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Abstract: The effects of Br and I concentrations on the cell voltage, anodic polarization, current efficiency (CE), and energy consumption
(EC) of zinc electrodeposition from ammoniacal ammonium chloride solutions were investigated. The surface morphology of zinc deposits
was also examined. Scanning electron microscopy (SEM) and X-ray diffraction (XRD) were used to characterize the morphology of zinc
deposits and the phase of anodic sediments produced during electrolysis. The results clearly showed that the CE slightly increased from ap-
proximately 95.12% in the absence of I and Br to 97.08% in the presence of 10 gL ™" Br ; in contrast, the CE significantly decreased to less
than 83% in the presence of 10 g'L ™' I'. The addition of Br and I" positively affected the EC, which decreased from 2514 kW-ht ' to ap-
proximately 2300 kW-h't'. The results of anodic polarization measurements showed that the voltage drops were 130 and 510 mV when the
concentrations of Br and I” were 10 g'L " at a current density of 400 A-m >, respectively. SEM images showed that the addition of Br and I
caused different crystal growth mechanisms, which resulted in the production of compact and smooth zinc deposits. The anodic reactions of

I were also studied.
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1. Introduction

Approximately 11-20 kg of zinc-bearing blast-furnace
dust slurry or electric-arc furnace (EAF) dust is reportedly
formed for 1 t of produced steel [1-2]. According to the
study of Riitten et al. [3], 341.8 million tons of EAF dusts
were produced worldwide in 2009, including approximately
48.3 million tons produced in China. Zinc-bearing EAF
dusts are first converted into crude zinc oxide via a thermal
treatment process and are then subjected to sulfate leaching
and subsequent electrowinning to obtain zinc [4]. Before the
leaching process, crude zinc oxide should be treated via an
alkali wash process to eliminate or reduce the content of
impurities, particularly halides, which adversely affect the
electrowinning process in acidic sulfate solutions. Conse-
quently, a large amount of wastewater must be treated dur-
ing this procedure [5].

In the 1990s, the EZINEX® process was developed to
produce metallic zinc directly from crude zinc oxide with
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NH,CI solution at high temperature (greater than 70°C) [6].
Tang’s group reported a similar process of treating
zinc-containing dusts and low-grade zinc oxide ores in
NH;-NH4CI solution at room temperature [7—10]. During
the treatment of zinc-bearing dusts, alkaline gangues and
some metallic impurities such as Fe, Al, Si, and Pb are pre-
sent in raw materials but cannot be extracted from the solu-
tion because of its alkalinity. Moreover, zinc electrowinning
can be performed in halide-containing solutions. Therefore,
a special purification process for the removal of F, CI', and
metallic impurities can be avoided, which greatly reduces
the burden of subsequent wastewater treatment and water
recycling.

In adapting this method, researchers observed that the
current efficiency (CE) and energy consumption (EC) of the
electrolytic process were significantly changed by the addi-
tion of halide ions. Korbach et al. [11] mentioned that par-
ticular chromium plating baths can operate at high CEs
when I', Br, or CI' is used as an additive. The authors of
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several studies in China have reported that adding halide
ions can improve the CE and reduce the EC of the electro-
lytic preparation process of K,FeO4 [12—13]. Several au-
thors have noted that CI™ positively affects the CE and EC of
nickel electrowinning and the surface morphologies of
nickel-deposits from sulfate electrolytes [14]. Olper and
Maccangi [15] have also reported that Br and I can depo-
larize the anodic reaction during zinc electrodeposition from
EZINEX electrolyte and, in turn, significantly decrease the
anodic potential. However, to our knowledge, the function
and mechanism of Br and I on zinc electrowinning in
ammoniacal ammonium chloride solution have not yet been
investigated.

The objective of this study is to investigate the effects of
Br and I' concentrations on the CE, anodic polarization,
cell potential, EC, and morphology of zinc deposits during
the electrowinning of zinc in ammoniacal ammonium chlo-
ride electrolytes. Moreover, the electrochemical mecha-
nisms of Br and I are also investigated.

2. Experimental

30 L of electrolyte solution containing 40 g'L™" Zn*', 5.0
mol-L ! NH,Cl, 1.5 mol-'L™" NH;-H,0, and small amount of
additives was prepared from the reaction of ZnO, NH,CI,
and NH;-H,O (28wt% in water) (Analytical grade, Shanghai
Chemistry Reagent Company, China) [16].

Anodic polarization curves were measured using a
CHENHUA (Shanghai, China/CHI660C) electrochemical
workstation; the measurements were conducted using a
conventional three-electrode electrochemical cell at 25°C
under atmospheric conditions with a 2.25-cm® (1.5 cm x 1.5
cm) platinum plate as the counter electrode and a saturated
calomel electrode (SCE) mounted inside a Luggin capillary
as the reference electrode. Before each experiment, a
1.0-cm® (1.0 cm x 1.0 cm) Ti-RuO, plate, which was used
as the working electrode, was degreased with acetone and
anhydrous alcohol, then washed with bi-distilled water, and
finally dried. KBr or KI was added to adjust the Br or I
concentration, respectively, in the electrolyte solution. The
electrochemical experiments were conducted at a constant
scan rate of 5 mV-s'; the scanning potential range was 1.0
to 1.7 V vs. SCE for Br -containing electrolytes and 0.7 to
1.8 V for I -containing electrolytes.

Solutions (1.5 L) of as-prepared electrolytes containing
different amounts of KBr and KI were placed in 2.0-L poly-
vinyl chloride (PVC) electrolytic cells. All electrolytic ex-
periments were conducted at 25°C with a 90-cm® Ti plate
coated with RuO, as the anode, a 100-cm” pure Ti plate as

the cathode, an electrode distance of 4 ¢cm, and a cathodic
current density of 400 A-m .

Upon completion of deposition, the cathode was removed
from the cell, washed twice with dilute ammonia, rinsed
three times with deionized water, and then stripped and
dried at 60°C in a vacuum oven for 24 h. A Tescan VEGA
II XMH microscope was used to characterize the surface
morphology of zinc deposits. X-ray diffraction (XRD) pat-
terns of anodic solid precipitates from I -containing electro-
lytes were collected on a Rigaku D/max 2550 diffractometer
using Cu K, radiation (40 kV, 200 mA, 2 =0.154 nm) and a
slit width of 0.25°; the samples were scanned over the 26
range from 10° to 90°.

3. Results and discussion

3.1. Cell voltage

The effects of the concentrations of Br and I on cell
voltage are shown in Figs. 1 and 2, respectively, for an elec-
trodeposition duration of 6 h and a cathodic current density
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Fig. 1. Change of cell voltage as a function of electrowinning
time for electrolytes with various Br™ concentrations.
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Fig. 2. Change of cell voltage as a function of electrowinning
time for electrolytes with various I concentrations.
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of 400 A'‘m . The cell voltage decreased with increasing
Br and I' concentrations in the bath. The initial cell voltage
decreased from 3.05 to 2.73 V when the Br concentration
was increased from 0 to 15 gL, and the initial cell voltage
significantly decreased from 3.05 to 2.26 V when the I
concentration was increased from 0 to 10 g-L™". One of the
most important reasons for this discrepancy in the decrease
in cell voltages is that, according to the standard potentials
listed in Table 1, both Br and I can be oxidized more eas-
ily than CI'. The electrochemical reaction activity on the
anode decreases in the order of I,/I” > Br,/Br > CL,/CI .

Table 1. Standard potentials of chlorine, bromine, iodine, and
ammonium [17] \%
(€] (€] (€] (€]
cly/cr Br, /Br- E L/ N, /NHj
1.395 1.066 0.62 0.275

Alternatively, these phenomena can be caused by an in-
crease in the electrical conductivity of the electrolyte with
the addition of Br and I'. The cell voltage decreased with
increasing electrowinning time for each concentration level
of Br and I', which could be a consequence of the increase
in the electrical conductivity of the electrolytes caused by
the acid generated during the electrowinning process. The
reactions are described as follows:
3Br, + 2NH; =N, + 6Br +6H" @)
3Br, +2NH; =N,T + 6Br +8H" )

The average cell voltage as a function of the Br and I
concentrations is shown in Fig. 3. As expected, the average
cell voltage decreased with increasing Br and I concentra-
tions. Specifically, in the case of I, a more significant de-
crease in cell voltage was observed at concentrations greater
than 1.0 g-L™". The addition of 15 g¢'L™' Br and 10 gL' "
resulted in the greatest decreases in cell voltage: approxi-
mately 195 and 654 mV, respectively.
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Fig. 3. Change of average cell voltage as a function of Br and
I' concentrations in the electrolyte.
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3.2. Anodic polarization curves

The effects of Br and I concentrations on anodic po-
larization are shown in Figs. 4 and 5, respectively. The addi-
tion of 10 g'L ™" Br to the electrolyte resulted in a maximum
anodic potential voltage decrease of 130 mV at a current
density of 400 A-m 7, thereby indicating that Br~ caused the
depolarization of the anodic process. The anodic potential
drop increased with increasing Br and I concentrations in
the range of 1 to 15 gL ™" and 1 to 10 gL', respectively
(Table 2), which is consistent with the results for the cell
voltage.
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Fig. 4. Effect of Br concentration on anodic polarization.
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Fig. 5. Effect of I concentration on anodic polarization.

Table 2. Anodic potential at 400 Am? in electrolytes with

various Br™ and I concentrations \'
. -1
Tons Ion concentration / (gL ")
0 1 2 5 10 15
Br 155 152 148 146 142 141
1 155 152 147 134 104 —

The depolarization caused by I at a current density of
400 A'm? was intensified by the addition of 10 gL' T,
with a maximum decrease of 510 mV; thus, I is more effec-
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tive than Br™ for depolarizing the anodic reaction. This result
is consistent with the rule based on the standard potentials
listed in Table 1 that I is oxidized before CI” and Br at an
anode. In Fig. 5, a current-density peak was observed with
increasing scanning potential when the I concentration in
the electrolyte was greater than 5 g-L™". This result was not
observed in the polarization curves of Br. A high I con-
centration resulted in high peak current and high potential.
The adsorption of I, from I oxidation on the anodic elec-
trode resulted in a decrease in the I concentration, and Cl™
could be oxidized at a high potential.

During electrolysis with the addition of I', the solution
near the anodic surface first became reddish-brown, and
brownish-red sediments appeared at the bottom of the anode
when the I concentration exceeded 5 g-L™'. Moreover, the
colorless electrolyte became purple again when the electro-
lyte was acidified. However, the electrolyte then reverted to
being colorless after a certain time. To further understand
the anodic reaction mechanism of I', the sediments on the
anodic electrode were characterized by XRD; the results are
shown in Fig. 6.
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Fig. 6. XRD pattern of sediment from the anodic electrode
with the addition of I'.

The XRD results showed that the sediment contained
NH4I; (JCPDS #97-004-8202). When I was added to the
electrolyte, the ions were oxidized prior to Cl at a lower
potential via the following reaction:

2 —2¢ =1, 3)

However, NH; or NH," cannot be directly reduced to N,
by I,, but the same cannot be said for either Cl, or Br, be-
cause the reducibility of I, is much lower than those of Cl,
and Br,. Most of the I, combined with I in the solution to
form I; 7, which eventually led to the formation of NH,I;
according to the following equations:

L+T=1; 4)
NH; + I, =NHi; )
Alternatively, on the basis of the color change of the

electrolyte and gas formation, another reaction mechanism
shown in Egs. (6) to (8) could be involved:

I +60H —6e = 10; +3H,0 (6)
10; + 51 + 6H" =31, + 3H,0 (7
10; + 2NH;=N,+I +2H +3H,0 8)

3.3. Current efficiency and energy consumption

CE and EC are important performance parameters in
electrowinning. The CE for zinc electrodeposition was de-
termined from the mass of the deposits before and after
deposition according to the following equation:

m
=—x100% 9
n ot 0 ©

where 7 is the current efficiency, m is the mass of the de-
posit obtained practically (g), ¢ is the electrochemical
equivalent (the value for zinc is 1.2195 g:A™'h™"), I is the
total cell current (A), and ¢ is the time of electrodeposition
(h). The quantity of electricity (/f) was kept constant for all
experiments.

The EC per ton of zinc deposits can be calculated via the
following formula using the average cell voltage and CE:

W =——x1000 =820V /5 (10)

qgxn
where W represents the energy consumption per ton of zinc
deposits (kW-h-t™"), V" and 7 are the average cell voltage (V)
and the CE, respectively, and ¢ is the electrochemical
equivalent.
The changes in CE and EC as a function of both Br and
I' concentrations in the cell electrolyte are shown in Fig. 7.
The CE was slightly improved from 95.12% to 97.08% with
the Br~ concentration increasing from 0 to 10 g-L™' Br . The
energy required for the electrowinning process decreased
from 2514 kW-h-t"' in the absence of additives to approxi-
mately 2309 kW-h-t ' with 10 gL' Br .
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Fig. 7. Change in current efficiency and energy consumption
as a function of Br and I concentrations in the electrolyte.
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In our previous work, nitrogen was confirmed to be prin-
cipally released from an anode of titanium coated with ru-
thenium oxide or from a graphite plate during zinc elec-
trowinning in ammoniacal ammonium chloride solutions
according to Egs. (11) to (13) [18]:

2CI - 2e =Cl, (11)
3ClL, +2NH; =N,1 + 6Cl + 6H" (12)
3CL +2NH: =N, +6Cl +8H' (13)

When Br was added to the electrolyte, the Br ions were
oxidized to Br, prior to the oxidation of CI" at a lower po-
tential because the redox potential of Bry/Br is lower than
that of Cl,/CI . The generated Br;, could also react with NH;
or NH; in the solution to release N, according to Egs. (14)
to (16):

2Br —2¢ =Br, (14)
3Br, + 2NH; =N, 1 + 6Br + 6H (15)
3Br, +2NH = N,1 + 6Br + 8H' (16)

The solution near the anodic surface became yellow and
then quickly became colorless upon the addition of Br , in-
dicating that Br, was formed. However, Br, was depleted
during electrolysis. As a consequence, the CE increased and
the cell voltage decreased with the addition of Br because
its redox potential is lower than that of CI .

In contrast, I exhibited a significant negative effect on
the CE. The CE significantly decreased from 95.12% in the
absence of I to less than 82.80% with 10 g¢'L™' I". A small
amount of I; might have migrated to the cathode and re-

Int. J. Miner. Metall. Mater., Vol. 22, No. 7, July 2015

acted with the zinc deposits to form Znl, according to Eq.
17):
Zn+1,=Znl, +T (17)
As a result of these side reactions during electrolysis, the
CE decreased upon the addition of I'. However, given the
significant decrease in cell voltage, the EC also decreased
from 2514 kW-h-t ' to 2297 kW-h't ' in the presence of 10
g'L™' I in the electrolyte, despite the decreasing CE.

3.4. SEM morphology

The zinc deposits with and without the addition of 10
gL' Br exhibited excellent metallic luster, whereas the
surface was dull after the addition of 10 gL™' I". SEM was
performed to analyze the surface morphologies of the zinc
deposits. Fig. 8 presents SEM micrographs of zinc deposited
from electrolyte solutions with various additives. A zinc
film was formed from plate-like crystals with different sur-
face morphologies. Many large cavities, small nodules, and
long cracks were observed in the zinc deposit obtained from
the electrolyte in the absence of Br and I" (Fig. 8(a)). The
zinc deposited from the electrolyte containing 10 g-L™' Br-
or I exhibited compact and smooth sheets (Figs. 8(b) and
8(c)). The morphologies of the zinc deposits clearly showed
plate-like crystals, and the degree of crystallinity was better
than that of the deposits obtained from the electrolyte with-
out Br and I'. Although the morphologies of all of the zinc
deposits maintained a plate-like structure, the primary grain

Fig. 8. SEM micrographs of zinc

deposited from the electrolyte
without and with Br and I: (a)
blank; (b) 10 g-L™" bromide ion; (c)
10 g-L " iodide ion.
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size, cavities in the primary grains, and particle mor-
phologies differed substantially, indicating that the addition
of Br and I played important roles in zinc crystal growth.
A particular degree of grain refinement was observed in the
zinc deposited from the electrolyte containing 10 g'L™" Br~
or I'. On the basis of the irregular edge face of the primary
grain of the zinc deposited from the electrolyte with I, the
effects of I on the physical characteristics of the deposit
were substantially more pronounced than those of Br. A
close-packed structure of zinc flakes resulted in compact-
ness and smoothness of the zinc deposits when Br and I
were added to the electrolytes. However, further studies on
the growth mechanism of zinc crystal nuclei in the presence
of Br and I ions are necessary.

4. Conclusions

(1) The CE of zinc electrowinning increased from
95.12% without Br in the electrolyte to greater than 97%
when 10 g'L™' Br~ was present. In the case of I', the CE de-
creased significantly from 95.12% to 82.80% over the entire
concentration range of 0 to 10 g'L™", which was attributed to
side reactions at the cathode. The addition of Br and I de-
creased the EC from 2514 kW-h't ' to approximately 2300
kW-ht .

(2) The presence of Br and I in the electrolyte resulted
in compact and smooth zinc deposits. Br and I facilitated
the deposition of close-packed zinc with few and small cavi-
ties and no nodules, unlike the zinc deposited in the absence
of Br and .

(3) The positive effects of Br and I ions on cell voltage
and EC were attributed to anodic depolarization. When the
concentration of Br_ or I was 10 g-L ™", the maximum volt-
age drop was 130 mV or 510 mV at a current density of 400
A-m 2, respectively. However, a high concentration of I can
result in the formation of NH,I; on the anodic surface and
10;™ in the electrolyte, which negatively affects the electro-
deposition process.
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