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Abstract
[bookmark: OLE_LINK12][bookmark: OLE_LINK13][bookmark: OLE_LINK1]Till now, the transformation of amorphous flocs formed during the hydrolysis stage of coagulation has not been fully addressed. In this work, by using a conventional coagulant (alum), the transformation process was explored by observing the interactions between O3 and the amorphous alum flocs formed during flocculation at neutral pH. It was found that O3 promoted the transition of the in-situ formed alum flocs from tetrahedral Al (Al(O)4) to octahedral Al (Al(O)6) structures, through an accelerated dehydroxylation process, and therefore facilitated the crystallization process to form boehmite. During this process, the surface functional groups of amorphous Al flocs (≡Al–H2O and ≡Al–OH) were observed to take part in the O3 catalytic oxidation with the generation of hydroxyl radicals (•OH). This synergistic effect significantly favored the performance of the subsequent dual-membrane (UF-NF) process in terms of both fouling alleviation (1.78 and 1.60 times higher flux of UF and NF, respectively) and final effluent quality improvement, including the reduction in disinfection byproduct (DBP) formation potential (48.1% and 22.4% lower generation of total trihalomethanes and total haloacetic acid, respectively) and the corresponding calculated toxicity. The results obtained here provide a greater understanding of the transformation of amorphous Al flocs formed during flocculation with O3, and valuable information regarding its practical application in membrane filtration process with greater treatment performance.
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1. Introduction
Coagulation is a commonly used water (pre-)treatment process for removing impurities (Duan and Gregory, 2003; Matilainen et al., 2010). However, our understanding of the mechanism behind floc growth and the interactions among primary coagulation nanoparticles (NPs) is limited. It was believed that the size of flocs during steady-state conditions was primarily determined by the bulk properties of the initial NPs (Ehrl et al., 2008), and it has been observed that natural organic matter (NOM) hinders floc growth and the re-growth ability of flocs after breakage (Jarvis et al., 2005a; Jarvis et al., 2005b; Wang et al., 2009; Xu et al., 2010). This hindrance is attributed to the lack of "bridging bonds" that connect flocs together (Bache et al., 1997). Furthermore, the repeated formation, breakage, and re-growth of flocs result in a gradual reduction in their size after each breakage cycle (Solomentseva et al., 2007), and the activity of flocs decreases as shear time/rates increase before they can effectively adsorb pollutants (Wu et al., 2019). These findings suggest that chemical interactions play a role in binding flocs together, and the breakage of flocs leads to a loss of "active" binding sites. In addition, it has shown that monomeric Ala, rather than polymeric Alb, contributes to the regrowth of broken flocs (Yu et al., 2011b). In contrast, flocs formed through charge neutralization (typically at low pH) have the ability to fully re-grow after breakage, regardless of whether alum or PACl is used (Yu et al., 2009).
A recent study showed that the functional groups in low molecular weight organics can significantly affect the coagulation process by changing the surface properties and degree of crystallization of primary NPs, thereby affecting the performance of coagulation (Zhang et al., 2021). It was further shown that continuous stirring of the alum precipitate expedites the replacement of "active" –OH2 bonds on the surface of amorphous alum flocs with "inactive" –OH bonds, resulting in the formation of a more crystalline precipitate (Wu et al., 2019). In addition, aged alum flocs exhibited considerably lower phosphate adsorption ability and binding constants compared to freshly formed precipitates. This difference may be attributed to the crystallization of amorphous aluminum hydroxide that occurs during the aging process (Berkowitz et al., 2006; de Vicente et al., 2008; Wu et al., 2019). Moreover, freshly precipitated hydroxide demonstrated a relatively higher dissolution rate and coagulation ability when compared to aged aluminum hydroxide (Batchelor et al., 1986; Duffy and Vanloon, 1994), which contributed to the formation of stronger flocs in freshly precipitated samples as opposed to precipitates that have aged for several minutes (Yu et al., 2010). Consequently, the decline in binding ability between flocs, whether due to breakage or aging, can be directly associated with the crystallization process, which involves surface bond reactions. However, direct evidence to support this claim is currently lacking.
[bookmark: OLE_LINK3]Ozone (O3) is commonly employed as a pre-treatment step before coagulation in order to enhance the effectiveness of surface water treatment (Cui et al., 2020). It is generally assumed that the potent oxidation potential of ozone contributes to the alteration of organic compounds, leading to polymerization or degradation into more hydrophilic species (Bose and Reckhow, 2007; Sadrnourmohamadi and Gorczyca, 2015). Consequently, this transformation enhances the removal of natural organic matter (NOM) during coagulation. Previous studies have also demonstrated that Al-based coagulants can augment the generation of hydroxyl radicals (•OH) during ozonation (Jin et al., 2017; Jin et al., 2019). However, the interaction between the amorphous alum flocs formed during coagulation and ozone has consistently been overlooked, and the subsequent impact on floc morphology remains unknown. In the case of metal oxides, such as aluminum oxide, the extent of hydroxylation on the surface has been found to play a crucial role in ozone catalysis and •OH generation, and γ-AlOOH has been observed to exhibit higher catalytic performance compared to γ-Al2O3 and α-Al2O3 (Qi et al., 2009). It has also been reported that the hydrated alumina surface likely possesses an intermediate structure between α-Al2O3 and γ-Al(OH)3, with a hydrogen-bonded overlayer of water and surface-terminated monolayer hydroxyl groups (Eng et al., 2000). Regarding the coagulation process using aluminum salts, our previous research has revealed that newly formed Al NPs during coagulation possessed a significant number of ‘active’ surface functional groups (e.g. ≡Al–H2O), which play a crucial role in floc growth (Wu et al., 2019; Yu et al., 2011b; Yu et al., 2016), and these groups gradually transform to ≡Al–OH when subjected to continuous shear action. Therefore, investigating the interactions between the amorphous flocs formed during coagulation and O3 could contribute to a deeper understanding of the coagulation mechanism
Ultrafiltration (UF) is commonly followed by nanofiltration (NF) as a dual-membrane process to enhance the quality of the final effluent water (de la Rubia et al., 2008). Coagulation (Matilainen et al., 2010) or enhanced coagulation via O3 addition (Cui et al., 2020) are widely utilized as pretreatment methods to improve membrane performance. However, the synergistic effect between O3 and the amorphous alum flocs formed during coagulation on the performance of the dual-membrane process has not been studied. In this study, we carefully examined the impact of O3 on fundamental changes in floc properties using various techniques, including X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), and thermo-gravimetric differential thermal analysis (TG-DTA). The morphological changes of the flocs from micro- to nano-level were directly observed using field-emission gun transmission electron microscopy (FEG TEM). Additionally, we investigated the influence of this synergistic effect on the dual-membrane process, focusing on the quality of the final effluent and the development of membrane fouling. The results obtained not only enhance our understanding of coagulation mechanisms from surface bonds perspective but also provide in-depth explanations for the superior performance achieved in the dual-membrane process with in-situ ozonation as the pretreatment method.窗体顶端


2. Materials and Methods
2.1. Materials
Aluminum sulfate hydrate (Al2(SO4)3·16H2O, alum) was used as coagulant. Stock solutions were prepared at 0.1 M and kept in a refrigerator at 4 °C. Kaolin clay (kaolin light) was used as a model suspension in the tests as prepared in our previous work (Yu et al., 2016). Unless otherwise stated, all reagents used in this study were of analytical grade and purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China), and the stock solutions were prepared in deionized (DI) water. O3 was generated by a laboratory O3 generator (ZA-10G-C, HangMu, China), from high purity oxygen gas, and the concentration of O3 in the aqueous phase was determined via the standard indigo method (Bader, 2008).
2.2. Flocculation tests and detection of •OH
The flocculation tests were carried out using a commercial flocculator (MY3000-2N, Wuhan Meiyu, China) similar to our previous study (Xu et al., 2022), and the details were provided in the supporting information. For the detection of the generation of •OH during the interactions between O3 and Al precipitates, coumarin (2H-1-Benzopyran-2-one, C9H6O2, Sigma-Aldrich, ≥99%) was used as the probe (Czili and Horvath, 2008), with detailed procedures described in the supporting information. The •OH was also confirmed by electron paramagnetic resonance (EPR) spectra (A300, Bruker, Germany) and radical quenching experiments with methanol (MeOH) as the scavenger.
2.3. Synergistic interactions between O3 and alum flocs treating surface water
To explore the synergistic effect between O3 and the amorphous alum flocs formed during coagulation, two different dosage regimes were tested using surface water sourced from a local lake (the main characteristics are given in the Supporting Information, Table S1) in this study. The flocculation tests were carried out as described above (without breakage process), and for the combined ozonation-coagulation process (Ozonation-Coag, 1.0 mg O3/mg DOC), the ozonated raw water (after N2 purging, to eliminate residual O3) was applied to the flocculation step, and the supernatants after sedimentation were used for the subsequent membrane filtration processes. For the in-situ ozonation, raw water samples after O3 dosage were immediately applied to the coagulation process, without N2 purging after the applied O3 dosage, so that the synergistic interactions between O3 and in-situ formed alum flocs could be explored. The reaction time between O3 and water samples was set to be 30 min, and all the experiments were conducted at a room temperature of 25 ± 2 0C.
2.4. Dual-membrane filtration tests
 Flux change during the filtration process was used to evaluate the fouling propensity of the UF (PVDF, molecular weight (MW) cut-off: 100 KDa) and NF (PA, MW cut-off: around 200 Da) membranes (both purchased from Zhongke Ruiyang Membrane Technology (Beijing) Co., Ltd.) as per our previous study (Yu et al., 2018a), and the filtrates of UF were used as the feed water of the NF. Briefly, the filtration experiments were undertaken using flat sheet, 76 mm diameter membranes in a laboratory pressure filtration system (Millipore, Amicon 8400, USA), employing nitrogen gas as the means for obtaining a stable applied pressure (1.0 bar for UF and 4.0 bar for NF). A digital balance (ML3002, Mettler-Toledo International Inc., USA) was used to automatically weigh the filtered water in real-time by the data acquisition software. Water samples after different pre-treatment methods were used as the test solutions to evaluate their membrane fouling propensity. Prior to each test, the membranes were placed in deionized (DI) water for at least 24 h to remove impurities and production residues, and only membranes having reproducible pure water flux was used in the respective filtration experiments.
2.5. Characterizations of Flocs
[bookmark: OLE_LINK15][bookmark: OLE_LINK21][bookmark: OLE_LINK22]For FEG TEM analysis, Al floc samples obtained after sedimentation were firstly exposed to ultrasonic dispersion for 10 min, and then transferred to a copper mesh (with carbon films) by use of a micropipette. The visible residual water on the copper mesh was carefully removed via a filter paper and the samples were then stored in a desiccator before observation using a FEG TEM (G2 F30 S-TWIN, FEI Tecnai, USA). TEM analysis was performed using Gatan Microscopy Suite Software (USA) and VESTA (Momma and Izumi, 2008). X-ray photoelectron spectroscopy (XPS) was employed to provide spectra of the freeze-dried alum flocs (with or without O3), using an XPS spectrometer (ESCALAB 250XI, Thermo Fisher Scientific Co., USA) with Al-Kα radiation (photon energy 1486.6 eV) at 150 W. The binding energies were calibrated using the C (1s) peak (284.8 eV) and the curve fits were performed using PeakFit software. Fourier Transform Infrared Spectroscopy (FTIR, Spectrum TWO, PerkinElmer, USA) with Quest ATR Accessory was utilized to elucidate details of the chemical bonding of the dissolved organics and freeze-dried alum flocs (with or without O3), or membranes. Thermo-gravimetric differential thermal analysis (TG-DTA) was used to determine the water loss of alum flocs (with or without O3) at temperatures between 25 °C to 900 °C using a TA Instruments (NEJSCH STA 449 F3 Jupiter), at the heating rate of 10 0C/min. For X-ray diffraction analysis (BRUCKER D8 ADVANCE), samples of freeze-dried, settled flocs with or without O3 participation, were mounted in 1-mm-thick sample holders, and diffraction patterns were recorded by unresolved Cu-Κα radiation at 40 kV and 40 mA. 
2.6. Water quality analysis
Total organic carbon (TOC) was determined via a TOC analyser (TOC-Vwp, Shimadzu, Japan). Size exclusion chromatography (SEC) for the molecular weight distributions of organic matter was performed using an 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 measurements were carried out by a 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. Chlorination was conducted to evaluate the DBP formation potential of the final treated water. Water samples were chlorinated using sufficient chlorine (NaClO), and the amounts of chlorine dosage was calculated as follow: Cl2 dose = 3.0×DOC mg/L + 7.6×NH3 mg/L + 10 mg/L (Krasner et al., 2007). After chlorination, water samples were incubated in the dark constant temperature incubator for 72 hrs at 25 ± 1 0C. At the end of the reaction, the residual chlorine was quenched by using 0.5 M ascorbic acid. The concentration of selected DBP compounds of the water samples were determined by capillary column gas chromatography, equipped with an electron capture detector (Clarus 590, PerkinElmer, USA), as described in US EPA methods 551.1 and 552.3. The selected compounds were as follows: the four commonly regulated trihalomethanes of CHCl3, CHCl2Br, CHClBr2, and CHBr3; and nine haloacetic acids (HAAs), comprising chloro‑ (MCAA), dichloro- (DCAA), trichloro- (TCAA), bromo‑ (MBAA), dibromo- (DBAA), tribromo- (TBAA), bromodichloro- (BDCA), dibromochloro- (DBCA), bromochloro- (BCAA) acetic acids. The calculated toxicity was calculated by summing the individual toxic potency-weighted DBP concentrations as:, and the median lethal concentration (LC50, representing the concentration of DBP that is associated with a 50% reduction in Chinese hamster ovary cell density compared to untreated controls) values were obtained from published literature (Lau et al., 2020). All determinations were conducted at least in duplicate, and the final results were presented as the mean value ± one standard deviation.

3. Results and Discussion
3.1. Influences of O3 on amorphous alum flocs formed during flocculation
As shown in Figures 1a and S1, O3 significantly influenced the growth and regrowth properties of alum flocs. During the growth stage, obvious higher plateau (maximum) FI values were observed when O3 was present, indicating O3 facilitated the linkage of the primary alum NPs formed during flocculation, which thereby promoted the growth of the alum flocs. In comparison, the plateau size of flocs formed with N2 addition showed a slight decrease (Figure S1), compared to the raw water flocs (absence of O3 and N2), which could be ascribed to the occupation of the surface binding sites on the preliminary formed alum NPs by micro- or nano-bubbles. After breakage at G = 422.7 s–1, it was found that flocs formed without O3 or N2 addition had the lowest strength factor (0.29 ± 0.01), while the strength factor of flocs formed with O3 was the highest (0.37 ± 0.02) (Figure S1). It is reasonable to assume that small flocs normally do not break to the same extent as larger flocs since larger flocs are more affected by the microscale eddies, causing the floc breakage (Parker et al., 1972). However, the largest flocs formed with O3 addition had the greatest strength, indicating stronger bonds were formed between the primary Al NPs. In addition, the regrowth process revealed that the regrowth factor of flocs formed with O3 participation was the lowest (0.54 ± 0.03) (Figure S1), reflecting that the newly formed bonds are ‘inactive’ in terms of the recombination of the broken flocs during the regrowth stage. 
[bookmark: OLE_LINK23][bookmark: OLE_LINK24]Images of the flocs formed without and with O3 addition after sedimentation showed that O3 promoted the aggregation of the flocs, forming larger deep white flocs (Figures 1b). FITR spectra further showed that the addition of O3 decreased the amount of hydroxyl groups on the surface of the flocs (Figure 1c), and this process accompanied with higher •OH generation (Figure 1d, Figure S2). In addition, it can be seen that O3 facilitated the crystallization of Al precipitates (Figure 1e). Specifically, for the precipitates without O3 participation, the broad peaks (marked with squares) indicated that the amorphous alum flocs underwent a self-transition to crystallization, which resembles the peak distribution diagram of gibbsite (γ-Al(OH)3) or bayerite (α-Al(OH)3) (Figures S3). With the presence of O3, the XRD pattern of Al flocs became sharper and some new peaks (marked with circles) that belong to boehmite (γ-AlO(OH)) appeared. The results revealed that O3 facilitated the dehydroxylation of amorphous aluminum hydroxide, contributing to the crystallization process. The TGA results further supported the above analysis, and it was found that the flocs formed with O3 participation had an obvious higher percentage, and faster loss, of adsorbed H2O below 150 0C, revealing that more surface water molecules were lost (Figure 1f). This could be because the ozonation-facilitated crystallization of Al flocs had a terminal sorbed surface water layer formed via hydrogen bonding (Eng et al., 2000). Above 150 0C, the weight reduction can be interpreted as the loss of interlayer water and a dehydroxylation process. It can be seen that at this stage, the DTG value was lower when O3 was present, indicating more interlayer water or hydroxyl groups were removed during the interactions between O3 and the Al precipitates. In addition, the total water loss for flocs formed without O3 was higher than that with O3 (40.75% vs. 38.97%), further revealing that more water molecules or hydroxyl groups were removed during the O3-facilitated crystallization process, which was consistent with the FTIR results obtained above.
XPS was also utilized to analyze the changes in structure of alum precipitates with or without O3 participation (Figures 1g and 1h), and the two overlapping bands could be assigned to AlIV (at around 73 eV) and AlVI (at around 74.2 eV), respectively (Lin et al., 2014). It was found that the percentage of tetrahedral Al reduced from 68.7% to 63.5%, with the corresponding increase of octahedral Al from 31.3% to 36.5%. Tetrahedral Al (Al(O)4) is the major form of Al formed via hydrolysis of monomeric Al during coagulation (Lin et al., 2014), so the transformation of Al(O)4 to Al(O)6 with the presence of O3 also supported the hypothesis that O3 facilitated the transformation of Al flocs from an amorphous to a more crystalline form.
Figure 1

3.2. High-resolution TEM observations of alum flocs formed with and without O3 participation
The morphology and crystallinity of the Al flocs formed with and without O3 were explored visually by using FEG TEM (Figures 2 and S4). It was evident that the flocs formed without O3 had a net structure that consisted of globose Al NPs, which was consistent with our previous work (Zhang et al., 2021). However, in the presence of O3, the morphology of the flocs involved their fusing together, with the net substructures more wide and thick. The results suggested that the interactions between O3 and the primary Al NPs facilitated the fusion of the NPs, thereby leading to the formation of larger flocs as observed in Figure 1a. For flocs formed without O3, in most areas, no obvious crystallized lattice structure was observed within the irregular transparent texture (Figure 2b), indicating the flocs formed during flocculation were essentially amorphous. Meanwhile, some lightly crystallized lattice structure that was attributed to bayerite was also observed (Figures S4d, S5 and S6). These results indicated that, during the aging or drying process, the amorphous Al flocs formed during coagulation could undergo a slow rate, spontaneous crystallization process (disorder-to-order transition), possibly via a self-driven loss of water from the surfaces of primary NPs (Yu et al., 2018b).
In contrast, in the presence of O3, the morphology of the flocs gradually lost the net structure due to the fusing process (Figures 2d, S4e and S4g). Furthermore, an obvious higher degree of crystallization was observed, with a nanocrystals size of approximately 2 to 5 nm (Figures 2e, S4f, and S4h). By resolving the interplanar spacing,  the lattice distance of 0.22 nm could be assigned to the (1 1 1) lattice plane of boehmite (Figure S7), and the two planes with lattice distance of 0.18 and 0.19 nm, and lattice angle of approximately 480, corresponded to the (0 6 1) and (1 5 0) lattice planes of boehmite (Figure S8). These results visually confirmed that O3 could react with the amorphous alum flocs formed during coagulation, and facilitate the crystallization process. Line scan analyses were conducted via energy-dispersive spectrometry (EDS) to identify the distribution of chemical elements in the selected parts of the sample (Figures 2c and 2f). For flocs formed without the participation of O3, it can be seen that the changing trends of C (with a background of carbon film on the Cu mesh), O, and Al are similar. In comparison, the flocs formed with O3 interactions had significantly higher O counts, which could be ascribed to the addition of O to the surface of flocs during the interaction between O3 and Al flocs.
Figure 2
 
3.3. The synergistic effect between O3 and Al flocs reduced both UF and NF fouling 
[bookmark: OLE_LINK18][bookmark: OLE_LINK19]The variation of UF and NF membrane fluxes for the different O3 dosage regimes was investigated, to explore the influence of synergistic effect between O3 and Al flocs on UF and NF fouling (Figure 3). For raw water, the sharp decrease at the beginning of the filtration represented the effect of serious pore blockage by the foulants. The moderately rapid decrease of flux, followed by a more gradual decline in flux, indicated the transition from pore blocking to cake layer filtration (Ho and Zydney, 2000). Based on the flux decline rates and final values, it was clear that the in-situ ozonation produced the highest degree of UF membrane fouling mitigation, with a final flux of 1376.48 ± 56.28 LMH, which was approximately 12.66 times greater than the final flux of the raw water (108.75 ± 20.66 LMH). More significantly, the final flux achieved by in-situ ozonation was more than 1.78 times higher than that achieved by Ozonation-Coag (771.631 ± 32.406 LMH). Since the UF fouling was mainly caused by macromolecular organics (or biopolymers), it was understood that the in-situ ozonation performed best in reducing and transforming the NOM, which could be ascribed to the synergistic effect between O3 and Al flocs (higher •OH generation). This is consistent with the significant reduction of υ C-O (1035 cm-1) and υ C=O (1639 cm-1), δ N-H, and υ C-N (1547 and 1520 cm-1) bonds from biopolymers (mainly polysaccharides and proteins) that were intercepted by the UF membrane after filtering the water samples with in-situ ozonation pre-treatment (Figure 3b).
[bookmark: OLE_LINK35][bookmark: OLE_LINK36]With regard to the NF filtration tests (Figure 3c), the in-situ ozonation was also observed to give the least loss of flux (J/J0) after two consecutive filtration-backwash cycles (around 42.5%), while the Ozonation-Coag and raw water presented over 64% and 68% of flux reduction, respectively. It was assumed that the higher oxidation capability of in-situ ozonation transformed the organics into more hydrophilic and negatively charged substances, thereby increasing the membrane permeability and reducing organic deposition on the membrane surface and the pores via electrostatic repulsion (Yu et al., 2018a). In addition, analysis of the NF concentrates also confirmed that the in-situ ozonation substantially decreased the IR absorbance regarding the stretching of polysaccharides (the C-O band between 1000 and 1250 cm-1) and protein-like substances (stretching of amides at around 1637 cm-1) (Figure 3d), indicating that fewer organics were intercepted by the NF, which therefore resulted in the lowest fouling. Furthermore, a more evident red shift of the C–O band (from 1082 to 1129 cm-1) was observed when using in-situ ozonation pre-treatment, which may have resulted from the stronger oxidation capability of in-situ ozonation, producing more aliphatic –OH, phenolic –OH, and –COOH (with C–OH stretch band from 1170 to 1270 cm-1) (Niemeyer et al., 1992).
Figure 3

3.4. Influence of the synergistic effect on final effluents
In-situ ozonation was found to achieve the best performance regarding the removal of organics, with DOC reduced from 8.82 ± 0.01 mg/L of the UF filtrated raw water to 1.92 ± 0.03 mg/L of the NF effluent (Figure 4a), which is consistent with the SEC results (Figures 4b and S9). It is known that although ozonation is ineffective in organic mineralization at the doses typically applied, it can contribute to the ring-opening of cyclic aromatic hydrocarbons and breakage of long-chain substances, decreasing the aromaticity and MW of the organics in raw water (Lim et al., 2022). In addition, the greatest blue shift of the peaks with MW at around 3.5 kDa and 2.75 kDa, respectively (insert of Figure 4b) could reflect that the in-situ ozonation had the highest oxidation capability, and this could further be revealed by the greatest reduction of fluorescent intensity with the participation of ozone in the in-situ ozonation treatment (Figure 4c).
[bookmark: OLE_LINK30][bookmark: OLE_LINK31][bookmark: OLE_LINK32][bookmark: OLE_LINK33][bookmark: OLE_LINK34][bookmark: OLE_LINK39][bookmark: OLE_LINK40][bookmark: OLE_LINK41][bookmark: OLE_LINK37][bookmark: OLE_LINK38][bookmark: OLE_LINK20][bookmark: OLE_LINK25]XPS was further utilized to investigate the influence of the synergistic effect on NF filtrates. As shown in Figures 4d to 4f, the XPS C 1s peak can be resolved into four component peaks (Hao et al., 2016; Yin et al., 2015; Yuan et al., 2011). The peak between 283.5 eV and 284.5 eV is attributed to aliphatic or aromatic carbon, and the peak at around 285.0 eV is associated with C–(O, N) from alcohol, ether, amine, or amide groups. The peak close to 287.0 eV corresponds to C=O or O–C–O bonding, which is usually presented in carbonyl, carboxylate, amide, acetal, or hemiacetal groups. The peak at a higher binding energy of around 288.5 eV is the result of O=C–OH or O=C–OR, which are usually presented in carboxylate and uronic acids. It was evident from the results that both Ozonation-Coag and in-situ ozonation significantly reduced aliphatic/aromatic carbon (decreased from 35.53% to 19.08% and 20.52%, respectively), while the percentage of C–(O, N) bonds showed the corresponding increase (from 36.06% to 59.93% and 56.34%, respectively). In terms of the O=C–OH or O=C–OR bonds, the Ozonation-Coag substantially decreased their percentage (from 14.69% to less than 1%), however, the in-situ ozonation only showed a slight reduction to 11.40%. Based on the above results, it can be expected that the higher oxidation ability of in-situ ozonation was able to break some the dissolved organics into smaller hydrophilic substances, which enabled them to more easily pass through the hydrophilic PA NF membrane, resulting in a higher percentage of O=C–OH in the final NF effluent. In addition, the O 1s spectra showed that in-situ ozonation contributed to the higher percentage of C=O bonds (51%) in the NF filtrate compared to Ozonation-Coag (47%) (Figure S10). It can be understood that higher •OH radicals generated via in-situ ozonation would react with the organics to generate more aldehyde and carboxylic substances, resulting in higher percentage of C=O percentage (Hollender et al., 2009).
Figure 4

3.5. Influence of the synergistic effect on DBP formation
[bookmark: OLE_LINK2][bookmark: OLE_LINK17]The synergistic effect between O3 and Al flocs was further examined to evaluate their influence in terms of DBP formation and the corresponding calculated toxicity (Figure 5). For UF filtrates, it can be seen that Ozonation-Coag showed a slight reduction of total THMFP (TTHMFP) from 844.98 ± 16.60 µg/L to 815.65 ± 21.55 µg/L, and in-situ ozonation achieved a higher reduction of TTHMFP to 662.46 ± 54.19 µg/L (Figure 5a). Regarding the NF filtrates, without any pre-treatment, the TTHMFP was reduced by around 72.5% to 232.44 ± 29.13 µg/L, and in-situ ozonation gave the best performance with a filtrate TTHMFP of 89.51 ± 31.16 µg/L, which was more than 48.1% lower than that of Ozonation-Coag (172.45 ± 55.65 µg/L). In addition, the calculated toxicity of NF filtrates (which mainly resulted from CHCl3) reduced 60.5% from 2.00×10-4 (raw water) to 0.79×10-4 (in-situ ozonation), which was 48.7% lower than that achieved via Ozonation-Coag (1.54×10-4) (Figure 5c). In terms of HAA formation, the direct filtration (UF) of raw water gave a HAAFP of 192.18 ± 24.54 µg/L, while pre-treatment with Ozonation-Coag and in-situ ozonation decreased its value to 150.95 ± 5.78 µg/L and 137.43 ± 4.03 µg/L, respectively. For the NF filtrates, in-situ ozonation presented the highest reduction of HAAFP to 33.98 ± 1.09 µg/L, which was approximately 22.4% lower than that of Ozonation-Coag (43.81 ± 0.74 µg/L). Furthermore, it can be observed that CDBA and TBAA contributed to the most of the calculated toxicity caused by HAAs, which was more than 90% (Figure 5c). In-situ ozonation again showed the highest reduction of the calculated toxicity produced by HAAs in NF filtrates, with the decrease of 53.7% and 10.1% against raw water and Ozonation-Coag, respectively (Figure 5c).
From the above obtained results, it can be observed that the synergistic effect between O3 and Al flocs had negligible contribution for DOC mineralization (8.28 ± 0.01 vs. 8.15 ± 0.01 mg/L), however, for NF filtrates, the synergistic effect resulted in more than 31.4% reduction of DOC (from 2.80 ± 0.01 to 1.92 ± 0.03 mg/L) (Figure 4a). It can be expected that the synergistic effect mainly altered the structure and functional groups of dissolved organics, increasing their electronegative (von Gunten, 2003), and therefore improved their retention rate by negatively charged PA NF membrane. In addition, it can be found that the reduction of DOC was lower than that of TTHMFP, indicating the synergistic effect also contributed to the transformation of the organics to those that are less likely to form THMs (non-humic, lower aromaticity, and hydrophilic organics) (Zainudin et al., 2018), due to the improved oxidation ability. In comparison, the reduction of HAAFP (around 22.4%) was less than the decrease of DOC (31.4%), implying that some of the organics might be converted to precursors of HAAs during the oxidation process. As also revealed from the results of XPS, the synergistic effect contributed to the ring or carbon double bond cleavage of unsaturated DOM, generating hydrophilic products like aldehydes, ketones, carboxylic acids, and so forth. These hydrophilic products all have a high affinity to produce HAAs during chlorination and therefore can increase the total HAAFP (Hwang et al., 2000).
Figure 5

3.6. Mechanisms and Implications
[bookmark: OLE_LINK11][bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK4][bookmark: OLE_LINK8]It is well known that coagulation is initiated by the rapid hydrolysis of metal salts (e.g. Al or Fe). During this process, primary NPs are formed initially, followed by the gradual growth of the NPs to micro-sized amorphous flocs/precipitates. Our previous study showed the irreversible property of the amorphous flocs formed during the sweep flocculation process after breakage, indicating that some chemical rather than physical bonds were disrupted during the breakage process, which cannot be automatically recovered (Yu et al., 2010; Yu et al., 2016). These chemical bonds were interpreted to be formed via the ‘active sites’ on the primary formed NPs, that were mainly from Ala (Yu et al., 2011a). Furthermore, by examining the polynuclear species ‘Al13’, Casey et al. found that the chemical exchange rate coefficient of η-OH2 at 298 K was 1100±200 s-1, compared to 1.7(±0.2)×10-2 s-1 and 1.5(±0.1)×10-5 s-1 for μ2-OH' and μ2-OH, respectively (Phillips et al., 2000). In addition, it was revealed that the iron-oxygen bond is stronger at higher pH, whereas it is weakened by reduced electron densities at lower pH (forming ≡Fe–OH2+, which is more readily undergo ligand exchange reactions) (Evanko and Dzombak, 1998). These indicated that the exchange probability of the –OH2 ligand is much greater than that of –OH. During the aging process of amorphous Al precipitates, the spontaneous slow crystallization involves the loss of water from the surface of primary NPs, with the reduction of ≡Al–OH2+ or ≡Al–OH∙OH2 and the increase of ≡Al–OH or ≡Al–O–Al≡ bonds (Wu et al., 2019). From an energy perspective, the standard free energy of formation (ΔG0 kcal) for amorphous Al(OH)3, microcrystalline gibbsite, bayerite and gibbsite are -271.9, -272.3, -276.2, and -273.5 to -277.3, respectively (Deltombe and Pourbaix, 1958; Latimer, 1952). This also indicates that the transition from amorphous Al(OH)3 to gibbsite or bayerite is a spontaneous process. For boehmite, its ΔG0= -217.5 kcal, which is higher than amorphous Al(OH)3, implying that O3 provided the extra energy to trigger the crystallization of amorphous Al(OH)3 to form boehmite (Figure 6).
Figure 6

[bookmark: OLE_LINK51][bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: OLE_LINK7][bookmark: OLE_LINK14]In this work, the results obtained show clearly that the O3 facilitated the water loss or dehydroxylation process, contributing to the transformation of amorphous Al flocs to crystallized Al flocs. It can be concluded that O3 can react with both ≡Al–H2O and ≡Al–OH to form •OH. Previous showed that metal oxides have catalytic performance during ozonation (Zhao et al., 2009), however, the catalytic performance and transformation of amorphous Al flocs during ozonation has never been explored. As proposed in Figure 6, during the amorphous alum flocs catalyzed ozonation process, in terms of ≡Al–OH2+, O3 can strip a hydrogen atom from the water group to form a HO3 radical, and then decompose to a •OH and O2. For ≡Al–OH, the O3 can initially react with ≡Al–OH to form ≡Al–O2H and O2, and then the ≡Al–O2H can react with O3 to form ≡Al–O2• and HO3•; subsequently, the HO3• can proceed via the decomposition pathway, and ≡Al–O2• will further react with O3 to form ≡Al+ and release O3-• and O2. The ozonide radical (O3-•) decays quickly into the •OH, and ≡Al+ can then combine with water again to form ≡Al–H2O. As revealed previously, ≡Al–H2O can react with ≡Al–OH to form ≡Al–OH–Al≡ (Wu et al., 2019). As such, the interactions between O3 and the surface functional groups of the amorphous Al flocs can directly accelerate the dehydroxylation and dehydration processes, and therefore facilitate and accelarate the crystallization process to form boehmite. During the crystallization process, the enhanced generation of •OH can further contribute to the oxidation of DOM, alleviating membrane fouling of the subsequent UF and NF membrane. In addition, the synergistic effect also facilitaed the transformation of DOM, improving their rejection rate by NF and therefore lowering the overall DBP formation potential and the corresponding calculated toxicity. Overall, this work has provided fundamental explanations for the impact of O3 on the amorphous alum flocs formed during flocculation process from the nano-scale perspective, and its application in dual-membrane process with greater treatment efficiency.

4. Conclusions
[bookmark: OLE_LINK16]In summary, our previous studies found that the amorphous aluminum hydroxide formed during coagulation will undergo an aging process (crystallization) and an applied physical shear can accelerate the crystallization of Al flocs. In this work, O3 was found to react with the surface functional groups on the amorphous Al flocs to generate •OH, and thereby improve its oxidation capability towards dissolved organics. The surface reactions were found to promote the dehydroxylation of the amorphous alum flocs and facilitate the transformation of amorphous alum flocs to crystalized boehmite. The process can directly favour the oxidation and transformation of NOM in natural water during the in-situ ozonation process, and therefore improve the performance of the subsequent dual-membrane process, regarding both the fouling mitigation and final effluent quality improvement. The findings of this work can extend our understanding of the transformation of amorphous Al flocs during coagulation with O3, and clarify the overlooked mechanisms of the improved performance of dual-membrane process with in-situ ozonation as the pretreatment.
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Figure Captions
Figure 1. Formation, breakage, and re-growth curves of flocs formed with or without O3, using alum as the coagulant (0.1 mM), at pH 7 (a); images of the flocs formed with or without O3 participation (b); ATR-FTIR spectra of the flocs formed with or without O3 participation (c); detection of the generation of •OH using coumarin as the fluorescence probe (d); XRD patterns (e) and DT-TGA curves (f) of freeze-dried alum precipitates without or with O3 participation (the inserts in (e) show the standard XRD patterns of Bayerite, Gibbsite, and Boehmite, which are also given in Figure S2); high-resolution Al 2p XPS spectra of freeze-dried alum precipitates without (g), or with (h), O3 participation.

Figure 2. High-resolution transmission electron microscopy images of the flocs formed without (a-c), and with (d-f), O3 participation, where the inserts in (e) correspond to the lattice distance and lattice angle of the nanocrystals formed within the flocs, and the corresponding SAED patterns, and (c) and (f) showed the representative line-scan EDS of the flocs without, and with, O3 participation.

Figure 3. Influence of different pre-treatment methods on UF (a) and NF (c) membrane flux and fouling propensity (flux decline); ATR-FTIR spectra of pristine and fouled UF membranes after filtering 1 L of raw water or water samples treated via different pre-treatment methods (b); ATR-FTIR spectra of freeze-dried NF concentrates of  UF filtrated raw water and water samples treated via different pre-treatment methods (d).

Figure 4. The effect of different pre-treatment methods on DOC removal: (a) DOC in UF and NF filtrates after different pre-treatment methods; molecular weight distribution of the UF filtered raw water and water samples after different treatment processes (b); EEM fluorescence spectra of raw water and water samples pre-treated using Ozonation-Coag and in-situ Ozonation (c); High-resolution C 1s XPS spectra of freeze-dried NF filtrates of raw water (d) and water samples pre-treated using Ozonation-Coag (e) and in-situ Ozonation (f).

[bookmark: OLE_LINK42][bookmark: OLE_LINK43]Figure 5. THMFP (specifically CHCl3, CHCl2Br, CHClBr2, and CHBr3), and HAAFP (specifically BDCA, CDBA, DCAA, TBAA, TCAA, and BCAA) of the UF (a) and NF (b) filtered water samples after different treatment processes; calculated DBP-associated toxicity and percentage contribution of each DBP to the total calculated toxicity for UF and NF filtrates after different treatment methods (c), for the calculated toxicity, the area of the circle represents the calculated value.

Figure 6. Proposed mechanisms for the interactions between the amorphous alum flocs formed during flocculation process and O3, and the spontaneous slow crystallization without O3 participation, during the flocculation process.
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