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A B S T R A C T   

Biofouling impedes the performance of anaerobic membrane bioreactors (AnMBR). Two reactors, one as an up- 
flow attachment-growth AnMBR (UA-AnMBR) configuration, and the other, as a continuously stirred AnMBR 
(CS-AnMBR) were evaluated for differences in membrane fouling rate. TMP increment in UA-AnMBR was slower 
than CS-AnMBR, although both reactors had similar COD removal efficiency (ca. > 96%). Slower fouling rate for 
UA-AnMBR was related to lower total and viable cells, and thereby microbial activity compared to that in CS- 
AnMBR. Acinetobacter and Methanobacterium that played keystone roles in anaerobic biofilm formation were 
not consistently prevalent on the membranes connected to UA-AnMBR. This is in contrast to both Acinetobacter 
and Methanobacterium consistently prevalent on the membranes connected to CS-AnMBR. The findings suggest 
that UA-AnMBR can alleviate membrane biofouling through changes in microbial activity and profile dynamics, 
and would be a suitable reactor configuration to adopt to achieve an efficient AnMBR for municipal wastewater 
treatment.   

1. Introduction 

Anaerobic membrane bioreactor (AnMBR) is increasingly been 
viewed as a promising biotechnology for sustainable municipal waste-
water treatment (Lew et al., 2009; Ozgun et al., 2013). AnMBR, which 
combines membrane-based filtration process with anaerobic fermenta-
tion, has several advantages over conventional aerobic processes that 
are currently used by most municipal wastewater treatment plants. For 
instance, AnMBR eliminates the need for aeration and lowers energy 
consumption rate from ca. 2 kWh/m3 in aerobic MBR to ca. 0.8 kWh/m3 

(Martin et al., 2011). Anaerobic fermentation has a relatively lower 
sludge production than activated sludge processes, and this would vastly 
alleviate the cost associated with routine sludge treatment. In addition, 
anaerobic fermentation process converts organic carbon in municipal 
wastewater to methane, an energy source, while also retaining total 
nitrogen and phosphorus in the effluent that can be beneficial when used 
to irrigate certain types of crops (Zaouri et al., 2021). 

Despite advantages associated with using AnMBR as a sustainable 
technology for municipal wastewater treatment, implementation of this 
technology in the mainstream wastewater treatment train is still not as 

prevalent. This is in part due to bottlenecks related to achieving energy 
neutrality or energy positivity from low- and medium-strength munic-
ipal wastewater treatment, as well as membrane biofouling that would 
require higher gas scouring rates to maintain a constant flux, in turn 
imposing additional energy costs (Maaz et al., 2019; Shin and Bae, 2018; 
Shoener et al., 2016). In addition, anaerobic fermentation is reliant on 
the symbiosis among fermenters, hydrolytic bacteria, syntrophs and 
methanogens (Cheng and Hong, 2020). Anaerobic microorganisms have 
slower growth rates, resulting in slower substrates degradation rates 
(Erses et al., 2008). Therefore, higher concentrations of anaerobic mi-
croorganisms should be retained inside the reactor to achieve efficient 
organic contaminants removal and stable biogas production. However, a 
higher microorganism concentration would potentially result in faster 
membrane biofouling (Cheng et al., 2020; Judd, 2010; Meng et al., 
2007). To illustrate, Meng and the co-authors found that the membrane 
fouling resistance increased exponentially with increasing mixed liquor 
suspended solids (MLSS) concentration (Meng et al., 2007). Similarly, 
Cheng et al. showed that the sustainable flux values of AnMBR mem-
brane decreased from 13.2 ± 0.3 to 4.0 ± 0.3 LMH after increasing 
mixed liquor total solid (MLTS) from 10 to 25 g/L (Cheng et al., 2020). 
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Increase in membrane fouling rates would mean higher transmembrane 
pressure needed to maintain a constant flux, and can in turn offset the 
energetic benefits derived from AnMBR. 

To balance the sludge concentration and biofouling rates in AnMBR, 
solid substrata (i.e., carriers) were applied in AnMBR to facilitate the 
anaerobic microorganisms to attach and grow on the surface of these 
carriers. This minimizes the amount of suspended solids that would be in 
contact with the membrane surface. An earlier study demonstrated that 
AnMBR packed with carriers not only increased the methane yield but 
also delayed the fouling occurrence compared to an AnMBR without 
carriers. The authors further attributed the slower fouling rates to a 
lower MLSS content and a lower protein and polysaccharide concen-
tration in both EPS and SMP fractions of an attached-mode AnMBR (Ng 
et al., 2014). Chen and coworkers also added sponge carriers into 
AnMBR and observed an increase in organic removal rate and a reduc-
tion in membrane fouling due to a corresponding decrease in EPS and 
SMP concentrations (Chen et al., 2017). However, in both instances, the 
authors only characterized the EPS and SMP to explain for the lower 
fouling rates and did not account for differences in microbial activity on 
the membranes. Specifically, live cells which can contribute to quorum 
sensing molecules (e.g. AI-2) were previously determined to increase in 
concentration as the membrane in AnMBR becomes increasingly fouled 
(Xiong et al., 2016). A meta-data analysis of 13 AnMBRs across different 
geographical locations showed that the anaerobic microbial consortium 
in both anaerobic sludge and biofilm were affected by stochastic 
dispersal and migration processes but keystone groups like Acinetobacter 
spp. and Methanobacterium spp. occurred consistently in higher fre-
quency in the biofilm and may play a more consequential role in 
membrane fouling compared to other microbial groups (Cheng et al., 
2019). A comprehensive evaluation on the microbial activity and dy-
namics as they relate to reactor configuration would facilitate under-
standing on its effect in terms of membrane biofouling. 

In this study, an attached-growth AnMBR model (i.e., UA-AnMBR) 
was compared against a CSTR configuration (i.e., CS-AnMBR), and 
both reactors were evaluated for their membrane fouling rates and the 
role of the microorganisms in mediating fouling. Given that keystone 
groups (e.g. Acinetobacter spp. and Methanobacterium spp.) were previ-
ously determined to favorably attach on the membrane in AnMBR and 
contribute to biofilm formation, it is hypothesized that UA-AnMBR can 
minimize the attachment of such keystone groups and also achieve 
lower level of microbial activity on the membrane biofilm. As a result, it 
is further hypothesized that UA-AnMBR can show lower level of fouling 
rate compared to CS-AnMBR. To verify these hypotheses, the sludge 
within both reactors and the membrane biofilms were monitored and 
characterized. The knowledge of fouling mechanisms and bacteria 
community gained from this study will be useful for optimizing AnMBR 
system design to improve its overall sustainability. 

2. Material and methods 

2.1. Reactor set-up and operating conditions 

Two configurations of lab-scale AnMBRs were operated in this study, 
namely CS-AnMBR and UA-AnMBR (Figure S1). The CS-AnMBR was 
continuously mixed at 200 rpm by an internal propeller while the UA- 
AnMBR was filled with plastic bio-ball carriers (2.5 cm diameter) and 
operated in up-flow mode. Both configurations had working volumes of 
2 L and had been operated in steady state for several months prior to our 
experiments. The sludge from both configurations were mixed homo-
geneously and then redistributed into the two reactors to commence this 
study. Both reactors were then maintained at a temperature of 35 ◦C and 
fed with synthetic wastewater with individual constituents listed in 
Table S1 (Nopens et al., 2001). The synthetic wastewater has a 700 mg/L 
chemical oxygen demand (COD), and adjusted to pH 7. Two biologically 
independent runs were conducted (i.e., Run 1 and Run 2), with both runs 
spaced approximately 7 months apart. Run 1 was operated with a 24 h 

hydraulic retention time (HRT) and Run 2 was operated with a HRT of 
16 h. External cross-flow flat sheet polyvinylidene difluoride (PVDF) 
microfiltration (MF) membrane (GE Osmonics, Minnetonka, MN, USA) 
were connected to both AnMBRs. The membranes had a nominal pore 
size of 0.3 μm. Both reactors were maintained at a constant flux of 
approximately 6 L/m2/h (LMH). For both reactors, biogas was used to 
scour the membrane surface at a gas sparging rate of 300 mL/min and 
the total recirculation rate of both AnMBRs was maintained at 500 
mL/min. Changes in transmembrane pressure (TMP) were recorded by a 
pressure gauge connected to each membrane module. 

2.2. Biogas and dissolved methane measurement 

Biogas produced from CS-AnMBR and UA-AnMBR was captured 
continuously in gas bags from the headspace of the reactor. CH4, O2, N2, 
and H2 were measured on an SRI Model 301C gas chromatograph (SRI 
instruments, CA, US) with a molecular sieve column using argon as a 
carrier gas followed by a thermal conductivity detector (TCD). CO2 was 
measured on a separate SRI Model 301C gas chromatograph with a silica 
column using helium as the carrier gas followed by a TCD. Each biogas 
sample was measured in technical triplicates. The dissolved methane in 
suspended sludge and effluent was quantified as described previously 
(Cookney et al., 2016) on a weekly basis throughout the experiment. 

2.3. Sampling of fouled membranes and membrane processing 

Membranes connected to CS-AnMBR and UA-AnMBR reactors were 
harvested at the same time from both reactors as soon as any of the 
membranes reaches a TMP that was indicative of critical fouling (Cheng 
et al., 2016). Briefly, 12 × 2.5 cm membrane biofilm was cut and placed 
into 30 mL sterile 1X PBS and then vortexed at highest speed for 2 min. 
The tube containing the suspension and membrane was placed into 
QSonica Q500 ice-water bath sonicator (Qsonica LLC, Newton, CT, USA) 
that was equipped with a 20 kHz probe. An ultrasonication protocol 
consisting of 25% amplitude with 2 s pulsating intervals for a duration of 
2 min was used. Low frequency ultrasonication was previously deter-
mined to detrimentally affect cell viability of Escherichia coli and Kleb-
siella pneumoniae by about 1-log10 within the first 2 min of 
ultrasonication (Joyce et al., 2011). Hence, it is likely that subsequent 
assessment of live/dead cell proportions detailed in section 2.4 would 
underestimate the actual portion of live/dead cells that were initially 
attached on the membranes. However, the error incurred as a result of 
this protocol should be systematic across samples and is not anticipated 
to significantly bias subsequent comparative analysis. The membranes 
were removed from the tube using sterile forceps and the liquid sus-
pension are used for subsequent experiments including flow cytometry, 
amplicon sequencing and EPS characterization. New membranes were 
connected to the reactors immediately to replace the harvested 
membranes. 

2.4. Flow cytometry 

Total and live cells in suspended sludge, biofilm suspension, and 
effluent samples were enumerated by flow cytometry on Accuri C6 (BD 
Bioscience, NJ, US) based on protocol described previously (Cheng 
et al., 2016). Briefly, the suspended sludge from both reactors was 
sampled and then vortexed at highest speed for 2 min. One mL of treated 
sludge and membrane biofilm liquid suspension was then individually 
aliquot and diluted to 10,000-fold by 1X PBS. For effluent, 1 mL from 
720 mL collected effluent was aliquot and diluted by 100-fold. All the 
diluted samples were incubated in dark for 10 min at 37 ◦C and then 
were respectively stained by 1X SYBR green (Thermo Fisher Scientific, 
MA, US) to enumerate total cells or with 1X LIVE/DEAD® BacLightTM 
Bacterial Viability and Counting Kit (Thermo Fisher Scientific, Waltham, 
MA, US) to enumerate cells with intact cell wall membranes (subse-
quently referred to as live cells). Fifty μL aliquots of stained samples 
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were injected into Accuri C6 with 35 μL/min flow rate. Measurements 
were conducted in technical triplicates. 

2.5. Extracellular polymer substances (EPS) and Adenosine triphosphate 
(ATP) determination 

EPS in membrane biofilm was extracted by heat pretreatment at 
100 ◦C for 1 h. The pretreated sample was centrifuged at 17500 g for 10 
min. Then the supernatant was filtered through 0.22 μm syringe filter 
(VWR US, Radnor, PA, US) prior to the determination of its Protein (PN) 
and Polysaccharides (PS) concentration. PN was quantified by Total 
Protein Kit (Sigma-Aldrich, St. Louis, MO, US) based on the Peterson’s 
modified micro Lowry method (Lowry et al., 1951), with 0 μg/mL, 10 
μg/mL, 20 μg/mL, 40 μg/mL and 80 μg/mL of Bovine Serum Albumin 
(BSA) as standard and measured in a triplicates. PS was determined by 
the phenol-sulfuric acid method. 0 μg/mL, 5 μg/mL, 10 μg/mL, 20 
μg/mL, 40 μg/mL and 80 μg/mL glucose were used as standards. For 
ATP content in membrane biofilm, ATP concentration in the biofilm 
suspension was quantified in duplicate by the Celsis Amplified ATP TM 

reagent kit on an Advance luminometer (Celsis, Westminster, London, 
UK) with deionized water as a negative control. 

2.6. Genomic DNA extraction and 16S rRNA gene based amplicon 
sequencing 

Genomic DNA of the biofilm and sludge biomass were extracted by 
the PowerSoil ®DNA Isolation Kit (MoBio Laboratories, Carlsbad, USA) 
with slight modifications (Hong et al., 2011). PCR amplification of the 
16S rRNA genes was applied with 515F (5′- Illumina overhang- GTGY-
CAGCMGCCGCGGTAA- 3′) and 907R (5′- Illumina overhang- 
CCCCGYCAATTCMTTTRAGT- 3′). All amplicons were of the anticipated 
size of approximately 550 bp and the negative control had no amplifi-
cation. PCR amplicons were cleaned up by AMPure XP beads (Beckman 
Coulter, CA, USA). After that, index PCR was conducted to attach dual 
indices provided by the Nextera XT Index Kit (Illumina Inc, San Diego, 
CA, USA) based on the manufacturer’s protocol. Indexed PCR amplicons 
were cleaned up by AMPure XP beads (Beckman Coulter, CA, USA). 
Equimolar concentrations of the samples were mixed together and 
submitted to KAUST Core lab for Illumina MiSeq sequencing. All 
high-throughput sequencing files were deposited in the Short Read 
Archive (SRA) of the European Nucleotide Archive (ENA) under study 
accession number PRJEB43099. 

2.7. High-throughput sequencing data analysis 

The raw amplicon sequences obtained in this study were analyzed 
with the QIIME 2 platform (v2020.2) (Caporaso et al., 2010). Primers, 
adapters, and index sequences were removed by an in-house Perl script. 
All sequencing data was first processed by DADA2 (Callahan et al., 
2016), including quality filtering, denoising, and chimera removal. 
Amplicon sequence variants (ASVs), which are analogous to operational 
taxonomic units (OTUs), were generated by DADA2. Taxonomy was 
assigned to OTUs using q2-feature-classifier (Bokulich et al., 2018) (the 
classify-sklearn option) against Silva SSU database release 132 (Quast 
et al., 2012). 

2.8. Sloan neutral community model fitting 

To assess the role of neutral process in the assembly of the AnMBR 
membrane-associated bacterial communities and to identify the 
keystone groups which occurred consistently in higher frequency in the 
biofilm (Cheng et al., 2019), the relative abundance of the rarefied OTUs 
in the meta community (sludge vs biofilm) and their observed detection 
frequency was fitted against the Sloan neutral model (Sloan et al., 2006, 
2007). Fitting was done using R according to the method developed by 
Burns et al. (2016). All samples were sub-sampled at same sequence 

depth. After the fitting, OTUs from the pool were subsequently sorted 
into three partitions depending on whether they occurred more 
frequently than (‘above’ partition), within (‘neutral’ partition), or less 
frequently than (‘below’ partition) the 95% confidence interval of the 
Sloan neutral model predictions (Burns et al., 2016). The taxa above the 
partition indicates they were actively being selected for by the mem-
brane biofilm, while taxa below the partition indicates that they were 
actively being selected against. The goodness of fit for the Sloan neutral 
community model was evaluated using the root mean square error 
(RMSE) and the generalized R-squared (Rsqr = 1-the sum of squares of 
residuals/the total sum of squares) (Östman et al., 2010). 

2.9. Statistical analysis 

All significance testing was analyzed either by a two-tailed t-test or 
one-way ANOVA, available in Microsoft Excel (2019). The null hy-
pothesis was rejected at confidence level of 95% (i.e., P-value ≤0.05). 

3. Results 

3.1. Reactor performance 

Both CS-AnMBR and UA-AnMBR reactor have been operated in two 
biological replicate runs for a total of more than 270 days. The first run 
was operated with a HRT of 24 h, and the second run was operated with 
a HRT of 16 h. The HRT was decreased from 24 h to 16 h at the 87th day 
of steady-state operation for both reactors. Throughout the course of 
operation, both reactors achieved more than 96% COD removal effi-
ciency (Figure S2). No significant difference in COD removal efficiency 
was observed between both reactors (t-test, P=0.66 and 0.26 in Run 1 
and Run 2, respectively). The average methane produced from CS- 
AnMBR in Run 1 is 245.2±73.6 mL/g CODfeeding. Although it is 15 
mL/g CODfeeding lower than that produced by UA-AnMBR reactor, the 
methane volume produced was not significantly different from that 
produced by the UA-AnMBR reactor (t-test, P=0.50). Similarly, in Run 2, 
both reactors have a similar methane production during the operation (t- 
test, P=0.64) (Table 1). The dissolved methane in CS-AnMBR suspended 
liquid sludge was 1.9% and 1.9% vmethane/vliquid in Run 1 and 2, 
respectively, and were significantly higher than that in UA-AnMBR (t- 
test, P=0.04 and 0.04 in Run 1 and Run 2, respectively) (Table 1). On the 
contrary, the dissolved methane in the effluent from CS-AnMBR was 
0.1% and 0.4% in run 1 and run 2, respectively. Although it is 0.1% 
lower than that from UA-AnMBR in both runs (i.e., 0.2% and 0.5%, 
respectively), no significant differences were observed between CS- 
AnMBR and UA-AnMBR in both runs (t-test, P=0.15 and 0.79 in Run 1 
and Run 2, respectively)(Table 1). 

3.2. Long-term filtration performance 

The extent of fouling degree was evaluated by TMP profile (Fig. 1). In 
both runs, all the six membranes in CS-AnMBR reactor achieved a faster 
TMP increment compared to the other membranes in UA-AnMBR 

Table 1 
Average methane production for both runs 1 (i.e., 24h HRT) and run 2 (i.e., 16h 
HRT).   

HRT=24 h HRT=16 h 

CS-AnMBR UA-AnMBR CS-AnMBR UA-AnMBR 

Captured CH4 (mL/g 
CODfeeding) 

245.2±73.6 260.5±79.1 213.2±43.0 222.2±42.3 

Dissolved methane 
in suspension 
(vmethane/vliquid) 

1.9%±

0.17% 
1.5%±

0.1% 
1.9%±

0.1% 
1.8%±

0.2% 

Dissolved methane 
in effluent 
(vmethane/vliquid) 

0.1%±0.1% 0.2%±

0.1% 
0.4%±

0.1% 
0.5%±

0.2%  
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reactor. To illustrate, membrane C-M-2 in CS-AnMBR reached critical 
fouling at the 87th day of Run 1, while the other two membranes 
reached TMP of 55 kPa and 45 kPa, respectively. However, the TMP for 
all the three membranes connected to UA-AnMBR in Run 1 did not have 
any apparent TMP increment (Fig. 1A). A similar trend was observed in 
Run 2, in which the TMP of CS-AnMBR membranes was about 40 kPa 
higher in their TMP compared to the membranes connected to UA- 
AnMBR (Fig. 1B). 

3.3. Microbial activity in sludge 

To assess the extent of microbial activity in both reactors, the num-
ber of total and live cells in the suspended membrane biofilm matrix and 
ATP concentration were assessed. In Run 1, the average total cells 
number in CS-AnMBR was 4.00 × 109 cells/mL, with 1.81 × 109 cells/ 
mL of live cells (i.e., proportion of live to total cells was 0.45). The total 
cell in UA-AnMBR was 6.12 × 109 cells/mL, with 2.55 × 109 cells/mL of 
live cells, in turn accounting for a ratio of 0.42 for live to total cells. The 
number of suspended total and live cells was not significantly different 
between both reactors (t-test, both P > 0.05) (Fig. 2A). When the HRT 
was lowered to 16 h in Run 2, the total cells number in CS-AnMBR sludge 
was 4.98 × 109 cells/mL, and this was significantly higher than that in 
UA-AnMBR suspended sludge (i.e., 1.58 × 109 cells/mL) (t-test, P<0.01) 
(Fig. 2B). The live/total ratio for CS-AnMBR sludge was also 

significantly higher at approximately 0.75 compared to a ratio of 0.56 
for UA-AnMBR (Fig. 2B). 

3.4. Microbial activity of foulant layer 

In Run 1, the total cell number on the CS-AnMBR membranes was 
2.87 × 109, 2.75 × 109, and 1.22 × 109 cells/cm2. The total cells number 
were approximately 9 times and significantly higher than that on UA- 
AnMBR membranes in Run 1 (ANOVA, P=0.00) (Fig. 3A). In Run 2, 
with the exception of C-M-3 membrane, the total cell number was 
consistently higher than that adhered on the UA-AnMBR membranes 
(Fig. 3B). Analysis of variance testing indicated that total cells number 
from CS-AnMBR was significantly higher than that of UA-AnMBR 
membrane (ANOVA, P<0.05) (Fig. 3B). Enumeration of the live cells 
numbers was not done for Run 1 due to restrictions in equipment access 
during the early phase of COVID-19 pandemic in 2020. A similar trend 
was however observed for the live cells numbers adhered on membranes 
in Run 2. The number of live cells recovered from CS-AnMBR mem-
branes was significantly higher than that on UA-AnMBR membranes 
(ANOVA, P=0.00) (Fig. 3B). This resulted in a significantly higher 
concentration of ATP content from CS-AnMBR membranes in Run 2 than 
that from UA-AnMBR membranes (Fig. 3C). 

The higher microbial activity resulted in higher polysaccharide 
concentration on the three CS-AnMBR membranes. The polysaccharide 

Fig. 1. Changes in transmembrane pressure (TMP) for the three PVDF microfiltration membranes connected to anaerobic membrane reactor. (A) Run 1 with a 
Hydraulic Retention Time (HRT) of 24 h, (B) Run 2 with a HRT of 16 h. (C-M indicates CS-AnMBR membrane, and U-M means UA-AnMBR membrane). 

Fig. 2. Total and live cells concentration in the suspended sludge of CS-AnMBR and UA-AnMBR. (A) Run 1 with a Hydraulic Retention Time (HRT) of 24 h, (B) Run 2 
with a HRT of 16 h. 
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concentration on the three CS-AnMBR membranes were 10.22, 10.26, 
4.87 μg/cm2, respectively. In contrast, the three UA-AnMBR membranes 
had less than 1 μg/cm2 polysaccharide concentration in Run 1 (Fig. 4A). 
The polysaccharide concentration in CS-AnMBR membranes was 
significantly higher than that in UA-AnMBR membranes (ANOVA, 
P=0.00). In Run 2, the average polysaccharide content on UA-AnMBR 
membranes was approximately 4.77 μg/cm2, and it was significantly 
lower than that on CS-AnMBR membranes (ANOVA, P<0.01) (Fig. 4A). 
A similar trend was also observed for the protein concentration, with the 
amount on CS-AnMBR membranes being significantly higher than that 
on UA-AnMBR membranes in Run 1 and Run 2 (ANOVA, both P<0.01) 
(Fig. 4B). 

3.5. Dispersion and migration of microbial groups 

A neutral assembly model was used (Cheng et al., 2019; Ling et al., 
2018; Venkataraman et al., 2015) to evaluate dispersion and migration 
patterns of the membrane foulant layer. A goodness-of-fit (R2) value of 
0.44 and 0.34 was observed in CS-AnMBR and UA-AnMBR reactors, 
respectively, in Run 1 (Fig. 5) and the R2 value increased to 0.55 and 
0.53 for CS-AnMBR and UA-AnMBR reactors, respectively, in Run 2 
(Fig. 6). The increase in fit values to neutral assembly model suggests 
that the type of reactor configuration favors a stochastic, random 
migration process of microorganisms onto the membranes, and that the 
stochasticity increases with decrease in HRT. 

We focused our evaluation on those OTUs that occurred in higher 
frequency on membranes in a consistent manner across both biological 
runs. Similar to our previous study (Cheng et al., 2019), Acinetobacter 
spp. and Methanobacterium spp. which deviated from the neutral as-
sembly model are also detected. For example, in CS-AnMBR of both runs 
and for which the membranes were more severely fouled than that in 
UA-AnMBR, both Acinetobacter and Methanobacterium deviated from the 
model by consistently occurring only in higher frequency on the mem-
brane biofoulant layer than that predicted by the model. In contrast, the 

presence of both genera simultaneously present in higher frequency was 
not observed for the UA-AnMBR membranes. For example, only Meth-
anobacterium was observed on the UA-AnMBR membranes in Run 1 
while only Acinetobacter was observed in Run 2. In addition, Candidatus 
Omnitrophus was also observed to deviate from the model by occurring 
in higher frequency on CS-AnMBR membrane but not on UA-AnMBR in 
both runs. Inconsistent and biologically irreproducible trends were 
observed for the other OTUs on membranes from both CS-AnMBR and 
UA-AnMBR. 

4. Discussion 

Despite advantages associated with using AnMBR, implementation 
of this technology in the mainstream wastewater treatment train is still 
not as prevalent. There are approximately thousands of MBRs installed 
worldwide to treat municipal wastewaters, and yet, only 2% of these 
operational MBRs are anaerobic (Leverette, 2015). Anaerobic treatment 
of municipal wastewater has been slow to take hold, in part, due to 
membrane biofouling. Membranes connected to AnMBR were perceived 
to be more prone to fouling compared to those connected to aerobic 
MBR systems and operated at the same flux (Martin-Garcia et al., 2011; 
Xiong et al., 2016). Therefore, mitigation of membrane biofouling re-
mains a critical step in order to advance the feasibility of AnMBR for 
municipal wastewater treatment. 

Earlier studies have demonstrated that reactor configuration can 
play a role in alleviating the extent of membrane fouling (Chen et al., 
2017; Ng et al., 2014). Specifically, our findings reiterated past obser-
vations that report a slower increase in TMP for membranes connected 
to an attached-growth AnMBR than those connected to a CSTR-mode 
AnMBR (Fig. 1). Earlier studies focus on elucidating the EPS and SMP 
constituents in both sludge and membrane biocake, albeit both EPS and 
SMP alone do not contribute entirely to the fouling process. Instead, this 
study aims to provide a mechanistic understanding on how UA-AnMBR 
can contribute to lower extent of membrane fouling due to differences in 

Fig. 3. Microbial activity in the biofouling foulant layer on different membranes. (A) Total cells concentration in Run 1 with a HRT of 24 h, (B) Total and live cells 
concentration in Run 2 with a HRT of 16 h, (C) Adenosine triphosphate (ATP) concentration in Run 2 with a HRT of 16 h. 

Fig. 4. Concentration of polysaccharide (PS) and protein (PN) in extracellular polymeric substance (EPS) of foulant layer on different membranes. (A) poly-
saccharides concentration (B) protein concentration in both Run 1 (i.e., a HRT of 24 h), and Run 2 (i.e., a HRT of 16 h). 
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microbial activity and community compared to the CS-AnMBR. 
First, the provision of an attached carrier resulted in a lower number 

of microbial cells that are present in the suspended sludge sampled from 
UA-AnMBR, and the proportion of live to total cells were also lower as 
the HRT decreases and is more averse to membrane biofouling. The 
lower number of microbial cells present in the suspended sludge would 
mean that the submerged membrane is in contact with lesser cells that 
would subsequently adhere onto the membrane surface (Fig. 2). Despite 

the lower proportion of live to total cells in the suspended sludge of UA- 
AnMBR, both reactors were able to achieve similarly high COD removal 
ranging from 96 to 99% (Figure S2), suggesting that the main microbial 
activity were retained as attached growth within the UA-AnMBR. The 
organic carbon was subsequently converted to methane, with both re-
actors having no significant difference in the methane production rate. 
However, CS-AnMBR has a higher percentage of the dissolved methane 
in suspended sludge compared to UA-AnMBR, likely because the 

Fig. 5. Fit of the neutral model. The predicted occurrence frequencies for suspended sludge and biofouling community. OTUs that occur more frequently than 
predicted by the model are shown in green while those that occur less frequently than predicted are shown in purple. The top 10 relative abundance of the OTUs in 
each outlier group were indicated in pie charts. “Others” in the pie chart legend indicates all the other minor OTUs that were detected within the outlier group and 
contribute to a cumulative relative abundance of 100%. Red dash lines represent 95% confidence intervals around the model prediction (blue line). (A) CS-AnMBR 
with a HRT of 24 h, (B) UA-AnMBR with a HRT of 24 h. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 6. Fit of the neutral model. The predicted occurrence frequencies for suspended sludge and biofouling community. OTUs that occur more frequently than 
predicted by the model are shown in green while those that occur less frequently than predicted are shown in purple. The top 10 relative abundance of the OTUs in 
each outlier group were indicated in pie charts. “Others” in the pie chart legend indicates all the other minor OTUs that were detected within the outlier group and 
contribute to a cumulative relative abundance of 100%. Red dash lines represent 95% confidence intervals around the model prediction (blue line). (A) CS-AnMBR 
with a HRT of 16 h, (B) UA-AnMBR with a HRT of 16 h. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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continuous mixing in CS-AnMBR helped enhance the dissolution of 
methane gas into the sludge matrix (Table 1). Dissolved methane in post- 
AnMBR remains problematic as it detrimentally impacts energy recov-
ery. These observations suggest that not only is the UA-AnMBR config-
uration able to minimize contact of cell numbers with membrane 
surfaces, it can also reduce the dissolved methane concentration in the 
suspended sludge streams. Nevertheless, the difference in dissolved 
methane between the two effluent streams from UA-AnMBR and CS- 
AnMBR is at maximum 0.1% vmethane/vliquid, and this meant 1 mL of 
methane difference per L of treated effluent. Theoretically, 1 mL 
methane/L effluent could contribute to 2.86 mg/L COD if all methane 
was totally oxidized (Harb et al., 2015). Given the 700 mg/L COD 
feeding used in this study, this meant that the dissolved methane portion 
should not contribute much to the effluent COD despite differences in 
reactor configurations. 

Second, the microbial activity of the attached biofoulant layer is 
lower on the UA-AnMBR compared to the CS-AnMBR. Microorganisms 
play a vital role in biofilm formation (Yao et al., 2020; Zhang et al., 
2018). For example, motility traits can assist microorganisms to adhere 
and attach onto membrane surfaces (Pang et al., 2005) and upon 
adherence, secrete sticky extracellular polymeric substances that would 
facilitate the subsequent adsorption of other microorganisms onto the 
biofilm matrix (Miura et al., 2007). By having a lower proportion of live 
to total cells in the mixed liquor suspended solids within UA-AnMBR, a 
corresponding lower proportion of live cells with lower ATP concen-
tration per surface area was also observed on the membranes (Fig. 3). 
This resulted in a lower concentration of polysaccharide and protein 
content in the biofilm matrix of UA-AnMBR than CS-AnMBR (Fig. 4). 

Third, the UA-AnMBR has a sporadic prevalence of Acinetobacter and 
Methanobacterium on its membrane for both biological replicate runs. An 
earlier study previously identified both genera to deviate from the 
goodness-of-fit to neutral assembly model and occurred on the mem-
branes foulant in higher relative abundance than that predicted by the 
model, suggesting that they were selectively favored for attachment on 
AnMBR membrane surfaces (Cheng et al., 2019). In separate studies, 
Acinetobacter was also shown to be an important pioneer colonizer on 
membrane surfaces (Lu et al., 2016; Zhang et al., 2006) and frequently 
detected on fouled membrane (Choi et al., 2006; Zhang et al., 2004). 
Recently, Scarascia et al. reported the use of bacteriophages specific 
against Acinetobacter spp. to control biofilm formation on membranes 
connected to AnMBR (Scarascia et al., 2020). These observations 
collectively infer the role of Acinetobacter in mediating membrane 
biofouling in the AnMBR. Similarly, Methanobacterium was found 
attached on electrodes (Gao et al., 2017; Siegert et al., 2015), seemingly 
preferring a biofilm-associated mode of life. Due to the presence of 
bio-ball carriers in UA-AnMBR, Acinetobacter and Methanobacterium 
would favorably attach on the surface of carriers, which resulted in less 
Acinetobacter and Methanobacterium in suspended sludge to contact and 
attach onto the membrane surface. By minimizing attachment of Aci-
netobacter and Methanobacterium on the membranes connected to 
UA-AnMBR, there may be positive implications in delaying the subse-
quent biofouling occurrence. 

Through a mechanistic understanding on how reactor configuration 
affects microbial activity and dynamics, and their subsequent impact on 
the extent of membrane biofouling, our findings add on to the existing 
literature that favors the use of attached-growth reactor configuration 
for AnMBR. Despite the advantages associated with attached-growth 
reactor configuration, there remains several limitations associated 
with such configuration that would need to be resolved. For instance, 
due to the attached nature of sludge in UA-AnMBR, substrate utilization 
rate is dependent on the diffusivity throughout the biofilm matrix and 
may be limited by biofilm characteristics (e.g. thickness) (Wu and 
Hickey, 1997). The biofilm on carrier would continue to grow with 
long-term reactor’s operation, in turn potentially forming some “dead 
zones” in reactor that can reduce the overall reactor efficiency (Escudié 
et al., 2011; Hayder et al., 2017). Future studies that include long-term 

demonstration of UA-AnMBR would be needed to demonstrate the 
overall feasibility of this configuration in treating municipal 
wastewater. 

5. Conclusions 

This study compared both UA-AnMBR and CS-AnMBR configurations 
and their potential impact on membrane biofouling. It was determined 
through two biological replicates that UA-AnMBR consistently resulted 
in a slow membrane fouling rate than CS-AnMBR. The slower membrane 
fouling rate was due to (i) a lower cell numbers present in the suspended 
sludge that was in contact with the membrane, (ii) lower microbial ac-
tivity of cells adhered on the membrane and therefore lower protein and 
polysaccharides concentrations within the biofilm matrix, and (iii) 
sporadic presence of the biofouling-associated Acinetobacter and Meth-
anobacterium spp. on the membranes connected to UA-AnMBR. Besides 
delaying membrane biofouling, the UA-AnMBR also resulted in lower 
dissolved methane gas fraction in the suspended sludge, potentially 
mitigating greenhouse gas emissions typically associated with anaerobic 
mode of municipal wastewater treatment. This study provides insights 
that favor the use of attached-mode reactor configuration to reduce 
biofouling in AnMBR without compromising treatment efficacy. 
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