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Abstract
Despite arsenite can be reduced to As(0) and deposited at u.~ surface of solid electrodes such as
gold, platinum, or copper, it cannot form amalg=ms ..ith mercury, and so the addition of other
metal ions is required for its deposition. In ., manuscript, mechanistic analysis of the cathodic
stripping square-wave voltammetric recnoi.ze of the system copper-arsenic is presented. For the
analysis of experimental responses, a Mmathematical model is used to consider that a surface-
active reagent undergoes a che-ae *ransfer step followed by a chemical reaction. The
dependences of the differ :nu.l peak current, and the respective peak potential and half-peak
width on the square-wave ‘requency were used to estimate the apparent stability constant of
arsenide formation and that the electrode reaction would involve the direct transfer of 2
electrons, while the simulation and fit of forward and backward voltammetric responses have
been useful for inferring other parameters such as the formal charge transfer rate constant of the

global electron transfer reaction, a pseudo-first order homogeneous rate constant associated with

arsenide formation, and the charge transfer coefficient of the global electron transfer reaction.



Besides the values estimated for each of those parameters, all simulations indicate that the
reduction of copper instead of arsenic would be taking place during the cathodic stripping scan.
Accordingly, the trace-analysis reaction of arsenic in the presence of copper would be based on
the surface accumulation of a metal complex, where Cu?* would be the metal cation and an
arsenide species the ligand. The stability of that complex at the surface of a mercury electrode
would depend not only on the applied potential, but also on the ratio between copper, arsenic,

and protons.

1. Introduction

Quantification of arsenic for food and environmei.*s1 monitoring is particularly essential
in diverse regions of our planet where high levels ©” th.s element have been found dissolved in
water samples [1,2]. Therefore, the water ¢ uali.y resulting from filtering devices used for water
treatment has to be analyzed and compai>d with the concentration limits of arsenic suggested by
WHO [3]. Due to labor and cost asc~ci.ted with the spectroscopic methods such as atomic
fluorescence spectroscopy, aton. ~ absorption spectroscopy, and inductively coupled plasma-
mass spectrometry, electreonas *ical techniques represent a very promising approach for
developing in situ arsenic sensors [4—8]. In this regard, in situ measurements are highly desirable
to determine when a filtering cartridge for arsenic must be replaced. This would not only
minimize errors but also avoid the collection and transportation of water samples to a centralized
laboratory for analysis [1,2,4].

Electrochemical analysis is particularly useful due to its portability, relative low-cost, and
its capability for speciation [9,10]. This last characteristic is quite important, considering that

arsenic toxicity and bioavailability depend on the kind of prevalent chemical species [10]. As(l11)



and As(V) exhibit different electrochemical behavior. While As(111) can be electrochemically
reduced, As(V) is generally considered to be electroinactive [6,9-14]. Accordingly, the
determination of total arsenic content requires the use of chemical reagents to reduce As(V) to
As(I11) [6,9-14]. Stripping voltammetric strategies of As(OH)s involve its reduction to As(0) and
further accumulation on the surfaces of solid electrodes such as gold, platinum, or copper.
However, while reduced arsenic interacts with those electrode materials and the surface must be
systematically renewed to get reliable analytical signals, it was fou.i' that As(0) does not form
amalgam with mercury [11]. Because of this, the deposition of As(Z; on mercury electrodes
requires the addition of other metal ions, typically Cu or Se. According to the literature, the
reduced forms of those elements would result in intermet..'ic compounds that can be
accumulated at the surface of a static mercury droy. zle:trode (SMDE) [12,13]. The cathodic
stripping voltammetry (CSV) with Hg as t' e working electrode is a classical technique for
analysis of anions. Although the use of .2 as electrode material is discouraged due to its
toxicity, SMDE is still recognized ~~ oi @ Of the best electrodes for trace-analysis of various
metals as well as for mechanistic stuuies of those reactions [14-19].

In the case of addir~ a >~ut such as CuCl,, it has been proposed that it is formed
CusAsgs) during the accemulation step [11, 13]. However, more recent publications do not
specify the sort of arsenic species that is accumulated at the electrode surface neither on the kind
of reaction that takes place during the stripping step [10,12]. It is not easy to study the reaction of
a compound that accumulates in low concentration levels on the surface of a drop of mercury
while anodic potentials are applied. With the aim of increasing the surface concentration of
CuxAsads), several researchers have varied diverse chemical characteristics of the experimental

system [10,11,14,20,21]. However, irrespectively of the electrochemical technique used for the



stripping scan, the dependence of cathodic peak current on the arsenic acid bulk concentration

(cascomys) rarely shows a linear behavior that extends above 2 orders of magnitude [11,21].

Instead of this, calibration curves with 2 different slopes, the formation of peak-shoulders, and
variations of peak-shapes are typical problems found during the electrochemical quantitation of
arsenic species [10,21]. Because of this, diverse research groups have found that addition of
extremely low amounts of small organic molecules presenting one or more thiol groups enhances
the voltammetric response of arsenic [9,10,19]. Those ligands wotna ctabilize the base line,
allowing the determination of lower concentrations of arsenic [.7,2u,21]. However, the addition
of low amounts of Na-pyrrolidine dithiocarbamate (< 0.2 niv*) does not affect the average value
of the half-peak width (AE1/2) nor the shape of SW vol:ar.. mograms corresponding to solutions
With ciscomys > 5 g L and concentrations of Cu™ icns between 0.1 and 1 mM [21].
Consequently, it should be considered that . ~r,ardless the presence or absence of those chelating
species, it is still quite unclear what kird ¢ arsenic species prevails at the surface of a SMDE
[11].

In this manuscript, it ic stuied the electrochemical reduction of As(OH); on a SMDE in
presence of Cu®* ions. Thz a a1ysis is focused on simulating the response of square-wave
voltammetry (SWV) corre sponding to cathodic stripping scans. All simulations indicate that,
during the cathodic stripping scan, the analytical signal involves the transference of 2 electrons
instead of the expected 3 electrons for the reduction of arsenic to arsenide. Because of this, the
expression “intermetallic compound of copper and arsenic” is not used in the following sections.
Instead of this, it is inferred that a metal complex of Cu?* and an arsenide species is present. As it
is well-known, SWV allows the examination of reduction and oxidation currents that are

obtained almost simultaneously. Thus, it is possible to evaluate the kinetics of the electrode



process as well as that of a following chemical reaction. The analysis of parameters associated
with the differential current (Al) as well as the fit of voltammetric profiles of forward (lf) and

backward (Ip) currents shed new light on the studied reaction.

2. Proposed model

In presence of great excess of Cu®" ions, the reduction of As(OH)sso 0n Hg can be
described according to the following expression for the accumulatiu.: step, where E,. =-0.4 V
[21,22]:

kac
As(OH)3(son) + ¥Cufd,y + 3Hy ) +3e™— CuyAs(s, + 3H,0 (1)

while the stripping step at the SMDE occu's fo —0.95V <E <-0.70 V:

ks

CuyAsqg) + ne™ 2 Asisg)y + xCu(Hg) o (2)
k-1

3H{ye) + Asleny @ AsHj ?)

1

At this point it will be assumed that Cu,As,qy is the unique species that can be accumulated
at the surface of a SMDE [10,11]. The parameter k.. is the apparent rate constant for the
accumulation of Cu,As at the mercury electrode, which results in the surface excess of CuyAs
(Icuns)- The value of k.. depends on E,. and on the bulk concentration of Cu®* ions [20]. Since
the reactions of Eqgs (1 — 3) are typically carried out in solutions with pH < 1, it can be
considered that protons and copper are in great excess with regards to arsenic species. Therefore,

the constants k; and k_; are pseudo-first order homogeneous rate constants. The latter is very



important since Eq (2) will depend solely on the concentration of arsenic, regardless of whether
the charge transfer process involves the reduction of copper or arsenic. The ratio k; /k_; = K.

The parameter kg is the formal charge transfer rate constant of the global electron transfer

reaction. After those considerations, EQs (2) and (3) can be described by Fick’s second law as:

Occuas/0t = D(9%ccuns/0x%) @)
dcas(z—)/ 0t = D(0%cps(3—)/0x?) + ky(Casnz — Casa—)Keq ) (5)
Ocpsns/0t = D(0%casus/0x*) — k1 (casnz — CAS(3—)KeT11) (6)

Where ccuas and caq(z—y indicate the concentration of -pecics that would affect Eq (2) during the

stripping scan. The concentration of arsine is spetified as cagy3, Which is generated as product of
the chemical reaction. It is assumed that all 1. volved species have a common diffusion
coefficient, D =4 x 10 ® cm?s ™%, sincr, e 1atio between the effective diffusion coefficients does
not affect the shape neither the heiiht of peak current associated with macroelectrodes in SWV
[23]. Thus, the reaction scheme 2t Zgs (1 — 3) can be described according to the following set of

boundary conditions:

t=0,
x>0: Casiz—) = 0; Casuz = 0 (7
x=0: tackacCZs(OH)3 = C(ilrllll;As FCilrllAs = KadC(ilrllll;As (8)



in Eq (8) Kag = KaqCcumg): IS the effective adsorption constant for the compound CuyAs.
Concentration gradients associated with c¢ 4 are not considered since it is in great excess with

regards to arsenic species, ccy(z+) > Cascoms [11,20].

t>0,

X — oo CAs(OH)3 ™ CAs(OH)3 ©
Casiz—) — 0 Casuz — 0 (10)

X =0: D(0ccyns/X)eco = 1 INFA + Al aslot (11)
D(Ocas(s—y/OX)sco = | INFA (12)
D(0C At/ X)eco = O (13)
Cas(om)3€XP[NF (Eac — EY"Y/(0'T)} = Ceuas (14)
Ituas = Kad Ccuas (15)

Cathodic current has ber aefined as negative. The values of cysomys and ccuas are
related through the Nernst ex.e<sion of Eq (14) where EY" is the formal potential for the
reaction given by Eq (1, "24. Since E,. < E{", the equilibrium represented by Eq (14) is shifted

towards the formation of Cu,As at x = 0. The general form of Butler-Volmer equation is given

by:
_I(t)/nFA = kse_aq)(t){FCuAs - CAs(3—),x=Oe¢(t)rs} (16)
o(t) = nF[E(t) — EQ]/(RT) (17)



Eq (16) is valid for multiple electron transfer reactions, where the charge transfer
coefficient o = (# + m/v)/n [25,26]. The integers n and m indicate the number electrons of the
global reaction and the number of electrons transferred before the rate determining step (rds),
while v is the number of times this step takes place [25]. The parameter S is the asymmetry factor
of the rds [25]. Assuming that the electrode reaction involves the reduction of As(0) to arsine, the
number n = 3 and the value of « could be £ /3, (1 + 5)/3, or (2 + §)/3 if v =1 and the rds
corresponds to the first, second, or third electron transfer step, respectively. The auxiliary
constant rs = 1 cm is used to unify the dimensions between I7, . «id cag(z—) Species in Butler-
Volmer expression [18,22]. The variable E(t) indicates the ¢ olied potential according to the
potential function of the selected electrochemical techniqu~ while E2; is related to the formal
potential of a redox reaction of soluble species [27,82. If the potential function corresponds to

SWYV then the current can be normalized a>~0’ ding to:

P (1) = I(t) [NFATET £ (18)

where f is the square wav”. 1, ~quency and the other symbols have their usual meaning
[18,22,26,28]. The differetial Egs. (4-6) can be solved according to the set of boundary
conditions indicated by Egs. (9—-17) by using Laplace transforms. The resulting convolution
integrals were solved by numerical integration following algebraic steps that have been detailed

in a previous manuscript [22]. The explicit expression for the current corresponds to:

ES]P(]-) +19€Xp [(P(m)]ESQ(])_(w/f)
(w/ks) exp[aapp(P(m)]+(1+IP)1) +19€Xp[(P(m)](1+Q1)

lzu(m) = (19)



where 9 = Keq/(Keq + 1)(1/Kaa), Esp ) = Zj=1' P (plSi + Pily Esq, = X721 i [Si +
Ql,

P; = (w/a?) {exp[a?si] erfc[a5i] — exp[a?6(i — ] erfc|ay/5( — D]}, a = VD/Kaq,
0 =a(2y3/m) L i=m—j+1,Q = {erf[ykenemdi] - erflykenemd G — D]}/
(aKeJkehem), Si = (Vi—Vi—1),and & = (50f)~1. In the following sections Eq (19) is

analyzed under conditions of SWV to simulate the reduction of Cu," S to arsine in agqueous
acid media. The calculations presented in this manuscript were ~a.*izd on with a FORTRAN 90

software package.

3. Experimental
Agqueous solutions were prepared witt. deionised (DI) water with a resistivity of 18

MQcm obtained from a Millipore Millit, system. Analytical grade HCI (Merck, Argentina) was
purified by sub-boiling distillation ~n & aartz condenser. A 50 mL stock solution of 0.0100 M
As(OH)3 was prepared by disso. ‘ing the proper amount of As,;O3 (purity 99.99%, Sigma-
Aldrich, Argentina) in DI »aw~ vith some few drops of concentrated NaOH (Sigma-Aldrich,
Argentina). After the coi.niete dissolution of As;Os3, the stock solution was acidified with HCI to
pH 2 and stored at 4 °C in a dark glass bottle to prevent the oxidation of As(OH)s. Standard
arsenite solutions were prepared from the stock solution every week and stored at 4 °C.

The solutions of CuCl, were prepared from an analytical grade reagent (Sigma-Aldrich,
Argentina). Prior to the experiments, solutions were deoxygenated bubbling Nitrogen 5.0

(Praxair, Argentina) for 20 min and keeping N, atmosphere during measurements.



Electrochemical measurements were carried out with a potentiostat/galvanostat Autolab
PGSTAT101 (Metrohm, Switzerland), interfaced to a working electrode (VA 663 Metrohm,
Switzerland) and controlled through a NOVA 1.9 software package. The working electrode was
used in the mode SMDE with a surface area of 0.40 mm?. The counter electrode was a glassy
carbon rod and all potentials are referred to a Ag|AgCI|KCI(sat) reference electrode. The

parameters of SWV are defined as usual [15-19,22,29].

4. Results and discussion
4.1. Determining the number of exchanged electrons

Eq (1) assumes that the compound CuxAsdsy Wes T=rmed during the accumulation step.
Although Pourbaix’s diagrams involving copper a. «arsenic species would consider the
prevalence of CuszAs when very negative  terdals are applied, there is not information about
the effect of mercury in this interaction | 24]. Besides, we could not find information about the
kind of bounds that those species w~ull' rresent at the surface of a mercury drop. In this regard,
it is not clear either if the compc nd Cu,As should be considered as an amalgam or a complex
between copper and arseni< sp.27.es. Thus, it is possible to consider that during the cathodic
stripping scan may take \.'ace the reduction of As(0) to As(3-), the reduction of Cu(1+) to Cu(0),
or the reduction of Cu(2+) to Cu(0). As a consequence of this, some researchers have proposed
the presence of different compounds of copper and arsenic [11,14,21]. Regardless those
assumptions increase the number of hypothetical reactions that could take place at the electrode
surface, all reaction schemes point out that the charge transfer reaction is followed by a rather
irreversible chemical reaction where the species AsHj is released as final product [11,20].

Experimentally, the presence of a following irreversible chemical reaction is evidenced by the

10



absence of the oxidation peak current in cyclic voltammetry or SWV [11,22,30]. According to
the proposed model, the formation of a very stable species would correspond to a value of Keq <
10 [22].

In SWV, the absence of a backward peak simplifies the analysis related to the shape of
the differential current (Al) and the values that can be observed from its corresponding half-peak
width (AEpi2) [22]. Table 1 shows the values of AEp, expected for reactions with different
reversibility and number of transferred electrons. Those values weic ~alculated considering that
a = 0.5 and a set of conditions where the backward peak curre=* 15 ~ot observed. Those
conditions correspond to systems with Keq < 10~ and 6x10” < Kepem < 6x10%. The shape of SW
voltammograms does not change for values of Keq < 107", 7sn the contrary, the backward peak
current increases for calculations performed with \ ~(ur 5 of kenem that are outside the suggested
range. According to Eq (3), a value of Keq < 1¢ * would indicate that the chemical reaction is

shifted towards the formation of AsH3, which is consistent with the experimental expectations.

As it is well-known the . eoretical data included in Table 1 point out that voltammetric
peaks are thinner for those =eac**ons that involve the charge transfer of higher number of
electrons. However, the «"sence of the backward peak current simplifies the distinction between
the value of AE,y, that corresponds to a given number of exchanged electrons. Thus, the data of
Table 1 have to be compared with the experimental voltammetric profiles corresponding to the
reduction of the compound Cu,As. Before doing this, it is important to consider that the
accumulation of Cu,As commonly involves the variation of diverse experimental conditions with
the aim of increasing the analytical response for assessing arsenite. Although it is possible to

observe changes of Aly, Ep, and even the presence of secondary peaks during the optimization of

11



the analytical signal, the value of AEy,, did not evidence significantly changes except for
systems with high concentration of arsenic [21].

Figs. 1 and 2 show two examples of the SWV responses obtained under different
experimental setups. In both cases the differential current has been divided by f, while the insets
of both figures show that the values of Al, depend more or less linearly with f. The respective
blank signals have been subtracted from the analytical signals. As it can be observed, the
responses of these two sets of experiments are quite different. In the ~ase of Fig. 1A the
normalized differential current profiles present a minimum for £ = £5 Hz, while the peaks of Al f
! decrease with the increment of frequency in Fig. 2A. Denite the differences in peak currents
and peak potentials for the two sets of voltammograms ai. yuite significant, all peaks have
values of AEy1, = (55 + 5) mV. Those values of A=,/ are consistent with the presence of a
quasi-reversible charge transfer reaction of 2 e'ectrons. However, each group of voltammetric
profiles shows distinctive behaviors associated with the changes introduced to its respective
experimental setup. While the profi!~s of ~ig. 1 were measured in a solution with cjc; = 0.3 M

and ccy(z+) = 0.5 mM, the voltai."mograms of Fig. 2 correspond to a solution with ¢j; =1 M
and ccy(z4+) = 1 mMM. Altbouh we values of Al are proportional to the bulk concentration of

As(OH)s, the sensitivity o calibration curves is highly dependent on pH and the concentration of
Cu® ions. Thus, it can be observed that the sensitivity of the analytical signal is much higher
with the experimental condition of Fig. 2 than with that of Fig. 1 [10,11,20,21]. Moreover, the
diminution of pH increases the values of Al, and changes the peak potentials towards more
positive values. While it is rather simple to understand that the diminution of pH reduces the
energy required for the formation of arsine, this fact would not explain why the values of Al,

increase with the diminution of pH [10,20,21]. Also, it is not that simple to understand how the

12



analytical signal depends on the amount of copper that has been accumulated at the SMDE

[10,20,21].

4.2 Application of the proposed model

The comparison of experimental profiles with the data of Table 1 cannot be considered as
conclusive. However, it worth to compare the behavior observed for Al f L with a greater
number of theoretical data calculated for n = 2 and for different vaiuos of ks and Kepem. Fig. 3
shows a 3D graph where the dependence of the normalized pez!- corent (A%,) on the time scale
of the experiment can be carried on properly [22,29]. This .= because the variation of f does not
only affect the apparent reversibility of the electrode proc.ss, but also the apparent lability of the
chemical reaction [22,29]. Fig 3 shows the depenc~ ice of A%, on log (ks f ) and log (Kchem f ).

For the analysis of Fig. 3, it is usef ( tc describe first the behavior observed on the sides
of the surface. Thus, for the case of log(r.--m f %) < -3, it can be considered that the chemical
reaction is too slow to be observed ~xporimentally. A similar situation occurs for electrode
reactions with log (ks f 1) < —4, . thici1 are irreversible and thus it is not possible to observe the
presence of a following ch>mic=" reaction. The values of A%, of systems with log (ks f >0
correspond to reversible . 'ectrode reactions, while systems with 0 > log (ks f ) > —4 are quasi-
reversible electrode reactions. The last group of reactions shows the so-called quasi-reversible
maximum (QRM) [18,22,27,28]. However, in this case the QRM can be observed only when the
effect of the following chemical reaction is negligible [22]. Instead of the QRM, in the region
with 0 > log (ks f %) > —4, the values of A, are similar to those of irreversible electrochemical
reactions. More information about A¥, and the shapes of forward and backward currents can be

found in a previous manuscript [22].
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Besides the different behaviors described for AY,, the data of Fig. 3 can be used for
estimating the values of ks and kcnem associated with the reduction of CusAs. Therefore, it is
possible to match the behavior of normalized peak currents presented in Fig. 1 and Fig. 2 with
some zones of the surface. To achieve this, it is necessary to multiply the values of (Al f Mbya
constant that would be equivalent to the parameters nFAIZY, ¢ in Eq (18). From that constant, it
can be estimated that the value of I ranges from 4x10*° mol cm™ to 1x10~° mol cm for
the cases of curves 3(a) and 3(b), respectively. Despite the significan. differences associated with
the accumulation of CuyAs and the dependence of normalizer pcak currents on f, the values of

AEp1, remain unchanged.

The estimation of kinetic parameters doe ..t 2nly require to match the dependences of
AEp1 and Alp, but also to their respective <@'s potentials (Ep). Fig. 4 shows how the values of
E, depend on log (ks f %) and on log (kewem £ ). It is important to note that the values of A%, and
E, of Fig. 3 and Fig. 4 correspond ‘o *he same set of theoretical SW voltammograms. In the front
left side of Fig. 4 it is shown the 2=havior of E, for systems with irreversible charge transfer
reactions. As it was mentiui,~a uwoove, those responses do not exhibit changes associated with the
following chemical reacti. n. On the contrary, the dependence of E, on log (Kchem f 1) for systems
with reversible electrode reactions can be observed at the back wall that is on the right side of
Fig. 4.

The data of Fig. 4 are also used for estimating the values of ks and kchem related to the
experimental voltammograms presented in Fig. 1 and Fig. 2. Since the variation of f affects the
apparent reversibility of both, electrochemical and chemical reactions, the surface of Fig. 4

allows associating the behavior of E, with a theoretical pair of values for ks and Kchem. Besides,

14



since the data of the surface have been calculated for E> = 0 V, the constants that allow fitting
the curves to the surface would indicate the formal potentials of each reaction. Obviously, the
values of ks and kgnem that fit curves (a) and (b) to the surface of Fig. 3 have to be the same as
those used for Fig. 4. Accordingly, this preliminary fit in which experimental curves are
accommodated onto the surfaces of Fig. 3 and Fig. 4 requires the iterative evaluation of different
combinations of ks and Kehem as well as of I and E. Once the experimental data of E, and
Al, match both theoretical surfaces it is possible to consider that it n.~ been achieved a rough
estimation of the values of ks and kchem. The curves 3(a) and 47.; nwch the shape of respective
surfaces considering that ks = 0.05 s and kenem = 2x107 s -, *vhile curves 3(b) and 4(b) require
that ks = 0.02 s * and kenem = 0.05 s to achieve this. Op ti,. one hand it has to be considered that,
despite those values are still roughly estimated val.»s Jf ks and Kchem, they are clearly indicating
that the following chemical reaction is slow ‘ed Jown by the increment of the ratio copper/arsenic
at the electrode surface. On the other han.' those values are an excellent starting point for
simulating and fitting the voltamm?~.:-ic :ofiles of Is and I,. In other words, the most important

use of the surfaces presented in 1 *a. s and Fig. 4 is to provide approximated values for ks, Kcnem,

and Keq, before starting wit: the «it of voltammetric curves.

Fig. 5 shows with symbols a set of experimental SW voltammograms recorded at
different f. Those curves are the profiles of Ir and I, associated with the voltammograms of Al,, f
"L analyzed in Fig. 1. The curves represented with lines indicate simulated profiles calculated
with Eq (19). The blank signal, associated with the reduction of free Cu* at the SMDE, has been

subtracted from each voltammetric curve. Although the shapes of SW voltammetric responses

15



are very similar to those of systems with irreversible charge transfer, the practically flat profile of
I, points out the presence of the following chemical coupled reaction [22].

The similarity between experimental and theoretical curves is quite remarkable. As it was
pointed out above, the comparison of experimental data with the surfaces of Fig. 3 and Fig. 4
provided the starting point for simulating and fitting the voltammetric profiles of It and I,. Fig. 5
shows the result obtained after the fitting process, which requires numerous iterative
comparisons between experimental and simulated curves [15-19,20, Once the fitting process
was finished, all experimental voltammograms were simulater! ~o,.2idering n = 2 and a = 0.53,
indicating that the electrochemical responses would corresp. ~nd to the reduction of copper
instead of arsenic. Therefore, for E,c = —0.4 V and a larne ~xcess of Cu®* ions, As(OH); would be
directly reduced to an insoluble salt of As® [31,22} Si.ce there is a large excess of copper
species with regards to those of arsenic, th - co'icentration gradients related to Eqgs (2) and (3)
will depend on the concentration of arser.’~ species, while the chemical equilibria and
consequently the slope of calibratic~ cL es would be proportional to the amount of both. The
presence of a flat profile of I, re_ 1lts not only because of the formation of AsH3, but also due to

the impossibility of re-oxi~i7u.2 copper in the absence of arsenide.

Suitable simulated curves have to resemble the shape of experimental voltammograms
under different scanning conditions [15,16,19,26]. Therefore, the effect of Es, on the shapes of I
and Iy is analyzed in Fig. 6. The SW voltammograms were recorded for f = 100 Hz, different
values of E, and keeping other experimental conditions equal to those of Fig. 5. Again,
symbols correspond to experimental responses and the lines are simulated curves obtained with

the same set of parameters utilized in Fig. 5. The fits of experimental responses in this wide

16



range of Eg, values allowed us to improve the estimation of kcnem. Theoretical curves are very
similar to experimental voltammograms. However, although the blank has been subtracted from
each voltammetric curve, there is a cathodic current signal that does not belong to the Cu,As
response. That signal of current is related to the generation of Hy, which is an electrochemical
reaction outside of the present study. It is interesting to note that for Esy > 50 mV neither Al, nor
AE,1, exhibit relevant changes, while the value of E, varies linearly with Egy. For Esw <20 mV,
the peak currents of I; and I, present negative values. This behavioi .~dicates that the potential
difference between the forward and backward pulses is not his* e,..zugh to hinder the reduction
of the compound Cu,As.

Every experimental voltammogram was properlv _inulated considering the direct
transfer of 2 electrons and a = 0.53. Accordingly;, * 1s possible to assume that the
electroanalytical responses would correspcad *) the reduction of copper instead of that of
arsenic. Hence, adsorbed compounds ot v~oper and arsenic could be considered as metal
complexes where arsenide species **ou.4 function as ligand. Bearing in mind the important role
of protons on the accumulation «.d swripping steps associated with the determination of arsenic
in the presence of copper, it is t.ggested to consider the presence of species such as CuHAS at
the surface of a SMDE. » ~cording to experimental data collected from literature, the peak
current increases almost linearly with the bulk concentration of HCI and AE,/ApH = 30 mV, both
dependencies are consistent with the formation of CuHAS prior to the charge transfer reaction
[11,20,21]. In consequence, the stability constant of other feasible complexes and their
possibility for diffusing within a mercury drop would be regulated by the ratio between copper,

arsenic, and protons.
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5. Conclusions

Mechanistic analysis of the cathodic stripping voltammetric response of the system
copper-arsenite has been performed under SWV conditions. The study was carried out
considering first the dependences of Aly, Ep, and AEpy/, on f, which was then used for simulating
and fitting voltammetric profiles of It and Iy, for different values of f and Esy. The mathematical
model used for the simulations considers that a surface confined reagent presents a charge
transfer step followed by a chemical reaction. Although this kind o« cvstem involves several
unknown parameters, the absence of the anodic peak in the reszn.22 of SWV would indicate the
formation of a stable non-electroactive chemical product. 1" eretore, it was possible to conclude
first that Keq < 10* and then that n = 2. Since the variatio, of f affects the apparent reversibility
of the chemical and electrochemical steps, it is ess>iti7.] to estimate the values of ks and Kehem by
comparing experimental responses with th -ore.ical surfaces such as those of Fig. 3 and Fig. 4.
Simulated curves resemble very well the ~hapes of experimental voltammograms when the direct
transference of 2 electrons and a = 7 5C 2.e considered in the simulation process. Regardless that
the simulation and fit of voltam: . etric responses have proved to be useful for inferring other
parameters such as Ks, Kene ., 2, 2:1d Te ¢, the precise value of those parameters should not be
very relevant because the,” notably depend on the specific experimental conditions of scanning.
On the contrary, the mechanistic analysis points out that the trace-analysis of arsenic in presence
of copper could be considered as the reaction of a metal complex, in which Cu?* is the metal
cation and arsenide species function as ligand. The stability of those complexes at the surface a
mercury electrode would depend not only on the applied potential but also on the ratio between
copper, arsenic, and protons. The use of a mathematical model for simulating and fitting

experimental responses has allowed us to provide a step forward on the interpretation of a
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complex reaction mechanism and constitutes a valuable tool for studying other electrochemical

reactions.
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Fig. 1: (A) Experimental SWV resr~ne~e of (Al f ™) obtained for a solution with Cas(omys = 90
ng L cie = 0.3 M, Ceugz+) = U-5 MM, Egy =50 mV, dE =5mV, Ege = 0.4 mV, t,c =60 s, f/

Hz = (a) 20, (b) 50, (c) 1Cy, (1) 150, and (e) 200. (B) Dependence of Al, on f.

Fig. 2: (A) Experimental SWV responses of (Al f ) obtained for a solution with Cascoms = 30
ug L i = 1M, clyary = 1 MM, Eqy =50 mV, dE =5 mV, Ec=—0.4 mV, t,. = 30 s, f/ Hz =

(@) 25, (b) 50, (c) 100, (d) 150, and (e) 200. (B) Dependence of Al, on f.

Fig. 3: Theoretical dependence of A%, on log (ks f ™) and log (kehem f 1) for Eqw =50 mV, dE =5

mV, Keq = 107, and n =2. Curves (a) and (b) are experimental values of (Al f 1) obtained from
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the data of Fig. 1 and Fig. 2, respectively. Each set of experimental data was multiplied by a

constant to match the values of the surface.

Fig. 4: Theoretical dependence of E, on log (ks f 1) and log (Kehem f 1) for Eqw =50 mV, dE=5
mV, Keq = 10™*, and n = 2. Curves (a) and (b) are experimental values of E, obtained from the

data of Fig. 1 and Fig. 2, respectively.

Fig. 5: (Symbols) Experimental SWV responses of I;f " and !, ¥ " ubtained for a solution with
Cascomys = 90 g L™ ¢l = 0.3 M, Ccucz+) = 0.5 MM, Ea - =04V, toc = 60 s. (Lines)
Theoretical fits performed with Eq 19 considering a = 0.0 n=2, Kpg =1cm, K< 107, k=
0.055 1y kepem=1%x10%s™, E® = (0.75 £ 0.01) '/, "% [pyas = (4.1 +0.5)x10*° mol cm™. In

both cases Esyy, =50 mV, dE=5mV, f/Hz .- (4) 5, (B) 30, (C) 75y (D) 150.

Fig. 6: (Symbols) Experimental S\'v ./ reoponses of I: f ™ and I, f * obtained for a solution with
Casoms =50 1Y L ¢ = 0.3 1! clyasy = 0.5 MM, Eic=—0.4 V, toc = 60 s. (Lines)
Theoretical fits performeri w,*h Eq (19) considering f =100 Hz, dE=5mV, a =0.53, n = 2,
Kag =1CM, Keq= 107", ke :0.05 5™ and kepem= 1x10° s, E = (0.741 £ 0.006) V, Ityas = (4 £

1)x10 1 mol cm™, and Eq, / mV = (A) 10, (B) 20, (C) 50, (D) 75, and (E) 150.

Table 1: Values of AEp;, measured from theoretical SW voltammograms calculated with Eq
(29) for systems with different n and k. Relevant scan parameters are Es, = 50 mV, dE =5 mV,

and f =100 Hz. The informed errors depend on the value of dE.

n | Reversible (ks = 10°s ™) Quasi-reversible Irreversible (ks = 10 * s ™)
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1 (65 £+ 3) mV 70 < AEp, / mV < 120 (125 £ 3) mV
2 (32 +£3)mVv 35 < AEp 2/ mV <60 (65 + 3) mV
3 (23 +3) mVv 25 < AEp1p I mV <40 (42 £ 3) mV

Highlights

Mechanistic analysis of the CS-SWV response of the system copper-arsenic is presented.

This would be the first time that a mathematical model of tl i« complexity has been used for
simulating this kind of experimental responses.

The simulation and fit of the experimental curves are step -0y step described.

All simulations indicate that the reduction of copper in:teaa of arsenic is taking place during the
cathodic stripping corresponding to the electroche: ical letection of arsenic.

Changes in the scan-rate simultaneously affect the apparent reversibility of all involved kinetic

constants.
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