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Abstract

Anaerobic enrichment cultures obtained from oil fields degraded various thiophenic compounds i.e. thiophene,
benzothiophene and dibenzothiophene, with the concomitant formation of sulphide using hydrogen, lactate and
ethanol as possible electron donors. It was demonstrated that dibenzothiophene was converted to biphenyl. How-
ever, hydrocarbon products from benzothiophene and thiophene desulphurisation could not be detected. After
further enrichment on thiophenic compounds as the sole electron acceptor, the conversion activity disappeared
while homo-acetogenic bacteria became abundantly present. In order to gain stable conversions of thiophenic
compounds, attempts were made to isolate the sulphide-producing bacteria. Two highly enriched cultures were
obtained, which degraded thiophenic compounds, but the activity remained low and homo-acetogenesis remained
dominant.

Abbreviations: BT – benzothiophene; DBT – dibenzothiophene; MSD – mass selective detection; SRB – sulphate
reducing bacteria; T – thiophene

Introduction

Depending on its origin, crude oils may contain high
quantities of organic sulphur compounds. When the
organically bound sulphur is not sufficiently removed
during the refining process, SO2 will be formed
during combustion. To minimize this environmental
concern, stringent regulations on the sulphur content
of fuels will come in place worldwide. In addition,
low-sulphur crude oils are less available nowadays.
Consequently, proper processes for the effective elim-
ination of organic sulphur compounds are needed. The
current physico-chemical methods to desulphurise hy-
drocarbon fractions rely on hydrodesulphurisation us-
ing metal catalysts in the presence of hydrogen gas
under high pressure and temperature. Total sulphur
levels below 50 ppm (Anabtawi et al. 1996) are dif-
ficult to reach, because of the steric hindrance of

alkyl substitutions adjacent to the S-atom on especially
the dibenzothiophene molecules (Kabe et al. 1992;
Shafi & Hutchings 2000). As thiophene converting
enzymes may be very specific, biodesulphurisation of
fuels might be an attractive, complementary process to
reach sulphur levels below 50 ppm.

Aerobic microbiological conversion of thiophenes
has been studied extensively (Kobayashi et al. 2001;
Folsom et al. 1999; Grossman et al. 1999; Hirasawa
et al. 2001). However, only limited data are available
in the literature concerning the sulphur specific an-
aerobic conversion of thiophenes. Furthermore, clear
evidence for significant anaerobic desulphurisation is
scarce. It is proposed that thiophene molecules can
be used as alternative electron acceptor leading to
the formation of the remaining hydrocarbon molecule
and H2S (Kim et al. 1990a). The main advantage of
this reaction is the selective removal of the sulphur
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atom, thus retaining the caloric value of the hydrocar-
bon. The sulphate reducing bacterium Desulfovibrio
desulfuricans M6 was reported to desulphurise vari-
ous sulphur-containing organic compounds present in
crude oils and distillates (Kim et al. 1995). In an assay
with methyl viologen as the artificial electron donor
using a concentrated cell suspension of D. desulfuric-
ans M6, biphenyl was found to be the major reaction
product from dibenzothiophene desulphurisation, sug-
gesting specific cleavage of the C–S bond (Kim et
al. 1990a, b). This work suggested that sulphate re-
ducing bacteria (SRB) have the potential of reducing
organosulphur compounds. However, no conclusions
could be drawn about the desulphurisation capacity by
these bacteria at growing conditions. Armstrong et al.
(1997) tested several pure cultures of SRB and a sulph-
ate reducing community on their ability to convert
thiophenes using the method of Kim et al. (1995) and
by using growing conditions in the absence of methyl
viologen. None of these methods led to significant re-
ductions in the sulphur content of dibenzothiophene or
in total sulphur content of vacuum gas oil, deasphalted
oil or bitumen.

In this study, the anaerobic conversion of
thiophenes was examined under the conditions where
growth can be expected. This strategy was chosen
because in practical applications anaerobic biomass
should grow in a continuously operated biodesulphur-
isation reactor. In our experiments sulphate reducing
enrichment cultures obtained from oilfields were used.

Materials and methods

Source of micro organisms and screening approach

Aqueous samples were collected from three Russian
oilfields where sulphide formation occurred. The first
inoculum was obtained from the Romashkinskoe oil-
field (Tatarstan republic). The second biomass source
was sampled at seven spots at the Binagady oilfields
(Baky region, Sabunchi). The third inoculum type was
from the Talinskoe oilfield (Western Siberia). After ac-
tivation of the initial samples with 3 mM sulphate, the
sulphate reducing cultures were further cultivated on a
combination of 3 mM sulphate and various thiophenic
compounds in the primary enrichment . In paral-
lel with the primary enrichment four highly enriched
sulphate reducing cultures (designated Ap1 up to
Ap4) were obtained from the Romashkinskoe oilfield
sample using serial dilution. The occurrence of desul-
phurisation was tested by the capability of the biomass

to produce sulphide from organically bound sulphur in
addition to sulphide formed from sulphate reduction.
Only samples where more than 0.3 mM extra sulphide
was formed were judged positive and were transferred
to the secondary enrichment. This corresponds to 10%
conversion of the thiophenic compounds. In the sec-
ondary enrichment the most promising enrichments
were cultivated further in the presence of various com-
binations of thiophene (T), benzothiophene (BT), or
dibenzothiophene (DBT) as the sole electron acceptor,
while no sulphate was present. Furthermore, an at-
tempt was made to obtain pure cultures from biomass
of the secondary enrichments.

Media and cultivation

A bicarbonate-buffered medium was prepared as de-
scribed by Stams et al. (1993). Bacteria were cultured
at 30 ◦C in 120-ml serum vials closed with Viton stop-
pers and aluminium crimp seals. The vials contained
50 ml medium and 2.5 ml organic phase. The desul-
phurisation reactions of complex alkylated derivates
from T, BT and DBT present in fuels are simplified by
investigating the degradation of the parent molecules
as model compounds. Due to the limited aqueous solu-
bility of the thiophenes, these compounds were added
to the cultures in an organic overlay of n-dodecane.
This solvent has physical properties (boiling point
215 ◦C and a viscosity of 1.27 mPas at 30 ◦C) that are
representative of diesel fuel distillates. Different con-
centrations T, BT or DBT were applied ranging from
20 up to 160 mM in n-dodecane. The gas phase con-
sisted of 200 kPa of N2–CO2 (80:20% v/v) when 10
mM lactate or 10 mM ethanol was applied as carbon-
and energy source. In the experiments with H2 as the
main electron donor, a H2–CO2 mixture (200 kPa,
80:20% v/v) supplemented with 0.7 mM acetate as
carbon source was used.

Additional experiments under bicarbonate-limiting
conditions were buffered using 15 mM HEPES (N-[2-
hydroxyethyl]piperazine-N′-[ethane-sulfonic acid]).
A 100% (v/v) 200 kPa H2 atmosphere, 1 mM HCO−

3
and 1 mM acetate were applied as the sole carbon and
energy sources.

The electron donors (lactate or ethanol or acet-
ate) and acceptors (sulphate or thiosulphate or or-
ganic sulphur) were added separately by syringe from
sterile anoxic stock solutions. The inoculum size was
5% (v/v). Uninoculated controls and controls inocu-
lated with autoclaved-killed biomass were included
to ascertain the biological nature of the desulphurisa-
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tion reaction. Strict anaerobic techniques were used
throughout all steps of the culture preparation. For
isolation experiments using biomass from the sec-
ondary enrichments bicarbonate-buffered medium was
solidified using 1.5% (w/v) agar (Bacto difco). Com-
binations of thiosulphate or sulphate with thiophene
mixtures or thiophene mixtures solely were applied as
potential electron acceptors.

Chemicals

All chemicals were of analytical grade and commer-
cially available.

Analytical methods

The concentrations of organic sulphur compounds
were determined using a HP 6890 gas chromatograph
(GC) equipped with a flame ionisation detector (FID)
and a CP-Sil 5 CB (25 m × 0.25 mm × 0.25 µm)
column. The column temperature was programmed
from 80 ◦C (held 2.1 min) with an increasing rate of
25 ◦C/min up to 260 ◦C (hold 3 min). The injector and
FID temperature were 280 and 300 ◦C, respectively.
The flow of the helium carrier gas was 1.0 ml/min.

Identification of desulphurisation products present
in the organic phase was carried out using mass se-
lective detection (MSD). A HP 5890 series II GC was
used, equipped with a HP 5971 Series MS detector.
The n-dodecane sample was diluted with n-hexane and
one microliter of sample was subjected to analyses.
A HP-5MS capillary column (30 m × 0.25 mm) and
a helium carrier gas flow of 0.7 ml/min was applied.
The column temperature was programmed from 40 ◦C
(held 3.5 min) with an increasing rate of 20 ◦C/min to
a final temperature of 250 ◦C. The injector temperature
was 250 ◦C and the detector temperature was 280 ◦C.

Volatile alkanes and alkenes were analysed using
a HP 5890 GC equipped with FID and a Chrompack
Al2O3/KCl PLOT column (50 m × 0.32 mm ×
5.2 µm) at a helium carrier flow of 1.6 ml/min. The
column temperature was 80 ◦C (isotherm), the injector
and detector temperature were 105 ◦C and 250 ◦C,
respectively.

Possible water-soluble metabolites were mon-
itored using high performance liquid chromatography
(HPLC) equipped with a reversed-phase column as
previously described by Van de Pas et al. (2001). The
mobile phase consisted of acetonitril – 0.01 M H3PO4
(20:80 v/v) at a flow rate of 1 ml/min. Substrates were
measured by HPLC as described by Stams et al. (1993)
and for detection of sulphide a modified colorimetric

method as described by Trüper & Schlegel (1964) was
used.

Results

Utilization of organic sulphur compounds in the
presence of sulphate

To enrich for micro-organisms capable of utilizing
thiophenes, anaerobic cultures with lactate, ethanol or
hydrogen as substrates, were cultivated in the presence
of sulphate and different (combinations of) thiophenes
(primary enrichment). The results of the capability to
produce sulphide from thiophenes in the presence of
sulphate are presented in Table 1. Several enrichments
from each site showed a clear extra sulphide forma-
tion, indicating the conversion of thiophenes (Table 1).
When the highly enriched sulphate reducing cultures
(viz. Ap1 up to Ap4) were used as the inoculum, no
additional sulphide formation could be observed. The
biomass with positive results was used as inoculum for
the secondary enrichment.

Secondary enrichments

The main difference between the primary and the sec-
ondary enrichments is the absence of sulphate for the
expression of sulphate reducing enzymes in the sec-
ondary enrichments. Thiophenes are the sole electron
acceptor and sulphide formation must be the result of
thiophene conversion. Enrichments A and B2, which
showed a clear extra sulphide formation, were selec-
ted for further enrichment. Sulphide formation started
after a lag phase of 10 up to 15 days (Figure 1).
The utilization of organic sulphur compounds is ac-
companied by growth and proceeds up to 45 days of
incubation time. The conversion rate was relatively
slow compared to the sulphate reducing control exper-
iments (see Figure 1). Further enrichment of samples
B3, B4 and B5 were less successful (data not shown),
while enrichments C1 and C2 showed no growth at all.

The conversion efficiencies calculated on basis of
thiophene depletion and sulphide formation for the
incubations in Figure 1 are presented in Table 2.
The sulphide formation was compared to the max-
imum theoretical values that could be obtained from
complete conversion. The efficiency on the basis
of thiophene depletion was calculated by compar-
ison with a matching control experiment containing
autoclaved biomass. The efficiencies obtained from



176

Table 1. Sulphide production from thiophenes by primary enrichments and pre-cultures from
different oil fields

Inoculum Code Substrate Thiophene∗ (mM) Sulphide formation∗∗

Binagady oil field A EtOH T 4 (160) −
T 2 (40) + BT 2 (40) ++
DBT 4 (160) ++

Romashkinskoe oil field B1 H2/CO2 T 4 (160) −
T 2 (40) + BT 2 (40) +
DBT 4 (160) +
DBT 2 (80) +

Romashkinskoe oil field B2 Lactate T 4 (160) −
T 2 (40) + BT 2 (40) ++
DBT 4 (160) ++
DBT 2 (80) ++

Romashkinskoe oil field B3 H2/CO2 T 4 (160) −
T 2 (40) + BT 2 (40) ++
DBT 4 (160) +

Romashkinskoe oil field B4 Lactate T 4 (160) −
T 2 (40) + BT 2 (40) ++
DBT 2 (80) +

Romashkinskoe oil field B5 Lactate T 4 (160) −−
T 2 (40) + BT 2 (40) +
DBT 2 (80) +

Romashkinskoe oil field B6 H2/CO2 T 4 (160) +
T 2 (40) + BT 2 (40) ++
DBT 2 (80) +

Romashkinskoe oil field B7 Lactate T 4 (160) +
T 2 (40) + BT 2 (40) +
DBT 4 (160) +

Talinskoe oil field C1 Lactate T 4 (160) +
T 2 (40) + BT 2 (40) ++
DBT 4 (160) +
DBT 2 (80) ++

Talinskoe oil field C2 H2/CO2 T 4 (160) +
T 2 (40) + BT 2 (40) ++
DBT 4 (160) +

Binagady oil field Ap1 Lactate T 4 (160) −−
T 2 (40) + BT 2 (40) −−
DBT 4 (160) −−
DBT 2 (80) −−

Binagady oil field Ap2 EtOH T 4 (160) −−
T 2 (40) + BT 2 (40) +
DBT 4 (160) +

Binagady oil field Ap3 Lactate T 4 (160) −
T 2 (40) + BT 2 (40) −
DBT 4 (160) +
DBT 2 (80) +

Binagady oil field Ap4 H2/CO2 T 4 (160) −
T 2 (40) + BT 2 (40) +
DBT 4 (160) +
DBT 2 (80) +

∗T = thiophene, BT = benzothiophene, DBT = dibenzothiophene. Since bacteria thrive in the aqueous
phase, the thiophene concentration is expressed in the medium phase using the applied oil-water phase
ratio of 1:20. Consequently, e.g. 20 mM organically bound sulphur will give 1 mM sulphur present
in the water phase (abbreviated as 1(20) mM), thus 1 mM of sulphide can be formed upon complete
conversion.
∗∗Sulphide formation: (+) complete 3 mM SO2−

4 reduction, (++) 0.3 mM extra sulphide in addition

of sulphide from SO2−
4 reduction, (−) delayed incomplete SO2−

4 reduction, (−−) no SO2−
4 reduction

observed.
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Figure 1. Profile of sulphide formation versus incubation time for Binagady oilfield enrichment (enrichment A) on ethanol and Romashkinskoe
oilfield enrichment (enrichment B2) on lactate. Key Figure 1A (enrichment A): �, 3 mM SO2−

4 ; �, 2(40) mM BT; �, 2(40) mM DBT; ×,

1(20) mM DBT; ♦, 1(20) mM T. Key Figure 1B (enrichment B2): �, 3 mM SO2−
4 ; �, 2(40) mM BT; �, 2(40) mM DBT; ♦, 1(20) mM T.
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Table 2. Conversion of thiophenes by enrichments A and B2

Enrichment Concentration Conversion based on

A water (organic) Thiophene Sulphide

phase conversion formation

DBT 2 (40) mM 12% 13%

DBT 1 (20) mM 37% 48%

BT 2 (40) mM 55% 59%

T 1 (20) mM – –

Enrichment

B2

DBT 4 (80) mM – –

DBT 2 (40) mM 29% 44%

BT 2 (40) mM 48% 59%

T 1 (20) mM 49% 65%

Figure 2. Total ion chromatogram of the organic layer after incubation with 20 mM DBT, see Figure 1A. DBT has a retention time of 11.00
min and BiPh has a retention time of 8.35 min. The inserted total ion chromatogram is obtained from the matching control vial. GC-MSD
analysis was as described in Materials and Methods.

thiophene depletion and sulphide formation are in rel-
atively good agreement. On the basis of sulphide form-
ation the desulphurisation efficiency was somewhat
overestimated (Table 2).

Conclusive evidence for the sulphur selective an-
aerobic conversion of DBT should be based on DBT

depletion and the demonstration of product formation
during the incubations. Besides sulphide the expec-
ted hydrocarbon product from DBT conversion is
biphenyl. An example of a GC-MSD chromatogram
showing biphenyl formation from DBT is presented
in Figure 2. The matching mass spectra for biphenyl
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Figure 3. Mass spectra of metabolite biphenyl (A, molecular weight of 154) and dibenzothiophene (B, molecular weight of 184) from Figure
2.

and DBT are depicted in Figure 3. The presence of
biphenyl was demonstrated in every incubation where
DBT was converted (Table 2).

Apart from the product identification of DBT des-
ulphurisation considerable effort was put in the iden-
tification of possible BT desulphurisation products.
Mass selective single ion monitoring could not reveal
the presence of ethyl benzene or styrene as the most
likely desulphurisation products. Furthermore, MSD
scans have excluded the presence of C6 up to C8 hy-
drocarbon fragments after desulphurisation. To check
if any water-soluble products were formed, HPLC

measurements were applied. Also in the water phase
no hydroxylated, carboxylated or oxygenated products
were detected. For the incubation where T conver-
sion was observed (Figure 1B) an attempt was made
to identify the desulphurisation product of T by ana-
lysing the gas phase. Assuming that the mechanism
of T conversion is similar to that of DBT conversion
(Kim et al. 1990a), the most likely product would be a
volatile C4 molecule; e.g. butane, butene or butadiene.
However, none of these compounds were detected.
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Figure 4. Profile of sulphide formation versus incubation time for the highly enriched cultures OSR1 and OSR2 cultivated in the presence of
H2CO2. Key: �, OSR1, 3 mM SO2−

4 ; �, OSR2, 3 mM SO2−
4 ; �, OSR1, 2(40) mM T; �, OSR2, 2(40) mM BT and 2(40) mM DBT; +,

Control experiment).

Follow up experiments

It was expected that micro organisms grown in the sec-
ondary enrichment would represent the best inocula
for new batch experiments, leading to enhanced con-
version efficiencies. Unfortunately, this was not the
case. The biological desulphurisation activity was lost
due to growth of homo-acetogenic bacteria present
in the biomass population. These bacteria apparently
have better kinetic growth properties compared to des-
ulphurising bacteria. Therefore, an attempt was made
to isolate the bacteria responsible for desulphurisation.
Various Romashkinskoe enrichment samples were di-
luted in agar roll tubes and incubated with different
combinations of electron acceptors. In these isolation
experiments the focus was on the utilization of H2 as
electron donor.

In the presence of sulphate or thiosulphate, mainly
colonies of homo-acetogenic biomass were obtained.
Only in the case of thiosulphate in combination with
thiophene (T) as potential electron acceptors, suitable
colonies developed after three months of incubation.
Two colonies designated OSR1 and OSR2 were cul-
tivated further. The sulphide formation as a function of
time of OSR1 on thiophene [2(40) mM] and OSR2 on
benzothiophene + dibenzothiophene [2(40) + 2(40)

mM] is depicted in Figure 4. To demonstrate the
sulfate reducing capacity the bacteria were also cul-
tivated in the presence of 3 mM sulphate (see Figure
4). Cultures OSR1 and OSR2 were indeed sulphate
reducing cultures and able to produce sulphide when
thiophenes were present as the sole electron acceptor.
However, the rate of sulphide formation was low (0.4
up to 0.8 mg/L.day). Because of the small scale of the
experiment appropriate analysis of the organic layer
was not practicable. Upon consecutive transfers in
fresh medium acetate formation was observed again,
indicating that homo-acetogens were still present.

To limit the growth of homo-acetogens, a medium
low in bicarbonate (1 mM) was used. Growth of homo-
acetogens was prevented effectively, a pH increase due
to the consumption of protons was absent and no acet-
ate formation occurred (data not shown). However,
this approach did not result in a higher conversion ef-
ficiency of thiophenes. Addition of a sulphate pulse
(2.5 mM) during growth on thiophenes did not res-
ult in a stimulation of the thiophene conversion (data
not shown). This indicates that thiophene conversion
occurs independent from sulphate reduction.
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Discussion

The objective of our research was to obtain a suitable
biomass population that is able to use thiophenes as the
terminal electron acceptor for growth. From the sec-
ondary enrichments several lines of evidence for an-
aerobic conversion of DBT were obtained. Apart from
the depletion of DBT also the products sulphide and
biphenyl were demonstrated conclusively. Recently,
Bahrami et al. (2001) reported a 98% degradation of
DBT using a thermophilic anaerobic consortium. That
study demonstrated that there was no correlation of
DBT conversion with biphenyl and sulphide forma-
tion. Biphenyl or other possible metabolic products
were not detected, indicating that a still unknown
reaction occurred.

Results of this study revealed that measurable
amounts of sulphide were formed from thiophene and
benzothiophene. In addition, thiophene and benzo-
thiophene depletion was observed, but no hydrocar-
bon products could be demonstrated. Anweiler et al.
(2001) reported that a sulphate-reducing enrichment
culture growing with naphthalene as the sole source
of carbon and energy was not able to grow with ben-
zothiophene as the primary substrate. In that study,
selective removal of organically bound sulphur could
not be demonstrated, but carboxybenzothiophenes
were formed cometabolically. In the present study,
significant amounts of sulfide were formed from ben-
zothiophene in the absence of sulphate. No polar
derivatives (like carboxybenzothiophenes) could be
revealed, thus carboxylation of benzothiophene is not
an initial activating process. Rueter et al. (1994) re-
ported that alkylbenzenes from crude oil can serve
as electron donors by sulphate reducing enrichments.
In another previous study (Harms et al. 1999) oxid-
ation of o-xylene and p-xylene by sulphate reducing
bacteria was observed. In our experiments, complete
oxidation to CO2 by bacteria of the secondary enrich-
ments is not likely, since sulphate was not present as
electron acceptor. Consequently, it was expected that
the metabolites should be excreted.

From the results of the secondary enrichment it is
difficult to draw unambiguous conclusions about the
concentration effects of the thiophenes. Results ob-
tained by Londry and Suflita (1998) indicated that the
inhibitory effects of thiophene and benzothiophene on
sulphate reduction at the levels used in this study are
not very pronounced. Their study was conducted with
oily sludge as inoculum and lactate as carbon and en-
ergy source. A concentration effect caused by a change

in the solvent due to the action of bacteria is not likely.
The anaerobic oxidation of n-dodecane has been re-
ported (Kropp et al. 2000; Aeckersberg et al. 1991,
1998), but this reaction cannot occur in the absence of
the electron acceptor sulphate.

In the primary enrichment experiments thiophene
had a large effect on growth, which may be explained
by the water solubility of thiophene. An inhibiting ef-
fect on the growth of biomass could explain the low
activities. The solubility of benzothiophene and diben-
zothiophene in the water phase can be neglected under
the applied experimental conditions and a direct in-
fluence on the biomass is not likely. Highly enriched
sulphate-reducing cultures (Ap1 up to Ap4) obtained
from the Romashkinskoe oilfield were not capable
of desulphurising thiophenes in the primary enrich-
ment. Probably, the bacteria capable of converting
thiophenes were lost during the consecutive transfers.

We did not succeed to obtain pure cultures of
the desulphurising bacteria pre-grown in secondary
enrichment experiments, but two highly enriched cul-
tures were obtained. The main problem was that
homo-acetogens remained present. Omission of bi-
carbonate buffer from the medium using an alternat-
ive HEPES prevented homo-acetogenesis. However,
the desulphurisation efficiency compared to secondary
enrichment cultures was still low.

From the different experiments the relation
between sulphate reduction and the reduction of
organic sulphur remains unclear. The expression of
sulphate reducing enzymes has no direct link with the
conversion of thiophenes and therefore the expression
of another enzyme system is necessary.

Sulphide can have large effects on the performance
of sulphate reducers converting aromatic hydrocar-
bons. Edwards et al. (1992) have demonstrated a
severe inhibition of sulphate reduction at a concentra-
tion of only 1 mM Na2S, when aromatic compounds
(e.g. toluene, xylene) were used as the carbon- and
energy source. This phenomenon indicates that even in
the presence of a favourable electron acceptor the con-
version of aromatic compounds is not an ubiquitous
capacity of sulphate reducing bacteria.

In conclusion, this study shows that thiophenes
can be anaerobically converted. They are however
poor electron acceptors to stimulate growth. The use
of enrichments resulted in a proof of principle, but
the activity could not be enhanced. Isolation exper-
iments yielded highly enriched cultures. Additional
studies are necessary to get a better understanding of
the conversion of thiophenic compounds.
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