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[bookmark: OLE_LINK8]Abstract: In order to improve the performance of the ultrafitration (UF) membrane process in drinking water treatment, in terms of permeate flux and natural organic matter (NOM) removal, a new form of carbon nanofiber (CNF) layer derived from bacterial cellulose (BC) was prepared and applied as a pre-deposited coating on the UF membrane surface. Using bench-scale, dead-end filtration tests, both CNF and CNF modified by ethanol treatment (M-CNF), were evaluated for the treatment of two model NOM solutions, namely bovine serum albumin (BSA) and sodium alginate (SA). The results showed that both types of coating were effective in mitigating membrane fouling (lower flux decline), with the mitigation increasing with the coating quantity, and also enhanced the removal of BSA and SA. In particular, the M-CNF layer at the greater loading (24 g/m2) was able to reduce membrane fouling to a very substantial degree and achieve >90% removal of BSA and SA. Characterization of the CNF and M-CNF layers showed significant differences in their morphological and structural properties which may explain the observed differences in their ability to reduce membrane fouling; protection of the UF membrane by the carbon nanofiber layers may be attributed to both physical separation and surface adsorption of the NOM biopolymers.
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1. Introduction
In the past decade, ultrafiltration (UF) membrane technology has been increasingly applied in water treatment plants for drinking water supply in China and many other countries. Although various approaches to enhancing the performance of UF have received attention, fouling of the membrane still remains the principal operational limitation, affecting the process reliability and cost-effectiveness. Among the approaches being considered is the development of new, more efficient membrane materials, but progress so far has been slow [1]. Among the common materials used for water treatment membranes have been polyether sulfone (PES) [2, 3], polyvinylidene fluoride (PVDF) [4, 5], cellulose acetate (CA) [6], cross-linked polyamide (PA) [7], polycarbonate [8], and others. In many cases, pre-treatment processes are needed to remove the organic matter in the influent/raw water prior to the membrane to mitigate the membrane fouling.
As an alternative to conventional coagulation, floc separation and sand filtration, the use of powdered activated carbon (PAC) coupled with ultrafiltration (PAC-UF) is an emerging technology for the removal of NOM (natural organic matter) for drinking water [9-11], particularly for proteinaceous substances, and some fractions of humic-type substances [12]. As a sole pretreatment method, various studies have shown that PAC can remove some of the organic matter responsible for membrane fouling [13, 14]. Yu and co-workers also found that PAC adsorption together with coagulation could decrease the amount of dissolved organic matter (DOM) reaching the membrane surface and the extent of internal membrane fouling [12]. However, some studies have indicated that the addition of PAC may induce a greater degree of membrane fouling in long-term operation [12]. Similarly, research conducted using other types of adsorbent particles added to UF systems to remove NOM and other contaminants from the raw water [15], showed contrary effects on membrane fouling; in some cases fouling was reduced, while in others it was exacerbated [16]. Also, a layer of either cellulose or (especially) polysulfone nanofibers on the surface of ultrafiltration membranes could improve the fouling resistance [17]. In other studies, particular nano-absorption materials such as heated iron or aluminum oxide particles [13, 14, 16, 18], were pre-deposited on membrane surfaces in order to achieve NOM removal on and within the particle layer, and thereby reduced the quantity of foulants reaching the membrane surface [15, 19, 20].
Materials with high specific surface area and three-dimensional (3D) structures have great potential to be used as a pre-adsorptive layer on a membrane surface to protect the membrane from rapid fouling. Bacterial cellulose (BC), a common biomass nano-material, is composed of interconnected 3D networks of natural cellulose nanofibers with a high Young’s modulus and a large number of hydrogen bonds. Due to BC’s high surface area-to-volume ratio, remarkable mechanical properties, sustainable source, and low cost, BC-derived materials are promising alternatives to be used as a membrane coating in the UF membrane system. However, to-date there has been little reported in the way of related research in this field of application. BC-derived carbon nanofibers (CNF), which are made from BC after freezing and pyrolyzing, could be utilized as a pre-adsorption coating material on a UF membrane for water treatment, owing to its highly favourable physical and chemical properties. In addition, the CNF material is capable of being regenerated and reused by reheating to remove adsorbed organic matter, which is potentially another important advantage for its use in practice as an adsorbent UF coating. 
In this study we have prepared and tested a BC-derived CNF layer that was pre-deposited on a UF membrane surface to investigate its contribution to NOM removal and fouling control. In addition, a modified CNF (M-CNF), using ethanol in the preparation to alter the surface chemistry of the CNF, was also evaluated in terms of NOM removal and fouling mitigation. The tests involved the use of model NOM solutions containing known foulants and compared the flux performance of the UF systems with CNF and M-CNF as pre-deposited layers on the membrane surface and changes in the nature (micromorphology) of the layers. The results described subsequently showed that the CNF and M-CNF layers provided an enhanced antifouling performance compared to uncoated UF with the model NOM foulants. 

2. Materials and reagents
2.1. Model NOM solutions
[bookmark: _Hlk510178624]All chemicals were analytical regents except as indicated subsequently. Sodium alginate (SA) and bovine serum albumin (BSA) (Sinopharm Chemical Reagent Co., Ltd, China) were obtained as reagent grade chemicals. Both chemicals have been used in many studies previously as models for polysaccharides and proteins, respectively, found in surface waters serving as sources for drinking water supply (e.g. Yu et al., 2017). BSA used here was described as shallow grass yellow ball or needle crystal, and its MW was approximately 68k Dalton (data provided by supplier, Sigma). The molecular formula of SA is (C6H7NaO6)N, and its MW was approximately 200k Dalton (provided by Sigma). Fresh solutions of both chemicals were prepared at a total concentration of 3 g/L using deionized (DI) water (Millipore Milli-Q). Each stock solution was stored in the dark at 4 oC and brought to room temperature shortly before the preparation of working solutions and use in tests, and the stock solution was used within 3 days. Final solutions of 10 mg/L SA or BSA were prepared with 5 mM NaHCO3 and the pH was adjusted to 7.0 using either 0.1 M NaOH or 0.1 M HCl, before applying the solution to the membrane system. Throughout the experimental period the temperature was constant at 25±0.5 oC.

2.2. Preparation of CNF/M-CNF 
[bookmark: OLE_LINK16][bookmark: OLE_LINK17][bookmark: OLE_LINK12][bookmark: OLE_LINK13][bookmark: OLE_LINK1][bookmark: OLE_LINK2]The BC hydrogel (Hainan Yeguo Foods Co., Ltd., China) was immersed in DI water for 48 h, and then rinsed with DI water 2-3 times before use. The BC hydrogel was cut into patches of about 1.0×1.5×2.5 cm3 in size. After freezing using liquid nitrogen, the frozen hydrogel BC was freeze-dried (Beijing boyikang Laboratory Instrument Co. Ltd., China) and transformed into BC aerogel. The resulting BC aerogel was subsequently pyrolyzed under a flowing N2 atmosphere at 900 oC for 2 h to produce a black carbon nanofiber (CNF) framework/material. Finally, the CNF material was ground into very small pieces (grinding machine MG200, Grinder, China) for membrane pre-coating (sieved to around 200 mesh), corresponding to a size smaller than 74 μm. For comparison, a modified CNF (M-CNF) material was prepared, involving the CNF being immersed in ethanol for 12 h and then air-dried for 12 h.

2.3. Preparation of CNF/M-CNF pre-coated layers and UF experiments
[bookmark: _Hlk510179342]The UF membrane used in the experiments was made of polyvinylidene fluoride (PVDF) (Beijing Ande Membrane Separation Technology & Engineering Co., Ltd, China) with a nominal molecular weight (MW) cutoff of 100 kDa (~ 10-20 nm). Its other properties included a working temperature range of -10~45 oC, a pH range of 3~11, a working pressure of 0~4 bar, and its diameter for the tests was 79 cm. Prior to use, each membrane was immersed in DI water for at least 24 h and subjected to ultrasonic treatment for 5 min to remove any impurities and production deposits on the membrane surfaces. Then 0.05 g (12 g/m2) and 0.1 g (24 g/m2) CNF and M-CNF were dispersed in the DI water, and deposited onto the UF membrane surface by filtration, thereby forming a pre-coated layer. Before the UF tests with NOM solutions, the permeate flux of the membrane was determined by filtering DI water until the flux reached a constant value; details of the method are given below.
Each of the UF tests involved three filtration cycles, with backwashing and re-coating between each cycle. Thus, the operational procedures were as follows: 1) 300 mL model solution (SA or BSA) was filtered by a UF membrane which had been pre-coated with CNF or M-CNF; 2) at the end of the filtration period the fouled CNF or M-CNF layer was scraped from the membrane, and then the membrane was reversed and backwashed with 50 mL DI water; 3) after the backwash the membrane was reversed again (back to its original arrangement) and a new layer of CNF or M-CNF added to the membrane surface (at the given concentration) before commencing the next filtration cycle. After the completion of the series of filtration cycles, the CNF or M-CNF layer on the membrane surface was scraped off with an obtuse plastic sheet for subsequent characterization. 
The variation (decline) of normalized flux J/J0 with filtration time was used to describe the process of UF membrane fouling, where J0 is the initial membrane flux. The UF filtration tests were conducted using a stirred cell apparatus (Millipore, Amicon 8400, USA) at a constant filtration pressure (0.1 MPa) applied by nitrogen gas, and the measurement of permeate volume was determined by an electronic balance (ML4002, Mettler-Toledo International Inc., USA) connected to a computer for continuous data logging at one second intervals. The fouling and treatment performance of the membranes with or without pre-deposited CNF/M-CNF layers were studied by filtering 10 mg/L SA or BSA solutions, in a similar manner to that reported previously [21-24].

2.4. Characterization of CNF, M-CNF and un-coated, UF membranes at the completion of filtration cycles
At the completion of the membrane cycles, the fouled CNF and M-CNF layers on the membrane surface were carefully scraped off with a plastic sheet for subsequent analysis. The methods used in the analysis of these, and other, samples are described as follows. Samples of BC aerogel and the CNF/M-CNF layers were coated with Au using a Precision Etching Coating System (Quorum, Model 150R ES) and imaged with a FEG250 field emission scanning electron microscope (SEM, FEI, America) equipped with a thermal field emission gun at 25kV accelerating voltage. Thermogravimetric differential thermal analysis (TG-DTA) (TG/DTA 6200, SII Nano Technology Inc., Japan) was conducted in a corundum crucible from 50 oC to 600 oC with a heating rate of 20 oC/min under a nitrogen flow rate of 200 mL/min to evaluate the weight loss of the freeze-dried BSA and SA in samples of the membrane influent and effluent. The specific surface area and porosity of the CNF and M-CNF layers before and after UF tests were determined by the Brunauer Emmett Teller (BET) method, involving nitrogen adsorption-desorption isotherms measured at 77 K on a TriStar II3020 Micrometrics apparatus (USA). Fourier transform infrared spectroscopy (FTIR, Thermo Scientific, Nicolet iS10) and X-Ray diffraction (XRD, Rigaku, Ultima IV, Cu-Κα radiation, 45 kV, 50 mA, Japan) were used to characterize the components and crystallinity of BC, CNF and M-CNF samples. Raman spectra were obtained using a Micro-Raman spectrometer (Renishaw, UK) with a 532 nm wavelength incident laser. Total organic carbon (TOC) of 0.45 μm filtered solutions was determined by a total organic carbon analyzer (TOC-VCPH, Shimadzu, Japan). An ultraviolet-visible light spectrophotometer (UV-2450, Shimadzu, Japan) was used to determine the content of BSA in the membrane influent and effluent solutions. 

3. Results and discussions
3.1. SEM images
[bookmark: OLE_LINK62][bookmark: OLE_LINK72]BC aerogel, CNF and M-CNF samples were examined by SEM (Figure 1) to investigate the mechanism of fouling reduction caused by the pre-deposited CNF and M-CNF layers. The size distribution and average size of the fiber diameter are of importance in understanding the fouling control process since they have a significant impact on the properties of the pre-deposition layers on the membrane surface, and for a given mass loading they determine the porosity and thickness of the layers. The SEM images showed that the average diameter of fibers of the BC aerogel was relatively larger than that of the CNF and M-CNF fibers, which was attributed to the effects of carbonization and dehydration. The distribution of fiber diameters was obtained by a statistical method using the ‘Smile View’ software [25], which indicated that the fiber diameter of BC aerogel was mainly distributed in the range of 20-40 nm. The average diameter of CNF fibers decreased from around 20 nm (23 nm) without modification by ethanol to approximately 10 nm (13.5 nm) for the M-CNF fibers. Based on these values, and the measurements of surface area and pore volume (Table S1), described later, the approximate thickness of the layers were calculated to be: 11.5 µm (12 g/m2) and 23 µm (24 g/m2) for the CNF, and 9.7 µm (12 g/m2) and 19.4 µm (24 g/m2) for the M-CNF. Thus, the M-CNF layers were thinner and more compact than the CNF layers. This was supported by cross-sectional images of CNF and M-CNF layers (at 6 g/m2 loading), shown in Figure 1 (d - g), which indicated the thicknesses of the CNF and M-CNF layers as 5.25 μm and 4.95 μm, respectively. Therefore, the deposited layers have the capability to mitigate membrane fouling as reported elsewhere with other layer types [17, 26], and shown here in the following results and discussion.
[image: D:\实验数据\bacterial cellulose precoated-BC-PVDF membrane\SEM\图片8.jpg][image: C:\Users\Wenzheng Yu\AppData\Local\Microsoft\Windows\INetCache\Content.Word\cnf-5000 - 副本.tif][image: C:\Users\Wenzheng Yu\AppData\Local\Microsoft\Windows\INetCache\Content.Word\cnf_20000 - 副本.tif][image: C:\Users\Wenzheng Yu\AppData\Local\Microsoft\Windows\INetCache\Content.Word\mcnf-5000 - 副本.tif][image: C:\Users\Wenzheng Yu\AppData\Local\Microsoft\Windows\INetCache\Content.Word\mcnf_2000 - 副本.tif]
Figure 1. SEM images of (A) BC aerogel, (B) CNF and (C) M-CNF; and inserts are statistical results of size distribution of the (A) BC nanofibers, (B) CNF and (C) M-CNF (by Smile View software; other conditions: voltage = 25 kV; magnification = 50,000×), and SEM cross-section images of CNF (D and E) and M-CNF (F and G) layers (with 6 g/m2 loading).

3.2. Structure of CNF and M-CNF layers
In order to further explain the superior performance of the UF membrane with the M-CNF layer, compared to that with the CNF layer, in terms of membrane fouling, the nature of the M-CNF and CNF layers were investigated by means of XRD, FTIR and TG-DTA analyses. Figure 2A displays the XRD patterns of samples of the BC aerogel, and CNF and M-CNF layers. In the case of the BC aerogel, three broad peaks located at 14.7°, 17.0°, and 23.0° were observed, which was due to the partial crystallization of pristine BC [27]. In marked contrast, there was only one wide XRD peak for the CNF and M-CNF samples, indicating a significant decrease in crystallinity and that the composition had undergone an apparent change (Figure 2). The reasons may be as follows: it has been reported that the heat treatment of cellulose to over 260 oC induces an irreversible crystal transformation from cellulose Iα to cellulose Iβ accompanying the shift of the peak 110 to the wider angle on the XRD patterns [28]. In addition, the Raman spectra of CNF and M-CNF samples are shown in Figure 2B. In these spectra, the D-band at 1330 cm-1 was induced by the defective structures of the carbon material, while the G-band at 1590 cm−1 was related to E2g graphite mode [29]. Hence, the intensity ratio of the D band to G band (ID/IG) reflects the defective extent and the structure quality of CNF semi-quantitatively. The greater intensity ratio of the sample suggests the poorer graphite structure of the carbon material. It can be seen that the intensity ratio (ID/IG) of the D band and G band of M-CNF is about 1.11, while the ID/IG of CNF is 1.15. It can be explained that the presence of unrepaired defects that remained after the removal of large amounts of oxygen-containing functional groups and its modification by ethanol, resulted in the variation of ID/IG intensity ratios of the Raman spectra [29, 30]. This was further confirmed by the FTIR analysis of CNF and M-CNF, as described in the following section.



Figure 2. (A) XRD patterns of BC aerogel, CNF and M-CNF samples; (B) Raman spectra of CNF and M-CNF samples.

3.3. Performance of the membrane processes
The effect of pre-deposited CNF and M-CNF layers with different thicknesses (loadings) on the development of membrane fouling, as indicated by flux decline, was investigated using 10 mg/L BSA and SA solutions as model substrates for NOM-rich influent water. In the filtration experiments, the initial fluxes (J0) of the membrane did not change significantly with the different thicknesses of pre-deposited layers and were equal to 205±8 L/m2h. The flux-decline curves for the membranes with CNF and M-CNF layers obtained in the filtration tests are shown in Figure 3, with those for a pristine UF membrane (only PVDF).
[bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK5]For both the SA and BSA solutions, the presence of the CNF layer substantially reduced the extent of membrane fouling (Figures 3A and 3B). Thus, for the SA solution, the final J/J0 of the UF with 12 g/m2 CNF increased, relative to the uncoated membrane, from 0.30 to 0.46 after three filtration-backwash cycles, and increased to 0.48 with 24 g/m2 CNF (Figure 3A). However, larger J/J0 values were obtained when treating BSA solution, as shown in Figure 3B, where the J/J0 increased from 0.66 (only PVDF) to 0.72 (12 g/m2 CNF) and 0.74 (24 g/m2 CNF) after the first cycle and from 0.59 (only PVDF) to 0.65 (12 g/m2 CNF) and 0.69 (24 g/m2 CNF) after the second cycle. Even after the third filtration cycle the final J/J0 was significantly greater at 0.67 for 24 g/m2 CNF compared to 0.57 for the uncoated (only PVDF) membrane. It was evident from these results that the SA solution induced a higher normalized flux decline than that for the BSA solution, which was the case without, or with, the CNF pre-coated layer. This difference in fouling behavior may be a consequence of the size of the organic substrates (viz: ~20 nm SA, ~7.5 nm BSA; Yu et al., 2017) relative to the pore sizes of the PVDF membrane and coatings; this will be discussed subsequently.
[bookmark: OLE_LINK6][bookmark: OLE_LINK7]The results in Figure 3A also show that for the SA solution the J/J0 recovery for the 12 g/m2 and 24 g/m2 CNF pre-coated layers after backwash was 96% and 93%, respectively, which were only slightly less than that of a new, uncoated membrane. For the second recovery after backwash, the results were similar. Therefore, it can be concluded that the membrane fouling was mainly determined by the cake layer on the surface of the membrane and the CNF pre-coated layer can mitigate the flux decline for the SA solution. In contrast, as shown in Figure 3B, relatively serious irreversible fouling occurred with the BSA solution in the absence of the CNF layer. It was also evident that with a greater CNF loading, the extent of irreversible membrane fouling was reduced.
The performance of the CNF layer as a pre-filtration/adsorption layer for the SA and BSA solutions, and the impact on membrane fouling, were compared with that for the M-CNF layer (Figures 3C and 3D). The results showed that the flux decline with the M-CNF pre-coated layer (12 g/m2 and 24 g/m2) was remarkably less than that of the CNF pre-coated layer (12 g/m2 and 24 g/m2) for the treatment of both SA and BSA solutions. In both cases the flux decline with the 24 g/m2 M-CNF layer was less than that with the 12 g/m2 M-CNF layer, especially for the SA solution, and the greater loading (24 g/m2 M-CNF) was able to mitigate the membrane fouling to a low level. The differences in the characteristics of the layers (e.g. smaller average diameter of fibers, and narrower pores and channels between the fibers, of the M-CNF layer) may explain the different fouling behavior and NOM removal performance shown in Figure 3. Also the mechanism of membrane fouling will be discussed subsequently based on the changes of structure and chemical bonds within the CNF and M-CNF layers during filtration.


 






[bookmark: _Hlk511066688]Figure 3. Normalized flux decline of an uncoated, and CNF coated, PVDF membrane in the treatment of 10 mg/L SA (A) and 10 mg/L BSA (B) solutions for three filtration-backwash cycles (‘down’ arrows indicate backwash events), and the normalized flux decline of uncoated and CNF/M-CNF coated membranes in the treatment of 10 mg/L SA (C) and 10 mg/L BSA (D) (first filtration cycle); removal of SA (E) and BSA (F) by the CNF/M-CNF coated membranes in terms of TOC (first filtration cycle); the initial membrane flux for both BSA and SA solutions was approximately 205±8 L/m2h.
The results of the comparative treatment performance for the UF, CNF, M-CNF membranes in terms of the removal of SA and BSA are shown in Figure 3E and 3F. These indicate that there was an enhanced, but significantly different, effectiveness of organic matter removal by the presence of a CNF or M-CNF coating on the membrane surface when treating the different NOM solutions. The results indicated that the uncoated UF membrane could dramatically remove SA by more than 90% (Figure 3E), reflecting a little greater size of the SA macromolecules relative to the UF pores, while the additional coating of a CNF or M-CNF layer further improved the removal efficiency, but to a minor extent. For the BSA solution, the coating of CNF/M-CNF was able to substantially improve the removal efficiency from around 55% to more than 80%, and for the greater loading (thickness) of the coated layer (24 g/m2) the BSA removal increased to more than 90% (Figure 3F); for both SA and BSA the removal efficiency of the M-CNF was consistently greater than that of the CNF.
SEM images of the CNF and M-CNF layers on the UF membrane after NOM filtration are given in Figure 4, and show the comparative extent of blockage by the BSA and SA. It can be seen that few large pores were evident on the M-CNF layer and the apparent number of pores was smaller (Figure 4C) compared to the CNF layer (Figure 4A) from the treatment of BSA solution. In addition to the blockage of pores, the adsorption of organic matter within the M-CNF layer was greater than that of the CNF layer, as indicated by the accumulation of BSA. The comparative extent of blockage of the CNF and M-CNF layers by SA was very similar, and more pores of the M-CNF layer appeared to have been blocked (Figure 4D). These observations are consistent with more NOM penetration to the surface of the PVDF membrane, and the greater flux decline, for the UF membrane with CNF layer, as reported previously (Figure 3).
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[bookmark: OLE_LINK24][bookmark: OLE_LINK25]Figure 4. SEM images of 24 g/m2 pre-coated CNF (A) and M-CNF (C) layers, respectively, fouled by BSA; and SEM images of 24 g/m2 pre-coated CNF (B) and M-CNF (D) layers, respectively, fouled by SA (other conditions: voltage = 25kv; magnification = 50,000×).

3.4. FTIR analysis
The FTIR spectra of the pristine and fouled CNF and M-CNF membrane layers, as well as the BSA and SA, were obtained in order to investigate structural differences in the layers and confirm the adsorption of BSA and SA by the CNF/M-CNF layers; these are shown in Figure 5. The infrared spectra of BSA (protein) exhibited five characteristic bands in the range of 1000~1700 cm-1, three of which are known as amide bands [31]. The Amide I band, which has the strongest absorption of infrared light, is found between 1600 and 1700 cm-1. It is primarily caused by stretching vibrations of C＝O, coupled weakly with C-N stretch and N-H bending [31]. The Amide II band is mainly caused by the C-N stretch along with N-H in-plane bending and occurs at 1500-1600 cm-1 [32]. This band of the BSA in our study shows at 1553 cm-1. The Amide II band of the CNF layer after adsorbing BSA shifted from 1591 cm-1 to 1595 cm-1. The Amide III band is found at 1200-1300 cm-1, and this band of the BSA showed here at 1245 cm-1. However, when BSA was adsorbed on CNF, its FTIR spectra became less obvious (Figure 5A). A similar phenomenon can also be observed at 2964 cm-1, which corresponded to CH2 bonds. 
In the case of CNF with SA (Figure 5B), the FTIR spectra had a dominating signal at 3200-3500 cm-1 from the presence of hydroxyl groups in CNF and hydrogen bonds in both CNF and SA [33, 34]. The absorption bands at 1596 cm-1 and 1419 cm-1, corresponded to asymmetric COO stretching vibration and symmetric COO stretching vibration of SA, respectively [35]. Because of the superposition of bands 1061 cm-1 (CNF) and 1127 cm-1 (SA), absorption bands for CNF after treating SA solution were visible between them, which confirmed the adsorption of SA by the CNF layer. 






Figure 5. FTIR spectra of coated UF membranes: 24 g/m2 and 12 g/m2 CNF (A, B) and M-CNF (C, D) layers after adsorbing/filtering BSA and SA respectively (the spectra for pristine CNF and M-CNF, and BSA and SA are also shown for reference in the corresponding figure).

Also the FTIR spectra of M-CNF fouled by BSA and SA are shown in Figures 5C and 5D. The bands at about 1400 cm-1 (M-CNF) can be attributed to C-H in-plane bending vibration [36]; the observed bands at 1603 cm-1 are attributed to C=O or C=C stretching vibrations, indicating respectively the existence of furanic and aromatic groups [37-39]; the bands at 629 cm−1 are ascribed to deformation vibration of C-H planes [36, 40]. The bands of M-CNF, 1049 and 1087 cm-1, decreased which correspond to alcoholic C-O stretching vibration for BSA and SA. The peaks present at 880 and 3127 cm-1, corresponded to the CH out-of-plane deformations in aromatic rings and =C–H stretching modes, respectively [10]. CH bonds give rise to the peaks at 2925/2890 cm-1 (C–H aliphatic stretch), which indicate the adsorption of BSA or SA. In general, the FTIR results indicate that the surfaces of the M-CNF samples were more abundant in hydroxyl, carbonyl, carboxyl, and aromatic groups compared to the CNF samples. These surface groups provide possibilities for their further functionalization, making the materials more hydrophilic [36, 39] and thus able to adsorb more BSA (1620 cm-1) and SA (1127 cm-1) (Figure 5C and Figure 5D). This may be the reason that the M-CNF layer showed the better flux performance than the CNF layer (Figure 3), whereby the surface groups provided more adsorptive sites for the M-CNF to adsorb the NOM foulants (BSA and SA), and preventing them from reaching the UF surface and pores, and fouling them.

3.5. Thermogravimetric analysis
The results of thermogravimetric analysis (TGA) and differential thermogravimetric analysis (DTG) of BSA in the influent and effluent before and after the membrane filtration with CNF or M-CNF layers are presented in Figure 6. The weight loss curves shown in Figures 6A and 6C represent BSA in the influent and effluents of the membrane coated by CNF/M-CNF layers with two thicknesses. It is clear that the weight loss occurred between 100 and 150 oC, which is attributed to the evaporation of different MW organic substances of BSA. It is believed that physically adsorbed and hydrogen bond-linked water molecules were lost at this first stage of heating [41, 42], while the larger MW components of BSA were adsorbed or retained by the CNF/M-CNF layers. The weight loss was about 29.5%, 28.0% and 23.6% (Table S2) respectively for BSA influent, BSA effluent of 12 g/m2 and 24 g/m2 CNF pre-coating layers, with the corresponding maximum thermal decomposition occurring at 131.4 oC, 130.5 oC and 127.1 oC (Figure 6B); the corresponding peaks for the M-CNF layers occurred at 131.4 oC, 128.6 oC and 125.3 oC (Figure 6D). Since a higher maximum decomposition temperature corresponds to larger MW of organic matter in the influent and effluent, this indicated that more BSA of larger MW was adsorbed by the M-CNF coated membrane. In addition, the BSA content in the influent and filtered effluent (by the membrane with 12 g/m2 and 24 g/m2 CNF/M-CNF pre-coating layer) was also evaluated in terms of UV absorbance, and the corresponding spectra as shown in Figures 6E and 6F. These showed a lower UV absorbance for the M-CNF layer effluent, which indicated a greater BSA removal (Figure 3F) by the M-CNF layer compared to the CNF layer, in agreement with the TGA results. 






  
[bookmark: OLE_LINK82][bookmark: OLE_LINK83]Figure 6. The weight loss and DTG curves of BSA in the influent and effluents of the UF membrane with CNF layer (A, B) or M-CNF layer (C, D); the UV spectra of BSA in the influent and effluent of UF membrane with 12 g/m2 (E) and 24 g/m2 (F), respectively, of CNF and M-CNF layers (There is no UV absorbance of SA).

4. Conclusions
In the study described in this paper, the performance of two novel coatings (CNF and M-CNF) on a PVDF UF membrane has been evaluated, with the coatings prepared from bacterial cellulose via freezing and pyrolyzing. Both types of coated membrane were compared with a conventional PVDF membrane in terms of mitigating membrane fouling and organic substrate retention when treating solutions of bovine serum albumin (BSA) and sodium alginate (SA) as representative NOM constituents of raw surface waters. The principal results of the study were as follows:
(1) Both CNF and M-CNF coatings on the UF membrane significantly decreased membrane fouling, especially M-CNF, which was able to decrease flux decline to a very low level. It was found that an increase in the mass loading of CNF or M-CNF, and thus, coating thickness, decreased the membrane flux decline (fouling).
(2) Both CNF and M-CNF coatings gave enhanced removal of SA, and particularly, BSA, achieving 90% overall removal at the highest fiber loading. Although the CNF and M-CNF layers had similar surface areas, the M-CNF exhibited greater removals, possibly due to its more compact structure. The removal of BSA and SA increased with the CNF and M-CNF loading.
(3) The M-CNF fiber surfaces appeared to contain more functional groups than those of the CNF, which may have contributed to the superior performance of the former coating. Thus, the observed protection of the UF membrane to NOM fouling by the CNF/M-CNF layers may be attributed to both physical separation (size exclusion) and surface adsorption effects.
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Table S1. The BET surface area and BJH pore diameter distribution of pristine CNF and M-CNF, and M-CNF fouled by BSA and SA (with 24 g/m2 M-CNF loadings).

	Physical properties of CNF and M-CNF (without and with adsorbed BSA or SA).

	Sample
	BET Surface Area (m2/g)
	BJH adsorption
	BJH desorption

	
	
	Pore Volume (cc/g)
	Pore Diameter (nm)
	Pore Volume (cc/g)
	Pore Diameter (nm)

	
	
	
	
	
	

	CNF
	129.0
	0.220
	1.43
	0.215
	1.41

	M-CNF
	104.9
	0.453
	1.94
	0.449
	1.82

	24 g/m2 M-CNF-BSA
	81.5
	0.198
	2.06
	0.207
	1.94

	24 g/m2 M-CNF-SA
	136.2
	0.495
	1.93
	0.486
	1.70











Table S2. The weight loss percentage of BSA inflow and effluent at different temperatures.

	       Temp(◦C) 
Weight loss (%)
Sample           
	100
	153.7
	200
	300
	400
	456
	500
	600

	
	
	
	
	
	
	
	
	

	BSA inflow
	1.68
	25.91
	26.23
	27.68
	28.73
	29.12
	29.3
	29.45

	　
	　
	　
	153.3
	　
	　
	　
	　
	　
	　

	12g/m2 CNF effluent
	1.89
	23.96
	24.7
	25.81
	27.01
	27.36
	27.59
	28.04

	　
	　
	　
	150.2
	　
	　
	　
	　
	　
	　

	24g/m2 CNF effluent
	2.07
	20.76
	21.35
	22.46
	23.15
	23.41
	23.57
	23.58














Figure S1. Nitrogen adsorption-desorption isotherms of samples of the pristine CNF and M-CNF layers, and 24 g/m2 and 12 g/m2 M-CNF layers fouled by BSA and SA.
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