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Sulfide and its removal is a major concern in wastewater treatment as it represents a threat to human health and
the structural integrity of the water distribution system. In this study, we demonstrated for the first time an
exceptional performance of manganese oxide-coated graphite felt (GF-Mn,O,) electrodes for selective sulfide
oxidation to sulfur. Oxidation state, loading, morphology and crystallinity of Mn,O, coating was tuned using
electrodeposition synthesis method to enable an efficient and selective sulfide oxidation to sulfur. Excellent
(electro)catalytic activity of GF-Mn,O, yielded up to 25-fold increase in sulfide removal rates compared to
pristine GF, both in the open circuit (OC, no applied potential) and under anodic polarization at 0.4V vs
Standard Hydrogen Electrode (SHE). Although anodic polarization did not further enhance sulfide oxidation rate
compared to OC, it enabled a continuous re-oxidation of the reduced Mn,O, coating after its reaction with
sulfide. Thus, restoring of the catalytic properties of Mn,O, coating enabled higher sulfide removal rates com-
pared with the OC experiment. The formed elemental sulfur remained at the surface of GF-Mn,O, leading to a
gradual electrode passivation. The deposited sulfur was successfully dissolved by reversing the polarity of the
GF-Mn,Oy, electrode to -0.8 V vs SHE. However, full electrode recovery and restoring of the initial sulfide re-
moval rates could not be achieved as cathodic polarization at -0.8 V vs SHE during longer time (> 3 hours)
required to remove S° also caused a partial dissolution of the Mn,Oy coating. (Electro)catalytic sulfide removal
was somewhat decreased in real sewage (2.42 + 0.02h vs 0.93 + 0.15h in NaNO; supporting electrolyte
and real sewage, respectively). The selectivity of the process towards deposition of elemental sulfur was de-
creased in real sewage due to partial production of colloidal sulfur, which was presumably caused by diffusion
limitation imposed by presence of other ions. Due to lesser extend of GF-Mn,O3 electrode passivation in real
sewage, sulfide removal rates remained stable over six subsequent application cycles. In summary, Mn,Oy-based
electrodes demonstrated exceptional (electro)catalytic activity and selectivity for sulfide oxidation to sulfur and
thus its complete separation from water. Upscaling of the proposed electrochemical system and its application
for the treatment of complex wastewater streams requires further efforts to maintain the selectivity towards
deposited sulfur as a final product and allow its complete recovery.

1. Introduction

Sulfide is a toxic, colorless gas with characteristic rotten egg smell,
that is generated in wastewater systems by sulfate reducing bacteria
(SRB) [1]. SRB anaerobic respiration is particularly favored by the
abundance of sulfate that is introduced into wastewater collection
systems with household cleaning detergents. Beyond its malodor, sul-
fide represents a serious threat to the structural integrity of the sewers.
For example, only in Germany the costs of concrete sewers replacement
due to corrosion caused by sulfide was estimated at €100 million per

year [2].

Traditional approach for sulfide control in wastewater collection
system based on the addition of chemicals. is associated with high
operating costs and formation of toxic metal-containing sludge in the
case of precipitation methods, or sulfide reformation at the end of the
pipeline in the case of oxidation methods [3]. Electrochemical approach
for sulfide control is gaining more attention nowadays as it offers robust
in situ sulfide removal while avoiding costs associated with the pro-
duction, transportation and handling of chemicals. Besides that, a
number of studies demonstrated that sulfide can be selectively oxidized
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to elemental sulfur directly at the electrode surface, which avoids sul-
fide reformation and formation of toxic sludge [3].

The choice of the appropriate electrode material is especially im-
portant for the direct oxidation process. It was demonstrated that low-
cost carbon-based materials, characterized by a high surface area and
low resistance, are capable of efficient electrochemical sulfide oxidation
to elemental sulfur [4-7]. However, their performance can be enhanced
even further through material modification with a catalyst active to-
wards oxidation of hydrogen sulfide.

Manganese oxide (Mn,Oy) -coated electrodes are widely applied in
the field of batteries and supercapacitors due to their high capacitance
and ability to exist in different oxidation states [8]. This possibility of
easy and reversible transition between different oxidation states, Mn
(ID), Mn(III) and Mn(IV), enables Mn,O, to participate in a wide range
of oxidation and reduction reactions, making it a versatile catalyst
[9-11]. Although Mn,Oy-coated electrodes have been extensively in-
vestigated and applied in the energy field [12], only a few studies have
explored environmental applications of these materials for water
treatment. For example, several studies reported that Mn,Oy nanos-
tructures are capable of efficient elelctrooxidation of refractory or-
ganics, such as aniline [13], formaldehyde [14,15], phenol [16-18]
with its derivatives [19-21] and low molecular weight organic acids
[22,23] as well as some volatile organic contaminants [24,25]. Besides
that morphological characteristics of certain Mn,O, forms achieve ef-
ficient adsorption of metals from wastewater by retaining ions inside
Mn,O, three-dimensional network [26-28].

Ability of manganese oxide to oxidize sulfide was previously studied
as a natural process that occurs in sediments [29]. For example,
Herszage et al. reported that manganese mineral oxides present in
freshwater sediments are capable of robust sulfide oxidation with ele-
mental sulfur or sulfate as a reaction product depending on the local pH
[30]. However, high affinity of manganese oxides towards sulfide oxi-
dation was never exploited in wastewater treatment. Some studies
proposed sulfide oxidation with potassium permanganate, which yields
fast sulfide removal but is also inherently limited by the gradual de-
pletion of the catalyst and formation of a precipitant [31-33]. Besides
that, the presence of dissolved manganese ions is not desirable since it
compromises the quality of the treated water [34].

Over the years, a diverse range of Mn,O,-based electrode synthesis
routes was developed, including electrodeposition [35], chemical oxi-
dation [36], hydrothermal [37] or solvothermal methods [38], sol-gel
[39] and pulsed-laser deposition [40]. Electrodeposition method is
particularly attractive as it allows a morphology-controlled growth of
the Mn,O, coating through variation of different parameters such as
precursor type and concentration, composition of electrolyte, potential
and time [35,41,42]. Optimization of the electrodeposition parameters
is of high importance in the synthesis of the Mn,O, coating as it de-
termines the activity of the produced material towards the desired re-
action.

Here, we propose for the first time the use of Mn,Oy-based elec-
trodes in an electrochemical cell for sulfide removal via pathway, while
achieving continuous regeneration of the Mn,O, catalytic coating with
applied potential. The coating of electrochemically-deposited manga-
nese oxides over a porous graphite felt (GF) was fine-tuned in terms of
precursor concentration and loading to obtain specific Mn,O,, oxidation
state, loading, morphology and crystallinity and maximize its (electro)
catalytic activity and selectivity towards sulfide oxidation to sulfur.
Gradual loss of electrode performance due to the formation of the de-
posited sulfur was also addressed by the application of cathodic po-
larization for the dissolution of S°. Furthermore, the synthesized GF-
Mn,Oy electrodes were employed for sulfide removal from real sewage
to investigate the performance of Mn,O,-based electrodes in sulfide
removal under realistic scenarios.
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2. Material and methods
2.1. Mn,O,-coated electrode synthesis

GF-Mn,O, electrodes were synthesized using anodic electrodeposi-
tion technique. The synthesis was performed in a three-electrode setup
at ambient temperature (i.e., 24 + 1°C), with GF (2 x 1.5x0.5cm)
obtained from Final Advanced Materials (France) as a working elec-
trode (anode), carbon foil as counter electrode and Ag/AgCl (KCl 3 M,
Bioanalytical systems, IN) as reference electrode. The electrodeposition
medium contained 0.2 M MnSO,4 and 0.02 M H,SOy4. To investigate the
influence of the precursor concentration on the Mn,O, coating char-
acteristics, electrodeposition synthesis was also performed using 0.02 M
MnSO,4 and 0.02M H,SO,4. In all synthesis procedures, 0.01vol %
Triton X-100 was used to improve the deposition efficiency and obtain a
more uniform coating on a porous structure of GF [42]. Deposition was
performed in potentiostatic mode at + 1.63V vs SHE. To ensure the
reproducibility of each deposition, the mass of the manganese oxide
loading was calculated according to Faraday’s law and the charge was
limited to 200 C or 1000 C. After completion of the synthesis process,
material was rinsed thoroughly with distilled water. To ensure com-
plete removal of Triton X-100, synthesized material was treated with
isopropanol (IPA) at 60 °C for 15 min, followed by the second rinsing
with distilled water. To investigate the effect of temperature treatment,
samples were calcinated at 300, 400 and 500 °C in air for 1h in a
tubular oven (Nabertherm, Germany). “H” in the sample code stands for
high precursor concentration (i.e., 0.2 M MnSO,), while “L” means low
precursor concentration (i.e., 0.02M MnSO,). The amount of charge
(i.e., 200 C or 1000 C) is also mentioned in the code. Names of samples,
which were subjected to temperature treatment include “c”.

2.2. Material characterization

The surface morphology of the synthesized materials was examined
using an ultra-high-resolution field emission scanning electron micro-
scopy (SEM) (The Magellan 400 L, FEI, US). The crystal structure of the
GF-Mn,O, electrodes was determined by an X-ray powder dif-
fractometer (X’Pert MPD, PANalytical, Netherlands) with Cu as Ka ra-
diation source. The X-ray diffraction (XRD) patterns of the samples
were recorded between 10 and 80° (2 h) at a scan step size of 0.02°, and
a time per step of 353 s. Chemical state analysis of Mn,Oy coating was
performed with X-ray photoelectron spectroscopy (XPS) using an X-ray
photoelectron spectrometer (PHOIBOS 150, Specs, Germany). All XPS
spectra were calibrated using the C 1s peak at 284.6 eV. Mn 3s doublet
peak separation values were then used to determine the valence state of
Mn in the sample.

2.3. (Electro)catalytic sulfide removal and electrode regeneration tests

Electrochemical experiments were carried out in a glass cell
(250 mL) with an air-tight seal. GF or GF-Mn,O, materials was used as
an anode, Ag/AgCl (3M KC) as reference electrode and Pt coil was a
counter electrode separated from the anodic compartment by a porous
glass frit, to minimize the interference from the cathodic reactions.
Electrochemical cell was purged with nitrogen prior to all experiments
to minimize the loss of sulfide due to its reaction with the dissolved
oxygen Experiments were performed in both OC and under constant
potential of 4+ 0.4 V vs SHE to evaluate sulfide removal using GF and the
synthesized GF-Mn,O, electrodes. The initial concentration of sulfide
was 2.7 mM, with 2.6 mM NaNO; as a supporting electrolyte (con-
ductivity 3 - 3.2mS cm™, pH 8.2). pH of the supporting electrolyte was
maintained at pH 8-8.2 during the 2 hours experiments to avoid sulfide
stripping. Cathodic regeneration of the sulfur loaded electrodes was
performed in the same reactor as described above under constant po-
tential of -0.8 V vs SHE and in a 10 mM NaNOj electrolyte (conductivity
of 3-3.2mS cm™). All experiments were performed in duplicates and
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values are expressed as mean with their standard errors.

To investigate the performance of Mn,Oy-coated electrodes in sul-
fide removal under realistic conditions, experiments were performed
with real sewage that was deoxygenated and amended with the same
initial concentration of sulfide (i.e., 2.7 mM) and adjusted to pH 8.2.
The conductivity of the sampled sewage was identical to the supporting
electrolyte used in the experiments (i.e., 3.2 mS cm™Y).

2.4. Sample analysis

Chemical oxygen demand (COD) and free chlorine were measured
using LCK test cuvette method (HACH, US). Concentration of total
dissolved manganese and other metals in NaNO3 supporting electrolyte
and sewage was measured by means of plasma optical emission spec-
trometry (ICP-OES) (Agilent 5100, Agilent Technologies, US), to eval-
uate the stability of the Mn,Oy coating. The concentration of dissolved
sulfur species (i.e., HS—, S,05>7, SO4>7) was determined by ion
chromatography (IC), using a Dionex IC5000 (Dionex, USA). Although
several attempts were made to determine the concentration of the
formed polysulfides, none of the methods reported in literature was
found to be reliable. For example, previous study applied oxidation of
all dissolved sulfur species to sulfate with H,O5 at high pH as a tech-
nique to determine the formed polysulfides [43]. However, in our study
the main product of such reaction was colloidal sulfur, which cannot be
determined with ion chromatography [44]. Therefore, the presence of
polysulfides could only be indicated by the gradual appearance of
characteristic yellow color and also higher concentrations of the soluble
sulfur species, end products of further polysulfide oxidation [45]. In the
experiments where the electrolyte solution stayed colorless throughout
the experiment, the difference between the total sulfide added and the
dissolved sulfur species measured was assumed to be electrodeposited
elemental sulfur. Measured sulfide concentrations were normalized
against the initial values, and the data from the duplicate experiments
were then fitted with a first-order kinetic relationship.

3. Results and discussion
3.1. Characterization of GF-Mn,O,, electrodes

Fig. 1 represents XRD patterns of the synthesized GF-Mn,O, mate-
rials. As expected, XRD spectra of the non-calcinated samples did not
show any peak that could be attributed to a crystalline phase of Mn,Oy,
meaning that electrodeposition itself results in a completely amorphous
coating. On the contrary, all calcinated sample showed signals char-
acteristic of an orthorhombic bixbyite crystalline phase, a-Mn;03 (Mn
III) (Fig. 1a, Figure S2). As can be concluded from the improved signal,
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Fig. 1. XRD patterns of GF-Mn,Oy electrodes obtained using different precursor
concentrations (i.e., 0.02 M (L) and 0.2 M MnSO, (H)), electrical charge applied
(200 C and 1000 C), followed by the calcination step: a) L-200 C, c., b) H-200 C,
c., and ¢) H-1000 C, c. Reference patterns are depicted at the top for Mn3;04 (W),
a-Mn,03 (*), where the symbols indicate the respective low-angle reflections.
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Table 1

XPS peak analyses of GF-Mn,O, electrodes obtained using different precursor
concentrations (i.e., 0.02M and 0.2 M MnSO,), electrical charge applied (200 C
and 1000 C), and with and without the calcination step. The deconvoluted data
are shown for the Mn 2p3/2, Mn 3s and O 1s spectra.

Sample Mn 2p3,», Ep, eV Mn 3s n®
Ey, (1), eV Ey (2), eV AE, eV
L-200C 642 88.3 83.7 4.6 4
L-200C, c. 642 89.1 83.9 5.2 3
H-200C 641.9 88.8 84.2 4.6 4
H-200C, c. 641.7 89 83.8 5.2 3
H-1000C 641.9 88.4 84.1 4.3 4
H-1000C, c. 641.6 88.9 83.7 5.2 3

increase of calcination temperature improved the crystallinity of the
material. The same oxide type was obtained in the samples synthesized
at higher precursor concentration (Fig. 1b). Sample in which the Mn,O,
loading was increased to 1000 C demonstrated a pattern more typical of
tetragonal hausmannite, Mn3O,4, comprised of Mn with two valence
states: Mn(III) and Mn(II) (Fig. 1c). The appearance of Mn(II) can be
caused by an increased thickness of the coating obtained by the longer
time of the electrodeposition. Deeper layers of such coating are com-
pletely isolated from oxygen during the calcination step, thus leading to
Mn,Oy, thermal reduction to lower oxide forms such as Mn(II) [46].

XPS analysis was also carried out to investigate the surface com-
position of the amorphous Mn,O, coating and to compliment the XRD
analysis results of the crystalline samples. Mn valence state was de-
termined based on the Mn 3 s doublet peak separation as a more reli-
able method compared to the one based on the location of Mn 2p peaks
only [42]. Different Mn 3s doublet peak splitting values were pre-
viously reported in literature including 4.5, 5.2, 5.4, and 5.8 eV for
MnO, (Mn I), Mn,O5 (Mn III), Mn3O4 (Mn II, Mn III), and MnO (Mn II),
respectively [42,47,48]. As can be seen from Table 1, doublet peak
separation values for all samples that were not subjected to calcination
(i.e., L-200 C.; H-200 C.; H-1000 C.) are in the range common for MnO,
(Mn IV). This valence state is typical for Mn-based coatings synthesized
via anodic electrodeposition pathway, and forms via the following re-
action [49]:

Mn?+ + 40H- — MnO, + 2H, O+ 2e~ @

Doublet peak separation increased for calcinated samples (i.e., L-
200 C, c.; H-200 C, c.; H-1000 C, c.) indicating the transformation of
MnO, (Mn IV) into Mn,O3 (Mn III), which goes in agreement with the
XRD data. This phase transformation took place due to the thermal
decomposition of MnO, at 500 °C according to the following reaction
[46,50]:

4MnO, — 2Mn,0; + O, )

The dominant surface species for samples with the higher Mn-
loading (i.e., 1000 C) was also Mn,Os3, confirming the assumption that
Mn(ID) is mainly present in the inner layers of the coating.

Fig. 2 and Figure S1 compare the morphology of various Mn,O,
coatings prepared under different electrodeposition parameters. Mn,O,
coating synthesized at higher MnSO, concentration (i.e., 0.2M) has
nanorod-like morphology (Fig. 2¢, d). When the charge was increased
(Fig. 2e, f), the electrode coating became thicker and smoother as na-
norods became less pronounced, merging into each other and forming a
dense layer. The observed morphological difference can be explained
through the mechanism of Mn,O, layer formation. Manganese oxide
coating formation using electrodeposition is a complex process that can
be divided into two main steps: i) nuclei formation, and ii) crystal
growth [51]. Nuclei formation and continuous uptake of new substrate
sites normally occurs within seconds in the initial stage of electro-
deposition, resulting in a very rough coating with high specific surface
area. As the electrodeposition continues, the formed nuclei continue to
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Fig. 2. SEM images of GF-Mn,O, electrodes synthesized using different electrodeposition conditions and protocols: a) L-200 C, b) L-200 C, c., c) H-200 C, d) H-200 C,

c., €) H-1000 C, and f) H-1000 C, c.

grow in all directions and finally merge into adjacent growth centers,
forming Mn,Oy film over the entire GF substrate surface. Formation of
new nuclei during continuous crystal growth also occurs, however, this
process takes place on the top of the existing Mn,Oy layer. Thus, Mn,O,
layer becomes thicker and smoother, while specific surface area of the
coating decreases due to the presence of less relief in its structure.
Mn,Oy coating obtained at lower precursor concentrations (i.e., 0.02 M
MnSO,) is characterized by a nanoneedle-like structure mixed with
nanorods of smaller size compared to the samples synthesized at higher
precursor concentration (Fig. 2a). According to Babakhani et al., in-
stantaneous mechanism can be suppressed by limiting Mn?*

concentration at the electrode surface, which yields material with more
compact grains (Fig. 2a, b) [49]. Calcination did not have any sig-
nificant effect on the morphology of the synthesized materials.

3.2. Catalytic activity of GF-Mn,O, electrodes towards sulfide oxidation

First, catalytic activity of each synthesized material was evaluated
in the OC experiments. All electrode materials synthesized demon-
strated remarkable catalytic activity of Mn,O, coating towards HS™
oxidation even in the absence of applied potential. More than 80%
removal was achieved within two hours, while no sulfide removal was
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Fig. 3. Decrease in HS™ concentration (c) normalized to the initial value (cq)
over experiment time during the open circuit (OC) experiments using GF or GF-
Mn,O, electrodes.

observed when pristine GF was used in the OC experiments (Fig. 3). The
main final product of HS™ oxidation was elemental sulfur, with more
than 85% yield of S°. The presence of low concentrations of dissolved
sulfur species such as thiosulfate and sulfate was also detected (up to
15% of the initial sulfide concentration). Elemental sulfur produced as a
result of catalytic oxidation by Mn,O, coating remained at the electrode
surface, as was confirmed by SEM images (Figure S5), EDX (Figure S6)
and XPS.

Catalytic reaction between sulfide and manganese oxides starts with
HS™ adsorption onto the catalyst surface. Adsorption is followed by the
formation of a surface complex (Equation 3) and its subsequent oxi-
dation at the surface (Equation 4,5) [30]. Electron transfer can occur in
two consecutive steps or just in one step according to the valence state
of the Mn catalyst:

Mn"v + HS™ = Mn'VS~ + H,0 3
MnVS~ — MnlllS @
Mn'! S— Mn!lS (5
Mn" S— Mn" + S° (6)

The reaction mechanism for non-calcinated samples includes one
additional step compared to calcinated materials, but the transition
between the surface complexes is so rapid, that it does not significantly
affect removal rates (i.e., 1.83 + 0.14h! and 1.89 + 0.01h™ for Mn
(IV) and Mn(IID), respectively) [52,53]. S° that is produced as a result of
the reaction, can either undergo complexation to S® or migrate to the
neighboring non-reduced Mn-oxide site, where it can get further oxi-
dized to thiosulfate or sulfate and finally released into the solution [30].
Even though initial valence state of the Mn,O, catalyst had almost no
effect on sulfide removal, the kinetics of the process for calcinated
samples was slightly improved due to the more crystalline coating
(Table S2).

While materials synthesized at high and low precursor concentra-
tions (i.e., 0.2M and 0.02M MnSO,) showed similar performance in
terms of sulfide removal rates (i.e., 1.83 + 0.14h' and 1.74 = 0.1h
1, respectively), increased charge loading significantly deteriorated the
removal rates (Fig. 3). When the charge was increased from 200 C to
1000 C, sulfide removal rate decreased from 1.83 + 0.14h'h? to
0.63 + 0.2h! (Fig. 3). The performance of each synthesized material
greatly depends on the active surface area of the Mn,O, coating. Even
though the active surface area of the synthesized GF-Mn,O,, electrodes
could not be measured due the fibrous nature of the substrate, it de-
creases over the electrodeposition process with the nuclei growth, due
to the evening out of the surface and less relief in its structure.
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Fig. 4. HS™ removal rate at 0.4 V vs SHE applied to GF or GF-Mn,O, electrodes
(H-200 C, c.).

Therefore, such Mn,O, films demonstrate worse performance as they
lose active sites available for sulfide oxidation.

Prior to the application of GF-Mn,O, electrode for electrochemical
sulfide oxidation at 0.4 V vs SHE, its stability under anodic polarization
was verified by performing experiments at 0.4V vs SHE, while mea-
suring total dissolved manganese (Table S1). The obtained values after
3 and 6 h of anodic polarization showed that there was no release of
manganese ions as into the electrolyte, thus the stability of the syn-
thesized electrode was confirmed. As can be seen from Fig. 4, the
presence of Mn,O, coating yielded eight-fold higher sulfide removal
rate compared to GF (i.e, 1.83 + 0.14 h! for GF-Mn,O, and
0.23 = 0.12h! for GF). However, in comparison with the OC experi-
ments performed at GF-Mn,O, electrode, application of potential did
not have any significant effect on the HS™ removal rate or the final
products of the reaction (Figure S4). As was demonstrated by XPS, in-
crease of Mn 3's doublet peak separation of GF-Mn,O, electrodes ap-
plied for sulfide removal in the OC indicates the reduction of the cat-
alytic coating from Mn(III) to Mn(II). Mn reduction also occurred when
HS™ removal was performed at 0.4V vs SHE, yet, partial recovery of
the catalytic coating was achieved as both Mn(II) and Mn(III) were
detected by the XPS analyses (Table 2). Therefore, when potential is
applied, catalytic HS™ oxidation occurs simultaneously with the oxi-
dation of the reduced Mn-oxide catalytic coating, which can be highly
beneficial for the long-term application of such material.

3.3. Application of GF-Mn03 electrodes for sulfide removal and sulfur
recovery

Repeated application of GF-Mn,05 electrode (H-200 C, c.) in the OC
experiment and at 0.4 V vs SHE was performed to investigate the impact
of anodic potential application on the sulfide removal process (Fig. 5).
As can be seen from Fig. 5a, first order removal rate in the OC

Table 2

XPS peak analysis of synthesized GF-Mn,O,, electrode (H-200 C, c.), electrode
used in the OC experiment and electrode used for electrochemical (EC) removal
of sulfide at 0.4 V vs SHE, both performed in 2.7 mM HS™ and 2.6 mM NaNOj3
electrolyte, at pH 8-8.2. The deconvoluted data is shown for the Mn 2p3/2, Mn
3s and O 1s spectra.

Sample Mn 2p3,,, Ep, eV Mn 3s n®
Ep (1), eV Ep (2), eV AE, eV

pristine 641.7 89 83.8 5.2 3

after OC 641.9 89.3 83.5 5.8 2

after EC 641.7 89 83.6 5.4 2,3
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Fig. 5. Observed first-order sulfide removal rates (h™) at GF-Mn,O, electrodes
(H-200 C, c.): a) in the OC experiment and at + 0.4V vs SHE of applied anode
potential in six subsequent cycles, b) at +0.4 V vs SHE in repeated application
with the last cycle preceded by 8 hours of cathodic recovery at -0.8 V vs SHE, c)
at +0.4V vs SHE in six subsequent application cycles, when each cycle was
followed by 2 hours of cathodic recovery at -0.8 V vs SHE.

experiments was drastically decreased in each subsequent cycle, going
down from 2.42 = 0.05h™ in the first cycle to 0.39 + 0.02h™ in the
sixth cycle. The performance was partly lost due to the gradual deple-
tion of the catalytically active Mn(IIl) sites and its substitution with
reduced Mn(II). This loss of the catalytic activity of the coating can be
counteracted by the application of low anodic potential, which oxidizes
Mn(II) back to Mn(IIl). Indeed, when the experiments were performed
at 0.4V vs SHE, the performance of GF-Mn,03 electrode was improved
compared to the OC (i.e., 0.39 = 0.02h™ and 0.65 + 0.03h! in the
sixth cycle in the OC and at 0.4V vs SHE, respectively). Significant
decrease in the first order removal rate occurred after the fourth ap-
plication both with and without the applied potential (i.e.,
2.42 = 0.05h? in the first cycle to 1.57 = 0.01h? in the fourth
cycle), indicating the electrode passivation with the electrodeposited
elemental sulfur.

Gradual decrease in electrode performance is a common problem
reported by many studies focused on direct electrochemical oxidation
of HS™ [4,43,54]. The final product, elemental sulfur, has high elec-
trical resistance (1017 Q cm-1) [3], and its formation at the electrode
surface limits the electron transfer and passivates the electrode. Elec-
trodeposited elemental sulfur also imposes mass transfer limitations,
which further aggravates the performance. Therefore, electrochemical
sulfide oxidation and separation from the wastewater needs to be
coupled with an appropriate strategy for elemental sulfur recovery.
Several studies [4,55] successfully applied cathodic polarization for
electrochemical dissolution of sulfur and its recovery in the form of
sulfide. The recovery was performed at -0.8V vs SHE to enable the
reduction of elemental sulfur. Cathodic recovery was performed at
potential below the hydrogen evolution potential, to achieve higher
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coulombic efficiency and minimize any potential damage to the elec-
trode coating. GF-Mn,0s3, loaded with elemental sulfur prior to the
recovery, was polarized at -0.8 V vs SHE for 8 hours and concentration
of HS™ and other dissolved sulfur species was measured. The con-
centration of HS™ increased linearly over time (i.e., from 0 mM to
1.73 = 0.01 mM after 8 hours) confirming the possibility of cathodic
sulfur recovery (Figure S11). In addition to this, the gradual buildup of
yellow color, typical for polysulfide solution, was observed (Figure
$10). Given the difficulties associated with the polysulfide determina-
tion, the recovery efficiency could not be calculated only based on the
measured concentrations of HS™. When the recovered material was
applied for HS™ removal, the sulfide removal rate was partly restored,
increasing from 0.65 + 0.03h™ to 1.1 + 0.035h™’. The initial sulfie
removal rate of 2.42 * 0.05h™ could not be achieved due to the
partial loss of the Mn,O3 coating (Fig. 5b). As was shown by the GF-
Mn,O; electrode stability tests, performed at -0.8V vs SHE in the
9mmol NaNO; supporting electrolyte, increase of total dissolved
manganese occurred after 3 hours of polarization. Even though mea-
sured concentration represents <1% of the total Mn,O3 deposited, the
duration of recovery cycles was limited to 2 hours to ensure complete
GF-Mn,O3 electrode stability.

To investigate the impact of cathodic recovery on the GF-Mn,O3
electrode performance over several cycles, each application for sulfide
removal at 0.4V vs SHE was followed by a 2hours recovery cycle at
-0.8 V vs SHE (Fig. 5c). The concentration of sulfide released from the
electrode in each recovery step was continuously increasing, from
0.042 = 0.006 mM in the first cycle to 0.92 = 0.1 mM in the fifth
cycle, indicating a gradual saturation of GF-Mn,Oj3 electrode with the
elemental sulfur (Figure S12) However, as can be seen from Fig. 5Sc,
even partial recovery had a positive impact on the system performance,
yielding higher sulfide removal rates compared with the cycles per-
formed without the recovery (e.g., 1.29 = 0.07 and 0.65 * 0.03, re-
spectively). In addition, these results demonstrate that the shifts be-
tween Mn valence states that could occur under cathodic polarization
could be reversed back when the positive potential was applied, as the
HS™ removal rates with and without the recovery are comparable
during the first cycles of application.

3.4. Electro-catalytic sulfide removal in real sewage

Sulfide removal rates observed in the experiments with real sewage
were significantly lower compared to the experiments performed in the
supporting NaNOj electrolyte (0.94 = 0.13h" and 2.42 + 0.02h™? in
sewage and NaNOj; supporting electrolyte, respectively). As was pre-
viously mentioned, Mn,O; is an excellent catalyst, that is active for
different oxidation and reduction reactions, which means that other
compounds can interfere and compete with sulfide ions for active sites.
For instance, COD was decreased from 500 mg/L to 420 mg/L during
2 hours, indicating oxidation of organic contaminants.

The selectivity of the process was maintained, as elemental sulfur
was the major final product of the treatment. However, its deposition at
the surface was partial, unlike the case with the supporting electrolyte.
Part of S° intermediate, produced at the electrode surface as the result
of the sulfide oxidation reaction, can desorb and undergo complexation
to Sg in the bulk of the electrolyte. The complexation to Sg, that took
place directly at the surface in the NaNO3 electrolyte, is the reaction
controlled by the diffusion rate of sulfide to the electrode surface [30].
Taking into account the presence of other ions such as phosphate,
which is known for its ability to block Mn,O, active sites, sulfide dif-
fusion towards the electrode was likely impeded [56]. Therefore, part
of S° intermediate, being rather unstable, was released into the elec-
trolyte. The desorption of Sy intermediate was only partial, as in the
recovery cycle gradual increase of sulfide concentration was still ob-
served (i.e., from O to 0.2 * 0.08 mmol), indicating presence of the
deposited sulfur. Lower concentration of sulfide released in the re-
covery cycle compared to the electrode saturated in the NaNOj
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electrolyte (0.2 = 0.08 mmol and 0.97 * 0.12mmol), further con-
firms that less elemental sulfur was deposited.

As in the case of NaNOjs electrolyte, sulfide removal from real
sewage using GF-Mn,0; electrode was performed over six subsequent
cycles, with 2hours cathodic recovery applied in between cycles
(Fig. 6). Sulfide removal rate did not change significantly with each
cycle (i.e., 0.94 = 0.13h! in the first cycle to 0.82 = 0.08 h'! in the
sixth cycle), unlike when NaNOs supporting electrolyte was used
(Fig. 5). This can be explained by a lower extent of the electrode pas-
sivation with elemental sulfur, that occurred due to the partial deso-
rption of Sy intermediate. Although selectivity of the process was par-
tially lost due to the production of colloidal sulfur, it can be recovered
by working in flow through mode, thus avoiding diffusion limitations
and improving sulfide mass transfer towards electrode surface.

4. Conclusion

Rapid and selective sulfide oxidation to sulfur was possible using
electrochemical cell equipped with MnyO, coated GF electrodes.
Activity of GF-Mn,O, electrodes synthesized via electrodeposition
pathway was directly related to the active surface area of material, with
lower Mn,Oy loading yielding more relief in the coating and higher
HS™ removal rates. Even though the application of low potential did
not enhance sulfide oxidation, it enabled continuous regeneration of the
reduced manganese after its reaction with the sulfide ion. Loss of per-
formance due to electrode passivation with elemental sulfur was suc-
cessfully slowed down by applying cathodic polarization to dissolve the
deposited sulfur to HS™ and polysulfides. However, full recovery could
not be accomplished to ensure the stability of the Mn,O, coating.
Catalytic sulfide oxidation at high rates was also achieved when ex-
periments were performed in real sewage, though, the kinetics of the
oxidation was decreased by occurrence of other competing reactions.

Electrochemical recovery of Mn,Oy, achieved in this study, is highly
important as it enables continuous recovery of the catalyst that is
otherwise rapidly depleted when used in a conventional homogeneous
catalytic reaction. The safety and simplicity of the electrode material
synthesis is an additional advantage in case of potential up scaling of
the proposed technique. The selectivity of the treatment towards ele-
mental sulfur production, that was slightly worsened in the experiments
with real sewage, may be restored by working in a flow through mode
and, therefore, improving the sulfide mass transfer towards the elec-
trode surface.
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