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a b s t r a c t

In this study, the effectiveness of a novel system of an anaerobic fluidized membrane
bioreactor (AnFMBR) in treating wastewater was demonstrated and the results were
validated by testing duplicate systems in parallel under similar operating conditions.
In this novel system, an outer loop performs as an anaerobic reactor while an inner
loop serves as an AnFMBR with granular activated carbon (GAC) used as a carrier and
for fouling control. The GAC fluidization is restricted to the inner loop to minimize
operational energy while ensuring membrane scouring. Fluidized GAC was a key factor
in maintaining low TMP by attracting biofilm formation thus reducing attachment to the
membrane surface and by removing deposits from membrane surface via abrasion. The
new system improved fouling control as reflected in a slower buildup in transmembrane
pressure (TMP) resulting in a 1.5 to 3.8 folds increase in typically reported operating
periods for anaerobic membrane bioreactors (AnMBRs) and AnFMBRs. Similarly, energy
requirements were estimated at 52 and 94% lower than those reported for typical
AnMBRs and aerobic MBRs, respectively. At a validation level, both AnFMBR systems
exhibited a similar performance with respect to several indicators including the micro-
bial community composition, methane yield, chemical oxygen demand removal, TMP,
and energy savings.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Membrane technology has attracted interest during the last two decades (Lin et al., 2013; Judd, 2008) due to its
effectiveness in removing pollutants with small sizes (Matar et al., 2016; Santos et al., 2011). While additional costs have
reportedly been attributed to the operation and maintenance of membrane bioreactors (MBRs) (Hashisho and El-Fadel,
2016), they exhibit several advantages that can offset these costs including greater biomass retention with improved
effluent quality, faster loading rates, reduced reactor size, and better retention of slow-growing microorganisms. In the
context of water reclamation and reuse, MBR systems have evolved to encompass the anaerobic MBR (AnMBR) with lower
sludge generation (low biomass yield) than aerobic MBRs in addition to producing methane as a renewable energy source
(Yoo et al., 2012).
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The effectiveness of the AnMBR technology has been tested on various types of wastewaters including synthetic
wastewater, food-processing wastewater, industrial wastewater, high-solids-content waste streams, and municipal
wastewater (Ozgun et al., 2013; Van Lier, 2008). The application of AnMBRs for treating municipal wastewater, normally
characterized with a low organic strength (Ozgun et al., 2013; Van Lier, 2008), has increased in recent years (Lin et al.,
2013; An et al., 2009; Lew et al., 2009; Chang, 2014) with a need for performance enhancement and optimization (Yoo
et al., 2012).

While AnMBRs exhibit several advantages over other aerobic and anaerobic treatment technologies, fouling caused by
the deposition of foulants (organic, inorganic and biofoulants) either on the membrane surface or inside membrane pores
remains a challenge (Wiszniowski et al., 2006; Trzcinski and Stuckey, 2016). Many fouling control strategies in AnMBRs
have been tested such as using vibrating membranes (Kola et al., 2012), applying ultrasonic waves (Sui et al., 2008), or
adding chemicals or adsorbents to reduce soluble foulants’ concentrations (Akram and Stuckey, 2008). Scouring techniques
have also been developed for the same purpose including pulse gas scouring (Aslam et al., 2019), intermittent gas scouring
(Buer and Cumin, 2010), and the use of scouring media such as granular activated carbon (GAC) (Kwon et al., 2021; Evans
et al., 2019; Kim et al., 2011), non-Adsorptive Spherical Beads (ABS) (Kwon et al., 2021), and polyvinylidene fluoride
(PVDF) (Kim et al., 2020). Membrane fluidization by scouring media has reportedly resulted in a relatively lower energy
requirement compared to other fouling mitigation techniques while supporting the biofilm and reducing membrane
fouling (Aslam et al., 2014).

In the same context, the treatment of low-strength wastewater in a two-stage system consisting of an anaerobic
fluidized bioreactor (AnFBR) followed by an anaerobic fluidized membrane bioreactor (AnFMBR) has shown some success
(Kim et al., 2011; Aslam et al., 2018; Shin et al., 2014; Lee et al., 2015). While a two-stage system is applied to help
meet stringent effluent requirements (Kim et al., 2011), it requires a higher footprint and energy for operation than a
single-stage system. A single stage AnFMBR has performed as well as the staged AnFMBR system offering the advantage
of reducing costs for construction and maintenance (Bae et al., 2014). Based on the latter two-stage system concept, an
integration of the two reactors was implemented in a single stage reactor having the AnFBR in an outer loop and the
AnMBR in an inner loop (Gao et al., 2014). In this single-stage reactor, fluidization was only done for the outer loop and
not for the whole reactor volume, and the GAC in the AnFBR was used as a carrier and not for scouring as the AnMBR
was placed in the inner loop (Gao et al., 2014). It is expected that the energy consumption for fluidization to be lower
when only a part of the total reactor volume is fluidized.

As such, in the current study, a novel single-stage AnFMBR configuration was developed to avoid fluidization of the
whole reactor volume and to benefit from the scouring effect of GAC. In this new configuration, the outer loop of the
reactor was designed to perform as an anaerobic reactor and the inner loop is designed to serve as an AnFMBR with GAC
serving as a carrier and for scouring the membrane surface. The GAC fluidization is restricted to the inner loop for effective
membrane scouring and to minimize the energy needed for GAC fluidization. Duplicate AnFMBRs were operated in a
continuous mode using an acetate-rich synthetic medium. The performance of both AnFMBRs was evaluated using several
indicators including chemical oxygen demand (COD) removal, methane yield, fouling propensity, and energy consumption.
In addition, the microbial community composition in the suspension, on the GAC, and on the hollow fiber membranes
(HFM) was analyzed using MiSeq Illumina sequencing.

2. Material and methods

2.1. Reactor configuration

The experimental setup consisted of two identical AnFMBRs (1a) operated in parallel under similar conditions. The
Plexiglas reactors had a total volume of 1.5 L and a working volume of 1.43 L. The configuration of the system consisted
of two concentric cylinders of 40 cm height with respective inner diameters of 6.4 and 3.5 cm. The internal tube, perforated
from the top with 5 mm holes, enclosed the HFM and 55 g of GAC (10 cm packed height) (Fig. 1b and c). The polyvinylidene
difluoride (PVDF) HFM (2.0 mm outside diameter, 0.8 mm inside diameter, 0.1 µm pore size, 40 cm height, Kolon Inc.,
South Korea), with a total membrane surface area of 5.7 × 10−3 m2, was submerged in the reactor. The top of the
membrane was connected to an advanced peristaltic pump (model no. 7528-30, Masterflex, Vernon Hills, IL) equipped
with two heads and designed to operate at low flow rates, giving an effluent of 1 L/day. The GAC (Coconut Activated
Carbon Granules, 0.8 mm diameter, Calgon Carbon (Catalog # 207C), USA) was soaked in water overnight before use to
remove residuals. In general several variables contributes to GAC’s fouling alleviation: (1) GAC serves as a good support
medium for bacterial growth thus minimizing biofouling adhesion to the membrane surface, (2) the physical scouring
effect created removes foulants, and (3) the alerted hydrodynamics condition may boost shear rate for foulant removal
(Bokhary et al., 2020; Aslam et al., 2017). A higher GAC bed expansion gas reportedly resulted in better fouling control
(Gao et al., 2014; Kim et al., 2011). The highest possible bed expansion reached in this experiment was 60%–70% due to
the top perforations boundary, and it was achieved at a recirculation rate of 0.75 L/min.
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Fig. 1. (a) Experimental setup, (b) Reactor Configuration and dimensions front view (on the left), (c) side view (in the middle) and section view (on
the right).
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2.2. Reactor start-up

The reactors were filled with a synthetic feed with the following composition (g/L): Ammonium Chloride (NH4Cl), 1.5;
Sodium phosphate dibasic (Na2HPO4), 0.6; Potassium Chloride (KCl), 0.1; Sodium Bicarbonate (Na2HCO3), 2.5; Sodium
Acetate CH3COONa, 0.82 or 0.6, 10 ml/L trace minerals and 10 ml/L vitamin solution (Wang et al., 2013; Katuri et al.,
2010). Sodium acetate was used as a source of carbon and energy. Each reactor was seeded with 1 L of fresh cow manure
solution and 0.1 L of anaerobic sludge. A seed from laboratory-scale anaerobic digesters were complemented with cow
manure to enhance the startup of the system. Cow manure is reported to harbor methanogenic microbial communities
(Kim et al., 2014) and have been successfully used as a source of inoculum for anaerobic digesters startup (Goux et al.,
2016). Manure solution was prepared by mixing 500 g of cow manure (collected from a dairy farm) with 2 L of distilled
water.

2.3. Reactor operation

The reactors were operated at room temperature (25 ◦C) in a continuous flow mode using a feed tank that was purged
with a pure nitrogen gas for 30 min to remove oxygen, then stored in a refrigerator (at 4 ◦C) and isolated from light
to avoid changes in the feed characteristics and algal growth, respectively. The feed of both reactors was pumped using
peristaltic pumps with two-heads at a feeding rate of 1 L/day. After 98 days of operation at a sodium acetate concentration
of 820 mg/L, the concentration of sodium acetate in the feed was set at 600 mg/l (COD equivalent of 470 mg/L) for the
remainder of operation period to mimic low-strength wastewater and the system operated at a Sludge Retention Time
(SRT) of 10 days.

2.4. Analytical procedures

2.4.1. COD and biogas analysis
Feed and permeate samples were collected on a regular basis to measure the soluble COD (5220 D, HACH, Loveland,

Co.) removal. The samples were filtered using 0.2 µm pore diameter syringe filters before the COD test was conducted
(PTFE, Kinesis Ltd.). Biogas from the two systems were collected in gas bags (Calibrated Instruments Inc.) that were tested
2–3 times per week using an SRI 310C Gas Chromatograph (GC) to measure gas composition (H2, N2, CH4 and CO2). A
6′ Molecular Sieve and 3′ Silica Gel column with argon as carrier gas were used to detect H2, N2, and CH4 with an oven
column temperature of 60 ◦C. For CO2, a 3′ HayesSep D was used with argon at an oven column temperature of 100 ◦C.
Samples (200 µl volume) were taken using gas tight syringes from the headspace of each reactor, and from the gas
bag before and after injection of 10 ml N2. At the end of each analysis, the gas bags were changed after sparging the
reactors’ headspace with N2 for 5–10 min to wash out remaining gases that might affect the next reading. Gas and COD
measurements were done weekly.

2.4.2. Scanning electron microscopy (SEM) imaging
Fouled and virgin porous HFMs of 2 cm length were sampled from the reactor and stored overnight in a glutaraldehyde

fixative solution (2% in 50 mM phosphate buffer, pH 7.0). Following fixation, the samples were dehydrated using a series
of graded alcohol solutions (10 to 100%; 10 min at each dilution). The samples were then oven dried for 30 min at 30 ◦C.
Dried samples were mounted onto an aluminum stub using thin double-sided copper tape. The samples were sputter-
coated with iridium layer (5 nm thick) for 40 s at 25 mA current (Quorum Q150T ES) in an argon atmosphere prior to
SEM imaging (Quanta 600) and then analyzed for surface topography and composition at an accelerating voltage of 5 KV
at a spot size of 3 and beam current of 3 µA.

2.4.3. DNA extraction, library preparation, sequencing and analysis
Samples for DNA extraction and sequencing were collected from the suspension, GAC, and HFMs of duplicate AnFMBRs.

DNA extraction, library preparation, sequencing and analysis were conducted as previously described (Alqahtani et al.,
2020; Ragab et al., 2019)

2.4.4. Transmembrane pressure (TMP) measurements
A pressure transducer from Cole Parmer Instruments Inc. was installed in the permeate collection loop to measure

the TMP for the membranes filters and the values were recorded every 10 s using a data acquisition device (LabJack U6,
LabJack Corporation, Lakewood, CO).
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Table 1
AnFMBR reactors treating low-organic strength wastewaters.
Reference Reactor type Wastewater type Feed

concentration
(mg COD/L)

OLR (kg COD/m3
day)

HRT (h) Methane yield
(L CH4/g
COD removed)

COD
removal (%)

Martinez-Sosa et al.
(2011)

Submerged
AnMBR

Real + sucrose 630 ± 82 0.6–1.1 – 0.27 90

Chaiprapat (2016) Single stage
AnMBR

UASB effluent 106–408 – 4, 6, 8 >50% of biogas 71–90.5

Ye et al. (2016) AFMBR Low strength
wastewater

299–329 – 1.3 0.02 83–86

Aslam et al. (2017) AFMBR Synthetic 513 – – 0.176 –

Cheng et al. (2018) Pilot-scale
AFMBR

Cold-rolling
emulsion
wastewater

860–1120 0.31–0.58 4–36 0.116–0.158 90

Chen et al. (2014) FO-AnMBR Synthetic 460 – 15–40 0.21 96

Chen et al. (2017) AnMBR Synthetic 330–370 0.53–0.59 12 0.133–0.156 90–93

Liu et al. (2020) SAnMBR Low-strength
domestic sewage

340.9–649.9 0.29–2.82 6, 12, 15, 22 – 64.41–83.49

This study AnFMBR Synthetic 470–640 0.43 (day 0–98)
0.31 (day 99–269)

36 0.128–0.238 87–99

2.4.5. Energy generation and requirements
The AnMBRs offer the advantage of energy production in the form of biogas (Eqs. (1)–(2)). Concurrently, AnMBRs

require energy for recirculation and filtration (Eq. (3)) with energy efficiency expressed by Eq. (4) (Katuri et al., 2014).

nCH4 = v/TR (1)

WCH4(kJ) = nCH4∆CH4 (2)

We(kWh) =

(
Q1δE1
1000 +

Q2δE2
1000

Q2

)
∗ V (3)

ne =
wCH4

We∗3600
(4)

where nCH4 : number of moles of methane produced, v: volume of gas (L), T: temperature (K), R: Gas constant (0.08206
L.atm/K.mol), ∆CH4 : energy content based on the heat of combustion (891 kJ/mol), Q1: reactor recycle rate (m3/s), δ: unit
weight of water (9800 N/m3), E1: measured hydraulic pressure head loss through the system (m), Q2: permeate flow rate
(m3/s), E2: head loss due to TMP (m), V: total volume pumped (m3), ne: energy efficiency, and 3600: conversion factor
from kWh to kJ.

2.4.6. Statistical analysis
The COD, gas yield and TMP results obtained from both reactors were analyzed using t-test in R software to check the

reproducibility and duplicity of the new reactor configuration.

3. Results and discussion

3.1. COD removal and gas yield production

The study examined the performance of duplicate reactors (AnFMBR1 and AnFMBR2) in treating low-organic strength
wastewater with a focus was on the proof of concept for the new configuration and on the membrane fouling control.
Optimizing operating variables (e.g., HRT, OLR, and GAC quantity and fluidization) was not targeted at this stage. During
the acclimation period (day 0–98 at OLR 0.43 kg COD/m3 day), COD removal reached 95% with a yield of 0.277 L CH4/g.COD
removed for the AnFMBR1 and 99% with a gas yield of 0.238 L CH4/g.COD removed for the AnFMBR2, consistent with
studies treating low strength wastewater having an OLR between 0.4–1 kg COD/m3 day that reported an average gas yield
of 0.24 L CH4/g of COD (Martinez-Sosa et al., 2011; Chang, 2014; Lin et al., 2013). Refer also to Table 1 for comparison
with literature reported values.

Following the acclimation period and upon setting the OLR at 0.31 kg of substrate/m3 day (day 99), the COD removal
fluctuated in both reactors for 6 weeks until the methanogens adapted to the new OLR when the COD removal ranged
between 80%–97% for both reactors (average value of 90.01 ± 0.86% for AnFMBR1 and 87.06 ± 0.64% for AnFMBR2) (Fig. 2).
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Studies treating low strength wastewater in an AnMBR reported a COD removal of 88% (Lew et al., 2009), 90% (Martinez-
Sosa et al., 2011) and a range between 84%–94% (Lin et al., 2013). Refer also to Table 1 for comparison with literature
reported values. The t-test performed on AnMBR1 and AnMBR 2 COD results showed a p-value of 0.055 suggesting that
they had similar mean values and confirming the system reproducibility of COD.

The operation period (day 99–269 at an OLR of 0.31 kg COD/m3 day), can be split in two phases. During phase 1 (day
99–149), after setting the OLR down from 0.43 to 0.31 kg COD/m3 day, the CH4 yield decreased slightly and varied within
a range of 0.3 ± 0.015 down to 0.17 ± 0.077 L CH4/g of COD for AnFMBR1 and 0.27 ± 0.031 down to 0.16 ± 0.014 L CH4/g
of COD for AnFMBR2. Towards the end of this phase, fine GAC particles blocked the tubing of the fluidization pumps (days
138 and 149) causing a drop in the gas generation due to the loss of GAC particles, fluid, and biomass. During phase 2
(day 150–269), partial recovery was attained at a methane yield of 0.1334 ± 0.0052 L CH4/g of COD for AnFMBR1 and
0.1285 ± 0.0033 L CH4/g of COD for AnFMBR2. Despite the fluidization challenge, these values are still within literature
reported ranges (0.116–0.27 L CH4/g COD) from systems treating low strength wastewater at similar or slightly different
HRTs and ORTs but within the same range. Refer also to Table 1 for a comparison with literature reported values. The
t-test performed on AnMBR1 and AnMBR 2 gas yield results showed a p-value of 0.0387 equally suggesting that they had
similar mean values and confirming the system reproducibility of gas yield. Note that low strength wastewater usually
generates low overall biogas yield which makes methane yield not a key determinant for optimal operating conditions
but considered adequate as long as it reaches ∼50% of the biogas (Chaiprapat et al., 2016). In this study, the measured
methane yield was at 51%. Furthermore, at high liquid fluidization and operation at a temperature of 25 ◦C, methane
solubility is expected to reach 30% (Kim et al., 2011) which is equivalent to a theoretical value ∼0.1 L of dissolved CH4
indicating that nearly 1/3 of the degraded COD might be converted to dissolved CH4 and the actual CH4 yields would
be close to the theoretical value (0.35 L CH4/g.COD) under standard conditions. As such, this phase validated the gas
generation propensity of the new configuration at low OLR and high HRT.

3.2. Fouling

Membrane fouling is a concern in any MBR system due to increased energy consumption for filtration and higher
operating costs associated with membrane cleaning and maintenance. Fig. 3 shows the transmembrane pressure (TMP)
of the two reactors versus time of operation. The TMP of the virgin membranes was 0.9 kPa while synthetic media (free
of cells and GAC) filtered at a flux rate of 6.5 L/m2/h (Fig. 4). The TMP increased to 1.7 kPa after adding the inoculum and
GAC to the media. Therefore, the contribution of TMP for the membrane filtration resistance for water permeation under
the reactors’ operational conditions is equivalent to ∼1.7 kPa. This suggests that the measured TMP during the operation
is dependent on the sum of the combined membrane and fouling resistances.

During the acclimation period (day 0–98 at an OLR of 0.43 kg of substrate/m3 day), TMP values of ∼5 kPa were recorded
in both AnFMBR systems at a permeate flux around 6.5 L/m2/h due to deposition of foulants on the membrane. During
the operation period (day 99–269 at an OLR of 0.31 kg of substrate/m3 day), the TMP reached 10 Kpa at days 134 and
166 and 30 kPa at days 196 and 188 for AnFMBR 1 and 2, respectively. This relatively slow TMP buildup increased the
operating period by 1.46 to 3.75 folds compared to reported AnFMBRs systems with similar or close membrane fluxes
(Table 2). In single-stage experiments, a TMP of 10 KPa was reached earlier within 51 days (Chaiprapat et al., 2016), while
a TMP value of 10.2 KPa was attained at day 103 even with the use of a relaxation technique (10 min on, 1 min off) at
a flux of 11.6 LMH (Ye et al., 2016). In a two-stage system (AFMBR followed by AnFMBR), the TMP increased rapidly to
18 kPa (flux of 10 LMH) after only 40 days of operation and reached 35 kPa at day 54 (Kim et al., 2011). These results
demonstrate that the new AnFMBR configuration was more effective in controlling fouling and prolonging its operating
period without chemical cleaning, backwashing, or relaxation due to the new configuration and GAC scouring effect.
Foulant removal by GAC was aided by several factors, including the fact that the GAC surface attracted biofilm formation,
reducing biofouling attachment to the membrane surface, physical scouring of the membrane surface by fluidized GAC,
and the alerted hydrodynamics condition that increased shear rate for foulant removal. However, beyond threshold levels,
the rapid, almost linear increase of the TMP can be attributed to the GAC abrasion as the fine GAC particles can increase
the irreversible fouling and cause pore plugging, and therefore decrease the membrane filtration effectiveness (Kim et al.,
2020; Aslam et al., 2017; Shin et al., 2016; Wang et al., 2016; Skouteris et al., 2015). The t-test performed on AnMBR1
and AnMBR 2 TMP results showed a p-value of 2.97E−07 suggesting that they had similar mean values and confirming
the system reproducibility of TMP.

3.3. Energy balance

In an AnFMBR system, energy consumption (0.12 kWh/m3) occurs mainly when operating the pumps required for
filtration and recirculation while energy generation from methane recovery averages 0.18 kWh/m3 excluding dissolved
methane. Generated methane can be converted to electricity at an efficiency of 33% (Malaeb et al., 2013; Kim et al., 2011)
and the expected net energy demand for the AnFMBR operation reached ∼0.06 kWh/m3 (Table 3). Similar energy demand
was reported in two-stage (Bae et al., 2013; Kim et al., 2011) and single stage (Ye et al., 2016) systems which is lower
than that required for aerobic MBRs (1–2 kWh/m3) (Malaeb et al., 2013) and for AnMBRs equipped with gas sparging
to prevent fouling in (0.25–1 KWh/m3) (Liao et al., 2006; Kim et al., 2011). The new configuration coupled with GAC
fluidization offers a net energy saving of 52 to 94% when compared with commonly used aerobic and anaerobic MBR
systems.
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Fig. 2. Performance during the operation phase (a) COD Removal and (b) Methane Yield.

Fig. 3. Transmembrane Pressure (TMP) during the operation phase.
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Fig. 4. Transmembrane Pressure (TMP) build up during membrane water permeation test at a constant flux of 6.5 LMH.

Table 2
Fouling comparison with reported literature.
Reference System Feed

(mg COD/L)
Volume
(L)

Recirculation
rate (L/min)

Pore
size
(µm)

Surface
area
(m2)

Wastewater
type

Flux
(LMH)

Critical
TMP
(kpa)

Time to
critical TMP
(Days)

Cleaning
methods during
testing

Kim et al.
(2011)

Two-stage 513 2 1.4 0.1 0.091 Synthetic 10 18 40 Backwashing
35 54–87 Chemical cleaning

Chaiprapat
(2016)

Single
stage 106–408 1.96 10

100% expansion 0.1 0.1075
UASB effluent treating
industrial seafood
wastewater

4.3 10 159 Membrane cleaning in
between flux change
to reverse fouling

5.7 10 51
8.6 10 8.5

Liu et al.
(2020)

Single
stage

340.9–649.9 – – – – Low-strength
domestic sewage

– 30 130–140 Physical flushing
of membranes

This study Single
stage

470–640 1.43 0.75
70% expansion

0.1 0.0057 Synthetic 6.5 10 134–166 None
30 188–196

Table 3
AnFMBRs energy during the operation period.

AnFMBR 1 AnFMBR 2

Energy demand Energy for recirculation (kWh/m3) 0.114 0.114
Energy for filtration (kWh/m3) 0.008 0.008
Total demand (recirculation + Filtration) (kWh/m3) 0.122 0.122

Energy production Energy recovery or methane yield (kWh/m3) 0.185 0.177

Efficiency ne (Wgas/total demand) 151.4 144.3
Efficiency of converting methane to electricity (33%) 0.330 0.330
Maximum electricity that could be generated from recovered methane (kWh/m3) 0.061 0.058

Energy required Energy needed to operate the system (kWh/m3) 0.061 0.064

3.4. Microbial community structure

Samples were collected from the bulk liquid and GAC after 3 months of start-up at OLR of 0.43 kg COD/m3 day,
then at OLR of 0.31 kg COD/m3 day, and at the end of the experiment. HFM samples were collected at the end of the
experiment. Library preparation was successful for all samples and yielded between 69797 and 240804 reads after QC and
bioinformatics processing. The data was explored, filtered and visualized in principle component analysis (PCA) plot (Fig. 5)
and heat map (Fig. 6) to compare the overall microbial composition in the different samples. The microbial community
in both AnFMBRs evolved similarly with time, and the two reactors presented similar microbial community composition
(Fig. 5).

The most abundant bacterial phyla in the inoculum were Firmicutes (21.6%) and Synergistetes (4.3%), while the most
abundant archaea belong to the genus Methanobacterium (5.2%) (Fig. 5). After 3 months of start-up at an OLR of 0.43 kg
COD/m3 day, the microbial community composition in AnFMBR1 and AnFMBR2 differed from the inoculum, with phyla
Proteobacteria (37.3% in AnFMBR1 and 43.1% in AnFMBR2), Bacteroidetes (14% in AnFMBR1 and 11.3% in AnFMBR2),
Firmicutes (6.6% in AnFMBR1 and 8.3% in AnFMBR2), and Synergistetes (6.5% in AnFMBR1 and 8.1% in AnFMBR2), becoming
predominant members of the community on GAC consistent with previous anaerobic studies (Yi et al., 2014; Guo et al.,
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Fig. 5. Principal Component Analysis of samples collected at different time periods from the suspension, GAC and HFM of both AnFMBRs. Each
point represents the microbial community in a specific sample. Distance between the sample dots signifies similarity; the more similar are the microbial
community composition, the closer are the sample dots.

2014; Rivière et al., 2009; Ariesyady et al., 2007; Chouari et al., 2005). At the class level, the most abundant classes in
AnFMBR1 and AnFMBR2 were Deltaproteobacteria belonging to the phylum Proteobacteria, and Clostridia belonging to
the phylum Firmicutes; both are commonly found in anaerobic digesters (Rivière et al., 2009; Deng et al., 2012; Zhang
et al., 2013). At the genus level, members of the genus Geobacter were the most dominant on GAC (24% in AnFMBR1 and
24.5% in AnFMBR2) followed by Desulfuromonas (3.1% in AnFMBR1 and 4.9% in AnFMBR2). Geobacter and Desulfuromonas,
a sulfate reducing bacteria (SRB), are capable of transferring electrons extracellularly without mediators (Labarge et al.,
2016). Their abundance on GAC is possibly due to the conductive surface of GAC (Liu et al., 2012).

Methanosarcina was abundant in the suspension of both reactors during the first stage at OLR of 0.43 kg COD/m3.d.
Although the inoculum was initially enriched with hydrogenotrophic methanogens (5.2%Methanobacterium), the AnFMBRs
developed higher abundance of acetoclastic methanogens (Methanosarcina and Methanosaeta) mainly because acetate was
used as the sole carbon and energy source in the feed. Nearly 70% of the methane generated in anaerobic digestion
comes from acetoclastic methanogens (Conklin et al., 2006; Anderson et al., 2003). AnFMBR1 showed the highest relative
abundance of the genus Methanosarcina on GAC and in suspension (10.7% and 23.4%) followed by Methanosaeta, which
was mainly present in suspension (0.9%). As for AnFMBR2, Methanosarcina and Methanosaeta were equally abundant in
suspension (26.7%) but present in a smaller percentage (<5%) on GAC. The addition of GAC to co-cultures of Geobacter and
Methanosarcina has shown to stimulate direct interspecies electron transfer (DIET) between the microbial communities
(Liu et al., 2012). The electrical conductivity of the GAC acts as an electric-bridge between Geobacter and Methanosarcina,
and their co-existence and abundance on GAC suggests that DIET was possibly occurring in both AnFMBRs during the first
stage at OLR of 0.43 kg COD/m3.d.

While at OLR of 0.31 kg COD/m3 day, the bacterial community structure remained stable in both reactors, the family
Propionibacteriaceae belonging to the phylum Actinobacteria dominated in suspension (12.7% in AnFMBR1 and 12.2% in
AnFMBR2). This abundance of Actinobacteria was accompanied by a significant drop in acetoclastic methanogens relative
abundance, mainly in suspension, and a decrease in gas generation and methane yield. The change in OLR clearly affected
the microbial communities, which needed some time for adaptation to the new OLR. The family Propionibacteriaceae
generates acetic and propionic acid from glucose (De Vrieze et al., 2015) and contributes to hydrolysis and acidogenesis
(Cerrillo et al., 2016). Therefore, members of Actinobacteria were possibly involved in the fermentation of dead cells at this
stage since the main source of carbon and energy in the feed was acetate (non-fermentative substrate). The abundance
of Methanosarcina remained relatively stable in the GAC at OLR of 0.31 kg COD/m3 day. Acetoclastic electroactive bacteria
(Geobacter and Desulfuromonas) were present in high abundance exclusively on the GAC, specifically Desulfuromonas
(18.8% in AnFMBR1 and 18.2% in AnFMBR2). It was recently speculated that Desulfuromonas could be involved in DIET to
methanogens (Barua et al., 2019) and can assist in the transfer of electrons by producing conductive nanowires (Reimers
et al., 2017). Taken together, these results suggest that electroactive bacteria on GAC were transferring electrons generated
from the oxidation of acetate to Methanosarcina through DIET.

9



L. Issa, O.E. Kik, K. Katuri et al. Environmental Technology & Innovation 28 (2022) 102821

Fig. 6. The 40 most abundant genera for both AnFMBRs and inoculum Values in each cell represent relative abundance. If no genus-level classification
could be obtained, the lowest taxonomic classification level possible is given with f representing family level and o representing order level. The
phylum-level classification is provided for each genus.

The HFM samples collected at the end of the experiment revealed the presence of Synergistetes (17.4% in AnFMBR1
and 18.4% in AnFMBR2) and Bacteroidetes (14.1% in AnFMBR1 and 9.3% in AnFMBR2) as the most abundant bacteria, while
Methanosaeta (AnFMBR1 and 2: 14.1%) and Methanosarcina (AnFMBR1: 10%, AnFMBR2: 13.5%) were the most abundant
archaea. Methanobacterium sp. had relatively low abundance on the HFM, however their presence on every component
of the reactor suggest that methane production was also occurring from CO2 reduction through hydrogenetrophic
methanogenesis. Hydrogen was possibly generated through fermentation of products from endogenous decay of biomass.
The detection of Synergistaceae support the presence of fermenters and the decomposed carbon from endogenous decay
acting as organic carbon source for fermentation. Those fermenters might have contributed for HFM biofouling in both
reactors due to presence of dead-cell debris/organics accumulated during the filtration process on the HFM surface (Ma
et al., 2013). Also, Methanosarcina and Methanosaeta were the dominant biofouling communities as they might retain on
the surface while filtering the effluent, especially Methanosaeta because of their morphological features (long filaments
chains) (Enzmann et al., 2018) which favors their attachment to the membrane surface. SEM analysis was carried out
on the HFM at the end of operation (Fig. 7). The long filaments chains cells observed in the SEM images were identified
as Methanosaeta sp. (Enzmann et al., 2018). The TMP values for AnFMBR1 and 2 at the end of the experiment could be
attributed to the high relative abundance of Methanosaeta sp. on the HFM.

4. Main findings

The insights from this study are helpful to advance the AnFMBR bioprocess as outlined below:

– A novel proof-of-concept was examine — integrating anaerobic bioprocesses in AnFMBR with granular activated
carbon (GAC — as a carrier for biomass attachment and fouling control). GAC fluidization was restricted around the
membranes, minimizing the operational energy while ensuring membrane scouring.

– This configuration improved fouling control as reflected in a slower buildup in transmembrane pressure (TMP),
resulting in a 1.5 to 3.8 folds increase in typically reported operating periods for anaerobic membrane bioreactors
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Fig. 7. Virgin HFM vs. Biofouled HFM surface. HFM: Hollow Fiber Membrane.

AnMBRs and AnFMBRs. Similarly, estimated energy requirements were 52 and 94%, lower than those reported for
typical AnMBRs and aerobic MBRs, respectively.

– The microbial ecology of AnFMBR configuration is different from traditional AnMBRs with limited literature (Yang
et al., 2019) about the ecophysiology of the AnFMBR process. Insightful information was gained about communities
enriching the reactors at various locations (GAC, membranes, and suspension), which is equally helpful in advancing
the AnFMBR bioprocess optimization. With the use of GAC as a carrier, exoelectrogens population were abundant
favoring DIET for methane production over traditional methanogenic pathways.

5. Conclusion

In this study, the performance of a novel AnFMBR system in treating wastewater was examined using duplicate systems
that exhibited statistically similar results in terms of COD removal, gas production, TMP as an indicator of membrane
fouling, net energy consumption, and microbial community structure. In summary, the new configuration offered several
advantages in terms of fouling mitigation and energy requirement. The laboratory scale results provide an incentive
towards optimizing the performance by testing different operating conditions (e.g., HRT, OLR, and GAC quantity and
fluidization) as well as testing at pilot and field scales.
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