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[bookmark: _Hlk23939663]Abstract: In the light of growing concerns about the formation of nitrogen-based disinfection by-products (N-DBP) and the possible contribution from the use of quaternary-ammonium-containing flocculants, there is growing interest in the alternative use of quaternary phosphonium salts, which have been reported to have a lower DBP formation potential, stronger cationic properties, lower cytotoxicity and greater stability. In this study, the performance of N-free quaternary-phosphonium-modified starch flocculants (S-BTP), synthesized through a facile one-step method using commercially available raw materials, in the treatment of bacteria-laden waters (E. coli as the model bacteria) was assessed in both jar tests and a bench-scale continuous-flow flocculation-sedimentation-ultrafiltration process. In jar tests, the effects of the cationic degree of substitution (DS) and dosage of the flocculant, solution pH and presence of model contaminants, on treatment performance, were studied. One particular flocculant (S-BTP3), with a DS of 19.3%, displayed high removal efficiencies of E. coli, turbidity and UV254 from water, comparable with those of ammonium-based analogues and conventional alum, via a combination of charge attraction, polymer bridging and antibacterial effects. S-BTP3 also possessed better bactericidal properties (99.4% of E. coli killed) than alum (41.4% killed), and did not cause the release of intracellular substances into the treated water. In the continuous-flow flocculation-sedimentation-UF tests, S-BTP3 was superior to alum in the flocculation and antibacterial performance, and in mitigating UF membrane fouling. The results have demonstrated clearly the multiple benefits of the use of N-free cationic starch flocculants in water treatment, as an alternative to conventional chemicals.
Keywords: Nitrogen-Free cationic flocculants; Flocculation; Antibacterial property; Bacterial-laden water; Membrane Fouling Control; Ultrafiltration

1. INTRODUCTION
[bookmark: _Hlk14878510][bookmark: _Hlk14875688][bookmark: _Hlk18607249][bookmark: OLE_LINK38][bookmark: OLE_LINK39][bookmark: OLE_LINK40][bookmark: OLE_LINK41]Flocculation is a cost-effective, facile-operated and easy-upgradable process that has been extensively applied in water treatment plants. Usually, flocculation is combined with other treatment methods, such as floc settling/flotation, disinfection, ultrafiltration (UF), etc. [1-3]. In many cases, flocculation using conventional flocculants has been shown to be effective in purifying water and facilitating post-treatment [4]. However, for contaminated raw waters with a substantial bacterial content, the performance of conventional flocculants is substantially reduced, particularly as a consequence of organic metabolites of bacteria [5, 6]. The regrowth of bacteria in settled sludge can also cause a deterioration in effluent quality [7, 8]. Other concerns include the risk of greater disinfection by-products (DBPs) formation with more required disinfectants [9, 10], and more severe (bio)fouling of membranes during UF due to the deposition of bacteria and metabolites, if bacteria are not efficiently removed in the preceding treatment [11-13].
[bookmark: _Hlk19289501][bookmark: _Hlk19298354]An efficient approach to reducing or solving the above problems is to combine flocculation and antibacterial properties into one flocculant [7, 14]. Natural-organic-polymer-based flocculants, modified by nitrogen-containing groups, have been developed and shown to be effective in previous studies [15-19]. The advantages of these can be summarized as follows: (i) The biodegradable natural polymer backbones (like chitosan, starch, etc.) are non-toxic, thereby avoiding the risks to health that exist with residual metal ions, or unreacted monomers, from conventional inorganic or synthetic organic flocculants, respectively [15, 16]; (ii) Positive-charged nitrogen-containing groups, especially cationic quaternary ammonium, provide enhanced charge neutralization of negatively surface-charged contaminants, including most bacteria [17]; (iii) The quaternary ammonium groups also have a notable antibacterial ability, inhibiting the regrowth of bacteria and mitigating membrane biofouling [18, 19].
[bookmark: _Hlk14953484][bookmark: _Hlk15030546][bookmark: _Hlk18776395][bookmark: _Hlk15046534]Notwithstanding the advantages of the aforementioned flocculants, other concerns associated with their use remain. One principal concern is that nitrogen-containing organic groups can act as important precursors in the formation of nitrogenous DBPs (N-DBPs), such as nitrosamines, which have a potential for health concerns, such as cancer risks [20-22]. Therefore, the development of alternative flocculants that are nitrogen-free, but retain cationic and antibacterial properties, would be advantageous. To achieve this, two aspects need to be considered. Firstly, the natural polymer backbone of the flocculant should be nitrogen-free. For example, starch can be used, whereas the widely-reported chitosan, as a nitrogen-containing polymer, cannot as it has been shown to generate significant N-DBPs during disinfection [23]. Thus, alternatives to the nitrogen atoms in the cationic modification groups need to be identified. Phosphorus, also in Group VA of the Periodic Table, has the same number of valence electrons as nitrogen, so it has the potential to be a suitable alternative [24]. Cationic quaternary phosphonium groups with high stability have a stronger charge interaction with negativelysurfacecharged contaminants, a stronger antibacterial performance, and a lower (or at least, similar) cytotoxicity potential than the corresponding ammonium-based analogues [25-28]. Furthermore, they have a very low DBP formation potential [29]. However, the preparation and application of quaternary-phosphonium-modified naturalorganicpolymer-based flocculants have not been reported yet.
[bookmark: _Hlk15046512]An important concern with the use of flocculants having flocculation-antibacterial properties is the release of intracellular substances into the surrounding water [6-8, 30]. As these substances are difficult to remove during conventional treatment, they may cause problems as DBP precursors or membrane foulants [6-8, 30]. Hence, avoidance of intracellular substance release should be an important consideration in the nature and use of such flocculants. In this respect, the control of flocculant dosage might be one facileoperational approach, but as yet the effect of dosage on intracellular substance release using quaternary phosphonium flocculants is unknown.
[bookmark: _Hlk19300100][bookmark: _Hlk19090701]In this work, a series of novel quaternary phosphonium modified starch flocculants (S-BTPs), with different degrees of substitution (DS) of cationic groups, have been prepared by a one-step method and applied in the treatment of synthetic, bacteria-laden water. Their performance in flocculation, bacteria inactivation, and UF membrane fouling control, was assessed using both jar tests and a continuous-flow flocculation-sedimentation-UF process, and compared to alum, unmodified starch, and quaternary ammonium modified starch (S-CTA). The influence of polymer structure (DS), solution chemistry (pH and coexisting contaminants), and operational parameters (flocculant dosage) were investigated to explain the performance in terms of the underlying mechanisms.

2. MATERIALS AND METHODS
2.1 Materials
Starch (weight-average molecular weight: ~150 kDa) was purchased from Binzhou Jinhui Corn Development Co. Ltd., and 3-bromopropyl triphenyl phosphonium bromide (BTP) and humic acid (HA) were obtained from Aladdin Co., Ltd. All other chemicals were purchased from Sinopharm Co. Ltd. Lysogeny broth (LB) powder for the culture of E. coli was self-prepared by mixing yeast extract (20 wt.%), tryptone (40 wt.%), and NaCl (40 wt.%). Distilled water was used throughout.
Quantities of E. coli (CMCC 44102) were originally obtained from China General Microbiological Culture Collection Center (CGMCC), then cultured in pre-sterilized liquid LB medium (mass ratio between LB powder and water: 1:40; pH of 7 adjusted by 0.1 M NaOH solution) at 37 oC for 24 h, and finally harvested for further use by centrifugation at 6000 rpm for 5 min [7, 31].

2.2 Synthesis and characterization methodologies of S-BTP
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]S-BTP was synthesized by a one-step reaction as illustrated in Fig. 1(a): 2 g of starch was alkalized by 10 mL of KOH aqueous solution (0.5 mol/L) at 70 oC under strong mechanical stirring for 1 h. Then, after the dropwise addition of a certain volume of BTP aqueous solution (50 wt.%), the reaction was kept at 70 oC under stirring for 2 h. After the pH of the mixture was neutralized using 6 mol/L HCl aqueous solution, a precipitate was obtained by pouring the mixture into excess ethanol, which was then purified using acetone as the solvent in a Soxhlet apparatus for 3 days, and vacuum dried at 45 oC to reach a constant weight. The product was S-BTP.
-Fig. 1-
By adjusting the feeding ratio between starch and BTP, four S-BTPs, each with a different DS, indicating the average number of phosphonium groups in one repeated sugar ring of starch, were obtained. According to an elemental-analysis-based method (see Text S1 in the Supporting Information (SI)), the DS for S-BTP1-4 were calculated to be 6.3%, 11.8%, 19.3% and 26.0%, respectively. Structural characterizations of S-BTP were conducted using IR, 1H NMR spectra and XRD patterns, which were obtained using a Bruker model IFS 66/S IR, a Bruker AVANCE model DRX-500 NMR spectrometer, and a Rigaku D/max 2500VL/PC X-ray diffractometer, respectively. The wavelength range of the IR measurement was 500-4000 cm-1. D-DMSO was used as the solvent in the NMR experiment. A voltage of 40 kV, a current of 30 mA and Cu Ka radiation, were used in the XRD characterization. Measurements of zeta potential (ZP) were made using a Zetasizer (Malvern Nano-Z).

2.3 Jar tests
To clarify the performance and corresponding mechanism of the new flocculants from a fundamental perspective, different sorts of synthetic waters, containing single-, binary-, and trinary-contaminant(s) of E. coli (~3 ×108 CFU/mL), kaolin (200 mg/L) and HA (10 mg/L), were used in jar tests. These contaminants were selected to provide a proof-of-concept demonstration of the new starch-based N-free flocculants’ performance in terms of flocculation, antibacterial ability and membrane fouling control, as E. coli is a universally regulated and prominent indicator bacteria, and kaolin and HA were representative of inorganic turbidity-causing material and natural organic matter (NOM), respectively. The pH of the test solutions was pre-adjusted before use. A near-neutral pH range (5-9) was selected in this study, since pH in this range is typical of bacteria-laden contaminated raw water, and the survival rate of E. coli is significantly reduced at pH conditions beyond this range, even without the addition of any antibacterial materials, according to preliminary experiments. Fresh stock solutions (1 g/L) of S-BTP, unmodified starch, alum and S-CTA (synthetic method in SI Fig. S1 and Text S2) were prepared prior to commencing tests. After a known volume of stock solution was added to each 1-L jar, jar tests were started and followed the usual sequence of rapid mixing (5 min; 200 rpm), slow stirring (10 min; 50 rpm), and quiescent conditions for floc settling (30 min).
[bookmark: _Hlk17982914]After settling, water samples were withdrawn from the supernatant for direct measurement of turbidity and bacteria density, and after filtration by 0.45-μm filter, samples were analyzed for UV254 absorbance, total phosphorus (TP), and three-dimensional excitation and emission matrix fluorescence (3DEEM). Scanning electron microscopy (SEM) was used to obtain selected images of flocs after freeze-drying. Relevant instruments and parameter settings are given in the SI (Text S3). Each experiment was triplicated and relative errors were within 5%.

2.4 Continuous-flow flocculation-sedimentation-UF tests
The continuous-flow apparatus was set up according to the arrangement illustrated in the SI (Fig. S2). Hydraulic retention times (HRTs) of each flocculation tank and the settling tank were 5 and 60 min, respectively. In the UF tank, polyvinylidene fluoride (PVDF) hollow fiber membranes (Hangzhou Haotian; total surface area: 0.025 m2, pore size: 30 nm) were used. The UF unit was operated a constant flux of 20 L/(m2·h), so that fouling was indicated by an increasing trans-membrane pressure (TMP). After every 30-min of permeation, the membrane was cleaned by a 1-min period of simultaneous air-bubble scouring (2.5 L/min) and water backwash (0.66 L/(m2·min)). Additionally, a more extensive, sponge cleaning was carried out after every 13-days of operation [1].
[bookmark: _Hlk19366756][bookmark: _Hlk18608989]During the entire 40 days of operation, the membrane TMP and treated water quality (E. coli density, turbidity and UV254 absorbance) were monitored. At the end of the 40-day period, the hollow fiber unit was taken out, and samples of the membrane were freeze-dried for inspection by SEM and confocal laser scanning microscopy (CLSM). Here, CLSM was used to characterize the bacterial cells and polysaccharide distribution on the membranes [32], and details of the methodologies are given in the SI (Text S4). The amount of polysaccharides, proteins and HA in both the cake layer and sludge at the bottom of the membrane tank were determined by the anthrone method [33], and a modified Folin-Lowry method [34], in which glucose, bovine serum albumin and HA were used as standards.

[bookmark: OLE_LINK22][bookmark: OLE_LINK23]3. RESULTS AND DISCUSSION
3.1. Characterization results
Structural characteristics of S-BTP, as shown in Fig. 1(b and c), indicated the presence of aromatic ring structures (C=C and C-H vibrations at 1581 and 2974 cm-1 in IR spectra; resonance of protons at ~7.8 ppm in 1HNMR spectra) in the S-BTP polymers, and confirmed the structure of S-BTP as proposed.
[bookmark: _Hlk18058666]Surface charge characteristics of S-BTP and contaminants were shown by the variation of ZP with pH as summarized in Fig. 1(d). The results demonstrated their cationic properties within the usual pH range of water treatment, from 5 to 9, compared to the unmodified starch, which had a ZP close to zero. Among the four S-BTPs, the ZP of each polymer became increasingly positive with the DS of cationic groups. As pH increased, the ZP of each S-BTP underwent a slight decline, but was still substantially positive at pH 9 owing to the stability of the quaternary phosphonium groups. Such a strong cationic behaviour is beneficial for achieving both flocculation of negatively charged contaminants (ZP values for E.coli, kaolin and HA are shown in Fig. 1(d)), and antibacterial effects.

3.2 Flocculation of single-contaminant waters
Three types of water containing single-contaminants at neutral pH were tested initially, using the four S-BTPs with different DS values, as shown in Fig. 2(a-c). All removal efficiency-dosage curves had “up-peak-down” shapes as dosage increased, indicating contaminant destabilization before the optimal dosages (doseopt) and a re-stabilization effect beyond the doseopt [35].
-Fig. 2-
The DS of the cationic groups is an important structural factor concerning the performance of cationic polymer flocculants. As depicted in Fig. 2(a), the performance for E coli removal was relatively unaffected by DS, with a doseopt of approximately 4-6 mg/L, corresponding to removal efficiencies up to ~100%. In contrast, the influence of DS on the removal of turbidity (kaolin suspension) and UV254 (HA solution) was substantial. For either turbidity or UV254, the removal efficiency increased as the DS increased from 6.3% (S-BTP1) to 19.3% (S-BTP3), but a further increase of DS to 26.0% (S-BTP4) did not achieve further performance improvement (performance declined). Thus, the DS of the quaternary phosphonium of 19.3% appeared to be the optimum for all three water quality parameters, and S-BTP3 was therefore selected for the subsequent tests.
The different DS-dependences of the removal performance towards various contaminants resulted from different flocculation mechanisms [36]. The variation of ZP values for the different waters with the S-BTP3 dosage are shown in the SI (Fig. S3). As expected, the ZP in the three waters increased systematically with dose but the impact on charge neutralization varied. For the kaolin suspension or HA solution, charge neutralization played the dominant role since the ZP was approximately 0 at doseopt. Therefore, the treatment performance for these two waters was more sensitive to the DS of the flocculants. For the E. coli suspension, the ZP at the doseopt was still substantially negative (-10mV), indicating that other mechanisms (besides charge effects) were involved as well, such as the antibacterial properties of the strongly cationic S-BTP and bridging effects of other polymers (polysaccharides and proteins) generated from E. coli. It is believed that these additional effects also promoted the removal of the bacteria and reduced the influence of DS on E. coli removal.
Another notable feature of the treatment of single-contaminant waters was the effect of contaminant type on doseopt. Compared to the relatively low doseopt (< 5 mg/L) for kaolin (initial concentration of 200 mg/L) and E. coli (initial bacterial density of 1×108 CFU/mL), the doseopt for HA was much greater, up to 45 mg/L, despite the low initial concentration of HA (10 mg/L). This is attributed to the much greater charge density of soluble organic matter (eq/mg) which increases the flocculation difficulty as reported previously [36, 37].
The effect of pH within the typical water treatment range (5-9) was investigated and the results are shown in Fig. 2(d-f). For all three of the single-contaminant waters, the doseopt increased with the pH. This can be attributed to the more negatively-surface-charged contaminants at higher pH, as depicted by the ZP-pH profiles in Fig. 1(d), which required a greater polymer dose in order to achieve charge neutralization. Similar to the DS-dependences as aforementioned, the pH-dependences for kaolin and HA removal were clearly evident, whereas that for E. coli was less. The differences in pH-dependences could be explained by the differences in flocculation mechanism as previous discussed for the DS-dependence. Thus, while charge attraction (in the flocculation of all three water systems) was more sensitive to pH, the antibacterial properties and bridging effect (in the flocculation of E. coli suspension) depended less on pH.

3.3 Flocculation of binary-contaminant waters
Waters containing different combinations of binary-contaminants at different pH were tested and the results are given in the SI (Fig. S4). These show that the trend of removal of both contaminants by S-BTP3, for all combinations, was the same at any pH. That is, in each case, the upward and downward trends of the two curves (black and red) were observed with the same, or similar, doseopt for each contaminant removal. For the E. coli+kaolin waters (Fig. S4(a-c)) this behavior was expected as the doseopt values for both single-E. coli and single-kaolin waters were several mg/L (Fig. 2(d and e)). However, the similar trend in removal of both contaminants in the E. coli+HA and kaolin+HA systems was unexpected, as the doseopt values for single-HA waters in Fig. 2(f) were ~10 times those for single-E. coli (Fig. 2(d)) or single-kaolin waters (Fig. 2(e)). Since the same functional groups (quaternary phosphonium) played key roles in flocculating both contaminants, the doseopt of S-BTP3 for the E. coli+HA or kaolin+HA waters mainly depended on the dosage required by HA. In other words, the doseopt was determined by the contaminant which was more difficult to flocculate.
The effect of pH on performance for binary-contaminant waters was similar to that for the single-contaminant waters. A higher pH increased the flocculation difficulty to some degree, resulting in a higher dosesopt. Despite this, the removal efficiencies of S-BTP3 at the doseopt were consistently high, with values near 100% for the bacteria and turbidity, and up to 80% for UV254.

3.4 Flocculation of trinary-contaminant waters
Jar test results for the flocculation of trinary-contaminant waters containing E. coli, kaolin and HA are illustrated in Fig. 2(g-i). The trinary-contaminant waters were more representative, given that the inorganic suspended colloidal particles and natural organic matter commonly coexist in bacteria-laden water.
3.4.1 Contaminant removal performance and comparison with conventional flocculants
Similar to the flocculation results of binary-contaminant waters, the doseopt for the trinary-contaminant waters were mainly determined by HA. The doseopt values were mostly within the range of 30-40 mg/L, except for the low value for the E. coli removal at pH 5, which might be due to the low viability of E. coli in such an acidic environment. Again, the removal efficiencies for E. coli and turbidity were very high, at ~100% (Fig. 2(g and h)) at the doseopt, and the highest removal efficiencies of UV254 were more than 90% (Fig. 2(i)). With respect to the potential risk of increasing phosphorus concentrations in the environment by use of a phosphorus-containing flocculant, the total phosphorus (TP) of the supernatant after flocculation at the optimal dosage (40 mg/L) was measured. The value was found to be 0.032 mgP/L, which is much lower than the typical regulatory limits (0.1 mgP/L) [38], and therefore the risk is considered to be very low.
The treatment performance of S-BTP3 was also compared with other flocculants. As shown in the SI (Fig. S5), the unmodified starch displayed a poor performance as it does not carry any positive surface-charges. For the quaternary ammonium modified starch (S-CTA) with a similar DS (~19%) to S-BTP3, the doseopt were similar to that of S-BTP3, but the removal efficiencies were slightly or much lower than those of S-BTP3 (SI, Table S3). This indicated that, in addition to the benefit of reducing the risk of N-DBPs formation from the quaternary ammonium groups that has been previously reported [30], the nitrogen-free S-BTP3 can achieve better, or at least similar, purification performance than S-CTA. For the conventional alum, high removal efficiencies of all three contaminants were also achieved. However, a further investigation on how many E. coli were still viable in the flocs, as summarized in the SI (Table S2), showed that the bactericidal efficiency of alum was much lower than that of S-BTP3. Thus, although both alum and S-BTP3 could reduce the bacterial concentration by 2-3 log units in water, 99.4% of initial E. coli were killed by S-BTP3, whereas 58.6% were still viable in flocs formed by alum. This situation for alum flocculation carries the risk of regrowth of bacteria subsequently, and the resulting deterioration of water quality, as well as aggravation of bio-fouling of a downstream membrane filtration process. On the basis of the results described above, and from an overall treatment viewpoint, the S-BTP3 represents a highly competitive and promising flocculant for the treatment of bacteria-laden water.
The pH-doseopt variation in the trinary-contaminant waters followed the same pattern as those in the single- and binary-contaminant systems. For example, a larger doseopt was required at higher pH. However, a different behavior was evident for turbidity removal between the single- and trinary-contaminant solutions (Fig. 2(e and h)) which indicated that the pH-dependence and re-stabilization of turbidity was less significant for the trinary-contaminant waters. Since the polymers (proteins and polysaccharides) originating from E. coli may have a strong binding interaction with the kaolin colloid particles, this may lead to bridging flocculation of the particles and a reduced sensitivity to flocculation by charge neutralization and to the effects of pH and flocculant dosage [39].
3.4.2 Release of intracellular substances into water
[bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: _Hlk18677916]The release of intracellular substances from bacterial cells into treated water during flocculation, as described in the Introduction, was considered by recording the 3DEEM spectra of the water samples before and after dosing different amounts of flocculant (S-BTP3), as shown in Fig. 3(a-f). Compared to the water without the addition of the flocculant, a relatively low dose of S-BTP3, 10 mg/L, increased the absorbance intensities of substances corresponding to aromatic proteins (signals in Region I and II with excitation < 250 nm and emission <350 nm)) and soluble microbial products (SMPs; Region IV with excitation within 250-280 nm and emission <380 nm)) [40], indicating the release of these intracellular substances into water. However, further increases of flocculant dosage reduced the intensities of these regions. Quantitative analysis results by integration of the corresponding regions in Fig. 3(m) showed that the normalized integral values versus flocculant dosage profiles for proteins and SMPs displayed three types of behaviour, comprising an increase in integral values at low doses (<10 mg/L), a decrease at higher doses up to the doseopt, and a further increase at doses>doseopt. The increase at low doses was ascribed to the breakage of E. coli cells due the bactericidal properties of the quaternary phosphonium groups, while at higher doses the released intracellular substances were separated by incorporation into the mass of flocs formed by the flocculants; the further increase in integral value at higher doses was attributed to re-stabilization effects.
-Fig. 3-
SEM images of flocs formed at the different dosages are shown in Fig. 3(g-l) provided supporting evidence of the effects described. Without the addition of the flocculant, the E. coli was observed to adhere to the inorganic (kaolin) particles. Dosing of the flocculant led to the formation of flocs, which increased, and then decreased, in density as the dosage increased. Such changes were caused by two counteracting effects, as follows: a strong charge attraction between strongly cationic S-BTP3 and negatively-surface-charged contaminants can promote the formation of flocs with a compact structure; but the incorporation of organic intracellular substances into the flocs reduces their density. Despite the variation of the 3DEEM spectra and floc micromorphology, the relative concentrations of proteins and SMPs originating from E. coli at the doseopt corresponded to an integral factor of approximately 1 (Fig. 3(m)). Consequently, the results show that a suitable dosage of S-BTP3 effectively prevented intracellular substances from entering into the treated water, thereby avoiding the risks of secondary pollution and additional difficulties to post-treatment processes.

[bookmark: _Hlk18691374]3.5 Continuous flocculation-sedimentation-UF treatment
The performance of the S-BTP3 flocculant in a simulated continuous flocculation-sedimentation-UF process was studied using the bacteria-laden water with kaolin and HA. For comparison, identical tests were conducted using alum at its optimal dosage (30 mg/L). As aforementioned in the Introduction section, the main reason for the design and application of the N-free flocculants S-BTP in this work was that the N-free flocculants had very low N-DBP formation potentials during chloramination [29]. Here, the reason for the selection of alum as a representative commercial flocculant in the continuous water treatment process, was that alum showed similar maximum contaminant removal efficiencies to the ammonium-based flocculant S-CTA in the jar tests (SI, Figure S5), but had no related N-DBP formation risk. The results are summarized in Fig.4.
-Fig. 4-
During the operation period of 40 days, samples of the flow leaving the sedimentation and the UF tank were taken for analysis. It was evident that the removal efficiencies of E. coli, turbidity, and UV254 in the S-BTP3 stream were greater than, or at least the same as, those in the alum stream (Fig. 4(a and b)). In particular, the S-BTP3 stream had a higher removal efficiency for UV254 than the alum stream, which was consistent with the slightly better performance by S-BTP3 for UV254 removal in the jar tests. For E. coli and turbidity, the removal efficiencies of both parameters reached nearly 100% for both streams, as a consequence of size exclusion by the UF membrane, which effectively removed the residual E. coli and kaolin particles after sedimentation. The TP of the final effluent was further lowered by the UF process (TP< the detection limit (0.01 mgP/L) of the testing instrument, which was much lower than the regulatory limit [38]). Therefore, the risk of excessive TP in the treated water is not considered significant.
Although a similar high removal efficiency of E. coli was observed in both streams, there was a major difference in the membrane fouling performance. The temporal increase in TMP was much greater for the alum stream, as shown in Fig. 4(c), indicating a more severe development of membrane fouling. Although sponge washing at the end of each 13-day period was helpful for membrane cleaning, the initial TMP for the alum stream was larger than the S-BTP3 stream, indicating a greater extent of irreversible fouling in the case of the alum stream. In addition, the rate of TMP increase was significantly greater for the alum stream, and after the second sponge washing, the TMP in the alum stream increased rapidly to 25 kPa, indicating the serious blocking of membrane pores.
[bookmark: _Hlk35856694]The organic contents in the cake layer on the UF membrane and the sludge in the UF tank of both systems at the end of the operation process were compared, and are summarized in Fig. 4(d). The contents of proteins and HA in the S-BTP3 stream were lower than those in the alum stream. For the HA, this was due to the higher removal efficiencies of HA, as discussed above, while the lower values for proteins was attributed to the superior bactericidal property of S-BTP3, indicating a greater control of bacterial metabolites. In contrast, in the alum system, the growth of the bacteria adhering to the membrane or settled in the sludge in the UF tank resulted in a greater accumulation of proteins, which was a major cause of biofouling. In the case of polysaccharides, which are another type of microbial metabolite, the concentrations were similar for both streams. Since starch itself is a kind of polysaccharide, it is likely that a proportion of the polysaccharides determined in the cake layer and sludge of the S-BTP3 system originated from the accumulation of residual flocculant in the effluent after sedimentation. Furthermore, the contribution of S-BTP3 in the formation of the cake layer and sludge in the UF tank provided a benefit in terms of inhibiting the growth of E. coli.
The fouling of the UF membrane after operation for 40 days was further characterized in detail using CLSM and SEM. In the CLSM images (Fig. 4(e and f)), green and red areas represented cells and polysaccharides, respectively [32]. Clearly, a more severe biofouling of the membrane was evident in the alum system, with more and larger areas of cells and polysaccharides in the interior of the cake layer. SEM images, shown in Fig. 4(g and h), also supported the difference in the extent of fouling: the top views of cake layers showed a more porous structure of the cake layer formed in the S-BTP3 system (Fig. 4g), while the cross-sectional views, in the inset pictures, indicated that the cake layer gradually formed in the S-BTP3 stream was slightly thinner. As a consequence of the cake layer being thinner and more porous, it would be expected that the hydraulic resistance of the UF membrane in the S-BTP3 stream was lower, which is consistent with the results observed showing a lower TMP (Fig. 4c).
In summary, S-BTP3 showed its effectiveness in alleviating UF membrane fouling through three aspects. The first and predominant one was its antibacterial effect, which not only reduced greatly the amount of the bacteria in the water prior to the UF tank, but also inhibited the growth of the bacteria adhering to the membrane or in the settled sludge in the UF tank. Hence, biofouling was greatly weakened. The second aspect was that S-BTP3 had a greater removal efficiency of organic matter than alum. Organic fouling was thus reduced. Furthermore, the decreased content of organic matter, which could be considered as a constituent of bacterial growth nutrients, also indirectly inhibited bacteria growth. The third aspect was the improved cake layer structure caused by S-BTP3. A thinner cake layer with a more porous structure gave rise to a lower hydraulic resistance of the UF membrane in the S-BTP3 stream.

3.6 Implications
[bookmark: _Hlk35868871][bookmark: _GoBack]The above performance enhancements, including better contaminant removal efficiencies during flocculation/sedimentation, superior antibacterial properties, and a reduced UF membrane fouling propensity, are potentially beneficial in terms of improving effluent quality in flocculation, and decreasing the operational costs in post-treatment UF (reduced membrane cleaning and replacement frequency) and disinfection (reduced disinfectant dose). In addition to the lower N-DBP formation potentials of both the quaternary phosphonium and nitrogen-free starch backbone components of the floculant [29], the N-DBP formation risk may also be reduced by a lower disinfectant demand, a greater degree of N-containing organic matter removal, and a lower bacterial regrowth risk throughout the overall water treatment process. With regard to the concern about the toxicity of the flocculants, the risk of toxicity of the N-free flocculants is unlikely to be higher than that of commonly used ammonium-based flocculants, as phosphonium salt-containing polymers have been reported to have a lower (or at least, similar) cytotoxicity compared to corresponding ammonium-based analogues [25, 27]. Furthermore, since S-BTP3 is unlikely to degrade into smaller molecular fractions during the short period of water treatment because of the stability of quaternary phosphonium groups [26], most of the flocculant goes into the settled flocs in the flocculation and sedimentation tanks, and into the sludge and membrane cake layers in the UF tank. Therefore, the toxicity risk resulting from residual flocculants in the final effluent is likely to be very low.

4. CONCLUSIONS
In this work, a comprehensive study of the applicability of novel N-free cationic starch flocculants in water treatment has been conducted for the first time. In jar flocculation tests, S-BTP3 with an optimal DS of 19.3% exhibited high efficiencies for the removal of E. coli, turbidity and UV254 from bacteria-laden water, comparable with those of ammonium-based analogues and conventional alum, via a combination of charge attraction, polymer bridging and antibacterial effects. S-BTP3, with its quaternary phosphonium groups, showed not only a greater bactericidal effect (99.4%) in the inactivation of E. coli than alum (44.1%), but also a good performance in the control of intracellular substance release. In the continuous-flow flocculation-sedimentation-UF tests, S-BTP3 displayed a superior performance to alum in terms of flocculation, antibacterial properties, and mitigation of UF membrane fouling. Overall, the results have demonstrated clearly the multiple benefits that can arise from the use of N-free cationic starch flocculants in water treatment.

Supporting Information
The SI includes the following: calculation method for DS, synthesis of S-CTA, characterization methodologies and results, water treatment performance, together with relevant tables and figures.
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Captions
Fig. 1. (a) Synthesis of S-BTP; (b) IR and (c) 1H NMR characterization of starch and four S-BTP samples; (d) Variation of zeta potential with pH for unmodified starch solution, S-BTP solutions, kaolin suspension, HA solution and E. coli suspension.
Fig. 2. Results of jar tests: (a-c) Flocculation of single-contaminant waters ((a) E. coli suspension, (b) kaolin suspension, and (c) HA solution) using S-BTP flocculants with different DS of cationic groups (pH 7); (d-f) Flocculation of single-contaminant waters ((d) E. coli suspension, (e) kaolin suspension, and (f) HA solution) using S-BTP3 at different pH conditions; (g-i) Flocculation of trinary-contaminant waters using S-BTP3 at different pH conditions. ((a, d, g) E. coli removal; (b, e, h) turbidity removal; (c, f, i) UV254 removal)
Fig. 3. Results of jar tests: (a-f) 3DEEM spectra of supernatant water, and (g-l) SEM images of flocs, after flocculation of trinary-contaminant water using S-BTP3 at pH 7 with different dosages; (m) Normalized integral values of fluorescence intensity in regions representing protein and SMP in 3DEEM spectra.
Fig. 4. Results of continuous-flow flocculation-sedimentation-UF tests: (a and b) Removal efficiencies of E. coli, turbidity and UV254 using (a) S-BTP3 and (b) alum as the flocculant; (c) Variation of TMP with time for alum and S-BTP3 streams; (d) Contents of polysaccharides, proteins and HA in cake layers of UF membranes and sludges in UF tanks for both streams; (e and f) CLSM images of membrane surfaces for (e) S-BTP3 and (f) alum streams; (g and h) SEM images of membrane cake layers for (g) S-BTP3 and (h) alum streams.
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Fig. 1. (a) Synthesis of S-BTP; (b) IR (c) 1H NMR and (d) XRD characterization of starch and four S-BTP samples; (e) Variation of zeta potential with pH for unmodified starch solution, S-BTP solutions, kaolin suspension, HA solution and E. coli suspension.
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Fig. 2. Results of jar tests: (a-c) Flocculation of single-contaminant waters ((a) E. coli suspension, (b) kaolin suspension, and (c) HA solution) using S-BTP flocculants with different DS of cationic groups (pH 7); (d-f) Flocculation of single-contaminant waters ((d) E. coli suspension, (e) kaolin suspension, and (f) HA solution) using S-BTP3 at different pH conditions; (g-i) Flocculation of trinary-contaminant waters using S-BTP3 at different pH conditions. ((a, d, g) E. coli removal; (b, e, h) turbidity removal; (c, f, i) UV254 removal)


[image: ]
Fig. 3. Results of jar tests: (a-f) 3DEEM spectra of supernatant water, and (g-l) SEM images of flocs, after flocculation of trinary-contaminant water using S-BTP3 at pH 7 with different dosages; (m) Normalized integral values of fluorescence intensity in regions representing protein and SMP in 3DEEM spectra.
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Fig. 4. Results of continuous-flow flocculation-sedimentation-UF tests: (a and b) Removal efficiencies of E. coli, turbidity and UV254 using (a) S-BTP3 and (b) alum as the flocculant; (c) Variation of TMP with time for alum and S-BTP3 streams; (d) Contents of polysaccharides, proteins and HA in cake layers of UF membranes and sludges in UF tanks for both streams; (e and f) CLSM images of membrane surfaces for (e) S-BTP3 and (f) alum streams; (g and h) SEM images of membrane cake layers for (g) S-BTP3 and (h) alum stream.
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