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Abstract: The use of granule activated carbon (GAC) and rubber particles as the bio-fouling reducer
in a membrane bioreactor (MBR) was evaluated in this study. The addition of GAC tends to tem-
porarily reduce Transmembrane Pressure (TMP). Then, after the initial reduction, TMP gradually
increased back up to 0.7 bar, indicating significant fouling on the membrane. Low TMP values were
observed after adding 0.5% (V/V) rubber particles to the same MBR. The organic compound and
nitrogen removal efficiencies of the MBR under intermittent aeration were over 94% and 93.3%,
respectively. The results showed that Dysgonomonas, Acidobacteria, and Pantoea sp. contributed to the
nitrification process while Lactobacillus, Erythrobacter, Phytobacter, and Mycobacterium contributed to
the denitrification process.

Keywords: membrane bioreactor; fouling reducer; granule activated carbon; rubber particle

1. Introduction

Membrane bioreactors (MBRs) are among the most promising domestic wastewater
treatment technologies due to their high efficiency [1–3]. However, several challenges
impede the wide application of MBRs such as low nitrogen removal efficiency and a
tendency for membrane fouling. To achieve high nitrogen removal through the MBR
process, it is essential to provide contrasting conditions in two separate reactors that hold
either nitrifying or denitrifying bacteria. Effluent from aerobic units containing nitrites and
nitrates should be recycled in the anoxic unit to achieve denitrification. However, these
additional processes increase the operational complexity and cost [4].

The use of a single reactor under time division operation is one of the approaches for
nitrification-denitrification applied in MBR. Intermittent aeration in a single-reactor MBR
has been reported as an attractive way to create an anoxic environment; this approach
results in greater operating flexibility, process simplicity, and lower energy consumption.
However, its wide application is limited by membrane fouling. Although intermittent
aeration is beneficial for nitrogen removal in MBRs, it may aggravate membrane fouling
due to the decreased shear force acting on the membrane surface during non-aeration
periods [5]. Membrane fouling leads to increased operation and maintenance costs, thus
gradually decreasing MBR treatment capacity, as well as shortened membrane lifetime.
Several studies have shown that the addition of a bio-fouling reducer is an effective strategy
to reduce the fouling propensity in the MBR process. The direct addition of adsorbents or
granule activated carbon into submerged MBRs could enhance organic removal efficiency
without the need for a membrane chemical cleaning step and therefore reduced operating
time. For instance, it has been reported that the addition of the use of zeolite as bio-fouling
reducer has been reported to stabilize the operation process of the membrane bioreactor,
and also reduces membrane fouling [6–10]. In addition, the use of bio-fouling reducers
could be a key mechanism in increasing MBRs retention time. However, this approach
has not yet been tested on single-reactor MBRs with intermittent aeration; this is crucial
especially during the important non-aerated period. In addition to bio-fouling reducers,
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quorum quenching has also been reported as a promising solution to the fouling problem,
but it has not been tested widely enough to be considered for practical application in
MBRs [11].

The objective of this study is to evaluate the performance of an intermittently aerated
single membrane reactor with and without the addition of a bio-fouling reducer. Chemical
oxygen demand (COD), nitrogen removal efficiency, and fouling reduction were monitored
in all our tests. In addition, the effects of important influencing factors, such as the aero-
bic/anoxic time ratio, on system performance were also investigated. The PCR-amplified
v3 region of 16s rDNA was analyzed using denaturing gradient gel electrophoresis (DGGE)
to evaluate the microbial diversity involved in intermittently aerated MBRs.

2. Experimental Method

For this study, a 20 L laboratory-scale MBR system (Figure 1) was used and operated
at room temperature (approximately 25 °C). Initially, a polypropylene flat sheet membrane
module (Pure-Envitech, Korea) with a pore size of 0.4 µm and an area of 0.07 m2 was
immersed in the MBR. This provided a flux of 20 L/m2/h. Air was then introduced
10 cm below the membrane module through a diffuser with an air rate set at 2 L/min,
corresponding to an air to water ratio (defined as the air rate divided by the liquid rate
through the membrane) of about 500 [12]. Either granule activated carbon (GAC) or rubber
particles roughly 2 mm in diameter were added as fouling reducers to the reactor, and they
were circulated by aeration or by an internal circulation pump below the reactor during
non-aeration periods. The effluent pump of the reactor was operated in an alternating
fashion with a filtration time of 8 min followed by 2 min of idle time.

Figure 1. Configuration of MBR system. P: pump, Pi: pump for internal circulation, B: blower for air supply, T: timer.

The MBRs were seeded with activated sludge from the Ujeongbu wastewater treat-
ment plant, Korea. The hydraulic retention time of the reactor was set to 18 h. The mixed
liquor suspended solids (MLSS) concentration of the sludge was maintained in the range
of 3200–3400 mg/L. The aeration/non-aeration periods of the reactor for nitrogen removal
were set to either 20 min/40 min, 30 min/30 min, 20 min/40 min, or 10 min/50 min. A
glucose-based synthetic feed with a COD concentration of 220 mg/L was prepared by
adding nutrients and other ingredients to tap water. Table 1 lists the compositions of the
compounds in the synthetic wastewater.
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Table 1. Compositions of the compounds in the synthetic wastewater.

Compound Concentration (mg/L)

Glucose (as COD) 220
NH4Cl (as N) 25
KNO3 (as N) 5

KH2PO4 (as P) 2.5
K2HPO4 (as P) 2.5

KHCO3 (as HCO3
−) 366

Nutrient solution * 1 mL
*: The nutrient solution contains per liter: 90 g MgSO4·7H2O, 6 g CaCl2·2H2O, 1.5 g FeCl3·6H2O, 6.5 g
MnCl2·4H2O, 1.7 g ZnSO4·7H2O, 0.1 g CuCl2·2H2O, 1.9 g CoCl2·6H2O, 6.5 g NiSO4·6H2O, 0.1 g H3BO3, 0.6 g
(NH4)6Mo7O2·4H2O, 1 g yeast extract.

The levels of MLSS, COD, total suspended solids (TSS), total nitrogen (TN), NH4
+-N,

NO2
−-N, and NO3

−-N were measured following the Standard Method [13]. The dissolved
oxygen content and pH levels, respectively, were measured using a YSI 52 dissolved
oxygen meter (YSI, Inc., Yellow Springs, OH, USA) and an Accumet Ap62 pH meter (Fisher
Scientific Co., Pittsburgh, PA, USA).

The rubber particles that were used as fouling reducers were produced from waste
tires, and they were added to decrease the TMP in the MBR. The GAC and rubber particles
were first dried and shifted with sieves No. 10 and 20 to achieve a fraction between 2.00
and 0.85 mm. The obtained particles were then washed and dried before being used in
the experiment. The GAC and rubber particles had bulk densities of 0.45 and 0.85 g/cm3,
respectively.

To analyze the complexity of the microbial community in the MBR, the DNA of the
microorganism was extracted from the samples. The eluted DNA from the microorganisms
in the samples was reamplified by PCR with forward primer 341f and reverse primer
518r [14]. The quality of the DNA sample was analyzed by DGGE. The sequencing analyses
of the bands on the gradient gel and their closest reference microorganisms in the GenBank
database were found using the BLAST program [15].

Analysis of the experimental results was done using the average values obtained from
repeated experiments.

3. Results & Discussion
3.1. Performance of the MBR with Intermittent Aeration

Figure 2 shows the changes in the TMP of the MBR over time with intermittent aeration
(30 min air on/30 min air off) at a constant flux of 20 L/m2/h. For comparison, TMP was
also monitored under continuous aeration mode. During the experiments, the MBR with
intermittent aeration produced higher TMPs than the MBR with continuous aeration. The
TMP for the MBR with intermittent aeration promptly rose to around 0.7 bar after the
operation started, which resulted in a reduced flux (flow rate of the effluent) of less than
10 mL/min. On the other hand, the flux of the MBR with continuous aeration was constant
during the experiment with no changes to the TMP. The changes of TMP in the MBR with
intermittent aeration led to significant fouling on the membrane. These results indicate
that including a non-aeration period during MBR operation leads to a crucial obstacle for
the widespread application of intermittently aerated single membrane reactors. Earlier
studies [16,17] reported that extracellular polymeric substances (EPS) and soluble microbial
products (SMP) are two important factors that affect the membrane fouling propensity. The
fouling problems observed in this experiment were possibly due to EPS and SMP.
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Figure 2. Trans-membrane pressure (TMP) profiles and flow rates of effluent under continuous
aeration or intermittent aeration in MBRs.

Several studies [7,9,18] have shown that the addition of a bio-fouling reducer can
reduce the fouling problem in MBRs. Activated carbon is one of the most effective bio-
fouling reducers, and it can both improve flux and remove organic submerged anaerobic
material by the MBR. Figure 3 shows the changes in the TMP of the intermittently aerated
single membrane reactor over time at a constant flux in the experiment after the addition of
0.5% (V/V) granule activated carbon (GAC). The increase in TMP took place gradually up
to 0.7 bar during the experiment, indicating significant fouling on the membrane. At 70 h
after the first addition of GAC, the TMP had dramatically decreased to 0.3 bar. However,
the MBR could not even sustain this TMP for 20 h, then the TMP gradually increased with
time back up to 0.7 bar. At 180 h, a second addition of GAC was made, and the TMP
decreased back to 0.45 bar. After the second addition of GAC, the TMP increased back
to 0.8 bar over time. These results indicate that the addition of GAC as a fouling reducer
can reduce TMP for a short time. However, after initial improvement, the TMP in the
MBR gradually increases back to previous levels. It could also be noted that the granules
of activated carbon were breaking down to activated carbon powder by the end of the
experiment, resulting in less friction between the activated carbon and EPS or SMP on
the surface of the membrane. This result differs from previous results showing that the
addition of activated carbon could reduce TMP in submerged MBRs [19].

Figure 3. Transmembrane pressure (TMP) profiles of an intermittently aerated single membrane
reactor with the addition of 0.5% (V/V) GAC.
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To reduce TMP in intermittently aerated single membrane reactors, rubber particles
produced from waste tires were added to the MBR instead of activated carbon. Figure 4
illustrates the fouling behavior of TMP under a constant flux of 20 L/m2/h in the exper-
iments with the addition of 0.01 to 0.5% (V/V) rubber particles to the MBR. The TMP
slope (dP/dt) was measured by examining the initial pressure drop rate with time over the
first 25 h. Membrane fouling after the addition of rubber particles reduced substantially
compared to that without the addition of rubber particles. The addition of over 0.2% rubber
particles substantially enhanced the reduction in the TMP of the MBR. In contrast to GAC,
the rubber particles did not break down with internal circulation during the non-aeration
periods. This allowed the rubber particles to work as a scouring agent causing additional
shear forces near the membrane surface, thus helping remove deposits from the membrane.

Figure 4. TMP increment ratio (dP/dt) versus waste rubber particle addition to MBR. Regression
was conducted using the exponential equation [dP/dt = dp0/dt· EXP (-k·r)]. The pressure drop
coefficient, k, was 19.76, while r represents the proportion of rubber particles (%, V/V) in the reactor.
The R-square and p-value of the regression line were 0.97 and 0.0005, respectively.

Figure 5 shows changes in TMP over time with 0.5% (V/V) rubber particles. Based
on a flux of 20 L/m2/h, the TMP stabilized at around 0.1 bar, indicating less membrane
fouling with rubber particles. These results indicate the possibility of operating the MBR
for some time at constant flux. The result suggests that using rubber particles as a scouring
agent is effective in reducing internal fouling. In contrast to our study, Hu and Stuckey
concluded that a larger surface area of powdered activated carbon (PAC), compared to that
of GAC, improves operating flux and critical flux in MBRs [20]. In this experiment, the
addition of GAC did not lead to satisfactory results in maintaining the desired TMP, due
to the breakage of GAC into PAC during internal circulation. However, the addition of
rubber fouling reducing agents greatly enhanced the effective operating period and helped
maintain the membrane’s permeability.
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Figure 5. TMP profile and flux of MBR with intermittent aeration (20 min aeration and 40 min
non-aeration).

The results indicate that EPS, SMP, and colloids are the main contributors to increas-
ing the TMP in MBRs, and this conclusion is supported by visual examinations of the
membrane. After using an MBR for over 40 days without backwash, the membrane was
extracted and observed. As shown in Figure 6, when no fouling reducer was used, a signifi-
cant amount of deposit was found on the surface of the membrane. However, the existence
of these kinds of deposits was slightly reduced when using GAC, and minimal deposits
were detected when using rubber particles (the membrane had a white appearance).
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Figure 6. Images of membranes after the experimental period. (A) Without fouling reducer, (B) with
0.5% (V/V) GAC, and (C) with 0.5% (V/V) rubber particles.

Although membrane surface damages were not visually observed for over 40 days
as shown in Figure 6, friction due to long-term use of the fouling reducer may damage
the surface of the membrane. Considering the importance of a stable fouling reducer, it is
recommended that follow-up research should be conducted.

3.2. Nutrient Removal by a Reactor with Intermittent Aeration
3.2.1. Organic Substance Removal

Figure 7 shows the variation in COD concentration and the removal efficiencies of
an intermittently aerated MBR with the addition of 0.5% rubber particles. The initial
COD concentrations were maintained at an average level of 215 mg COD/L while using
aeration/non-aeration periods of 40 min/20 min, 30 min/30 min, 20 min/40 min, or
10 min/50 min in the MBR. The effluent COD concentration was less than 12.5 mg/L
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(with over 94% COD removal efficiency). The bioreactor performed well in organic carbon
removal. These results indicate that changes in aerobic duration have virtually no effect on
COD removal.
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Figure 7. COD concentration in MBR with intermittent aeration.

3.2.2. Nitrogen Removal

Figure 8 illustrates the variations in the T-N concentration of the MBR with intermit-
tent aeration in the presence of 0.5% rubber particles. According to the figure, NH4

+ was
completely oxidized to NO3

− over the experimental period, whereas the T-N removal effi-
ciency varied according to the aeration/non-aeration period. With aeration/non-aeration
periods of 40 min/20 min or 30 min/30 min, ammonia was oxidized to nitrate; however,
denitrification was not satisfactorily accomplished. With aeration/non-aeration periods
of 20 min/40 min or 10 min/50 min, the average effluent T-N concentration was 3.2 or
1.6 mg/L, respectively. The T-N removal efficiencies with aeration/non-aeration periods
of 40 min/20 min, 30 min/30 min, 20 min/40 min, and 10 min/50 min were 36.8, 43.1,
87.0, and 93.3%, respectively. This indicates that increasing the non-aeration period of
the intermittent aeration period effectively improved the T-N removal. At the same time,
changes in anoxic duration did not have a notable effect on ammonia oxidation to nitrate.
It can be concluded that the intermittent aeration time is important for achieving T-N
removal, and the aeration/non-aeration period of 10 min/50 min is the most suitable for
simultaneous COD and T-N removal with an influent COD/T-N ratio of 2.7.

Figure 8. T-N concentration in MBR with intermittent aeration.
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3.2.3. PCR-DGGE Analysis of the Microflora in the MBR with Intermittent Aeration

Different samples of bacterial populations were analyzed and compared using PCR-
DGGE analysis targeting eubacterial 16S rDNA. Figure 9 shows the PCR-DGGE profiles
of each sample showing various band patterns. The relative diversity of the microbial
community and the degree of abundance of each microbial group is closely associated with
the number of bands and the band intensity in the gel, respectively [21]. It was found that
several dominant populations were severely inhibited using short non-aeration periods. In
addition, the microbial population differed according to the intermittent aeration period.
Regardless of the intermittent aeration period, bands A, B, D, H, I, K, L, and M were present
in the sludge; among these bands, A and H were bright, while the intensities of B, D,
and I were not clear, indicating low microbial activity. Further, bands C, F, J, and P were
detected using longer aeration periods, whereas bands E, G, N, and O appeared when
using longer non-aeration periods. These results suggest that the microbial diversities
differ substantially according to the intermittent aeration period in the reactor.

Figure 9. Denaturing gradient gel electrophoresis (DGGE) profiles of PCR-amplified 16S rDNA
extracted from the sludge. The values of 40/20, 30/30, 20/40, and 10/50 figures on the top of the
graph represent the aeration/non-aeration periods during intermittent aeration. Alphabetic bands
were excised, purified, and re-amplified to determine their sequences. The gradient concentration of
the denaturant used was 40–60%.

Depending on the sequences of gel bands, the accession numbers of closely related 16s
rDNA were classified using the NCBI BLAST program. The affiliations and the similarity
of the gel bands based on their sequences are listed in Table 2. Three major bacterial taxa
were identified; four sequences were related to phylum proteobacteria, four were related to
bacteria, four were related to Firmicute, and four were related to the phylum Acidobacteria.
The growth of Dysgonomonasmossii, uncultured Acidobacteria bacterium, Pantoea sp., and
the bacterium enrichment culture were stimulated with relatively long aeration periods in
an intermittently aerated reactor. However, Lactobacillus harbinensis, Erythrobacterlitoralis,
Phytobacterdiazotrophicus, and Mycobacterium sp., as represented by bands E, G, N, and O in
Figure 9, respectively, were dominant when longer non-aeration periods were used.
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Table 2. Affiliation and similarity of DGGE bands based on 16S rDNA sequences.

Band Name
Gen Band Search Result

Assession No. Similarity Taxonomic
Description (Class)Phylogenetically Closest Relative

A Uncultured Acidobacteria bacterium
clone AKYG487 AY921925.1 100% Acidobacteria

B Erwinia billingiae partial FR695871.1 98% γ-proteobacteria

C Dysgonomonas mossii strain Melo40 KC866165.1 100% Bacteria

D Eubacterium sp. oral clone JN088 AY349377.1 100% Firmicute

E Lactobacillus harbinensis strain FQ003 KF418816.1 100% Firmicute

F Uncultured Acidobacteria bacterium
clone Upland_75_7169 JF987871.1 81% Acidobacteria

G Erythrobacter litoralis strain Gi-3 KF444160.1 100% α-proteobacteria

H Uncultured bacterium clone SPESB2_718 KC327255.1 100% Bacteria

I Bacteroides xylanolyticus partial HF558386.1 100% Bacteria

J Pantoea sp. A1059 KC236721.1 100% γ-proteobacteria

K Endosymbiont of Sphenophorus levis clone
Field_clone_A06 FJ626273.1 100% Actinobacteria

L Gordonia sp. AmG KF444801.1 64% Firmicute

M Eubacterium tarantellae partial FR733677.1 100% Firmicute

N Phytobacter diazotrophicus strain Ls8 DQ821583.1 97% γ-proteobacteria

O Mycobacterium sp. enrichment culture
clone GE10037biofNNA JX083129.1 100% Actinobacteria

P Bacterium enrichment culture clone LE JN982535.1 97% Bacteria

Among these, the contributions of Dysgonomonas, Acidobacteria, and Pantoea sp. to the
nitrification process have already been reported in previous studies [22–24]. Lactobacillus,
Erythrobacter, and Mycobacterium are known to be microflora associated with the denitrifica-
tion process used in wastewater treatment plants [25–27]. However, the contribution of
Phytobacter to the denitrification process has yet to be reported. Further studies based on
independent incubation should be conducted to confirm the contributions of each species
to nitrification or denitrification.

4. Conclusions

The research presented here focused on the simultaneous organic compound and
nitrogen removal, as well as the fouling behavior, of single-chamber MBRs with intermittent
aeration. Several conclusions were drawn: First, the fouling rate is higher when employing
intermittent aeration in MBRs, compared to constant aeration. The addition of GAC tended
to reduce TMP initially. However, these results were not maintained as the flux was reduced
over a long time. Lower TMP values were achieved under intermittent aeration with the
addition of rubber particles in the MBR. Second, MBR coupling with rubber particles from
waste tires extended the effective filtration duration to 40 days without using any physical
cleaning techniques. However, the addition of GAC did not result in the MBR maintaining
the desired TMP due to the GAC breaking down into PAC with internal circulation. Third,
simultaneous organic compound and nitrogen removal can be achieved by MBRs under
intermittent aeration. With an aeration/non-aeration period of 10 min/50 min, the organic
compound and T-N removal efficiencies were over 94% and 93.3%, respectively. Lastly,
from the analysis of the DGGE profiles, three major bacterial taxa were identified, with four
sequences related to the phylum proteobacteria, four affiliated with bacteria, four affiliated
with Firmicute, and four affiliated with phylum Acidobacteria. Dysgonomonas, Acidobacteria,
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and Pantoea sp. contributed to the nitrification process, while Lactobacillus, Erythrobacter,
Phytobacter, and Mycobacterium contributed to the denitrification process.
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