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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 specles to the electrode
surface, effects of electrode pretreatment, and dependence on
the supporting elecirolyte were investigated. The effects of
these parameters on the electrochemical reactlions 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
iimit, and selectivity.

An amperometric technigue for the determination of Sb(III)
in acidic wedia was investigated. In solutions of H,SO,, Sb(II1I)
is not electroactive at platinum elecirodes and an indirect
technigue was required. The catalysis of the oxidation of Sb(III)

in agqueous solutions of HZSOQ-NaBr by electrogenerated Br., i. a.

2
catalytic enhancement, wes investigated at an RPDE, and the results
were used to choose suitable conditions for the detection of
Sb(III) with the electrochemical detectors

Recently it was discovered that iodide adsorbed at the surface

of the platinum electrode electrocatalyzes the direct electiro-

chemical oxidation of Sb(III) in dilute HC1 (40). The effect



of incomplete surface coverages by adsorbed lodide on the direct
electrochemical oxidation of Sb(III) was investigated at an
RPDE. The amperometric determination of Sb(III) using the
electrocatalyzed mechanism was concluded to be a more suitable
basis for chemical analysis than the determination using
enhancement. The determination of Sb(III) was made in a variety

of matrices using forced~flow liquid chromatography with electro-
chemical detection.



II. LITERATURE REVIEW

Measurements of the formal potential of the Sb(V)/Sb(III)
couple were made in aqueous solutions of a large variety of
supporting electrolytes at solid electrodes (7, 8, 59, 76, 81,
83, 123, 129, 180, 181, 206, 214). The polarographic reduction or
oxidation of Sb(III) and the reduction of Sb(V) in various
supporting electrolytes at a dropping mercury electrode (DME)
have been studied by many investigators (1, 12, 14, 15, 24, 29,
355 37, 46, 47, 50-53, 61, 67, 68, 71, 72, 74, 78-81, 91, 93, 9.
101, 107, 119, 124, 126, 129, 136, 140, 141, 142, 154-156, 160,
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(III) and
Sb(V) at solid and mercury electrodes (25-27, 32, 41, 49, 73, 75,
R &g 105, 3111, 134, 145, 170, 186, 208, 216).

Antimony has aléo been deiermined by controlied potential

electrolysis at mercury (55) znd 7 171
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Coulometric determinations with electrogeneration of Br2 at

constant current in 2 M HC1 were reporited by Brown and Swift (28).
Lingane and Bard (130) and Wise and Williams (234) coulometrically

determined Sb(III) at pH 7-8 using electrogenerated I Kostromin

2.
ané Akhmentov (120) determined Sb(III) 4in 2 ¥ H,S0, and 1 M HC1

D
with electrogeneration of Cr O?~ .

2

Pclarcgraphic, coulometric, and amperomeiric methods have



all been used to determine antimony in a variety of inorganic
matrices. Polafographic analyses have been used primarily for
the determination of antimony in ores and alloys (41, 48, 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(III)
(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 (145), Fe (145), Pb (142,
145, 212), and Sn (154). Elimination of the interfering species
is usually done by precipitation (15%, 237) or with masking
agents (87, 124, 142).



III. INSTRUMENTATION
A. 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 13.6 V signal to a 10-turn, 10 K N 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 elect:ode
and the negative input of amplifier A-l, and a second amplifier
with high input impedance, A-3, was used for the current follower.

The output of the current follower was fed to a voltage
divider consisting of a 100 K resistor in serles with a 10-turn,
10 K potentionmeter. For most experiments, a 1110 reduction in
he signal was required. The output from the voltage divider was
used to drive 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 Kf resistor to the negative input of amplifier
A-3.

2. Four-Electrode Potentiostat.

The electronic instrument used was that for the simultaneous

and independent potentiostatic control of two eiecirodes described
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in Reference 148. The portion of the circuit for potentlostatic
control of electrode I-1 in Figure 1 of Reference 148 was modified
according to the design described in Reference 29. The modification
permitted the control of potentlal or current in electrode I-1
with simultaneous potentlostatic control of electrode I-2. The
circult was constructed in our laboratory but an equivalent
instrument is avallable commercially from Pine Instrument Co. of
Grove City, Pennsylvania. Rather than use a recorder with a
potentlometric input for recording the current in electrode I-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 F-=2.

Voltages were measured using a digital voltmeter, Model 345,
from Data Technology, Inc., of Palo Alto, California. The volt-
meter was equipped with BCD output and was interfaced to a
digluwal printer, rvodel DP12, from Mechanics For Electronics,

Inc., of Wilnington, Massachusetis. Current-potential curves were
recorded using an X-Y reccrder, 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 Sexrvices

of Iowa State University.

3¢ Circuitry for Automatic End Point Shut Off.

A circult which automatlcally monitors the indicator
electrode current and shuts off a clock timer and the constant

current in the coulometric electrode is described schematically
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in Figure IIIL. 2. The clock timer used was Model 1029 from
McKee Pederson Imstruments of Danville, California.

A positive voliage proportional toc the indicator current,
Eic’ was continuously applied to resistor Rl by the output of
the difference amplifier described in Section III. A. 2. At
the end point, Eic = Eep' 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 -Eep was applied to resistor RZ' Before the end point,
E'ic 04 Eep and the output state of C-l was +12 V. At an
infinitesimal time past the end point, Eic7 Eep 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,
Eic £ EeP and the momentary opening of the swiich resulted in
the output voltage of C-l reverting toc +12 V. The clock timer
and flow of current in the generator electrode were thus started.

Bs Coulometric Detector

4 tubuler vplatinum electrode; having en
0.28 cm and a length of 1.5 cm,; was provided by Pine Insirument
Co. The electrode is shown in its Teflon housing by the schematic
n Figure II1. 3. The interior of the electrode was packed by

Jonn Laftochelle in the following manner: each end of the tubular

electrode was packed with a wad of 32 gauge platinum wire and the
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Figure III. 3. Cross-=Sectior of Coulometric Electrode
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center was filled with finely chopped platinum 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.
Ce Liquid Chromatograph

1. Chromatographic Design.

The liquid chrometegraph 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-driven syringe pump
and Teflon mixing chamber were built by Pine Instrument Co.
Eluent tanks, nylon intake and exhaust manifolds, and brass-to-
Teflon adapters were built by the Jowa State University Chemistry
Shope A schematic of the ligquid chromatograph used is shown in
Figure IIe &.

2. Measurement of Flow Rates.

When compressed helium was used for pumping eluents, flow
rates were controlled by restricting the fluld flow through the
Teflon tubing with a screw clamp. The 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 & 10-mi buret and the iengtn of time required to
deliver a particular volume was detsrmined.

The syringe pump had 2 verioble speed motor which was contrel-

uxn poltenticmster. The fiow Tate was measured as a
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funotion of the potentiomster setting. ¥Flow rates were measured
by the same method as used for the pumping by compressed heliunm.

Calibrations for both pumping systems are shown in Figure III. 5.

3. Yelume of Sample loops.

The exact volume delivered using the O.5-ml. sample loop
volure was determined by comparing the volume of 0.10 M NaOH
titrant required to titrate 1.0 ml aliquots of 5.0 E_HCIOQ,
delivered from a calibrated pipet, to the amount of 0,10 M NaOH
titrant required to titrate twe 0.5 ml aliguots of 5.0 ﬂ_HClOLP
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 an
aliguot of 0.0100 M As(III) into a coulometric cell containing
Lo M H,SO), and 0.10 M NaBr. The As(III) was titrated by electro-

generating Br, at a constant current of 10.00 mA using the

N

3 TTrT a kel [g.21 S
10 Lite He e ine

ions III. A. 2 &
sample loop volume was found to be 2.017 ¥ 0.0035 ml.
D, Ultra=Vliolet 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 recoxder to recerd the transmittance versus wavelength.
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IV. INVESTIGATION OF THE PHENOMENON
OF CATALYTIC ENHANCEMENT

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 veloclties. 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(III) plates the electrode,
thus changing the electrode properties. Also, if hydrogen

2 L

imultansously watn ine deposition of antimony,

ArrAaTaidd Av Aaaccman o
VWU VLWL Ve LD ©

some stibine may be produced (171). An amperomeiric method was
developed which utllized the electrogeneration of an intermediote
which reacts rapidly and quantitatively with the non-electroactive
specles in solution. The technigque is based on the measured
increase, caused by Sb{III), of the limiting current for the
oxidation of Br to Br2 in acldic media. The mechanism for the
Faradaic reaction is described by Equation IV. 1 and IV. 2.
According to this mechanism, Br serves essentially as a catalyst

for the electrolysis of Sb(III)s Such a phenomenon is commonly

known as a Tcatalytic enhancement®, The use of caialytic
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enhancement for electroanalytical determinations of electro-‘
inactive species was described by Mairanovskii (135).

Platinum electrodes 2Br ——e Br, + 2e" (Iv. 1)

Diffusion layers Sb(III) + Br, —=* 2Br  + Sb(V) (Iv. 2)

This investigation of the catalytic enhancement by Sb(III) 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 fluild velocity on
the applicability of any detector used in a fluild streams. If the
rate of the forward reactlon in Equation IV, 2 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(III) at the surface of the
electrede eguzl zoxrc for an €lecirode potential in the region of
the limiting anodic wave for Br . Thus, the totel current in
the electrode is limited by the tes of ceonvective=diffusional
transport of Br and Sb(III) and independent of the rate constant
as described by Egquation IV. 3. For a rotating disk slectrode,

Ig,tot = nBr;F(flux Br ) + RSy (11T) F(flux Sb(III)) (IV. 3)

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

- Aqn'l/él\l/z 2/3 ,b
Tg ot = 0:62 FAY (nayDgy

(Iv. 4)

r~ ¥ Asp(111)P é(III) Sb(III))
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I = Faradaic current limlted by rate of convective-
diffusional mass transport

F = Faraday's constant

A = area of the disk electrode

V = kinenmatic viscosity of the solution
W = angular veloclty of electrode rotetion

ni= number of electrons transferred in reaction of the

ith species

D,= diffusion coefficient of the 1°® species

Cb= concentration of the ith species in the bulk of
the solutlon

If k for Hguation IV. 2 is zere, the -<sbser==2 current is
due only to the oxidation of Br and is predicted by Equation

IVe 5.

Ig,tot = IE,Br-
= 0.62 FA- ,-1/6 /2, p2/3P

& 214 ~\
u“w“*— l_J. Ve D 'J

——Tmala

and Landsbexg (77) and by Prater and Bard (163). It has been
found that EZquation IV. & 1s applicable for the catalytic enhancement

of Sb(III) in 4.0 K H ;S50 for low values of & when P
c® .
Bxr~

Sb(III)

B. EBExperimental

1. Chemicals and Reagents.

Stock solutions of As{III) were prepared using Primary

Standaxd AsAO3 from the Watlonal Bureau of Standerds, Stock
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solutions of Sb(III) 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 distillatioen, the second being
from alkaline permanganate.

Coulometric determinations of Sb(III) with electrogenerated
Br2 in 4.0 ¥ HZSOI+ 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 Metallurzy
at Iowa State University and Ames Laboratory of the Atomic Energy
Commission. The certificate values of the standards were as
follows: NBS-54D contained 88.57% Sn, 7.04% Sb, 3.62% 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% Sbe

2« Preparation of Solutions.

a. éEQQB' Standard solutions of As(III) were prepared as
followsy Sufficient Primary Standard A8203 1o prepare 1.0 1 of
5 mM As(III) was dissolved in 20 ml of 5 M NaOH. The solution was
transferred to a volumetric flask and 200 m1 of water uaz';kéed.
225 m1 of concentrated H2504 vere added with mixing, the solution
cooled to room temperature, and diluted to the proper volume with

distill waterT.

b. Sb and Sb293' Stock solutlons of Sb(III) were prepared
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using sufficient Sb metal or Sb203 to prepare 1.0 1 of 5 mM
Sb(III) which was dissolved in 30 ml of concentrated H,S0, at

250-275° C. Prepurified N_ was bubbled through the solution

2

during cooling to remove dissolved SO The solution was

2
transferred to a volumetric flask and 200 ml of distilled water
added while vigorously stirring to prevent the hydrolysis and
precipitation of Sb(III). 225 ml of concentrated stob were
added, the solution was cooled and diluted to the proper volume

with distilled water.

c. DPb=Based Alloys (Procedure A). The procedure for

dissolution of alloys designated ISU-1l 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(III)
Was dissolved in 30 ml of concentrated K,S0, at 250-275° C.
After cooling to room temperature, 70 ml of water were added

slowly with vigorous stirring and the solutlon was again cooled.

The solution was decanted from the precipitate of PbSOu and

heated to gentle boiling to remove dissolved SO The PbSOu

o
Wwas bolled with 10 mi of concentrated HCL until the gray
precipitate of T}‘“DSOL,F was converted to white. crystalline PbClZ.
The process resulied in the dissolution of all Sb{III). The
Pb012 was removed by filtration with Whatman No. 41 paper and
rinsed with 50 ml of 40% stou. The combined filtrate was diluted
with sufficient HZSO4 and H20 so that the final acidity was 4.0 M

stou.
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d. Sn-Based Alloys (Procedure B). The procedure for

dissolution of alloys designated NBS-54D and ISU-2 was as followst:
Sufficient sample to prepere a solution 3-5 mM in Sb(III) was
dissolved in 30 ml of concentrated H,SO, at 250-275° C. 70 ml
of water were added and N2 bubbled through the solution during
cooling to remove dissolved SOZ' The solution was transferred
to a volumetric flask and diluted with concentrated stoq and
HZO, while vigorously stirring, so that the final acidity was
L.0 E.HZSO'=

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(IV) since the same phenomena
occurred for solutions containing only Sn(IV) prepared by
dissolving Sn according tco Procedure Bs. Solutions of Sn-based
alloys were stable 1f 5-10 ml of concentrated HCl were added
after the flrst addition of water. The modification of Procedure
3 with the use of HC1 will be referred to as Procedure B + HCl.

3. Standaniization of Solutions.

Coulometric determinations of As(III) and SBH(III) by electro-
generation of Brz at constant current were performed using a
glass cell construcied with three chambers separated by fritted
glass disks. The larger chamber contzined a platinum generator

electrode, a microplatinum indicating electrode, and a Beckman



Model 39270 Saturated Calomel HElectrode. The solution of
electrolyte in this chamber was 0.10 M NaBr in 4.0 M HS0. A
coil of 21 gauge platinum wire in 4.0 g_stoh was used as the
counter electrode. The chamber for the counter electrode was
separated from the chamber containing the generator electrode by
an intermediate compartment filled with 6.0 M H,S0,.

Coulometric determinations were made using the circuit
described in Section III. A« 2 with galvanostatlic control of the
generator electrode and simultaneous potentiostatic control of
the platinum indlcating electrode. An electrical current of
approximately 20.0 mA was used for the electrogeneration of Br2
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 Tefiion~coated bare. The current of the indicating electrode
was typically Ga02j,.A throughout the coulometric determinations.

Tm

o ihe end point was arbitrarily taken

wrren T ponding
as 0.10 w A and was due to the reduction of excess Brz. 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.

L. ZExperimental Procedures.

Voltammetric studies of catalytic enhzncement were performed
using the clilrculitry described in Section III. Ae 2 and an RFDZE

from Tine Instrument Coe The :"eometric area of the disk elecirode



was 043135 cm%s The RPDE was rotated using a variable speed
rotator, Model PIR, from Pine Instrument Co. A description of
the glass cell used for volumetric studies is given in Reference
98. The cell was thermostated by circulating water from a bath
at constant temperature through the water Jacket. The temperature
was controlled within %0,2° C.

The RFDE was polished with Beuhler Handimet 600 paper
stripe followed by 30, 6u , and 1u Beuhler AB Metadi 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 o each experimental day,
the electrode was polished with 0.3 4 alumina on Beuhler micro-
cloth using distilled water as a lubricant and the electrode -
was cleaned as descrlibed above. The electrode was then
potentlostated in 4.0 M stou for 3 minutes at +1.5 V, «1.5 V,
and Ge0 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. SCE. Following pretreatment of the
electrode, the potential was set to 0.300 V ard the voliage range
scanned between the pre-set scan limits. When the voltage
returned to 0.300 V, the voltage scan was held until the current
fell to less than 24 A. Thls procedure was repeated for every

I-E curve obtained.
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Values of the limiting current for oxidation of Br in the
absence and presence of Sb(III) were obtained using a potential-
step method. Following the pretreatment of the electrode, the
potentlal was set at 0.300 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. The potential was then returned
to 0.300 V. All additions of reagents were made with the potential
of the electrode at 0.300 V.

C. Results and Discussion
1. Coulometry.

a. Stock solutions of As(III) and Sb(IiI)e The current

efficiency for the electrogeneration of Brz in 4.0 M stou was
determined by coulometric titration of the solution of NBS Primary
Standard ASZOB. gach aliquot contained from 25 to 50 4 moles of
25 determinations were made over a period of
5 months. The average efficiency was 100.0% with a2 relative
standard deviation of 2 ppt.

Table IV. 1 contains the results for the coulometric
standardization of the stock solutions of Sb(III). The concentration
of Sb(III) found for the solutions prepared with technical grade Sb

vwere consistently less than the calculated values, undoubtedly

because of impurities. The conceniration of Sb(III) found for
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the solution prepared from reagent grade Sb was equal to the

2%3
value calculated. 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(III)

Solution Determinations Calculated (mM) Found (mM) Std. Dev. (mM)

1 10 4.11 L4.03 0.012
2* n 4,00 3.96 0,024
32 5 5.00 4,95 0.015
uP ” L.05 L.05 0,012

%Prepared from technical grade Sb metal.
Prepared from reagent grade Sb20 .

References 130 and 234 prescribe the use of tartaric acid
when determining S®(III) by a coulometric method in neutral and
siightly basic media. The chelating properties of tartrate prevent
hydrolysis and precipitation of Sb(III). The use of tartrate was
not necessary in 4.0 M HZSCQ’ bu
effect on the results of coulometric determinations.

b. Lead and Tin-Based Alloys. The results of the coulcmetric

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 was experienced in precisely
applying Procedurs 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{IV). The results of
coulometric determinations of Sb(III) in solutions which were
yellow were distinctly low perhaps due to the formation of a
stable dinuclear complex between Sb(III) and the product of
the hydrolysis of Sn(IV). The modification of Procedure B with
TABLE IV. 2

Determination of %4Sb in Standard Alloys

Certificate Rel. Std.

Alloy Dissolution Value Determinations Found Dev.

1SU=1 Frocedure A L.00% 3 3.98% L ppt
NBS=53  Procedure A 10.09% 3 10.10% 2 ppt
NBS-54D Procedure B> 7.04% b 7.048 4 ppt
NBS-54D Procedure BP 7.04% 2 3.56% —

NBS-54D Procedure B+HC1 7.04% 4 7.03% 4 ppt
ISU=-2 Procedure B+HCI  4.00% 3 4,00% 3 ppt

3301lution analiyzed immecdiately after preparation.
bSc»lu‘:,j.on analyzed 4 days after preparation.

ths addition of concentrated nCl for dissoiution of Sn~-based samples
is recommended. It was reported in Reference 236 that Cu(II)
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 SOZ' For the Pb-based alloys
containing no Sn, 502 was removed by gentle boiling. The sanme
technique was not applicable to solutions containing Sn(IV).
Boiling resulted in the solutions quickly becoming yellow due to
hydrolysis of Sn(IV) and subsequent coulometric analysis gave low
results for Sb(III). Dissolved SO, was removed from solutions
containing Sn(IV) by dispersing N, through the sol:
cooling.

2. Voltammetxy.

Current-potential (I-E) curves for platinum electrodes in
stou are shown and discussed in Reference 100. I-E curves
ovbtained with the RPDE used in this study in 4.0 _ri‘rizso4 were
consistent with that discussion. The I-E curves obtained in the
b M H SO, after addition of 0.1 m} Sb(III) were virtually unchanged
from those for the supporting electrolyte. The irreversibility
of the oxidation of Sb(III) prevents determination of Sb(III) by
a direct amperometric method other than by electrodeposition of
S0,

The anodic portion of the I-E curve obtalned wiih the RFDE
at w2 2 6,47 (red/sec)V2 for 0.63 mi Br in 4.0 H H,S0, is
shown in Figure IV. 1. Following pretreatment of the electrode,
the potentlal of ithe RFDE, Ed’ was set at 0.300 V and the current

allovwed to decay to approximately 2 A Eﬁiwas then scanned at
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Figure IV. 1. I-E Curves for Br in 4.0 M H,S0,

Soan Rate 1.0 V/min. Temperature 24° C. Rotational Veloeity
41.9 vad/sec. A - 0.63 WM Bxr~« B - 0.63 mM Br_ and 0.524 mM Sb(III).

&2
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1.0 V/min and the I~E curve recorded. The oxidation of Br in
acidic media is discussed in Reference 99« The E1/2 for the
oxldation is approximately 0.85 V and the anodic current is
limited by the rate of convective~diffusional mass transport at
Ed > 0.9 Vo The process resulting in the small anodic wave at
Ed = 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 specles at a2 rate limited by convective-diffusional
processes is proportional to aJl/Z. The results of a study of
the limiting current for the oxidation of Br ’ I‘ ,Br—! as a

1/2

function of W confirmed this dependency for 6.47 (rad/éec)l/é

5&)1/2 < 3244 (ra.d/sec)l/2 in 4.0 M H,80,+ These results are
consistent with those reported in Reference 99. The wvalue of
DBr‘ vas calculated using Equation IV. 5 from the slopes of the

1/'2.

plots of Ip 5 _ ¥s. The value determined is 0.76 X 1072
?

cm /éec in 4,0 ¥ 7,50,

The I-Z curve odtained following addition of 0524 mM Sb(III)
to the 0.63 mii Br™ in 4.0 K K50, is also shown in Figure IV. 1.

The mechanism resulting in the increase o

h

.
I v
the ancdic current at

R = 2

By = 1e1 V is given Dy Zquations IVe 1 and iIV. 2 and was discussed
in Sectlon IV. A. This increase is defined as ;g,cat' ;ﬁ,cat’
for the case when k in Eguation IV. 2 is large, is found by

sudbtracting BEquaticn IV. 5 from Equation IV. 4 as shown by

¥quation IV. 6.
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Iy, eat " Ig,t0t ~ 12,5

-1/6. b
= 0.62FAY 1/ wl/ anb(HI )Dgé%xn)cst»(m) (Iv. 6)

I-E curves obtalned in 4.0 M H_SO, for 0.633 mM Br~ and for
0.633 mM Br plus 0.70 mM SH(III) are shown in Figure IV. 2.
Also shown in Figure IV. 2 are the anodic portions of three
consecutive I-E curves obtalned after the Cgb(III) was increased
to 1.49 mM. The anodic wave began to shift to more positive
potentiais and on the third and subseguent scans produced I-E
curves Which were identical, but not convective-diffusional
controlled. I-E curves for fresh solutions of Br obtained at
the RPDE 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 efforts to reactivate the elecirode
by repeated anodization and cathodization 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 soiution of 0.633 mM Br . Apparently, Sb(III) was
adisorbed at the surface of the electrode and resuited in deactivation

of the electrode.

It was found to be necessary to resirici the values of Ed it

the proper functioning of the electrode was to be maintained. For
Ed < 0.3 V, some Sb wes depesited at the electrode, and alithough

the majority of the depesit was stiripped for > 0.3 V, the

Eﬁ
electrode wes deactivated. Polishing of the electrode surface
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Figure IV. 2. I-E Curves for Br in 4.0 M H,S0,,

Sean rate 1.0 V/nin. Temperature 25° C. Rotational
veliocity 4i.9 red/secs A - 0,83 m#l Br®. B - G.63 mi Br~
and 0,70 =M 3b(III). € - 0.6 and 1.49 mM SB{III),
Pirst sean, D - 0.63 mM Br~ and 1.49 M SB(III), second

&5 II1), thi

sean. E = 0.3 =¥ Br~ ard 1. }, third sean.
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was necessary to restore activity.

3. Catalytic Enhancement.

a. Effect of Br Concentration. Vaiues of IE cat obtained

b
using the potential-step method as a function of ch (1II)’ for

three values of Cg -, are shown in Figure IV. 3 for 4.0 M stoh.

b

Each plot is linear with a zero intercept for CSb(TIT) e

Cb was made larger, deviation from linearity increased
Sb(I1I)
until IZ tot finally collapsed to the residual value. For larger
T Cgr- & larger value of Cgb(IH) was necessary to
deactivate the electrode. Johnson and Bruckenstein (99) found
that Br is adsorbed strongly at a platinum electrode in 1.0 M
H 50“ and a complete coverage of the surface of the electrode is
achieved for CB - >3 mM. Apparently the adsorption of Sb(V) is
inhibited by increased surface coverage by adsorbed Br . Johnson
and Bruckenstein showed that for Ed > 1.1 V. the desorption of Br
as HOBr occurs. In 4.0 ¥ H,SO, the concentration of Sb(1I1)

required to deactivate the electrode decreased for Ed. > 1.1 Ve

be Effect of H E , Concentration. Values of I,l.,ca.t were

obtained using the potential-step method as a function of SH{III)

ntration ntions of L. 0 M and 1.0 4 }izsCu_e The DT
e} i

concentration was 0.63 mM for both H SO, concentrations. In 1.0 ¥
H,S0,, the concentration of Sb(III) which caused deactivation of
the elecirode was 0.57 miM whilie in 4.0 ¥ stoh, the concentration
of Sb(III) which caused deactivation was 1.55 mM. For this reason

and because stock solutions of Sb(III) in 4.0 M H S0, are stable

2
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for much longer periods of time, 4.0 M stou was chosen as the
supporting electrolyte.

ce Temperature Dependence. The values of I were
l,ca‘h
determined as a functlon of temperature using the potential-step

methode The limiting current for a 1.22 mM NaBr solution in
L.,o M HZSOLL was measured at four values of temperature in the
range 20° C € T € 35° C. The solution was then made 0.5 mM in
Sb(III) and the total current measured at the same temperatures.
For maximum precision, all measurements were made with thermo-
statlic control to within %0.2° C. In the temperature range
investigated, a linear dependence of catalytic current, Il,cat’
versus temperature was observed. The magnitude of this
dependence was found to be +2.14A/°C. in 4.0 K 5,50,

de Diffusion Coefficient of Sb(III)e TPlots of Ii cat 2
]

a function of wl/ 2 were obtained using the potentis

h
¢
'd

method for 1.22 mi Br at two Sb(III) concentrations in 4.0 N
523014,‘ The plots, shown in Figure IV. 4, are linear with zero
intercepts only for the low values of W 1/ 2. The deviation from
linearity at high values of wl/ 2 was concluded to be the result

w Tate of reaction Detween Brz and Sb{III) relative to

the rate of convectilve-diffusional mass transport. For values

-
EX

<
b
o
0

o

of CS’b("’II) higher than those used in Figure IV. 4, a deviation

from linearity occurred at lower values of wl/ 2.

The value of DS.D +77) %as calculated using Equation IV. 5

-

and the slopes of the linear portions of the plots in Figure IV. 4.
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6

cmz/sec, which is in good agreement with the value of 2.7 X 107
cn?/sec reported in Reference 42.

ees Precision Study. The potential-step method was used for

obtaining values of I for solutions prepared by standard

scat
addition of stock solutions of Sb(III) to 1.22 mM Br™ in 4.0 M

H sou. The values of CS’b(III) were determined using the
calibration curve in Figure IV. 5 and the results are tabulated

« Ths averags relatlve error for the determinations
is slightly larger than expected for electroanalytical methods
and results from the fact that evaluation of Iﬁ,ca.t involves
taking the difference of two relatively large numbers,

b
Iz,tot - IB,B::"' The relative error decreased as CSb(III)

increased.

~ - Ry - - - .- - " .
. Intexference Study. The interference of several cations

was investigated using the potential-step method. The limiting
current was measured for a 1l.22 mM solution of NaBr in 4.0 M
HZSOLI- and the total current measured after addition of 0.43 mi
Sb(III). Additions of stock solutions containing the interfering
cations in 4.0 M H 304 were made and the total current measured
after each addition. The stock sclutions of Cu{II), ¢d(II),
Zn(II), Ni(II), and Fe(III) were 0,100 ¥ and the Sn(IV) and

BL1(III) stock solutions were 0.0100 M and 0.00500 M, respectively.
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TABLE IV.

Analytical Applicatlons of Calibration Curves

wl/z 6.47(rad/sec)1/2

G - = 1.22 mf
Temp = 25.0° Ce
Tote mg SH Tot. mg Sb Relative Error
added found (%)
3.01 2.87 4.7
£.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 6.07 0.8
9.03 8.00 -1.2
15.05 14.87 =1.2
Average Relative Error -1.8

In 211 instances the interferences resulited in a negative
error. 7The concentrations of the interfering species producing a

50% change in the I are given in Table IV. 4.

fycat
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TABLE IV. 4

Concentration of Interfering Species Producing
a 5% Decrease in I

ycat
b _
Cpp- = 1e22 mM
cP = 0.43 mM
Sb(III) -

u)l/z o= 6.47(rad/éec)l/2

Temp = 24.0° C.

Cation Concentration (mM)
Bi(III) 0.20
Sn(1Iv) 0.33
cd (II) 1.0
Fe(III) 1.2
Zn(II) 5.7
Cu(II) 6.0
Ni(II) 6.8

None of the species listed in Table IV. 4 is oxidized by
BrZ. The interference was greatest for those cations forming the
strongest complexes with Br . Because of the severe interference
by Sn(IV), Sn-based alloys could not be analyzed by the catalytic
rethod without prior separation. HC1l was added to solutlons
of Pb-based alloys, and because Cl~ is oxidized at values of o
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 by cations,

probably because of the high acidity of ithe solution.
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V. ELECTROCATALYSIS BY ADSORBED ICDIDE
Ao Introduction
The investigation of any electrode reaction must begin with
a study of the electrical double layer (4#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 reactlons because specific

and nrm_spon%?-!n adscrp*ic*

~
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+h

ions and solvent change the
"outer" Helmholtz potential, $ (196). The potential which drives
the electrode reaction is the effective potential, E - ﬁf, and
not the applied potential, E (45).

The effective potential, & - @, is strongly affected by
adsorption of lons and neutral molecules. The effect of the
adsorption of organic molecules on £ - @ 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 lons at electrodes cannot be treated
mathematically in the same manner as the zdscrpiicn of organic
molecules because of the sirong interactions between the ions
in the double layer (158). The mathematical treatment of ionic
adsorption was developed primarily by Parsons (158, 159) and
durwitz (90). There are many reports in the literature of the

determination of adsorption isotherms for ions at a variety of
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electrode materials. Only the adsorptlion of halides, and especially
that of iodide, at platinum electrodes is of interest for this
thesis. Experimentzal methods of measuring adsorﬁtion 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 and Anson (153);
and Trukhan, Povanov, and Lukovtsev (210). Frumkin, Petrii, and
Ketlov (62); Cooper and Parsons (36); Veber, Pirtskhaiova,

Vasil'eva, and Bagotskii (218); and Johnson and Bruckenstein (99)
studied the BrZ/Br- adsorption at platinum electrodes. Studies of
the adsorption of other halides at platinum electrodes were also
reported in the literature (10, 44, 116, 178, 185).

Heyrovsky, according to delevie, was the first to discover that
adsorbed halides can promote electrode reactions of metal ions (45).
He observed that the reductions of Sn(II), Bi(III), In(III), and
Sb(III) at a mercury drcp 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
delevie illustraies the general nature of the phenomenon at

mercury surfaces Dy reviewing the cases which have been reported
in the literature (45). Anson has observed that the oxidation of
Co-:DTA complexes at a platinum electrode is electrocatalyzed by

the presence of haiides (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 lon adsorption on electrode processes is
studied by observing the effect of lon adsorption on electrode
kinetic parameters such as the Tafel slope, exchange current
density, and the transfer coefficient, O (19%4). 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 and
Thiemke (224); Gerischer (66); Petrocelli and Paolucci (161);
and Lov'ev, Molodov, and Gorodetski (132). Faradaic impedance
techniques have been reported by Randles and Somerton (168);
Llopis and Vazquez (131); Vetter (221); and Baticle and Perdu
(11). The rotating disk electrode has been used by Jahn and
Vielstich (9%4); Frumkin and Tedoradse (63); and Newson and
ozd (152) to determine heterogeneous kinetic parameters.

ther methods such as the galvanostatic (5, 140), potential-step
(31), faradaic rectification (2), thin-layer voltammetric (88),
potential sweep (195), and hydrodynamic voltammetric methods
(102, 103) have also proved to be useful for the determination of

kinetic paremeters.
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Tne technigues which involve the determination of kinetic
parameters from current-veoltage 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 RDE electrode use plots of 1/i versus

1/&91/2

at constant values cverpcient
kinetic parameters. No long extrapolations are used in this
method, but at high exchange current densities, greater than
10 ma/bmz, the uncertainty in the determination of kinetic
parameters is large (63, %%, 152).

A method for determining kinetic parameters, such as the
heterogeneous rate constant, k_, the exchange current density,
io’ and the transfer coefficlient, &, 1s described in this thesis.
The method described involves measurement of the slope of the
I-E curve at the egquilibrium potential as a function of the
rotational velocity of the electrode. The measurements are made

for different concentrations of either the oxidized or rodu

(]

ed
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-z curve is given

by bouation V. 2 (196) for the oxidetion=-reduction reaction in
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Equation V. 1.
OIne=R (v. 1)
i = nFAK Lexp{ (}:.-E)}C -

{;R?EF- (& - £)} cg} (V. 2)

Equation V. 2 is modified to include concentratlon polarization

by substitution of BEquation V. 3 to give Equation V. & (196).

E -E ="l+—}_n (V'B)

+d U‘lO o’

In the previous equations,
1 = Faradaic current at any point on the I-E curve
E = Voltage applied to working electrode
£% Equilibrium potential of O/R couple
Cz= Concentration of :’1.th species at the electrode surface
”l- Overpotential

@ = Diffusion layer thickness

b
. a ¢ D)
- - jce° =®oF (qp LRT, 03¢ L
1= Rk, [Coe"P{RT L +pn 5 /0
R

b
exp{l-&np(’i'z-f- mg%}] (ve &)
R

Rearrangement of Equation Ve 4 and substitution of Equaticn V. 5
(205) into Equation V. 4 gives Equation V. 6. Equation V. 5 is
the fundamental equation of heterogeneous kinetics relating all

kinetic parameters.

OL)bOL

- b(1
3, = FAk Co Cp (Ve 5)



o c°
c
- 2o nF - 'R (1 - OL)nF }
=1 [Cb {RT "2} bexP{ RT n5 ]
° (V. 6)
Fquations V. 7 and V. 8 account for concentration polarization
when 1 ¥ 0 (128).

CO

(o} R

~O

é—% =1+ nFin;Cb (v. 8)
R R

Equation V. 6 then becomes Equation V. G.
gi
=1, [(1' b) { }

(“ 9L o {Q;l%)_nzrq}]

b
nFADC, (V. 9)

Soiving Equation V. ¢ for i gives Equation V. 10,

. (exPZ(RT /?} - exp | uamm”

i =
l+i°—nm—(é.—oexp ’QZ+ exp Q-_)_”Z})
o R
(Ve 10)
at 7 = o, O;rlF < 1 and %%)ﬁ < 1, so the approximation

that e 2 1 + x is valid. Equation V. 10 reduces to Equation V. 1l.

; Mg

i = 0 RT i (V. 11)

+ E%g)
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Since O'= 1.611)1/ 30.)‘1/ 2y /6 (125), Equation V. 11 dbecomes

nF
4= "o R (V. 12)
i 1, 1 w'lﬁ
te 0.62nFaDY/ S ~1/6 (ES cg)
[o]

Taking the derlvative of Equation V. 12 with respect to 4 and
rearranging gives Equation V. 13.

b b

-1 R’I‘(Co + CR)

01 _ BT 4, y-1
(o ~w (7 + 0u62 nZr i P0-1gEe ©

v o

-1/2

(ve 13)

A plot of '(‘)i/‘)”z);ll -0 YeIsus w‘l/ 2 allows calculation of
io from the intercept aceording to Equatlion V. 13. To calculate
e, & plot of 1n 1_ versus In Cp is made, and from Bquation V. 5,
the slope is equal to (1-0() when CE is held constant. From the
intercept, ln (nFAko), the heterogeneous rate constant, k , can be
calculiated.
The above methcd was applisd to the determination of the
ic paramsisrs for the Sb{V)/Sb{III) coupie in iZ i HCl as a
funetion of the amount of adsorbed I~ at the platinum electrode.

B. BExperimentali

l. Chemicals and Reagents.

A stock solution of Fe(III) was prepared from 100.00%
electrolytic iron from G. Frederick Smith Chemical Co. All
other solutions were prepered from J. T. 3zker, Inc. reagent

grade chemicals. All water used was triply distilled with a
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deionization between the first and second distillation and the
second distillation being from alkaline permamganate.
2. Prspaxaticn of Scluticns.

a. Fe(Cl0 3 Cl” free. Sufficient electrolytic iron to
“prepare one liter of 0.08 ¥ Fe(0104)3 was dissolved in 85 ml of
70=72% HC10, by bringing the HC10, to a Dboil for five minutes.
The solutlion was cooled slowly to room temperatir2 while N

2
and prevent air from

was

bubbled through the solution to remove Cl
enterTing the solution as it coclede ITf water vapor from ths ailxr

were to enter the solutien, the Cl, in the hot }mou would

2
disproportionate into C1~ and C10~ (241 ).

-3
b. Sb0s. A 5.00 X 10~ M stock solution of Sb(III) was

prepared by dissolving sufficient Sb powder in concentrated

293
HC1l and diluted to one liter with HC1l and Hzo. The final HCl
2

concentration was 4.0 M. A 1.0 X 10 < M stock sclution wes

prepared by dissolving sufficient S’DZO3 in 12 M HC1l and diluting

it to 100.0 m1 with 12 M HCl.
c. SbCls. A 0.041% M Sb(V) stock solution was prepared by

diluting reagent grade S‘nCl5 with concentrated HCl. The concen-

+rotion af tha salutian war ealeunlated naing Ennatian TV. 8§ and
—— —— —— - e ————— dd el S addad S— T e—————— ————— e Sasadbdnd S —— - —

the measured value of I& assuming the diffusion coefficient
of Sb(V) in 12 M HC1 equals the diffusion coefficient of Sb(III).
This method is acceptable because the same assumption is made

in calculating the kinetic parameters.

d. EDTA. Reagent grade disodium ethylenediamine tetra-
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acetic acid di-hydrate was recrystallized from 50 ml volume
percent ethanol-water according to the nrocedure described by
Blaedel and Knight (18).

3. Standardization of Solutions.

a. Sb(ITI). The coulometric standardization of Sb(III)
was performed by the procedure described in Section IV. B. 3.

be Fe(III). The coulometric determination of Fe(III) at
constant current was made using a Sargent Model IV constant
2+ (128). The genexrator
compartment of the cell (see Section IV. Be. 3) was filled with a

current coulometer with electrogenerated UQ

solution of 0.050 E.UOZ(CHBCOO)Z‘ZH 0, adjusted to a pH=1.9

2
with HClOu, and 2 drops of 5 Ii NaBr were added to sharpen the

end point. The remaining two chambers of the cell were filled
with 1 M'H0104. Two platinum wires, polarized with a 10 uA
current, were placed in the generator electrode chamber as
indicator electrodes. The potential difference between the two
eiectrodes, OE, was recorded versus time using an Electronics
Assoclated Incorporated, Model 1131, Variplotter. As long as
there was a reversible couple present, AB was approximately zero.
At the end point, A E was equal to the difference between the
formal potentials of the U022+/U02+ and Feo T freZt coupiess A
splke was observed on the A E-t curve at the end point.

L4, ZBExperimental Procedures.

a. Voitammetry. A description of the RPDE, variable speed

rotator, and cell used in this research is given in Section IV.
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Bs 4. The electronic circultry is described in Section III. A. 2.
The RPDE was pretreated by potentiostating the electrode in 1.0 M
HClOu for two minutes at 2.5 V and =2.5 V. The potentlal range
between l.4 V and -0.2 V was scanned for 5 minutes before
changing the supporting electrolyte to the one used to obtain

the voltammetric data.

When 4.0 M and 12 M HC1l were used as the supporting electrolytes,
the electrode was pretreated by potentlostating for 3 minutes at
1.2 ¥, =0.6 V, and 0.0 V. The potential range was then scanned
in a cyclic manner between the chosen limits until reproducible
curves were obtained.

b. Kinetic Data, Sb(V)/5b(III). All kinetic data was

obtained at a constant concentration of Sb(III). The concentration
of Sb(V) was varied by adding known volumes of a stock solution

of Sb(V), The I-E curves for each mixture of Sb(V) and Sb(III)
were recorded at seven rotation speeds using an expanded scale

to increase the accuracy of the measurement of the siope at

i=0.

Ce Results and Discussion

1. Fe(III)/Fe(II) Svsten.

Before obtaining the heterogeneous kinetic data for the
Sb(V)/Sb(I1I) couple, the effect of traces of I  and Br on
the reduction of Fe(III) was investigated at an RPDE. Resnick
(172) reported that the presence of traces of Cl~ in a solution

containing Fe(III) and 1 M HC10, shifted the observed E, ,, for
-/
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the cathodlic wave to more positive values. I-E curves for 0.5 mM

Fe(III) were obtained as a function of the rotational velocity

of the RPDE in a solutlon of 0.10 M EDTA which contained 1.5 mM

NaCl, curve A, 0.40 M NaCl, curve B, and 0.40 M NaCl-l mM NaI,

curve C. All solutlons were adjusted to pH 5.1 with NaOH.

Plots of IR vs. W 1/2 for each solution are shown in Figure

Ve 1. The plot for the solution containing 1.5 mM NaCl (curve A)

shows a marked deviation from the linear relationship predicted

by BEquatlon IV. 5. When the Nall concentration was increased

to 0.40 M, the deviation from Equation IV. 5 became smaller. The

addition of 1 mM Nal to the solution which already contained

0s40 M NaCl resulted in a linear relationship for 6.47(rad/sec)l/2
L w 1/2 £ 32.4(rad [sec )1/2.

The decreased curvature observed in Figure V. 1 was
attributed to the increased adsorption of halides at the RPDE
when the C1l~ concentration was incréased, and to the adsorption
of I” instead of C1”. This effect is called electrocatalysis.

In the pH range of 3.5 to 6.0, the concentration of EDTA and

hydrogen lons has no effect on the half-wave potential of the
(112 Te Ll —
\ddtw g

which exist are FeY and FeYz-, where Y™ refers to the unassociated

EDTA molecule. The formation constants of the Fe(III) and Fe(II)
chloride complexes are much less than the Fe(III) and Fe(II)
EDTA complexes. Therefore, chloride cannot effectively compete

with the EDTA ligand (34).
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I-E curves were obtained for varlous ratios of [Fe(III)]:
[Fe(II)] in 0.10 M EDTA, 0.10 M NaBr, and 0.05 M NaCl0, at pH
5.1. The I-E curves are shown in Figure V. 2. Fe(II) was
electrogenerated by electroreduction of Fe(III) at a constant
potential 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(III) : Fe(II) was varied between
1.0 and 0.0. Bromide was chosen to electrocatalyze the
oxidation~reductlon reaction because the strength of the bromide
adsorption at platinum is intermediate between that of chloride
and iodide (10).

The dependence of the Fe(III) reduction and the Fe(II)
oxidation on the rotational velocity of the RPDE is shown in
Figure V. 3. The plot of Ipvs. 601/2 was made for equal

concentrations of Fe(IIT) and

IIJ

e(II). Values of

J a Ia for the
== i 7
v

oxlidation and reduction of iron were chosen 0.300 V anodic and

cathodic of the half-wave potential. At the same overpotential

the reduction of Fe(III) was linear for 6.Lir'7(:r:a.d/sec)1/2 <

w1/2 < 12.9(rad/sec)l/2, but the oxidation of Fe(II) was only
1/2 2 51/2 ¢

- - - Vet - 4 \ Y P - - 2 - s \1/2
iinear Tor S.47(rad/sec) = X 19.4{rad/sec; " ",

2. Sb(Vv)/Su(III) System.

a. Yoltammetry, 4.0 ¥ HCl. I-E curves for 0.125 mM Sb(III)

and 0.125 mM Sb(V) in 4.0 M HC1 containing 2.0 M Nal are shown
in Figure V. 4+ During a period of approximately one hour,

I, awryys Measured at 0.52 V, decreased from 150 to 11544, a
\v/

[1]
P AT
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Figure V. 2. I=E Curves for Fe(III)/Fe(II) in 0.10 M EDTA. 0.05 X XaC10,,,
and C.10 K NaBr
0.25 mM Fe(III). 0.25 a¥ Fe(II). 0.5 V/min.
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23% decrease. In the same tj.me period, IL,Sb(III)' neasured

at 0.80 V, decreased from 172 to 167, A, a 2.9% decrease. The

large decrease in I could be caused by inhibition of the
2+Sb(V)

electrode reaction from the irreversible adsorption of a species

in the solution or from a change in the nature of the electro-

active species in solution. Neumann (151) found that Sb(V)

is slowly hydrolyzed in dilute HC1l solutions and that the products

are not electroactive at platinum electrodes.

The absorption spectra chteined in 2 scluticn of 4.0 ¥ HC2

containing equal concentrations of Sb(V) and Sb(III) and 2,1

I” are shown in Figure V. 5. I-E curves were recorded less than
five minutes before the absorption spectra were obtalned and the
electrcde potential was scanned between the limits 0.5 and 0.8 V
during the entire experiment. The absorption at 260 nm, which
corresponded to the absorption maximum for Sb(V), decreased with
tine. On the basis of the results shown in Figure V. 4 and V. 5,
it was concluded that the decrease in II,S'b(V) is related tc the
hydrolysis of SbClé'. Also shown in Figure V. 5 are the absorption

=5

spectra for 5.0 X 10~ M Sb(III) and 2 X 1072 M Sb(V) alone.

b, Voltammetrv. 12 M HCl. A study of the heteroganeaon

LA =2 PALRS = —_

kinetics of the Sb{V)/Sb(III) coupie in 4.0 i HCl was not

performed because of the presence, in that media, of electro-
inactive forms of Sb(V)s In 12 M HC1l, Sb(V) and SH(III) exist
only as SbClé- and SbClL;, respectively. Values of Ip for the

anodic and cathodic reactions in 12 M HCl were determined not to
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decrease with time.

The I-E behavior of Sb(V)/Sb(III) mixtures was investigated
as a function of the concentration of Nal added. After each
addition of NaI, the potentlial was scanned between the limits
0.25 V and 0.80 Vv until no change in the I=~E curve was observed.
The concentration of Nal was varied from 0.0 xM to 2.0} and
the I-E curve recorded on the anodic scan of potential. No
change in the observed I-E curve was found for [I-] 7 2.0 4M.

The rate of the heterogeneous reaction of the St(V)/Sb(III)
couple can be varied 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 M =0, -(91i/dM );i“_o, is related

to the reciprocal of the exchange current, io.l, through Equation

Ve 13« If the amount of iodide adsorbed on the electrode surface

is controlling the rata of the electrochemical reaction

a mnln+
g I e Sy &

-~

of ~(d1/dm )t vs. [I’] should be the mirror image of the
adsorption is;!tggm for iodide. A plot of =(0 1/0M );ll=0 vS.
{I’] is shown in Figure V. 7.

The isotherm for adsorption of I~ at platinum was determined

——

experimentally. Solutions containing between 0.0 and 2404k I°
in 12 ¥ HC1 were passed through the packed tubular electirode
described in Section III. Bs The electrode was potentiostated at
0.65 Vo 1.0 M H_SO, was then passed through to wash out the 12 M
HC1l containing I~ and the potential stepped to 1.3 V. At 1.3 V

adsorbed I~ is oxidized to 103- (37), and the amount of 103-



I | | | | —{ 300
0.80 0.70 0.60 0.50 0.40
Eqo (v vs. SCE)
[ag] G
A - 0.0 H
B - oozﬁﬁ 200
C - Oolt,u.!l_
D - 0.6;024_
E - 008ﬂ.n
F - 100#!
Id’ ,;.A
[
//’
B/////A: /{ -100
,/f”””’"’"’;”,
—
—
—{ =200
l | R | |
Figure V. 6. I-E Curves for Sb(V)/Sb(III) ve. the Coneentration of Nal

12 M HCl.

Sean Rate 0.5 V/-_fno

Rotational Velocity 168 rad/sec.




59

i i I 1
A (2
e I
\\
A
T
i€ - :
3
3 o/o
L]
2.0—6 p—
O
[\
\O

P
P-
-0

o

‘s

O
(9 o]
|~
w
N
)~
(548
I

o

-t r -

Figure Ve 7 Plots of -(d1/0%)™" ws. I} and
R=0 £

Coulombs of 10, Found ys. |I|

3
0--(31/3% )., &-Q

0.0

10.0

Q, €



60

produced was determined from the I-t curve. A plot of the
number of coulombs of 103— ¥s. the concentrations of I~ in 12 M
HC1 vwas the adsorption isotherm for I” in 12 M HCl. The results
are 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

c. Determination of Kinetic Parameters. The values of io
and k were determined for ithe hetercgsneous reaction of the
Sb(V)/Sb(III) couple in 12 M HC1l containing two different
concentrations of Nal. To find io the I-E curves were recorded at
different rotation speeds for varying ratios of [Sb(vﬂ x[Sb(III)],
prepared keeping [Sb(IIIi} constant and varying [Sb(Vﬂ o I-b
curves at Os5uM I~ wWere recorded with the potential scale
expanded to make measurement of the slopes at 7] =0 nore accurate.
The I-£ curves obtained at different rotation speeds for equal
concentrations of Sb(V) and SbH(III) are shown in Figure V. 8.

In Figure V. 9 a plot of -(O1/dM );:'_L:O VS w-1/2 was made
for each Sb(V) concentration. The intercepts of Figure V. 9 are

equal to RTio-l/hF accordi

o+
[0}
Pl
y
i
ot
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O
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<
)
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n
4]
th

i
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were calculated and used to determine X. A plot of log i, ¥s.

log Cgb(v) was made and is shown in Figure V. 10. The slope of

this plot cen be shown to bes 1- of if one takes logaritnms of both
, " b

sides of kguation V. 5, as shown in kquation V. 14. Since CSb(III)

does ‘not change, A log Cgb(IIT) is zero. The values of &,
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b
Alogi = los(nFAko) + (1 -<) Alog ch(III) (Ve 1%4)

l ~al, and 1° were used in Equation V. 5 to calculate ko' Table
Vs 1 comparez the values of ko, ol, and 1 00 for two concentrations
of Nal. The symbol i 00 refers to the standard exchange current
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 00! like ko’ should be a constant for any
electrode reaction under a given set of conditions.
TABLE V. 1
Conparison of Values of &, ioo' and ko

at Different Iodide Concentrations

[I' 2 M & kogcn[secz 1oo(A-lllole-cn2)
0.5 0.45 1.2 X 1072 4e6
2.0 054 1.5X 10”2 5.9

The value of k  shown in Table V. 1 for 0.5 M I” 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 M I 1s about 60% and 85% of
I” concentration which will give the maximum surface coverage. This
observation is in falr agreement with the kc values reported in
Table V. 1.
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VI. EVALUATION OF TH& COULOMETRIC DETECTOR USING THE
OXIDATICN CF ANTIMONY (III)

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 specles is transported to the
electrode surface by convective-diffusional processes. Convection
in the dstector is caused by the velocity of the solutlon fiowling
through the detextor.

The first electrodes described, which involved detection of
electroactive species in electrolyte streams could not be classified
as coulometric detectors because less than 0.1% 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). The applications of a
DME in an electrolyte stream include analysis of gases (233),

inorganic anions and cations (16, 22, 23, 65, 69, 138, 143, 157,

<+
170), electroactive orgenic functional groups {23, 109, 110, 113),

proteins (5%), alkaloids (112), and pesticides (117, 177).

The use of solid electrodes for in-stream analysis has been
investigated at platinum micro-electrodes by NMNuller {146), at
silicone-rubber based, glassy-carbon electrodes by Joynes and Maggs

(104), Nagy, et als (147), Pungor, et al. (166), and at graphite
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electrodes by Sharma and Dutt (188-190). 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 100% 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 1s 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), plugs of wire or metallic gauze, and porous or fritted
metals (191).

Cowlometric detectors based on packed tubular electrodes have
been constructed from platinum (144, 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).

. Coulometric detectors are inherently more sensitive than other

electrochemical detectors because 21l of the sample is electiro-
lyzed. An additlonal advantage of the coulometric detector is
that it is not very dependent upon the flow rate of the eluent.
To demonsirate tnls, consider tne analytical relationship between

Ip and c® for an unpacked tubuiar electrode shown in Equation VI. 1.
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Ig= (5.24 X 10°)p%/312/ BnV%/ 3cP (VI. 1)
Blaedel, et al., verified Equatlon V1. 1 for a tube having an
inner diameter of 0.03 inches, a length L, of 1.0 inches, and
for flow rates, Vi, less than 10 ml/min. A typical chromato-
graphic peek 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 tz - t,y as shown in Eguation VI. 2. If V, is

1’ f
constant over the time span t2 - t, the number of moles eluted

%
2
Q = (5.2 X 105)np?/312/3 f vfl/ 3eP(+)at (VI. 2)
t
1

is given by Equation VI. 3 and Q is given by Equation VI. 4.

Equations VIe 3 and VI. 4 are combined to give Equation VI. 5.

t
[Zo
moles = V. ¢ (t)at (vi. 3)
L T'l
r
Q= (5024 X 109)m0 323 3] 7 ¢P(t)an (VI. &)
<+ o
Y
Thus, a plot of log Q versus log Ve has a slope of ~04667,
demonstrating thal a large dependency on Ilow rate does occur
with an unpacked tubular electrode.
Q = (5e2% X 10°)np?/ 3%/ 3v;2/ 3 holes (VI. 5)

For a coulometric detector Equation VI. 5 reduces to Equation

VI. 6 since Q is independent of DZ/B, Vf, and L2/3.

Camn
<
’..
o
O\

p —

Q = n{9.65 X 104) {mcleo}
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To determine the amount of a species eluted, one does not need a
calibration curve. Since n is usually known, or easlly determined,
one measures Q experimentally and calculates the amount of elsctro=-
active 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 specles, that is, n [moles]. Thus, the coulometric
detector has a uniform sensitivity for all electroactive species.
This is to be contrasted to variable sensitivity dsiecters, 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(III) by its
enhancement of the Br oxidation wave and by direct electrochemical
oxidation.

B. Bxperimental

l. Chemicals and Reagents.

The followlng chemicals were obtained from sources givent

NaBr, HyPO,, iC10,, H,SO,, HNO,, HCI, Sb,04, NiC1,°*6H,0, 45,05,
BiCl., ZnCl., CrCl.*6H.0, A1(}0.).*9H.0. CoCl_*6H. 0, and MnCl
~ < 2 < 272 y4 < 2

were

2
"Baker Analyzed" Treagenis; CdClZ-Z%HZO and h‘gCl2 were HMallinckrodt
reagents; electrolytic iron and (NHb)uCe(Sou)u'Zﬁzo were from

G. Frederick Smith Co.; Pb012 was Tfrom Ailied Chemical Co.;
Cu012°2H29 was from Matheson, Coleman, and Bell; and VCl5
City Chemical Co. The source of selenium and (NHu)uMoO# was not

was from
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known.

2+ Preparation of Solutions.

as SB(ITI) in 2 ¥ HCl. Enough Sb was dissolved in 30 ml

23
of concentrated HCl to make a 1.0 mg.stoék solution and was diluted

to the mark in a volumetric flask by slowly adding a mixture of
HC1 and H20° Bnough HC1l was added to make the acid concentration
2.0 M.

was dissolved in

be SbH{III) in 1.0 nazso[ . Enough 31:203

30 ml of hot, concentrated HZSOL.P 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 1low addition of a
mixture of ’rIZSO,“L and H20° Enough HZSOI+ was added io make the
final acid concentration 1.0 Ii.

ce Sb(III) in 4.0M H,S0,« Enough Sb203 was dissolved in
hot, concentrated H2804 to make a 5.0 mf stock solution. After
cooling to room temperature, this solution was diluted to the

mark in a voiumetrlc flask by slow addition of a mixture of 52304

AZO. Enough H2304 Wwas added to make the final acid concentration

d. Solution Preparation for Interference Study. All solutions,

except for the Pb(II) solution, wers made to be 0.0100 X in the
cation and 1.0 M in HCl. The Pb(II) solution was 0.00100 M in

Pb(II) and 1.0 M in HCl., For mest solutions either the chloride sait
or some other rezdily avallable salt was dissoived in 1.0 M HCl and

1luted to the mark in a volumetric flask with 1.0 M HC1.
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A 0.10 M solution of Se(IV) was prepared by dissolving

selenium metal in 15 ml of hot, concentrated HNO This solution

3¢
was diluted to one liter with HZO' 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 HC1l and 1.0 M HC1l to make the solution 0.01 M in

Se(IV) and 1.0 M in HCl. An Fe(III) solution was prepared by
dissolving the appropriate amount of electrolytic iron in 12 ml

of hot, concentrated 5:1 HCl-HNOB. 6.7 ml of concentrated HC1l

wes added end the sclution diluted to 200.0 mi with HZO. An as(I1I)
solution was prepared by dissolving the exact amount of As_O

273
in 10 ml of 8% NaOH. 0.8 ml of concentrated HC1l was added
and the solution diluted to 200.0 ml with 1.0 M HCL.

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 M HCI.

3. Standardization of Sb(III) Stock Solutions.

Sb(III) stock soclutions were sitandardized by constant current

coulometric titrations with electrogenerated Br

> as described

in Section IV. B. 3.

4, Experimental Procedures.

a. Eiectrode Preireatment. 1.0 g_HZSO4 or 1.0 M HCl was
passed through the packed tubular electrode and the potential was
set to 1.2 V, =06 V, and 0.0 V for 3 minutes at each potential.
The potentlal was changed to 0.30 V and the flow c¢f acid solution

was stopped. 10-20 ml of 0.0l M Nal was flushed through the cell
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and the flow of the acid solution resumed.

b. Voltammetry. I~E curves were obtained by passing
0.989 X 1077 M Sb(III) in 1.0 M HC1 through the detector at a
constant flow rate. The electronic circultry used to obtain
all I-E curves 1s described in Section III. A. 2.

A second procedure u;;d to obtain I-E curves was the

troduction of aliquots of 0.989 X 107 M Sb(III) in 1.0 M
HC1 into a stream of 1.0 M HC1l passing through the detector
at a constant flow rate. The electrode potential was incressed
in 50 mV steps from 0.600 V to C.30C V. The I-t peaks wWere
recorded on a Leeds and Northrup strip chart recorder and were

integrated with a Keuffel and HEsser planimeter.

c. Electrode Efficiency. Aliquots of 1.00 X 1072 M Sb(III)
in 1.0 X HCL were injected into a stream of 1.0 M HCl at a numbei
of different flow rates and an electrode potential of 0.800 V.
The electronic circultry for all siudies at a constant potential
is described in Section III. A. 1. The I-t curves were recorded
on & Leeds and Northrup sitrip chart recorder and were integrated
with a planimeter.

de Precision Study. Aliquots of 1.00 X 102 M Sb(III) in

1.0 M HC1l were injected into a stream of 1.0 M KCl at a conmstant
flow rate. I-t curves at an electrode potential of 0.800 V were
recorded simultaneously on 2 Bolt, Beranek, and Newman Plotamatic
X=Y recorder and on a Lesds and Northrup strip chart recorder.

The peak areas were integrated with a planimeter.
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e, Concentratlion Studies. A concentration study of the

Sb(III) enhanced Br oxidation wave was performed using the
coulometric detector described in Section III. B. Sb{III)
solutions, in the concentration range from 1.0 X 10'6 M to

2.0 X 10-4 M, were prepared in 1.0 E_H2304 and injected into a
stream of 1.0 M H,SO, at a flow rate of 1 nl/min. The stream
of 1.0 §,H2304 was mixed with a stream of 1.0 mM NaBr in 1.0 M
stoh before entering the detector. The flow rate of the

Stream containing 1.

1.0 mM NeBr slowly decreassd from 1.2 mi/min
to 0.75 m1/min during the Sb(III) concentration study. The
electronic circultry used was described in Section III. A. 1.
A voltage proportlonal 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 13110 using the
voltage divider circuit described in Section III. A. 1. Current-
time (I-t) curves were recorded with a Leeds and Northrup
Speedomax strip chart recorder.

The concentration range over which the direct oxidation of
Sb(III) was applicable was investigated by injection of 0.50 ml

aliquots of Sb(III) solutions into a stream of 1.0 M HCY at a

[3
12

constant flow rate. The concentration of Sb(III) solutions ranged
from 7.6 X 10~ 1 to 4.0 X 1070 N and were prepared by taking
aliguots of the SBH{III) stock soiutions in 2.0 N HCl or 1.0 M
HZSOu wWith a 2.000-ml1 Gilmont micrometer buret and diluting to

the mark in volumetric flasks with 1.0 M HC1l. The potential used
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vas 0.800 V and peaks were recorded using a Leeds and Northrup
strip chart recorder. Peak areas were measured using the
planimeter.

f. Interference Study. Solutions containing Sb(III) and

the interfering ions were prepared by diluting a2 1.000 ml

aliquot of 1.0 X 10™> M Sb(III) and 0.10, 1.00, and 10.00 ml

2

of the 1400 X 10™“ M solution of interfering ion to 100.0 ml

with 1.0 M HCl. Injectlons of each solution were made into a

stream of 1.0 M HCI

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.

I-E curves Were obtained using cyclic voltammetry (method 1)
and by measuring the coulombs of Sb(III) oxidized in a 0.50 ml
aligquot 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 4
in the shape of the I-E curve. For method 1, the current measured
at 0.700 V was 1604 A for 0.959 X 107 M Sb(III) and for the
second methed, the peak current, measured at the same potential,
was only 29.5, A. The cell resistance was 850 & and the IR

losses were 0.136 V and 0.025 V for the two methods, respectively.
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The much larger IR loss and the charging current resulting from
the cyclic voltage scan in method 1 caused the observed differences
between the I-E curves in Figure VI. 1.

2. HElectrode Efficlency.

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(III) oxidized vs.
the flow rate. No flow rate dependence was observed up to a
flow of 4.1 ml/min. The vesults shown in Figure VI. 2 were not
corrected for a blank.,

3« Precision Study.

The results of fifteen 0.5065 ml injections of 1.00 X 107 M
Sb(III) were made and the number of coulombs determined from the
areas of the I-t curves obtained. Table VI. 1 shows the results
obtalned 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, care must be taken that uoulesS 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(III)
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77

TABLE VI. 1
Precision Study

Arbitrary units

Leeds & Noxrthrup X-Y Plotamatic
739 758
733 264*
733 756"
738 773
740 773
732 781
740 77
743 782
%0 778
733 783
740 776
732 - 783
736 772
741 778
735 780

ai;mma.tad statistically.

in 1.0 M H,SO,. The acid concentration was decreased from 4.0 M

H,50, to 1.0 ¥ H,S0,, because the Sb(ITI) solutions were determined
Jo

to be stable in 1.0 X H SO, at concentrations below 1 X 107 M.

The 5.00 mM Sb(III) stock solution was prepared in 4.0 M H,S0, .
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Results of the concentration study are shown in Figure VI. 3. The
agreement with the theoretical slope, indicated by the solid line,
was very good for Sb(III) concentrations greater than 1.0 X 10-5
M. When the ratio of Br to Sb(III) becams greater than 100,
1. e., at Sb(III) concentrations less than 1.0 X 107 M, the
precision and accuracy were unsatisfactory. At these low Sb(III)
levels, the amplification had to be high enough to detect the
Sb(III), but this high amplification alsoc magnified the baseline
noise.

Typical chromatographic peaks obtained using catalytic
enhancement are shown in Figure VI. 4. The peaks in Figure VI. 4
vwere recorded for 0.5065 ml injections of 5.00 X 10-5 M and

2.00 X 10-6

M Sb(III) in 1.0 M H,80,. The sloping baseline

was integrated by following the curve as recorded and not by
averaging the fluctuations. DMore precise results were obtained
for Sb(III) concentrations below 10~ M when the NaBr concentration
were decreased to 1 X 10~ M. Decreasing the Br~ cencentratisn

by a factor of 10 also decreased the baseline noise by the sane
arount. Thus, the ratio of enhancement current to baseline noise
was increased.

te Dixrect Electirochemical Oxidation. Resuits of a concentration

study, in which injections of Sb(III) in 1.0 M HCl were made
directly into a stream of 1.0 i HCI, ere shown in Figurse VI. 5.
Theoretically, a slope of log (nFV) should be observed for a

b
plot of log Q vs. log CS‘D(III)' The solid line in Figure VI. 5
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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 10-7 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(III) was investigated and the results
are shown in Table VI. 2. The results are reported as the
percent Sb(III) found experimentally, that is, ihe coulombs of
Sb(III) found divided by the coulombs of Sb(III) taken times
100%. Values greater than 100% mean the interfering ion was
oxidized at the same potential as Sb(III) and values less than
the Interference was elther 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 SbH(III).

Ti(III) and As(III) interfered due to oxidation at 0.800 V
and Ce(IV) by reduction at 0.800 V. Cr(III) and Mn(II), 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(III)> Bi(ITI) > Hg(II) >
U(VI) >Mo(VI) > Pb(II). The adsorption of these lons was
reversible. After injection of a sample containing Fe(III), 1.0 M
HC1 was passed through the cell before injecting a sample
containing So(III), dbut no Fe(III). The percent Sb(III) found

was 100.
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TABLE VI. 2

Effect of Interferences on the Coulometric Determination of
0,618 micrograms of Sb(III).

Percent Sb Found

Interference 1070 ¥ 107 1 1073 ¥
Al%IIIg 101 101 100
™(III 102 173 1270
TL(IV) 100 100 102
v(v) 100 98 98
cr(III) 100 99 101
Mn(II) 100 100 100
Fe(III) 9 81 12
Co(II 99 99 99
Ni(II 100 100 99
Cu(II 99 99 99
Zn(II 100 99 99
As(III) 100 100 108
Se(IV 101 101 100
Mo(VI 100 100 99
ca(II 101 101 100
Sn(IV 100 100 100
ce(IV 93 sk -236%
Hg(II 99 96 : 88
Pb(II 100 99 —
B1(III) a7 89 72
U{vi) 100 100 99

1072 ¥ 1072 107+ ¥
HC10,, 100 100 90
HNOB 1060 99 98
H,S0,, 99 100 99
33P04 99 98 S8

aNegative sign means that more coulombs were found for
the reduction of Ce(IV) than for the oxidation of Sb(III).
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VII. DETERMINATION OF ANTIMONY (III) 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(III). Since Sb(III) species are not as easily hydrolyzed as
Sb{V) species (150), the determination of antimony was carried
out by oxidizing Sb(III). Several separation schemes for Sb(III)
have been reported in the literature using anion exchange resins
(3, &4, 13, 40, 43, 57, 60, 82, 114, 115, 121, 137, 149, 150, 187),
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 HCl to elute Sb(III) from
the catex resin. Because Sb(III) forms a strong chloro complex,
the distribution coefficient is small and Sb(III) is only

v -

eakly retained by the resin. However, in dilute HCth solutions

3

SBH{III) exists as 500" (96) and is retained by catex resins (95).
This separation procedure is used along with the direct electro-
chemical oxdidation of Sb(III) to provide a rapid and selective
method for determining antimony in a variety of different matrices
and over & large range of antimony compositions.

B. Experimental

1. Chemiczls znd Reazenis.

A1l chemicals used Wwere ‘Bzker Analyzed" reagents. Certificate

values of NBS standard #53 was given in Section IV. Be 1o A
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second NBS standard, #124b, was used and had the following
certificate valuess 83.69% Cu, 5.40% 2Zn, 4.93% Sn, 4.64% Pb,
0.76% Ni, 0.26% Fe, 0.20% Sb, 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. Bs 1 for alloys designated
ISU~1 and ISU=-2. Additional standaxd alloys prepared by Dr.
Verhoeven had the following compositionss ISU=3 contained 96.00%
Sn and 4.,00% Sb. TP-100C contained 95.98% Sn and %.02% Sb.

2. Preparation of Sojutions.

a. Sb(III) in 1.0 }{ HCl. The preparation of this stock

solution was described in Section VI. Be 4, e.

b. Solution Preparation for Interference Study. The amount

of HgCl, and Bi(N03)3 necessary to prepare 0.010 M stock solutions
was dissolved in 1.0 M HClOu and diluted to the mark in a

4 e L P - -
volunetric flask with 1.0 ¥ HC1C SUoek solution of

(24
58

« A CWCIC
Fe(III) was prepared by the procedure described in Section V. B.

2 3o

Ce Pb and Sn-3Based Allovs. The dissolution procedures for

these alloys are described in 3ection IV. B. 2. 3Before injection
of a sample onte the cclumn, 1.0 M aliguots were diluted to
100.0 ml with 1.0 M HC10,,»

ds Cu=-Based Allov. The nrocedures for dissolution of NBS=-

124d was as follows: Sufficient alloy to prepare a 1 X 102 14
solution was dissolved in 8 ml of 1:l HNOB-HQO without heating.

30 ml of 1.0 Q.HCIOu vwas added and N2 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_HCth.

es Human Hair (Procedure C). Approximately 0.3 g to 1.0 g

of halr was placed into a flask and dissolved in 131 HClOL"-HNO3

according to the procedure described in Reference 47,

f. Human Hair (Procedurz D). Approximately 0.3 g to 1.0 g

of halr was dissolved in 10 ml of a 1:1 mixture of hot HéSOh-HNO3.
The HNO3 was boiled off. If all the organic matter was not
dissolved, 5 more ml of HNO3 vwere added and the mixture heated
until all the HNO3 was bolled awaye.

After dissolution of the hair by either procedure, the Sb(V)
produced was reduced to Sb(III) by the following procedures When

all visible traces of HNO3 were removed by boiling, 10 ml of

HZO were added to the solution and it was boiled for 5 minutes.
15 ml of 1% NaHSO., 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 z volumetric flask
with water and samples dissolved by Procedure D were diluted
with water and enough concentrated HClOu to give a 1.0 ﬂ.HCIOu
solution.

Se ransistor. A power iransistor was scraped from its
aluninum base with a razor blade and was boiled in 5 ml of
concentrated H2804 for two hours. This solution was diluted to
10.0 mi with B0 A 1.00 ml zliquot was diluted to 10.0 with

2

0.8 m1l concentrated HCIO& and HZO.



87

3« Experimental Procedures.

2o Resin Pretreatment. The anlon exchange 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. 012 g was
slurried and packed into a 9 cm X 2 mm column. The resin was
washed with 4.0 M HC1l prior to attempting any separations.

The cation exchange resin used was Amberlite IRA-400. 10 g
of the resin was drled, ground with a mortar and pestie, and
sieved. The 100-140 mesh fraction was back washed to remove any
fines which remained. 0.12 g was slurrled and packed into a
9 cm X 2 mm column. Before injecting a sample containing Sb(III),
the resin was pretreated by passing 1.0 E_HCIOQ through the
column for at least 10 minutes. After each elution with 2.0 M
HC1, 1.0 I_*gHClOLL was passed through the column for a minimum of
10 minutes. Periodically the resin was stripped of all cations
by passing 4.0 M HC1l through the column for 10 minutes. According
to Reference 197, the distribution coefficient of most metal ions
in 4.0 M HC1 is small.

Aliquots of 2 2.0 X 107 ¥ Su{III)

be Concentration Studv.

stock solutlon in 2.0 ¥ HC1l, measured using a 2.000-pl Gilmont
mlcrometer buret, were diluted to the mark in volumetric flasks
with 1.0 g_ﬁClOu. The concentration range of solutions prepared

-8

was 1.0 X 10 " M to 1.0 X 10-4 Me Solutions could not be stored

in 1.0 K HCIO, for more than 24 hours because of hydrolysis to an
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electrochemically inactive form or to precilpitation as S'b203.

The loss of Sb(ITII) in 24 hours was negligible.

ce Interference Study. An interference study, using a

cation exchange column, was carried out with Fe(III), Bi(III),
and Hg(II)s These ions are also commonly found with Sbe
Solutions containing 1.00 X 10~ M Sb(III) and 1.0 X 107 B
in the interfering ion were injected onto the catex column in

1.0M HClOL". After 1.0 mine. the eluent was changed to 2.0 I

HC1 and then to 4.0

vop
"

HC1 after an additional 2.5 mine I-t
curves were recorded at 0.800 V using a Sargent Model SRG strip

chart recorder and were integrated with the planimeter.

-

de Analysis of Samples. After dissolution of the sample

by one of the procedures described in Sections VII. Be 2+ Co=gZo,
an aliquot was diluted with 1.0 ¥ HClOu, if necessary, until
the concentration was less than 5 X 107 1. The sample was
injected onto the catex column, which had been pretreated as
described in Section VII. B. 3. as Sb(III) was eluted by changing
the eluent to 2.0 M HC1 1.0 min. after injection. If a large
amount of Fe(III) was present, the eluent was changed to 4.0 }i
HC1 3¢5 min. after injection.

Ce Results and Discussion

l. Investigation of Separation 3chemes,

as. Anex Column. This separation scheme, which was described
in Reference 187, used a mixture of HC10, and HC1 to selectively

elute Sb(III)se Figure VII. 1 shows the I-t curve obtained at
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0.800 V for thé following separation. The anex resin, 100-140
mesh Amberlite IRA-900, was pretreated with 4,0 M HC1l before
injecting an Sb(III) sample into the stream of 4.0 M HC1.
The eluent was changed to 4.0 M HC10, ~2.0 M HC1 to elute 'l;,he
SB(III), but even after 30 min., no chromatographic peak was
observed for Sb(III)s Direct injections of Sb(III) into 4.0 M
Hc104-2.o M HC1 gave peaks at the lodlde covered electrode surface
which were smaller than predicted for a 100% efficient electrode.
No reason was able to be found to explain why Sb(III) could not
be detected when an anex column was usede

be Catex Column. This separation scheme was based on the
different metal ion affinitles for a strong ssid catex resin
in 2.0 M HC1 solution. SH(III) exists as Sb0* in 1.0 ¥ KC10,
(184) and could be retained on 100-14C mesh Amberlite IRA-400
catex resine In 2.0 M HCl, many metal ions have distribution
coefficients above 4.0, while the Sb(III) distribution coefficient
is 2.8, When Sb(III) was injected onto a catex column in 1.0 M
HC10;, and subsequently eluted with 2.0 M HC1 at 0.5 ml/min., the
SH(III) peak was eluted 08 min. after the 2,0 M HCl entered the
catex column as shown in Figure VII. 2. This separation scheme
wes very convenient because the eluent for SH{III) was 2.0 ¥
HCl, a strength very close to that used for preliminary
investigations of the SH(III) oxidation at the coulometric detector:
Further investigation of this separation scheme using 1.0 M and
1.5 M HC1 did not improve the separation so 2.0 M HCl was used
for the remainder of the work described in this thesis,
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2« Concentration Studye.

The results of several concentration studies are shown in
Figure ViI. 3 in order to detecrmine the linear working range.
Agreemnent with the theoretical slope is again very good for
amounts of Sb between 1040 ng and 3.2 X 10° ng of Sb(III). At
amounts of Sb(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 be seen in the I-t curve for 12.3 ng of Sb(III) shown in
Figure VII. 4. The deviation from 100% electrolysis at high
Sb(III) concentrations may be due to either the slow hetero-
geneous kinetics of the Sb(III) oxidation or to an IR loss in
the detector because of the high peak currents., The peak
current for 1.00 X 10~ I SBH(III) was 268 w& A which resulted
in an IR loss of 0423 Ve The IR loss caused part of the elecirode
to be at a less positive potential, at which the oxidation of
Sb(III) was not 100% efficient (see Figure VIe 1).

The decreased electrode efficiency at high Sb(III) concen-~
tratlons was not observed when the column was not used. At
II) 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 significantiy 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(III).



95

The experimental points designated by trlangles in Figure VII. 3

were obtained with adsorbed I2. According to Reference 97,

irreversibly adsorbed I and I, are distinguishable on platinum

surfaces. The procedure for adsorbing 12 was simlilar to the

procedure described in Section VI. Be 4 a for I , except that

the potentlial was held at 0.700 V when the I saturated solution

2
in 1.0 M was passed through the detector to prevent direct

reduction of IZ'

3. Interference Study.

In Section VI. Be. 5, the mzjor interferences were found to
be Fe(IIT), Bi(III), Hg(II), Ti{III), and Ce(IV). Ti and Ce
do not occur frequently with 3b, so only the separation from
Fe(III), Bi(III), and Hg(II) was performed using a catex column.
The separation procedure described in Section VI. Be 4s f was
used to determine where the Fe(III), Bi(III). and Hegl(II) peaks
were eluted. The electrode potential was set at 0.0 V to reduce
Fe(III) and Hg(II) and at =0.200 V to reduce Bi(III)s The I-t
curves observed are shown in Figure VII. 5. The peak for Sb(Iii
is shown by the dotted line. Fe(III) and Hg(II) did not interfere

32 L2 { ommam

ion conditions employed, and the BL(ILII; peak

vmAAave Lha Amamma L
WIULCL LIS DT palLa b

tailed slightly into the Sb(III) peak causing only slight
interference when the Bi(III) concentration was 10 times greater
than the Sb(III) concentration.

If a better separation is desired, the column iength may be

increased,; the flow rate may be decreased, or the resin mesh size
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increasede The separation shown in Figure VII. 5 was adequate
for all experimental work described in this thesis.

4, Analysis of Samples.

One of the objectives of this thesis was to demonstrate the
applicabllity of the coulometric detector to the determination of
Sb in a variety of matrices. The results of the determinations
using the procedures described in Sections VII. Be. 2 and VI. B,
3+ & are reported in Table VII., 1l Results of the analyses were
very £ood. The accuracy wWas Letter than 1.0 pph in most cases and
the precision was less than 2 pph.

Analyses of halr 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 Teylor (IRT).
John LaRochelle (JHL), Marcia Taylor (MST), and Lynne LaRochelle
(IXL). This was alsc the oxrder 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 VITI. 2;

The power transistor was found to have 340 ppm antimony.
No reference was found which gave the amounts of antimony in

different kinds of transistors.

5« Deterioration of Polyethylene Eluent Tanks.

The eluent tanks used with the high-speed liquid chromato=-
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TABLE VII. 1

Anaiysis of Alloys Containing Antimony

Eluent Flow Rate = 0.4 ml/min.

E = 0,800 V
app

Sanple size = 0.5065 ml

No. of % Sb Relative Relative
Sample % Sb Detns. Found Precision (pph) Error (pph)

NBS=124b  0.20 1 0.20 —— 0.0
NBS~124b  0.20 3 0.20" 1.8 0.0
ISU-1 %e00 3 5498 1.25 =0¢55
ISUu-1 L.00 5 3495 1.6 =125
ISU=-2 4,00 3 3499 1.5 ~0e25
ISU=3 4,00 3 3.98 1.25 =050
TP=-100C k.02 5 Le0L 073 -0e25
NBS=53 10.09 L 10.09 2.1 0.0
NBS=53 10.09 L 10.2 0457 +1.3
TABLE VII. 2

Analysis of Halr for Antimony

Eluent Flow Rate = 0.5 ml/minute

& = 0,800 V
app

Sample size = 2,017 ml

Heir Samples, Aze No. of Detns. Sb Found (ppm)
LRT, 25 5 1.3 £ 0.3
JHL, 25 1 0485
MST, 22 2 0.56 £ 0.08
IKL, 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 solutlons, the bottles began to
deteriorates 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(III) alone gave high results as well. The source
of the error was traced to fhe polyethylene bottles when corxsct
results were obtained aftexr changins {0 fresh eluent solution.
However, after about one week of usage, the fresh eluent solution
also beceme contaminated.

A more direct proof that the high results were caused by
detexrioration of the polyethylene was obtained while determining
the adsorption lsotherm in Section IV. Ce 2+ be 12 } HC1 was
passed through the packed tubular detector, which was potentio-
stated at 0.65 V, from a plastic syringe. The eluent was changed
to 1.0 §_H2$Ob 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 I

5IC1 in the plastic syringe. The longsr the time the 12

Tvon
L el

(313
t

=2

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 storc 12 I HCl. These results indicate
that some species, which is oxidizable at potentials > 0.80 V,

is leached into the acid solutions from the polyethylene bottles.
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VIII. SUMMARY

The results are given for an amperometric method for the
determination of Sb(III) at an RPDE in acidic medis based on the
catalytic increase of the anodic current for Br . The method was
successful provided CQy 111y < Cpy=+ Specles 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 13:':2 at eonstant
eurrent in 4.0 H HZSO“’. No separation was required in the coulometric
method.

The wave for electro-oxidation of Sb(III) at platinum electrodes
was found to be electrocatalyzed by iodide adsorbed at the electrode
in dilute HC1l solutions. A study of the rate of the heterogeneous

reaction of the Sb(III)/Sb(V) system in 12 M HC1l is described.

74 - atesw iV WUAWT
~

12 M HC1 was used to prevent hydrolysis of the S¥C1
geneous kinetlic parameters were determined from the slopes of I-E

curves, at 7 =0, as a function of the rotational velocity of the

platinum disk electrode.

A packed tubular platinum electrode was evaluated as an
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-
using the catalytic increase in the bromide oxidation current and
the electrocatalyzed oxidation of Sb(III) by adsorbed halides.

The detector used was found to be 100% efficient at flow rates up
to 4.1 ml/min. A linear working range was found over a 100 fold

range of Sb(III) concentrations for the catalytic enhancement
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procedures and over a 200 fold range of Sb(III) concentrations
for the electrocatalysis procedure. Very few interferesnces were
found for the electrocatalyzed oxidation of Sb(III).

Those interferences which were found were eliminated using
chromatographic separations using a cation exchange resin. The
linear working range found for the determination of SH(III) using
the separation step was 2.5 ng to 6.2 ng.

The coulometric detector was used with forced-flow chromatog-
raphy for the determination of antimony in lead. tin and copper-
based alloys, halir samples, and in a power transistor. The
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 observed with the
couiometric detector to ite full advantage, the baseline changes
observed must 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
coulometric detector. This would specifically eliminate those
impurities electrolyzed at the coulometric detector.

The 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 coulometric
detector.

The 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 oui whether the electrocatalysis proceeds
through an intermediate in which the adsorbed iodide is incorporated
into the eocordination sphere of the reacting ions. The replacement
of ths chlorids ioms in the SH{III) ccordination sphers by iess
lebile 1ligands would slow down or eliminate the heterogeneous
reaction. Another interesting investigation would be to determine
the number of Sb(III) ions oxidized per ion or atom of adsorbed
icdide or lodine.

Other irreversible elsctrode reactions which may be electro-~
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catalyzed by adsorbed halides are As(III), TL(III), Ce(III), and
V(V). In the case of As(III), 2 large amount of chloride or
bromide may be necessary to convert the As(III) to a speciss
containing labile ligands such as C1~ or Br .

Since the electrogeneration of bromine prbceeds very
rapidly at platinum electrodes, organic species could be deternineﬁ
by their reaction with the electrogenerated bromine. The bromine
could be generated at a constant current and monitored downstream
from the generator electrede with 3 sscond caulo;etric electrode.
After an organic specles 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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