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ABSTRACT

This study focused on evaluating the effects of flocculant addition on the performance of
membrane bioreactor (MBR). Two different flocculants, aluminum sulfate (alum) and
polyaluminum chloride (PACl), were tested and the performance of MBR system in terms of
COD removal, membrane fouling, and sludge properties was investigated. Addition of both
flocculants resulted in significant reduction of membrane fouling rate and polyaluminum chlo-
ride was found more effective than alum. The sustainable filtration time at optimum dosage of
alum and PACl was, respectively, 2.5 and 4.2 times more than that in control MBR which had
no flocculant. Additionally, sludge oxygen uptake rate (OUR) improved in the presence of
both flocculants and average OUR values obtained from flocculant-added membrane bioreac-
tors was about 1.5 times more than that in control MBR. The results also revealed that there
were no significant difference in COD removal of flocculant-added MBRs and control MBR
and the treatment in all the three MBRs led to high COD removal efficiencies.

Keywords: Flocculant; Fouling; Membrane bioreactor; Trans-membrane pressure

1. Introduction

Membrane bioreactor (MBR) is considered as one of
the most promising technologies for wastewater treat-
ment because of many advantages over conventional
activated sludge processes. The most important barrier
to widespread application of MBR in wastewater treat-
ment is membrane fouling [1]. Membrane fouling
increases the capital and operational costs since more
frequent backwashing, high aeration rate, and chemical
cleaning is required [2]. Recently, various trials have
been carried out to minimize the membrane fouling.
The researches on membrane fouling can be classified

as optimization of operating conditions; improvement
of membrane characteristics; and modification of mixed
liquor properties [3].

Mixed liquor in MBR can be divided into two
phases: solids (flocs) and liquid (supernatant). It was
reported that flocs could play a major role in cake
resistance [4], so understanding the impact of mixed
liquor properties on membrane fouling in MBR
system is necessary to develop an effective solution
for membrane fouling mitigation.

Coagulation/flocculation of activated sludge by
adding chemicals and increasing floc size is a method
to minimize membrane fouling [5]. Coagulants can
effectively remove the undesirable inorganic and*Corresponding author.
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organic colloids (viruses, protein, polysaccharides
with acidic groups in EPS and SMP) by clumping
them together into larger flocs which would be
rejected by a membrane. As a result, membrane
performance with respect to fouling reduction and
contaminant removal efficiency may increase [6]. The
principal coagulants used in water and wastewater
treatment include inorganic metal compounds and
synthetic organic polymers. Since the addition of
flocculants in MBR could modify the properties of
mixed liquor by inducing changes in soluble, colloi-
dal, and solid fraction, it is necessary to investigate
the membrane fouling in the flocculant-added MBRs
[7]. Wu et al. [8] reported that the addition of Fe3+

and Al3+ flocculants reduces the trans-membrane pres-
sure (TMP) increase rate. Ji et al. [9] investigated the
effects of three typical flocculants (aluminium sulfate,
polymeric ferric sulfate, and chitosan) and found
improvements in sludge filtration for all filter aids.
These were attributed to a lower concentration of
macromolecules in supernatant. Lee et al. [10] found
that the soluble foulants in MBR were entrapped in
sludge flocs through flocculation process. By analyz-
ing the porosity and biovolume of the biofilm formed
on the membrane surface, they proved that the addi-
tion of a cationic polymer resulted in more porous
biofilm and improvement of filtration performance.
Study by Ji et al. [7] also indicated that the addition of
flocculants had significant impact on sustainable
filtration time and in terms of filtration enhancement,
polymeric flocculants exceed monomeric flocculants.
Despite all these works, comprehensive assessment on
the effects of flocculant on performance of MBR needs
to be explored more.

The objective of this study is to investigate the
effects of metal salt and polymeric flocculant on the
performance of MBR in terms of COD removal,
membrane fouling, and sludge properties.

2. Experimental

2.1. MBR setup and flocculation

Three submerged MBRs including a control MBR
(without flocculant addition) were tested under similar
operating conditions. The schematic diagram of MBR
system is shown in Fig. 1. The effective volume of each
bioreactor was 5L. A flat sheet membrane module with
membrane material of hydrophilic polyvinylidene fluoride
and membrane pore size of 0.2lm was used in each MBR.
Each microfiltration system was fed continuously with
synthetic wastewater as per the following composition:
1,680mg/L glucose, 348mg/L ammonium sulphate,
76.7mg/L diammonium hydrogen phosphate. The COD:

N: P ratio in feed was 100:5:1. In order to provide dis-
solved oxygen, compressed air was supplied continuously
from the diffuser installed at the bottom of the reactors. A
peristaltic pump (Heidolph, Germany) was used to obtain
the constant permeate flux of 20L/m2h. A pressure gauge
was employed to measure the TMP. The data of TMP
were recorded once every 10min on the computer. All
bioreactors were filled with the activated sludge from the
municipal wastewater treatment plant (the activated
sludge had been adapted with synthetic wastewater for a
month). Same initial mixed liquor suspended solids
(MLSS) concentrations (6gr/L) were kept in three MBRs
at time=0. It should be mentioned that the aeration rate
and all other operating parameters were maintained at the
same level in all three MBRs.

Two different types of flocculant including alumi-
num sulfate (alum) and polyaluminum chloride
(PACl) were used in this study. In order to determine
the optimum dosage of the flocculant, jar test trials
were performed in six beakers filled with 500mL of
activated sludge according to standard method [11].
Jar test trials indicate the performance of each floccu-
lant with respect to residual turbidity and hence an
optimal dosage of flocculant could be estimated.

Samples were taken from supernatant near the top
(1 cm from the top) of the beaker to be able to
quantify the efficiency of each flocculant. The turbidity
of the supernatants was measured with a spectropho-
tometer (Merck Co.). The optimal dosage was consid-
ered as the flocculant dose which resulted in the
lowest turbidity concentration or the lowest dosage
above which the decrease of residual turbidity was
negligible.

We measured the residual turbidity to determine
the optimum dosage of the flocculants because better
coagulation results in better settleability and less
residual turbidity. As mentioned before, flocs could
play a major role in cake resistance and coagulation/
flocculation of activated sludge by increasing the floc
size is a method to control membrane fouling.

In the next stage of experiments, the optimum dos-
age of flocculant was used to investigate the perfor-
mance of MBR in terms of COD and turbidity of
permeate, membrane fouling, and sludge properties. In
each MBR test, the time when TMP value reaches to
400mbar was considered as the end of the experiment
and all parameters are measured in this duration of
time.

2.2. Analytical methods

2.2.1. Sludge properties

MLSS and mixed liquor volatile suspended solids
were measured according to standard methods [12].
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The microbial activity during operation of each MBR
was evaluated by measuring the oxygen uptake rate
(OUR). A DO sensor (WTW-Multi 340i) was used to
measure oxygen consumption in order to assess the
sludge activity.

2.2.2. Analysis of COD and turbidity

COD was measured by photometric method called
Spectroquant cell test (Merck). In order to measure
turbidity, spectrophotometer (Spectroquant Multy,
Merck Co.) was used. Spectrophotometric turbidity
measurements sometimes referred to as absorbtomet-
ric or attenuation turbidity are useful to indicate rela-
tive values or to monitor changes in turbidity with
time. The turbidity results are reported in formazin
attenuation units (FAU) [13].

3. Results and discussion

3.1. Jar test trial results

The results obtained from jar test trials with alum
and PACl are presented in Figs. 2 and 3. The dosage
of 250mg/L and 100mg/L was considered as the
optimal dosage for alum and PACl, respectively. It
should be noted that insignificant pH drop was
observed in optimum dosages of both flocculant.

3.2. Effect of flocculant addition on membrane fouling rate

The filtration performance of three MBRs was
investigated at constant flux of 20 L/m2h. Filtration in
alum- and PACl-added MBR was conducted at the
optimum dosage which was obtained from jar test.

As shown in Fig. 4, adding flocculant had
significant impact on membrane fouling rate. In
alum-added MBR, it takes 239 h for TMP to reach to
400mbar. But in control MBR, TMP reaches to

Fig. 2. Residual turbidity in different concentration of
alum.

Fig. 3. Residual turbidity in different concentration of
PACl.

Fig. 1. Schematic diagram of the membrane bioreactor system.
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400mbar after 95.5 h. So the sustainable filtration
time was nearly 2.5 times more than that in control
MBR. The longest sustainable filtration time was
observed in the PACl-added MBR in which TMP
value reaches to 400mbar after 403.5 h. So, the
polymeric flocculant resulted in lower fouling rates
as compared to the metal salt. It can be concluded
that the addition of alum and PACl can reduce the
membrane fouling tendency because flocculants lead
to make bigger flocs and more porous cake layer on
the surface of membrane. Mitigation of membrane
fouling in the presence of flocculant is also due to
the disappearance of some small particles and
colloids from the mixed liquor [14,15]. Colloids con-
tribute to membrane fouling by various mechanisms
including pore blocking, pore constriction, or cake
formation depending on their size relative to the
membrane pore size [16]. In a similar experimental
study by Ji et al. [9], the flux enhancement in MBRs
with the addition of three kinds of filter aids was
investigated. They reported that the addition of
flocculants (alum, PFS, and chitosan) in MBRs could
lead to the reduction of the fouling rate for both
short-term operation conducted at 40 L/m2 h and
long-term operation conducted at 20L/m2 h. Their
results of GPC, FTIR, and batch experiments demon-
strated that the fouling from pore blocking, gel layer,
and cake layer were all reduced in the filter aids
added MBRs. Gue et al. [14] also investigated the
effects of three flocculants including PACl on the
membrane fouling rate in a submerged MBR and
they reported that the inorganic polymeric flocculants
had better ability of mitigating membrane fouling.
Their results also revealed that the flocculant addi-
tion reduces some small particles, colloids, and SMP
(soluble microbial product) in mixed liquor resulting
in the enhancement of filterability. The results of a
recent experiment conducted by Mehrnia et al. [17]
also showed that the presence of cations in MBR

removes colloids, soluble biopolymers, and induces
bioflocculability of activated sludge resulting in foul-
ing mitigation in MBRs.

3.3. The performance of MBR in terms of COD removal

COD removal was compared with and without
flocculant addition. (Influent COD=1,800mg/L).
Fig. 5 shows COD removal efficiencies in flocculant-
added and control MBR. As can be seen from the
results, there is only little difference between the
removals with and without adding alum and PACl.

3.4. The role of membrane in COD removal by measuring
the ratio of permeate COD to supernatant COD

In Fig. 6, the ratios of permeate COD to supernatant
COD were compared in control and flocculant-added
MBRs. The samples were taken from the outlet and
supernatant of each MBR at the same time. We
expected that permeate COD values are lower than
supernatant COD values because the presence of
microorganisms on the membrane surface can cause a
little COD removal. So membrane also plays a role in
COD removal. As shown in Fig. 6, the ratio of permeate
COD to supernatant COD is less than one in three
MBRs. So in all MBRs, the biofilm which exists on the
membrane surface has also a role in COD removal.
Mafirad et al. [18] also investigated the contribution of
biofilm (formed on membrane) in COD removal. This
research was conducted in submerged MBR for micro-
and ultra-filtration of oily wastewater. Their results
showed that the biofilm formed on membrane surface
plays a significant role in COD removal.

3.5. Effect of flocculants on the permeate turbidity

Fig. 7 shows the permeate turbidity of control and
flocculant-added MBRs presented at FAU. Turbidity,

Fig. 4. TMP profile of control and flocculant-added MBRs.

Fig. 5. COD removal in control and flocculant-added MBR.
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which can make water appear cloudy, is caused by the
presence of suspended and dissolved matter such as
colloids [13]. Colloidal matter is defined as small
non-settleable particles with size ranging from 1nm to
1lm [16]. The application of flocculants can decrease the
concentration of colloidal matter through its formation
of larger flocs which can’t pass through microfiltration
membrane. The results showed that the permeate
turbidity in control MBR is 2 FAU. This amount of
turbidity is mainly due to the presence of small particles
or colloids in activated sludge mixture. In other experi-
mental studies [19], similar values for permeate turbidity
in microfiltration was reported and according to their
results, the turbidity of water after filtration with 0.1lm
pore-sized membrane was reduced to 2FAU.

The results of our experiments also revealed that,
in the presence of alum and PACl, the permeate
turbidity was reduced significantly because flocculants
clump the small particles together into larger flocs
which are not able to pass through membrane.

It should be mentioned that the turbidity was
measured by spectrophotometric turbidity instrument
which reports the result at FAU (formazing attenuated
unit) [13].

3.6. Effect of flocculant addition on activated sludge
properties

3.6.1. Sludge activity

Tests of activated sludge have been conducted
using WTW-multi 340i. Fig. 8 shows OUR values
during operating time in control and flocculant-added
MBRs.

OUR values indicated that the flocculant addition
led to the improvement in sludge activity. The
average OUR value in control MBR is 20mg/L.h, but
this value in alum- and PACl-added MBR is 33 and
29.7mg/L.h, respectively. So, it can be said that the
sludge adaptation to wastewater improved in the
presence of both flocculants. Gue et al. [14] also
investigated the impact of flocculants on microbial
activity in SMBR and they reported that regarding to
OUR, all three different flocculants (chitosan, PACl
and FeCl3) showed significant improvements and the
highest OURs was observed with chitosan.

3.6.2. MLSS production rate

Changes of MLSS concentration in three MBRs are
shown in Fig. 9. These results indicated that there was
no significant difference in MLSS production rate of
three MBRs. It can be said that the flocculant addition
had no negative influence on the growth of activated
sludge.

Fig. 6. Permeate COD to supernatant COD ratio in three
MBRs.

Fig. 7. Permeate turbidity in three MBRs during their
operations.

Fig. 8. Activated sludge OUR in control and flocculant-
added MBRs.
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4. Conclusions

The study evaluated the effect of aluminum Sulfate
and polyaluminum chloride on the performance of
MBR. The results indicated that:

(1) Addition of flocculants had significant impact
on sustainable filtration time and reduced
membrane fouling tendency. The sustainable
filtration time at optimum dosage of alum and
PACl was, respectively, 2.5 and 4.2 times more
than that in control MBR. Therefore, in this
study polymeric flocculant resulted in lower
fouling rates as compared to metal salt.

(2) There was only marginal difference in COD
removal in flocculant-added MBRs and control
MBR and all three experiments resulted in high
COD removal efficiencies.

(3) The permeate turbidity of flocculant-added
MBR was lower than that of control MBR,
because flocculation leads to decrease the
concentration of colloidal matter by clumping
them into larger flocs.

(4) Flocculant addition led to an increase in OUR
which shows the improvement of microbial
activity. The average OUR values in flocculant-
added MBRs were approximately 1.5 times
more than that in control MBR.
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