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Figure S1. Schematic diagram of the laboratory-scale BES integrated UF system.

Table S1. Main parameters of the lake water quality.
	Parameter
	Value

	TOC
	6.365±0.263 mg/L

	pH
	7.54±0.23

	Conductivity
	712.9±112.395 μS/cm

	NH4+-N
	0.435±0.168 mg/L

	PO43--P
	0.021±0.001 mg/L




Conductive UF membrane preparation and system operation
[bookmark: OLE_LINK15][bookmark: OLE_LINK16]The UF system is a plexiglass-based column, with a dimension of ϕ60 ×  mm. The effective filtration area is therefore equal to the diameter of the column (ϕ60 mm). A carbon fiber brush (with diameter of 60 mm and length of 50 mm) was used as an inert cathode and placed above the conductive UF membrane. The distance between the bottom of the cathode and the membrane is about 50 mm. To prepare the conductive UF membrane, 50 mg multiwall carbon nanotubes (MWCNTs) were mixed thoroughly by sonication for 10 min in 100 mL 0.1% sodium dodecyl sulfate (SDS) solution. A certain amount of the CNT suspension was then deposited on a PVDF membrane by vacuum filtration to form the conductive layer on the surface of the PVDF membrane (final CNT content of around 0.2 mg/cm2). A built-in stainless steel mesh (SSM) capable of delivering electrical charge from the surface of the modified membrane was used as the current collector to control the electrode potential (at 1.0 V vs Ag/AgCl (KCl saturated, +197 mV vs. standard hydrogen electrode (SHE))) by using an electrochemical workstation (CHI 660E, Chenhua, China), while a pristine UF membrane was used as the control. For comparison, the TMR development of the MWCNTs decorated UF membrane but without poised potential was also provided in Figure 1a.

Electrochemical tests
CV analyses were conducted several times during the whole period of operation to monitor the changes in the electrical performance with the formation of biofilm on the membrane surface. The scanning rate was set at 0.1 V/s and the potential window was between -1.2 to 1.2 V. Electrochemical impedance spectroscopy (EIS) was conducted over a frequency range of 10-1 to 106 Hz under open circuit voltage, with a sinusoidal perturbation amplitude of 10 mV. At the end of the experiment, CV measurements at various scan rates from 0.01 to 0.1 V/s were also carried out, while galvanostatic charge-discharge (GCD) tests were performed at various currents, with a cut-off potential window of 0-1.0 V, to investigate the capacitance of the conductive membrane after biofilm formation.

EPS extraction and measurements
For EPS extraction, briefly, the cake layer on the membrane surface was carefully scraped off with a plastic sheet (Deli, China), the sludge suspension were fully mixed in phosphate buffer saline (PBS) solution, ultrasonically treated for 3 min and heated to 80°C in a water bath for 30 min. The mixture was centrifuged at 20000 g for 15 min. The supernatant was filtered through a 0.45 μm membrane and taken to represent the EPS for chemical analyses. The polysaccharide content in the EPS was measured by the phenol–sulfuric acid method with glucose as the standard and the proteins were quantified through the Bradford method with bovine serum albumin (Sigma) as the standard. For DNA concentration, the extracted DNA contents were measured by UV adsorption at 260 nm (NanoDrop 2000 spectrophotometer, Thermo Scientific, USA).
SEC was performed using a SEC column (Phenomenex, BioSep 5 μm, SEC-s3000, 290 Å) and SecurityGuard™ Cartridges (Phenomenex, KJ0-4282) with 10 mM sodium acetate (CG grade, Aladdin, Shanghai, China) as the mobile phase. The measurement was carried out by the Waters HPLC system (1525 Binary Pump, Model 1500 Column Heater, 2998 Photodiode Array Detector, 2707 Autosampler) at 254 nm. The flow rate was set at 1.0 mL/min, and the injection volume of water samples was 100 μL.

HPC method and CA measurements
[bookmark: OLE_LINK23][bookmark: OLE_LINK24][bookmark: OLE_LINK7]Bacterial abundance was determined by the standard yeast extract agar layer heterotrophic plate count (HPC) method. Plates were incubated at 30 oC in the oven for 2 days, and bacterial colonies were counted after the incubation to represent the bacterial concentration (as colony forming units, CFU) in respective water samples. Pristine and CNT modified PVDF membranes before and after biofouling were also characterized for their apparent contact angle (CA) using dynamic CA measurements. For these measurements, 2 μL of DI water was used as the wetting liquid and the measurements were conducted at room temperature using a goniometer (OCA 15EC, Dataphysics, Germany) equipped with drop analyser software.

Influence of BES integration on water properties
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]EEM is widely utilized to distinguish different components of DOM in water or in soil matrices. It is well recognized that during the UF process, the EPS content is a major cause of irreversible membrane fouling (Kimura et al., 2004; Yu et al., 2015). Here, the differences in the water quality in the membrane tank and effluent between the control and BES integrated systems were investigated via EEM spectrofluorometry (Figure S2a to S2d). Normally, there are five regions in the EEM spectra which can be assigned to simple aromatic proteins (peaks I, II), fulvic acid-like substances (region III), humic substances (region V) and soluble microbial by-products like materials (peak IV) (Figure S2a) (Chen et al., 2003). Among which, the fluorescence intensities of peak I, II and IV can be used indirectly to indicate the amount of EPS present in the tested samples. It can be seen that both the humic and protein-like substances in the membrane tank of the control system were slightly higher than that in the BES integrated system, while the differences between the effluents of respective systems were even greater, indicating the enhanced treatment ability for humic substances and biopolymers by the BES integration.
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Figure S2. Characteristics of the DOM in the control and the BES integrated systems: EEM fluorescence spectra (a-d); HPC and OD600 results of the influent and tank water samples in the BES and control systems (e); MW distributions of DOM in membrane tanks and effluents of the control and BES integrated systems (f); variation of FTIR spectra of the water samples from membrane tank and effluent of the control and BES integrated systems (g).

Previous study has revealed that humic substances could act as an electron donor during the anaerobic respiration of bacteria, which are phylogenetically diverse and belong to the subdivisions of the Proteobacteria (Coates et al., 2002). Therefore, it can be speculated that the applied potential might stimulate the metabolism of some specific bacteria and therefore enhance the degradation of humic substances, with the electrode as the electron acceptor. In addition, it is noteworthy that the peaks I and II (protein-like substances) in the effluent of the BES integrated system were lower than those in the control system, however, the total membrane resistance (TMR) of the BES integrated system was significantly lower than the control system. This indicated that part of the EPS was degraded, possibly via bio- or electrochemical degradation, on the surface of the membrane during the filtration process. For example, TerAvest and Angenent found that a higher oxidizing potential can promote the expression of gene clpP, which contributed to the production of protease and therefore a higher protein degradation rate (TerAvest and Angenent, 2014). HPC and OD600 were utilized to directly or indirectly indicate the effect of BES integration on bacteria viability. The results revealed that the concentration of bacteria in the membrane tank of the BES integrated system was significantly lower than in the control system (ANOVA single factor, P<0.0001) (Figure S2e). Though various studies have revealed that bacterial viability will not be significantly influenced by the low applied electric field (Wei et al., 2011; Zeyoudi et al., 2015), the reduction of bacteria density here could be ascribed to the interactions among a series of factors, for instance, the electrophoresis effect, a raised oxidative stress under the poised potential and microbial selectivity from BES integration, etc.
SEC and FTIR spectra further showed the differences of the water samples from membrane tanks and effluents of the BES integrated and control systems, respectively (Figures S2f and S2g). The reduction of the biopolymers (with MW greater than 10 kDa) in the BES integrated system was accompanied by an increase in lower MW organic matter (especially within the MW range of 3 to 10 kDa), indicating the digestion or degradation of the biopolymers. However, the decrease of the biopolymers in the control system did not show a corresponding increase of lower MW substances, implying that most of the biopolymers were intercepted by the membrane, and thereby able to cause a greater degree of irreversible membrane fouling. In terms of the IR spectra, the reduction of aromatic substances (bending vibration of C-H at around 880 cm-1) in the membrane tank led to the increase of carboxylate (symmetric vibration of COO- at around 1400 cm-1), which further indicated the enhanced degradation ability of the BES integrated system. Both systems were able to slightly reduce the nutrient chemicals (TOC, N and P) in the raw water, however, no significant difference was observed between the two systems (Figure S3), indicating that there were no significant effects of the BES integration on the removal of nutrients.
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Figure S3. Nutrients removal by the control and the BES integrated systems throughout the operation.
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Figure S4. CV curves of the MWCNT modified membrane without poised potential at various scan rates from 0.01 V/s to 0.1 V/s, at the end of the operation.

FTIR and CA of the fouled membrane
[bookmark: OLE_LINK9]To investigate the presence of external biofouling in each system, samples of the fouled membranes at the end of the operation were examined by FTIR spectrometry (Figure S5). For a pristine PVDF membrane, the peaks located at around 3019 and 2980 cm-1 can be attributed to the CH2 asymmetric and symmetric vibration of PVDF, while its wagging vibration can be found at 1403 cm-1; the C-C band can be observed at 1185 cm-1 and the peaks at 878 and 840 cm-1 were related to C-C-C asymmetrical stretching vibration and CF stretching vibration of the PVDF, respectively (Bai et al., 2012). The peaks at around 1275 and 1071 cm-1 could be ascribed to the β phase vibration of PVDF (Cai et al., 2017). In comparison, for the fouled membrane after the biofilm formation, the peaks of PVDF membrane at 840, 878, 1071, 1275 and 1403 cm-1 decreased dramatically, and this was mainly caused by the deposition of the organic foulants on the membrane surface, which masked the PVDF layer. In contrast, several new peaks appeared in the samples of the fouled membrane surface. A broad absorbance band appeared between 3200 and 3600 cm-1, which could be attributed to the vibration of –OH bonds. The peaks at 1653 cm-1 and 1546 cm-1 represented the absorbance bands I and II of amides (Wang et al., 2002), respectively, which indicated the accumulation of protein-like substances. The peak at 1035 cm-1 could be ascribed to the C-O stretching of polysaccharides (Bell et al., 2016) and the band at 1243 cm-1 may have resulted from the stretching vibration of R-C-O-C-R (Lujan-Facundo et al., 2015).
The appearance of these peaks in both systems implied that the foulants of both systems were similar in terms of their composition. However, it can be seen that the intensities of the peaks in the control system were slightly greater than the BES integrated system, indicating that there were less organics deposited on the BES membrane surface. This is consistent with the concentration of protein-like substances or polysaccharides measured, and the higher organic residuals on membrane surface corresponded to a greater TMR development. In addition, after the removal of the biofilm layer using high pressure water with a sponge, it was evident that the spectrum of the BES integrated system was almost identical to the pristine membrane. However, clear peaks belonging to amides and polysaccharides were still evident in the control system, implying the interaction forces between the biopolymers and membrane surface were much stronger in the control system than the BES integrated system, which could have contributed to the severe membrane fouling observed.
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Figure S5. FTIR spectra of pristine and bio-fouled membranes from control and BES integrated systems, respectively.

[bookmark: OLE_LINK11]Dynamic water contact angle (CA) was measured to evaluate the hydrophilicity of the pristine and CNT modified PVDF membrane before and after biofouling formation (Figure S6). It can be observed that the initial CA of the virgin membrane was 91.1±1.0o and this reduced to 75.8±5.7o after CNT modification. These results could be expected since the carboxylated CNT contains a certain amount of hydrophilic groups (–COOH), which contributed to the reduction of the initial CA. Furthermore, the frictionless surface of the CNT wall facilitates the water molecular transport and therefore exhibited a greater rate of CA decrease (Majumder et al., 2005). In comparison, the CA of the membranes after biofilm formation showed an initial CA of around 115o, indicating that the biofilm formed on the membrane of each system had a similar composition. The thicker biofilm formed on the pristine membrane may have contained more interspaces and therefore resulted in a slightly faster decrease of the CA with time. 
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[bookmark: OLE_LINK13][bookmark: OLE_LINK14]Figure S6. Initial and dynamic values of the membrane contact angle (CA) in the control and BES integrated systems, before and after the biofilm formation.
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Figure S7. SEM-EDS of the biofilm formed on the membrane surface of the control system.
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Figure S8. SEM-EDS of the biofilm formed on the membrane surface of the BES integrated system.
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Figure S9. Taxonomic composition of the microbial community within the biofilm formed in the control and the BES integrated systems at class (a) and order (b) level, respectively.


[bookmark: OLE_LINK8]Table S2. Distribution of microbial species in respective systems at genus level.
	Species at genus level (with abundance ≥ 0.1%)
	BES (%)
	Control (%)

	k__Bacteria;p__Bacteroidetes;c__Cytophagia;o__Cytophagales;f__Cytophagaceae;g__
	20.9
	13.4

	k__Bacteria;p__Proteobacteria;c__Betaproteobacteria;o__Rhodocyclales;f__Rhodocyclaceae;g__Zoogloea
	11.3
	29.7

	k__Bacteria;p__Proteobacteria;c__Alphaproteobacteria;o__Rhodospirillales;f__Rhodospirillaceae;g__
	9.1
	5.6

	k__Bacteria;p__Proteobacteria;c__Betaproteobacteria;o__Burkholderiales;f__Comamonadaceae;Other
	5.1
	3.2

	k__Bacteria;p__Proteobacteria;c__Betaproteobacteria;o__Methylophilales;f__Methylophilaceae;g__Methylotenera
	3.2
	1.5

	k__Bacteria;p__Proteobacteria;c__Betaproteobacteria;o__Procabacteriales;f__Procabacteriaceae;g__
	3.2
	0.1

	k__Bacteria;p__Planctomycetes;c__Planctomycetia;o__Gemmatales;f__Gemmataceae;g__Gemmata
	3.1
	4.1

	k__Bacteria;p__Proteobacteria;c__Alphaproteobacteria;o__Rhizobiales;f__Hyphomicrobiaceae;g__Devosia
	3
	3.6

	k__Bacteria;p__Proteobacteria;c__Alphaproteobacteria;o__Rhizobiales;f__Bradyrhizobiaceae;g__Bradyrhizobium
	2.9
	0.2

	k__Bacteria;p__Planctomycetes;c__Planctomycetia;o__Gemmatales;f__Gemmataceae;g__
	2.5
	0.9

	k__Bacteria;p__Proteobacteria;c__Alphaproteobacteria;o__Rhizobiales;f__Phyllobacteriaceae;g__Aminobacter
	2.4
	1.3

	k__Bacteria;p__Proteobacteria;c__Betaproteobacteria;o__Burkholderiales;f__Oxalobacteraceae;Other
	2
	0.01

	k__Bacteria;p__Verrucomicrobia;c__Verrucomicrobiae;o__Verrucomicrobiales;f__Verrucomicrobiaceae;g__Prosthecobacter
	2
	4.6

	k__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__Pseudomonadales;f__Moraxellaceae;g__Acinetobacter
	1.6
	3.3

	k__Bacteria;p__Proteobacteria;c__Alphaproteobacteria;Other;Other;Other
	1.5
	0.5

	k__Bacteria;p__Proteobacteria;c__Alphaproteobacteria;o__Sphingomonadales;f__Sphingomonadaceae;g__Sphingomonas
	1.5
	0.01

	k__Bacteria;p__Proteobacteria;c__Alphaproteobacteria;o__Rhizobiales;f__Methylobacteriaceae;g__Methylobacterium
	1.4
	0.1

	k__Bacteria;p__TM6;c__SJA-4;o__S1198;f__;g__
	1.4
	0.2

	k__Bacteria;p__Proteobacteria;c__Betaproteobacteria;o__Burkholderiales;f__Oxalobacteraceae;g__Polynucleobacter
	1.1
	0.4

	k__Bacteria;p__Proteobacteria;c__Alphaproteobacteria;o__Rickettsiales;f__mitochondria;Other
	1
	0.2

	k__Bacteria;p__Bacteroidetes;c__Cytophagia;o__Cytophagales;f__Cytophagaceae;g__Runella
	0.5
	1.7

	k__Bacteria;p__Proteobacteria;c__Betaproteobacteria;o__Rhodocyclales;f__Rhodocyclaceae;g__Methyloversatilis
	0.5
	7.7

	k__Bacteria;p__Proteobacteria;c__Alphaproteobacteria;o__Rickettsiales;f__;g__
	0.4
	1.1

	k__Bacteria;p__Proteobacteria;c__Betaproteobacteria;o__Rhodocyclales;f__Rhodocyclaceae;Other
	0.01
	2.4

	k__Bacteria;p__Proteobacteria;c__Alphaproteobacteria;o__Sphingomonadales;f__Sphingomonadaceae;g__Novosphingobium
	0.9
	0.01

	Others
	17.49
	14.17
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