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Summary. The properties of the mixed adsorption layer on a mercury electrode in the system 1 M
NaClO,-p-toluidine-polyethyleneglycol (average molecular masses of polyethyleneglycols: 400 or
10000) are discussed. The parameters of the Frumkin and virial isotherms were determined in the range
of strong adsorption potentials. In the range of more negative potentials, a mixed adsorption layer was
found by investigating the kinetics of the reduction of Zn(II) ion as a pilot ion. Depending on the
concentration ratio of the studied organic substances, inhibition, acceleration, or compensation of both
with respect to Zn(II) electroreduction was observed. In the presence of polyethyleneglycol, the
efficiency of the Zn(IT) ion electroreduction increases due to a greater adsorption lability of p-toluidine
molecules on the mercury surface.

Keywords. Mixed adsorption layer; Equilibrium of adsorption; Reduction of Zn(II) ion; Adsorption
isotherms.

Untersuchung der gemischten Adsorptionsschicht an einer Quecksilberelektrode im System
p-Toluidin-Polyethyleneglycol-1M NaClO,

Zusammenfassung. Die Eigenschaften der gemischten Adsorptionsschicht an einer Quecksilberelek-
trode im System 1 M NaClO,-p-Toluidin-Polyethyleneglycol (durchschnittliche Molmassen der Poly-
ethylenglycole: 400 bzw. 1000) werden diskutiert. Die Parameter der Frumkin- und Virialisotherme
wurden im Bereich hoher Adsorptionspotentiale bestimmt. Im Bereich negativerer Potentiale wurde
durch Untersuchung der Kinetik der Elektroreduktion von Zn(Il)-Ionen als Pilotionen eine gemischte
Adsorptionsschicht gefunden. In Abhéngigkeit von der Konzentration der organischen Verbindungen
beobachtet man beziiglich der Elektroreduktion von Zn(Il) Hemmung, Beschleunigung oder eine
gegenseitige Kompensation beider Effekte. In Gegenwart von Polyethyleneglycol nimmt die Effizienz
der Elektroreduktion von Zn(Il} aufgrund einer héheren Adsorptionslabilitit der p-Toluidin-Molekiile
an der Quecksilberoberfldche zu.

Introduction

Adsorption studies of organic substances on a mercury electrode enable closer
insight into the electrical structure of the double layer [1, 2] and its effect on the
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electrode processes [3]. Earlier studies on the acceleration of the electroreduction of
Zn(II)ions by some organic substances [4, 5] have allowed to choose pairs of organic
substances causing inhibiting and accelerating effects on the above mentioned
reduction process, respectively.

Among such pairs of organic substances there should be mentioned: n-butanol
and thiourea [6], n-butanol and toluidine [ 7], polyethyleneglycol and thiourea [§].
The values of standard rate constants of Zn(II) reduction indicate that inhibition,
acceleration, and compensation depend on the concentrations of these substances.
That confirms the existence of a mixed adsorption layer in the range of the Zn(II) ion
reduction potential. Studies of the coadsorption of the above mentioned substances
on a mercury electrode show the congruency of the obtained isotherms versus the
electrode charge. The decrease in the free energy of adsorption AG® for thiourea and
toluidine in the presence of the given inhibitor is also observed. In turn, the
interaction constant values obtained from the Frumkin and virial isotherms indicate
that the orientation of the thiourea molecules changes depending on the electrode
charge in the presence of both n-butanol and polyethyleneglycols. However, the
orientation of toluidine molecules in the presence of n-butanol remains unchanged.
It has also been stated that the adsorption of toluidine in the presence of the studied
inhibitors is stronger compared with thiourea [9].

This paper presents the results of studies on the coadsorption of p-toluidine (pT)
and polyethyleneglycols of an average molecular mass of 400 (PEG 400) or 10000
(PEG 10000). Adsorption of pT in the range of potentials close to that of zero charge
(pzc) for 1 M NaClO, and in the presence of a selected PEG was characterized by
means of the parameters of the Frumkin and virial isotherms. In the range of
potentials more distant from pzc, kinetic studies of the reduction of Zn(II) ion as
a pilot ion were applied to determine properties of the mixed adsorption layer of
pT-PEG 400 or pT-PEG 10000.

Results and Discussion

Analysis of experimental data

A differential capacity decrease with the addition of PEG 400 or PEG 10000,
characteristic for typical inhibitors, is observed. The potential range in which the
decrease takes place reaches from —0.35V to —1.60V for 5-10™* M PEG; it is still
larger for PEG 10000. The differential capacity decrease is larger for PEG 10000 than
for PEG 400 and is practically independent of its concentration. Both size and shape
of the molecules of PEG under consideration influence the effect. According to Rdsch
[10, 117, PEG molecules of mer number n < 11 (unit of repetition: -CH,-O—-CH ,-)
possess a zig-zag structure; when n > 11, a meander structure is found.

In the differential capacity curves obtained in 1 M NaClO,, a well formed
desorption peak is observed upon addition of pT. Its potential shifts from —1.02 V to
—1.32V when the pT concentration increases. The adsorption peak is only slightly
marked.

Figures 1 and 2 present the differential capacity curves of 10™*M PEG 400 or
PEG 10000 solutions with increasing amount of pT. The course of these curves is
quite different compared with the curves for the solutions containing only PEG or
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Fig. 1. Differential capacity curves of Hg/1 M NaClO, + 10~ * M PEG 400 for different contents of pT:
a) 0 M, b) 0.0015 M, ¢} 0.005 M, d) 0.008 M, ¢) 0.01 M, f) 0.03 M, g) 0.05 M
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Fig. 2. Differential capacity curves of Hg/1 M NaClO, + 10~ * M PEG 10000 for different contents of
pT as indicated in Fig. 1
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only pT: thereis alack of pT desorption peaks. However, in the potential range from
—0.2Vto —0.6 V, well formed adsorption peaks are observed which are much more
intense in the presence of PEG 10000 than in that of PEG 400. They may be caused by
the competitive character of the adsorption of pT'and PEG molecules rather than by
the change of the orientation of pT molecules as postulated earlier [ 12]. It should be
emphasized that the addition of pT to a solution containing PEG 400 causes
a differential capacity increase over the whole potential range studied; for PEG
10000, this situation takes place only for ¢, > 0.01 M.

The capacity vs. the potential data curve was numerically integrated from the
point of pzc. The integration constants are presented in Fig. 3 and Table 1. As
follows from Fig. 3, the pzc values shift towards positive potentials is the solutions
containing only PEG. This fact confirms the orientation of PEG molecules on the
mercury surface as postulated by Jehring [13]: the -CH,—O-CH,— group oxygen is
oriented towards the solution, whereas the carbon atoms — being the positive moiety
of the dipole — adsorb on the mercury. At low pT concentrations, the n-system of pT'
lies flat on the metal surface [ 14]. An increase of the adsorbant led to a negative shift
of the point of zero charge. At higher concentrations, a positive pzc shift indicates
a skew position of the pT molecules. This is also true for mixtures with PEG 400,
where the same pzc changes are observed at higher pT concentrations. However, in
mixtures containing PEG 10000 and pT the pzc values shift only towards negative
potentials which indicates a flat orientation of the pT molecules on the mercury in
these solutions. The pzc and surface tension values presented in Fig. 3 and Table 1
point at stronger adsorption of PEG 10000 than for PEG 400.
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Fig. 3. Potential of zero charge (— E,) vs. SCE as a function of the concentration of pT in the bulk for a)
1M NaClO, + 107*M PEG 400, b) 1 M NaClO, + 5-10™* M PEG 400, ¢) 1 M NaClO, + 10™*M
PEG 10000, d) 1 M NaClO, + 5-10~* M PEG 10000
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Table 1. Surface tension (y, mN-m™?) for E, of PEG/pT

5.0

10 ™*M PEG 10000

-1

mixtures
CpT (M) CPEG 400 (M) CPEG 10000 (M)
107# 5-107% 1074 5-107%
0 410.1 404.0 382.5 379.4
0.0015 401.1 398.7 381.6 376.6
0.005 396.3 393.6 378.2 374.3
0.008 393.3 390.9 376.6 373.1
0.01 391.8 389.8 3754 3719
0.03 383.8 380.8 368.3 366.3
0.05 378.5 374.6 365.4 362.3
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Fig. 4. Surface pressure as a function of pT concentration in the bulk; the electrode charges (o, in

1072C-m~2) are indicated for each curve

The data obtained from the integration of the differential capacity curves were
then used to calculate Parsons” auxiliary function [15] =7+ ¢ E (y: surface
tension, o: electrode charge, E: electrode potential) and the surface pressure [16]
@ =AE=E0— & (E% average value of supporting electrolyte for the determined
constant concentration of PEG without pT, £: the same, but with addition of pT).
Fig. 4 shows characteristic plots of @ vs. Inc, for selected constant concentrations

(107* M PEG 400 or 10~* M PEG 10000).

According to the Gibbs adsorption isotherm, the relative surface excess of pT is
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Fig. 5. Relative surface excess of pT as a function of the concentration of pT in the bulk at pzcfora) 1 M
NaClO,, b) 1 M NaClO, + 10~*M PEG 400, ¢) 1 M NaClO, + 10~* PEG 10000

where ¢, is the bulk concentration of pT. The estimated error in these calculations is
approximately 10 times that in the capacity data, that is from +2% to +5%.

The obtained values of I",, indicate that the adsorption of pT both in 1 M
NaClO, and in the presence of PEG 10000 is enhanced at positive electrode charges
and diminished at negative ones. In the presence of PEG 400, I, does not depend
on the electrode charge. It should be emphasized that the adsorption of pT is
decreased in the presence of PEG 10000 but is increased particularly for o, < Oin the
presence of PEG 400. Such a synergetic character of the pT adsorption in the
presence of PEG 400 was observed also in the m-toluidine-PEG system. Figure 5
presents the dependence I",; vs. pT at pzc for solutions containing only pT in 1 M
NaClO, (curve a) and for those with the addition of 10™* M PEG 400 (curve b) or
10~*M PEG 10000 (curve c). A rectilinear character of this dependence is, un-
doubtedly, due to low pT concentrations caused by the solubility of pT under the
applied conditions.

Adsorption isotherms

The adsorption of pT was further analyzed on the basis of the surface pressure data
using the Frumkin isotherm. The constants of the Frumkin isotherm were determined
from Eq.(2), where x is the molar fraction of pT, @ is the coverage, A4 is the
interaction constant, and f is the adsorption coefficient § = exp(—AG°/RT).

px=1O/1 — B)]exp(—2406) (2)
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Fig. 6. Linearity test of the Frumkin isotherm; the electrode charges (g, in 1072 C-m~?) are indicated
for each line

The surface excess at saturation I, was estimated by extrapolating (1/1"" vs. 1/c - at
different charges and different cpp; to 1/¢,.=0.

The I values for pT obtained in 10_‘{)M and 5-10* M PEG 400 solutions are
9.4-107% and 9.1-10"*mol-m 2, and those in 10"*M and 5-10"*M PEG 10000
solutions 8.4-107° and 7.9-10 " °mol-m 2. Thus, they are always lower than the
theoretical value which is 9.7-10 "% mol-m ™2 for pT [17]. The area occupied by one
molecule of pT (S=1/I")) increases from the theoretical value of 0.17nm? to
a maximum of 0.21 nm? obtained in the 5-10~* M PEG 10000 solution.

Figure 6 presents a linearity test of the Frumkin isotherm for 10~* M PEG 400 or
10"*M PEG 10000. As follows from the figure, the interaction constant A is
independent of the electrode charge in both cases and is —4.5 and — 3.5 for PEG 400
and PEG 10000, respectively. In the presence of 5-10~* M PEG 400 or PEG 10000,
the values of parameter A are smaller (—3.6 and —3.1, respectively). A slight
dependence of parameter 4 on the charge is found also for pT'in 1 M NaClO,, i.e. for
oy= —4uC-cm~? 4 amounts to —3.7, and for the other electrode charges it is
—3.5. It follows that the increase in concentrations of PEG 400 and PEG 10000 is
accompanied by a decrease of repulsion among pT molecules which is associated
with better ordering of the double layer structure on the electrode surface. The value
of the free energy of adsorption AG® was determined from the extrapolation of the
linear graphs of the dependence In(x-(1 — @)/®) vs. @to the value ® = 0. The values
of AG® for pT in 1 M NaClO, in the range of electrode charges from —4 to
+4uC-cm™? vary from —21.9kJ-mol ™! to —22.6kJ-mol ™!, whereas in the pres-
ence of both 107* M and 5-10~* M PEG 400 these values do not depend on the
charge and amount to —24.6kJ-mol ! and —23.7kJ-mol !, respectively. Figure 7
presents the dependence of AG®(pT) on the charge in the presence of PEG 10000. In
this case, though only for ¢, > 0, the values of AG® are greater than those obtained in
1 M NaClO,. A linear dependence of AG® on oy, in Fig. 7 indicates a preferential
contribution of a permanent dipole to the free energy of adsorption as in the case of
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Fig. 8. Linearity test of the virial isotherm; the electrode charges (g, in 1072 C-m™~?2) are indicated for
each line

thiourea [16]. As the values of I, obtained for pT in the presence of both PEG 400
and PEG 10000 are different from the theoretical ones, the virial isotherm was used
for the description of pT adsorption. Figure 8 shows the linearity-test of the virial
isotherm, i.e. the dependence of log(I™,1/c) vs. I,y for 107* M PEG 400 and PEG
10000. The values of the two-dimensional second virial coefficient (B) which encloses
corrections for both intermolecular interactions and molecular size in all examined
systems are greater than the value of 0.5nm? -molec™! obtained for pT in 1 M
NaClO,. The corresponding values in the presence of 10”* M and 5-10"* M PEG
400 are 1.6 and 1.4 nm?-molec ™!, respectively, but in the presence of both concentra-
tions of PEG 10000 they are equal being 0.7 nm?-molec ™ !. However, the values of
AG° confirm the results obtained from the Frumkin isotherm.
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Fig. 9. Potential drop across the inner layer (@~ 2) as a function of the quantity of pT adsorbed at
constant electrode charges (o) in 1072C-m™?)

The Gibbs surface excess of pT (I",r) was further plotted against the potential
drop @~ % across the inner layer at constant charges. They are shown in Fig. 9. The
potential drop across the diffuse layer was calculated using the Gouy-Chapman
theory. The potential drop in the inner Helmholtz plain (IHP) increases linearly with
I'’,; when PEG 10000 is present. This confirms the congruency of the obtained
isotherms in relation to the electrode charge. With PEG 400, however, oM~ 2
decreases above a critical I™,;.. This is suggested to be explainable by partial charge
transfer [ 18] but still has to be demonstrated.

Kinetics of Zn(11) ion reduction

The results presented earlier concerning pT adsorption in the presence of PEG 400
or PEG 10000 provide information about the structure of a mixed adsorption layer,
but they cover a range of strong adsorption potentials of these substances. Studies on
the kinetics of Zn(II) as a pilot ion are expected to broaden this range. The diffusion
coefficients, necessary for the determination of the standard rate constant k™" of
Zn(I1) reduction, reach a minimum value in solutions containing maximum concen-
trations of pT (5.6:10"°cm?-s™! and 5.3-10 %cm?'s™! for PEG 400 and PEG
10000, respectively). Therefore, the difference between the reversible half-wave
potential E},, for Zn(IT) and the formal potential E{ of Zn(IT) reduction in the
studied mixtures was —7mV at maximum. With increasing pT concentration, the
values of E}, change from —0.985V to —0.995V [7]. In the presence of 5104 M
PEG 400 or 5-10~* M PEG 10000, these changes range from —1.003V to —0.979 V
and from —1.085 to —1.025V, respectively. Figure 10 presents a logarithmic
dependence of k.** of the Zn(I1) ion reduction on the pT concentration.

The presented dependences of log k;* on log ¢, referring to solutions contain-
ing PEG (curves b, ¢, d) are not linear. Similar dependences obtained in systems
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studied earlier (n-butanol-thiourea [6], n-butanol-toluidine [ 7], and PEG-thiourea
[87) were rectilinear.

The kinetics of Zn(II) ions reduction depends on the concentration of PEG 400.
In the presence of 10"*M and 5-10"*M PEG 400, the values of k" are
32710 %cm-s~ ! and 2.63-10 73 cm-s ™!, respectively. A similar effect is observed in
the presence of pT. In the presence of PEG 10000, the value k*” is 6.00-10 " cm-s ™!
and does not depend on the concentration which is, undoubtedly, due to a large
coverage of the electrode surface with a monolayer which is not very tight. Also, the
values kP° obtained in the pT and PEG 10000 mixtures do not depend on the
concentration of the second component. If the values k;*® obtained in the pT and
PEG 400 mixtures are comparable with the value ki obtained for Zn(II) ions
reduction in 1 M NaClO,, then compensation of inhibiting and accelerating effects
takes place. Such a compensation occurs for the concentration ratio pT:PEG
400 ~ 300 or 100 when the concentrations of PEG 400 are 10™*M or 5-107* M,
respectively. There is evidence for higher ordering of the double layer structure in the
presence of PEG 400 which allows better access of pT molecules to the surface. Such
a compensation does not occur in the presence of PEG 10000, but the concentration
ratio pT:PEG 10000 being 870 or 175 for 10™*M or 5-10"*M PEG 10000,
respectively, can be determined from the extrapolation curve d. As for PEG 400, this
ratio also decreases with the increase of PEG 10000 concentration. The results show
that pT and PEG coadsorption occurs also at potentials distant from pzc and that
adsorption of PEG 10000 is stronger than that of PEG 400.

From the slope of the straight line a in Fig. 10 and the curves b, ¢, and d in the
point of compensation, an electrode process acceleration coefficient could be
determined (Alogk;**/Alogc,;) which is 0.64 for Zn(II) ions reduction in 1 M
NaClO, in the presence of pT and increases to 2.44 in the presence of both PEG 400
and PEG 10000. This could explain that the electron transfer process
Zn(IT) + 26 — Zn® is accelerated by the greater pT molecule lability induced by the
presence of PEG.
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Experimental

The measurements were carried out with a polarograph PA-4 by Laboratorni Pristroje - Prague and
EG & G PARC Instrument models 388 and 270 employing a static mercury drop electrode (SMDE)
manufactured by Laboratorni Pristroje-Prague (the hanging drop surface was 0.01781cm?). The
reference electrode was a saturated calomel electrode with NaCl (SCE) or a Ag/AgCl electrode.
A platinum spiral was used as an auxiliary electrode. The reference electrode was connected to the cell
via a salt bridge filled with cell solution. The potentials are referred to the SCE.

The double layer capacity was measured using the ac impedance technique at a frequency of 800 Hz
with a set-up for electrochemical measurements (ATLAS-91, made at the Electronic System Plants
Atlas-Sollich in Gdansk) controlled by a computer. The capacitance was measured with a precision of
10.2%. The reproducibility of the average capacity measurements was +1%. A few measurements
[19] were also carried out at 200-1500 Hz in order to check the frequency dependence of the results. In
the potential range studied no dispersion of the capacitance was observed. A dropping Hg electrode
constructed according to Randless [20] was used. The balance of the bridge was achieved after 10s of
the drop growth. The drop time was 12 s, and the Hg flow rate 0.762 mg s~ ! at a mercury column height
of 50 cm. The pzc value was measured for each solution using a streaming mercury electrode with an
accuracy +0.2mV. Interfacial tension (y) at pzc was measured by the maximum bubble pressure
following the Schiffrin’s method [21].

Kinetic data were obtained by impedance measurements (for the pT-PEG 400 systems) or using the
cyclic voltammetric technique (for the pT-PEG 10000 systems) over a wide range of sweep rates
(0.005-5V-s~1). The complex cell impedance was obtained at different frequencies in the range from
100 to 25000 Hz at the formal potential. The formal potentials of the reduction of Zn(II) were obtained
from cyclic voltammetry with a reproducibility of 40.002 V. The ohmic resistance of the electrolyte
solution was obtained as the real impedance component at a frequency of 10000 Hz and at a potential
outside the faradaic region.

The approximate diffusion coefficients of Zn(Il) in the examined solutions were calculated from
limiting currents using the Ilkovic equation [22]. The polarographic wave of Zn(II) in 0.1 M KNO,
with a Zn(IT) diffusion coefficient of D = 6.9-10~%cm?-s~1 [23] was used as a standard. The diffusion
coefficient of zinc in mercury which is required for further calculations was taken from the literature
[24] as equal to 1.67-10 > cm?-s~ 1.

Measurements were carried out in 1 M NaClO, solution of pH 3 in a pT concentration range from
0.0015M to 0.05M and at two PEG concentrations (10™* and 5-107*M) as well as in their
corresponding mixtures at 298 + 1 K. The solutions were prepared from freshly bidistilled water and
analytical grade chemicals (Merck or Fluka). Nitrogen, previously purified using vanadium(II) sulfate
solution, served to deoxygenate the electrolyte. Mercury was distilled twice.
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