Figure V. ?.
The isotherm for adsorption of I at platinum was determined
experirueiitally. Solutions containing between 0.0 and 2.0^ M I
in 12 H HGl were passed through the packed tubular electrode
described in Section III. B. The electrode was potentiostated at
0.65 V. 1.0 K H^SO^ was then passed through to wash out the 12 N
HGl containing I and the potential stepped to I.3 V. At 1.3 V
adsorbed I is oxidized to 10^ (97)» and the amount of 10^"

~T
0.80
E^, (V vs. SGE)
îïïftil.

A — OIO^K
B
G
D
E
F
G

—
—
-

0.2
0«'f>tM
0«6
0.8>iM
l.O^H
2.0^H

Figure V. 6.

I-B Curves jror Sb(v )/Sb(lll) vs. the Coneentratlon of Nal
12 M HGl. Scon Rate 0.5 v /Sii. Rotational Velocity 168 rad/sec.
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produced was determined from the I-t curve. A plot of the
number of coulombs of 10. vs. the concentrations of l" in 12 M
HCl wais the adsorption isotherm for l" in 12 M HCl. The results
sure plotted in Figure V. 7»

The adsorption isotherms has a

similar shape and reaches the limiting surface coverage at
approximately the same concentration of I~ as the plot of
-(ùi/dn

c. Determination of Kinetic Parameters. The values of i
o
and

were determined for the hsterogeneous reaction of the

Sb(v)/Sb(lll) couple in 12 M HCl containing two different

concentrations of Nal. To find i the I-S curves were recorded at
o
different rotation speeds for varying ratios of ^Sb(v)j i^Sb(lIl)j ,
prepared keeping [sb(lll)j constant and varying ^Sb(v)j . I-E
curves at 0.5/iK I were recorded with the potential scale
expanded to make measurement of the slopes at ^ =0 more accurate.
The I-S curves obtained at different rotation speeds for equal
concentrations of Sb(v) and Sb(lll) are shown in Figure V. 8.
In Figure V. 9 a plot of -(Ô i/c)

was made

for each Sb(v) concentration. The intercepts of Figure V. 9 are
equal to

\/nF according to Equation V: 13-

Ihe values of i^

were calculated and used to determine Ot. A plot of log i^ vs.
log

was made and is shown in Figure V. 10. The slope of

this plot caji be shown to be 1- OC if one takes logarithms of both
sides of Equation V. 5, as shown in Equation V. 14. Since
does not change,

log

is zero. The values of 0(,

(v VB. SCE)

A 13 c "
DBF -

41.9
9'^.3
167.5
262.0
377.
513.

Plgur* V. 8. I-E Cwrves for Sb(V)/3b(3:Xl) In 12 M HOI vs. Rotational Velocity
Scan Rate 1.0 V/«ln. <).,105 ^ SbTlIl). 0.079
Sb(V). O.5 M Hal.
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/

Figure Y. 9*
12 M HClZ 0.5 M Nal. 0.105 m* Sb(lll). A - 0.0?9 «M
Sl>(vT. B - 0.120"i»H Sb(v). C - O.I58 mM Sb(V).
D - 0.197 S». Sb(Y), S - 0.236 sA Sb(V)."'
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2.8

o

2.6

2.4

2.2

-0.8

1,0

(^Sb(v)*
Figure V. 10. Plot of log

log -s^^y)

12 fi HCi. A - 0.44 b H Sb(lll). B - 0.105 tA Sb(lll).
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A log

- log(iiFAk^) + (1 -«&) A log

(V. 14)

1 -og, aad 1^ were usad in Bt^uailon V. ^ to oaleul&te k^,

Table

V, 1 comparea the values of k^, oL, and 1^^ for two conoentratlons
of Nal*

The symbol 1^ refers to the standard exchange cnrrent

density (194), which is the exchange current density which would
be obtained when the concentrations of both species of the reacting
couple are 1.0 M. 1^, like k^, should be a constant for any
electrode reaction under a given set of conditions.
TABLE V. 1
Comparison of Values of ct, 1^, and k^
at Different Iodide Concentrations
[l"3. M

oC

^oCca/see)

^oo(A-l/mole-ca^)

0.5

0.45

1.2 X 10"2

4.6

2.0

0.54

1.5x10'^

5.9

%e value of k^ shown in Table V. 1 for 0.5 >cM l" was 80$
of the k^ value for 2.0^M I»

As seen in the two adsorption

isotherm shown in Figure V. 7, 0.5>x?l l" is about 6O5É and 85$ of
l" concentration which will give the maximum surface coverage.
observation is In fair agreement with the k^ values reported in
%ble V. 1.

This
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VI. EVALUATION OF THE GOULOMETRIC DSTEICTOR USING THE
OXIDATION OF ANTIMONY (ill)
A. Introduction
A coulometric detector is one for which the electrolytic
efficiency is 100^; that is, all electroactive species passing
through the detector are electrolyzed. In the coulometric detector
to "be described, the electroactive species is transported to the
electrode surface "by convective-diffusional processes. Convection
in the detector Is caused "by the velocity of the solution flowing
through the detector.
The first electrodes described, which Involved detection of
electroactive species in electrolyte stireajas could not oe classified
as coulometric detectors "because less than

Oml%

of the electro

active species entering the cell are electrolyzed. Most of the
detectors used a DME in a variety of different flow-through cell
designs for the electroanalysis of species in electrolyte streams
(19, 20, 109, 127, 179, 203, 204, 232). %e applications of a
DME in an electrolyte stream include analysis of gases (233),
inorganic anions and cations (l6, 22, 23, 65, 69, 138, 143, 157,
170)i electroactive organic functional groups (23, 109, 110, 113),
proteins (54), alkaloids (ll2), and pesticides (117, 177)»
The use of solid electrodes for In-stream analysis has "been
investigated at platinum micro-electrodes by Muller (l46), at
silicone-rubber based, glassy-car"bon electrodes by Joynes and Maggs
(l04), Nagy, et al. (l47), Pungor, et al. (166), and at graphite
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electrodes "by Sharma and Dutt (I88-I90).

Solid electrodes, which

electrolyze more than 0,1% of the sample at 3 ml/min, but are not
100^ efficient, were described by Takemori and Honda (203) and
by Blaedel and Boyer (17)«
The sensitivity of the detectors described previously is
not very great because much less than lOOjS of the sample is
electrolyzed. To construct a detector which has the maximum
efficiency, that is a coulometric detector, the surface area of
the electrode is increased and the internal volume of the electrode
is decreased. The increase in surface area and decrease in internal
volume is brought about by packing a tubular electrode with
finely divided electrode materials (9, 20, 56, 144, 174, 193» 199,
229)f plugs of wire or metallic gauze, and porous or fritted
metals (l9l)«
Coulometric detectors based on packed tubular electrodes have
been constructed from platinum (l44, 193)» graphite (22, 191),
granular carbon (9, 200), glassy carbon (20), amalgamated nickel
(174), and silver (56, 191)• The applications of coulometric
detectors and electrochromatography has been reviewed by Fujinaga (64).
, CoiHometric detectors are inherently more sensitive than other
electrochemical detectors because all of the sample'is electro
lyzed. An additional advantage of the coulometric detector is
that it is not very dependent upon the flow rate of the eluent.
To demonstrate this, consider the analytical relationship between
Ij^ and

for an unpacked tubialar electrode shown in Equation VI. 1.
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(5.24 X

(VI. 1)

Blaedel, et al., verified S^uatlon VI. 1 for a tube having an
inner diameter of 0.03 inches, a length L, of 1.0 inches, and
for flow rates, V^, less than 10 ml/min. A typical chromato
graphic peak for an unpacked tubular electrode shown in Figure
VI. 1. The area under the chromatographic peak is the number
of coulombs, Q. Q is found "by integrating Equation VI. 1 over
the time span t^ - t^, as shown in Equation VI. 2. If V^ is
constant over the time span t^ - t, the number of moles eluted
r 2
» = (5.24 X lo5)nD^/3L2/3 j
v^/3c^(t)dt

(VI. 2)

%
is given by Equation VI. 3 and Q is given by Equation VI, 4.
Equations VI» 3 and VI. 4 are combined to give Equation VI. 5.
r^2

moles = V^ I

,
G (t)dt

5 = (5.24 X

(ic;. 3)

\

0°(i)dt

(VI. 4)

Thus, a plot of log Q versus log V^ has a slope of -0.66?,
demonstrating that a lazge dependency on flow rate does occur
with an unpacked tubular electrode.
Q = (5.24 X 10^)nD^/V/^v"^/^ moles

(VI. 5)

For a coulometric detector Equation VI. 5 reduces to Equation
VI. 6 since Q is independent of
Q = n(9.65 X 10^) f moles"!

V^, and
(VI, 6)

68

To determine the amoimt of a species eluted, one does not need a
calibration curve. Since n is usually known, or easily detenained,
one measures Q experimentally and calculates the amount of electroactive species using Equation VI. 6.
From Equation VI. 6, one may also see that the sensitivity
of the detector depends only upon the number of equivalents of
electroactive species, that is, n ^molesj. Thus, the coulometric
detector has a uniform sensitivity for all electroactive species.
This is to be contrasted to variable sensitivity dstsctors, such as
the photometric type, whose sensitivity depends upon the nature of
of the species being determined.
Results presented in this section demonstrate the utility of
a coulometric detector to the determination of Sb(lll) by its
enhancement of the Br oxidation wave and by direct electrochemical
oxidation.
B. Experimental
1. Chemicals and Reagents.
The following chemicals were obtained from sources giveni
NaBr, K^PO^^, HCIO^, H^SO^, HNO^, HCl, Sb^O^, NiCl^'ôH^O, As^O^,
BiCl^, ZnCl.., CrCl^*6H„0, A1(nO„)-,*9H.O. GoGl 'ÔH 0; and MnCl

were

"Baker Analyzed" reagents j CdCl^'Zg-H^O and HgCl^ were Mallinckrodt
reagents; electrolytic iron and()^Ce(were from
G. Frederick Smith Co.; PbCl^ was from Allied Chemical Co.;
CuCl^'ZH^O was from Matheson, Coleman, and Bell; and VCl^ was from
City Chemical Co. The source of selenium and (NH^)^MoO^ was not
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known.
2. Preparation of Solutions.
a. Sb(lll) in 2 K HCl. Enough

dissolved in 30 ml

of concentrated HCl to make a 1.0 mM stock solution and was diluted
to the mark in a volumetric flask by slowly adding a mixture of
HCl and H^O. Enough HCl was added to make the acid concentration
2.0 M.
b. Sb(lll) in 1.0 Ji H^SOj^. Enough Sb^O^
30 ml of hot, concentrated

dissolved in

to prepare a 2.0 mM stock

solution. After cooling to room temperature, this solution was
diluted to the mark in a volumetric flask by low addition of a
mixture of HgSO^^ and H^O. Enough HgSO^ was added to make the
final acid concentration 1.0 K.
c. Sb(lll) in 4.0 M. H^SO^^. Enough Sb^O^

dissolved in

hot, concentrated H^SOj^ to make a 5*0 mM stock solution. After
cooling to room temperature, this solution was diluted to the
mark in a volumetric flask by slow addition of a mixture of HgSO^
and HgO. Enough

was added to make the final acid concentration

4.0 K.
d. Solution Preparation for Interference Study. All solutions,
except for the Pb(ll) solution, were made to be 0.0100 K in the
cation and 1.0 M in HCl. The Pb(ll) solution was 0.00100 M in
?b(ll) and 1.0 M in HCl. For most solutions either the chloride salt
or some other readily available salt was dissolved in 1.0 M HCl and
diluted to the mark in a volumetric flask with 1.0 M HCl.
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A 0.10 M solution of Se(lV) was prepared by dissolving

selenium metal in I5 ml of hot, concentrated HNO^. This solution
was diluted to one liter with H^O, A 25.0 ml aliquot of the
0.10 M solution of Se(iv) was diluted to 250.0 ml with 0.8 ml
concentrated HCl and 1.0 M HGl to make the solution 0.01 K in
Se(lV) and 1.0 M in HCl. An Fe(lll) solution was prepared by
dissolving the appropriate amount of electrolytic iron in 12 ml
of hot, concentrated 5«1 HCl-HNO^. 6.7 ml of concentrated HGl
was added and the solution diluted to 200.0 ml with H^O. An As(ill)
solution was prepared by dissolving the exact amount of As^O^
in 10 ml of 8% NaOH. 0.8 ml of concentrated HCl was added
and the solution diluted to 200.0 ml with 1.0 K HGl.
Solutions of the anions studied were made up to be 1.0 M
by diluting enough of the concentrated acid to the mark in a
volumetric flask with 1.0 K HGl.
3.

Standardization of Sb(lll) Stock Solutions.
Sb(lll) stock solutions were standardized by constant current

coulometric titrations with electrogenerated Br^ as described
in Section IV. B. 3»
4. Eyperimental Procedures;
a. Electrode Pretreatment. 1.0 M H„SO,. or 1.0 M HCl was
———————
—2 4—
passed through the packed tubular electrode and the potential was
set to 1.2 V, -0.6 V, and 0.0 V for 3 minutes at each potential.
The potential was changed to O.3O V and the flow of acid solution
was stopped. 10-20 ml of 0.01 M Kal was flushed through the cell
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and the flow of the acid solution resumed..
b. Voltaaaetry. I-E curves were obtained by passing
0.989 X 10"-^ M Sb(lll) in 1.0 M HCl through the detector at a
constant flow rate. The electronic circuitry used to obtain
all I-E curves is described in Section III. A. 2.
A second procedure used to obtain I-E curves was the
introduction of aliquots of 0.989 X 10

M Sb(lll) in 1.0 M

HCl into a stream of 1.0 M HCl passing through the detector
at a constant flow rate. The electrode potential was increased
in 50 mV steps from 0.600 V to O.9OO V. The I-t peaks were
recorded on a Leeds and Northrup strip chart recorder and were
integrated with a Keuffel and Esser planimeter.
c. Electrode Efficiency. Aliquots of 1.00 X lO"^ M Sb(lll)
in 1.0 % HCl were injected into a stream of 1.0 M HCl at a number
of different flow rates and an electrode potential of 0.800 V.
The electronic circuitry for all studies at a constant potential
is described in Section III. A. 1. The I-t curves were recorded
cn a Leeds and Northrup strip chart recorder and were integrated
with a planimeter.
d. Precision Study. Aliquots of 1.00 X 10~-^ M Sb(lll) in
1.0 M HCl were injected into a stream of 1.0 M HCl at a constant
flow rate. I-t curves at an electrode potential of 0.800 V were
recorded simultaneously on a Bolt, Beranek, and Newman Plotaoatic
X-Y recorder and on a Leeds and Northrup strip chart recorder.
The peak areas were integrated with a planimeter.
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e. Concentration Studies. A concentration study of the
Sb(lll) enhanced Br oxidation wave was performed using the
coulometric detector described in Section III. B. Sb(lll)
solutions, in the concentration range from 1.0 X 10~^ M to
2.0 X 10

M, were prepared in 1.0 K HgSO^ and injected into a

stream of 1.0 M HgSO^ at a flow rate of 1 ml/min. The stream
of 1.0 M HgSO^ was mixed with a stream of 1.0 mM NaJBr in 1.0 K
H^SO^ before entering the detector. The flow rate of the
stream containing 1=0 zK NaBr slowly decreased ftom 1.2 ml/min
to 0.75 ml/min during the Sb(lll) concentration study. The
electronic circuitry used was described in Section III. A. 1.
A voltage proportional to the current because of oxidation of
bromide was added to an equal voltage with the opposite sign.
The resulting signal was reduced by a factor of 1:10 using the
voltage divider circuit described in Section III. A. 1. Currenttime (l-t) curves were recorded with a Leeds and Northrup
Speedomax strip chart recorder.
The concentration range over which the direct oxidation of
Sb(lll) was applicable was investigated by injection of O.5O ml
aliquots of Sb(lll) solutions into

a

stream of liO M HGl at a

constant flow rate. The concentration of Sb(lll) solutions ranged
from 7.6 X 10

H to 4.0 X 10

K and were pirepared by taking

aliquots of the Sb(lll) stock solutions in 2.0 K HCl or 1.0 H
H^SO^^ with a 2.000-ml Gilmont micrometer buret and diluting to
the mark in volumetric flasks with 1.0 M HCl, The potential used
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was 0.800 V and peaks were recorded using a Leeds and Northrup
strip chsurt recorder. Peak areas were measured using the
planimeter.
f. Interference Study. Solutions containing Sb(lll) and
the interfering ions were prepared hy diluting a 1.000 ml
aliquot of 1.0 X lO"^ M Sb(lll) and 0.10, 1.00, and 10.00 ml
of the 1.00 X lO"^ M solution of interfering ion to 100.0 ml
with 1.0 M HCl. Injections of each solution were made into a
stream of 1.0 M KGl at a constant flow rate. The I-t curves
were integrated electronically and recorded simultaneously on a
Leeds and Northrup strip chart recorder.
C. Results and Discussion
1. Voltammetry.
1-2 curves were obtained using cyclic voltammetry (method l)
and by measuring the coulombs of Sb(lll) oxidized in a 0.50 ml
aliquot at a constant potential (method 2). The results of the
two methods are shown in Figure VI. 1. Of the two methods, the
use of method 2 appeared to give the best results because the
observed currents were lower. The lower currents caused a
smaller IR loss in the detector and therefore, less distortion
in the shape of the I-S curve. For method 1, the current measured
at 0.700 V was 160aA for 0.989 X lo"^ K Sb(lll) and for the
second method, the peak current, measured at the same potential,
was only 29»5/x. A. The cell resistance was 850 Jl and the IR
losses were O.136 V and 0.025 V for the two methods, respectively.
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Figure VI. 1. I-B Curves of Sb(lll) In 1.0 M HCl
A - 1.0 M HCl, B«ftn rat9 1.0 V/mlm. B - 1.0 M H31 and 0.99x10
M 8b(lll)i
•can rite Î.0 V/Bln. C .1.0 M HOI and 0.62 /tg allquots of Sb(III). Flo*
Rate 1.0 ml/mln for all (rurvee.
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The much larger IB loss and the chaining current resulting from
the cyclic voltage scan in method 1 caused the observed differences
"between the I-E curves in Figure VI. 1.
2. Electrode Efficiency»
The tubular electrode was packed with platinum chips and
wire to increase the efficiency. The efficiency of the electrode
described in Section III. B. was measured and the results shown
in Figure VI» 2 by plotting the coulombs of Sb(lll) oxidized vs.
the flow rate. No flow rate dependence was observed up to a
flow of 4.1 ml/min. The results shown in Figure VI. 2 were not
corrected for a blank,
3. Precision Study.
The results of fifteen O.5065 ml injections of 1.00 X lO"-^ M
Sb(lll) were made and the number of coulombs determined from the
areas of the I-t curves obtained. Table VI. 1 shows the results
obtained for the fifteen injections. Relative standard deviations
of 5.0 ppt and 5«2 ppt were found for the Leeds and Northrup and
Plotamatic recorders, respectively. The major source of error
in this precision study was the sample loop. When the sample
loop if filled J cars must be taken that air bubbles do not form
in the loop. If bubbles do form, the sample loop volume is
decreased and the results become scattered.
4. Concentration Studies.
a. Catalytic Enhancement. A concentration study was
performed using the technique of catalytic enhancement for Sb(lll)

76

1.0

Q" o ^

0>—O-Q"

0.8 _

1
Flo* Hate, sl/=iJ

Figure VI. 2,

Detezmination of Electrode Sffieiency
1.0 M HSl. 0.62 MS aliquot» of Sb(Ul).
Electrode Potential 0.800 V=
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taple vit 1
Precision Study
Arbitrary units
& Northru-p

X-Y Plotamatic

739

75^

733

764*

733

756*

738

773

740

773

732

781

740

774

743

782

740

778

733

783

740

776

732

783

736

772

741

778

735

780

•Mialnated statistically.
in 1.0 M HgSO^. ÎÎ10 acid concentration was decreased from 4.0 M
^^2^^4

M HgSO^ Isecause the Sb(lll) solutions were determined

to be stable in 1.0 M HgSO^ at concentrations below 1 X lO"^ M.
The 5.00 aM Sb(lll) stock solution was prepared in 4.0 M H^SO^.
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Resuite of the concentration study are shown In Figure VI. 3* Ihe
agzreeaent with the theoretical slope, indicated by the solid line,
was very good for Sb(lll) concentrations greater than 1.0 X lO"^
H. When the ratio of Br" to Sb(lll) became greater than 100,
i. e., at Sb(lll) concentrations less than 1.0 X lO"^ M, the
precision and accuracy were unsatisfactory. At these low Sb(lll)
levels, the amplification had to be high enough to detect the
Sb(lll), but this high amplification also magnified the baseline
noise.
I^pical chromatographic peaks obtained using catalytic
enhancement are shown in Figure VI. 4. The peaks in Figure VI. 4
were recorded for O.5065 ml injections of 5*00 X lO"^ K and
2.00 X 10"^ M Sb(lll) in 1.0 H H^SO^. The sloping baseline
was integrated by following the curve as recorded and not by
averaging the fluctuations. More precise results were obtained
for Sb(lll) concentrations below 10~^ M when the NaBr concentration
-4
were decreased to 1 X 10 M. Decreasing the Br concentratiea
by a factor of 10 also decreased the baseline noise by the same
amount. Thus, the ratio of enhancement current to baseline noise
was increased.
b. Direct Electrocheaieal Oxidation. Results of a concentration
study, in which injections of Sb(lll) in 1.0 M HCl were made
directly Into a stream of 1=0 H HCl, are shown in Figure VI. 5«
Theoretically, a slope of log (nFV) should be observed for a
plot of log Q vs. log

The solid line in Figure VI. 5
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Figure V1. 5. Concsatratioa Study for ffb(lll) in 1.0 K HCl
Slectro&« Potential 0.800 V. Sample Volume
0.5065 ml. • - Flow Rate 1.35 hI/hIh. O - Flow
H&wâ 1.05 sl/sin.
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has a slope equal to 1.0 and the experimental points are in
very good agreement with the predicted values. The greatest
degree of deviation occurs at concentrations below 5 X lO"^ M.
The upper concentration limit was set "by choice for Figure VI. 5»
5»

Interference Study.
The interference of anions and cations on the direct electro

chemical oxidation of Sb(lll) was investigated and the results
are shown in Table VI. 2. The results are reported as the
percent Sb(lll) found experimentally, that is, the coulombs of
Sb(lll) found divided by the coulombs of Sb(lll) taken times
100^. Values greater than lOOJo mean the interfering ion was
oxidized at the same potential as Sb(lll) and values less than
the interference was either reduced at 0.800 V or was adsorbed
at the iodide covered platinum surface, thereby reducing the
number of active sites available for oxidation of Sb(lll).
Ti(lll) and As(ill) interfered due to oxidation at 0.800 V
and Ge(lV) by reduction at 0.800 V. Cr(lll) and Mn(ll), which
have higher oxidation states, were not oxidized at 0.800 V.
Cations which interfered by non-electrochemical processes were,
in order of decreasing interference. Fe(lll)> 3i(lll)>Hg(ll)^

U(vi) ^Ko(Vl)?• Pb(ll). Tiie adsorption of these ions was
reversible. After injection of a sample containing Fe(lll), 1.0 M
HGl was passed through the cell before injecting a sample
containing Sb(lll), but no Fe(lll). The percent Sb(lll) found
was 100.
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TABLE VI. 2
Effect of Interferences on the Coulometric Determination of

0.618 micrograms of Sb(lll).
Percent Sb Found
Interference

lO"^ M

lO"^ M

AI(III)
Tl(III)
Ti(IV)

101
102
100

101
173
100

10 ^ M
100
1270
102

v(v)

100

98

98

Cr(lll)
Mnfll)
FeCIIl)
Co(ll)
Nifll)
Cu(Il)
Zn(ll)
As (in)
SeCiV}
Mo(Vl)
Gdfll)
Sn(iv)
Ge(iv)
Hg(ll)
Fbfll)
BI(III)
U(VI)

100
100
94
99
100
99
100
100
101
100
101
100

99
100
81
99
100
99
99
100
101
100
101
100

101
100
12
99
99
99
99
108
100
99
100
100

93

54

-236^

99
100

96
99

88

97

89

72

100

100

99

10"3 M

10"2 M

lo"-^ M

HGIO^

100

100

90

HNO^

100

99

98

HgSO^

99

100

99

'3^4

99

96

98

Negative sign means that more coulombs were found for
the reduction of Ce(iv) than for the oxidation of Sb(lll).

VII. DETERMINATION OF ANTIMONY (ill) USING
FORCED-FLOW LIQUID CHROMATOGRAPHY
A. Introduction
The determination of antimony using a coulometric detector
can "be accomplished "by either reduction of Sb(v) or oxidation of
Sb(lll). Since Sb(lll) species are not as easily hydrolyzed as
Sb(v) species (15O), the determination of antimony was carried
out by oxidizing Sb(lll). Several separation schemes for Sb(lll)
have been reported in the literature using anion exchange resins

(3, 4, 13. 40, 43, 57, 60, 82, 114, 115, 121, 137, 149, 150, 18?),
and cation exchange resins (40, 86, 137, 198).
The method chosen for the ion exchange separation in this
research was based on the cation exchange scheme described by
Strelow (198).

This procedure uses HGl to elute Sb(lll) from

the catex resin. Because Sb(lll) forms a strong chloro complex,
the distribution coefficient is small and Sb(lll) is only
weakly retained by the resin. However, in dilute HCIOjl solutions
Sb(lll) exists as SbO^ (96) and is retained by catex resins (95)»
This separation procedure is used along with the direct electro
chemical oxidation of Sb(lll) to provide a rapid and selective
method for determining antimony in a variety of different matrices
and over a large range of antimony compositions.
B. Experimental
1. Chemicals and Reagents.
All chemicals used were "Baker Analyzed" reagents. Certificate
values of I^BS standard #53 «as given in Section IV. B. 1=

A
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second NBS standard, #124b, was used and had the following
certificate valuesi 83.6^ Cu, ^,hQffo 2n, 4.93# Sn, 4,64^ Pb,
0.76^ Ni, 0.2692 Fe, 0.20^ S"b, and < 0.1^ of S, P, Si, and Al.
The compositions of two standard alloys prepared by Dr. John D.
Verhoeven were given in Section IV. B. 1 for alloys designated
ISU-1 and ISU-2. Additional standard alloys prepared by Dr.
Verhoeven had the following compositions; ISU-3 contained 96*00^
Sn and 4,00% Sb. TP-IOOC contained 95*98% Sn and 4.02^ Sb.
2. Preparation of Solutions.
a. Sb(lll) in l.OJjHCl. The preparation of this stock
solution was described in Section VI. B. 4. e.
b. Solution Preparation for Interference Study. The amount
of HgCl^ and

necessary to prepare 0.010 M stock solutions

was dissolved in 1.0 H KGlOj^ and diluted to the mark in a
volumetric flask with 1.0 M hClC,.. A C.CIC K stvck solution of
Fe(lll) was prepared by the procedure described in Section V. B.
2. a.
c. Pb and Sn-Based Alloys. The dissolution procedures for
these alloys axe described in Section IV. 3. 2. Before injection
of a sample onto the column, 1.0 % aliq.uot3 were diluted to
100.0 ml with 1.0 K KCIO^.
d. Gu-Based Alloy. The -procedures for dissolution of NBSI24d was as follows 1

Sufficient alloy to prepare a 1 X lO"-^ K

solution was dissolved in 8 ml of Ijl HNO^-H^O without heating.
30 ml of 1.0 li KCIO^ WcLS added and

bubbled through the
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solution to remove oxides of nitrogen. The solution was diluted
to 100.0 ml with 1.0 M HCIO..
—

4-

e. Human Hair (Procedure C). Approximately 0.3 g to 1.0 g
of hair was placed into a flask and dissolved in 1:1 HCIO^-HNO^
according to the procedure described in Reference 4?.
f. Human Hair (Procedure D). Approximately 0.3 g to 1.0 g
of hair was dissolved in 10 ml of a 1:1 mixture of hot H^SO^-HNO^.
The HNO^ was boiled off. If all the organic matter was not
dissolved, 5 more ml of HNO„ were added azid the mixture heated
until all the HNO^ was boiled away.
After dissolution of the hair by either procedure, the Sb(v)
produced was reduced to Sb(lll) by the following procedure: When
all visible traces of HNO^ were removed by boiling, 10 ml of
H^O were added to the solution and it was boiled for 5 minutes.
15 ml of 1^ NaHSOg were added and the solution was boiled to
one-half volume to destroy the bisulphate. Samples dissolved
by Procedure C were diluted to volume in a volumetric flask
with water and samples dissolved by Procedure D were diluted
with water and enough concentrated HClOj^ to give a 1.0 M HGlOj^
solution.
g. 'Transistor. A power transistor was scraped from its
aluminum base with a razor blade and was boiled in 5 ml of
concentrated H^SO^ for two houis. This solution was diluted to
10.0 ml with HgO. A 1.00 ml aliquot was diluted to 10.0 with
0.8 ml concentrated HCIO^ and H^O.
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3. Experimental Procedures.
a»

Resin Pretreatment»

The anion exchazige resin used was

Amberlite IRA-900. 10 g of the resin was dried, ground with
a mortar and pestle and sieved. The 100-140 mesh fraction was
"back washed to remove any fines which remained. 0.12 g was
slurried and packed into a 9 cm X 2 mm column. The resin was
washed with 4.0 M HCl prior to attempting any separations.
The cation exchange resin used was Amberlite IRA-400. 10 g
of the resin was dried, ground with a mortar and pestle, and
sieved. The 100-140 mesh fraction was back washed to remove any
fines which remained. 0.12 g was slurried and packed into a
9 cm X 2 mm column. Before injecting a sample containing Sb(lll),
the resin was pretreated by passing 1.0 H HGIO^ through the
column for at least 10 minutes. After each elution with 2.0 H
HCl, 1,0 H HCIO^^ was passed through the column for a minimum of
10 minutes. Periodically the resin was stripped of all cations
by passing 4.0 M HCl through the column for 10 minutes. According
to Reference 197, the distribution coefficient of most metal ions
in 4.0 ^ HCl is small.
b. Concentration Study, Aliq.uot-s of a ItO X 10~^ K Sb(lll)
stock solution in 2.0 H HCl, measured using a 2.000-ml Gilmont
micrometer buret, were diluted to the mark in volumetric flasks
with 1.0 H HCIO^. The concentration range of solutions prepared
—8
—4
was 1.0 X 10 H to 1.0 X 10 M. Solutions could not be stored
in 1.0 M HCIO^ for more than 24 hours because of hydrolysis to an
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electrochemically inactive form or to precipitation as Sb^O^.
The loss of Sb(lll) in 24 hours was negligible.
c. Interference SttnlVe

An interference study, using a

cation exchange column, was carried out with Fe(lll), 3i(lll),
and Hg(ll)»

These ions are also commonly found with Sb.

Solutions containing 1.00 X lo"^ H Sb(lll) and 1.0 X lO"^ H
in the interfering ion were injected onto the catex column in
1.0 M HGIO^^. After 1.0 min» the eluent was changed to 2.0 K
HGl and then to 4.0 M HGl after an additional 2.5 loin. I-t
curves were recorded at 0.800 V using a Sargent Model SBG strip
chart recorder and were integrated with the planimeter.
d. Analysis of Samples. After dissolution of the sample
by one of the procedures described in Sections VII. 3. 2. c.-g.,
an aliquot was diluted with 1.0 M HClOj^, if necessary, until
the concentration was less than 5 X lO"^ M. The sample was
injected onto the catex column, which had been pretreated as
described in Section VII. 3. 3» a,»

Sb(lll) was eluted by changing

the eluent to 2.0 M HGl 1.0 min. after injection. If a large
amount of.Fe(lll) was present, the eluent was changed to 4.0 H
HGl 3*5 min. after injections
G. Results and Discussion
1. Investigation of Separation Schemes.
a. Anex Column. This separation scheme, which was described
in Reference 18?, used a mixture of HGIO^ and HCl to selectively
elute Sb(lll). Figure VII. 1 shows the I-t cuzrve obtained at

1
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1
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I
I

4.0 M HGIO^ - 2.0 M HCl

^.0 M HGl

I
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time, Kin.

FJlgure VII. 1. I-t Curve foir Sb(lll) on an Anion Exohange Column
Plow Rate of 4.0 M iflSlO^ - 2.0 M HCl, 1.0 ml/imln. 0.62^5 Sb(lll).
Sloctxode Potential 0,800 V.
8 oa X 2 mm.

100-140 Mesh Amb»rlite IHA-900. Column
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0,800 V for the following separation*

"Rie anex resin, 100-140

mesh Aaiberllte IRA-900p was pretreated with 4,0 M HCl "before
Injecting an St(lll) sample into the stream of 4,0 M HCl,
The eluent was changed to 4,0 M HCIO^^-Z.O M HCl to elute the

(HI), "but

St

even after 30 mln,, no chromatographic peak was

oheerved for St(lll), Direct injections of 8'b(lII) into 4,0 M
HGlOji^-2,0 M HCl gave peaks at the iodide covered electrode surface
which were smaller than predicted for a 100^ efficient electrode.
No reason was able to be found to explain wly Sb(lll) could not
be detected when an anex column was used,
b.

Gatex Column. This sepsiration scheme was based on the

different metal ion affinities for a strong Mid catex resin
in 2.0 M HCl solution. Sb(lll) exists as SbO^ In 1.0 M HClOj^
(l84) and could be retained on 100-140 mesh Amberlite IRA-400
catex resin. In 2.0 M HCl, many metal ions have distribution
coefficients above 4.0, while the Sb(lll) distribution coefficient
is 2,8.

When Sb(lll) was injected onto a catex column in 1.0 K

HCIO^ and subsequently eluted with 2,0 K HCl at 0,5 ml/mln,, the
Sb(lll) peak was eluted 0,8 mln, after the 2,0 M HCl entered the
catex column as shown in Figure VII. 2,

This separation scheme

was very convenient because the eluent for Sb(lll) was 2.0 M
HCl, a strength very close to that used for preliminary
investigations of the Sb(lll) oxidation at the coulometrlc detectors
Further investigation of this separation scheme using 1.0 H and
1,5 M HCl did not improve the separation so 2,0 M HCl was used
for the remainder of the wo3& described in this thesis.
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Figure VII. 2. I-t Curre for Sb(lll) on a Cation Exchange Coluan
Flow Rate of 2.0 K HCl aai 1.0 K KCIO., 0.5 al/aln.
0.618
Sb(lll) in 1.0 M HCIO,.." ELeotrode Potential
0.800 V. lOC-140 Kesh AmSerllte IRA-4vO. Colna 8 csn
X. 2 mm.
Baseline for Intégration.

Electrode Poteiii'^laX 0.800 V.
Flow Rate 0.4 •• 0.5 ml/mln.
100-140 Heeh Ajilwrllte IRA-400
Column 8 on X /I m

o
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S

Adsorbed I
Adsorbed I

1.0

2.0

3.0

log (ng of Sb(lll))
Figure VII. 3.

Conoentiratlon Study for Sb(lll) using a Ohromatogr&phle
Separation Btep

I

I
Change to
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^Wiaisj

time, Bin
yiguro VII. 4. Chroffjitogxairiilo Peak fo]' 12.3 ng Sbflll)
Floif Rate 0.5 ml/mln. 12.3 ng Sb(lll) in 1.0 H HCIO.. Electrode Potential
0.800 V. 100-140 Kssh >jiberlite IRA-^KX). Colum 8 om x 2 mm.
Baseline for
Int^ration.
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2.

Concentration Study.
The results of several concentration studies are shown in

Figure VII. 3 in order to determine the linear woixing range.
Agreement with the theoretical slope is again very good for
amounts of Sh between 10.0 ng and 3«2 X 10^ ng of St(lll).

At

amounts of STd(III) "below 10 ng, the experimental error is large.
The experimental uncertainty is caused "by the large "baseline
change observed when changing eluents.

The large "baseline shift

can 1)6 seen in the I-t curve for 12.3 ng of Sb(lll) shown in
Figure VII. h-.

The deviation from 100% electrolysis at high

3"b(lll) concentrations may "be duo to either the slow hetero
geneous kinetics of the Sb(lll) oxidation or to an IR loss in
the detector "because of the high peak currents.

The peak

current for 1.00 X lO"^ K 3b(lll) was 268^ A which resulted
in an IR loss of 0.23 V.

The IR loss caused part of the electrode

to be at a less positive potential, at which the oxidation of
3b(lll) was not 100% efficient (see Figure VI, l).
The decreased electrode efficiency at high Sb(lll) concen
trations was not o"bserved when the column was not used.

At

the same flow rate and 3b(lll) concentration, the peak current
for the I-t curve obtained using a catex column was 2.5 times
higher than without a column.

Consequently, the IR loss in the

detector was significantly lower when the column was not used.
Another interesting feature shown in Figure VII. 3 is that
either adsorbed I

or I^ electrocatalyze the oxidation of Sb(lll).
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The experimental points designated by triangles in Figure VII. 3
were obtained with adsorbed

According to Reference 97#

irreversibly adsorbed l" and I^ axe distinguishable on platinum
surfaces.

The procedure for adsorbing I^ was similar to the

procedure described in Section VI. B. 4 a for I , except that
the potential was held at 0.700 V when the I^ saturated solution
in 1.0 H was passed through the detector to prevent direct
reduction of 1^.
3»

Interference Study.
In Section VI, B. 5» the major interferences were found to

be Fe(lll), Bi(lll), lig(ll), Ti(lll), and Ce(lV).

Ti and Ce

do not occur frequently'' with 3b, so only the separation from
Fe(lll), Bi(lll), and Kg(ll) was performed using a catex column.
The separation procedure described in Section VI. B. 4. f was
used to determine where the Fe(lll). Bl(lll). and Hg(ll} peaks
were eluted.

The electrode potential was set at 0.0 V to reduce

Fe(lll) and Hg(ll) and at -0.200 V to reduce 3i(lll).
curves observed are shown in Figure VII. 5«

The I-t

The peak for Sb(lil)

is shown by the dotted line. ?e(lll) and Hg(ll) did not interfere
under ths separation conditions eiiiployed, and the Bi(lll) peak
tailed slightly into the Sb(lll) peak causing only slight
interference when the Bi(lll) concentration was 10 times greater
tiian the Sb(lll) concentration.
If a better separation ir, desired, the column length may be
increased, the flow rate may be decreased, or the resin mesh size

10.0

Change t<>
2.0 H HCl

Change to
4.0 M HCl
•••••

time, min
Figure VII. 5*

C^iTonatogruphlo P#«faB for Fe(lll), Bi(lll), Hç(ll), and St(IIl)
Flow Rato i45 ml/min. •••• 1,24 ^«.g Sb(III;, 0*80 V, —• 2,84
0.0 V, —-10..1 jAg Hg(ll), 0,0 V. —.-10.6>Lg Bi(ni), -0.20 V.
Ambezllte IRA-^KK). Column 8 on x 2 mm.

Fe(lll),
100-140 Meeh
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increased»

The separation shown in Figure VII. 5 was adequate

for all experimental work described in this thesis.
4.

Analysis of Saaules.
One of the objectives of this thesis was to demonstrate the

applicability of the coulometric detector to the determination of
Sb in a variety of matrices.

The results of the determinations

using the procedxnres described in Sections VII. B. 2 and VI. B.
3» a are reported in Table VII. 1.
very good.

Results of the analyses were

The accuracy wats "better than 1.0 pph in most cases and

the precision was less than 2 pph.
Analyses of hair and a transistor were performed to
demonstrate the usefulness of this technique for low Sb levels.
The samples of hair were chosen from people having various
degrees of exposure to the laboratory where all experiments
were performed.

The hair sanples came from Larry Taylor (LRT).

John LaRochelle (JKL), Marcia Taylor (îIST), and Lynne LaSochelle
(LKL).

This was also the order of exposure to laboratory

conditions.

A direct correlation was found between time spent

in the laboratory and the amount of antimony in the hair as
shown in Table VII= 2i
The power transistor was found to have 3^0 ppm antimony.
No reference was found which gave the amounts of antimony in
different kinds of transistors.
5*

Deterioration of Polyethylene Bluent Tanks.
The eluent tanks used with the high-speed liquid chromato-
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TABLE VII. 1

Analysis of Alloys Containing Antimony
ELuent Flow Hate = 0.4 ml/min.
E
- 0.800 V
app
Sample size = O.5065 ml

No. of
Detns.

Sample

% Sb
Found

Relative
Precision Cptsh)

Relative
Error (piah)

N3S-124b

0.20

1

0.20

-—

0.0

KBS-124b

0.20

3

0.20

1.8

0.0

ISU-1

4.00

3

3.98

1.25

-0.55

ISU-1

4.00

5

3.95

1.6

-1.25

ISU-2

4.00

3

3.99

1.5

-0.25

ISU-3

4.00

3

3.98

1.25

-0.50

TP-IOOC

4.02

5

4.01

0.73

-0.25

NBS-53

10.09

4

10.09

2.1

0.0

NBS-53

10.09

4

10.2

0.57

+1.1

TABLE VII. 2
Analysis of Hair for Antimony
Sluent Flow Rate =0.5 al/minute
E
- 0.800 V
app
Sample size = 2.01? ml

Hair Samples. Age

No. of Detns.

Sb Found (•pm)

LRTj 25

5

1.3 * 0.3

JHL, 25

1

0.85

KST, 22

2

0.56 i 0.08

LKL, 3

1

0.0
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graphy are described, in Section III. C. 1.

After one and one half

years of continuous usage in acid solutions, the bottles began to
deteriorate.

The first indication of trouble came when high

results for the analysis of several different alloys were found.
The results were consistently 20 pph high.

The error could not be

accounted for by interference from other components because
injections of Sb(lll) alone gave high results as well.

The source

of the error was traced to the polyethylene bottles when correct
results were obtained after changing to fresh eluent solution.
However, after about one week of usage, the fresh eluent solution
also bccame contaminated.
A more direct proof that the high results were caused by
deterioration of the polyethylene was obtained while determining
the adsorption isotherm in Section IV. C. 2. b. 12 K HGl was
passed through the packed tubular detector, which was potentiostated at 0.65 V, from a plastic syringe.

The eluent was changed

to 1.0 K H^SOj^ and the potential stepped to 1.30 V.

The I-t

curves obtained are shown in Figure VII. 6. I-t curves b, c,
and d were obtained at 3 hour intervals while storing the 12 H
HCl in the plastic syringe.

Tlie longer the time the 12 K HCl

was stored, the greater the area under the I-t curve became.
No change with time was observed in I-t curve a, which was obtained
using a glass syringe to store 12 K HGl,

These results indicate

that some species, which is oxidizable at potentials > 0.80 V,
is leached into the acid solutions from the polyethylene bottles.

2.0

1.0

12.0

18.0

30.0

time, sec
Pleure VII. 6. I»t (ïurveo Obtained Af1;«r Potential Stop
Pttlientlal Stepiwd frc-i» O.565 V to 1.3 V. 1.0 « H^SO^^. Plow Rate 3 ml/mln.
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VIII.

SUMMARY

The results are given for an amperometric method for the
determination of Sb(lll) at an RTOE in acidic media based on the
catalytic increase of the anodic current for Br". The method was
successful provided '^sb(lll) < ^Br"*

which form slightly

dissociated complexes with Br" give a negative interference.
Coulometrie determinations of antimony in lead and tin-based
alloys are described using the electrogeneration of Br^ at constant
eurreni in 4.0 M

No separation was required in the coulometric

method.
The wave for electro-oxidation of Sb(lll) at platinum electrodes
was found to be electrocatalyzed by iodide adsorbed at the electrode
in dilute HCl solutions. A study of the rate of the heterogeneous
reaction of the Sb(lll)/Sb(v) system in 12 H HCl is described.
12 M HCl was used to prevent hydrolysis of the SbCl^ =

The hetsrc=

geneous kinetic parameters were determined from the slopes of I-E
curves, at

as a function of the rotational velocity of the

platinum disk electrode.
A packed tubular platinum electrode was evaluated as an

electrcchcmical detector for forced-flow liquid chromatography
using the catalytic increase in the bromide oxidation current and
the electrocatalyzed oxidation of Sb(lll) by adsorbed halides.
The detector used was found to be 10096 efficient at flow rates up
to 4.1 ml/min. A linear working range was found over a 100 fold
range of Sb(lll) concentrations for the catalytic enhancement
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procedures and over a 200 fold range of Sb(lll) concentrations
for the electrocatalysis procedure*

Very few interferences were

found for the electrocatalyzed oxidation of Sb(lll)*
Those interferences which were found were eliminated using
chromatogra]^e separations using a cation exchange resin. "Die
linear working range found for the determination of Sb(lll) using
the separation step was 2*5 ng to 6.2 mg.
The coulometric detector was used with forced-flow chromatog
raphy for the determination of antimony in lead; tin and copperbiised alloys, hair samples, and in a power transistor. %e
antimony content was calculated directly from values of peak
areas on the current-time curve without using a calibration curve.
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IX. SUGGESTIONS FOR FUTURE WORK
To use the Independence of flow rate olserved with the
couloKetric detector to its full advantage, the baseline changes
observed most be eliminated. Baseline changes are caused by
varying amounts of trace impurities in the different eluents.
To eliminate these impurities the eluents could be passed through
a packed tubular electrode, located before the sample injection
valve, which is potentiostated at the same potential as the
coulometrlc detector.

This would specifically eliminate those

impurities electrolysed at the coulometrlc detector.
Hie elimination of baselines is necessary to extend detection
limits, to enable one to electronically integrate peak areas,
and to improve the precision and accuracy of the coulometrlc
detector.
Cie mechanism of electrocatalysis by adsorbed ions needs
to be studied in more detail.

One of the key steps to determining

the mechanism is to find out whether the electrocatalysis proceeds
through an intermediate in which the adsorbed iodide is incorporated
into the coordination sphere of the reacting ions.

The replacement

cf ths chloride ions In the 3u(lll) coordination sphere by less
labile ligsnds would slow down or eliminate the heterogeneous
reaction.

Another interesting investigation would be to determine

the number of Sb(lll) ions oxidized per ion or atom of adsorbed
iodide or iodine.
Other irreversible electrode reactions which may be electro-
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catalyzed by adsorbed halides are As(lll), Ti(lll), Ce(lll), and
v(v). In the ease of As(ill), a large aaoimt of chloride or
bromide may be necessary to convert the As(ill) to a species
containing labile ligands such as Cl" or Br".
Since the electrogeneration of bromine proceeds very
rapidly at platinum electrodes, organic species could be determined
by their reaction with the electrogenerated bromine.

The bromine

could be generated at a constant current and monitored downstream
from the generator electrode with a second couloaetric electrode.
After an organic species has reacted with bromine, the second
electrode will detect the organic species by the decrease in the
amount of bromine reaching the detector.
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