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Abstract

This work describes the fouling of industrial waste sugarcane bagasse ash ceramic membrane (pore size ~ 8.6 um; water
permeability 27.2 x 10° L/m? h bar) in wastewater treatment in anaerobic membrane bioreactor (AnMBR). AnMBR system
was operated in sequential batch reactor (SBR) mode at 18 h hydraulic retention time for 31 days. For influent concentra-
tion of 171 + 12 mg COD/L, average chemical oxygen demand (COD) removal was high (~94%). Biomass activity of
anaerobic sludge improved from 0.15 (day 1) to 0.35 mg COD,.,oves/mg MLVSS.d (day 31). Operating flux was main-
tained at 17.8 + 1.4 L/m* h and the transmembrane pressure reached up to 170 mbar on day 31, increasing at a rate of
15.7 mbar/d. Specific bound extracellular polymeric substance (EPS) concentration was much higher in surface deposits
(356 mg EPS/g MLVSS) than in the reactor sludge suspension (32.3 + 14.4 mg EPS/g MLVSS). Though SBR is a good
alternative configuration to reduce membrane exposure to sludge and hence control the fouling rate, formation of cake layer
(due to deposition of sludge fines on membrane surface) still cannot be prevented. Calculation of total filtration resistance
(R showed the resistance of the caked surface deposits, R, (2.19 X 10" m™) to be dominant at 83% of R,. Of the two fouling
control strategies tested viz. filtration-relaxation (4 min—1 min) and permeate backflushing (up to 3 times operating flux),
backflushing was more effective. These findings indicate the potential of these alternative membranes in wastewater treat-
ment application; at the same time, further investigations are required to minimize membrane fouling.

Keywords Sugarcane bagasse ash ceramic membrane - Anaerobic membrane bioreactor - Sequential batch reactor - Low
strength wastewater - Membrane surface deposits - Extracellular polymeric substances

Introduction

Ceramic membranes (CMs) are increasingly being investi-
gated in wastewater treatment applications (Hofs et al. 2011;
Zielifiska et al. 2016; Hubadillah et al. 2020; Delikanli et al.
2022) especially for filtration of industrial effluents such
as oil-in-water (Rasouli et al. 2019; Liu et al. 2020; Wang
et al. 2021) and for sludge separation in aerobic/anaerobic
membrane bioreactors (Ae/AnMBR) (Hasan et al. 2011;
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Yue et al. 2015; Aslam et al. 2018; Nilusha et al. 2020;
Chen et al. 2021). The global CM industry with a valua-
tion of $10,893 million is projected to have a compound
annual growth rate of 11.3% over the period 2019-2027
(Arumugham et al. 2021). CMs display higher stability to
chemical and thermal changes (Abdullayev et al. 2019); they
also show higher fouling resistance compared to polymeric
membranes (Hofs et al. 2011; Chen et al. 2021). The cost of
conventional raw materials (e.g., alumina, zirconia, TiO,)
for fabricating CMs is however high, so the use of CMs
tends to be somewhat limited (Abdullayev et al. 2019). To
counter this problem, CMs prepared with low-cost (waste)
raw materials has gained interest in recent years. Such alter-
native materials include, for instance, cow bones (Hubadil-
lah et al. 2020), sugarcane bagasse ash (SBA) (Jamalludin
et al. 2018), rice husk ash (Lawal et al. 2020), coal fly ash
(Ahmad et al. 2021; Wang et al. 2021), clay (Shafiquzzaman
et al. 2020) and mixture of various silicates (Zuriaga et al.
2017). CMs manufactured from waste raw materials have
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the potential to be viable at industrial scale. For instance,
the REMEB (REcycled MEmbrane Bioreactor) project dem-
onstrated the use of a combination of wastes (olive stones,
chamotte, marble powder) for low-cost CM manufactur-
ing, with the performance of this 2 ym pore size membrane
being validated at industrial scale at the Aledo wastewater
treatment plant in Spain (Zuriaga et al. 2017). Another pilot
involving membranes fabricated from waste pyrophyllite and
alumina was tested in a water resource recovery facility in
S Korea (Jeong et al. 2017b). Among low-cost materials for
CM preparation, the most common are clays (29%), kaolin
(27%) and coal fly ash (17%) with only 4% based on SBA
(Abdullayev et al. 2019). The annual global production of
SBA is 12.6 million metric tonnes (Neto et al. 2021). It has
high content of silica (65% by weight) with traces of oxides
of aluminium (0.49%), titanium (0.08%), iron (0.49%), cal-
cium (2.75%), magnesium (3.26%) (Umamaheswaran and
Batra 2008); also, there are silanols group on the surface
(Jamalludin et al. 2018). These characteristics makes the
material eligible for separation, catalysis and adsorbent pro-
cesses, and also imparts strength, making SBA a suitable
choice as raw material for CM production.

Towards an effort to develop sustainable options for
wastewater treatment, waste-based CMs can be combined
with anaerobic treatment to exploit the benefits of low
energy requirements and low sludge yield. One of the pri-
mary challenges in such AnMBRs is membrane fouling
from soluble microbial products (SMP) and extracellular
polymeric substances (EPS) (Chen et al. 2022). Composi-
tion of EPS i.e. concentration of proteins, carbohydrates
and fraction of bound EPS plays a major role in deter-
mining the severity of fouling (Jang et al. 2021). High
protein content is likely to enhance cake fouling due to
accumulation of flocculated larger particles on the mem-
brane surface with less pore blockage (Liu et al. 2021).
High concentration of tightly bound EPS (TB-EPS) in the
sludge deposits also increases fouling (Liu et al. 2012).
Properties of the deposits influence the fouling mechanism
with microparticles (5—-10 um) contributing to cake layer
formation while colloidal (0.45—1 um) and sub-micrometer
(1-5 um) particles contribute to the pore blockage phe-
nomenon (De Vela 2021). The significance of membrane
fouling has led to the development of multiple fouling con-
trol methods in AnMBRs viz. (a) filtration-relaxation (Chu
et al. 2005; Giménez et al. 2011; Huang et al. 2011; Lin
et al. 2011; Robles et al. 2013; Chen et al. 2017; Aslam
et al. 2018; Liu et al. 2018; Ji et al. 2020) (b) permeate
backflushing (Chu et al. 2005; Ho et al. 2007; Giménez
et al. 2011; Robles et al. 2013; Smith et al. 2013; Aslam
et al. 2018) (c) gas sparging (Smith et al. 2013; Chen et al.
2017) (d) physical/chemical cleaning (Chu et al. 2005; Liu
et al. 2012, 2018; Chen et al. 2017) and (e) use of addi-
tives e.g. powdered or granular activated carbon (Chen
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et al. 2021; Balcioglu et al. 2022). Yet another approach is
to modify the operation to minimize membrane exposure
to sludge and thereby reduce fouling. One such option is
the sequential batch reactor (SBR) configuration wherein
the settled bioreactor effluent is subjected to filtration.
Compared to conventional MBRs, the transmembrane
pressure (TMP) build-up is more effectively controlled in
SBR-MBRs (Zhang et al. 2006).

There is extensive literature on the development, char-
acterization and lab-scale testing of waste-based CMs for
wastewater treatment (Balakrishnan et al. 2020; Goswami
et al. 2022; Hubadillah et al. 2022). Fouling behavior for
such membranes needs to be better understood consid-
ering the complex interplay among the membrane mate-
rial characteristics, wastewater properties and operation
parameters, especially in MBR applications where the bio-
logical performance has a direct impact on the membrane
filtration (Wu and Lee 2011; Robles et al. 2013). Though
waste-based CMs have been tested in MBRs (e.g., Hasan
et al. 2011; Lawal et al. 2020), very few studies have
examined fouling mitigation strategies. Basu et al. (2014)
used SBA based CM in baffled aerobic-anoxic MBR treat-
ing nitrate-rich water wherein biopolymer foulants (EPS
and SMP) were discussed but not the approach to control
fouling. In another study employing pyrophyllite waste-
based CM in domestic wastewater treatment in AnMBR,
gas sparging was employed for fouling control (Jeong et al.
2017a). The TMP remained low (0.03 bar until 76 days)
but the corresponding operational flux at 18 h hydraulic
retention time (HRT) was also very low (2.7 L/m? h).

In an earlier study with SBR—AnMBR system using
SBA based membrane, the effect of varying HRTs and
feast-famine cycles on system performance including
membrane fouling was investigated (Dhiman et al. 2023).
This work aims to further understand fouling behavior and
its control in an AnMBR equipped with waste SBA based
membrane operating at optimal HRT. Membrane fouling
due to EPS and the effectiveness of two fouling control
strategies—filtration-relaxation and permeate backflushing
were investigated. The following aspects are unique to this
study: (a) SBA based CM (b) realistic permeate flux, con-
sidering the maximum reported flux of 16-18 L/m? h for
pilot/full scale AnMBR systems treating municipal waste-
water (Chen et al. 2021; Kong et al. 2021) (c) low strength
wastewater feed (representative of urban drains) and (d)
SBR mode of operation. To the best of our knowledge, no
study has been reported on the performance of SBA based
CM in AnMBR under these conditions. The findings are
expected to contribute towards optimizing the integrated
biological-filtration process in this AnMBR to enable
long-term operation with reduced fouling. This study was
conducted in The Energy and Resources Institute (TERI),
New Delhi, India in 2021.
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Materials and methods
AnMBR set-up and operation

Figure 1 shows the experimental set-up of AnMBR oper-
ated in SBR mode.

The AnMBR set-up consisted of three units: continuous
stirred tank reactor (CSTR) maintained under anaerobic
conditions, holding tank containing the CSTR effluent and
filtration tank housing the membrane module. All units
were of transparent polymethyl methacrylate (acrylic) and
were fabricated locally. The CSTR working volume was
6.5 L; only 5 L permeate was filtered in each HRT cycle.
Operation was conducted in SBR mode and the CSTR was
fed using reverse osmosis (RO) booster pump (Kemflo,
India). The different stages in SBR mode were: feeding
(10 min), settling (1 h), reaction (16.5 h) and decantation
(20 min). N, purging was done for 20 min after every feed-
ing to ensure anaerobic environment in the CSTR; the tem-
perature was monitored using digital thermometer (Aeoss,
India). The CSTR effluent was collected in a holding tank
and thereafter fed to the filtration tank equipped with sub-
merged flat sheet CM composed of SBA. The membrane
modules (pore size 8.6 + 1.4 um; effective filtration area
0.0233 m?) were prepared in-house. Inflow and outflow of
the filtration tank were maintained using peristaltic pumps
(Electrolab India Pvt. Ltd., India). TMP was measured
using mercury manometer. HRT was maintained at 18 h
based on reported work (Dhiman et al. 2023). Only one
HRT cycle (18 h) was completed over 24 h and next cycle
was started the following day; thus, the system was idle
for 6 h in each cycle. Filtration-relaxation (4 min—1 min,
throughout the operation) and permeate backflushing
(backflushing/operating flux ratio i.e. J,/J up to 3, once
every HRT cycle when a drop in the flux was observed)
were employed for fouling control. The system was oper-
ated for 6 days a week (from Monday to Saturday); the
experimental facility was unavailable on Sunday following
COVID restrictions.
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N, purging

Digital
thermometer

Feed
Pump
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Fig. 1 Illustration of AnMBR experimental set-up

Synthetic feed and seed sludge

Synthetic feed as per Shim et al. (2002) was modified to
obtain low strength wastewater. This feed was prepared with
tap water and had the following composition (concentra-
tion in mg/L): p-glucose (C4H;,0¢) 100, L-glutamic acid
(CsHyNO,) 50, ammonium acetate (CH;COONH,) 40,
sodium hydrogen carbonate (NaHCO;) 65, ammonium
chloride (NH,Cl) 35, potassium dihydrogen phosphate
(KH,PO,) 28, sodium chloride (NaCl) 12, magnesium
chloride hexahydrate (MgCl,-6H,0) 8, calcium chloride
dihydrate (CaCl,-2H,0) 6, ferric chloride hexahydrate
(FeCl;-6H,0) 2. The feed chemical oxygen demand (COD)
was ~ 171 mg/L. Seed sludge, with mixed liquor volatile sus-
pended solids (MLVSS) of 1174 mg/L, was taken from the
same AnMBR system that previously treated low strength
wastewater for a period of 1 year followed by a 5 month
shut-down. For this study, initial MLVSS in CSTR was
adjusted to ~600 mg/L.

Analytical methods

Feed, CSTR effluent and permeate samples were analyzed
for COD, ammonia, phosphate, pH and turbidity; COD, pH
and turbidity were measured twice a week while all other
parameters were measured once a week. The CSTR efflu-
ent was filtered through Whatman grade 1 filter to remove
particulate matter prior to analysis. Mixed liquor suspended
solids (MLSS) and MLVSS analysis were done weekly for
CSTR sludge suspension, CSTR effluent and permeate. All
analyses were done at least in duplicate as per APHA, 2005
protocols. The CSTR sludge suspension was analyzed for
EPS fractions (soluble, loosely bound (LB) and TB) and
for both proteins and carbohydrates (extracted using method
provided by Li and Yang 2007). Proteins and carbohydrates
were quantified using methods of Hatree (1972) and Dubois
et al. (1956), respectively. Membrane surface deposits were
collected at the end of operation by washing the membrane
with 100 mL RO water and the suspension was analyzed for
MLVSS and EPS.

’—' Gas outlet
Manometer

[
Ceramic
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Peristaltic medule
pump
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To assess adaptation to operation conditions, sludge
from the CSTR was subjected to biomass activity analy-
sis. Sludge suspensions sampled on day 1 and day 31 were
introduced in Schott bottles; the MLVSS concentration
was kept constant for both samples. Tap water was used
to adjust the final volume to 500 mL. Biomass activity
assessment was done over 3 cycles: cycle 1 (72 h), cycle
2 (48 h) and cycle 3 (48 h). At the start of each cycle, N,
purging was done for 10 min to provide oxygen free envi-
ronment and then the sodium acetate substrate (594 mg/L)
was fed. Samples were withdrawn at periodic intervals
during each cycle to assess substrate removal in terms of
COD reduction. MLVSS analysis was done at the start of
cycle 1 and the end of cycle 3. Equation (1) was used to
calculate the biomass activity of the sludge (Tomar et al.

thRim+Rc+Rp= %) (3)

where R, (m™!) is total filtration resistance, R, (m™') is
membrane intrinsic resistance, R, (m™!) is resistance due
to cake layer or surface deposits and R, (m™") is the resist-
ance experienced due to pore blockage. TMP (Pa) is the
transmembrane pressure, J (m/s) is the permeate flux and 1
is the dynamic viscosity (Pa s) of the permeate (assumed to
be of that water at ambient temperature).

R;,, was determined by filtering RO water through virgin
membrane. R, was determined by filtering RO water through
the used membrane after AnMBR operation ended. Surface
deposits were removed from membrane and RO water was
filtered to obtain sum of R, and R,,,. R, was calculated by

int*

2018). subtracting R, and R;,, from R,.
CcoD d CcoD d
Activity( T8LODTEMOVETN _ 1ne of graph( 18EL2Temoved 24k 1 1
mg MLVSS day ’ h day mgMLVSS

Membrane characterization

Water permeability of the virgin membrane was deter-
mined using a locally fabricated acrylic tank (3 L) wherein
the flat sheet CM module (5.5 cm X 5.5 cm) was sub-
merged. The tank was fed with tap water manually and
the permeate flow was maintained using peristaltic pump
(Acuflo, Arrow Weighting System Pvt. Ltd., India). Flux
was determined volumetrically with a measuring cylin-
der and stop watch. TMP was measured using mercury
manometer. Water absorption of the virgin membrane was
determined as per [SO:10,545 (International Organization
for Standardization). The dry CM (12 cm X 12 cm) was
weighed initially (W,), immersed in boiling water for 2 h
and then allowed to cool naturally for 4 h in the water.
Excess surface water was removed by patting with slightly
wet cloth and the CM was weighed again (Wg). Water
absorption was calculated using Eq. (2).

(WB B WA)

x 100 2
W, @

Water absorption (%) =

Porosimetry analysis of the virgin and fouled mem-
brane was done using mercury porosimeter (Micromerit-
ics, AutoPore IV, USA).

Membrane fouling study
Membrane filtration resistance (R,) was calculated quan-

titatively by resistance-in-series model using Eq. (3) (Liu
et al. 2012).
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Results and discussion
Membrane characterization

Porosity, pore diameter and bulk density of the virgin CM
were 46.06 +2.01%, 8.62+1.40 ym and 1.31+0.05 g/mL
respectively. Water absorption was in the range of 32-35%.
There is a linear relation between water flux J,, and TMP
(R?=0.9965; Supplementary sheet Fig. S1) for this micro-
filtration membrane, following Darcy’s law for perme-
able media (Qiu et al. 2010). The water permeability was
27.2x10° L/m? h bar. Water flux depends more on pore size
compared to porosity (Liu et al. 2020). Against conventional
CMs prepared from alumina and natural zeolites, the SBA
CM has marginally higher pore size and water permeability
(Table 1). The threshold gradient pressure (TGP) i.e. the
minimum TMP required for permeate flow to occur (Yin
et al. 2018) is identified to be 1.31 mbar (Supplementary
sheet Fig. S1).

AnMBR performance
Organics and nutrients removal

Figure 2 shows the COD concentration and removal profile
in AnMBR operated at a fixed HRT of 18 h.

For the initial 6 days, only biological treatment took
place. Membrane filtration commenced on day 7 with a per-
meate COD of 2.2 mg/L and ~99% removal efficiency that
was maintained over the following days. The system had
to be shut-down for 10 days (day 12-21) due to mechani-
cal malfunction in the filtration unit. Upon restarting,
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Table 1 Comparison of CMs

. Raw material Average pore Porosity (%) Permeability (L/ Reference
prepared from different raw size (um) m? h bar)
materials
Natural zeolite 5.9 35 26.6%10° Dong et al. (2006)
Fly ash 2.13 n.s.* 22.6x 10 Fang et al. (2011)
a-AL O, 2.2 46 7.6x10° Qin et al. (2017)
a-AL O, 4.6 31 17.9x10° Yin et al. (2018)
Fly ash 1-2 30 8.6x10° Zou et al. (2019)
Water treatment coagula- 0.92 46.7 0.7x10° Mouratib et al. (2020)
tion/flocculation sludge
SBA 8.6 39.8 27.2x10%™ Present work
*n.s.: not specified
**With tap water; all others used deionized water
200~ o > r 100 o
180 1 — -© | : °© ©° [0 90 ° 20 Day 1: Initial MLVSS 104 mg/L; Final MLVSS 296 mg/L
160 - 80 r\; : 200 4 Day 31: Initial MLVSS 127 mg/L; Final MLVSS 360 mg/L
= 1404 ! : F70 & [
%120 N £~ 150
< 100 shut-down | Lso g 2
8 07 § 3 Fa0 = SE 100
O 601 | L30 8 <
40 too © 2 50
201 | ‘ L 10 =
ol M1 ML B M i B : J B = ,
1 7 10 12 21 2 24 28 31 o 5 6 3 2 43
Time (d) Time (h)

BFeed COD OCSTR effluent BPermeate COD  OCOD removal

Fig.2 COD removal profile in AnMBR (18 h HRT)

the COD removal was>90% with average removal of
93.6 +3.6% until day 31. MLVSS increased from 594 (day
1) to 1176 mg/L (day 31) with improved MLSS/MLVSS
ratio 0.68. There was no ammonia removal in the CSTR but
around 40% removal was observed in the permeate prob-
ably due to passive aeration in the holding tank. Phosphate
removal in the permeate was around 80%.

Biomass activity results showed 0.15 mg COD,., oved’
mg MLVSS.d on day 1 that increased to 0.35 mg COD,.,oved’
mg MLVSS.d on day 31 (Fig. 3). This indicates that the
reactor sludge, fed on low strength synthetic wastewater
(171 mg COD/L), could quickly adapt to change in substrate
at a higher concentration (594 mg sodium acetate/L).

Filtration performance

Figure 4 shows the operating flux vs TMP profile during
filtration in the AnMBR system.

Filtration was started on day 7 in filtration-relaxation
(4 min—1 min) mode; no permeate backflushing was applied
initially. When continuous flux drop was observed, perme-
ate backflushing was employed as specified in Fig. 4. The
system was shut-down for 10 days (day 12-21) due to sys-
tem malfunction as mentioned earlier. On day 22, filtration

W Day 1 biomass activity ~ EDay 31 biomass activity

Fig.3 Biomass activity of sludge sample on day 1 and day 31: cumu-
lative COD removal for cycle 3 (48 h); COD removal stabilized
within 8 h for both samples

was commenced but without backflushing. Flux equal to
the desired value was recorded without any backflushing
probably due to dislodging of loose surface deposits from
the membrane surface during the shut-down period. Sub-
sequently, the flux dropped by 8% on day 23. To maintain
constant operating flux, backflushing was employed again
but the flux could not be recovered fully. Figure 5 shows the
TMP experienced during backflushing, with TMPi being the
value when backflushing was initiated (t=0 min) and TMPf
when the backflushing was terminated (t=4 min). When J/J
ratio was 3 (day 28-31), at the conclusion of every back-
flush cycle, a TMP of ~39 mbar was recorded indicating
residual fouling which could not be removed. Operation was
terminated on day 31 with average flux for the operating
period at 17.8 +1.43 L/m? h (8% less than desired flux) and
TMP increase at the rate of 15.7 mbar/d. Quality of perme-
ate obtained was good with very low solids concentration
(4.8+5.6 mg/L) with up to 99% solids removal. Turbidity of
the permeate was also correspondingly low (1.5+0.4 NTU).

In this work, relatively high flux was achievable (to the
best of our knowledge) compared to past studies using
waste-based CMs in AnMBR. Hasan et al. (2011) stud-
ied rice bran and clay-based CM in MBR configured in

o’
’r @ Springer



International Journal of Environmental Science and Technology (2024) 21:1369-1378

1374
Fig.4 Flux and TMP variation 25 4 ¢
profile in AnMBR (18 h HRT). ]
i flux dropped by 20% and per- 20 4
meate backflushing was applied _

=]
.subseq‘uen.t.ly as per t'}_l_e follow- RER —g
ing ratios ii J/J =2, iii J /] =3, 35 S &
ivI/J=2,and v] /J=3 = Sg

5109 &3

= g

5 B

< > < >, =

1004 ' ! Residual TMP after the r20 .g
—= 901 : backflushing F18 &
8 804 > application P16 x
E0{ 35 g 14
& o0y =% S 12 2
£ 501 ©°E 5 F10 €
% 2] °8 | & Ls &
=1 H o

£ 30 Q Ho 2
S 20 3 L4 &
2 104 : L2 B
: ; ; =

0 T T T T T T T T T T T T T 0 E

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 ]

Time (d) ;A

——Backflush TMPi  —@®— Backflush TMPf Backflush/operating flux ratio

Fig. 5 Effect of backflush/operating flux ratio on fouling

aeration, intermittent aeration and non-aeration modes
with corresponding fluxes of 4.1-8.3 L/m? h, 3.04 L/
m? h and 0.875 L/m? h, respectively. In another AeMBR
study, rice husk ash and clay-based CM showed a flux of
4.5 L/m? h (Lawal et al. 2020). In lab-scale AnMBR and
AeMBR studies employing waste pyrophyllite based CMs,
the flux was 1.1-2.7 L/m* h (Jeong et al. 2017a) and 5 L/
m? h, respectively (Jeong et al. 2017b). Though a higher
flux of 15 L/m? h was maintained in pilot operations with
AeMBR system, sharp TMP rise to 0.3 bar was encoun-
tered within 10 days (Jeong et al. 2017b).

Operation in the SBR mode, with a separate holding
tank for the decanted bioreactor effluent, helped retain
bulk of the sludge in the bioreactor. However, fine sludge
particles did not settle and eventually deposited on the
membrane surface in the filtration unit. Cake formation
could not therefore be completely prevented. In conven-
tional operation integrating biological treatment and mem-
brane filtration in a single reactor (data not shown), TMP
build-up rate was high (i.e. 44 mbar/d corresponding to a
flux of 9.6 L/m? h) and physical cleaning of the membrane
was required within 3 days of commencing operation. In

* @ Springer
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Fig.6 Soluble and specific bound EPS profiles of the CSTR sludge
suspension in AnMBR system

contrast, the SBR mode of operation showed compara-
tively slower TMP build-up.

Membrane fouling

Figure 6 shows the EPS profiles of the CSTR sludge suspen-
sion in the AnMBR system.

The EPS constituents viz. proteins and carbohydrates are
non-settleable organic components which can affect biofilm
formation and hence fouling (Robles et al. 2013; Zhao et al.
2014; Xiong et al. 2016). Both proteins and carbohydrates
were analyzed in the soluble, LB and TB fractions. Specific
bound EPS (i.e. mg EPS/g MLVSS) in the sludge suspen-
sion ranged from 16 to 48 mg/g MLVSS with an average
value of 34.9 + 13.6 mg/g MLVSS for the operation period.
Average soluble EPS was 11.1+3.0 mg/L. After opera-
tion, surface deposits were analyzed for MLVSS and EPS.
MLVSS was 300 mg/L and specific bound EPS was found
to be 356.6 mg/g MLVSS (proteins: 298.4 mg/g MLVSS,
carbohydrates: 58.2 mg/g MLVSS), approx. 10 times higher
than in the sludge suspension. This could be the cause of
fouling as high EPS can result in accumulation of particles
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Fig.7 Membrane fouling resistance distribution
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on membrane surface increasing resistance to permeate flow
(Chen et al. 2017; Aslam et al. 2018; Nilusha et al. 2020).
TB-EPS concentration was high too in surface deposits
i.e. 212 mg/g MLVSS compared to LB-EPS (144.6 mg/g
MLVSS) which is not easily removable because of tight
bond with the membrane (Liu et al. 2012). Figure 7 shows
the total membrane resistance at the end of the 31-day
AnMBR operation.

The highest resistance contribution is by surface
deposits (2.19x 10'> m~!, 83%), followed by the intrin-
sic (3.10x 10'' m™!, 12%) and pore-blockage resistance
(1.35% 10" m™!, 5%). Much higher fouling resistance due
to surface deposits may be attributed to rapid surface deposi-
tion rate even before membrane pore saturation; this high-
lights the need for further optimization of fouling control
methods to minimize cake layer formation for this mem-
brane. Porosity and pore diameter of the used (fouled) mem-
brane were 39.78 +1.40% and 6.63 +£0.57 um respectively.
Bulk density increase (to 1.41+0.02 g/mL) and shift in peak
in the log differential intrusion vs pore size plot (Fig. 8) were
also observed. These changes were attributed to the marginal
pore blockage of the membrane during operation.

Conclusion

AnMBR equipped with waste SBA based CM was studied to
treat low strength wastewater in SBR mode. A fixed HRT of
18 h was adequate for high COD removal of ~94%. SBR is a
good alternative configuration to reduce membrane exposure
to sludge and hence control the fouling rate; however, forma-
tion of cake layer (due to deposition of sludge fines on the
membrane surface) cannot be prevented. Membrane surface
deposits with high EPS concentration is the key contributor
to fouling; backflushing is required to dislodge the deposits.
Further investigations are required to minimize the surface
deposits and thus control the fouling with this waste-based
CM.
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