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ABSTRACT

This study was carried out to evaluate the efficiency of aerobic submerged hollow fiber
membrane bioreactor (HFMBR) in the removal of direct fast red dye-CI 81 from textile waste-
water. The effect of hydraulic retention time (HRT), initial dye concentration, and transmem-
brane pressure (TMP) on the performance of submerged HFMBR was studied. The removal
rate of chemical oxygen demand was found to increase with the increasing of HRT and
decrease with increasing initial dye concentration and TMP. The rate of dye removal was
found to increase with increasing HRT and decrease with the increasing TMP. The optimum
color removal was obtained at initial dye concentration of 150–200ppm. A mass transfer
model for the dye removal using submerged membrane bioreactor system was developed
and verified. The results revealed that there is a remarkable agreement between the theoreti-
cal results and experimental results with a deviation of 14.83%. The membrane fouling was
investigated using electron dispersive X-ray (EDX) and scanning electron microscope (SEM)
and compared with the EDX and SEM of the original one. SEM images revealed that there
are some geometrical changes that occur in the membrane pores with fouling, while EDX
mapping showed that most of the foulants deposited on the inner surface of the fiber.
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1. Introduction

Biological treatment is an important aspect of
industrial and municipal wastewater treatment and
reuse processes [1]. The activated sludge process is
commonly used in biological wastewater treatment for
the removal of organic compounds [2]. Conventional
activated sludge processes usually consist of an aera-
tion tank and a clarifier, the effluent quality from the
clarifier is however susceptible to large fluctuations as
a result of complications arising from abnormal

microbial activities, such as bulking and foaming,
which occur in the aeration tank, and makes separa-
tion of sludge from treated water difficult [3]. Since
the early 70s, membrane separation processes (micro-
filtration [MF] and ultra-filtration [UF]) have been
developed to replace the clarifiers traditionally used
in activated sludge treatment system [4–6]. The advan-
tages offered by the membrane bioreactor (MBR) over
conventional treatment have been reviewed [7–11].
They include reduced footprint and sludge production
through maintaining a high biomass concentration in
the biological reactor. The system is also capable of*Corresponding author.
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handling wide fluctuations in influent quality, and the
effluent can be reused directly for nonpotable pur-
poses because filtration efficiency is such that high
quality product water is generated [12]. The two main
MBR configurations involve either submerged mem-
branes or external circulation (side stream), this article
will focus on submerged hollow fiber MBR. Like most
of the membrane filtration processes, membrane foul-
ing and its control is a major issue for an economi-
cally feasible MBR system [13]. In addition to mixed
liquor suspended solids (MLSS), soluble microbial
product (SMP) is considered as major membrane fou-
lant [14,15]. Membrane fouling is characterized in gen-
eral as a reduction of permeate flux through the
membrane, as a result of flow resistance due to pore
blocking, concentration polarization, and cake forma-
tion [16,17]. The effect of each of these fouling mecha-
nisms on flux decline depends on factors such as
membrane pore size, solute loading and size distribu-
tion, membrane materials and operating conditions,
etc.

The aim of this research is to study the perfor-
mance of submerged MBR for the removal of direct
red dye from textile effluent under different operating
conditions and developing a model describing the dye
mass transfer through the submerged MBR.

2. Materials and method

2.1. Sample collection

The sludge sample was obtained from the west
wastewater treatment plant in the west of Alexandria,
Egypt with initial mixed liquor suspended solid equal
to 3,000mg/l. A nutrient-sufficient synthetic wastewa-
ter containing dye (direct fast red dye with CI 81),
Commercial name is ISMA 8B red dye, was obtained
from the chemical and dyeing company at Kafr Ald-
war region near Alexandria, Egypt (see Fig. 1).

An existing laboratory-scale SMBR system was
modified. The laboratory-scale membrane unit was a
bundle of microporous (0.4 lm) polyethylene hollow
fibers obtained from Korea Membrane Separation Co.
(see Table 1).

2.2. Experimental set-up

The layout of the experimental setup is shown in
Fig. 2. The submerged MBR system consists of mainly
bioreactor tank 22L volume (560� 110� 460mm;
L�W�H), permeate tank 6L volume, and hollow
fiber membrane bundle (Korea Membrane Separation
Co.) with pore size 0.4lm was immersed in the biore-
actor tank, aeration system was developed using an
air compressor 15L/min air flow rate, and the perme-
ate is filtrated under vacuum developed by a vacuum
pump. Membrane was immersed vertically into the
mixed liquor of the biological reactor, connected
through the header system to the suction side. The
membrane was subjected to a slight negative pressure.
Water is drawn from the mixed liquor through the
membrane wall surface into the capillary; the treated
wastewater water was collected through the mem-
brane discharge system. Air was pumped into the bot-
tom of the bioreactor, developing a bubbly regime.
The air stream performs the triple role of process, aer-
ation, mixing of the biomass, and membrane cleaning.
The used suction in this system eliminates the need to
pump mixed liquor through the membrane system,
significantly reducing the potential for membrane
fouling and dramatically lowering energy consump-
tion. Also, with the continuous movement of air
bubbles around and through the fibers, a lowering
concentration of biomass was maintained around the
membrane, this minimizes the potential for membrane
fouling.

2.3. Operating conditions

The temperature in the reactor was not controlled;
however, the temperature was monitored regularly
throughout the experiments. Values of pH were mea-
sured using a portable pH meter (JENWAY-370 pH
Meter). Phosphate buffer solution was used to main-
tain pH at 7–8. The concentration of biomass in theFig. 1. The membrane unit.

Table 1
Characteristics of the membrane unit

Category Characteristics

Product MF membrane
(Korea Membrane Separation, Co.)

Material Polyethylene (PE)

Property Hydrophilic

Nominal pore size 0.4 lm
Out side diameter 650 lm
In side diameter 410 lm
Wall thickness 120 lm
Module type Hollow fiber
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aeration tank is represented by mixed liquor sus-
pended solids (MLSS) mg/l; it ranged from 1,000 to
3,000mg/l. Dissolved oxygen (DO) is required for the
aerobic as well as the aerobic life forms, a minimum
dissolved oxygen concentration of 2mg/l throughout
the aeration tank was to be maintained so as to
prevent anaerobic conditions to prevail in the reactor
(see Fig. 3). DO was determined using a portable DO
meter (JENWAY-970 DO2 Meter) to measure the DO
in the aeration tank. During the experiments the food
to micro-organism ratio F/M was maintained between
0.1 and 0.3.

2.4. Fouling analysis

To obtain information about the foulants remain-
ing on the membrane, a module was autopsied. The
fibers were removed and dried; in order to acquire
images of both the inner side and the cross-section, a
45˚ angle cut was made between the cross-section and
the bottom of the fibers. The samples were scanned

with a scanning electron microscope (SEM) (JSM 5300)
equipped with energy dispersive X-ray analysis. EDX
system was used to determine the morphology and
chemical composition of the foulants on the mem-
brane.

3. Results and discussion

3.1. Mixed liquor suspended solids

In the presence of nutrients (glucose, ammonium
phosphate as source of necessary hydrocarbon), the
micro-organism began to adapt with the dye and
started to grow especially, when the concentration of
dye increased and the biological degradation
occurred. In this study, a reactor with sludge and a
mode feeding staregy were explored for excess of
sludge growth leading to increase in mixed liquor sus-
pended solid (MLSS) concentration in direct contact
with membrane and response of a part of fouling. So,
washing between runs is necessary and chemical

Fig. 2. Layout of the experimental setup.

Fig. 3. Mixed liquor suspended solids concentrations during the experiments.
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Fig. 4. The effect of TMP on the chemical oxygen demand.

Fig. 5. The effect of HRT on the chemical oxygen demand.

Fig. 6. The effect of initial dye concentration (C0) on the
chemical oxygen demand.

Fig. 7. The percentage removal of COD with different
operating conditions.

Fig. 8. The percentage removal of COD with different
operating conditions.

Fig. 9. The percentage removal of COD with different
operating conditions.
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cleaning should be carried out periodically using suit-
able chemical cleaning technique (sodium hypochlo-
rite NaOCL is used in this case).

3.2. The removal of chemical oxygen demand

The influent wastewater chemical oxygen demand
(COD) concentrations and effluent COD concentra-
tions at different operating conditions were deter-
mined (see Figs. 4–9).

From the relation between the influent wastewater
COD concentration and the effluent COD concentra-
tion at different operating conditions, it is clear that
the increase in the operating pressure within the study
range had a slight effect on the percentage removal of
COD, the increase in the hydraulic retention time
within the study range had a slight effect on the per-
centage removal of COD, and also the increase in the
initial dye concentration within the study range had a
significant effect on the percentage removal of COD.

Fig. 10. The concentration of dye in the permeate with different C0.

Fig. 11. The concentration of dye in the permeate with different HRTs.
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3.3. The removal of dye

As shown in Figs. 10 and 11 the concentrations of
treated wastewater for different initial dye concentra-
tions (C0) and different hydraulic retention times
(HRTs) were observed and plotted against filtration
time (see Figs. 12–14).

3.3.1. The effect of initial dye concentration (C0)

The dye removal rate increases with increasing
dye concentration up to initial dye concentration
150mg/l and after this value the removal efficiency
decreases. This may be explained in view of the bio-
chemical reaction kinetics and the limited capacity of
the dye bioremoval. In view of the narrow separation
limitation of the membrane process, the micro-organ-
ism has the ability to biotreat the dye removal up to
150ppm but after this concentration this ability was
decreased drastically due to the limitation of the bior-
emoval mechanism. Removal rates would increase or

decrease depending on the surface area available for
fouling formation treatment to occur.

3.3.2. The effect of hydraulic retention time

The percentage removal of dye increases with
increasing the HRT and this could be explained in the
view of low reactor performance which was observed
at low HRTs. When there was insufficient contact time
between the dye in feed and the micro-organism, min-
imal biological reactions occurred and low removal
was observed. At 48hrs of HRT, 95% of removal was
achieved.

3.4. The flux of permeate

The flux of permeate was followed with different
runs for different operating conditions and the values
of flux were plotted against these operating conditions
(see Figs. 14–16).

Fig. 12. Removal of dye at different C0.

Fig. 13. Removal of dye at different HRTs.

Fig. 14. Removal of dye at different TMP.

Fig. 15. The flux of permeate at different Co.
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3.4.1. The effect of the transmembrane pressure (TMP)

From the experimental data, it was observed that a
reduction in permeate flux with time was occurred
and this is consistent with the previous studies
[18,19]. As suspended solids accumulate near, on, and
within the membrane lumen they may reduce the per-
meability of the membrane by blocking or consticting
pores and forming a layer of additional resistance to
flow across the membrane leading to reduction in per-
meate flux over time, which may be substantial and
represented as a loss in the capacity of a membrane
facility. Thus, reduction in permeate flux and proce-
dures for maintaining permeate flux must be consid-
ered in both the design and operation of membrane
facilities. The characteristics and location of the depos-
ited materials can play an important role in determin-
ing the extent and reversibility of permeate flux

decline. Washing the membrane, either hydraulically
or chemically, may remove some of the accumulated
materials and partially restore permeate flux. A reduc-
tion in permeate flux that cannot be reversed is
referred to as membrane fouling. Frequently, both
reversible and irreversible decreases in permeate flux
decline are referred to as membrane fouling and mate-
rials in the water that produce reductions in permeate
flux are collectively referred to as foulants (see Figs. 17
and 18).

3.5. Scanning electron microscopic

The SEM (JSM-5300) scanning electron micrograph
images show the surfaces of clean membrane, and
fouled membrane. New membrane surface is observed
to be porous and free of particles (Fig. 19(A)–(C)). The
surface of a fouled membrane shows the presence of a
cake layer (Fig. 19(Á)–(C´)). The cake layer was non-
porous in appearance, with rod-shaped bacteria and
other materials. Surfaces were in general including
foulants. The fouled membrane was fixed with a 0.5%
sodium hypochlorite solution periodically. Membrane
cleaning comprises of intermittent physical cleaning
(usually back-washing) and periodic chemical clean-
ing. Chemical cleaning is expected to completely
recover membrane flux, but produce toxic or contami-
nated wastewater because most cleaning agents are
caustic and/or contain detergents and oxidizing
agents as hypochlorite [18,20].

4. EDX––electron dispersive X-ray analysis

Surfaces of fouled membrane were analyzed with
JSM 5300 electron dispersive X-ray detector (see
Figs. 20 and 21).Fig. 17. The flux of permeate at TMP.

Fig. 18. Relation between TMP and flux with time.

Fig. 16. The flux of permeate atdifferent HRTs.
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4.1. Mass transfer model

4.1.1. Assumptions

The following assumptions are made in the estima-
tion of mass transfer coefficients and additional
assumption will be mentioned along with the devel-
opment of the model:

• The reactor is completely mixed.
• The volume of the reactor is constant.
• Steady state operation.
• The membrane porosity = 50%.

A definition sketch of the MBR in Fig. 22 the
effluent flux, J (g/m2s1), from the outside of the HFM
(hollow fiber membrane) is described by:

J ¼ KðCb � CtÞ ð1Þ
where K (m/s) is the overall mass transfer coefficient
and Cb and Ct (g/m

3) are the bulk and out permeate
dye concentration, respectively. At steady state, trea-
ted wastewater across membrane is described by:

v
dCb

dx
¼ �KaðCb � ctÞ ð2Þ

where v (m/s) is the velocity at the surface of mem-
brane and a (1/m) is the membrane surface area per
unit volume (a= 4/d). Integration of Eq. (2) with the
boundary condition Cb =Co at X= 0 and Cb =Ct at
X= d, where d is the wall thickness of the membrane
fiber.

C0 ¼ ðCb � CtÞ exp Kad
v

� �
þ Ct ð3Þ

For the mass transfer tests, a completely mixed
reservoir was connected to the outlet side of the
membrane module. Due to the long residence time in
the reservoir compared with the hollow fiber, a steady
state assumption could be used. A mass balance on
the membrane yields is shown in Fig. 23.

V
dCb

dt
¼ QðC0 � CtÞ ð4Þ

where V (m3) is the volume of the bioreactor and Q
(m3/s) is the inlet flow rate.

Substitution of C0 from Eq. (3) into Eq. (4) and
integration with the boundary condition Cb = 0 at time
t= 0 and Cb =Ct at time= t are given as follows:

Fig. 19. Before fouling: (A) inner surface, (B) cross-section, and (C) longitudinal section. After fouling: (Á) inner surface,
(B́ ) cross-section, and (C´) longitudinal section.
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ln
Cb

Cb � Ct

� �
¼ Q

V
1� exp

Kad
v

� �� �
ð5Þ

Experiments were conducted to determine the mass
transfer coefficients at varying operating conditions.
For each set of operating conditions, a steady inlet
dye concentration 100mg/l was applied to the sub-
merged hollow fiber membrane and the bioreactor
tank. Concentration of dye was measured over time.
For each test, the data gave a linear relationship when

plotted in the form of Eq. (5). The theoretical overall
mass transfer coefficient was calculated from the
slopes.

4.2. Mass transfer experiments

Three main resistances may contribute to the over-
all resistance to mass transfer in the MBR: the mem-
brane resistance km, the inside feed to the membrane
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EDX - Electron Dispersive X-ray Analysis:
Surfaces of fouled membrane were analyzed with JSM 5300 Electron Dispersive X-ray 
detector. 

Label Range Gross Net %total 
N 0.248 to 0.548 64.0 16.0 0.3 
Na 0.887 to 1.188 1,663.0 319.0 5.7 
Mg 1.207 to 1.308 853.0 103.0 1.8 
Al 1.327 to 1.628 2,790.0 894.0 16.0 
Si 1.648 to 1.888 2,229.0 585.0 10.5 
P 1.908 to 2.168 1,589.0 49.0 0.9 
S 2.188 to 2.467 1,611.0 74.0 1.3 
Cl 2.487 to 2.767 2,034.0 827.0 14.8 
K 3.168 to 3.467 925.0 149.0 2.7 
Ca 3.547 to 3.848 1,459.0 603.0 10.8 
Cu 7.907 to 8.208 1,437.0 1,109.0 19.9 
Zn 8.488 to 8.788 1,177.0 849.0 15.2 

Fig. 20. EDX analysis for outer surface of fouled membrane.
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resistance ki, and the outside permeate resistance ko.
The overall resistance, K, is determined by the follow-
ing equation:

Label Range Gross Net %total 
N 0.248 to 0.548 302.0 14.0 0.4 
Na 0.887 to 1.188 1,567.0 31.0 1.0 
Mg 1.207 to 1.308 1,028.0 53.0 1.6 
Al 1.327 to 1.628 3,958.0 238.0 7.3 
Si 1.648 to 1.888 3,846.0 258.0 8.0 
S 2.188 to 2.467 4,447.0 127.0 3.9 
Cl 2.487 to 2.767 4,478.0 226.0 7.0 
K 3.168 to 3.467 3,525.0 109.0 3.4 
Ca 3.547 to 3.848 3,434.0 330.0 10.2 
Cu 7.907 to 8.208 2,752.0 1,192.0 36.8 
Zn 8.488 to 8.788 2,201.0 665.0 20.5 

Fig. 21. EDX analysis for inner surface of fouled membrane.

Cb

Ct

Flux J 

Fig. 22. Hollow fiber MBR (definition sketch used in
mathematical model development).

Q, CO

Cb

Q ,Ct

V

Fig. 23. Mass balance on the hollow fiber membrane tank.
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1

K
¼ 1

ki
þ 1

km
þ 1

ko
ð6Þ

A number of dimensionless correlation exist that can
be used to predict the local mass transfer resistances
based on the hydrodynamics of the system, the prop-
erties of the fluid and solute, and the system geome-
try.

For laminar regime, the Graetz–Leveque correlation
can be used to estimate the mass transfer coefficient:

Sh ¼ 1:86½Re�Sc ðdh=LÞ�0:33 ð7Þ

where Sh is the Sherwood number (Sh= kd/D), Re is the
Reynolds number (Re= t de/l), Sc is the Schmidt number
(Sc= l/q d), and the effective diameter, de (m) used in
the Reynolds number is the inner diameter of hollow
fiber membrane. For turbulent regime, the Linton and
Sherwood correlation can be used to estimate the
mass transfer coefficient.

Sh ¼ 0:023ðReÞ0:83ðScÞ0:33 ð8Þ

The mass transfer coefficient across a membrane is
generally assumed to be that for mass transfer across
a thin film [21].

Km ¼ eD=d ð9Þ

where e is the membrane porosity and d is the mem-
brane wall thickness.

Overall mass transfer coefficient was calculated for
the experimental conditions using Eqs. (6)–(9). Mem-
brane properties (d, dm, and L) were obtained from
the membrane manufacturer. Diffusion coefficient of
fluid across membrane is estimated using the funda-
mental of diffusion, where the basic flux across the
membrane is exactly that for transport across a thin
film Fick’s law.

j ¼ D=dðCb � CtÞ ð10Þ

where j is the mass flux, D is the diffusion coefficient,
d is the membrane’s wall thickness, Cb is the con-
centration in the membrane on the feed side of the
membrane, and Ct is the concentration within the
membrane on the permeate side of the membrane
[22]. A membrane porosity of 50% was assumed.

Hydrodynamics allow for understanding of the
dynamic behavior of fluid flow through a bioreactor,
affecting mass transfer of dye and overall reactor effi-
ciency. In this study, the effect of hydrodynamics on
removal efficiency was investigated. The HFMBR was

found to operate under various operating conditions
[1]. The model is tested by comparing the experimen-
tal overall mass transfer coefficient which is generated
by the model with the experimental overall mass
transfer coefficient which is generated by actual exper-
imental data of the submerged HFMBR. The results
are compared at different operating conditions. As
shown in Figs. 24–26, the results revealed that there is
a remarkable agreement between the theoretical
results and experimental results with deviation of
about 8.6%.

Fig. 24. Theoretical and experimental mass transfer
coefficients for the MBR at different initial dye
concentrations.

Fig. 25. Theoretical and experimental mass transfer
coefficients for the MBR at different HRTs.

Fig. 26. Theoretical and experimental mass transfer
coefficients for the MBR at different transmembrane
pressures.
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The following values were used in calculating the
theoretical mass transfer coefficients using Eqs. (7)–(9):
dh = 410lm, l= 0.01 cm2 s�1, q= 1 g cm�3, e= 0.5, num-
ber of fibers = 1,050 module, and diameter = 650lm
d= 120lm.

The model used for this study follows the model
presented by [23].

5. Conclusion

Based on the results of this study, the following
conclusions may be drawn:

• The submerged HFMBR proved to be an effective
decolorization method with high removal efficiency
and acceptable permeate flux. The submerged
HFMBR is capable of achieving maximum removal
of dye efficiency at low initial dye concentrations,
high HRTs, and low operating pressure. Treatment
efficiency of the submerged HFMBR process under
different operating conditions was studied.

• The COD removal efficiency ranged from 87.7% to
over 96.3%. The COD removal efficiency increased
as hydraulic retention time increased. The COD
removal efficiency ranged from 90.9% to over
95.6%. The COD removal efficiency increased as
operating pressure decreased. The COD removal
efficiency increased when the initial concentration
of dye between 150 and 200mg/l. After these val-
ues, the COD removal efficiency decreased with
increasing the initial concentration of dye.

• The submerged HFMBR was considered to provide
a significant mass transfer resistance; thus, the sub-
merged HFMBR has been found to provide lower
mass transfer in comparison to a membrane system
for which the membrane resistance is taken into
consideration due to cake formation and fouling.

• Surfaces of fouled membrane in this study were
analyzed using a SEM (JSM-5300). SEM of mem-
brane surface at the end of the experiment
observed degrees of fouling. The fouled membrane
is fixed with a 0.5% sodium hypochlorite solution
periodically.
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