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Abstract

Electrolytic zinc used in galvanizing processes is obtained using zinc electrowinning from sulfate solutions. The
presence of impurities in the electrolyte is a major problem for the zinc electrowinning industry. The impurities on zinc
electrolysis can reduce the current efficiency and increase the energy consumption. In this work, the effect of iron on the
zinc electrodeposition using galvanostatic deposition and cyclic voltammetry is studied. Contents of 5, 10, and 15 mg.L"' of
iron were added in the electrolyte of zinc sulfate and in an industrial acid electrolyte. Using the industrial electrolyte, iron
addition is detrimental to the zinc electrowinning, increasing the energy consumption and decreasing the current efficiency.
Key words: Electrolysis; Energy consumption; Electrolytic zinc.

EFEITO DO FERRO NO CONSUMO DE ENERGIA E EFICIENCIA DE
CORRENTE DA ELETR~6LISE DO ZINCO A PARTIR DE
SOLUCOES SULFATADAS

Resumo

O zinco eletrolitico usado nos processos de galvanizacdo é obtido através da eletrélise do zinco a partir de
solucbes sulfatadas. A presenca de impurezas no eletrélito é o maior problema para a eletrélise do zinco industrial.
As impurezas na eletrdlise do zinco podem reduzir a eficiéncia de corrente e aumentar o consumo de energia. Neste
trabalho é estudado o efeito do ferro na eletrodeposicao do zinco, usando deposicao galvanostatica e voltametria ciclica.
Foram adicionadas ao eletrélito de sulfato de zinco e a um eletrdlito icido industrial 5, 10 e 15 mg.L"' de ferro. No
eletrdlito acido industrial a adicao de ferro é prejudicial para a eletrdlise do zinco, aumentando o consumo de energia e
diminuindo a eficiéncia de corrente.

Palavras-chave: Eletrdlise; Consumo de energia; Zinco eletrolitico.

I INTRODUCTION all those industrial segments which normally

use cold rolled steels such as the automotive

One of the greatest changes in the last forty years industry, auto parts, metallic vehicle bodies,

concerning the application of steel as a structural element was  home appliances, electro-electronic equip-

the use of zinc coated steels for situations, which demand a  ment, steel furniture, civil construction and
high corrosion resistance. Galvanized steels can be applied in  containers.("
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One method of production of electrolytic zinc is electro-
winning using sulfate solutions. The deposition of electrolytic zinc
from alkaline zincate solution was investigated recently.>® Current
is applied through insoluble electrodes and causes zinc deposi-
tion on cathode. Several parameters affect zinc electrolysis and its
control.®) The presence of impurities in the electrolyte is a major
problem for the zinc electrowinning industry.® The synergistic
interactions among impurities determine the quality of zinc deposit
from the solution.®

Literature about the effect of impurities on zinc electro-
winning is still scarce and restrict to specific impurities such as
antimony,?) nickel,® cadmium, iron and copper.®

A promising development in this area is the application of
cyclic voltammetry and of electrochemical impedance spectros-
copy to the investigation of the electrodeposition process.®?

The aim of this work is to study the effect of iron in the zinc
electrowinning process using electrochemical techniques such as
galvanostatic deposition and cyclic voltammetry. Two electrolytes
were studied: a zinc sulfate electrolyte, pH 5.05, and an acid indus-
trial electrolyte of zinc sulfate with addition of 180 g.L-' of H,SO,.

2 MATERIALS AND METHODS

Two electrolytes of zinc sulfate were used. A solution of
60 g.L"' of zinc was prepared dissolving 262.8 g of ZnSO,.7H,O in
1000 mL of deionized water. Solutions containing 60 g.L-' of zinc
and 5, 10, and |15 mg.L"' of iron were prepared using ZnSO,.7H.,0O,
FeSO4.7H,0, and deionized water.

Iron was added in a second electrolyte, used in an indus-
trial plant of zinc electrowinning. Chemical characterization of this
industrial acid electrolyte is shown in Table |. Chemical analysis
was performed using the technique of atomic absorption spectro-
photometry. Contents of 5 mg.L"!, 10 mg.L"', and 15 mg.L"' were
added in the industrial electrolyte.

Table 1. Chemical composition of the industrial electrolyte

Element Content (g.L')
Zn 51.59
Fe 8.06.10
Mn 1.36
Mg 7.27
Cd 0.06

Electrochemical tests of galvanostatic deposition using a
potentiostat/galvanostat AUTOLAB PGSTAT 30 were performed.
Electrochemical cell was of three electrodes, an anode of Pb-Ag
(1% wt), a cathode of aluminum and the reference electrode was
Ag/AgCl. Zinc was deposited using galvanostatic deposition, applying
a current density of 500 A.m™, which is used in the industrial plant of
zinc electrolysis. A deposition time of 3 hours was used. Superficial
area of cathode and anode was 1.0 cm?. Before testing, cathodes
were polished with 600-mesh sandpaper, washed in distilled water
and dried. The zinc was removed from the cathode surface with a

stainless steel spatula. Zinc deposits were weighed
in a precision balance for measurements of
0.0001 g. The aluminum cathode was also weighed
before and after deposition (with the zinc depo-
sits). Each experiment was performed five times.

Anderson-Darling normality analysis was
performed to verify if the obtained data of depo-
sited zinc mass have a normal distribution. F test
of variance analysis (Minitab software, version 15)
was used to verify the equality of media. Applying
Faraday law, the theoretical mass of zinc was
calculated using the equation:('?

|=nF 3% 9Q M

dt dt

where | is the electric current, in amperes, n is
the moles of electrons, F is the Faraday constant,
dni/dt represents the rate of reaction in moles per
second, Q is the quantity of electricity or charge
in coulombs (C), and t is the time. The theoretical
zinc mass calculated was 184.71 mg. The current
efficiency can be expressed by the ratio of depo-
sited zinc mass and theoretical zinc mass.

Energy consumption (kWh/ton) was calcu-
lated using the expression:

5
10.CE

where Vm is the average potential (V), and CE the
current efficiency (%).

Cyclic voltammetry tests were performed
using a potentiostat/galvanostat AUTOLAB
PGSTAT 30. Electrochemical cell was of three
electrodes: an anode of aluminum, a counter elec-
trode of platinum and the reference electrode
was Ag/AgCl. Superficial area of cathode and
anode was | cm? The scan rate was 10 mVs”,
and the potential range was from 0 to —1600 mV.

Characterization of the electrodeposited
zinc was performed using scanning electron
microscopy (SEM), and energy dispersive spec-
troscopy (EDS). Image analysis using Quantikov('"
software was carried out to evaluate porosity of
the deposit.

3 RESULTS AND DISCUSSION

3.1 Current Efficiency and Energy
Consumption

3.1.1 Electrolyte of acid solution

Table 2 shows current efficiency and
energy consumption obtained in acid elec-
trolytes without Fe and with additions of 5 mg.L"',
10 mg.L', and I5 mg.L"' of Fe.
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Table 2. Current efficiency and energy consumption of zinc electrowinning from acid solution

Acid electrolyte Cell voltage Electrodeposited Theoretical Current Energy
(MY ne) zinc mass zinc mass efficiency consumption
(mg) (mg) (%) (kWh/T)
Without Fe 1826 + 4 654.8 = 1.2 728 89.9 1705
Addition of 5 mg.L! of Fe 1835+ 5 638.4 = 0.9 728 87.7 1758
Addition of 10 mg.L"' of Fe 1864 = 5 641.5 0.6 728 88.1 1777
Addition of 15 mg.L"! of Fe 1896 + 3 640.9 + 0.6 728 88.0 1810
Iron addition is detrimental to the zinc electrowinning, 5501
increasing the energy consumption and decreasing the current 3501 "
efficiency. Among the solutions with iron addition, the addition of 150 7
10 mg.L' produces the highest current efficiency. < -
= 5l P —
. 74
3.1.2 Electrolyte of zinc sulfate 2504
-450

The addition of iron in the zinc sulfate electrolyte did not
change the zinc mass deposited on cathode, and did not change the
current efficiency, as shown in Table 3.

Table 3. Current efficiency and energy consumption of zinc electrowinning
from zinc sulfate solution

Zinc sulfate Cell voltage Electrodeposited Theoretical Current Energy

electrolyte  (mV,, ) zinc mass zinc mass efficiency consumption
(mg) (mg) (%) (kWh/T)

Without Fe 2069 + 3 1824 + 1.4 183 99.6 1744
Addition of

5 mg/L of Fe 2038 + 4 182.1 +£0.8 183 99.4 1722
Addition of

10 mg/L of Fe 2094 =5 182.5 £ 0.7 183 99.7 1765
Addition of

15 mg/L of Fe 21055 182.1 = 1.8 183 99.4 1778

The addition of 5 mgL' of Fe decreases the energy
consumption and the addition of 10, and |5 mg/L of Fe increases
energy consumption (Table 3).

The current efficiency obtained using the electrolyte of zinc
sulfate without H,SO, addition, which is in the range of 99.5%,
is higher than the current efficiency observed using the acid elec-
trolyte, which was between 87.7% and 89.9%. For the electrolyte
of zinc sulfate, the hydrogen reduction reaction did not compete
significantly with zinc reduction. Over potential of zinc cathode
increases with a decrease of pH.

3.2 Cyclic Voltammetry

3.2.1 Electrolyte of acid solution

Cyclic voltammetry experiments of zinc electrodeposition
from 51.6 g.L'Zn, and 180 g.L"' of H,SO, solution on aluminum
substrate were carried out. The cathodic potential was varied in
the range of 0 to —1600 mV (Ag/AgCl). The linear sweep curves
that represent the onset of cathodic deposition and redissolution
of deposited zinc are shown in Figure | for the solution without
iron and with addition of 5 mg.L"!, 10 mg.L"" and 15 mg.L"' of Fe.
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Figure I. Linear sweep curves that represent the onset of
cathodic deposition and redissolution of deposited zinc are
shown for the acid solution without iron addition and with
5mg.L', 10 mg.L"' and |15 mg.L" of Fe.

The results are in good agreement with
the results of galvanostatic deposition.

The cathodic curve can be attributed
to the zinc deposition and hydrogen evolution
reactions. Zinc deposition started at —1050 mV
(Ag/AgCl). The anodic curves correspond to the
dissolution of the deposited zinc. The current of
anodic peak is higher for the electrolyte without
iron and for the electrolyte with 10 mg.L"' of Fe,
which also produced higher zinc mass electrode-
posited in the galvanostatic deposition than the
solutions with 5 and |5 mg.L"' of iron as shown
in Table 2. The electrolytes without iron and the
electrolyte with 10 mg.L"' of Fe showed anodic
peaks at a higher potentials than the peaks for
electrolytes with 5, and 15 mg.L"' of Fe. For a
higher zinc mass dissolution, a higher current
density and higher potentials were necessary.
The two points of interception of curves with
axis of abscise (zero current) determine the
segment of the nucleation hysteresis loop. This
segment is called BC.

No peak corresponding to Fe deposi-
tion is observed, probably because Fe does not
adhere to the aluminum substrate and it is physi-
cally flushed away from the electrode surface by
hydrogen evolution.
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Figure | shows that for the acid electrolyte without iron,
the BC portion decreases, indicating an acceleration of the
cathodic process. In the presence of Fe, the nucleation/electro-
crystallization overpotential (BC portion) increases, meaning that
zinc deposition becomes more difficult in the presence of Fe. The
addition of iron to the acid electrolyte produces an inhibition of
the zinc deposition, which can be confirmed by the results of elec-
trodeposited zinc mass as shown in Table 2. The inhibition of zinc
reduction is due to the reduction of ferric ions, which is more
significant as the iron content increases. The ferric ions were
attracted to cathode and competed with zinc ions in the reduc-
tion process.

3.2.2 Electrolyte of zinc sulfate

The linear sweep curves that represent cathodic and anodic
reactions for the zinc sulfate electrolyte are shown in Figure 2.

The electrolyte without iron addition shows a lowest
current density of anodic peak. In this case, the zinc mass elec-
trodeposited from an electrolyte without iron addition was the
same mass deposited from an electrolyte with iron addition. A
tendency of formation of a new anodic peak is observed at =50 mV
(Ag/AgCl), and can be associated to the iron dissolution accor-
ding to EDS results. The EDS analysis of the electrodeposited zinc
shows the presence of iron in deposited zinc, for the electrolysis
using the zinc sulfate with 10 and 15 mg.L"' Fe.

80 1

40 - P \

40 -

_80 T T T T T T T T 1
—1650 —1450 —1250 —1050 -850 —650 —-450 -250 -50 150

Potential (E), mV

— 5mg/LFe 10mg/LFe — I5mg/LFe Without Fe

Figure 2. Linear sweep curves that represents the onset of cathodic deposi-
tion and redissolution of deposited zinc are shown for the zinc sulfate solution
without iron addition and with 5 mg.L"!, 10 mg.L"'and |5 mg.L"'Fe.

The BC regions in the voltammograms shown in Figure 2 are
similar in length, indicating a same facility of the cathodic process.
The values of electrodeposited zinc mass of the zinc sulfate elec-
trolytes without iron, and with 5, 10, and 15 mg.L"!' Fe are similar,
and are according to these results.

3.3 Morphology
3.3.1 Acid electrolyte

Morphology of electrodeposited zinc using
acid electrolyte shows hexagonal crystals of zinc,
deposited as multilayer, as shown in Figure 3,
which presents a micrograph of surface of elec-
trodeposited zinc using an acid electrolyte with
I5 mg.L' Fe.

100 pm

X200 000006

Figure 3. Micrograph of surface of electrodeposited zinc
using an acid electrolyte with 15 mg.L"' Fe.

EDS analysis of the electrodeposited zinc
shows the presence of iron on deposited zinc
using the acid electrolyte without iron addition
(0.25 wt% Fe), and with 10 mg.L"' Fe addition
(0.1 wt% Fe). The acid industrial electrolyte
contained iron as impurity before iron addition,
according to Table |. The electrodeposited zinc
using the acid electrolyte without iron addition
showed a higher mass than the deposited zinc
obtained with acid electrolyte with addition of
5and 15 mg.L' Fe.

The porosity of electrodeposited zinc
does not change, or decreases with iron addition
in acid electrolyte as shown in Table 4.

Table 4. Porosity of the electrodeposited zinc

Electrolyte Porosity (%)
60 g/L Zn without Fe 0.33
60 g/L Zn with 5 mg/L of Fe 0.75
60 g/L Zn with 10 mg/L of Fe 0.73
60 g/L Zn with |5 mg/L of Fe 0.53
Acid electrolyte 0.65
Acid electrolyte with 5 mg/L of Fe 0.63
Acid electrolyte with 10 mg/L of Fe 0.38
Acid electrolyte with |5 mg/L of Fe 0.56
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3.3.2 Zinc sulfate electrolyte

Morphology of the electrodeposited zinc consists of circular
nodules of several diameters, as shown in Figure 4, which presents
a surface of the electrodeposited zinc using a zinc sulfate elec-
trolyte without iron addition.

000008

Figure 4. Morphology of the electrodeposited zinc consisting of circular nodules of
several diameters obtained using the zinc sulfate electrolyte without iron addition.

Hexagonal crystals are not identified in deposits obtained
using the zinc sulfate electrolyte without H,SO, addition. Elec-
trodeposited zinc by using an electrolyte of Zn 60 g.L-' showed
a content of sulfur of 2.5 wt% in a general surface analysis. Some
sample surfaces showed dark regions with concentration of sulfur
of 11.7 wt% (Figure 5).

000009

Figure 5. Surface of electrodeposited zinc obtained using a zinc sulfate elec-
trolyte without iron addition, showing dark regions with sulfur enrichment.

The electrodeposited zinc with 5 mg.L' Fe shows two diffe-
rent zinc electrodeposits. One zinc sheet was deposited, detached,
and another zinc sheet was deposited. The edges of the first sheet
shows cracks and sulfur enrichment (12 wt%). The first sheet
showed a content of sulfur of 1.5 wt%, 0.9 wt% of Al, and a poro-
sity of 0.75%. The second sheet shows a higher porosity than the
first sheet (1.629), a higher content of aluminum (2.1 wt%), and a
lower content of sulfur (I wt%).
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The electrodeposited zinc with 10 and
I5 mg.Ll' Fe showed the presence of iron in
deposit surface (0.94 and 0.10 wt%, respectively).
Figure 6 shows a surface of electrodeposited zinc
using the 60 g.L'' Zn electrolyte with 15 mg.L"
Fe. Some circular areas of a higher depth are
observed on zinc surface (Figure 6).

000029 100 pm

Figure 6. Surface of electrodeposited zinc using the
60 g.L"' Zn electrolyte with |5 mg.L"' Fe.

One result of the galvanostatic deposition of
zinc using a electrolyte of 60 g.L"' Zn with 10 mg.L"!
Fe is the deposition of two zinc sheets. The first
sheet shows a porosity of 31.5% and a content of
5.0 wt% of sulfur. The second sheet shows a poro-
sity of only 0.33%, and 3.1 wt% of sulfur.

The iron addition increases the porosity
of electrodeposited zinc, using a 60 g.L-' Zn elec-
trolyte, according Table 4.

4 CONCLUSIONS

The current efficiency obtained using the
electrolyte of zinc sulfate without H2$O4 addition,
which is in the range of 99.5%, is higher than the
current efficiency observed using the acid elec-
trolyte, which is between 87.7% and 89.9%.

Using the acid electrolyte, iron addition
is detrimental to the zinc electrowinning, increa-
sing the energy consumption and decreasing the
current efficiency.

The addition of iron in the zinc sulfate
electrolyte does not change the current efficiency.

The addition of 5 mg.L"! of Fe in the zinc
sulfate electrolyte decreases the energy consump-
tion and the addition of 10, and 15 mg.L"' of Fe
increases energy consumption.

The results of cyclic voltammetry indicates
that the addition of iron to the acid electrolyte
produces an inhibition of the zinc deposition,
which can be confirmed by the results of electro-
deposited zinc mass.
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