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Abstract
In this study, samples were taken from three locations, upstream to downstream, along the central route project of the China South to North Water Diversion (SNWD) scheme in summer and winter. These were used to reveal the variations of dissolved organic matter (DOM) during the water transfer process, and the effects of these variations on drinking water treatment and disinfection by-products formation potential (DBPs-FP). The results showed that polysaccharides accumulate in summer and reduce in winter with flow distance, which has an important effect on the overall properties of DOM, as well as on the performance of coagulation, ultrafiltration, and the formation of DBPs. Humic substances, and their hydrophilic content, also increased in summer and decreased in winter with flow distance. In contrast, the concentration of small organic substances (MW ≤ 1000 Da) increased in both summer and winter with flow distance, which affected both nanofiltration (NF) membrane fouling and DBPs-FP. The results provide a useful case study of spatial and temporal changes in raw water DOM during long distance water transfer and their impact on the treatment and quality of drinking water from the SNWD.   
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1. Introduction
Dissolved organic matter (DOM) is a collective term that describes the range of natural and anthropogenic organic substances in drinking water sources, which vary in their properties depending on the location, catchment type, season, rainfall pattern, etc (Feng et al. 2020, Roth et al. 2019, Xiang et al. 2020). The variation in DOM properties has a significant impact on the efficiency of different drinking water treatment processes (Aftab et al. 2021, Xing et al. 2019), such as the floc formation rate during coagulation (Yu et al. 2016), membrane fouling (Guo et al. 2020b, Meng et al. 2018), and disinfection by-products formation potential (DBPs-FP) (Li et al. 2020a, Wang et al. 2020). To ensure that the quality of the produced drinking water complies with local regulations, drinking water plants need to adjust the water treatment processes according to the variation of DOM properties in the raw water. In order to do this, it is necessary for operators of drinking water plants to monitor the temporal variation of DOM quantity and quality in the source water and know how to adapt the water treatment processes to optimize their performance.   
Many previous studies have shown the significance of DOM properties, such as the chemical structure and functional groups, and their impact on unit processes for water treatment. However, in practice, DOM removal is a combination of more than one unit process, which in some cases may involve the combination of coagulation (flocculation), ultrafiltration (UF), or nanofiltration (NF), and disinfection, as the final step before supply. Therefore, it is important to study the complex variations of DOM through a sequence of different water treatment processes in order to more faithfully represent the performance and behavior of the overall water treatment in practice. 
To-date, there has been limited research concerned with the variation of DOM through a sequence of water treatment processes, with source water sampled at different locations and times. This is a consequence of the complications caused by changes in the quantity and quality of the DOM, spatially and temporally, through the interactions of surface runoff, river branches, bottom sediments, agriculture, atmospheric pollution, and other factors, for a particular river under natural conditions (Lynch et al. 2019). In order to simplify the study and examine the variation of DOM by excluding the effects of sedimentation, tributaries, runoff, etc., an experimental approach using an in-lab-simulation or a closed system that is independent of the external natural environment in terms of DOM, can eliminate the disturbances (Fleischer et al. 2003), but it is difficult to reproduce the energy exchange (photochemical reaction), material exchange (oxidation reaction), the bacterial and fungal processes, and so on, in order to be representative of natural conditions (Boye et al. 2017, Lynch et al. 2019, Sharpless et al. 2014, Xu et al. 2020, Zhang et al. 2021b). To avoid the interferences of exogenous substances input in natural rivers and to retain the effects of energy, oxygen, bacteria and fungi, and other factors influencing the study of DOM, long-distance artificial channels carrying raw waters provide suitable case studies for research.
[bookmark: OLE_LINK6][bookmark: OLE_LINK2][bookmark: OLE_LINK5]The central route project of the China South to North Water Diversion (SNWD) scheme is an ideal artificial channel model for studying the variation of DOM under natural conditions (Nong et al. 2020, Zhang et al. 2021b), which is closely protected by the Government to prevent industrial and agricultural pollution. According to official reports, the water in the central route of the SNWD scheme takes about 15 days to travel from the starting point to the end point (approximately 1,300 km). In this study, a total of 6 samples (3 in summer and 3 in winter) were taken from the Danjiangkou reservoir (start point), Anyang city (middle point), and Beijing (end point), respectively. In this study, the variation of DOM properties that affect different drinking water treatment technologies, such as the proportion of hydrophilic/hydrophobic components, molecular weight distribution, the concentration of protein-like substances (PLS) and polysaccharides (PS), oxygen-containing group content, and the organic composition, etc., was analyzed. Furthermore, the relationship between the variations in DOM and their effects on the removal rate by UF/NF treatment, membrane fouling, and DBPs formation potential (DBPs-FP) were studied. The findings of the study demonstrate the value of monitoring changes in raw water DOM and how drinking water treatment plant operators can optimize water treatment processes to improve drinking water quality and reduce the costs.

2. Materials and methods
2.1 Sampling and preparation
[bookmark: OLE_LINK1]The raw water samples were taken during the 12-20th of June and 16-25th of December from the central route start point at Danjiangkou reservoir, Hubei province (111o 65’ E, 32o 78’ N), the middle point in Anyang City, Henan province (114o 24’ E, 36o 10’ N), and the endpoint in Beijing (116o 28’ E, 39o 98’ N), respectively (Figure 1a). Representative raw water quality parameters at the start point are shown in the Supporting Information (SI, Table S1). The daily highest/lowest air temperatures around the sampling dates in summer and winter are shown in Figures 1b and 1c. The samples from Beijing were taken back to the laboratory in 2 hours. The other samples were kept cool by ice bags and delivered to Beijing in less than 3 days. All of the samples were filtered by 0.22 μm membrane as soon as they arrived in the laboratory and then stored in the dark at 4 oC. In this manuscript, the samples from the Danjiangkou reservoir (‘upstream’), Anyang city (‘midstream’), and Beijing (‘downstream’) were denoted as SN Ori, SN Mid, and SN Des, respectively.
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Figure 1. Schematic of the central route project of the South to North Water Diversion (SNWD) and the sampling positions (a). The daily highest/lowest air temperatures around sampling data in summer (b) and winter (c).

2.2 Coagulation methods
[bookmark: OLE_LINK9]A photometric dispersion analyzer (PDA-3000, Rank Brothers, UK) was used to record the coagulation kinetics and floc formation (Su et al. 2017). The Flocculation Index (FI) was used to reflect the size and growth rate of floc during coagulation which is calculated by the ratio of root mean square (rms), and average transmitted (dc), light intensity. The coagulation experiment was conducted in a stirred cell reactor at 22-26 oC. Initially, a 500 mL raw water sample was placed into the stirred cell, and then the pH was adjusted to 7 by addition of NaOH solution (0.1 M). 3 mL AlCl3 (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) solution (0.15 mM), corresponding to a zeta potential of samples close to 0 mV (± 5mV), was dosed rapidly into the sample under rapid (200 rpm) stirring for 1 min, and then the stirring speed was decreased to 50 rpm for 14 min. The PDA detector was used to continually record the process of floc growth. Following the coagulation experiments, the samples were settled for 30 min and the supernatant filtered by 0.22 μm membrane for subsequent analysis.
2.3 Membrane filtration methods
[bookmark: _Hlk89201590]A commercial 400 mL standard dead-end filtration cup (Amicon 8400, Millipore, USA) was employed for the ultrafiltration (UF, UE010, 10 kDa, PES) and nanofiltration (NF, NF90) membrane tests, and both membrane types were obtained from RisingSun Membrane Technology (Beijing) Co., Ltd. The membranes were washed by immersing and filtering with deionized water (DI, Millipore, 18.25 mΩ·cm) before the filtration experiments to remove protective agents. The sample volumes required for the membrane tests were 300 mL for the UF treatment, and 100 mL for the NF treatment. The volume of DI for backwashing was 1/5 of the sample volume. The pressures for UF treatment, NF treatment, and backwashing were 0.1 MPa, 0.4 MPa, 0.05 MPa, respectively. 
2.4 [bookmark: _Hlk71229822] Instruments and detection methods
The hydrophilic/hydrophobic proportions of DOM were determined by resin adsorption (DAX-8/XAD-4 resin, Sigma-Aldrich, USA) and TOC analysis (TOC-VCPH, Shimadzu, Japan), as described elsewhere (Yu et al., 2018). High-performance liquid size exclusion chromatography (HPSEC) was used to determine the molecular weight distribution of DOM using a Waters HPLC system (1525 Binary Pump, Model 1500 Column Heater, 2998 Photodiode Array Detector, 2707 Autosampler) with SEC column (Phenomenex, BioSep 5 μm, SEC-s3000, 290 Å) and SecurityGuard™ Cartridges (Phenomenex, KJ0-4282). The mobile phase was 10 mM sodium acetate (NaAc, CG grade, Sigma Aldrich, USA) with a flow rate of 1 mL/min. The column temperature was set at 25 oC, and the detection wavelength was 254 nm. The UV-visible spectra of the organic matter were detected by a UV-visible light absorption analyzer (UV-2600, Shimadzu, Japan). Fourier transform infrared spectroscopy (FTIR) (Spectra II, PerkinElmer, USA, with diamond ATR accessory) was used to analyze the functional groups of DOM. The pH and conductivity of the samples were measured by pH meter (METTLER TOLEDO, Switzerland) and conductivity meter (METTLER TOLEDO, Switzerland), respectively. A fluorescence spectrophotometer (F-4600, HITACHI, Japan) was used to detect the excitation-emission (EEM) spectra of DOM fluorophore components.
The concentration of PLS was determined by the modified Coomassie bright blue (CBB) staining method (Spector 1978). In detail, 100 mg CBB (G250, Sigma-Aldrich, USA) was completely dissolved in 50 mL ethanol (95%, v/v), and then 100 mL phosphoric acid (85%, w/w) was added. Finally, DI water was added to the above solution to 1000 mL and mixed. Bovine Serum Albumin (BSA) was used as the calibration standard for PLS in the range of 0.1-10 mg/L. 1 mL sample and 3 mL CBB solution were mixed and reacted for 10 min at room temperature. The PLS concentration of test samples was determined by the absorbance at 595 nm using the UV-visible spectrophotometer described above.
The polysaccharide (PS) concentration was detected by the modified phenol-sulfuric acid method (Yu et al. 2019), and carboxymethyl cellulose (CMC, Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) was used as the standard for the calibration of the PS concentration test. In detail, 100 μL sample, 1.3 mL DI water, and 1.6 mL 5 % (w/w) phenol (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) solution were mixed in a glass colorimetric tube, and then 7 mL H2SO4 (98%, GR grade, Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) was added slowly to the colorimetric tube and mixed. The solution was allowed to react in a 90 oC water bath for 30 min, and then it was cooled by flushing with tap water. A UV-visible spectrophotometer, as described above, was used to measure the absorbance at 485 nm, and thus, the concentration of PS.
2.5 [bookmark: _Hlk102466244]Determination of DBPs and DBPs-FP 
The determination of DBPs and DBPs-FP was based of the methods reported previously (Wert and Rosario-Ortiz 2013). The water samples were chlorinated by sodium hypochlorite (NaOCl, Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) where the ratio of the available chlorine (calibration by DPD method) (Ha et al. 2004) to the TOC was approximately 3. The samples were incubated in an oven at 25 ℃ (in the dark) and allowed to react for 5 days. After the reaction, 0.5 mL ascorbic acid (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) solution (1 M) was added to stop the reaction. The detection of DBPs was conducted using methods described in our previous studies (Xiong et al. 2022). Briefly, the DBPs was extracted by methyl tert-butyl ether (MTBE) on the basis of U.S. EPA Method 551.1. The trichloromethanes (THMs) and haloacetic acids (HAAs) were determined in accordance with EPA methods 551.1 and 552.3 by using gas chromatography equipped with an electron capture detector (GC-ECD Clarus 590, PerkinElmer, USA) with a PerkinElmer Elite-5 capillary column (30 m × 0.32 mm inner diameter with 0.25 µm film thickness). All DBPs tests were repeated in triplicate.
2.6 Additional information to clarify discussion of results
To simplify the narrative, some content in this manuscript is defined as follows, unless otherwise stated:
(1)  The variations in the quality of the samples (such as “increase/decrease”) are described in terms of the location from upstream (Danjiangkou reservoir) to downstream (Beijing).
(2) The weakly hydrophobic proportion and strongly hydrophobic proportion are collectively referred to as the hydrophobic proportion.
(3) The humic acid (HA) and fulvic acid (FA) constituents of DOM are collectively known as humic substances (HS).
(4) The “molecular weight” is assumed to be equivalent to the “molecular size”.

3. Results
3.1 The spatial variation of DOM from upstream to downstream
The results for the hydrophobic content of TOC in the summer samples (Figure 2a) showed no significant increase with flow distance, even though the total TOC increased from 5.22 mg/L to 7.66 mg/L; thus, there was an increase in the hydrophilic content and the ratio of hydrophilic/(total) hydrophobic content increased from 0.59 to 1.33, and the relative proportions of weakly and strongly hydrophobic substances also increased. The total TOC concentration of the winter samples was less than the summer value (Figure 2b), and decreased along the channel from 4.27 mg/L to 3.55 mg/L, and its hydrophilic content decreased with the flow distance; however, the ratio of the hydrophilic/hydrophobic content increased from 0.82 to 0.95, which was mainly caused by the decrease of the weakly hydrophobic fraction. The main components of hydrophilic matter in surface/raw waters are known to be biopolymers (PLS and PS), and some soluble small (MW ≤ 1000 Da) molecules (SSM) (Su et al. 2021, Yang et al. 2021), which are poorly adsorbed by DAX-8/XAD-4 resins (Dong et al. 2019, Xiao et al. 2020). In Figures 2c and 2d, it was seen that the concentration of PLS decreased, and PS increased in the summer samples, but both decreased in the winter samples. To estimate the concentration of SSM, in terms of TOC, the theoretical TOC contributions (TOC per weight) of PLS and PS in the surface water samples were used, which were estimated to be about 0.5 and 0.3 in our previous study (Yang et al. 2021). Thus, the TOC concentration of biopolymers (TOCbio) and the TOC concentration of the SSM (TOCSSM) in this study can be estimated by equation (1) and equation (2). In Figures S1a and S1b (Supporting Information), it was seen that the SSM in summer and winter samples both increased, but the biopolymers increased in summer and decreased in winter. 
   (1)
              (2)
[bookmark: _Hlk77760039][bookmark: OLE_LINK3][bookmark: _Hlk102633349]The E2/E3 (UV250/UV365) and the E2/E4 (UV254/UV450) absorbance ratio usually have a negative correlation with the averaged molecular weight/aromaticity and humification degree of DOM (Peacock et al. 2014). In Figure 2e, the decrease of E2/E3 and the increase of E2/E4 with flow distance in summer indicated the increase of the average molecular weight, aromaticity, and humification degree of DOM (Graham et al. 2012, Peacock et al. 2014), while the increase of E2/E3 and E2/E4 with flow distance in winter indicated that the average molecular weight, aromaticity, and humification degree of DOM decreased. The specific UV absorbance, SUVA (= 100UV254/TOC), also had a positive correlation with aromaticity (Zhang et al. 2021a). In Figure 2f, the SUVA values of both summer and winter samples decreased with flow distance, which was inconsistent with the E2/E3 ratio in summer. It is known that the E2/E3 ratio only reflects the organic matter which has an absorbance at 254 nm and 365 nm, but the absorbance of PS (such as alginic acid) is close to zero at these two wavelengths. However, a previous study which defined the E2/E3 ratio also indicated that the E2/E3 value may be susceptible to other factors (Peuravuori and Pihlaja 1997). Based on this observation, the SUVA results were re-calculated using the TOC concentration after subtracting the TOC contribution of PS. The SUVA results after calibration were thus found to be consistent with the E2/E3 ratio (Figure 2f). The results for conductivity and pH are given in the SI (Figures S1c and S1d), where the decrease of conductivity and pH in the summer samples may be attributed in part to the increase of PS, and other organic acids, which may chelate with Ca2+, Mg2+, etc. (Wang et al. 2015, Yin et al. 2020). The increase of conductivity and pH in the winter samples indicated the probable mineralization of DOM (Figure S1d). 
[bookmark: _Hlk102575980]HPSEC was used to determine the molecular weight distribution of DOM. Figure 1g showed that the principal molecular weight peaks, in decreasing magnitude, were at ~4000 Da, ~ 2500 Da, ~5500 Da, and ~1000 Da in summer, but in winter (Figure 1h), the peaks were at ~2000 Da, ~3000 Da, and ~1000 Da, and the peak at ~4000 Da had almost vanished. Additionally, the HPSEC spectra revealed that the concentration of HS with large molecular weight (10 - 3 kDa) increased with flow distance in the summer samples, but decreased in winter samples. These results indicated the average molecular weight of organic substances increased in summer and decreased in winter, which was consistent with the E2/E3 results. 
[bookmark: _Hlk102638180][bookmark: OLE_LINK13][bookmark: OLE_LINK7][bookmark: _Hlk102471827][bookmark: OLE_LINK8]The variation of PLS structures and oxygen-containing groups of DOM were analyzed by FTIR for the samples from the three sampling points. The FTIR spectra of DOM in this study were divided into the regions of 4000-2600 cm-1, 1800-1300 cm-1, 1300-900 cm-1 (Figures 2i and 2j), which corresponded mainly to -OH/-NH2 groups, -COOH/amides bonds, and the other oxygen-containing groups, respectively (Huo et al. 2008). The peaks around 3480 cm-1, in the range of 3300-3280 cm-1, around 3100 cm-1, and around 3280 cm-1 belong to the H bonds (Mobika et al. 2021). According to the fitted results of the summer samples (Figure S2a), the peaks of -OH groups decreased, but the peaks of -NH2 (3340 cm-1, 3280 cm-1) increased, with flow distance. The peaks belonging to -OH (3400 cm-1) and -NH2 (3150 cm-1) (Huo et al. 2008) decreased in the summer but increased in the winter. In addition, the peak of the H bond between -OH/-OH (3300 cm-1) in winter samples was much higher than that of the summer samples (Figure S2b), which indicated that the DOM may aggregate by hydrogen bonding in winter, but barely aggregate in summer. Figure S2c showed that the peak belonging to -COOH (1680 cm-1) increased first and then decreased with flow distance in the summer samples. Meanwhile, the peak of β-turn (1630 cm-1) and β-sheet (1615 cm-1) decreased, but the peak belonging to the α-helix (1650 cm-1) almost did not change in the summer samples (Lu et al. 2015, Mobika et al. 2021). However, the peak of -COOH increased and all of the α-helix, β-sheet, and β-turn peaks decreased with flow distance in the winter samples (Figure S2d). The above results suggested that PLS were decomposed and secreted simultaneously by bacteria and fungi in summer, but were mainly decomposed in winter (Zhang et al. 2021b). In Figures S2e and S2f, the peaks of oxygen-containing groups (1200-1000 cm-1) were higher in summer and increased with flow distance in both summer and winter (Guo et al. 2020a, Guo et al. 2019, Mobika et al. 2021), which was consistent with the variation of hydrophilicity.
[bookmark: _Hlk77673828]
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Figure 2. Variation of raw water quality with flow distance: Proportion of hydrophilic/hydrophobic organic substances in summer samples (a) and winter samples (b); PLS and PS concentration of summer samples (c) and winter samples (d); E2/E3-E2/E4 absorbance ratios of summer samples (e) and winter samples (f); MW distribution (HPSEC results) of summer samples (g) and winter samples (h); FTIR spectra of summer samples (g) and winter samples (h).

[bookmark: _Hlk77153083][bookmark: OLE_LINK14][bookmark: _Hlk90455651]The EEM spectra can show visually the change of different components of organic matter, and it is usually divided into 5 regions based on the excitation wavelength (λEX) and emission wavelength (λEM) as region I (λEX=220-250 nm/λEM=280-330 nm), region II (λEX=220-250 nm/λEM=330-380 nm), region III (λEX=220-250 nm/λEM=380-480 nm), region IV (λEX=250-360 nm/λEM=280-380 nm) and region V (λEX=250-450 nm/λEM=380–560 nm), which belong to soluble bacteria and fungi products, tyrosine (aromatic) PLS, fulvic acid (FA), tryptophan PLS, and humic acid (HA), respectively (Leenheer and Croue 2003, Shi et al. 2021, Zhu et al. 2018). It was found that all of tyrosine/tryptophan PLS (regions I and II), HS (regions III and V, FA and HA), and soluble bacteria and fungi products (regions IV) in the summer samples increased slightly with flow distance (Figure 3a), but decreased in the winter samples (Figure 3b). The accumulation of HS in summer may be caused by surface runoff from the catchment of the Danjiangkou reservoir and upstream flows which brought the HS precursors (such as lignin derivatives) that further humified in the SNWD. In the summer samples, the fluorescence intensity in regions I and II increased with flow distance, but the PLS concentration decreased (Figure 3a). The increase of the fluorescent signal in region I may be attributed to non-proteinaceous substances such as phenols and lignin derivatives (Rodríguez-Vidal et al. 2022), and the increase of region II may be due to the aromatic PLS secreted by bacteria and fungi which was caused by the increase of aromatic organic matter during the humification process with flow distance (Luo et al. 2022). However, the decrease of PLS can be reflected in the EEM spectra of winter samples, which indicated there was no accumulation of HS precursors. 
[bookmark: _Hlk89634394]Additionally, the fluorescence index (FI), humification index (HIX), and biological index (BIX) that were calculated from the EEM data have a positive correlation with the degradation degree, humification degree, and the proportion of bacteria and fungi source products of DOM, respectively (Derrien et al. 2017, Huguet et al. 2009). In Figure 3c, the increase of FI with flow distance in summer indicated that the DOM mainly accumulates, rather than degrades, while the decrease FI in winter indicated an inverse variation. The same trend was observed for the HIX results (Figure 3d), which suggested an accumulation of HS and increase of humification degree with flow distance in summer, but a degradation of HS in winter. Furthermore, based on the HIX data and the hydrophilic proportion analysis result, it can be inferred that the hydrophobic HS was converted to hydrophilic HS in summer, while the hydrophilic HS was apparently degraded by bacteria and fungi preferentially in winter. In Figure 3e, it was evident that the BIX of summer samples increased with flow distance, but for the winter samples the BIX increased to the SNWD mid-point and then decreased by the end-point. This result was believed to be related to the fusiform distribution of bacteria and fungi abundance in the SNWD (Zhang et al. 2021b). 
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[bookmark: _Hlk77921453]Figure 3. The variation of raw water quality with flow distance: EEM spectra of summer samples (a) and winter samples (b); FI (c), HIX (d), and BIX (e) of the samples (FI is the ratio of fluorescence intensity at λEM=470 nm and λEM=520 nm, λEX=370 nm. HIX is the fluorescence peak area ratio of λEM=435-480 nm and λEM=300-345 nm, λEX=254 nm. BIX is the ratio of fluorescence intensity at λEM=380 nm and λEM=430 nm, λEX=370 nm). 

[bookmark: OLE_LINK16]From the results described above, the variation of DOM properties in the SNWD with flow distance can be described as follows. In summer, the growth of algal activity leads to the rapid accumulation of PS as the main component of DOM, and an increase in the proportion of hydrophilic substances, as well as the total DOM. Additionally, the increase of algae and their death also leads to the increase and accumulation of alginic humic substances that are more hydrophilic than the soil-source humic substances (Wen et al. 2022). With the progression of humification in the SNWD, the aromatic PLS and phenolic substances increased, resulting in an increase of the fluorescence signal of PLS, while the actual content of PLS decreased. In addition, the increase of alginic organic matter led to the hydrophilicity of humification products (HS) with flow distance (Wen et al. 2022). The DOM as a whole presents a trend of increasing hydrophilicity, aromaticity and average molecular weight with flow distance in summer. In winter, the algal activity was inhibited, and the bacteria and fungi preferentially consumed hydrophilic PLS, PS, and hydrophilic structures in HS, and then converted the remaining HS into more aromatic and smaller molecules (Zhou et al. 2021), leading to the decrease in hydrophilic proportion, average molecular weight of DOM, aromaticity, and TOC concentration. 

3.2 The effects of DOM variation on coagulation
In Figure 4a, the increase of the flocculation index (Fi) curves indicated the increase of floc size with flow distance in the summer samples (Li et al. 2020b), but the trend for the winter samples was the opposite (Figure 4b). The flocs started to grow rapidly at about 60 s for both summer and winter samples, reached the maximum size and steady-state at about 300 s for the summer samples, but later at about 400 s for the winter samples, which indicated a slower floc growth in the winter samples. Comparing the nature of the DOM before and after coagulation, it was found that the removal rate of the hydrophilic fraction increased with flow distance in both summer and winter, while the removal rate of the strongly hydrophobic proportion decreased in summer but slightly increased in winter (Figures 4c and 4d). 
[bookmark: _GoBack][bookmark: OLE_LINK10][bookmark: _Hlk103002189][bookmark: _Hlk102986445]Previous studies have indicated that the removal of SSM by coagulation is negligible (Deng et al. 2019, Su et al. 2017), thus, by ignoring the removal of SSM, the removal of DOM can be simplified in terms of the changes in three principal constituents, as represented by equation 3. The , , , , and  in equations 3 and 4 are the removal rate of PLS, PS, HS, SSM and TOC, respectively. The terms , , and  are the components of TOC for the respective terms (viz: PLS, PS, and HS). The UV254 removal rate has a positive correlation with the removal of PLS and HS (Chen and Yu 2021, Hao et al. 2021). In equation 4, the  is the total UV254-removal-rate, , and are the removal rates of respective terms, and the  and terms are the contributions of PLS and HS in the total UV254 absorbance. 
            (3)
                 (4)
[bookmark: _Hlk102813999]In Figure 4e, it was evident that the  decreased with flow distance in winter, but was greater than that in summer, which increased with flow distance, while the  was slightly greater in summer than winter, and increased in both summer and winter. It was noted that the  was greater than the  in both winter and summer. Based on the above results, and in combinationwith equations 3 and 4, there appeared to be some preferential removal of UV absorbing, aromatic substances. In Figure 4f, it can be seen that the removal rate of PLS decreased, but the removal of PS increased, with flow distance in summer. In winter, the removal rate of PS increased with flow distance but was lower than in summer. Meanwhile, the corresponding trend of a decrease in PLS with flow distance was less clear. Taking all the results together for the removal rate of PLS, PS, and TOC, it was evident that the PS was the main organic constituent that was effectively removed by coagulation, and the removal rate of HS was greater in summer as deduced from equation 3, which may be explained by the decrease in molecular size of HS in winter.
From the EEM spectra, all of the specific fluorescence regions decreased after coagulation. However, it was seen that the peaks in regions I and II in the summer samples were blue-shifted after coagulation (Figures S3a), but red-shifted in the winter samples (Figures S3b), which indicated that the removal of PLS decreased. In addition, the increase of regions III and V in summer showed that the removal rate of HS decreased, while in comparison the removal rate of HS slightly increased in winter. For region IV, the removal rate was higher in summer than in winter, indicating that the soluble bacteria and fungi products were more hydrophobic in summer than in winter, which was easier to remove by coagulation.
In conclusion, the removal of TOC and its variation with coagulation were similar both in winter and summer, and the principal species removed were PLS and PS. There was a positive correlation between the content of PS and the size of flocs produced during coagulation. The removal rate of HS decreased in summer and increased in winter, which may have been caused by a greater aromaticity of the HS (Lin et al. 2014, Wang et al. 2014). In winter, appropriate methods should be used to increase the size of flocs to improve the removal effect of particles and shorten the settling time (Su et al. 2017).  
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Figure 4. The variation of coagulation performance with flow distance: Flocculation index (Fi) versus time curves for the summer (a) and winter (b) samples; The hydrophobic/hydrophilic content of the summer (c) and winter (d) samples after coagulation; The removal rate of TOC and the UV254 of the summer and winter (e) samples; The removal rate of PLS and PS of the summer and winter (f) samples (The UV254 is the UV absorbance at 254 nm). 


3.3 The effects of DOM variation on UF treatment
[bookmark: OLE_LINK11][bookmark: _Hlk90561203]UF membranes can effectively remove the biopolymers in DOM (Su et al. 2017). In membrane filtration experiments, reversible fouling is usually assessed by the recoverable flux after backwashing, and irreversible fouling is assessed by the irrecoverable flux after backwashing (Su et al. 2021). In Figure 5a it can be seen that the reversible fouling caused by the three summer samples was similar, but the irreversible fouling increased. In contrast, Figure 5b shows that the reversible fouling caused by the three winter samples was similar and negligible, while the irreversible fouling increased with flow distance but was much less than those of the summer samples. The contact angle results (SI, Figures S4a and S4b) showed that the UF membrane fouled by the summer and winter samples had similar contact angles and were both greater than the new membrane, which indicated that some hydrophobic matter was removed by adsorption on the UF membrane. However, the trend of contact angle variation was different from that of membrane fouling, indicating that hydrophobic substances were not the main cause of irreversible fouling of the UF membrane, but this was most likely the accumulation of biopolymers. The results showed that the main constituents of DOM removed were hydrophilic substances in both the summer and winter samples, but the hydrophobic substances were barely removed (Figures 5c and 5d). Thus, the difference in the membrane fouling of the UF membrane between summer and winter was likely caused by the difference in the biopolymers.
The removal rates of TOC in summer and winter samples were both greater than the UV254 absorbance (Figure 5e). The removal rate of TOC increased with flow distance in summer and but decreased in winter, while the removal rates of UV254 absorbance were the opposite, which indicated that the removal of PS was the main contribution to the removal rate of TOC. This was supported by the variation in the removal of the PS concentration with flow distance in summer and winter samples (Figure 5f). For the PLS concentration (Figure 5f), the removal was lower in summer samples and decreased with flow distance, but increased with flow distance in winter. Furthermore, the EEM spectra indicated that the HS (region III and region V) was almost not removed by the UF membrane and the variation of PLS (region I and II) was similar to the removal rate of PLS (Figures S4c and S4d). 
Based on the above results, it was apparent that the biopolymers, especially the PS, were the main organic constituents removed by the UF membrane and were the principal substances responsible for the reversible membrane fouling. While it is likely that some HS was adsorbed by the UF membrane, most of the HS was unaffected by the UF membrane. The main component responsible for the irreversible membrane fouling were the biopolymers, whose presence was much greater in summer than that in winter. Thus, for the drinking water plants in practice, the addition of pre-coagulation or other pre-treatments to reduce the biopolymers and mitigate the UF membrane fouling (Yu et al. 2018, Yu et al. 2017), would be beneficial by saving operating costs.
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Figure 5. The variation of UF performance with flow distance: The flux of UF membrane during filtration for summer (a) and winter (b) samples; The hydrophilic/hydrophobic constituents of DOM in summer (c) and winter (d) samples after UF treatment; The reduction of TOC and UV254 absorbance of summer and winter samples (e), and the removal rate of PLS, and PS of summer and winter samples (f) by UF treatment.

3.4 The effects of DOM variation on NF treatment
Previous studies have shown that NF membranes can intercept all biopolymers and most HS (Zhao et al. 2021). In Figures 6a and 6b, both reversible and irreversible fouling increased slightly from the start-point to the mid-point of the flow distance, but did not change beyond the mid-point in summer and winter, and both types of fouling were higher in winter. It was seen that the contact angle of the NF membrane decreased only slightly after filtering the summer samples, particularly the start-point sample which was similar to the new membrane, but decreased substantially after filtering the winter samples (SI, Figures S5a and S5b). The contact angle results indicated that the retained HS or SSM in the winter were more hydrophilic than in summer, and the oxygen-containing functional groups of summer samples, revealed in the FTIR spectra, were mainly from biopolymers. In Figures 6c and 6d, it can be seen that the removal rate of the hydrophobic composition of DOM decreased in the summer samples but increased in the winter samples. In addition, the removal rate of the hydrophilic composition of DOM increased in both the summer and winter samples. It was evident that the removal rate of both UV254 absorbance and TOC decreased with flow distance in summer, but increased in winter (Figures 6e). However, the removal rate of UV254 absorbance was greater than TOC in summer, but was the opposite in winter, which was likely caused by the higher concentration of PS in summer. The EEM spectra indicated that the NF membrane can effectively remove the HS and PLS, as well as the PS (Su et al. 2021), in both summer and winter (SI, Figures S5c and S5d). 
Based on the above results, it was inferred that the reasons for membrane fouling and removal rate change were different in summer and winter. In summer, the cake layer of biopolymers, especially the PS, on the NF membrane mitigated irreversible fouling (Su et al. 2021), which can be interpreted from the contact angle results that more hydrophilic matter was adsorbed on the NF membrane. Additionally, the increase of SSM in summer was one reason for the decrease of the NF removal rate which was lower in winter. However, the oxygen-contained function groups of HS and SSM were believed to be the main factor affecting their rejection by the NF membrane. The combined actions of the factors described above resulted in the opposite trends of NF removal rate in summer and winter. Thus, for the NF membrane, the frequency of washing needs to be higher in winter than in summer. 
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Figure 6. The variation of NF performance with flow distance: The flux of NF membrane during filtration for summer (a) and winter (b) samples; The hydrophilic/hydrophobic constituents of DOM in summer (c) and winter (d) samples after NF treatment; The reduction rate of TOC and UV254 absorbance of summer and winter samples (e) by NF treatment. 

3.5 The effects of DOM variation on disinfection byproduct formation 
The well-studied groups of trihalomethanes (THMs) and haloacetic acids (HAAs) were used as representative DBPs to evaluate the effects of DOM variation and treatment on DBPs formation potential (FP). It was seen that the DBPs-FP of all untreated and treated samples increased in summer, and decreased in winter, with flow distance (Figure 7). Previous studies have indicated that HS with a molecular weight in the range of 10-1kDa are the main precursor of DBPs, especially haloalkanes (Farre et al. 2013). In this study, the THMs and HAAs showed a strong correlation with the hydrophobic composition of samples, except for the untreated samples (Figures 7a and 7b). The impact of the various methods of treatment on DBPs-FP was indicated by comparison with the untreated samples, as described as follows. Coagulation reduced the THMs-FP in summer (Figure 7c), but enhanced it in winter (Figure 7d), and this difference was also observed for the HAAs-FP. For the UF treatment, there was an increase in the DBP-FPs in summer, especially the DBP-FP of HAAs (Figure 7e), but very little effect in winter (Figure 7f). For the NF UF treatment, it can efficiently reduce the DBPs-FP in both summer and winter (Figures 7g and 7h).  
[bookmark: _Hlk78472757][bookmark: _Hlk78462152]To further study the effects of DOM properties on the formation of DBPs, the specific DBPs-FP, which is defined as the DBPs/TOC (HAAs/TOC and THMs/TOC), was used to represent the comparative formation and potential. For the untreated samples, the THMs/TOC increased and the HAAs/TOC remained unchanged with flow distance in summer (Figure S6a), but both decreased in winter (Figure S6b). In the samples after coagulation, the THMs/TOC increased in both summer and winter, but the values were lower than the untreated samples in summer and higher in winter. For the HAAs/TOC, the values were slightly higher after coagulation than before in summer but were lower in winter, and changed little with flow distance in summer, while increasing with flow distance in winter (Figures S6c and S6d). After UF treatment, the THMs/TOC decreased in both summer and winter, but the HAAs/TOC slightly increased in summer and decreased in winter with flow distance (Figures S6e and S6f). In addition, the THMs/TOC was higher after UF treatment than before in both summer and winter, but the HAAs/TOC did not change significantly. After NF treatment, the DBPs/TOC values decreased in summer but increased in winter with flow distance, and were higher in summer but lower in winter than the untreated samples (Figure S6g and S6h). 
[bookmark: _Hlk90569817][bookmark: _Hlk90569544][bookmark: _Hlk91513812]According to the above results, it was evident that the THMs FP and HAAs FP were positively correlated with the hydrophobic composition of DOM, which was consistent with other reported studies (Liu et al. 2020, Wang et al. 2020, Wu et al. 2020). For the coagulation, the THMs formation was found to be mainly negatively correlated with the PS, which may be explained by the PS reducing the DBP-FPs through competitive reactions and forming large molecular halides (Liu et al. 2020, Zhang et al. 2020). For the UF treatment, the HS are involved in the DBP formation and were found to be positively correlated with the DBPs-FP. The NF treatment can effectively remove most of the DOM, except for some SSM, and this reduces the DBPs-FP. The implications of these results for drinking water treatment is that neither coagulation nor UF treatment can effectively reduce the production of DBPs to the required level in both summer and winter, but the addition of NF treatment can significantly reduce the total formation of DBPs.
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Figure 7. The variation of DBPs-FP of the summer and winter samples without treatment (a)-(b), after coagulation (c)-(d), after UF treatment (e)-(f), and after UF treatment (g)-(h), with flow distance.


4. Conclusion
[bookmark: OLE_LINK4][bookmark: OLE_LINK12][bookmark: _Hlk78477877]In this study, the variation of DOM along the central section of the SNWD in summer and winter was investigated. It was found that in both winter and summer, the concentration of soluble small molecules (SSM; MW ≤ 1000 Da) increased with flow distance due to the decomposition of protein-like substances (PLS), polysaccharides (PS), and humic substances (HS), by the activities of bacteria and fungi, and because they (SSM) are poorly removed by coagulation, or UF/NF treatment. The PS increased in summer but decreased in winter, as did the HS, which was related to the variation in algal activity and the consumption by bacteria and fungi. In addition, the hydrophilicity of HS increased in summer, but decreased in winter, which was attributed to bacteria and fungi prioritizing the decomposition of hydrophilic substances. The PS can be removed by coagulation and UF/NF treatment effectively, while the HS can be removed substantially by NF treatment, partly removed by coagulation, but poorly removed by UF treatment. The PLS decreased in concentration, but increased in diversity, in both summer and winter, which lead to an increased removal by coagulation, but a reduced removal by UF treatment in both summer and winter. However, PLS was completely removed by NF treatment. 
The flocs were larger in size and grew faster in summer than in winter. UF membrane fouling increased in summer but decreased in winter, while the opposite was the case with NF treatment. Neither coagulation nor UF treatment was able to reduce the DBP-FPs of the sample waters, but NF treatment proved effective in reducing the DBP-FPs of both THMs and HAAs, in both summer and winter.
The results of this study provide guidance for the design and operation of drinking water plants which use the SNWD as the water source, where coagulation is likely to be effective in summer and UF in winter. Furthermore, if DBPs are necessary to be controlled at a low level, NF treatment would be advantageous, but the avoidance of membrane fouling in winter would need particular consideration.
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Figure caption

Figure 1. The middle route project of the South to North Water Diversion (SNWD) scheme map and the sampling positions (a). The daily highest/lowest air temperatures around sampling data in summer (b) and winter (c).

Figure 2. Hydrophilic/hydrophobic proportion analysis of summer samples (a) and winter samples (b). PLS and PS concentration of summer samples (c) and winter samples (d). E2/E3-E2/E4 ratios of summer samples (e) and winter samples (f). HPSEC results of summer samples (g) and winter samples (h). FTIR spectra of summer samples (g) and winter samples (h).

Figure 3. The EEM spectra of summer samples (a-c) and winter samples (d-f). the FI (g), HIX (h), and BIX (i) of the samples. FI was the ratio of fluorescence intensity at λEM=470 nm and λEM=520 nm, λEX=370 nm. FI was the fluorescence peak area ratio of λEM=435-480 nm and λEM=300-345 nm, λEX=254 nm. BIX was the ratio of fluorescence intensity at λEM=380 nm and λEM=430 nm, λEX=370 nm.

Figure 4. The PDA curves of the summer (a) and winter (b) samples during coagulation. The hydrophilic proportion analysis results of the summer (c) and winter (d) samples. The removal rate of TOC and the UV254 of the summer (e) and winter (f) samples. The removal rate of PLS and PS of the summer (g) and winter (h) samples. The UV254 was defined as the UV absorbance at 254 nm. 

Figure 5. The flux of UF membrane during filtration for summer (a) and winter (b) samples. After UF treatment, the hydrophilic proportion analysis results of summer (c) and winter (d) samples. The removal rate of TOC and UV254 of summer (e) and winter (f) samples, the removal rate of PLS and PS of summer (g) and winter (h) samples by UF treatment.

Figure 6. The flux of NF membrane during summer (a) and winter (b) samples filtration. After NF treatment, the hydrophilic proportion analysis results of summer (c) and winter (d) samples. The removal rate of TOC and UV254 of summer (e) and winter (f) samples by NF treatment. 

[bookmark: _Hlk78472722]Figure 7. The DBPs-FP of the summer and winter samples without treatment (a)-(b), after coagulation (c)-(d), after UF (e)-(f), and after UF (g)-(h).
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