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Neste livro são explorados trabalhos teóricos e práticos, relacionados as áreas de 
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relacionados ao desenvolvimento de novos materiais, com aplicações nos mais diversos 
ramos da ciência, bem como assuntos relacionados a melhoria em processos e produtos já 
existentes, buscando uma melhoria e a redução dos custos.

De abordagem objetiva, a obra se mostra de grande relevância para graduandos, 
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Boa leitura a todos.
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CAPÍTULO 5
 

IMPACT OF ZINC CONCENTRATION AND PH IN THE 
ELECTROPLATING PROCESS IN AN ACID SULFATE-

BASED SOLUTION

Data de submissão: 09/07/2021

Gabriel Abelha Carrijo Gonçalves
State University of Santa Cruz

Ilhéus – Bahia
http://lattes.cnpq.br/7024935986388318

Pedro Manoel Silveira Campos
Federal University of Southern Bahia

Itabuna – Bahia
http://lattes.cnpq.br/8881500083854185

Tácia Costa Veloso
Federal University of Southern Bahia

Itabuna – Bahia
http://lattes.cnpq.br/2420026949442774

Vera Rosa Capelossi
State University of Santa Cruz

Ilhéus – Bahia
http://lattes.cnpq.br/0713486577039303

ABSTRACT: The steels have good mechanical 
properties and an interesting cost-benefit ratio, 
but they are highly susceptible to corrosion 
degradation. One of the largest used corrosion 
protection techniques is the metallic coatings, 
such as the electrodeposition of zinc ions on 
steel in a process known as electroplating. Many 
factors can affect the efficiency of the process, 
the deposit quality, and, consequently, the 
mechanical and corrosion resistance, such as 
zinc concentration, pH, temperature, and even 
the presence of contaminants in the electrolyte 

bath. Therefore, this work evaluated the current 
efficiency and the morphological modifications by 
optical microscopy (OM) of the electroplated steel 
varying independently the zinc concentration 
and pH in an acid sulfate-based solution. No 
significant variation was observed at the current 
efficiency by increasing the zinc concentration 
or pH. The current efficiency in all conditions 
evaluated reached values over 90 %, which allows 
us to classify the process as efficient varying both 
operational conditions in the range studied. The 
sample electroplated at initial pH 2.5 presented 
the greatest homogeneity and regularity of the 
surface morphology by OM analysis. The lowest 
zinc concentration evaluated (40 g.L-1) appeared 
to have greater roughness, while the others 
samples had similar morphology. Such behavior 
suggests that the increase in zinc concentration 
improved the homogeneity of the deposit until 50 
g.L-1, while pH 2.5 showed a better appearance. 
Therefore, under the conditions evaluated, we 
recommend the use of 50 g.L-1 at a pH of 2.5.
KEYWORDS: Metallic coating, 
Electrogalvanization, Operational parameter, 
Current efficiency, Coating morphology.

IMPACTO DA CONCENTRAÇÃO DE 
ZINCO E PH NO PROCESSO DE 

ELETROGALVANIZAÇÃO ÁCIDA EM MEIO 
SULFATO

RESUMO: Apesar de suas boas propriedades 
mecânicas e sua relação custo-benefício, o aço 
apresenta grande susceptibilidade à degradação 
por meio da corrosão. Dentre as técnicas utilizadas 
para a proteção dessas estruturas, pode-se citar 
o emprego de revestimentos metálicos como 
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a eletrodeposição do zinco sobre o aço, em processo denominado eletrogalvanização. No 
entanto, o processo é bastante sensível a diversos fatores operacionais e de banho que 
podem afetar a eficiência do processo, a qualidade do depósito e, consequentemente, a 
resistência mecânica e à corrosão do material final, como a concentração de zinco, o pH, 
a temperatura e até mesmo a presença de contaminantes. Portanto, o presente trabalho 
avaliou a eficiência de corrente e as modificações morfológicas do revestimento por meio 
da Microscopia Ótica (MO) do aço eletrogalvanizado variando a concentração de zinco e 
o pH do eletrólito, independentemente, em meio ácido contendo sulfato. Não foi observada 
variação significativa nos valores de eficiência de corrente com o aumento tanto da 
concentração de zinco quanto com o aumento do pH do eletrólito. A eficiência de corrente 
em todas as condições avaliadas manteve-se superior a 90 %, permitindo a classificação 
do processo como sendo eficiente. A amostra eletrogalvanizada no pH 2,5 apresentou 
maior homogeneidade e regularidade na morfologia superficial do revestimento, conforme 
evidenciado pelas análises via MO. Enquanto que a menor concentração de zinco avaliada 
(40 g.L-1) aparentou ter maior rugosidade, quando comparada com as demais amostras em 
outras concentrações. Este comportamento sugere que o aumento da concentração de zinco 
melhorou a homogeneidade do depósito até a concentração de 50 g.L-1, enquanto o pH 2,5 
apresentou melhor aspecto visual. Portanto, com base nas condições avaliadas, recomenda-
se o uso de 50 g.L-1 de zinco e pH de 2,5.
PALAVRAS-CHAVE: Revestimento metálico, Eletrogalvanização, Parâmetros operacionais, 
Eficiência de corrente, Morfologia do revestimento.

1 |  INTRODUCTION
Carbon steel is one of the most used metal alloys today due to its high cost/benefit 

ratio. They are mostly constituted of iron with small quantities of carbon located interstitially, 
as well as some impurities are also present, such as manganese. Despite their good 
mechanical and thermal conductivity properties, in general, carbon steels are susceptible 
to corrosion deterioration, which limits their use (ASKELAND; WRIGHT, 2016). Due to this 
characteristic and aiming to increase the useful lifetime of the material, many techniques 
are widely used to improve the corrosion resistance or even inhibit it at relatively low rates 
(SCHLESINGER; PAUNOVIC, 2010).

Although zinc has a more negative reduction potential than iron, they generally have 

a lower corrosion rate when compared to steel. Furthermore, as the corrosion rate of Zn 

is relatively low, the corrosion protection that this coating provides is considerably long. 

Such characteristics turn zinc a prominent candidate to be used as a metallic coating in the 

cathodic protection of steel (SCHLESINGER; PAUNOVIC, 2010).

The zinc coating has been used to protect against corrosion for over 170 years. 

Currently, several techniques can be used to protect metallic alloys that are zinc-based, 

such as thermal spraying or metallization, sherardization, and even the painting with zinc-

enriched paint (SCHLESINGER; PAUNOVIC, 2010). However, most techniques used in 

the metallurgy are based on the hot-dip galvanization or the electrodeposition of zinc in a 
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process known as zinc electroplating (ALVARENGA; LINS, 2016; MAJUSTE et al., 2015).

Zinc electroplating is a process based on the reduction of the zinc ions present in 

the electrolyte on the substrate surface, which in this case is steel (MAJUSTE et al., 2015). 

The process is not spontaneous, so, the current is provided from an external power supply 

(ALVARENGA; LINS, 2016; SCHLESINGER; PAUNOVIC, 2010).

Until the 70s, most zinc electroplating processes consisted of cyanide-based baths. 

However, due to new regulations, this kind of bath has been gradually replaced by others 

with less toxicity. Currently, acid baths are particularly prominent owing to less electroplating 

time, good deposit quality, and higher process versatility. These baths are commonly 

employed in the coating of plates, tubes, and wires (SCHLESINGER; PAUNOVIC, 2010).

Several factors in the zinc electroplating process can affect negatively the current 

efficiency, the deposit quality, and, consequently, the mechanical and corrosion resistance 

of the material. As reported in the literature (KUL et al., 2020; ALMEIDA et al., 2019; PAN et 

al., 2013; SCOTT et al., 1988), the zinc concentration, pH, current density, and temperature 

for example impacted the process efficiency and the coating morphology, modifying the 

crystal structure and the geometry of the grains.

The metal ions are presented in the aquo-cation complex when dissolved in an 

aqueous solution, as the electroplating bath. The aquo-cations lose their solvation form 

when approaching the substrate surface and by a diffusion process, they migrate until a 

favorable site was found. Finally, they adsorb in the surface, incorporating into the metallic 

network after losing all binders (SHREIR; JARMAN; BURSTEIN, 2000). Then, the zinc 

deposits begin to grow epitaxially in layers over the substrate (NAKANO, 2009).

Therefore, this work aims to evaluate the current efficiency and surface morphology 

by optical microscopy (OM) of AISI 1008 steel electroplated in an acid sulfate-based solution 
varying the zinc concentration and pH independently.

2 |  EXPERIMENTAL
An electrolytic cell was used for zinc electroplating. The electroplating system 

consisted of three plates (Figure 1), being one cathode (AISI 1008 carbon steel) between two 
anodes (lead). The samples were fixed with an anode/cathode distance of 10 mm and they 
had fixed dimensions of 50 x 70 mm2. The current was supplied by an external power supply 
connected in series with a multimeter (Instrutherm, MD-700). This setup characterizes this 
process as galvanostatic electroplating.
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Figure 1 – Schematic representation of the electrolytic cell employed in the zinc electroplating process, 
consisting of a cathode (AISI 1008 steel plate), two anodes (lead plates), the electrolytic bath, and an 

external power supply (A).

The electrolyte consisted of H2SO4 and NaSO4 (50 g.L-1), varying the zinc concentration 
(40 g.L-1, 50 g.L-1, and 60 g.L-1), and the initial pH (1.5, 2.5, and 3.5), as summarized in Table 
1. The cell temperature was controlled by a water bath at 50 °C under magnetic stirring of 
380 rpm.

Zinc concentration variation pH 
variation

Zn2+ (g.L-1) 40, 50, and 60 50

Na2SO4 (g.L-1) 50 50

pH 2.5 1.5, 2.5, and 3.5

Cathode AISI 1008 carbon steel AISI 1008 carbon steel

Anode Lead plates Lead plates

i (mA.cm-2) 30.5 30.5

T (°C) 50 50

t (min) 20 20

Stirrer (rpm) 380 380

Table 1 – Operational parameters used in the zinc electroplating bath to each condition evaluated.

The sample surface was treated before the electroplating process (Figure 2). The 
sample primarily was completely immersed in acetone for 10 min in an ultrasonic bath (LS-
3D, LimpSonic, 40 kHz/70W). Then, the sample was immersed in an alkaline degreaser (50 
g.L-1, 680 RM, Saloclean) under magnetic stirring of 380 rpm at 50 °C for 10 min, and finally, 
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the substrate was quickly dipped in H2SO4 (3 M) etching solution for 10 s.

Figure 2 – Flowchart containing the step-by-step process to treat and store the samples.

After each washing step described, the samples were rinsed in distilled water for 5 
min. At the end of the electroplated process, the samples were also rinsed in distilled water 
for 5 min and then dried immediately by thermal air blower.

The current efficiency, eC, was calculated by Equation 1, where wEP and wT are 
respectively the electroplated zinc weight and the theoretical zinc weight. The wT is 
determined by Faraday Electrolysis Law, where M is the zinc atomic weight (65.38 g.mol-1); 
I is the current (A); t is the electroplating time (s); n is the zinc valency (n = 2); and F is the 
Faraday constant (F = 96485.33 s.A.mol-1).
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The surface morphology analysis was performed through optical microscopy (S9, 
Leica).

3 |  RESULTS AND DISCUSSION

3.1 Current efficiency analysis
The process efficiencies were evaluated by the current efficiencies, eC, which were 

calculated by Equation 1, and they are presented in Table 2. Varying both operational 
conditions in the range studied did not impact significantly the current efficiency when we 
analyze the standard deviation. The current efficiency in all conditions evaluated reached 
values over 90 %, which allows us to classify the process as efficient, as expected for 
processes carried out in an acid solution (SCHLESINGER; PAUNOVIC, 2010).

Table 2 – Current efficiencies summarized for each condition evaluated by varying independently the 
zinc concentration and pH in the zinc electroplating process.

These results are consistent with those found in the literature by Scott et al. (1988). 
The authors observed by experimental tests that the current efficiency in an acid sulfate-
based solution increases quickly by varying the zinc concentration between 20 g.L-1 and 
50 g.L-1. However, they also observed a stagnant growth when zinc concentration reached 
values over 50 g.L-1 (SCOTT et al., 1988).

On the other hand, pH mainly influences the conductivity of the electrolyte bath, 
which directly impacts the diffusion rates of the zinc ions on the cathode surface (SHREIR; 
JARMAN; BURSTEIN, 2000). As reported in the literature, as much lower is the pH, the 
greater will be both conductivity and mobility of the metals aquo-cations in the electrolyte 
bath. Such behavior, at first sight, would represent an increase in current efficiency 
(ALMEIDA et al., 2019).

The current efficiency, as already elucidated, refers to the ratio of how much a unit of 
current supplied to the system was effectively used to reduce the zinc ions on the cathode 
surface. However, the hydrogen evolution is a competitive reaction that occurs during the 
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zinc ions reduction. Thus, as the H+ concentration increase by increasing the solution acidity, 
the equilibrium of the hydrogen evolution reaction is disturbed and compensates the effect 
of ions mobility (ALMEIDA et al., 2019; SCOTT et al., 1988; MACKINNON, 1985).

3.2 Surface morphology analysis
The coating properties (brightness, roughness, and corrosion resistance) are 

directly impacted by the zinc deposition (NAKANO, 2009). Thus, the variation in the zinc 
concentration promoted changes in the samples’ visual appearance as shown in Figure 3, 
which in the highest zinc concentration evaluated presented darker deposits when compared 
to the others. Such modifications could be better visualized in the micrographs obtained via 
optical microscopy (OM), as shown in Figure 4.

A higher zinc concentration can impact the coating morphology and may reduce the 
operational costs of the process, once, operating at low zinc concentration in the electrolyte 
will imply to use a higher current density to obtain bright and homogeneously distributed 
deposits (MURALIDHARA; NAIK; VENKATESHA, 2006).

Figure 3 – Images without magnification of the samples after the electroplating process at 40 g.L-1 (a), 
50 g.L-1 (b), and 60 g.L-1 (c).

We noted through Figure 4a that the sample obtained at 40 g.L-1 presented a higher 
roughness, while the other concentrations evaluated are morphologically similar. This 
suggests that the increase in the zinc concentration in the electrolyte is capable to promote 
a better coating homogeneity.
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Figure 4 – Micrographs obtained by optical microscopy (OM) at 50x magnification of the samples after 
the electroplating process at 40 g.L-1 (a), 50 g.L-1 (b), and 60 g.L-1 (c).

On the other hand, the variation of initial pH in the zinc electroplating process showed 
a slight modification in the coating by the sample’s images obtained without magnification 
(Figure 5). However, such modifications can be easily visualized in optical microscopy (OM) 
micrographs shown in Figure 6.

The sample obtained in pH 1.5 presented rounded depressions as shown in Figure 
6a with the apparent exposure of the substrate. The geometry of these rounded cavities 
suggests that the sample obtained in a low pH solution tends to favor the hydrogen evolution 
reaction. As result, bubbles are formed on the cathode surface (ALMEIDA et al., 2019; 
SCOTT et al., 1988), which may be adhered until their release towards the atmosphere.

Figure 5 – Images without magnification of the samples after the electroplating process at pH = 1.5 (a), 
pH = 2.5 (b), and pH = 3.5 (c).

The sample obtained in pH 3.5 (Figure 6c) presented higher roughness when 
compared to that one obtained in pH 2.5 (Figure 6b) which appears to be more compact and 
with considerably less roughness. As reported in the literature, a higher irregular roughness 
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profile is a favorable scenario to promote corrosion deterioration (PENG et al., 2017; PARK; 
SZPUNAR, 1998).

Figure 6 – Micrographs obtained by optical microscopy (OM) at 50x magnification of the samples after 
the electroplating process at pH = 1.5 (a), pH = 2.5 (b), and pH = 3.5 (c).

Therefore, under the conditions evaluated and through the results of the tests 
presented in this study, it is possible to note the best condition recommended is 50 g.L-1 at 
a pH of 2.5.

4 |  CONCLUSION
The current efficiency was not significantly impacted by varying operational 

parameters in the range studied, reached values over 90 %, which classify the process as 

being efficient. The sample obtained at pH 1.5 possibly presented the substrate exposure 

due to a higher rate of the hydrogen evolution reaction, while the one obtained at pH 3.5 

presented a higher roughness profile by OM analysis. The same was observed at the 

lowest zinc concentration (40 g.L-1) that appeared to have greater roughness, while the 

others samples had similar morphology. Thus, increasing zinc concentration improved 

the homogeneity of the deposit until 50 g.L-1, while pH 2.5 showed better performance. 
Therefore, under the conditions evaluated, the best zinc concentration and pH are 50 g.L-1 

at a pH of 2.5, respectively.
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