¢/ Desalination and Water Treatment
www.deswater.com

() doi: 10.5004/dwt.2019.24772

171 (2019) 67-77
December

Comparative study between aeration rate and membrane modification
effects on antifouling properties of cellulose acetate membrane in

membrane bioreactor systems

Habib Etemadi**, Mehdi Motamed®<, Reza Yegani*<*

“Department of Polymer Science and Engineering, University of Bonab, Bonab, Iran, email: h_etemadi@bonabu.ac.ir
"Faculty of Chemical Engineering, Sahand University of Technology, Tabriz, Iran
‘Membrane Technology Research Center, Sahand University of Technology, Tabriz, Iran, emails: ryegani@sut.ac.ir (R. Yegani),

mhd.motamed@gmail.com (M. Motamed)

Received 1 March 219; Accepted 9 August 2019

ABSTRACT

In this paper, membrane modification and aeration rate effects on antifouling properties of cellulose
acetate (CA) membrane in membrane bioreactor (MBR) systems were examined and the obtained
results were compared. In phase I and for membrane modification, zinc oxide (ZnO) nanoparticles,
0-0.75 wt.%, were embedded in CA membrane. In this phase, scanning electron microscopy and con-
tact angle measurements were used to determine the surface properties of the membranes, and opti-
mal nanocomposite membrane was used in MBR for filtration of activated sludge. In phase II, four
levels of aeration rate with specific aeration demand per membrane area (SADm) of 1, 2, 3 and 4 m?/
m?h was used to investigate the effect of aeration rate on CA membrane fouling. The obtained results
showed that maximum improvement in hydrophilicity and porosity of CA membrane was observed
at 0.5 wt.% loading of ZnO nanoparticles. Also, either low or high aeration rate had a negative influ-
ence on permeability and antifouling properties of CA membrane. Under very high aeration rate
(SADm > 2 m*/m?h), the floc and particle breakage occur which these small matters can penetration
through the membrane pores and membrane pore blockage or irreversible fouling occurs. By increas-
ing aeration rate, chemical oxygen demand removal was increased and decreased for CA membrane
and activated sludge, respectively. Finally, it was observed that the influence of membrane modifica-
tion on the improvement of antifouling properties of CA membrane was more than optimal aeration
rate effect.
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1. Introduction

The discharge of wastewater that consists of different
compounds from various industries into the environment
has increased concerns about the environmental pollution.
On the other hand, due to the water scarcity in many regions
around the world, it seems that wastewater treatment and
reuse are necessary. Among the wastewater treatment meth-
ods and water reuse process, membrane bioreactor (MBR)

* Corresponding authors.

technology is the most feasible and innovative powerful tools
[1,2]. MBR combines membrane filtration and biological acti-
vated sludge process and it has a small footprint and high
quality of effluent compared with other conventional waste-
water treatment systems [3,4]. However, membrane fouling
is the major problem impeding the widespread adoption of
MBR to full-scale plants [5].

Various methods have been used to reduce membrane
fouling, including operational conditions and membrane
modification. Among operational conditions parameters,
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aeration in MBR systems is the most cost demanding factor
in terms of energy consumption [6]. In this case, many stud-
ies have focused on the effect of aeration rate on the mem-
brane fouling in the MBR systems. Dalmau et al. [6] showed
that below aeration rate of 1 m h™, membrane fouling was
increased and the values of transmembrane pressure (TMP)
were doubled. Other studies have also shown an approach
to define optimal operating conditions with respect to aera-
tion rates [7]. Howell et al. [8] concluded that severe mem-
brane fouling occurs if the permeate flux is too high or the
aeration rate is too low. At moderate fluxes in the near-crit-
ical flux region, membrane fouling due to a temporary
increase in permeate flux can be controlled by increasing
the aeration rate. Meng et al. [9] examined membrane foul-
ing in submerged MBRs operated under different aeration
intensities and concluded that aeration had a positive effect
on cake layer removal, but pore blocking became severe as
aeration intensity increased to 800 L/h. De Temmerman et
al. [10] also reported that during high aeration intensity, the
total membrane fouling rate measurements increased sig-
nificantly. It was showed in the study by Prat and Ducoste
[11] a low average characteristic velocity gradient (low aer-
ation rate) results in larger floc sizes in the activated sludge
tank, while, high aeration rate creates smaller flocs. In the
latter case, this is likely to result in a thicker cake layer, gel
layer and pore blocking resistance compared with the for-
mer case.

Among membrane modification methods, modification
of membranes with inorganic nanoparticles; that is, nano-
composite membrane, has been extensively studied due to
its simplicity and cost effectiveness [12]. In this case, various
nanoparticles such as TiO, [5,13], multiwalled carbon nano-
tubes [14], graphene oxide [12], nanodiamond [15], Fe,O, [1],
SiO, [3] were used in order to improve the hydrophilicity and
antifouling properties of membranes in the MBR systems.

In the present study, the effect of aeration rate and mem-
brane modification on antifouling properties of cellulose ace-
tate (CA) membrane in the MBR systems was examined, and
the obtained results were compared with each strategy. CA
widely used in membrane separation process due to its high
hydrophilicity, high biocompatibility, non-toxic nature, good
desalting, high potential flux and relatively low cost [16,17].
However, high biofouling tendency and biodegradability are
disadvantages of CA membranes in MBR media, necessitat-
ing the modification of CA [18,19].

It is well known that zinc oxide (ZnO) nanoparticles
are one of the most suitable materials for improvement of
the hydrophilicity and antibacterial activity of membranes
[20]. ZnO nanoparticles are low cost and have excellent anti-
bacterial activity as well as it can easily absorb hydrophilic
hydroxyl groups (-OH) [21-23]. Several researches have
been reported on the incorporation of ZnO nanoparticles
into different polymer matrix membranes, such as polyvi-
nyl chloride (PVC) [24], polysulfone [25], polyether sulfone
[21], polyvinylidene fluoride [26] and polyethylene (PE) [22].
Alsalhy et al. [24] developed a nanocomposite flat sheet mem-
brane from PVC/ZnO via induced phase separation method
for actual hospital wastewater treatment in MBR systems.
They concluded that the thickness of the cake layer formed
on the membrane surface was reduced with an increase in
ZnO nanoparticles. Also, chemical oxygen demand (COD)

removal efficiency of the MBR process was approximately
similar for neat PVC and nanocomposite membranes.

Most of the previous literatures separately focused on
the effect of aeration rate or membrane modification effect
on antifouling properties of membrane in MBR systems.
According to our knowledge, there is no report about com-
parison between membrane modification and aeration rate
effects on antifouling properties of membrane in MBR sys-
tems, in order to find effective strategy.

Therefore, in this paper, we examined both strategies,
that is, membrane modification and aeration rate effects,
on antifouling properties of CA membrane in MBR sys-
tems to treat a real wastewater sample obtained from Daana
Pharmaceutical Company of Iran. For this purpose, several
structural and operational analyses were carried out to find
effective method about improvement in antifouling proper-
ties of CA membrane in MBR systems.

2. Experimental
2.1. Materials

The CA polymer (M, = 30,000 g/mol) was obtained from
Sigma-Aldrich (Germany), and the N-N-dimethylformamide
(DME, 99.8%) solvent was supplied by Merck (Darmstadt,
Germany). ZnO nanoparticles (particle size < 100 nm) were
purchased from Sigma-Aldrich.

2.2. Preparation of membranes

Non-solvent induced phase separation method was
applied to prepare pure CA and ZnO-embedded mem-
branes. First, different amounts of ZnO nanoparticles (0, 0.25,
0.5 and 0.75 wt.%) were added into the DMF solvent with
continuous vigorous stirring for 6 h to make ZnO nanopar-
ticles disperse uniformly. For better dispersion of the ZnO in
solvent, the solution was sonicated for 3 h using a bath ultra-
sonic (WOSON Company, China) at 50 kHz. Subsequently,
17.5 wt.% of CA was dissolved in the solution at 2,000 rpm for
6 h and ultrasonic was used for 1 h. Then, the casting solution
was cast onto a glass plate with a 200 pm casting knife by
using automatic casting machine (Coa Test, Taiwan). The fab-
ricated membranes were immersed in fresh distilled water
for 24 h to remove all the residual solvent.

Under high loading of ZnO nanoparticles; that is, higher
than 0.75 wt.%, mechanical and hydrophilicity of mem-
brane significantly decreased (data not shown). Therefore,
0-0.75 wt.% of ZnO nanoparticles were chosen for CA nano-
composite membrane preparation.

2.3. Characterization

The morphology of the membranes was characterized
by FE-SEM (MIRA3 FEG-SEM, Tescan). FESEM device was
equipped with dispersive X-ray analysis (EDX) detector to
inspect the existence of ZnO nanoparticles in the membranes.
The hydrophilicity of the membranes surface as a function of
different contents of ZnO nanoparticles was evaluated based
on the static water contact angle using contact angle goniom-
eter (PGX, Thwing-Albert Instrument Co., Germany). Water
content (WC) of membranes was determined according to its
dry-wet weight. Pieces of different membrane samples were
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immersed in DI water at room temperature for 24 h and the
weight of the wetted membrane (W, ) was measured after
mopping it with a filter paper. The dry weight (W, ) was
determined after 48 h drying at 75°C, the WC ratio was calcu-
lated by the following equation [27]:

Wwet B Wd
WC% =—2 4% 100 1)
Wwet

The porosity of the different membranes was calculated
using Eq. (2) [28] as follows:

(Wwet - Wdry) / Dw
(Wwet - Wdry)/ Dw + Wdry / Dp

(%) = 100 @)

where ¢ is the porosity of membrane (%), D (0.998 g/cm?)
and D, (1.3 g/cm?) are the density of the water and polymer,
respectively.

The mean pore radius (r,) was calculated based on water
flux measurements using the Guerout-Elford—Ferry equa-
tion (Eq. (3)) [29]:

. _ [Bni0@9-175) @
" eAAP

where AP is trans-membrane pressure (TMP, Pa), A is the
effective membrane area (m?), € is membrane overall poros-
ity, Q is the volume of permeated pure water per unit time
(m’), n is the water viscosity (8.9 x 10 Pas), and [ is the
membrane thickness (m).

The tortuosity (t) of the membrane was determined using
Eq. (4) [30]:
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Fig. 1. Schematic of MBR setup in this study.

2.4. MBR apparatus and operational conditions

The schematic of the experimental setup was shown
in Fig. 1. The reactor had a working volume of 12 L for the
mixed liquor. The flat sheet membrane modules had a vol-
ume of 50 mL and an effective membrane filtration area of
14.7 cm?. A porous air diffuser under the membrane module
provided continuous aeration to create a shear force to hin-
der deposition of activated sludge particles on the membrane
surface. TMP was maintained constant at 0.1 bar. Hydraulic
retention time and sludge residence time were maintained at
24 h and 25 d, respectively. Mixed liquor suspended solids
was controlled between 6,500 and 7,000 mg L.

Real municipal wastewater with COD of 2,800 mg/L was
supplied from plant of Daana Pharmaceutical Company of
Tabriz, Iran. The experiment was divided into two phases.
Phase I was carried out in order to determine the membrane
modification effect on membrane fouling with specific aer-
ation demand per membrane area (SADm) of 1 m’%h m?
and in this case, both pure CA and CA/ZnO nanocomposite
membranes were used. Literature showed that air injection
reduced fouling in a submerged MBR up to a critical flow
rate corresponding to a SADm of 0.25 m*%h m? [31,32]. In
other words, beyond this value, increasing air flow did not
have a positive effect on membrane fouling. Therefore, in this
study, the SADm was corresponding to 1 m?*/h m% In phase
II, the effect of aeration rate on CA membrane fouling was
examined, and in this case, SADm was selected in four rates;
1,2, 3 and 4 m3/h m2.

2.5. Analysis of membrane fouling

After pure water flux tests (J , L/m*h), the flux for acti-
vated sludge (J,,, L/m*h) was measured based on the water
quantity permeating the membranes at 0.1 bar for 6 h. After
filtration of activated sludge, the membranes were washed
with distilled water, then the pure water flux of cleaned
membranes | , (L/m?h) was measured again. The flux recov-
ery ratio (FRR) was calculated as follows:

FRR(%) = Juz 100 ®)

wl

Generally, higher FRR indicates better antifouling prop-
erty of the membranes [29].

The total fouling ratio (TFR), reversible fouling ratio
(RFR) and irreversible fouling ratio (IFR) were calculated by
using Eqs. (6)—(8) [15]:

RFR(%) = [“_]ASJ x100 (6)
IFR(%) = (]wl]_]“] x100 )
TFR(%) = RFR(%) + IFR(%) = (LA—IAS] x 100 8)
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The quality of permeate water produced by the MBR
process was analyzed. COD was determined by absorbance
method (BioQuest CE2501). COD removal for membranes
and activated sludge was estimated by measuring COD of
effluent (COD,) and influent (COD,) and using the following
equation:

_CODEJ“OO )
OD

1

COD Removal (%) = [1

3. Results and discussions

3.1. Hydrophilicity, porosity, water content and mean pore
radius of membranes

The hydrophilicity of membrane surface can be analyzed
by water contact angle measurement. The contact angles of
the surfaces of pure CA and nanocomposite membranes are
shown in Table 1. The contact angles of the nanocomposite
membranes decreased as the amount of ZnO nanoparticles
was increased up to 0.5 wt.%. A lower water contact angle
means a higher hydrophilicity, indicating that the addition of
ZnO nanoparticles enhanced the hydrophilicity of the mem-
branes. Decrease in the interface energy of the nanocompos-
ite membranes affected by the polar characteristics of ZnO
nanoparticles, responsible for improvement in the hydro-
philicity [31]. It should be noted that at ZnO loadings higher
than 0.5 wt.% the contact angle increases. The possible reason
for any increase in the water contact angle at high loading of
nanoparticles, was that the agglomeration of the nanoparti-
cles on the membrane surface [32], and consequently reduc-
tion occurred in the effective surface of the nanoparticles [21].

The porosity of membranes has been measured using
gravimetric method and the results are shown in Table 1. It
can be seen that the increasing in the concentration of ZnO
nanoparticle increases membrane porosity and attains its
maximum value at the concentration of 0.5 wt.%. The hydro-
philic ZnO nanoparticles would accelerate the membrane
formation process by speeding up the exchange rate between
solvent and non-solvent. However, at higher loading of ZnO
nanoparticles, a compact organic—inorganic network struc-
ture results in the decrease of membrane porosity. This trend
might be related to the increasing in viscosity of the casting
solution. The increased viscosity supports the diffusion of
solvent from the solution over the inside diffusion of non-sol-
vent (water) into the cast film, resulting in a lower membrane
porosity [33].

As shown in Table 1, it is observed that when the ZnO
content was 0.5 wt.%, the bulk porosity increased in the

Table 1

range of 77.1% decreasing its pore tortuosity. High hydro-
philic nature of ZnO in the CA matrix can be a reason for this
phenomenon, which increased the solution thermodynamic
instability in the phase inversion process and resulted in the
formation of large pores on the membrane. Similar results
were reported by Khalid et al. [30].

The effect of ZnO nanoparticles on the water content
of CA membrane, is shown in Table 1. As reported in the
table, the water content increased with the increase of ZnO
nanoparticles loading up to 0.5 wt.%. At high loading of
nanoparticles (0.75 wt.%), water content decreased. The
decreased surface hydrophilicity and the lower porosity may
be reasons for reduction in water content. A similar trend in
the water content has been reported elsewhere [15,18].

Table 1 indicates that the mean pore size of membranes
increased from 32 to 64 nm when the ZnO content increased
from 0 to 0.5 wt.%. Increasing in the hydrophilicity and
inter-penetration velocity of the water-solvent, are responsi-
ble for increasing in the mean pore size [26].

3.2. Membrane morphology

Fig. 2 shows scanning electron microscopy (SEM) images
from cross-section of both pure CA and CA/ZnO (0.5 wt.%)
nanocomposite membranes. It can be seen that in the pres-
ence of ZnO nanoparticles, the numbers and length of fin-
ger-like macropores increase. In fact, the presence of ZnO
in the casting solution affects the phase inversion process
and subsequently the membrane structure. In other words,
hydrophilic ZnO accelerates solvent-nonsolvent exchange in
the phase inversion process due to appropriate interaction
between ZnO and water.

The SEM images of surface for selected membranes; pure
CA and CA/ZnO (0.5 wt.%), are shown in Fig. 3. According
to Fig. 3a, the smooth membrane surface is formed for pure
CA membrane. Similar observations were observed by Lv et
al. [34] and Arthanareeswaran et al. [35]. The surface SEM
images for CA/ZnO (0.5 wt.%) membranes in Fig. 3b showed
that nanocomposite membrane has rougher surfaces than
that of ZnO-free membrane. The increased roughness may
be the result of more active nodular surface and non active
surface in the aqueous phase [36].

The EDX analysis was rather important for verifying the
elements present in the membrane matrix, therefore CA/ZnO
(0.5 wt.%) membrane was examined for the presence of the
zinc components. These results are shown in Fig. 4. It can be
seen that Zn element is evenly distributed on the membrane
surface. These observations can be explained with reasonable
accuracy with the help of nanoparticles incorporation mech-
anism during the phase inversion process.

Water contact angles, %WC, porosity, mean pore radius, and tortuosity for pure CA and its nanocomposite membranes

Membrane type Water contact angle (°) Water content (%) € (%) 7, (nm) T

CA 68 67.9 72.7 32 2.23
CA/ZnO (0.25 wt.%) 66 70 75 41 2.08
CA/ZnO (0.5 wt.%) 53 72 77.1 64 1.96
CA/ZnO (0.75 wt.%) 58 69.2 74 50 2.14
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Fig. 2. FESEM images of cross section of membranes: (a) CA and (b) CA/ZnO (0.5 wt.%).

Fig. 3. FESEM images from top surface of membranes: (a) CA and (b) CA/ZnO (0.5 wt.%).

3.3. Fouling analysis and membrane performance
3.3.1. Effect of membrane modification

Evaluation of the fouling performance of the pure CA
membrane and CA/ZnO (0.5 wt.%) nanocomposite mem-
brane (modified membrane was selected among nanocom-
posite membranes) was carried out by using the pharmaceu-
tical wastewater based on the flux decline during short-term

activated sludge filtration (360 min) as depicted in Fig. 5. In
this phase, the SADm was selected 1 m*/m?h for both mem-
branes (low aeration rate). The initial fluxes for unmodified
and modified membranes were equal to 31.4 and 87.5 L/m?
h, respectively. Although, the CA/ZnO (0.5 wt.%) membrane
showed the maximum flux reduction through the filtration in
a 6-h period, but at the end of filtration, nanocomposite mem-
brane showed higher flux with respect to pure CA membrane.
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It is well known that membrane fouling is considered
as one of the main factors limiting the application of MBR.
Generally, membrane fouling comprises reversible and irre-
versible fouling. If the foulants (such as colloidal particles,
sludge flocs and cell debris) are weakly bound on the mem-
brane surface or within its pores, reversible fouling occurs,
which can be easily eliminated by water rinsing. While,
irreversible fouling occurs, when the foulants are strongly
attached within the pores or membrane surface and chemical
cleaning is seriously needed to remove these foulants [29,37].
Fig. 6 shows values for FRR, TFR, reversible (RFR) and irre-
versible fouling ratio (IFR) were quantified during activated
sludge filtration experiments. The initial pure water flux (J ;)
was measured 153 and 445 L/m?h for CA and CA nanocom-
posite membranes, respectively. Comparing the IFR values
shows that incorporation of ZnO nanoparticles in CA matrix
decreases irreversible fouling. Therefore, it seems that the
presence of ZnO nanoparticles has a positive effect on the
anti-fouling properties of CA membranes.

Higher values of FRR reflect lower persistent foulant
adsorption to the membrane operated during the filtration. It
can be seen in Fig. 6 that the FRR of nanocomposite membrane
is higher than that of pure CA. The nanocomposite mem-
brane displayed the FRR of 72%. The improved anti-fouling
properties of modified membrane can be attributed to their
improved hydrophilicity and microorganism repellency.

The SEM images in Fig. 7 exhibited the attached foulants
(mainly bacteria) on the surface of both unmodified and mod-
ified membranes, that is, pure CA and CA/ZnO (0.5 wt.%),
after physical washing. Obviously, the foulants which con-
sist of bacteria or the mixed polymer aggregate with bacteria,
were reduced significantly in CA/ZnO (0.5 wt.%) membrane
compared with the pure membrane with a large colony of
bacteria. In other words, the bacteria have strong interaction
with pure CA membrane surface. It is well known that bac-
teria can attach on the both hydrophilic and hydrophobic
surfaces, but it has been found that attachment of the bacte-
ria to hydrophilic surfaces is the weaker of the hydrophobic
surface [38]. Therefore, it is expected that after washing the
membrane surface, nanocomposite membrane shows small
colony of bacteria with respect to pure CA membrane. Also,
many studies showed that ZnO nanoparticles possessed

excellent antibacterial activity against various types of bac-
teria [33]. The antibacterial mechanism of ZnO nanoparti-
cles could be due to damage to the membrane of bacterial
cells by hydrogen peroxide or to the affinity between ZnO
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nanoparticles and bacterial which resulting in cell death [39].
However, due to the biodegradability of CA membranes, it is
clear that the attached bacteria on the membrane surface can
grow and damage the membrane. Therefore, ZnO nanoparti-
cles can improve bacterial anti-adhesive properties as well as
antibacterial activity of CA membranes.

3.3.2. Effect of aeration rate

In order to evaluate the effect of aeration rate on antifoul-
ing properties of CA membrane, the permeate flux is plotted
against time in Fig. 8 for various SADm, that is, 1, 2, 3 and
4 m*m?h. As shown in Fig. 8, the membrane permeability
at the end of filtration was decreased in the extreme low and
high aeration rates. By increasing SADm from 1 to 2 m’/m?
h, the flux through the membrane increased at the whole of
permeation time. At higher aeration rates, that is, 3 and 4 m®
m?h, membrane permeability decreased. The results confirm
the importance of aeration as a means to mitigate fouling in
immersed membrane systems. However, there appears to be
a practical limit above which the effect of increasing aeration
has a minor added benefit.

The effect of aeration rate on fouling parameters of CA
membrane is shown in Fig. 9. In the aeration rate of 2 m*/m?h,
CA membrane shows lowest IFR and TFR among other aer-
ation rates. The IFR values were calculated to be 31% when
the SADm increased from 1 to 2 m*/m?h and were 64% when
the SADm increased from 2 to 4 m*/m?h. Also, values for FRR
were 65%, 69%, 68% and 35% for SADm of 1, 2, 3 and 4 m?/
m?h, respectively.

Higher aeration rates more efficiently remove the foul-
ing deposition or cake layer on the membrane surface due
to the higher shear force of bubble air, and simultaneously
increases the breakage of components that have been iden-
tified as major contributors to fouling. Fig. 10 shows the for-
mation of cake layer on the membrane surfaces under the
low and high aeration rates conditions. It is clear that more

and thicker cake layer was formed on the membrane surface
under the low aeration rate. Although, at low aeration rate,
the formed biofilm layer was thicker, but loosely attached
and can be easily removed physically [40].

Too high shear forces will have a detrimental effect on
the suspended solids by breaking them up into smaller frag-
ments. Breakage through aeration inevitably leads to higher
concentrations of very small floc fragments in the bulk lig-
uid. Fig. 11 shows the microscopic images of sludge flocs
in mixed liquor under low (SADm = 1 m’/m?h) and high
(SADm = 4 m®/m?h) aeration rates. According to Fig. 11,
these images implied that the sludge floc mainly consisted
of fiber-shape bacteria (filamentous bacteria). It is clear that
a low aeration rate results in larger floc and particles sizes,
while a higher aeration rate creates smaller particle and flocs
due to the floc breakage [10,11].

These results showed that too high aeration intensity
affected the sludge floc size and subsequently membrane
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Fig. 8. Effect of aeration rate on the permeability of CA
membrane in MBR system.

Fig. 7

Fig. 7. SEM images of attached foulants (mainly bacteria) on the washed membrane surfaces of (a) CA and (b) CA/ZnO (0.5 wt.%) after

filtration of activated sludge.
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fouling. This implies that the aeration rate largely determines
the potential for floc breakage and release of small fragments
into the bulk liquid which cause membrane pore blockage.
As shown in Fig. 9, increase in aeration rate (higher than
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Fig. 9. Effect of aeration rate on fouling parameters of CA mem-
brane.

SADm of 2 m*/m?h) results in irreversible fouling. The rela-
tion between aeration rate, flocculation behavior and mem-
brane fouling is illustrated as schematically in Fig. 12. It can
seen from Fig. 12a, under low aeration rate, due to larger
size of sludge floc and other particles, these matters accu-
mulated on the membrane surface and cake layer formed on
the membrane surface which can easily remove physically or
eliminated by water rinsing. However, under very high aer-
ation rate (SADm > 2 m?/m?h) the floc and particle breakage
occurs which these small matters can penetrate through the
membrane pores and membrane pore blockage or irrevers-
ible fouling occurs (Fig. 12b). According to the literature, it is
reported that under high shear conditions in MBR, due to the
breakage of microbial floc and colloidal particles which cause
a rapid loss in membrane permeability [41,42].

Besides the aeration intensity and sludge floc size
affected membrane fouling, it is expected that release of com-
pounds such as soluble microbial products (SMP), which can
be described as biopolymers, humic acids and the like, has
been happened by floc breakage phenomena [43]. Literatures

Fig. 10. Photograph of fouled CA membranes after MBR run under: (a) low (SADm = 1 m*/m?h) and (b) high (SADm = 4 m*m?h)

aeration rates.

Fig. 11. Microscopic images of sludge flocs in mixed liquor under: (a) low (SADm = 1 m*m?h) and (b) high (SADm = 4 m%m?h)

aeration rates.
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showed that aeration intensity has some effect on biomass
characteristics also since MBR system includes living micro-
organisms and their metabolites [6,10]. Also, it is well known
that the adhesion and/or deposition of SMP toward mem-
branes can block membrane pores and form a fouling layer,
leading to an increase in the irreversible fouling and filtration
resistance [15].

The effluent quality of the MBRs systems in terms of
COD removal for both membrane and activated sludge at
each aeration rate was shown in Fig. 13. The COD removal
from activated sludge was primarily due to biological
degradation in the bioreactor while COD removal in the
permeate was due to simultaneous impact of membrane
filtration and biofilm formation at low aeration rate
(biofouling layer on the membrane surface) as well as
pore blockage at high aeration rate. It is clear that COD
removal for membrane was higher than activated sludge
for difference aeration rates. Although the COD removal
efficiency for membrane was excellent being more than 90%
at any aeration rate, but by increasing aeration rate COD
removal efficiency was decreased for activated sludge.
According to the study be Meng et al. [9] and Temmerman
et al. [10] studies, high aeration rates led to the release of
SMP and breakage of particles and bacteria. Therefore, it is
expected that COD removal efficiency of activated sludge
was decreased by increasing aeration rates. This trend was
observed elsewhere [41].

ilamentouns
a
( ) @ma
Other palﬁdes ! %

ﬂ

Membrane Fouling

As shown in Fig. 13, the higher membrane COD removal
was appeared at the highest aeration rate (SADm = 4 m3/m?
h). Similar trend of results was reported by Park et al. [41]. It
could be concluded that high aeration rate results in break-
age of particles and bacteria, and as mentioned previously,
under high aeration rate membrane pore blockage occurs
and particles and other foulants cannot cross through the
membrane and therefore membrane COD removal increased.
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Fig. 13. Effect of aeration rate on the COD removal (%) of
activated sludge and CA membrane permeation.
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Fig. 12. Schematic of CA membrane fouling under: (a) low (SADm =1 m*/m?h) and (b) high (SADm =4 m*/m?h) aeration rates.
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By comparing the obtained results from Figs. 6 and 9,
it is clear that influence of membrane modification on the
improvement of antifouling properties of CA membrane in
MBR systems was more than aeration rate effect. The modi-
fied membrane or CA/ZnO (0.5 wt.%) nanocomposite mem-
brane has lower IFR as well as higher FRR with respect to
optimum aeration rate (SADm = 2 m3/m?h). The main cost
of total operation costs is due to aeration [44]. Therefore,
although increasing in aeration rate up to optimum SADm
membrane fouling decrease, but the cost of total operation
can be increase. It is expected that the cost of modification
membrane with low cost and effective nanoparticles such
as ZnO is lower than the cost of increasing in aeration rate.
On other hand, membrane modification is more effective in
the improvement of antifouling properties of CA membrane
in MBR with respect to aeration rate effect. However, it is
important to note that these results and fouling parameters
values are specific for the system and operating conditions
applied in this study.

4. Conclusion

In this study, the impact of aeration rate as well as mem-
brane modification on antifouling properties of CA mem-
brane was comparatively examined in MBR systems. In order
to achieve membrane modification, ZnO nanoparticles was
embedded in CA membrane and its effect was examined in
membrane fouling in MBR systems (phase I). Also, four lev-
els of aeration rate with SADm of 1, 2, 3 and 4 m®/m?h was
used to investigate the effect of aeration rate on CA membrane
fouling (phase II). Incorporation of 0.5 wt.% of ZnO resulted in
the high values in the hydrophilicity, porosity and mean pore
radios. The obtained results from phase I indicated that lower
IFR and higher FRR for nanocomposite membrane confirm the
advantages of the modified membrane. Although the signifi-
cant reduction in the flux was observed for CA nanocomposite
membrane, but the antifouling properties (such as lower IFR
and higher FRR) for CA nanocomposite was more than pure
CA membrane. According to the phase II, aeration intensity
had significant impacts on membrane permeation. Low or
high aeration rate had a negative influence on membrane per-
meability. Low aeration could not remove the membrane fou-
lants from membrane surface effectively. However, high aera-
tion could induce a severe breakage of sludge flocs. The SADm
of 2 m*/m?h was selected as optimal aeration rate, which low
IFR and high RFR was occurred. Also, by increasing aeration
rate, COD removal efficiency was increased and decreased for
membrane and activated sludge, respectively. As a final result,
it was concluded that the influence of membrane modification
on the improvement in antifouling properties of CA mem-
brane in MBR system was more than aeration rate effect.
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