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ARTICLE INFO ABSTRACT

Keywords: Organosulfur compounds, present in e.g. the pulp and paper industry, biogas and natural gas, need to be removed
Thiols as they potentially affect human health and harm the environment. The treatment of organosulfur compounds is a
Organosulfur compounds challenge, as an economically feasible technology is lacking. In this study, we demonstrate that organosulfur
Bioelectrochemical system compounds can be degraded to sulfide in bioelectrochemical systems (BESs). Methanethiol, ethanethiol, pro-
panethiol and dimethyl disulfide were supplied separately to the biocathodes of BESs, which were controlled at a
constant current density of 2 A/m? and 4 A/m?. The decrease of methanethiol in the gas phase was correlated to
the increase of dissolved sulfide in the liquid phase. A sulfur recovery, as sulfide, of 64% was found over 5 days
with an addition of 0.1 mM methanethiol. Sulfur recoveries over 22 days with a total organosulfur compound
addition of 1.85 mM were 18% for methanethiol and ethanethiol, 17% for propanethiol and 22% for dimethyl
disulfide. No sulfide was formed in electrochemical nor biological control experiments, demonstrating that both
current and microorganisms are required for the conversion of organosulfur compounds. This new application of
BES for degradation of organosulfur components may unlock alternative strategies for the abatement of

anthropogenic organosulfur emissions.

1. Introduction

Organosulfur compounds (OSCs) are naturally present in various
environments, including oceans, marine estuaries, volcanos and salt
marshes. These organsulfur compounds play an important role in the
natural global sulfur cycle [1,2]. However, anthropogenic emissions of
e.g. methanethiol and dimethyl disulfide account for 30% of the annual
global emissions with 3222 GgS/year. Methanethiol, dimethyl disulfide
and other compounds like ethanethiol and propanethiol are found in the
pulp and paper industry, rayon and cellulose industry and (bio)gas
streams [1]. Removal of organosulfur compounds from waste streams is
required due to the low odor thresholds, high toxicity and their corrosive
nature.

The state-of-the-art treatment strategy for conversion and removal of
organosulfur compounds is the oxidation to insoluble disulfides. This
process, known as the Merox process, is in many cases economically
unfavorable due to complex processing schemes, high OPEX and CAPEX
and low efficiencies [3]. In addition, this process requires chelating
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chemicals, which can harm the environment. Lacking a suitable treat-
ment method, organosulfur compounds are typically incinerated
contributing to SO, emissions. The emissions of SO are strictly regulated
and are becoming more stringent over the years. Therefore, new
cost-effective, environmental friendly strategies for the removal of
organosulfur compounds are desired.

In general, biological processes are considered environmentally
friendly as they require ambient temperatures and pressures and do not
require chemical catalysts. Methanethiol and dimethyl disulfide can be
converted under aerobic conditions in bio trickling systems [4]. How-
ever, aerobic degradation only occurs at low concentrations and degra-
dation rates are low. On the other hand, anaerobes, such as
methanogenic archaea, are known to tolerate much higher thiol con-
centrations and, therefore, represent an alternative for the treatment of
thiol containing waste streams. Several studies report successful biolog-
ical reduction of methanethiol and dimethyl disulfide to methane and
hydrogen sulfide by methylotrophic methanogens [5-7].

The degradation of ethanethiol and propanethiol appears to be much
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more challenging. Degradation in anaerobic bioreactor has, to the best of
our knowledge, not been reported. Leerdam et al. was unable to convert
these organosulfur compounds in anaerobic batch systems [8]. Only two
studies report an enhanced production of ethane and propane in anoxic
sediments when ethanethiol and propanethiol are supplied [9,10]. The
conversion efficiencies were low, less than one percent of the added
substrates, and Oremland et al. [9] suggested that conversions of etha-
nethiol were solely a result of co-metabolism and growth on ethanethiol
as sole substrate was not possible. Nevertheless, these studies suggest
that biological conversion mechanisms exist.

Bioelectrochemical systems (BESs) are an emerging biotechnology
with a wide range of applications, e.g. electricity generation, metal re-
covery, chemicals synthesis, and wastewater treatment [11-14]. In bio-
electrochemical systems, microorganisms catalyze anodic oxidation
reactions or cathodic reduction reactions. Reaction rates can be manip-
ulated by controlling electrode potential or current density. Complete
reduction of organosulfur compounds at a biocathode would result in the
formation of methane and sulfide. These products have as advantage that
in the (bio)gas industry methane can be directly used and elemental
sulfur can be recovered from the hydrogen sulfide with existing tech-
nologies. In this study, we demonstrate that methanethiol, ethanethiol,
propanethiol and dimethyl disulfide can be converted at biocathodes,
and that degradation requires both microorganisms and electricity.

2. Materials and methods
2.1. Bioelectrochemical cell setup

Bioelectrochemical experiments were performed in 4 identical
anaerobic reactors (H cells [15]). Cells consisted of two 150 mL chambers
separated by a cation exchange membrane (8.02 cm? CEM, fuma-
sep®FTCM-E, Fumatech, Germany). The experiment was performed
under continuous stirring at 350 RPM. Gas produced at the cathode was
collected in 1 L gas bags (Cali-5-Bond™, Calibrated Instruments Inc.,
USA) with an initial gas volume of 35 mL. Graphite felt electrodes (0.4
cm x 2 cm x 15cm, CTG Carbon GmbH, Germany) connected to a plat-
inum current collector were used as both anode and cathode electrodes.
A 3 M KCl Ag/AgCl reference electrode (+210mV vs SHE, Prosense,
Oosterhout, the Netherlands) was inserted in the cathode chamber. The
current was controlled with a potentiostat (Ivium, the Netherlands). Cells
were operated at room temperature (22-25 °C).

2.2. Medium and inoculum

A Dbicarbonate medium similar to the medium used for bio-
desulfurization processes under haloalkaline conditions [16] was used
during all experiments. The medium contained 49 g/L NaHCOs, 4.42 g/L
NapCO3 and 0.1 mL/L nutrient solution containing N, P and trace ele-
ments (Pagell B.V., The Netherlands). The medium was flushed with Ny
for 20 min, resulting in a pH of 8.5. Anolyte contained the same car-
bonate buffer with 84.5 g/L potassium hexacyanoferrate(IDtrihydrate.
Hexacyanoferrate (II) is a typical substrate in bioelectrochemical system
used as an electron donor in the anode to avoid the crossover of produced
oxygen at the anode to the cathode when water is oxidized at the anode.

Cathode chambers were inoculated with a mixture of biomass
selected based on their acclimation to anaerobic conditions, high salt
concentrations, the presence of organosulfur compounds and the pres-
ence of methanogens. The inocula were obtained from (1) a chain
elongation reactor fed with high methanol concentrations (250
mM)(total nitrogen (TN) 1.47 g/L) [171,(2) a granular anaerobic reactor
operating at a high salt concentration (20 g Na/L) [18] (TN 4.3 g/L), (3) a
digester for municipal wastewater treatment sludge (Ede, The
Netherlands) combined with anaerobic sludge treating wastewater from
paper industry (Eerbeek, The Netherlands)(4.4 g/L TCOD), and (4) sul-
fide oxidizing biomass adapted to the presence of 0.5-2.5 mM dimethyl
disulfide (TN 0.6 g/L) [19]. The biomass mix was obtained by combining
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2 mL of the the different inocula. 1 mL of the biomass mix was added to
the cells during startup.

2.3. Bioelectrochemical cell operation

For initial proof-of-principle experiments, sludge from the paper in-
dustry and municipal wastewater treatment plant was used to inoculate
two cells. The reactors were started with 1mM methanol (150 pmol) and
0.1 mM methanethiol (15 pmol) at the biocathodes and were operated for
one week to stimulate initial growth and to acclimate the biomass.
Subsequently, medium was replaced and methanol (150 pmol) and
methanethiol (22.5 pmol to cell 1 and 15 pmol to cell 2) were supplied
once. Cells were galvanostatically controlled at 2 mA (2 A/m? projected
surface area of the graphite felt cathode). Gas phase concentrations of
organosulfur compounds and sulfide concentrations in solution were
monitored for 5 days.

In the next experimental run, we studied the degradation of all four
organosulfur compounds. Each organosulfur compound was supplied to a
biocathode in a pre-experimental run 13 days prior to the start of the
experimental run, allowing microorganisms to adapt to experimental
conditions. 1 ml of biomass mix (see section 2.2) and 150 pmol methanol
were added to all cells. Upon the detection of methane, indicating bio-
logical activity, 15 pmol of methanethiol, ethanethiol, propanethiol and
dimethyl disulfide were added to individual cells every weekday. Cells
were galvanostatically controlled at 2mA, obtaining a current density of
2 A/m? normalized to the projected surface area of the graphite felt
electrode. Medium from the pre-experimental run was replaced at the
start of the experimental run. Suspended biomass in the medium was
collected by centrifuging for 15 min at 5000 rpm and was returned to the
cells. Biomass mix (1 mL) and methanol (150 pmol) were added to the
cells on day 0. Cells remained under galvanostatic control (2 mA,/m?) and
15 pmol of organosulfur compounds were added daily. After 12 days,
organosulfur compound additions were doubled and current density was
doubled to 4 A/m?. The cells were operated in this mode for 10 days.

2.4. Electrochemical, biotic and abiotic control experiments

Electrochemical control experiments were performed in the same
electrochemical setup as described in 2.3 with a current density of 2 mA/
m?. New graphite felt electrodes without microorganisms were used.
Organosulfur compounds (15 pmol) were added individually to the cells,
which were operated for 24 h. Additional electrochemical experiments
were performed with 15 pmol dimethyl disulfide, 150 pmol methanol
and biomass from the different sources added to individual cells. The
cells were operated until sulfide production was shown in each of the
cells.

Biotic control experiments with hydrogen as electron donor were
performed in 250 mL serum flasks. At the start of the experiment the
headspace was replaced with a CO2/H2 (80:20) gas mixture at 1.3 bar.
Flasks contained 150 mL medium, methanol (150 pmol) and were
inoculated with 1 mL biomass mix. The start pH was between 7.7 and 8.
Upon the production of methane, each serum flask was supplied with 15
pmol of one single organosulfur compound. Flasks were placed in an
incubator and mixed at 150 RPM at 22-25 °C for 30 days.

Abiotic control experiments with methanethiol were performed in
250 mL serum flasks under 100% nitrogen at atmospheric pressure. In-
dividual flasks were filled with 150 mL medium and water and 0.1 mM
methanethiol.

2.5. Analytical techniques and calculations

We used organosulfur gas phase analysis to validate the use of sulfide as
indicator for organosulfur compound degradation. Gas phase concentra-
tions of methanethiol and dimethyl disulfide were analyzed as described by
Roman et al., 2015 [20]. Analysis of organosulfur compounds to show their
degradation is challenging as (i) organosulfur compound analyses are prone
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to errors due to their volatile nature, and (ii) a decrease in organosulfur
concentrations does not necessarily indicate its conversion, as it could also
indicate leakage of organosulfur from the system.

Total sulfide (S>~, HS and H,S) in the liquid was measured using the
methylene blue method (Hach LCK 653), in which sulfide is converted to
H5S. To avoid measurement errors due to the alkaline nature of the
samples, dilutions were performed with 0.5 M sulfuric acid. The method
was tested for interference with organosulfur compounds by measuring
solutions of sulfide with and without organosulfur compounds, and no
interference was observed.

Sulfate and thiosulfate, were analyzed with Ion Chromatography (see
SI-1). Gas chromatography was used to measure CHy, Ny, Oy, CO5 and Hy
using the methods described by Liu et al., 2017 [21].

Next Generation Sequencing was used to analyze the microbial
community. The Powersoil DNA isolation kit was used for DNA extrac-
tions. DNA amplification via PCR and sequencing were performed as
described by Takahashi et al. [22].

Coulombic efficiency was calculated as

Vx[0SC—S]xnxF

CE (%)=
(%) JoIdt

x 100

Where V is the catholyte volume (0.15 L), [OSC-S] is the concentration of
sulfur added (mol/L), n is the number of electrons for reduction of
organosulfur compounds to CH4 and HS (See eq (1)—(4)), F is the Faraday
constant (96485 C/mol), I is current (A) and t is time (s).

CH3SH + H' + 2¢” - CH4 + HS €))
C,HsSH + 3H' + 4¢” — 2CHy + HS” (2)
C3H7SH + 5HT + 6e” — 3CH4 + HS 3)
CoHgS; + 4H' + 4e” — 2CHy + 2HS (©))

3. Results and discussion
3.1. Methanethiol degradation in BES

Gaseous methanethiol and its oxidation product dimethyl disulfide,
expressed as organosulfur compounds, and dissolved sulfide were
analyzed over time at the biocathodes of two BES cells. Organosulfur
compounds were almost completely removed from the gas phase in 5
days. The gas phase concentration decreased with 95% starting with
0.13 pmol in cell 1 and with 82% in cell 2 starting with 0.19 pmol, while
the sulfide in the liquid increased from <0.5 to0 9.1 pmol (61 pM) in cell 1
and to 9.3 pmol (62 pM) in cell 2 (Fig. 1). A considerable part of the
supplied methanethiol was converted and recovered as sulfide. After 5
days: 41% of the 22.5 pmol (0.15 mM) methanethiol supplied in cell 1,
and 64% of the 15 pmol (0.1 mM) methanethiol supplied to cell 2 was
obtained as sulfide in the liquid phase. The fate of the remaining meth-
anethiol fraction is unclear. However, there are several possible reasons
why not all methanethiol was recovered as sulfide. First, a fraction of the
methanethiol could be unconverted and still present in the liquid phase
as there was still some methanethiol present in the gas phase. Second,
methanethiol could be lost from the system through diffusion via or
adsorption onto the membrane, tubing, electrodes and sampling ports.
However, this was not quantified. Finally, the measured sulfide may
underestimate the produced sulfide, since part of the sulfide could be
used by microorganisms for growth. Abiotic controls, without electrical
current, showed a minor decrease of gaseous organosulfur compounds of
1.1% in medium and 3.1% in Milli-Q (see SI-2) demonstrating that no
degradation of methanethiol occurred in absence of bacteria and elec-
trical current. Sulfide formation was used in further experiments to
indicate organosulfur compound conversions, since sulfide formation
provides a convincing proof that organosulfur compounds are converted.
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Fig. 1. Degradation of organosulfur compounds(OSC) at biocathodes. Decrease
of organosulfur compounds in the gas phase, consisting of the sum of meth-
anethiol and its oxidation product dimethyl disulfide, was related to the increase
of sulfide in the liquid phase. The organosulfur compounds are shown as a
percentage of the initial absolute amount present in the gas phase.

3.2. Degradation of organosulfur compounds

Addition of organosulfur compounds over 22 days resulted in a total
addition of 278 pmol (1.9 mM) sulfur for methanethiol, ethanethiol and
propanethiol (Fig. 2a) and 555 pmol (3.7 mM) sulfur for dimethyl di-
sulfide (Fig. 2b). Each biocathode, operating with different organosulfur
compounds, showed a similar trend in the formation of sulfide. Sulfide
was accumulating to 45 pmol (0.30 mM) for methanethiol, 44 pmol
(0.29 mM) for ethanethiol, 42 pmol (0.28 mM) for propanethiol and 107
pmol (0.71 mM) for dimethyl disulfide during the experiment. The for-
mation of sulfide in each of the biocathodes demonstrates that all orga-
nosulfur compounds were converted. Sulfide formation showed a faster
increase with time after the current density and organosulfur compound
additions were doubled, indicating that organosulfur compounds
reduction continued at higher rates. The increased levels of organosulfur
compounds did not inhibit the microbial community as sulfide produc-
tion continued at an increased rate.

Sulfur recoveries as sulfide were 18% for methanethiol, 18% for
ethanethiol, 17% for propanethiol and 22% for dimethyl disulfide
compared to total added sulfur in the form of organosulfur compounds.
For methanethiol, this recovery is lower than the sulfur recovery ob-
tained in the initial 5 day experiment with methanethiol (section 3.1), in
which recoveries of 41% and 64% were obtained. It is likely that this
difference in sulfur recovery is related to the difference in operation and
experimental run time. For example, the longer experimental run (22
days) received 11 additions of methanethiol, whereas the 5 day experi-
mental run received only one addition. A more detailed study to close
sulfur balances is needed in future studies.

17% of the sulfur added in the form of methanethiol was detected as
sulfate, while sulfate recovery remained lower than 5% in the experi-
ments with other organosulfur compounds. The higher sulfate produc-
tion for the methanethiol fed biocathode might be a result of some
oxygen intrusion found at this cathode (See SI-3). The presence of oxygen
in this cell may have influenced the conversion mechanisms, as strictly
anaerobic conditions could not be maintained. However, with the
measured cathode potentials lower than —1 V vs. Ag/AgCl, it is expected
that oxygen was quickly reduced. The formation of methane within the
cell indicates that anaerobic processes were still in place.

The cathode potentials in all tests were ranging between —1.15 to
—1.43 V vs. Ag/AgCl and slowly decreased throughout the experiment,
indicating that hydrogen formation took place. The main element of the
medium consists of a carbonate/bicarbonate buffer. Under the operating
conditions, methane can be formed biologically from this inorganic
carbon source. Hydrogen and methane were also detected in the gas
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Fig. 2. Each organosulfur compound was converted into sulfide. Cumulative
organosulfur (OSC) additions expressed as pmol S and sulfide measured in the
liquid phase in cells with (A) methanethiol (MT), ethanethiol (ET), propanethiol
(PT) and (B) dimethyl disulfide (DMDS). Arrows indicate the day at which
organosulfur additions were increased from 15 pmol to 30 pmol and the increase
of current density from 2mA to 4mA.

phase (SI-3).

The coulombic efficiency (part of the total charge used for organo-
sulfur compound reduction) was 1.7% for methanethiol, 3.4% for etha-
nethiol and 5.0% for propanethiol and dimethyl disulfide, under the
assumption that the available organosulfur compounds were completely
reduced towards methane and sulfide (See eq (1)-(4)). In our experi-
ments, we did observe methane formation, but it is also possible that
other products rather than methane, e.g. CO,, ethane or propane were
formed (not included for calculation of electron efficiency). Other elec-
tron sinks in this process were hydrogen and methane (See SI-3), and
growth of biomass (not quantified). The effect of thiol concentration and
current density on thiol degradation was not further studied in this
manuscript and will be topic of further research.

3.3. Organosulfur degradation requires a combination of electricity and
microorganisms

Electrochemical control experiments were performed to ensure that
the degradation of organosulfur compounds was not merely a result of
the applied current. The experiments showed no sulfide formation after
24 h of operation and indicate that microbial activity is required for the
conversion of the tested organosulfur compounds. Cathode potentials
during the control experiments ranged between —1.10 and —1.34 V vs.
Ag/AgCl, similar to the cathode potential in the bioelectrochemical runs.

During the bioelectrochemical experiments, hydrogen was produced
at the cathode, which could be used as alternative electron donor for
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organosulfur compound degradation. Therefore, biotic control experi-
ments were performed with 20% hydrogen in the gas phase, without
electrodes. Surprisingly, during 30 days, no sulfide was detected,
demonstrating that both current and biomass are required for the
degradation of the organosulfur compounds. Even though bio-
degradation of methanethiol [5-8,23,24] and dimethyl disulfide [6-8]
in anaerobic environments has been frequently reported, this was not
shown in our control experiments, and may be the result of different
conditions, such as halo-alkaline medium, selected inocula and experi-
mental run time. Oremland et al. studied the degradation of ethanethiol
in the presence and absence of hydrogen, the obtained results were
contradictory and showed both increased and decreased degradation
under the presence of hydrogen [9]. The exact role of electrical current
and potentially hydrogen in organosulfur degradation is still unclear and
needs to be elucidated in further research.

3.4. Microbial composition in organosulfur compound degrading BES

Microbial community analyses were performed on the bioelectrodes
collected at the end of the experiment (Section 3.2). A large similarity
was found between cathodes fed with ethanethiol, propanethiol and
dimethyl disulfide (Fig. 3). Dominant families on the cathodes were
Halomonadaceae, Clostridiaceae families 2 and XIV. The cathode fed with
methanethiol showed a lower abundancy for the two families Clos-
tridiaceae 2 and XIV, while the presence of Rhodobacteraceae was
increased. The difference in microbial community on this cathode
compared to the others potentially resulted from oxygen intrusion into
this cell (See SI-3). The members of the families Halomonodaceae and
Clostridiaceae 2, dominant in all cells, were also observed in a haloalka-
line sulfide oxidizing bioreactor in the presence of methanethiol, etha-
nethiol and propanethiol [25]. Clostridium, one of the genera within the
family of Clostridiaceae, is well known to be electroactive [26]. Since a
mixture of inocula were used to study organosulfur degradation, exper-
iments were performed in the same bioelectrochemical test setup to
evaluate whether each separate inoculum had the capacity to degrade
organosulfur compounds. Here, dimethyl disulfide was used. The cell
inoculated with a mix of paper industry sludge and municipal wastewater
treatment plant sludge showed sulfide formation after 4 days. Sludge
from the chain elongation reactor showed sulfide formation after 5 days,
and, sludge from the high salinity reactor and sludge adapted to the
presence of organosulfur compounds both showed sulfide formation after
18 days. Degradation of dimethyl disulfide was thus possible by all
inoculum sources separately.

3.5. Outlook

Thiols and hydrogen sulfide are often both present in gaseous waste
streams. Biodesulfurization technologies focused on the recovery of
elemental sulfur from hydrogen sulfide suffer from the presence of
organosulfur compounds [27]. The conversion of these organosulfur
compounds towards hydrogen sulfide would in these cases be an
advantage as this can be detoxified together with the hydrogen sulfide
and be removed in existing, well-known efficient treatment plants.

This research presents a proof of principle for the reduction of
methanethiol, ethanethiol propanethiol and dimethyl disulfide at bio-
cathodes towards sulfide. Various aspects need to be considered to
further study and develop this new application of BES. Coulombic effi-
ciencies in this experimental design were low and can be improved by
limiting (i) the formation of methane resulting from carbon dioxide
reduction and (ii) hydrogen formation at the electrode. When calculating
the coulombic efficiency, we assumed a complete reduction towards
methane, however, metabolic pathways and products were not further
identified. Further design questions involve defining reaction kinetics,
microbial growth rates, evaluating long-term process stability and the
role of methanol as co-substrate. The economic feasibility of this system
will largely depend on maximum attainable reduction rates and
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Fig. 3. Relative abundance of the microbial community for cells with methanethiol (MT), ethanethiol (ET), propanethiol (PT) and dimethyl disulfide (DMDS) based on
16S rRNA sequencing. A similar microbial composition was found in all cells with dominant species belonging to the families Halomonadaceae, Clostridiaceae families 2

XIV. Families with an abundancy <2% are summarized and shown as others.

microbial toxicity limits. Regardless the remaining research questions,
this application of BES demonstrated a new potential strategy to bio-
logically convert organosulfur to sulfide, a product for which many
efficient sulfur recovery technologies are available.
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