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ABSTRACT: The influence of high molecular weight water-soluble surfactants with different functional groups on
the electroreduction of lead(II) ions on a lead electrode in various electrolytes was studied. A copolymer of
methacryloylaminophenol with acrylic acid, a leather waste hydrolyzate, and a copolymer of monoethanolamine with
vinyl ether acetate were used as surfactants. The electrolytes used were 1 M KCl, KBr, KNO3, HCOONa, NH2SO3H,
0.5 M Na2SO4, and 0.35 M Na3C6H5O7 ·2 H2O. It was demonstrated that in 1.0 M KCl or KBr solutions, there was no
inhibition of the electroreduction of lead(II) ions by the adsorption layers of surfactants. It was found that the inhibitory
effect of polymers on the electroreduction of lead(II) ions in different background electrolytes increases in the order
KCl < KBr < Na3C6H5O7 ·2 H2O < Na2SO4 < KNO3 < HCOONa < NH2SO3H.
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INTRODUCTION

Surfactants are widely utilized to enhance the ca-
thodic deposits of metals and alloys in order to
obtain coatings with desired physicochemical prop-
erties, and as additives to electrolytes, they are
employed for metal refining and as corrosion in-
hibitors [1, 2]. A great number of studies have
recently been devoted to the influence of surfactants
on electrode processes [3, 4]. Most of them reflect
the influence of surfactants on electrode processes of
low-molecular compounds, and only a few discuss
the influence of surfactants on electrode processes
of high-molecular compounds [5, 6].

In recent years, there has been increased inter-
est in studies on additions of water-soluble poly-
mers with several functional groups having different
properties, which provide high adsorption capacity
on electrodes and have an appreciable effect on
the electrode reactions [7, 8]. It has been observed

that the presence of surfactants makes it difficult
for electrode processes to progress, as it produces
an inhibitory effect explained by the blocking of the
electrode’s surface [9, 10]. The inhibitory effect of
organic additives also depends on a number of other
factors, such as composition of the electrolyte [11,
12]. The inhibitory effect of the additive depends
on the nature of the anions of the electrolyte, so it
is impossible to predict continuation of the effect
of inhibition in different electrolytes [13, 14]. If
we know the general patterns of the organic sub-
stances’ influence on the anions of a background
electrolyte and their interaction with them, we can
interpret the mechanism of electrode processes and,
in some cases, adjust the rate of electrochemical
reactions [15–17].

Therefore, study of the electroreduction of
metal ions on electrodes in the presence of poly-
mer additives with several functional groups that
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provides the necessary physical and chemical prop-
erties of the electrolyte (scattering power, viscosity,
electric conductivity) is very important from both
theoretical and practical perspectives. The aim of
this work is to study the influence of a number of
surfactants on the rate of lead electroreduction on
a lead electrode in electrolytes, in the presence of
different anions of the background electrolyte.

MATERIALS AND METHODS

The effects of a number of surfactants were stud-
ied: a copolymer of ethacryloylaminophenol with
acrylic acid (CMAAP-AA) (Mr = 15 000–20 000),
a hydrolyzate of leather industry waste (HLIW),
and a monoethanolamine vinyl ether acetate copoly-
mer (VEMEA) (Mr = 50 000–100 000). The choice
of polymer water-soluble surfactants (CMAAP-AA,
HLIW, VEMEA) is due to the fact that they can create
adsorption layers at the phase interface, character-
ized by a high concentration of functional groups,
which results in their high adsorption and inhibitory
properties.

Electrolytes of the following composition were
studied: 1 M KCl, KBr, KNO3, HCOONa, NH2SO3H,
0.5 M Na2SO4, and 0.35 M Na3C6H5O7 ·2 H2O. KCl
and KBr were chosen as the background electrolytes,
as a result of their strong adsorption activity. The
accelerating effect of halogen ions on electrode
processes is well known. Na3C6H5O7 ·2 H2O and
HCOONa were chosen from among the organic
acids, since they are inert; the NO–

3 ion is a weakly
adsorbable anion [18]. It was of interest to use
1.0 M NH2SO3H as the background electrolyte for
comparison with other electrolytes, given that the
inhibitory effect of the SO3H– ion in the presence of
surfactants is strong. Furthermore, Na2SO4 as the
background electrolyte was studied, since the SO2–

4
anion does not participate in adsorption [19].

The electrochemical behavior of lead(II) ions
in the 0.067 × 10−2 to 1.33 × 10−2 wt% range of
surfactant concentrations at 298–328 K was studied.
The kinetics of the discharge of lead(II) ions on a
polycrystalline lead electrode was investigated by
measuring the polarization curves with a P-5827M
potentiostat [20, 21].

RESULTS AND DISCUSSION

We studied the electrochemical behavior of lead(II)
ions on lead electrode in the presence of selected
surfactants in the field of concentration 6.7×10−4–
1.33×10−2 wt% at the temperature range, T = 298–
328 K. The surfactants are adsorbed on lead elec-
trode and the area of maximum adsorption is in the

range from −0.4 to −1.0 V. The potential of the zero
charge of lead is Eq=0 =−0.56 V, and the equilibrium
potential is Ep = −0.126 V. Therefore, the discharge
of lead(II) ions without surfactants occurs on the
positively charged surface of the electrode.

The research of the electroreduction of lead(II)
ions carried out on lead electrode in the 1.0 M KCl,
1.0 KBr, 0.35 M Na3C6H5O7 ·2 H2O demonstrated
the absence of surfactant’s influence on the dis-
charge of lead(II) ions. This can be attributed to the
high specific adsorption of halogenide ions on the
surface of a lead electrode, which can compete with
the adsorption of adsorbate molecules. The result
is that no inhibition is observed. The depolarizing
effect of halogenide ions on inhibition could be due
to two phenomena. The first is the altered structure
of the adsorption layer, caused by the adsorption of
both halogenide ions and surfactant molecules. The
second is associated with the catalytic action of halo-
gen ions; their low content in solution accelerates
the electrode process.

The polarization curves of the discharge of
lead(II) ions in a solution of 0.5 M Na2SO4 in
the presence of HLIW and without it on the lead
electrode at T = 298 K indicate that the addition
of HLIW into the solution inhibits the electrode pro-
cess. Addition of a surfactant HLIW to the solution
greatly inhibits the discharge of lead(II) ions, which
is apparent from the falling reduction current and
a substantial increase in polarization [22]. When
the content of HLIW in the solution is increased,
the degree of inhibition grows and the drop in the
limiting current becomes greater in the region of
negative potentials. The polarization curves of the
electroreduction of lead(II) ions in the presence
of HLIW are N-shaped, which is a characteristic
of the discharge of lead(II) ions in the presence
of nitrogen-containing surfactants. This confirms
the assumption that the inhibition of the process is
mainly due to nitrogen-containing functional groups
in the structure of HLIW. This also manifests itself
in a decrease in the diffusion current and voltage,
which is stronger for HLIW than for CMAAP-AA and
VEMEA.

A similar study was carried out in the pres-
ence of CMAAP-AA and VEMEA. The addition of
polymer surfactants to the solution of electrolytes
and increasing their concentrations lead to accel-
erated electrical recovery of lead(II) ions on the
lead electrode. This is demonstrated by the rise
in the recovery currents and decrease in polariza-
tion. The polarization curves of the discharge of
lead(II) ions in HCOONa solution in the presence
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Fig. 1 Polarization curves for the electroreduction of lead(II) ions on a lead electrode obtained at T = 298 K on the
background of 1.0 M HCOONa in the presence or absence of surfactants: (a) CMAAP-AA, Csurf × 103, wt%: (1) 0.00,
(2) 2.00, (3) 5.30, (4) 13.30; (b) HLIW, Csurf×103, wt%: (1) 0.00, (2) 2.00, (3) 5.30, (4) 6.70, (5) 13.30; (c) VEMEA,
Csurf ×103, wt%: (1) 0.00, (2) 2.00, (3) 5.30, (4) 13.30.

of polymeric surfactants and without them at T =
298 K testify to the fact that the introduction of
CMAAP-AA and VEMEA into the solution leads to
inhibition of the discharge process of lead(II) ions.
With an increase in the concentration of CMAAP-AA
and VEMEA additives in the solution, the decrease
in the limiting current increases and the polariza-
tion increases. With an increase in the content
of these surfactants in the solution, the inhibitory
effect of CMAAP-AA and VEMEA weakens. In the
case of HLIW, the introduction of surfactants into
the solution inhibits the process of lead(II) ions,
accompanied by a decrease in recovery currents and
an increase in polarization. With an increase in the
concentration of the HLIW additive in solution, the
degree of inhibition increases, and the decrease in
the limiting current increases (Fig. 1).

In the presence of HLIW, a similar pattern is
observed in solutions of 1.0 M NH2SO3H and 1.0 M
KNO3. It should be noted that in the presence
of CMAAA-AA and VEMEA in a solution of 1.0 M
NH2SO3H, the introduction of the copolymers addi-
tive leads to inhibition of the process, revealed by
a decrease in the limiting recovery current. In this
case, a slight increase in polarization is observed.
With the increase in concentration of surfactant
additives in solution, the degree of inhibition in-
creases. However, with a surfactant concentration
above 1.33×10−2 wt%, there is some weakening of
the inhibitory effect of surfactants.

The constancy of α is an indirect evidence of the
invariability of the lead(II) ions discharge mecha-
nism in the presence of surfactants. Inhibition is car-
ried out at the stage of penetration of the ions of the
depolarizer into the surface layer [23]. The currents
of exchange jo calculated under these conditions are

Table 1 The currents of exchange ( jo×103 A/cm2) for the
electroreduction of lead(II) ions in various electrolytes in
the presence or absence of CMAAP-AA at T = 298–328 K.

Electrolyte T (K) Csurf ×103, wt%

0 2.0 4.0 5.3 7.0 13.3

1.0 M NH2SO3H 298 5.0 4.6 3.7 3.3 3.2 3.7
308 5.1 5.4 5.3 4.4 3.9 3.8
318 6.8 5.3 4.6 3.8 4.1 3.9
328 6.3 6.3 4.2 4.7 4.7 4.7

1.0 M HCOONa 298 5.9 5.3 4.9 4.3 4.1 3.9
308 6.4 5.9 5.7 5.6 5.8 5.7
318 6.3 – – – – –
328 6.7 – – – – –

shown in Tables 1–3. An analysis of the data in
Tables 1–3 shows that the rate of electroreduction
of lead(II) ions, depending on the anion of the
background without surfactant, decreases in a row
(at all temperatures studied): HCOONa > KNO3 >
NH2SO3H > Na3C6H5O7 > Na2SO4.

Addition of a surfactant lowers the currents of
exchange, indicating that this process is slowed.
This is because an adsorption surfactant film is
formed on the electrode’s surface. The inhibitory
effect of the surfactant additive depends on the
nature of the electrolyte anions and on the nature
of surfactants, containing various functional groups.
In the presence of CMAAP-AA, its inhibitory effect
in the researched electrolytes is enhanced in the
following series:

KNO3 > HCOONa > NH2SO3H > Na2SO4.
And in the case of the HLIW, it looks like:

Na2SO4 > KNO3 > HCOONa > NH2SO3H.
In the presence of a surfactant, the currents of
exchange jo decrease. This indicates inhibition of
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Table 2 The currents of exchange ( jo×103 A/cm2) for the
electroreduction of lead(II) ions in various electrolytes in
the presence or absence of HLIW at T = 298–328 K.

Electrolyte T (K) Csurf ×103, wt%

0 2.0 4.0 5.3 7.0 13.3

1.0 M KNO3 298 5.7 5.4 5.3 5.1 4.9 4.9
308 6.3 5.9 5.9 5.9 5.5 5.1
318 – – – – – –
328 – – – – – –

1.0 M NH2SO3H 298 5.0 4.8 4.7 4.4 4.1 3.8
308 5.4 5.4 5.4 5.4 6.4 5.4
318 6.3 – – – – –
328 6.3 – – – – –

1.0 M HCOONa 298 5.9 4.4 4.2 4.0 3.8 3.8
308 6.4 4.2 3.9 3.9 3.9 3.9
318 6.3 5.7 5.2 3.9 3.6 3.6
328 6.7 4.2 3.8 3.6 2.8 2.8

0.35 M 298 5.0 4.7 4.5 3.9 3.5 3.5
Na3C6H5O7 ·2 H2O

the electrode process.
To demonstrate the effect of temperature on

the inhibitory properties of the considered surfac-
tants, research of the discharge of lead(II) ions on
a lead electrode at T = 308–328 K was carried out.
The inhibitory effect in sulfanilic sour electrolyte is
higher for the discharge of lead(II) ions than for cad-
mium(II), because sulfanilic acid forms more stable
complexes with lead(II) ions than with cadmium(II)
ions [24, 25].

The polarization curves of the electroreduction
of lead(II) ions in the presence of HLIW and without
it in the 1.0 M HCOONa indicate that the inhibitory
effect of the surfactant persists at T = 328 K, i.e.

Table 3 The currents of exchange ( jo×103 A/cm2) for the
electroreduction of lead(II) ions in various electrolytes in
the presence or absence of VEMEA at T = 298–328 K.

Electrolyte T (K) Csurf ×103, wt%

0 2.0 4.0 5.3 7.0 13.3

1.0 M NH2SO3H 298 5.0 4.8 4.7 4.6 3.4 4.1
308 5.4 4.9 4.8 4.7 4.5 4.5
318 6.3 6.3 6.2 5.4 4.5 4.7
328 6.3 6.4 5.9 5.8 4.8 4.8

1.0 M HCOONa 298 5.9 4.6 4.2 3.9 5.4 5.4
308 6.4 5.4 5.4 5.2 5.1 7.0
318 6.3 5.9 5.7 5.5 5.4 7.1
328 6.7 6.9 6.2 5.9 5.5 7.4

the temperature stability of the inhibitory effect of
HLIW is evident. The inhibition is accompanied
by an increase in polarization and a decrease in
recovery currents. A similar picture was observed in
the presence of VEMEA (Fig. 2). It should be noted
that in the presence of CMAAP-AA, the degree of
inhibition decreases with increase in temperature.
Acceleration of the electrode process is observed.
At low concentrations, CMAAP-AA (which has a car-
boxyl group) probably accelerates the process when
adsorbed on an electrode with a positive carbon
end and an oxygen end extending into the solution,
due to the tightening effect negative particles having
on lead(II) ions with the formation of intermediate
complexes.

A similar study was carried out in solutions of
1.0 M NH2SO3H, 1.0 M KNO3, and 0.5 M Na2SO4.
In the background of 1.0 M NH2SO3H at high con-
centrations of surfactants, a slight weakening of the
inhibitory effect of surfactants was observed. How-
ever, the inhibition is quite pronounced. Moreover,
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Fig. 2 Polarization curves for the electroreduction of lead(II) ions on a lead electrode obtained at T = 308–328 K on the
background of 1.0 M in the presence or absence of HLIW. (a) T = 308 K, Csurf×103, wt%: (1) 0.00, (2) 2.00, (3) 5.30,
(4) 6.70, (5) 13.30; (b) T = 318 K, Csurf × 103, wt%: (1) 0.00, (2) 2.00, (3) 5.30, (4) 6.70, (5) 13.30; (c) T = 328 K,
Csurf ×103, wt%: (1) 0.00, (2) 2.00, (3) 5.30, (4) 6.70, (5) 13.30.
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Fig. 3 Semilogarithmic dependences of the electroreduc-
tion of lead(II) ions at T = 298 K in the presence or
absence of HLIW, Csurf × 103, wt%: (1) 0.00; (2) 2.00;
(3) 5.30; (4) 6.70; (5) 13.30.

Table 4 The transfer coefficients (α) for the discharge
process of lead(II) ions in various electrolytes at T = 298–
328 K in the presence or absence of surfactants.

Surfactant T (K) KNO3 NH2SO3H HCOONa

without 308 0.66 0.40 0.50
318 0.66 0.40 0.50
328 0.66 0.47 0.55

CMAAP-AA 308 0.66 0.40 0.50
318 0.66 0.40 0.50
328 0.66 0.41 0.55

HLIW 308 0.66 0.40 0.50
318 0.66 0.40 0.50
328 0.66 0.40 0.55

VEMEA 308 0.66 0.40 0.50

318 0.66 0.40 0.50
328 0.66 0.47 0.50

the inhibition is accompanied by a decrease in the
recovery current and an increase in polarization.
In solutions of 0.5 M Na2SO4 and 1.0 M KNO3
in the presence of surfactants with an increase in
temperature, the phenomenon of inhibition of elec-
troreduction of lead(II) ions of the adsorption film
is not observed. In solutions of 1.0 M KCl, KBr, no
inhibition of the electroreduction of lead(II) ions of
surfactant adsorption film was observed.

The semilogarithmic dependences ln i/(1 −
e(nFη/RT )) vs. η for the discharge reaction of lead(II)
ions with and without surfactants are linear and
parallel to one another (Fig. 3); i.e., the mecha-

nism behind the inhibition of the electroreduction
of lead(II) ions in the presence of surfactants at
high temperatures remains unchanged. The val-
ues of transfer coefficient, α, for the discharge of
lead(II) ions on a lead electrode remain constant.
The constancy of α suggests that the mechanism
of the discharge of lead(II) ions was not changed
in the presence of surfactants. It is inhibited at
the stage where depolarizer ions penetrate into the
surface layer. The values ofα calculated under these
conditions are shown in Table 4.

The constancy of the values of α proves that the
mechanism of the discharge process of lead(II) ions
does not change. The change in the transfer coeffi-
cient testifies the activation nature of polarization.
At the stage of penetration of a depolarizer particle
in a double electric layer (DEL) in the presence of a
surfactant, the process proceeds faster. The values
of the currents of exchange jo calculated for these
conditions are presented in Tables 2–4. An analysis
of Tables 2–4 shows that in solutions of 1.0 M
NH2SO3H and 1.0 M HCOONa, the inhibitory effect
of CMAAP-AA and VEMEA weakens with increase in
temperature. The inhibitory effect of HLIW is also
preserved at T = 328 K. In solutions of 1.0 M KNO3
and 0.5 M Na2SO4, inhibition of the electroreduc-
tion of lead(II) ions by an adsorption surfactant film
was not observed.

A temperature-kinetic analysis of the polariza-
tion curves was carried out for the temperature
range T = 298–328 K (Fig. 4). Fig. 4 shows that
the temperature-kinetic curves of the discharge of
lead(II) ions in various electrolytes obtained at var-
ious overvoltages, in the absence of a surfactant,
are straight linear and parallel to each other and
independent of the overvoltage. The temperature-
kinetic curves of the discharge of lead(II) ions in
the presence of surfactants are straight linear. In
the presence of surfactants, three main cases can
be distinguished. The activation energy (Ea) is
increased, which indicates the appearance of an
additional potential barrier, i.e. an activation mech-
anism of inhibition occurs [26, 27]. The activation
energy decreases, i.e. the discharge of lead(II) ions
is facilitated. The activation energy has a negative
value; the temperature-kinetic curve has an inverse
relationship. This is probably due to a decrease in
the degree of filling of the electrode surface with
surfactant molecules with the rise in temperature.
The experimental data obtained allow us to con-
clude that the adsorption of the investigated surfac-
tants leads to both the inhibition of the process of
electroreduction of lead(II) ions on a lead electrode,
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Fig. 4 Temperature-kinetic curves of electroreduction of lead(II) ions in various background electrolytes in the presence
or absence of surfactants: (a) without surfactants; (b) CMAAP-AA; (c) HLIW; (d) VEMEA. 1, 1.0 M NH2SO3H; 2, 1.0 M
HCOONa; 3, 1.0 M KNO3.

and the acceleration of this process, depending on
the nature of the additive and the conditions for
electrolysis.

CONCLUSION

The features of influence of adsorption of water-
soluble polymer surfactants: CMAAP-AA, HLIW and
VEMEA on the electrode processes, particularly on
the electroreduction of lead(II) ions show that the
surface of the electrode is covered with adsorbed
particles, the size of which significantly exceeds the
size of the discharged ions. The density of the ad-
sorption layers, characterized by the degree of filling
of the electrode surface with surfactant molecules
(ions), generally depends on the structure of the
double electric layer, the volume concentration, as
well as on the nature of the electrolyte and temper-
ature conditions.

The obtained experimental data allow us to

conclude that against the background of 1.0 M
KCl, 1.0 M KBr, and 0.35 M Na3C6H5O7 ·2 H2O,
inhibition of the electroreduction of lead(II) ions by
a surfactant adsorption film is not observed at the
studied temperatures. In other cases, the rate of
electroreduction of lead(II) ions, depending on the
surfactant, decreases in the series: HLIW> CMAAP-
AA > VEMEA.

Temperature studies show that the discharge
of lead(II) ions in the presence of surfactants ob-
tained is also inhibited at T = 328 K. It was es-
tablished that the inhibitory effect of polymers on
the electroreduction of lead II) ions in electrolytes
increases in the following sequence: KCl < KBr <
Na3C6H5O7 ·2 H2O < Na2SO4 < KNO3 < HCOONa
< NH2SO3H.
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