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Theory of Square-Wave Voltammetry for a Dissolved
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Abstract A determination of the composition of dissolved mixture of reduced and oxidized forms of an electroactive
compound by square-wave voltammetry is investigated theoretically. If electrode reaction is reversible, the sum of
concentrations of these species can be measured by the standard addition method, while the ratio of their concentrations can
be calculated fromthe ratio of the peak currents of the components of the response. If the transfer of electrons is kinetically
controlled and the reduction and oxidation appear totally irreversible at the highest frequency, the concentrations of reactant

and product may be measured separately.
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1. Introduction

In the analytical application of square-wave voltammetry
it is usual that only the reactant of a certain electrode
reaction is present in the solution initially[1 - 6]. However,
in some cases both oxidized and reduced forms of the
analyte may exist in the sample[7 - 10]. Some examples are
solutions of anions and dianions of polysulfide[11], arsenite,
arsenate[12, 13], iodide[14] and iodate ions[15, 16],
compounds containing quinone and hydroquinone moieties
[17, 18], various iron-based redox species[19, 20], peroxone
[21], oxidized and reduced glutathione[22] and
NADH/NAD" redox couple[23]. In the theory of
square-wave voltammetry the presence of the product of
electrode reaction was considered in the instances ofreverse
scan direction[24] and the use of equilibrium potential as
the starting one[25]. In this paper the problem of speciation
is addressed.

2. The Model

A simple electrode reaction is considered:
Ox™ + ne” & Red™* (1)
It is assumed that both the reactant Ox™" and the product
Red™"* are soluble in the aqueous electrolyte and that they
are initially present in the bulk of solution. Also, no
convection is assumed. According to the first and the second
Fick's laws, the mass transport towards the surface of
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stationary, planar electrode is described by the following
differential equations:
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The symbols ¢, and c¢,.; stay for the concentrations of
reactant and product, respectively, D is the common
diffusion coefficient, ¢ is time and x is the distance
perpendicular to the electrode surface. The starting and the
boundary conditions are the following:
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Here, ¢,y and ¢ g are bulk concentrations of the reactant
and product. The current depends on the flux of reactant at
the electrode surface:
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The meanings of symbols are as follows: / is the current, n
is the number of electrons, F' is Faraday constant and S is the
electrode surface area. Generally, the current depends on the
standard rate constant (ky), the transfer coefficient (a) and the
dimensionless electrode potential (). This relationship is
called Butler-Volmer equation:

nlz = _ks Exp(—oc (p) [(Cox)x=0 - (Cred )x=0Exp((p)] (8)
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The symbols E, E’, R and T stay for the electrode potential,

the standard potential of the electrode reaction, the gas
constant and the absolute temperature.

If the reaction (1) is fast and reversible, the Nemnst
equation applies instead of eq.(8):
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(Cox)x =0~ (Cred)x =0 EXP((P) (10)
Equations (2)— (9) are solved by digital simulation[26, 27].
A dimensionless diffusion coefficient and the time increment
are defined as: DAtAx™? =04 and At = (50f)”, where Ax is the
space increment and f is square-wave frequency. The
solution is a dimensionless current: @ = I(nFSc*,,x)'](Dﬁ"/z. A
positive net response is defined as: -4®P = -(@,— ®;), where
@, and P, are forward and backward components of the
response. Square-wave voltammetric excitation signal is
defined by the pulse amp litude (Esw), the scan increment (dE)
and the starting potential (E)[1-3]. The influences of low
supporting electrolyte concentration, such as IR drop,
migration and double layer effect on the charge transfer rate,
are not considered. The calculations were performed by the
Microsoft Quick Basic program.

3. Results and Discussion
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Figure 1. Theoretical square-wave voltammogram of reversible electrode
reaction (1); ¢ ox= ¢ rat , Esw = (50/n) mV, dE =-2/n) mV and Ey =(0.3/n)
V vs. E. The dimensionless net response (-A®) and its forward (@) and
backward (®y) components are shown

Figure 1 shows square-wave voltammogram of reversible
reaction (1) calculated for equal bulk concentrations of the
reactant and product. The net response appears in the
maximum at the standard potential and the potentials of
minimum of the forward component and the maximum of
backward component are -0.004 V and 0.002 V wvs. E°,
respectively. If Esw = (50/n) mV, dE = «(2/n) mV and Egy =
(0.3/n) V vs. E°, the half-peak width of the net response is
equal to (124/n) mV and the ratio of peak currents of the
components is the following one: I,/ I, = -1.293. These
characteristics are independent ofthe square-wave frequency.
The presence of the product in the bulk of the solution is
indicated by the oxidation current appearing at the starting
potential.

The dependence of dimensionless net peak current on the
ratio of bulk concentrations of the product and the reactant i
shown in Fig. 2A. The straight line is a linear approximation:
-AD, = 0.7383 + 0.7383 ¢ a7/ ¢ . This means that the real
net peak current depends linearly on the sum of bulk

concentrations of the reactant and product: -A, = 0.7383
nFS(DY(c e + ¢ red).
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Figure 2. The dependence of dimensionless net peak current (A) and the
ratio of peak currents of the forward and backward components (B) on the
ratio of bulk concentrations ofthe product and the reactant. All data are as in
Fig. 1

Table 1. A simulation of the standard addition method. Dependence of
dimensionless peak currentsofthe forward and backward components, their
ratio and the corresponding ratio of bulk concentrations of the product and
the reactant (eq.12) on the dimensionless additions of the reactant to the
sample

(Cox)ada . . L, ¢ Cred

— Dy ¢ Dy T —_—

(Condimit Ly Chy
0 -0.7154 0.5411 -1.3221 0.7
1 -1.1551 0.8404 -1.3745 035
2 -1.5948 1.1394 -1.3993 0233
3 -2.0344 14391 -14137 0.175
4 -24741 1.7384 -14232 0.14
5 -29138 2.0377 -1.4300 0.117

Fig. 2B shows the relationship between the ratio of peak
currents of the components and the ratio of bulk
concentrations of the reduced and oxidized species. The best
fitting curve is defined by the following equation:

r _ _ Cred Chea) !
L= (1.2667 + 1.141 e ) (0.8622 + ch) 11

Hence, the ratio c*,ed/ c*,,x can be calculated from
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experimentally measured ratio of peak currents of the
components of the response using the inverse function:
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Figure 3. A simulation of the standard addition method. The dependence
of dimensionless (A) andreal (B) net peak current onthe dimensionless (A)
andreal (B) concentration of reactant that is added to the sample. (¢ o )it =
1x10°mol L, (¢ ra)inic =7x10°mol L, n=1,F =96485 Cmol*, § =0.1
cmZéOD =9x10% em’s™, =100 5", Esy =50 mV, dE=-2mV and E=0.3 V
VS.

In electroanalytical chemistry the influence of matrix can
be compensated by the standard addition method in which
the known amounts of analyte are added to the sample and
measured. A theoretical example of this procedure is shown
in Fig. 3 and Table 1. It is assumed that the sample contains
both the reactant and product, with the ratio (c*,@d/ c*ox),-,,,-t =
0.7. The dimensionless currents are defined by the initial
concentration of the reactant: @ = I(nFS)™ (¢ o) imi” (D 1t
is further assumed that each addition of the reactant is equal
to the initial concentration of the reactant in the sample. Fig.
3A shows the dependence of the dimensionless net peak
current on the dimensionless concentration ofthe reactant for
five additions. The straight line is a linear approximation:
-AD," = 1.2550 + 0.7383(¢ padi/ (€ adinis - Its intersection
with the axis fA(I)p* =0 is defined by the equation: (¢ oy ai /
(c*m),-,,,-t =-1.7. The physical meaning of this number follows

from the fact that the initial current -ACDp* = 1.2550 is the
consequence of the linear relationship -A(Dp* =0.7383 (1 +
(C*md/ C*o,\’)init)- SO> (C*0x+ C*r@d)im't / (C*ox)init = 175 as it is
assumed. An example of real experiment, for arbitrarily
chosen parameters, is shown in Fig. 3B. This shows that by
the method of standard addition a total concentration of
analyte, i.e. the sum of concentrations of its oxidized and
reduced form, can be determined. The composition of this
redox mixture can be estimated by means of the ratio of peak
currents of the components of the response. This is shown in
Table 1. In the imagined sample the ratio of peak currents is
-1.3221 and for this value the result ofeq.(12) is c*,@d/ c*ox =
0.7, as it is assumed. A fter the first addition of the reactant its
concentration is double and the ratio c*,@d/ c*ox decreases to
0.35. This and the other results in Table 1 serve to control the
accuracy of'the first estimation.

Under the influence of kinetics of electrode reaction all
characteristics of square-wave voltammogramdepend on the
frequency and the net response may split in two peaks([1, 3,
24]. For this reason eq.(12) does not apply to kinetically
controlled electrode reactions. Also, the influence of the bulk
concentration of product on the net peak current is
diminished as the frequency is increased. For some
quasi-reversible reactions the separation of responses of the
reactant and product may be achieved at the highest
frequency. Fig. 4 shows the transformation of
voltammogram under the influence of dimensionless kinetic
parameter x = KS(DﬁJ/’. Ifk=0.1and c*red = c*(,x the net peak
potential is -0.030 V vs. E° and the potentials of extremes of
components are -0.044 V and 0.018 V. Comparing to Fig. 1,
the separation of maximum and minimum of the components
is increased from6 mV to 62 mV and the net peak current in
Fig. 4A is 3.5 times smaller than in Fig. 1. This is mainly
because the peak current of backward component is 7 times
smaller in Fig. 4A than in Fig. 1. The ratio of peak currents of
the components is -4 in Fig. 4A. If x = 0.01, which can be
achieved by the 100 times higher frequency, the response
consists of two peaks. Their net peak potentials are -0.152 V
and 0.184 V vs. E°. They are caused by the separation of
components: £, ¢=-0.159 V and E,,;, =0.238 V. The forward
component corresponds to the reduction of reactant and the
backward component corresponds to the oxidation of
product. The later process is restricted by a deep diffusion
layer of the product that is developed during the scan from 1
V to 0.3 V. One can note that the second peak appears as a
difference between step-like changes of the forward and the
backward components between 0.3 V and 0.1 V. This is,
however, a minor component of the response that is
dominated by the first peak. The reduction of reactant i
totally irreversible process and the backward component in
this potential range is also the reduction current. This means
that the first net peak current under these conditions depends
solely on the concentration of the reactant and only this
concentration can be determined by the standard addition
method. The concentration of the product in the bulk of
solution can be measured by the inverse scan direction[24,
25].
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Figure 4. Theoretical square-wave voltammograms of electrode reaction
(1) that is controlled by the chargetransferkinetics, x=0.1 (A) and 0.01 (B),
=05, =Cra, nEsw=50mV, ndE=-2 mV and nEx=1 Vvs. E°

4. Conclusions

The linear relationship between the net peak current and
the sum of concentrations of the reactant and product of
reversible electrode reaction enables the determination of
total content of an analyte in the sample. The ratio of
concentrations of reduced and oxidized forms of this
substance can be calculated from the ratio of peak currents of
the forward and backward components of the response. If
electrode reaction is controlled by the charge transfer
kinetics, the reduction and oxidation processes may appear
totally irreversible at the highest frequency. The net peak
current of irreversible reduction depends only on the
concentration of the reactant, which means that the redox
composition of the analyte can be determined by separate
measurements of the reactant and product concentrations.
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