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A B S T R A C T

Current and impending legislation for public health and environmental compliance regarding
effluent are becoming very stringent. For unrestricted domestic effluent reuse and environmental
friendly disposal, the need for advanced treatment processes has attracted great attention during
the last decade. Membrane-based treatment technologies for low quality water have exhibited
improved performance as well as a reduction of operating and maintenance expenses. Membrane
technology also provides a preferable alternative for wastewater reclamation in small and isolated
communities. This study presents a long term study of an airlift membrane bioreactor (MBR) for
domestic wastewater treatment using a hollow fibre membrane module of ZW-10 under ambient
desert conditions (Kiryat Sde-Boker, Israel). In this system, the crossflow velocity across the
membrane surface was induced by a cylindrical draft tube to reduce the membrane fouling. Under
optimal operating conditions, the system was stable and efficient without external chemical cleaning
during the experimental period. The system produces a high quality permeate, and the removal
efficiencies of COD and BOD

5
 were around 94% and 99%, respectively. Nitrate concentration in

the effluent (permeate) was higher (by 40%) than that in the reactor mixed liquor, probably due to
extra nitrification carried out by Nitrospira bacteria on the membrane biofilm. The system shows
potential and promising applications for localized, decentralized sewage treatment facilities.

Keywords: Airlift membrane bioreactor; Crossflow velocity; Draft tube; Membrane fouling;
Unrestricted reuse

1. Introduction

A membrane bioreactor (MBR) in which membrane
separation is combined with the biological processes is

considered an efficient alternative for wastewater treat-
ment and reuse [1–5]. In the processes taking place in
the MBR, a permeate with minimal suspended solids con-
tent is generated through the membrane, whereas mi-
croorganisms are retained in the bioreactor, and the sol-
ids retention time (SRT) becomes completely indepen-
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dent of the hydraulic retention time (HRT). High sludge
concentration can therefore be achieved even under a
short HRT. Some macromolecules are also retained in
the bioreactor. Consequently, the contact time of the ac-
tivated sludge and pollutants is extended, facilitating
efficient removal of slowly biodegradable pollutants.
Membrane bioreactors (MBRs) encompass many advan-
tages in comparison with conventional wastewater treat-
ment processes due to their high organic loading rate,
low production of surplus sludge, improved effluent
quality, small footprint, flexible design and automated
operation [3,5–7]. Therefore MBRs are ideal for localized,
decentralized sewage treatment such as for small com-
munities and resorts in the developed world [6–8] and
they have also the potential for implementation in de-
veloping countries to address the pressing need for im-
proved sanitation [3,5]. However, the major process limi-
tation with MBRs remains the fouling due to the physi-
cochemical interactions between the membrane material
and the components in the mixed liquor. Along with the
fouling, membrane permeability decreases and energy
demand increases. An emerging alternative for the re-
duction of accumulated fouling effects is to use an airlift
phase which induces a crossflow by rising air bubbles,
creating a shear stress and generating a mass back-trans-
port of the deposited particles along the membrane sur-
face. The concept of airlift reactor has been adapted in
submerged MBR (sMBR) systems for the enhancement
of the crossflow velocity by liquid circulation. The idea
of induced crossflow is also similar to the crossflow in a
side-stream MBR, however, in a much lower intensity.
Airlift membrane bioreactors have proved to enhance fil-
tration performance and to minimize membrane fouling
[9–11].

In airlift sMBRs the hydrodynamic characteristics,
which vary with the operating conditions, play an im-
portant role concerning membrane fouling and efficient
performance. In a previous work [11] it was shown that
optimal operating conditions for the airlift sMBR can be
adjusted according to the trans-membrane pressure
(TMP) increase over time (dP/dt) during 1.5 h. The pur-
pose of this study was therefore to evaluate the fouling
rate and the system efficiency for domestic wastewater
treatment, using a dead-end filtration operating mode,
under ambient and optimal operating conditions dur-
ing a long-term application period (114 days) .

2. Materials and methods

The pilot MBR (Fig. 1) was equipped with a hollow
fibre ultrafiltration (UF) membrane module of ZW-10
(Zenon Environmental, Canada). The tested cylindrical
module was submerged in a 190 L (working volume)
drum-tank and operated under constant-flux mode. The
membranes had a nominal pore size of 0.04 μm and a
total filtering surface area of 0.93 m2. A cylindrical draft

tube with the diameter of 235 mm was used to induce an
upwards vertical crossflow velocity. The draft tube was
located in the centre of the bioreactor and actually di-
vided the bioreactor into a riser zone (inside of the tube),
where the membrane module was submerged in the cen-
tre, and a downcomer zone (outside of the draft tube),
which was connected by a bottom flow channel and an
upper flow channel. Air supply was maintained at a rate
of 3.4 m3/h by coarse air bubble sparkling from 4 small
holes (Ø = 2 mm) which were located at the bottom of
the membrane bundle. Obtained optimal operational
conditions are summarized in Table 1. Before the experi-
ment started, the membrane bundle was completely re-
covered by soaking in Na-SDS solution consisting of
NaClO (750 ppm) and sodium dodecyl sulfate (250 ppm).

Fig. 1. Schematic description of the airlift MBR system.
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Table 1
Operational conditions during the 114-day study of the MBR
system

Parameter Range 

Temperature, °C 19.4–31.1  

with an average of 27.0 

pH level in the reactor 6.62~7.45 with a mean of 6.98 

Dissolved oxygen (DO), 

mg/L 

2.43–4.35 with a mean of 2.90 

Initial membrane 

permeability at 20°C and 

0.15 bar, L/(m2.h.bar) 

706  

Draft tube diameter, mm 235  

Permeate flux, L/(m2.h) 45.3  

Aeration rate, m3/h 3.4  

Solids retention time (SRT), 

d 

30 

Hydraulic retention time 

(HRT), h 

5 

Backwash regime 5 min filtration/15 s backwash 
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The experiment was carried out continuously without
additional cleaning during a period of 114 days.

The experiments were conducted under ambient con-
ditions in J. Blaustein Institutes for Desert Research,
Kiryat Sde-Boker, Israel. Domestic wastewater was taken
from the residential caravan area, and fed into the
bioreactor through a 0.8 mm screen filter after prelimi-
nary settling. During the operating period, the excess
sludge was discarded daily to maintain an SRT of 30 days.
The average hydraulic retention time (HRT) was around
5 h. The permeate was extracted intermittently with a
suction device in a cycle of 5 minutes extraction and 15 s
backwash. The temperature in the bioreactor during the
operating period was in the range of 19.4°C to 31.1°C
with a mean of 27.0°C. Influent, mixed liquor in the
bioreactor and effluent qualities were monitored twice a
week. All analytical parameters including pH, turbidity,
electrical conductivity (EC), TSS, COD, BOD

5
, NH

4
-N,

NO
2
-N, NO

3
-N, PO

4
-P, and fecal coliforms (FC) were de-

termined according to Standard Methods [12].

3. Results and discussion

3.1. Removal efficiency of organic matter

At the beginning of the study chicken manure solu-
tion was added to the wastewater to increase the organic
load and to accelerate biomass growth. During the ex-
tended application period, mean concentration of the
mixed liquor suspended solids (MLSS) was around
4,850 mg/L, with a minimum of 3,210 mg/L at the begin-
ning and maximum of 5,910 mg/L towards the end of
the experimental period. The pH level in the rector var-
ied from 6.62 to 7.45 with a mean of 6.98, while the dis-
solved oxygen (DO) concentration fluctuated from 2.43
to 4.35 with a mean of 2.90 mg/L which was sufficient for
both oxidation and nitrification processes. Variations of
organic matter in the influent and effluent were moni-
tored during the extended period (Fig. 2). High removal
efficiency was obtained, especially for the biodegradable
compounds (expressed by BOD

5
). Total COD and BOD

5

removal efficiencies were 94% and 99%, resulting in mean
effluent concentrations of 17.7 mg/L and 1.02 mg/L, re-
spectively. These results are superior to the ones disclosed
in other reports [13], and could be achieved probably due
to the low organic strength feed.

The average organic load (F/M) was 0.34 g COD/g
MLVSS/d, or 0.13 g BOD

5
/g MLVSS/d (Fig. 3), which is

typical for the extended aeration activated sludge pro-
cesses. Churchouse et al. [14] reported that the oldest
full scale sMBR plant for municipal sewage treatment in
Europe, located at Porlock, UK, has been operated con-
tinuously and stably for 10 years at a low TMP (maxi-
mum 0.1 bar), extended sludge age (30–90 days) and low
F

BOD
/M ratios (0.02–0.07), requiring cleaning every

8 months.

Fig. 2. Variations of organic matter concentrations during the
long-term study: (a) COD; (b) BOD
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Fig. 3. Variations of F/M ratios during the long-term study.
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3.2. Removal efficiency of nitrogen and phosphorus

The system exhibited high efficient nitrification (94%)
(Fig. 4). Mean ammonia concentration in the effluent was
only 0.99 mg/L, while the mean nitrate concentration in
the effluent was around 12.8 mg/L. The mean nitrite con-
centrations in the reactor and effluent were 1.01 mg/L
and 0.11 mg/L, respectively, which confirmed the oxida-
tion of nitrite to nitrate during the filtration process. It is
probably due to the extended SRT and efficient aeration
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that enhanced nitrifiers’ growth in the system. It was
observed that nitrate concentrations in the reactor (mea-
sured in the filtrate obtained in MLSS analysis) were
lower than those in the effluent (permeate), around 60%
of the effluent nitrate values in average (Fig. 4b). In an-
other research study of our group [21]. Nitrospira related
bacteria were identified to be part of the prominent spe-
cies on the UF membrane biofilm in the MBR. The
Nitrospira bacteria attached to the membrane biofilm
could thus convert nitrite to nitrate during the filtration
process, resulting in an increase of nitrate in the efflu-
ent. This finding is in contrast to the observation of Kang
et al. [4] that found an opposite phenomenon in an inter-
mittently aerated MBR system. A track study confirmed
that a denitrification process occurred inside the mem-
brane-attached biofilm. These experiments revealed that
nitrification/denitrification processes can occur within the
biofilm which is developed on membrane surface, de-
pending on operational conditions such as dissolved oxy-
gen. This should be further investigated.

Total nitrogen removal efficiency was relatively poor,
and only 23% of total nitrogen was removed. Phospho-
rus removal was also insufficient with a mean efficiency
of 35.3%. These two (anoxic and anaerobic-dependent)
processes were probabely suppressed by the high oxy-

Fig. 4. Variations of ammonia and nitrate concentrations dur-
ing the long-term study: (a) NH

4
-N; (b) NO

3
-N.

0

5

10

15

20

25

30

0 20 40 60 80 100 120
Time, day

N
H

4
-N

, m
g

/L

Influent NH4-N

effluent NH4-N

Chicken manure added

(a)

0

5

10

15

20

25

0 20 40 60 80 100 120
Time, day

N
O

3
-N

, m
g

/L

effluent NO3-N

reactor NO3-N
(b)

Chicken manure added

gen operation regime. It indicates that nutrients removal
in sMBR systems needs to be improved by optimizing
the aeration mode.

3.3. Removal efficiency of other contaminants

Complete removal of suspended solids and fecal
coliforms were obtained subject to nominal pore size of
0.04 μm (data not shown), as well as very low turbidity
values in the effluent (mean value of 0.18 NTU). The re-
sults indicate that no further disinfection of the treated
wastewater is required prior to disposal or reuse. How-
ever, almost no dissolved solutes removal was obtained
as EC values in the influent and effluent were almost
equal, indicating a reverse osmosis (RO) stage is needed
for efficient dissolved solutes removal.

3.4. Filtration efficiency of the airlift sMBR

The system was operated under a constant flux mode
with an initial flux of 45.3 L/(m2.h). Consequently, the
TMP increase could serve as a good indication for mem-
brane fouling development. The permeate fluxes at dif-
ferent temperatures were normalized to 20°C according
to Eq. (1) [15]:

 0.0239 20
20 20/ T

t t tJ J J e      (1)

where J
t
 is the permeate flux at time t, L/(m2.h); J

20
 is the

normalized permeate flux (at 20°C), L/(m2.h); μ
t
 and μ

20

are the viscosities of the permeate at time t and 20°C,
mPa.s, respectively; and T is the temperature at time t,
°C.

The increase of TMP over time (Fig. 5) displays a
slightly exponential trend, until reaching the maximum
limitation (0.55 bar in this system) according to the manu-
facturer guidelines. Although the system was operated
under a constant flux mode, 14% decline of the perme-
ate flux (30% decline expressed as the normalized flux)
was observed towards the end of the experiment (Fig. 5).
Actually, the flux decreased from 45.3 to 38.7 L/(m2.h),
while the normalized flux decreased from 42.4 to
29.7 L/(m2.h) (Fig. 5). Total filtration resistance increased
exponentially from 0.5×1012 to 6.58×1012 m–1 during the
entire experimental period (Fig. 6) in complience with
the increase of the TMP. The inherent membrane resis-
tance was the dominant one during the first 16 days,
while the fouling resistance dominated during the rest
experimental period. It indicates that the membrane foul-
ing is the main factor affecting the filtration process dur-
ing a long-term application period. A fast decrease of
the permeability was  observed  from  an  initial  value
of  706  to 478 L/(m2.h.bar) in the first 3 days. Overall, the
membrane permeability  decreased  exponentially  from
706  to 54 L/(m2.h.bar) (7.5% of the initial value at the
final stage) during the 114 days of operation. The fast
decline of the permeability is probably due to pore block-



216 F. Yang et al. / Desalination and Water Treatment 4 (2009) 212–217

Fig. 5. Variations of TMP, flux, and normalized flux during
the long-term study.
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Fig. 6. Variations of membrane permeability and filtration re-
sistance during the long-term study.
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ing by rapid entrapement of colloids and solutes during
the initial stage of the MBR operation. This phenomenon
was observed also by many other researchers [16,17].

High quality effluents from MBRs can be produced
for unrestricted and environmentally friendly reuse pur-
poses such as unrestricted irrigation, aquifer recharge,
and other industrial applications including complemen-
tary RO processes [2,5,8,18]. Qin et al. [19] concluded that
the MBR process was capable of producing water suit-
able for industrial use from a mixed sewage consisting
of 60% industrial waste and 40% domestic waste. Kimura
et al. [20] showed that the airlift MBR could be modified
to a baffled MBR (BMBR) for the enhancements of nitro-
gen and phosphorus removal, by generating anoxic con-
ditions without mixed liquor circulation. Furthermore,
Shannon et al. [5] pointed out that future direct reuse
systems may involve only two stages: a single-stage MBR
with an immersed nanofiltration membrane (obviating
the need for RO stage), followed by a photocatalytic re-
actor to provide an absolute barrier for pathogens and
to destroy low molecular-weight organic contaminants

that may pass the nanofiltration barrier. This vision in-
dicates a potential and promising extension of MBR’s
applications.

4. Conclusions

An airlift submerged MBR has been used for the treat-
ment of domestic wastewater using a hollow fibre mem-
brane module of ZW-10 under ambient desert conditions.
The process proved to be stable and efficient without a
need for external chemical cleaning during the extended
experimental period. The system produced high quality
permeate, and the removal efficiencies of COD and BOD

5

were around 94% and 99%, respectively. Nitrate concen-
tration in the effluent (permeate) was higher (by 40%)
than that in the reactor mixed liquor, probably due to
extra nitrification taking place by Nitrospira bacteria in
the membrane biofilm. Further studies referring to nitri-
fication/denitrification in the membrane biofilm are re-
quired. Membrane permeability decreased exponentially
during the long term experiment indicating that fouling
is the main factor affecting the filtration process.

The advantages of MBRs display potential and prom-
ising directions for improving and replacement of con-
ventional wastewater systems, primarily for localized,
decentralized sewage treatment facilities such as small
communities and resorts.
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