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Abstract
[bookmark: OLE_LINK351][bookmark: OLE_LINK352][bookmark: OLE_LINK137][bookmark: OLE_LINK138][bookmark: OLE_LINK143][bookmark: OLE_LINK144][bookmark: OLE_LINK161][bookmark: OLE_LINK176][bookmark: OLE_LINK16][bookmark: OLE_LINK25][bookmark: OLE_LINK186][bookmark: OLE_LINK187][bookmark: OLE_LINK37][bookmark: OLE_LINK61][bookmark: OLE_LINK535][bookmark: OLE_LINK536][bookmark: OLE_LINK335][bookmark: OLE_LINK336][bookmark: OLE_LINK266][bookmark: OLE_LINK267][bookmark: OLE_LINK345][bookmark: OLE_LINK346][bookmark: OLE_LINK333][bookmark: OLE_LINK334][bookmark: OLE_LINK349][bookmark: OLE_LINK350]This study proposed fresh leachate treatment with anaerobic membrane bioreactor (AnMBR) based on the on-site investigation of the characteristics of fresh leachate. Temperature-related profiles of fresh leachate properties, like chemical oxygen demand (COD), were observed. In addition, AnMBR achieved a high COD removal of 98% with a maximum organic loading rate (OLR) of 19.27 kg-COD/m3/d at the shortest hydraulic retention time (HRT) of 1.5 d. The microbial analysis implied that the abundant protein and carbohydrate degraders (e.g., Thermovirga and Petrimonas) as well as syntrophic bacteria, such as Syntrophomonas, ensured the effective adaptation of AnMBR to the reduced HRTs. However, an excessive OLR at 36.55 kg-COD/m3/d at HRT of 1 d resulted in a sharp decrease in key microbes, such as archaea (from 37% to 15%), finally leading to the deterioration of AnMBR. This study provides scientific guidance for treating fresh leachate by AnMBR and its full-scale application for high-strength wastewater.
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1. Introduction
[bookmark: OLE_LINK308][bookmark: OLE_LINK309][bookmark: OLE_LINK306][bookmark: OLE_LINK307][bookmark: OLE_LINK302][bookmark: OLE_LINK303][bookmark: OLE_LINK364][bookmark: OLE_LINK105][bookmark: OLE_LINK106][bookmark: OLE_LINK159][bookmark: OLE_LINK160][bookmark: OLE_LINK461][bookmark: OLE_LINK462][bookmark: OLE_LINK133][bookmark: OLE_LINK134][bookmark: OLE_LINK139][bookmark: OLE_LINK140][bookmark: OLE_LINK177][bookmark: OLE_LINK179]With the rapid urbanization, the amount of municipal solid waste has been dramatically increasing in most of cities across the world. Global amounts of municipal solid waste were estimated to be around 2.01 billion metric tons per year in 2016, and it is predicted to be up to approximately 3.40 billion metric tons annually by 2050 (Kaza et al., 2018). During the transportation and compaction of municipal solid wastes, large amounts of fresh leachate are generated in the refuse transfer station (RTS), raising great public concerns for water quality (Xiang et al., 2023). Unlike the landfill leachate, the age of the fresh leachate is much younger, which determines the biodegradability of leachate to a large extent (Abuabdou et al., 2020). In addition, the properties of leachate are site- and time-specific, which is associated with types of solid wastes and environmental factors (Renou et al., 2008). Previous studies showed the effects of seasonal variations on landfill leachate characteristics (Renou et al., 2008; Tsarpali et al., 2012) or displayed a snapshot of fresh leachate composition (Lei et al., 2018). However, little effort was paid to explore the temporal change of properties of fresh leachate from RTS, which is important for choosing suitable biotreatment technologies.
[bookmark: OLE_LINK525][bookmark: OLE_LINK526][bookmark: OLE_LINK102][bookmark: OLE_LINK114][bookmark: OLE_LINK242][bookmark: OLE_LINK287][bookmark: OLE_LINK577][bookmark: OLE_LINK578][bookmark: OLE_LINK147][bookmark: OLE_LINK199][bookmark: OLE_LINK233][bookmark: OLE_LINK243][bookmark: OLE_LINK410][bookmark: OLE_LINK413][bookmark: OLE_LINK299][bookmark: OLE_LINK314][bookmark: OLE_LINK414][bookmark: OLE_LINK415][bookmark: OLE_LINK11][bookmark: OLE_LINK290][bookmark: OLE_LINK291][bookmark: OLE_LINK315][bookmark: OLE_LINK316][bookmark: OLE_LINK321][bookmark: OLE_LINK407][bookmark: OLE_LINK408][bookmark: OLE_LINK12][bookmark: OLE_LINK406][bookmark: OLE_LINK411][bookmark: OLE_LINK412][bookmark: OLE_LINK326][bookmark: OLE_LINK327][bookmark: OLE_LINK312][bookmark: OLE_LINK313][bookmark: OLE_LINK310][bookmark: OLE_LINK311][bookmark: OLE_LINK40][bookmark: OLE_LINK99]Given high concentrations of organic matter in fresh leachate, anaerobic digestion (AD) is regarded as a sustainable biotreatment to recover this misplaced resource to produce bioenergy. Previously, major efforts have been made to the application of anaerobic processes for treating landfill leachates, such as anaerobic sequencing batch reactor (Renou et al., 2008), up-flow anaerobic sludge blanket reactor (UASB) (Moujanni et al., 2022) and anaerobic membrane bioreactor (AnMBR) (Xie et al., 2014). However, limited studies were conducted on the treatment of fresh leachate, which is acidic wastewater with fluctuating and high concentrations of chemical oxygen demand (COD). Considering its excellent treatment performance of food waste and municipal sewage, etc. (Cheng et al., 2021; Vinardell et al., 2020), AnMBR could be reasonably speculated to treat fresh leachate. However, there is little information about the long-term performance of AnMBR treating fresh leachate with stepwise rising organic loading rates (OLRs). A sustainable hydraulic retention time (HRT) with the maximum OLR is significant for the design and sustainable operation of the full-scale AnMBR.
[bookmark: OLE_LINK529][bookmark: OLE_LINK530][bookmark: OLE_LINK129][bookmark: OLE_LINK130][bookmark: OLE_LINK288][bookmark: OLE_LINK289][bookmark: OLE_LINK67][bookmark: OLE_LINK68][bookmark: OLE_LINK394][bookmark: OLE_LINK395][bookmark: OLE_LINK300][bookmark: OLE_LINK301][bookmark: OLE_LINK273][bookmark: OLE_LINK274][bookmark: OLE_LINK292][bookmark: OLE_LINK293][bookmark: OLE_LINK355][bookmark: OLE_LINK356][bookmark: OLE_LINK319][bookmark: OLE_LINK320][bookmark: OLE_LINK135][bookmark: OLE_LINK136][bookmark: OLE_LINK3][bookmark: OLE_LINK34][bookmark: OLE_LINK100][bookmark: OLE_LINK126][bookmark: OLE_LINK294][bookmark: OLE_LINK295][bookmark: OLE_LINK127][bookmark: OLE_LINK146][bookmark: OLE_LINK298][bookmark: OLE_LINK296][bookmark: OLE_LINK297][bookmark: OLE_LINK455][bookmark: OLE_LINK456]In addition, as a microbial-driven process, the biotransformation of organic matter into methane in the AD process relies on diverse microbes and their metabolic activities. However, the microbial composition and activities in the AD process could be disturbed by some factors. Apart from the ever-changing properties of fresh leachate (substrate), changes in operational parameters, such as temperature, OLR and sludge retention time (SRT), would cause a disturbance to the microbial community, probably inhibiting the microbial activity. In turn, the inhibited functional microbes will affect the overall performance of the reactors (Fitamo et al., 2017). Therefore, understanding the response of microbial communities to operational parameters is important for stable operation of the AnMBR system. Recently, an increasing number of studies reported the temperature effects on the anaerobic reactors (Rong et al., 2022; Vinardell et al., 2020). Wang et al. reported the reshaping role of SRT in the co-digester by selecting the syntrophic populations and hydrogenotrophic methanogen (Wang et al., 2020). However, the research on the successive variation of microbes from the stable operational phase to the deterioration phase, to date, is still limited. A previous study demonstrated that a high OLR of 7.2 g-COD/L/d increased the abundance of fermenting populations Firmicutes, whereas inhibited methanogens Euryarchaeota (Magdalena et al., 2020). However, knowledge of the response of functional microbes to extreme even excessive OLRs is still lacking. This information is needed for understanding of the relationships between microbes and operational performance, contributing to optimizing operational parameters when facing sudden shock loading or changing working conditions.
[bookmark: OLE_LINK360][bookmark: OLE_LINK366][bookmark: OLE_LINK453][bookmark: OLE_LINK454][bookmark: OLE_LINK145][bookmark: OLE_LINK148][bookmark: OLE_LINK18][bookmark: OLE_LINK19][bookmark: OLE_LINK51][bookmark: OLE_LINK52][bookmark: OLE_LINK433][bookmark: OLE_LINK434][bookmark: OLE_LINK343][bookmark: OLE_LINK344][bookmark: OLE_LINK259]In this study, the longitudinal characteristics of fresh leachate were comprehensively analyzed by 8-month on-site sampling and the feasibility of AnMBR treating high-concentration fresh leachate and variations in microbial communities at changed OLRs were investigated through 215-d operations. The key objectives of this study were to (1) analyze the temporal variation of properties of fresh leachate; (2) evaluate the performance of AnMBR with decreasing HRTs from 50 d to 1d and investigate its maximum OLR for fresh leachate treatment; (3) decipher the dynamics of microbial communities in response to increase of OLR and identify the key microbes. This study not only gave a comprehensive understanding of the properties of fresh leachate but also provided scientific guidance for treating fresh leachate by AnMBR and its full-scale application for high-concentration wastewater.
[bookmark: _Toc80880731][bookmark: _Toc95330967]2. Materials and methods
[bookmark: OLE_LINK304][bookmark: OLE_LINK305]2.1. Collection of fresh leachate samples
[bookmark: OLE_LINK115][bookmark: OLE_LINK116][bookmark: _Toc80880732][bookmark: _Toc95330968]The fresh leachate investigated in this study were sampled at intervals of 7 days from the Island West Transfer Station, Hong Kong (22°16′51.890″N, 114°7′7.369″E) from November 26th, 2020, to July 13th, 2021. As one of the seven refuse transfer stations in Hong Kong, the Island West Transfer Station possesses a daily transferring capacity of approximately 1,153 metric tons of municipal solid waste per day. The leachate samples were collected in clean containers and transferred to the laboratory within 0.5 h. When returned to the laboratory, several parameters, including solid concentrations, organic contents, pH, ammonia nitrogen, and metals were analyzed immediately. The division of seasons is based on data from the Hong Kong Observatory. Winter, spring, summer and autumn span from December to February, from March to May, from June to August and from September to November, respectively.
[bookmark: _Toc80880733][bookmark: _Toc95330969]2.2. Setup and operation of the anaerobic membrane bioreactor
[bookmark: OLE_LINK369][bookmark: OLE_LINK370]A lab-scale AnMBR with a working volume of 15 L was set up, consisting of a continuously stirred tank reactor (CSTR) of 13 L and a membrane unit of 2 L (see supplementary material). Ritter Gas meters with data acquisition software (RITTER Apparatebau GmbH & Co. KG, German) were used to automatically record the volumetric generation of biogas. The CSTR that was continuously stirred by a speed control motor system (M540-401, Oriental Motor Co., Ltd., Tokyo, Japan) and the membrane unit were maintained at a mesophilic condition of 35 ± 1˚C by thermostatic water recirculation with a thermo-regulator (NTT-20S, Tokyo rikakikai Co., Ltd., Japan). The leachate in the substrate tank was maintained at 4˚C by a circulating bath cooler (Shanghai Bluepard Instruments Co., Ltd., China) and was continuously stirred by a speed control motor system to provide a relatively homogeneous substrate. A hollow ﬁber type polytetraﬂuoroethylene (PTFE) membrane module (Sumitomo Electric, Japan) with a pore size of 0.1 μm and a total ﬁltration area of 0.1 m2 was used to extract the permeate. A pressure sensor and an online analyzer (NR-5000, Keyence Co., Japan) were installed to track real-time transmembrane pressure (TMP).
[bookmark: _Toc80880734][bookmark: _Toc95330970]The 215-d performance of AnMBR has been investigated with the decrease of HRTs from 50 d to 1 d. To maintain a stable pH and alkalinity in the CSTR, the NaHCO3 was added into the substrate tank after HRT of 10 d. The change of HRTs was achieved by controlling the substrate feeding volume and frequency using the peristaltic pumps (YZ1515X, Longer Precision Pump Co., Ltd., Hebei, China) with a controlled timer.
[bookmark: OLE_LINK357][bookmark: OLE_LINK358]2.4. Analytical methods
[bookmark: OLE_LINK385][bookmark: OLE_LINK386][bookmark: OLE_LINK398][bookmark: OLE_LINK399][bookmark: OLE_LINK371][bookmark: OLE_LINK372][bookmark: OLE_LINK379][bookmark: OLE_LINK380][bookmark: _Toc80880736][bookmark: _Toc95330971]The total and dissolved COD concentrations were measured by a commercial COD vial (CHEMetrics Inc., USA) and HACH DR3900 spectrophotometer. Biochemical oxygen demand (BOD5) measurement system OxiTop® (WTW, Germany) was used to determine the BOD5 concentration. Analysis of the 11 types and concentrations of volatile fatty acids (VFAs) and methanol as well as ethanol was completed by gas chromatography with an electron capture detector (Model 6890N, Agilent, USA). A total of 25 types of metals and their concentrations were determined by inductively coupled plasma spectrometer with an inert sample introduction kit (Agilent 5110VDV, USA). The pH value was measured by a pH meter (Thermo Fisher Scientific Inc., USA). Gas chromatography with a thermal conductivity detector (Model 7890B, Agilent, USA) was used to determine the composition of biogas. All the gaseous volume has been normalized to the standard temperature and pressure (STP, 273.15 K and 101.325 kPa), and methane production rates were expressed as LSTP-CH4/g-CODremoval. The total and dissolved carbohydrate and protein were measured by the phenol-sulfate examination method and Folin-phenol method, respectively (Cheng et al., 2020). The methods of measurements of total solids (TS), volatile solids (VS), total suspended solids (SS) and volatile suspended solids (VSS) were described in the previous study (Rong et al., 2022).
2.5. Sampling collection and DNA extraction
The samples of anaerobic sludge were collected at the following phases: (1) The source of the anaerobic seeding sludge from the mixed sludges of 4 full-scale anaerobic tanks located in Shatin, Shek Wu Hui, Tai Po and Yuen Long Sewage Treatment Works in Hong Kong was collected, namely Raw; (2) start-up phase: sludge samples at the end of the start-up stage were collected, namely H20, H15, and H10, respectively; (3) operational phase: sludge samples at the end of each HRTs were collected, namely H7, H5, H4, H3, and H1.5, respectively. (4) Deterioration phase: reactor encountered deterioration at HRT of 1 d and the sludge was collected, namely H1. All the samples were frozen by liquid nitrogen immediately and then stored at -80℃ for further use.
[bookmark: _Toc80880737][bookmark: _Toc95330972]The DNeasy®PowerSoil® Pro Kit (Qiagen, German) was used to extract total DNA from samples of anaerobic sludge collected from different HRTs according to the manufacturer’s protocol. The DNA concentrations were measured by NanoDrop ND-1000 (Nanodrop, USA), and the DNA samples were stored at -80℃ until use.
2.6. 16S ribosomal RNA gene sequencing and function prediction
[bookmark: OLE_LINK155][bookmark: OLE_LINK158][bookmark: OLE_LINK149][bookmark: OLE_LINK150][bookmark: OLE_LINK142][bookmark: OLE_LINK174][bookmark: OLE_LINK420][bookmark: OLE_LINK421]To explore the changes in microbial communities, the V3-V4 region of the universal 16S rRNA gene with primers 341F (5’-CCTAYGGGRBGCASCAG-3’) and 806R (5’-GGACTACNNGGGTATCTAAT-3’) were amplified and sequenced. The subsequent high-throughput sequencing was conducted by Novogene Co., Ltd. (Beijing, China) on the NovaSeq PE150 platform (Illumina, USA). The raw sequences were analyzed by the Quantitative Insights Into Microbial Ecology version 2 (QIIME2) (Bolyen et al., 2019), as previously described (Yan et al., 2020). Briefly, the paired sequencing reads were assembled and demultiplexed. As the procedure of quality control, any low-quality bases, identified chimeras, and ambiguities were removed from the data set. Then, the DADA2 pipeline (Callahan et al., 2016) was used to generate a feature table of operational taxonomic unit (OTU). A feature classifier with a QIIME2 plug-in (q2-feature-classifier) was trained by using the SILVA rRNA database (release 132) to assign the taxonomy of the representative OTUs (Quast et al., 2012). The sequencing data were submitted to National Center for Biotechnology Information Sequence Read Archive database under the project number PRJNA967249.
[bookmark: OLE_LINK367][bookmark: OLE_LINK368][bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK383][bookmark: OLE_LINK384][bookmark: OLE_LINK392][bookmark: OLE_LINK393][bookmark: OLE_LINK381][bookmark: OLE_LINK382]Phylogenetic Investigation of Communities by Reconstruction of Unobserved States version2 (PICRUSt2) was applied to predict the metabolic dynamics of the microbial communities (Douglas et al., 2020). By mapping the mother table of KEGG Orthology (KO) from PICRUSt2 to the Modules (M00567 and M00356) in Kyoto Encyclopedia of Genes and Genomes (KEGG) database (Kanehisa et al., 2015), the abundance of key enzymes involved in the acetoclastic and hydrogenotrophic pathways were obtained under different HRTs. For the total abundance of methanogenesis pathways, it was expressed as the sum of marker KOs’ abundance normalized by the number of KOs. For a pathway step catalyzed by an enzyme complex, its abundance was calculated as the average abundance of each subunit of this enzyme.
[bookmark: _Toc95330974]3. Results and discussion
[bookmark: OLE_LINK272][bookmark: OLE_LINK275][bookmark: OLE_LINK96][bookmark: OLE_LINK97]3.1. Characteristics of the fresh leachate from refuse transfer stations
[bookmark: OLE_LINK119][bookmark: OLE_LINK120][bookmark: OLE_LINK59][bookmark: OLE_LINK60][bookmark: OLE_LINK45][bookmark: OLE_LINK46][bookmark: OLE_LINK226][bookmark: OLE_LINK227][bookmark: OLE_LINK229][bookmark: OLE_LINK232][bookmark: OLE_LINK282]After eight-month on-site sampling, a total of 34 samples were collected from refuse transfer stations (see supplementary material). The results showed an obvious temperature-related dynamic profile of the COD concentrations of fresh leachate (Pearson correlation, R = 0.54, P = 0.00089), which is similar to the previous finding about the impact of seasons on fresh leachate in Shanghai, China (Zhao et al., 2013). The highest COD concentration of 45,870 mg/L was observed in summer, which was nearly 2-fold higher than that in spring (Fig. 1B). Regarding the biodegradability of fresh leachate, the BOD5/COD ratio is in the range of 0.462 - 0.719 (see supplementary material), which is in line with previous study with this ratio higher than 0.40 in fresh leachate (Renou et al., 2008). This result confirmed that fresh leachate could be processed by bio-treatments and reclaimed as a resource to recover biomethane.
[bookmark: OLE_LINK459][bookmark: OLE_LINK460][bookmark: OLE_LINK253][bookmark: OLE_LINK254][bookmark: OLE_LINK27][bookmark: OLE_LINK31][bookmark: OLE_LINK194][bookmark: OLE_LINK195][bookmark: OLE_LINK270][bookmark: OLE_LINK271][bookmark: OLE_LINK417][bookmark: OLE_LINK418][bookmark: OLE_LINK347][bookmark: OLE_LINK348][bookmark: OLE_LINK387][bookmark: OLE_LINK388][bookmark: OLE_LINK55][bookmark: OLE_LINK56][bookmark: OLE_LINK175][bookmark: OLE_LINK228][bookmark: OLE_LINK49][bookmark: OLE_LINK50][bookmark: OLE_LINK43][bookmark: OLE_LINK44][bookmark: OLE_LINK268][bookmark: OLE_LINK269][bookmark: OLE_LINK22]For the solid contents in the fresh leachate samples, the increase of TS and VS also showed temperature-related dynamic profiles (Pearson correlation, both P < 0.001). The TS and VS in spring were 19.09 ± 3.38 (average ± standard deviation) and 12.66 ± 2.30 g/L, respectively, which are both higher than those in winter (TS of 12.09 ± 4.27 g/L and VS of 7.22 ± 3.44 g/L, respectively) (Fig. 1C). However, the SS and VSS were relatively stable across the sampling period, suggesting that the increase in organic pollutants was primarily due to the increase of dissolved volatile solids (Fig.1C). In addition, the average concentration of total VFAs was up to 1,424 mg/L, and acetate, propionate, butyrate, valeric acid, and hexanoic acid were the major VFAs among the 11 studied VFAs (Fig. 1D, see supplementary material). This fact further verified the biodegradable properties of fresh leachate, for such VFAs could be readily utilized by syntrophic fatty acids oxidizing bacteria and methanogens without the tough hydrolysis process. As expected, such a high concentration of VFAs also results in the acidic trait of fresh leachate (the lowest pH is 3.45) (see supplementary material), which may also influence the activity of methanogens. In addition, relatively low NH4+-N concentrations (averaged 175 ± 60 mg/L) were observed (Fig. 1D, see supplementary material), which may influence the carbon-to-nitrogen ratio and the growth of microbes. Ca, Na and Fe were the three major metals in fresh leachate (see supplementary material), which is also found in the fresh leachate from a municipal solid waste incineration plant (Ye et al., 2011). And some metals with high toxicity, such as Ag, As, Cr and Cd, were not detected in all the fresh leachate samples. Meanwhile, it should be noticed that some trace metals (e.g., Co and Ni) that are classified as essential metals for archaea have biological roles in the biosynthesis of critical enzymes (Qiang et al., 2012). Given the undetectable Co and Ni in the fresh leachate, CoCl2•6H2O and NiCl2•6H2O should be added to maintain the dissolved Co and Ni at suitable concentrations of 6.0 and 5.7 mg/kg COD, respectively (Qiang et al., 2012). In summary, metals with high toxicity have little effect on the operation of anaerobic digestion processes treating fresh leachate, but the following key features of fresh leachate should be taken into consideration: 1) variation of COD concentration; 2) low pH; 3) shortage of trace elements (i.e., Co and Ni); and 4) limited nitrogen sources.
[bookmark: _Toc95330982]3.2. Long-term performance of anaerobic membrane bioreactor treating fresh leachate
[bookmark: OLE_LINK322][bookmark: OLE_LINK323][bookmark: OLE_LINK180][bookmark: OLE_LINK181][bookmark: OLE_LINK121][bookmark: OLE_LINK122]Based on the comprehensive understanding of the characteristics of fresh leachate, the feasibility of AnMBR for treating fresh leachate was assessed and the long-term performance of AnMBR was investigated over 200 d under different HRTs. The OLRs were gradually increased from 0.37 to around 40 kg-COD/m3/d by shortening HRT from 50 d to 1 d until AnMBR entered the deterioration stage. The overall key operational parameters of AnMBR are summarized (see supplementary material).
[bookmark: OLE_LINK204][bookmark: OLE_LINK205][bookmark: OLE_LINK32][bookmark: OLE_LINK53][bookmark: OLE_LINK88][bookmark: OLE_LINK89][bookmark: OLE_LINK62][bookmark: OLE_LINK77][bookmark: OLE_LINK182][bookmark: OLE_LINK183][bookmark: OLE_LINK507][bookmark: OLE_LINK508][bookmark: OLE_LINK78][bookmark: OLE_LINK87][bookmark: OLE_LINK47][bookmark: OLE_LINK48][bookmark: OLE_LINK353][bookmark: OLE_LINK354][bookmark: OLE_LINK324][bookmark: OLE_LINK359][bookmark: OLE_LINK192][bookmark: OLE_LINK193][bookmark: OLE_LINK396][bookmark: OLE_LINK397][bookmark: OLE_LINK210][bookmark: OLE_LINK211][bookmark: OLE_LINK276][bookmark: OLE_LINK277][bookmark: OLE_LINK35][bookmark: OLE_LINK98][bookmark: OLE_LINK457][bookmark: OLE_LINK458][bookmark: OLE_LINK196][bookmark: OLE_LINK197][bookmark: OLE_LINK230][bookmark: OLE_LINK231]At the start-up phase, the COD concentration of AnMBR effluent was 579 ± 48 mg/L with an average COD removal efficiency of 94% at an HRT of 30 d. In subsequent HRTs, better effluent quality was achieved with an average permeate COD of 478 ± 112 mg/L (Fig. 2A) at the operational phase (HRT from 7 d to 2 d) with the average COD removal efficiency increased to 98% (Fig. 2A). It is noteworthy that AnMBR still performed well with a high COD removal rate of > 98% at the high OLR of 19.27 kg-COD/m3/d under an extremely short HRT of 1.5 d, demonstrating the robust capacity of OLR-resistance and superior performance of AnMBR for fresh leachate treatment. By comparison, AnMBR exhibited a higher COD removal efficiency with a higher OLR at the shorter HRT of 1.5 d than those in other types of anaerobic processes, such as UASB and expanded granular sludge bed reactor (EGSB) (Dang et al., 2013; He et al., 2009; Mokhtarani et al., 2012; Ye et al., 2011). Lei et al. reported that a higher OLR over 20 kg-COD/m3/d could be achieved by adding granular activated carbon and magnetite to promote direct interspecies electron transfer between bacteria and methanogens in UASB (Lei et al., 2019; Lei et al., 2018). However, achieving such a high OLR in UASB resulted in a decline in the COD removal rate of below 90% and the VFA accumulation of 4200 mg/L. Hence, AnMBR may have its own advantage over other anaerobic processes for fresh leachate treatment by maintaining a high removal efficiency in the meanwhile withstanding a high OLR of 19.28 kg-COD/m3/d at a sustainable and short HRT of 1.5 d. These findings shed light on the impacts of HRT and OLR on the performance of anaerobic digestion, providing significant guidance on the policymaking of AnMBR for fresh leachate treatment.
[bookmark: OLE_LINK216][bookmark: OLE_LINK217][bookmark: OLE_LINK212][bookmark: OLE_LINK213][bookmark: OLE_LINK69][bookmark: OLE_LINK70][bookmark: OLE_LINK214][bookmark: OLE_LINK215][bookmark: OLE_LINK218][bookmark: OLE_LINK219][bookmark: OLE_LINK220][bookmark: OLE_LINK221][bookmark: OLE_LINK224][bookmark: OLE_LINK225][bookmark: OLE_LINK389][bookmark: OLE_LINK390][bookmark: OLE_LINK391][bookmark: OLE_LINK519][bookmark: OLE_LINK520][bookmark: OLE_LINK172][bookmark: OLE_LINK173][bookmark: OLE_LINK251][bookmark: OLE_LINK252][bookmark: OLE_LINK208][bookmark: OLE_LINK209][bookmark: OLE_LINK264][bookmark: OLE_LINK265][bookmark: OLE_LINK5][bookmark: OLE_LINK24][bookmark: OLE_LINK73][bookmark: OLE_LINK74][bookmark: OLE_LINK222][bookmark: OLE_LINK223][bookmark: OLE_LINK280][bookmark: OLE_LINK281][bookmark: OLE_LINK240][bookmark: OLE_LINK241][bookmark: OLE_LINK361][bookmark: OLE_LINK362]The variation in biogas production is shown in Fig. 2B and Table 1. The result showed that the average biogas production was 0.44 LSTP/L-reactor/d with an average methane content of 64.43 ± 1.63% in the start-up phase (HRT = 20 d). When HRT was shortened from 7 d to 4 d, the biogas production increased to more than 7-fold that in the start-up stage, standing at 3.01 LSTP/L-reactor/d. The maximum biogas production rate of 9.07 LSTP/L-reactor/d and a higher CH4 content of 67.55% were achieved at the HRT of 1.5 d, indicating the satisfactory performance of the reactor and biogas production at HRT of 1.5 d. This high efficiency is thought to be due to the remarkable enrichment of methanogenic archaea (up to 37% based on 16S relative abundance). In addition, the calculation result of the COD-based biogas yield and methane yield supported this conclusion. The biogas and methane yields were stable at approximately 0.43 LSTP-biogas/g-CODremoval and 0.28 LSTP-CH4/g-CODremoval from HRT of 20 d to 4 d. Interestingly, with the decrease of HRT to 1.5 d, the average biogas and methane yields increased to 0.48 LSTP-biogas/g-CODremoval and 0.33 LSTP-CH4/g-CODremoval, respectively, which was close to the theoretical methane yield of 0.35 LSTP-CH4/g-CODremoval (Timur and Özturk, 1999). However, these values dropped to 0.40 LSTP-biogas/g-CODremoval and 0.27 LSTP-CH4/g-CODremoval, respectively, when the HRT was further shortened to 1 d. These results suggested that the biogas yield and methanogenic performance were maintained at optimum states even at the HRT of 1.5 d (OLR=19.27 kg-COD/m3/d), but it was impaired when the HRT shortened to 1 d.
[bookmark: OLE_LINK479][bookmark: OLE_LINK480][bookmark: OLE_LINK481][bookmark: OLE_LINK482][bookmark: OLE_LINK489][bookmark: OLE_LINK490][bookmark: OLE_LINK487][bookmark: OLE_LINK488][bookmark: OLE_LINK473][bookmark: OLE_LINK474]In addition, it is noticeable that the 11 selected VFAs were not detected during the whole operation, except acetate and propionate in individual time points at very low concentrations (all less than 25 mg/L). Even when the system entered the deterioration phase, the accumulation of VFA concentrations was not observed, which is different from the phenomena observed in other anaerobic reactors (Lei et al., 2019; Lei et al., 2018). Other studies reported that the increase of OLR resulted in the obvious accumulation of VFA concentrations, thus leading to the instability of the system. However, in this study, only severe sludge foaming in the CSTR tank was observed in the deterioration phase. Regarding the membrane performance, from the observation of the change in daily transmembrane pressure (TMP), no obvious TMP increase was observed during the 190 d of operation (Fig. 2C). However, when the HRT was further shortened to 1.5 d, an apparent increase in TMPpeak (up to -18.46 kPa, Arrow A in Fig. 2C) occurred, indicating severe membrane fouling. The rapid TMP buildup was mainly attributed to the continuous accumulation of organic macro-molecules on the membrane surface, the quickly increased total solids of anaerobic sludge, and the filtration mode with a higher filtration-to-relaxation ratio. Over the long-term operation, some organic macro-molecules, such as extracellular polymeric substances, gradually accumulated on the membrane surface or internal pore walls, leading to membrane fouling and rapid increase of TMP (Cheng et al., 2020). In addition, the TS concentration was over 65 g/L at the HRT of 1.5 d, and such a high TS concentration resulted in the high viscosity of the sludge and accelerated the formation of the cake layer on the membrane. Meng et al., reported that the membrane fouling resistance increased exponentially with increasing mixed liquor suspended solid concentration (Meng et al., 2007). Furthermore, with the decrease of HRTs, the filtration mode with a higher filtration-to-relaxation ratio was employed to meet the increased demand of permeate production. Previous studies demonstrated that a higher filtration-to-relaxation ratio and a shorter relaxation time accelerated the membrane fouling rate and the rapid TMP buildup, emphasizing the importance of the membrane filtration mode on sustainable operation of membrane (Cheng et al., 2020; Maqbool et al., 2014). Since this research focuses on the impact of OLR on the bio-treatment performance, to ensure smooth operation, a new membrane module was installed to replace the fouled one, and no membrane fouling was observed after that even at HRT of 1 d.
[bookmark: OLE_LINK511][bookmark: OLE_LINK512][bookmark: OLE_LINK573][bookmark: OLE_LINK574]Overall, the treatment of fresh leachate by AnMBR may possess distinct advantages compared to other anaerobic processes, such as maintaining a high removal efficiency of 98% at a sustainable HRT of 1.5 d and obtaining a higher COD-based biogas and methane yields. For its full-scale engineering application, the appropriate OLR of a full-scale AnMBR treating fresh leachate may be below 19.27 kg-COD/m3/d, and the suitable pH regulation form, such as NaHCO3, should be added to maintain sufficient alkalinity to ensure the stable operation of full-scale AnMBR.
3.3. Response of microbial communities to increasing organic loading rates
[bookmark: OLE_LINK188][bookmark: OLE_LINK189][bookmark: OLE_LINK71][bookmark: OLE_LINK72][bookmark: OLE_LINK117][bookmark: OLE_LINK118][bookmark: OLE_LINK1074][bookmark: OLE_LINK1075][bookmark: OLE_LINK41][bookmark: OLE_LINK42][bookmark: OLE_LINK363][bookmark: OLE_LINK365][bookmark: OLE_LINK76][bookmark: OLE_LINK92][bookmark: OLE_LINK38][bookmark: OLE_LINK39][bookmark: OLE_LINK65][bookmark: OLE_LINK66][bookmark: OLE_LINK63][bookmark: OLE_LINK64]The transformation of organic pollutants into methane in AD relies on multi-step successive metabolism reactions of microbial communities and their secreted enzymes. Hence, understanding the potential functions of key microbes and their response to the change in OLR plays a key role in the quick start-up of AD reactors and enhancing rates of carbon mineralization. Here in this study, the 16S rRNA gene amplicon sequencing was employed to decipher the microbial community dynamics in the AnMBR under varying HRTs and OLRs. Firstly, the rarefaction curves approaching plateaus and the good coverage demonstrated that detected microorganisms could represent the whole microbial community in the AnMBR under this sequencing depth (see supplementary material). The alpha diversity indices (i.e., observed OTUs and Shannon index) showed a decreasing trend with the decrease of HRTs from 20 d to 1.5 d, suggesting that decreasing HRT resulted in the simplified microbial communities of AnMBR. However, when the HRT was shortened to 1 d, the number of observed OTUs suddenly increased, abnormally becoming over 4-fold more than that at an HRT of 1.5 d (see supplementary material). This result indicated that the excessive loading resulted in instability of the system, which is in line with the phenomenon of severe sludge foaming in AnMBR during the operation. This was further confirmed by the principal co-ordinates analysis (PCoA) result (Fig. 3A), showing that the sludge samples under HRT of 1 d were distinctly separated from the other samples from the stable operational phase and revealing that the overloading changed the microbial community composition largely and triggered the system to enter the deterioration phase.
[bookmark: OLE_LINK156][bookmark: OLE_LINK157][bookmark: OLE_LINK162][bookmark: OLE_LINK163][bookmark: OLE_LINK184][bookmark: OLE_LINK185][bookmark: OLE_LINK198][bookmark: OLE_LINK81][bookmark: OLE_LINK82][bookmark: OLE_LINK128][bookmark: OLE_LINK141][bookmark: OLE_LINK152][bookmark: OLE_LINK153][bookmark: OLE_LINK95][bookmark: OLE_LINK123][bookmark: OLE_LINK551][bookmark: OLE_LINK552][bookmark: OLE_LINK202][bookmark: OLE_LINK203][bookmark: OLE_LINK90][bookmark: OLE_LINK91]After inoculating to AnMBR, the substrate effect is prior to washing out some microbes, such as the genus Georgenia and Candidatus Competibacter, whose abundances declined from 7.30% to 0.32% and 5.78% to 0.06%, respectively (Fig. 3, see supplementary material). By contrast, the genus Lactobacillus increased to the highest abundance at 13.61%, becoming the dominant microbes at HRT of 4 d (see supplementary material). This change may be attributed to the sufficient carbohydrates as substrate in fresh leachate. It has been reported that Lactobacillus inhabited nutrient-rich surroundings, and several species from Lactobacillus possess abilities to utilize a large diversity of carbon sources, including all major types of oligosaccharides (Gänzle and Follador, 2012). A similar pattern was found in Petrimonas, whose abundance flourished to 10.35 % under HRT of 7 d, and this population was reported to possess a high level of metabolic versatility, capable of fermentation of 11 kinds of sugars (Grabowski et al., 2005). In addition, functional redundancy was observed in the microbial consortium, which was in accordance with the previous study (Wang et al., 2020). For example, the genus Sedimentibacter and uncultured species from the family Bacteroidetes vadinHA17 were both reported to derive metabolic energy from the fermentation of amino acids (Imachi et al., 2016; Mei et al., 2020). However, they showed a different response to the OLR. Although the abundances of microbes to increased OLR is often not linear, an optimal OLR could indicate the difference in the ecological niche of varied microbes with similar functions. For amino-acid-utilizing bacteria, the uncultured specie from the family Bacteroidetes vadinHA17 showed the highest abundance at HRT of 20 d (4.90%), while Sedimentibacter was of the lowest abundance at 1.47% (Fig. 3C, see supplementary material). This result suggested that microorganisms with overlapping substrates exhibited complementary ecological niches, contributing to effective self-regulation and adaption of the AnMBR system responding to increased OLR and guaranteeing the stable operation of the system.
[bookmark: OLE_LINK246][bookmark: OLE_LINK247][bookmark: OLE_LINK278][bookmark: OLE_LINK279][bookmark: OLE_LINK206][bookmark: OLE_LINK207][bookmark: OLE_LINK170][bookmark: OLE_LINK171][bookmark: OLE_LINK13][bookmark: OLE_LINK15][bookmark: OLE_LINK17][bookmark: OLE_LINK23][bookmark: OLE_LINK236][bookmark: OLE_LINK237]In addition, some abundant populations co-existed under the same HRT by avoiding the effect of substrate competition. Taking the genus Thermovirga and Petrimonas as representative examples, their abundances both obviously increased to over 6.0% at HRT of 1.5 d (see supplementary material). It was documented that species from Thermovirga could utilize protein substrates, but not sugars, fatty acids or alcohols (Dahle and Birkeland, 2006). On complementary, Petrimonas contributed to the fermentation of carbohydrates, such as glucose and mannose, to acetate, hydrogen, and CO2 (Grabowski et al., 2005). These results showed that certain abundant microbes with distinguished energy sources coupled with synergistic activities, ensuring the efficient biotransformation of complex substrates from hydrolysis, fermentation to acidogenesis. However, all these key hydrolyzers and fermenters of proteins, amino acids and sugars underwent a significant decline to the lowest ones when HRTs continued to be shortened to 1 d (Fig. 3C), due to the destruction of the balance of microbial communities, inevitably resulting in the final deterioration of AnMBR system.
[bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK337][bookmark: OLE_LINK338][bookmark: OLE_LINK256][bookmark: OLE_LINK257][bookmark: OLE_LINK238][bookmark: OLE_LINK239][bookmark: OLE_LINK101][bookmark: OLE_LINK103][bookmark: OLE_LINK164][bookmark: OLE_LINK165][bookmark: OLE_LINK4][bookmark: OLE_LINK36][bookmark: OLE_LINK57][bookmark: OLE_LINK58][bookmark: OLE_LINK377][bookmark: OLE_LINK378][bookmark: OLE_LINK331][bookmark: OLE_LINK332][bookmark: OLE_LINK79][bookmark: OLE_LINK80][bookmark: OLE_LINK168][bookmark: OLE_LINK169][bookmark: OLE_LINK200][bookmark: OLE_LINK201][bookmark: OLE_LINK166][bookmark: OLE_LINK167]Furthermore, given such a high concentration of short-chain fatty acids in the fresh leachate (highest butyrate concentration up to 6,191 mg/L), especially acetate, propionate and butyrate, it can be inferred that there exists a syntrophic relationship between syntrophic bacteria and archaea in this AnMBR system. Some strains from the family Cloacimonadaceae (g_W5) were speculated to be novel participants in syntrophic propionate oxidation via methymalonyl-CoA pathway (Dyksma and Gallert, 2019). This slow-growing syntrophic bacterium exits in seeding sludge at very low abundance (0.11%). However, after seeding to AnMBR, rich substrate and unique ecological niche (high concentrations of short-chain fatty acids in the fresh leachate) contribute to its sharp increase to 14.97% at HRT of 1.5 d (Fig. 3C, see supplementary material), ensuring the rapid transformation of propionate to acetate. In addition, the long-standing genus Syntrophomonas with fluctuating abundance from 1.89% to 3.45% under start-up and the operational phases was identified as a key player in beta-oxidizing butyrate (Sieber et al., 2010). DNA stable-isotope probing with genome-centric metagenomics revealed that a novel species belonging to the Syntrophomonas genome encoded all the enzymes for beta-oxidation of butyrate and collaborated with acetolactic methanogen (Ziels et al., 2019). Another fatty acid degrader might be the Mesotoga population. This kind of species could metabolize acetate by encoding glycine cleavage system and tetrahydrofolate pathway rather than reversed Wood–Ljungdahl pathway (Nobu et al., 2015). Although its relative abundance went an increase to 5.95% under HRT of 15 d, this syntrophic acetate oxidizing bacterium decreased almost linearly to 0.19% with the subsequent increase in OLR (see supplementary material), suggesting that a relatively low concentration substrate could favor the growth of Mesotoga and vice versa.
[bookmark: OLE_LINK190][bookmark: OLE_LINK191][bookmark: OLE_LINK7][bookmark: OLE_LINK8][bookmark: OLE_LINK373][bookmark: OLE_LINK374][bookmark: OLE_LINK85][bookmark: OLE_LINK86][bookmark: OLE_LINK83][bookmark: OLE_LINK84][bookmark: OLE_LINK93][bookmark: OLE_LINK285][bookmark: OLE_LINK286][bookmark: OLE_LINK111][bookmark: OLE_LINK112][bookmark: OLE_LINK113][bookmark: OLE_LINK28][bookmark: OLE_LINK29][bookmark: OLE_LINK339][bookmark: OLE_LINK340][bookmark: OLE_LINK6][bookmark: OLE_LINK14]The methanogenesis stage, as the final step of anaerobic degradation, plays an indispensable role in the AD system for biogas production. The abundance of archaea fluctuated from 17.23% to 34.13% with the decrease of HRTs to 3 d, demonstrating that the ever-changing properties of fresh leachate and manipulated operating parameters would create niche partitioning of hydrogenotrophic and acetoclastic methanogens in the AnMBR at different time points. The abundance of archaea further increased to 37% at HRT of 1.5 d (Fig. 3B), and such a high proportion of methanogens contributed to the highly efficient conversion of acetate/CO2 to methane under an extremely high OLR. However, when the HRT was shortened to 1 d, the abundance of these methanogens underwent a dramatic drop to around 12.36% rather than continuing to proliferate (Fig. 3B). This lower abundance of methanogens was consistent with the observation of the poor performance of methane yield performance in the deterioration phase at HRT of 1 d. In addition, it found that the most abundant methanogenic genus is Methanosaeta regardless HRTs and OLRs (Fig. 3C), showing the robustness of this population in AnMBR. Specifically, the abundance of Methanosaeta spp. underwent a remarkable increase to 32.21% under HRT of 1.5 d, which was nearly 3-fold higher than that under HRT of 1 d (Fig. 3C). It is reasonable that acetate is one of the major short-chain fatty acids in fresh leachate and a higher concentration of acetate under HRT of 1.5 d boosted the growth of this acetoclastic methanogen. However, the extremely high amount of acetate under HRT of 1 d resulted in a sharp drop in the abundance of this acetoclastic methanogen. Another abundant methanogenic archaea belong to the genus Methanolinea spp., which is classified as hydrogenotrophic methanogen (Sakai et al., 2012), with an average relative abundance of 4.68% at the start-up and operational stages (Fig. 3C). It also underwent a distinct decrease to 2.13% at the deterioration stage at HRT of 1 d, indicating that the overwhelming OLRs directly resulted in the instability of AnMBR and brought the archaeal community to the point of imbalance.
[bookmark: OLE_LINK54][bookmark: OLE_LINK75][bookmark: OLE_LINK107][bookmark: OLE_LINK108][bookmark: OLE_LINK109][bookmark: OLE_LINK110]The result of function prediction based on PICRUSt2 analysis further verified the importance of methanogenic archaea and their metabolism for the stable operation of AnMBR. The result of the overall abundances of the two principal metabolic pathways for methanogenesis (hydrogenotrophic and acetolactic) at HRT of 1.5 d both significantly higher than those under other HRTs (Fig.3D). Considering the functional genes, the abundances of key enzymes involved in the reduction of CO2 to methane obviously increased at HRT of 1.5 d but decreased at HRT of 1 d in the seven steps of the hydrogenotrophic pathway (Fig.3E). Especially, the genes in the final two steps related to conserve energy (Mtr) or bifurcate electrons (Mcr) stayed in a low abundance state at HRT of 1 d (Evans et al., 2019). And the similar variation was also observed in the carbon monoxide dehydrogenase (Codh-Acs) complex in the aceticlastic pathway, showing the lowest abundance during the whole operation. These results suggested the inhibition of overall methanogenic pathways by the excessive OLR at HRT of 1 d, thereby triggering the deterioration and operational failure of AnMBR.
4. Conclusion
[bookmark: OLE_LINK284][bookmark: OLE_LINK409][bookmark: OLE_LINK402][bookmark: OLE_LINK403][bookmark: OLE_LINK419][bookmark: OLE_LINK248][bookmark: OLE_LINK249][bookmark: OLE_LINK250][bookmark: OLE_LINK325][bookmark: OLE_LINK328][bookmark: OLE_LINK400][bookmark: OLE_LINK401][bookmark: OLE_LINK513][bookmark: OLE_LINK514][bookmark: OLE_LINK404][bookmark: OLE_LINK405][bookmark: OLE_LINK515][bookmark: OLE_LINK317][bookmark: OLE_LINK318][bookmark: OLE_LINK341][bookmark: OLE_LINK342][bookmark: OLE_LINK244][bookmark: OLE_LINK245][bookmark: OLE_LINK439][bookmark: OLE_LINK440][bookmark: OLE_LINK26][bookmark: OLE_LINK30]The 215-day performance of AnMBR for fresh leachate treatment was evaluated based on an on-site investigation of fresh leachate. AnMBR achieved an average COD removal rate of 98% under the maximum OLR of 19.27 kg-COD/m3/d at an HRT of 1.5 d. The analysis of the functional microbes showed that the functional redundancy and ecological niche complementarity contributed to the effective self-regulation of AnMBR responding to increased OLR. However, an excessive OLR of 36.55 kg-COD/m3/d at HRT of 1 d broke the balance between key functional microbes, resulting in the final failure of AnMBR.
Appendix A. Supplementary data
E-supplementary data for this work can be found in e-version of this paper online.
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Figure and table captions
Fig. 1 Temporal dynamics of physiochemical parameters of fresh leachate. COD: chemical oxygen demand; BOD: biochemical oxygen demand; TS: total solids; VS: volatile solids; SS: total suspended solids; VSS: volatile suspended solids; VFA: Volatile fatty acids; VFA: volatile fatty acids. Winter starts from December to February; Spring starts from March to May; Summer starts from June to August; Autumn starts from September to November. Note: The division of seasons in Hong Kong is based on the data from Hong Kong Observatory.

Fig. 2 Long-term performance of the AnMBR treating fresh leachate with the decrease of hydraulic retention times. (A) COD removal, (B) biogas production rates, (C) membrane pressure, and (D) pH and alkalinity. Arrow A in (C) means the severe membrane fouling and replacing a new membrane module; Arrow B in (D) means the addition of NaHCO3 to maintain the alkalinity. Note: COD: chemical oxygen demand; TMP: transmembrane pressure; STP: Standard temperature and pressure (273.15 K and 101.325 kPa).

Fig. 3 The change of microbial communities and the variation of methanogenesis pathways with the decrease of hydraulic retention times. (A) PCoA result based on OTUs level; (B) Microbial composition at the kingdom level; (C) Heatmap about the microbial dynamics at the genus level under different HRTs; (D) The total abundance of methanogenesis pathways based on the PICRUSt2 result; (E) The changes of abundances of key enzymes involving in the acetoclastic and hydrogenotrophic methanogenesis pathways. Raw means the seeding sludge; H20, H15, H10, H7, H5, H4, H3, H1.5 and H1 mean the sludge samples collected from the hydraulic retention time of 20, 15, 10, 7, 5, 4, 3, 1.5 and 1 d, respectively.

Table 1 Gas production and composition by AnMBR treating fresh leachate under different hydraulic retention times
