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Reduction of hexavalent chromium at solid electrodes in acidic media:
reaction mechanism and analytical applications
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Abstract

The electrochemical detection of hexavalent chromium species was investigated. It was found that Cr(VI) can undergo chemically irreversible
reduction in acidic solutions at gold, glassy carbon and boron-doped diamond electrodes. The process was found to be diffusionally controlled
at all three electrodes studied. The response obtained at a gold electrode towards the reduction of chromium(VI) produced an electrochemically
reversible wave in contrast to those recorded at glassy carbon and boron-doped diamond electrodes. The analytical response of the hexavalent
species was studied at gold electrodes in the presence of common environmental interferences: Ni2+, Cu2+, Fe3+, Cr3+ and Triton X-100
(surfactant), with an LoD of 4.3�M obtained in the presence of 5 mM Cr(III).
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The detection of chromium species is a challenging task
because of the different possible oxidation states in which
the element can occur. The two environmentally relevant va-
lence states of chromium Cr(III) and Cr(VI) have a contrast-
ing impact on environment and health. Trivalent chromium
is relatively harmless and plays an essential role in biological
processes, whereas hexavalent chromium is about 100–1000
times more toxic[1] because of its high oxidation potential
and is limited in groundwater by a WHO provisional guide-
line value of 0.05 mg L−1 (50 ppb)[2]. The main sources of
anthropogenic chromium pollution in ground water are plat-
ing industries, cooling towers, timber treatment[3], leather
tanning, wood preservation and steel manufacturing[4].

Up-to-date methods for speciation and detection of
chromium(VI) can be divided into indirect and direct ap-
proaches. Indirect methods require prior separation; they
include chromatography[5,6], extraction[7,8] or coprecipi-
tation [9,10]. However, all of these suffer from interference
by Cr(III), which is normally present in relatively high
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concentrations in natural samples[11]. Direct detection of
chromium is often carried out by using spectrophotometric
techniques, where a complex of chromium with various
complexing agents (1,5-diphenylcarbamize, methylene blue,
iodonitrotetrazolium chloride, tetrazolium violet, diben-
zyldithiocarbamate) is detected[12]. Recently, diphenylcar-
bamate reaction with chromium (VI) was developed into a
portable flow-injection analyzer, giving 0.25 mg L−1 for the
LoD value [13]; however, no studies about potential inter-
ferences have been reported. In contrast, electrochemical
techniques offer an opportunity for the rapid and accu-
rate detection of hexavalent chromium species even in the
presence of excessive concentrations of Cr(III) ([14], and
references cited within).

The electrochemical detection of Cr(VI) has been reported
at mercury electrodes[15–19], where it is claimed that hex-
avalent chromium is active over the entire pH range[20].
Moreover, the electrode reaction mechanisms of chromium
(VI) and (III) at mercury electrodes have been explored re-
cently [21,22]. However, in analytical practice, because of
the potential toxicity of mercury and its operational limita-
tions, mercury electrodes have subsequently been replaced
by solid substrates. Notably, the reduction of Cr(VI) has been
studied on gold[23–25]and platinum[24] electrodes. Also,
different chemical and physical modifications of platinum
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[26,27]and gold[11,28]have been employed for the analyt-
ical determination of chromium. However, at present there
is little common understanding of the reaction mechanism at
solid electrodes. Literature data varies and this might in part
be explained by the highly corrosive conditions typically as-
sociated with Cr(VI), or passivation of the electrodes; nev-
ertheless, gold electrodes are thought to be stable towards
corrosion and passivation[23].

It was suggested that the rate of reduction of Cr(VI) in
acid solution is influenced by the nature of the electrode
material, whereby the process is electrocatalytic in charac-
ter with active surface metal atoms playing a significant role
in hexavalent chromium reduction[24]. Also, the effect of
the supporting electrolyte has been investigated and it has
been suggested that supporting electrolyte anions may play
an important role in the reduction rate. This is sometimes
rationalized by formation of films at the electrode surface,
which might inhibit the reduction rate. Under other condi-
tions it has been suggested that chromate ions discharge via a
CE mechanism[23,25], whereby the chemical step involves
electrolyte anions, which are inactive at the gold electrode
[23]. Because of the fact that experimental conditions (work-
ing concentration and pH, in particular) differ from author
to author it is hard to relatively evaluate the various reports.

In this paper the electrochemical reduction of hexavalent
chromium is studied at various electrode substrates. The re-
duction of hexavalent chromium was initially examined at
gold, glassy carbon and boron-doped diamond electrodes.
Based on voltammetric profiles obtained, further studies
were focused on reduction of hexavalent chromium at gold
electrode, whereby reduction was investigated in HCl solu-
tions over the pH range 1–3 in order to understand the re-
action mechanism further and to optimize the analytical re-
sponse. Next, the effect of supporting electrolyte anions on
the electrochemical reaction was also examined. Last, the
reduction of hexavalent chromium was probed analytically
in order to develop a rapid procedure for determination of
the toxic form of chromium in the presence of common in-
terferences, such as Cr(III), Cu(II), Ni(II), Fe(III) and sur-
factant at environmentally relevant levels. None of them was
found to interfere with the signal under the conditions used.

2. Experimental

The electrochemical measurements were performed with
an Autolab PGSTAT 30 potentiostat (Eco-Chimie, The
Netherlands). Glassy carbon (GC) (0.07 cm2, BAS Techno-
col, UK), boron-doped diamond (BDD) (0.25 cm2, Element
Six Ltd, UK) and gold (0.07 cm2, made in-house) elec-
trodes served as the working electrodes. A platinum wire
provided the counter electrode with a saturated calomel ref-
erence electrode (SCE, Radiometer, Denmark) completing
the cell assembly. A GC electrode was polished between
each series of experiments with 1�m particle size diamond
pastes (Kemet, UK). The gold working electrode was pol-

ished between each series of experiments with alumina
micropolish II (Buehler, UK) of decreasing particle size
(2–0.3�M). The BDD electrode had undergone no surface
pre-treatment. All experiments were carried out in a cell of
volume 20 cm3 and at a temperature of 20± 2 ◦C.

K2Cr2O7 and other reagents were obtained from Aldrich;
these were of the highest grade available and used without
further purification. All solutions and subsequent dilutions
were prepared using deionised water from Vivendi (Vivendi,
UK) UHQ-grade water system with a resistivity of not less
than 18 M�cm.

3. Results and discussions

3.1. Chromium (VI) speciation in aqueous solutions

Examination of the Pourbaix diagram[29] outlined in
Fig. 1 shows that in the pH range 0.75–6.45 there are two
dominant species: HCrO4− in solutions with low concen-
trations (less than 0.01 g L−1) of Cr(VI) ions and Cr2O7

2−
in highly concentrated solutions. In the report outlined be-
low, the working concentrations of Cr(VI) are such that the
speciation is exclusively in the form of the monochromate
species.

The monochromate species can undergo the following re-
actions in the solution: protonation to form H2CrO4, as out-
lined in Scheme 1A; and/or possibly the formation of com-

Fig. 1. Domains of relative predominance of the ions of hexavalent
chromium, at 25◦C Pourbaix diagram adapted from[25].

Scheme 1. Possible reactions in aqueous solutions.
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Table 1
Estimated concentration of species calculated for different values of dissociation constant and concentration of HCl and H2SO4 based on Crtot concentration

Kdiss = 0.18 Kdiss= 4.1

[H+] HCrO4
− H2CrO4 [CrO3Cl−] HCrO4

− H2CrO4 [CrO3Cl−]
0.1 57.3% 35.7% 7.0% 87.6% 2.4% 10%
1 0% 85% 15% 0% 20% 80%

HCrO4
− H2CrO4 [CrSO7

2−] HCrO4
− H2CrO4 [CrSO7

2−]
0.1 37.6% 35.7% 26.7% 57% 2.4% 40.6%
1 0% 85% 15% 0% 20% 80%

plexes with anions present in the solution, as outlined in
Scheme 1B.

The relevant constants for dissociation and complexation
are defined inEqs. (1)–(3).

Ka = [HCrO−
4 ][H+]

[H2CrO4]
(1)

K1 = [HCrO−
4 ][Cl−][H+]

[CrO3Cl−]
(2)

K2 = [HSO−
4 ][HCrO−

4 ]

[CrSO2−
7 ]

(3)

The following values appear in the literature:Ka = 0.18 M
[29] or 4.1[30]; K1 = 0.09 M2 [30] andK2 = 0.24 M [31].
These enable the speciation of Cr(VI) to be calculated for
different concentrations of the monochromate anion in aque-
ous solutions of either HCl or H2SO4 of different concen-
trations. Typical obtained results are summarized inTable 1.
Despite the difference of the literature values forKa, the es-
timation of the concentration of the species present in the so-
lution shows that the HCrO4− species is dominant in 0.1 M
acid. It can be seen that in 0.1 M acid the concentration of
HCrO4

− is more than 57%, with only insignificant concen-
trations (less than 10%) of chromium chloride complexes
formed. Analogous calculations were done for the formation
of the chromium–sulfate complex showing that the HCrO4

−
species is again dominant over chromium–sulfate complex.
The estimation of the concentrations of the possible species
in 1 M acid shows that HCrO4− species are either protonated
or form complexes.

3.2. Electroactivity of the chromate species

Cyclic voltammetric responses of the Au electrode to
the solution of 1000�M Cr(VI) in either 1 M HCl or 1 M
H2SO4, where the dominant species are H2CrO4 or complex
species as outlined inTable 1, revealed no significant voltam-
metric peak in the potential range studied (0.5 to−0.5 V
versus SCE). This suggests that neither H2CrO4, [CrO3Cl−]
or CrSO7

2− are electrochemically active. Therefore, the fol-
lowing HCrO4

− are considered the dominant species and to
be the electrochemically active species.

3.3. Electrochemical reduction of chromium(VI)

An initial study of the reduction of Cr(VI) was carried
out using cyclic voltammetry at gold (Au), boron-doped di-
amond (BDD) and glassy carbon (GC) electrode materials
in pH 1 (0.1 M HCl), pH 4.2 (0.1 M sodium acetate) and
pH 13 (0.1 M KOH). Significant voltammetric responses to-
wards the reduction of Cr(VI) were obtained only in 0.1 M
HCl at all three electrodes studied.Fig. 2 details the corre-
sponding cyclic voltammogram (A) plotted as current den-
sity versus potential obtained for the reduction of 1000�M
Cr(VI) in 0.1 M HCl at an Au electrode at a scan rate of
50 mV s−1. This reveals a well-defined reduction peak, with
a peak potential at+0.27 V (versus SCE). The shape of
the voltammogram might be preliminarily attributed to an
electrochemically reversible process, whilst the absence of
corresponding oxidation peak in the potential range studied
indicates a chemically irreversible reaction. Also depicted
in Fig. 2 are the corresponding voltammetric responses ob-
tained in the same solution and at the same scan rate at GC
(B) and BDD (C). As can be seen, the response obtained
at GC consists of a pre-shoulder at+0.25 V and a main
reduction peak registered at−0.02 V. The pre-shoulder was
found to appear only in solutions with high concentrations
(greater than 100�M) of hexavalent chromium. In con-
trast, the BDD response produced a single wave at−0.3 V.
Both electrodes produced voltammograms with broad
peaks.

Fig. 2. Voltammetric response (scan rate= 50 mV s−1) of Au (A), GC
(B) and BDD (C) electrodes to a 0.1 M HCl solution containing 1000�M
Cr(IV) plotted as current density vs. potential.
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Next, the reaction was examined further at each electrode
material individually, as reported below.

3.3.1. Reduction of hexavalent chromium at glassy carbon
The voltammetric responses (not shown) of 50�M Cr(VI)

in 0.1 M HCl to various scan rates (10–400 mV s−1) obtained
at GC (A = 0.07 cm2) revealed only one reduction peak,
which was found to shift to more negative values with further
increase of scan rate. This indicates on the electrochemically
irreversible reaction, which is confirmed by the Tafel slope
of ca. 300 mV per decade. The reaction process might be
rationalized as the one-step reduction of Cr(VI) to Cr(III).

It should be noted that the responses of GC to solutions of
0.1 M HCl containing more than 200�M of Cr(VI) revealed
the presence of a pre-shoulder at+0.25 V (versus SCE) and
a reduction wave at−0.02 V (versus SCE) analogous to that
shown inFig. 2. Further Tafel analysis of GC waves recorded
at 50 mV s−1 in solution with 1000�M Cr(VI) suggested
that first wave at+0.25 V is more reversible (Tafel slope ca.
150 mV per decade) than the second wave (Tafel slope ca.
1000 mV per decade) and might tentatively be attributed to
the reduction of Cr(VI) to Cr(V), with further reduction to
Cr(III) in the second wave.

The analysis of the Randles–Sevčik plot for the reduction
process of 50�M Cr(VI) at GC, which was found to be lin-
ear in the scan rate range studied, suggests that reaction is
diffusion rather than surface controlled. However, in gen-

Fig. 3. (A) Linear sweep voltammograms detailing the response to dif-
fering scan rates (10–400 V s−1) for solution containing 50�M Cr(VI) in
0.1 M HCl at a Au electrode; (B) Corresponding plot of reduction peak
current against square root of scan rate.

eral, the reproducibility of the results was found to be poor,
which can be explained by the influence of the corrosive en-
vironment on GC. Thus, GC cannot be recommended as a
working electrode for analytical purposes.

3.3.2. Reduction of hexavalent chromium at boron-doped
diamond

The response of 50�M Cr(VI) in 0.1 M HCl to various
scan rates (10–400 mV s−1) at BDD was studied next. Ob-
tained voltammograms (not shown) revealed voltammetric
profiles analogous to that shown inFig. 2. Recorded re-
duction peak was found to shift to more negative values
with further increase of scan rate. This indicates a highly
electrochemically irreversible reaction, which is confirmed
by the Tafel slope of ca. 350 mV per decade obtained from
a plot of potential versus log (current). The fact that the
Randles–Sev̌cik plot was found to be linear (R2 = 0.993)
in the potential range studied indicates an irreversible
diffusion-controlled process. Further, BDD was examined
towards increasing additions (0–200�M) of Cr(VI) in 0.1 M
HCl. The recorded cyclic voltammograms (not shown) re-
vealed a wave at−0.26 V (versus SCE) analogous to that
shown in Fig. 2. The corresponding plot of peak current
against increasing concentration of hexavalent chromium
was found to be linear in the concentration range studied
(20–200�M; slope= 8.22× 10−2 A M−1; R2 = 1).

3.3.3. Reduction of hexavalent chromium at gold
The voltammetric response of hexavalent chromium to

various scan rates was examined via linear sweep voltam-
metry at a gold electrode (A= 0.07 cm2). The voltammo-
grams recorded at different scan rates (10–400 mV s−1) in
0.1 M HCl solution containing 50�M Cr(VI) are shown
in Fig. 3A. These reveal process with a peak potential
at +0.27 V (10 mV s−1), which was found to shift up to
+0.25 V (400 mV s−1) with a scan rate increase. The fact
that peak potential is not significantly dependent on scan
rate suggests that reaction is electrochemically reversible
at the Au electrode. The corresponding plot of reduction
peak currents against square root of scan rate was found
to be linear as demonstrated inFig. 3B, confirming the
diffusional nature of the process. Tafel analysis plotted
as potential versus log (current) produced a value in the
range of 60–80 mV, indicating the possible electrochemi-
cal reversibility of the process; however, the exact reaction
mechanism will be clarified below after examination of the
pH dependence of the process.

In order to investigate the reaction mechanism further at
gold electrode, the reduction of hexavalent chromium was
examined in various solutions containing different concen-
trations of hydrochloric acid (0.1–0.001 M), which corre-
spond to pH 1–3, respectively.Fig. 4 illustrates the cyclic
voltammetric response obtained in the solution containing
200�M Cr(VI) in 0.1 M HCl (scan rate= 10 mV s−1). It
can be seen that the response of the gold electrode to hex-
avalent chromium in 0.1 M HCl produced a single wave
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Fig. 4. Cyclic voltammograms (scan rate= 50 mV s−1) detailing response
of a Au electrode to 200�M Cr(VI) in 0.1 M HCl, 0.01 M HCl and
0.001 M HCl.

profile, with a reduction peak at+0.27 V, analogous to that
shown inFigs. 2 and 3.Fig. 4 also illustrates voltammo-
grams obtained in 0.01 M and 0.001 M HCl. It can be seen
that the electrode response in solution containing the same
concentration of hexavalent chromium in 0.01 M HCl pro-
duced a wave with two peaks and lower magnitude of re-
duction current, indicating a proton-dependent process. The
first peak potential was found to shift to more negative
value by 55 mV, which, in combination with the Tafel anal-
ysis reported above, suggests that reduction of hexavalent
chromium proceeds via a one-electron and one-proton reac-
tion, followed by disproportonation as outlined inScheme 2,
where monochromate species are reduced via one-electron
and one-proton reaction to pentavalent chromium, which
disproportionates to Cr(IV) and Cr(VI) species. Tetrava-
lent chromium species can undergo disproportionation either
with pentavalent chromium to Cr(III) and Cr(VI) species
or with other tetravalent chromium to Cr(III) and Cr(V)
species[30]. At high concentrations of H+ disproportiona-
tion following the reduction of Cr(VI) to Cr(V) can rapidly
form Cr(III), whilst in diluted solutions of H+ the further
direct electrochemical reduction is probably observed. The
response of the electrode recorded in 0.001 M HCl contain-
ing 200�M Cr(VI) produced no significant analytical sig-
nal, possibly because of the low concentration of protons.

Scheme 2. Suggested reduction pathway.

In order to further validate the diffusional nature and, in
particular, to test the analytical applicability of the reduction
process, the response of Au electrode to increasing addi-
tions of Cr(VI) (100–1500�M) in 0.1 M HCl was examined.
The recorded voltammogram for the reduction of 100�M
Cr(VI) (not shown) revealed a reduction process at+0.27 V
analogous to that shown inFigs. 2 and 3. Voltammograms
obtained with further additions of hexavalent chromium to
0.1 M HCl were analogous to that obtained for 100�M
Cr(VI). A plot of the change of reduction peak current as
a function of hexavalent chromium added to the solution
was found to be linear in the concentration range studied
(100–1500�M; slope = 5.07 × 10−2 A M; R2 = 0.999)
consistent with a diffusion-controlled reaction.

All experimental data confirmed that the reaction mecha-
nism is diffusion, rather than surface, controlled. At the same
time, Tafel analysis plotted as potential versus log (current)
suggested the reversibility of the first one-electron transfer
(60 mV per decade), which encourages the use of the fol-
lowing equation for a reversible diffusion-controlled process
for the first step of the reduction process.

Ipeak = 2.69× 105n3/2D1/2C0AV1/2 (4)

wheren is the number of electrons transferred,D is the dif-
fusion coefficient (cm2 s−1), C0 is the bulk concentration of
the analyte (mol cm−3), A is the area of the electrode (cm2)
and V is the potential sweep scan rate (V s−1). However,
based on the suggested mechanism (Scheme 2), whereby the
rate-limiting step is the electrochemically reversible transfer
of the first electron[32], which is followed by two single
homogeneous electron reduction processes,Eq. (4) can be
modified to give the following expressions for the diffusion
coefficient

D1/2 = Ipeak

3 × 2.69× 105n3/2C0AV1/2
(5)

wheren = 1, and the total number of electrons transferred
is expressed by a factor of three in the denominator. The
obtained value of(1.6±0.2)×10−5 cm2 s−1 for the diffusion
coefficient is not inconsistent with the previously reported
value of 1.20× 10−5 cm2 s−1 obtained in 0.23 M HCl[25].

3.3.3.1. Effect of supporting electrolyte. The effect of sup-
porting electrolyte was examined next in order to find op-
timum conditions for the analytical detection of hexavalent
chromium. Davilov and Protsenko[23] found that the sen-
sitivity of the signal in various electrolytes decreased in the
following order H2SO4 > HCl > HNO3. Thus, we com-
pared responses of gold electrode to increasing additions
(100–1000�M) of Cr(VI) obtained in 0.1 M HCl, 0.1 M
H2SO4 and 0.1 M HNO3 at gold electrode. Voltammetric
profiles recorded in all three acids studied were analogous
to those shown inFig. 2. It was also noticed that gradients
of the reduction peak current against concentration of hex-
avalent chromium were similar for all three acids: 3.01×
10−2 ± 2.86× 10−4 A M−1 (HNO3), 3.02× 10−2 ± 2.35×
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Table 2
Relevant analytical and statistical parameters for detection of Cr(VI) obtained in the presence of interferences for linear range 20–200�M Cr(VI), n = 10
(confidence level is 90%)

Interference Gradient (A M−1) Confidence intervals Significance level R2

None 3.52 × 10−2 ±2.3 × 10−4 1.10 × 10−16 0.999
5 mM Cr(NO3)3 3.34 × 10−2 ±4.11 × 10−4 3.27 × 10−14 0.998
250�M Ni(SO4)2 3.93 × 10−2 ±5.24× 10−4 6.84 × 10−14 0.998
250�M Cu(SO4)2 3.54 × 10−2 ±6.04× 10−4 6.11 × 10−13 0.997
250�M Fe2(SO4)3 3.85 × 10−2 ±3.38× 10−4 1.57 × 10−15 0.999
5.5 mM SASa 3.61 × 10−2 ±1.35× 10−4 7.04 × 10−10 0.988

a SAS: iso-octylphenoxypolyethoxyethanol (Triton X-100, Sigma).

10−4 A M−1 (H2SO4) and 2.97×10−2±3.01×10−4 A M−1

(HCl). The similarity of the responses obtained in hydrochlo-
ric and nitric acids can be explained by the equimolar con-
centrations of protons. The analogous response recorded in
sulfuric acid can be attributed to the fact that sulfuric acid
dissociates completely to HSO4

−, thus producing the similar
concentrations of H+ [33]. Thus, all three acids produce the
same concentration of protons, which consequently generate
the same concentration of electrochemically active HCrO4

−
species. Examination ofTable 1reveals that concentration
of HCrO4

− present in the 0.1 M HCl and 0.1 M H2SO4 dif-
fers by 20% (Kdiss = 0.18) or 30% (Kdiss = 4.1), which
is because of the possible formation of the chromate com-
plexes, CrO3Cl− or CrSO7

2−, having different complexa-
tion constants. However, the analogous response obtained
in three acids indicates either the exclusive formation of the
HCrO4

− species or the formation of complexes, which are
electrochemically active and have a reduction potential sim-
ilar to that of HCrO4

− or more likely that are sufficiently
labile to dissociate on the voltammetric timescale allowing
quantitate reaction via a CE process.

3.3.3.2. Analytical applicability of the reaction at Au elec-
trode. After the reaction route was identified, the analyt-
ical utility of the reaction was studied next. The reduction
of hexavalent chromium in the presence of excess trivalent
chromium was investigated using linear sweep voltammetry.
The choice of the chromium(III) concentration was based on
the fact that the natural occurrence of trivalent Cr(III) is nor-
mally in 100-fold excess of the concentration of Cr(VI)[14].
The analysis of obtained plots of hexavalent chromium re-
duction peak current against concentration of Cr(VI) added
in the absence and presence of 5 mM trivalent chromium
are summarized inTable 2. As it can be seen no significant
change in gradients of plots was observed. Also outlined in
Table 2are the corresponding plots of obtained reduction
peak current against of hexavalent chromium added to the
solution containing 250�M Cu(II), 250�M Ni(II), 250 �M
Fe(III) and 5.5 mM iso-octylphenoxypolyethoxyethanol.
The interference concentration choice was based on litera-
ture values found for water samples[34–37]. It can be seen
from Table 2that the slope of the corresponding plot of peak
current against concentration of hexavalent chromium is in-
dependent of environmental interferences; accordingly, this

procedure can be used for the electroanalytical detection of
the hexavalent species in environmental samples. The limit
of detection for Cr(VI) in the presence of Cr(III), calculated
with 90% confidence level, is 4.3�M (0.22 mg L−1). This
compares with 0.25 mg L−1 reported in[13].

4. Conclusions

The mechanism of hexavalent chromium reduction was
examined at various electrode substrates. It was found that
Au, GC and BDD provided a voltammetric response towards
addition of hexavalent chromium in acidic conditions. It was
shown that at a gold electrode the reduction process occurs
at more positive potential in comparison to that at GC and
BDD. The reduction to Cr(III) at gold electrode was found
to proceed via rate determining reversible electron transfer
followed by rapid disproportionation of Cr(V). A diffusion
coefficient of 1.60± 0.02× 10−5 cm2 s−1 for the HCrO4

−
anions was deduced.

The analytical applicability was investigated, with a limit
of detection found to be 4.3�M. The response of the elec-
trode to addition of hexavalent chromium was found to be
independent of common environmental interferences, such
as Ni, Cu and Cr(III).
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