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A B S T R A C T

This study provides important new insights on how to achieve high sulfur selectivities and stable gas biode-
sulfurization process operation in the presence of both methanethiol and H2S in the feed gas. On the basis of
previous research, we hypothesized that a dual bioreactor lineup (with an added anaerobic bioreactor) would
favor sulfur-oxidizing bacteria (SOB) that yield a higher sulfur selectivity. Therefore, the focus of the present
study was to enrich thiol-resistant SOB that can withstand methanethiol, the most prevalent and toxic thiol in
sulfur-containing industrial off gases. In addition, the effect of process conditions on the SOB population dy-
namics was investigated. The results confirmed that thiol-resistant SOB became dominant with a concomitant
increase of the sulfur selectivity from 75 mol% to 90 mol% at a loading rate of 2 mM S methanethiol day−1. The
abundant SOB in the inoculum – Thioalkalivibrio sulfidiphilus – was first outcompeted by Alkalilimnicola ehrlichii
after which Thioalkalibacter halophilus eventually became the most abundant species. Furthermore, we found that
the actual electron donor in our lab-scale biodesulfurization system was polysulfide, and not the primarily
supplied sulfide.
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1. Introduction

Among many reduced sulfur compounds, natural gas and landfill
gas streams may contain thiols (RSH) and hydrogen sulfide (H2S) at
high concentrations. Thiols and H2S need to be removed because of
their obnoxious smell and low odor threshold values, their contribution
to atmospheric pollution as well as their toxicity and corrosive nature
(Chen et al., 2017). Various techniques are available for the simulta-
neous removal of these compounds, such as physicochemical acid/al-
kali scrubbing (Smet et al., 1998) and biological conversion (Syed et al.,
2006). Important drawbacks of physicochemical methods for sour gas
treatment are the formation of waste streams and the high operating
costs, whereas biological conversion processes are environmentally
friendly and more cost-effective (Cline et al., 2003). However, the latter
still have room for further optimization.

In this paper, we present an upgraded gas biodesulfurization tech-
nology. It concerns the adsorption of thiols and H2S in a highly buf-
fered, moderately alkaline solution pH 8–10, followed by an oxidation
step, in which haloalkaliphilic sulfide-oxidizing bacteria (SOB) convert
sulfide to elemental sulfur as a major and sulfate as a minor products at
low redox potential created by oxygen-limited conditions (Van Den
Bosch et al., 2007). The formation of sulfur and sulfate is accompanied
by the production of hydroxyl ions (OH−) and protons (H+), respec-
tively. A small fraction of sulfide is chemically oxidized to thiosulfate
(through intermediate polysulfide forming from sulfur and sulfide at
high pH). Elemental sulfur, however, is the preferred end (insoluble and
easily separated) product as the associated regeneration of hydroxide
ions (needed for H2S absorption) leads to a reduction in caustic (NaOH)
consumption, hence in a decrease in air-oxygen requirements as well as
energy requirements (Van Den Bosch et al., 2007).

When thiols are present in the feed gas along with H2S, a sequence
of complex abiotic reactions will take place, as the dissolved thiols (Eq.
1) will react with produced bio-sulfur particles (S8) to form diorgano
polysulfanes (DOPS) (Eq. 2). Diorgano pentasulfide is the dominant
product (Roman et al., 2014), which subsequently decomposes into a
mixture of organosulfur compounds (Eq. 3). Moreover, thiols will also
be chemically oxidized in the presence of oxygen and form diorgano
disulfides (Eq. 4)

RSH + OH− → RS− + H2O (1)

2RS− + S8 → RSnR + Sx2-, with n + x = 10 (2)

RSnR ↔ RSn-1R + RSn+1CH3, with n>3 (3)

RSH + ½ O2 → RS2R + H2O (4)

Previous studies revealed that the formation of biological sulfur is
highly sensitive to the presence of thiols (Roman et al., 2016a; Van Den
Bosch et al., 2009b) because of the associated inhibition of SOB. Roman
et al. (2016c) tested the effects of various thiols and their oxidation
products such as DOPS and found that microbial sulfide oxidation ca-
pacity was inhibited by short-chain thiols (methane-, ethane- and pro-
panethiol) at concentrations as low as 0.6 μM. To make the biode-
sulfurization process more robust, the focus of that study was to enrich
the biomass with thiol-resistant SOB that can withstand methanethiol
(MT), the most prevalent and toxic thiol (Roman et al., 2016a). During
two months of continuous process operation and at gradually increasing
MT supply rates, Roman et al. (2016b) found that the initial SOB
community undergone significant change resulting in the domination of
a MT- resistant SOB species. However, the obtained sulfur selectivity
was still low, i.e. 75 mol%, at 2 mM S day−1 of MT and 61.8 mM H2S
day−1. (Throughout this paper, we use the term “selectivity” to refer to
the mol fractions of the formed products.) Moreover, the process op-
eration was unstable as the control of the O2 supply, based on the
oxidation-reduction potential (ORP), became unreliable.

To expand the operating window of the current gas biodesulfur-
ization process and allow the combined treatment of H2S and thiol-

containing gas streams, we modified the process lineup by the addition
of an anaerobic bioreactor. Based on our previous work, we hypothe-
sized that creating anaerobic conditions in combination with aerobic
conditions would affect the reduction-oxidation state of the sulfide-
oxidizing enzymes flavocytochrome c and sulfide-quinone oxidor-
eductase (Klok et al., 2013; Ter Heijne et al., 2018). The first insights on
the dual bioreactor process performance indeed showed an increase in
sulfur selectivity up to 97 mol% when only H2S was present in the feed
gas (De Rink et al., 2019). This finding prompted us to investigate the
effect of methanethiol on sulfur formation in the new dual bioreactor
process. We monitored SOB community dynamics as part of our in-
vestigation to select and possibly identify prevalent MT-resistant SOB.

2. Materials and methods

2.1. Reactor operation

The experimental laboratory setup consisted of a falling film gas
absorber followed by an anaerobic and aerobic bioreactor in series,
operated in fed-batch mode (Fig. 1). A mixed gas stream consisting of
three gases i.e. N2, H2S and MT was fed to the absorber at a total gas
flow of 166 mL min−1. H2S and N2 gases were constantly supplied, their
volume fractions were 1.5% and 98.5% respectively. At the onset of MT
addition, the gas flow of N2 was proportionally reduced. For instance,
the gas flow of MT was 2.5 mL min-1 and N2 was 125.5 mL min−1. MT
flow fraction at this flow rate was equal to 0.015% to the total supplied
gas. The CO2 gas flow is pH-dependent, thus, excluded from the total
gas flow as the CO2 will dissolve in the aqueous phase. The gas reten-
tion time in the gas absorber is 27 s with gas velocity of 0.035 m s−1,
based on the absorber column diameter 0.011 m and height 0.8 m. In
addition, specific gas-liquid interfacial area was 396 m2 m3-. The
composition of the feed-gas was controlled with mass flow controllers
(type EL-FLOW, model F-201DV-AGD-33-K/E, Bronkhorst, the Nether-
lands). For each type of gas, a mass flow controller was selected with an
appropriate orifice to enable precise control of the required dosing rate.
We used a 0-17 mL min−1 mass flow controller for the supply of hy-
drogen sulfide. The flow range was 0-350 mL min−1 for nitrogen, 0-30
mL min-1 for oxygen and 0-40 mL min−1 for carbon dioxide. Hydrogen
sulfide and nitrogen gas were continuously supplied. The oxygen and
carbon dioxide supply were controlled with a multiparameter trans-
mitter (Liquiline CM442-1102/0, Endress+Hauser, Germany), which

Fig. 1. Schematic representation of the experimental setup used for the ex-
periments. G = gas sampling point, L = liquid sampling point, CH3SH =
methanethiol (MT). The blue area indicates liquid. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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was paired with an ORP sensor to control the oxygen supply (Orbisint
12D-7PA41; Endress+Hauser, Germany) and with a pH sensor to
control the carbon dioxide supply (Orbisint 11D-7AA41; Endress
+Hauser, Germany). A digital gear pump was used to assure liquid
recirculation between the aerobic bioreactor and the gas absorber (EW-
75211-30, Cole-Palmer, USA) at a constant flow of 10 L h−1. A gas
compressor (N-820 FT.18, KNF Laboport, NJ, USA) was used to recycle
gas (20 L min−1) over the aerobic bioreactor. The anaerobic bioreactor
was equipped with a stirrer to ensure mixing. The gas absorber and the
bioreactors’ temperature were controlled at 35 °C by a thermostat bath
(DC10, Thermo Haake, Germany).

Liquid samples were taken from three different sampling points (one
located at the bottom section of the absorber, a second one in the
anaerobic bioreactor and a third in the aerobic bioreactor; see Fig. 1).
Gas-phase samples were taken from four different locations (gas inlet,
both bioreactor headspaces and absorber outlet). Sampling was done in
triplicate for liquid samples, while single samples were taken for gas
analyses at regular time intervals. For microbial community analysis, a
100 mL aliquot from the aerobic bioreactor culture was centrifuged to
obtain a cell pellet for further DNA extraction.

Two sets of experiments were conducted. In the first experiment, the
system was fed continuously with only H2S for 15 days to establish a
baseline. Next, MT was stepwise supplied (0–2 mM S day−1) over a 77-
day period to allow SOB biomass to adapt to MT and to minimize the
risk of toxification. Throughout the entire experiment, the H2S supply
was kept constant at 58.15 mM S day−1. The liquid volume of the dual
bioreactor setup was 5 L, but we only considered the active volume of
the aerobic bioreactor in the mass balance calculations, i.e. 2.5 L
(Table 1). The anaerobic bioreactor liquid volume equaled 2.3 L, while
the remaining 0.2 L was distributed over the volume of the tubing and
bottom section of the absorber column.

As the system was operated in fed-batch mode, the formed products
(i.e. biosulfur particles, thiosulfate and sulfate) accumulated in the
system during the experimental run. Each time the sulfur concentra-
tions became too high, the system became more difficult to operate as a
result of the inadequate separation of the liquid, gas and solid phases,
resulting in the entrainment of sulfur particles in the recirculation gas
stream. To prevent this, the sulfur content was lowered by a partial
exchange of the medium; the aerobic bioreactor (2.5 L) was completely
emptied and then replenished with fresh medium. Thus, medium was
exchange on the day 12, 29 and 44, resulting in four operation time
intervals: 1 = day 1–11, 2 = day 12–29, 3 = day 29–44, and 4 = day
44–47. Biomass was returned to the bioreactor after removal of the
sulfur particles via centrifugation (20 min at 16,000 g). The haloalka-
line medium was buffered with 0.045 M Na2CO3 and 0.91 M NaHCO3.
A detailed description of the medium can be found in Kiragosyan et al.
(2019a). The pH of the medium was 8.5± 0.05 at 35 °C.

2.2. Inoculum

A "super mix" inoculum was prepared by mixing various biomass
samples, originating from four different full-scale biodesulfurization
installations, which we named Oilfield – 1, Oilfield – 2, Landfill and

Pilot (Kiragosyan et al., 2019a, 2019b). “Oilfield – 1″ is a full-scale
installation treating gas from oil production wells containing low con-
centrations of thiols (50–200 ppm) and 1–5% of H2S, whereas “Oilfield
– 2″ treats acid gas from an amine regeneration unit with 10–20% of
H2S and thiols (Kiragosyan et al., 2019a, 2019b). The “Landfill” in-
stallation treats landfill gas containing 0.3% of H2S, and the “Pilot”
treats synthetically prepared gas that represents amine acid gas with
4.45% of H2S (De Rink et al., 2019). The biomasses and their propor-
tions were chosen based on individual SOB biomass performance in
previously performed experiments and SOB biomass community com-
position (Kiragosyan et al., 2020, 2019a, 2019b). The biomasses were
mixed in the following volumetric proportion: 1:0.5:0.5:1 (Oilfield – 1:
Oilfield – 2: Landfill: Pilot), followed by a centrifugation step (15 min at
16,000 g) to concentrate the suspended cells. The obtained cell pellet
was used to inoculate a 5-L system (2.5 L per bioreactor).

The biomass mix served to inoculate the system for the first ex-
perimental run. After completing the first experiment, the developed
biomass was harvested and used as inoculum for the second experi-
ment.

2.3. Microbial biomass sampling, sample preparation, and DNA extraction

During both experiments, SOB biomass samples were collected at
equal time intervals. During the first experimental run with only H2S
addition, five samples were taken in triplicate over 15 days. In the
second run, 15 samples were collected in triplicates over 77 days. The
samples were first centrifuged (15 min at 16,000 g) to separate the
biomass from the reactor suspension. Hereafter, the bacterial cells were
resuspended and washed twice with a 0.5 M Na+ bicarbonate buffer
solution at pH 8.5. All 60 biomass samples were stored at -80 °C
awaiting DNA extraction.

Genomic DNA was extracted using the DNeasy PowerLyzer
PowerSoil Kit (Qiagen, the Netherlands/Germany) following the man-
ufacturer’s instructions. Extracted DNA was quantified using the
QuantiFluor dsDNA system on a Quantus™fluorometer (Promega, the
Netherlands). DNA integrity was evaluated with gel electrophoresis.

2.4. qPCR

qPCR was performed on all (60) samples from the experimental
runs. Samples were analyzed based on the absolute abundance of the
three SOB species of interest, namely Alkalilimnicola ehrlichii,
Thioalkalivibrio sulfidiphilus, and Thioalkalibacter halophilus, by using
specially developed species-specific primers (Kiragosyan et al., 2019b).
For Thioalkalivibrio sulfidiphilus, primers were designed for a remote
subcluster of this genus, as Thioalkalivibrio sulfidiphilus HL-EbGR7 is
genetically related to Tv. sulfidiphilus ALJ17 and to Tv. denitrificans (Ahn
et al., 2017; Sorokin et al., 2012). However, our cloning results of the
biodesulfurization process sludge and finding of Sorokin et al. (2012)
indicated that only Tv. sulfidiphilus is present in the lab- and full-scale
installations (Kiragosyan et al., 2019b). We concluded that the designed
primer set quantified well Tv. sulfidiphilus in the samples. In addition,
we generated estimates of total bacterial 16S rRNA gene copy abun-
dance by using the universal bacterial primer set 338f/518 r (Lane,
1991; Muyzer et al., 1993) to calculate relative target species abun-
dances according to the quantification protocol described by Pallares-
Vega et al. (2019).

2.5. Bacterial community analyses

Extracted DNA samples from each time point were amplified in
triplicate by using barcoded forward primer 515f (5′-GTGYCAGCMG-
CCGCGGTAA-3′) and reversed primer 926 r (5′−CCGYCAATTYMTTT-
RAGTTT-3′). This primer set targets the V4-V5 variable region of the
16S rRNA gene (Parada et al., 2016). Amplification was done with the
HotStarTaq Plus Master Mix Kit (Qiagen, USA) under the following

Table 1
Overview of the process conditions of the performed experiments.

Parameter Value

Active liquid volume, L 2.5
Total liquid volume, L 5
pH set-point 8.50±0.05
Salinity, Na+ M 1
Temperature set-point, ˚C 35±1
H2S loading, mM S day-1 58.2
CH3SH loading, mM S day-1 0 – 2
ORP set-point, mV −390
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conditions: 94 °C for three minutes, followed by 30 cycles of 94 °C for
30 s, 53 °C for 40 s and 72 °C for one minute, with a final elongation
step at 72 °C for five minutes. After amplification, the PCR products of
the three separate reactions of each sample were pooled and checked on
a 2% agarose gel to determine the success of the amplification process
and the relative intensity of the bands. Next, multiple samples were
pooled together (e.g., 100 samples) in equimolar amounts based on
their molecular weight and DNA concentrations. Pooled samples were
purified by using calibrated Ampure XP beads (Beckman Coulter, In-
dianapolis, IN, USA). MiSeq sequencing (2 × 300 bp) was performed at
MR DNA (www.mrdnalab.com, Shallowater, TX, USA). Sequencing data
were processed using the MR DNA analysis pipeline (MR DNA, Shal-
lowater, TX, USA). In summary, barcodes were removed, and paired
sequences were joined, after which sequences< 150bp and with am-
biguous base calls were removed. Sequences were denoised, operational
taxonomic units (OTUs) were generated and chimeras were removed.
OTUs were defined by clustering at 3% divergence (97% similarity),
and final OTUs were taxonomically classified using BLASTn against a
curated database obtained from RDPII and NCBI (http://rdp.cme.msu.
edu, www.ncbi.nlm.nih.gov). Demultiplexed sequences were submitted
to the European Nucleotide Archive (ENA) EMBL-EBI under project
number PRJEB32001.

2.6. Statistical analysis

16S rRNA sequencing data were analyzed in R studio (version
1.2.1335) using the Microbiome R package (Lahti et al., 2017). Only
OTUs with a minimum of 100 reads in all samples were kept and total
read abundance tables were used for statistical analysis. Ordination was
done with multidimensional scaling (NMDS) and redundancy analyses
(RDA) to find major trends in the microbial community.

To evaluate whether absolute qPCR-based bacterial count estimates
were dependent on process conditions, we constructed a linear mixed-
effects model to control for pseudo-replication of technical replicates.
The linear mixed-effects model was constructed with 16S rRNA gene
copies, process operation time, and their interaction as fixed effects and
technical replicate as a random effect using the lme4 package (Bates
et al., 2014) with R version 3.5.2. (R Core Team, 2018) in Rstudio
software (version 1.1.456). Denominator degrees of freedom were ap-
proximated by using the Satterthwaite procedure in the lmer Test
package (Kuznetsova et al., 2017) and species-specific temporal slope
estimates were inferred using the phia package (de Rosario-Martinez,
2015). To assess the relationships between bacterial abundance and
process performance parameters (sulfate, thiosulfate, and MT con-
centrations), we used linear regression analysis. For this analysis of
variance, we used the average values of technical triplicates because we
had only a single measurement of the process performance parameters
for each sample.

2.7. Analytical techniques

A detailed description of the methods and techniques mentioned in
Section 2.7 can be found in (Kiragosyan et al., 2020)

Biomass quantification was based on the amount of organically
bound nitrogen oxidized to nitrate by digestion with peroxodisulfate
(LCK238 and LCK338, Hach Lange, the Netherlands). Before analysis,
the cell pellet was washed twice with nitrogen-free medium at 20,238 x
g for 5 min to remove any residual urea and ammonia.

Sulfide was measured as total HS− using a methylene-blue method
in a cuvette test (LCK653, Hach Lange, USA). To assess whether the
sulfur balance is closed, total S measurements were performed using
inductively coupled plasma – optical emission spectrometry (ICP-OES,
model, manufacturer location of manufacturer). The concentration of
measured sulfur was compared with the sum of sulfate and thiosulfate
(data and a full description can be found in Appendix A (in
Supplementary material)).

Sulfate and thiosulfate were quantified by ion chromatography
(Metrohm Compact IC 761, Switzerland) with an anion column
(Metrohm Metrosep A Supp 5, 150/4.0 mm, Switzerland) equipped
with a pre-column (Metrohm Metrosep A Supp 4/5 Guard,
Switzerland). Before starting the analyses, most solids were removed by
filtration over a 0.45-μm membrane syringe filter (HPF Millex, Merck,
the Netherlands). To prevent chemical sulfide oxidation the filtered
sample was subsequently mixed with 0.2 M zinc acetate in a 1:1 ratio to
form ZnS. Afterward, the sample was centrifuged to separate ZnS and
supernatant. In order to close the electron balance, cations Na+, K+

and total inorganic carbon were measured.
The biological sulfur concentration was calculated from the sulfur

mass balance based on the supplied amount of sulfide and the actual
sulfate and thiosulfate concentrations, according to:

[S0]t = (Δt(H2S supplied)/ Vliquid) – [SO4
2−]t – 2*[S2O3

2−]t – (Sx2−)t,
(5)

in which the initial sulfur concentration is assumed to be zero. This
is a general method to calculate the concentration of accumulated
sulfur (De Rink et al., 2019; Klok et al., 2012; Roman et al., 2015; Van
Den Bosch et al., 2009b). Concentrations of dissolved sulfide and pos-
sible volatile organosulfur compounds were not taken into account, as
their combined concentrations relative to the total concentration of
sulfur species is negligible (Van Den Bosch et al., 2009b). We also as-
sume a pseudo steady-state condition of the system, which was con-
firmed by the consecutive liquid and gas samples (Kiragosyan et al.,
2019a; Roman et al., 2016b; Van Den Bosch et al., 2008).

High-pressure liquid chromatography (HPLC) was used to de-
termine dimethyl disulfide (DMDS), dimethyl trisulfide (DMTS), and
organic polysulfides (dimethyl polysulfanes Me2S4 to Me2S8). For
quantification of inorganic polysulfide anions (Sx2−), they were deri-
vatized to methyl polysulfanes with methyl trifluoromethanesulfonate
(≥ 98% pure, Sigma-Aldrich, the Netherlands) as follows:

Sx2− + 2CF3SO3Me → Me2Sx + 2CF3SO3- (6)

The detailed sample preparation and derivatization procedures are
described in Roman et al. (2014).

The gas phase (H2S, N2, CO2, and O2) was analyzed with a gas
chromatograph (Varian CP4900 Micro GC, Agilent, the Netherlands)
equipped with two separate column modules, namely a 10-m-long Mol
Sieve 5A PLOT (MS5) and a 10-m-long PoraPlot U (PPU). The required
sample volume was 3 mL.

Gaseous MT and DOPS concentrations were measured with a gas
chromatograph (Thermo Scientific Trace GC Ultra with Trace GC Ultra
valve oven, Interscience, Breda, the Netherlands) equipped with a
Restek column (RT®-U-Bond, 30 m x0.53 mm di x20 μm df). Total
sample volume was 3 mL to enable meticulous flushing. All tubing was
of the type Sulfinert® to prevent absorption and reaction of the sulfur
compounds.

The concentrations of MT and DOPS in the liquid phase were
measured right after sample preparation with the same gas chromato-
graph that was used for the gaseous samples, but the injection was done
to the liquid port. Sample preparation was followed by liquid-liquid
extraction, for which we mixed each sample with n-hexane (Sigma-
Aldrich, the Netherlands) and an internal standard from a stock solution
in the ratio of 10:9:1 (sample:n-hexane:internal standard).

3. Results and discussion

3.1. Effect of methanethiol on process performance

During the first experimental run, the feed stream only consisted of
H2S to establish a stable baseline performance. After 15 days of stable
process operation, we assessed the selectivity for sulfate, sulfur, and
thiosulfate formation in the non-disturbed system. The selectivity for
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biologically produced sulfur and sulfate formation were 91.5±1.2 mol
% and 6.7±1.1 mol%, respectively, and a relatively small amount of
thiosulfate (1.8± 0.3 mol%) was formed. These selectivities are similar
to the achieved sulfur selectivities in a traditional gas biodesulfuriza-
tion setup consisting of a gas absorber and aerobic reactor (Kiragosyan
et al., 2019a). During the second experiment, additional dosing of MT
to the feed-gas was initiated over a 77-day period, during which the MT
loading rate was gradually increased from 0 to 2 mM S day−1.

In the experiment with MT addition, we calculated the average
product selectivity for sulfate, thiosulfate, and sulfur per period, i.e.
between every medium exchange (Fig. 2). At the start-up of the process
(day 1–11), the sulfur selectivity was 79 mol%. This relatively low S
production immediately after the process start-up resulted from in-
creased levels of thiosulfate and sulfate selectivity (13 mol%, and 8 mol
%, respectively), which indicates a limitation in the biological oxidation
capacity (Kiragosyan et al., 2019a). After 12 days of operation, the
sulfur selectivity slightly increased and reached the highest sulfur se-
lectivity (90 mol%) during the highest MT loading (day 29 to 44).
During days 45 to 77, the sulfur selectivity slightly dropped to 85 mol%,
with 6 mol% of sulfate and 9 mol% of thiosulfate formation. Thiosulfate
selectivity decreased and stabilized at 9 mol% for the rest of the ex-
periment. The observed thiosulfate selectivity in the presence of MT is
almost five times higher than in the experiment with H2S only, i.e. 9
mol% vs. 1.8 mol%. One of the reasons is the decreased rate of biolo-
gical (poly)sulfide oxidation by SOB in the presence of MT (Appendix B,
Fig. B1 (in Supplementary material)). The biological sulfide oxidation
rate decreased by a factor of three from 0.9±0.04 to 0.3±0.01 mM
O2 (mg N h)−1 at 0.12 mM sulfide, after the SOB biomass had been

exposed to MT for 77 days. The reduced biological oxidation capacity
created more room for chemical sulfide oxidation, leading to the for-
mation of thiosulfate, at elevated H2S loading rates.

Conversely, more thiosulfate would form at constant H2S loading
upon increasing the MT dosing rates. Moreover, any biological thio-
sulfate oxidation will be suppressed in the presence of DODS
(Kiragosyan et al., 2020; Roman et al., 2016c). To avoid thiosulfate
formation in the presence of MT, it is recommended to start process
operation with a higher SOB biomass concentration, i.e. ≥ 60 mg N
L−1.

In the biodesulfurization process, sulfate forms from sulfide and
thiosulfate oxidation by SOB (Eqs. 2 and 6), although the specific oxi-
dation rates for each substrate are different. In our previous studies, we
found that the SOB oxidation rates of thiosulfate were three times lower
than for sulfide oxidation, 0.09±0.01 vs. 0.32±0.02 mM O2 (mg N
h)−1 (Kiragosyan et al., 2020). Hence, we assume that the primary
source for sulfate formation was biological (poly)sulfide oxidation. The
addition of MT has an inhibitory effect on sulfate formation. At MT
loading rates below 1.4 mM S day−1, the selectivity for sulfate forma-
tion was about 8 mol%, it started to decrease at higher MT loading rates
(Fig. 2) and reached 0.6 mol% at the highest MT supply. Roman et al.
(2016b) found that the sulfate selectivity was ∼ 5 mol% with ∼20 mol
% of thiosulfate and 75 mol% of sulfur when MT was supplied to the
system. Furthermore, we recently demonstrated that the product of MT
oxidation – DMDS selectively inhibits sulfate formation (Kiragosyan
et al., 2020). Formed sulfate can also affect the pH of the process
medium and cause its acidification. Therefore, pH was monitored in
both bioreactors and the difference between anaerobic and aerobic
bioreactor was ∼ 0.1. This small variation can be caused by the lower
ORP of the process solution in the anaerobic bioreactor. But this 0.1
difference remained during the duration of the experiment.

In our latest experiments, the formed DMDS selectively inhibited
sulfate formation as follows. There was a decrease in selectivity from 8
mol% to 0.6 mol% between 29 and 44 days and this triggered a slight
increase in the thiosulfate formation rate (Fig. 2). This is in line with
our previous findings (Kiragosyan et al., 2020). We also measured MT
and other (diorgano)polysulfanes (tri- and tetrasulfides) in the bior-
eactor liquid, with GC-FPD. The second-most abundant DOPS was di-
methyl trisulfide (DMTS). Dimethyl tetrasulfide was detected only in
the last days of process operation, while no MT was detected (Appendix
C, Fig. C1 (in Supplementary material)). In addition, the headspaces of
both bioreactors and the gas outlet of the absorber were analyzed to
detect any sulfur-containing gases. The concentration of DMDS in the
headspace of the aerobic bioreactor and the gas outlet increased with
increasing MT loading rate (Appendix C, Fig. C2 (in Supplementary
material)). This dependency confirms that the liquid and gas phases
were in pseudo-equilibrium. Roman et al. (2015) observed the same
correlation in a traditional gas biodesulfurization system. In contrast to
the DMDS concentration in the aerobic bioreactor, the anaerobic bior-
eactor headspace analysis showed a constant DMDS concentration in-
dependent of the MT loading rate (Appendix C, Fig. C2 (in Supple-
mentary material)), indicating that the liquid and gaseous phases in the
laboratory setup were in equilibrium. Furthermore, from our obtained
results it follows that the anaerobic bioreactor dampens the supplied
H2S and also smoothens any ORP fluctuations resulting in a more stable
O2 supply rate. we hypothesize that reaction between sulfide and bio-
sulfur occurs and polysulfides are formed.

In addition to DOPS, also inorganic polysulfides were detected in
the bioreactor liquid (Eqs. 4 and 6). The average chain length of the
polysulfides xav was found to be 4.8±0.2 S atoms (Fig. 3). This is in
good agreement with the values reported by Roman et al. (2014). The
sum of polysulfides was constant for about 25 days (0.6± 0.1 mM S)
until the MT loading was increased to 2 mM S day−1. The increase in
the MT loading rate possibly triggered an increase in the sum of poly-
sulfide species (Eq. 6) on days 29 to 44 and days 60 to 75; this was also
observed by Roman et al. (2016a). As mentioned before, polysulfides

Fig. 2. Average product selectivity and formation rates of sulfate, thiosulfate,
and dimethyl disulfide (DMDS) during lab-scale biodesulfurization process
operation with addition of methanethiol (MT). MT loading rate is depicted in
Fig. 3. The numbers in the green bars indicate the time frame: 1 = day 1–11, 2
= day 12–29, 3 = day 29–44, and 4 = day.44–47. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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are formed from the abiotic reaction between the produced bio-sulfur
and sulfide (Eq. 4). Hence, the sulfide concentration in the liquid (at
excess of elemental sulfur) was equivalent to the concentration of sul-
fane atoms of inorganic polysulfides (Appendix, A, Fig. A2 (in Supple-
mentary material)). This indicates that all supplied sulfide immediately
reacted with sulfur to form polysulfides. From this observation, we
conclude that the actual electron donor in our lab-scale biodesulfur-
ization setup was inorganic polysulfide, or, rather, its terminal sulfanes.

3.2. Effect of methanethiol on sulfur-oxidizing bacterial community
dynamics

The biomass grown in the experiment fed with sulfide alone was
subsequently used as inoculum for the experiment with H2S and MT as
feed gases. The relative abundance and absolute 16S rRNA copy
number (qPCR) of the dominant SOB species (Alkalilimnicola ehrlichii,
Thioalkalivibrio sulfidiphilus, and Thioalkalibacter halophilus) were si-
milar at the end of the experiment with sulfide and at the beginning of
the experiment with sulfide + MT (Fig. 4). From the results of 16S
amplicon sequencing and qPCR, it appears that the presence of MT
provided a competitive advantage to a SOB population closely related
to the extremely salt-tolerant and facultatively alkaliphilic Thioalk-
alibacter halophilus (Banciu et al., 2008), with a significant increase in
its 16S rRNA log copies number (p = 3.814*10−16). Interestingly, the
same SOB species was also reported as dominant in a previous study on
thiols (Roman et al., 2016b). The presence of DMDS (as a product of
chemical MT oxidation, Eq. 4) but not the MT itself proved to be a
direct factor for the proliferation of Thb. halophilus, as has been shown
before (Kiragosyan et al., 2020). The second in abundance was a SOB
population closely related to haloalkaliphilic Alkalilimnicola ehrlichii,
which became dominant in the MT-free experiment and was still
dominant at a moderate MT supply. However, on day 44, when the
highest MT loading rate was reached (2 mM S day-1), the relative
abundance of Alkalilimnicola dropped drastically (Fig. 4B). Intoxication
of the SOB with MT/DMDS and competition with a more thiol-adapted
and DMDS-resistant (IC50 = 2.37±0.1 mM) Thioalkalibacter could be
the cause of this (Kiragosyan et al., 2020).

Moreover, MT also influenced less dominant members of the initial
bacterial community at the highest loading of 2 mM S day−1 at day 29
(Appendix D, Fig. D1 (in Supplementary material)). These included the
gammaproteobacterial genera Thioalkalimicrobium, Halomonas and
Thioalkalivibrio. Halomonas species are aerobic or facultative anaerobic

chemoorganotrophic halo(alkali)philes utilizing a wide range of or-
ganic substrates (such as fatty acids and sugars, but also hydrocarbons)
that can oxidize inorganic sulfur compounds incompletely to tetra-
thionate (García et al., 2005; Sorokin, 2003). From the start of the first
experiment, the relative abundance of Halomonas declined and con-
tinued to decrease with the introduction of MT. A possible explanation
is the low concentration of available organics in the feed gas and the
inability of Halomonas to withstand methanethiol toxicity (Van Den
Bosch et al., 2009a). The genera Thioalkalivibrio and Thioalk-
alimicrobium are obligate chemolithoautotrophic haloalkaliphilic SOB
that dominate in natural soda lakes (Sorokin et al., 2013; Vavourakis
et al., 2018). The relative abundance of Thioalkalimicrobium and
Thioalkalivibrio was constant when only sulfide was supplied, whereas
in the experiment with additional MT supply, the relative abundance of
Thioalkalimicrobium decreased drastically within the first ten days of
process operation with MT supply. In addition, the relative abundance
of Thioalkalivibrio decreased from 14 to 1.8% during the first 29 days of
process operation and reached a minimum on day 44, at the highest MT
supply. The most probable explanation for the apparent low tolerance
of Tv. sulfidiphilus to thiols is the fact that its only cytochrome oxidase is
of the cbb3 type, which is highly sensitive to inhibition by organic sulfur
compounds (Kiragosyan et al., 2020; Roman et al., 2016a, 2016c, 2015;
Van Den Bosch et al., 2009a). The drop in the abundance of Tv. sulfi-
diphilus provided an advantage for the growth of Thb. halophilus and
Alk. ehrlichii. As the results from the 16S amplicon sequencing cannot
answer questions on species interaction and dynamics, we performed
qPCR analyses to monitor growth dynamics and establish absolute 16S
rRNA counts of the three SOB key players: Thb. halophilus, Tv. sulfidi-
philus and Alk. ehrlichii.

The qPCR results showed that throughout process operation, the
absolute abundance of Thb. halophilus rRNA increased by 2 log copies
(ng DNA)−1, whereas Thioalkalivibrio sulfidiphilus had decreased by 2.3
log copies (ng DNA)−1 by the end of the process operation with MT
(Fig. 3B). These estimates of absolute abundance confirm the observed
pattern of relative abundances of the genera Thioalkalibacter and
Thioalkalivibrio obtained from the 16S rRNA gene amplicon sequencing.
However, while the absolute abundance of Alk. ehrlichii only decreased
by about 0.6 log copies (ng DNA)−1, its relative abundance decreased
by 46% when the highest concentration of MT was reached (2 mM S
day−1) (Fig. 4B). The absolute quantity of total bacterial 16S rRNA log
copies (ng DNA)-1 remained almost constant over the first 29 days of
process operation, with only a slight decline at a high MT concentra-
tion. These seemingly discrepant estimates of Alk. ehrlichii between
qPCR and amplicon sequencing might have originated from the dif-
ference in Alk. ehrlichii-specific amplification efficiencies of the uni-
versal 335 F/518R primer set (amplicon sequencing) and the highly
species-specific primer set (qPCR) (Leray et al., 2013). Moreover, this
discrepancy may further be enhanced by primer binding competition
and PCR bias as 16S rRNA amplicon sequence counts depend on the
presence in the sample of other species, especially those closely related
to the target (Snyder et al., 2009). This problem is thus particularly
pertinent for relatively less abundant species. In contrast to 16S am-
plicon sequencing, the qPCR outcome does not depend on the abun-
dance of other detected species and is conventionally used as a proxy
for the absolute bacterial count (Bonk et al., 2018).

We further analyzed a possible correlation between the SOB key
species and process performance parameters, including sulfate and
thiosulfate concentrations, as well as MT loading rate, to evaluate
whether these SOBs were responsible for sulfate and thiosulfate for-
mation. After we corrected for pseudo-replication and the accumulation
of thiosulfate and sulfate, the methanethiol loading rate was the main
contributing factor to the species' absolute counts (Appendix E, Figs. E1
and E2 (in Supplementary material)). MT concentration predicted
species growth and lapse: MT positively affected Thb. halophilus growth
(lmer Bonferroni adjustment, p = 2 × 10−16), whereas MT negatively
affected the growth of Tv. sulfidiphilus (lmer Bonferroni adjustment, p =

Fig. 3. Average sum of polysulfides and their length in the process liquid to
supplied methanethiol (MT) loading rate to the lab-scale biodesulfurization
setup. In correspondence to the time frames depicted in Fig. 2: 1 = day 1–11, 2
= day 12–29, 3 = day 29–44, and 4 = day.44–47.
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2 × 10−16) and Alk. ehrlichii (lmer Bonferroni adjustment, p = 0.04)
(Fig. E1). These results are in concordance with our previous study, in
which Thb. halophilus abundance rapidly increased within five days of
DMDS addition, while the growth dynamics of Tv. sulfidiphilus and Alk.
ehrlichii did not change from the inoculum stage (Kiragosyan et al.,
2020). The difference in growth dynamics of the SOB key species be-
tween the MT- and DMDS-supplied experiments likely depends on the
differential toxicity of these compounds and their effects on bacterial
activity. MT is known as a competitive inhibitor for the bacterial sulfide
oxidation, while DMDS is non-competitive (Appendix C, Fig.C1 (in
Supplementary material)) (Roman et al., 2016c). Furthermore, With the
addition of anaerobic bioreactor, it was postulated that selective pres-
sure for SOB is created to stimulate the growth of SOB that oxidizes
sulfide to sulfur mainly or only from sulfur. To support this hypothesis,
we monitored SOB community change and the growth of three key-
species. However, gene expression and involved enzymes in the sulfide
oxidation process need to be studied in a follow-up study.

In both the present study and the previous study, Thb. halophilus
proliferation was enhanced in the presence of thiols. We believe this is
because of the presence of the quinol oxidase bd in addition to cyto-
chrome c oxidase cbb3 (according to the genomic data) in this SOB
species (Sorokin et al., 2020). The former is known to be much more
resistant to various inhibitors binding to the heme-Cu family cyto-
chrome oxidases (Quesada et al., 2007). As a comparison, inhibitor-
sensitive cytochrome oxidase cbb3 (heme-Cu family) is the only oxidase
present in the genome of Tv. sulfidiphilus and other dominant SOB
species in gas biodesulfurization systems (Muyzer et al., 2011; Roman
et al., 2015). These results provide valuable information on the appli-
cation and use of Thioalkalibacter halophilus species in gas biodesulfur-
ization systems for achieving high sulfur selectivity and stable process
operation in the presence of thiols. More research is needed to

understand the effect of thiols on the overall pathways of sulfide oxi-
dation in these bacteria.

4. Conclusions

Addition of an anaerobic bioreactor to a traditional gas biode-
sulfurization lineup resulted in increased sulfur formation during ad-
dition of MT. Sulfur selectivity increased up to 90 mol% in comparison
to 75 mol% in the traditional lineup. During process operation with MT
addition, the lowest observed sulfate selectivity was 0.6 mol%, re-
sulting from selective inhibition of sulfate formation by chemically
formed DMDS from MT oxidation. We also found that all supplied
sulfide was converted into polysulfides, which served as the actual
electron donor for biological (poly)sulfide oxidation.

The changes in process performance were accompanied by changes
in the SOB community composition. In a traditional biodesulfurization
systems with only H2S present in the feed gas, Thioalkalivibrio sulfidi-
philus is the dominant SOB in most of the cases (Kiragosyan et al.,
2019a; Sorokin et al., 2012, 2008). In the dual bioreactor lineup,
however, we found that Alkalilimnicola ehrlichii became the dominant
organism when H2S was the only feed gas. In the presence of MT,
Thioalkalibacter halophilus became the most abundant haloalkaliphilic
SOB species. These shifts in SOB community composition and changes
in the dynamics of SOB key species likely depend on the increasingly
low redox potential in the presence of the anaerobic reactor (selective
for Alkalilimnicola) and differential toxicity of organic sulfur com-
pounds, i.e MT and DMDS, and their effects on the SOB activity (se-
lective for Thioalkalibacter). The overall outcome of this work is a
deeper understanding of microbial sulfide oxidation and community
composition dynamics in a gas biodesulfurization process for H2S and
methanethiol. Furthermore, we have identified the MT-resistant SOB

Fig. 4. The relative abundance of the microbial composition (top) and quantified 16S rRNA gene copies (bottom) of Thioalkalivibrio sulfidiphilus, Thioalkalibacter
halophilus, and Alkalilimnicola ehrlichii during (A) H2S and (B) H2S + stepwise increased supply of methanethiol (MT). Only bacteria with a relative abundance higher
than 0.5% are listed; remaining species are clustered into “Others”. Relative abundance results represent the average value, and the error bars represent the standard
deviation of the three biological replicates. 16S rRNA gene log copies are an average value of the measured technical duplicates, whereas each data point is a
biological replicate at each time point. The error bars indicate the standard deviation between the technical duplicates. The lab-scale gas biodesulfurization bior-
eactor system was operated at a low oxidation-reduction potential of −390 mV, pH 8.5, and the H2S loading rate was 58.12 mM S day−1. In correspondence to the
time frames depicted in Fig. 2: 1 = day 1–11, 2 = day 12–29, 3 = day 29–44, and 4 = day 44.
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population, which ensures stable sulfide removal in the presence of
high MT concentrations with 90 mol% of sulfur formation.
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