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Abstract Metal oxide varistors (MOVs) are housed in a
surge arrestor and composed of zinc oxide (>90 wt%) and
other metal oxides such as antimony, bismuth, cobalt,
manganese, and nickel. Due to the high concentration of
zinc in MOVs, it is a better choice to recycle them as
opposed to landfilling. This research set out to determine if
cementation could be used as a purification step to remove
co-leached metals, leading to a purified leachate suit-
able for zinc electrowinning. Zinc was leached from
crushed MOVs using dilute sulfuric acid, which avoided
co-leaching of antimony and bismuth but required further
purification to remove co-leached cobalt and nickel. In
further purification of the leachate, cementation was
investigated. Initial findings suggest that the cobalt con-
centration can be reduced by over 50 % (200 mg/L) and
nickel concentration reduced by over 90 % (90 mg/L), by
optimizing the activator (Sb/Cu) concentration, tempera-
ture, pH, and surface area of zinc dust. Further investiga-
tions into optimized batch addition of zinc and copper—
antimony activators verified that nearly 92 % (>390 mg/L)
of the cobalt and all nickel (100 mg/L) can be removed
from the acidic varistor leachate. These results suggest that
cementation by addition of zinc dust can be used for
purification of zinc solutions containing over 400 mg/L
cobalt and 100 mg/L nickel and thus preparation of the
solutions for zinc electrowinning.
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Introduction

In a sustainable system for use of materials, not only the
production of goods needs to be sustainable, but also the
management of residues and wastes. Brundtland [1] defines
sustainability as, “the kind of development that meets the
needs of the present without compromising the ability of
future generations to meet their own needs.” In Sweden,
there is an initiative to recycle metal oxide varistors
(MOVs) as opposed to landfilling them due to environ-
mental concerns, rising costs of landfilling, awareness of
the value of the material in the MOV, and the quantity of
material available for recycling. As society realizes the
importance of materials recycling and we move toward a
circular use of materials versus linear research such as that
presented here becomes very important in the sustainable
production of goods. Currently, zinc is not a critical nor
strategic metal [2] but its broad use throughout the world
highlights its importance in society and thus the importance
of identifying materials from which zinc can be recycled as
well as a path for recycling, at the very least when eco-
nomically feasible.

In 2013, one company in Sweden produced 132 tons of
MOV [3] and in the last 5 years, 523 tons of MOV have
been produced. Figure 1 shows the amount of MOV (in
tons) produced from 2009 to 2013 as well as the compo-
sition of the MOV in terms of metal oxides. Considering
this is only one company in a relatively small country the
amount of MOV produced and eventually available for
recycling is encouraging as a source of secondary zinc. The
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Fig. 1 Amount of MOV produced in Sweden during a 5-year period

used MOVs are primarily not mixed with other types of
waste materials (at least in Sweden) but kept in a separate
flow. This makes them an ideal case for a dedicated
recycling method.

MOVs are housed in surge arrestors, which are impor-
tant parts of power and rail systems, because they protect
power systems from over voltages due to transients in the
power grid [4]. The end of life surge arrestors can be dis-
assembled, separating the MOVs from the surge arrestor
housing. The MOV is composed mainly of zinc oxide (>90
wt%) [5-7] and also contains antimony (3-5 wt%), bis-
muth (3-5 wt%), cobalt (~1 wt%), nickel (~1 wt%), and
manganese (~1 wt%) [5, 6]. Currently, there are no pro-
cesses to recycle zinc from MOVs.

Today over 80 % of the world’s zinc is produced by
roast-leach electrowinning [8]. Because electrowinning is
highly sensitive to impurities in the electrolyte, the solution
must first be purified [8—10]. Impurities in the zinc elec-
trolyte lower the hydrogen over potential on zinc metal
making the electrowinning process uneconomical due to
lowered the current efficiency [11, 12]. Displacement of
impurities in solution can be done through a reduction—
oxidation reaction known as cementation. In this case, zinc
dust is added to the solution as a reducing agent. The
overall reaction for cobalt cementation is given by Eq. 1.

Co*™ +Zn — Co + Zn** (1)

Then, thermodynamically, cementation of cobalt as
shown in Eq. 1 is favorable having an equilibrium con-
stant, Koq = 2 X 10'°, However, in practice cementation
of cobalt is very slow due to kinetic barriers. Activators
such as copper and antimony are used to increase the rate
of cobalt cementation and are thought to form an alloy with
cobalt [13]. Fontana and Winand [13, 14] were able to
identify CoSb and CoSb, in the cementation product using
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XRD. No diffraction peaks indicating the presence of
metallic Sb or Co were observed.

Makimoto [12] developed an antimony and lead con-
taining zinc dust for purification and proposed that on the
antimony of the Zn—Sbg 1_1 0 %)~Pb5_5 %) alloy, cobalt is
being reduced according to Eq. 2 and on the zinc of the
Zn—Sb 1-1.0 %)~Pb.s-s %, alloy zinc is being oxidized as
shown by Eq. 3.

Co*t +2¢” = Co (2)
Zn = Zn*" +2e” (3)

Blanders and Winland [15] proposed that cobalt forms
an alloy with copper and antimony according to Eq. 4. For
cementation, Eq. 4 is coupled with Eq. 5.

Co** 4 2HSbO; + Cu®* 4+ 6H" + 10e™~
— Cu — Co — Sb(alloy) + 4H,O 4)

Zn — Zn*" 4 2e” (5)

Kroleva [16] suggested the formation of a Cu,Sb alloy
which enhances cobalt formation shown in Egs. 6 and 7.

Zn + CuSb — Zn>* + (Cu,Sb)*™ (6)
Co** + (CuySb)*™ — Co + Cu,Sb (7)

Using potential-pH diagrams Tozawa et al. [12] sug-
gested that cementation of cobalt with antimony and cop-
per between pH 3-5 proceeds according to Eq. 8.

2Co*" 4 2HSbO, + 6H' 4 5Zn
— 2CoSb + 4H,0 + 5Zn*" (8)

However, their investigation of the cementation product
using scanning electron microscopy with energy dispersive
X-ray spectroscopy (SEM-EDX) showed that copper and
antimony co-existed but not with cobalt. The cobalt was
found around the copper—antimony deposit.

Parameters that are known to affect cementation reac-
tions are pH, temperature, activator concentration, and zinc
dust quantity [12, 13, 17-21]. Van der Pas et al. [17]
concluded that the optimal conditions for cementation in a
solution containing 30 mg/L cobalt were 30 mg/L copper
and 1.5 mg/L antimony (both as activators) as well as
addition of 4 g/L zinc at a solution temperature of 70 °C.
Bgrve [20] suggested that optimal conditions for cobalt
(15 mg/L) cementation arise when the solution contains
50-100 mg/L copper and 3-4 mg/L antimony (both as
activators) with a solution temperature less than 80 °C.
Work by Boyanov et al. [21] determined that maximum
cobalt removal occurs at a temperature of 80-85 °C, cop-
per concentration of 200-300 mg/L, and 18 times the
stoichiometric amount of zinc dust. According to their
work [21], maximum removal of cobalt and nickel occurs
when the Sb:Co ratio is between 0.5:1 and 2:1.
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The concentration of cobalt in solution in many
cementation investigations presented in the literature is
approximately 20 mg/L [17, 18, 20]. In the present work,
the investigation was extended to solutions with cobalt
concentrations of approximately 400 mg/L. In addition,
nearly 100 mg/L nickel is also present in the solution and
needs to be removed via cementation. The cementation
solution being investigated is produced from dilute, sul-
furic acid leaching of pulverized MOV which contains
higher concentrations of cobalt and nickel than zinc elec-
trolytes commonly investigated. The aim was to investigate
the feasibility of using cementation as a means for MOV
leachate purification to make it suitable for zinc elec-
trowinning. Since the MOV leaching solution contains
400 mg/L cobalt and 100 mg/L nickel, the optimal condi-
tions from other studies [17, 18, 20, 21] were scaled up for
this investigation. Present investigations included studies
of the influence of temperature, pH, activator concentra-
tion, and zinc dust surface area on the rate and extent of
cobalt and nickel cementation.

Experimental
Characterization

The surface microstructure and morphology of the MOV
were investigated. A FEI Quanta 200 environmental SEM
equipped with an Oxford Inca energy-dispersive X-ray
detector (EDX) system was used and imaging was done
with accelerating voltages between 10 and 20 kV.
A Bruker 2D Phaser X-ray diffractometer equipped with a
copper radiation source and a scintillation detector was
used to identify crystalline compounds present in the
powder samples. Compound identification was made by
comparisons with standards in the Joint Committee of
Powder Diffraction Standards database [22]. The compo-
sition of the MOV was determined by complete dissolution
in concentrated HCI (followed by analysis using Inductive-
Coupled Plasma with Optical Emission Spectrometric
detection (ICP-OES)) (iCAP 6500, Thermo Fischer).

MOYV Leaching

Bulk leaching experiments were started by bringing water
(MilliQ, Millipore, >18 MQ/cm) in a straight wall beaker
to pH 3 by addition of 5 M H,SO,. The 5 M sulfuric acid
was made by dilution of concentrated H,;SO4
(95.0-98.0 %) with milli-Q water. The beaker was equip-
ped with a pH electrode, magnetic stirrer, and dosing
device connected to a Metrohm 905 Titrando titrator con-
nected to a computer for monitoring and controlling of the
acid addition. The pH was monitored using a silver/silver

chloride (Ag/AgCl) glass electrode. The temperature of the
system was maintained at 20 °C £ 1. Pulverized (<63 pm)
MOV was added to the pH 3 solution causing the pH to
rise. 5 M sulfuric acid was titrated into the MOV-water
mixture to maintain a leachate having a pH of 3. The
system was stirred so the stagnant layer around the solid
particles could be perturbed ensuring mass transport from
the liquid in the pores to the outer leachate where the pH
and metal concentrations were measured.

The concentration of the leached metals in the solution
was determined by taking an aliquot of the leaching solu-
tion, filtering it through a 0.45 pm membrane and then
analyzing using ICP-OES. The values obtained from ICP-
OES measurements were adjusted to account for dilution,
acid addition, and volume lost due to sampling. Leaching
experiments were done in triplicate to ensure experimental
reproducibility. The leachate was separated from the
insoluble residue by filtration using a Biichner funnel and
filter with 0.45 pm pore openings.

Cementation Experiments

To investigate cobalt and nickel removal from the MOV
leachate, lab scale experiments were set up in the apparatus
as shown schematically in Fig. 2. The apparatus was
equipped with an Ag/AgCl pH electrode, stir bar, and
dosing device connected to a Metrohm 905 Titrando
titrator connected to a computer for monitoring and con-
trolling the acid addition and pH. To maintain the set pH,
0.1 M H,SO, solution was dispensed into the reaction
vessel containing the cementation solution. Typical
cementation experiments were carried out at 20 £ 1 °C.
Nitrogen was bubbled through the cementation solution to
remove dissolved oxygen.

For each cementation experiment, 25 mL of MOV
leachate was used. Copper (CuSO4-5H,0, >99.0) and
antimony (K,CgH401,Sb,-3H,0, 99.95 %) were added to
the leachate as activators. A summary of cementation
parameters studied is given Table 1. Zinc dust (325 mesh,
99.9 %) was added to the reaction vessel initiating the
cementation experiment (¢t = 0). From the time of zinc dust
addition (# = 0), samples were taken at t = 5, 10, 20, 30,
60, 90, and 120 min. The amount of zinc dust added was
typically between 1 and 2 times the stoichiometric amount
needed for cementation of cobalt, nickel, copper, and
antimony. Each sample was filtered through a 25-mm
syringe filter with 0.45 pm polypropylene membrane and
diluted for ICP-OES analysis of the metal ion
concentration.

To determine the surface area of the zinc dust, a surface
area and porosity analyzer (Micrometrics, ASAP 2020)
were used. Zinc dust was placed inside a vessel and the
surface area was measured as a function of nitrogen gas
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To Titrator—a

Fig. 2 Apparatus used during cementation experiments. a Cementa-
tion cell, b device for solution sampling, ¢ nitrogen gas inlet, d dosing
device, e pH electrode, f MOV leachate, and g stir bar

(adsorbate) adsorbed on the surface of the zinc according to
the Brunauer—-Emmett-Teller (BET) theory. BET mea-
surements show that the surface area per gram of zinc dust
is 0.2268 + 0.0031 m?/g.

Results and Discussion
Characterization of MOV

Typically, MOVs contain approximately 90 wt% ZnO,
around 3 wt% of both Bi,O5 and Sb,03, with other metal
oxides accounting for the remaining 4 wt% [23, 24]. The
dissolved MOV investigated in this work contained, in
detectable amounts, the metals listed in Table 2 shown as
gram of metal per gram of MOV.

The microstructure of the MOV contains the three major
phases: Phase I, a zinc-rich phase containing ZnO grains;
Phase II, an antimony-rich phase made up of spinel (Zn;.
Sby015, Zn;33Sbg704) and pyrochlore (Zn,BizSb;04);
and Phase III, a bismuth-rich phase containing Bi,Os.
A SEM micrograph of a pulverized MOV particle is shown
in Fig. 3 with an overlay of EDX maps for zinc (red),
antimony (green), and bismuth (blue).

Result from qualitative mineralogical analysis of the
MOV using XRD confirms the presence of ZnO, Bi,O3,
ZH2'33Sb0_67O4, Zl’lzBi3Sb30]4, and Zn7Sb2012. Com-
pounds containing cobalt, manganese ,and nickel were not
confirmed due to their low concentrations.

Table 2 Chemical composition

of MOV Metal glg
Bi 0.0459 + 0.0001
Co 0.0069 + 0.0001
Mn 0.0036 + 0.0001
Ni 0.0061 % 0.0001
Sb 0.0348 + 0.0011
Zn 0.7615 + 0.0036

Table 1 List of cementation

. Experiment
experiments and the parameters

Constant parameters Varied parameter

which were studied Influence of Cu concentration

Influence of Cu concentration

Influence of Sb concentration

Influence of temperature

Influence of Zn dust addition

Influence of pH

No Sb Cu conc. (g/L): 0.2, 0.4, 0.8, 1.2

2 g/L Zn dust

0.4 g/L Sb Cu Conc. (g/L): 0.2, 0.4, 0.8, 1.6

2 g/L Zn dust

0.4 g/L Cu Sb Conc. (g/L): 0.1, 0.2, 0.4, 0.8, 1.6
2 g/l Zn dust

0.4 g/L Sb Temperature (°C): 30, 40, 50, 55, 60
0.4 g/L Cu

2 g/L Zn dust

0.4 g/L Sb Zn dust conc. (g/L): 0.25, 0.5, 1, 2, 3, 4
04 g/L Cu

0.4 g/L Sb pH: 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0
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10um " Mix

Fig. 3 Combined SEM micrograph and EDX map for Phase [—zinc
oxide phase (red), Phase II—antimony-rich phase (green), and Phase
III—bismuth oxide phase (blue) (Color figure online)

Cementation Solution: Leaching of MOV

Leaching of the MOVs was based on a method for dilute
sulfuric acid that was optimized for zinc leaching in pre-
vious work by Gutknecht et al. [6]. For this work, the
leaching results are shown in Fig. 4a which displays the
volume of 5 M H,SO, added during the leaching experi-
ment and Fig. 4b showing the pH change as a function of

100
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80

60

Volume (mL)

40

20

T T T T T T
0 3000 6000 9000
Time (s)

T T T T T 1
12000 15000 18000

time for the three bulk MOV leaching experiments. After
4 h, the pH remained constant at pH 3 indicating the
consumption of hydrogen ions had ceased.

The average volume of 5 M H,SO, added during the
leaching experiments was 95.75 £ 0.04 mL. Once the
leaching was done, the leachate was separated from the
residue and analyzed by ICP-OES yielding a leachate
having concentrations as found in Table 3. For comparison,
typical metal concentrations in a metal solution prepared
for industrial zinc electrowinning by cementation are also
shown in Table 2 as well as the concentration of metal
prior to cementation. For the MOV leachate to be easily
integrated into an industrial zinc electrowinning process,
significant amounts of impurities need to be removed. It
has been reported that 15 mg/L of cobalt, copper, and
nickel can reduce the current efficiency by 10, 15, and
40 %, respectively, in this process [13].

Cementation Experiments
Influence of Copper lon Concentration

Work by Van der Pas et al. showed that cementation of
cobalt by zinc dust addition without antimony or copper
being present in the solution resulted in less than 10 % of
the cobalt being removed [17]. Their results also show that
addition of copper alone to the cementation solution did not
result in improved cementation of cobalt. When both
copper and antimony ions were present the removal of

1 ()
Leach 1
Leach 2
6 Leach 3
5 V
T |
o
0
47 l“\‘
L
34 e A R A e ey
2 T T T T T T T T T T T 1
0 3000 6000 9000 12000 15000 18000
Time (s)

Fig. 4 a Amount of 5 M H,SO, solution added during bulk MOV leaching experiment versus time. b The pH versus time during the bulk

leaching experiments
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Table 3 Concentration of metals in leachate for the elements found in the MOV along with industrial zinc electrowinning solution concen-

trations before and after cementation

Element MOV leachate (mg/L) Industrial electrolyte before Industrial electrolyte after
cementation [13] (mg/L) cementation [13] (mg/L)

Bi 0 0 0

Co 437 £ 8 15 1-0.05

Cu 0 1000 0.1-0.15

Mn 68 + 1 0 0

Ni 106 £ 2 0 0

Sb 0 0 0.01-0.02

Zn 81 100 £ 1590 ~ 150,000 ~ 150,000

cobalt increased by a factor of 18. However, it has been  solution is purified from cobalt and nickel to the greatest

reported that the effect of copper improves the cobalt  degree. In this work, a 1:1 (Sb:Co) molar ratio was used

cementation rate if only slightly [13]. and the results obtained are shown in Fig. 6.

The results for cobalt and nickel from the present work Addition of antimony (0.4 g/L) and copper (0.2 g/L)
are shown in Fig. 5. In addition to the metal ions in the  resulted in nearly 140 mg/L of cobalt and 50 mg/L of
leaching solution, copper was added in four concentrations: ~ nickel to be cemented. In both cases, with and without
0.2,0.4, 0.8, and 1.2 g/L. The initial pH of the cementation =~ antimony present (Figs. 3, 4), increasing the copper con-
solution was pH 3. It increased due to the zinc dust addition  centration resulted in lower amount of metals removed
and was held constant at pH 4 for cementation. The dia-  from solution. This is due to the reaction of copper ions
grams in Fig. 3 show the metal concentrations in solution  with the zinc metal surfaces. The rate of reduction occurred
as a function of time. faster for copper and antimony ions than for cobalt and

In these experiments, i.e., in the presence of copper but  nickel ions as seen from ICP-OES data. At higher copper
with no antimony, less than 10 % of cobalt was removed  concentrations, the zinc surface was covered in copper
from solution no matter the amount of copper present. For  eliminating the reaction sites available for cementation to
nickel nearly 30 % was removed in the presence of copper  take place. The results in this work are in agreement with
but the kinetics of nickel removal is slow. The cementation =~ Boyanov et al. [18] in that the addition of copper did not
rate of nickel is inversely related to the copper concen- significantly improve cobalt cementation.
tration in solution.

The next set of experiments were carried out with  Influence of Antimony Concentration
addition of antimony in one concentration (0.4 g/L) and the
same concentrations of copper in the solution as in the It has been shown that activators such as antimony and
previous experiments. Boyanov et al. [18] determined that ~ copper must be present in the solution for cementation
when the Sb:Co molar ratio is between 0.5:1 and 2:1, the  reactions to occur to a large degree. In industry, antimony
Fig. 5 Influence of copper O 0.0g/LCu O 0.2g/LCu A 04g/LCu < 08glLCu + 12g/LCu
concentration on cementation of
cobalt and nickel with copper 1.0 1.0
concentrations of 0.2, 0.4?1()).8, m 8 @ 3 g m g E E E
and 1.2 g/L., T = 20 °C, pH 4, 081 081 8 % o
and 2 g/L zinc dust - ~ 6 6

S 061 Z 06
g 0.4 Z 041
0.2+ 0.2
00+——7——7—7— 77— 00+——7——7— 77—
0 20 40 60 80 100 120 0 20 40 60 80 100 120

Time (minute)
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Fig. 6 Influence of copper O 0.0g/LCu O 0.2g/LCu A 04g/LCu O 08g/LCu + 16g/LCu
concentration in the presence of
0.4 g/L antimony on 1.0 + + 1.0798 +
cementation of cobalt and nickel %8 + + | & + + +
with copper concentrations of 0.8 8 o osl ©
0.2, 0.4, 0.8, and 1.4 g/L, R BTN 8 o o “la o
T =20°C, pH 4, and 2 g/L o) 1 fal n 2} fa) — 1 &
zinc dust O, 0.6+ Z 0.6+ < g o4 o
= = a fa ! fa}
§ 0.4 Z 0.4
0.2+ 0.2
0.0 ‘ ‘ ‘ ‘ ‘ ‘ 0.0 ‘ ‘ ‘ ‘ ‘ ‘
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (minute) Time (minute)

is known as an activator which helps to speed up the slow  addition of more than 5 mg/L antimony to the solution did
kinetics of cobalt cementation on zinc making this type of  not increase the rate of cobalt cementation in a 24 g/L
purification process feasible [19]. It has been reported that  solution of cobalt and addition of 6 mg/L antimony caused
copper together with antimony forms a substrate favorable  re-dissolution of cobalt at 85 °C. The results by Jun et al. as
for cobalt cementation by copper forming a larger cathodic ~ well as the results obtained in Fig. 7 suggest that there is a
area on the zinc dust. In addition, antimony has been shown = maximum concentration of antimony that can be added
to increase the amount of cobalt in the deposit by forming a  before adverse conditions for cobalt cementation exist.
Sb—Co alloy [13]. From ICP-OES data, it was shown that after 10 min all
To investigate the influence of antimony, five concen- copper and antimony have been removed from solution.
trations 0.1, 0.2, 0.4, 0.8, and 1.6 g/L of antimony along Similarly, after 30 min, the amount of cobalt cemented
with 0.4 g/LL copper were used. Cementation results are  from solution did not increase. Similar reaction kinetics of
shown in Fig. 7 for cobalt and nickel. When 0.8 g/ of  copper and antimony were also seen by Van der Pas et al.
antimony was present, 38 % of cobalt and 67 % of nickel [17]. This indicates the formation of an alloy of copper—
were removed from solution. antimony—cobalt promoting the cementation of cobalt as
Increasing the concentration of antimony increased the  suggested by Kroleva et al. [16] in Egs. 6-7.
amount of cobalt cemented from less than 10 % (no anti-
mony) to nearly 40 % using 0.8 g/L of antimony as shown  Influence of Temperature
in Fig. 7a. However, addition of 1.6 g/L. antimony to the

cementation solution had adverse effects on the cementa-  Temperature is by far the most influential parameter in
tion of both cobalt and nickel. This trend is not reported in ~ cementation as reported in the work of others [26, 27].
the literature where antimony was added in lower con-  Higher temperature results in a faster rate of cobalt
centrations. However, in work done by Jun et al. [25], cemented from the solution due to increased reaction
Fig. 7 Influence of antimony O 00glLSb O 01gLSb A 02g/LSb O 04g/LSb * 08glLSb + 1.6g/LSb
concentration on cementation of
cobalt and nickel with copper 1.0 9o o 1.0
concentration of 0.4 g/L. and 2 § o § ’32 o
antimony concentrations of 0.1, 084 < R 0.8 (& ]
0.2,04,08, and 1.6 g/L, Te ¢ o o o “l* & 8 8 8
— o — 1 — + +
T=20°C,pH4, and 2 g/L [e) % % * * —
zinc dust O, 0.6+ Z, 0.6 R o o o o
-8'“ =
0.4+ Z, 0.4
S | * * * *
0.2 0.2
O-O T T T T T T T T T T T T 0-0 T T T T T T T T T T T T
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (minute) Time (minute)
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Fig. 8 Influence of temperature O T=20°C O T=30°C A T=40°C © T=50°C + T=60°C
(T = 20, 30, 40, 50, 60 °C) on
cementation of cobalt and nickel 1.0-p 1.0p
with copper and antimony 10 io
concentrations of 0.4 g/L, pH 4, 0.8 A0 0810
. . o .
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kinetics. Literature suggests that the optimal temperature
for cobalt cementation is between 75 and 90 °C
[10, 25, 28]. Industrially, temperatures higher than 70 °C
are used for cobalt cementation but it has been seen by Van
der Pas et al. [17] that once above 85 °C hydrogen evo-
lution retards the cobalt cementation.

Experiments were carried out at temperatures of 20, 30,
40, 50, and 60 °C. The results are shown in Fig. 8 for
cobalt and nickel. The cementation solutions contained
copper and antimony with a concentration of 0.4 g/L each.

Temperature did not have a significant effect on the
amount of antimony and nickel cemented from solution but
the kinetics increased with temperature as indicated in
Fig. 8. However, literature suggests the optimal tempera-
ture for cobalt cementation is near 80 °C. Cementation of
cobalt at higher temperatures resulted in the occurrence of
a maximum in cobalt removal. A maximum of 41 % cobalt
and 59 % of nickel was removed from solution after
30 min at 40 °C. While after 120 min at 40 °C, 38 % of
cobalt and 60 % of nickel were removed. There can be
several reasons for the maxima: higher temperatures
resulting in an increased rate of hydrogen production at the
zinc surface, evaporation of leachate, and cobalt re-disso-
lution at elevated temperatures [21, 29].

Influence of the Amount of Zinc Dust Present

The influence on the amount of zinc dust added to the
MOV leachate system was largely unknown due to the
higher concentration of impurities in the MOV leachate as
compared to industrial zinc electrolytes. Industrially,
4-6 g/L of zinc dust is used for cementation of approxi-
mately 20 mg/L cobalt [13]. Experiments were conducted
with the amount of zinc dust added being between 0.25 and
4 g/L.. However, it is not the amount of zinc dust added but
rather the surface area that affects the cementation reac-
tions. BET measurements showed that the surface area per

@ Springer
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Table 4 Quantity of zinc dust added during cementation experiments
with correlating surface area

Surface area of
Zn dust (sz)

Concentration of Zn
dust added (g/L)

0.25 145 £ 0.2

0.5 284 + 04

1 56.9 £ 0.8

2 113 £2

3 171 £2

4 228 £3
gram of zinc dust in these experiments was

0.2268 + 0.0031 m*/g. The amount of zinc dust and the
equivalent surface area of the zinc dust added to the
cementation solution is given in Table 4.

Some literature data give the amount of zinc dust added
not in surface area (cm?) but in concentration (g/L). This
does not allow accurate comparison of results between
studies as the geometry and particle size distribution of the
zinc dust varies by preparation method.

For this work, a zinc dust with spherical particles was
used, as shown in Fig. 9 where the particle size of the zinc
used is below 20 pm. It has been reported that, in general,
smaller zinc dust particles result in faster kinetics and
lower cobalt concentrations [20]. Cementation results for
cobalt and nickel and the influence of zinc dust surface area
are shown in Fig. 10.

The amount of zinc dust added to the cementation
solution had a significant effect on the amount of cobalt
and nickel removed. When using less than 1 g/L of zinc
dust (56.9 £ 0.78 sz) not enough surface area was
available for cementation reactions to take place and as a
result the zinc surface was immediately covered by copper
and antimony. This was concluded from ICP-OES data
which showed that antimony and copper remained in
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Fig. 9 SEM of zinc dust used in cementation reactions

solution when using low concentrations of zinc dust. When
the largest amount of zinc dust was added (4 g/L,
228 + 3 cm?) 48 % of cobalt and 63 % of nickel were
cemented from solution. The cementation trend observed in
Fig. 10 for cobalt and nickel may be caused from an
increased number of active sites on the zinc dust surface.

Influence of pH

The effect of variation in pH on the cementation reactions
was investigated between pH 3.0 and pH 6.0 and the results
for cobalt and nickel are shown in Fig. 11.

A cementation solution maintained at pH 5.0-5.5 gave
the most effective removal of cobalt and nickel with 52 %
of cobalt and 74 % of nickel removed. Using a pH higher
than 6.0 had a negative impact on cementation due to
formation of basic zinc salts. If the pH of the solution is too

high (typically higher than pH 5.0), the formation of basic
zinc sulfate or zinc hydroxide inhibits the reaction kinetics
by forming a passivating layer on the zinc particles
[9, 19, 29].

Optimized Cementation

From the experiments described in previous sections where
the influence of parameters such as copper concentration,
antimony concentration, zinc dust addition, temperature,
and pH were studied; it can be concluded that the optimal
conditions for cementation of cobalt are 0.8 g L' Sb,
04 gL' Cu, T=40°C, 02 gL' Zn addition, and a
solution pH of 5.0. These conditions obtained were applied
to obtain optimal conditions for cementation purification of
the MOV leachate at room temperature and 40 °C, and the
results are shown in Fig. 12.

Figure 12 shows that it is possible to purify MOV sul-
furic acid based leach solutions with respect to nickel via
cementation reactions. Over 90 % of nickel was removed.
Even though copper and antimony are added to the
cementation solution as activators, they are easily removed
causing no contamination to the leachate. The concentra-
tion of cobalt in solution was reduced by 57 %. The
starting and final concentration of metals in the leachate at
20 and 40 °C are shown in Table 5.

It seems probable that the cementation of cobalt and
nickel is dependent on the presence of copper and anti-
mony in solution. However, in the cementation experi-
ments, it was seen that all dissolved copper and antimony
were consumed within 10 min. Batch addition of these two
metals along with more zinc dust after 60 min reaction
time was further investigated with the results as shown in
Fig. 13. The solution initially contained 0.8 g/L of anti-
mony and 0.4 g/L of copper. 2 g/L of zinc dust was added
at t = 0. The cementation reaction proceeded for 60 min
and was stopped by filtering the solution and removing the

Fig. 10 Results for the 0O 025¢g/LZn O 05g/LZn A 1glLzZn <O 2glLZn % 3glLZn + 4g/lLZn
influence of zinc dust addition
(0.25, 0.5, 1, 2, 3, 4 g/l Zn) on 1.0 1.0
cementation of cobalt and 'gg 2 8 8 B bo o] B B B
. . A
mckel, with copper gnd 081 # A A 0.8 gA
antimony concentrations of B A A
0.4 g/L at T = 20 °C, pH 4 ) o o o o = ¥ a a
O, 0.6 $ * * * Z, 0.6
~_ + + + ~.
3 0.4 z 0.4 g 8 g 8
O ] = U049 + + +
0.2+ 0.2
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Fig. 11 Results for the

influence of solution pH on
cementation cobalt and nickel
with copper and antimony
concentrations of 0.4 g/L at

T=20°C,pH4, and 2 g/L

zinc dust
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Fig. 12 Cementation with addition of 0.8 g/L Sb, 0.4 g/L Cu, 2 g/L

Zn, at pH 5
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Fig. 13 Cementation with 2 batch additions of 0.8 g/L. Sb, 0.4 g/L

Cu, 2 g/LL Zn, at pH 5

Table 5 Concentration of metals in MOV leachate before and after optimized cementation

Post-cementation

Metal Pre-cementation
Metal concentration (mg/L) Metal concentration Metal concentration
at T = 20 °C (mg/L) at 7= 40 °C (mg/L)

Co 423 + 14 185.5 + 6.8 194.1 + 9.0
Cu 378 + 24 0.1 £0.7 0.0 £ 0.7
Mn 60.7 + 2.1 579 +£ 0.6 62.1 + 0.5
Ni 96.8 + 5.7 155 £ 1.1 8.6 + 0.6
Sb 765 + 40 0.7 £0.2 14 +£0.1

cementation product. To the filtered solution, 0.8 g/L. of
antimony and 0.4 g/L copper were added to the solution as

well as 2 g/L of zinc dust.

@ Springer

Batch addition of the activators resulted in removal of
metals summarized in Table 6 for a two-step batch process
at 20 °C and Table 7 at 40 °C. Batch cementation resulted
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Table 6 Concentration of metals in MOV leachate before and after batch additions of activators under optimized cementation conditions for

20 °C
Metal Batch 1 Batch 2 %
- - - - change
Pre-cementation Post-cementation Pre-cementation Post-cementation
concentration (mg/L) concentration (mg/L) concentration (mg/L) concentration (mg/L)
Co 443 £+ 10 183 + 8.2 181 + 8.0 369 + 44 92
Cu 407 £+ 41 0.7+ 14 402 + 37 0.0 £ 0.9 100
Mn 599 + 1.0 53.8 £ 1.0 533+ 0.8 50.3 £ 0.1 16
Ni 104 £ 6.3 162 +23 16.0 £ 2.2 0.1 £04 100
Sb 807 £+ 4.8 4.6 +25 781 £+ 32 1.2 4+£0.7 100

Table 7 Concentration of metals in MOV leachate before and after batch additions of activators under optimized cementation conditions for

40 °C
Metal Batch 1 Batch 2 %
- - - - change
Pre-cementation Post-cementation Pre-cementation Post-cementation
concentration (mg/L) concentration (mg/L) concentration (mg/L) concentration (mg/L)
Co 414 £ 1.0 200 + 7.0 194 + 6.4 8.6 £ 0.7 98
Cu 381 £ 0.3 4.6 +£0.8 380 £ 1.0 0.0 £ 0.6 100
Mn 593+ 1.0 60.3 + 0.1 584 + 0.2 614+ 1.6 3.6
Ni 974+ 25 132+ 13 129 + 1.1 0.0+ 04 100
Sb 759 + 4.8 89 £+ 0.1 772 £ 15 1.6 £ 1.7 100

in complete removal of the copper and antimony activator
along with all nickel and 92 % of the cobalt from the MOV
leachate at 20 °C, while at 40 °C, 98 % of cobalt was
removed. The remaining cobalt could be removed by
adding a third cementation step or increasing the
temperature.

Summary and Conclusions

The aim of the study was to investigate if cementation
could be used to produce a purified zinc electrolyte from
sulfuric acid leaching of MOVs. This process, leaching
then purification, would create a process suitable for
recycling the zinc from the MOV. The leachate contained
impurities of cobalt (~400 mg/L) and nickel (~ 100 mg/
L) which needed to be removed to make the leaching
solution suitable for zinc electrowinning.

The present investigation focused on solutions mainly at
room temperature. From the information gathered, we can
see that increasing the temperature does not significantly
increase the amount of cobalt and nickel cemented from
solution but mainly increases the cementation kinetics. At
temperature above 40 °C, Co was redissolved into the
sample lowering the removal efficiency. It was seen that
adjusting the pH of the cementation had the largest

influence on the amount of impurities cemented from
solution with pH 5.0 being the most effective. At pH 5,
52 % of cobalt and 74 % of nickel were removed from the
MOV leachate. If the pH was greater than 5, the kinetics of
cementation was slower.

From the results obtained by studying different
cementation parameters, an optimized study was done at
20 and 40 °C. The optimized conditions were 0.4 g/L
copper, 0.8 g/L. antimony, 2 g/L zinc dust, and a solution
pH of 5. Results showed that 56 % of cobalt and 90 %
of nickel could be removed using these optimized con-
dition. To further improve the amount of cobalt
cemented from solution, higher temperatures (~ 60 °C)
could be used.

A study on the effect of a two-step batch addition of zinc
dust was done to see if the amount of cobalt and nickel
removed from solution can be improved. This investigation
has shown that it is possible to purify the MOV leachate of
98 % cobalt and all nickel using cementation. However,
the economics of this method were not investigated but are
important if this method it to be used to recycle zinc from
the MOVs.

This research shows that zinc can be successfully
recycled from discarded MOV by leaching pulverized
MOV’s. Cementation can be used to purify the leaching
solution followed by electrolysis to recover metallic zinc.
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