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Abstract

In this review paper, Anaerobic Membrane Bioreactor (AnMBR) is consider-
ing as highly efficient and reliable technology for organic material removal
from wastewater with no additional energy requirement for aeration. AnMBR
is a combination of conventional anaerobic technology and modern mem-
brane system. AnMBR is cost effective alternative technology with pros of
anaerobic microbial activity because Methogenic microorganism can convert
organic pollutant load of wastewater into renewable energy in the form of
methane rich biogas, this conversion is mainly done by transformation of or-
ganic matter into energy by high chemical oxygen demand (COD), total sus-
pended solid (TSS) and pathogens removal. Methane rich biogas can be used
as a storable source of supplemental energy for the production of heat or
power thus AnMBR technology provides improved effluent quality, reliability,
and efficiency over the other traditional technologies. This review paper is in-
cluded the overview of AnMBR, the advantages over other wastewater treat-
ment technology, operational constraints and the concerned factors that has
affected the performances of implemented systems, applications of AnMBR
for various types of wastewaters, research and development summary and fu-
ture perspective for further research.

Keywords
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1. Introduction

Human beings are facing environmental pollution and suitable modular treat-
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ment facilities as one of the greatest challenges in the current century. Energy
crisis and environment pollution is widely increased, received much more public
and professional attentions [1]. It has become enormously important to direct
research efforts toward sustainable methods. Anaerobic biotechnology is a best
suited term for sustainable approach, because it combines waste treatment with
the recovery of useful byproducts and renewable biofuels [2].

The anaerobic membrane bioreactors (AnMBR) are being highly popular as
sustainable alternative for wastewater treatment due to several advantages over
other treatment technologies. In AnMBR, the sludge collected from primary
treatment is treated anaerobically by mesophilic bacteria which release methane
or bio gas as a byproduct, which can be combusted to generate heat or electricity
required for maintaining the further processes [3]. The anaerobic membrane
bioreactors (AnMBRs), is a combination of anaerobic bio reactor and Membrane
unit, which provide the less energy consumption due to no additional air re-
quirement in anaerobic bio reactor, to achieve biomass retention on membrane
and to get recovery of energy in the form of Bio gas as discussed earlier. In re-
cent years, AnMBRs have been widely reported for the treatment of textile
wastewater, oil grease wastewater, and landfill leachate [4]. AnMBR was used to
treat kitchen wastewater, where COD removal efficiency was over 99% after reg-
ulation of solid retention time (SRT) [1] [5].

Presently, AnMBR is considered as an established and successfully imple-
mented technology for different industrial wastewaters treatment. The success
of anaerobic wastewater treatment can be attributed to an efficient uncoupling
of the solid retention time from the hydraulic retention time through biomass
immobilization. This is usually accomplished through biofilm or granule
formation. The separation of biomass from the effluent, using membrane
technology, is another attractive method to retain the biomass within the
anaerobic reactor [6]. Because of relatively high SRT in AnMBR, the longer
recovery time can also be mitigated due to Interruption from shock loading,
biomass washout and toxic substances. The number of peer-reviewed publica-
tions is over the past three decades. Figure 1 shows the increasing interest in
AnMBR.

Apart from all advantages, Membrane fouling remains the critical obstacle li-
miting the more widespread application of AnMBR in wastewater treatment [7].
Accumulation of organic and inorganic fouling materials, internally in mem-
brane pores and externally on membrane surface, reduces flux and potentially
necessitates chemical cleaning or membrane replacement [8], which finally af-
facts the overall performance and cost of AnMBR.

This review paper is included the overview of AnMBR, the advantages over
other wastewater treatment technology, factors that has affected the perfor-
mances of implemented systems, existing operational difficulties, applications of
AnMBR for various types of wastewaters, research and development summary

and future perspective for further research.
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Figure 1. Number of publication over the past three decades (Scopus) using the key
phrases; (a) “AnMBR” only, and (b) “AnMBR for industrial wastewater treatment”. The
number of publications in 2018 is shown only till February.

2. Historic Development of Anaerobic Membrane Bio
Reactor

2.1. Historic Development

By the 1930s, both aerobic and anaerobic biological treatment methods had been
commonly used to treat domestic and industrial wastewater [9]. During the
course of these processes, organic matter, mainly in soluble form, is converted
into 2H,0, CO,, NH,, CH,, NO,, NO; and biological cells. The end prod-
ucts differ depending on the presence or absence of oxygen [10].

In late 1960’s, the concept of an activated sludge process coupled with ultrafil-
tration was commercialized by Dorr-Oliver [11].

In the decade of 1970’s, the quality of the final effluent from conventional bi-
ological treatment systems was highly dependent on the hydrodynamic condi-
tions in the sedimentation tank and the settling characteristics of the sludge.
Consequently, large volume sedimentation tanks was the major concerned for
offering several hours of residence time required to obtain adequate solid/liquid
separation [12]. The first test of the concept of using membrane filtration with
anaerobic treatment of wastewater appears to have been reported [13] in 1978.
The external cross-flow membrane treated septic tank effluent and resulted in an
increased biomass concentration, 85% - 95% biochemical oxygen demand
(BOD) reduction, 72% nitrate removal, and 24% - 85% orthophosphate reduc-
tion [13] [14].

In 1980, a secondary settling tank was used for the solid/liquid separation and
this clarification was often the limiting factor in effluent quality [15]. The
AnMBR process can be basically defined as a biological treatment process oper-

ated without oxygen and using a membrane to provide complete solid-liquid se-
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paration. AnMBRs were first introduced in the 1980s in South Africa and till it
has less investigated compared to aerobic MBR [6]. The first commercial-
ly-available AnMBR was developed by Dorr-Oliver in the early 1980s for
high-strength whey processing wastewater treatment and was known as the
Membrane Anaerobic Reactor System (MARS) [16] [17]. The MARS process
was tested at pilot scale but was not applied at full scale, possibly due to high
membrane costs [18].

In the decade of 1990s, AnMBR research activity increased with investigations
into different membrane materials [14] [19] [20] [21], characterization of mem-
brane foulants [14] [22] [23] [24] and development of strategies for membrane
cleaning and fouling management [14] [20] [22] [23] [25] Also, immersed
membranes started implementation [14].

By the 2000s, studies on the AnMBR focused on system performance, filtra-
tion characteristics, characterization of membrane foulants, and membrane
fouling control and the success of submerged aerobic MBRs in the early 2000s
highly encouraged the exploration of submerged AnMBRs (SAnMBRs) for
wastewater treatment [7]. In the last decade, Kubota Corporation developed a
SAnMBR named “KSAMBR” process, which has been successfully applied in a
number of full-scale food and beverage industries [26]. ADI Systems Inc. devel-
oped ADI-AnMBR system specific for food wastewater treatment [7]. The larg-
est AnMBR installation up to date in the world was completed by ADI, which
produced effluent free of suspended solids (SS) and with 99.4% COD removal,
allowing 100,000 gal/d of wastewater to be easily discharged into the municipal
system [27].

In 2009, it was indicated that AnMBR treating municipal wastewater with
COD around 500 mg/L could recover methane up to 48% while the effluent
COD was found bellow 40 mg/L. Hence, the potentials of AnMBR applications
on low strength wastewaters with the objectives of energy recovery and water
reuse are valued in the future [28].

Later in 2010s, the submerged AnMBR treatment was significantly studied
with attempts made to improve energy efficiency, extend the application scope
and solve technical problems such as membrane fouling [7].

Since January 2018 to till date, lot of works on hydrodynamic parameter of
membranes, membrane material characteristics, effect of various contaminant
on performance of AnMBR, configurational development of membrane module
and overall system and life cycle assessment and sustainability development

work has been done on AnMBR, which opens the broad area of further research.

2.2. Treads of Development of Biological Wastewater Treatment
Technology

Figure 2 shows the trends, from conventional wastewater treatment technology
to Anaerobic Membrane Bioreactor according to microorganism suspended
growth and attached growth system. Primarily treated waste water, which in-

cluded screening and inorganic solid removal, used as influent for further
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Figure 2. Treads of development of Biological wastewater treatment technology.

process treatment of figure. In starting, aerated lagoon was using for wastewater
treatment where natural or artificial aeration was used for treatment process.
After aerated lagoon, Activated sludge process (ASP) was introduced where
primarily treated water was collected in primary settling tank (PST) for proper
settling of sludge, supernatant water from PST was further treated biologically in
aeration tank (AT) followed by secondary settling tank (SST) and sludge from
primary and secondary treatment was collected in Sludge digester (SD), outlet
gas from the top of sludge digester was collecting in Gas collecting unit (GCU)
and anaerobically digested sludge from the bottom of sludge digester was col-
lecting in sludge dewatering unit (SDU). Modification in attached growth system
introduced moving bed bio reactor (MBBR) where PST and aeration unit was
replaced with MBBR tank, reduced the landscape requirement. Meanwhile, for
improvement in effluent quality, research was done on coupling of tertiary
treatment with membrane unit which further improved and modified into
membrane bioreactor (MBR), Where Anoxic tank (AnT) for denitrification fol-
lowed by aerobic tank(AT) for aerobic oxidization of organic waste was also
provided but energy cost was again very high for aeration requirement that in-
fluenced the anaerobically treatment coupled with membrane unit, which is
AnMBR. In anaerobic membrane bioreactor (AnMBR), air requirement for ae-
ration tank and additional sludge treatment cost was reduced due to anaerobic

process, provided high quality effluent due to coupling with membrane unit.

3. Fundamentals of Anaerobic Treatment and Membrane
Technology

Biological treatment can be of two types, 1) Aerobic and 2) anaerobic process.
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Aerobic treatment further can also be divided into two parts, 1) Suspended
growth which included activated sludge process, extended aeration process and
aerated lagoons, and 2) attached growth process, which includes trickling filter,
moving bed bioreactor, rotating biological contractor. Anaerobic treatment in-
cludes Up-flow sludge blanket reactor and anaerobic membrane bioreactor. An
AnMBR can be simply defined as a biological treatment process operated with-
out oxygen and using a membrane to provide complete solid-liquid separation
[14]. The anaerobic biological wastewater treatment process consists of two
main biochemical stages such as acid formation and methane formation, The
anaerobic degradation of complex organics is carried out by different groups of
bacteria such as fermentative acetogens, homoacetogens, hydrogenetrophic me-
thanogens and aceticlastic methanogens.Fermentative bacteria and acetogenesis
bacteria involve in the anaerobic processes are facultative, more tolerant to en-
vironmental changes and fast growers [6]. Among those mentioned above, ho-
moacetogens are the most concerned today [2] because of their ability to pro-
duce acetate which is the most important intermediate of methane production
[2] [6] [29]. Among the anaerobes, methanogens are the most vulnerable con-

sortia over other acedogenic or acetogenic bacteria [30] [31].

4. AnMBR Process and Configurations

Various membrane configurations such as flat sheet, hollow fiber, and tubular
membranes are applied in AnMBRs, using different types of module configura-
tions such as submerged/immersed and external cross-flow systems [14] [32].
AnMBR systems were essentially implemented as two configurations, based on
membrane design and operation: 1) external/side-stream configuration and 2)
submerged/ immersed configuration [14], where the membrane could be oper-
ated under pressure or it may be operated under vacuum. In external cross-flow
membrane configuration, the membrane is separate from the bioreactor and a
pump is required to push bioreactor effluent into the membrane unit and per-
meate through the membrane [14]. Plastic, sintered steel, and ceramic material
are used for membranes. Within plastic, four types were considered: polyether-
sulfone (PES), polyvinylidenefluoride (PVDEF), polyethylene terephthalate (PET),
and polytetrafluoroethylene (PTFE). Plastic was assumed to be usable for any
membrane type, but sintered steel and ceramic were limited to flat sheet and
multi tubes membranes, respectively [33].

The main conclusion is the need to assess the feasibility of both side stream
and submerged configurations to arrive at optimum fouling control strategies
and minimize the overall energy demand [34]. Figure 3(a) and Figure 3(b)
shows the schematic diagram of side-stream configuration and submerged or
immersed membrane configuration with temperature (TI) and pressure indica-

tor (PI) respectively.

4.1. Side-Stream Configuration

In the side-stream configuration, the recirculation pump ensures required
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Figure 3. (a) Side-stream configuration; (b) Submerged or immersed membrane confi-
guration.

trans-membrane pressure in the membrane chamber. As a result, cross flow ve-
locity permanently disrupts formation of a filtration cake on the membrane’s
surface. While this process consumes energy, any remaining energy can be used
to mix the suspension in the anaerobic reactor [14] [35]. The cross-flow velocity
along the membrane’s surface is typically kept within a range of 2 - 4 m-s™', in
order to achieve optimum operational efficiency as regards filtration cake re-

moval and energy demand [36].

4.2. Submerged Membrane

Instead of direct pressure, the membrane is operated under a vacuum and the
membrane module is directly placed into the liquid, this type of configuration is
called submerged or immersed because vaccum pump or gravity is used to pull
the permeate through the membrane [14]. Submerged AnMBRs can also be used
in different configurations including directly immersed into the bioreactor or
immersed in a separate membrane tank [14] [32]. It was found in experimental
studies that compared specific energy demands for different configurations of
AnMBR treating municipal wastewater was 0.3 kW-h/m’ permeate needed for
submerged configuration and 3.7 kW-h/m® permeate was needed for external
cross-flow configurations [37]. A critical challenge for submerged systems also
stems from fouling mitigation, with this analysis demonstrating the clear need
to eliminate gas sparging and replace it with less energy-intensive processes
(33].

4.3. Operation and Cleaning of Membrane

Scouring of the membrane surface is necessary to remove foulants and varies
depending on the reactor configuration, influent wastewater, and operational
conditions [33] [38]. Cross-flow systems utilized a high cross-flow velocity to
mitigate fouling, whereas submerged AnMBRs relied on gas sparging. As an

alternative to gas sparging, membrane scouring in submerged systems was also
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achieved by fluidizing a bed of GAC in direct contact with the membrane [33]
[39].

5. Energy Recovery

AnMBRs can also play a vital role in energy recovery due to their capacity to
produce CH4 from the utilization of a large fraction of organics in wastewaters
[40]. It has great potential to achieve energy recovery and better quality effluent
for reuse. Higher strength wastewaters where the higher organic exists; the
energy content is much greater. Hence to recover maximum energy, anaerobic
treatment must be applied to the high strength wastewater directly [6]. From the
perspective of biogas production, different types of wastes, such as residues from
agro-activities (manures, corn silages, etc.), bio waste from municipal solid
waste, sludge from wastewater treatment plants, could be utilized [41]. AnMBRs
can convert up to 98% of the influent COD into biogas and very small sludge
production is normally observed due to the low growth yield of anaerobic mi-
cro-organisms, [42] [43]. Organic wastes rich in carbohydrates, such as bio
waste and corn silage, can improve the biogas production and the proportion of
CH, [41]. There is a misconception that, the anaerobic bacteria or methanogens
are slower than aerobic bacteria but after extensive research work it had been
confirmed that anaerobic bacteria are faster and stronger than the most efficient

aerobic bacteria of activated sludge process.

6. Applications in Various Wastewater Treatments

Membrane coupling with anaerobic process has potential of nitrogen removal by
anammox process, which converts nitrite and ammonia in wastewater to nitro-
gen gas [44].

In an AnMBR, non-woven fabric filter and a poly-tetrafluoroethylene (PTFE)
composite membranes are generally used for the treatment of low strength
wastewater [29], A crossflow AnMBR to treat sewage at varying HRTs has stu-
died, where COD loading rates of 1 - 2 kg COD m’.d™" were applied to the
AnMBR for 280 days. The effluent COD was always lower than 40 mg/L, how-
ever, around 30% of the inlet COD was unable to be recovered, independent of
the HRT, due to dissolved methane, sulphate reduction, and untreated COD in
the permeate [28]. The amount of methane recovered from the synthetic mu-
nicipal wastewater decreased from 48% to 35% when the HRT decreased from
12 to 6 hr. Therefore, operating the AnMBR at relatively long HRTs and SRTs
may enhance methane recovery and reduce or eliminate sludge production [28]
[29]. Figure 4 shows some general application of effluent and bio product
(Energy and digested bio solid) of AnMBR.

7. AnMBR Performance

The AnMBR was operated at cross-flow velocities up to 1.5 m/s and fed with a

gelatin-starch-ethanol mixture [45]. A significant fraction of acidogenic biomass
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Figure 4. Applications of AnMBR.

developed during reactor operation, which fully determined the sludge rheology,
and influenced the particle size distribution [45] [46]. As a result, flux levels of
only 6.5 1/m* h were achieved, at a liquid superficial velocity of 1.5 m/s [45].
Continuous biogas production could be observed in AnMBR systems for various
wastewaters treatment [7]. The observed methane yield ranged 0.23 - 0.33
LCH,/g COD removal has been reported, which was generally lower than the
theoretical yield (0.382 LCH,/g COD removal at 25°C [28] [47] [48] [49]. It was
observed that, AnMBRs operated at 25°C and 15°C to treat synthetic municipal
wastewater achieved more than 85% COD removal [50]. AnMBR is also a prom-
ising process to treat landfill leachate with high efficiency in terms of degrada-
tion yield and biogas productivity, at high organic loading rate of 6.27 g COD
17.d7, the biogas production was more than 3 volumes of biogas per volume of
the bioreactor. The treatment efficiency was high with an average COD reduc-
tion of 90% and biogas yield of 0.46 I biogas per g COD removed [4]. To reduce
the membrane fouling and strengthen performance of the AnMBR, adding filter
was reported to be a promising option, it has been confirmed that adding gra-
nular activated carbon (GAC) to an AnMBR resulted in a reduction in the cake
layer resistance by approximately 53.5% [7] [51].

The performance of AnMBRs treating domestic wastewater (DWW) has been
assessed in three recent pilot-scale studies [8] [52] [53] [54], each one of these
studies indicates that treatment performance similar to that observed during
bench-scale research may be obtained at a larger scale. Furthermore, it has been
reported that membrane fouling may be avoided in the long-term. However, in
first pilot plant study, it was highlighted that high sulfate concentrations in
DWW severely reduce the potential methane generation and energy recovery of
AnMBR systems [52]. Considering additional complications with sulfide corro-
sion and the need for biogas scrubbing, AnMBR treatment of sulfate-rich DWW
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should be avoided [8] [52].

The second pilot plant study, the pilot plant was fed with a screened raw se-
wage at an OLR of 0.58 kg COD/m?/day, HRT of 8.5 hours and SRT of about 80
- 100 days for about 160 days. During this period the membrane was operated
continuously at a flux of 17 LMH, TMP of less than 5 kPa and no membrane
fouling was observed. The average steady state membrane tank MLSS concentra-
tion was 13.4 g/L and critical flux was found in the range of 26 LMH. The BOD
removal rate was 85%. The COD balance analysis showed that 31 percent of the
incoming total COD was recovered in the form of methane; however 19% was in
liquid phase and exited the system with the permeate. A significant fraction of
the incoming COD was also found to be non-biodegradable and led to COD ac-
cumulation within the bioprocess tank [53].

The third pilot plant study, The Submerged AnMBR could be operated with
stable filtration resistance under critical flux conditions (7 L/(m*h)) at 35°C [54]
[55]. Nevertheless, an increase in the fouling rate probably linked to an accumu-
lation of TSS and soluble COD in the reactor was observed at psychrophilic
temperatures. Despite this accumulation, COD removal efficiencies were nearly
90% both under mesophilic and psychrophilic conditions. Effluent COD and
BOD5 were lower than 80 and 25 mg/L, respectively [54]. Table 1 shows the

summary of all above three pilot scale plants.

8. Factors affecting the Treatment Performance of AnMBR

1) Low sludge yield is deemed one of the major advantages of anaerobic
treatment Systems but low sludge yields require longer start-up times to attain a
given biomass concentration. Start-up times can be reduced by maintaining a
higher biomass inventory during the reactor start-up [2].

2) Before 1970s, the major reason of failure of many anaerobic reactors was
the lack of understanding of the micronutrient requirement of methanogens.
Trace amounts of iron, nickel, and cobalt are essential for optimum growth of

anaerobic microorganisms (methanogens). Industrial wastewater often lacks

Table 1. Operational parameters and treatment performance results obtained in pilot-scale AnMBR studies for DWW treatment

(8] [52] [53] [54] [55].

Bioreactor
configuration

Completely mixed
anaerobic reactor
(1st pilot-scale) [53]

Completely mixed
anaerobic reactor
(2nd pilot-scale) [54]

Completely mixed
anaerobic reactor
(3rd pilot-scale) [55]

Membrane information

Polyvinylidene difluoride,
hollow-fibre ultrafiltration
membrane module with

A ffluent
Fouling Temp. SRT HRT Average influent verage effluen

0.05 um pore size

L Total
control method (°C) (days) (h) strength c o(gl /%)2 rer(l)l:val)
445 mg Actual
Biogas sparging 33 70  6-21 DWW/Ltr. Total 77183
COD
Polyvinylidene difluoride, Biogas sparging; 224 mg Actual
hollow-fibre ultrafiltration relaxation; weekly 22 80-100 8.5 DWW/Ltr. Total 47179
membrane module chemical cleaning COD
flat sheet polyether sulfone Biogas sparging; 630 Actual DWW
ultra-filtration membrane module relaxation; 35 680 19.2 supplemented with <80/90
with a mean pore size of 38 nm backflushing glucose/Ltr. Total
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such micronutrients and traces metals, and requires external supplementation
while Municipal wastewater usually contains sufficient amounts of micronu-
trients and trace metals [56].

3) The Optimal parameters are mandatory for the proper growth of anaerobic
microorganisms, because methanogens is highly dependent on temperature, pH,
and redox potentials.

4) In AnMBR, treatment of high-sulfate wastewater is considerably challeng-
ing, because sulfate and hydrogen sulfide reduces the methane yield and hydro-
gen sulfide is extremely corrosive gas and produces an objectionable odor But in
last decade’s experimentalist have found the solution by successful implementa-
tion of online sulfide control method [2].

5) In anaerobic treatment, Nitrogen concentrations remain unchanged, only
the forms of nitrogen are changed; that is, organic nitrogen is simply trans-
formed to inorganic ammonia or ammonium, depending on pH [2].

6) Salinity can be another problem for the treatment of municipal wastewater,
especially for coastal residential areas with improper infrastructure which allows
the infiltration of sea water into sewer systems [32].

7) During long term operation, High shear rates of membrane surface may
stimulate the break-down of microbial flocs and increase the cake layer resis-
tance due to the selective deposition of fine particles in the cake layer and mem-
brane pores, results in the formation of a dense consolidated cake layer that is
very hard to remove, Which is called as the shear rate dilemma [32] [45].

8) Temperature change plays a vital role for methanogenic activity [29] [50], it
could reduce the overall performance of system. It was observed in experimental
studies that methanogenic activity was suppressed at 15°C compared to 25°C
[29]. Two laboratory-scale anaerobic membrane bioreactors, AnMBR 1 and
AnMBR 2, were run in parallel at 25°C and 15°C, respectively. Total chemical
oxygen demand (COD) removal efficiency was more than 95% and 85% for
AnMBR 1 and 2, respectively [50].

9) Sludge cake formation rate on membranes was found, heavily affected by
biogas sparging rate and permeate flow rate, and less affected by mixed liquor
suspended solid concentration under tested conditions. A higher biogas sparging
rate and lower permeate rate corresponded to a lower Sludge cake formation rate
on membranes [57].

10) The use of biogas sparging for membrane fouling control may also affect
the metabolic behavior of anaerobic sludge. Increasing CO, and CH, concentra-
tions may inhibit methanogenesis [58] [59], especially if the increased CO, con-
centration leads to a decreased pH in the absence of pH control [57] [59].

Membrane types, Process Performance, Hydrodynamic conditions, process
operating conditions are major factors that affect the performance of AnMBR.
Membrane material characteristics may affect the degree of fouling in AnMBRs;
e.g. organic and inorganic membranes may show different fouling behaviors
[32]. Figure 5 shows the summary of all Factors that affects the Treatment Per-
formance of AnMBR [60].
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Figure 5. Parameters and interactions that influence process performance in an anaerobic
membrane bioreactor [60].

9. Membrane Fouling

Membrane fouling continues to be a substantial challenge in advancing AnMBR
technology considering membrane material costs and energy demands asso-
ciated with fouling prevention [8]. As in most membrane filtration processes the
flux declines during filtration. This is mainly caused by membrane fouling.
Membrane fouling is significantly influenced by the hydrodynamic conditions,
by membrane type and module configuration and by the presence of higher mo-
lecular weight compounds [61]. Experimental studies of AnMBR system re-
vealed high COD removals; the viable suspended biomass was kept at a negligi-
ble level in the bioreactor. This is because the microbial cells move from the bio-
reactor to the membrane surface due to the high shear stress from the recycling
pump. This shift from a suspended growth to an attached one gave rise to severe
membrane fouling [14] [22]. System productivity could be reduced from mem-
brane fouling, which cause frequent cleaning which might reduce the membrane
lifespan and result in higher replacement costs, and increase the energy re-
quirement for sludge recirculation or gas scouring [7]. The inorganic precipita-
tion was observed, especially responsible for hardening the cake layer at the
membrane surface where the strong binding and solidification led to pro-
nounced external fouling. Based on a conceptual resistance-in-series model, the
external fouling resistance gave a relatively large value of 30 times the internal

fouling resistance [22].

10. Membrane Fouling Control

Optimization of operational condition is very important parameter for mem-
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brane fouling control. It was recommended that modification of sludge proper-
ties should be considered to obtain high fluxes in AnMBRs [62]. The external
membrane configuration provides more direct hydrodynamic control of fouling,
and offers the advantages of easier membrane replacement and high fluxes but at
the expense of frequent cleaning and high energy consumption (of the order 10
kWh/m?® product) [7] [63]. Figure 6 shows the summary of controlling parame-
ters of Membrane fouling in an AnMBR.

It was found that poly-aluminum chloride as a flux enhancer and found that
addition of 10 mg/L poly-aluminum chloride decreased fouling significantly in
comparison to other tested adsorbents/coagulants including PAC, zeolite, and
polyamide [7] [51].

11. Comparison of AnMBRs with Other Treatment
Technology

AnMBRs have the ability to produce effluents similar in quality to those gener-
ated during aerobic treatment, while recovering energy and producing substan-
tially less residuals [8]. AnMBRs are generally operated at higher biomass con-
centrations compared to aerobic MBRs, impacting rheology and thus, reactor
hydraulics and pumping [32]. Conventionally configured rejection MBRs com-
bine bio treatment with membrane separation by microfiltration (MF) or ultra-
filtration (UF), with the membrane being placed either external to or inside the
bioreactor. The membranes are usually of flat sheet (FS) or hollow fibre (HF)
configuration if placed inside the bioreactor, or multi-tube (MT) if placed out-
side it [45]. In AnMBR also, Membrane separation with external and internal

configuration is similar to that in MBR but membrane fouling is reported higher

Membrane fouling control

Optimization of operational conditions < 1| :> Membrane cleaning

Physical cleaning techniques
Membrane relaxation,
Membrane back flushing
Ultra sonication

Chemical cleaning techniques
Sodium hypochlorite (NaClO,)
Hydrochloric acid (HC1)

Nitric acid 4. Citric acid,
Sodium hydroxide (NaOH) and

» Hydrodynamic conditions.
» HRT, SRT

> Biomass concentration,

> Flux, pH and Temperature

Modification of membrane

» Surface modification

N yvOPLON—= YW=y

(Roughness, Hydrophobicity) EDTA
» Membrane permeability Biological cleaning techniques
Purified Enzymes
Pretreatment of Feed < Surfactants

> Control of extreme pH conditions n .
» Treatment of Inorganic matters ::>M°d1f) ing activated sludge

N
> Removal of NH, > Additives addition

(coagulants, carriers, Suspensible particles)
Design of membrane module<::_ > Addition of flux enhancers
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Figure 6. The Controlling parameters of Membrane fouling in an AnMBR.
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in AnMBR as compared to MBR [14]. Figure 7 shows the comparison of treat-
ment processes of influent wastewater from primary treatment by (1) Activated
sludge process, (2) Membrane bio reactor, and (3) Anaerobic Membrane bio-
reactor (AnMBR).

Table 2 indicates the comparison of two MBRs under aerobic and anaerobic
condition. Interestingly the ammonia removal at elevated temperatures in aero-
bic MBR is higher due to stripping from the open reactor with high aeration
rates. However, a similar type of ammonia removal processes were not displayed
with AnMBR due to closed reactor conditions [6]. Because most AnMBR has
used external cross-flow membranes, it is possible that, on average, AnMBRs
have had a lower microbial activity compared to nonmembrane high-rate anae-

robic systems [14].

12. Summary of Review and Research Needs

Operational costs related to energy requirements for gas/liquid recirculation for
membrane fouling control and chemical costs required for membrane cleaning
are still heavy burdens on the economic feasibility [32]. Due to low energy yields
per gram of substrate, anaerobic bacteria grow very slowly and hence efficient
reactor design needs to separate hydraulic retention time (HRT) from the solids
retention time (SRT) [60]. Membrane fouling is a major constraint in advancing
AnMBR technology.

Further research is needed to find suitable membrane material and mem-
brane configuration for fouling control, determine the effects of additives on
improvement of filterability and sludge deposition characteristics for AnMBRs
[66]. However, a number of operational concerns exist, which need more de-

tailed information for implementing full scale AnMBR for wastewater [8].

13. Conclusion

By anaerobic treatment, bioconversion of organic wastes to higher value

;9' Aeration tank H| Secondary clarifier P] Tertiary Treatment I

RAS

{ Anaerobic Sludge treatment l

| Energy device for Aeration |

Wastewater

: 2
From Primary : . o :
e %I Aeration tank with Membrane Unit H Tertiary Effluent I

T RAS \L >|] Anaerobic Sludge treatment l

| Energy device for Aeration |

3
—%l Anaerobic treatment with Membrane Unit |——>| Tertiary Effluent |

\L%l Biogas Collection unit |

Figure 7. Comparison of treatment processes of influent wastewater from primary treat-
ment, (1) Activated sludge process, (2) Membrane bio reactor, and (3) Anaerobic Mem-
brane bioreactor (AnMBR).
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Table 2. Performances of aerobic MBR and AnMBR treating high-strength wastewater with similar properties [6].

Parameter Aerobic MBR [6] [64] AnMBR [6] [65]
Wastewater Molasses based synthetic wastewater
COD:N:P 100:6.8:1.3 100:5:1
HRT (h) 8 32-48
OLR (kg COD/m’* d) 25 8-12
Feed COD (g/L) 11 10- 16
Temperature (°C) 47 60 55
COD removal % 83 92 83
Nitrogen removal % 35 39 No major removal
Ammonia removal % 59 62 No major removal
Remarks Ammonia stripping was reported as a major ammonia removal mechanism Ammonia accumulation in
at elevated temperatures with high rate aeration in an open reactor. the closed anaerobic reactors

products and harmless substances has a significant role in environmental pollu-
tion control and improved resource utilization. Anaerobic Membrane bioreac-
tors (AnMBRs) could be concluded as a promising technology for polluted
wastewater treatment for energy recovery from generated organic waste and
suspended solid free effluent because, by filtration through a membrane, the
biomass has been separated from the treated water. After the discussion of many
detailed features, applications and limitations from treatability and filterability
point of view, it could be concluded that further research could make anaerobic
membrane bioreactor, a possible best alternative technology for low cost treat-

ment and operational feasibility.
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