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The orthogonal collocation technique has been applied to the development of a numerical solution of the
unequal distances of closest approach (UDCA) theory for any number of electrolytes and planes of closest
approach to the electrode surface. On the basis of theoretical analysis of the reaction coordinate of Zn2+

reduction by Schmickler et al. (Chem. Phys.2000, 252, 349), a UDCA analysis of the Frumkin effect on the
observed charge-transfer rate constants has been performed. The supporting electrolytes LiClO4, Mg(ClO4)2,
and Al(ClO4)3 were chosen to vary systematically the distance of closest approach of the electrolyte cation
with respect to that of the electroactive species. UDCA distances of closest approach derived from
electrocapillary data are shown to provide a reasonable account of the Frumkin effect. However, more consistent
results are obtained when variations of the Zn2+ activity coefficient, computed from the MSA theory, are
also considered.

Introduction

The reduction of Zn2+ at a mercury electrode is one of the
most extensively studied reactions in electrochemistry, but some
important aspects of its mechanism have remained controversial.
Thus, whereas some authors have favored an ion-transfer
approach to describe the amalgamation process,1,2 an alternative
mechanism including two consecutive electron-transfer steps
appears to provide a more direct explanation of the charge-
transfer rate constant dependence on electrode potential.3-6

Some recent work of Schmickler et al.7,8 supports the latter
option from a theoretical point of view, at least when Zn2+ is
being reduced from an aqueous solution, due essentially to the
high energetic cost required for the full dehydration of Zn2+.
Their molecular dynamics simulations show that the minimum-
energy reaction path involves the presence of a less hydrated
Zn+ intermediate, whose distance of closest approach to the
electrode is smaller than that of Zn2+. The reaction mechanism
can then be envisaged as a series of two one-electron-transfer
steps, including partial dehydration and penetration of the
reactants through the double layer, in qualitative agreement with
the conclusions reached from a previous analysis of the charge-
transfer rate constant variation with the water activity.5 In light
of the new theoretical evidence, our purpose in this work is to
explore the influence of the double-layer structure on the rate
of Zn2+ reduction, accounting for the local average potential
values at the two planes where the electroactive species are
expected to be located.

The catalytic influence of the interfacial structure on the rate
of charge-transfer reactions is usually discussed in terms of the
Frumkin effect.9 Within the framework of the Gouy-Chap-
man-Stern electrostatic description of the double layer, the
Frumkin effect accounts for changes of both the reactant
concentration at the discharge plane and the effective driving

potential, when the supporting electrolyte is varied. In an earlier
analysis of the Zn2+ reduction in the presence of NaClO4,5 it
was concluded that the usual hypothesis of the equal location
of the planes of closest approach of all ions in solution leads to
an overcorrection of the double-layer effect. In fact, more
satisfactory results were obtained by assuming that the strongly
solvated Zn2+ cation could not approach the electrode as close
as the less solvated Na+ ion, so that the potential at the reaction
plane was less negative than the potential at the outer Helmholtz
plane of the electrolyte. The implications of this type of
approach, in which the reactant adapts itself to a Gouy-
Chapman potential profile set by the background electrolyte,
have been reviewed by Fawcett.10 However, a theoretical
description of the double layer that recognizes separate
distances of closest approach for each ion, and that treats on an
equal footing the reactant and the electrolyte ions,11 seems
preferable.

The unequal distances of closest approach (UDCA) theory12-14

represents the simplest theoretical extension of the classical
Gouy-Chapman theory to account for individual distances of
closest approach of all ions in solution. Though it leads to
analytical solutions only in the case of two distinct planes of
closest approach,14 it has been successfully applied to the
analysis of cationic adsorption,15,16and has provided a satisfac-
tory explanation of some unusual double-layer effects on
electrode kinetics.17,18

In this work, we have studied the rate of reduction of Zn2+

in the presence of LiC1O4, Mg(C1O4)2, and Al(ClO4)3 solutions.
These electrolytes were chosen since they provide a set of
cations whose charge numbers and solvated radii embrace those
of Zn2+, they include a noncomplexing anion, and their distances
of closest approach have been made available by a recent UDCA
analysis of their surface excesses.19 Moreover, these electrolytes
are not specifically adsorbed in the potential range of interest,
and they allow a straightforward comparison with previously
published results that were obtained in the presence of NaClO4.
Values of the charge-transfer rate constants are derived from
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faradaic impedance measurements, since this electrochemical
technique can provide accurate kinetic data over an extended
potential range.20,21

The electrostatic boundary value problem, from which
potential profiles are calculated, is solved within the framework
of the orthogonal collocation technique. This computational
technique offers the advantage of requiring fewer spatial points
as compared to classical finite difference schemes to obtain the
interfacial potential profile.

Theory

(a) Generalization of the UDCA Theory to the Case of
an Electrolyte with n Planes of Closest Approach. An
extension of the previously published UDCA theory13,14has been
carried out to includen planes of closest approach. The electrode
is modeled as a flat hard wall, and the primitive model is used
to describe the solution side of the interface. Eachp ion is
defined by its number charge (zp) and its distance of closest
approach to the electrode surface (ap).

The electrostatic potential distribution across the interface is
obtained by solving the Poisson-Boltzmann (PB) equation

whereφ is the mean electrostatic potential at a distancex from
the electrode surface and is measured with respect to the bulk
(i.e., φ(∞) ) 0), ε is the local dielectric permittivity,eo is the
electronic charge,cp

o is the bulk concentration of ionp, â )
(kT)-1, andH(x-ap) is the Heaviside function

which is introduced to restrict the access of the ions up to their
distances of closest approach to the electrode.

To solve eq 1, the one-dimensional space is divided into a
number of regions (NRE+ 1), requiring that some of the inner
borders between successive intervals coincide with theap values
to avoid numerical discontinuities therein (Figure 1a). Each
region is characterized by its dielectric permittivity (εI) and
thickness (δI).

For the sake of computational convenience, the linearized
form of the PB equation is adopted in the last region (extending
from x ) hNRE up to x ) ∞):

whereø stands for the reciprocal of the Debye screening length

Integration of eq 3 gives

This is a reasonable approximation as long asφ(hNRE) e 2kT/
zeo.22 Thus, we have used this condition as a criterion for the
choice of thehNRE values.

In the space extending from regionI ) 1 to regionI ) NRE,
the nonlinearized PB equation is solved by using the following
outer boundary conditions:

whereσM is the electrode charge density. The inner boundary
conditions at the border between successive intervals are

Equations 6 and 9 are derived from the Gauss theorem, and
eq 7 results directly from eq 4. Integration of eq 1 subjected to
the previous boundary conditions was accomplished by using

Figure 1. (a) Schematic representation of the interphase model used
to solve the UDCA theory withn planes of closest approach within
the orthogonal collocation framework. Vertical dashed and solid lines
represent the border of the space intervals and distances of closest
approach of each ion, respectively. (b) A typical potential profile
obtained from the UDCA theory with three planes of closest approach
for a mixture of two electrolytes, MX) 0.1 M and NX2 ) 0.1 M. The
distances of closest approach of each ion to the electrode areaM+ )
0.20 nm,aN2+ ) 0.40 nm, andaX- ) 0.60 nm. The dielectric permittivity
for the first region isε1 ) 10, and for any other regionεΙ ) 78.5. (1)
σM ) 1 µC cm-2. (2) σM ) -1 µC cm-2. Vertical dashed lines indicate
boundaries between the computational regions. Dotted lines represent
the corresponding Gouy-Chapman profiles.
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the orthogonal collocation technique, with six collocation points
per region. Details of the derivative discretizations as well as
of the solution of the resulting nonlinear equations may be found
elsewhere.23

As an example, Figure 1b shows a typical potential profile
for a mixture of two electrolytes with three planes of closest
approach. The six boundaries between the computational regions
selected are indicated by vertical bars. Circles and triangles
represent the inner and outer collocation points in each region,
respectively. As expected, potential profiles are not symmetrical
with respect to the surface charge density due to the different
distances of closest approach of the ions to the electrode. The
presence of an ion-free layer close to the electrode, with a lower
dielectric permittivity, results in a fast linear decay of the
potential in the first region. As a visual reference, the corre-
sponding Gouy-Chapman potential profile is also included
(dotted lines).

(b) Frumkin Correction for the Bielectronic Zn 2+ Reduc-
tion Mechanism. As stated before, the Zn2+ reduction mech-
anism is assumed to consist of a series of elementary steps,
whose dependence on the interfacial potential distribution can
be described as follows:

(1) Fast and reversible exchange of the Zn2+ ion between
the bulk solution and its plane of closest approach to the
electrode (rp1)

The reactant concentration at rp1 is then related to its bulk value
through

wheref ) F/RT andφrp1 is the average potential at rp1.
(2) Electron transfer and partial dehydration at rp1

which satisfies under equilibrium conditions

where E stands for the applied potential,E2
f stands for the

formal potential of step 2, andK2
o represents the potential-

independent contribution to the equilibrium constantK2. The
rate of electron transferV2 can be expressed as

wherekf2 andkb2 are the forward and backward electron-transfer
rate constants, respectively, and

whereR2 is the cathodic transfer coefficient of the first electron
transfer.

(3) Fast and reversible transfer of the short-lived Zn+

intermediate from the first to the second reaction plane (rp2)

Under equilibrium conditions, Zn+ concentrations at rp1 and
rp2 are related by

whereφrp2 is the average local potential at rp2.
(4) Second electron transfer and partial dehydration of Zn+

at rp2

which satisfies at equilibrium

and whose reaction rate is given by

with

where R4 is the cathodic transfer coefficient of the second
electron transfer.

(5) Fast and reversible Zn transfer from rp2 to the zinc
amalgam

which satisfies at equilibrium

The experimentally available forward rate constantkf for the
overall reaction

can be related to the forward rate constants of the two electron-
transfer steps by adopting the steady-state hypothesis for the
Zn+ intermediate, to give21

Equation 25 can be rearranged to give corrected Frumkin plots
as a function of theE - φrp1 potential drop:9

This last equation differs from a similar expression reported in
the literature5 by the presence of the exp[(1- R4)f(φrp1 - φrp2)]
factor, which accounts for the change in the average local
potential at the two planes where the electron transfers take
place. Moreover, the potential dependence of the rate constants
is expressed in terms of the rate constant at an arbitrary “zero
potential”, rather than in terms of the rate constant at the formal
potential of the overall reaction. This choice is less convenient
from a mathematical point of view, as it involves a far
extrapolation to determinekf2

o andkf4
o , but it keeps a more clear

connection with each separate electron-transfer step, since their
formal potentialsE2

f andE4
f are not accessible experimentally.
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A satisfactory account of the Frumkin effect requires that
the corrected kinetic parameters become independent of the
nature and concentration of the supporting electrolyte. However,
the comparison between the charge-transfer parameters obtained
in the presence of two distinct electrolytes demands also a
consideration of the corresponding changes in liquid junction
potentials and activity coefficients. These changes will be
considered later in more detail, but now we will show explicitly
the influence of the activity coefficients on the rate and
equilibrium parameters that appear in eq 26.

The charge-transfer rate constants for the two electron-transfer
steps can be expressed as

whereγ*,1 andγ*,2 are the activity coefficients of the activated
complexes, and it has been assumed thatγZn2+

bulk ≈ γZn2+
rp1 andγZn+

rp2

≈ γZn+
rp1 . Then, from eqs 28 and 29, it follows that

By substituting eq 30 into eq 26, it follows that

wherek/f2 andk/f4 may retain some influence of the surrounding
medium through the activity coefficients of the activated
complexes. However,γ*,1 and γ*,2 will be assumed to be
independent of the electrolyte nature and of the electrode
potential, due to the lack of perchlorate specific adsorption at
the rather negative potentials where the Zn2+ reduction takes
place.19

Experimental Section

Measurements were performed in a three-electrode cell, with
a platinum foil of high surface area as counter electrode, a
saturated sodium chloride calomel electrode (SSCE), connected
to the cell via a salt bridge containing the same solution as the
cell, as reference electrode, and a modified EG&G PARC model
303A static mercury drop working electrode.

The lithium, magnesium, and aluminum perchlorate solutions
were made up with Merck analytical grade reagents and water
purified by a Millipore Milli-Q water system. The Zn(ClO4)2

solutions were prepared by dissolving ZnO in a small excess
of perchloric acid to avoid hydrolysis of Zn2+, making the final
solution 10-3 M in H+. The concentration of Zn2+ in the cell
(6 or 20 mM) was chosen to optimize experimental accuracy
over an extended potential range.

Oxygen was eliminated by bubbling nitrogen through the cell,
which had been presaturated with the cell solution. Mercury
was purified by treatment with diluted nitric acid and mercurous
nitrate, and it was then distilled three times under vacuum. Cell
impedances and dc polarograms were measured with the
network analyzer described previously24,25 at t ) 4 s after the
drop birth. The dc potential was corrected to account for the
ohmic drop in the cell, when necessary. Experiments were
carried out at 25( 0.1 °C using a Haake D8.G circulator
thermostat.

Results and Discussion

Diffusion coefficients of Zn2+ in solution (DO) have been
obtained from the diffusion-limiting dc currentsid, and are listed
in Table 1. The value of the diffusion coefficient of zinc in the
mercury amalgam,DR ) 1.6 10-5 cm2 s-1, was taken from the
literature.26 Reversible half-wave potentialsE1/2

r were deter-
mined by extrapoling the reversible part of the dc wave to ln-
[i/(id - i)] ) 0, in the ln[i/(id - i)] vs E plots. The formal
potential values listed in Table 1 were then computed fromEo

f

) E1/2
r + (RT/2F) ln(DO/DR)1/2.

The frequency dependence of the cell impedance was fitted
to a Randles equivalent circuit at each potential, but due to the
sluggish charge-transfer kinetics that characterize Zn2+ reduc-
tion, the charge-transfer resistance (Rct) was obtained with a
higher accuracy than the Warburg coefficient. To determinekf

from the charge-transfer resistance, some functionality relating
kf and the electrode potential has to be assumed. Similar results
were obtained in this work either whenkf was developed as a
series of powers of electrode potential5 or when the expected
functionality for a two-electron-transfer mechanism was adopted.21

Figures 2 and 3 show the experimental charge-transfer
resistance and rate constant values obtained by assuming a two-
electron-transfer mechanism, as a function of the supporting
electrolyte composition. The lines in Figure 2 illustrate how
the variation of the charge-transfer rate constants with potential
reproduces satisfactorily the measured charge-tranfer resistances.
It is observed from Figure 3 that lnkf decreases upon increasing
the electrolyte concentration, and that it follows the sequence
ln(kf)Li+ > ln(kf)Mg2+ > ln(kf)Al3+, at a given perchlorate
concentration and electrode potential. To account quantitatively
for these trends in terms of the UDCA theory, a rather detailed
description of the interfacial structure has to be adopted first.

(a) UDCA Interfacial Structure. A recent theoretical
analysis of the surface excesses of a series of chlorides and

TABLE 1: Values of the Zn2+ Diffusion Coefficient,
Zn2+/Zn(Hg) Formal Potential, and Activity Coefficient for
the Supporting Electrolytes Considered in the Text

Electrolyte
c/

(mol L-1)
106Do/

(cm2 s-1)
- Ef

o/V
vs SSCE -(ln γZn2+)

NaClO4
a 0.20 7.1 0.997 1.057

0.50 7.1 0.995 1.116
1.00 6.6 0.991 1.009

LiClO4 0.20 6.9 1.010 1.024
0.50 6.7 1.004 1.038
1.00 6.4 0.991 0.822

Mg(ClO4)2 0.10 7.3 1.006 1.116
0.25 6.8 1.005 1.127
0.50 6.2 0.991 0.847

Al(ClO4)3 0.07 6.8 1.003 1.189
0.17 6.4 1.002 1.216
0.35 5.7 0.989 0.927

a Data in the presence of NaClO4 have been taken from ref 5, except
for the activity coefficient values, which have been calculated in this
work.
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perchlorates19 has allowed the estimation of the individual
distances of closest approach to the electrode surface of Li+,
Na+, Mg2+, Al3+, and ClO4

-, which are reproduced schemati-
cally in Figure 4. The distances of closest approach of the cations
were found to be similar to their hydrated radii,27 suggesting
that cations share their solvation shell with the electrode, at least
at the rather negative potentials where these results were
obtained (σM ≈ -15 µC cm-2). The larger distance of closest
approach of perchlorate agrees with the presence of a water
monolayer interposed between the anion and the electrode.
Besides defining the charged components that populate each
space region, the UDCA analysis also requires one to specify
the interfacial dielectric profile. Satisfactory results have been
obtained under a variety of conditions14-19 by assuming a
relative permittivityε3 ) 78.5 in the outer region where both
cations and anions are present, and a lower valueε2 ) 33 in
the intermediate region where only cations (or anions) may enter.

Figure 4. Schematic representation of the interphase showing the
UDCA distances of closest approach to the electrode for Li+, Na+,
Mg2+, Al3+, and ClO4

-, and the dielectric permittivity profile. The loca-
tion of the two electron-transfer planes (rp1 and rp2) are also indicated.

Figure 2. Charge-transfer resistance values obtained for the reduction
of Zn2+ in the presence of (a) LiClO4, (b) Mg(ClO4)2, and (c) Al(ClO4)3

solutions. Lines are theoretical fits for a two-electron-transfer mech-
anism.

Figure 3. Charge-transfer rate constants for Zn2+ reduction derived
from the Rct values in Figure 2: (a) LiClO4, (b) Mg(ClO4)2, and (c)
Al(ClO4)3 solutions. Short dashed lines in (a) correspond to Zn2+

reduction in NaClO4 solutions.5
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The latter value results from averaging the Levine and Fawcett
dielectric profile28 between the low-field limitε3 ) 78.5, which
applies to the classical diffuse layer, and the high-field limitε1

) 6,29 which applies between the electrode surface and the plane
of closest approach of the solvent molecules, i.e., within a
solvent slab of 0.14 nm thickness.

To study the kinetics of Zn2+ reduction, experiments were
performed in the presence of an excess of supporting electrolyte
(LiClO4, Mg(ClO4)2, or Al(ClO4)3), but also with two additional
electrolytes, namely, HClO4 and Zn(ClO4)2. Zinc perchlorate
was the source of the electroactive Zn2+ cations, and its
concentration was either 6 or 20 mM, whereas perchloric acid
was added to prevent Zn2+ hydrolysis, and its concentration

was always 1 mM. These two electrolytes increase the overall
perchlorate concentration, but also introduce two additional
cations with their own distances of closest approach to the
electrode. First, we will consider how the electrolyte composition
affects the two electrostatic factorsφrp1 and (φrp1 - φrp2) in eq
26, and then we will analyze the observed Frumkin effect on
the rate of Zn2+ reduction.

Due to the lack of appropriate electrocapillary data, some
assumptions have to be adopted in relation to the distances of
closest approach of Zn2+, H+, and Zn+. Thus, we have assumed
that Zn2+ has the same distance of closest approach as Mg2+

Figure 5. Local average potential values at the plane of closest
approach of Zn2+ (φrp1), in the presence of the following supporting
electrolytes: (a) 0.2 M LiClO4, (b) 0.1 M Mg(ClO4)2, and (c) 0.07 M
Al(ClO4)3. Lines were computed from the Gouy-Chapman (φGC)
theory. Solid symbols were computed from the UDCA theory with a
distance of closest approach of 0.39 nm. Open symbols were estimated
from the UDCA theory assuming thataZn2+ ) 0.39+ 0.05 nm (3) or
that aZn2+ ) 0.39-0.05 nm (O).

Figure 6. Influence of Zn(ClO4)2 concentration on the potential at the
plane of closest approach of Zn2+ (φrp1), in the presence of the following
supporting electrolytes: (a) LiClO4, (b) Mg(ClO4)2, and (c) Al(ClO4)3.
Dotted lines were computed from the UDCA theory in the absence of
Zn(ClO4)2. Solid and dashed lines show the variation ofφrp1 upon
addition of 6 and 20 mM Zn(ClO4)2, respectively. Supporting electrolye
concentrations are also indicated. Circles in (a) illustrate the effect of
electrolytic depletion of Zn2+ in a 20 mM Zn(ClO4)2 and 0.2 M LiClO4

solution. Distances of closest approach and permittivity values are as
in Figure 4.

Double-Layer Effects on Zn(II) Reduction J. Phys. Chem. A, Vol. 105, No. 40, 20019161



(i.e.,aZn2+ ) aMg2+ ) 0.39 nm), since their charge numbers are
identical and their hydrated radii are very similar.27 The solid
symbols in Figure 5 show the UDCA potential at rp1 in 0.2 M
LiClO4, 0.1 M Mg(ClO4)2, and 0.07 M Al(ClO4)3 solutions. In
all cases, the UDCA potential is more negative than the diffuse
layer potential drop estimated from the Gouy-Chapman theory
(solid lines). The difference between these two sets of values
increases with the cationic distance of closest approach, reflect-
ing a progressive loss of ionic screening at the reaction plane.
The sensitivity of rp1 toward a change of(0.05 nm in the Zn2+

distance of closest approach is also illustrated (open symbols
in Figure 5).

The additional presence of 1 mM HClO4 in solution has a
negligible influence onφrp1, when the distance of closest
approach of H+ is assumed to beg0.25 nm, the estimated value
for H+ from the linear correlation between cationic hydrated
radii and distances of closest approach.19

We have also explored the influence of Zn(ClO4)2 concentra-
tion on φrp1 (Figure 6). The absolute value ofφrp1 is observed
to decrease upon increasing the reactant concentration, although
this effect appears to be relevant only in the case of the most
diluted LiClO4 solution, Figure 6a. Even in this case, the
presence of the electrolytic process results in a progressive
decrease of the Zn2+ concentration in the vicinity of the electrode
surface as the potential is made more negative. The changes in
the φrp1 values are restricted to less than 5 mV when the Zn-
(ClO4)2 concentration is varied from 6 to 20 mM, in agreement
with the observed lack of dependence ofkf with respect to Zn2+

concentration.
To locate the plane of the second electron transfer, we have

envisaged two alternatives. Either Zn+ shares its solvation shell
with the electrode, as alkali-metal cations seem to do, or it loses
part of its solvation shell to become contact-adsorbed on the
electrode surface. In the first case, the distance of closest
approach of Zn+ has been assumed to be equal to that of Na+,
since they have similar values of the bare ion radius and charge,
i.e., aZn+ ) aNa+ ) 0.31 nm.19 In the second case, the distance
of closest approach of Zn+ has been identified with its
nonsolvated radius, i.e.,aZn+ ) 0.09 nm.8

Figure 7 illustrates how theφrp1 - φrp2 potential drop
increases with electrode potential. It may be observed that, at a
given electrode potential,φrp1 - φrp2 becomes more positive as
the plane for the second electron transfer approaches the

electrode surface (curve 1). Therefore, a higher stabilization of
the monovalent intermediate, associated with largerφrp1 - φrp2

values, is predicted when Zn+ is allowed to come into contact
with the electrode surface. This is the type of result to be
expected from a purely electrostatic model, but it should be
remembered that a precise determination of the Zn+ free energy
minimum in the reaction coordinate would require a full
description of the ion-solvent and ion-electrode interaction
energies, and is beyond the scope of this paper. On the other
hand, the Zn(ClO4)2 concentration was found to have very little
influence on theφrp1 - φrp2 potential drop (not shown).

(b) UDCA Correction of the Frumkin Effect. At suf-
ficiently negative potentials, where the first electron transfer

Figure 7. Potential drop between the two planes of electron transfer
φrp1 - φrp2 as a function of the electrode potential, in the presence of
the 0.2 M LiClO4. Curves 1 and 2 correspond toaZn+ ) 0.09 nm and
aZn+ ) 0.31 nm, respectively.

Figure 8. Corrected Frumkin plots for the first electron transfer of
Zn2+ reduction, in the presence of (a) LiClO4, (b) Mg(ClO4)2, and (c)
Al(ClO4)3 electrolyte solutions: (O, b) 0.2 M, (3, 1) 0.5 M, and (0,
9) 1.0 M perchlorate concentration.φrp1 values were computed from
the Gouy-Chapman theory (open symbols) and UDCA theory (solid
symbols) withaZn2+ ) 0.39 nm andaH+ ) 0.25 nm. All other distances
of closest approach and permittivity values are indicated in Figure 4.
Dashed lines are guidelines corresponding toR2 ) 0.5.
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becomes rate determining, a simplified version of the rate eq
26 can be adopted

which includes two kinetic parameters only (R2 and kf2
o ), and

allows for a straightforward analysis of the Frumkin correction
by plotting 2fφrp1 + ln kf vs E - φrp1 (corrected Frumkin plot).
Two sets of corrected Frumkin plots, whereφrp1 has been
computed either from classical GC theory (open symbols) or
from UDCA theory (solid symbols), are compared in Figure 8.
As indicated above, an adequate account of the Frumkin effect
should provideR2 and kf2

o values independent of the concen-

tration and nature of the supporting electrolyte. In all cases,
straight lines with slope values close toR2 ≈ 0.5 were found.
However, Gouy-Chapman corrected rate constants, which do
not account for different distances of closest approach, display
a systematic increase with electrolyte concentration and charge
number of the electrolyte cation.

On the other hand, the UDCA theory gives more consistent
results, mainly in the presence of 1:1 supporting electrolytes.
UDCA-corrected rate constants are the same for the LiClO4

solutions studied in this work (Figure 8a) and for those obtained
in the presence of NaClO45 (see Figure 9a and Table 2).
Reasonable agreement is also found with the UDCA-corrected
rate constants determined from Mg(ClO4)2 solutions (Figure 8b),
but systematically lower rate constants are obtained in the

Figure 9. Corrected Frumkin plots for the Zn2+ reduction, in the presence of the supporting electrolytes (a) NaClO4, (b) LiClO4, (c) Mg(ClO4)2,
and (d) Al(ClO4)3: (b) 0.20 M, (1) 0.50 M, and (9) 1.0 M perchlorate concentration.φrp1 andφrp2 values were computed from the UDCA theory
with aZn2+ ) 0.39 nm,aZn+ ) 0.09 nm, andaH+ ) 0.25 nm. All other distances of closest approach and permittivity values are indicated in Figure
4. Solid lines were computed from eq 26 and the parameter values in Table 2. Uncorrected rate constants in (a) were taken from ref 5.

TABLE 2: UDCA-Corrected Kinetic Parameters

Electrolyte c/(mol L-1) R2
a

-ln[kf2
o /

(cm s-1)]a R4
b

ln[(K2
o)-1[kf4

o /
(cm s-1)]] R4

c
ln[(K2

o)-1[kf4
o /

(cm s-1)]]

NaClO4 0.20 0.50 26.7 0.50 65.2 0.56 64.4
0.50 0.49 26.8 0.50 65.0 0.57 64.4
1.00 0.50 26.7 0.51 64.8 0.59 64.4

LiClO4 0.20 0.48 26.8 0.49 65.2 0.56 64.5
0.50 0.48 26.8 0.49 65.2 0.56 64.5
1.00 0.48 26.8 0.50 65.0 0.56 64.1

Mg(ClO4)2 0.10 0.47 26.8 0.49 65.2 0.56 64.5
0.25 0.48 26.9 0.47 65.4 0.54 64.5
0.50 0.48 26.8 0.51 65.3 0.56 64.3

Al(ClO4)3 0.07 0.47 27.3 0.49 66.0 0.56 65.2
0.17 0.47 27.1 0.49 66.0 0.56 65.2
0.35 0.47 26.9 0.51 66.6 0.58 65.0

a Values obtained from the slopes and intercepts shown in Figure 8.b AssumingaZn+ ) 0.09 nm.c AssumingaZn+ ) 0.31 nm.

exp(-2fφrp1)

(kf)Ef-∞
≈ exp[R2 f(E - φ

rp1)]

kf2
o

(32)
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presence of Al(ClO4)3 solutions (Figure 8c). TheR2 and kf2
o

values derived from the intercepts and slopes of these Frumkin-
corrected plots are collected in Table 2. It can be seen thatR2

takes an average value of 0.48((0.02), close to the 1/2 expected
for a simple outer-sphere electron transfer. A common value of
ln[kf2

o /(cm s-1)] ) -26.8((0.1) reproduces the kinetic behav-
ior in the presence of LiClO4, NaClO4, and Mg(ClO4)2 solutions,
whereas a somewhat lower value of ln[kf2

o /(cm s-1)] )
-27.1((0.2) corresponds to the Al(ClO4)3 solutions.

Before extension of the Frumkin correction toward more
positive potentials is attempted, the plane of the second electron
transfer has to be specified. This plane is identified as the plane

of closest approach of Zn+, and as stated previously, we will
assume that either the distance of closest approach of Zn+ is
determined by its solvation shell (aZn+ ) 0.31 nm) or it loses
part of its solvation shell and becomes contact-adsorbed on the
electrode surface (aZn+ ) 0.09 nm). Either of these two
alternatives can reproduce satisfactorily the potential dependence
of the corrected rate constants (see Table 2 and Figure 9),
although they correspond to somewhat different values of the
kinetic parametersR4 and (K2

o)-1kf4
o . Thus, in the presence of

LiClO4, NaClO4, and Mg(ClO4)2 solutions, the average values
of R4 and ln[(K2

o)-1[kf4
o /(cm s-1)]] change from 0.49((0.02) to

0.56((0.02) and from-65.1((0.3) to -64.4((0.3), respec-
tively, asaZn+ is varied from 0.09 to 0.31 nm. As was observed
for the first electron transfer, the kinetic parameter (K2

o)-1kf4
o

takes slightly higher values in the most concentrated solutions
for any electrolyte, and somewhat lower values in Al(ClO4)3

solutions. It should be noted that the kinetic term corresponding
to the second electron transfer in eq 26 should not coincide for
each solution when plotted in 2fφrp1 + ln kf vs E - φrp1

coordinates, due to the presence of the exp[(1- R4)f(φrp1 -
φrp2)] factor.

When corrected rate constants are compared at a given
potential, changes in liquid junction potentials and activity
coefficients should also be considered. The heteroionic liquid
junctions used in this work are not easily amenable to a
theoretical analysis, but this is not the case for the Zn2+ reduction
in the presence of NaClO4 solutions,5 which included homoionic
liquid junctions between the working solution and a 3.0 M

Figure 10. Corrected Frumkin plots for the Zn2+ reduction including the variation of the Zn2+ activity coefficientγZn2+
bulk with solution composition,

in the presence of the supporting electrolytes: (a) NaClO4, (b) LiClO4, (c) Mg(ClO4)2, and (d) Al(ClO4)3: (b) 0.2 M, (1) 0.5 M, and (9) 1.0 M
perchlorate concentration.φrp1 andφrp2 values were computed from the UDCA theory withaZn2+ ) 0.39 nm,aZn+ ) 0.09 nm, andaH+ ) 0.25 nm.
All other distances of closest approach and permittivity values are indicated in Figure 4. Solid lines were computed from eq 31 and the parameter
values in Table 3. Uncorrected rate constants in (a) were taken from Andreu et al.5 Activity coefficients of Zn2+ were estimated from the MSA
theory, as explained in the text.

TABLE 3: UDCA-Corrected Kinetic Parameters Taking
into Account the Variation of the Zn2+ Activity Coefficient

Electrolyte
c/

(mol L-1) R2

-ln[k/f2/
(cm s-1)] R4

ln[(K/

2 )-1[k/f4/
(cm s-1)]]

NaClO4 0.20 0.50 25.6 0.50 64.1
0.50 0.49 25.7 0.50 63.9
1.00 0.50 25.7 0.51 63.8

LiClO4 0.20 0.48 25.8 0.49 64.2
0.50 0.48 25.8 0.49 64.2
1.00 0.48 26.0 0.50 64.2

Mg(ClO4)2 0.10 0.47 25.7 0.49 64.1
0.25 0.48 25.8 0.47 64.3
0.50 0.48 26.0 0.51 64.5

Al(ClO4)3 0.07 0.47 26.1 0.49 64.8
0.17 0.47 25.9 0.49 64.8
0.35 0.47 26.0 0.51 64.7
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NaClO4 solution. Dorta-Rodrı´guez et al.30 carried out a detailed
study of this liquid junction, and estimated a liquid junction
potential variation of 7 mV between the 0.1 and 1.0 M NaClO4

solutions. This estimate implies a modest additional dispersion
of 0.3 unit in our previous lnkf2

o values (see Table 2 and Figure
9a). Moreover, the close agreement between corrected rate
parameters obtained in the presence of different electrolyte
stoichiometries and types of liquid junction suggests that changes
in the liquid junction potentials do not contribute significantly
to the observed kinetic behavior, except perhaps in the case of
Al(ClO4)3 solutions.

We have also explored the influence that the supporting
electrolyte exerts on the reduction rate through the changes it
induces in the Zn2+ activity coefficient γZn2+

bulk . Activity coef-
ficients were computed from the MSA theory applied to the
extended primitive model,31 in which the ion radiusr i

bulk and
solution permittivityεbulk were allowed to vary with electrolyte
concentration according to

wherec is the molar electrolyte concentration, (r i
bulk)cf0 is the

ionic radius at infinite dilution, (ε)cf0 is the solvent permittivity,
andR andâ are fitting parameters accounting for the concentra-
tion dependence ofr i

bulk andεbulk. First, tabulated mean activity
coefficients32,33of NaClO4, LiClO4, Mg(ClO4)2, Zn(ClO4)2, and
Al(ClO4)3 were fitted to the MSA expressions. Then, trace
activity coefficients of Zn2+ in the presence of an excess of
supporting electrolyte were computed as described in the
literature.31,34 The optimized (r i

bulk)cf0, R, and â values are
gathered in Table 4, and the resulting Zn2+ activity coefficients
are included in Table 1.

According to eq 31, corrected Frumkin plots that account for
changes in the Zn2+ activity coefficient can be obtained by
simply subtracting lnγZn2+

bulk from the ordinate. It may be
observed from Figure 10 and Table 3 how the explicit
consideration of the changes inγZn2+

bulk decreases significantly
the scatter of the corrected rate constants for all the electrolytes
considered in this work, and it also reduces the differences
between the kinetic parameter values obtained in Al(ClO4)3

solutions and in other solutions. Therefore, a set of values can
be assigned to the kinetic parametersR2 ) 0.48((0.02),
ln[k/f2/(cm s-1)] ) -25.8((0.2), R4(aZn+ ) 0.09 nm) )
0.49((0.02), and ln[(K/

2)
-1[k/f4/(cm s-1)]](aZn+ ) 0.09 nm))

-64.3((0.5) (see Table 3), which can be considered as
independent of the concentration and nature of the supporting
electrolyte.

Conclusions

An application of the orthogonal collocation technique to the
numerical solution of the UDCA theory for any number of

electrolytes and distances of closest approach has been devel-
oped. The observed Frumkin effect on the reduction rate of Zn2+,
in the presence of NaClO4, LiClO4, Mg(ClO4)2, and Al(ClO4)3

electrolyte solutions, has been analyzed in terms of a two
consecutive electron transfer mechanism. Even though the plane
where the second electron transfer takes place could be located
only tentatively, a reasonable account of the Frumkin effect is
obtained from the UDCA theory with ionic distances of closest
approach derived independently from electrocapillary measure-
ments. The consistency of the corrected rate constants can be
further improved by considering the changes in the activity
coefficient of Zn2+, as estimated from the MSA theory within
the framework of the extended primitive model of the electrolyte
solutions.
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TABLE 4: Optimized Values of (r i
bulk)cf0 and the â and r

Parameters in Eqs 33 and 34, Accounting for the Change in
Ionic Radius and Solution Permittivity with Electrolyte
Concentration

Ion (r i
bulk)cf0 /nm â/(nm L mol-1) R/(L mol-1)

Na+ 0.195 -0.00140 0.1023
Li + 0.305 -0.00729 0.2123
Zn2+ 0.385 -0.01589 0.0963
Mg2+ 0.405 -0.01901 0.1719
Al3+ 0.495 -0.03534 0.2621
ClO4

- 0.198 0 0

r i
bulk ) (r i

bulk)cf0 + âc (33)

ε
bulk ) (ε)cf0/(1 + Rc) (34)
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