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Abstract: Implementing mixed metal oxide (MMO) anodes in zinc electrowinning is highly desired
due to the considerable reduction in electrical energy consumption. However, the presence of
manganese in the electrolyte is a major obstacle for implementing MMO anodes in the zinc cell
houses. In this work, we explore the possibility of using plant off-gas, containing SO,, to remove
manganese. A SO, /air gas mixture with different SO, and O, concentrations was therefore used for
the oxidative precipitation of manganese. It was shown that the manganese oxidation reaction is
highly pH-dependent. Calcium hydroxide was used to control the pH during the process. Different
operating parameters, i.e., pH, SO, /air ratio, reaction time, and effect of cobalt as a reaction catalyst,
were investigated. Optimal conditions for manganese removal were reported. Under the optimal
conditions, the manganese concentration decreased from 1 g L™! to less than 1 mg L~! within 30 min.
Precipitates were characterized using EDS, XRF, and XPS techniques and showed coprecipitation of
manganese, zinc, gypsum, and cobalt.

Keywords: manganese oxidative precipitation; SO, /air gas mixture; MMO anodes; catalytic effect
of cobalt

1. Introduction

Energy consumption is one of the main issues in the conventional zinc electrowinning
process where lead-based electrodes are used as the anode and aluminium plates as the
cathode. Zinc electrowinning cell houses consume approximately 80% of the total electrical
energy in zinc plants [1,2]. The high cell voltage of around 3.5 V with a zinc current
efficiency of 90% results in considerable energy consumption of about (3200 kWh t~1) [3].
A significant part of the total cell voltage (1.2 V) is related to the anode voltage, where
oxygen evolution reaction (OER) overvoltage accounts for around 0.8 V [3]. In the past
few decades, great efforts have been made to minimize the OER overvoltage. It has been
reported that the electrocatalytic properties of anode materials can play an essential role
in determining the OER overvoltage [4-6]. Thus, the more electrocatalytic an anode is
implemented, the more energy saving that can be obtained.

Various anode materials, such as alloyed lead-based anodes, composite anodes, and
mixed metal oxide (MMO) anodes have been introduced in recent decades. Compared
to lead-based anodes, MMO anodes are well known for having superior electrocatalytic
performance toward reducing OER overvoltage [7,8]. MMO anodes typically consist of
a coated titanium substrate with catalytic and conductive layers of various mixed metal
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oxides such as RuOy, IrO,, TiO,, and TaO,, which are usually fabricated through thermal
decomposition methods [8,9].

Although MMO anodes have already been applied in copper electrowinning plants,
their implementation in electrolytic zinc plants is more challenging due to the presence
of manganese ions in the zinc electrolyte solution. Typically, manganese comes from two
different sources in electrolytic zinc plants. The first source is the manganese in the zinc
concentrate, as an inherent ore impurity. The second one is associated with the addition
of manganese, in the form of KMnQOy, as an oxidant to eliminate iron in the upstream
leaching stage [10,11]. No extra effort is made to remove manganese from the electrolyte in
the subsequent purification steps. In the current practice in which lead-based anodes are
used, a minimum level of manganese ions is deliberately kept in the electrolyte to protect
anodes against corrosion. Manganese ions are oxidized on the lead anode, forming an
in situ manganese dioxide coating, which is periodically cleaned from the anode surface.
For MMO anodes, such a protection is not necessary. On the other hand, manganese
dioxide deposition on the surface of the MMO anode may deactivate the electrocatalytic
sites, resulting in them losing their efficiency [12,13]. Moreover, cleaning and removing
manganese dioxide from these anodes is accompanied by a detachment of expensive
electrocatalytic oxide coatings [13]. Therefore, for implementing MMO anodes in the zinc
electrowinning process, the first challenge is to remove manganese ions from the solution
before they enter the electrolysis cell.

For controlling and removing manganese from aqueous solutions, several methods
have been suggested, i.e., ion exchange, solvent extraction, electrooxidation, adsorption,
and oxidative precipitation processes. lon exchange is widely applied for water softening
to remove manganese at very low levels, and it is not economically feasible to eliminate
manganese at high concentrations (1 g L~1) [14,15]. Solvent extraction is not applicable in
the zinc industry due to the coprecipitation of zinc with manganese [11,12]. Electrooxidation
of manganese is not economically attractive for removing manganese at concentrations
lower than 30 g L~ [14,16], while the typical concentration of zinc in the electrolysis hall
is about 50 g L ~! and that in upstream solutions is around 150 g L~!. The adsorption
method with a functionalized composite adsorbent has limitations in acidic pH regions for
detecting and removing metals ions [17,18]. The oxidative precipitation technique in the
presence of strong oxidants, based on oxidizing soluble manganese ions (Mn?*) to their
higher oxidation states (Mn3*, Mn**), could be an interesting alternative, provided that the
cost of oxidants not to be prohibitive.

Many oxidizing agents for the oxidative precipitation process have been proposed
including ozone [19], SO, /O, or SO, /air gas mixtures [10,20,21], Caro’s acid (H,SOs) [22],
and potassium permanganate (KMnOy) [23]. The SO;/air gas mixture, in comparison
with the other oxidants, is relatively cheaper [10,20]. This parameter becomes particularly
important when large amounts of liquor (typically several cubic meters per hour) need
to be treated and SO, gas is available from the off-gas of the roasting facility inside zinc
plants. Therefore, the oxidative precipitation process, specially using a SO, /air gas mixture
as an oxidant, can be a suitable method for manganese removal from a zinc-rich solution.

Several researchers have explored the elimination of manganese as an impurity from
zing, cobalt, and nickel leach liquors through the oxidative precipitation method. Most
research studies have focused on the selective oxidative precipitation of manganese from
leach liquors by a SO,/0O; gas mixture [20,21,24]. Menard et al. [25] showed that the
kinetics of the manganese removal process highly depend on the SO, flow rate followed
by the SO, /O; ratio. Furthermore, they pointed out that the optimal SO, /O, ratio should
be selected based on the reactor design to obtain fast and maximum manganese elimi-
nation [25]. It has also been shown that manganese precipitation is favored at high pH
values [25]. Although this technique seems to be efficient, the cost related to O, may still be
considered as an obstacle.

One possible avenue to reducing the processing cost is to directly use the off-gas
from roasting furnaces, provided that it efficiently removes manganese. Roasting off-gas,
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abundantly available in zinc plants, contains (7-9)% SO, but its oxygen level is low (around
10%), due to the oxidation of ZnS in the furnace. The off-gas also contains a large amount of
nitrogen (about 80%) which makes the SO, and O, very diluted, compared to the SO, /O,
reactant. Therefore, the concentration of SO, and O, as well as the SO, /O, ratio in the
off-gas is well below the concentrations and the ratios used in most of the published results
in the literature. To the best of our knowledge, detailed information on manganese removal
by such a diluted SO, /air mixture from zinc electrolytes is scarce. Bello-Teodoro et al. [22]
used a SO, /air mixture to precipitate manganese from a solution containing 0.085 ML !
(4.6 g L~1) manganese. This level of manganese is in the range of the application targeted
in the present work. The authors showed that the manganese removal rate increased by
increasing the pH from 4 to 6, but even at pH 6, only 60% of the manganese was removed
after 150 min of reaction [22]. The thermodynamic aspects of manganese oxidation are well
known, and the stability of different manganese phases can be predicted from Pourbaix
diagrams, indicating a positive effect of pH on manganese oxide stability. However, the pH
of the zinc electrolyte cannot be increased beyond 4 since it results in excessive precipitation
of zinc along with manganese, given that the concentration of zinc in the electrolyte is near
the saturation point. Too much loss of zinc is not acceptable since it results in the loss of
process productivity. Mulaudzi and Mahlangu [20] performed remarkable research on this
matter and used a SO, /air gas mixture to precipitate manganese from solutions containing
6.5 g L~! cobalt and 2 g L~! manganese. They showed that manganese removal was quite
low at pH values up to 3.5, while they reached almost full manganese removal at pH 4 [20].
The same results cannot be achieved in removing manganese from zinc electrolyte since,
as we will demonstrate in the present contribution, the presence of cobalt in the solutions
used by Mulaudzi et al. [20] may have played a key role in their success.

This work aimed to explore the possibility of removing manganese from zinc elec-
trolyte by using a gas mixture with a composition close to that of roasting off-gas. We
also aimed at finding the optimal conditions under which manganese could be efficiently
removed without excessive zinc loss. The first step in the process development was to
determine the level up to which manganese needed to be removed. Our preliminary results
showed that the level of manganese needed to be reduced to less than 100 mg L~ (ideally
to less than 50 mg L~!) in order for the commercially available MMO anodes to be used
in the cell house without deactivation. To optimize the manganese removal process, we
first assessed the efficiency of a diluted SO, /O, gas mixture by using a SO, /air mixture
with different SO, /air ratios. The SO, concentration range was chosen in a way that it
would be possible to obtain from off-gas in an eventual industrial deployment. The effects
of three parameters were investigated, i.e., solution pH, SO, /air ratio, and reaction time.
As the manganese removal efficiency was not high enough, we then proposed using cobalt
as a catalyst to enhance the reaction and to remove the manganese in a reasonable time
frame, knowing that cobalt is an undesirable impurity, already present in the impurified
zinc solution. Table S1 (Supplementary Information) presents chronological description of
the experiments were conducted in this study.

2. Materials and Methods
2.1. Materials and Reagents

Two different synthetic zinc-rich solutions were employed as the feeding solution.
The main differences between the two solutions were related to the presence of cobalt ions.
All solutions were prepared with demineralized water. All chemicals were of analytical
grade and used as purchased without further purification. Sulfuric acid with a purity of
(95-98)% was purchased from Fisherbrand and nitric acid with a purity of 70% was obtained
from Anachemia.

Manganese sulfate pentahydrate (MnSO4-5H,0) and cobalt sulfate heptahydrate
(CoS04-7H,0) were used as sources of manganese and cobalt, respectively, and obtained
from Laboratoire MAT INC and Sigma-Aldrich Company Ltd., USA. Ca(OH), was used
as a neutralizing agent to adjust the solution pH and was purchased from PTI Process
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Chemicals, Inc. Activated zinc oxide was used as the source of zinc to prepare the
feeding solutions.

2.2. Methods

A schematic diagram of the Mn removal set-up is shown in Figure 1. Air (99.9%) and
sulfur dioxide gas (99.98%) were provided by PRAXAIR (Mississauga, ON, Canada). Two
different mass flow controllers were used to control the flow rate of gases. Both air and SO,
mass flow controllers were provided by POLYCONTROLS (models SLA5850S1BBC6C2A1
and 58505, respectively) (Brossard, QC, Canada). A BROOKS instrument model 0254
(POLYCONTROLS, Brossard, QC, Canada). was used as a power supplier and set point
controller for the air and SO, mass flow controllers. SO, and air were mixed through a
T-conjunction and introduced to the reactor by a single 316-stainless steel sparger.

Figure 1. Schematic representation of the experimental set-up.

The reactor was made of a 3000 mL water-jacketed glass beaker with four 316 stainless
steel baffles, symmetrically mounted near the wall of the cell. A removable lid with several
openings was used to hold the temperature probe, pH electrode, sampling, stirrer shaft,
and SO, /air gas mixture sparger. Agitation was provided by a Caframo mixer motor
model BDC 3030 (Caframo Lab Solutions, Georgian Bluffs, ON, Canada) with two different
316 stainless steel impellers, six blades, and a diameter of 50.8 mm. A Rushton impeller
and a 45° upward pitched blade were provided by INDCO models #6BR-3 and #ATI-3,
respectively (INDCO Inc., New Albany, OH, USA).

The lower impeller (45° upward pitched blade) was suspended 25.4 mm from the
bottom of the reactor. The distance between the two impellers was 60 mm. To keep the
temperature constant at (80 & 0.5) °C, a water bath Isotemp™ model 6200 H7 by Fisher-
brand (Waltham, MA, USA) was connected to the jacketed glass beaker for circulating
hot water. A Cole-Parmer combination pH electrode and Ag/AgCl refillable reference
electrode were accommodated into the reactor for continuous monitoring of the solu-
tion pH. The pH signals were processed by an OAKTON pH meter model 700 (Quebec,
QC, Canada).

The jacketed glass beaker was filled with 1300 mL of the synthetic zinc-rich solution
containing 150 g L~! zinc, 1 g L~! manganese, and various cobalt concentrations, ranging
between (0-70) mg L~!, depending on the test conditions. Time was allowed until the
solution temperature reached (80 £ 0.5) °C. The pH was adjusted with some drops of
sulfuric acid to reach a pH around 4. The sparger was inserted into the reactor to inject
the SO, and air gas mixture. The solution was agitated at a rotation speed of 2000 rpm
under atmospheric pressure. Calcium hydroxide in powder form was added to the solution
throughout the experiments to neutralize the produced sulfuric acid during the test and to
keep the pH constant at around 4. Samples were taken periodically. The pH, temperature,
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and weight of the consumed calcium hydroxide powder were recorded during the experi-
ments. The process also allowed visual manganese dioxide precipitation by a colourless to
brownish change.

2.3. Analysis and Characterization

The manganese concentration was measured using a microwave plasma-atomic emis-
sion spectrometer (MP-AES) (Model 4200; Agilent Technologies, Santa Clara, CA, USA).
An amount of 10 mL of aqueous samples were taken during the test and filtered through
0.2 um pore size wool glass. Then, 1 mL of the transparent filtered solution was diluted
100 times with HNO3 5 vol.% and was kept in the sealed tube to prevent contamination.
The morphology of precipitates was examined by field emission gun-scanning electron
microscopy (FEG-SEM, FEI Company; Model: Inspect F50, Hillsboro, OR, USA). The el-
emental analysis of sediments was determined by energy dispersive X-ray spectrometry
(EDS) using an Edax Ametek model Octane Super-A coupled with SEM. The working
voltage for this analysis was 15 kV, with a working distance of 10 mm and magnification of
3 kx. The SEM analyses were performed in backscattered electron (BSE) modes.

To prepare a solid phase sample, the precipitates were allowed to settle spontaneously
down at the bottom of the cell for 24 h without using a clarifying agent. Next, the sediments
were washed several times with hot distilled water (80 °C) to remove any zinc ions from
the sediments and were filtered by filter paper provided by Whatman with a 125 mm
diameter. Finally, the obtained particles were placed in an oven at 70 °C for 24 h. The
oven was operated without any protective atmosphere. X-ray photoelectron spectroscopy
(XPS) analyses were carried out by a PHI 5600-ci spectrometer (Physical Electronics, Eden
Prairie, MN, USA). A monochromatic aluminum X-ray source (1486.6 eV, 300 W) was
used to record the survey spectra (1400.0 eV) with a pass energy of 187.85 eV at a high
vacuumed atmosphere (10710 Tor). High-resolution (HR) spectra were obtained using an
achromatic magnesium X-ray source (1253.6 eV, 300 W) with a pass energy of 5.85 eV. No
charge neutralization was applied for the survey and HR spectra. The analyzed area was
0.5 mm?. Moreover, HR curve fittings were determined using the least squares method,
Gauss-Lorentz functions, and a Shirley background subtraction.

The chemical composition of precipitates was analyzed using an Epsilonl X-ray
fluorescence spectrometer manufactured by Malvern Panalytical, Malvern, UK). An Ag
X-ray tube was used to acquire XRF spectra at different voltages ranging from 0 kV to
50 kV in the air atmosphere. In addition, a silicon drift X-ray detector with a 10 mm? active
area was used, and spectra were analyzed by Omnian software (version 1.7.F, Malvern
Panalytical Ltd., Malvern, UK).

3. Theory (Reaction Mechanisms)

The primary mechanism of manganese oxidation with a SO, /air gas mixture has
arisen from the radical chain mechanism. It consists of the oxidation of various sulfur
(IV) species (SO;,SO5 ,HSO5, SOZ_, SO, , SZOE_) in the presence of trace amounts of
transition metals (Mn>*, Co®*, Fe3*) as the catalyst. These oxidation reactions lead to the
formation of some radicals, as strong oxidizing agents such as SO;~, HSO;, and SO; ",
which are known as the main ones responsible for oxidizing manganese ions [26,27]. The
radical chain mechanism in this system consists of several stages, as detailed below:

3.1. Initiation

It has been reported that the first stage of this mechanism starts with dissolving SO,
gas in the solution, followed by the formation of different sulfur species, namely bisulfite
(HSOj3 ) and sulfite (SO3 ™) as a function of pH, according to the Equations (1) and (2) [26].

SO,.H,0 (aq) = HSO; (aq) + H' (aq) pK =18 (1)

HSO; (aq) = SO3 (aq) +H (aq) pK =72 @)
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3.2. Manganese-Sulfite Complex Formation

Generally, two reaction paths have been proposed to form manganese-sulfite complex
(MnSO3+). The first path, Equation (3), is based on the reaction between HSO; and man-
ganese ions [26], and the second path is related to the reaction of SO%f ions in forming this
complex, according to Equation (4) [28,29].

HSO; (aq) +Mn*" (aq) = MnSO; (aq) + H" (aq) (3)

SO3 ™ (aq) + Mn’* (aq) = MnSO{ (aq) ~ pK =27 @)

3.3. Peroxymonosulfate Radical Generation
Peroxymonosulfate radical (SOf~) originates from the decomposition of MnSO5
complex, resulting in sulfite radical formation (Equation (5)). Afterwards, sulfite radi-

cal converts to peroxymonosulfate radical by reacting with dissolved O; in the solution
(Equation (6)) [27].

MnSO; (aq) = Mn*" (aq) + SO~ (aq) pK=-1.25 (5)

SO3 ™ (aq) +O2(aq) = SOz (aq). pK =23.22 (6)

It is worth mentioning that the formation of SOF ™ requires constant O, supply. Oth-
erwise, dithionate formation takes place in the absence of O,, based on Equation (7). It
has been known as a radical scavenger which is detrimental to the manganese oxidation
process [26,28].

SO3 ™ (aq) +S05 ™ (aq) = $,0; (aq) ~ pK =—19 @)

3.4. Regeneration of Mn>* as a Catalyst

It has been postulated that the Mn®" ions are recovered by a reaction between SO2 ™
and Mn?*, as shown in Equation (8). According to this reaction, Mn?* is oxidized, resulting
in the formation of Mn®* and hydrogen peroxymonosulfate anion (HSO; ), which is one of
the strong oxidants in this system [28].

SO:™ (aq) + Mn?* (aq) + H" (aq)= Mn>"(aq) + HSO; (aq)  pK =456  (8)

Since Mn>" ions are consumed to produce the manganese-sulfite complex in a suf-
ficient SO, /0O, gas mixture (Equation (3)), this stage facilitates the continuation of the
reaction by regenerating Mn>" ions.

3.5. Manganese Dioxide Precipitation

This stage can be considered as the last stage in the radical chain mechanism. Accord-
ing to Equation (9), Mn?" ions are oxidized to MnOj, precipitates by reacting with HSO5
and water molecules [27]. The other products of this reaction are sulfate ions and H" ions,
representing one of the main reasons for the pH drop in this process.

Mn** (aq) +HSO5 (aq) + H,O(1) = MnO;(s) +SO3 ™ (aq) + 3H™ (aq) 9)

When the manganese concentration reaches near zero, only sulfuric acid is produced,
as shown in Equations (10) and (11) [29]. This is the reason why it is critical to stop SO, /air
injection at the right time to prevent a pH drop.

HSO; (aq) +HSO; (aq) = ZSOi* (aq) +2H" (aq) pK = 60.54 (10)

HSO5 (aq) +SO3™ (aq) = 2803~ (aq) + H' (aq) pK = 65.82 (11)
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The main challenge associated with applying the SO, /air gas mixture in this approach
is the considerably less O, content of the mixture (21% of O, in the air) compared to that
of the SO, /0O, gas mixture. It indeed results in slower oxidation kinetics. In this case, the
hypotheses of utilizing a suitable catalyst can be considered as a promising approach for
increasing the rate of the reactions by activating peroxymonosulfate species.

Recent studies have shown that transition metals such as (Co%*, Mn?*, Fe2*, Ni2*,
Cu?") are excellent candidates for activating peroxymonosulfate species (HSO;5 , SOz ™) and
forming sulfate (SO3 ) and hydroxyl (OH®") radicals [30-32]. These two radicals are well
known as the main ones responsible for removing impurities due to their remarkable redox
potential. Moreover, sulfate radical is much more efficient than hydroxyl radical in the
degradation of pollutants because of its longer half-life (30-40) us compared to 20 ns for
hydroxyl radicals, excellent mass transfer, and reactivity [30].

Among the transition metal catalysts, we targeted cobalt since it was present in the
impure zinc electrolysis solution. It is worth mentioning that in the current zinc extraction
process, considerable effort was made to remove cobalt impurities from the zinc solution
by a cementation process at the last purification stage [33]. Anipsitakis and Dionysiou [34]
demonstrated the high efficiency of cobalt ions in activating peroxymonosulfate (PMS) and
generating sulfate radicals according to the following reaction:

Co*"(aq) + HSO5 (aq) — Co’*(aq) + SO~ (aq) + OH ™ (aq) (12)

Moreover, they proved that Co/PMS coupling is the best combination for degrading
organic pollutants due to its high reactivity among other transition metals. To the best of
our knowledge, this is the first study investigating the catalytic effect of cobalt ions for
manganese removal from a zinc-rich solution by using off-gas from a roasting plant in this
technology. Therefore, we selected cobalt as a catalyst to take advantage of its presence in
the zinc purification solution.

4. Results
4.1. Manganese Removal without pH Adjustment

Sulfuric acid is generated upon introducing SO, gas into a reactor, resulting in a pH
drop. Therefore, a series of tests were performed without controlling the pH to investigate
the sensitivity of manganese oxidation reaction to the pH. Several tests were carried out at
different SO, /air ratios of 3%, 5%, 6%, and 7% to reveal the importance of pH variation
in the manganese removal process. The initial pH was adjusted at (4 = 0.04) by the
addition of few drops of sulfuric acid to the synthetic solution containing 150 g L~! zinc.
Menard et al. [14] reported that, along with manganese removal, zinc is also removed
in the form of zinc hydroxide precipitate at 80 °C and pH 4.3. This reaction is indeed
an undesirable side reaction since ideally, no zinc should be removed from the solution.
Although manganese oxidation with a SO, /air gas mixture is favoured at higher pH levels,
to reduce zinc loss, the pH must be below 4.3 [25]. Thus, the initial pH was set at (4 & 0.04)
in all experiments in this work.

Figure 2a shows the monotonic pH drop upon injecting the SO, /air gas mixture into
the reactor; the pH started to drop from 4 at the beginning of the test to around 2 after
20 min of testing in all various SO, /air ratios. The formation of sulfuric acid was the main
reason for the pH fall. When pH values were between 3 and 4, manganese concentration
was reduced and reached its lowest level of 800 mg L~! at a SO,/air ratio of 3%. By
contrast, at the pH values less than 3, not only was there no longer manganese oxidation,
but also, the reduction of manganese dioxide occurred in the system. In other words, the
oxidized manganese came back into the solution and its concentration increased to around
970 mg L~! for all SO, /air ratios. Corresponding exponential equations were fit for each
manganese concentration curve (Figure S1, Supplementary Information). As shown in
Figure 2b, the maximum amount of precipitated manganese reached 31% at a SO, /air ratio
of 3% within 8 min. At the other SO, /air ratios (i.e., 5%, 6%, and 7%), the pH drop was
faster due to the injection of more SO, and, consequently, the formation of more sulfuric
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acid in the solution. As a result, the total precipitated manganese after 20 min was only
2% at the higher SO, /air ratios. These results are consistent with the previous studies
of Zhang et al. [24]. They determined that the oxidation of manganese with SO,/0; is
strongly pH-dependent, with virtually no manganese oxidation below pH 3 [24]. The
oxidation of manganese and the reduction of manganese dioxide precipitates were also
visually observed by the change in colour of the solution during the experiments. As
shown in Figure 3, the solution colour was transparent before starting the test. In contrast,
during the process, the colour of the solution turned into light brown, when the pH was
above 3, and manganese oxidation happened. Then, it became transparent at the end
of the test (after 20 min) when the pH declined to 2.58, confirming the reduction of all
manganese dioxide precipitates. It is well known that oxygen solubility is reduced by
decreasing the pH. Therefore, the main cause of the reducing condition could correspond to
a considerable reduction in dissolved oxygen in the solution. Furthermore, Brandt et al. [35]
showed that dithionate (SZO%*) species, known as radical scavengers, are created at the
pH range between 2 and 3, whereas at pH 4, there is no detectable dithionate [35]. In
this case, the formation of dithionate could have been the likely reason for the creation of
reducing conditions.

a

[Mn] (mg/) —3% 5% —6% —7% b s . ,
pH ¥3% o5% 06% AT% % o5% +6% +T%
1200 35

;_.'.1000 1 L 4.5 < T
< £ 25¢
S 800 - L 4 =
- -
z z 2 21
: . . 5
8 600 ° 4 3.5 2
H @ - 5 15 T
o @ - g

A 4
§ 400 Qo N 3 o 10 4
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200 ® A, " 125 5 "
@ a4 i
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Figure 2. (a) The manganese concentration (black colour) and pH variation (red colour), and
(b) the percentage of manganese precipitation vs. time at different SO, /air ratios under uncon-
trolled pH conditions (air flow rate = (500 £ 10) mL min~1, SO, flow rate varied from 15 mL min~! to
35mL min~!, T = (80 & 0.5) °C, agitation speed = 2000 rpm, initial [Mn] ~ 1 g L™1).

Figure 3. The colour change of the solution as a function of pH at different time intervals
(SO, /air ratio = 0.03, air flow rate = (500 + 10) mL min—1, SO, flow rate = (15 £ 2) mL min~},
T = (80 + 0.5) °C, agitation speed = 2000 rpm, initial [Mn] ~ 1 g L.

4.2. Manganese Removal with pH Adjustment

To adjust the pH and keep it constant at around 4 during the reaction, calcium hy-
droxide (Ca(OH),) in powder form was continuously added for the whole test duration.
Several tests were performed at different SO, /air ratios of 3%, 5%, 6%, and 7% under
pH-controlled conditions to examine its effect on the manganese removal process. Figure 4a
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shows that manganese oxidation was significantly promoted in this system when the pH
was kept constant at around 4. As a result, manganese was monotonically removed from
the solution. The final manganese concentration after 40 min was reduced from 1 g L~ to
387 mg L1 and 350 mg L~! at the SO, /air ratios of 6% and 7%, respectively. To predict the
manganese removal trend, corresponding exponential equations were fit for each curve
(Figure S2, Supplementary Information). As shown in Figure 4b, the percentages of the
precipitated manganese at the SO, /air ratios of 6% and 7% were estimated to be 60% and
64%, respectively. Based on these observations, it can be concluded that controlling the pH
by using a neutralizing agent is essential for improving the efficiency of the manganese
removal process, and calcium hydroxide could be a suitable agent to keep the pH constant
at around 4.
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Figure 4. (a) Manganese concentration and (b) the percentage of precipitated manganese vs. time at
different SO, /air ratios under pH-controlled conditions (air flow rate = (500 £ 10) mL min—?1, SO,
flow rate varied from 15 mL min~! to 35 mL min~}, T = (80 £ 0.5) °C, agitation speed = 2000 rpm,
initial [Mn] ~ 1 g L 1).

4.3. Effect of Time

A series of tests were conducted to study the effect of time on the manganese removal
process. In this module, the test duration was doubled. It can be observed from Figure 5a
that much more manganese was removed from the solution by increasing the time of the
process. The final manganese concentration after 80 min of reaction decreased from 1 g L~!
to 105 mg L~! and 90 mg L~ at the SO, /air ratios of 6% and 7%, respectively. According
to Figure 5b, the total precipitated manganese was 89% and 91% at the SO,/ air ratios of 6%
and 7% after 80 min, respectively.

It can also be seen that there was no significant difference between the final manganese
concentration when the SO, /air ratio changed from 6% to 7%. The results also demonstrate
that the kinetics of the manganese oxidation reaction decreased with the progression of
the test. Figure S3 (Supplementary Information) displays the corresponding mathematical
equations for each curve. This phenomenon was evident between the first 40 min and
the second 40 min. Manganese concentrations more than halved at both the 6% and 7%
SO, /air ratios in the first 40 min, while the reduction of manganese concentration was only
25% for both ratios in the second 40 min. This could be associated with the influence of
manganese ion concentration in the solution on the kinetics of the oxidation reaction.
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Figure 5. (a) The manganese concentration, (b) the percentage of precipitated manganese, and
(c) calcium hydroxide consumption vs. time at different SO, /air ratios under pH-controlled condi-
tions and prolonged tests (air flow rate = (500 & 10) mL min~1, SO, flow rate varied from 15 mL
min~! to 35 mL min~!, T = (80 + 0) °C, agitation speed = 2000 rpm, initial [Mn] ~ 1 g L™ 1).

The effects of the SO, /air ratios and time on calcium hydroxide consumption were
also assessed. Figure 5c shows the total calcium hydroxide consumption as a function of
reaction time and SO, /air ratio. There was an over twofold increase in calcium hydroxide
consumption (from 2 g to 5.25 g) when the SO, /air ratio increased from 3% to 6% within
the first 40 min. Furthermore, calcium hydroxide consumption increased by about 39%,
with increasing SO, /air ratios from 6% to 7% after 40 min. Calcium hydroxide was
consumed 88% more by increasing the time from 40 min to 80 min at the SO, /air ratio
of 6%. Although the prolonged tests resulted in much more manganese removal, this
increased calcium hydroxide consumption considerably. As a result, the more calcium
hydroxide used, the more gypsum (CaSO,) produced as a by-product (Equation (13)),
requiring further treatment for recycling. Considering the rate of manganese removal
reaction and calcium hydroxide consumption, we concluded that the SO, /air ratio of 6%
was the optimal ratio because it resulted both in less calcium hydroxide consumption and
in maximum manganese elimination simultaneously.

H,S0; + Ca(OH), — CaSOy + 2H,0 (13)

4.4. Effect of Cobalt on Manganese Removal
4.4.1. Cobalt as Catalyst

According to the results so far, 100 mg L~! was the minimum manganese concentration
obtained after 80 min at a SO, /air ratio of 6%. This concentration was still too high for
employing MMO anodes, where our target was less than 50 mg L.~!. Therefore, we explored
the possibility of using cobalt as a catalyst to accelerate the reaction. We used 10 mg L !
cobalt in the synthetic solution since this concentration is close to the cobalt concentration
in the plant solution before the cementation stage. Figure 6a—c show the manganese
concentration of the solution with 10 mg L~ cobalt at different SO, /air ratios of 3%, 5%,
and 6%. The presence of 10 mg L~! cobalt ions in the solution drastically accelerated the
manganese oxidation reaction rate. Manganese concentration in the solution decreased from
1gL~! toless than 1 mg L=}, after 40 min at a SO, /air ratio of 3%. By increasing the SO, /air
ratio, the manganese removal time further decreased and reached 35 min and 30 min,
respectively, for the SO, /air ratios of 5% and 6% (Figure 6b,c). This remarkable effect of
cobalt is attributable to its effect on the activation of peroxymonosulfate and, consequently,
on the generation of sulfate radicals (Equation (12)). Although several transition metals can
have such an effect, according to a systematic study performed by Anipsitakis et al. [36],
cobalt and Ru are the best metals for the activation of peroxymonosulfates.

Interestingly, cobalt ions were also removed along with manganese. The cobalt con-
centration was reduced from 10mg L~ ! to4 mgL~!,2mg L' and 1 mg L~! at the SO, /air
ratios of 3%, 5%, and 6%, respectively (Figure 6a—c). The cobalt removal in this process
could be attributed to the ability of manganese oxide, like birnessite, to trap trace metal
cations such as Co?*, Zn%*, Ni?*, and Cu?* due to its lamellar and negatively charged
structure [37,38].
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Figure 6. Manganese and cobalt concentrations at different SO, /air ratios under pH-controlled
conditions: (a) 3%, (b) 5%, and (c) 6%. The left y-axis is related to manganese concentration
(black colour), and the right y-axis is associated with cobalt concentration (orange colour) (air flow
rate = (500 + 10) mL min—!, SO, flow rate varied from 15 mL min~! to 30 mL min~},

T = (80 + 0.5) °C, agitation speed = 2000 rpm, initial [Mn] ~ 1 g L~1, initial [Co] = 10 mg L™1).

The negative charge of manganese dioxide is created due to structural features such as
edge shared MnOjg octahedra, layer vacancies, and substitution of Mn** by lower valance
cations (e.g., Mn®*, Co®", Ni®*). This negative charge is compensated by uptaking the
surrounding cations of metals in various ways including adsorption, coprecipitation, and
oxidation [37,39,40].

4.4.2. Cobalt Removal

To prove the role of manganese dioxide precipitates as cobalt scavengers, one test was
performed in a solution without any manganese ions at the SO, /air ratio of 6% under the
same conditions. The results, as shown in Figure 54 (Supplementary Information), revealed
that in the absence of manganese ions in the solution, there was no cobalt removal, and the
cobalt concentration in the solution remained constant at the initial concentration of about
10 mg L~! during 30 min of operation. This observation opens a new horizon for further
investigation of the effect of manganese dioxide precipitates in removing other elements
such as (Ni, Cd, Cu, and Zn) in a zinc purification solution.

4.4.3. Effect of Cobalt Concentration on Manganese Removal

Figure 7a,b show the effect of various cobalt concentrations (10 mg L=}, 30 mg L1,
50 mg L1, and 70 mg L~!) on manganese and cobalt removal at the SO, /air ratio of 6%
under pH-controlled conditions. According to Figure 7a, manganese ions were removed
entirely at all different cobalt concentrations. The manganese oxidation reaction was slightly
accelerated (5 min earlier) at the cobalt concentrations of 50 mg L ! and 70 mg L~!. This
observation suggests that 10 mg L~! Co is sufficient to remove manganese; beyond this
concentration, no more beneficial effect is achieved. The results, as shown in Figure 7b,
also revealed that the cobalt concentration decreased from the initial concentrations of
10 mg L1, 30 mg L1, 50 mg L~!, and 70 mg L 1to1l mg L1, 10 mg L1, 22 mg L1, and
28 mg L1, respectively. These observations suggest that cobalt catalyzes the manganese
oxidation reaction, resulting in precipitation of manganese dioxide while manganese
dioxide, in turn, helps in removing cobalt from the solution.

One can observe that the efficiency of cobalt removal depends on manganese con-
centration. In other words, 1 g L™! of manganese ions could remove almost all cobalt
from a system when the initial concentration of cobalt is 10 mg L~!. At higher cobalt
concentrations, there is not enough manganese dioxide to trap the cobalt ions. Therefore,
using higher cobalt concentrations not only does not have any further benefit to remove
manganese but also requires further purification processes to remove the remaining cobalt
as an impurity from the system. In conclusion, 10 mg L~! of cobalt seems to be the optimal
quantity for taking advantage of its catalytic effect in manganese elimination. It is also
interesting to note that the cobalt concentration in the zinc purification solution in the plant
was in the range of 10 mg L1 to 15mg L.
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Figure 7. (a) The manganese concentration and (b) the cobalt concentration under pH-controlled con-
ditions at a SO, /air ratio of 6% with various cobalt concentrations air flow rate = (500 & 10) mL min~—?,
SO, flow rate = (30 + 2) mL min~!, T = (80 + 0.5) °C, agitation speed = 2000 rpm, initial

[Mn]~1g L.

4.5. Characterization of the Precipitates

Figure 8a—c and Table 1 show SEM images and corresponding EDS elemental analysis
of the precipitates generated under different operating conditions. It was observed that in
the absence of an extra agent, i.e., neutralizing agents and cobalt, the morphology of the
particles was angular and pebble-like in shape with a relatively uniform size distribution
(Figure 8a). According to the corresponding EDS analysis (green and brown frames in
Table 1), manganese, zinc, and oxygen were the dominant constituents of these particles,
suggesting the formation of manganese dioxide with zinc coprecipitation. According to
Figure 8b, the pebble-like shapes were substituted with some cauliflower-like forms among
needle-shaped particles after adding calcium hydroxide as a neutralizing agent. XRD
diffraction analysis was performed on the precipitates. However, due to the presence of
high amounts of gypsum in the precipitates, the XRD peaks of other phases, i.e., MnO,,
were considerably suppressed, rendering it difficult to accurately determine the crystalline
structure of the precipitates (Figure S5). According to Table 1, the EDS analysis verified
that the cauliflower particles, specified with the yellow frame in Figure 8b, were mainly
composed of manganese, zinc, and oxygen, while the needle-shaped precipitate (orange
frame) was made of calcium, sulfur, and oxygen, indicating manganese dioxide and gypsum
precipitates (CaSO4.H,0), respectively. Figure 8c shows the SEM image of the precipitates
obtained when we added both calcium hydroxide and cobalt to the solution. The addition
of 10 mg L~! cobalt did not tangibly affect the morphology of particles.

Figure 8. SEM images of precipitates (a) for uncontrolled pH conditions without cobalt addition,
(b) for pH-controlled conditions without cobalt addition, and (c) for both pH-controlled conditions
and cobalt addition, obtained at a SO, /air ratio of 6% (air flow rate = (500 & 10) mL min !, SO,
flow rate = 30 mL min~!, T = (80 £ 0.5) °C, agitation speed = 2000 rpm, initial [Mn] =1 g L1,
[Co]l =10 mg L~1). Data were obtained at 15 kV in BSE mode.
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Table 1. EDS elemental analysis of precipitates of the SEM images (a—c). All data are expressed as
weight percentages.

El Green Brown Yellow Orange Blue Purple
ement
Frame Frame Frame Frame Frame Frame
Mn 62.7 28.3 21.8 0.7 25.4 4.1
Zn 7.8 25.7 229 3.2 27.7 9.1
O 26.6 32.8 42.7 62.8 39.1 51.6
Ca - - 3.4 17.7 0.7 16.3
Co - - - - 0.1 -
S 2.9 13.2 9.2 15.6 7 18.9

Figure 8c depicts the presence of both cauliflower-like and needle-shaped particles.
Meanwhile, according to Table 1, the EDS analysis results corresponding to manganese
oxide precipitate (cauliflower-shaped specified with the blue frame) verified the cobalt
co-precipitation with the manganese dioxide. The gypsum particles were produced by the
reaction between calcium hydroxide and sulfuric acid during the process. Furthermore,
it was found that the addition of calcium hydroxide caused a remarkable morphological
change in the manganese dioxide precipitates compared to the case that was performed
without controlling the pH. This can be attributed to the adsorption of calcium cations
inside manganese dioxide’s structure, as discussed earlier.

XPS analysis was performed to scrutinize the chemical composition of the precipitates.
The collected precipitates under the pH-controlled conditions at a SO, /air ratio of 6%
with and without cobalt addition were analyzed. As shown in Table 2, survey spectra
of both types of precipitates (with and without cobalt addition) revealed the presence of
oxygen, carbon, calcium, zinc, sulfur, and manganese. Oxygen and sulfur were indeed
present in the solution while calcium came from a calcium hydroxide additive to control
the pH during the test. Manganese and zinc were the main metal ions in the solution
precipitated through the experiment. Furthermore, where we had cobalt addition, the
existence of cobalt in the precipitates was confirmed, suggesting the coprecipitation of
cobalt along with manganese dioxide. Carbon was mainly obtained from atmospheric
contamination. Interestingly, in the presence of cobalt ions, the calcium and sulfur contents
of the precipitates (in atomic percentages) decreased by 23% and 12.5%, respectively, while
the zinc and manganese contents of the precipitates (in atomic percentages) increased by
19% and 9.6%, respectively. These results confirm cobalt’s catalytic effect on the manganese
removal process. Furthermore, cobalt led to the shortening of the test duration; therefore,
less SO, /air was purged, and consequently, less calcium hydroxide was consumed.

Table 2. Chemical composition of precipitates extracted from XPS survey spectra.

Element Without Co Addition (%) With 10 mg L~1 Co Addition (%)
O1ls 54.7 53.1
Cls 17.1 19.7
Ca2p 8.2 6.3
Zn2p 7.4 8.4
S2p 6.4 5.6
Co2p - 0.1
Mn 2p 6.2 6.8

Figure 9a-g display high-resolution (HR) spectra of O 1s, Mn 2p, Zn 2p, and Co 2p for
two different types of precipitates. The left-hand side spectra correspond to precipitates
obtained without cobalt addition, while the right-hand side corresponds to precipitates
where cobalt was added under the same conditions. Peak identification was performed
using the handbook of photoelectron spectroscopy [41]. On the left-hand side, the O 1s
peak (Figure 9a) reveals three chemical bonds corresponding to Mn=0 (530.1 eV), O=5-O
(532.6 eV), and C=0-C (534.6 eV). The Mn 2p3 spectrum in Figure 9¢ corresponds to MnO,
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(642.6 eV) and MngO; (645.2 eV), indicating the formation of these compounds during
the process. The Zn 2p3 peak (Figure 9e) exhibits only a single chemical bond for Zn=0
(1021.3 eV). On the right-hand side, the Co 2p spectrum shown in Figure 9g exhibits three
peaks at (771, 780, and 784) eV. The peak at 771 eV is associated with Mn 2s due to its
overlap with the Co 2p band. The peak at 780 eV corresponds to Co304 and Cop03, and
the peak at 784 eV is assigned to CoSOj.
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Figure 9. XPS high-resolution spectra of precipitates obtained under pH-controlled conditions at a
SO, /air ratio of 6%. The left-side hand (a,c,e) corresponds to precipitates without cobalt addition,
and the right-side hand (b,d,£,g), to precipitates with the addition of cobalt for O 1s, Mn 2p, Zn 2p,
and Co 2p, respectively (air flow rate = (500 £ 10) mL min~1, SO, flow rate = (30 & 2) mL min~!,
T = (80 4 0.5) °C, agitation speed = 2000 rpm, initial [Mn] =1 g L=}, [Co] = 10 mg L~ 1).
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The high-resolution spectra of the precipitates obtained with the addition of cobalt
were quite similar to those of the precipitates without cobalt addition. The slight differences
in the positions of similar peaks in the two series of samples could have arisen from
multiple sources, such as coprecipitation (incorporation of another element, i.e., Co, into
the structure), hydroxide formation (especially in the case of Mn), or peak deconvolution
precision. These results confirm that manganese, zinc, and cobalt ions were oxidized and
precipitated as manganese dioxide, zinc, and cobalt oxides during this process, which is
consistent with the EDS analysis results.

To confirm the previous results, XRF analysis was also performed to determine the bulk
chemical composition of the precipitates collected at a SO, /air ratio of 6%. As summarized
in Table 3, in the precipitates with cobalt addition, the concentration of manganese and zinc
increased by about 9.5% and 26% compared to the precipitates obtained without cobalt
addition. In contrast, less sulfur and calcium were detected in the precipitates obtained
with cobalt addition compared to the samples without cobalt, i.e., the sulfur concentration
was reduced from 16.7% to 14.7%, and the calcium concentration decreased from 26.1%
to 20.9%. This observation confirms the previous results of EDS and XPS, suggesting that
the presence of 10 mg L~! cobalt improves manganese removal efficiency and reduces
chemical agent consumption, such as calcium hydroxide. The ratios of S/Ca in the XRF
results were 0.63 and 0.7 for two series of samples. These ratios are less than 0.8, which is
expected for CaSOy, suggesting that part of the Ca and most of the other elements were in
their oxide form.

Table 3. Chemical composition of precipitates (%) obtained from XRF spectra.

Concentration Concentration of Precipitates
Element keV Line of Precipitates without ith 10 L1 Co Addition (%)
Cobalt Addition (%) "' 8 o Addition T
Mn 58 Koy, Ky 6.2 6.79
Zn 8.6 Koy, Ky 7.1 9
Co 69 Koy, Ky 0 0.3
Ca 3.6 Koy, Koy 26.14 20.87
S 23 Kog, Ky 16.66 14.7

The addition of Ca(OH); to control pH results in an appreciable amount of gypsum
precipitation which should be removed from the system along with other oxide precipitates.
The amount of the precipitated gypsum was approximated using the ratio of Ca/Mn. This
approximation indicated that the mass of gypsum would be 6.6 times greater than that of
the precipitated MnO;. As the concentration of manganese was known and continuously
monitored in the plant, this could help in determining the amount of gypsum to be removed
and designing appropriate settling reservoirs and filtering systems. It would most likely be
possible to reduce the amount of calcium consumption and consequently the amount of
gypsum generation by further optimizing other process parameters, i.e., spargers design.

Finally, the presence of zinc in the precipitates may be considered as a loss of product.
The total zinc loss was in the same range as the removed manganese, thus not exceeding
the equivalent of 1 g L~!. However, the side benefit of this approach to remove manganese
is that cobalt was also removed from the solution simultaneously. In the current practice,
the level of cobalt before the purification stage is about 10 mg L~!, which is then removed
by cementation operation using zinc dust. It is worth mentioning that typically, (4-5)% of
plant zinc product is used to remove Co in the cementation process. Removing cobalt from
the solution along with manganese therefore represents a side benefit of this process and
may considerably reduce the consumption of zinc dust in the cementation process.

5. Conclusions

We showed that a SO, /air gas mixture alone cannot remove manganese from a solution
without controlling the pH. When the pH was kept around 4, a great improvement in the
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efficiency of manganese elimination was achieved. The final manganese concentration
was reduced from 1 g L~! to 387 mg L~ after 40 min, which was still too high for the
implementation of MMO anodes.

Therefore, we added cobalt to the solution to accelerate the manganese oxidation
reaction. We showed that the kinetics of the manganese oxidation reaction could be consid-
erably improved by using 10 mg L~! cobalt as a catalyst. The manganese concentration
was reduced from 1 g L™! to less than 1 mg L~! within 30 min, which was an acceptable
level for implementing MMO anodes. This finding confirms that a small amount of cobalt
can render off-gas as a suitable reactant for the efficient removal of manganese.

We also observed that the sediments consisted mainly of gypsum (CaSO4.2H,0)
and manganese dioxides with the coprecipitation of zinc. The XPS results evidenced the
absorption of cobalt inside manganese dioxide precipitates. The maximum amount of
CaSOy in the sediment was estimated to be 6.6 times that of the MnO,.

This method seems to be a promising method for removing manganese and cobalt
from zinc electrolyte using a SO, /air mixture, available at zinc production plants. The zinc
loss during this process is in the same range as the removed manganese. The considerable
advantage of this process is that both the SO, /air mixture and cobalt are available in the
plant’s off-gas and electrolyte, respectively. More importantly, more than 90% of the cobalt
is removed during the process, representing a considerable possible reduction in zinc dust
in the purification/cementation step. The implementation of this method however requires
technoeconomic analyses to compare the total processing cost vs. the energy gain that
MMO anodes may generate.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /met13101675/s1. Figure S1: Manganese concentration (black
colour) and pH (red colour) vs. time at different SO, /air ratios under uncontrolled pH condi-
tions (air flow rate = (500 + 10) mL min™!, SO, flow rate varied from 15 mL min™ to 35 mL
min~!, T = (80 + 0.5) °C, agitation speed = 2000 rpm, initial [Mn] ~ 1 g L™!). Figure S2: Man-
ganese concentration vs. time at different SO, /air ratios under pH-controlled conditions (air flow
rate = (500 & 10) mL min™!, SO, flow rate varied from 15 mL min~! to 35 mL min™!, T = (80 + 0.5) °C,
agitation speed = 2000 rpm, initial [Mn] ~ 1 g L. Figure S3: Manganese concentration vs. time at
different SO, /air ratios under pH-controlled conditions and prolonged tests without the presence
of Co (air flow rate = (500 + 10) mL min~!, SO, flow rate varied from 15 mL min~! to 35 mL min},
T = (80 £ 0) °C, agitation speed = 2000 rpm, initial [Mn] ~ 1 g L. Figure S4: Cobalt concentra-
tion under pH-controlled conditions without manganese in the solution as a function of time at
a SO, /air ratio of 6%. The left y-axis is related to cobalt concentration (orange column) and the
right y-axis is associated with manganese concentration (green diamonds), which was zero (air
flow rate = (500 & 10) mL min~!, SO, flow rate = (30 + 2) mL min~!, T = (80 + 0.5) °C, agitation
speed = 2000 rpm, initial [Co] = 10 mg L™!). Figure S5: XRD diffraction patterns of precipitates
obtained under pH-controlled conditions at a SO, /air ratio of 6% without the presence of Co (air
flow rate = (500 & 10) mL min~!, SO, flow rate = (30 & 2) mL min~!, T = (80 + 0.5) °C, agitation
speed = 2000 rpm, initial [Mn] = 1 g L™!). Table S1: Chronological description of the experiments.
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