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Abstract
The influence of Mn2+ ions on the generation of heavy metal anode slime during zinc electrolysis industry was extensively
investigated using several electrochemical methods, electronmicroscope technologies, and particle size analysis. Results showed
that the Mn2+ could obviously promote oxygen evolution reaction (OER) and thereby weaken oxidation efficiency of Mn2+

(ηMnO2) and dissolution of Pb
2+. The significant improvement in kinetic parameters for OER was found in electrolytes of 1 and

3 g/L Mn2+, but became unstable as the Mn2+ concentration increased to 10 g/L. This result was correlated with much different
properties of oxide layers that its changes of microstructure are involved in, since it confirmed that the positive role of compact
oxide layers in contributing to high corrosion resistance and activity for OER, but excessive Mn2+, resulted in its micromor-
phology of overthickness and instability. Such differences resulted from the effect of the Mn2+ concentration fluctuation on
kinetic rates of the nucleation growth process. The formation and adsorption of intermediate MnO2–OHads identified as the
controlled step for Mn2+ catalyzing OER was also recommended. The generation mechanism of anode slime was found to be
changed in essence due to varying Mn2+ concentrations. In electrolyte of 1 g/L Mn2+, results revealed that the root cause of
excessive small suspended anode slime (around 20 μm) was the change of the initial pathway of Mn2+ electro-oxidation,
whereas, it showed great improvement in the settling performance as the Mn2+ concentration was increased to 10 g/L.
Considering the potential of optimizing Mn2+ concentrations as a cleaner approach to control anode slime, deepening the
understanding of the impact mechanism of Mn2+ can provide new insights into intervention in the generation of anode slime.

Keywords Oxygen evolution reaction . Heavymetal . Anode slime . Cleaner approach

Introduction

In the zinc electrolysis industry, electrodeposition process is
particularly sensitive to the presence of various metallic

impurities in the electrolyte (Zhu et al. 2017). Over the past
decades, many scholars have conducted a large number of
studies with regard to the effect of numerous impurities on
zinc electrodeposition. Low concentrations of nickel (Zhang
et al. 2009; Liu et al. 2012), cobalt (Cachet et al. 1999; Krause
and Sandenbergh 2015), copper (Mureşan et al. 1996), anti-
mony (Ivanov 2004; Alkatsev et al. 2015), iron (Lins et al.
2010; Adcock 2017), cadmium (Moradkhani et al. 2012), and
germanium (Liu et al. 2011; Alkatsev et al. 2014) have been
regarded not only as influential in the zinc electrodeposition
efficiency of cathode but also make a difference in the char-
acteristics of zinc product microcosmic morphology and ca-
thodic polarization.

China now has a dominant role in electrolytic zinc
production of which production capacity reached
5,610,000 tons in 2014. According to the mass balance
analysis of wastewater (Xu et al. 2016), 1,889,448 tons of
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wastewater containing 113.49 tons of Pb2+ is generated
and discharged into the environment. As is known to all,
the lead-based anode is widely used in the zinc electroly-
sis industry on account of its high corrosion resistance
and availability in acidic sulfate (Houlachi et al. 2015),
whereas the Pb2+ is attributed to the inevitable dissolution
of Pb-Ag alloy (Rerolle and Wiart 1995). For improving
the corrosion resistance, Mn2+ is required as an essential
factor in the zinc electrolysis process, which can be oxi-
dized to form oxide layers on the anode surface (Lai et al.
2011; Mohammadi et al. 2013a). This oxide layer is con-
sidered to not only favor the corrosion resistance but also
to reduce the overpotential of OER in sulfate acid electro-
lyte (Alamdari et al. 2012; Mohammadi et al. 2013b;
Mohammadi and Alfantazi 2015; Jaimes et al. 2015).

Despite this oxide layer having somany positive effects, lots
of heavy metal anode slime are also generated in the presence
of Mn2+. In China, on average, to produce 1 ton of zinc,
40~50 kg of anode slime containing about 10% of Pb is gen-
erated and enters the electrolysis system. Normally, anode
slime of cell bottom pumped by vacuum suction tower is
reused in the electrolyte preparation process for oxidizing iron
impurities (Ivanov and Stefanov 2002). But, this recycling pat-
tern causing the potential risk of Pb accumulation within the
electrolysis system is always ignored. Moreover, superabun-
dant anode slime on the anode surface will lead to increasing
energy consumption and risk of short circuit, and the cleaning
and removal of the anode slime of cell bottom will also cause
intermittent stoppages during the production (Moats 2008).
These problems have long existed and continue to plague the
improvement of the zinc electrolysis industry. Although some
proposals are directed towards replacing other anode materials,
such as titanium-based anode and iron-based anode, they are
limited by its performance stability and expensive production
cost (Shrivastava and Moats 2009; Liu et al. 2013; Stefanov
and Dobrev 2013). Actually, Mn2+ ions are always sourced
from zinc ore and are also inevitably introduced into the elec-
trolyte through the leaching process. Therefore, the oxidation
of Mn2+ ions on the anode is unavoidable.

Therefore, an attempt to understand the role Mn2+ plays in
the generation of anode slime becomesmuchmore practical and
feasible. Recently, the researches in this field have its limitation
and have paid most of their attention to the effect of Mn2+ on
energy consumption, cathodic current efficiency, and zinc prod-
uct quality (Zhang and Hua 2009; Su et al. 2017). However, the
potential heavy metal pollution caused by the generation of
excess anode slime is ignored. The previous literatures have
reported the key role theMn2+ concentration plays in the change
of oxide layer morphology (Mohammadi and Alfantazi 2015).
But, less attention has been paid on the intrinsic relation between
the oxide layer characteristics and the generation of anode slime,
especially detailed impact analysis of the Mn2+ concentration in
the field of the change of the anode slime quantity, distribution,

and morphology characteristics. Considering the large amount
of electrolyte preparation requirements during zinc electrolysis
industry, the optimization of Mn2+ concentrations means high
potential in reducing resource consumption.

Considering the potential of optimizing Mn2+ concentra-
tions as a cleaner approach in improving the generation of
anode slime at source, our work focused on evaluating the
effect of changes inMn2+ concentrations on the OER behavior
and microstructure of oxide layers obtained from zinc sulfate
electrolyte during 10 days of electrolysis and investigating
their internal relation with the properties of anode slime.
Based on this view, we brought insight into the special under-
standing of the generation mechanism of heavy metal anode
slime.

Experimental details

Reagents

The electrolyte used in this study was prepared with 45 g/L
Zn2+ and 160 g/L H2SO4; Mn2+ ions were added into the
electrolyte to get the desired solution composition. All re-
agents (ZnSO4∙7H2O, H2SO4, and MnSO4∙H2O) were guar-
anteed reagent grade to ensure the composition of the electro-
lyte was pure without introducing other heavy metal
impurities.

Electrolysis

Small-scale anodic galvanostatic electrolysis was performed
in a 5000-cm3 plexiglass cell in the absence and in the pres-
ence of various amounts of Mn2+ ions to keep the ion varia-
tions comparable. Two lead alloy samples (Pb-0.3% Ag-
0.03% Ca-0.03% Sr) with geometric areas of 30 and 1 cm2

were used as the anodes, and the corresponding aluminum
sheets with the same areas with anodes were used as cathodes.
In all cases, each designed experiment of Mn2+ ions galvano-
static electrolysis was performed in a constant temperature
bath at 35 ± 1 °C, and the current density was held constant
at 450 A/m2 by a multi-channel DC power supply. Upon
reaching specific electrolysis time points (0, 24, 48, 72, and
240 h), the cathode was removed from the cell to strip zinc
products. Then, the new electrolyte and cathodes were re-
placed for the next 24 h of electrolysis. The anode samples
were also immediately removed from the electrolytic cell and
washed three times with the doubly distilled water, then pre-
pared for the later electrochemical analysis. After every 24 h
of electrolysis, the Mn2+ and Pb2+ concentrations of electro-
lyte samples were measured by inductively coupled plasma
mass spectrometry (ICP-MS, AGILENT 7500), and the inter-
nal isotopic standards were 10 ng/mL In for Mn2+ and 10 ng/
mL Bi for Pb2+, respectively. And, the ηMnO2 values were
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calculated by Faraday’s law. The corresponding electrolyte
samples were measured by Malvern laser particle size analyz-
er (MS 2000) to obtain the particle size distribution of
suspended anode slime. Moreover, the anode slime detached
from the substrate was collected from turbid electrolyte by a
suction flask. And, the quality of detached anode slime was
determined by heating at 120 °C to constant weight. The
change of MnO4

− ions was observed spectrophotometrically
by pipetting out electrolytes at initial electrolysis time inter-
vals and measuring the change in the absorbance at 525 nm.
The above solution samples were determined three times to
ensure the stability of the data. And, the error bars represented
the standard deviation of three independent tests, which were
listed in the figures.

Electrochemical measurements

The electrochemical experiments including cyclic volt-
ammetry (CV) measurements and linear sweep voltamm-
etry (LSV) tests were performed on a CHI608D electro-
chemistry workstation (Shanghai Chenhua, China) using a
three-electrode system. For all the measurements, the an-
ode samples with a geometric area of 1 cm2 were used as
the working electrodes after specific polarization time (24,
48, 72, and 240 h). Meanwhile, aluminum sheets with a
geome t r i c a r e a o f 1 . 5 cm2 we r e u s ed a s t h e
counterelectrodes, and the reference electrode was a satu-
rated mercurous sulfate electrode (MSE). All the measure-
ments were performed in a synthetic electrolyte of 45 g/L
Zn2+ and 150 g/L H2SO4 at 35 ± 1 °C. The scanning range
of CV was from − 1.4 to 1.6 V at a constant scan rate of
1 mV/s, and the initial potential was − 1.4 V. To improve
the visual representation of CV curves in this paper, all
images were cropped to a range from − 1.4 to 1.4 V for
direct comparison. For LSV, the potential was scanned
from 1.0 to 1.5 V for anodic potentiodynamic polarization
with a constant scan rate of 1 mV/s. Unless mentioned
otherwise, all the potentials were recorded with respect
to the MSE.

Deposit examination

After 240 h of electrolysis, deposits of anode surface were
dried at room temperature and prepared for tests of morphol-
ogy and phase composition. The morphology of the anode
surface was examined by a scanning electron microscope
(SEM, Qunata FEG 250) to obtain high-resolution images.
X-ray diffraction (XRD, Rigaku Ultima IV) was used to ana-
lyze phase composition. The scanning rate during the XRD
was kept at 10°/min within the scanning range of 20°–70° (2-
theta).

Results and discussion

Analysis of kinetic parameters for OER

Steady polarization curves were performed in the absence and
presence of Mn2+ to obtain kinetic parameters for OER. A
widely approved mechanism for OER on active metal oxide
electrodes could be proposed as the following reaction steps
(Aromaa and Foesen 2006).

Sþ H2O→S–OHads þ Hþ þ e‐ ð1Þ
S–OHads→S–Oads þ Hþ þ e‐ ð2Þ
2S–OHads→S–Oads þ Sþ H2O ð3Þ
S–Oads→Sþ 0:5O2 ð4Þ

Where, S and S–OHads represented the active site on the
electrode surface and adsorption intermediate, respectively.
Based on this mechanism, the rate determination step for a
specific electrode was normally judged by the corresponding
Tafel slope of OER. And for the lead-based electrode, the rate
determination step could generally be determined by that
when the Tafel slope b was ≥ 120 mV/dec, the formation
and adsorption of S–OHads (step (1)) was rate determining;
when b was ~ 40 mV/dec, the rate determination step was
suggested to be steps (2) and (3); and when b was ~ 15 mV/
dec, the generation of O2 (step (4)) was rate determining.

In this research, the anodic kinetic parameters for lead-
based anodes were determined from the anodic polarization
curves (Fig. 1) using the Tafel formula (Xu et al. 2012).

η ¼ аþ blog j ð5Þ

Where, η (under specific current densities j = 0.045 A/cm2)
and j represented the overpotential and the corresponding

Fig. 1 Effect of Mn2+ on the anodic polarization on the fresh lead-based
anodes with various concentrations: (1) blank, (2) 1 g/L, (3) 3 g/L, (4) 5 g/
L, and (5) 10 g/L.
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current density for OER, and b was the constant obtained by
linear fitting of the relationship curve of η and log j in Origin
8.5.1 software. The exchange current density j0 was calculated
using the Tafel Eq. (5) when η = 0.

log j0 ¼ –
a
b

ð6Þ

And, the transfer coefficient β was determined by Eq. (7)
(Yang et al. 2013)

β ¼ 2:3RT
baF

ð7Þ

Where, ba was the corresponding Tafel slope at anodic
polarization. And, R was the gas constant (8.314 J/(mol·K)),
Twas the thermodynamic temperature, and F was the faraday
constant (96,500 C/mol). The values of ba, η, β, and j0 were
given in Table 1. It was clear that the Tafel slopes markedly
decreased from 135 to 117 mV/dec with the addition of Mn2+.
And, the noticeable increase of the exchange current densities
(from 1.67 to 2.79 × 10−8 A/cm2) and transfer coefficients
(from 0.444 to 0.513) was also found.

Generally, higher valves of j0 and β implied that the elec-
trode was not easily polarizable, that electrode reversibility
was improved, and that the electrode reaction easily occurred.
Within the potential scan range (Fig. 1), the OERwas themain
reaction inevitably accompanied by the partial current for the
Mn2+/Pb2+ oxidation (remained very low about 1 mA/cm2)
(Cachet et al. 1996). Therefore, this depolarizing effect indi-
cated that the rate of OER was affected strongly by the exis-
tence of Mn2+. Furthermore, this positive effect of Mn2+ on
OER was ascribed to the formation of MnO2 particle onto the
anode surface, which was confirmed by its phase composition
analysis (Fig. 6). However, this promotion effect approached
saturation at a higher concentration of Mn2+ (up to 10 g/L),
which suggested the limitation of active sites induced by the
oxidation of Mn2+ on the anode surface. Throughout the ex-
periments, the Tafel slopes all presented around 120 mV/dec,
which indicated that the OER was controlled by step (1) ac-
cording to the above proposed mechanism. This revealed the
enhancement mechanism of the active site for OER, which
played a key role in the electron transfer rate of step (1), since
the promotion effect on OER is subject to the catalytic

properties and quantities of active sites. In this case, it could
also explain the saturation observation obtained at high con-
centrations of Mn2+ due to the limited active sites induced by
MnO2 particles. Such saturation observation for OER indicat-
ed the optimization of Mn2+ concentrations as a feasible pro-
posal in reducing energy consumption and avoiding consum-
ing excessive amounts of manganese. Considering the com-
petition mechanism among anodic reactions, this improve-
ment for OER implied the potential in cutting down the gen-
eration of heavy metal anode slime.

This positive effect of Mn2+ on OER was proposed due to
lack of further extension of the observation during a long
period of zinc electrolysis (Zhang et al. 2009). In this work,
a prolonged electrolysis (240 h) had been done on industrial
lead-based anodes from zinc electrolyte as a function of Mn2+

concentration. The anodic kinetic parameters after the de-
signed polarization time were listed in Table. 2, which were
calculated from the polarization curves using the samemethod
as described earlier. In particular, it presented two double-
slope behaviors composed of distinct linear segments in the
low-potential region (b1) and high-potential region (b2), which
was regarded as the influence of partially evolved O3 (Silva
et al. 2003; Franco et al. 2006). Comparing the Tafel formula
(5) with the Butler-Volmer formula in a high anodic polariza-
tion region (η > 0.116 V), the exchange current density j0 was
calculated in the low-potential region.

As shown in Table 2, the positive effect for OER among all
the cases was further enhanced with a prolonged electrolysis,
which was confirmed by the increase of j0 values. In the elec-
trolyte without Mn2+, the valves of j0 increased from 1.67 ×
10−8 to 1.30 × 10−5 A/cm2 after 240 h of electrolysis.
Although there was no apparent oxide layer formed on the
anode surface (Fig. 2), this existential depolarization could
be accounted for the catalytic effects of PbO2 for OER
(Zhang et al. 2017). And, what I found notable was the differ-
ence in promoting OER induced by the oxide layers formed in
electrolytes of various Mn2+ concentrations. This positive ef-
fect was gradually strengthened in electrolytes of 1 (from
2.07 × 10−8 to 43.70 × 10−5 A/cm2) and 3 g/L Mn2+ (from
2.58 × 10−8 to 30.30 × 10−5 A/cm2). However, unstable fluc-
tuations in j0 were observed as the Mn2+ concentration in-
creased to 10 g/L. The improvement of j0 was reasonably
ascribed to high effectiveness in improving the surface active

Table. 1 Effects of Mn2+ on
initial kinetic parameters for
anodic polarization on fresh lead-
based anodes from the zinc
electrolyte

Mn2+

(g/L)
Tafel slope, ba
(mV/dec)

Overpotential, η
(mV)

Transfer
coefficient, β

Anodic exchange current density, j0/
(×10−8 A/cm2)

0 135 868 0.444 1.67

1 129 817 0.465 2.07

3 124 774 0.484 2.58

5 118 734 0.509 2.71

10 117 726 0.513 2.79
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sites for OER induced by the gradual formation of oxide
layers, and such differences in performance stability were
speculated to be related to the microstructure of various oxide
layers. Since previous investigations had revealed its signifi-
cance in influencing the catalytic performance for OER
(Mohammadi and Alfantazi 2015), such differences in the
improvement for OER induced by the change of Mn2+ con-
centrations would be discussed in detail in the next section.

Microstructure and corrosion resistance of oxide
layers

The SEM images of the fresh lead-based anodes and the same
samples polarized for 240 h in the electrolyte without Mn2+

were shown in Fig. 2. For the fresh surface, whereas numerous
cavities and deep holes were found, a relatively smooth and flat
appearance was observed in Fig. 2a. After polarization for

240 h, although no apparent oxide layer with a certain thickness
was formed on the anode surface (Fig. 2b), the surface defects
were found to be partly repaired by the intricately woven vari-
sized blocky oxide particles (Fig. 2c). This surface microstruc-
ture was loose and porous of which the packing particles were
relatively small, even less than 1 μm. This implied that it could
not provide sufficient corrosion resistance, which was quite
consistent with the maximum dissolving of Pb shown in
Fig. 5. The previous study had confirmed the enhanced effect
of this surface microstructure on OER, which was mainly due
to the electrocatalytic activity of β-PbO2 (Silva et al. 2001;
Zhong et al. 2014). Above all, no obvious anode slime was
found in the electrolytic system, which revealed that the anode
slime was mainly contributed by Mn2+.

As Mn2+ ions were added into the electrolyte, obvious
oxide layers were found to form on the anode surface in
Fig. 3. And, the surfaces were also found to have suffered

Table. 2 Effects of Mn2+ on
kinetic parameters for anodic
polarization on lead-based anodes
after the designed electrolysis
time points

Electrolysis time points, t (hours) Mn2+ (g/L) b1 b2 Anodic exchange
current density,
j0/(×10

−5 A/cm2)

24 0 0.2178 0.1453 2.98

1 0.1069 0.3387 0.07

3 0.1571 0.4500 2.21

5 0.1432 0.4101 0.68

10 0.1677 0.3898 2.89

72 0 0.2087 0.2665 3.97

1 0.2346 0.3051 6.67

3 0.1846 0.3672 2.98

5 0.1605 0.3985 0.27

10 0.1864 0.3867 0.61

240 0 0.1644 0.2756 1.30

1 0.3332 0.4521 43.70

3 0.3429 0.5310 30.30

5 0.3040 0.4774 12.80

10 0.2043 0.5045 3.20

Fig. 2 Surface microstructure of lead-based anodes before (a) and after (b) and 240 h (c) electrolysis in the Mn2+-free electrolyte

11962 Environ Sci Pollut Res (2018) 25:11958–11969



different levels of modification, implying these different effi-
ciencies for promoting OER and corrosion resistance were
introduced by various microstructures. While in the presence
of either 1 or 3 g/L of Mn2+, the oxide layers represented were
more compact, dense, and uniform (Fig. 3a and b). However,
as the Mn2+ concentration increased to 5 and 10 g/L, oxide
layers became thick, and even fell off in the local area of the
anode surface. This caused the oxide layer to be divided into
the external layer and the internal layer (Fig. 3c–e). The cor-
respondingXRD analysis shown in Fig. 4 suggested that these
oxide layers mainly consisted of α-MnO2 and γ-MnO2 ac-
companied by some few β-PbO2, of which γ-MnO2 was sig-
nificantly represented because of its obvious characteristics of
diffraction peaks at 2θ values of 22.2° and the shaper diffrac-
tion peak at 2θ values of 37.1°, 42.4°, and 56.1° nearby. And,
γ-MnO2 had been reported to possess better electrocatalytic
and depolarization activity (Ye et al. 2015). Furthermore, the
current peaks (b) of OER were larger on compact oxide layers
formed in lower Mn2+ in Fig. 6, revealing its high potential in
increasing activity sites and thereby enhancing the stimulated
rate of OER. And, the enhanced change of oxide layers in
adhesiveness was also partly supported by CV analysis (Fig.
6), showing the obvious intensity increase of peaks (d)
assigned to the reduction of MnO2 on the anode surface with
the decrease of Mn2+. For this oxide layer, previous investi-
gations had revealed its effectiveness in preventing the disso-
lution of lead-based anodes, which was mainly determined by
its structure compactness and adhesiveness (Jaimes et al.
2015). In this work, the weakening tendency of peaks (a)
assigned to the dissolution of Pb was also observed with the
decrease of Mn2+, indicating the advantage of the oxide layer

obtained in low Mn2+ to promote corrosion resistance. This
was further confirmed by the fact that Pb2+ concentrations in
electrolytes decreased as the reduction of Mn2+ shown in Fig.
5. It represented that Pb2+ concentrations were controlled
around 0.5 mg/L in the presence of either 1 or 3 g/L Mn2+.
Whereas, the more fluctuant Pb (0.5–1.5 mg/L) was observed
with Mn2+ concentrations ≥ 5 g/L. Such improvement of cor-
rosion resistance induced by oxide layers formed in lower
Mn2+ concentrations provided a feasible alternative in reduc-
ing and controlling lead contamination of zinc electrolysis
industry from the source. And, it also implied the enormous
potential in decreasing the consumption of manganese
resources.

Fig. 3 Effect of Mn2+ on the surface morphology (× 2000) of lead-based anodes after 240 h electrolysis: 1 g/L (a), 3 g/L (b), and 5 g/L (c): external layer
5 g/L (d): internal layer 10 g/L (e): external layer 10 g/L (f): internal layer

Fig. 4 XRD patterns of the oxide layers corresponding to Fig. 3
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Altimari et al. had reported that the morphology of electro-
deposits was mainly determined by the ratio between nucle-
ation rate and growth rate of nucleated particles, which was
significantly affected by the concentration of the precursor
metal ion (Altimari and Pagnanelli 2016). Based on the nucle-
ation thermodynamics of metals (Martin 2010), we could
draw the following conclusions: (i) the fluctuation of the pre-
cursor metal ion concentration was one of the main driving
forces of the nucleation process; (ii) comparedwith the growth
of crystal nucleus, more energy was required in nuclei forma-
tion due to the increase of surface free enthalpy caused by the
phase transition. In case of lower Mn2+, the appropriate fluc-
tuation of Mn2+ concentrations kept the new crystal nucleus
continuously generating, matching well with the growth rate

of nucleated particles. The similar-sized particles formed in
this case further agglomerated leading to the uniform and
compact morphology of the oxide layer. Under high magnifi-
cation in Fig. 3e and f, the crystalline particles became dis-
tinctly large and thick and arranged with disorganized over-
laps. As a consequence, it led to the masking of active sites on
the reaction interface weakening the positive effect of active
particles on OER. Such adverse change of microstructure in
the presence of higherMn2+ concentration reflected the results
of grain coarsening caused by the too large rate ratio (Fig. 6). It
resulted in an increase in the cavities between particles, and
thereby made the structure loose and unstable. Meanwhile, Pb
was found to begin to largely enter into oxide layers by EDX
analysis in Table 3. And, such oxide layers (especially the
external layers) tended to fall off by the scour of the O2 and
electrolyte, increasing the risk to form anode slime containing
abundant Pb.

Effect of Mn2+ on the generation of anode slime

In the past years, many literatures had focused on the key role
of Mn2+ in influencing the OER and the microstructure of the
oxide layers discussed above (Mohammadi and Alfantazi
2015; Jaimes et al. 2015). But, less attention was spent on its
effect on the generation of anode slime. During the zinc elec-
trolysis process, the overall anode oxidation reaction of Mn2+

had been previously reported to follow by Eq. (8) (Nijjer et al.
2000; Mahon and Alfantazi 2014).

MnO2 þ 4Hþ þ 2e‐→Mn2þ

þ 2H2O Eθ

¼ 1:223 VVSNHEð Þ ð8Þ

Fig. 6 The cyclic voltammetry (CV) curves of the lead-based anodes after 24 (a) and 240 h (b) polarization treatments from zinc electrolytes in the
presence of Mn2+: (1) 1 g/L, (2) 3 g/L, (3) 5 g /L, and (4) 10 g /L

Fig. 5 The trend of lead content in electrolytes as a function of time in the
presence ofMn2+: (1) blank, (2) 1 g/L, (3) 3 g/L, (4) 5 g/L, and (5) 10 g/L.
The error bars represented the standard deviation of three independent
measurements for each sample
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Clarke et al. (2006) had proposed that this anode oxidation
process was mainly followed by the electrochemical-
chemical-electrochemical mechanism in the acid sulfate solu-
tion, which was given by Eqs. (9)–(11).

Mn2þ→Mn3þ þ e‐ Eθ

¼ 1:509 VVSNHEð Þ ð9Þ
2Mn3þ→Mn2þ þMn4þ ð10Þ
Mn4þ þ 2H2O→MnO2 þ 4Hþ ð11Þ

As shown in Fig. 7, the minimum anode slime had been
found in electrolyte of 10 g/L Mn2+. But, the most significant
difference was that more than 90% of anode slime appeared in
the electrolyte throughout the 240 h of electrolysis in electro-
lyte of 1 g/L Mn2+. Such results might seem counterintuitive.
In BMicrostructure and corrosion resistance of oxide layers,^
it was stated that the loose and unstable oxide layers obtained
in electrolyte of 10 g/L Mn2+ were more likely to fall off and
resulted in excess anode slime. Therefore, such results were
speculated to be correlated with the inherently different gen-
eration mechanism caused by the change of the Mn2+

concentration.

As also had been reported (Recéndiz et al. 2009), the gen-
eration ofMnO2 could be initiated by the formation ofMnO4

−

at higher potentials (reaction (12)).

Mn2þ þ 4H2O→MnO4
‐ þ 8Hþ þ 5e‐ Eθ

¼ 1:512 VVSNHEð Þ ð12Þ
MnO4

‐ þ 4Mn2þ þ 8Hþ→5Mn3þ þ 4H2O ð13Þ

As shown in Fig. 8a, the MnO4
− concentrations of the

electrolytes obtained around reaction interface were found to
notably increase along with the decrease of the Mn2+ concen-
tration. In this case, it suggested that the reaction (12) took an
increasingly dominant role in the initial electrochemical step
of Mn2+ to MnO2. This conclusion was further supported by
the higher potentials caused by low concentrations of Mn2+ in
Fig. 8b (Kelsall et al. 2000). Such results revealed that the
generation mechanism of anode slime was fundamentally
changed. In electrolytes of lower Mn2+ concentrations, the
formation of Mn3+ intermediate (reaction (13)) was prone to
occur in the bulk electrolyte because of the MnO4

− ions dif-
fusing away from the anode surface, and thereby to experience
reactions (10) and (11) generates a large amount of suspended
anode slime. Conversely, the reduction of anode slime at 10 g/
L Mn2+ could be reasonably inferred to be due to the partial
inhibition of excessive Mn2+ on the disproportionation of
Mn3+ intermediate (reaction (10)), and the enhancement of
OER induced by MnO2 particles that adhered more rapidly
to the anode surface.

As shown in Fig. 9, the ηMnO2 value was introduced to
represent the generation amount of anode slime. The entire
series of the ηMnO2 values were found to rapidly decrease with
the extension of electrolysis, suggesting the positive role of
oxide layers in cutting down anode slime. It was reasonably
ascribed to the high effectiveness of MnO2 particles in extend-
ing the surface active sites for OER. Thus, the accelerated
formation and adsorption of intermediate MnO2–OHads (step
(1)) weakened the oxidation of Mn2+ competing with the
OER. After being polarized for 240 h, the minimum ηMnO2

(approximately 1%) was obtained in the electrolyte of 3 g/L
Mn2+, indicating the positive effect of compact and stable

Table. 3 EDX analysis
corresponding to the oxide layers
obtained from the SEM images in
Figs. 3 and 4. All the analysis data
correspond to an average of
characteristic regions with areas
of 100 μm2 each on the sample
surfaces

The electrolyte with various Mn2+ concentrations Molar composition (%)

Blank O, 50.56; Pb, 48.97; Zn, 0.47

1 g/L O, 71.33; Mn, 24.63; S, 1.68; Pb, 0.70; Zn, 1.66

3 g/L O, 79.80; Mn, 16.90; S, 1.20; Pb, 1.50; Zn, 0.60

5 g/L: external layer O, 65.60; Mn, 30.10; S, 1.90; Pb, 3.20; Zn, 0.20

5 g/L: internal layer O, 73.10; Mn, 18.73; S, 2.45; Pb, 4.32; Zn, 0.40

10 g/L: external layer O, 68.90; Mn, 25.10; S, 0.50; Pb, 4.90; Zn, 0.60

10 g/L: internal layer O, 74.90; Mn, 15.10; S, 1.80; Pb, 7.90; Zn, 0.30

Fig. 7 Effect of Mn2+ on the quantity of anode slime (line) and the
detached anode slime ratio (b) throughout the 240 h electrolysis
experiments in the presence of Mn2+: (1) 1 g/L, (2) 3 g/L, (3) 5 g/L,
and (4) 10 g/L. The error bars represented the standard deviation of
three independent measurements for each sample
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oxide layers (Fig. 3b) on decreasing anode slime, and thereby
implying the potential in optimizing Mn2+ concentration.

Actually, more urgent attention should be focused on the
distribution characteristics of anode slime in zinc electrolysis
industry because of its negative impact on the electrolytic
environment, especially that the recycling of suspended anode
slime in the zinc electrolysis system had always been a tough
problem, leading to turbidity of the electrolyte and additional
energy consumption (Moats 2008). As a favorable situation,
anode slime was expected to settle rapidly to the bottom of cell
and then be periodically removed. The Stoke law had revealed
the essential effect of the particle size on its settling perfor-
mance, which was consistent with the relationship between
particle size and anode slime distribution in actual zinc elec-
trolysis cell in Fig. 10. It indicated the advantages of larger
particles in settlement, whereas smaller anode slime (< 20μm)

was difficult to sink and mostly suspended in the upper
electrolyte.

As shown in Fig. 9b, the red dotted line marked at the
100% of detached anode slime ratio represented the critical
balance of the anode slime whether attached (< 100%) or fell
off (> 100%) from the anode surface. The detached ratios
always appeared around this critical ratio in electrolyte of
1 g/L Mn2+, supporting the conclusion that most anode slime
was generated and suspended among the electrolyte due to the
change of initial electrochemical pathway (reaction (12)).
And, this suspended anode slime which was sized mostly
around 20 μm was found in Fig. 11, which indicated its poor
settling performance. Thus, it revealed the potential risk that
affected the quality of zinc products and increased the burden
of electrolyte preparation (Ivanov and Stefanov 2002). For the
particle size of electrodeposited MnO2, the previous literature

Fig. 9 Effect ofMn2+ on generation efficiency of anode slime (a) and the detached anode slime ratio (b) as a function of time in the presence ofMn2+: (1)
1 g/L, (2) 3 g/L, (3) 5 g/L, and (4) 10 g/L. The error bars represented the standard deviation of three independent measurements for each sample

Fig. 8 The initial changes of MnO4
− ions (a) and anodic potentials (b)

obtained on the fresh lead-based anodes from zinc electrolytes in the
presence of Mn2+: (1) 1 g/L, (2) 3 g/L, (3) 5 g/L, and (4)10 g/L. The

electrolyte samples were pumped from the electrolyte tightly around
anode surfaces. The error bars represented the standard deviation of
three independent measurements for each sample
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had indicated that it was mainly affected by its nucleation and
nucleus growth, which was dominated by the supersaturation
ofMn4+ (Maphanga et al. 2009). Therefore, such results could
be ascribed to the fact that (i) higher potentials (Fig. 8b) as
driving force accelerated the formation rate of the small pri-
mary nucleus and (ii) the growth of nucleated particles oc-
curred in liquid system (reactions (13) and (11)) was hindered
by the disturbance of bubbles and fluid. After 240 h of elec-
trolysis, the proportion of the larger suspended anode slime
was found to markedly increase in the electrolyte of 3 g/L
Mn2+, which suggested the positive induction of compact

oxide layers in the initial change of Mn2+ oxidation pathway.
This could be due to its significant improvement for anode
potentials (Jaimes et al. 2015). But, this positive role had less
influence in the case of electrolyte of 1 g/LMn2+ that particles
with a size of 50 μm still occupied a considerable proportion
after 240 h of electrolysis. Moreover, for the electrolyte of
10 g/L Mn2+, the larger proportion of detached ratio values
in later electrolysis (Fig. 9b) indicated the propensity of early
anode slime in generation site, which tended to adhere onto
the anode surface relatively quickly. This attachment tendency
ofMnO2 particles displayed high capacity in inhibiting further

Fig. 10 The particle size
distribution of suspended anode
slime in various cell depths during
actual zinc electrolysis production
process: (1) 0–16 cm; (2) 16–
32 cm; (3) 32–48 cm; (4) 48 cm,
bottom of cell

Fig. 11 The particle size
distribution of suspended anode
slime in the zinc electrolyte as a
function of time in the presence of
Mn2+: (1) 1 g/L, (2) 3 g/L, (3) 5 g/
L, and (4) 10 g /L
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generation of anode slime (Fig. 7). However, the correspond-
ing oxide layers were prone to overthickness and unstable
(Fig. 3c and e). And, its random detachment also caused the
significant increase in particle size of anode slime in the elec-
trolyte (from 200 to 550 μm). As such, it revealed high poten-
tial of a reasonable adjustment of Mn2+ concentration in im-
proving the settling performance of the anode slime.

Conclusion

In order to reduce the heavy metal anode slime and thereby
optimize its properties without introducing additional re-
sources and energy consumption during zinc electrolysis in-
dustry, the role of Mn2+ ions on the generation of anode slime
was investigated in detail. The Mn2+ was discovered to signif-
icantly promote OER, inhibit ηMnO2, and weaken the dissolu-
tion of Pb, suggesting promising potential of the regulation of
Mn2+ concentration on achieving the control of heavy metal
anode slime more eco-friendly. Kinetic analysis indicated the
controlled step for promoting OER which was the formation
and adsorption of the intermediate MnO2–OHads. The signifi-
cant improvement was found in electrolytes of 1 and 3 g/L
Mn2+, but became unstable as the Mn2+ concentration in-
creased to 10 g/L. This result was correlated with much differ-
ent properties of oxide layers that its changes ofmicrostructure
are involved in, as it confirmed that the positive role of com-
pact oxide layers in contributing to high corrosion resistance
and activity for OER, but higher Mn2+ resulted in its micro-
morphology of overthickness and instability. Such differences
resulted from the effect of the Mn2+ concentration fluctuation
on kinetic rates of the nucleation growth process. The genera-
tion mechanism of anode slime was found to be changed in
essence due to varyingMn2+ concentrations, revealing that the
root cause of excessive suspended anode slime was the change
of the initial pathway of Mn2+ electro-oxidation. As such, the
smaller particle (around 20 μm) of anode slime obtained in
lowerMn2+wasmainly ascribed to nucleation sites transferred
into the liquid system.HigherMn2+ indicated great potential in
improving the settling performance of anode slime, whereas
the positive role of oxide layers was weakened by the adverse
change of microstructure. This investigation should help im-
prove the generation of anode slime in a much cleaner way for
the zinc electrolysis industry.
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