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Influence of methanethiol on biological sulphide oxidation in gas treatment
system
Pawel Romana,b, Martijn F. M. Bijmansb and Albert J. H. Janssena,c

aSub-department of Environmental Technology, Wageningen, The Netherlands; bWetsus, European Centre of Excellence for Sustainable Water
Technology, Leeuwarden, The Netherlands; cShell Technology Centre Bangalore, Bengaluru, India

ABSTRACT
Inorganic and organic sulphur compounds such as hydrogen sulphide (H2S) and thiols (RSH) are
unwanted components in sour gas streams (e.g. biogas and refinery gases) because of their
toxicity, corrosivity and bad smell. Biological treatment processes are often used to remove H2S
at small and medium scales (<50 tons per day of H2S). Preliminarily research by our group
focused on achieving maximum sulphur production from biological H2S oxidation in the
presence of methanethiol. In this paper the underlying principles have been further studied by
assessing the effect of methanethiol on the biological conversion of H2S under a wide range of
redox conditions covering not only sulphur but also sulphate-producing conditions. Furthermore,
our experiments were performed in an integrated system consisting of a gas absorber and a
bioreactor in order to assess the effect of methanethiol on the overall gas treatment efficiency.
This study shows that methanethiol inhibits the biological oxidation of H2S to sulphate by way
of direct suppression of the cytochrome c oxidase activity in biomass, whereas the oxidation of
H2S to sulphur was hardly affected. We estimated the kinetic parameters of biological H2S
oxidation that can be used to develop a mathematical model to quantitatively describe the
biodesulphurization process. Finally, it was found that methanethiol acts as a competitive
inhibitor; therefore, its negative effect can be minimized by increasing the enzyme (biomass)
concentration and the substrate (sulphide) concentration, which in practice means operating the
biodesulphurization systems under low redox conditions.
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1. Introduction

Inorganic and organic sulphur compounds such as
hydrogen sulphide (H2S) and thiols (RSH) are abundant
in sour gases such as landfill gas, biogas, natural gas
and refinery gas.[1] These compounds can be removed
either by conventional physico-chemical processes or
by employing (haloalkaliphilic) sulphur-oxidizing bac-
teria (SOB).[2–5] A commonly applied process for the
biological removal of H2S consists of a gas absorber,
a sulphide-oxidizing bioreactor and a gravity settler
for the removal of the formed sulphur particles
(Figure 1).[6] The absorbed H2S, hereafter referred to
as ‘sulphide’, is biologically oxidized to elemental
sulphur (Equation (1)) and to sulphate (Equation (2)),
but it can also be chemically oxidized to thiosulphate
through intermediate polysulphide anions.[7] Equation
(3) is a simplified equation for this abiotic oxidation
of sulphide.

HS− + 0.5O2 � S8 + OH−, (1)

HS− + 2O2 � SO2−
4 + H+, (2)

HS− + O2 � 0.5S2O2−
3 + 0.5H2O. (3)

The selectivity for the biological reactions (Equations (1)
and (2)) depends on the oxidation–reduction potential
(ORP) of cytochromes in SOB,[8] which can be controlled
by the ORP of the reactor medium. The latter is primarily
governed by the sulphide concentration,[9] which can
be regulated via the oxygen-to-sulphide (O2/H2S) supply
ratio to the bioreactor. A previous study of biological sul-
phide removal under natron-alkaline conditions shows
that, under optimal process conditions (O2/H2S = 0.6),
about 83 mol% of the absorbed sulphide is biologically
oxidized to sulphur.[10] Less than 2 mol% is oxidized
to sulphate and the remainder, about 15 mol%, is chemi-
cally converted to thiosulphate.[10] Furthermore, it
should be noted that at an O2/H2S supply ratio of
0.5 mol mol−1 no oxygen is available for sulphate pro-
duction, while at a ratio of 2 mol mol−1 sulphate is the
sole end product.[11]

Sour gas streams also often contain organic sulphur
compounds or thiols, which inhibit the SOB,[12]
leading to lower sulphide oxidation rates. Consequently
toxic sulphide will accumulate which, in turn, will lead
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to the inhibition of reaction (1), thereby preventing the
formation of hydroxyl ions that are needed to absorb
H2S from the sour gas. Finally, the system will collapse.
The predominant thiol in natural gas is methanethiol
(CH3SH).[13] Depending on the design of the absorber
column, a fraction of methanethiol is absorbed in the
gas washer, and then fed to the bioreactor where it is
chemically oxidized to dimethyl disulphide (DMDS),
according to the following reaction:

2CH3SH+ 0.5O2 � CH3S2CH3 + H2O. (4)

Methanethiol can also chemically react with elemen-
tal biosulphur particles.[14] The main reaction products
are polysulphide anions (S−2

x ) and their associated
methylated species, namely dimethyl polysulphanes
(Equations (5) and (6)).

CH3SH+ S8 ↔ CH3S−9 + H+, (5)

CH3SH+ CH3S−9 ↔ CH3SnCH3 + S2−x + H+,

with n+ x = 10.
(6)

Promoted by nucleophilic catalysts such as HS− or
CH3S

−, the products of reaction 6 undergo inter-conver-
sion reactions according to Equations (7) and (8).[15]

2S2−x ↔ S2−x−1 + S2−x+1, (7)

2CH3SnCH3 ↔ CH3Sn−1CH3 + CH3Sn+1CH3. (8)

Subsequently, the formed polysulphide anions are
chemically oxidized to thiosulphate and sulphur accord-
ing to Equation (9),[16] or biologically oxidized to sulphur
in a reaction analogous to Equation (1).[17,18]

S2−x + 1.5O2 � S2O2−
3 + (x − 2)/8 S8. (9)

Unfortunately, the number of publications describing
the effect of thiols on biological desulphurization

processes is limited. A preliminary study by our group
focused on achieving maximum sulphur production
from biological H2S oxidation in the presence of metha-
nethiol.[12] This was assured by maintaining a constant
ORP value by allowing the system to decrease in O2/
H2S supply ratio after methanethiol addition to the bio-
reactor.[12] It was observed that a decrease in O2/H2S
supply ratio resulted in O2-limiting conditions and
hence in a significantly reduced sulphate formation
rate. In order to be able to gain a better fundamental
understanding of the effect of methanethiol on sulphur
and sulphate formation rates, it is essential to perform
experiments at a wide range of redox conditions as
different enzyme systems are being used for sulphur
and sulphate formation.[19] Hence, in this study exper-
iments were carried out at constant O2/H2S supply
ratios within each experiment.[11] Moreover, to explain
our experimental results, we studied the inhibition of
cytochrome c oxidase activity, the enzyme responsible
for sulphate formation, by methanethiol in cell-free
extracts obtained from different experiments. Finally,
we also studied the inhibition mode for sulphide oxi-
dation by estimating the unknown kinetic parameters
in rate equations.

To mimic the various reactions that occur in large-
scale field installations, H2S and methanethiol were
added to an absorber located upstream of the bio-
reactor. To the best of our knowledge, such a configur-
ation has not yet been used for experimental studies
concerning the removal of H2S and thiols from gas
streams.

2. Material and methods

2.1. Experimental set-up

The experimental set-up consisted of a falling-film gas
absorber and a fed-batch bioreactor (Figure 2). A
falling-film absorber was chosen to avoid any sulphur
plugging issues that did occur when we tested a
packed column (unpublished results). Obviously the
removal of H2S and methanethiol from the inlet gas
can be simply attributed to acid–base reactions.
However, the overall purpose of the process is that
the consumed hydroxyl ions (OH−) in the absorber
are regenerated in the bioreactor (Equations (1) and
(2)). Table 1 shows the dimensions and process con-
ditions of the gas absorber. The liquid volume of the
bioreactor was 2.2 L and the volume of the gas absor-
ber was 0.2 L. The total liquid volume remained
constant throughout each experimental run. Oxygen
gas (99.995 vol%) was supplied to the bioreactor with
the aid of a mass flow controller (type EL-FLOW,

Figure 1. Simplified scheme of the process for biotechnological
removal of H2S from gas streams. (A) Gas absorber; (B) bioreactor;
(C) sulphur settler.
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model F-201DV-AGD-33-K/E, 0–30 mL min−1, Bron-
khorst, the Netherlands) to control the ORP (ORP-stat).
The same type of mass flow controller was used to
feed H2S (99.8 vol%, 0–17 mL min−1), CH3SH (1 vol%
in N2, 0–8 mL min−1) and N2 gas (99.995 vol%, 0–350
mL min−1) to the gas absorber. pH was controlled by
providing carbon dioxide (99.99 vol%) to the inlet of
the gas absorber, with the use of a solenoid valve
(125318, Burkert, Germany). The oxygen and carbon
dioxide supply was controlled with a multiparameter
transmitter (Liquiline CM442; Endress + Hauser, the
Netherlands), based on real-time signals from the
redox potential electrode (Ag/AgCl electrode, Orbisint
CPS12D; Endress + Hauser) and a pH sensor (Orbisint
CPS11D; Endress + Hauser), respectively. A gear pump
(EW-74014-40, Metrohm Applikon, the Netherlands)
was used to recycle the liquid between the bioreactor
and the gas absorber. The gas phase was continuously
recycled (34 L min−1) with a small gas compressor (N-
840, KNF, Germany). The bioreactor and the gas absor-
ber were kept at 35°C with a thermostat bath (DC10-P5/
U, Haake, Germany). We collected gas samples from
sampling points located at the inlet and outlet of the
gas absorber and in the bioreactor (Figure 2). Liquid
samples came from a sampling point in the middle
section of the bioreactor (Figure 2).

2.1.1. Medium composition
The reactor medium included a carbonate/bicarbonate
buffer including 0.051 M Na2CO3, 0.698 M NaHCO3 and
0.700 M KHCO3, hereafter referred to as ‘1.5 M [Na + +
K+] buffer’. Furthermore, the medium contained 1.0 g
K2HPO4, 6.0 g NaCl, 0.20 g MgCl2 × 6 H2O and 0.60 g
urea, each per 1 L of Milli-Q water. A trace elements sol-
ution (1 mL L−1) was added as described elsewhere.[20]
The final pH of the medium was kept constant at a
value of 8.5 ± 0.01 at 35°C.

2.1.2. Inoculum
The reactor was inoculated with concentrated biomass
obtained by centrifugation (30 min at 15,970 × g) of a
1-L culture collected from a full-scale gas biodesulphuri-
zation installation at Industriewater Eerbeek B.V., the
Netherlands.[6] The dominant SOB species in this bio-
reactor is Thioalkalivibrio sulfidophilus.[21]

2.2. Experimental design

2.2.1. Fed-batch experiments
Fed-batch experiments were performed in the set-up
shown in Figure 2. We conducted eleven experiments in
duplicate under various ORP conditions by changing the
H2S and O2 supply ratio (Table 2). However, during each
experiment this ratio remained constant. Experiments 1–
4 took place in the absence of CH3SH in the feed gas. In
experiments 5–11, CH3SH was supplied at a constant
loading rate of 0.24 mM d−1 to assess the reactor perform-
ance in the presence of methanethiol and any formed
methylated sulphur species (Table 2).[14] We always
kept the H2S loading rate constant at a value of 36.8
mM d−1. Each experiment lasted 24 h during which we
took four gas and liquid samples at regular time intervals
to confirm that the reactor performance was stable.

2.2.2. Cytochrome c oxidase activity measurements
The inhibitory effect of methanethiol on cytochrome c
oxidase activity was assessed by measuring the oxidation

Table 1. Dimensions and process conditions of gas absorber for
H2S removal in our study.
Dimensions and process conditions
Column diameter (m) 0.011
Column height (m) 0.8
Total gas flow (Nm3 s−1) 2.8 × 10−6

Empty bed retention time (s) 27
H2S loading rate (Nm3 s−1) 2.5 × 10−8

CH3SH loading rate (Nm3 s−1) 0–1.7 × 10−10

Liquid flow (Nm3 s−1) 2.8 × 10−6

Figure 2. Flow scheme of experimental set-up used for fed-batch
experiments.

Table 2. Overview of experimental runs at different operating
conditions.
Experiment
number

CH3SH loading rate
(mM d−1)

ORP set point
(mV)

O2/H2S
(mol mol−1)

1 0 −250 ± 14 2.18 ± 0.03
2 −350 ± 5 1.51 ± 0.04
3 −410 ± 8 0.63 ± 0.03
4 −450 ± 5 0.53 ± 0.02
5 0.24 −250 ± 13 1.89 ± 0.03
6 −270 ± 4 1.65 ± 0.01
7 −320 ± 4 1.38 ± 0.03
8 −350 ± 5 1.31 ± 0.01
9 −370 ± 4 0.81 ± 0.03
10 −410 ± 5 0.63 ± 0.02
11 −450 ± 3 0.55 ± 0.06
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rate of N,N,N′,N′-tetramethyl-p-phenylenediamine (TMPD)
(Sigma-Aldrich, the Netherlands) spectrophotometrically
at 610 nm (UV-1650PC, Shimadzu, Japan) as described
by Sorokin et al.[22] To verify the effect of biomass
exposure to methanethiol, we used non-pre-exposed (a)
and pre-exposed biomass (b) from a laboratory-scale bio-
reactor to assess cytochrome c oxidase activity. We also
performed batch experiments with biomass exposed to
methanethiol in the absence of any sulphide (c) to
double-check the effect of methanethiol on cytochrome
c oxidase.

(a) Biomass collected from a bioreactor; not pre-exposed to
methanethiol: The experimental set-up depicted in
Figure 2 ran under conditions favourable for the
expression of cytochrome c oxidase, that is, sul-
phate-forming conditions (ORP =−270 mV), and in
the absence of methanethiol. Immediately before
the start of the activity measurements, 10 µL of a
methanethiol solution (sodium thiomethoxide, 95%
pure, Sigma-Aldrich, the Netherlands), freshly pre-
pared in oxygen-free Milli-Q water, was added to a
sample of cell-free extract to obtain a final concen-
tration of 0.05 mM.

(b) Biomass collected from a bioreactor; pre-exposed to
methanethiol: The reactor conditions were the
same as for (a), except that the reactor was
exposed to methanethiol for a period of three days
(0.37 mM d−1) before the collection of biomass.

(c) Biomass collected from a batch bottle; pre-exposed to
methanethiol: Biomass was obtained from the
reactor described in (a) and placed into a batch
bottle, in which cells were exposed to 0.2 mMmetha-
nethiol for 18 hs at 35°C to double-check the effect of
methanethiol on cytochrome c oxidase activity.

For each of these systems, the medium with biomass
was centrifuged (30 min at 15,970 × g) and resuspended
in 0.5 M [Na+ + K+] buffer at pH 8.5. This step was
repeated two times to remove elemental sulphur par-
ticles. After that, cell-free extract was prepared by soni-
cation of the biomass on ice. Unbroken cells and cell
debris were removed by centrifugation (20,238g for 15
min). Total protein content was measured spectrophoto-
metrically with the BCA™ Protein Assay Kit (Thermo
Scientific, the Netherlands). We prepared control
samples from biomass that was never exposed to metha-
nethiol. All samples were analysed in triplicate.

2.2.3. Determination of the inhibition mode of SOB
Respiration tests were performed in order to investigate
the inhibitionmechanism of biological sulphide oxidation
in the presence of methanethiol in an air-saturated

medium ([Na+ + K+] = 1.5 M, pH = 8.5). We used a similar
set-up as described elsewhere [23]; it consisted of a
glass mini reactor (60 mL) equipped with a magnetic
stirrer. The reactor was closed with a Teflon piston to
avoid any oxygen ingress. We added stock solutions con-
taining sulphide and methanethiol to the reactor with a
syringe passing through the piston. The sulphide oxi-
dation rate was determined by measuring the oxygen
consumption rate with a dissolved-oxygen sensor
(Oxymax COS22D, Endress + Hauser). We calculated the
biological sulphide oxidation rate as the difference
between the total oxidation rate (including biological oxi-
dation) and the abiotic oxidation rate (in the absence of
biomass). We performed all experiments in triplicate at
35°C (DC10-P5/U thermostat bath, Haake, Germany).

The biomass used in these respiration tests was grown
as described in Section 2.2.2(a). We centrifuged 700 mL
(30 min at 15,970 × g) of biomass-containing solution
and carried out a washing step after the resuspension
of the pellet in 25 mL 1.5 M [Na+ + K+] buffer. The
biomass concentration used in these respiration tests
was always kept at 10 mg N L−1. We prepared separate
solutions of sulphide and methanethiol by dissolving
sodium sulphide nona-hydrate (98% pure, Sigma-
Aldrich, the Netherlands) and sodium thiomethoxide
(95% pure, Sigma-Aldrich, the Netherlands) in 1.5 M
[Na+ + K+] buffer. Sulphide concentrations ranged from
0.05 to 0.4 mM. The biological sulphide oxidation rate
was measured in the presence of 0 (absence), 0.02 and
0.05 mM methanethiol.

2.2.4. Adsorption of dimethyl polysulphanes onto
the surface of biosulphur particles
We investigated the adsorption of dimethyl polysul-
phanes onto the surface of biosulphur particles by
measuring dimethyl di-, tri- and tetrasulphide present
in the headspace of the closed vials. Samples were pre-
pared by adding a mixture of dimethyl polysulphanes
(∼3 mM S) to a closed glass vial containing purified bio-
sulphur (125 mM), suspended in 5 mL of 1.5 M [Na+ + K+]
buffer. A mixture of dimethyl polysulphanes ranging
from DMDS to dimethyl octasulphide was prepared as
described by Rizkov et al.[24] We applied the following
procedure to purify the biosulphur suspension and
remove any cell residue. First, the suspension was
cooled to −20°C to cause cell lysis. Second, a centrifu-
gation step (15,970g for 30 min) was applied and the
supernatant was replaced with Milli-Q water to obtain
a cell-free biosulphur suspension. We repeated this puri-
fication procedure four times to ensure high purity.

Each biosulphur sample was spiked with dimethyl
polysulphanes and vigorously shaken for 5 min at room
temperature, followed by a dimethyl polysulphanes
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headspace analysis. We verified that the mixing time was
sufficient to reach equilibrium between the gas and the
liquid phase (data not shown). After gas analysis, we con-
centrated the biosulphur particles by centrifugation
(3260g for 10 min) and transferred them to a clean
glass vial filled with 5 mL of 1.5 M [Na+ + K+] buffer. To
allow desorption of any adsorbed dimethyl polysul-
phanes, the sample was vigorously shaken for 5 min at
room temperature, followed by a second headspace
analysis of the vial. We then calculated the percentage
of desorbed dimethyl di-, tri- and tetrasulphide by com-
paring the peak areas of the compounds in the sample,
that is, before and after extraction. Each sample was pre-
pared and analysed in triplicate.

2.3. Analytical techniques

The biomass concentration was measured as the amount
of organically bound nitrogen that was oxidized to
nitrate by digestion with peroxodisulphate (LCK238,
Hach Lange, the Netherlands). Before analysis, we centri-
fuged the cells twice at 20,238g for 10 min and washed
the formed pellet with organic nitrogen-free medium.
We did not attempt to remove any biosulphur particles,
as their presence does not affect the measurements.[10]

We calculated the elemental sulphur concentration by
establishing the sulphur species mass balance on the
basis of the sulphide, thiosulphate and sulphate analyses,
assuming steady-state conditions as confirmed by the
analysis of four consecutive liquid and gas samples.

We determined the sulphate and thiosulphate con-
centrations 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). The ion chromatography system
included a chemical suppressor (Metrohm, Switzerland),
CO2 suppressor (853, Metrohm, Switzerland) and con-
ductivity detector (Metrohm, Switzerland). In addition,
suppressors for eluent conductivity and carbon dioxide
were used (Metrohm, Switzerland). The mobile phase
flow rate was 0.7 mL min−1. The mobile phase consisted
of 3.2 mM sodium carbonate and 1 mM sodium bicar-
bonate solution and 1% acetone. Before the analyses,
we filtered the samples over a 0.22 μm syringe filter
(Millex G5 filter unit, Merck, the Netherlands) and
mixed them with 0.2 M zinc acetate in a 1:1 ratio to
form ZnS, as its presence prevents abiotic sulphide oxi-
dation. We stored the samples at 4°C.

DMDS, dimethyl trisulphide (DMTS) and polysulphides
(dimethyl polysulphanes Me2S4 to Me2S8) were deter-
mined with an high-performance liquid chromatography
equipped with a UV detector (Dionex UltiMate 3000RS,

USA) at a wavelength of 210 nm. We separated the
organic sulphur compounds with an Agilent column
(Zorbax Extend-C18 1.8 µm, 2.1 × 50 mm, the Nether-
lands) at 20°C. The mobile phase consisted of methanol
and water. The flow rate was 0.371 mL min−1 and the
injection volume was 1.25 µL. The purities of the stan-
dards were above 98% for DMDS and DMTS (Sigma-
Aldrich, the Netherlands).

Polysulphide anions were derivatized to dimethyl
polysulphanes with methyl trifluoromethanesulphonate
(≥98% pure, Sigma-Aldrich, the Netherlands), as follows:

S2−x + 2CF3SO3CH3 � Me2Sx + 2CF3SO−
3 . (10)

The sample preparation procedure and derivatization
protocol are described elsewhere.[25]

The gas phase (H2S, N2, CO2 and O2) was analysed
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
limit of quantification was 0.1 vol% for all compounds.
Both column modules were connected to a thermal con-
ductivity detector for data acquisition. We used argon as
a carrier gas with a flow rate of 1.47 ml min−1. The temp-
erature was 80°C for the MS5 column, 65°C for the PPU
column and 105°C at the injection port.

We measured the gaseous CH3SH and DMDS concen-
trations with a gas chromatograph (Varian CP3900 GC,
Agilent, the Netherlands) equipped with an Agilent
column (VF5-MS, 1 µm × 30 m × 0.25 mm). The limits of
quantification were 3.6 ppm(v) and 0.2 ppm(v), respect-
ively. The analysis was carried out with a flame ionization
detector at 300°C. The initial oven temperature was 35°C.
After 5 minutes, we applied a gradient of 4°C min−1 to
obtain 45°C, followed by 100°C min−1 to reach 200°C,
which was held for 1 min to clean the column. We
used helium as the carrier gas, with a flow rate of 0.9
mL min−1. The injection volume was 1 mL.

To investigate the adsorption of dimethyl polysul-
phanes onto the surface of biosulphur particles, we ana-
lysed dimethyl di-, tri- and tetrasulphide concentrations
in the headspace by using gas chromatography
(6890N, Agilent, the Netherlands) coupled with a triple
quadrupole mass spectrometer (5975, Agilent, the Neth-
erlands), equipped with an Agilent column (HP-5MS, 30
m × 0.25 mm× 0.25 µm, Agilent, the Netherlands).
Initially, the oven temperature was 50°C. After 2 min, a
gradient of 12.5°C min−1 was applied to reach 200°C.
We operated the mass spectrometer in SIM mode with
a filament voltage of 70 eV and an electron multiplier
voltage of 1200–2800 V. Helium was the carrier gas,
with a flow rate of 1.3 mL min−1. The injection volume
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was 2.5 mL. The syringe temperature was 50°C. The equi-
libration time was 10 min at 40°C and the agitation speed
was 250 rpm.

3. Results and discussion

3.1. Methanethiol removal from sour gas

The gas absorber column (Figure 2) was fed with a
mixed-gas stream containing nitrogen gas as a carrier
supplemented with H2S (0.9 vol%) and methanethiol
(0.01 vol%). These sulphur compounds were continu-
ously removed by dissolution into the alkaline washing
solution. The removal efficiency of H2S and methanethiol
in the gas absorber was around 99.8% and 70%,
respectively.

Subsequently, the liquid stream loaded with HS− and
CH3S

− entered the base of the reactor where HS− was
biologically oxidized to sulphur and sulphate (Equations
(1) and (2)); also, some sulphide was chemically oxidized
to thiosulphate (Equation (3)). Methanethiol was abioti-
cally oxidized to dimethyl polysulphanes (Equations
(4)–(6)). The bioreactor suspension was continuously
recycled through the gas absorber where some DMDS
was stripped off. The DMDS concentration in the outlet
of the gas absorber was almost constant at 7 ± 1 ppm
(v) at ORP values between −410 and −250 mV. For
these ORP conditions, the methanethiol concentration
was also almost constant at about 18.5 ± 2.2 ppm(v).
However, at ORP values below −450 mV, the concen-
tration of methanethiol at the absorber outlet doubled
to 31.3 ± 3.8 ppm(v), whereas no more DMDS was
detected in the off-gas. Apparently, under these con-
ditions insufficient oxygen was available in the bio-
reactor for the chemical oxidation of methanethiol to
DMDS (Equation (4)).

When we compared the methanethiol and DMDS
concentration in gas samples from the inlet and outlet
of the gas absorber, we found a gap of 40–60 mol% in
the sulphur balance (absorber in–absorber out). There
is no evidence that Tv. sulfidophilus, the dominant SOB
species in the reactor,[21] is able to oxidize methanethiol
or DMDS. Based on earlier studies, we have strong indi-
cations that the dimethyl polysulphanes (resulting from
Equations (5) and (6)) were adsorbing onto sulphur par-
ticles.[12] To validate our hypothesis, we added dimethyl
polysulphanes to a biosulphur suspension in a closed
vial. Thereafter, we analysed the headspace for dimethyl
di-, tri- and tetrasulphide. We then removed the biosul-
phur particles by centrifugation, mixed them with fresh
1.5 M [Na+ + K+] buffer in a new vial and carried out a
second headspace analysis. We found dimethyl di-, tri-
and tetrasulphide present at 56, 32 and 5 vol%,

respectively. The percentages of dimethyl di-, tri- and tet-
rasulphide released during the washing process indicate
that the strength of the adsorption of the dimethyl poly-
sulphanes onto the biosulphur particles increased with
increasing number of sulphur atoms in the dimethyl
polysulphide chain. The fact that longer chain dimethyl
polysulphanes are more hydrophobic may explain this
higher affinity for the somewhat hydrophobic sulphur
particles.[26]

Dimethyl polysulphanes with more than two sulphur
atoms form from the abiotic reaction between metha-
nethiol and biosulphur particles (Equations (5) and (6)).
[14] As these compounds are far less volatile than metha-
nethiol and DMDS, no stripping occurred in the upper
section of the gas absorber. Instead, we detected
accumulation in the bioreactor suspension up to a total
concentration of ∼16 µM S at −450 mV (Figure 3(a)).
Van den Bosch et al. [27] studied the inhibitory effect
of DMDS and DMTS on the bacterial oxidation of sul-
phide and found that DMTS is more toxic to SOB than
DMDS. Besides dimethyl polysulphanes, also inorganic
polysulphide anions were produced from the reaction
between methanethiol and elemental sulphur (Equation
(6)), as reflected by the somewhat higher S2−x concen-
trations in the experiments with methanethiol (Figure 3
(b)). In addition, the S2−x concentrations were higher at
lower ORP values because of the increasing sulphide
concentrations.[10]

At ORP values above −410 mV, methanethiol and
DMDS were continuously removed in the gas absorber,
and therefore, no accumulation was observed in the
headspace of the bioreactor (Figure 3(c) and 3(d)). The
DMDS concentration in the headspace of the bioreactor
was around 6 ± 2 ppm(v). As this is comparable to the
DMDS concentration in the absorber outlet (7 ± 1 ppm
(v)) for the same ORP conditions, the gas phase and
liquid phase in the gas absorber and bioreactor are in
equilibrium.

Furthermore, no methanethiol was detected in the
bioreactor when the system transited from sulphur to
sulphate formation, that is, at ORP values between
−370 and −320 mV (Figure 3(c); see also Section 3.2).
Most likely, the formation of sulphur particles allowed
methanethiol to react away under the formation of
dimethyl polysulphanes (Equations (5) and (6)) as pre-
viously observed by Van Leerdam et al.[14] At an ORP
of −450 mV, the methanethiol concentration in the
headspace of the bioreactor suddenly increased to 20
ppm(v), whereas no more DMDS was detected (Figure
3(c) and 3(d)). This is because insufficient oxygen was
available to oxidize methanethiol to DMDS under these
conditions (Equation (4)). As mentioned, we also saw
this reflected in the concentrations in the gas absorber.
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3.2. Effect of methanethiol on biological sulphide
oxidation process

Figure 4(a) and 4(b) show the two distinct ORP regionswe
found for sulphur and sulphate formation, respectively.
Sulphur mainly formed below −370 mV, whereas sul-
phate was the main end product at ORP values above
−320 mV. These findings are in good agreement with
those of Klok et al. [11] and Van den Bosch et al.[10] In
the transition zone between −370 and −320 mV (grey
area in Figure 4), the selectivity for sulphur and sulphate
formation was lower (Figure 4(a)–(b)) than outside this
area; consequently, the rate of abiotic thiosulphate for-
mationwas higher in this zone (Figure 4(c)). Methanethiol
had a clear effect on the selectivity for sulphate formation
in the transition zone (Figure 4(b)), for example, at −350
mV; as methanethiol inhibited biological sulphate for-
mation (Figure 4(b)), thiosulphate formation increased
as a result of abiotic sulphide oxidation (Figure 4(c)). The
drop in biological sulphate formation (Equation (2))
resulted in lower oxygen requirements (Equation (2)
v. Equation (3)) as can be seen in Figure 5. We measured
the effect of methanethiol on the oxidation of sulphide
to sulphate under two different sulphate-forming con-
ditions, namely, −250 and −350 mV. At these two ORPs,
the O2/H2S consumption ratio decreased from 2.18 to
1.89 mol mol−1 and from 1.51 to 1.31 mol mol−1, respect-
ively, after the start of methanethiol addition (Figure 5).

For both ORPs, this corresponds to a drop of 13 vol% in
the required O2 supply rate.

Although methanethiol clearly inhibited biological
sulphate formation, the sulphur production was hardly
affected (Figure 4(a) and 4(b)). This is most likely
related to the different enzymes that SOB use for the pro-
duction of sulphur and sulphate, respectively. Sulphide
oxidation in SOB involves several enzymes.[19] In the
first stage, sulphide is transformed into intracellular poly-
sulphide. In the second stage, depending on redox con-
ditions,[8] intracellular polysulphide is either secreted
out of the cell as solid biosulphur particles or further oxi-
dized to sulphate. Since the oxidation to sulphate needs
to channel six out of the eight electrons of sulphide to
oxygen, high activity of the terminal part of the respirat-
ory chain, that is, of cytochrome c oxidase, is critical for
sulphate formation.[8] Thiols inhibit cytochrome c
oxidase by binding to its haem iron [28–30] and
forming a cytochrome–methanethiol complex; this
inhibitory effect decreases with increasing steric hin-
drance of the thiols.[30] As the redox state of the
involved cytochromes is lowered by the binding of a
thiol to cytochrome c oxidase, intracellular polysulphide
oxidation to sulphate is hampered.[8,31] We studied the
inhibitory effect of methanethiol on cytochrome c
oxidase activity in more detail by measuring the oxi-
dation rate of TMPD (an artificial electron donor for

Figure 3. Reactor system operated at H2S = 36.8 mM d−1 and methanethiol = 0.24 mM d−1. (a) Concentration of dimethyl tetrasul-
phide (▪) and dimethyl pentasulphide (◊) in the reactor. (b) Sum of polysulphides at different ORPs for runs with (●) and without
(○) methanethiol. (c) Concentration of methanethiol (▴) (CH3SH) at different ORPs in the headspace of the reactor. (d) Concentration
of DMDS (▴) at different ORPs in the headspace of the reactor. The symbol □ indicates that the concentration was below the detection
limit.

ENVIRONMENTAL TECHNOLOGY 1699



cytochrome c oxidase). Figure 6 shows that a strong inhi-
bition of cytochrome c oxidase occurred in all samples
that were subjected to methanethiol. It was possible to
calculate the percentage of inhibition by comparing

the cytochrome c oxidase activity of the control
samples with that of samples exposed to methanethiol.
The highest inhibition (86%) was observed for the cell-
free extract spiked with methanethiol (Figure 6, sample
a). In this type of sample, the enzymes were not pro-
tected by a cell wall; therefore, methanethiol had easy
access to cytochrome c oxidase, resulting in high inhi-
bition. On the other hand, the cell-free extract of
biomass collected from the sulphide-oxidizing reactor
exposed to methanethiol (Figure 6, sample b) also
showed high inhibition (76%). The activity of the
enzyme in a sample collected from a batch bottle
exposed to methanethiol (Figure 6, sample c) was least
inhibited (53%). These results (samples b and c) indicate
a high-binding affinity of methanethiol for the active site
of cytochrome c oxidase, since even after sample prep-
aration (sonication), strong inhibition remained.

In our experiments, methanethiol never suppressed
sulphate production by more than 44% (Figure 4(b)),
compared to ∼99% as observed by Van den Bosch
et al.[12] A clear difference from our experiments is
that Van den Bosch et al. performed their experiments
with low O2/H2S supply ratios (0.52 mol mol−1), leading
to oxygen-limiting conditions. Even in the absence of
methanethiol, hardly any sulphate would have been pro-
duced under such conditions.[11] Moreover, the metha-
nethiol loading in our experiments was up to seven times
higher than those applied by Van den Bosch et al., that is,
240 versus 35–79 µmol L−1 d−1.

3.3. Effect of methanethiol on biomass growth

In the absence of methanethiol, growth of SOB occurred
under all ORP conditions, ranging from −410 to −250 mV
(Figure 7). Growth was seriously hampered at −450 mV.

Figure 4. Bioreactor performance during experiment runs with
(●) and without (○) methanethiol: (a) sulphur selectivity, (b) sul-
phate selectivity, (c) thiosulphate selectivity. The area marked in
grey is a transition zone between conditions favourable for
sulphur (left) or sulphate (right) production.

Figure 5. Molar O2/H2S supply ratio versus ORP for experimental
runs with (●) and without (○) methanethiol. The load of H2S was
36.8 mM d−1 and the load of methanethiol was 0.24 mM d−1.

Figure 6. Cytochrome c oxidase activity in cell-free extract of
SOB obtained from: (a) a lab-scale sulphide-oxidizing bioreactor
that had not yet been exposed to methanethiol but the cell-free
extract was spiked with methanethiol to a final concentration of
0.05 mM. (b) A lab-scale sulphide-oxidizing bioreactor exposed
to methanethiol for three days (0.37 mM d−1). (c) Batch bottles
in which cells were exposed to 0.2 mM of methanethiol for 18
h. For each category, a control sample was analysed that was
not exposed to methanethiol.
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According to the work by Klok et al.,[11] SOB gain most
energy for their growth from sulphate production
(Equation (2)), and much less from sulphur formation
(Equation (1)). As there was insufficient oxygen for sul-
phate production (Equation (2)), very little growth was
possible at −450 mV.

Whenmethanethiol was supplied to the system, it had
a significant effect on biomass growth (Figure 7); growth
was arrested at all ORP values, except at the highest ORP
(−250 mV). Also at −250 mV, the sulphate production
was not affected by methanethiol. Therefore, the
arrested growth of the biomass at ORP values between
−450 and −350 mV can be explained by lower energy
obtained from sulphate formation inhibited by metha-
nethiol (see Section 3.2) as follows from Klok’s findings.
[11] Limited growth can be acceptable for industrial bio-
desulphurization systems, provided that the biomass
minimum growth rate is higher than the wash-out rate.

3.4. Inhibition type of methanethiol and kinetic
parameters of biological sulphide oxidation

To identify the type of inhibition exercised by metha-
nethiol on biological sulphide oxidation, we performed
respiration experiments with 20–50 μM methanethiol.
The resulting Lineweaver–Burk plots (Figure 8) show
that the reaction rate (r) increased with increasing con-
centrations of sulphide (CS), indicating that the inhibitory
action was somehow mitigated by the substrate. As all
lines intersect at the same point on the Y-axis and the
specific maximal reaction rate (rmax) does not depend
on the concentration of the inhibitor, methanethiol
appears to be a competitive inhibitor.[32] With this
type of inhibition, the Michaelis–Menten constant (KM)
is greater because the CS necessary to reach rmax is
higher, which could explain the mitigating effect of the

substrate. Thus, the reaction rate as given by Equation
(11) changes into Equation (12), where CI stands for
inhibitor concentration.

r = rmaxCS
KM + CS

, (11)

r = rmaxCS
KM(1+ (CI/ki))+ CS

. (12)

We estimated the unknown parameters in Equations
(11) and (12) from respiration data, by using a non-linear
least-squaresmethod.[33]We took the following stepwise
approach to minimize the error. First, we estimated KM
and rmax in Equation (11) to be 36 ± 3 µM and 0.324 ±
0.007 mM (mg N)−1 h−1, respectively. Second, these esti-
mated parameters (KM and rmax) were introduced into
Equation (12) to estimate the inhibition constant (ki)
which was found to be 31 ± 5 µM. Appendix 1 contains
the additional uncertainty in the estimate of ki as a
result of the uncertainty in rmax and KM.

Very low values of KM and ki represent high-binding
affinities of sulphide and methanethiol for the involved
enzymes. This low ki value also means that methanethiol
is a strong inhibitor. An explanation for this could be the
structural similarity between CH3S

− and HS−.[34] Accord-
ingly, methanethiol would be the most toxic of all thiols.

As methanethiol appears to be a competitive inhibitor
of sulphide oxidation by SOB, the stability of the biologi-
cal H2S removal process under field conditions can likely
be increased by increasing the biomass concentration.
Obviously, a greater biomass concentration would lead
to a greater total cytochrome oxidase concentration,
hence to a lower ratio of methanethiol to cytochrome
oxidase and to less biomass inhibition at constant
methanethiol loading rates. Also because methanethiol

Figure 7. Biomass accumulation at different molar O2/H2S supply
ratios, with (●) and without (○) methanethiol.

Figure 8. Lineweaver–Burk plot obtained from a kinetic study of
biological sulphide oxidation in the absence (○) and presence of
methanethiol at concentrations of 0.02 mM (●) and 0.05 mM (▴).
CS is the concentration of sulphide and r is the reaction rate.
Temperature was 35°C, pH was 8.5 and salinity was 1.5 M.
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is a competitive inhibitor, increasing the substrate (sul-
phide) concentration will lower the inhibition. In practice
this can be achieved by applying lower redox value (e.g.
<−390 mV) of the bioreactor suspension, which is corre-
lated with the sulphide concentration.[9]

4. Conclusions

This study shows that methanethiol inhibits the biologi-
cal oxidation of sulphide to sulphate, whereas oxidation
to sulphur is hardly affected. It is likely that this is caused
by way of direct suppression of the cytochrome c oxidase
activity in SOB.

In addition, we determined that dimethyl polysul-
phanes, resulting from a reaction between methanethiol
and sulphur, reversibly adsorb onto biosulphur particles.
This could offer an elegant way for removing those com-
pounds from the bioreactor suspension along with the
formed biosulphur particles.

Finally, our findings lead to the conclusion that the
inhibitory effect of methanethiol in sour gases can be
mitigated by increasing biomass concentrations and
keeping redox conditions below −390 mV.
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APPENDIX 1

Table A1. Estimated inhibition constant (̂ki) with corresponding
standard deviation (σ) for specific maximal reaction rate (rmax)
and Michaelis–Menten constant (KM).

rmax (mM h−1 (mg N−1)) KM (mM) ̂ki (mM) σ
0.324 0.036 0.031 0.005
0.317 0.033 0.029 0.006
0.331 0.039 0.032 0.004
0.317 0.039 0.039 0.008
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