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• First report of sludge anaerobic digestion responses to long-term stress of
BACs.
• Methane production at a low BACs level
could be recovered similarly to control.
• BACs enhanced solubilization by facilitating cell lysis, rather than EPSs disruption.
• A high level of BACs increased
Synergistetes to 10.5% but little in control and low.
• The shift from acetotrophic to
hydrogenotrophic methanogens was
related to BACs.
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a b s t r a c t
Quaternary ammonium compounds have gained widespread attention due to their extensive enrichment in
waste activated sludge (WAS) and potentially adverse effect to anaerobes. This study selected benzalkonium
chlorides (BACs) as model to reveal the responses of anaerobic digestion of WAS to long-term stress of BACs. Results showed that the solubilization enhancement of WAS contributed by BACs was the acceleration of cell lysis,
rather than the disruption of extracellular polymeric substances, and the accumulation improvement of short
chain fatty acids (SCFAs) attributed to hydrolysis improvement and methanogenesis inhibition at either medium
-or high level of BACs. In addition, a low level had no signiﬁcant effect on the production of methane compared to
control, with averages of 0.059 and 0.055 m3/(m3·d), respectively, whereas a medium level reduced methane
production to 20% of control, and a high level almost completely inhibited methanogenesis. Correspondingly,
BACs could shift microbial communities related to SCFAs and methane productions. For the bacterial community,
a high level of BACs led to abundance reductions of Firmicutes, Bacteroidetes, Acidobacteria and Chloroﬂexi, but
Synergistetes was increased to 10.5%, which was almost not detected either in control or at a low level of BACs.
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And for dominant archaeal community, they tended to be shifted from acetotrophic to hydrogenotrophic
methanogens with BACs increasing from low to high level. These ﬁndings provided some new insights for the
role of BACs in anaerobic digestion, as well as resource recovery from WAS.
© 2021 Elsevier B.V. All rights reserved.

et al., 2011), they were selected as model QACs. Firstly, whether the performance of WAS anaerobic digestion can be recovered or not under
long-term stress of key BACs levels were studied, as well as the
corresponding activities and evolutions of microbial communities.
Secondly, the effects of BACs on EPSs were revealed. Finally, an overall
understanding of WAS anaerobic digestion to BACs was discussed. The
ﬁndings will provide new insights to mechanism resolution of WAS
anaerobic digestion to the stress of QACs, and resource recovery from
WAS.

1. Introduction
The activated sludge process has been widely served as core technology to treat wastewater, and the corresponding main by-product, waste
activated sludge (WAS), has been hugely produced (He et al., 2019a;
Hou et al., 2020; Simoes et al., 2020), with an annual increase rate of
4.75% in China (Liu et al., 2018; Luo et al., 2020). As the major component of WAS is organic matter (Liu et al., 2021), anaerobic digestion
has been considered as one of the preferred technologies to recycle renewable fuels or high-added chemicals, such as methane, hydrogen
and short-chain fatty acids (SCFAs) (He et al., 2018; Wang et al.,
2019a; Soares, 2020; Zhang et al., 2021; Tao et al., 2021; Yu et al.,
2021). However, WAS is also a carrier of toxic pollutants (Cai et al.,
2021; He et al., 2021b; Luo et al., 2020), such as heavy metals,
microplastics and pharmaceuticals and personal care products
(PPCPs), presenting adverse impacts on anaerobic digestion (Cai et al.,
2021; Dong et al., 2019; Lin et al., 2021; He et al., 2021a).
PPCPs, a kind of widely used, highly bio-toxic and hardly biodegradable organic pollutants, have received particular attentions, and
their contents in sludge ranged from μg/kg to g/kg dry weight
(Semblante et al., 2015; Stasinakis, 2012; Ni et al., 2020). Generally, anaerobic digestion of WAS includes four steps: solubilization, hydrolysis,
acidogenesis, and methanogenesis (Dong et al., 2019; Luo et al., 2020),
Till now, many efforts have tried to reveal impacts of PCPPs on sludge
anaerobic digestion (Li et al., 2017; Wang et al., 2020a; Chen et al.,
2020), proving that the responses depend on both types and contents
of PCPPs, and the methanogenesis was the most susceptible.
Among widely used PPCPs, quaternary ammonium compounds
(QACs) have been detected frequently in wastewater, such as
0.05–6.03 mg/L and 25–300 μg/L in hospital and municipal wastewater
(Carbajo et al., 2016; Ismail et al., 2010). Although QACs can be
biodegraded under aerobic conditions, adsorption of activated sludge is
the main way for their removal (>95%) (Ismail et al., 2010), and their content increased to 22–103 mg/kg dry sludge (Keen and Montforts, 2012).
Furthermore, QACs cannot be biodegraded under anaerobic conditions
(Tezel et al., 2006; Zhang et al., 2015), so a further increase is observed
in anaerobic digesters, such as 4–50 mg/L for wastewater treatment and
4–10.5 mg/g total suspended solid (TSS) for sludge treatment (Keen
and Montforts, 2012; Tezel et al., 2006). Previous studies have reported
that the methanogenesis stage can be gradually inhibited with QACs exceeding 25 mg/L, and completely inhibited at 100 mg/L (Fonoll et al.,
2015; Tezel et al., 2006). Specially, the denitriﬁcation process is inhibited
at and above 50 mg -benzalkonium chlorides- (BACs)/L (Hajaya et al.,
2011), and the methane production is reduced to 50% with BACs concentration of 13.08 mg/L (Flores et al., 2015), besides, the inhibition rates of
methanogenesis are greatly related to the alkyl chain lengths and content
levels of BACs (He et al., 2019b). However, the existing researches mainly
focused on batch experiments, and few studies have turned attention to
the long-term stress of QACs on anaerobic digestion of WAS, whether
the corresponding performance can be recovered or not is needed to be
clariﬁed, as well as evolutions of microbial communities. In addition, the
extracellular polymeric substance (EPS) is considered as the major component of activated sludge, and plays important roles on physicochemical
properties, such as stability, formation, and adhesion, etc. of microbial aggregates (Li and Yang, 2007; Sheng et al., 2010; Tang et al., 2021), but the
effects of QACs on EPSs are still unknown.
The aim of this study was to investigate the long-term effects of
QACs on anaerobic digestion of WAS. As BACs were the most frequently
detected and concentrated QACs in either wastewater or WAS (Zhang

2. Materials and methods
2.1. Source of raw WAS and BACs
2.1.1. The characteristics of raw WAS
The WAS used was collected from a local wastewater treatment
plant, China. The WAS ﬁrstly was thickened for 24 h at 4 °C, then
screened with a 1 mm sieve to remove impurities, ﬁnally stored at
4 °C for later use. The main characteristics were: total SCFAs (TSCFAs)
of 64 ± 10 mg COD/L, soluble polysaccharides (PSs) of 14 ± 2 mg COD/
L, soluble proteins (PNs) of 50 ± 7 mg COD/L, soluble COD of 168 ±
20 mg/L, total COD of 12,015 ± 356 mg/L, NH+
4 of 51.4 ± 2.16 mg/L,
PO3−
4 of 30.3 ± 2.45 mg/L, volatile suspended solid of 8400 ± 197 mg/L
and TSS of 15,000 ± 780 mg/L, pH of 6.82 ± 0.04.
2.1.2. The characteristics of selected BACs
The three selected BACs, including benzyl dodecyl dimethyl ammonium chloride (C12, purity 99%), benzyl tetradecyl dimethyl ammonium chloride (C14, purity 98%) and benzyl hexadecyl dimethyl
ammonium chloride (C16, purity 95%), were purchased from Shanghai
Aladdin Bio-Chem Technology Co., LTD, China.
For BAC homologues, C12 was the highest in sludge, with the percentage of 69%, followed by C14 (23%), C16 (3%) and others (Ruan
et al., 2014). Herein, the mixture of C12, C14 and C16 with a proportion
of 69: 23: 8 was selected to simulate the actual distributions and contents of BACs in sludge.
2.2. Sludge anaerobic digestion with the presence of BACs
2.2.1. Batch experiments to study the effect of actual BACs composition on
anaerobic digestion of WAS
The batch experiments were conducted in lab-scale reactors with
working volume of 0.36 L. It has been reported that the QACs levels in
some sludge anaerobic digesters can reach to 4.0–10.5 mg/g dry
sludge (Tezel et al., 2006; Keen and Montforts, 2012), with BACs of
0.94–191 μg/g dry sludge (Ruan et al., 2014), herein the minimum
level of BACs was set as 0.5-fold of 4.0 mg/g dry sludge, and the
maximum level was about 5-fold of 10.5 mg/g dry sludge based on
the total QACs levels, then the corresponding levels were 0, 2, 8, 15,
25 and 50 mg/g TSS. The nitrogen gas was introduced to each
digester for 10 min to remove oxygen, then anaerobic digesters
were capped, sealed, and stirred in a water-bath shaker (100 rpm)
at 35 ± 1 °C for 20 days.
As shown in Figs. S1–3, compared to control, three key stress
levels of BACs were concluded: a low level (2 mg/g TSS) with
similar performance of control, a medium level (15 mg/g TSS) with
the methanogenesis inhibition ratio of 52.6%, and a high level
(50 mg/g TSS) with the methanogenesis inhibition ratio of more
than 99%.
2
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2.4. Calculation methods

2.2.2. Semi-continuous anaerobic digesters and operation modes
The long-term effects of BACs on anaerobic digestion of WAS were
conducted under four key stress with BACs additive of 0 (Control, C), 2
(Low, L), 15 (Medium, M) and 50 (High, H) mg/g TSS, and the corresponding sludge retention times (SRTs) were set as 3, 3, 6, and 12
days, respectively. All the anaerobic digesters were carried out in triplicate, and operated in a water-bath shaker with temperature of 35 ± 1 °C
and speed of 100 rpm. The replaced quantity of sludge each day
depended on selected SRT, with 120, 120, 60, 30 mL for C, L, M, H, respectively. The operation period was divided into two phases based on
performance response, phase I (0–30 days) was named as start-up
stage, and phase II (30–60 days) was stably running stage.

TSCFAs included acetic (HAc), propionic (HPr), n-butyric (n-HBu), isobutyric (iso-HBu), n-valeric (n-HVa), and iso-valeric acids (iso-HVa), and
the coefﬁcients of each SCFA, PS and PN to COD were calculated based on
previous studies (He et al., 2019a, 2019b).
In order to evaluate the effects of BACs on sludge solubilization and
stability, the released organic matters came from both microbial cells
and EPSs were analyzed, and the changes of EPSs were calculated (He
et al., 2019a).
The inhibition ratio of BACs on methanogenesis was calculated by
accumulation differences of methane between C and BACs groups, and
the corresponding calculation methods can be found in the study of
He et al. (2019b).

2.3. Analytical methods

3. Results

2.3.1. Chemical analysis
The samples taken from digesters were centrifuged at 10,000 rpm
for 10 min, and supernatants were ﬁltered by 0.45 um cellulose nitrate
membrane ﬁlters. The analysis methods for TSS, volatile suspended
3−
solid, total COD, soluble COD, NH+
4 , PO4 and pH were the same as the
methods described in previous studies (He et al., 2016a, 2019a,
2019b). The components of methane and SCFAs were detected by gas
chromatography (Agilent Co., Ltd., USA) (Wang et al., 2019b, 2020b).
Soluble PSs were measured by phenol‑sulfuric acid method, and soluble
PNs were detected by a protein kit (Sangon Biotech Co., Ltd., Shanghai).
The detected methods for BACs were listed in supporting materials
(Tezel et al., 2006; He et al., 2019b).

3.1. Performance of WAS anaerobic digestion under long-term stress of
BACs
3.1.1. The production of methane
Methane has been proved as a potentially renewable energy (He
et al., 2019b; Wang et al., 2019b). Fig. 1 shows methane production
under long-term stress of BACs. In phase I, the production rates of methane showed increase trends in C, L, and M, it was the highest in C,
followed by L and M. The average production rate of methane in C
was 0.051 m3/(m3·d), 1.5-fold than that of L. It has been reported that
methanogenesis would be inhibited with QACs of above 25 mg/L in
batch study (Tezel et al., 2006), so the activities of methanogens may
also be inhibited ﬁrstly at a low level of BACs (e.g., 30 mg/L) in present
study. In addition, sludge replacement was actually equal to a shock, so
a longer time was needed to be recovered to C. The production rate of
methane in M was reduced to 0.008 m3/(m3·d), equaling to 15.7% of
C. Specially, the methanogenesis was almost completely inhibited in
H, and hydrogen accumulation was detected, with an average production rate of 0.0002 m3/(m3·d) (Fig. S4).
Different from start-up stage, the production rates of methane
between C and L were similar (P = 0.16>0.05) in phase II, with
averages of 0.059 and 0.055 m3/(m3·d). For M, it was reduced to
0.011 m3/(m3·d), equaling to 20% of C. Similar with phase I, hydrogen
was still detected in H, and the methane production was less than 1%

2.3.2. EPSs extraction and analysis
The EPS, a dynamic two-layer membrane structure, includes a
loosely and tightly bound layer, i.e., LB- and TB-EPSs (He et al., 2018;
Liu et al., 2020). The methods for EPSs extraction and evaluation were
referenced with previous studies (He et al., 2016b, 2018, 2019b). The
speciﬁc method was listed as follows: Firstly, 10 mL sludge sample
was centrifuged at 4000 g for 10 min, and the ﬁltrate obtained by
0.45 um cellulose nitrate membrane ﬁlter was considered as dissolved
organic matters (DOMs). Secondly, the volume of residue was adjusted
to 10 mL by 0.05% NaCl with temperature of 70 °C, and the mixture was
mixing quickly by a vortex, the ﬁltrate was served as LB-EPSs. Thirdly,
after LB-EPS extraction, the residue in centrifuge tube was adjusted to
original volume by 0.05% NaCl with temperature of 70 °C, and the mixture was mixing quickly by a vortex, then the centrifuge tube was
treated for 30 min at a water-bath shaker with temperature of 60 °C,
ﬁnally the ﬁltrate was considered as TB-EPSs. As PSs and PNs were the
two main components in either LB- or TB-EPSs, the changes of them
were employed to evaluate the effects of BACs on EPSs.

Phase Ⅰ

Phase Ⅱ

Me thane production rate
(m3/(m3·d))

0.1

2.3.3. Evolution and activities analysis of microbial community
The activities of a-glucosidase and protease, two key enzymes responsible for PSs and PNs hydrolysis, were identiﬁed to evaluate effects of BACs on sludge hydrolysis. And the detection methods
were referenced with previous studies (Goel et al., 1998; He et al.,
2018) and modiﬁed appropriately, which were shown in supporting
materials.
The structures of microbial community on day 30th and 60th, including bacteria and archaea, were analyzed to reveal the long-term effects
of BACs on the evolution of functional microorganism. The 16S rRNA
gene-based IlluminaMiSeq sequencing were employed, and the detailed
methods for DNA extraction, ampliﬁcation, and sequencing could be
found in previous studies (He et al., 2019a, 2019b). Amplicon liberates
were constructed based on bacterial fused primers 338F (ACTCCTACG
GGAGGCAGCAG) and 806R (GGACTACHVGGGT-WTCTAAT), and the
primers for archaea were 524F10extF (TGYCAGCCGCCGCGGTAA) and
Arch958RmodR (YCCGGCGTTG A VTCCAATT). The data analysis
methods for microbial communities were the same as previous studies
(He et al., 2019a, 2019b; Wang et al., 2019b, 2020b).
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I, and tended to be stable in phase II. This could be attributed to anaerobes' domestication at start-up stage, resulting in lower substrate utilization. With enrichment of functional microorganisms, the utilization
efﬁciencies of soluble PSs were improved. In addition, soluble PSs in efﬂuent of H were higher than that of inﬂuent within the ﬁrst few days. A
high level of BACs could not only promote sludge solubilization signiﬁcantly (Fig. S3(a)), but also inhibit anaerobes' activities.
In phase II, the concentrations of soluble PSs in efﬂuent of C and L
were similar (P>0.05) and the lowest, following by M, whereas they
showed the highest in H (Fig. 3(a)). In addition, the average concentrations in efﬂuent of phase I were all higher than that of phase II, with removal efﬁciencies of 69.1%, 68.5%, 64.4% and 19.2% for C, L, M and H
(Fig. 3(a')). These results indicated that a low level of BACs had no obvious effect on the utilization of soluble PS in continuous anaerobic digestion system. For M, although the SRT was 2 times of C, soluble PSs were
increased by 4.62%. From batch experiments, a medium level could accelerate the release of PSs, increased by 26.5%. Thus, a medium level of
BACs could not only promote the solubilization of PSs, but also increase
their utilization. However, the concentration of soluble PSs only increased by 41.57% at a high level of BACs, but it was 1.55 times higher
than that of C in efﬂuent, indicating that a high level of BACs may have
an adverse effect on the utilization of soluble PSs by anaerobes.
The change trends of soluble PNs were similar with soluble PSs, and
the difference was that soluble PNs in M and H were similar (P>0.05),
which were slightly higher than that of C and L (Fig. 3(b)). The possible
reason was that more soluble PNs were achieved in H (Fig. S3(b)), and
their increased rates were higher than the consumption rates. At the
stable period, the removal efﬁciencies of soluble PNs were 67.1%,
67.7%, 56.7% and 54.6% for C, L, M and H, which were all higher than
that of phase I (Fig. 3(b')). Therefore, a low level of BACs had also no obvious effect on changes of soluble PNs. Different from soluble PSs, the removal efﬁciencies of soluble PNs at medium and high levels of BACs
were similar (P>0.05). From batch experiments, although the promotion of soluble PNs was increased by 28.5% in H compared to C (Fig. S3
(b)), the removal efﬁciency was only decreased by 12.4% (Fig. 3(b')),
suggesting that a high level of BACs may accelerate both PNs release
and utilization. Especially, the removal efﬁciency of soluble PNs was
2.84-fold than that of soluble PSs at a high level of BACs, the possible
reason was that some microorganisms, serving soluble PNs as substrates, were enriched, whereas some utilizing soluble PSs as substrate,
were inhibited.

of C. In addition, the content variation trends of methane in biogas also
affected by the levels of BACs (Fig. 1(b)), and the percentages of methane were the highest in C and L, with the values of more than 68%, and it
was reduced to 27.7 ± 1.70% in M.
3.1.2. The accumulation of SCFAs
The SCFAs, key intermediate products of anaerobic digestion, were
the preferred carbon source for methanogens. As shown in Fig. S5, the
accumulations of SCFAs all showed decrease trends in the ﬁrst few
days, then it showed a gradual increase trend in H, which was different
from the other three levels, the possible reason was that with operation
time going on, the microorganisms, tolerated stress of a high level of
BACs, were enriched, whereas the methanogenesis was still inhibited
(Tezel, 2015; Tezel et al., 2006).
In phase II, the highest accumulation of SCFAs was obtained in H, and
a medium level of BACs also resulted in a higher accumulation of SCFAs
than that of C. Similar with methane production, there were no signiﬁcant difference between C and L (P = 0.17>0.05). The maximum SCFAs
accumulation in the case of a high level of BACs could be attributed to
the following two aspects: on one hand, a high level of BACs promoted
WAS solubilization (Fig. S3), and more substrates were provided for
acidiﬁcation stage, on the other hand, the activities of methanogens
were inhibited (He et al., 2018, 2019a; Tezel et al., 2006; Zhang et al.,
2015). In addition, the accumulations of SCFAs showed little declines
for all conditions (Fig. S5), the possible reason was that both soluble
PNs and PSs in inﬂuent were all decreased (Fig. 3), leading to substrate
reductions.
Although each SCFA under all conditions showed some ﬂuctuations
in phase I, it was stable in phase II (Fig. 2). Similar to C, the main
component was still HAc with the presence of BACs, accounting for
45.4%, 38.0%, 47.3% and 39.8% for C, L, M and H. In addition, the order
of individual SCFA in both phase I and II were the same, i.e., HAc >
HPr > iso-HVa > n-HBu > iso-HBu > n-HVa. These results suggested
that BACs may do not affect the distributions of SCFAs.
3.2. The changes of EPSs under the long-term stress of BACs
3.2.1. The changes of soluble PSs and PNs
PSs and PNs were the two main components of WAS, and the preferred substrates for hydrolysis (He et al., 2018; Pang et al., 2020). The
changes of soluble PSs in efﬂuent all showed decrease trends in phase
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organic matters from EPSs compared to C, and proved that sludge solubilization improvement may mainly attribute to cell lysis caused by permeation damage of BACs to cell membranes (Zhang and Zhao, 2010),
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3.2.2. The changes of PSs and PNs in LB- and TB-EPSs
As PSs and PNs were the major components of total EPSs (He et al.,
2019a; Sheng et al., 2010), the changes of them in phase II were studied
to reveal long-term stress of BACs on EPSs (Fig. 4). Compared with inﬂuent, PSs showed decrease trends in TB-EPSs under all conditions, from
67 to 22 mg COD/L. It was noted that compared to C, a low level of
BACs had no signiﬁcant effect on PSs in TB-EPSs, but both medium
and high levels, especially the latter, caused signiﬁcant PSs decreases
(Fig. 4(a)). On one hand, although TB-EPSs presented dense layer
structures, they were susceptible to be destroyed (He et al., 2018), a
high level of BACs led to more increase of soluble PSs in suspension
(Fig. S3(a)), on the other hand, the organic matters in total-EPSs could
be served as carbon sources for microorganisms (Sheng et al., 2010),
as TB-EPSs were contacted with microbial cells, PSs in TB-EPSs might
be used as substrates ﬁrstly (He et al., 2019a). Similar to TB-EPSs, PSs
in LB-EPSs reduced by 32.9–66.8% compared to inﬂuent, which
attributed to the utilization of microorganisms (Sheng et al., 2010). In
contrast to TB-EPSs, PSs in LB-EPSs showed increase trends with BACs
increasing. Although LB-EPSs layer were loose structures, they had the
potentials to adsorb DOMs (He et al., 2019a; Yang et al., 2015), and
higher BACs may reinforce this process. In addition, the removal of PSs
in total EPSs increased from 37.7% to 55.2% with BACs increasing from
low to high, indicating that BACs can enhance the removal of PSs
from total EPSs, and more BACs caused more enhancement effect.
Moreover, although the changes of PNs in either LB- or TB-EPSs were
the same as PSs, the PNs removal in total EPSs were similar, with
averages of 31.6%, 34.4%, 32.7% and 31.9% for C, L, M and H, respectively
(Fig. 4(b)).
3.2.3. The inﬂuence of BACs on sludge characteristics related to EPSs
In order to evaluate the presence of BACs on sludge characteristics
related to EPSs, the changes of total EPSs were analyzed. As the contents
of PSs and PNs accounted for about 50–72% of total EPSs (He et al.,
2016a; Sheng et al., 2010), the sums of them represented total LB- and
TB-EPSs. As shown in Fig. 4(c), the levels of total EPSs were similar,
with removal efﬁciencies of 32.8%, 35.4%, 35.2% and 35.4% for C, L, M
and H (Fig. 4(b)). The possible reason was that compared to PSs, PNs
were predominant for total EPSs, accounting for 86.4%. The above
results indicated that BACs did not obviously enhance the release of
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H was only 31.5% of C, and Thermomicrobia was increased to 2.87-fold
of C. Bacteroidia, belonged to Bacteroidetes, was also reduced in H,
whereas Synergistia was additionally enriched (Fig. 5(b)).
More detailed information on bacterial communities are provided at
genera level (Fig. 5(c)). Clostridias, including Acetoanaerobium,
Proteiniclasticum, Tissierella and Proteocatella were all reduced with the
presence of BACs, especially Acetoanaerobium, accounting for 17.8%
and 17.2% in C and L, whereas only 6.32% and 0.003% in M and H.
Candidatus_Microthrix and Mycobacterium, belonged to Actinobacteria,
increased to 23.3% and 2.30% in H. The distributions of above genus
were similar between phase I and II. Cloacibacillus and Aminomonas,
belonged to Synergistia, were enriched by a high level of BACs, with
the sum of 5.27% in phase I, and further increased to 8.45% in phase II,
but there was no detection in C and L. Besides, Fusobacterium,
Turicibacter and Intestinibacter were also enriched in H. Particularly,
Sedimentibacter, belong to Clostridia, was greatly enriched in M, with
percentages of 3.94% and 2.55% in phase I and II, but it was lower in
other three digesters, with the abundances of 0.00–0.65% and
0.009–0.18%, respectively. These results revealed that the presence of
BACs could do signiﬁcant effects on bacterial communities, which corroborated the performance.

rather than the disruption of EPSs. As LB-EPSs performed negative effects on sludge ﬂocculation and settleability (Li and Yang, 2007; Sheng
et al., 2010), BACs may result in poorer ﬂocculation and settleability of
anaerobic sludge. Besides, LB-EPSs were found to be negative for sludge
dewatering, whereas TB-EPSs were insigniﬁcant (Dai et al., 2018), so
BACs also did adverse effects on sludge dewatering. An increased PSs
fraction in total EPSs could promote sludge dewatering (Cetin and
Erdincler, 2004; Sheng et al., 2010), but the ratio between PSs and PNs
in total EPSs decreased linearly (R2 = 0.8237) with the increase of
BACs (Fig. 4(c)), further indicating that dewatering performance of anaerobic sludge could be worsen by the presence of BACs.
3.3. The evolution of anaerobic microorganisms under the stress of BACs
3.3.1. The impact of BACs on bacterial community
Fig. 5 shows the bacterial communities at phylum, class, and genera
levels. In phase I, Firmicutes, Proteobacteria, Actinobacteria and Chloroﬂexi
were the most four shared dominant phyla in all digesters, accounting for
79.6%, 84.7%, 68.7% and 82.1%, respectively. Differently, Bacteroidetes was
enriched in C (8.55%), L (8.25%) and M (7.15%), whereas Synergistetes was
enriched in M (5.17%) and H (5.45%). Firmicutes, Proteobacteria,
Actinobacteria, Chloroﬂexi and Bacteroidetess have been reported as the
main phyla in traditional anaerobic digesters, and Synergistetes is a
minor phylum (Nelson et al., 2011; Wong et al., 2013). The obtained results revealed that a high level of BACs led to a signiﬁcant decrease of
Firmicutes and Bacteroidetes, only 14.2% and 0.06%, but an enrichment
of Synergistetes, which plays a crucial role in protein degradation
(Nelson et al., 2011). Similar to phase I, Firmicutes was still the highest
in C (30.1%), L (30.3%), and M (33.7%) in phase II, but both Bacteroidetes
and Synergistetes in M all decreased (Fig. 5(a)), and Synergistetes increased to 10.5% in H, proving the enhanced soluble PNs removal at a
high level of BACs. Further resolutions at class level revealed that Clostridia
in H, belonged to Firmicutes, was reduced to 12.1% compared to C (37.2%),
conversely, Actinobacteria was greatly enriched in H (41.3%), 2.25-fold
than C. Although Chloroﬂexi in all digesters were similar, Anaerolineae
and Caldilineae decreased with the increase of BACs, the sum of them in
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3.3.2. The impact of BACs on archaeal community structure
For archaea community, the percentages of Euryarchaeota was more
than 97% in both phases I and II for all digesters. Methanobacteria and
Methanomicrobia were the two predominant classes, accounting for
96.8–99.3% (Fig. 6(a)), and an increase of Methanobacteria was observed in M and H.
Further resolution at genera level revealed the changes of microbial
compositions related to the stress of BACs (Fig. 6(b)). The predominant
methanogens in all digesters were Methanosaeta, Methanobacterium,
Methanobrevibacter and Methanosarcina. Among them, Methanosaeta
(35.9% in C and 24.6% in M) and Methanobacterium (37.6% in C and
57.7% in M) were the two dominant methanogens in C and M, which
were known as the acetotrophic and hydrogenotrophic methanogens
(Xiao et al., 2019). Methanosaeta (32.2%), Methanosarcina (28.5%, a
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mixotrophic methanogens (Kern et al., 2016)) and Methanobacterium
(24.3%) were predominant in L. Methanosaeta and Methanobrevibacter
were the major genus in H, accounting for 35.3% and 48.2%. In phase
II, the predominant methanogens were the same as phase I, but the
abundance of Methanosaeta decreased from 35.3% to 11.8% by BACs. Inversely, Methanosarcina increased to 33.7% in L, and Methanobrevibacter
increased to 24.3% and 55.1% in M and H. These results suggested that
the dominant archaeal community structure may be shifted from
acetotrophic to mixotrophic, and further to hydrogenotrophic
methanogens with the increase of BACs.
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With the long-term stress of BACs, the involved four steps in anaerobic digestion of WAS, including solubilization, hydrolysis, acidogenesis
and methanogenesis were all affected. Fig. 7 shows relationships between anaerobic digestion performance and BACs loading, the solubilization of sludge was accelerated, more BACs could result in more
organic matters release from EPSs or cells. The sums of PSs removal in
LB- and TB-EPSs were promoted by BACs, but the removal efﬁciencies
of total EPSs, calculated by the sums of PSs and PNs in LB- and TB-EPSs
were similar (Fig. 7(a)), suggesting that the enhanced DOMs mainly attributed to cell lysis. In hydrolysis stage, soluble PSs and PNs were all the
preferred substrates at a low level of BACs, but soluble PNs was more
preferred than PSs at a high level of BACs (Fig. 7(b)). The activities of
a-glucosidase and protease, two key enzymes responsible for PSs and
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4.2. Response characteristics of anaerobic microorganisms to BACs

PNs hydrolysis, were identiﬁed. Compared to C, a low or medium level
of BACs promoted the activities of a-glucosidase, with the increase
rates of 90.3% and 65.8%, whereas a high level led to an inhibition,
with the inhibition rate of 133.8%. Differently, the activities of protease
were enhanced, with the increase rates of 32.7, 43.3 and 56.1%, and
the by-products, NH+
4 , increased by 63.6 ± 1.28, 107.2 ± 8.36 and
133.8 ± 0.62% for L, M and H. These results corroborated the changes
of soluble PSs and PNs (Fig. 3). In acidogenesis stage, the enhanced
accumulation of SCFAs at either medium or high BACs level attributed to two aspects: one was the improvement of solubilization
and hydrolysis, and the other was the inhibition of methanogenesis
(Fig. 1). Specially, the accumulations of HAc were similar when the contents of BACs were increased from medium to high levels (Fig. 7(c)).
In methanogenesis stage, a slightly higher production of methane was
observed in L than that of C. Previous study reported that the
methanogenesis could be promoted with QACs ranging from 5 to
40 mg/L in anaerobic digesters (Yue et al., 2004), it was approximately
30 mg/L for L in present study. When the contents of BACs were further
increased, the inhibition of methanogenesis became more and more serious (Fig. 7(d)).

The presence of BACs in WAS anaerobic digesters resulted in a significant effect on functional microorganisms, and the corresponding
microbial communities related to BACs were analyzed by principal coordinates analysis (PCoA) (Fig. 8). When BACs loading in anaerobic
digesters was low, the bacterial communities were similar between C
and L in phases I and II, especially in the latter. When the BACs loading
increased to medium, the microbial communities of C-I and M-I were diverged, and this difference was reduced in phase II (i.e., C-II and M-II). The
distance between phases I and II was almost zero for H, and distinctly
different from C, L and M (Fig. 8(a)). The above results further suggested
that long-term operation of WAS anaerobic digestion at either a low or
medium level of BACs could reduce the difference of bacterial communities between C and BACs groups. A similar change trend was also observed in the case of archaeal communities, but compared to bacterial
communities, archaeal communities were also signiﬁcantly affected by
low level of BACs (Fig. 8(b)). These results indicated that the microbial
communities were shifted away from C when BACs loading was increased, and the archaea was more sensitive than bacteria.
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Based on PCoA results, the shifts in BACs-communities away from C
were further revealed by analyzing co-existing relationships of anaerobic
microorganisms to BACs loading. For bacteria (Fig. 8(c)), Firmicutes,
associated with the bioconversion of PSs to HBu, HPr and HAc (Wong
et al., 2013; Xiao et al., 2019), were increased in L (31%) and M (30%),
but reduced in H (15%) compared to C (23%). When the content of BACs
was not more than medium level, Actinobacteria, capable for either HPr
production or sludge bulking (Nelson et al., 2011), were similar
(17–20%, P = 0.35>0.05), and it was increased to 40% at a high level of
BACs. Proteobacteria, the main consumers of HPr, HBu and HAc (Wong
et al., 2013), were similar in all anaerobic digesters (P = 0.53>0.05),
and Bacteroidetes, responsible for bio-conversion of PNs and amino
acids into HAc (Wong et al., 2013), decreased linearly (k = −0.74, R2 =
0.9997), its abundance was nearly zero at a high level. Synergistetes, capable for PNs and amino acids degradation in acidogenic phase (Nelson
et al., 2011; Su et al., 2019; Xiao et al., 2019), increased linearly (k =
1.32, R2 = 0.9897) with the increase of BACs. In addition, a high level
of BACs also caused the decreases of Chloroﬂexi (from 32% to 18%)
and Acidobacteria (from 48% to 8.2%), whereas the increases of
Saccharibacteria (from 24% to 34%) and Chlamydiae (from 21% to 45%)
were observed. Among them, Chloroﬂexi was responded for PSs degradation (Wong et al., 2013). Moreover, it has been reported that the ratio between Firmicutes to Bacteroidetes (F/B) can be served as an indicator for
anaerobic digestors (Chen et al., 2016). In this study, an increase of BACs
resulted in an increase of F/B (5.81 to 34.8), which were consistent with
the changes under the shocks of ammonia (Chen et al., 2018) or pentachlorophenol (Xiao et al., 2019).
As shown in Fig. 8(d), the acetotrophic methanogen, Methanosaeta,
was reduced from 35% to 2.4% with BACs loading increasing from low
to high. Methanosarcina, a mixotrophic methanogens, was the highest
in L (74%), and the hydrogenotrophic genus such as Methanobacterium
and Methanobrevibacter, were the highest in M and H, with percentages
of 44% and 54%. These results further indicated that the presence of
BACs shifted predominant genus from acetotrophic to mixotrophic,
then to hydrogenotrophic methanogens, and the consumption reduction of HAc led to the accumulation of SCFAs (Fig. S5), especially HAc
(Fig. 2). These similar results have also been observed in an anaerobic
reactor treating wastewater contained pentachlorophenol (Xiao et al.,
2019). In addition, although Methanobrevibacter was the most in H,
the production of methane was almost completely inhibited, and hydrogen production was observed, suggesting that the activities of
Methanobrevibacter were also possibly inhibited in H.
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