
Performance and microbial response of anaerobic membrane 
bioreactor to oil and salt co-occurrence in food 
wastewater treatment

Xueqi Chen a, Ashley J. Ansari b, Shuang Han c, Yongzhen Peng a, Xiaoye Song a,*

a National Engineering Laboratory for Advanced Municipal Wastewater Treatment and Reuse Technology, Engineering Research Centre of Beijing, 
Beijing University of Technology, Beijing 100124, China
b Centre for Technology in Water and Wastewater, School of Civil and Environmental Engineering, University of Technology Sydney, Ultimo, NSW 
2007, Australia
c State Key Laboratory of Membrane Materials and Membrane Applications, Tianjin Motimo Membrane Technology Co.,Ltd., Tianjin 300457, China

A R T I C L E  I N F O

Keywords:
Anaerobic membrane bioreactor
Salt
Oil
Methane production
Methanogenesis

A B S T R A C T

High concentrations of oil and salt can adversely affect the effectiveness of anaerobic membrane 
bioreactors (AnMBRs) for food wastewater treatment, yet the impacts of their co-occurrence 
remain unknown. This study evaluated the performance of an AnMBR in response to simulta
neous oil and salt stressors in synthetic food wastewater, in terms of methane production, 
membrane fouling, and microbial activity. Results show that either 8 g/L of cooking oil or 9 g/L 
NaCl in food wastewater caused the failure of AnMBR operation with a notable reduction in 
methane production and severe membrane fouling. However, the co-occurrence of oil and salt 
achieved a higher methane yield compared to oil stress alone. Additionally, the co-occurrence of 
oil and salt could alleviate osmotic stress to reduce microbial secretions and form macromolecular 
precipitates, thereby mitigating membrane fouling, compared to oil and salt alone. Such miti
gation was due to the co-occurrence of high oil and salt to reduce long-chain fatty acids, 
enhancing living cells and their electron transfer activity. Further microbial analysis evidenced 
that the co-occurrence of oil and salt enriched hydrolytic and acidogenic bacteria (e.g. Bacter
oidetes, Proteobacteria, Thermotogae, and Synergistetes) as well as hydrogenotrophic metha
nogens (e.g. Methanolinea) to upregulate genes related to methanogenesis for methane 
production. Furthermore, key enzymes involved in the hydrogenotrophic methanogenesis 
pathway (M00567) were augmented when 8 g/L of oil was simultaneously added with 9 g/L of 
salt.

1. Introduction

Food wastewater is an emerging issue for municipal waste treatment authorities due to the increasing production of food waste as a 
result of rapid urbanization. It has been reported that the concentration of salt (e.g., NaCl) in food wastewater is in the range of 7–12 g/ 
L, whereas the oil concentration was more variable, ranging from 1.64 to 11.3 g/L (Dereli et al., 2015; Zhao et al., 2016). Moreover, 
some studies have found that the oil concentration is relatively high, generally above 6 g/L (Kurian et al., 2005). Anaerobic membrane 
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bioreactors (AnMBRs) present an innovative approach for both food wastewater treatment and resource recovery (Wang et al., 2023). 
During the anaerobic treatment of food wastewater, methane can be produced from organic materials like proteins and oils through the 
action of anaerobic microorganisms (Liu et al., 2024). Furthermore, the membrane in the AnMBR can decouple the sludge retention 
time (SRT) and hydraulic retention time (HRT) to improve organic methanization and effluent quality (Liu et al., 2020). However, the 
high oil and salt content, typical of food wastewater, can adversely affect the efficiency of AnMBR regarding methane production and 
membrane fouling (Ramos et al., 2014).

High oil concentrations can disrupt anaerobic microbial activity, leading to reduced methane production and severe membrane 
fouling in AnMBR systems. For instance, it has been reported that a high oil concentration of approximately 11.3 g/L reduced the 
methane yield by 25 % during AnMBR treatment of corn-to-ethanol wastewater (Dereli et al., 2014). Although oil has a high methane 
production potential (Deaver et al., 2021), its overdosage can lead to a substantial accumulation of volatile fatty acids (VFAs), which 
inhibit methanogen activity and therefore reduce methane production (Gao et al., 2024). More importantly, oil commonly hydrolyzes 
into long-chain fatty acids (LCFAs) (Palatsi et al., 2012), which are hydrophobic. These fatty acids create a physical barrier to inhibit 
the growth and activity of methanogenic bacteria by limiting the transfer of nutrients and metabolites (Zhang et al., 2023). Moreover, 
elevating oil concentrations can worsen membrane fouling. Han et al. (2024) observed that increasing the oleate-Na concentration 
from 2 to 4 g/L caused trans-membrane pressure (TMP) to rise from 0.19 to 0.21 kPa/d. This increase was attributed to the accu
mulation and subsequent adhesion of LCFAs onto polymeric membranes in AnMBR via hydrophobic interactions.

High salt concentration can also hinder the activity of anaerobic microbes (e.g. methanogens) and stimulate the production of 
soluble microbial production (SMP) and extracellular polymeric substance (EPS) (Xiao et al., 2022). These impacts could reduce 
methane production and aggravate membrane fouling (Kumar Biswal et al., 2020). Although Na+ can enhance enzymatic activity and 
help maintain osmotic balance, its concentrations of exceeding 1 % can cause cell disintegration (Chen et al., 2008). Zhao et al. (2017)
reported that increasing the salt concentration from 2 to 15 g/L caused an 88.5 % of reduction in methane yield. Such reduction was 
attributed to osmotic imbalance, which led to water loss from microbial cells and reduced enzyme activity, and eventually plasmolysis 
or cell death. Wang et al. (2023) also noted that increasing the salt concentration from 0 to 10 g/L increased the membrane fouling rate 
up to 24.4 kPa/d given the excessive secretion of SMP at high salinity. Furthermore, elevated salt levels can disrupt the multivalent 
cation bridge between EPS molecules, causing sludge deflocculation and deterioration to aggravate membrane fouling (De Tem
merman et al., 2014).

Despite recent studies to examine AnMBR performance in response to the individual occurrence of salt or oil, the interactive 
impacts of these two inhibitors remain unknown. Therefore, this research sought to explore the impacts of high oil and salt co- 
occurrence on AnMBR performance during food wastewater treatment. Cooking oil and NaCl were incorporated into synthetic food 
wastewater to reach the inhibitory levels. AnMBR performance was evaluated by monitoring methane yield, membrane fouling, and 
VFAs production in a lab-scale reactor. To further understand the microbial activity, living cell counts and electron transfer system 
(ETS) activity were analyzed. Furthermore, the dynamics of microbial community structure and metabolic functions within the mixed 
liquor and membrane surface were analyzed to elucidate the mechanisms driving AnMBRs response to the co-occurrence of oil and salt.

2. Materials and methods

2.1. Influent composition and sludge inoculum

The chemical oxygen demand (COD) of food wastewater has been reported to the range from 500 to 10,000 mg/L with most values 
approaching 5000 mg/L (He et al., 2023, 2005). The COD of 5000 mg/L was selected for the synthetic food wastewater in this study. 

Fig. 1. Schematic representation of the lab-scale AnMBR system.
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The wastewater was prepared daily and consisted of glucose (5000 mg/L), urea (540 mg/L), and potassium dihydrogen phosphate 
(220 mg/L). The trace elements, including 100 mg/L MgCl2⋅6 H2O, 50 mg/L CaCl2, 310 mg/L NaCl, 5 mg/L CoCl2⋅6 H2O, 25 mg/L 
FeCl2, and 5 mg/L NiCl2⋅6 H2O (Jeong et al., 2017), were also added. The high salt and oil content of real food wastewater was 
simulated using NaCl and blended oils from Dragonfish (containing 55 % peanut oil, 22 % sunflower oil, 12 % linseed oil, 6 % soybean 
oil, and 5 % canola oil).

The seed sludge utilized in the AnMBR was sourced from a municipal treatment plant in Beijing, China. The sludge underwent 
acclimatization for more than 60 days to enhance its performance in anaerobic digestion, achieving stable removal of organic matter 
exceeding 90 %, with methane content in the biogas reaching above 60 %.

2.2. AnMBR configuration and operation

This study utilized a lab-scale AnMBR system (Fig. 1). An external membrane cell, constructed from stainless steel, was included in 
the AnMBR and housed a tubular ceramic microfiltration membrane (MF) (Bona Biotechnology, China) with a pore size of 0.45 µm and 
an effective filtration area of 0.08 m². The AnMBR also included a continuous stirred tank reactor with a working volume of 4.4 L, 
equipped with a water bath to maintain the operating temperature at 35 ± 1 ◦C. A biogas analyzer (Biogas 5000, Geotech, UK) was 
used to analyze the composition of the biogas collected from the gas bag connected to the AnMBR. A high-precision pressure sensor 
(HG-808XB, Ho Asia, China; ± 0.1 kPa) monitored the TMP. The mixed liquor in the bioreactor was pumped into the MF membrane 
unit using a peristaltic pump (BT600FC, China), while a separate peristaltic pump (BT600FC, China) drew permeate from the MF 
membrane, operating on a cycle of 11 minutes on and 1 minute off.

Batch experiments were conducted to assess the effects of variable salt and oil concentrations on the anaerobic digestion of food 
wastewater (Text 1, Supplementary Information). In brief, the results demonstrated that while individual additions of oil (8.0 and 
10.0 g/L) and salt (9.0 and 12.0 g/L) inhibited methanogenesis, their co-occurrence at 8 g/L oil and 9 g/L salt enhanced methane yield 
by up to 30.45 % compared to individual additions. However, higher concentrations (O8S12, O10S9, and O10S12) resulted in severe 
acid accumulation and significant methanogenic inhibition, indicating that 8 g/L oil and 9 g/L salt represent the threshold of inhi
bition. Based on these findings, four treatments were designed for continuous AnMBR operation to assess its response to the inhibitory 
effects of simultaneous oil and salt. They included adding oil and salt to the feed solution at 0 and 0 g/L, 8 and 0 g/L, 0 and 9 g/L, 8 and 
9 g/L, and denoted as O0S0, O8S0, O0S9, and O8S9, respectively. All treatments were continuously operated for 25 days or until 
significant AnMBR collapse due to high oil and salt inhibition occurred. The AnMBR system was operated at the initial mixed liquor 
suspended solids (MLSS) content of 10 g/L and HRT of 2 days. No sludge was discharged except for sampling purposes. Sodium bi
carbonate was used periodically to regulate the mixed liquor pH at 7.0 ± 0.1.

2.3. Sampling and analytical methods

2.3.1. Basic water quality parameters
Influent, mixed liquor, and effluent samples were periodically collected for water quality analysis. All liquid samples were pro

cessed for the measurement of pH and electrical conductivity using a pH/conductivity meter (ST3100 M, OHAUS, USA), COD using the 
standard dichromate method, VFAs using gas chromatograph (GC7890, Agilent, USA) (Li et al., 2017), and LCFAs using a gas 
chromatography-mass spectrometry (Agilent Technologies Inc. CA, UAS) (Li et al., 2015).

2.3.2. Sludge characteristics
Mixed liquor samples were also prepared for sludge characterization. The concentration of EPS and SMP were assessed by 

quantifying their polysaccharide and protein contents (Liu et al., 2022). The Lowry-Folin method was used to quantify protein content, 
and the phenol-sulfuric acid method was employed to measure polysaccharide content (Miao et al., 2018). The particle size distri
bution of the mixed liquor was analyzed by a laser particle size analyzer (Microtrac, USA, S3500).

The ETS activity of microbial communities was measured using the INT 2-(p-iodophenyl)-3-(p-nitrophenyl)-5-phenyltetrazolium 
chloride method (Tian et al., 2017). The percentage of living cells was measured by flow cytometry (Luminex, America). All samples 
for the analysis of cell viability were prepared following established procedures (Brown et al., 2015), and then stained with SYTO9 
(Invitrogen, America) and PI (Solarbio, China) before being incubated in the dark for 15 minutes at room temperature (Benito et al., 
2020). After incubation, a flow cytometer was used to analyze fluorescence patterns, enabling the differentiation of live and dead cells 
based on their fluorescence intensities.

2.3.3. Membrane fouling characterization
TMP was measured in this study to assess membrane fouling. Furthermore, the Darcy law was used to determine the distribution of 

membrane resistance (Ninomiya et al., 2020; Wang et al., 2022): 

Rt =
TMP

μJ
# (1) 

Rt = Rm + Rc + Rf # (2) 

where J represents the permeate flux (m3⋅m− 2⋅s− 1); µ denotes the viscosity of the permeate (Pa⋅s); Rt, Rm, Rc and Rf represent the total 
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Fig. 2. Effects of high oil and salt concentrations on (a) biogas production, (b) methane yield, (c) TMP and (d) distribution of membrane resistance 
in AnMBR operation. The experiments were conducted under four distinct conditions, with varying oil (O) and salt (S) concentrations in the feed 
solution: O0S0 (0 g/L oil, 0 g/L salt), O8S0 (8 g/L oil, 0 g/L salt), O0S9 (0 g/L oil, 9 g/L salt), and O8S9 (8 g/L oil, 9 g/L salt).
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resistance (m− 1), intrinsic membrane resistance (m− 1), the cake layer resistance (m− 1) and the fouling blocking resistance (m− 1), 
respectively.

2.3.4. Microbial community analysis
At the conclusion of the AnMBR operation, the mixed liquor and cake layer were collected for high-throughput sequencing to 

analyze the microbial community structure. The V3–V4 hypervariable region of bacteria 16 S rRNA gene was amplified using the 
universal primer 341 F (5’-CCTAYGGGRBGCASCAG-3’) and 806 R (5’-GGACTACNNGGGTATCTAAT-3’). For the amplification of the 
V3–V4 hypervariable region of the archaeal 16S rRNA gene, the primers 519 F (5’-CAGCCGCCGCGGTAA-3’) and 915 R (5’- 
GTGCTCCCCCGCCAATTCCT-3’) were used. The amplification products were purified and then sequenced using NovaSeq 6000 
(Illumina, United States).

2.3.5. Data analysis
FlowJo software was used to process the cell viability data and differentiate live and dead cells. The functional gene analysis was 

conducted using the Kyoto Encyclopedia of Genes and Genomes Orthology (http://www.kegg.jp/kegg/ko.html). Microsoft Excel 2019 
was used for statistical analysis. The graphical representations were generated via Origin 2022.

3. Results and discussion

3.1. Methane production and membrane fouling

High oil and high salt concentrations in food wastewater, when tested separately, each resulted in a notable decline in methane 
production, ultimately causing AnMBR system failure (Fig. 2a&b). When no oil or salt was added (i.e. O0S0), this treatment exhibited 
stable daily biogas production of approximately 3.3 ± 0.1 L/d and a methane yield of approximately 0.20 L/gCOD. In practice, 
methane was partially dissolved in wastewater, leading to actual methane yield that was lower than theoretical values (Li et al., 2023). 
By contrast, the daily biogas production and methane yield gradually declined to 1.0 L/d and 0.03 L/gCOD on day 22, respectively, for 
the O8S0 treatment. This finding could be related to the conversion of high oil concentration (8 g/L) into LCFAs, which strongly adhere 
to the sludge, resulting in sludge flotation during AnMBR operation (Holohan et al., 2022; Szabo-Corbacho et al., 2024). It has been 
reported that oil could be hydrolyzed to LCFAs and glycerol to damage microbial activity and growth, thereby leading to the failure of 
anaerobic digestion (Rasit et al., 2015). Moreover, the O0S9 treatment experienced a significant decline in biogas production and 
methane yield to 2.2 L/d and 0.10 L/gCOD, respectively. Similar findings have been extensively documented, as high salt content can 
osmotically impair the activity of key enzymes (e.g. dehydrogenase) and cells (Buenaño-Vargas et al., 2024). Anwar et al. (2016)
investigated the effects of different salt concentrations on the long-term anaerobic digestion of real food waste and found that at 16 g/L 
NaCl, the methane yield was reduced by 80.6 % compared to the group without salt addition.

Compared to the O8S0 treatment, the O8S9 treatment suffered fewer negative impacts from the high oil concentrations. This result 
could be attributed to the adsorption and encapsulation of Na+ by oil and its derivations (e.g. LCFAs) to mitigate their inhibitory effects 
on microbes when oil and salt co-occurred (Liu and Jiang, 2020). However, the methane yield in O8S9 was lower than that in O0S9, 
possibly due to LCFAs from oil hydrolysis to adsorb onto cell surfaces and hinder nutrient and electron transfer (Elsamadony et al., 
2021). This interference negatively impacted methane production, resulting in a lower methane yield. Li et al. (2023) observed that the 
presence of oil at 5 g/L and salt at 6 g/L significantly reduced methane production which was further aggravated as their concen
trations increased to 25 and 12 g/L, respectively.

Fig. 3. Effects of high oil and salt contents on volatile fatty acids production. The experiments were conducted under four distinct conditions, with 
varying oil (O) and salt (S) concentrations in the feed solution: O0S0 (0 g/L oil, 0 g/L salt), O8S0 (8 g/L oil, 0 g/L salt), O0S9 (0 g/L oil, 9 g/L salt), 
and O8S9 (8 g/L oil, 9 g/L salt).
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Membrane fouling was characterized by TMP variation and membrane resistance, which varied in response to the addition of oil 
and salt (Fig. 2c&d). In the O0S0 treatment, membrane fouling was negligible as evidenced by an insignificant increase in TMP by the 
end of the experiment and a low Rt value. By contrast, when 8 g/L of oil was added to the influent, a notable TMP increase to 28.61 kPa 
was observed by the conclusion of the AnMBR operation, with a daily increase of 1.15 kPa. Ramos et al. (2014) also reported a notable 
increase in membrane fouling rate from 0.09 to 3.95 mbar/d as the oil concentration rose from 0.5 to 6.0 g/L. Further analysis of the 
membrane resistance distribution in the O8S0 treatment showed that Rc was the main component of Rt (accounting for 74.00 %) 
(Fig. 2d), possibly due to the high oil content which induced pore blockage and the formation of a cake layer as the main mechanisms of 
membrane fouling (Chung et al., 2023). A similar degree of aggravated membrane fouling also occurred in the O0S9 treatment, 
whereby the TMP increased to 29.68 kPa with the daily rate of 1.19 kPa/d. This notable TMP increase could be related to the increased 
SMP and EPS production (up to 16.28 and 34.33 mg/gVSS, respectively as shown in Fig. S3) from microbial activity and growth in 
response to the high salinity (Wang et al., 2023). The membrane resistance analysis showed that the O0S9 treatment had the highest 
value of Rc (2.09 ×1013 m− 1), indicating the key role of cake layer formation to membrane fouling. Indeed, high salt content reduced 
the sludge particle size (Table S3) to accelerate biomass movement and then attachment onto the membrane surface (Lin et al., 2009). 
Compared to O8S0 and O0S9, the O8S9 treatment with oil and salt co-occurrence alleviated membrane fouling with the TMP increase 
at 1.07 kPa/d to 26.8 kPa by the end of AnMBR operation. Such alleviation could be related to the formation of macromolecular 
precipitates from Na+ ions and LCFAs to enlarge sludge particle size and thus reduce their deposition on the membrane surface (Dereli 
et al., 2014). Moreover, the adherence of LCFAs to the surface of microbes reduced the osmotic stress from high salinity (9 g/L), to 
mitigate SMP secretion (9.57 mg/g VSS) and thus membrane fouling (Liu et al., 2017a).

3.2. LCFAs and VFAs production

It has been widely reported that LCFAs from oil hydrolysis could impair microbes, particularly acetoclastic and hydrogenotrophic 
methanogens in anaerobic digestion (Lalman and Bagley, 2001). At the end of the AnMBR operation, the total content of LCFAs in the 
O8S9 treatment (330.60 mg/L) was 20.86 % lower than that in the O8S0 treatment (417.73 mg/L) (Table S2). Such lower production 
of LCFAs was possibly due to the binding of Na+ to LCFAs, which could alleviate the inhibitory effects of LCFAs and thereby promote 
their further conversion (Liu and Jiang, 2020).

Compared to the O0S0 treatment, significant accumulation of VFAs were observed in the O8S0, O0S9, and O8S9 by the conclusion 
of the AnMBR operation (Fig. 3). In the O8S0 treatment, significant VFA accumulation occurred from day 20 up to 1358.89 mg/L with 
acetic acid and propionic acid concentrations at 500.17 mg/L and 650.52 mg/L, respectively (Fig. 3). Such notable VFA accumulation 
inhibited microbial activity, leading to system failure (Long et al., 2012). Xiao et al. (2017) found that when treating real food 

Fig. 4. Effects of high oil and salt contents on (a) percentage of living cells and (b) electron transport system (ETS) activity in AnMBR operation. The 
experiments were conducted under four distinct conditions, with varying oil (O) and salt (S) concentrations in the feed solution: O0S0 (0 g/L oil, 
0 g/L salt), O8S0 (8 g/L oil, 0 g/L salt), O0S9 (0 g/L oil, 9 g/L salt), and O8S9 (8 g/L oil, 9 g/L salt).
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wastewater with a pilot-scale AnMBR (oil concentration from 4.4 to 6.3 g/L), maintaining an appropriate OLR (4.7 kg COD/m3) was 
crucial for ensuring stable system performance, including VFA accumulation and pH stability. Similar VFA accumulation to 
3753.23 mg/L also occurred to the O0S9 treatment with the concentration of butyric acid and valeric acid to 1311.17 mg/L and 
1099.07 mg/L by the conclusion of the AnMBR operation, respectively (Fig. 3), which was due to the salt inhibited the methanogens 
activity which impede the conversion of VFAs into biogas (Martinez-Quintela et al., 2024). Compared to the O0S0 treatment, the O8S9 
treatment exhibited relatively higher VFA concentrations, however was much lower than that in the O0S9 treatment with the total 
concentration of less than 1500 mg/L. This reduction could be attributed to LCFAs from oil hydrolysis as an osmotic pressure buffer to 
facilitate VFA utilization by methanogenesis. Similar results have also been reported by Liu et al. (2017b) who observed an increase in 
oil concentration from 5 to 35 g/L reduce VFA production by approximately 30 % at the salt of 6 g/L. Nevertheless, compared to O8S0, 
the O8S9 treatment exhibited a higher concentration of VFAs, possibly due to the addition of salts to facilitate the conversion of LCFAs 
to VFAs (Liu and Jiang, 2020).

3.3. Living cells and electron transport system activity

The percentage of living cells was stable at 90.17 % for the O0S0 treatment, which however, decreased to 53 % and 55 % in the 
O8S0 and O0S9 treatments (Fig. 4a). Compared to O8S0 and O0S9, the percentage of living cells in the O8S9 treatment increased by 
22.64 % and 18.18 %, respectively. These results provided direct evidence of the suppressive effects of high salt and oil concentrations 
on microbial growth during AnMBR operation, which could be alleviated to some extent by their co-occurrence. Such conclusion could 
be further confirmed by ETS analyses. Compared to a stable ETS of 15.18 ± 0.31 mg INT/gTSS in O0S0, ETS decreased notably in the 
O8S0 and O0S9 treatments, but recovered for the O8S9 treatment (Fig. 4b).

3.4. Microbial dynamics

3.4.1. Microbial community structure in the bioreactor
Despite the addition of varying amounts of oil and salt in the synthetic wastewater, the predominant bacterial communities at the 

phylum level were comparable across the four AnMBR systems (Fig. 5a). They included Bacteroidetes, Proteobacteria, Thermotogae 
and Synergistetes. Nevertheless, the high salt and oil concentrations resulted in a significant difference in their relative abundances in 
AnMBR operation.

Bacteroidetes comprised 18.03 % in the O0S0 treatment, but this decreased to 11.90 % and 15.17 % in the O8S0 and O0S9 
treatments, respectively, due to the inhibitory effects of oil and salt. By contrast, Bacteroidetes constituted 22.02 % of the community 

Fig. 5. Microbial community structure in the bioreactor and the membrane cake layer: (a) bacteria community at the phylum level; (b) bacteria 
community at the genus level; and (c) archaeal community at the genus level. The experiments were conducted under four distinct conditions, with 
varying oil (O) and salt (S) concentrations in the feed solution: O0S0 (0 g/L oil, 0 g/L salt), O8S0 (8 g/L oil, 0 g/L salt), O0S9 (0 g/L oil, 9 g/L salt), 
and O8S9 (8 g/L oil, 9 g/L salt).
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in the O8S9 treatment. This phylum has been reported as a main hydrolytic bacterium in acidogenesis to convert organics into VFAs 
(Ma et al., 2021; Xu et al., 2021). As such, the enhanced COD removal rate observed in the O8S9 treatment could be attributed to its 
higher relative abundance of Bacteroidetes (Fig. S2). At the genus level, Macellibacteroides, reported to participate in VFAs generation, 
played a key role in influencing the abundance of Bacteroidetes (Luo et al., 2021). Its relative abundance in the O8S9 treatment 
(10.42 %) exceeded that in other treatments, potentially explaining the higher concentrations of acetic and butyric acids in this group.

The relative abundance of Proteobacteria was highest in the O8S9 treatment at 35.05 % (Fig. 5a), which indicated that the presence 
of both oil and salt favored Proteobacteria enrichment. Chen et al. (2019) attributed this to their strong salinity tolerance, enabled by 
ion regulation mechanisms that balance osmotic pressure through K+ import and Na+ export. Moreover, soybean oil has been shown to 
promote Proteobacteria growth due to their role in LCFA degradation (Sun et al., 2023). Oil and salt co-occurrence provided rich 
carbon and created favorable metabolic environments for hydrolysis and acidification to produce acetic acid during anaerobic 
digestion (Wu et al., 2017). Indeed, the predominance of the phylum Proteobacteria was primarily due to the genus Syntrophobacter, 
which were able to resist the high oil conditions due to their active role in the anaerobic methanization of LCFAs (Holohan et al., 2022; 
Putra et al., 2020), facilitating their further conversion. As a result, the improved performance of the O8S9 treatment could be linked to 
the higher relative abundance of Syntrophobacter compared to the O8S0 treatment (Fig. 5b).

The high oil and salt content in the O8S9 treatment increased the relative abundance of Synergistetes to 6.10 %, enabling efficient 
biodegradation of complex organic matter and fermentation of acetic acid into H₂ and CO₂ (Jang et al., 2014). In contrast, this 
abundance was only 1.09 %, 2.07 %, and 2.83 % in the O0S0, O8S0, and O0S9, respectively (Fig. 5a). Furthermore, a higher relative 
abundance of HA73 and vadinCA02, both from the phylum Synergistetes, was observed in the O8S9 treatment (Fig. 5b). The 
co-occurrence of oil and salt could enrich Synergistetes, particularly HA73 and vadinCA02, which play key roles in protein biodeg
radation, acetic acid production, and the acceleration of hydrolysis and acidification processes (Yin et al., 2017). These functions likely 
contributed to the improved COD removal rate observed in the O8S9 treatment (Fig. S2).

Compared to the O0S0 treatment, oil and salt addition enhanced the relative abundance of Thermotogae in the O8S0, O0S9, and 
O8S9 treatments (Fig. 5a). Studies have indicated that Thermotogae could tolerate elevated LCFAs by converting glycerol into acetate 
and hydrogen (Jensen et al., 2014) and adapt to high-salinity conditions (García Rea et al., 2023). Nevertheless, the co-occurrence of 
oil and salt in the O8S9 treatment reduced the enrichment of Thermotogae in comparison with the O8S0 and O0S9 treatments, which 
could be attributed to the intolerance to the combined stress induced by the co-occurrence of oil and salt. At the genus level, the key 
genus determining the phylum Thermotogae was Kosmotoga, which was involved in the metabolism of acetic acid and propionic acid 
(Yin et al., 2017). The relative abundance of Kosmotoga was 24.01 %, 14.13 %, 11.22 %, and 10.63 % in the O8S0, O0S9, O8S9, and 
O0S0 treatments, respectively (Fig. 5b). The higher abundance of Kosmotoga was likely due to the increased levels of acetic acid and 
propionic acid caused by the addition of oil and salt. These metabolites provide a favorable substrate for Kosmotoga, enhancing their 
growth and metabolic activity (Okoro et al., 2016).

The archaea community was predominantly composed of Methanosaeta and Methanolinea at the genus level (Fig. 5c). Methanosaeta, 
an acetoclastic methanogen (Cai et al., 2021), constituted 48.79 % of the community in the O0S0 treatment, increasing to 78.44 % in 
the O8S0 treatment and 50.02 % in the O0S9 treatment. By contrast, this relative abundance decreased to 40.19 % in the O8S9 
treatment. In contrast, the relative abundance of Methanolinea, a strictly hydrogenotrophic methanogen that reduced CO₂ into CH₄ 
using H₂ as an electron donor (Fujihira et al., 2018), increased from 8.83 % in the O8S0 treatment and 24.72 % in the O0S9 treatment 

Fig. 6. Microbial metabolism function profiles of each group at (a) KEGG level II and (b) KEGG level III in AnMBR operation. The experiments were 
conducted under four distinct conditions, with varying oil (O) and salt (S) concentrations in the feed solution: O0S0 (0 g/L oil, 0 g/L salt), O8S0 
(8 g/L oil, 0 g/L salt), O0S9 (0 g/L oil, 9 g/L salt), and O8S9 (8 g/L oil, 9 g/L salt).
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to 33.77 % in the O8S9 treatment. These findings suggested that the co-occurrence of high concentrations of oil and salt could impede 
the growth of acetoclastic methanogens while selectively enhancing the accumulation of specific hydrogenotrophic methanogens 
(Evans et al., 2019).

3.4.2. Microbial community structure in the membrane cake layer
To gain deeper insights into the relationship between membrane fouling and the high concentrations of oil and salt, the microbial 

community of the foulant cake layer was assessed (Fig. 5a&b). The main microbes in the membrane cake layer included Bacteroidetes 
(4.32–19.35 %) and Proteobacteria (6.81–16.23 %). Bacteroidetes, as a carbohydrate degrader, could produce EPS to induce mem
brane fouling (Niu et al., 2021). Proteobacteria, as the predominant phylum associated with membrane fouling, could secrete EPS and 
further promote the cake layer formation (Lei et al., 2021).

Bacteroidetes constituted 11.80 % in the O0S0 treatment, which decreased to 8.11 % and 4.32 % in the O8S0 and O0S9 treatments, 
respectively, but increased to 19.35 % in the O8S9 treatment. This profile was consistent with that occurred in the bioreactor, possibly 
due to microbes in the bioreactor were dragged by the permeate flow and adhered on the membrane surface or cake sludge (Hong 
et al., 2019). It was noteworthy that Bacteroidetes could degrade carbohydrates and proteins in the cake layer (Meng and He, 2015), 
thereby mitigating membrane fouling in the O8S9 treatment in comparison to O8S0 and O0S9 treatments.

The relative abundance of Proteobacteria increased from 15.18 % in the O0S0 treatment to 16.23 % in the O8S0 treatment, while it 
decreased to 5.19 % and 6.81 % in the O0S9 and O8S9 treatments, respectively. This was probably due to the availability of LCFAs 
provided by the added oil, which serves as a rich carbon source, facilitating the proliferation and metabolic activity of Proteobacteria. 
In contrast, the increased salinity probably introduced nutritional competition or inhibitory effects that suppressed the relative 
abundance of Proteobacteria in the cake layer. Syntrophobacter, a genus within the Proteobacteria phylum, was recognized as one of the 
primary pioneers in biofilm formation (Lei et al., 2021). The relative abundance of Syntrophobacter increased from 1.73 % in the O0S0 
treatment to 1.77 % in the O8S0 treatment, respectively. Syntrophobacter has been identified as a contributor to the conversion of 
propionic acid (Cao et al., 2021), suggesting that higher levels of propionic acid in the O8S0 treatment would support the proliferation 
of Syntrophobacter, thereby enhancing its role in propionic acid degradation. However, their relative abundances dropped significantly 
to 0.38 % and 0.41 % in the O0S9 and O8S9 treatment, respectively. This decline could be attributed to the moderate salt tolerance of 
Syntrophobacter (max 1.2 M Na+) (Sorokin and Chernyh, 2016), which suggested that high concentrations of salt (9 g/L) impacted the 
growth of this genus. The relatively low abundance of Syntrophobacter in the O8S9 treatment was detrimental to biofilm formation, 
thereby effectively mitigating the potential for membrane fouling.

3.5. Microbial metabolic functions in the bioreactor

To thoroughly understand the impact of oil and salt on microbial metabolic functions, a pairwise comparison based on functional 
differences in the KEGG was conducted. The secondary metabolic pathways (level II) mainly included carbohydrate metabolism 
(10.21 %-10.30 %), metabolism of cofactors and vitamins (9.82 %-10.83 %), and amino acid metabolism (11.00 %-11.34 %) (Fig. 6a). 
Compared to the O8S0 and O0S9 treatment, the co-occurrence of high oil and salt content in the O8S9 treatment promoted amino acid 
metabolism, accounting for 11.34 % of the metabolic group. This enhancement increased amino acid transport and metabolism, 
accelerating the metabolism of protein-like organic substance to facilitate the biodegradation of macromolecular organics (Zhang 
et al., 2023).

The KEGG level III analysis was performed to clarify the specific metabolic pathways and functional genes involved in the anaerobic 
digestion process (Fig. 6b). Pyruvate metabolism was related to hydrolysis, which could facilitate the conversion of pyruvate to acetyl- 
CoA and its abundance indicated the intensity of hydrolysis (Chen et al., 2024; Wu et al., 2023). The increased abundance of pyruvate 

Fig. 7. Key metabolic pathways and associated genes encoding functional enzymes involved in methanogenesis during the operation of AnMBR 
under different oil and salt conditions.
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metabolism in O8S9 was mainly due to its high activity of key enzymes (e.g. NAD-dependent lactate dehydrogenase) in propionate 
formation. This result suggested that oil and salt co-occurrence promoted hydrolysis and thus enhanced propionic acid production 
(Fig. 3). The TCA cycle served as the final metabolic pathway for the three major nutrients (carbohydrates, lipids, and amino acids), 
which were essential for energy metabolism (Wang et al., 2023). The proportion of the TCA cycle in the O8S9 treatment slightly 
increased by 6.16 % and 1.10 % in comparison to O8S0 and O0S9, respectively, thereby enhancing the microbial activity and organic 
metabolism (Wang et al., 2023).

3.6. Methanogenic pathway

To investigate the methane metabolism, genes for key enzymes in three methanogenic pathways were analyzed: hydrogenotrophic 
(M00567), acetoclastic (M00357), and methylotrophic (M00563) (Fig. 7). These pathways played crucial roles in methane production, 
with the M00357 being the primary contributor (43.7 %-51.1 %), followed by the M00567 (16.9 %-47.8 %).

In M00567, methane was produced by CO2 and H2, with coenzyme F420 acting as a redox cofactor (Gao et al., 2024). 
Methylenetetrahy-dromethanopterin dehydrogenase [EC:1.5.98.1], 5,10-methyl-enetetrahydromethanopterin reductase 
[EC:1.5.98.2] and coenzyme F420 hydrogenase [EC:1.12.98.1] were the primary enzymes involved in the production of coenzyme 
F420. Gu et al. (2024) reported that coenzyme F420 was the key enzyme unique to methanogenic bacteria, serving a critical function in 
methane production. Consequently, the higher relative abundance of relevant enzymes in the O8S9 treatment (Fig. 8a) suggested that 
the co-occurrence of high content oil and salt enhanced the hydrogenotrophic methanogenesis pathway (M00567), which was aligning 
with the elevated levels of hydrogenotrophic methanogens discussed in Section 3.4.

Key enzymes associated with the M00357 pathway included acetate kinase [EC:2.7.2.1], phosphate acetyltransferase [EC:2.3.1.8], 
and acetyl-CoA synthetases [EC:6.2.1.1]. Notably, acetyl-CoA synthetase played a central role in acetoclastic methanogenesis, facil
itating the conversion between acetate and acetyl-CoA (Dang et al., 2023), a critical intermediate in methane biosynthesis. The 
elevated relative abundance of [EC:6.2.1.1] observed in the O8S9 treatment suggested an enhanced availability of substrates for the 
methanogenic process, which likely contributed to the increased methane yield under this condition compared to the condition with 
oil addition alone (Fig. 8b).

Enzymes involved in M00563 primarily converted methanol and trimethylamine / dimethylamine / methylamine to methane (Yun 
et al., 2023). And the M00563 accounted for relatively little part of the overall methane production (Fig. 8c). In contrast to the O8S0 
and O0S9 treatments, where oil and salt were present individually, the abundance of genes encoding functional enzymes in the O8S9 
treatment was lower, suggesting that the co-occurrence of oil and salt might inhibit the expression of genes associated with the 
M00563.

4. Conclusion

The results demonstrate that the high oil and salt concentrations of food wastewater could alleviate their individual inhibition to 
mitigate membrane fouling in AnMBR operation by boosting the conversion of LCFAs to VFAs and forming macromolecular pre
cipitates, which effectively diminished the concentrations of SMP as well as restrained their deposition on the membrane surface, 

Fig. 8. Relevant abundance of functional enzyme-encoding genes involved in methanogenesis in AnMBR operation: (a) hydrogenotrophic meth
anogenesis pathway (M00567); (b) acetoclastic methanogenesis pathway (M00357); and (c) methylotrophic methanogenesis pathway (M00563). 
The experiments were conducted under four distinct conditions, with varying oil (O) and salt (S) concentrations in the feed solution: O0S0 (0 g/L oil, 
0 g/L salt), O8S0 (8 g/L oil, 0 g/L salt), O0S9 (0 g/L oil, 9 g/L salt), and O8S9 (8 g/L oil, 9 g/L salt).
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consequently alleviating membrane fouling. Moreover, compared to oil addition alone, the co-occurrence of oil and salt achieved a 
higher methane yield, as a portion of the oil and its derivatives (e.g., LCFAs) adsorbed and encapsulated Na+, thereby mitigating the 
inhibitory effects of LCFAs on microbes. Adding 8 g/L of oil with 9 g/L of NaCl also promoted living cell activity and ETS performance 
compared to the conditions with high oil or high salt alone. Microbial community analysis revealed that the co-occurrence of oil and 
salt promoted the enrichment of hydrolytic and acidogenic bacteria (e.g. Bacteroidetes, Proteobacteria, Thermotogae, and Syn
ergistetes) and hydrogenotrophic methanogens (e.g., Methanolinea), with a concurrent upregulation of genes related to the hydro
genotrophic methanogenesis pathway (M00567).
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