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Properties of the adsorption layers I–-ClO4
− –H2O and I–-ClO4

− –H2O–butan-1-ol on the mercury
electrode were described using adsorption and kinetic parameters for the Zn(II) ion reduc-
tion. The systems were characterized by the measurements of differential capacity, zero
charge potential and surface tension at this potential. The data were analysed to obtain the
surface pressure and the charge due to specific adsorption of I– ions as a function of charge
and concentration of I– ions. The standard Gibbs energy of adsorption ∆G ad

0 and parameter B
obtained from the virial isotherm were compared. The rate constants of Zn(II) ion reduction
as an ion affecting the adsorption equilibrium were determined.
Key words: Mixed adsorption layer; Electroreduction Zn(II) ions; Polarography; Electro-
chemistry.

Specific adsorption of anions on a mercury electrode has been studied in
detail for a number of aqueous solutions1–3. Earlier studies of mixed adsorp-
tion of two organic substances described inverse influence on kinetics of
Zn(II) ions electroreduction and showed that coadsorption takes place in
the most cases4–7. The obtained results inspired replacement of the acceler-
ating organic substance by the polarizable I– ions which accelerate the
Zn(II) electroreduction8–10 and are adsorbed on the mercury surface1.

Studies of adsorption of I– ions in the presence of thiourea11 showed the
decrese in I– adsorption energy accompanied by the diminishing repulsive
interaction between adsorbed I– ions. This effect was explained by the ion
desorption from the mercury electrode surface. In KBr solution depending
on the choice of electrical variable, thiourea causes either increase in sur-
face excess of Br– ions (at E = const) or its decrease (at σM = const), particu-
larly for σM > 0 (ref.12).

In the case of coadsorption of butan-1-ol and Cl–, Br– or ClO4
− , a distinct

decrease of the interaction among butan-1-ol molecules adsorbed on the
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mercury electrode is observed13. Consequently the decrease of the differen-
tial capacity peak according to the Damaskin theory14 takes place.

On the basis of the theory describing coadsorption of ions and organic
molecules15, it was stated that the values of Cl–, Br–, ClO4

− and NO3
− ion sur-

face excesses increase with the increase of butan-1-ol concentration16. For I–

ions, however, these values do not depend on the butan-1-ol concentra-
tion. The increase in surface excesses of the above mentioned ions is caused
by the attractive interaction between the molecules of butan-1-ol and an-
ions as well as by a weaker interaction of OH groups with mercury in the
presence of these anions.

The studies of ethane-1,2-diol adsorption in the presence of F–, Cl–, Br– or
I– ions17 showed that the values of zero charge potential Ez shift with the
increase in its concentration towards positive potentials. The shift is the
largest for F– ions and the smallest for I– ions. The obtained results confirm
explicitly that the adsorbed ethane-1,2-diol dipoles are oriented with their
positive ends towards the mercury surface. Decrease of the surface tension
in the whole range of potentials is associated with a certain dependence of
the Gibbs energy of adsorption ∆G0 on the electrode charge. It was also
shown that the ethane-1,2-diol adsorption is accompanied by the removal
of water dipoles but not of anions from the mercury surface.

This paper presents the study of butan-1-ol (BU) and I– ions coadsorption
in NaClO4 solution of constant ionic strength. The advantages of ionic ad-
sorption study at the mercury–solution interface at constant ionic strength
have already been fully discussed1,18.

BU was chosen because of its known adsorption properties on mer-
cury16,19–21. Due to the lack of literature data about I– ions adsorption in so-
lutions composed from x M I– + (1 – x) M NaClO4 (x denotes the concentrat-
ion between 0.01 and 0.80 mol l–1), the I– ion adsorption parameters are
presented.

EXPERIMENTAL

Analytical-grade reagents NaI, NaClO4 and butan-1-ol (Merck) were used without further pu-
rification. Water and mercury were triply distilled. Electrolyte solutions were deoxygenated
using nitrogen passed through vanadous sulfate solution.

A three-electrode cell, containing a dropping mercury electrode (DME) with the capillary
as a working electrode, a saturated calomel electrode (SCE) with sodium chloride and the
platinum spiral were used, as a reference and counter electrodes, respectively. The reference
electrode was connected to the cell via the salt bridge filled with the cell solution.

The double layer capacity of DME was measured at 800 Hz using the 9121 FR Analyser
and 9131 Electrochemical Interface (Atlas Sollich, Gdańsk). No significant frequency de-
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pendence of the measured capacity was observed. The potential of zero charge Ez was mea-
sured for each solution by the method of streaming mercury electrode22. The interfacial
tension between mercury and the mixed electrolyte solutions at Ez was measured with a
conventional maximum-bubble-pressure capillary electrometer described earlier23.

The studies of Zn(II) ion reduction kinetics were carried out with a polarograph PA-4
(Laboratorní přístroje, Prague) and EG & G PARC Instrument model 388 and 270 employing
a static mercury drop electrode (SMDE) manufactured by Laboratorní přístroje, Prague. Ki-
netic data were obtained by the impedance or cyclic voltammetric measurement over a wide
range of sweep rates (0.005–5 V s–1). The complex cell impedance was measured at different
frequencies in the range from 100 to 25 000 Hz at the formal potential of Zn(II) reduction.
The ohmic resistance of the electrolyte solution was obtained as the real impedance compo-
nent at frequency of 10 kHz and a potential outside the faradaic region. The approximate
diffusion coefficients of Zn(II) in the examined solutions were calculated from limiting cur-
rents using the Ilković equation. The polarographic wave of Zn(II) in 0.1 M KNO3 with the
value of the Zn(II) diffusion coefficient D = 6.9 · 10–6 cm2 s–1 (ref.24) was used as a standard.
The diffusion coefficient of zinc in mercury required for further calculations was taken from
the literature25 as equal to 1.67 · 10–5 cm2 s–1. Measurements were carried out in solutions of
pH 5 at 298 ± 1 K.

RESULTS AND DISCUSSION

Figures 1 and 2 present the dependence of the double layer differential ca-
pacity on the electrode potential for I– ions in NaClO4 and NaClO4 + 0.55 M

BU aqueous solutions. As follows from the comparison of Figs 1 and 2 the I–
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FIG. 1
Differential capacity for a mercury electrode
in aqueous solution of x M NaI + (1 – x) M

NaClO4 as a function of potential. Values of
x: a 0, b 0.01, c 0.03, d 0.05, e 0.08, f 0.1, g 0.3,
h 0.5, i 0.8
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FIG. 2
Differential capacity for a mercury electrode
in aqueous solution of x M NaI + (1 – x) M

NaClO4 + 0.55 M butan-1-ol as a function of
potential. Values of x: a 0, b 0.01, c 0.05, d 0.1,
e 0.3, f 0.5, g 0.8
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ion adsorption causes the capacity increase relative to the basic electrolyte.
However, the potential range in which the increase takes place is much
broader in 1 M NaClO4 solution, compared to the solution containing BU.
Besides, the characteristic capacitance hump appearing in finite system is
more distinct at higher I– ion concentrations. A similar hump observed in
the solutions x M NH4Br + (0.5 – x) M NH4F does not appear3 in the presence
of 0.55 M BU; similarly in ethanol26 and methanol27 solutions of I– ions. At
about –1.30 V the BU desorption peak (Fig. 2) does not change in the pres-
ence of I– ions. It is believed that in this potential area the adsorption layer
is modified mainly by BU molecules but not by I– ions contrary to of E >
–0.90 V range of potentials. The capacity–potential plots were numerically
integrated from Ez.

Figure 3 presents the changes in Ez in relation to I– ion concentration for
x M NaI + (1 – x) M NaClO4 solution and with an addition of 0.55 M BU. The
increase in I– ion concentration from 0 to 0.8 mol l–1 causes a shift of Ez to-
wards more negative potentials as it is usual for the adsorption of anions,
but dEz/d(log c

I − ) coefficient (ca –0.078 V) is higher than that for alkali-
metal salts with specifically adsorbed anions (approximately 2.3 RT/F)
(ref.28). This indicates significant contribution of the I– ion potential to the
potential drop across the inner layer. In the presence of BU, Ez values are a
bit higher. Parallel courses of linear dependences of Ez with the increase of
I– ion concentration in the solutions with BU and without BU indicate re-
moval of water molecules by adsorption of I– ions, not by BU molecules. In
the case of solutions without BU the Ez values were obtained also from back
integration of capacity–potential plots starting from the potential –1.55 V.
These values were in a good agreement with Ez determined using the
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FIG. 3
Dependence of Ez on I– ion concentration for
systems: a x M NaI + (1 – x) M NaClO4, b x M

NaI + (1 – x) M NaClO4 + 0.55 M BU–2 –1 0log c
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streaming electrode. An agreement was also found between the values of in-
terfacial tension obtained from the electrocapillary measurements and from
twice integrated capacity–potential curves.

The surface pressure curves at each value of the electrode charge were derived
using methods proposed by Parsons29, in terms of the function ξ+ = γ + qE+,
where γ is the surface tension and E+ is the potential related to the reference
electrode. The surface pressure (Φ) for specifically adsorbed ions was de-
rived from relation Φ = ξ+ – ξ 0

+ , where ξ 0
+ refers to the solutions: 1 M NaClO4

or 1 M NaClO4 + 0.55 M BU and ξ+ to the mixed electrolyte of x M NaI + (1 – x)
M NaClO4 or x M NaI + (1 – x) M NaClO4 + 0.55 M BU. In Fig. 4 the depend-
ence of surface pressure on the ln x for I– ions in 1 M NaClO4 (4a) or 1 M

NaClO4 + 0.55 M BU (4b) is shown. Positive values Φ were obtained in ab-
sence of BU for –6 ≤ qM ≤ +1 µC cm–2. In the presence of BU the range of
electrode charge is much smaller (–3 to 0 µC cm–2). The range of qM charges
for adsorption of various ions on the mercury electrode in solutions of NaF
is much broader. Thus, the results obtained in this paper should be associ-
ated with low adsorption of ClO4

− ions30 and additionally with BU adsorp-
tion. A narrow range of potentials for which the positive Φ values were
obtained indicates adsorption equilibria in I–-ClO4

− –H2O and
I–-ClO4

− –H2O–BU systems (Figs 1 and 2). In the latter case, the potential
range in which I– ions cause a decrease in differential capacity is more nar-
row.
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FIG. 4
Plots of the surface pressure due to I– ions adsorbed on the mercury electrode from solu-
tions: a x M NaI + (1 – x) M NaClO4 and b x M NaI + (1 – x) M NaClO4 + 0.55 M BU as a func-
tion of ln x, the electrode charges (qM in 10–2 C m–2) indicated at each curve
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The charge qad specific adsorption of I– ions in solutions of constant ionic
strength was determined using the method proposed earlier1,18:

q
F

RT x
q T

ad

M

= −








+∂ξ
∂ ln

.
,

(1)

The variation in activity coefficients with concentration was assumed to
be negligible. The qad vs ln x plots at constant charge are presented in Fig. 5.
The shapes of the isotherms of Fig. 5a represent straight lines, typical for
adsorption of some anions. In the presence of 0.55 M BU (Fig. 5b) the iso-
therms do not have a linear course. At the same time a double increase of
qad values is observed for c

I − ≥ 0.3 mol l–1 in the presence of BU. For c
I −

0.3 > mol l–1 qad is much lower than in the solution not containing BU. This
synergism can result from much smaller hydration of mercury electrode
surface in presence of BU molecules, resulting in easier adsorption of I– ions
as sufficiently high concentration. A similar effect was observed for adsorp-
tion of p- and m-toluidine in 1 M NaClO4 and in presence of polyethylene
glycol31,32.

The adsorption of I– ions may be described by a simple virial isotherm
shown in Fig. 6. Values of the 2D second virial coefficient (B) were calcu-
lated from the slopes of lines in Fig. 6 and the corresponding values of stan-
dard Gibbs energy of adsorption ∆Gad

0 were obtained from the intercepts of
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FIG. 5
The adsorbed charge density due to specific adsorption of I– ions from solutions: a x M NaI +
(1 – x) M NaClO4 and b x M NaI + (1 – x) M NaClO4 + 0.55 M BU as a function of ln x. The
electrode charges (qM in 10–2 C m–2) are indicated at each curve
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these lines for qad = 0 (using the standard conditions corresponding to
1 mol l–1 bulk concentration and x mol cm–2 surface concentration). As fol-
lows from Fig. 6a, ∆Gad

0 in absence BU remains practically equal to about
–96.6 kJ mol–1 for electrode charge –3 ≤ qM ≤ +1 µC cm–2. At higher negative
charges it decreases to –93.2 kJ mol–1, however, in solution containing BU
(Fig. 6b), ∆Gad

0 increases from –88.9 to –90.0 kJ mol–1 for –3 ≤ qM ≤ 0
µC cm–2. In turn, the values of B in x M NaI + (1 – x) M NaClO4 increase
from 1.18 to 2.08 nm2 per ion while the electrode charge changes from +1
to –6 µC cm–2. In presence of 0.55 M BU, B = 0.1 nm2 per ion. Much lower
repulsive interaction between adsorbed I– in BU solutions indicates a fa-
vourable effect of BU molecules on I– ion adsorption compared with H2O.
This fact is confirmed by higher qad for sufficiently high concentration of I–

ions in solutions with BU compared with x M NaI + (1 – x) M NaClO4 solu-
tions.

The change in the potential drop across the inner layer ΦM–2 at the con-
stant charge gives more information about the double-layer structure. The
value of ΦM–2 was calculated by subtracting the potential Ez (in the absence
of I–) and the potential of the outer Helmholtz plane Φ2–s (calculated from
the diffusion layer theory33) from the measured electrode potential. The
plots of ΦM–2 vs surface charge qad of specifically adsorbed I– ions at con-
stant electrode charge qM are shown in Fig. 7. A linear dependence of ΦM–2

vs qad is obtained for all studied systems (Figs 7a and 7b). Different slopes of
the ΦM–2 vs qad plots indicate the orientation of water molecules in the elec-
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FIG. 6
Linear test of the virial isotherm for systems a x M NaI + (1 – x) M NaClO4 and b x M NaI +
(1 – x) M NaClO4 + 0.55 M butan-1-ol. The electrode charges (qM in 10–2 C m–2) indicated at
each line
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tric filed of the electrode and the change of dipol contribution to ΦM–2

(ref.34). In solutions containing BU (Fig. 7b), changes of straight line slopes
are small. Thus the influence of water dipoles on ΦM–2 is small and can be
associated with the earlier suggested weaker hydration of the electrode sur-
face in the presence of adsorbed BU molecules.

According to Grahame35 the distance ratio (x2 – x1)/x2 was calculated,
where x1 and x2 are the distances of the inner (IHP) and outer (OHP)
Helmholtz planes from the electrode, respectively, using the integral capac-
ities ratio method:

( )q K

q K

x x

x

i

i

i

i
M

ad

=
−ε

ε
2 2 1

2 1 2,

. (2)

Here, qMKi is the integral capacity at the constant electrode charge and qadKi

is the integral capacity of the condenser formed by the metal and the outer
Helmholtz plane: qMKi is obtained from the intercept and qadKi as the recip-
rocal slope of the lines in Fig. 7. Symbols ε 2

i and ε 2 1,
i represent the electric

permittivities between metal and OHP and between IHP and OHP, respec-
tively. As a rule, it is assumed that ε 2

i = ε 2 1,
i . In Table I the distance ratios

for I– ions in the studied systems are collected. It should be noticed that (x2
– x1)/x2 is significantly larger for I– ions in the BU-free solution compared to
those in the presence of BU. This difference can be explained by the weaker
adsorption of I– ions in the presence of BU and thus, the I– ions may easily
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FIG. 7
Potential drop across the inner region vs the amount of specifically adsorbed I– ions for sys-
tems: a x M NaI + (1 – x) M NaClO4 and b x M NaI + (1 – x) M NaClO4 + 0.55 M BU at con-
stant electrode charges (qM in 10–2 C m–2)
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move away from the metal36. It means that x1 is larger in the presence of
BU and, consequently, the distance ratio is lower. Variation in the electric
permittivity of the inner layer εi in the presence of adsorbed I– ions also
seems probable.

The results concerning I– ions adsorption presented earlier provide infor-
mation about the structure of the adsorption layer but they cover a range of
strong adsorption potential of I– ions and BU molecules. The studies on ki-
netics of Zn(II) ion reduction as a driving ion broaden this range.

The values necessary to determine the rate constant (ks
app ) of Zn(II) ion re-

duction in the studied systems changed as follows:
Diffusion coefficients of Zn(II) ion decrease from 6.6 · 10–6 to 3.4 · 10–6

cm2 s–1 with the increase of I– ion concentration. In presence of 0.55 M BU
the value of 2.2 · 10–6 cm2 s–1 is reached. Therefore, the difference between
the half-wave reversible potential E1 2/

r and the formal potential Ef
0 for Zn(II)

ion reduction in studied mixtures was from –6 to –13 mV.
Values of Ef

0 changed from –0.987 to –0.992 V in x M NaI + (1 – x) M

NaClO4. In presence of 0.55 M BU they changed from –0.991 to –1.000 V.
The similar changes of Ef

0 values in x M NaI + (1 – x) M NaClO4 solutions as
well as in presence of BU indicate the lack of stable complexes Zn(II)–I– in
the solution.

Figure 8 presents a logarithmic dependence of ks
app for Zn(II) ions reduc-

tion on concentration of I– ions. Introducing I– ions into the Zn(II) solution
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TABLE I
Integral capacities of the double layer region and distance ratios (x2 – x1)/x2 for the I– ions
in the studied systems

x M NaI + (1 – x) M NaClO4 x M NaI + (1 – x) M NaClO4 + 0.55 M BU

qM qMKi qadKi (x2 – x1)/x2 qMKi qadKi (x2 – x1)/x2

0 98 115 0.85 91 350 0.26

–1 86 99 0.87 53 284 0.17

–2 72 87 0.83 27 248 0.11

–3 48 74 0.65 20 248 0.08

–4 40 71 0.56 – – –

–5 37 66 0.56 – – –

–6 34 64 0.53 – – –



accelerates the electroreduction. A noticeable ks
app increase is observed from

c
I − > 0.03 mol l–1. At the maximum concentration of I– ions ks

app = 3.1 · 10–2

cm s–1. In solutions containing 0.55 M BU, ks
app increases from 6.5 · 10–5 to

4.5 · 10–4 cm s–1. In these solutions the compensating effect on inhibition is
not observed at the maximum I– concentration and the more so on acceler-
ation of Zn(II) electroreduction. The effects were observed in systems where
accelerating organic substances were used4,5,7,31,32. The presented results in-
dicate the partial compensation of BU inhibiting effect on Zn(II) reduction
by I– ions, however its complete elimination was not observed. Iodide ion
adsorption at the potential of Zn(II) ion reduction is weaker compared to
BU. Similarities in log ks

app = f(log c
I − ) in the x M NaI + (1 – x) M NaClO4 so-

lution in presence and in absence of BU (Fig. 8) allow to state that the
mechanism of Zn(II) ion reduction is based just on formation of ion pairs
Zn(II)–I– on the mercury electrode surface. Using the chronocoulometry
Zn(II) adsorption induced by I– ions was excluded37. Absence of the inhibit-
ing effect at sufficiently large I– ions concentration does not allow us to de-
termine the composition of mixed adsorption layer from the ratio cBU/c

I − ,
however, it is possible to find domination of BU adsorption.

CONCLUSIONS

The results can be summarized as follows:
BU molecules have a main effect on the structure of the mixed layer in

the presence of 0.55 M BU.
Parallel courses of the linear plots Ez vs log c

I − in absence and in presence
of 0.55 M BU indicate replacement of water molecules but not BU molecules
by adsorbing I– ions.
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FIG. 8
Plots of log ks

app for the (Hg) Zn (5 · 10–3 mol l–1)
/Zn(II) (5 · 10–3 mol l–1) couple vs log c

I − for
systems: a x M NaI + (1 – x) M NaClO4, b x M

NaI + (1 – x) M NaClO4 + 0.55 M BU. The dashed
line denotes ks

app = 3.31 · 10–3 cm s–1 for the
Zn(II) in 1 M NaClO4–2 –1 0
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Adsorption isotherms qad vs ln x are linear for adsorption of I– ions in ab-
sence of BU but not linear if BU is present. The values qad are lower at c

I − <
0.3 mol l–1 and almost twice higher at c

I − ≥ 0.3 mol l–1 in solutions with BU
addition. This may be caused by lower hydration of the electrode surface
due to BU adsorption.

The values of standard Gibbs energy of adsorption, ∆Gad
0 , of I– ions ob-

tained from virial isotherm are slightly lower in solutions containing BU.
Also, the 2D second virial coefficient is much lower than in absence of BU.
This indicates that adsorbed BU molecules compensate repulsive interac-
tion of I– ions, which can lead to the increase of qad in c

I − ≥ 0.3 mol l–1.
The significant decrease in distance ratios (x2 – x1)/x2 for I– ions in pres-

ence of BU can be explained by the weaker adsorption of I–, which can
move easily away from the metal surface (increase of x1).

Weaker adsorption of I– ions compared with BU and the similarity of
mechanism of Zn(II) ion reduction in presence of I– ions and BU molecules
was indicated.
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