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Abstract This study investigated the use of ceramic
membranes to remove total suspended solids (TSS),
organics (expressed by chemical oxygen demand,
COD), and bisphenol A (BPA) via microfiltration (MF,
pore size 0.45 μm) and ultrafiltration (UF, cutoff
150 kDa) in post-treatment of effluents from aerobic
granular sludge reactors (GSBRs). The efficiency of
removal of COD, BPA, and TSS in MF was similar to
that in UF; however, it was achieved at a lower pressure,
which reduces energy consumption during the filtration
process. Despite the similar quality of the permeates in
MF and UF, the permeate flux averaged almost 20%
higher in UF than inMF. The rejection coefficients were
77–82% for COD and 48–100% for BPA. In both MF
and UF, TSS were totally removed. In the integrated
system of aerobic granular sludge reactor andmembrane
installation, total removal of CODwas 92–95% and that
of BPAwas above 98%, independently of the membrane
technique. The high efficiency of BPA removal in MF
andUF, despite pore sizes in theMF andUFmembranes
larger than the BPA molecules, suggests that some part
of the BPAwas first bound by particulate organic matter
in the biologically treated wastewater before this sorbed
form was removed by the membranes. Furthermore, the
high removal of COD and BPA, even in MF, was

attributed to adsorption on the membranes, in addition
to sieve retention.

Keywords Bisphenol A . Aerobic granules . Secondary
effluent .Microfiltration . Ultrafiltration

1 Introduction

Bisphenol A (2,2-bis-4-hydroxyphenylpropane, BPA) is
a xeno-estrogen that is widely used in the production of
polycarbonate plastics, epoxy resins, etc. The volume of
the world BPA production is predicted to surpass the 5.4
million t mark by 2015 (Merchant Research and
Consulting 2014). This environmental pollutant is an
endocrine disrupting compound (EDC) with relatively
high biological activity. The most common source of
BPA in the environment is wastewater. Although BPA
can be degraded by microorganisms, it is hard to
completely remove it from wastewater with convention-
al biological treatment methods. As a result, residual
BPA is present in the effluents from municipal waste-
water treatment plants in concentrations that can be up
to 10,000 times higher than those that are estrogenic
(Tanaka et al. 2000; Kasprzyk-Hordern et al. 2009). One
of the reasons that biological treatment is not completely
effective is because BPA can be sorbed on biofilm or
suspended solids (Stringfellow and Alvarez-Cohen
1999). The suspended solids concentration in the efflu-
ent from granular sludge reactors is particularly high
because the short sedimentation time is applied as a
strong selective pressure for granulation (McSwain
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et al. 2005). Thus, post-treatment is necessary to lower
the concentration of BPA in effluent from these systems.

For this purpose, membrane systems have recently
become an important option. Although membrane fil-
tration transfers BPA from one medium to another,
which requires further treatment or disposal (Liang
et al. 2015), membranes have a high retention capacity,
which allows them to produce effluents with low con-
centrations of organic compounds (Liang et al. 2015).
Membrane technology has progressed, reducing the
costs involved (Nicolaisen 2002). Ceramic membranes
have advantages over commonly used polymeric mem-
branes: good thermal and chemical stability and high
resistance to corrosion, abrasion, and fouling. These
advantages allow highly efficient backwashing and
make ceramic membranes more durable (Baker 2000).
Ceramic membranes can also have much higher flux
than polymer membranes because of weaker bonding
between the foulants and the membranes (Lee et al.
2013). Thus, although ceramic membranes have higher
initial costs, their advantages make them more compet-
itive with polymeric membranes over the long term.

BPA rejection by membranes ranges widely, from
18% (Kimura et al. 2004) to >99.9% (Agenson et al.
2003), due to a strong relationship between rejection
rate and membrane type; for phenolic compounds like
BPA, the relationship between rejection efficiency and
molecular weight cutoff is linear (Jung et al. 2007). Of
the various options for membrane treatment of BPA-
contaminated wastewater, microfiltration (MF) and ul-
trafiltration (UF) are less effective than nanofiltration,
but they save costs because they can be operated at
lower pressures, which makes them worth investigating
with the aim of improving their efficiency. Although the
pore sizes of MF and UF membranes are considerably
greater than the size of the BPA molecules, they have
achieved notable results in BPA retention due to the
adsorption of BPA on suspended solids (Gómez et al.
2007). If most BPA is adsorbed to these solids, MF and
UF filters can serve as secondary clarifiers and separate
secondary effluent and BPA that is sorbed on suspended
solids. This was confirmed by the study by Bing-zhi
et al. (2010) who obtained 20–95% of BPA removal
from drinking water in the MF system. Similarly, UF of
100 μg BPA/L with membranes of pore sizes of 10, 6,
and 2 kDa gave the rejection efficiencies of 93.0, 88.9,
and 97.7%, respectively (Dong et al. 2008).

The use of only membrane filtration for wastewater
purification is limited by the clogging of membranes

with pollutants (Sun et al. 2015), which shortens the
filtration cycle and lower membrane life. In this study,
membrane filtration was used as a second step after
biological treatment to delay the drop in removal effi-
ciency and to lengthen membrane life.

There is a lack of studies on the combination of
membrane filtration with biological treatment of BPA-
containing effluents from granular sludge reactors.
Thus, we compared MF and UF ceramic membranes
for the removal of BPA from effluent from granular
sludge reactors operated at a short sedimentation time.
We also tested the susceptibility of the ceramic mem-
branes to fouling. These results will help to determine
the most effective combination of ceramic membrane
selectivity and permeability for removal of BPA from
biologically treated wastewater with low BPA
concentration.

2 Materials and Methods

2.1 Characteristics of Feed Wastewater

The experiments were run with biologically treated
wastewater from granular sequencing batch reactors
(GSBRs) with a working volume of 3 L. The constantly
aerated GSBRs were operated at a volumetric exchange
rate of 50%/cycle, length of a cycle of 8 h, hydraulic
retention time of 16 h, solids retention time of 46–
56 days, a temperature of 20 ± 2 °C, a pH of 7.5–8.0,
and at the concentrations of mixed liquor suspended
solids in the reactors of about 11 g/L in which organic
fraction accounted for about 30%. The GSBRs treated
synthetic wastewater, in which the average chemical
oxygen demand (COD), ammonium, and phosphorus
concentrations were 445 ± 79.8, 46.7 ± 6.0, and
10.5 ± 0.8 mg/L, respectively. This wastewater was
spiked with BPA to concentrations of 2 mg BPA/L
(reactor R2), 6 mg BPA/L (reactor R3), and 12 mg
BPA/L (reactor R4). In a reactor R1, there was no BPA
in the influent. The efficiencies of COD removal and
nitrification were 87.9 ± 3.5 and 86.5 ± 3.7% in R1. The
efficiencies of COD removal, nitrification and BPA
removal were 91.1 ± 3.3, 91.2 ± 2.6, and 97.4 ± 0.8%
in R2; 92.2 ± 3.2, 89.3 ± 6.3, and 98.3 ± 0.7% in R3; and
94.7 ± 1.7, 91.3 ± 2.0, and 99.3 ± 0.8% in R4, respec-
tively. In the effluents, the concentrations of BPA, COD,
and total suspended solids (TSS) are as given in Table 1.
Because of high concentrations of COD and suspended
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solids, these effluents were post-treated with membrane
filtration.

2.2 Membrane Installation

The membrane installation consisted of a 10-L process
tank, a high pressure pump (CRN(E), Grundfos), a
membrane module placed outside the process tank, a
flowmeter, a heat exchanger, a 1-mm prefilter, pressure
gauges at the inlet and outlet of the membrane module, a
line to circulate the retentate back to the process tank,
and a line to receive permeate from the system (Fig. 1).
The membrane module housed one Inside-Céram™
tubular asymmetric ceramic membrane (Tami Indus-
tries) that was made from a mixture of TiO2 and ZrO2.
The membrane was 300 mm long with an external
diameter of 25 mm and 23 channels of a hydraulic
diameter of 3.5 mm inside. The total effective filtration
area was 0.1 m2, and the specific area was 680 m2/m3.
Ceramic membranes forMF (pore size 0.45μm) and UF
(cutoff 150 kDa) acted as secondary clarifiers and were

used at pressures of 0.2 and 0.3 MPa, respectively. The
membrane installation worked under cross-flow condi-
tions. The feed solution was pumped into the membrane
channels and the permeate came out from the external
membrane walls. To limit membrane clogging,
backwashing was done after each filtration cycle, using
washing agents recommended by the manufacturer.

2.3 Membrane Filtration Protocol

Before filtration, the membrane installation was flushed
by circulating deionized water for 20 min and, after that,
the permeation of pure water (JW) was measured. Filtra-
tions were performed with a feed flow velocity of 6.8–
10.3 L/min and a temperature of 20 ± 1 °C. During
filtration, the concentrate was constantly circulated back
to the process tank, so these values are in fact the
velocities of both feed and concentrate circulating in
the loop throughout the time of the process. During
filtration, the time necessary for collecting each half of
a liter of permeate was measured. Each permeation test
was conducted until the volume of the permeate was
half that of the feed solution (50% recovery and a
volume concentration factor of 2). To characterize hy-
draulic properties of the membranes, these permeation
tests were done twice for each effluent.

Based on the permeation tests, the permeate flux
(filtration rate) (JV, Eq. 1) was calculated

JV ¼ VP

t⋅A
L= m2 h

� �� � ð1Þ

The recovery value (Y), volume concentration factor
(VCF), and total membrane resistance (Rm) were calcu-
lated with Eqs. 2–4

Y ¼ VP

V F
⋅100 %ð Þ ð2Þ

Table 1 Characteristics of effluents from GSBRs R1–R4 that were post-treated

Reactor R1 R2 R3 R4

TSS (mg/L) 180.4 ± 14.2 123.6 ± 26.5 142.9 ± 13.5 149.8 ± 22.6

COD (mg/L) 132.0 ± 9.6 123.6 ± 21.6 142.5 ± 39.9 143.8 ± 13.8

BPA (mg/L) – 0.053 ± 0.006 0.101 ± 0.011 0.085 ± 0.009

7

Fig. 1 Scheme of the membrane installation: 1—process tank,
2—pump, 3—heat exchanger, 4—prefilter, 5—flow control,
6—membrane module, 7—permeate sampling point ,
T—thermometer, P—manometer
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VCF ¼ V F

V F−VP
–ð Þ ð3Þ

Rm ¼ TMP
JV

MPa sð Þ=mð Þ ð4Þ

The removal efficiency of pollutants by membranes
was calculated based on the rejection coefficient (R, Eq.
5)

R ¼ 1−
CP

CF

� �
⋅100 %ð Þ ð5Þ

The mass balance of pollutants after membrane fil-
tration was determined with the Eq. 6

CNVN ¼ CPVP þ CRVR ð6Þ
The sorption abilities of the membranes were esti-

mated as the adsorption capacity (Ads, Eq. 7)

Ads ¼ 1−
CRVR þ CPVP

CFV F

� �
⋅100 %ð Þ ð7Þ

The fouling intensity was determined by calculating
the normalized permeate flux (α, Eq. 8)

α ¼ JV
JW

–ð Þ ð8Þ

The abbreviations used in the equations are as fol-
lows: A—membrane filtration area (m2), CF—concen-
tration of pollutants in the feed solution (mg/L), CP—
concentration of pollutants in the permeate (mg/L),
CR—concentration of pollutants in the retentate (mg/
L), t—time for collecting a known volume of permeate
(h), TMP—transmembrane pressure (MPa), VF—vol-
ume of feed solution (L), VP—volume of permeate
(L), and VR—volume of retentate (L).

2.4 Analytical Methods

The characteristics of the feed solution, the permeate,
and the retentate were assessed in terms of TSS, COD,
and BPA concentrations. TSS concentrations were mea-
sured according to APHA (1992). COD concentrations
were measured with the use of LCK614 test for HACH
Lange GmbH spectrophotometer. BPA concentrations
were determined using an HPLC (Varian) equippedwith
a UV–Vis detector. A Supelcosil LC-PAH (Supelco)
column was eluted with an acetonitrile/water (70:30,
v/v) solution. Chromatography analysis was preceded

by SPE of liquid samples using Strata X/6 mL/500 mg
columns (Phenomenex). All analyses were performed in
triplicate for each sample. The deviation of each mea-
sured parameter for each sample was less than 10%.

2.5 Statistical Analyses

Differences between the samples were tested for signif-
icance using ANOVA and the Tukey’s test after normal-
ity, and homogeneity of variance was confirmed with
the Shapiro-Wilk test and Levene’s test with the use of
Statistica 9.0 PL (StatSoft). The strength of the relation-
ships between groups of the results was determined
using Pearson’s correlation coefficient (r). With all sta-
tistical analyses, p ≤ 0.05 was considered significant.

3 Results and Discussion

The effluents from the granular sequencing batch reac-
tors were filtered with membranes because of high
concentrations of COD, suspended solids, and BPA.
To find the most effective technique of filtration, both
in terms of efficiency of pollutant rejection and filtration
capacity, microfiltration and ultrafiltration were
investigated.

In bothMF and UF, TSS were totally removed. In the
permeates, the concentrations of COD were about
24 mg/L with MF and 30 mg/L with UF, independently
of the content of the feed solution. With MF, the average
efficiency of COD removal, expressed as a rejection
coefficient (R_COD), was from 79.8 ± 2.9% in R3 to
82.6 ± 2.8% in R4 (Fig. 2). With UF, the R_COD was
from 77.9 ± 8.4% in R3 to 81.1 ± 3.5% in R2. There
were no significant differences in the R_COD between
the effluents from reactors R1-R4. Although the cutoff
of the UF membrane was lower than that of the MF
membrane, UF did not retain more organic compounds
from the effluents from any of the reactors than MF. In
both membrane techniques, sieve retention is the main
mechanism responsible for removal of organic matter
(Guo et al. 2009). In the present study, with MF, organic
pollutants (COD) were retained at a level similar to that
with UF, which indicates that COD consisted mainly of
suspended particles in the examined effluents. The in-
crease in pressure from 0.2MPa inMF to 0.3MPa in UF
did not have any effect on retention. In all the cases, the
total efficiency of COD removal in the integrated system
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consisting of the GSBR and membrane module ranged
from 92.3 ± 0.4 to 95.5 ± 0.7%.

Independently of the technique of membrane filtra-
tion, the total efficiency of BPA removal in the integrat-
ed system with aerobic granules and membranes
exceeded 98%. After MF, BPA concentrations in the
permeates equaled 0–0.052 mg BPA/L; the rejection
coefficient of BPA (R_BPA) was from about 48% in
R3 to 100% in R4 (Fig. 3). The permeate from UF had
BPA at concentrations of 0–0.049 mg BPA/L; the
R_BPA was from about 51% in R3 to 100% in R2. In
general, size exclusion is the dominant mechanism for
removal of large organic compounds, such as BPA, in
membrane filtration. However, the pore sizes in the MF
and UF membranes are several orders of magnitude
larger than the BPAmolecules. Therefore, high efficien-
cy of BPA removal indicates that some of the BPA that
was present in the feed solution was bound by particu-
late organic matter in the wastewater (suspended solids
and colloids). BPAwas sorbed on biomass particles; the
adsorption efficiency decreased from 85 to 53%with the
increasing initial BPA concentrations of 1.5–12.0 mg/L,
after 24 h of sorption (data not shown). Hence, the
presence of organic matter in wastewater allows BPA
to be separated by membranes that are too open for the
rejection of dissolved BPA.

The high removal of COD and BPA, even in MF,
indicates that, apart from sieve retention, adsorption on
the membrane was the other mechanism responsible for
organic compounds removal. The real loads of organic
compounds and total suspended solids in the retentate
were lower than theoretical loads that were calculated
based on the mass balance (Table 2). This indicates that
some part of the pollutants was sorbed on the membrane
surface or captured inside the membrane structure. In

UF, adsorption of COD was from 48.2 ± 2.5 to
68.6 ± 3.1%, independently of the effluent. The adsorp-
tion of TSS was from 31.1 ± 0.8 to 66.5 ± 3.4%; it was
significantly higher during filtration of the effluent from
R2 than during that from R1 (p = 0.033). In MF, ad-
sorption of COD on the membrane was from 34.2 ± 5.4
to 60.4 ± 2.3% of total COD retention (Fig. 4). Signif-
icantly more COD was adsorbed during filtration of the
effluent from R1 than during filtration of that from R2,
R3, and R4 (p = 0.003, p = 0.040, p = 0.010, respec-
tively), and significantly more COD was adsorbed dur-
ing filtration of the effluent from R3 than that from R2
(p = 0.035). The adsorption of TSS ranged from 0% in
R4 to 78.4 ± 3.7% in R1. Similar to COD, the adsorption
of TSS during MF of the effluent from R1 was signifi-
cantly higher than adsorption of that from R2, R3, and
R4 (p = 0.001, p = 0.009, p = 0.001, respectively), it was
also higher during filtration of the effluent from R3 than
during filtration of that from R2 and R4 (p = 0.016,
p = 0.002, respectively), and higher during filtration of
the effluent from R2 than during that from R4
(p = 0.045). Higher adsorption duringMF of the effluent
from R1 may be due to higher concentrations of TSS
(about 180 mg/L) than in the other effluents (about 120–
150 mg/L). This higher concentrations resulted from the
higher sludge yield in R1 (0.31 g MLSS/g COD versus
0.19 g MLSS/g COD in, e.g., R4). This higher sludge
yield could have resulted from the fact that the presence
of BPA in the influents to GSBRs inhibited COD re-
moval and biomass growth (data not presented). In
general, in MF and UF, the residual organic materials
in secondary effluents, like total suspended solids, or-
ganic colloids, and exogenous polymers, are the main
contributors to membrane fouling (Choo and Lee 1996;
Laabs et al. 2006; Lee et al. 2006).
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Fig. 2 Coefficients of COD
rejection (R_COD) in MF and UF
of biologically treated wastewater
from reactors R1–R4
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The use of UF resulted in a higher percentage of
COD adsorption on the membrane than use of MF,
although the removal efficiencies of COD did not differ
significantly. This is connected with the facts that each
membrane has a specific, limited number of sorption
sites and that sorption is reversible (Sun et al. 2015). The
increase in the COD concentration in the feed solution
correlated positively with the increase in adsorption
capacity (r = 0.63). In MF, the increase in the concen-
tration of TSS in the feed solution caused a significant
increase in the percentage of adsorption of organic com-
pounds and TSS on the membrane (r = 0.93 and
r = 0.73, respectively). A positive correlation between
percent adsorption of COD and adsorption of total
suspended solids (r = 0.79) indicated that the lowering
of COD in the permeates resulted mainly from the
retention of suspended solids on the membrane surface.

In both MF and UF, the increase in BPA concentra-
tion in the feed solution caused an increase in adsorption
efficiency. Removal of hydrophobic compounds, such

as BPA, may proceed by their adsorption on the surface
and in the inside structure of membranes (Bing-zhi et al.
2010; Escalona et al. 2014). In this study, the contribu-
tion of adsorption to the removal of BPAwas estimated
to be 36–72% in MF and 45–67% in UF (Fig. 4).
Although the percentage of adsorption did not correlate
with the efficiency of BPA removal, this removal may
have been driven by adsorption on these membranes
despite the large membrane pore-sizes relative to the
size of the BPA molecules.

The accumulation of organic compounds on the
membrane surface is considered an important mecha-
nism of pollutant removal, but it results in membrane
fouling that decreases the flux. Fouling reduces the
nominal diameter of membrane pores to the so-called
effective diameter, making possible the rejection of par-
ticles smaller than the membrane cutoff (LaPara et al.
2006; Muthukumaran et al. 2011). Fouling affects per-
meate flux more than pore size (Boonyaroj et al. 2012).
This may explain the fairly high COD removal even in
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Fig. 3 Coefficients of BPA
rejection (R_BPA) in MF and UF
of biologically treated wastewater
from reactors R2–R4 and total
efficiency of BPA removal in the
integrated technological system
(Etotal_BPA)

Table 2 Loads of COD and TSS (g/filtration cycle)

Effluent from the reactor LF_COD LP_COD LR_COD Lexp_COD Lads_COD LF_TSS LP_TSS LR_TSS Lexp_TSS Lads_TSS

MF R1 1.51 0.14 0.45 1.37 0.92 1.88 0.00 0.41 1.88 1.47

R2 1.29 0.14 0.7 1.15 0.45 1.21 0.00 0.97 1.21 0.24

R3 1.33 0.14 0.56 1.19 0.63 1.45 0.00 0.77 1.45 0.68

R4 1.75 0.17 0.86 1.58 0.72 1.59 0.00 1.61 1.59 0.00

UF R1 1.40 0.15 0.57 1.25 0.68 2.09 0.00 1.44 2.09 0.65

R2 1.54 0.15 0.34 1.39 1.05 1.61 0.00 0.54 1.61 1.07

R3 1.80 0.19 0.45 1.61 1.16 1.69 0.00 0.83 1.69 0.86

R4 1.56 0.17 0.61 1.39 0.78 1.84 0.00 0.94 1.84 0.90

LFmeasured load in the feed solution, LPmeasured load in the permeate, LRmeasured load in the retentate, Lexp expected load in the retentate
(based on the mass balance), Lads load that was adsorbed
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MF in this study, and the high removal of BPA in MF
and UF, although the permeate fluxes did not correlate
with the rejection coefficients.

In addition, the removal of BPA in membrane filtra-
tion is supposed to be affected by the fact that BPA may
be sorbed on extracellular polymers that are produced
by microbial cells and released from biological solids to
the liquid because of shearing forces that are produced
by the high-pressure pump in the membrane installation.
However, because the molecular mass of EPS ranges
from 31.0 to 97.4 kDa (Zhang et al. 2007), these sub-
stances are expected to appear in the permeates from
both membranes. On the other hand, the fouling layer
that forms on the membrane surface potentially im-
proves rejection, leading to similar results for MF and
UF membranes in this study.

The hydraulic capacity of the membrane installation
was determined based on the changes in volumetric
permeate flux over time (JV). The experiments were
done with no increase in pressure to maintain a stable
permeate flux; hence, JV gradually decreased with the
time of filtration because of blocking of the membrane
with pollutants present in the feed solution. The constant
circulation of the retentate to the process tank during
membrane filtration causes the feed solution to constant-
ly become more concentrated, which decreases the flux.
The final measurement of permeate flux was obtained
when half of the volume of the feed solution had been
recovered as permeate (Fig. 5). The average permeate
flux is given in Table 3. In MF, the average JV in R4 was
significantly higher than that in R1 (p = 0.016) and in R2
(p = 0.006). In UF, there were no significant differences
between the filtrations of the effluents from the individ-
ual reactors. During filtration of the effluents from R1,

R2, and R4, the use of UF resulted in significantly
higher JV than during MF of the effluents from those
same reactors (p = 0.0002, p = 0.0002, p = 0.0001). In
addition, the recovery of 50% was obtained after about
2.5 h of filtration in UF and about 4 h in MF (Fig. 5).
This affects the frequency of membrane washing; lower
frequency will lower the operational cost. The MF
membrane would need higher pressure to achieve per-
meate flux similar to the UF membrane.

An increase in pressure generally increases the per-
meate flux. However, along with the increase in pres-
sure, the percentage of adsorption is higher: more pol-
lutants are retained on the membrane surface, forming a
gel layer and clogging the pores. This increases filtration
resistance due to the higher compression of the pollut-
ants (Bergamasco et al. 2011; Sun et al. 2015) and, as a
consequence, filtration capacity is lowered because the
membrane is saturated with the pollutants. In the present
study, more COD was adsorbed in UF than in MF,
which resulted in higher filtration resistance in UF
(Tab. 3); however, the permeate flux was still higher in
UF, on average by almost 20% than inMF. Higher Rm in
UF than in MF because of the lower cutoff of the UF
membrane indicates that pore sizes affected the mecha-
nism of filtration.

In this study, a large decrease of permeate flux in
comparison with the flux of deionized water was ob-
served. A value of α below 1 indicates that the mem-
brane is being blocked by organic compounds that ac-
cumulate on the surface and in the pores of the mem-
brane, which blocks the flux. This was observed in both
in MF and in UF (Table 3); however, lower values of α
for MF confirm that this membrane tended to become
fouled more quickly than the UF membrane. The most

0

10

20

30

40

50

60

70

80

90

100

Ads_COD Ads_TSS Ads_BPA Ads_COD Ads_TSS Ads_BPA

MF UF

(%
)

R1 R2 R3 R4

Fig. 4 The percentage of
adsorption of COD (Ads_COD),
total suspended solids (Ads_TSS),
and BPA (Ads_BPA) in MF and
UF of biologically treated
wastewater from reactors R1–R4
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important factor in membrane fouling is the ratio of the
size of the pores to that of the particles (Lim and Bai
2003). Membranes with bigger pores are blocked main-
ly by pollutants that penetrate into the pores. In the
present study, because TSS are similar in size to the
membrane pores in MF, pore blockage was the main
fouling mechanism, which resulted in lower permeate
flux in MF than in UF. Membranes with smaller pore
sizes are blocked mainly by pollutants retained on their
surface, and these pollutants can be removed by shear-
ing forces if filtration is performed in cross-flow mode,
as was done in the present experiments.

4 Conclusions

The results indicate that the use of ceramic membranes
for MF and UF is an effective technical solution for
post-treatment of effluents from reactors with aerobic
granules treating wastewater that contains BPA. Inde-
pendently of the membrane technique, the two-stage

system of aerobic granular sludge reactor andmembrane
installation resulted in total removal of COD of 92–
95%, TSS of 100%, and that of BPA of above 98%;
however, it was achieved at a lower pressure, which
could result in less consumption of energy during the
filtration process. On the other hand, permeate flux
averaged almost 20% higher in UF than in MF, which
affects the frequency of membrane washing. These re-
sults should be taken into consideration when selecting a
membrane technique for specific conditions.
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