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Abstract

A novel cyanide-free zinc deposition bath was developed in which sorbitol was added at various concentrations.
Voltammetric studies indicated that the reduction process is influenced thermodynamically and kinetically by the
sorbitol concentration. Also, two cathodic processes were observed, one (wave) associated with the hydrogen
evolution reaction (HER) on 1010 steel, the other (peak) with zinc bulk reduction, simultaneous to the HER.
Furthermore, the plating-process kinetics was controlled by mass transport. The presence of sorbitol in the bath led
to formation of light-grey zinc films, even during the HER, without cracks and dendrites. Plating current efficiency
decreased from ~62% to 43% on increasing the sorbitol concentration in the plating bath. In the presence of 0.1 M
[Zn(OH),]*~ and/or sorbitol concentrations higher than 0.2 m, Zn electrode dissolution was inhibited. However, a
small dissolution of zinc electrode was observed with 0.05 M sorbitol in alkaline solution without zincate. SEM
micrographs showed that the 1010 steel substrate was fully covered by Zn film and that the sorbitol affected the

morphology of zinc films, acting as a grain refiner.

1. Introduction

In recent decades there has been considerable interest in
the electrodeposition of zinc and zinc alloys [1, 2], since
plating with zinc protects steel from corrosion. Apart
from resisting corrosion, zinc improves the appearance
of the articles and also serves as a good base on steel for
painting [3]. Its properties facilitate its application on a
number of components in the electrical, domestic and
automobile industries. Much research effort has gone
into finding suitable additives to aid the levelling of
these zinc deposits.

An acid zinc bath is used where it is desirable to have
a high plating rate with maximum current efficiency [4].
However, the critical pretreatment requirements and the
poor throwing power of these solutions restrict their use
to plating only regular-shaped articles [5]. The effective-
ness and ease of operation of these baths are totally
dependent on the brightener additive system used in the
bath [6]. Bapu et al. [5] found that the best plating
conditions and brightener concentration to obtain
smooth and fine-grained bright zinc deposits in non-
cyanide alkaline zinc containing gelatine were 2—4 A
dm™2 at 303 K and pH =10. The electrolyte had about
63% current efficiency and 25% throwing power.
Inorganic and organic additives can play an important

role in electroplating. Cachet et al. [7] reported the
dissolution and deposition of zinc in 0.5 M ZnO elec-
trolytes at various KOH concentrations in the presence
of 5 x 107* M tetrabutylammonium bromide (NBuyBr).
It was observed that both deposition and dissolution of
zinc were inhibited. The inhibition of zinc deposition
and dissolution by an additive (NBuyBr) depends on the
KOH concentration and results from changes in the
rates of interfacial processes. Diggle and Damjanovic [§]
also studied the influence of an additive (NBuyBr) on
zinc electrodeposition in an alkaline bath. The authors
showed that the additive inhibited the dendritic growth
of zinc deposits.

Blinov et al. [9] showed that the tetraalkylammonium
salt (TAS) is adsorbed on zinc in alkaline solutions at
highly negative potentials and when added to a zincate
bath alters the mechanism of the cathodic process, viz.,
slow penetration of the electroactive zinc species
through the adsorbate layer arises as a slow step
preceding discharge. Then, TAS adsorption causes an
additional inhibition of zinc electrodeposition and a
change in the type of step that is rate-controlling.

Blinov et al. [10] communicated the special effect of
the added TAS on zinc deposit structure. The adsorp-
tion of TAS causes zinc deposits to grow with a very
pronounced texture and enhanced microdistortions. It is
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suggested that at potentials more negative than —1.8 V
the zinc electrodeposited has a nonequilibrium micro-
structure, stimulating the formation of an intermetallic
zinc-sodium compound which is responsible for a strong
inhibition of hydrogen evolution. It is because of this
effect of TAS that potentials more negative than —=3.0 V
can be reached. Litovaka et al. [11] has studied the
electrolysis of zincate solutions with added polyethyl-
enepolyamine and observed that slow discharge and
diffusional limitations were the steps controlling zinc
electrodeposition at more negative potentials. More-
over, the simultaneous process of hydrogen evolution
was catalysed by the adsorbed amino groups. The
authors concluded that special kinetic features of the
cathodic process constitute an important limitation on
the use of zincate electrolytes with added polyamines.

Ravindran and Muralidharan [12] studied the role of
furfuraldehyde on the electrodeposition of zinc on steel
from an alkaline tartrate bath. It was found that
additions of furfuraldehyde to the bath inhibited the
rate of build-up and that the inhibition was due to
adsorption of furfuraldehyde molecules at the growth
sites of the nuclei, controlling their growth; this inhibi-
tion decreased with current density and the hydrogen
evolution reaction was favoured by furfuraldehyde, so
that the current efficiency decreased.

Nagarajan et al. [13] reported that a zincate bath
solely consists of a small concentration of zinc in sodium
hydroxide and depends entirely on organic additives and
brighteners, the latter being the most critical for the
success of the process. Moreover, comparing cathode
efficiency, throwing power and plating rate of cyanide
and non-cyanide alkaline baths, they observed that
the latter was characteristically very similar to high
cyanide plating bath. However, throwing power and
covering power were found to be excellent with the non-
cyanide process. Also, a non-cyanide alkaline bath
produces a slightly yellowish white zinc deposit, whereas
a cyanide bath produces bluish-white deposit.

Naik and Venkatesha [14] investigated the addition of
a new brightener (salicylaldehyde) for zinc electrode-
position from non-cyanide alkaline solution. The results
showed that the zinc films provide good protection of
the base metal and the deposits showed fine-grained
crystal growth.

Zuniga et al. [15] investigated the effects of a quater-
nary aliphatic polyamine (QAA) on zinc electrodepos-
ition. They showed that the additive decreased the
exchange current density (j,), suggesting that QAA
inhibits the zinc reduction process. Coatings grown in
solutions containing QAA had a smaller grain size than
crystals grown in QAA-free solutions and, as a result,
coatings were compact and shiny. Zinc coatings grown
in the presence of QAA displayed lower corrosion rates
than those grown in its absence. Carlos et al. [16-20]
have developed non-cyanide alkaline baths and studied
the effects of organic additives on Zn [16, 17], Zn-Fe and
Cu-Zn alloy deposition [18, 19], so as to improve the

morphological characteristics and brightness of depos-
ited films. Galvani and Carlos [17] investigated the effect
of the additive glycerol on zinc chronopotentiometric
electrodeposition on 1010 steel. The results showed that,
in general, for density current values between 4 and
16 mA cm™2, the lower the glycerol concentration the
higher the electrochemical efficiency. Barbosa et al. [18]
obtained light grey, grey and dark grey electrodeposits
from an alkaline iron-zinc solution, in the presence of a
polyalcohol. These films could only be obtained because
of the beneficial effect of the polyalcohol, which brought
the reduction potential of Fe(III) close to that of the
zincate ion, allowing codeposition of iron and zinc to
occur. Almeida and Carlos [19] developed and studied a
copper-zinc alkaline bath with various proportions of
the metal ions in the bath. They concluded that sorbitate
anions prevent the deposits becoming dark and that the
films were without stress and the substrate was totally
covered.

The object of the present study was to develop an
alkaline zinc plating bath containing sorbitol and to
characterize the effects of this organic additive on the
cathodic polarization, by means of cyclic voltammetry.
The morphology of zinc films was evaluated by scanning
electron microscopy (SEM).

2. Experimental details

All chemicals were analytical grade. Double-distilled
water was used throughout. The electrochemical exper-
iments were performed in freshly-prepared non-cyanide
baths, containing 0.10 M ZnSO4 + 2.0 M NaOH and
sorbitol at various concentrations (0.05; 0.2; 0.4 and
1.0 M). An AISI 1010 steel disk (0.50 cm?) and a zinc
disc (0.38 cm?) were employed as working electrodes
and a Pt plate and an appropriate Lugging capillary
containing Hg/HgO/NaOH (1.0 NaOH, E’=
0.0977V) were employed as auxiliary and reference
electrodes, respectively. The AISI 1010 steel, from CSN
Co., (Brazil), contained 0.04% P, 0.08% C, 0.3% Mn
and 0.05% S. Immediately prior to the electrochemical
measurements, the working electrode was ground with
600 emery paper and rinsed with distilled water.
Electrodeposition was carried out under potentiody-
namic conditions. The curves were recorded using an
EG & G eclectrochemical system consisting of a model
366A bipotentiostat. Deposition and dissolution charges
were measured with an EG&G model 379 coulometer,
using alkaline electrolytes. All experiments were carried
out at room temperature (25°C). The deposition
current efficiency (¢,) of the zinc electrodeposition pro-
cess was obtained from the stripping/deposition charge
ratio. Zinc films were produced chronoamperometrically
from —-0.8 V to —1.4 'V, at a charge density (qq) of
2.0 C cm™ and anodic stripping was done in 1.0 M
NH4NO;. Scanning Electron Microscopy (SEM) pho-
tographs were taken with an FEG X L 30.



3. Results and discussion
3.1. Electrochemical study of zinc deposition

Figure 1 shows cathodic linear sweep voltammograms
recorded from the AISI 1010 steel substrate in electro-
lIytic solutions containing 0.10 M ZnSO4 + 2.0 ™M
NaOH. While in region I the rate of deposition in the
initial moments is slow, in region II, the current density
increases steeply and then decreases sharply. In region
II, bulk zinc electrodeposition occurs. This region is
marked by one cathodic peak, attributed to diffusional
control of the deposition process, which promotes a
decrease in current density. In region I1I, the steep rise in
the current density beyond the cathodic peak may be
associated with the HER and zinc deposition.

With the purpose of studying the zinc electrodeposition
process, voltammetric deposition experiments with sweep
reversal were performed. Figure 2 shows the cathodic
sweep reversed at various potentials. At —1.38 V, a
cathodic wave was observed. This wave was attributed to
the HER, which was observed in this region during the
reduction process. Also, analyzing the anodic sweep, a
zinc dissolution peak cannot be seen, corroborating the
visual observation of HER during the cathodic sweep in
region I. However, when the scan was extended to more
cathodic potentials, viz. =1.39 V, —-1.41 Vand -145V,
the cathodic currents decreased on reversal [21]. This
decrease can be attributed to the plating process kinetics
being controlled by mass transport. Also, in the anodic
sweep a zinc dissolution peak can be seen.

Figure 3 shows Zn voltammetric deposition and
dissolution curves obtained from baths containing
0.1 m ZnSO4 + 2.0 M NaOH and sorbitol at the
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Fig. 1. Cathodic voltammetric curves for electrodeposition of zinc
onto AISI 1010 steel substrate in solution containing 2.0 mol I™'
NaOH and 0.1 mol I”' ZnSOy, v=10mV s™".
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Fig. 2. Voltammetric curves for steel substrates in 20 M NaOH,
0.10 M ZnSO4 and 0.2 m sorbitol, showing effects of the limit poten-
tials: (_**_**_) —1.45V, (_*_*0) —141V, (+ese) =1.39V and (—)
138 V.v=10mV s™".

concentrations 0.05 M, 0.2 M, 0.4M and 1.0 M. The
cathodic branch displays only one peak at ~—14V,
which refers to bulk zinc deposition. In the anodic
branch, one peak can also be seen, due to zinc
dissolution. It can be observed in Figure 3 that the zinc
plating rate is affected kinetically by the sorbitol, i.e., the
presence of sorbitol at concentrations higher than
0.05 m decreases the cathodic current density (j,). The
reduction of j, with rising sorbitol concentration is
probably due to inhibition of deposition by adsorbed
sorbitol. On the other hand, the displacement of E,
to more negative values with increasing sorbitol
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Fig. 3. Dissolution and deposition voltammograms of zinc film on
AISI 1010 steel substrate in 2.0 M NaOH +0.10 m ZnSO, + sorbitol
in concentrations 0.0M (—), 0.05 M (---eeeee ); 0.2 M (———);
04M--—)and .OM (- ---). v=10 mV s\,
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concentration suggests that sorbitol is probably ad-
sorbed on to the 1010 steel substrate, affecting the
thermodynamics of the cathodic process.

Figure 4 shows the effect of varying the sorbitol
concentration on the current efficiency (¢,) of the zinc
electrodeposition process. The zinc films were deposited
potentiostatically from — 0.8 V to —1.4 V, with a charge
density of 2.0 C cm™. The deposits were then dissolved
voltammetrically in a solution of 1.0 M NH4NOs. It can
be observed in Figure 4 that the presence of sorbitol in
the plating bath reduced ¢, from ~62% to 43%, due to
the inhibition of electrodeposition by adsorbed sorbitol.

Zn voltammetric deposition was studied at various
sweep rates (v). Figure 5 shows that the increase in the
peak current density (j,) is proportional to v2. Also,
this graph indicates that the area of the electrodeposited
zinc film does not alter significantly during the voltam-
metric deposition, as observed for silver [22] and tin
films [23], for which, however, the graphs of j, against
v/ pass far from the origin. These results corroborate
those obtained for copper electrodeposition [20].
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Fig. 4. Zinc deposition current efficiency (¢,) calculated from vol-
tammetric measurements, versus sorbitol concentration. (data Fig-

ure 4).
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Fig. 5. Variation of j, with V2, for zinc electrodeposition on steel
substrate.

3.2. Dissolution of zinc electrode

Figure 6 shows voltammograms for a zinc electrode in
an alkaline zinc-plating bath and a similar bath without
zinc ions. These voltammograms indicate the occurrence
of three different processes: active dissolution, passiv-
ation and transpassivation. Zn is actively dissolved in
region I of Figure 6. Here, the current density increases
with potential in the anodic direction, up to peak a,.
Region I, between the peaks a; and a,, is denominated
pre-passive and region III, which is characterized by a
low current density relative to regions I and II, is the
passive region. Beyond 1.5 V vs. Hg/HgO/1.0 M NaOH
(region 1V), dissolution of metal continues. Figure 7
shows the voltammetric curves for a Zn electrode in a
bath containing NaOH with several concentrations of
ZnSOy4. In baths containing ZnSO,4 in 2.0 M NaOH,
Zn*" reacts with NaOH to form zincate ion
([Zn(OH),4]*"). In solution, the zincate ions cover the
anode area, preventing the diffusion of oxidizing agent
and consequently inhibiting the anodic process. Figure 7
show that addition of 0.1 m ZnSQ,, the concentration
usually present in the Zn deposition bath, decreases
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Fig. 6. Voltammetric curves for a zinc electrode in solutions contain-
ing NaOH 2.0 M (- - - -) and 2.0 M NaOH + 0.1 M ZnSOy4 (~ ), at
10 mV s~
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Fig. 7. Dissolution of zinc electrode in solutions containing 2.0 m
NaOH and several concentrations of ZnSO4: 0.0 M (—) 0.001 m
(——e—=)and 0.100 M (- -), v=10 mV s



significantly the transition current density, jap, and the
passive current density, j,.

To analyse the effect of sorbitol on the corrosion
resistance of Zn electrodes, Zn voltammetric dissolution
was studied in its presence. Figure 8 illustrates voltam-
metric curves for the zinc electrode in alkaline solutions
containing 2.0 M NaOH and several sorbitol concentra-
tions. As can be seen in this Figure, the presence of
additive changes the behavior of the Zn electrode. Thus,
at a low concentration of the additive (0.05 M), there is
an increase in the transition current density jap, but an
insignificant increase in the current density, jp,, in the
passive region. However, both js,p and j, decrease as
the amount of additive rises. This behavior shows that
the presence of additive decreases the amount of
corrosion of the product enough for a passive film to
be formed, which then inhibits significantly the Zn
electrode dissolution, indicating that the presence of
additive favours the formation of a passive film. Also,
the voltammetric curves in Figure 8 show that at
sorbitol concentrations higher than 0.20 m the charge
densities in the passive region decrease significantly, as a
consequence of lower Zn dissolution. It is possible that
the sorbitol, which is an organic substance (C¢H40g),
acts as an inhibitor by being adsorbed on the Zn anode
surface, leading to the formation of a film, similarly to
quaternary aliphatic polyamine (QAA) [6]. The forma-
tion of such a film would affect the electrochemical
process, inhibiting Zn corrosion. The results in Figure 8
indicate that the sorbitol contents above 0.20 M may
allow the formation of enough adsorbed film to inhibit
Zn dissolution, while 0.05 m additive is not sufficient to
form the protective film. It is possible that, at 0.05 M, the
adsorbed film does not completely cover the electrode
surface. Thus, galvanic cell formation would occur, with
the covered region acting as cathode and uncovered
region as anode, resulting in a higher rate of dissolution
of Zn than in the absence of additive. Figure 9 shows
voltammetric curves for the zinc electrode in the
solution containing NaOH +ZnSO,4 and several con-
centrations of sorbitol. It can be seen in Figure 9 that
the addition of sorbitol in this electrolytic solution also

Fig. 8. Voltammetric curves for zinc electrode in solutions contain-
ing 2.0 M NaOH and several concentrations of sorbitol: 0.0 M (—),
0.05 M (-eeneenee );02M (—-— e —=); 04 M (—-—--)and 1.OM (- - - -),
at 10 mV s~
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Fig. 9. Voltammetric curve for zinc electrodes in solutions contain-
ing 2.0 M NaOH+0.1 M ZnSO, and several concentrations of sorbi-

tol: 0.0 M (—), 0.05 (--------- ); 0.2 M (—— o0 ——); 0.4 M(—-—--) and
1OM (----),at 10 mV s

decreases both j,4p and j,, indicating the inhibition of
zinc electrode dissolution. However, the addition of
0.05 M sorbitol does not result in any increase of zinc
electrode dissolution, in contrast to the zinc-free solu-
tion. This behavior may be attributed to the presence of
zincate, inhibiting the anodic process.

3.3. Morphological study of electrodeposits

Figure 10 (a)—(f) show SEM photographs of electrode-
posited zinc films. Deposits were obtained chronoamp-
erometrically from ZnSO,4 + NaOH, in the absence and
presence of sorbitol at several concentrations. The
micrographs indicate that the sorbitate anion gives rise
to smaller crystallites of zinc as the sorbitol concentra-
tion in the plating baths increases. Thus, it may be
inferred that sorbitate anions favour deposition of finer
zinc grains.

4. Conclusions

Zn alkaline plating baths containing sorbitol were found
to yield light grey zinc films. Cyclic voltammograms
displayed a cathodic wave and peak, which refer to
HER and Zn bulk deposition simultaneously to HER,
respectively, and in the anodic branch a peak of zinc film
dissolution. In the presence of sorbitol at concentrations
higher than 0.05 m, the cathodic peak current decreased
and the peak potential was displaced to more negative
values. Zinc deposition was controlled by mass trans-
port, since jy increased with rising sweep-rate (v). Plating
current efficiency decreased from ~62.0% to 43% as
sorbitol content rose from 0.05 M to 1.0 M in the plating
bath. Zn voltammetric dissolution was significantly
inhibited in the presence of sorbitol concentrations
>0.2 M, in the presence or absence of zincate in the
electrolytic solution. However, a small dissolution of
zinc electrode was observed for 0.05 m sorbitol in
alkaline solution without zincate. SEM results showed
that the 1010 steel substrate was fully covered by zinc
film and that sorbitol led to a refining of the zinc grains.
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Fig. 10. SEM micrographs of Zn films of 2.0 C cm™ obtained chronoamperometrically at potential —1.4 V. Electrolytic solution: 0.10 M
ZnSO,4+ 2.0 M NaOH, without sorbitol (a) and with sorbitol 0.05 M (b), 0.2 M (c), 0.4 M (d), 0.6 M () and 1.0 M (f) at 10 mV s~'.
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