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Abstract The aim of this work was to provide a concrete
study to understand the effects of operation on biofilm
morphology and microstructure and degradation efficiency
for the disposal of sulfur dioxide produced by coal-fired
power plants. For this purpose, a flat-panel reactor—
membrane bioreactor (MBR) with a composite membrane
consisting of a dense layer and a support layer was
designed; the membrane bioreactors inoculated with
Thiobacillus ferrooxidans were further conducted for the
removal of sulfur dioxide. Dry weight, active biomass,
pressure drop, removal efficiency, morphology and
structure of the formed biofilms were investigated and
analyzed over period of biofilm formation. The results
found that the dry weight, biomass, pressure drops and
removal efficiency increased rapidly during biofilm
formation, remained relatively stable in the stabilization
period of biofilm growth, and finally reached 0.085 g, 7.00
pg, 180 Pa, and 78%, respectively. Our results suggested
the MBR is available for flue-gas desulfurization.

Keywords membrane bioreactor, biofilm, flue gas desul-
furization, biodegradation, sulfur dioxide

1 Introduction

As the biggest energy consumers in the world at present,
types of energy used in China has always been of great
concern to the world (Yang and Chen, 2011, 2012). Coal
has always dominated China’s electronic generation, even
in the near future. The production and utilization of coal in
China have previously been shown to have a lot of
negative effect on environment (Chen and Chen, 20064, b).
The process of the coal production is described as “a fire, a
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stream of fumes and a pile of ashes” (Chen et al., 2007).
Emission of sulfur dioxide (SO,) has been considered as
important environment pollution accompanied by coal-
fired power plants (Bhadra et al., 1987; Chen and Chen,
2009). SO, is not only one pollutant to the natural
environment, but also a serious threat to the human health
(Chen et al., 2006a, b; Chen and Chen, 2007; Chen and
Chen, 2012b; Chen et al., 2012d). By the end of 2003, the
total installation capacity of electronic power in China had
reached to 2.9 billion kW and annual amount of SO,
emission reached to about 1 million tons (Sun and Zhong,
2005; Chen et al., 2010; Dai et al., 2012), a value that is
increasing and expected to further develop (Chen and
Chen, 2012a). The direct discharge of pollutants (i.e., SO,)
will cause serious environmental pollution (Chen et al.,
2009, 2011; Richard et al., 2011; Chen et al., 2012c).
Therefore, effective method to remove or absorb SO, has
always been the key question for environmental protection.

Numerous traditional techniques including magnesia
flue gas desulfurization (FGD), dual alkalis, sodium citrate,
phosphate ammoniate fertilizer, electron irradiation,
charged dry sorbent injection, limestone injection into
the furnace, limestone injection into circulating fluid bed
(CFB) and bio-desulfurization have been used to treat
sulfur in waste gas streams (Ali et al., 1992; Wigckowska
1995; Kusnierova et al., 2010; Pysh'yev et al., 2012).
These techniques generally have their disadvantages, such
as high cost, secondary pollution and complex control
procedures (Liu et al., 2008; Liu et al., 2009; Qu et al.,
2009a, b).

In contrast, biological treatment could totally change the
components of waste material rather than physically state
change, and they have the potential of low-cost imple-
mentation (Eligwe, 1988; Chen et al., 2004; Zhao et al.,
2009a,b; Yu et al., 2012). A membrane bioreactor (MBR)
system for the treatment of waste air can isolate liquid from
gas during the process of treatment (Chen et al., 2012a, b).
Pollutants diffuse through the membrane and are subse-
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quently degraded by microorganisms in the biofilm (Bos et
al., 1988). Because of the separation of liquid and air,
waste air containing hydrophobic compounds can be
treated effectively (Zhan et al., 2012). Nutrients are present
in the liquid phase, and the differences in the concentration
between the gas phase and liquid phase provides the
driving force for diffusive transport across the membrane
(Zhang et al., 2008; Zhang et al., 2012). Since the liquid
phase is continuously recirculated, the pH can easily be
corrected and toxic degradation products can be removed
(Su et al., 2012). In a composite membrane bioreactor, the
biofilm forms on the dense side of the membrane.

An advantage of the membrane bioreactor over the
biofilter is the presence of a discrete water phase allowing
optimal humidification of the biomass and removal of
degradation products (Evrim et al., 1998; Chen et al.,
2008), these could avoid the inactivation of the biomass
(Iranpour et al., 2005; Wang et al., 2009a; Zhao et al.,
2009b; Yang et al., 2010; Xu et al., 2011). Moreover,
membrane reactors do not contain moving parts and are
easy to scale up (Zhou et al., 2009; Yang et al., 2010;
Zhang et al., 2011), and the flows of gas and liquid can be
varied independently, without problems of flooding,
loading, or foaming, which were always detected in
bubble columns (Pereira et al., 2002; Jiang et al., 2007,
2008, 2009).

Although the treatment of waste gas through MBR has
rapidly developed in the field of environmental protection,
further work regarding the characteristics of the bioreactor
are urgently needed (Zhang et al., 2009; Zhao et al., 2009a,
b; Lu et al., 2012). Experimental investigations show that
the operations have a great impact on biofilm formation in
the MBR with respects to the treatment of waste gas from
coal-fired power plants, which affects the stable operation
and removal efficiency (Howell, 2004; Ji et al., 2009; Lu et
al., 2012; Su et al., 2012).

In this work, a flat-panel MBR with a composite
membrane consisting of two layers (i.e., a dense layer and a
support layer) was designed and fabricated for sulfur
removal. During biofilm formation, the dry weight, active
biomass, pressure drop and removal efficiency were
investigated, and then morphology and structure of the
formed biofilms were further analyzed to elucidate the
effects of operation on biofilm formation and degradation
performance.

2 Materials and methods
2.1 Materials and microorganism cultivation

A carbon-cloth composite membrane (effective membrane
area 40 cm?) with hydrophobic treatment was used.
Polytetrafluoroethyl (PTFE) was used as the hydrophobic
dense top layer and carbon cloth as the support layer
(Zhang et al., 2009; Yang et al, 2011b, 2012). The

membrane was incorporated into a Perspex reactor module
(Huang et al., 2012). Indigenous Thiobacillus ferrooxidans
bacteria circulated in the bioreactor for sulfur degradation
was isolated from local sulfur ore (Olsson et al., 1989;
Feng et al., 2011). The bacteria was grown in a synthetic
medium consisting of 33.4 g/LL FeSOy, 6 g/l (NH4),SO4,
0.2 g/L KCI, 1.0 g/L MgSQ,, and 0.02 g/LL Ca(NO3), (Bai
et al., 2011; Song et al., 2012). For the pre-culture, the
sulfur source was sulfur powder. The cells were aerobically
cultivated at 30°C on a HY vertical multi-purpose vibrator
(Zeng et al., 2012). The initial pH of the medium prior to
the incubation was adjusted to 3.0 (Wang et al., 2005; Liu
et al., 2009; Hubacek et al., 2012). Enriched bacteria were
initially used as the inoculum for start up of the bioreactor.
For all the experiments described herein, the MBR was
rinsed with deionized water and the mineral medium and
heat-resistant reactors were decontaminated with ultravio-
let sterilization prior to the experiments (Huang et al.,
2007; Ju and Chen, 2011; He et al., 2013). This ensured
that the microorganism cultivated was still the dominant
organism in the system.

2.2 Laboratory-scale membrane biofilm reactor set-up and
operating conditions

The scheme of the experimental system is shown in Fig. 1.
The MBR consisted of two parts in a Perspex reactor
module. Each part had only one channel (liquid side: 20 cm
heightx20 mm lengthx5 mm depth, gas side: 20 cm
heightx20 mm lengthx2 mm depth). The membrane
was clamped between the two identical Perspex reactor
halves. Sulfur dioxide was continuously dosed to the inlet
air stream using a gas cylinder. Sulfur dioxide was then
transported to a mixing chamber at the same time, another
inlet air stream controlled by a mass flow controller was
also transported to the chamber. This system was designed
to regulate the concentration. A mass flow controller
connected to a regulator was used to provide metered flow
of synthetic waste air to the reactor. The resulting synthetic
waste gas was introduced to the reactor. Throughout the
experiments, the sulfur dioxide inlet concentration was
generally maintained at 1 g/m*. The effective membrane
area was 40 cm?, and the volume of each compartment was
20 mL (liquid side) and 8 mL (gas side). The membrane
biofilm reactor was placed in an isothermal chamber and
kept at (3040.1) °C. An aqueous mineral medium with
inoculum liquid phase (in 33.4g/L FeSO,, 6g/L
(NH4),S04, 0.2 g/ KCI, 1.0 g/L MgSO,, and 0.02 g/L
Ca(NO3),) was continuously recirculated along the dense
side at a flow rate of 20 mL/min by a peristaltic pump.
Between the pump and module, a pulse dampener was
placed. The mineral medium was magnetically stirred at
500 rpm. All chemicals for the mineral medium were of
high-purity grade (>99.9% pure). Through the other
compartment, contaminated air passed along the porous
membrane side in countercurrent with the liquid stream. A
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Fig. 1 Schematic diagram of the experimental setup. 1. Menbrane bioreactor; 2. Module; 3. Pulse dampener; 4. Peristaltic pump;
5. Globe valves; 6. Gas cylinder; 7. Flow meter; 8. Isothermal chamber; 9. Gas collecting bottle; 10. Cylinder.

gas flow rate of 40 mL/min was selected, corresponding to
gas residence time of 12 s.

The membrane bioreactor was inoculated by circulating
a batch culture along the dense side of the membrane. The
reactor was inoculated with indigenous 7. ferrooxidans
bacteria. Substrate was only added on the gas side of the
membrane, resulting in the microorganisms attaching to
the PTFE layer. The biofilm structure was the main
research object. Meanwhile, the sulfur degradation rate,
dry weight, active biomass, and pressure drop with biofilm
formation were measured to analyze the start up of biofilm
formation.

2.3 Bioreactor performance

The reactor was seeded with indigenous 7. ferrooxidans
bacteria, which had been grown in a mineral medium with
sulfur as the sole energy source. The loading rate,
elimination capacity and removal efficiency of sulfur
dioxide during the operation period are shown in Fig. 1.
Air flow rates and sulfur dioxide feeding controlled by the
mass flow regulator determined the gas residence time and
sulfur dioxide loading rate in the membrane bioreactor.
The performance of the membrane bioreactor was
evaluated according to removal efficiency and elimination
capacity. These parameters are defined as
Removal Efficiency:

Cin B Cout

RE = x 100. (1)

out

Elimination Capacity:

Ci B Cout

EC =
Ox—

()

2.4 Analysis methods

The toluene content in the MBR system was determined
with a gas chromatograph (SC-2000, Chongqing, China)
equipped with a thermal conductivity detector (TCD) and a
3-m stainless-steel column packed with porous styrene
particles. Nitrogen and hydrogen with flow rate of
30 mL/min were used as the carrier gas, and the
temperatures of the gas chromatograph oven and TCD
were maintained at 80°C and 200°C, respectively. The
electric current for the TCD was 80 mA. The medium was
weighed with an analytical balance (Sartorius BP114,
Germany), and the pH measured with an Ecoscan-pH6 m
(Singapore). The liquid pressure loss was measured with a
Validyne Dp15-22 pressure sensor.

The morphology and microstructure of biofilms that
formed under different toluene concentration conditions
were analyzed by scanning electron microscopy (SEM)
(using a HITACHIS-3400N instrument). The samples were
pretreated as follows. A sample of biofilm was extracted
from part of the membrane covered with biofilm and fixed
on the solid matrix using phosphate buffered saline with
2.5% glutaraldehyde (pH 7.2-7.4). Metal impregnation
was carried out by transferring the glutaraldehyde-fixed
sample to OsO, in the phosphate buffer, and the sample
was then washed with the same buffer. The fixed samples
were dehydrated stepwise with a graded series of ethanol
solutions (30%, 50%, 70%, 80%, 90%, and 100%), then



Jian GUAN et al. Membrane bioreactors (MBR) for sulphur removal 145

critical-point dried with tert-butyl ethanol and sputter
coated with a thin layer of gold. The biofilm was observed
in high vacuum by SEM in secondary electron imaging
mode.

The microbial biomass was determined by a phospho-
lipid analysis procedure. The procedure comprised the
following steps. (i) Half of the membrane was added to 50-
mL screw-cap test tubes. Then, 5 mL of chloroform, 10 mL
of methanol and 4 mL of deionized water were added to the
samples. The extraction mixture was gently shaken for 10
min and allowed to stand to complete the phase separation.
(ii) Samples were added 5 mL of chloroform and 5 mL of
deionized water. The aqueous (upper) phase was aspirated
from the test tubes with the aid of a glass syringe and
subsamples of 3mL of the chloroform layer were
transferred into 10-mL screw-cap test tubes. (iii) The
chloroform was removed under a stream of nitrogen, and
phosphate was liberated from lipids by adding 3 mL of a
potassium persulfate solution and the sealed test tubes
were heated in an oven at 105°C for 2 hr. (iv) A 0.45-mL
sample was transferred in a cuvette and phosphate release
through persulfate digestion was determined by adding
0.1 mL of an ammonium molybdate solution (2.5% of
(NH4)sMo07,0,4-4H,0 in 5.72 N H,SO, allowed to stand
for 10 min) and 0.45 mL of a malachite green solution
(0.111% polyvinyl alcohol (MW 22.,000) dissolved in
water at 80°C is allowed to cool, and 0.011% malachite
green oxalate salt is then added and allowed to stand for
30 min). (v) The absorbance at 610 nm was then recorded
using a spectrophotometer (756MC, Shanghai, China).
The concentrations of phosphate were calculated based on
a regression analysis. The biomass concentration was
calculated with a conversion factor of 191.7 ug of biomass-
C per 100 mmol of phospholipid and a conversion factor of
2 g biomass-volatile suspended solids (VSS) per gram of
biomass-C according to an empirical formula for sludge
organisms.

The dry weight of biofilm was measured using the
following procedure. Mature biofilm adhering to the
membrane was washed gently with distilled water to
eliminate non-fixed biomass and then dried at 105°C to a
constant weight. The dry weight of biofilm was evaluated
as the difference between the weight of the cover glass
slide with dry cells and the weight of the bare cover glass
slide. An optical microscope with micrometer was
employed to measure the biofilm thickness as the average
of thickness measurements at 10 points uniformly
distributed over the cover glass slide with attached biofilm.

3 Results and discussion

The sulfur dioxide diffusing through the membrane and
subsequently degraded by the microorganisms is the sole
sulfur source for the microorganisms and the concentration
of toluene greatly affects biofilm formation. To study the

process of biofilm formation, cells were immobilized on
the membrane under a sulfur dioxide concentration of
1 g/m?, at a constant gas flow rate (40 mL/min) and liquid
flow rate (20 mL/min).

3.1 Pressure drops

Biofilm formation in an MBR is within a finite volume.
Biofilm reduces the effective cross-sectional area on the
liquid side and increases surface roughness, which can
transform the flow resistance in the liquid circulation
cavity. Therefore, pressure drops of the liquid phase were
measured to reflect the growth status of the biofilm in the
start-up process.

The variations in pressure drops in the liquid phase are
shown in Fig. 2. The pressure drops increased initially, and
thereafter remained relatively constant at 180 Pa. Further
observations found that the pressure drops were initially
low and then rose rapidly. This was due to the increased
concentration of microorganism and absorption of micro-
organisms on the membrane that resulted in a rise of the
pressure drop. Five days later, the rapid growth of biofilm,
the rise of the flow surface roughness and the gradually
increasing thickness of the biofilm reduced the liquid
cross-sectional area and increased the flow resistance. All
these factors led to a continuous increase in the pressure
drop in the liquid phase. Until the 11™ day, the pressure
drops tended to be steady overall. Meanwhile, the
thickness of biofilm and D600-nm value of the circulation
liquid reached a steady-state. Finally, the pressure drop
remained relatively stable.
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Fig. 2 Pressure drop between the liquid inlet and outlet of MBR
bioreactor during biofilm formation period.

3.2 Removal efficiency and elimination capacity of SO,
Removal efficiency is the ratio between elimination

capacity and the loading rate of contaminant, and it can
directly illustrate the degradation performance of the
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biofilm and the capacity of the MBR in flue gas
desulfurization. Therefore, the removal efficiency and
elimination capacity are two important parameters which
could demonstrate the start-up process. The variations in
sulfur degradation performance of biofilm is shown in
Figs. 3 and 4. The removal efficiency and elimination
capacity both increased over time, where they were 60%
and 150 g-m’-hr ' respectively at the beginning of growth
season.
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Fig. 3 Removal efficiency of MBR over period of biofilm
formation.
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Fig. 4 Inlet concentration and elimination capacity of MBR over

period of biofilm formation.

In the start-up process, both the removal efficiency and
elimination capacity rapidly increased. After 11 days, the
removal efficiency remained at 78% and the elimination
capacity at a level of 230 g-m~-hr'. This is attributed
mainly to the growth of the biofilm at the beginning of
biofilm formation, and the amount of biomass restricted the
biodegradation capacity. As biofilm formation continued,
more and more microorganisms were absorbed onto the
membrane and formed biofilm. Sulfur dioxide diffused
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through the membrane and was subsequently degraded by
the microorganisms. The effective biodegradation of sulfur
dioxide enhances the concentration gradient between the
gas phase and liquid phase, which further increases the
mass transfer rate and the degradation of the sulfur dioxide
by the biofilm. Hence, both the removal efficiency and
elimination capacity increased. In comparison, the biofilm
became mature and the MBR maintained at a high level of
degradation later in the period of biofilm formation.

The overall process of biofilm formation reflects that the
concentration of inlet sulfur dioxide and removal effi-
ciency exert a great affect on the elimination capacity. The
elimination capacity is an important parameter for
assessing the performance of a MBR system. At the
beginning of biofilm formation, the rapid increase in
removal efficiency enhanced the elimination capacity. The
elimination capacity reaches a steady-state as the biofilm
matures, which is very similar to the case of removal
efficiency.

3.3 Dry weight

Dry weight is another important parameter that reflects the
growth of microorganisms on the membrane. Dry weights
of MBR over period of biofilm formation are shown in
Fig. 5. Dry weight increased over period of biofilm
formation. However, the growth rates are different during
the growth season. There is rapid growth from the second
day to the sixth day, where dry weight increased from
0.0012 to 0.049 g. This is mainly attributed to the sufficient
nutrition in the recirculated mineral medium, which
guaranteed the nutrient supply for the rapid growth of
microorganisms. Meanwhile, the requirement of sulfur
dioxide also increased and the removal efficiency rapidly
rose from the second day to the sixth day. , the growth rate
of dry weight slowed down after six days. On the 13™ day,
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Fig. 5 Development of dry weight of MBR over period of
biofilm formation.
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the dry weight remained relatively stable with the final
value of 0.085 g, mature biofilm formed.

3.4 Biomass

Biomass is a key parameter for the evaluation of the
growth of biofilm. It directly affects the biodegradation
performance of a MBR.

As the activity of microorganisms decreases, phospho-
lipids in microorganisms rapidly decompose. Therefore,
hydrolysis polyphosphate is used to evaluate the active
biomass and characterize the microorganisms in biofilm.

The change of biomass over period of biofilm formation
is shown in Fig. 6. The biomass initially increased fast, and
thereafter leveled off. There was little active biomass
during the first two days, and the amount slowly increased
from 0 to 0.098 pg. From the second day to the sixth day,
biomass increased very fast from 0.098 ug to 4.03 pg,
probably due to sufficient nutrition and sulfur dioxide the
microorganisms absorbed on the membrane. The growth
rate of biomass decreased later over period of biofilm
formation. This is because the increase in mass transfer
resistance and the reduction of the average concentration of
sulfur dioxide, which slowed the growth of the micro-
organisms. Additionally, the concentration of nutrients and
the driving force decreased over period of biofilm
formation because of the consumption of the substrate.
The sulfur dioxide passed through the membrane by the
concentration gradient and was degraded by the micro-
organisms. When the growth and death of the microorgan-
isms in biofilm reached equilibrium, a mature biofilm
formed finally. A good biodegradation performance of the
MBR was detected when biomass reached to 7.0 pg.

Biomass(VSS)/ng
A\

Fig. 6 The change of biomass over period of biofilm formation.

3.5 Morphology and microstructure

To further understand the start-up process, SEM was

employed to visualize the biofilm morphology and
microstructure of Pseudomonas immobilized on the
membrane. SEM images of biofilm formed under different
toluene concentrations are presented in Fig. 7. The
predominant morphology of the bacteria in the biofilm
was rods. Material resembling extracellular polymeric
substance (EPS) is also visible in the image. EPS enhanced
biofilm development by binding the cells together to form
a complex assemblage of cells trapped within an organic
matrix, together with their metabolic products. In addition,
voids were clearly found to be distributed among the
bacterial cells and EPS within structurally heterogeneous
biofilms, these could create pathways for the transport of
substrates and metabolic products and sulfur dioxide
penetration.

10.0 pm

Fig. 7 SEM micrograph of the biofilm.

4 Conclusions

The start-up process of a MBR consists of three phases: a
biofilm formation period (0-5 d), development period (6—
10d), and stabilization period (11-14 d). In the start-up
process, the dry weight, active biomass, pressure drop and
removal efficiency of the MBR initially increased, in
contrast, these parameters remained relatively steady
during the stabilization period. On the other hand, mature
biofilm formed on the 14™ day and the maximal removal
efficiency was achieved and subsequently remained at
78%. Our results demonstrated that the MBR is available
for flue-gas desulfurization, and also suggested that the
synthetic analysis of the parameters mentioned in this work
could be served as a guideline for practical biofilm
formation in a MBR.
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