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anionic membranes (AMI 7001s
and Neosepta AMX) on the electrodeposition of
manganese from sulphate solutions

Q. L. Reyes-Morales, a V. E. Reyes-Cruz, *a A. Trujillo Estrada,b J. A. Cobos-
Murcia,a G. Urbano Reyes,a M. Pérez Labra,a A. Manzo Robledo,c S. Vázquez Bautistad

and E. Ramı́rez Menesesd

The effect of two different anionic membranes on manganese deposition was studied in a two-

compartment electrochemical reactor with a titanium cathode and a dimensionally stable RuO2jTi
anode. Chronopotentiometry, ICP-OES, SEM, XRD and elemental mapping were used to understand the

changes in concentration and characteristics of the metallic deposition at different current densities with

the anionic membranes AMI 7001s and Neosepta AMX. The results demonstrate that AMI reduces more

manganese than AMX below �100 A m�2, generating more metallic deposition but also more low-

solubility manganous by-products, whereas both membranes exhibited similar behaviours above �100 A

m�2 reaching the maximum current efficiency (63%) at �200 A m�2. It was also observed that the

membranes have a significant effect on sulphate consumption since they are anions.
1. Introduction

High-purity metallic manganese (>99.9%) has a wide range of
industrial applications, mainly as an anti-corrosive element,
purier and stabiliser in the manufacture of common steels,
advanced high-strength steels (AHSS) and non-ferrous alloys.1,2

Also, it is especially useful in the manufacture of alkaline
batteries, new-generation lithium-ion batteries and other widely
used chemical reagents requiring controlled purity.3

The growing demand and quality required for metallic
manganese favour electrowinning as the main method for its
production.4,5 Typically, electrowinning of manganese from
sulphate solutions is performed to improve the process effi-
ciency, as this type of electrolyte ensures uniform and stable
deposition.6–8 An additional advantage of these solutions is
achieving electrolytic manganese metal (EMM) in a minimal
number of steps since manganese is extracted from minerals in
the form of sulphates.9 However, this process consumes large
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amounts of energy as the electrodeposition of manganese
requires an overpotential more cathodic than �1.18 V vs. SHE
owing to its high electronegativity, which induces the genera-
tion of large amounts of hydrogen gas (H2).10–12 Consequently,
most of the research efforts to date have focused on additives
that improve current distribution, reduce the inuence of
hydrogen evolution, and promote and benet manganese
deposition. Additionally, the effects of temperature, agitation,
pH and manganese concentration on improving the electrode-
position process have been investigated.13–23

Given the characteristics of manganese, manganese elec-
trowinning is commonly performed in two-compartment elec-
trochemical reactors separated by permeable polymeric
diaphragms to retain the manganese on the cathode side.24

However, anion exchange membranes can improve the effi-
ciency of the electrowinning process by effectively retaining the
Mn2+ ions on the cathode side.25 These membranes can affect
the movement of ions, the reaction speed of the species in the
electrolyte and the energy performance of the electrochemical
system.26

Nevertheless, there is a lack of studies addressing the effects
of anionic membranes with different properties on the
manganese deposition process. In this context, AMI 7001s (AMI)
and Neosepta AMX (AMX) anionic exchange membranes have
similar properties of interest for manganese electrowinning.27

Hence, in the present work, the effects of these membranes on
the manganese deposition, the secondary electrochemical
processes and the current efficiency of the process are
evaluated.
RSC Adv., 2022, 12, 17661–17674 | 17661
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Fig. 1 Schematic representation of the electrochemical system: (1)
anion compartment, (2) DSA/counter electrode, (3) anion exchange
membrane, (4) cation compartment, (5) SCE reference electrode, (6)
titanium cathode/working electrode, and (7) Princeton Applied
Research 263 A potentiostat/galvanostat.
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2. Experimental
2.1 Electrolytes

All experiments were performed using a catholyte containing
0.27 M MnSO4 as the source of Mn2+ ions, 0.91 M (NH4)2SO4 as
a stabilising agent and 5.4 � 10�4 M SeO2 as a hydrogen
evolution inhibitor. A 0.5 M H2SO4 solution was utilised as the
anolyte to provide common ions between both electrolytes.18,24

2.2 Electrode preparation

A TijRuO2 dimensionally stable anode (DSA) was used as the
anode/counter electrode. The DSA electrode was prepared by the
Pechini method using a precursor solution with 0.012 mol of
citric acid, 0.050 mol of ethylene glycol, and 0.002 mol of RuCl3.
The precursor was applied on a Ti plate previously treated by the
method described by González et al.28 Subsequently, the coated
plate was sintered with a heating ramp at 5�C min�1 until
a temperature of 500 �C was achieved and this temperature was
maintained for 5 hours to obtain the nal RuO2 coating.

A Ti plate mechanically polished to a mirror nish was used
as the cathode/working electrode. The surface of the cathode
was sanded with silicon carbide sandpaper 1200# and 1500#
and rinsed with abundant deionised water before each
experiment.

2.3 Ion exchange membranes

The two anion exchange membranes evaluated were Neosepta
AMX and AMI 7001s and the individual properties of each
membrane are provided in Table 1.27,29–31

2.4 Electrochemical experiments

All experiments were performed in a two-compartment elec-
trochemical reactor with a three-electrode arrangement (Fig. 1).
The Ti electrode was placed in the cathode compartment
maintaining an electroactive area of 38 cm2, as well as a satu-
rated calomel electrode (SCE) as the reference electrode and the
DSA electrode was used in the anodic compartment. Both
electrodes were placed at a distance of 1 cm from the ionic
membrane.

Electrolysis tests were performed using a Princeton Applied
Research 263A® potentiostat/galvanostat controlled by Power-
suite 3.0® soware over 120minutes, applying current densities
between �5 and �400 A m�2.
Table 1 Specifications of AMI 7001s and Neosepta AMX anion exchange

Anion exchange membrane AMI 700

Structure PS/DVB
Ion exchange capability [meq g�1] 1.3 � 0.
Thickness [mm] 0.45 � 0
Electrical resistance [U cm2] <40
Exchange ion Cl�

Functional group Quatern
Thermal stability [�C] 90

a Both membranes were stored and activated in a 5% sodium chloride so

17662 | RSC Adv., 2022, 12, 17661–17674
2.5 Characterisation of deposits and solutions

Themorphological, supercial and elemental characterisation of
the manganese deposits was conducted using a Hitachi model
SU3500 scanning electron microscope (SEM) and a Quantax 200
X-ray energy dispersive spectroscope. The X-ray diffraction (XRD)
study of the deposits was performed using an Equinox 2000 X-ray
diffractometer (Inel) with monochromatic Co Ka radiation (l 1

4
1.789 Å) produced at 30 kV and 20 mA. The purity of the
manganese and the concentration of the SO4

2� and Mn2+ ions in
the solutions were determined by inductively coupled plasma
atomic emission spectroscopy (ICP-OES).

2.6 Current efficiency

The amount of manganese obtained at the different current
densities was evaluated via the current efficiency of the process,
calculated using eqn (1):

hC ¼ ½rmrzF �
½MAIt� 100 (1)

Where hC is the current efficiency, r is the purity of the deposit,
mr is the mass of manganese recovered in the electrolysis
process, z is the number of electrons involved in the
membranesa

1s Neosepta AMX

PS/DVB
1 1.55 � 0.15
.025 0.15 � 0.03

27.5 � 7.5
Cl�

ary ammonium Quaternary ammonium
40

lution for one day, then rinsed with deionised water before use.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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electrodeposition reaction, F is the Faraday constant, MA is the
atomic mass of manganese, I is the imposed current and t is the
electrolysis time.
3. Results and discussion
3.1 Electrolysis tests

Fig. 2A and B show the galvanostatic transients obtained using
the AMI 7001s and Neosepta AMX membranes, respectively,
within a two-compartment electrochemical reactor. The cath-
olyte, anolyte, Ti cathode and TijRuO2 DSA were placed in their
respective compartments. It was observed that upon increasing
the cathodic currents densities, the reduction potentials also
tended to increase with both membranes. However, there was
a variation in the potential response between the two
membranes depending on the current density and the elec-
trolysis time.

The most evident differences between the potential
responses obtained with AMI and AMX were observed at �5,
�10, �20, �30, and �40 A m�2. Fig. 2A shows four plateaus at
�5 Am�2 with AMI, each one with a less cathodic potential than
the previous one, which is attributable to changes in the surface
of the cathode and the consumption of the reacting species at
this current density. When the current density reaches �10 A
Fig. 2 The galvanostatic transients obtained in the system with a Ti/
RuO2 anode and a Ti cathode in the range of �5 to �400 A m�2 for
120 min using: (A) AMI 7001s and (B) Neosepta AMX.

© 2022 The Author(s). Published by the Royal Society of Chemistry
m�2, a single slope is revealed, indicating the transformation of
species by a single reaction. In both cases, only red-orange
colloids are observed suspended in the catholyte, with the
amount of colloids increasing with the electrolysis time and the
applied current density. At �20, �30, and �40 A m�2, the gal-
vanostatic transients show insignicant changes and it is
possible to obtain a metallic deposit on the surface of the
electrode.

Fig. 2B shows two slopes at �5 and �10 A m�2 using AMX:
the rst change in the slope is observed in the rst 5 minutes at
�5 A m�2, while the rst change in the slope begins at a more
cathodic potential at 2 minutes for �10 A m�2. Subsequently,
the second change in the slope developed similarly for both
current densities, reaching practically the same potential but
with the formation of a red-orange colloid. This behaviour
indicates the alteration of the electrode surface in the rst few
minutes, a process that accelerates and changes as the current
density becomes more cathodic and leads to a secondary
process that is not dependent on the current density.

Fig. 2B shows that at �20 A m�2, more colloids are observed
than at less cathodic current densities with AMX. The galva-
nostatic transients reveal a slope in the rst 20 minutes of the
electrolysis, followed by a second slope between 20 and 60
minutes and a plateau that develops continuously for the next
60 minutes. This behaviour evidences an initial alteration of the
electrode surface that results in a single process aer 60
minutes.

At�30 Am�2, Fig. 2B shows that with AMX, the galvanostatic
transient takes an irregular shape; simultaneously, the amount
of colloids observed was more substantial than in previous
cases. These characteristics were attributable to the unstable
manganese deposition aer 35 minutes of electrolysis. It is
assumed that the metallic manganese was constantly dissolved
and redeposited, producing variations over the electrode
surface and in the potential response.

From �40 A m�2, the galvanostatic transients in Fig. 2A and
B are similar for both membranes. However, at �40, �50 and
�100 A m�2, the potential response was more cathodic with
AMI than with AMX. In addition, the deposits generated with
the AMI membrane were more uniform on the cathode surface
than with AMX. Hydrogen evolution, colloids and manganese
deposition were observed simultaneously with both
membranes. At this point, it is important to mention that at�5,
�10, �20, �30, �40, and �50 A m�2, the generation of colloids
is lower with the naked eye with AMX.

At �200 and �400 A m�2, Fig. 2A and B show that the
potential response is practically the same with both
membranes, with similar deposition on the cathode surface.
With these two current densities, the amount of colloids
decreased, especially at the end of 120 minutes of electrolysis,
where colloids were no longer distinguishable in the catholyte.

The metallic manganese obtained and concentration
changes in solution during the electrolysis were analysed by
gravimetry, XRD, SEM-EDS and ICP-OES to understand the
effects of both membranes on the deposition process and
concentration changes of the species present in the catholyte
and anolyte.
RSC Adv., 2022, 12, 17661–17674 | 17663
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3.2 Deposit and concentration changes of Mn2+

The amount of manganese deposited aer 120 minutes of
electrolysis with AMI and AMX is presented in Fig. 3 as a func-
tion of the applied current density. The behaviour of the
membranes differs at �20, �30, �40, �50, and �100 A m�2.
With the AMI, it is possible to obtain a metallic deposit from
�20 A m�2, while for the AMX, the manganese deposit is
recovered from �40 A m�2.

Fig. 3 shows that at�30,�40, and�50 Am�2, the deposition
increases with amore cathodic current density but there is more
manganese deposition with AMI than with AMX. The difference
between both membranes decreases at �100 A m�2. Above
�200 Am�2, the amount of metallic deposition is practically the
same with both membranes.

Fig. 4A and B show the variations in the Mn2+ concentration
in the catholyte over the 120 minutes of electrolysis for AMI and
AMX, respectively. The concentration of Mn2+ ions changes
above �10 A m�2 for both anionic membranes but more
manganese is consumed with AMI 7001s since the nal
concentration of Mn2+ ions is 0.22 M with AMI and 0.25 M with
AMX. This difference becomes more signicant at a current
density of �50 A m�2, where the concentrations become
0.074 M with AMI and 0.18 M with AMX. Another important
aspect evidenced by Fig. 4A and B is that the consumption of
Mn2+ ions begins at �10 A m�2, even when the manganese
deposition is observed at �20 with AMI and �40 A m�2 with
AMX.

Fig. 4A and B show that at �100 A m�2, the amount of
manganese removed from the catholyte for both membranes is
lower than at less cathodic current densities but the amount of
metallic manganese recovered on the cathode surface was
higher. It is evident that even when the concentration gradient
generated with AMI and AMX is less than that observed at �10,
�20,�30,�40, and�50 Am�2, the amount of ionic manganese
Fig. 3 Mass of manganese deposited with the AMI 7001s and Neosepta
�20, �30, �40, �50, �100, �200, and �400 A m�2.

17664 | RSC Adv., 2022, 12, 17661–17674
removed with AMI is greater than with AMX. Fig. 4A and B
evidence that from�200 A m�2, the amount of Mn2+ removed is
similar with both membranes. When comparing Fig. 4A and B
with Fig. 3A and B, it is evident that the amount of manganese
deposited on the cathode surface differs from the amount of
manganese removed from the solution, which is attributable to
the formation of manganese compounds with low solubility
during the process.

Fig. 5A and B show the percentages of manganese recovered
as a deposit, Mn2+ remaining in the catholyte, and low-solubility
manganese compounds obtained at �5, �10, �20, �30, �40,
�50, �100, �200, and �400 A m�2 using AMI 7001s and Neo-
septa AMX, respectively. Fig. 5A shows that most of the
manganese consumed from the catholyte reacts to form by-
products at �10, �20, �30, �40, and �50 A m�2 for AMI,
whereas this is less signicant for AMX (Fig. 5B) at the same
current densities.

The formation of low-solubility species in the solution
shown in Fig. 5A and B is attributable to the instability of the
deposited manganese in current densities lower than �100 A
m�2, a phenomenon reported in other manganese recovery
systems.25 Since manganese has a strong chemical affinity for
sulphur and oxygen,32 the interaction between the deposited
manganese and the solution could easily lead to the formation
of sulphides or oxides through chemical reactions.

The differences in the amount of manganous by-products
generated with both membranes observed in Fig. 5A and B
are attributable to their effect on the reduction of Mn2+ ions.
This implies that it is possible to reduce more manganese with
AMI than with AMX at current densities lower than�100 Am�2.
Nevertheless, most of the deposited manganese will react with
the catholyte to generate low-solubility manganous compounds,
electrochemically innocuous under these energetic conditions.

Fig. 5A and B show that by increasing the current density to
�100 A m�2, the amount of low-solubility manganous by-
AMX anionic membranes after 120 minutes of electrolysis at �5, �10,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Variation of Mn2+ concentration in the catholyte throughout the 120 minutes of electrolysis at �5, �10, �20, �30, �40, �50, �100,
�200, and �400 A m�2, with: (A) AMI 7001s and (B) Neosepta AMX.
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products is considerably lower with both membranes. However,
more manganese is deposited with AMI than AMX, 32.44 and
24.60% respectively. From �200 A m�2, the amount of manga-
nese by-products is negligible, while the percentage of metallic
manganese is practically the same with both membranes.

Fig. 5A and B also show that current densities more cathodic
than �100 A m�2 enhance the manganese electrodeposition,
while the generation of manganese by-products is considerably
lower than at lesser current densities.
© 2022 The Author(s). Published by the Royal Society of Chemistry
It is necessary to understand the process of manganese
deposition as the solution and electrode surface change when
current densities more cathodic than �100 A m�2 are applied
since these energetic conditions improve manganese electro-
deposition. Therefore, the changes in Mn2+ concentration on
the electrolyte and the amount of manganese deposited at
current densities of�100,�200 and�400 Am�2 were evaluated
at different time intervals. The transformation of the manga-
nese species during the 120 minutes of electrolysis is shown in
RSC Adv., 2022, 12, 17661–17674 | 17665
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Fig. 5 Different manganese species obtained after 120 minutes of electrolysis at �5, �10, �20, �30, �40, �50, �100, �200, and �400 A m�2

with: (A) AMI 7001s and (B) Neosepta AMX.
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Fig. 6A–C for AMI 7001s and Fig. 6D–F for Neosepta AMX at
�100, �200 and �400 A m�2, respectively.

Fig. 6A shows that the manganese deposition increases as
the electrolysis time increases at �100 A m�2 with AMI, sug-
gesting that the quantity of manganese deposited increases
with a longer electrolysis time than 120 minutes with AMI. In
contrast, the maximum deposition is obtained at 96 minutes for
AMX and remains unchanged thereaer producing less metallic
manganese (Fig. 6D). Most manganous by-products are ob-
tained in the rst 24 minutes with both membranes and remain
constant at higher electrolysis times for AMI (Fig. 6A) but
decrease until consumption at 96 minutes for AMX (Fig. 6D).

Aer increasing the current density to �200 A m�2, Fig. 6B
and E show that the increase in the deposition is similar with
both membranes and remains constant throughout the 120
minutes of electrolysis. At �100 A m�2, the maximum quantity
of manganous by-products is reached at 24 minutes of elec-
trolysis but the quantity decreases until consumption at 120
minutes for both membranes.
17666 | RSC Adv., 2022, 12, 17661–17674
At �400 A m�2, the electrodeposition process consumes the
Mn2+ ions in the catholyte at the same rate for both membranes.
However, Fig. 6C shows less generation ofmanganous by-products
for AMI, with the maximum reached at 24 minutes, then
decreasing due to consumption aer 72 minutes of electrolysis.
For AMX, the maximum quantity of by-products is reached at 72
minutes and decreases at 120 minutes of electrolysis (Fig. 6F).

The manganese deposition process is similar for both
membranes over 120 minutes of electrolysis. Meanwhile, more
manganous by-products are formed with AMX than with AMI
and decrease with increasing electrolysis time, indicating their
consumption.

It is of note that although the formation of manganous by-
products decreases considerably at current densities more
cathodic than �100 A m�2, there are still produced at �100,
�200 and �400 A m�2 due to the reactive nature of dissolved
manganese and its strong affinity for the sulphate ions in the
catholyte. The anolyte and catholyte were analysed at different
current densities and stages of electrolysis to understand the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Differentmanganese species obtained over the 120minutes of electrolysis with AMI 7001s at (A)�100, (B)�200 and (C)�400 Am�2; and
with Neosepta AMX at (D) �100, (E) �200 and (F) �400 A m�2.
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effect of this interaction and the manganese electrowinning
process on the concentration of SO4

2� ions.
3.3 Changes in SO4
2� concentration

The concentration of sulphur related to SO4
2� ions in the ano-

lyte and catholyte during 120 minutes of electrolysis is shown in
Fig. 7A for AMI and Fig. 7B for AMX.

There are variations in the concentrations of SO4
2� ions at

�5, �10, �20, �30, �40, �50, and �400 A m�2 for both
membranes, with the highest consumption of SO4

2� ions at�40
A m�2 for AMI (Fig. 7A) and lower consumption for AMX at the
same range of current densities (Fig. 7B).

There were less signicant differences between membranes
at �100 and �200 A m�2, with a lower nal concentration for
AMX than with AMI at�400 Am�2. Themost signicant change
in sulphate concentration occurs at�50 A m�2 for AMI (Fig. 7A)
and �400 A m�2 for AMX (Fig. 7B).

The most signicant concentration change occurs in the
initial 24 minutes with all current densities and both
membranes (Fig. 7A and B), with only minor changes thereaer
due to the redissolution of some of the by-products generated at
the beginning of electrolysis.
© 2022 The Author(s). Published by the Royal Society of Chemistry
To better understand the relationship between the
consumption of Mn2+ and SO4

2� ions, it is necessary to compare
the concentration changes at the end of the electrolysis time.
Fig. 8 shows the molar concentration gradients for total SO4

2�

ions, the amount of manganese deposited, and manganous by-
products generated by the end of the 120 minute electrolysis
process at�5,�10,�20,�30,�40,�50,�100,�200, and�400
A m�2 with AMI and AMX.

Fig. 8 shows that at �5 A m�2 for both AMI and AMX, the
consumption of sulphates develops without metal deposition or
manganous by-products being generated due to the inuence of
selenium on the sulphate reduction.33

The behaviour induced by each membrane is different from
�10 A m�2 (Fig. 8), with the consumption of sulphates
increasing at current densities more anodic than �50 A m�2

and decreasing as the current density becomes more cathodic
for AMI. This behaviour coincides with the increased deposition
and decreased amount of low-solubility manganous by-
products observed aer �50 A m�2.

For AMX, aer the sulphate concentration gradient rises at
�10 Am�2, the consumption drops at a current density of�30 A
m�2 accompanied by a considerable increase in the generation
RSC Adv., 2022, 12, 17661–17674 | 17667
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Fig. 7 Changes in total sulphur concentration throughout the 120 minutes of electrolysis at �5, �10, �20, �30, �40, �50, �100, �200, and
�400 A m�2 with (A) AMI 7001s and (B) Neosepta AMX.
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of manganous by-products (Fig. 8). At�30,�40, and�50 Am�2,
the concentration of sulphates increases while the rst metal
deposit is observed on the cathode surface and the amount of
low-solubility manganous by-products remains constant. From
�100 A m�2, the change in sulphate concentration is less
signicant than in the previous interval while the manganese
deposited on the cathode surface increases considerably and
the generation of manganous by-products decreases to be
practically negligible.
17668 | RSC Adv., 2022, 12, 17661–17674
In general, the inuence of both membranes is considerably
more signicant when the SO4

2� ions are involved in the process
due to the susceptibility of these anions to the selective nature of
the membranes and their individual properties (Fig. 8). The
deposits obtained at �100, �200 and �400 A m�2 with the AMI
and AMX membranes were characterised by SEM, elemental
mapping by EDX, XRD and ICP, to better understand the effects
of the current density and the anionic membranes on the phys-
ical and chemical characteristics of the manganese deposit.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Changes in manganese and sulphur concentrations with AMI
7001s and Neosepta AMX anionic membranes after 120 minutes of
electrolysis at�5,�10,�20,�30,�40,�50,�100,�200, and�400 A
m�2.
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3.4 Characterisation of deposited manganese

Fig. 9A shows the SEM images with magnications of �270 and
Fig. 9B with magnications of �1600 at 10 kV for the deposit
obtained at�100 Am�2 for the AMI 7001s membrane, as well as
the elemental mapping at a magnication of �1600 for
manganese in Fig. 9C and oxygen in Fig. 9D.

Fig. 9A and B show a two-dimensional, smooth and uniform
deposit, with small three-dimensional structures generated in
circular regions 100 mm in diameter around microfractures
attributed to hydrogen evolution.34 The deposition is homoge-
neously composed of manganese according to Fig. 9C but with
regions with a higher oxygen concentration observed in Fig. 9D,
especially on the three-dimensional structures around the
Fig. 9 Surface morphology of the manganese deposit obtained at �100
and elemental mapping of (C) manganese and (D) oxygen.

© 2022 The Author(s). Published by the Royal Society of Chemistry
cracks due to the oxidation of manganese that makes up these
microstructures.

Fig. 10 shows the SEM images with magnications of �270
in Fig. 10A and �1600 in Fig. 10B at 10 kV for the deposit ob-
tained at �100 A m�2 with the Neosepta AMX membrane, as
well as the elemental mapping at a magnication of �1600 for
manganese in Fig. 10C and oxygen in Fig. 10D.

Fig. 10A and 10B reveal a deposit formed by spherical
growths smaller than 100 mm made up of granular structures
and three-dimensional amorphous growths responsible for the
rough surface. Elemental mapping showed a uniform manga-
nese composition in Fig. 10C, while the oxides accumulate in
rougher regions according to Fig. 10D.

The deposit obtained with AMI has a more uniform surface
than that obtained with AMX due to the capacity of AMI to
deposit more manganese than AMX, allowing a better devel-
opment of the deposit.

Fig. 11 shows the SEM images at magnications of �270 in
Fig. 11A and�1600 in Fig. 11B at 10 kV for the deposit obtained
at �200 A m�2 with the AMI 7001s anion membrane, as well as
the elemental mapping at a magnication of �1600 for
manganese in Fig. 11C and oxygen in Fig. 11D.

The manganese deposit under these conditions is white and
uniform with a smooth and 2D surface covered by some 3D
structures (Fig. 11A and 11B). Elemental mapping in Fig. 11C
reveals a uniform distribution of manganese, while the oxides
shown in Fig. 11D are bound to the rougher surface areas and
are almost absent from the smoother regions.

Fig. 12 shows the SEM images at magnications of �270 in
Fig. 12A and�1600 in Fig. 12B at 10 kV for the deposit obtained
at�200 Am�2 with the Neosepta AMXmembrane, as well as the
elemental mapping at a magnication of �1600 for manganese
in Fig. 12 and oxygen in Fig. 12D.
A m�2 for the AMI 7001s membrane (A) �270 and (B) �1600 at 10 kV

RSC Adv., 2022, 12, 17661–17674 | 17669
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Fig. 10 Surface morphology of the manganese deposit obtained at �100 A m�2 with the Neosepta AMX membrane (A) �270 and (B) �1600 at
10 kV, as well as elemental mapping of (C) manganese and (D) oxygen.

Fig. 11 Surface morphology of the manganese deposit obtained at�200 Am�2 with the AMI 7001s membrane (A)�270 and (B)�1600 at 10 kV;
as well as elemental mapping of (C) manganese and (D) oxygen.
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Under these conditions, the deposit presents very similar
characteristics to those observed when using the AMI
membrane with the same current density. Fig. 12A and B reveal
a smooth and two-dimensional deposit mostly covered by three-
dimensional structures, with a uniform composition of
manganese (Fig. 12C) and the oxides concentrated mainly in
three-dimensional structures (Fig. 12D).
17670 | RSC Adv., 2022, 12, 17661–17674
Fig. 12A reveals three-dimensional microstructures forming
circular regions of 300–400 mm in diameter with both
membranes. These regions are delimited by microcracks that
are also present inside them, as shown in Fig. 12B. The frac-
tured surface is attributable to the stress exerted on these
specic regions by hydrogen evolution coupled with the
manganese deposition process.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Surface morphology of the manganese deposit obtained at �200 A m�2 with the Neosepta AMX membrane (A) �270 and (B) �1600 at
10 kV; as well as elemental mapping of (C) manganese and (D) oxygen.
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Fig. 13 shows the SEM images at magnications of �270 in
Fig. 13A and �1600 in Fig. 13B, both at 10 kV for the deposit
obtained at �400 A m�2 with the Neosepta AMX membrane, as
well as the elemental mapping at a magnication of �1600 for
manganese in Fig. 13C and oxygen in Fig. 13D.

Fig. 13A and B reveal that at�400 A m�2, the deposit obtained
is irregular and rough, formed by lumps of approximately 100 mm.
As in previous cases, Fig. 13C evidences the deposit is composed
Fig. 13 Surfacemorphology of the manganese deposit obtained at�400
as well as elemental mapping of (C) manganese and (D) oxygen.

© 2022 The Author(s). Published by the Royal Society of Chemistry
solely of manganese while oxides are concentrated in the outer-
most parts of the agglomerations (Fig. 13D). Additionally, cavities
of different sizes are evident, delimited by the 3D deposits.

The SEM images at magnications of �270 and �1600 are
shown in Fig. 14A and B, respectively, at 10 kV for the deposit
obtained at �400 A m�2 with the Neosepta AMX membrane, as
well as the elemental mapping at a magnication of �1600 for
manganese in Fig. 14C and oxygen in Fig. 14D.
Am�2 with the AMI 7001s membrane (A)�270 and (B)�1600 at 10 kV;

RSC Adv., 2022, 12, 17661–17674 | 17671
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Fig. 15 XRD patterns for metal deposits generated at �100,�200 and
�2

Fig. 14 Surface morphology of the manganese deposit obtained at �400 A m�2 with the Neosepta AMX membrane (A) �270 and (B) �1600 at
10 kV; as well as elemental mapping of (C) manganese and (D) oxygen.
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In this case, the deposit has compact, smaller lumps of
approximately 80 mm in diameter causing a rough deposit
(Fig. 14A and B). The formation of cavities delimited by the
agglomerations is also evident and is attributable to the evolu-
tion of massive amounts of hydrogen coupled to the manganese
deposition at �400 A m�2. According to Fig. 14C, the manga-
nese is found uniformly on the agglomerations and the smaller
3D structures that compose them. In Fig. 14D, oxides are
observable over the surface of the agglomerations and the
microstructures formed around them.

When comparing Fig. 13A and B with Fig. 14A and B, it is
evident that the deposits obtained with AMI and AMX at�400 A
m�2 have agglomerations of 40 mm in diameter spherical
growths. However, the metallic deposition with AMX appears to
bemore compact and formed from smaller structures, as shown
in Fig. 14A and B.

A general comparison of the SEM and elemental mapping
images of both membranes reveals that most of the metallic
manganese is in a compressed and 2D structure at �100 and
�200 A m�2. However, as the current density becomes more
cathodic in this range, the electrochemically reduced manga-
nese generates three-dimensional structures on the surface of
the smooth deposit. This behaviour is attributable to the inci-
dence of hydrogen evolution coupled with the deposition
process as the current density becomes more cathodic. The
relationship between hydrogen evolution and manganese
deposition is different at �400 A m�2 since the consumption of
Mn2+ ions is more accelerated at this current density (Fig. 4A
and B). In this way, manganese deposition must compete with
the bubbling generated by the massive evolution of hydrogen.4

The elemental mapping also revealed that the three-
dimensional microstructures formed by the deposited
17672 | RSC Adv., 2022, 12, 17661–17674
manganese are more susceptible to oxidation due to the grain
boundaries of these structures being exposed and promoting
oxidation upon contact with ambient oxygen.

Fig. 15 presents the XRD patterns for the deposits obtained
at current densities of �100, �200, and �400 A m�2 with AMI
7001s and Neosepta AMX; these results are supported by ICP-
OES analysis to determine the purity of the metallic manganese.

Fig. 15 shows the presence of a-manganese (JCPDS card
number 9011108) when imposing any current density between
�100 and �400 A m�2; this is a common feature of manganese
recovered electrochemically from sulphated solutions at room
temperature.35

For the manganese obtained at �100, �200, and �400 A
m�2, the ICP-OES analysis reveals purities of 96.30, 92.71, and
�400 A m using AMI 7001s and Neosepta AMX.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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89.70% for AMI and 92.57, 92.86, and 94.73% for AMX,
respectively. The impurities in the deposits for bothmembranes
are attributable to the oxidation of the metallic manganese, as
evidenced by the elemental mappings of Fig. 9C and D to 14C
and 14D, while a minor percentage is related to the incidence of
sulphur and selenium.

The purity of the manganese decreases as the current density
becomes more cathodic with AMI, while the purity increases
with AMX due to the nature of the deposits obtained at each
current density. As evidenced in Fig. 9A and B to 14A and 14B,
the deposit becomes less compact as the current density
becomesmore cathodic for AMI, presenting areas susceptible to
corrosion, whereas for AMX, themetallic manganese has amore
compact structure on increasing current density making it less
susceptible to oxidation.

Knowing the characteristics of the deposits, the chemical
changes and the energy conditions associated with obtaining
metallic manganese for both anionic membranes, it is possible
to calculate the efficiency of the process for the evaluated
current densities, thus establishing the best conditions for
obtaining metallic manganese.
3.5 Current efficiency

Fig. 16 shows the current efficiency at �5, �10, �20, �30, �40,
�50, �100, �200, and �400 A m�2 for the AMI 7001s and
Neosepta AMX membranes.

Fig. 16 reveals clear differences in the efficiencies of the
membranes at �10, �20, �30, �40, �50, and �100 A m�2, the
current efficiency increases considerably from 0 to 51% at �10,
�20 and�30 Am�2 for AMI (blue line), subsequently increasing
up to �200 A m�2. For AMX (red line), the current efficiency
increases steadily at�30,�40,�50,�100, and�200 A m�2. For
both membranes, the maximum efficiency of 63% is reached at
�200 A m�2, decreasing to 46% on increasing the current
density to �400 A m�2.

The inefficiencies observed at �100, �200 and �400 A m�2

are attributable to the increasing incidence of concomitant
processes, such as the evolution of hydrogen or the reduction of
Fig. 16 Current efficiencies for manganese deposition at �5, �10,
�20, �30, �40,�50, �100, �200, and�400 A m�2 for the AMI 7001s
and Neosepta AMX membranes.

© 2022 The Author(s). Published by the Royal Society of Chemistry
sulphates due to the diminution of Mn2+ ions as the electrolysis
advances (Fig. 8).

4. Conclusions

The effect of the anionic membranes on manganese deposition
varies according to the current density imposed, with the AMI
7001s membrane allowing more manganese recovery than the
Neosepta AMXmembrane below�100 A m�2. However, most of
the reduced manganese forms low-solubility by-products for
both membranes but it is more relevant with the AMI 7001s
membrane than with the Neosepta AMX membrane. Further-
more, similar amounts of metallic manganese are recoverable
with both membranes at �100 A m�2, with a more stable
deposit than at less cathodic current densities decreasing the
quantity of manganous by-products generated, according to the
gravimetric and ICP-OES analyses.

Manganese deposition is most efficient at �200 A m�2 for
both membranes with 67% recovery of manganese aer 120
minutes of electrolysis with an efficiency of 63% The deposit
obtained is smooth and compact with a purity of 92% for both
membranes, as the SEM imaging, elemental mapping and ICP-
OES analysis demonstrate.

Although manganese deposition was not inuenced by the
anionic membrane at current densities greater than �100 A
m�2, the consumption of sulphate ions is different for each
membrane due to the incidence of concomitant reactions: as
the current density becomes more cathodic, more sulphates are
consumed with AMI 7001s, whereas fewer sulphates are
consumed with AMX.
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