Excessive ozonation stress triggers severe membrane biofilm accumulation and fouling
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Abstract
The established benefits of ozone on microbial pathogen inactivation, natural organic matter degradation, and inorganic/organic contaminant oxidation, have favored its application in drinking water treatment. However, viable bacteria are still present after ozonation of the raw water, bringing a potential risk to membrane filtration systems in terms of biofilm accumulation and fouling. In this study, we shed light on the role of the specific ozone dose (0.5 mg–O3/mg–C) in biofilm accumulation during long–term membrane ultrafiltration. Results demonstrated that ozonation transformed the molecular structure of influent dissolved organic matter (DOM), producing fractions that were highly bioavailable at a specific ozone dose of 0.5, which was inferred to be a turning point. With the increase of specific ozone dose, the biofilm microbial consortium was substantially shifted, demonstrating a decrease in richness and diversity. Unexpectedly, the opportunistic pathogen Legionella was stimulated and occurred in approximately 40% relative abundance at the higher specific ozone dose of 1. Accordingly, the membrane filtration system with a specific ozone dose of 0.5 presented a lower biofilm thickness, a weaker fluorescence intensity, smaller concentrations of polysaccharides and proteins, and a lower Raman activity, leading to a lower hydraulic resistance, as compared to that with a specific ozone dose of 1. Our findings highlight the interaction mechanism between molecular–level DOM composition, biofilm microbial consortium, and membrane filtration performance, which provides an in–depth understanding of the impact of ozonation on biofilm accumulation. 
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Synopsis: Excessive ozonation stress triggers severe membrane biofilm accumulation




1. Introduction
    Membrane fouling continues to be a major concern in the application of membrane filtration technology, in which the biofilm layer plays a critical role. Various oxidants or disinfectants are commonly used for pretreatment upstream of conventional processes, including membrane separation, and these have been intensively investigated in recent years.1–4 In terms of the relative benefits of alternative pretreatment methods, involving the inactivation of microbial pathogens, decomposition of natural dissolved organic matter (DOM), oxidation of inorganic contaminants, and the removal of taste–, odor–, and color–causing compounds, ozone is commonly preferred in water treatment.5 Although microbial levels are difficult to detect due to the rapid reactivity of ozone, viable microbes have been reported to remain present after ozonation of raw water,6 offering an opportunity for the formation of biofilm on the surface of subsequent membranes. Several studies have investigated the effect of ozonation on membrane fouling,7–10 but for the long–term operation of a membrane filtration system, the role of ozone in the biofilm accumulation remains unclear. 
In the process of ozonation, DOM, a highly complex mixture composed of multiple natural and anthropogenic organic molecules, is the major ozone consumer.11,12 Ozone is able to react with electrophilic functional groups and activated aromatic substances, breaking double bonds, thereby splitting molecules and adding oxygen atoms to molecules.13,14 Thus, ozone has been shown to lower the aromaticity of DOM by reacting with phenolic moieties found commonly in DOM.15 Remucal et al. studied molecular–level transformation of two DOM isolates using Orbitrap mass spectrometry and found that, as well as reducing aromaticity, ozonation also decreased the apparent molecular weight and electron donating capacity of DOM with large changes.16 In addition, ozonation was demonstrated to make organic compounds more hydrophilic and susceptible to biodegradation.17,18 However, some research studies have shown that ozone may produce reaction byproducts that are less biodegradable and potentially detrimental.19–21 Therefore, the biodegradability of ozonized DOM, and its potential influence on the subsequent formation and accumulation of biofilm on membrane surfaces, requires further evaluation. 
As a disinfectant, ozone is highly effective in inactivating bacteria in water,22 but ozone–resistant bacteria can remain after ozonation, which can enhance the accumulation of biofilm on the surface of membranes subsequently. The actively growing microbial species were reported to secrete secondary metabolites that could alter ambient conditions, thus influencing the growth of other microorganisms and shifting relative abundance levels.23 The variation in the bacterial community is suspected to further affect the biofilm structure and properties, owing to the discrepant extracellular polymeric substances (EPS) secreted.1,24–26 At present, detailed information regarding the shift of biofilm bacterial community by ozone remains deficient, and moreover, the influence of specific ozone dose, defined as the ratio of ozone dose to dissolved organic carbon in raw water (mg–O3/mg–C), on the microbial composition is also largely unknown. 
The DOM provides substrates serving as niches for the biofilm microbes and they are major energy sources supporting microbial growth.27 The variation in the molecular composition of DOM has been reported to affect the diversity, structure, and functioning of microbial communities.28,29 In turn, microbial consortia produce chemo-diversity by degrading larger molecules into smaller structures and releasing new molecules into the water.30 The interactions between chemo-diversity and biodiversity are complex but vitally important. Several previous studies have investigated the natural ecosystems and endeavored to disclose the interaction mechanisms. In a pelagic marine system, Osterholz et al. found that the active microbial community correlated with specific DOM molecular formulae and the trend was most pronounced at the species level.31 Tanentzap and co–workers focused on a fresh water system and they discovered that the chemical and microbial diversities were positively correlated, with DOM having a stronger effect on microbes than vice versa.27 However, less attention has been paid to the engineering system and the interactions between DOM and biofilm microbial consortia remain unknown, which are of particular importance since they likely have a pronounced effect on biofilm accumulation and membrane filtration performance. 
In this paper, we present new information that sheds light on the molecular–level DOM composition at varying specific ozone doses, the biofilm microbial structure, interactions between DOM chemo-diversity and biofilm biodiversity, and importantly, decipher the associated influencing mechanism on membrane filtration performance. Here, Fourier transform ion cyclotron resonance mass spectrometry (FT–ICR–MS), the state–of–the–art analytical tool for molecular–level DOM characterization, was employed in the experiments, owing to its high resolution, sensitivity, and mass accuracy.31 We hypothesize that the composition of DOM is substantially transformed, depending on the value of specific ozone dose. With the increase of specific ozone dose, the biofilm biodiversity presents a declining trend. The synergistic effect of DOM and biofilm microbial consortia may contribute to the differences in membrane filtration performance. The objective of the study, described subsequently, was to provide an in–depth insight into the role of specific ozone dose in the biofilm formation and the interactions between DOM, biofilm bacterial community, and membrane filtration performance.
2. Materials and Methods
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]2.1 Experiment set–up and operation
Water samples were collected from River Jingmi (Beijing, China), which serves as the source of drinking water supply for the large majority of the citizens living in Beijing. Polyvinylidene fluoride (PVDF) ultrafiltration (UF) membrane (Beijing Separate Equipment Co., Ltd., China), with a nominal molecular cut–off of 100 kDa, and an area of approximately 78.5 cm2, was selected for the experiments. A gravity–driven membrane filtration system, with a constant transmembrane pressure of 35 mbar (35 cm water head), was adopted as the experimental model, due to its advantages in terms of biofilm robustness. Further detailed information concerning the surface water characteristics and filtration system is given in the Supporting Information (SI, Table S1 and Figure S1)
Surface water was ozonized with fresh gaseous ozone, generated from pure oxygen by a laboratory ozone generator (ZA–10G–C, HangMu, China). The gas contacting apparatus was operated under 0.1 kPa pressure and the ozone was added under vigorous mixing on the basis of bubble size, to yield specific doses of 0.5 mg–O3/mg–C and 1 mg–O3/mg–C, which were ratios representative of practical applications and verified using the standard indigo method.32 The ozonized samples were stored at room temperature for 20 h, to allow for complete ozone consumption and decay. Thereafter, water samples serving as feed waters were added to the filtration systems. For convenience, the filtration systems with specific ozone dose of 0.5 mg–O3/mg–C and 1 mg–O3/mg–C were denoted as ratio 0.5 and ratio 1, respectively.
2.2 DOM preparation for ESI–FT–ICR–MS measurement and data analyses
    To desalinate and concentrate DOM, solid phase extraction (SPE) was performed on all the influent samples using Bond Elute PPL cartridges (200 mg, 3 mL; Agilent technologies, USA) according to the method of Dittmar et al.33 Briefly, the cartridges were rinsed with 3 mL of methanol (MS grade) prior to use. An acidified sample was passed through the cartridge, rinsed with three cartridge volumes of 0.01 M HCl, dried with ultrapure N2, and immediately extracted with two cartridge volumes of methanol (MS grade). The eluates were blow–dried with ultrapure N2 and re–dissolved in a 1 mL mixture of 1:1 (v:v) methanol/ultrapure water. The samples were re–filtered with 0.2–μm PTFE syringe filters pre–rinsed with a 1:1 mixture of methanol to ultrapure water. All samples were adjusted to an equal mass concentration of 100 mg–C·L–1, in order to eliminate the influence of concentration on the ionization efficiency of molecules detected. 34,35 The extraction efficiency exceeded 75% using this method.36 Each sample was examined in duplicate according to the methods reported prevously.37,38 A blank sample for the sorbent was obtained by extracting ultrapure water with the same procedures and volumes as the samples. 
Ultrahigh resolution mass spectra were obtained using a solariX FT–ICR–MS instrument (Bruker Daltonik GmbH, Germany) equipped with a 15.0 T superconducting magnet and an ESI ion source under negative ion mode. The details for mass spectra acquirement, calibration, and peak assignment can be found in the SI. Ratios O/C ≤ 1.2 and 0.2 ≤ H/C ≤ 2.3 were used as the further restrictions for the formula calculation.39 Seven compound groups were delineated by the H/C and O/C cutoffs in the van Krevelen diagrams, according to a previous publication.40 To further characterize the molecular properties of DOM, aromaticity index (AI), which indicates the fraction of aromatic and condensed aromatic structures,41 and nominal oxidation state of carbon (NOSC), which is related to the bioavailability of the molecule,42 were calculated by the following equations:
                                                     (1)
                                               (2)
where c, h, o, n, and s refer to the stoichiometric number of carbon, hydrogen, oxygen, nitrogen, and sulfur atoms per formula, respectively. Significant differences were determined using the Kruskal–Wallis test. 
2.3 DOM physicochemical properties
2.3.1 Fluorescence characteristic
An excitation–emission matrix (EEM) fluorescence spectrometer (F–4600, Hitachi, Japan) was employed for the analysis of the fluorescence properties of samples (water and biofilm). A volume of 15 mL 0.1 M NaCl solution was used to rinse the biofilm from the membrane surface. The sample EEM spectra were blank subtracted, and the intensities were normalized by the ultrapure water Raman peak at an excitation of 350 nm (386–410 nm emission), converting fluorescence data to Raman units (R.U.).43 First– and second–order Rayleigh scatters were removed from the EEM spectra. Each sample was measured in triplicate and the results were averaged. 
2.3.2 Apparent molecular weight distribution
    The apparent molecular weight of the sample organic matter was determined using a high performance size exclusion chromatograph (HPSEC), with an operating wavelength of 254 nm. Based on the apparent molecular weight profile obtained using sodium polystyrene sulfonate as a standard, the correlation between retention time and apparent molecular weight was determined. Accordingly, the sample apparent molecular weight distribution profiles were ascertained. All samples were pre–filtered by a 0.22–μm syringe filter before being injected into the instrument.
2.3.3 Chemical bonds linking the molecules
X–ray photoelectron spectroscopy (XPS; PHI Quantera II, ULVAC, Japan) measurements were conducted with a Thermo Escalab 250 electron spectrometer using 150 W Al–Kα radiations, yielding the identification of chemical compositions and oxidation states of elements on the freeze–dried biofilm surface. A Fourier transform infrared (FTIR) spectrometer (Spectrum Two, PerkinElmer, USA) with an attenuated total reflectance (ATR) accessory was used to analyze the functional groups of freeze–dried biofilm. A Raman spectrometer (inVia–Reflex, Renishaw, UK) was employed to reveal the Raman activity of the freeze–dried biofilm, with a wavelength of 532 nm and a 50× ultra–long working distance objective lens. At least five randomized locations were selected for the measurement. The XPS spectra were further fitted by XPSPEAK software and all the spectral curves were plotted with Origin 2021 software. 
2.4 Biofilm morphological structure
At the end of the experiments, the biofilms together with the membranes, were gently taken out of the filtration apparatus, and were then cut into several pieces. Sections of pieces were directly freeze–dried using a lyophilizer (Scientz–18N, China). Both surface and cross–sectional images were captured with a high–resolution field emission gun scanning electron microscope (SEM; S–4800, Hitachi, Japan). Fresh biofilms were analyzed with InfiniteFocus (G5, Alicona, Austria), which is a flexible optical 3D measurement instrument, yielding information on the optical micrographs and roughness data simultaneously.
[bookmark: OLE_LINK7][bookmark: OLE_LINK8]2.5 Biofilm DNA extraction, sequencing and statistical analyses
The biofilm DNA was extracted from an area of ~2 cm2, using proteinase K and SDS–based lysis, and purified with DNA Clean & Concentrator–25 Kit (ZYMO RESEARCH, USA) according to the manufacturer’s protocol. Three areas were selected for each sample in the microbial consortium analysis. Universal primers, containing 515 forward (5′–GTGCCAGCMGCCGCGGTAA–3′) and 806 reverse (5′–GGACTACHVGGGTWTCTAAT–3ʹ), were used to amplify the V4 region of bacterial 16S rRNA genes. Three areas of the same size were selected for each biofilm. All amplified genes were sequenced by an Illumina MiSeq sequencer. Further detailed information concerning the amplification methods and data processing procedures is given in the SI. The raw sequencing data were deposited to the Sequence Read Archive (SRA) database of the National Center of Biotechnology Information (NCBI) under accession number PRJNA970303.
    To reveal the commonness and discrepancy in the bacterial communities of different biofilms, an UpSet plot was drawn based on the ASVs data with R package {UpSetR}. To investigate the changes in relative abundance of bacterial taxa under different conditions, we deciphered the taxonomic composition at the phylum and genus levels. The chord chart was delineated with R packages {circlize} and {statnet} and the bar plot was completed by Origin 2021. To evaluate whether differences existed in the bacterial communities under different conditions, principal coordinate analysis (PCoA) was performed (R package {vegan}). To quantify the discrepancies between bacterial communities, a boxplot was drawn based on the Bray–Curtis dissimilarity matrix using Origin 2021. Significant differences were determined using the Kruskal–Wallis test.
2.6 Hydraulic resistance of filtration system
The total hydraulic resistance (Rt, [m–1]) was calculated as: 
                                                            (3)
where μ is the dynamic viscosity of water at a given temperature [Pa·s], TMP is the transmembrane pressure [Pa], and J is the permeate flux of the membrane filtration system [L·m–2·h–1] and was calculated using the following equation:
                                                             (4)
where △V is the change of permeate volume [L], A is the filtration area [m2], △T is the change of time [h].
3. Results and Discussion
3.1 Molecular–level transformation of DOM by ozonation
To investigate the molecular–level composition and variation of DOM, a van Krevelen diagram was plotted according to the ESI–FT–ICR spectra acquired (SI Figure S2). As displayed by the van Krevelen diagram, based on the element ratios of O/C and H/C (Figure 1A), the DOM was categorized into seven molecular classes. According to the differential distribution profiles of molecular formulae, the variation in DOM molecules across different influents can be seen visually (Figures 1B–D). Regionally, as a function of increasing specific ozone dose, the molecules with lipid–, unsaturated hydrocarbon–, and lignin–like structures showed a decreased, but then increased, tendency (Figure 1E). In contrast, for the alphatic–like, carbohydrate–like, tannin–like, and condensed aromatic molecules, an opposite trend was observed (Figure 1E). The selective transformation of compounds by ozone through electrophilic substitution and hydroxylation was suspected to be the principal contributor to the observed effects.12,44 In addition, the transformation between the molecules could also account for the generated differences. The conversion from lipid– and lignin–like compounds to condensed aromatic substances provided a convincing explanation for the contrary variation behaviour during ozonation.45
As shown by the Venn diagram (Figure 1F), a total of 256 formulae were unaffected by specific ozone dose and presented in all the samples. Interestingly, the number of formulae shared by control/ratio 1 group (1784) was larger than that by the control/ratio 0.5 (369) and ratio 0.5/ratio 1 groups (488). Moreover, for the classified CHO, CHON, CHOS, and CHONS molecules, CHO species appeared more dominant in both the control and ratio 1 cases than other species; whereas for the ratio 0.5 case, the CHOS compound occupied the largest percentage (Figure 1G). These results imply that the specific ozone dose of 0.5 may be a turning point in the ozonation process.
With regard to the calculated AI value, it also demonstrated a significantly lower median for the ratio 0.5 case (0.179) than other ozonation treatments (0.313 and 0.281 for control and ratio 1 cases, respectively), which further indicated the transitional role of the specific ozone dose at 0.5 in the variation of DOM molecules. More importantly, according to the NOSC value, the ratio 0.5 case exhibited a significantly higher median (–0.263) than the other two cases (–0.553 and –0.379 for control and ratio 1 cases, respectively), implying molecules formed by the specific ozone dose of 0.5 were more bioavailable, since the NOSC value reflected the bioavailability of molecules.42,46 On the basis of the aforementioned findings, we constructed a series of membrane filtration systems fed with the ozonized waters to investigate the biofilm formation and associated mechanisms, which warrant special attention for the long–term membrane operation in water treatment.

Figure 1.

3.2 Shifts in biofilm bacterial community
As revealed by high–throughput sequencing data (Figure 2), the biofilm bacterial composition varied as a function of specific ozone dose. Specifically, a total of 49 amplicon sequence variants (ASVs) presented in all the biofilms, and the number of shared ASVs was 44 for the ratio 0.5 and ratio 1 biofilms, which was larger than that for the control/ratio 0.5 and control/ratio 1 biofilms (both 27 ASVs; Figure 2A). This implied the commonness and otherness of bacterial species in the course of ozonation. In addition, it was noted that the ASVs unique to the control biofilm possessed the highest number of 229, as compared to the number of 105 and 57 for the ratio 0.5 and ratio 1 biofilms, respectively. That is, some of the bacterial species were maladaptive to the increased specific ozone dose and disappeared or died. For detailed information about the bacteria, the bacterial community was taxonomically unveiled. The phylum Proteobacteria consistently occurred in very high members in all the biofilms, while differences can be seen clearly in Figure 2B. For the control biofilm, the occupied percentage was 52.9%, but reached 67.9% in the biofilm of ratio 1. Consistent with this, Ribeirinho–Soares et al. discovered that ozonation promoted alteration of the microbial community, leading to the predominance of Proteobacteria.47 The flagella was reported to assist Proteobacteria in resisting the unfavorable external conditions (e.g., ozonation) by means of movement and thus contributed to the proliferation of Proteobacteria, which may be the reason for the increase in the relative abundance.48 Furthermore, with regard to the sub–dominant phylum Planctomycetes, the increase in specific ozone dose varied its proportion from ~7.6% (control) to ~25.3% (ratio 0.5) and ~19.6% (ratio 1), reflecting the influence of ozone treatment on the bacterial community.49 It was discovered that the members of Planctomycetes played an important role in degrading dissolved organic matter and the different proportion of Planctomycetes may lead to the formation of varying biofilms, which will be evaluated in the following discussion.50 
To provide further insights into the shifts of community, we analyzed the microorganisms at the genus level. As demonstrated by Figure 2C, genera Gemmata and Bradythizobium dominated the control biofilm and the relative abundance outnumbered 25%. When the specific ozone dose increased to 0.5, the most abundant species shifted to Gemmata, reaching an average proportion of 42.3%. It should be noted that when the specific ozone dose increased to one, the opportunistic pathogen, Legionella, occurred in ~40.0% abundance, which was much greater than that for the control (~4.9%) and ratio 0.5 biofilms (~8.4%). The genus Legionella is a gram–negative facultative intracellular bacterium widely distributed in the natural environment as well as in engineering water systems.51 It was reported that biofilm was considered as one of the main reservoirs of Legionella,52 where protozoa represented a key factor on the survival of Legionella by providing amino acids for intracellular growth and acting as shelter against hostile environmental conditions and disinfection agents.53 Importantly, Legionella is able to regrow after exposure to ozone in the absence of residual ozone,54 which may explain why Legionella occupied a high relative abundance in the biofilms formed with ozonized water. 
To decipher the induced disparities in the diversity patterns of communities, attention was paid to the biodiversity. As revealed by diversity indexes, such as the Shannon and Simpson indexes, the values significantly declined with the increase of specific ozone dose (Kruskal–Wallis test, P<0.05; Figures 2D and E). Also, the richness and evenness decreased significantly in the course of increasing specific ozone dose, as witnessed by the declining trend of the Chao 1 (Kruskal–Wallis test, P<0.05; Figure 2F) and Pielou evenness indexes (Kruskal–Wallis test, P<0.05; Figure 2G). These implied that the higher specific ozone dose contributed to the lower biodiversity of microbial community and the findings by Gerrity et al. also supported this.55 
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]In terms of community β–diversity, the PCoA plot based on the Bray–Curtis distance matrix, revealed that the bacterial communities were clearly separated from each other under different treatments (Figure 2H), which further corroborated that the specific ozone dose affected biofilm bacterial community. As quantified by Bray–Curtis dissimilarity, it was seen that the discrepancy between the control and ratio 1 communities was significantly high (Kruskal–Wallis test, P<0.05), as evidenced by the greatest value (median ~87.0%; Figure 2I). Comparatively, there was less difference between the control and ratio 0.5 bacterial communities (median ~80.6%) and the Bray–Curtis dissimilarity was pronouncedly low for the group of ratio 0.5/ratio 1 (median ~71.2%). Thus, the specific ozone dose played a substantial role in the alteration of the microbial community and a larger differential resulted with the increase of specific ozone dose. In contrast to the previous results for the molecular–level DOM, the turning point did not appear for the bacterial community. This indicated that the specific ozone dose had divergent influences on the water DOM and biofilm bacterial composition. While the DOM chemical composition affected the bacterial species less in comparison to the specific ozone dose, it may play a paramount role in the biofilm accumulation. Therefore, the subsequent results were concerned with the properties of accumulated biofilms and associated filtration performance. 

Figure 2.

3.3 Morphological structure of biofilm
According to the images captured by SEM in cross–section, discrepancies were evident in the thickness of different biofilms (Figure 3A). Unexpectedly, the ratio 0.5 biofilm possessed the least thickness, yielding 70.7±2.8 μm, which was only 14.2% of the control biofilm (496.2±44.9 μm). In contrast, when the specific ozone dose increased to one (ratio 1), the biofilm thickness was approximately 227.9 μm, 3.2 times that of the ratio 0.5 biofilm, but only 45.9% of the control biofilm. This showed that ozonation of the feed water indeed decreased the thickness of the biofilm, but the decline was not proportional to the increase of specific ozone dose. This discrepancy was probably caused by the different bioavailability of the feed water DOM (Figure 1I) and the ability of intercepted bacteria to secrete EPS, wherein the former may play a more significant role and could be interpreted as follows. As deciphered on the molecular level, the DOM molecules formed under a specific ozone dose of 0.5 were more bioavailable in comparison to the other treatments (Figure 1I), contributing to the reduced accumulation in the biofilm. Apart from the differences in biofilm thickness, all the biofilms demonstrated network structures with a variety of pore size when viewed from the top (Figure 3B), which was unrelated to the specific ozone dose employed, suggesting the commonness of the biofilm in physical structure.1,26,56,57
With regard to the chemical structure of the biofilms, the XPS full spectra revealed that elements C and O occurred in comparatively high intensity (SI Figure S3) and accordingly, we deciphered these elements with fine spectra (Figures 3C and D). As demonstrated in Figure 3C, the XPS spectra of biofilms showed three types of C peaks, being C–C (284.8 eV), C–O–C (286.6 eV), and O–C=O (288.1, 288.3, and 288.4 eV), repectively.58 While the species of C peaks were the same, there were discernible differences in terms of proportion (Figure 3C). For the C–C bond, the area percent increased from 43.0% (control) to 64.7% (ratio 0.5) and then decreased to 29.6% (ratio 1). In contrast, the C–O–C and O–C=O bonds showed a reverse variation trend. The area percent of C–O–C and O–C=O bonds in the control biofilm was 41.3% and 15.7%, respectively. Then they declined to 27.8% and 7.5% for the ratio 0.5 biofilm, but thereafter, increased to 49.9% and 20.5% as the specific ozone dose increased to one (Figure 3C). With respect to the XPS spectra of element O, the peaks (532.1/532.2 eV and 532.9/533.0 eV) assigned to C=O and C–O species (Figure 3D)58 presented a different variation trend with the increase of specific ozone dose. The C–O species had a tendency to decrease (from 49.5% to 44.6%) and then increase (73.4%) in the course of increasing specific ozone dose, in concordance with that for the C–O–C species deciphered from element C (Figure 3C). These observations provided further evidence to explain the turning point of specific ozone dose at 0.5, and implied that the molecular–level DOM composition of the feed water could exert an influence on the biofilm chemical bonds. 

Figure 3.

3.4 Physicochemical property of biofilm matrix
As shown by fluorescence spectra (Figure 4A), two main peaks appeared for all the biofilm DOM, being tyrosine– and tryptophan–like substances in regions I and IV, respectively. According to the demonstrated colors, the ratio 0.5 biofilm exhibited a discernably lower fluorescence intensity in comparison to that for the ratio 1 and control biofilms, which was inversely proportional to the bioavailability of feed water DOM. That is, the greater bioavailability of feed water DOM the less fluorescent DOM accumulated in the biofilm. In terms of the functional groups in the biofilm matrix, the representative FTIR spectra indicated abundant peaks with varied absorption intensity, such as –OH–, C=O, Amide I, Amide II, Amide III, C–O–C, and C–O (Figure 4B). Although there was only a little difference in the intensity for different biofilms, the absorption of –OH– was obviously strong, which was beneficial for the biofilm to remove undesired pollutants from the influent flow. 
With regard to surface morphology, divergent aggregation states of the biofilm matrix were induced by the varying specific ozone dose as revealed by InfiniteFocus G5, which tended to be sparser with the increase of specific ozone dose (Figure 4C). Meanwhile, the surface roughness was reduced, as indicated by the Sq value (Figure 4C and SI Table S2), giving values in the sequence of, the control (2.516 μm) > ratio 0.5 (1.540 μm) > ratio 1 (0.873 μm), which was suspected to be the co–effect generated by the bacteria and DOM. Interestingly, according to the quantified results, the ratio 1 sample yielded about 2.5 times greater concentrations of polysaccharides (173.52±3.77 μg·cm–2) and proteins (30.41±1.53 μg·cm–2) than those for the ratio 0.5 sample (50.60±2.22 μg·cm–2 and 8.05±0.92 μg·cm–2 for polysaccharides and proteins, respectively), in line with the observed greater biofilm thickness (Figure 3A) and stronger fluorescence intensity (Figure 4A). This further implied the role of bioavailability of the feed water DOM in the influence of accumulated matter.
The representative Raman spectra displayed three major peaks in all the biofilms at 1004 (α), 1155 (β), and 1512 cm–1 (γ), which were associated with the vibrations of P–O–P, C–O–C, and –COO–, respectively,59 providing valuable complementary information to the FTIR spectra. The P–O–P groups constitute the phosphate backbone of the DNA molecules and the presence of –COO– groups implies a connection between neighboring anionic polymers through electrostatic interactions.59,60 In addition, the Raman activity of the control biofilm was evidently the highest, followed by the ratio 1 and ratio 0.5 biofilms, which also indicated the turning point of specific ozone dose at 0.5. 
Collectively, the detailed investigation of the biofilm matrix properties provided further information about the role of specific ozone dose in the biofilm formation, and moreover, the multifaceted features of the biofilm were found to be mutually corroborated. Therein, the feed water DOM and biofilm bacteria jointly acted on the formation of biofilm, but their respective contribution was difficult to ascertain due to the experimental limitations. 

Figure 4.

3.5 Filtration performance of membrane system
   The experiments showed that all of the filtration systems displayed an excellent removal performance of fluorescent substances, especially tyrosine– and tryptophan–like substances in regions I and IV, respectively (Figure 5A). It should be noted that the effluent of ratio 1 system presented an extremely low fluorescence intensity, which was around zero Raman units. This implied that a specific ozone dose of 1 was sufficient to produce a high–quality effluent, and that there would be no significant benefit in increasing the specific ozone dose further, which is an important factor for moderating costs in practical applications. 
Regionally, according to the data in Figure 5B, the ratio 1 filtration system exhibited the best performance in removing substances in regions I, II, IV, and V, yielding 64.9±6.6%, 43.6±7.0%, 59.4±9.0%, and 12.6±1.0%, respectively. This could be ascribed to the comparatively greater thickness of biofilm (in comparison to the ratio 0.5 sample) and more importantly, the low richness of the microbial consortium, since abundant microbes would secrete amounts of fluorescent substances. Interestingly, in terms of fulvic acid– (region III) and humic acid–like substances (region V), the removal rate presented a consistent trend with that of biofilm thickness, meaning that the thickness of the biofilm played an important role in removing these two kinds of substances.
From the perspective of apparent molecular weight (Figure 5C), ozonation effectively lowered the intensity of substances ranging from 600 Da to 10,000 Da, as demonstrated by the influent intensities of ratio 0.5 and ratio 1 samples. The intensity disparity was greater for the influent of control/ratio 0.5 samples than that of ratio 0.5/ratio 1 samples, suggesting that a further increase of specific ozone dose (> 0.5) may lead to the limited improvement of removal efficiency. 
Furthermore, the hydraulic resistance was investigated to evaluate the membrane filtration efficiency. As a function of filtration time, the control system always possessed the greatest hydraulic resistance, but the impact of ozone, while being beneficial in dramatically reducing the resistance, was unexpected where the ratio 1 system exhibited a greater resistance value than the ratio 0.5 system. In the pseudo–stable period, the hydraulic resistance reached (2.32±0.05) ×1012 m–1 and (5.16±0.34) ×1012 m–1 for the ratio 0.5 and ratio 1 systems, respectively, which accounted for only about 13.5% and 30.0% percentage of the control system ((17.23±1.21) ×1012 m–1). The corresponding permeate flux was 0.76±0.05, 5.33±0.10, and 2.49±0.15 L·m–2·h–1 for the control, ratio 0.5, and ratio 1 filtration systems, respectively (SI Figure S4). These results have shown clearly that ozonation of the feed water can improve membrane filtration efficiency, but the ozone dose needs to be optimized, and excess ozonation avoided. 

Figure 5.

[bookmark: OLE_LINK9][bookmark: OLE_LINK10]3.6 Synergistic driving mechanism of DOM and biofilm microbial consortium on membrane filtration efficiency
3.6.1 Variation in DOM molecules and bacterial community triggered discrepancy in biofilm morphology and properties
The dosed ozone induced the transformation of molecular–level DOM in the feed water, as deciphered by the ESI–FT–ICR data, but the variation in DOM molecules was contingent on the value of specific ozone dose (Figure 1). The specific ozone dose of 0.5 was inferred to be a turning point in the DOM transformation, whereby the lowest AI value was obtained. Importantly, the molecules were highly bioavailable, indicating that they were readily accessible to the bacteria and thus easily degraded, which was beneficial in reducing the accumulation of water organic matter in the biofilm, as witnessed by the lower biofilm thickness (Figure 3A). 
In addition, the biofilm microbial community also led to the variation of membrane filtration efficiency through secreting EPS. For the mature biofilms, the succession in the microbial community was influenced by both the specific ozone dose and influent DOM. Therein, the specific ozone dose played a selective role in the biofilm microbes, due to the differential sensitivity and tolerance of microorganisms to ozone dose. For example, Legionella was drastically stimulated by the high specific ozone dose of one (Figure 2C) as demonstrated in this study, and the microbial consortium shifted with the increase of specific ozone dose (Figures 2B and C). The similarity between the ozonized and control bacterial communities decreased as the specific ozone dose increased, while the ratio 0.5/ratio 1 group exhibited a comparatively high similarity (Figure 2I), verifying the significant role of specific ozone dose in altering the biofilm bacterial community. Consistent with this, Sun et al. also discovered that ozone oxidation affected the bacterial community in the biofilms.22 
Meanwhile, the influent DOM provided substrates that acted as niches for the biofilm microbes, which could also affect the microbial species.27,28 In this study, even though the biofilm microbial community presented an inconsistent variation with the influent DOM, owing to the weaker role of influent DOM in comparison to specific ozone dose, the contribution of influent DOM to the biofilm microbial composition should not be neglected. As a consequence of the influences of specific ozone dose and influent DOM, the biofilm microbial community varied, resulting in changes in the presence of EPS. 
3.6.2 Induced changes in biofilm drove disparity in membrane filtration performance
The generated variation in the accumulated influent DOM and EPS produced changes in the structures and properties of biofilms, which further affected the membrane filtration efficiency. As revealed in this study, the ratio 0.5 filtration system demonstrated a reduced biofilm thickness (Figure 3A), weaker fluorescence intensity (Figure 4A), smaller concentrations of polysaccharides and proteins (Figure 4D), and lower Raman activity (Figure 4E). Accordingly, this resulted in a lower hydraulic resistance (Figure 5D) and higher permeate flux (SI Figure S4), as compared to the zero ozone and the higher (excessive) ratio 1 membrane filtration systems. The findings by Desmond et al. also supported this, revealing that the composition of EPS could determine the meso–scale physical structure of membrane biofilms and in turn its hydraulic resistance.24 
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Figure Captions
Figure 1. Molecular–level DOM compositional patterns of the influents. (A) Regions of van Krevelen diagram based on ratios of O/C and H/C. (B)–(D) Van Krevelen diagrams of influent DOM in the control, ratio 0.5, and ratio 1 membrane filtration systems, respectively. (E) Regional proportion of the DOM molecules. (F) Venn diagram of the molecular DOM formulae shared in the different samples. (G) Proportion of CHO, CHON, CHOS, and CHONS molecules in control, ratio 0.5, and ratio 1 influents. (H) and (I) represent the distribution of AI and NOSC values for molecular formulae of the influent DOM, respectively. Significant differences were investigated using the Kruskal–Wallis test. The marks a, b, and c in bold indicate statistical significance at P<0.05.

Figure 2. Compositional and diversity patterns of biofilm microbial consortium. (A) Upset plot of the average number of bacterial ASVs shared in the control, ratio 0.5, and ratio 1 biofilms. (B) and (C) show the average relative abundance of bacterial taxa at phylum and genus levels, respectively. (D)–(G) demonstrate Shannon, Simpson, Chao 1, and Pielou evenness indexes of the biofilm microbial consortium, respectively. (H) The PCoA plot of the biofilm bacterial communities based on the Bray–Curtis distance matrix. (I) Bray–Curtis dissimilarity of bacterial community across different biofilms. Significant differences were investigated using the Kruskal–Wallis test. The marks a, b, and c in bold indicate statistical significance at P<0.05.

Figure 3. Morphological and chemical structure of biofilms. (A) and (B) are SEM images of biofilms captured in cross–section and top surface, respectively. (C) and (D) represent XPS spectra of the biofilms based on elements C and O, respectively.

Figure 4. Physicochemical properties of the biofilm matrix. (A) Representative fluorescence spectra of the DOM extracted in the biofilm matrix with phosphate buffer solution. (B) Representative FTIR spectra. (C) Representative optical micrographs and the corresponding surface roughness. (D) Concentrations of polysaccharide and protein. (E) Representative Raman spectra. Significant differences were assessed by the Kruskal–Wallis test and * represents P<0.05.

Figure 5. Filtration performance of membrane systems. (A) Representative fluorescence spectra of DOM in the influents and effluents of membrane filtration systems. (B) Regional removal rate of fluorescence intensity by the membrane filtration systems. (C) Apparent molecular weight distribution profile of the DOM in the influents and effluents. (D) Hydraulic resistance of the membrane system in the course of filtration.
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Figure 1. Molecular–level DOM compositional patterns of the influents. (A) Regions of van Krevelen diagram based on ratios of O/C and H/C. (B)–(D) Van Krevelen diagrams of influent DOM in the control, ratio 0.5, and ratio 1 membrane filtration systems, respectively. (E) Regional proportion of the DOM molecules. (F) Venn diagram of the molecular DOM formulae shared in the different samples. (G) Proportion of CHO, CHON, CHOS, and CHONS molecules in control, ratio 0.5, and ratio 1 influents. (H) and (I) represent the distribution of AI and NOSC values for molecular formulae of the influent DOM, respectively. Significant differences were investigated using the Kruskal–Wallis test. The marks a, b, and c in bold indicate statistical significance at P<0.05. 
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Figure 2. Compositional and diversity patterns of biofilm microbial consortium. (A) Upset plot of the average number of bacterial ASVs shared in the control, ratio 0.5, and ratio 1 biofilms. (B) and (C) show the average relative abundance of bacterial taxa at phylum and genus levels, respectively. (D)–(G) demonstrate Shannon, Simpson, Chao 1, and Pielou evenness indexes of the biofilm microbial consortium, respectively. (H) The PCoA plot of the biofilm bacterial communities based on the Bray–Curtis distance matrix. (I) Bray–Curtis dissimilarity of bacterial community across different biofilms. Significant differences were investigated using the Kruskal–Wallis test. The marks a, b, and c in bold indicate statistical significance at P<0.05. 
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Figure 3. Morphological and chemical structure of biofilms. (A) and (B) are SEM images of biofilms captured in cross–section and top surface, respectively. (C) and (D) represent XPS spectra of the biofilms based on elements C and O, respectively. 
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Figure 4. Physicochemical properties of the biofilm matrix. (A) Representative fluorescence spectra of the DOM extracted in the biofilm matrix with phosphate buffer solution. (B) Representative FTIR spectra. (C) Representative optical micrographs and the corresponding surface roughness. (D) Concentrations of polysaccharide and protein. (E) Representative Raman spectra. Significant differences were assessed by the Kruskal–Wallis test and * represents P<0.05.
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Figure 5. Filtration performance of membrane systems. (A) Representative fluorescence spectra of DOM in the influents and effluents of membrane filtration systems. (B) Regional removal rate of fluorescence intensity by the membrane filtration systems. (C) Apparent molecular weight distribution profile of the DOM in the influents and effluents. (D) Hydraulic resistance of the membrane system in the course of filtration. 
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