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ABSTRACT

This study investigated the performance of a novel bio-entrapped membrane reactor (BEMR)
in removal of organic matter and its membrane fouling condition in treating food processing
wastewater. Three different hydraulic retention times (HRTs) with 6, 12 and 18h, continuous
aeration and intermittent aerations (1 h aeration and 1 h non-aeration; 1 h aeration and 2 h
non-aeration) were studied. The results show that the HRT and aeration have significant
impacts on the BEMR performance. The chemical oxygen demand and ammonia (NHþ

4 –N)
removal efficiencies increased as the HRT increased with the continuous aeration condition.
Results of this study indicated that the membrane fouling was severe at lower HRTs and
intermittent aeration modes in the BEMR with a constant flux of 20L/m2h. Conventional
membrane bioreactor (CMBR) took 57min to reach 55 kPa of trans-membrane pressure at
HRT of 12 h while the BEMR could operate 215min before reaching 55 kPa, which was 3.8
times longer than the CMBR. This may be attributed to the higher yield of biomass and pro-
duction of soluble microbial products in the CMBR, because the CMBR produced 17% more
of carbohydrate and 33% more of protein than the BEMR. Better performance of the BEMR
was found at the longer HRTs (18 h> 12h> 6h) and continuous aeration was better than
intermittent aeration.

Keywords: Bio-entrapped membrane reactor; Hydraulic retention time; Soluble microbial prod-
ucts; Intermittent aeration; Membrane fouling; Conventional membrane bioreactor

1. Introduction

Membrane technology especially membrane biore-
actor (MBR) plays an important role as a biological
treatment process in treating wastewater to achieve
high quality effluent for water reclamation and reuse.
MBR technology has been widely employed in recent

years and more than 2,200 MBRs have been installed
and operated by 2004 [1]. MBR offers many advanta-
ges over the conventional activated sludge process
(ASP) that includes tolerating high concentrations of
mixed liquor suspended solids (MLSS), reducing
waste sludge production while at the same time
achieving high removals biological oxygen demand.
However, a major concern in application of MBR is
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the permeate flux decline due to membrane fouling
[2,3]. The primary membrane clogging mechanisms
are deposition of soluble and particulate materials
onto the membrane surface and/or penetrate into the
membrane pore channels, which gradually decrease
membrane permeability and the effectiveness of
filtration.

To mitigate these disadvantages of conventional
membrane bioreactor (CMBR), a new type of MBR
was developed by employing bio-entrapped cells
with the membrane system. This is termed bio-
entrapped membrane reactor (BEMR), designed with
an intention to handle high loads of dissolved
organics, facilitate operation, and minimize the start-
up period. In the recent years, Yang and his co-
workers [4–6] investigated the effectiveness of bio-
entrapped reactor (BER) in treating various types of
wastewaters such as dilute swine wastewater,
domestic sewage, and synthetic wastewater. Satisfac-
tory results have been reported in eliminating pollu-
tants such as phenol [7], odor producing substance
[6], trimethylamine [8], and soluble organic matter
[9]. In addition, BER produced less soluble microbial
products (SMP) (71%) than that of the conventional
ASP. When coupled with ultrafiltration (UF) mem-
brane unit, BER had approximately 25–30% higher
permeate flux than ASP [10]. Furthermore, various
operating conditions of BER system were also inves-
tigated to optimize the efficiency of BER process.
Song et al. [11] compared the process performance
of multiple types of BER which includes fixed-bed
BER, moving-bed BER and activated sludge process.
It was discovered that both types of BER processes
had better performance than the conventional ASP.

Researchers have shown sludge retention time
(SRT) and hydraulic retention time (HRT) are the
important parameters in MBR operations [12,13]. Dif-
ferent HRT operating conditions could affect the
MBR’s ability in treating wastewater and membrane
fouling. Also, Cho et al. [14] stated that lower HRTs
with high permeation flux operation could signifi-
cantly hasten the membrane fouling. Several studies
[10,12,15,16] were carried out for the effect of SRT on
membrane fouling. They came to a consensus that
extracellular polymeric substances (EPS) and SMP
are noticeably higher when the SRT is shorter. Some
bacteria undergo microbial aging and cell lysis and
as a result, high volume of dead cells would accu-
mulate on the membrane surface, clogging membrane
pore channels. Fenu et al. [17] developed a model
for SMPs in a dynamic environment, but the correla-
tion between SMPs and fouling rates in full-scale
MBR was still not well defined. Furthermore, Grady

et al. [18] also found out that high SRTs, result in a
lower food to microorganism (F/M) ratio and create
more interactions between substrate and microorgan-
isms, thus increasing chemical oxygen demand
(COD) removal efficiency. However, the prolonged
SRT on the organic matter removal and membrane
fouling behavior at various HRTs and aeration pat-
terns are not yet well defined. Therefore, the aim of
the present work was to investigate the performance
of BEMR in removing organic matter and membrane
fouling associated with various HRTs and aeration
patterns using wastewater from a food processing
plant. The results of this study could provide a
promising solution to common problems encountered
in MBR systems.

2. Methods

2.1. Membrane reactor set-up

Fig. 1 shows the schematic of the MBRs (BEMR
and CMBR) used in this study. Both systems had a
tank with a working volume of 50 L and a polyvinyli-
dene fluoride (PVDF) hollow fiber UF membrane
module air diffusers. The PVDF hollow fiber mem-
brane module had an effective filtration area of
0.046m2 and nominal pore size of 0.036 lm (GE Zee-
Weed-1, USA). The wastewater fed to both MBRs was
taken from a food processing plant in Taoyuan, Tai-
wan. The wastewater was generated from manufactur-
ing fresh milk, tea beverages, fruit juices, dairy
products, and instant noodles. The influent was trans-
ported from the wastewater reservoir to each MBR by
a peristaltic pump. Air flow-rate was controlled by a
flow meter to maintain aerobic conditions of both
MBRs. Dissolved oxygen (DO) concentrations were
maintained at the levels of 7–8 and 2.5–3.5mg/L for
BEMR and CMBR, respectively. A timer was used to
control the aeration and non-aeration schedule. Per-
meate was withdrawn through the UF hollow fiber
membrane by a suction pump. An average constant
flux of 20 L/m2h (LMH) was maintained and the rise
of trans-membrane pressure (TMP) was monitored
continuously. Operation parameters of the lab-scale
BEMR and CMBR are presented in Table 1. SRT for
the BEMR was determined following the calculations
used in Qian et al. [19].

2.2. Membrane fouling analysis

The BEMR membrane fouling experiments were
carried out with an average flux of 20LMH at various
HRTs (6, 12–18 h) and aeration patterns without
backwash. The aeration modes in this study were
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operated under continuous aeration, intermittent aera-
tions (1 h on/1h off and 1h on/2h off) which fol-
lowed the operating conditions by Yang et al. [5,6].
The aeration patterns with longer off periods (1 and
2h) could be able to reduce the operating costs and
energy costs of the system. Variations of HRTs at 6,
12, and 18 h were facilitated by operating the BEMR
and the CMBR (12 h) with recirculation in the same

membrane area and same flux of 20L/m2. For exam-
ple, the BEMR in the first compartment (42L) had a
flow-rate of 3.5 L/h at the HRT of 12 h, while the
membrane in the second compartment (8 L) was con-
trolled by suction pump with a flow-rate of 0.92 L/h.
Therefore, the excessive or overflow wastewater in the
membrane tank would be recirculated to the first com-
partment. This was studied because changes in HRT

Fig. 1. Schematic diagrams of BEMR and CMBR.
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could significantly impact the membrane fouling. The
fouling experiment data were taken at the 9–10th day
of each HRT in order to ensure the BEMR was oper-
ated in a steady-stage condition. For comparison, the
CMBR was operated at a HRT of 12 h. The data acqui-
sition was stopped when the TMP exceeded the maxi-
mum operating pressure (55 kPa) or the membrane
fouling became significant. At that time, the mem-
brane module would be taken out from the reactor
and cleaned with sodium hypochlorite for 30min.
After cleaning operation with distilled water, the
membrane was put back to the MBRs.

2.3. Analytical methods

The influent and effluent samples of the BEMR
were taken daily and analyzed for COD and ammonia
nitrogen (NH4

+–N), using a closed reflux colorimetric
method and the Nessler method with a spectropho-
tometer (HACH DR 2800), respectively [20]. DO and
pH in the reactor were recorded daily with a portable
DO/pH meter (HACH HQ20). The MLSS in the
CMBR were measured with an MLSS meter (KRK SS-
5Z, Japan). SMP was analyzed for total protein and
total carbohydrate contents. Total protein contents
were determined with the Lowry method with bovine
serum albumin as the standard [10,21,22] and the
modified Anthrone method was used for total carbo-
hydrate contents with glucose as the carbohydrate
standard [21–23].

3. Results and discussion

3.1. COD and ammonia removal efficiency in BEMR

The effectiveness of carbon and nitrogen removal
with various HRTs (6, 12, and 18 h) and aeration

modes (continuous aeration, intermittent aeration [1 h
on/1h off and 1 h on/2h off] are shown in Fig. 2.
Influent COD and ammonia nitrogen concentrations
were measured to be in the range of 457–920 and 6.25–
13.5mg/L, respectively. During the operation of con-
tinuous aeration and HRT of 6 h, the effluent COD
removal efficiency is 85–93%, while in the case of inter-
mittent aerations (1 h on/1h off and 1h on/2h off),
COD removal efficiencies are 74.8–89.2 and 55.5–79%,
respectively. On the other hand, at the HRT of 18 h,
the removal efficiency of COD increased to 90.5–96.1%
(continuous aeration), 87.1–93.3% (intermittent aeration
with 1 h on/1h off), and 75.7–86.6% (intermittent aera-
tion with 1 h on/2 h off). In terms of ammonia removal
rate under various aeration operation modes (Fig. 2
(b)), continuous aeration exhibits better performance
than intermittent aerations. With continuous aeration
at HRT of 6, 12, and 18 h, ammonia removal efficien-
cies are 79.1, 93.8, and 95.3%, respectively. Intermittent
aeration (1 h on/2 h off) at HRT of 6, 12, and 18 h, the
ammonia removal efficiencies are 55.3, 54.4, and 74.8%,
respectively. Therefore, the results suggest that the
increments in COD and ammonia removal in Fig. 2 are
very modest in response to the increase of HRT.

In this study, a longer HRT generally leads to
an enhanced removal of carbon and ammonia.
Under lower HRT operations, there was not enough
time for the microorganisms to degrade the
excessive organic matter, which results in large
quantities of substrate un-biodegraded in the BEMR
effluent [12]. According to Dohanyos et al. [24],
changes of operational parameters such as HRT
might cause simultaneous increasing of volatile fatty
acids that could result in a decrease in pH. Conse-
quently, it would influence treatment efficiency neg-
atively even though the COD removal had reached
stable-state.

Table 1
Operation parameters of the lab-scale BEMR and CMBR

Parameter BEMR CMBR

Carrier diameter size (cm) 2.5 –

Reactor volume (L) 50 50

Void volume (L) 28 –

Packing ratio (%) 55.0 –

Dissolved oxygen (mg/L) 7.0–8.0 2.5–3.5

SRT (d) 500 15–20

MLSS (mg/L) 11,000a 8,000

Temperature (˚C) 25 ± 1.0 25± 1.0

pH 7.0–8.3 7.0–8.2

Average permeate flux (LMH) 20 20

HRT (h) 6, 12, 18 12

aThe biomass in the bio-carrier.
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Continuous aeration consistently exhibited higher
carbon and ammonia at removal efficiencies than
those of intermittent aeration (1 h on/1h off and 1h
on/2h off) regardless of HRT. The result was sup-
ported by Cho et al. [25] that the removal of ammonia
nitrogen was more efficient in the continuous aeration
mode than in the intermittent aeration mode. The
higher ammonia removal efficiency in the continuous
aeration operation is primarily due to cell synthesis
and nitrification in the entrapped biomass of the
BEMR. The longer SRT of the BEMR could remove a
larger portion of influent carbon and ammonia the
same time interval. The diffusion limitation of DO in
the inner part of the entrapped biomass may
trigger denitrification reaction in the oxic part of the
BEMR [4].

The nitrogen removal efficiency significantly
decreased in the mode of 1 h aeration and 2h non-aer-
ation (Fig. 2(b)). A significant increment of ammonia
removal efficiency can be observed under the 1 h
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Fig. 2. Effect of HRTs and aerations on organic matter in
BEMR (a) COD and (b) Ammonia.
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aeration and 1h non-aeration operation mode. The
operation mode of 1 h aeration and 2 h non-aeration
did not exhibit high carbon and ammonia removal
efficiency in the BEMR as compared with the mode of
1 h aeration and 1h non-aeration, although less aera-
tion has the advantage of cost saving from less energy
consumption. The 1 h aeration and 1h non-aeration
achieved approximately 10–20% and 17–30% higher
COD and ammonia removal efficiencies respectively
than 1 h aeration and 2 h non-aeration. This might be
due to the highly aerated reactor from previous cycle
of 1 h aeration. The 1 h aeration and 1h non-aeration
mode reactor has enough DO that sustains during the
subsequent 1 h non-aeration. On the other hand, 1 h
aeration and 2h non-aeration was non-aerated for 2 h,
which results in shortage of oxygen concentration for
nitrification to occur [25].

In general, the BEMR responded properly in vari-
ous modes of operating conditions: continuous aera-
tion, intermittent aeration (1 h on/1 h off only) and
different HRTs to achieve high levels of organic and
ammonia nitrogen removals.

3.2. Membrane fouling analysis

Fig. 3 illustrates the development of TMP under
different HRTs (6, 12, and 18 h) and aerations pat-
terns (continuous and intermittent aeration) for the
BEMR. The BEMR was set up to have no backwash
while maintaining a constant flux of 20 LMH. The
membrane fouling tests with the development of
TMP were monitored in 9th or 10th day of each
run. From day 1–day 8 was the acclimation period
for the entrapped biomass to adapt to the new feed
water and to reach pseudo-steady state conditions
in the BEMR until the COD removal efficiency
reached a stable condition without much fluctuation.
Fig. 3 shows that the development of TMP signifi-
cantly increases as the HRT decreases regardless the
aeration modes, which is in agreement with the
previous studies [3,12,14,22]. Membrane TMP during
the continuous aeration (Fig. 3(a)) reached 55 kPa
after 135, 215, and 240min at HRT of 6, 12, and
18h, respectively. Membrane TMP under intermit-
tent aeration (1 h on/1h off) approached 55 kPa
(Fig. 3(b)) after 65, 135, and 185min at HRT of 6,
12, and 18 h, respectively. At the intermittent aera-
tion (1 h on/2h off) membrane TMP exceeded
55 kPa (Fig. 3(c)) after 105, 115, 170min at HRT of
6, 12, and 18 h.

Fig. 3 also shows that the BEMR exhibits a better
performance in terms of membrane fouling reduction
under the operation mode of intermittent aeration (1 h

on/1h off and 1h on/2 h off) at various HRTs. The
DO concentrations with continuous aeration was 8–
9mg/L, while DO concentration at 1 h aeration and
1h non-aeration, and 1h aeration and 2 h non-aeration
were 1.7–2.0 and 1.2–1.3mg/L, respectively. The con-
centrations of suspended solids (SS) under 1 h aeration
and 2h non-aeration at HRT of 6, 12, and 18h were
measured at 34–58, 29–73 and 18–56mg/L, respec-
tively. While the concentrations of SS in 1 h aeration
and 1h non-aeration at HRT of 6, 12 and 18 h were
75–156, 59.7–155 and 38–79mg/L, respectively. This
can be explained by the fact that longer non-aeration
period (120min vs. 60min) allows for better settling
efficiency of SS. However, even though 1h aeration
and 1h non-aeration pattern operates under higher SS
concentration, membrane filtration period was actually
slightly longer (�10%) than 1h aeration and 2h non-
aeration pattern, except for HRT of 6 h. This phenome-
non could be explained by Ng et al. [10] in which he
indicated that SS was in fact the minor cause of mem-
brane fouling, instead, the presence of SMP as a result
of substrate metabolism and biomass decay was the
primary factor for membrane operation decline.

3.3. Comparison of BEMR and CMBR

In addition to correlating the impact of SMP to
membrane fouling tendency, the operation of BEMR
was compared with the CMBR at an HRT of 12 h with
a constant flux of 20 LMH, Fig. 4 shows that BEMR
takes a longer filtration period (215min) to reach
55 kPa, while the CMBR took only 57min to approach
55 kPa. In other words, the operation time before
reaching the unacceptable membrane fouling for
BEMR is 3.8 times longer than the CMBR. The longer
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membrane filtration run of the BEMR can be attrib-
uted to significantly lower SS concentration in the
reactor as well as higher organic removal efficiency.
This is because the BEMR has longer SRT than the
CMBR, which allows slow-growing microorganisms to
adapt the environment and increase biological activi-
ties that help to reduce membrane fouling [26]. Fig. 5
shows that the total SMP consists of SMPc (total carbo-
hydrate) and SMPp (total protein) contents in the
BEMR and the CMBR. The CMBR produced greater
amount of SMPc and SMPp concentrations than BEMR
by 17 and 33%, respectively. In the BEMR, F/M ratios
was lower at higher SRTs. As reported by several
researchers [12,15,16,22], lower SMP concentrations
resulted from longer SRT would enhance membrane
filterability. Furthermore, Ng et al. [10] reported that
the entrapped biomass with longer SRT in the BEMR
provided sufficient contact with the nutrients and
thus, reduced the number of dead cells that contrib-
uted to less production of EPS and SMP. Therefore, it
is reasonable to conclude that longer SRT and low SS
production in the BEMR contributes a significantly
better MBR operation in terms of membrane fouling
than CMBR.

4. Conclusion

The performance of the novel BEMR in terms of
membrane fouling tendency at various HRTs and
types of aeration modes were studied and compared
with a CMBR.

(1) In the BEMR, the increment of HRTs and continu-
ous aeration has a better performance in remov-
ing COD and ammonia.

(2) The membrane fouling tendency is dramatically
decreased as the HRT increased under the contin-
uous aeration mode.

(3) The BEMR is less susceptible to fouling. It has
longer filtration period than the CMBR (215min
vs. 57min) due to the slow-growing microorgan-
isms with long SRTs in the BEMR.

(4) The BEMR produced less SMPc (17%) and SMPp

(33%) than the CMBR.
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