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a b s t r a c t

Two submerged anaerobic membrane bioreactors (AnMBRs) with and without powdered activated
carbon (PAC) were studied to revisit the effect of PAC on membrane fouling performance by long-term
operation when treating synthetic sewage. The results showed that PAC remained efficient for mem-
brane fouling control after long-term operation (over 140 d), and it reduced the fouling rate at a hydraulic
retention time of 8 h from 3.12 to 0.89 kPa/d. PAC mainly mitigated the membrane fouling by restraining
the formation of a cake layer while generating a gel layer on the membrane surface, which was attributed
to the PAC-induced microbial community change in mixed liquor and the membrane surface. Microbial
community analysis indicated the genera Pseudomonas (26.5%) and Methanothrix (79.21%) were the
predominant bacteria and archaea, respectively, in the gel layer, and this result is completely different
from the presence of a high abundance of Levilinea (7.1%), Aminivibrio (4.9%) andMethanothrix (90.04%) in
the cake layer on the membrane surface without PAC. The significant difference in the predominant
microbes in the membrane surface layer was attributed to the reduced enrichment of Levilinea and
Methanothrix with PAC addition.

© 2019 Published by Elsevier Ltd.
1. Introduction

Anaerobic membrane bioreactors (AnMBRs) have been studied
by many researchers as a reliable and promising technology for
wastewater treatment because of their high bioenergy recovery
potential and reclamation applications (Song et al., 2018). By
combining anaerobic digestion with a membrane separation pro-
cess, AnMBRs decouple the biomass retention of the slow-growth
methanogens from the shortened hydraulic retention time (HRT),
greatly promoting the application of anaerobic digestion
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technology in sewage treatment (Liu et al., 2013). However, mem-
brane fouling remains an inevitable barrier increasing energy de-
mand and hindering the application of AnMBRs, especially for the
mainstream process in sewage treatment (Chen et al., 2017a; Hu
et al., 2016; Neoh et al., 2016). Membrane fouling is caused by
complex physical, chemical, and even biological interactions be-
tween the foulants (including organics, colloids, cells, sludge flocs,
and salts) and the membrane surface (Lin et al., 2014; Wang et al.,
2013), causing decreased flux and increased operation cost (Bagheri
and Mirbagheri, 2018).

To date, scouring agents in AnMBRs have been used as an
energy-efficient approach to control membrane fouling by effi-
ciently reducing fouling while consuming less energy (Meng et al.,
2017). Among different additives, powdered activated carbon (PAC)
is the most popular choice. Generally, adding PAC has many ben-
efits for fouling control, including adsorption of the foulants and

mailto:chenrong@xauat.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.watres.2019.115137&domain=pdf
www.sciencedirect.com/science/journal/00431354
www.elsevier.com/locate/watres
https://doi.org/10.1016/j.watres.2019.115137
https://doi.org/10.1016/j.watres.2019.115137


Z. Lei et al. / Water Research 167 (2019) 1151372
their subsequent biodegradation (Aun Ng et al., 2006; Zhang et al.,
2017), increasing critical flux (Remy et al., 2010), improving the
strength of microbial flocs (Lin et al., 2011; Remy et al., 2010;
Skouteris et al., 2015), and enhancing scouring of particles on the
membrane surface (Johir et al., 2011). In addition, PAC also provides
a solid support for bacterial growth, protecting the sludge flocs
from breakage under violent shear (Hu and Stuckey, 2007; Li et al.,
2018). Previous studies usually examined a short operation period
or batch test (Akram and Stuckey, 2008; Zhang et al., 2017) and had
a greater focus on the short-term effect of PAC. In contrast, differ-
ence between the fouled membrane with PAC and without PAC
were observed in a long-term study (almost 100 d), and the dif-
ference was attributed to the high back-transport velocity of PAC
(Akram and Stuckey, 2008). Furthermore, a few studies mentioned
the effect of PAC on the microbial community in AnMBRs under
long-term operation and of the microbe-induced biofouling by
enriching some specific microbes on the membrane surface (Aslam
et al., 2017; Zhang et al., 2019).

Under long-term operation, PAC in the reactor will become
saturated, and no longer adsorb the foulants, especially extracel-
lular polymeric substances and soluble microbial products with a
high molecular weight in mixed liquor. Hence, the particles
scouring function on the membrane surface and the microbial
community in the hybrid reactor will become the main factors
impacting membrane fouling (Aslam et al., 2017; Johir et al., 2011).
Unfortunately, the scouring by PAC on the membrane surface is
very feeble because of its small size, especially for the adherent
gelatinousmaterials onmembrane surface (Remy et al., 2010); thus,
the microbe-induced biofouling is a key factor impacting the
membrane fouling under this condition. Although several studies
have demonstrated that adding activated carbon greatly affects the
microbial community in mixed liquor (Poirier et al., 2018; Yu et al.,
2019), and while PAC results in microbial community changes on
the membrane surface, little is known regarding the mitigation
mechanism of biofouling.

The objectives of this study are to study the effect of PAC on
membrane fouling performance in AnMBRs, especially the bio-
effect on membrane fouling under long-term operation, and to
revisit the effect of PAC on mixed liquor characteristics, membrane
fouling, foulant components, and the characteristics of the micro-
bial characteristics in mixed liquor and on the membrane surface.
To achieve these objectives, digestion performance, mixed liquor
properties, membrane performance, foulants analysis, as well as
the microbial community in mixed liquor and on the membrane
surfaces were studied. The reexamination results in this study
provide new insight into the effect of PAC on membrane fouling
control.
2. Materials and methods

2.1. Reactor set up and operation

Two AnMBRs with an working volume of 2 L (total volume of
5 L) were operated at 25± 1 �C using a water bath controlling the
temperature (Fig. 1). A flat-sheet membrane module with an
effective filtration area of 0.036m2 was equipped inside each
reactor, and the membrane used in this study was made of chlo-
rinated polyethylene with a nominal pore size of 0.2 mm. The pro-
duced biogas was continuously recirculated by a gas pump
(VBY7506, Cheehie, China) with a flow rate of 4.5 L/min, which
corresponds to a high specific scouring demand of 7.5m3/m2/h, to
control membrane fouling through a bubble diffuser equipped at
the bottom of the reactor. Permeate was extracted by applying
negative pressure to the permeate side of the membrane with a
peristaltic pump (BT100J-1A, Huiyu, China). Transmembrane
pressure (TMP) was monitored on-line by a pressure transducer
(Sinomeasure, China) installed between the membrane and the
permeate pump. A gas meter (LMF-1, Wale, China) was used to
measure biogas production. A schematic graph of the AnMBR and
the experimental setup are shown in Fig. 1.

The two AnMBRs were inoculated with anaerobic sludge from a
brewery wastewater treatment plant in Xi’an, China, and the initial
sludge concentrations were identical. PAC was added in one reactor
named P-AnMBR with a dosage of 4.5 g/L, and the other reactor
without the PAC added named C-AnMBR. Throughout the experi-
ment, PAC was not replenished because of the aiming to investigate
the long-term effect of PAC addition on the AnMBR system. The
main characteristics of the synthetic sewage were as follows: the
total chemical oxygen demand (COD) was 500± 50mg/L, ammonia
nitrogenwas 40± 5mg/L, total phosphorus was 5.0± 0.5mg/L, and
no suspended solid was added. The details of the components and
their concentrations are presented in the Supplementary Materials
(Table S2). After inoculation, the two reactors were operated at HRT
36 h for 6 d, then HRT was shortened to 24 h, and data were
collected. Five HRTs (24 h, 16 h, 12 h, 8 h, and 6 h), were set by
adjusting the suction cycle of the permeate pump, and the corre-
sponding fluxes were 2.31, 3.47, 4.63, 6.94, and 9.26 L/m2/h,
respectively. No excess sludge was regularly discharged except for
periodical sampling for analysis, mainly due to the low mixed li-
quor volatile suspended solids yields (Chen et al., 2017b), and the
solids retention time is calculated as approximately 800 days.

2.2. Ex-situ filtration tests for the fouled membranes

Membrane cleaning and filtration tests were performed to
identify the membrane resistance distribution. In this process,
water, NaClO solution (0.1%), and citric acid solution (10 g/L) were
used to clean the membrane surface layer, organics, and inorganics
successively. After each cleaning process, a filtration test was per-
formed in deionized water and repeated three times, then the
resistance was calculated based on the Darcy equation. The detailed
cleaning process and resistance calculating method were recorded
in a previous study (Chen et al., 2017b).

2.3. Morphology analysis of layer on membrane surface and
microbes in mixed liquor

Scanning electron microscopy (SEM) and energy dispersive
spectrometry (EDX) were performed on membranes taken from
AnMBRs to observe and compare the morphologies and elemental
compositions. Membranes taken from the reactors were open-air
dried, coated with a platinum alloy, observed using SEM
(MLA650F, FEI, USA), and characterized elementally using an EDX
analyzer (Octane plus, EDAX, USA).

The microbes in the two AnMBRs were examined using a digital
microscope (Eclipse 50i, Nikon, Japan) at the same operational
period (day 150) to identify the different morphologies between
them.

2.4. Component analysis of layer on the membrane surface

For membrane surface layer analysis, the membrane module
was taken from the reactor and the surface layer was scrubbedwith
a brush, then the detached layer was used for subsequent analysis.
Soluble materials in the layer were extracted by centrifuging the
suspension at 3,000 rad/min for 10min, and the supernatant was



Fig. 1. Schematic graph of the AnMBRs used in this study.
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considered the soluble materials. Cation exchange resin was added
to another part of the suspended liquor with slightly stirring to
dissolve the gelatinous materials, then the sample was also
centrifuged at 3,000 rad/min for 10min, and the supernatant was
the combination of gelatinous and soluble materials.

2.5. DNA extraction and high-throughput sequencing analysis

For DNA extraction, sludge samples collected from mixed liquor
and membrane layer at the membrane changed time (HRT 6 h)
were centrifuged at 10,000 rpm for 10min and thenwashed with a
phosphate buffer solution three times via resuspension and
centrifugation. DNA extraction was performed using the Power-
Soil® DNA Isolation Kit (MO BIO, USA) as per the instructions and
the quality and quantity of the extracted DNA were assessed via
agarose gel electrophoresis. The polymerase chain reaction tar-
geting 16 s rRNA genes was performed followed by DNA extraction
in region V3eV4; primers 341F (CCTACGGGNGGCWGCAG) and
805R (GACTACHVGGGTATCTAATCC) were chosen as the detective
DNA sequences for all bacteria (including archaebacteria) (Zhang
et al., 2018, 2019); the primers A349F (GYGCASCAGKCGMGAAW)
and A806R (GGACTACVSGGGTATCTAAT) was taken to identify the
detail community composition of archaea (Chen et al., 2017c). After
amplification, DNA products were separated and purified, then the
amplicon was used for sequencing on an Illumina MiSeq platform
by Sangon Biotech Co. (Shanghai, China). The obtained sequence
fragments were assembled using PEAR software (Version 0.9.6)
with the maximum allowable mismatch ratio of 0.1 for overlap
region of stitching sequence. After removing chimera sequences,
the obtained sequences were clustered into operation taxonomic
units (OTUs) using MOTHUR (Version 1.30.1) with a similarity
>97%. From the cluster file, rarefaction curves at a similarity of 97%,
Chao 1 richness estimator, Shannon diversity index and the Good’s
coverage were generated for each sample using MOTHUR. Finally,
taxonomic classification was performed by applying the Ribosomal
Database Project (RDP) classifier and alignment at a confidence
threshold of 0.8 (Yin et al., 2019).

2.6. Other analytical methods

The influent and effluent COD were detected every 3 d. The
percentage of CH4, CO2, N2, and H2 values in the generated biogas
were measured by a gas chromatograph (Techcomp, MG-7900,
China). The concentration of dissolved methane in the effluent
was determined by the headspace technique according to a previ-
ous study (Hatamoto et al., 2010), and all the measurements of the
biogas amount were normalized to a standard state (0 �C, 1 atm).
Proteins and carbohydrates concentrations in soluble and colloidal
form were assayed according to the Lowry method (Lowry et al.,
1951) and the phenolesulfuric acid method (Nielsen, 2010).

Particle size distribution (PSD) of mixed liquor was analyzed
using a laser granularity distribution analyzer (LS 230/SVMþ,
Beckman Coulter, USA) with a detection range of 0e2000 mm. The
zeta potential of mixed liquor was performed with a zeta potential
meter (Zetasizer Nano ZS90, Malvern Instruments, UK). Size
exclusion chromatography was performed to identify the molecu-
lar weight (MW) distribution of influent and membrane surface
foulants by high-performance liquid chromatography method
recorded in a previous study (Hu et al., 2017). Bru-
nauereEmmetteTeller (BET) analysis was performed to identify the
adsorption constant of particles, which was used to represent the
adsorption capacity. Details about the BET sample preparation and
analysis were provided in the Supplementary Materials.

3. Results and discussion

3.1. Long-term operation performance

During over 180 days of operation, Effluent COD of the two re-
actors were lower than 35mg/L throughout, resulting in the COD



Fig. 2. Digestion performance of two AnMBRs: (a) influent and effluent; (b) chemical
oxygen demand removal efficiency; (c) biogas yield; (d) composition of biogas.
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removal of both reactors being higher than 92% (Fig. 2a and b). The
effluent COD concentrations of C-AnMBR and P-AnMBR averaged
25.5 and 24.6mg/L, respectively, indicating that little difference
was observed based on the effluent. Biogas yield (Fig. 2c) results
inferred that a COD-to-methane conversion efficiency of over 85%
was obtained at HRT 6 h (corresponding to amethane yield of 0.30 L
CH4/g COD) when the dissolved methane is considered, and a high
quality of biogas (83% proportion of CH4 in biogas) were achieved
under stable operation (Fig. 2d). These results demonstrate that
adding PAC has almost no significantly improved effect on digestion
performance in this study, which differs from a previous study
where an increase of over 20% of COD removal efficiency was
observed when PAC was added (Hu and Stuckey, 2007). This dif-
ference may be because only an easily biodegradable and soluble
substrate was fed.

3.2. Particle size and morphology

At the beginning of the experiment, the PSDs with and without
PAC were almost identical, and both had a median diameter of
20.66 mm (Fig. 3a1). During the experiment, therewas no significant
change of the sludge median diameter in the C-AnMBR, while it in
the P-AnMBR firstly decreased to 14.26 mm and then slightly
increased with the median diameter around 17.00 mm (Fig. 3a). This
result differs from the previous studies that show adding PAC
resulted in an increase of sludge size because of a decreased energy
barrier (Li et al., 2005; Remy et al., 2010; Yu et al., 2019) and hence
increased sludge filterability. In contrast, the same results as pre-
sented in this study were reported by Akram and Stuckey (2008),
who used a similar configuration and similar operation parameters
to this study. Thus, the effect of PAC on PSD is case specific, which
depends on the system configuration, scouring rate, and other
operation conditions (Akram and Stuckey, 2008; Hu and Stuckey,
2007; Yu et al., 2019). To provide better understanding of the PSD
difference, microscope observation was performed. The results
show that many large microbial aggregates were observed in C-
AnMBR (Fig. 3b1), which is consistent with the results of the larger
sludge particles. In contrast, masses of scattered filamentous mi-
crobes were observed in P-AnMBR, indicating that PAC induced the
presence of free living filamentous microbes and hindered the
formation of large microbial aggregates in mixed liquor. Further-
more, the zeta potential of the mixed liquor in C-AnMBR and P-
AnMBR was �24.1± 1.5mV and �28.0± 1.4mV, respectively, also
demonstrating that adding PAC decreases the particle size in the
reactor because a lower zeta potential generally results in a smaller
particle size (Deng et al., 2014; Ozgun et al., 2015).

3.3. Membrane fouling performance

3.3.1. Effect of PAC on TMP
As shown in Fig. 4, the effect of adding PAC on fouling control

was very weak at the slow-fouling stage when a new membrane
was set, while the effect showed excellent performance during the
rapid-fouling stage. For instance, before the first membrane was
changed, the membrane fouling rate (dTMP/dt) in C-AnMBR and P-
AnMBRwas 0.038 and 0.032 kPa/d, respectively, showing very little
difference. The results show that the fouling rate in P-AnMBR
(0.127 kPa/d) was much lower (41.5%) than that in C-AnMBR
(0.217 kPa/d) during the rapid-fouling stage (HRT 12 h), indicating
that adding PAC mainly alleviates the membrane fouling by
decreasing the fouling rate at the rapid-fouling stage. Furthermore,
TMP profiles show that the fouling rates with or without PAC at the
rapid-fouling stage were 0.89 and 2.54 kPa/d at HRT 8 h, respec-
tively, indicating that adding PAC is still efficient for fouling control
at 8 h, and a similar trend is also shown at HRT 6 h. Differing from



Fig. 3. Particle size distribution at different stage (a) and particle morphology (b) (40� ). (a1) day 0; (a2) day 30; (a3) day 80; (a4) day 160; (b1) C-AnMBR; (b2) and P-AnMBR.

Fig. 4. Membrane-fouling performance of two reactors at various HRTs: (a) C-AnMBR; (b) P-AnMBR.
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this study, Lin et al. (2011) retorted that adding PAC significantly
prolonged the duration of the slow-fouling stage. Because mem-
brane fouling in the slow-fouling stage mainly comprises pore
fouling caused by dissolved biopolymers and metal ions, fresh PAC
can absorb the particles that cause the pore fouling; while PAC was
saturated at HRT 6 h in this study, its effect prolonged the duration
of the slow-fouling stage was very limited.

BET analysis demonstrated that the PAC absorbability was
exhausted at day 140, and the adsorption constants of particles in
C-AnMBR and P-AnMBR were 1.32 and 1.29, respectively. Thus, the
effect of PAC on membrane fouling mitigation mainly depends on
the scouring and bio-effect after day 140.
3.3.2. Membrane resistance distribution analysis
To further our understanding of the mechanism of PAC on

membrane fouling control, membrane cleaning and ex-situ filtra-
tion tests were performed at different fouling stages to identify the
membrane resistance. For unsaturated membranes at the initial
stage (Fig. 5a), the total membrane resistance in P-AnMBR was 50%
Fig. 5. Ex-situ filtration tests for membranes at (a) unsaturated (HRT 12 h) and (b)
completely fouled condition at HRT 6 h.
lower than in C-AnMBR, and the main difference derived from the
membrane surface resistance (Rc), because a thinner membrane
surface layer was consistent with the previous studies that showed
adding PAC was effective in mitigating the layer formation on the
membrane surface (Akram and Stuckey, 2008; Vyrides and Stuckey,
2009; Zhang et al., 2017). Notably, Rc in P-AnMBR was still 20%
lower than the Rc in C-AnMBR for a fouled membrane after over
150 d of operation (Fig. 5b). Photos of fouled membranes show that
much black sludge was observed in C-AnMBR, while a visible gel
layer was present on the surface of the membranes when PAC was
added, indicating very different membrane surface layer compo-
sitions in the two reactors. We suspect that this difference may be
correlated to the bio-effect of PAC on membrane fouling. Moreover,
the pore resistance from inorganics (Rp-inorg) was much higher in P-
AnMBR than in C-AnMBR, mainly because of the presence of many
scattered filamentous microbes in P-AnMBR (Fig. 3b2) and PAC
adhered onto the membrane surface as a potential membrane
foulant under high flux (Iversen et al., 2009; Ying and Ping, 2006);
the adhesion is shown in a photo and the SEM-EDX analysis results
of a clean membrane (Supplementary Fig. S3).

3.3.3. Morphology and components of the membrane surface
SEM-EDX analysis was performed to reveal the layer

morphology and components on the membrane surface. For the
fouled membranes in C-AnMBR and P-AnMBR, the rough mem-
brane surface of C-AnMBR is depicted in Fig. 6a, showing that
biosolids are themain foulant, which is consistent with the photo in
Fig. 5. In contrast, a smooth surface was observed when PAC was
added (Fig. 6b), and the smooth surface may be because gelatinous
materials were the main foulant on the membrane surface and
formed a gel layer. Results of EDX analysis showed that the inor-
ganic foulants correlated with the formation of gelatinous mate-
rials, comprising Ca, Al, Fe, and Mg, and that the concentrations of
gelatinous materials were much higher on fouled membranes in P-
AnMBR than in C-AnMBR (Table 1), demonstrated that a gel layer
rather than a cake layer formed on the membrane surface when
PAC was added. In addition, considering few Si content in the seed
sludge and feeding influent, the higher abundance of Si detected on
layer of P-AnMBR than C-AnMBR should be attributed to the
presence of PAC particles on the membrane surface of P-AnMBR
(Fig. S3c).

In order to further understand the differences between the
membrane surface layers, the layers were characterized and
quantified for proteins and carbohydrates. As shown in Fig. 7a, the
proteins existed in a gelatinous form (0.04 g/m2) and the content on
the fouled membrane of C-AnMBR was much lower than that of P-
AnMBR (0.48 g/m2), while the carbohydrates content was almost
identical. As for soluble materials, both the proteins and carbohy-
drates contents on the membrane of C-AnMBR and the membrane
of P-AnMBR were almost equal (Fig. 7b). The higher proteins con-
centration on the membrane surface in P-AnMBR may be because
of the high back-transport of sludge particles on the membrane
surface due to higher shear. To further investigate the molecular
characteristics of the organics in surface layer, MWdistributionwas
analysis using size exclusion chromatography. The result shows
that the response intensity near the retention time at 6min was
significantly higher in total than soluble materials, and this result is
consistent with the content analysis results that show more
gelatinous proteins existed on the membrane surface in P-AnMBR.
Furthermore, the retention time also indicates that the materials
observed after close to 6min originated from extracellular poly-
meric substances of microbes (Fig. 7d), rather than the substrate or
utilizing-associated products, when compared with the MW dis-
tribution of the substrate (Fig. S2 provided in Supplementary Ma-
terials). Thus, we confirmed that this phenomenon was induced by



Fig. 6. Characteristics of the fouled membranes of C-AnMBR (a) and P-AnMBR (b).

Table 1
Elemental composition of fouled membranes surface.

Element (% in weight) C N O P Si S Al Ca Fe Mg

C-AnMBR 48.92 10.37 25.59 2.14 0.36 1.36 1.03 1.36 1.33 e

P-AnMBR 48.37 10.75 25.30 2.39 2.76 1.44 1.71 1.92 1.71 0.14

Fig. 7. Content of gelatinous (a) and soluble (b) biopolymers on membrane surface layer and their MW distributions in C-AnMBR (c) P-AnMBR (d).

Z. Lei et al. / Water Research 167 (2019) 115137 7
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the bio-effect of PAC onmicrobes in the reactors, and that microbial
composition analysis is necessary for further study.
3.4. Microbial community

The microbes in the entire microbial community were estab-
lished based on the 16S rRNA gene sequence considering all sam-
ples from two reactors. Amplicon sequencing of the microbial
community yielded 73954± 7719 sequences on average after
removal of singletons and normalization. The finally acquired OTUs
for bacteria and archaea was 1083± 125 OTUs and 264 ± 51 OTUs
per sample, respectively, with the Coverage value over 0.97 in each
sample (Table S3 in Supplementary Materials). In addition, rare-
faction curves tend to be leveled off when the reads sequences over
60000, meaning that only a few new bacterial phylotypes were
detected with the increasing reads sequences, demonstrating suf-
ficient reads sequences were collected for microbial analysis.

Taxonomy results indicated that over 85% of the OTUs of bacteria
were classified at the phylum level, showing that the majority of
the microorganisms found in both reactors could be identified at
the phylum level. The microbial community mainly consisted of
Firmicutes (20.02%), Chloroflexi (15.26%), Bacteroidetes (14.04%),
Synergistetes (13.98%), Proteobacteria (5.48%) and Euryarchaeota
(5.35%) at the phylum level in the mixed liquor of C-AnMBR
(Fig. 8a). According to previous studies, Firmicutes, Bacteroidetes,
and Proteobacteria were reported to be ubiquitous in anaerobic
reactors because of their ability to degrade awide range of organics
(Dodsworth et al., 2013; Venkiteshwaran et al., 2015). In contrast,
although Chloroflexi (20.22%), Firmicutes (15.09%), Bacteroidetes
(11.95%), Proteobacteria (9.89%), and Synergistetes (6.35%) remained
predominant in the mixed liquor of P-AnMBR (Fig. 8a), their con-
centrations changed greatly. Furthermore, the phylum Aminice-
nantes (also called Cadadiate OP8) presented in P-AnMBR with an
abundance of 13.34%, which is much higher than that in C-AnMBR
(2.42%), indicating that adding PAC results in a significant change of
Fig. 8. Samples and species diagrams of C-AnMBR and P-AnMBR at the
the microbial community in mixed liquor. Similar trend was also
observed with a lower Euryarchaeota (4.15%) in mixed liquor in P-
AnMBR. For microbes in the layer of the fouled membrane, Chlor-
oflexi (17.38%), Bacteroidetes (14.62%), Firmicutes (11.87%), Proteo-
bacteria (11.14%), Synergistetes (7.92%), Parcubacteria (6.77%) and
Euryarchaeota (5.07%) were predominant in C-AnMBR (Fig. 8b),
exhibiting high similarity in classification and abundance with
those in the mixed liquor (Fig. S5a). The predominance of Parcu-
bacteria in the layer of C-AnMBR indicates its high membrane-
fouling tendency because its abundance in the mixed liquor is
very low (0.45%). The Venn diagram at the phylum level reveals that
microbes in the mixed liquor and the layer of C-AnMBR shared 641
OTUs, accounting for 37.4% of the total OTUs (Fig. 9a). This result
demonstrates that the microbes in the membrane surface and
mixed liquor have high homology and thatmicrobes in the layer are
closely correlated to the microbial composition in the mixed liquor,
which is consistent with previous studies (Ding et al., 2016; Gao
et al., 2010; Ma et al., 2013). Moreover, the Venn diagram of the
predominant phyla shows that Proteobacteria and Synergistetes
preferred the mixed liquor, while more OTU classified to Bacter-
oidetes was observed in the membrane surface (Fig. S6). These re-
sults confirm that Bacteroidetes usually were the predominant
microbes in membrane fouling (Ding et al., 2016; Gao et al., 2010;
Ma et al., 2013). As same with C-AnMBR, Chloroflexi and Firmicutes
in the mixed liquor and the layer on the membrane surface of P-
AnMBR also shared high total OTUs (almost 40%), indicating they
are also important contributors to membrane fouling. For microbes
in the P-AnMBR layer, Proteobacteria (38.30%), Parcubacteria
(18.01%), Firmicutes (8.86%), Aminicenantes (5.88%), and Bacter-
oidetes (5.3%) were predominant (Fig. 8b); however, these abun-
dances are different from those in the P-AnMBR layer. By
comparing with the dominant phylum in the mixed liquor of P-
AnMBR, the predominance of Parcubacteria and Aminicenantes in
the layer shows a high membrane-fouling correlation. The Venn
diagram at the phylum level indicates 500 OTUs, accounting for
phylum level: (a) mixed liquor, (b) layer on the membrane surface.



Fig. 9. Heatmaps show the relative abundance of the microbes at the general level (with the sequence reads in at least one sample over 0.5%). Unclassified at genus level was not
considered.
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33.8% of the total OTUs, were shared between microbes in the
mixed liquor and the layer of P-AnMBR, showing lower homology
than that in the layer of C-AnMBR (37.4%). The Venn diagram results
indicate that adding PAC has an effect on the enrichment of mi-
crobes on the membrane surface (Fig. S6).

Dendrogram at the genus level also showed a higher similarity
of bacteria between the mixed liquor and surface layer of C-AnMBR
than P-AnMBR (Fig. 9). Genera Levilinea (7.17%), Parcubacter-
ia_genera_incertae_sedis (6.77%), Aminivibrio (4.92%), Ornatilinea
(3.81%), Paludibacter (2.39%), and Trichococcus (2.38%) were the
predominant bacteria in the layer of C-AnMBR, and this result is
consistent with previous studies that indicate the predominant
bacteria in the layer are from the phyla Chloroflexi, Bacteroidetes,
Firmicutes, Proteobacteria, Synergistetes, and Parcubacteria (Gao
et al., 2010; Ma et al., 2013). By comparing the bacteria in the
mixed liquor and the layer on the membrane surface, the pre-
dominance of Aminivibrio, Levilinea, and Ornatilinea originated
from their high abundance in bulk sludge, while the predominance
of Parcubacteria_genera_incertae_sedis, Trichococcus, and Pal-
udibacter may be attributed to the enrichment of these genera on
the membrane surface because a low abundance was observed in
the mixed liquor. As for P-AnMBR, genera Pseudomonas (26.48%),
Parcubacteria_genera_incertae_sedis (18.01%), and Aminice-
nantes_genera_incertae_sedis (5.88%) were the predominant bac-
teria in the layer, and this result is completely different from that in
C-AnMBR, indicating that adding PAC highly impacted the micro-
bial community and composition on the membrane surface. By
comparing the predominant bacteria in mixed liquor and the layer
on the membrane surface of P-AnMBR, genera Pseudomonas and
Parcubacteria_genera_incertae_sedis showed much higher



Fig. 10. Archaea compositions at genus level in mixed liquor and membrane surface layer.
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abundance in the layer than in the mixed liquor, meaning that they
tend to be enriched on the membrane surface under this condition.
In contrast, Levilinea showed the opposite result because a higher
abundance was observed in mixed liquor. The difference of pre-
dominant bacteria between mixed liquor and those on the layer on
the membrane surface in C-AnMBR and P-AnMBR indicates that
adding PAC greatly changes the enrichment of Pseudomonas and
Levilinea on the membrane surface.

Archaea classified to Methanothrix (64.18%), Methanosphaerula
(16.73%) and Methanomethylovorans (10.34%) were predominant in
mixed liquor of C-AnMBR, and very little difference between that in
C-AnMBR and P-AnMBR (shown in Fig. 10). In comparison, though
Methanosphaerula and Methanomethylovorans were also predomi-
nant on the membrane layer of P-AnMBR, the abundance of
Methanothrix in the gel layer of P-AnMBR (79.20%) is much lower
than that in the cake layer of C-AnMBR (90.04%), suggesting PAC
greatly mitigated the enrichment of Methanothrix on membrane
surface. Based on the analysis of microbial community in mixed
liquor and surface layer of membrane in the two reactors, PAC
showed efficient mitigation of the enrichment of Levilinea and
Methanothrix on membrane surface. This may be the key path that
PAC mitigating membrane fouling under long-term operation
because the both Levilinea and Methanothrix belong to filamentous
microbes, which were reported to play a key role in the fouling
process (Zhou et al., 2016, 2019).

4. Conclusions

This study revisited the effect of PAC on membrane fouling in an
AnMBR treating synthetic sewage. The results indicate that adding
PAC in an AnMBR alleviates membrane fouling after long-term
operation. PAC tends to prevent the combination of filamentous
microbes with organics to form large-size microbial aggregates in
mixed liquor. Filtration tests and images of fouled membranes
indicate that suppressing cake layer formation while slightly
increasing the gel layer is the main reason why adding PAC miti-
gates membrane fouling. Furthermore, microbial analysis indicates
that adding PAC results in a completely different microbial com-
munity by adhering on the membrane, these greatly impact the
enrichment of microbes on membrane surface, making Pseudo-
monas, rather than Levilinea and Methanothrix, become the
predominant microbes in a cake layer, which is how PAC mitigates
membrane fouling under long-term operation.
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