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A hybrid membrane gas absorption and bio-oxidation process for the
removal of hydrogen sulﬁde from biogas
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A R T I C L E I N F O
Keywords:
Biogas
Desulfurization selectivity
Membrane bioscrubber
Sulﬁde oxidation
A B S T R A C T
A study was conducted on hydrogen sulﬁde (H2S) removal from biogas using a novel hybrid poly-
dimethylsiloxane (PDMS) membrane bioscrubber. The eﬀect of absorption liquid pH, biogas ﬂowrate and DO
concentration on H2S selectivity, removal eﬃciency and sulﬁde oxidation were investigated. The process per-
formance at pH 7 was better than pH 8.5 in terms of H2S removal capacity and selectivity. Desulfurization
selectivity of H2S/CO2 and H2S/CH4 increased along with the increase of gas ﬂowrate (32 l/d) and reached 3.5
and 63, respectively. The caloriﬁc value of the biogas signiﬁcantly increased due to the raising of CH4 content by
21%. During the long-term operation, air diﬀusion through the membrane into the biogas was not observed.
Almost complete H2S removal (> 97%) and high conversion ratio to So
(> 74%) were achieved when volumetric
loading rate and DO concentration were kept below 148 g H2S/m3
d and 1 mg/l, respectively. Partial oxidation of
sulﬁde to So
(1 mg/l) rather than sulfate (4 mg/l) reduced the caustic consumption by half. Even though So
and
inorganics were detected on membrane surface with SEM-EDS analysis, fouling and wetting problems were not
observed. The novel hybrid process developed in this study is a cost-eﬀective and robust alternative to con-
ventional biogas desulfurization.
1. Introduction
Biogas is a renewable and sustainable energy source which is pro-
duced by anaerobic digestion of organic substances. The nature of or-
ganic substrates and the operational conditions used during anaerobic
digestion processes determine the chemical compositions of the biogas.
The raw biogas contains mainly, 40–75% of CH4 and 15–60% of CO2,
0.1–2%v/v (1000-20,000 ppmv) of H2S and other impurities (Fortuny
et al., 2011; Montebello et al., 2012). The presence of H2S in biogas
needs special attention due to its odor, toxicity and serious corrosion
problems and thus limit plant lifetime (Chen et al., 2017; Panza and
Belgiorno, 2010; Park et al., 2014). Moreover, during the combustion of
biogas it generates sulfur oxides (SOx), which can cause adverse eﬀects
on the atmosphere and human health (Chaiprapat et al., 2011; Park
et al., 2014). The maximum allowable concentration of H2S is from 10
to 500 ppmv and below 5 ppmv when biogas is used to produce heat
and power and as a fuel for vehicles, respectively (Díaz et al., 2011;
Fortuny et al., 2011). Therefore, cleaning of H2S from the biogas is
required prior to use it in any commercial or long-term application.
Numerous physicochemical methods of biogas desulfurization were
described in the literature, such as absorption, adsorption, chemical
oxidation (Table S1, Supplementary materials). However, these pro-
cesses have high operating costs related with energy and chemicals, and
also generate byproduct which needs treatment before discharge
(Abatzoglou and Boivin, 2009; Muñoz et al., 2015; Petersson and
Wellinger, 2009). To overcome these inconsistencies, biological treat-
ments have been proposed as a convenient alternative for treating H2S
from biogas because of its eco-friendliness, energy savings and low-
operating costs (Cline et al., 2003; Syed et al., 2006; Yang et al., 2010).
Although these systems have many advantages, there are also problems
during operation of these technologies, such as biomass accumulation,
clogging, dilution, risk of explosion, diﬃculty in control of the opera-
tional parameters and high capital cost (Table S2, Supplementary ma-
terials). Further studies on the biogas desulfurization is required to
develop novel technologies, capable of making biogas technically sui-
table, economically viable, and ecologically appropriate source of en-
ergy. Nowadays, membrane processes are considered to be an excellent
alternative technology for gas puriﬁcation. This type of process oﬀers
several practical advantages including simplicity and low energy and
operating costs. Porous hollow ﬁber membrane contactors (HFMC)
which oﬀer high mass transfer characteristics attracted the attention of
researchers for biogas puriﬁcation (Gabelman and Hwang, 1999).
https://doi.org/10.1016/j.ibiod.2017.11.015
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	2. However, the performance  of HFMC declines when it is used for long
operational periods, owing to penetration of solvent through the pores
of wetted membranes (Table S1, Supplementary materials). By selecting
non-porous dense polymeric membranes, these problems can be
eliminated.
Accordingly, in this study a PDMS membrane gas puriﬁcation and
bio-oxidation processes were combined. During the process, H2S is ﬁrst
dissolved in an aqueous absorption liquid according to reaction 1, fol-
lowed by two dissociation reactions 2 and 3. In order to maintain a high
H2S diﬀusion rate, mildly alkaline solution is generally used. Then, bio-
oxidation of H2S occurs in the bioreactor according to reactions 4 and 5.
The route of H2S oxidation is dependent on the concentration of
oxygen, i.e., it is oxidized to elemental sulfur (So
) or sulfate under
oxygen limiting and non-limiting conditions, respectively.
↔
H S H S
2  gas 2  aq (1)
+ − ↔ + =
− − +
H S OH HS H (pKa 7.0)
2  aq (2)
+ ↔ + =
− − −
HS OH S H O (pKa 12.9)
2
2 (3)
+ ↔ + = −
− − −
Δ
HS 0.5O S OH ( G 169.35 kJ.mol )
2
o o 1
(4)
+ ↔ + = −
− − + −
Δ
HS 2O SO H ( G 732.58 kJ.mol )
2 4
2 o 1
(5)
It is clear that the concentration of CO2 in biogas is much higher
than H2S, and both have similar acidic behavior. CO2 and H2S can both
be absorbed in an alkaline solution (Miltner et al., 2017; Ryckebosch
et al., 2011). Absorption, hydrolysis and dissociation of CO2 in alkaline
solutions are indicated in reactions 6–9. Hence the removal of CO2
generates additional H+
, which can decrease the pH of the absorption
liquid according to reactions 8 and 9. In order to maintain a high H2S
removal eﬃciency, pH of the absorption liquid needs to be high;
therefore, extra alkali should be supplemented, which increases the
operational costs.
↔
 CO CO
2gas 2aq (6)
+ ↔
CO   H O H CO  
2aq 2 2 3aq (7)
↔ + =
− +
H CO   HCO H (pKa 6.4)
2 3aq 3 (8)
+ ↔ + =
− − −
HCO OH CO H O (pKa 10.3)
3 3
2
2 (9)
The CO2 removal should be minimized to reduce the alkali chemical
consumption, which can be achieved by using non-porous dense PDMS
membranes due to its higher selectivity towards H2S compared to CO2
(Montoya, 2010; Tilahun et al., 2017). The objective of this study was
to evaluate the performance of a novel hybrid membrane bio-scrubber
(MBS) process for selective H2S removal from a simulated biogas. In
addition, the eﬀects of the absorption liquid pH, gas ﬂowrate (loading)
and DO concentration on biogas desulfurization performance were
discussed.
2. Materials and methods
2.1. Experimental set-up and operation
The laboratory scale hybrid membrane bio-scrubber contactor setup
used in this study was shown in Fig. 1. It was consisted of a cylindrical
glass reactor with 120 mm of diameter and 200 mm of depth and a
working volume of 1.5 l. The glass reactor was ﬁlled completely with
tap water to minimize the volatilization of the sulfur compounds. Be-
sides, it was operated by feeding with a simulated biogas (Hat Industrial
Gases PLC, Kocaeli, Turkey) containing 60% (v/v) CH4, 39% (v/v) CO2,
and 1% (v/v) (10,000 ppmv) H2S through the PDMS tubular mem-
brane. The membrane was folded and fully submerged into the ab-
sorption liquid. The ﬂowrate of the biogas was adjusted and controlled
by using mass ﬂow controller at outlet of the gas cylinder and measured
by gas counters (MGC, Ritter) both in the inﬂuent and eﬄuent of the
membrane contactor. The commercial tubular PDMS membrane
(EUROFLEX GmbH, Germany) had an internal diameter of 7.0 mm, wall
thickness of 1.0 mm and length of 3.25 m, corresponding to a total
surface area of 9.2 dm2
. The reactor was inoculated with the sludge
taken from a laboratory scale aerobic membrane bioreactor treating
sulﬁde containing textile wastewater. The inoculum consisted of two
dominating sulﬁde oxidizing bacteria, Thiobacillus spp. and Thioalk-
alivibrio sulﬁdiphilus (Yurtsever et al., 2017). The liquid medium was
composed of (g/l): K2HPO4 2.0, NH4Cl 0.4, MgCl2·6H2O 0.2 and tap
water. Due to low cost and its eﬀectiveness, NaOH was used as alkaline
chemical (Jegatheesan et al., 2015). Conductivity of the absorption li-
quid in the bioreactor increased during the operation due to NaOH
addition and sulfate generation. Hence, around 2/3 of the absorption
liquid was periodically removed from the bioreactor not to disturb the
bacterial activity when conductivity raised over 7 mS/cm. During the
operation, the absorption liquid was aerated to supply oxygen to sulﬁde
oxidizing bacteria as electron acceptor. The reactor content was con-
tinuously stirred with a magnetic stirrer at 550 rpm to achieve complete
mixing and to control the attachment of biomass on the membrane
surface. The pH of the absorption liquid was controlled automatically
by addition of NaOH (1N) with a pH transmitter and a dosing pump
(Seko, PR 40/Q). The temperature was kept at 30 ± 1 °C using an
electric heating pad wrapped around the bioreactor. During the ex-
periments, conductivity, oxidation reduction potential (ORP) and dis-
solved oxygen (DO) were monitored online using a digital multimeter
(Multi 9430, WTW GmbH, Germany). The hybrid membrane bio-
scrubber (MBS) operating parameters were shown in Table 1.
2.2. Analytical methods
The CO2, H2S and CH4 compositions in the inlet and outlet of the
membrane contactor were measured using a gas chromatograph
(Shimadzu GC-2014, Japan) equipped with thermal conductivity de-
tector (TCD) (Reddy et al., 2016). Sulﬁde concentrations in the ab-
sorption liquid were determined spectrometrically (DR/2800, HACH,
USA) following the methylene blue method described by Standard
Methods (APHA/AWWA/WEF, 2012). In the MBS liquor samples, fol-
lowing 0.45 μm ﬁltration, sulfate, thiosulfate and sulﬁte concentrations
were analyzed daily using an ion chromatography. Biomass con-
centration in the bioreactor was estimated by measuring Total Kjeldahl
(TKN) according to standard methods (APHA/AWWA/WEF, 2012).
Before analyzing TKN, the liquid sample was centrifuged and the bio-
mass was washed 3 times with deionized water to remove dissolved
nitrogen compounds. The presence and crystal structure of elemental
sulfur (So
) and other byproducts from the suspended bioﬁlms of the
MBS reactor was examined using X-Ray diﬀraction (XRD). The mor-
phology of clean and used membrane surface at the end of the experi-
ment period was examined using an optical microscope and scanning
electron microscopy (SEM) images. In addition, SEM coupled with
Energy Dispersive X-ray Spectroscopy (EDS) analyses were conducted
to determine the inorganic content of the bioﬁlm attached on the ex-
ternal surface area of the membrane.
2.3. Calculations
In this study, the CO2 or H2S gas phase removal eﬃciencies (R) and
CH4 loss were calculated according to Eq. (10).
=
−
R (%)
(Q in*C in) (Q out*C out)
(Q in*C in)
*100
g g g g
g g (10)
where, R-gas phase removal eﬃciencies, Qg
in
– inlet biogas ﬂowrate
(m3
/d), Qg
out
– outlet biogas ﬂowrate (m3
/d), Cg
in
- inlet gas con-
centrations (mg/l), Cg
out
- outlet gas concentrations (mg/l). In gas
puriﬁcation processes the performance of the system can be indicated
also by computing the selectivity factor. Selectivity of the gas-liquid-
E. Tilahun et al. International Biodeterioration & Biodegradation 127 (2018) 69–76
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	3. membrane contacting system  for H2S may be deﬁned as the ratio of H2S
over CO2 concentrations in the liquid phase to that in the gas phase (Eq.
(11)). Likewise, the selectivity of H2S over CH4 was calculated ac-
cording to Eq. (12).
=
α(H S/CO )
(xH S/xCO )
(yH S/yCO )
2 2
2 2
2 2 (11)
=
α(H S/CH )
(xH S/xCH )
(yH S/yCH )
2 4
2 4
2 4 (12)
where, α is dimensionless which represents the selectivity factor, x -
denotes the mole fraction of the biogas components absorbed in the
liquid phase and y - denotes the mole fraction of the biogas components
in the feed gas. Surface removal rate or absorption ﬂux (J) of the
membrane contactor is another performance indicator, which can be
estimated as Eq. (13).
=
−
J
(Q in*C in) (Q out*C out)
A
g g g g
(13)
where, J is the ﬂux of the gas components (g/m2
.d) and A is the
membrane surface area (m2
). The total H2S removal eﬃciency (TSR) of
the system was calculated according to Eq. (14).
=
− −
TSR (%)
(Q in*C in(H S)) (Q out*C out(H S)) (Q out*C out(H S))
(Q in*C in(H S))
*
100
g g 2 g g 2 L L 2
g g 2
(14)
where: QL
out
– outlet liquid ﬂowrate (m3
/d), CL
out
- outlet liquid con-
centrations (mg/l). The process capacity for H2S removal was also
calculated as volumetric removal rate (VSRR) according to Eq. (15).
=
− −
VSRR (g/m . d)
(Q in*C in(H S)) (Q out*C out(H S)) (Q out*C out(H S))
V
3
g g 2 g g 2 L L 2
(15)
where: V is the active volume of the reactor (m3
). The quantity of
elemental sulfur (So
) produced can be estimated theoretically by sub-
tracting the aqueous sulfur species that exist in the absorption liquid.
Since the concentrations of thiosulfate and sulﬁte were below the de-
tection limit throughout the study, the mass balance calculation was
performed according to Eq. (16).
− = −
+ − + − + −
− −
Q in*C in(S H S) Q out*C out(S H S)
 Q out*C out [(S HS ) (S SO ) (S S )]
g g 2 g g 2
L L 4
2 o
(16)
where: (S-So
) is the concentration of So
produced (g So
/1), (S-H2S) is the
concentration of H2S in the gas phase (g S-H2S/l), (S–SO4
−2
) is the
concentration of SO4
−2
generation (g S–SO4
−2
/1) and (S–HS−
) is the
concentration of non-oxidized sulﬁde ion in the liquid (g S–HS−
/1).
3. Results and discussion
3.1. Desulfurization performance of MBS process
The inﬂuence of diﬀerent operational parameters on the perfor-
mance of the system was investigated with long-term experiments. The
desulfurization of biogas in the hybrid MBS occurred in two steps.
Firstly, the H2S diﬀused across the membrane and dissolved in the
mildly alkaline absorption liquid. Secondly the dissolved sulﬁde was
oxidized by the sulﬁde oxidizing bacteria (SOB) on the membrane
Fig. 1. Schematic diagram of experimental setup: (1) synthetic biogas cylinder, (2) milligas counter, (3) air pump, (4) magnetic stirrer, (5) pH transmitter and temperature sensor, (6)
NaOH dosage pump, (7) NaOH solution, (8) tubular PDMS membrane, (9) eﬄuent biogas bag, (10) heating blanket, (11) Multi probes meter.
Table 1
The MBS operational parameters.
Parameters Unit Period I Period II
Operation duration d 105 75
Biogas ﬂowrate l/d 8–32 14
DO concentration mg/l 4 1–4
ORP mV 80–100 100 to −300
Conductivity mS/cm 2–7 2–7
pH of absorption liquid 7–8.5 7
Inlet surface H2S loading g/m2
.d 1.29–5.1 2.3
Inlet volumetric H2S loading g/m3
.d 79–316 140
Temperature of absorption liquid o
C 30 30
Operating absolute pressure pa ≈105
≈105
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	4. surface or in  the suspension. The DO concentration kept constant (about
4 mg/l) in the ﬁrst operational period (Table 1). As a general trend the
gas phase H2S removal eﬃciency (R) was enhanced when the gas
ﬂowrate decreased due to longer contact time between the gas and
membrane (Table 2). Besides, altering the pH of the absorption liquid
aﬀect H2S removal eﬃciency. Particularly at pH 7 with a gas ﬂowrate of
8 l/d, a gas phase H2S removal eﬃciency (R) reached above
99.5 ± 0.3%. This eﬃciency was higher compared to the results we
achieved formerly at pH 7 (94%) using an abiotic membrane scrubber
(AMS) (Tilahun et al., 2017). Moreover, when the gas ﬂowrate was
raised four fold (32 l/d), the biotic MBS removed H2S more eﬀectively
than AMS by about 44%. In the former study, the maximum gas phase
H2S removal, at pH 7 with gas ﬂowrate of 32 l/d, was only 36%. It is
understood that in the abiotic process the diﬀused H2S accumulated in
the liquid phase, but not oxidized, therefore the liquid becomes satu-
rated. However, in the biotic MBS the diﬀused H2S immediately oxi-
dized by SOB and kept greater H2S driving force between the gas and
liquid (bioﬁlm) phase. Marzouk et al. (2010) studied on removal of H2S
using hollow ﬁber membrane contactor and they reported a drop in
removal eﬃciency from 100 to 74%, when the gas ﬂowrate increased
from 0.576 to 1.44 m3
/d. As shown in Table 2, at about 15 l/d of gas
ﬂowrate, the eﬄuent biogas contained less than 300 ppmv of H2S gas.
The achievement of such relatively low concentration of H2S in the
outlet stream proves the adequacy and applicability of the hybrid MBS
process. In this way, a biogas desulfurized with the hybrid MBS can be
directly used in a co-generation unit without any hesitation (Díaz et al.,
2011; Ramos and Fdz-Polanco, 2014). On the other hand, increasing the
gas ﬂowrate by four times resulted in an increase in H2S and CO2 ﬂux
from 1.29 ± 0.01 to 3.99 ± 0.012 g/m2
.d and from 43 ± 1 to
58 ± 1 g/m2
.d, respectively (Table 2). This result revealed that high
H2S removal capacity was achieved while CO2 removal was kept low,
because H2S could easily diﬀused through the membrane and became
available for SOB. With AMS we formerly (Tilahun et al., 2017) ob-
served a maximum H2S and CO2 ﬂux capacity of 1.9 g/m2
.d and 58 g/
m2
.d. Hence, in the present study H2S ﬂux was signiﬁcantly higher than
that obtained in our earlier report. In summary, the preliminary results
indicated that the biotic MBS was more eﬀective than abiotic mem-
brane scrubber (AMS) for desulfurization of biogas and has a great
potential for real scale applications.
In conventional biodesulfurization processes, especially the ni-
trogen in air which introduced into the reactor dilutes the biogas
(Jenicek et al., 2010, 2008; Krayzelova et al., 2015). However, in this
study, the biogas stream was separated from aerated liquid by a
membrane. As a result, dilution problem was not observed here, instead
the CH4 content in the outlet stream increased from 60% to 81 ± 1%
and from 60 to 67 ± 0.5%, when the gas ﬂowrate was 8 and 32 l/d,
respectively. The CH4 content of the biogas increased mainly due to the
reduction in CO2 concentration, because CO2 has signiﬁcantly higher
permeability across the membrane and higher solubility in water
compared to CH4. The loss of CH4 in this particular study was minimal
(less than 3.4%) due to its lower transfer ability across the PDMS
membrane (Table 2). In general, the results obtained here was able to
conserve the energy content of the biogas. Charnnok et al. (2013) stu-
died on biogas desulfurization using a bioﬁlter process, and they stated
an increase in the CH4 content of the biogas from 80 to 83%. In con-
trast, Chaiprapat et al. (2011) reported a decrease of about 20% in total
CH4 content, due to the dilution of biogas with air that was fed to the
bioﬁlter to maintain the aerobic conditions. Thereby, the process used
here could achieve a high biogas desulfurization performance with a
considerable CH4 enrichment at the outlet stream of the membrane
contactor without any dilution problem.
According to the result shown in Table 2, the higher the gas ﬂow-
rate, the higher the selectivity of H2S/CO2 and H2S/CH4. This phe-
nomenon could be explained by the diﬀerences of H2S permeability and
solubility in the membrane and mildly alkali absorption liquid, re-
spectively (Baker, 2004; Kennedy et al., 2015; Tilahun et al., 2017).
Former studies revealed that the dominant mass transfer resistance for
H2S absorption is on the gas side, while CO2 is on the liquid-side, which
means that the dissociation of H2S in the alkali absorption liquid (re-
action 2) is much faster than that of CO2 (reaction 8). In addition, the
biological oxidation of sulﬁde increases the driving force and allows
gaseous H2S to dissolve more in the aqueous phase. Thus desulfuriza-
tion selectivity could be retained at high level compared to CO2 and
CH4. In this study the highest H2S/CO2 and H2S/CH4 selectivity values
were 3.5 and 63 at the highest gas ﬂowrate (32 l/d) and pH 7, which
was 2 times higher than those reported in our previous study where the
H2S was chemically absorbed by an alkaline solution after being dif-
fused through the PDMS membrane (Tilahun et al., 2017). Similar
conclusions were also drawn by the others indicating that rising the gas
ﬂowrate improved the selective removal of H2S gas (Bontozoglou and
Karabelas, 1993; Lu et al., 2006). On the other hand, the selectivity was
inversely proportional to gas phase H2S removal eﬃciency. Therefore,
the gas ﬂowrate and pH should be optimized to achieve a selective
biogas desulfurization and to maintain a high gas phase H2S removal
eﬃciency with minimal caustic consumption.
3.2. The eﬀects of pH and volumetric H2S loading on sulﬁde oxidation
In this study, the ﬁrst 23 days of operation were considered as
adaptation period of the SOB. The rest of the period 1 was divided into
three stages, i.e. stages I (pH 7), II (pH 7.75), III (pH 8.5), to evaluate
the impact of operational pH on the total system performance (Fig. 2).
During each of these stages the reactor was subjected to a range of
loading conditions, A (79 g H2S/m3
.d), B (148 g H2S/m3
.d), C (227 g
H2S/m3
.d), D (316 g H2S/m3
.d). The vertical dotted lines in Fig. 2 in-
dicate the days at which the H2S loading rate increased. At this period
Table 2
The eﬀects of diﬀerent operational parameters on the performance eﬃciency of the membrane (DO concentration in the absorption liquid was 4 mg/l).
pH Gas ﬂowrate
(l/d)
Gas phase removal (R) (%) Selectivity Gas ﬂux (g/m2
.d)
H2S CO2 CH4 H2S/CH4 H2S/CO2 H2S CO2 CH4
7.0 8 99.5 67.2 2.80 36.0 1.48 1.29 43.6 1.00
15 96.8 44.4 2.00 47.6 2.18 2.28 52.4 1.34
23 84.6 33.2 1.53 55.3 2.55 3.02 59.4 1.53
32 80.4 23.4 1.30 62.9 3.44 4.00 58.1 1.77
7.75 8 99.2 62.8 3.10 32.1 1.58 1.27 40.3 1.11
15 96.2 42.6 2.40 40.5 2.26 2.24 49.8 1.55
23 83.3 33.7 1.80 47.2 2.47 3.03 61.3 1.79
32 79.0 25.4 1.60 50.4 3.11 3.85 61.9 2.13
8.5 8 99.8 65.9 3.38 29.5 1.51 1.30 42.9 1.23
15 96.1 40.9 2.67 36.0 2.35 2.25 47.9 1.74
23 82.5 35.9 2.13 38.8 2.29 2.97 64.9 2.14
32 79.9 27.6 1.69 47.4 2.89 3.92 67.8 2.31
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	5. the DO concentration  inside the reactor was maintained at about 4 mg/l
by controlling the airﬂow rate.
At all tested pH values, total H2S removal (TSR) eﬃciency of
97.9 ± 0.7% was observed at volumetric loading rate (VLR) of 79 g
H2S/m3
.d (8 l/d), while the TSR decreased to 78.2 ± 1.2% when the
volumetric loading rate increased to 316 g H2S/m3
.d (32 l/d). The TSR
reduction at higher volumetric loading presumably due to the limita-
tion of the membrane mass transfer capacity. Moreover, the maximum
volumetric H2S removal rate (VSRR) of the system reached up to 251 g
H2S/m3
.d, at the highest VLR (316 g H2S/m3
.d) (Table 3). Other lit-
erature (Kumar et al., 2010) used PDMS/polyacrylonitrile (PAN) com-
posite membrane bioﬁlm reactor for the reduction of dimethyl sulﬁde
from waste air, and they observed removal rate of 258 g/m3
.h. De Bo
et al. (2003) also studied on removal of dimethyl sulﬁde using PDMS/
Polyvinylidene Fluoride (PVDF) composite membrane bioreactor, and
they achieved a maximum of 120 g/m3
.h dimethyl sulﬁde removal rate.
It is clear that, a composite membrane bioreactor combines the best
characteristics of both porous (high mass transfer rate) and dense
nonporous materials (prevent wetting and biofouling problem). The
removal rate reported here was similar to those found in bioﬁlters or
biotrickling ﬁlters (Bak et al., 2017; Ma et al., 2006; Ramírez et al.,
2009; Sublette et al., 1994).
Fig. 2 illustrated, under low volumetric H2S loading rate (79 g/
m3
.d) sulfate generation capacity was 233 ± 8 g SO4/m3
.d and it
accounts 75% of the theoretical sulfate generation. The theoretical
sulfate concentrations were calculated based on the assumption of
complete sulﬁde oxidation to sulfate. It was also displayed in the route
of H2S oxidation that at limited sulﬁde loading the biological sulﬁde
oxidation is in favor of reaction 5. When the VLR elevated to 316 g H2S/
m3
.d, the sulfate generation gradually increased up to 524 ± 49 g
SO4/m3
.d, (only 54% of the theoretical sulfate generation) (Fig. 2). The
reduction in the theoretical sulfate generation eﬃciency was related to
the incomplete oxidation of sulﬁde due to the decreased oxygen con-
centration in the bioﬁlm or ﬂocs at high loadings and the precipitation
of sulfate ions particularly at higher pH, which was also veriﬁed by XRD
analyses. As seen in Fig. 2, at higher pH value, the alkaline consumption
was greater. In addition to this, when the pH raised to 8.5, the corre-
sponding non-oxidized sulﬁde concentration in the liquid increased up
to 11 mg/l. This happened due to decreased biomass activity at higher
pH values. Ramírez et al. (2009) studied on the elimination of hydrogen
sulﬁde using a biotrickling ﬁlter containing Thiobacillus thioparus spe-
cies, and they described that the biological removal eﬃciency de-
creased from 88 to 72% when the pH of the liquid increased from 7.5 to
8.5. Speciﬁc to the desulfurization system of this work, optimal treat-
ment performance was obtained at a loading rate of approximately
148 g H2S/m3
.d and absorption liquid pH of 7 with TSR of above 97%.
3.3. Fate of sulﬁde oxidation at diﬀerent DO concentrations
In period 2, the DO concentration decreased stepwise to investigate
its eﬀects on elemental sulﬁde (So
) formation, sulﬁde removal eﬃ-
ciency and caustic consumption. Three stages were established, stage I2
(DO 4 ± 0.5 mg/l), II2 (DO 2 ± 0.3 mg/l) and III2 (DO
0.9 ± 0.15 mg/l) (Fig. 3). Throughout the 75 days of operation, VLR,
gas ﬂowrate and reactor pH were maintained at 140 g H2S/m3
.d, 14 l/
d, 7, respectively. From day 112 to day 126, due to failure of the
temperature control unit the system run at room temperature. Ac-
cordingly, the lower temperature (12–18 °C) adversely aﬀected the
activity of SOB. Starting from day 127, the liquid temperature again
increased to 30 ± 1 °C and the ionic sulfur species in the liquid were
monitored to evaluate the fate of sulfur in the MBS system.
In summary, the results revealed that So
formation was signiﬁcantly
aﬀected by DO concentrations. Even though the biologically produced
So
was not directly measured, the analyses of the solid deposits by SEM-
EDS conﬁrmed that the deposit was mainly composed of So
and other
inorganic components, such as C, N, O, P, Na, K, Si, Ca and Mg attached
on the external surface of the membrane (Fig. 4). Moreover, the results
of XRD analysis showed the presence of So
and other compounds which
were suspended in the liquid side of the membrane. Although So
and
other inorganics were detected on the membrane surface and sus-
pended in the liquid but not any fouling, clogging and wetting problems
were observed in the long run experiments. This happened possibly
because of two reasons; (i) the hydrophobic nature of the membrane
resists the excess attachment of inorganics, (ii) in nonporous membrane
there is no liquid ﬂow through the membrane. However, in previous
studies due to the blockage and conventional liquid ﬂow through the
membrane pores wetting and fouling were the main drawbacks
(Atchariyawut et al., 2007; Attaway et al., 2002; Wang et al., 2014).
The major sulfur species detected in the absorption liquid were
sulfate and So
, and it accounts more than 97% of the diﬀused H2S, while
less than 3% of the diﬀused H2S was found to be in dissolved form. Our
result was in agreement with the earlier study (Buisman et al., 1989).
They observed comparable outcomes as a result of the oxidation of
dissolved sulﬁde in a continuously stirred tank bioreactor. On other
hand, the production of sulfate and So
were varied signiﬁcantly de-
pending on the DO concentration in the membrane bio reactor (Fig. 3a
and b). The absorption liquid was replaced (2/3 of the active volume) at
days 134, 143, 151, 158 and 171 in order to remove the accumulated
salts of sulfate and alkalinity, which could negatively aﬀect the activity
of SOB. As seen in Fig. 3b, the So
production increased signiﬁcantly
(100 mg/d) when the DO concentration decreased to approximately
1 mg/l. Reaction 4 also conﬁrms, the greater the oxygen limitation the
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Fig. 2. Sulfate production and NaOH consumption at diﬀerent absorption liquid pH and
volumetric sulﬁde loading.
Table 3
The eﬀects of absorption liquid pH and volumetric loading rate on sulﬁde oxidation.
pH Gas ﬂowrate
(l/d)
Total H2S
removal
eﬃciency
Volumetric H2S
removal rate
Non-oxidized HS−
in liquid eﬄuent
(mg/l)
TSR (%) VSRR (g/m3
.d)
7.0 8 98.62 77.91 0.7
15 95.78 141.8 1.6
23 83.37 189.3 2.9
32 79.54 251.4 4.8
7.75 8 97.95 77.38 1.0
15 94.92 140.5 2.0
23 81.44 184.9 3.7
32 77.67 245.4 6.2
8.5 8 97.20 76.79 2.1
15 92.84 137.4 4.9
23 78.97 179.3 8.1
32 77.28 244.2 11
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	6. more the So
and  less sulfate formation, because So
formation requires
only one-fourth of oxygen needed for the conversion to sulfate. In ad-
dition, a white to yellowish color was observed in the reactor indicating
the accumulation of biologically produced So
particles. This ﬁnding was
in consistent with the observation of other studies (Bayrakdar et al.,
2016; Cardoso et al., 2006). The So
formation was also conﬁrmed with
the measured ORP values which ﬂuctuated in range of −50 to
−300 mV. Low ORP values are usually reported when So
was the main
end product of sulﬁde oxidation (Khanal and Huang, 2003; Kobayashi
et al., 2012).
As illustrated in Fig. 3b, at DO concentration of about 4 mg/l, the
average caustic consumption was around 0.248 ± 0.012 g/d. De-
creasing the DO concentration to 1 mg/l induced a saving of 0.1 g/d of
NaOH, due to alkalinity generation during the oxidation of HS−
to So
according to reaction 4. Former studies also investigated the advantage
of operating the process with limited oxygen and decreased the ORP
value to minimize the caustic consumption (Janssen et al., 1995;
Kleinjan et al., 2006). A better control of DO concentration should be
applied in order to have steady and cost eﬀective operation. Operating
the MBS at very low DO concentrations may lead to additional mem-
brane resistance due to the attachment of excess biomass on the
membrane surface as a result of limited oxygen. Whereas, supplying
excess DO may lead to sulfate accumulation in the liquid which can
negatively aﬀect the activity of SOB and requires high alkaline con-
sumption for neutralizing the absorption liquid (reaction 5).
4. Conclusions
In this study, almost all of the H2S and half of the CO2 were suc-
cessfully removed and accordingly the caloriﬁc value of the biogas in-
creased by about 25%. Partial oxidation of the membrane separated
H2S to So
rather than sulfate decreased the operational cost by reducing
the caustic consumption and aeration requirement. During the long-
term operation fouling, wetting and dilution problems were not
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Fig. 3. The eﬀect of DO concentration on (a)
sulfate production, (b) So
production and NaOH
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	7. observed. The hybrid  membrane bio-scrubbing process developed in
this study is an easy-to-operate and cost-eﬀective alternative than
conventional desulfurization technologies and has a great potential for
real scale applications.
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