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Abstract This study investigates the hydraulic performance
and the fouling characteristics of a bench-scale membrane
sequencing batch reactor (MSBR), treating mature landfill
leachate under various time-based operating conditions. The
MSBR system operated initially under a high-flux condition
(Period 1) which resulted in a rapid trans-membrane pressure
(TMP) rise due to intense fouling. Following the characteriza-
tion of Period 1 as super-critical, the system was subsequently
operated under a near-critical condition (Period 2). The overall
filtration resistance analysis showed that cake layer formation
was the dominant fouling mechanism during Period 1, con-
tributing to 85.5% of the total resistance. However, regarding
the MSBR operation during Period 2, adsorption was found to
also be a dominant fouling mechanism (Days 1 to 47), con-
tributing to 29.1% of the total resistance. Additionally, the
irregular total resistance variation, which was observed during
the subsequent operation (Days 48 to 75), and the respective
filtration resistance analysis suggested also the formation of an
initial sludge cake layer on the membrane surface, contribut-
ing to the 47.7% of the total resistance.
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Nomenclature
COD Chemical oxygen demand
EPS Extracellular polymeric substances
HRT Hydraulic retention time
MBR Membrane bioreactor
MLSS Mixed liquor suspended solids
MSBR Membrane sequencing batch reactor
PAC Powdered activated carbon
PVDF Polyvinylidene fluoride
PWF Pure water flux
SBR Sequencing batch reactor
TMP Trans-membrane pressure
TN Total nitrogen

Introduction

Membrane sequencing batch reactors (MSBRs) offer an inter-
esting alternative treatment option for wastewater treatment,
as they combine the advantages of both SBR (sequencing
batch reactor) and MBR (membrane bioreactor) technologies,
namely readily changeable and easily controllable cycle oper-
ation, complete biomass rejection throughmembrane filtration
(instead of the conventional sedimentation step), increased
mixed liquor suspended solids (MLSS) concentration (there-
fore increased biological treatment kinetics and reduced aera-
tion reactor volume), high-quality effluent, and smaller (than
the conventional treatment systems) footprint. The ability to
operate in a time, rather than in a space, sequence and the fact
that operational variables can be easily adjusted to suit chang-
ing wastewater characteristics offer a high level of process
flexibility in MSBR systems (Pajoumshariati et al. 2017; Xu
et al. 2014; Laitinen et al. 2006). Another key feature of these
systems is the complete decoupling of sludge age and hydrau-
lic residence time which, in combination with the high MLSS
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concentration, can result in almost an order of magnitude in-
tensification of the biological process and lead to a substantial
reduction of the reactor volume (Tsilogeorgis et al. 2008). In
addition, the separation of biological sludge by means of a
membrane leads to complete retention of biomass resulting
in a high mixed liquor suspended solids concentration: this
allows a very high treatment capacity especially for a sub-
merged MSBR (Moreno-Andrade and Buitrón 2012).

On the other hand, membrane fouling remains the major
bottleneck for all types of MBR systems (Wang et al. 2014;
Huyskens et al. 2012). According to the IUPAC definition,
fouling is a disturbing process, resulting in the loss of mem-
brane performance, due to the deposition of suspended or
dissolved substances on its external surfaces, as well as on
or within the pore openings (IUPAC 1996).

It is well-understood that the extent of fouling in every
membrane separation process depends on three fundamental
factors: (1) the specific characteristics of the feed to be treated,
(2) the membrane properties, and (3) the specific hydrody-
namic conditions around the membrane (Qaisrani and
Samhaber 2011; Fane 2006). In MBR systems, the interpreta-
tion of fouling characteristics, i.e., the identification and quan-
tification of the various fouling components, can be far more
challenging, than in most membrane applications, due to the
complex interrelation of previous factors. Therefore, there is
an ongoing need for the development of both theoretical and
experimental effective research tools toward a better under-
standing of membrane fouling mechanisms.

To control membrane fouling and maintain a sustainable
operation, the concept of critical flux in membrane bioreactors
proposed by Field et al. (1995), who defined it as the specific
flux value, below which the increase of trans-membrane pres-
sure (TMP) with time (which is an important operational pa-
rameter of most membranes’ operation), and under constant
flux operation, does not occur anymore; noting that above this
flux level, fouling can be immediately observed. Since then,
the critical flux has been extensively applied to all membrane
processes from microfiltration to reverse osmosis (Wang et al.
2008). The general trend is to reduce operational risk and to
maintain sustainable permeability by operating at fluxes be-
low the critical flux value, where fouling is (expected to be)
limited (Vera et al. 2014; Li et al. 2013). Theoretically, when a
membrane bioreactor operates below the critical flux, its per-
meate flux remains constant. In other words, fouling should
not occur during the sub-critical flux operation. However,
some researchers have shown that a dramatic increase in foul-
ing rate can occur for some time, even when operating under
sub-critical fluxes (Nguyen et al. 2014; Li et al. 2013).

Various methods have been encountered in the literature for
the determination of critical flux (Nguyen et al. 2014;Wang et al.
2008), with the flux-step method being the most frequently used
(Van derMarel et al. 2009). This method is based upon recording
the TMP values, while the permeate flux is increased in a

stepwise manner during fixed time intervals. Therefore, it is pos-
sible to observe the transition from constant to non-constant per-
meability, i.e., from sub-critical to super-critical operation, simply
by plotting flux and TMP values against time in the same graph.
Recent studies suggest that this transition marks the boundary
between fouling by the presence of extracellular polymeric sub-
stances (EPS) and by the sludge solids (Li et al. 2013). Fouling
increases the membrane hydraulic resistance over time, resulting
in the reduction of membrane permeability (Zhao et al. 2014).
Total membrane filtration resistance, as defined by Darcy’s law,
is usually analyzed by using the resistance-in-series model to
describe the specific contribution of each fouling mechanism
(Zhang et al. 2015; Diez et al. 2014).

This study aims to investigate the hydraulic performance
and the fouling characteristics of a bench-scaleMSBR system,
treating mature landfill leachate under various time-based
treatment operating conditions. Leachate treated by conven-
tional methods is hard to be allowed to discharge because it
often contains hazardous organic contaminants, ammonia,
heavy metals, and inorganic salts (Wang et al. 2014; Dong
et al. 2014). The combination of biological degradation and
physical separation achieved in the membrane bioreactor tech-
nology has shown satisfactory results in treating old/stabilized
landfill leachates (Boonnorat et al. 2016; Hashisho et al. 2016;
Niu et al. 2016). However, to the author’s best knowledge,
little information on the detailed correlation of different oper-
ating conditions with the corresponding dominant fouling
mechanisms has been so far reported for these treatment sys-
tems. In this study, a MSBR operated under high-flux (Period
1) and near-critical flux (Period 2) conditions and the
resistance-in-series fouling model was employed and thor-
oughly analyzed. In addition, the flux-step method was
employed for the determination of the system’s critical flux,
to characterize the high-flux operating condition (during
Period 1) as super-critical or not. The correlation of fouling
mechanisms (cake layer formation, adsorption in membrane
pores, etc.) with different operating conditions is expected to
contribute to the effective design of prospective MBR treat-
ment systems, especially when selecting the appropriate addi-
tives for fouling control; scouring agents, such as biofilm car-
riers or granular materials, can be used for the mitigation of
reversible fouling (caused mainly by cake layer formation),
while the use of adsorbent agents, such as powdered activated
carbon (PAC), is preferable for the mitigation of irreversible
fouling (caused mainly by inner pore blockage).

Materials and methods

MSBR operation and configuration

The bench-scale setupMSBR treatment unit (Fig. 1) consisted
of a continuously stirred aerated bioreactor with a vertical-
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mounted submerged membrane module. The bioreactor was a
cylindrical Plexiglas-made vessel with a working volume of
5 L (diameter base 0.14m, wet height 0.325 m). Raw (mature)
leachate was fed to the MSBR by a small variable-rate peri-
staltic pump (Seko PR1). The permeate was withdrawn by a
second peristaltic pump (Watson Marlow 503U), which was
connected at the top header of the used membrane module.
The TMP values were monitored on the screen of a pressure
gauge (Kindmen), which was situated in the permeate line.
Similarly to SBR systems, MSBRs are designed to operate
under non-steady state flow conditions. Several operational
cycles were examined during a 6-month experimental period.
All these cycles consisted of four subsequent treatment steps,
which were performed by means of programmable time
switches in the following sequence: (1) fill, (2) react (applying
alternative aerobic or anoxic periods), (3) membrane filtration,
and (4) idle.

An ultrafiltration, hollow fiber membrane (ZW-1 model),
manufactured by Zenon Environmental Inc., was used in this
study (Table 1). The membrane module is equipped with a
central aeration tube which was directly connected to the air
transmission line. The tube supplied air close to the bottom
header of the module, where orifices are located. Coarse bub-
bling was used both for scouring the accumulated colloidal

material off the membrane surface and for providing the bio-
mass with the required oxygen concentration; the applied air
flow rate was 0.34 m3 h−1). Biomass (additional) mixing dur-
ing the aerobic and anoxic operating periods was accom-
plished by a mechanical stirrer (not shown).

The bioreactor was initially inoculated with sufficient
quantity of activated sludge, which was sampled from the
recirculation channel of the municipal wastewater treatment
plant of Thessaloniki (located near the town of Sindos). Prior
to landfill leachate treatment tests, the MSBR unit was fed for
over 3 months with synthetic wastewater of gradually increas-
ing strength in terms of COD and TN concentrations, to ex-
amine the effect of influent (feed) characteristics on the sys-
tem’s operating performance. COD varied from 465 up to
4800 mg L−1, whereas TN varied from 65 up to
570 mg L−1. After the completion of the experiments with
synthetic wastewater, the MSBR content was gradually re-
placed with (mature) landfill leachate feed. The replacement
period lasted for 20 days, aiming for the acclimatization of
biomass to the new influent characteristics.

Leachate feed and analytical methods

Several sampling campaigns were performed during the ex-
perimental period of 6 months. Leachate samples were re-
ceived from the main municipal landfill site of Thessaloniki,
which (at that time) was accepting 1000–1200 t day−1 of mu-
nicipal solid wastes. The produced leachate was collected in
an artificial pond, which is located at the lowest part of the
landfill. The main physico-chemical parameters of the landfill
leachate which was used in the present study are shown in
Table 2. Alkalinity and pH were determined according to the
Standard Methods of APHA (1989), while chemical oxygen

Fig. 1 Schematic layout of the MSBR experimental setup

Table 1 Characteristics of the membrane used in the MSBR system
(ZW-1 model)

Configuration Hollow fiber, outside-in flow path

Material PVDF

Nominal pore size 0.04 μm

Absolute rejection 0.1 μm

Nominal surface area 0.047 m2

Maximum TMP limit 620 mbar

Typical TMP operating range 100–500 mbar

Typical pH operating range 5–9

Maximum OCl− exposure 1000 mg L−1

Table 2 Main physico-chemical parameters of the mature landfill
leachate used in these experiments

Parameter Number of
measurements

Min.
value

Max.
value

Mean
value

pH 42 8.3 8.8 8.5

Alkalinity (mg
CaCO3∙L−1)

39 1474 2848 2028

Conductivity
(mS cm−1)

20 10.8 11.5 11.3

Turbidity (NTU) 20 98 154 103

BOD (mg L−1) 6 155 250 197

COD (mg L−1) 39 1391 3977 2408

TN (mg L−1) 24 310 574 414

NH4
+-N (mg L−1) 24 207 345 271

NO3
−-N (mg L−1) 23 7.7 25.4 15.1

PO4
3−-P (mg L−1) 26 5.2 13.7 7.8
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demand (COD), total nitrogen (TN), ammonia (NHþ
4 -N), ni-

trate (NO−
3 -N), and phosphate (PO

3−
4 -P) concentrations were

measured with Hach Lange test kits. Unlike the pH and COD
of young leachates which are generally found in the range of
4.5–6.5 and 30,000–60,000 mg/L, respectively (Umar et al.
2010), the relatively high pH values and the low COD con-
centrations clearly indicate a mature landfill leachate, which
was partially stabilized in the open receiving pond.

Data processing and fouling assessment

The flux-step method was employed for the determination of
the system’s critical flux value. Permeate flux was gradually
increased for a set duration for each stage, resulting in rela-
tively constant TMP values at lower fluxes and rising TMP
values at fluxes higher than the critical flux. The desired per-
meate flux was achieved by measuring the volume of treated
effluent per operational cycle. Temperature variations were
considered by measuring the flux at a standard temperature
(20 °C) according to the following equation (Yoon 2015):

JS ¼ JM
μM

μS

� �
ð1Þ

where, J is the permeate flux (Lm−2 h−1, or LMH) and μ is the
temperature-dependent permeate viscosity (mbar s). The sub-
scripts M and S denote the measured and standard values,
respectively (noting that the calculation of μM and μS values
was based on pure water at the corresponding temperatures).
The membrane filtration resistance was calculated, according
to Darcy’s law, which describes the permeate flux through a
porous membrane (Miller et al. 2014):

JS ¼ ΔP
μS Rt

ð2Þ

where, ΔP is the TMP (mbar) and Rt is the total filtration resis-
tance (m−1). Membrane fouling was described in detail by
employing a four-parametric version of the resistance-in-series
model:

JS ¼ ΔP
μS Rm þ R fð Þ ¼

ΔP
μS Rm þ Rc þ Rra þ Riað Þ ð3Þ

where, the total resistance Rt is the sum of the intrinsic mem-
brane resistance (Rm) and of the fouling resistance (Rf). The
latter is considered to consist of three distinctive components,
i.e., the cake layer resistance (Rc), the reversible adsorption
resistance (Rra), and the irreversible adsorption resistance
(Ria). Rc is caused by the accumulation of rejected solid parti-
cles near the membrane surface, whereas Rra and Ria are
caused by the loose or strong attachment of soluble foulants
to the membrane surface, respectively. Fouling characteriza-
tion was achieved by carrying out filtration tests with pure
water after each membrane cleaning step. Rc was assumed to
be totally removed after rinsing the membrane with tap water.
Similarly, Rra was assumed to be totally removed after chem-
ical cleaning of the membrane with the NaOCl solution. The
methodology and the equations, which were applied for the
calculation of all filtration resistance types, are presented in
Table 3. Mixed liquor samples were analyzed for suspended
solids concentration (MLSS) according to the Standard
Methods of APHA (1989).

The membrane module was thoroughly cleaned between
the various experimental periods. According to the imple-
mented cleaning protocol, the external surface of the mem-
brane was initially washed off with a sufficient quantity of
tap water. Subsequently, the membrane module was soaked
in 500 mg L−1 of NaOCl solution at room temperature for 1 h
with simultaneous air sparging. Using the NaOCl solution,
membrane filtration was finally carried out for two different
permeate flow rates, namely 0.36 L h−1 for 50 min and
0.78 L h−1 for 10 min (without aeration).

Table 3 Methodology and equations for the calculation of all resistance types

Resistance type Determination method Resistance type Measured value Equation

Total Pure water filtration of fouled membrane Rt TMP, J Rt = TMP/(μJ)

Membrane Pure water filtration of new (unused) membrane Rm – Rm = 9.59 ∙ 1011 m−1

Fouling – Rf – Rf = Rt − Rm

Cake layer (Rc) Pure water filtration of rinsed membrane Rc TMP′, J″ R′ = Rm + Rra + Ria = TMP′/(μJ′),
Rc = Rt − R′

Reversible adsorption Pure water filtration of chemically cleaned membrane Rra TMP″, J″ R″ = Rm + Ria = TMP″/(μJ″),
Rra = R′ − R″

Irreversible adsorption – Ria – Ria = Rt − Rm − Rc − Rra
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Results and discussion

MSBR operation under high-flux condition

MSBRwas initially operated under a high-flux condition for a
period of 18 days (Period 1). The basic characteristics of op-
eration during this period are shown in Table 4. Each cycle
time totally lasted for 24 h (i.e., one treatment cycle/day).
During the fill step, 500 mL of raw leachate was fed to the
MSBR system. The filtration step consisted of suction and
relaxation periods during which the suction to relaxation ratio
was 1:1 (i.e., 10-min suction, 10-min relaxation). The HRT
was 10 days and the air flow rate was 0.343 m3 h−1. It must be
stressed that sludge removal did not take place during that
period, except for sampling reasons. Flux and permeate tem-
perature variations during the high-flux operation period are
presented in Fig. 2. The permeate temperature varied between
22 and 25 °C, whereas the flux varied between 8.9 and
9.5 LMH.

The total resistance (Rt) was correlated with the mem-
brane’s productivity, namely the permeate volume produced
per unit of membrane area (Fig. 3). Initial Rt (iRt) and final Rt
(fRt) values resulted from the corresponding TMP values,
which were recorded 1 min after the beginning and the end
of the filtration step, respectively. ΔRt represents the amount
of total resistance increase during the filtration step (i.e.,
ΔRt = fRt − iRt). Finally, the straight line represents the mem-
brane resistance prior to immersion in the mixed liquor
(2.04∙1012 m−1) and incorporates both Rm (9.59∙1011 m−1)
and Ria (1.08∙1012 m−1) values, where Ria is caused by the

irreversible adsorption fouling due to the preliminary 3-
month MSBR operation, when using synthetic wastewater.

As shown in Fig. 3, fRt increased during the first filtration
run (8.74∙1012 m−1). After the initial 11 days of relatively
constant hydraulic operation with a mean value of
1.25∙1013 m−1 (lag phase), fRt started rising exponentially
and finally reached the value of 1.78∙1013 m−1 at the end of
the last filtration run (exponential phase). This corresponds to
a TMP value of 430 mbar, which is very close to the maxi-
mum TMP operation limit for the membrane (500 mbar).
MSBR operation under these conditions is unfavorable, due
to the substantial mechanical stress applied on the membrane
hollow fibers, and the necessity for a more frequently applied
cleaning protocol. The observed pattern of the total resistance
can be explained by the rapid formation of a sludge cake layer
around the membrane surface. This self-accelerating fouling
process is caused by the application of a high-permeate flux
operation. Therefore, once the initial fouling layer was
formed, it continued to grow under the imposed high flux,
regardless of a noticed slight decrease in the MLSS concen-
tration of the aerated bioreactor, probably due to the sludge
removal which took place for sampling reasons (Fig. 4). As
shown in Fig. 4, the concentration of MLSS was not fully
controlled; however, the removal of minor sludge amounts
for sampling reasons contributed to the remaining MLSS con-
centration in a typical range encountered in most MBR appli-
cations (7000–12,000 mg L−1).

The dominant influence of cake layer formation on mem-
brane fouling was showed by the calculation of all resistance
types (Fig. 5). As shown in Fig. 5, Rc was as high as

Table 4 Characteristics of the 24-h operational cycle during the MSBR operation at high flux (Period 1)

Days of operation Total cycle time Fill step time React. step time Filtration step time Idle step time

0–4 24 h 0 min 1 h 20 min 20 h 30 min (NITRI only) 1 h 50 min 0 h 20 min

4–11 24 h 0 min 1 h 20 min 20 h 30 min = 18 h 30 min NITRI + 2 h 0 min DENI 1 h 50 min 0 h 20 min

11–18 24 h 0 min 1 h 20 min 20 h 30 min = 17 h 30 min NITRI + 3 h 0 min DENI 1 h 50 min 0 h 20 min

NITRI nitrification, DENI denitrification
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12.12∙1012 m−1 and accounted for 91.7 and 85.5% of Rf and
Rt, respectively. Fouling characterization also showed that Rra
was almost negligible (1.7% of Rt), whereas Rm and Ria con-
tributed almost the same to Rt (6.8 and 6.0% of Rt,
respectively).

Critical flux determination

After the completion of Period 1, the critical flux was deter-
mined by the flux-step method (Fig. 6) aiming to explain the
aforementioned results. A minimum flux-step of 2 LMH was
used, determined by the suction pump specifications, while a
20-min step was selected. The MLSS concentration was
7000 mg L−1, the permeate temperature was 25 °C, and the
air flow rate was 0.343 m3 h−1.

As shown in Fig. 6, the TMP was constant (dP/dt = 0) for a
flux up to 6.8 LMH (Steps 1–3), indicating zero fouling.
However, even at very low imposed fluxes, fouling is still
observed to some extent. The fact that no fouling was ob-
served for the first 60 min of these experiments can be attrib-
uted to the low-pressure gauge sensitivity and to the short step
duration. For the flux of 8.7 LMH (Step 4), the TMP shows a
s l igh t l inear increase f rom 50 to 80 mbar (dP/
dt = 1.45 mbar min−1). Finally, for the case of 10.7 LMH
(Step 5), the TMP sharply increased from 90 to 240 mbar

(dP/dt = 7.82 mbar min−1). Therefore, it can be assumed that
the transition from the sub-critical to the super-critical operat-
ing condition took place near 8.7 LMH (or 7.7 LMH in terms
of standard flux at 20.0 °C). In fact, the critical flux is expected
to be even lower than the recorded value of 8.7 LMH because
the applied flux-step method was based on pure water flux
(PWF, Fig. 6) instead of real permeate fluxes, i.e., after the
filtration of mixed liquor.

The flux-step experiment was subsequently reversed to as-
sess the fouling stability and reversibility. As shown in Fig. 6,
the TMP values obtained during the descending phase were
higher than the corresponding values which were recorded
during the ascending phase. For example, during the fourth
flux step of 8.7 LMH, the TMP increase rate was 1.45 and
4.14 mbar min−1 for the ascending and descending phases,
respectively. This hysteresis phenomenon reveals the influ-
ence of fouling history, indicating clearly that the membrane
is not fully recovered from fouling during the descending
phase (Navaratna and Jegatheesan 2011; Van der Marel et al.
2009). Similar observations were also reported by Le Clech
et al. (2003), who developed the common flux-step method
for fouling assessment in membrane bioreactors, operating
under constant flux. The calculated critical flux of 8.7 LMH
corresponds to MLSS concentration 7000 mg L−1. Despite its
dependence on the MLSS concentration (Dong et al. 2013;
Wu et al. 2008), critical flux is a reliable parameter for
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characterizing the system’s hydraulic performance. In this
sense, the MSBR operation during Period 1 can be safely
characterized as super-critical.

MSBR operation under the near-critical flux condition

The operation of MSBR under the near-critical flux condition
was performed for a period of 75 days (Period 2). The basic
characteristics of the operational cycles which were applied
during this period are shown in Table 5. The total treatment
cycle time was 12 h (2 cycles/day) for most experiments of
this period. During the fill step, 250 mL of raw (mature)
leachate was fed to the MSBR. The filtration step consisted
of alternative suction and relaxation periods, with the ratio 1:3
(i.e., 5-min suction, 15-min relaxation). For an effluent vol-
ume of 250 mL and net filtration time of 40 min, the corre-
sponding flux was 8.0 LMH which is very close to the calcu-
lated critical flux. The HRTwas 10 days and the air flow rate
was 0.343m3 h−1. Again, no sludge removal took place during
this period, except for sampling reasons. The main operating
conditions for Periods I and II are summarized in Table 6.

Flux and permeate temperature variations during the near-
critical flux operation of MSBR treatment system are present-
ed in Fig. 7. As shown, the permeate temperature decreased
gradually due to seasonal changes, with the temperature de-
crease reaching 10 °C. However, the observed temperature
variations present no adverse effect on the respective JS values
which increased with time. Due to the constant JS increase, the
system’s hydraulic performance was gradually shifted from
the sub-critical to the super-critical zone (Day 25); nonethe-
less, it remained close to the critical condition (straight line in
Fig. 7) until the 47th day of Period 2. During the following
23 days of operation, JS variations became significantly great-
er, but it finally returned to the near-critical flux values after
the 70th day.

As long as the system was operated closely to the critical
hydraulic conditions, the fRt was linearly increased with re-
spect to membrane productivity (0–470 L m−2) (Fig. 8). A
small fRt Bjump^ from 5.15∙1012 to 6.41∙1012 m−1 was ob-
served at 480 L m−2. However, for even higher productivity
values, namely for hydraulic performance well beyond the
critical condition, the pattern of linear resistance increase dis-
appeared (possibly due to the rapid solids accumulation) and
was replaced by irregular fRt variations around the mean value
of 6.72∙1012 m−1.

As shown in Fig. 9, during the first 48 days of Period 2, the
MLSS concentration varied between 6600 and 9400 mg L−1,
having a mean value of 7800 mg L−1. However, during the
remaining 27 days of MSBR operation, it was further in-
creased from 9200 to 13,400 mg L−1, noting that sludge was
not actually removed during that period (except for sampling
reasons). T

ab
le
5

C
ha
ra
ct
er
is
tic
s
of

th
e
12
-h

tr
ea
tm

en
tc
yc
le
s
du
ri
ng

th
e
M
SB

R
op
er
at
io
n
un
de
r
th
e
ne
ar
-c
ri
tic
al
fl
ux

co
nd
iti
on

(P
er
io
d
2)

D
ay
s
of

op
er
at
io
n

To
ta
lt
re
at
m
en
tt
im

e
Fi
ll
st
ep

tim
e

R
ea
ct
st
ep

tim
e

F
ilt
ra
tio

n
st
ep

tim
e

Id
le
st
ep

tim
e

0–
5

12
h
0
m
in

1
h
15

m
in

8
h
0
m
in

=
7
h
0
m
in

N
IT
R
I
+
1
h
0
m
in

D
E
N
I

2
h
25

m
in

0
h
20

m
in

5–
8
an
d
11
–1
5

12
h
0
m
in

1
h
15

m
in

8
h
0
m
in

=
6
h
0
m
in

N
IT
R
I
+
2
h
0
m
in

D
E
N
I,

9
h
0
m
in

=
2
h
0
m
in

N
IT
R
I
+
1
h
0
m
in

D
E
N
I
+

2
h
25

m
in

0
h
20

m
in

15
–2
0

12
h
0
m
in

0
h
25

m
in

2
h
0
m
in

N
IT
R
I
+
1
h
0
m
in

D
E
N
I
+
3
h
0
m
in

N
IT
R
I

2
h
25

m
in

0
h
20

m
in

20
–2
5
an
d
28
–2
9

12
h
0
m
in

1
h
15

m
in

8
h
0
m
in

(N
IT
R
I
on
ly
)

2
h
25

m
in

0
h
20

m
in

29
–4
4,
46
–5
2
an
d
53
–5
5

12
h
0
m
in

1
h
15

m
in

8
h
0
m
in

=
7
h
0
m
in

N
IT
R
I
+
1
h
0
m
in

D
E
N
I

2
h
25

m
in

0
h
20

m
in

55
–6
1

12
h
0
m
in

1
h
15

m
in

8
h
0
m
in

=
1
h
0
m
in

D
E
N
I
+
6
h
0
m
in

N
IT
R
I
+
1
h
0
m
in

D
E
N
I

2
h
25

m
in

0
h
20

m
in

61
–7
5

12
h
0
m
in

1
h
15

m
in

8
h:

0
m
in

=
3
h
0
m
in

N
IT
R
I
+
1
h
0
m
in

D
E
N
I
+
3
h
0
m
in

N
IT
R
I
+
1
h
0
m
in

D
E
N
I

2
h
25

m
in

0
h
20

m
in

12280 Environ Sci Pollut Res (2018) 25:12274–12283



The linear fRt increase can be attributed to the adsorption of
extracellular polymeric substances (EPS) on the membrane
surface. Similar fouling behavior is common in continuous-
flow, submergedMBR systems, which operate at well-defined
sub-critical or near-critical hydraulic conditions. In such sys-
tems, the TMP increases with operation time almost linearly
or occasionally slightly exponentially (Yoon 2015). The TMP
increase rate (dP/dt) depends on both the imposed permeate
flux and the production/deposition of EPS, which are widely
considered to contribute to adsorption fouling, even under
sub-critical operating conditions. For permeate fluxes which
are well below the critical flux, the dP/dt can be very low
resulting in a prolonged low-fouling MBR operation.

The irregular fRt variation during the last 27 days of the
near-critical MSBR operation indicates the presence of anoth-
er dominant fouling mechanism, other than the adsorption.
During this period, similarly to the super-critical MSBR oper-
ation (Figs. 2, 3, and 4), the combined effect of the super-
critical JS and the high MLSS concentration enabled the in-
stant formation of an initial sludge cake layer on the mem-
brane surface. Nonetheless, during the near-critical operation,
the cake layer growth rate was lower than the corresponding
one during the super-critical operation (Period 1). As already
mentioned, during the super-critical operation (Period 1), the
fRt increased exponentially shortly after the onset of cake
formation (Fig. 3). However, there was no similar increase
during the cake-dominated phase of the near-critical flux con-
dition (Period 2). This can be attributed to the different relax-
ation conditions experienced by the membrane hollow fibers
during the super-critical or near-critical operation periods. The

low suction to relaxation ratio which was applied in the near-
critical flux condition allowed the greater removal of accumu-
lated suspended solids from the membrane surface, and there-
fore, the slower development of the cake layer.

According to the resistance analysis (Fig. 10), the sum of
Rra and Ria was equal to 1.20∙1012 m−1 and accounted for
29.1% of Rt. Most of the adsorption resistance was developed
mainly during the first 48 days of the near-critical operation
where adsorption was the dominant fouling mechanism. On
the other hand, Rc was as high as 1.97∙1012 m−1 (47.7% of Rt).
This was developed during the last 27 days of the near-critical
MSBR operation, where cake formation became the prevail-
ing foulingmechanism. Finally, Rmwas responsible for 23.2%
of Rt.

Lower MLSS concentration can be achieved by reducing
the SRT (removal of larger amounts of sludge) resulting in the
reduction of the cake layer as well. Attention must be paid,
though, in order to avoid significant loss of solids, which may
lead to MLSS concentration below the concentration limits of
a typicalMBR orMSBR system (7–12 g L−1). The application
of back-pulse (back-washing) techniques can also be effec-
tive, regarding fouling mitigation, but their use is restricted
mainly to hollow fiber membranes. The operation of such
systems below the membrane’s critical flux together with the
optimization of physical aeration protocols can be a reliable
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Table 6 Main operating conditions for Period I and Period II

Period I Period II

HRT, day 10 10

Air flow rate, m3 h−1 0.343 0.343

Flux, LMH 8.9–9.5 7.8–8.2

Suction to relaxation ratio 1:1 1:3
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method for reducing cake layer formation andmembrane foul-
ing in general.

Apart from the operation under low imposed fluxes and the
application of high air rates for the effective scouring of the
membrane’s surface, the use of sludge additives is nowadays
considered to be among the novel anti-fouling strategies with
great potential and is strongly recommended. Due to their
ability to alter and enhance sludge properties, the addition of
several adsorbent or coagulant agents, such as powdered acti-
vated carbon or aluminum/ferric salts, has shown some prom-
ising results regarding fouling mitigation over the last few
years. Future trends are also very likely to focus on their effect
on different forms of fouling (i.e., reversible and irreversible
fouling) in MSBR systems which is yet to be thoroughly
examined.

Conclusions

Cake layer formation was the dominant fouling mechanism
under the high-flux condition (Period 1), since it accounted for
85.5% of the total resistance. According to the obtained crit-
ical flux (8.7 LMH), the MSBR operation during Period 1 can
be safely characterized as super-critical. The operation of
MSBR system under the near-critical flux condition (Period
2) can be divided into two phases. As long as the system was
operated closely to the critical condition (Days 1 to 47), the
total resistance almost linearly increased with respect to mem-
brane productivity. During this phase, the resistance analysis
showed that adsorption was the dominant fouling mechanism,
accounting for 29.1% of the total resistance. However, for
hydraulic performance well beyond the critical condition
(Days 48 to 75), the irregular total resistance variation, which
was observed, indicated the presence of another dominant
fouling mechanism, other than the previously mentioned ad-
sorption. In this case, the combined effect of super-critical flux
and of the high MLSS concentration enabled the instant for-
mation of an initial sludge cake layer on the membrane sur-
face, accounting for 47.7% of the total resistance.
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