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Abstract 8 

Nanofiltration (NF) membrane fouling by surface waters is still an unclear and 9 

unpredictable topic due to the heterogeneity and variability of natural organic matter (NOM) 10 

in waters. The objective of this study was to identify the key water quality parameter/s 11 

responsible for NF membrane fouling. Six representative surface waters were systematically 12 

investigated in terms of the water quality characteristics and their fouling potential on a 13 

polyamide NF membrane. The results showed that these waters exhibited significant 14 

discrepancies in DOC, Ca2+, composition, and chemical characteristics of NOM. Removal 15 
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performance and membrane fouling analysis indicated a preferential rejection of hydrophobic 16 

over hydrophilic NOM, and the hydrophobicity of NOM was positively correlated with 17 

reversible fouling. The biopolymer content exhibited a strong positive correlation to the total 18 

membrane fouling and irreversible fouling, indicating that it could be used as a surrogate of 19 

NF fouling behaviors by surface waters. Ca2+ and humic substances contents could not explain 20 

the membrane fouling due to their insignificant correlation with membrane fouling. However, 21 

the proportion of high molecular weight component in humic substances (%-HMW) exhibited 22 

a negative correlation with the total membrane fouling and irreversible fouling, suggesting that 23 

the HMW component has a positive effect on NF membrane fouling prevention. A reasonable 24 

explanation is that the HMW component is preferentially deposited on the membrane surface, 25 

forming a ‘controlling layer’ that prevents low MW organics from entering and blocking the 26 

membrane pores. 27 

Keywords: Drinking water treatment; Nanofiltration membrane fouling; Biopolymer; High 28 

molecular weight component; Correlation analysis; 29 

 30 

1. Introduction 31 

The problems of water scarcity and water pollution threaten the humanity in the 21st century 32 

due to the challenges posed by the urbanization, population growth and climate change [1-3]. 33 

For example, China, with a population of 1.4 billion and rapidly growing economy is facing a 34 

shortfall of 40 billion tonnes of water a year on average, and this deficit is expected to increase 35 

with the future national development [4,5]. The gap between the supply and demand of clean 36 

water is accelerating the research and development of novel and facile methods to produce 37 

clean water. In recent years, the emergence of state-of-the-art membrane technologies 38 

(microfiltration-MF [6], ultrafiltration-UF [7], nanofiltration-NF [8], reverse osmosis-RO [9] 39 

and forward-osmosis-FO [10]) has been recognized as a new generation of water purification 40 

methods. Their advantages include high separation effectiveness, low chemical usage, 41 

competitive cost and scalability [3]. Among the various membrane technologies, NF is 42 
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considered to be one of the most promising techniques for water purification due to its lower 43 

operating pressure than RO, and greater separation efficiency than UF [11]. In practice, NF 44 

shows high removal efficiency for most of the organic matter, microorganisms and viruses in 45 

water, including pathogens which pose a significant threat to human health [12]. Thus, NF is a 46 

promising technology for supplying safe potable water from surface water. However, 47 

membrane fouling is the main obstacle restricting the efficiency of membrane processes, since 48 

the adsorbed foulant and the cake layer result in a significant increase in energy consumption. 49 

Although foulants can be partially removed by physical and chemical backwashing, the 50 

frequent cleaning not only complicates the operation, but also reduces the membrane lifetime 51 

[13,14]. Therefore, a better understanding about the fouling mechanisms and developing 52 

effective approaches to mitigate membrane fouling are urgently required. 53 

Natural organic matter (NOM) is a heterogeneous matrix of organic compounds (mainly 54 

composed of proteins, polysaccharides and humic substances) which is ubiquitous in natural 55 

water sources [15-17]. Several studies have shown that NOM was the major cause of membrane 56 

fouling [18-20]. Typical model substances, such as bovine serum albumin (BSA), sodium 57 

alginate (SA) and humic acid (HA) have been widely applied to investigate NOM fouling 58 

because they are easy to detect and control [21-23]. For instance, Shim et al. [23] studied NF 59 

membrane fouling by different types of organic matter and found that SA caused more fouling 60 

than BSA and HA at low operating pressures. Synergistic fouling, such as from HA-BSA and 61 

HA-SA mixtures have also been reported in the literature [24]. Further, some studies suggested 62 

that hydrophilic NOM fractions (i.e. polysaccharides and proteins) were the major factors 63 

increasing permeate resistance, whereas hydrophobic fractions caused less fouling [25,26]. 64 

Another study found that the hydrophilic NOM fractions were preferentially deposited on the 65 

membrane surface, which decreased the negative zeta potential of the membrane, and 66 

subsequently, hydrophobic NOM was more readily deposited on the membrane surface due to 67 

the decreased electrostatic repulsion [27]. Meanwhile, the presence of calcium ions (Ca2+) also 68 

be considered an important factor affecting the membrane performance. The presence of Ca2+ 69 

can function as a bridge between negatively charged NOM and the membrane surface, leading 70 
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to a denser cake layer which exacerbates membrane fouling [28,29]. A number of other factors, 71 

including water chemistry (i.e. pH, zeta potential), membrane characteristics (i.e. surface 72 

roughness, charge, hydrophilicity) and operational conditions (i.e. operation pressure, cross-73 

flow or dead-end filtration) have also been reported in previous studies that correlates with 74 

membrane fouling [30-33]. 75 

To date, many studies focusing on the NF membrane fouling while treating surface waters 76 

have been limited to model substances. Although these reagents can represent the NOM in 77 

natural surface water, their composition, molecular weight distribution and chemical 78 

functionality differ from NOM found in real surface waters [34,35]. Therefore, membranes can 79 

exhibit distinct or even opposite performance when exposed to these model substances and 80 

surface water NOM [34,36]. Particularly in recent years, membrane fouling by real natural 81 

waters have been investigated, with some promising findings [37-39]. However, these studies 82 

were typically limited to a small number of water samples and/or NOM characterization 83 

techniques. In addition, the complicated extraction process is a major obstacle in separating 84 

individual NOM fractions in natural waters and investigating their effects (positive or negative) 85 

on NF performance. Moreover, the composition and physicochemical properties of NOM are 86 

highly heterogenous and variable, depending on geographical location, hydrological conditions 87 

and temporality [40,41]. In this aspect, the universal relationship between specific water quality 88 

parameters and NF membrane fouling is still unclear and needs to be further explored. 89 

In light of the aforementioned analysis, this study aimed to provide broadly applicable 90 

insights into the fouling potential of NF by surface waters, thus providing a benchmark for the 91 

development of strategies to control membrane fouling and boost its sustainability. We 92 

investigated the performance and fouling mechanism of a loose NF membrane by separately 93 

treating the six surface waters having diverse chemical nature and compositions. Water quality 94 

parameters, NOM characteristics and membrane fouling were probed through state-of-the-art 95 

experimental techniques. The key factor/s responsible for NF membrane fouling and the 96 

relationships between specific water quality parameters and membrane fouling were 97 

systematically studied through correlation analysis. 98 
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 99 

2. Materials and methods 100 

2.1. Source waters 101 

Six water samples from two regions in China, including three water samples from the south 102 

(Yiwu reservoir water, Hangzhou water and Yiwu Village water, referred to as YWR, HZ and 103 

YWV, respectively. Zhejiang Province China) and three from the north (Miyun reservoir water, 104 

South Long River water and Zizhuyuan park water, referred to as JM, NCH and ZZY, 105 

respectively. Beijing China) were collected in June 2019 (Figure S1). These waters encompass 106 

a range of source water types, including reservoir waters (YWR and JM), river waters (HZ and 107 

NCH) and lake waters (YWV and ZZY). Samples were collected and transferred to the 108 

laboratory within one day, and then filtered by microfiltration membrane (0.22 μm) to remove 109 

microorganisms and particulates before storage at 4 oC. Before NF filtration experiments, the 110 

water samples were restored to room temperature ~25 oC.  111 

2.2. Water quality and NOM characterization 112 

A suite of analytical methods were utilized to characterize raw water quality and NOM. A 113 

commercial pH meter (FE28, METTLER TOLEDO, China), conductivity meter (FD38, 114 

METTLER TOLEDO, China), and liquid zeta potential analyzer (ZS90, Malvern, UK) were 115 

used to evaluate the pH, conductivity and charge of the water, respectively. Concentrations of 116 

metal cations were determined using inductively coupled plasma optical emission spectrometry 117 

(ICP-OES, Optima 8300, PerkinElmer, USA). Turbidity was characterized indirectly by a 118 

laboratory UV-Vis spectrophotometer (UV-2600, Shimadzu, Japan) based on visible light 119 

adsorption at 600 nm (OD 600) [42]. Dissolved organic carbon (DOC) was determined with a 120 

total organic carbon (TOC) analyzer (TOC-Vwp, Shimadzu, Japan). Molecular size, degree of 121 

aromatic ring substitution and aromatic index of organic matters were also characterized by 122 

UV-Vis spectrophotometer based on E254/E365 (the ratio of UV adsorption at 254 to 365 nm), 123 

E253/E203 (the ratio of UV adsorption at 253 to 203 nm) and SUVA (the ratio of UV adsorption 124 

at 254 to DOC). Attenuated total reflection fourier transform infrared spectroscopy (ATR-FTIR, 125 

Spectrum Two, PerkinElmer, USA) was carried out to identify the different functional groups 126 
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of NOM (after freeze-drying). FTIR analysis was undertaken at wavenumbers from 400-4000 127 

cm-1 in 2 cm-1 steps, and then the results were treated by baseline correction and normalization. 128 

Three-dimensional excitation-emission matrix fluorescence spectroscopy (EEM, F-4600, 129 

Hitachi, Japan) was employed to identify the fluorescent components (tryptophan-like, 130 

tyrosine-like, fulvic acid-like, soluble microbial by-product-like and humic acid-like 131 

substances) within NOM. The emission scan range was registered from 200 to 550 nm at 5 nm 132 

steps and excitation wavelengths were performed from 200 to 450 nm at 5 nm intervals. The 133 

slit widths were fixed to 5 nm and the scanning speed was maintained at 2400 nm/min. A 134 

quantitative analysis method, named fluorescence regional integration (FRI) [43], was applied 135 

to quantify the proportion of each fluorescent component in the EEM spectrum and the results 136 

were used for subsequent correlation analysis. 137 

Size exclusion chromatography (SEC) with UV detection and auto-sampler was used to 138 

detect the apparent molecular weight (MW) distribution of organic matters in water. SEC was 139 

performed using a Waters HPLC system with a SEC column (Phenomenex, BioSep 5 μm, SEC-140 

s3000, 290A) and Security GuardTM Cartridges (Phenomenex, KJ0-4282). Sodium acetate (10 141 

mM, Aldrich, USA) was the mobile phase, with a flow rate of 1 mL/min. The UV/VIS detector 142 

operated at 254 nm and other components of the SEC instrument included a 1525 Binary Pump, 143 

a Model 1500 Column Heater and a 2998 Photodiode Array Detector. Because the SEC was 144 

performed with a UV detector, the organics detected were UV-responsive substances. In the 145 

SEC results, the organic matters with the MW between 300-10000 Da, referred to humic 146 

substances [21,36], were separated into three categories: Low MW substances (LMW, 300-147 

1400 Da), medium MW substances (MMW, 1400-4200 Da) and high MW substances (HMW, 148 

4200-10000 Da). Humic substances are known to be rich in aromatic carbon [34], and thus the 149 

use of HPSEC with UV detector allows the relative contents of humic substances between 150 

samples to be easily compared [35], which helps to investigate the factors causing membrane 151 

fouling. The proportion of each category was determined by calculating the individual peak 152 

area and the total peak area, and the results were used for subsequent correlation analysis. 153 
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2.3. Filtration experiments 154 

A commercial polyamide (PA) nanofiltration membrane (MWCO: 1 kDa, RisingSun 155 

Membrane Technology (Beijing) Co., Ltd. China), which represents a state-of-the-art 156 

commercial membrane and has been heavily used to evaluate filtration performance and 157 

membrane fouling [44]. Filtration tests were performed using a laboratory dead-end filtration 158 

unit (UFSC40001, Millipore, USA) with an effective area of 45.34 cm2 at room temperature. 159 

Dead-end filtration was used in this study rather than cross-flow, which is more common in 160 

practical membranes application, to emphasize the impact of changing waters and 161 

corresponding water quality parameters on fouling mechanisms. The applied pressure was 162 

provided by N2 under a constant value of 4 bar. A digital balance (AX523ZH, OHAUS, USA) 163 

connected to a computer automatically recorded the weight of the filtered water in real-time 164 

(Figure S2). Two filtration cycles were undertaken, separated by backwashing. The volume of 165 

feed water was 50 mL for the first filtration cycle. Then, the fouled membrane was turned 166 

upside down and backwashed with 10 mL of deionized (DI) water at a mild pressure of 1 bar. 167 

Subsequently, the same volume (50 mL) of feed water was conducted for the second filtration 168 

cycle. The variation in normalized flux J/J0 (J is the time-varying flux, J0 is the initial 169 

membrane flux) with the volume of the filtrate was used to investigate the membrane fouling.  170 

To eliminate the influence of membrane impurities, the membrane specimens were pre-171 

soaked in DI water for at least 24 h, followed by the filtration of 200 mL DI water to remove 172 

impurities and stabilize the permeate flux. 173 

2.4. Characterization of cake layer 174 

ATR-FTIR provided the functional group properties of the cake layer on the membrane 175 

surface. Water contact angle measurements (WCA, OCA15EC, Dataphysics, Germany) were 176 

used to indicate the hydrophilicity of the filter cake layer by using the sessile drop method; 177 

membrane samples were cut into strips and mounted on a support; the volume of drop water 178 

was 2 μL and recording time was 150 s. Scanning electron microscopy (SEM, QUANTA FEG 179 

250, FEI, USA) was utilized to attain information about the morphology and structure of the 180 

filter cake layer on the membrane surface. A solid surface zeta potential analyzer (SurPASSTM 181 
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3, Anton Paar, Germany) was used to analyze the surface charge properties of the cake layer 182 

through streaming potential measurements. 1 mM KCl was used as the electrolyte to measure 183 

the zeta potential under neutral pH. 184 

2.5. Correlation analysis 185 

The correlation between individual water quality parameters (pH, zeta potential, Ca2+, 186 

E254/E365, E253/E203, DOC, SUVA, humics, biopolymer and the proportion of different 187 

molecular weight and fluorescent components in organic matters) and membrane fouling (total 188 

fouling, reversible fouling and irreversible fouling) were analyzed using Spearman correlation 189 

and the results were presented in a heat map. The correlation analysis was performed in analysis 190 

software (OriginPro 2021 USA) with the help of a functional module (correlation plot). The 191 

significant differences were considered at P < 0.05.  192 

 193 

3. Results and discussion 194 

3.1. Properties of raw waters 195 

The raw water properties are shown in Figures 1a-d. The pH value of YWR water was 196 

weakly acidic (pH 6.35), perhaps due to the prevailing soil type and acid rain, while the other 197 

water samples were weakly alkaline (range from 7.51-7.80). The turbidity of the six waters 198 

ranged from 0.0003-0.03 and was in the order of YWR < JM < HZ < NCH < YWV < ZZY, 199 

corresponding to reservoir water < river water < lake water as expected (Figure 1a). The zeta 200 

potential data showed that all waters were negatively charged, while the lake water had the 201 

lowest zeta potential (-17.2 and -12.8 mV for YWV and ZZY, respectively). However, the 202 

reservoir water showed the highest zeta potential (-11.6 and -9.8 mV for YWR and JM, 203 

respectively) in both regions (Figure 1b). The molecular size of the NOM was analyzed by 204 

E254/E365, as shown in Figure 1c. Lake water showed the highest molecular size (low E254/E365 205 

value) and the reservoir waters exhibited the lowest molecular size in both regions. ICP-OES 206 

analysis was performed to investigate the concentration of different metal ions in the various 207 

surface waters (Figure 1d). The dominant metal ions in six waters were Ca2+, Mg2+ and Na+, 208 

especially for Ca2+, the concentrations of which in the JM, ZZY and NCH waters were higher 209 
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than 26 mg/L, while less than 3 mg/L in YWR and HZ waters. 210 

DOC, SUVA (the ratio of UV254 to DOC) and FTIR analyses were performed to further 211 

elucidate the NOM characteristics. Figure 2a showed that YWR and HZ waters had the lowest 212 

DOC concentration (0.95 and 1.21 mg/L, respectively). In contrast, the highest DOC (4.43 213 

mg/L) was found in ZZY water, which was ~4.7 times higher than the YWR water. JM, NCH 214 

and YWV waters had moderate DOC concentrations with the value of 2.54, 3.42 and 3.36 mg/L, 215 

respectively. Overall, the DOC concentrations of the six different waters followed the order: 216 

lake water > river water > reservoir water. The aromatic/hydrophobic content of organic matter 217 

in the different water samples was analyzed by SUVA. YWR and HZ waters had the highest 218 

SUVA values of 2.69 and 2.65 L/(m·mg), respectively (Figure 2b), indicating a higher 219 

proportion of hydrophobic NOM. The SUVA of the other waters ranged from 1.11-1.46 220 

L/(m·mg), indicating more hydrophilic NOM. The chemical functionality of the organic matter 221 

was examined by using FTIR (Figure 2c). All waters had strong peaks at wavenumbers of 3392 222 

cm-1, 1638 cm-1 and 1114 cm-1. Corresponding to the stretching vibration of O-H or N-H, C=O 223 

and C-O-C, respectively [45-47]. Moreover, differences between these waters can also be 224 

observed. The intensities of peaks at 2921 cm-1 and 2850 cm-1 in YWR and HZ waters were 225 

slightly higher than other waters. These two peaks relate to the stretching vibration of C-H [48]. 226 

Yamamura et al. [25] also found that the intensity of these two peaks was higher in hydrophobic 227 

fractions of organic matter across drinking water sources. These findings were consistent with 228 

the SUVA data, indicating a higher proportion of hydrophobic NOM in the YWR and HZ 229 

waters. The hydrophilicity of the NOM can also be seen by the intensity of the hydroxyl peak 230 

in the FTIR spectrum. It was evident that the intensity of hydroxyl groups in YWV, JM, NCH 231 

and ZZY waters was generally higher than that in the YWR and HZ waters, indicating that the 232 

NOM in these waters was more hydrophilic. These results agree well with the features of SUVA 233 

also. 234 

SEC was conducted to analyze the apparent MW distribution (Figure 2d). Four major 235 

absorbance peaks in the range of 300-10000 Da were observed in all waters. These peaks are 236 

believed to correspond to humic substances (such as humic and fulvic acids) with a high UV 237 
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response [49]. The areas of these peaks in the NCH and ZZY waters were significantly higher 238 

compared with other waters, indicating the presence of more humic substances in both waters. 239 

A weak peak at 30-80 kDa can be attributed to biopolymers (mainly polysaccharides and 240 

proteins with double bonds or aromatic structures) with a low UV response [36], which 241 

followed the order of YWV > JM > NCH > ZZY > HZ ≈ YWR. To further analyze the 242 

compositional characteristics of organic matters, the humic substances were divided into LMW 243 

(300-1400 Da), MMW (1400-4200 Da) and HMW (4200-10000 Da) categories according to 244 

the position of the peak, and the proportion of each categories were calculated as shown in 245 

Table 1. The proportion of LMW component in six waters was similar (~11%). HMW 246 

component account for 39% and 29% in YWR and HZ waters, respectively, followed by ZZY 247 

(26%) and NCH (24%) waters. While the proportion was only 20% for YWV and 15% for JM 248 

water. For MMW component, the proportion in the six waters was opposite to that of HMW 249 

component and in the order: YWR < HZ < ZZY < NCH < YWV < JM.  250 

The EEM spectra showed that the intensity of fluorescent organics in YWR, HZ and JM 251 

waters was relatively weak (Figures 3a-b and d), indicating the low organics contents, and the 252 

dominant fraction of NOM were protein-like and fulvic acid-like substances. For YWV water, 253 

protein-like substances were the main component, while the soluble microbial by-product 254 

(SMP) -like and fulvic-acid like substances were also clearly visible (Figure 3c). The fractions 255 

of the NOM in NCH and ZZY waters were similar and markedly different from the above four 256 

waters. Specifically, the fluorescent intensity of humic-like and fulvic-like substances in NCH 257 

and ZZY waters were far higher than other waters and consistent with the SEC results. While 258 

the fluorescence intensity of the protein-like and SMP-like substances was also stronger 259 

(Figures 3e-f). Further, the fluorescence regional integration (FRI) was applied to quantify the 260 

proportion of each fluorescence component (Figure S4). The proportion of protein-like 261 

(average: ~56%) was significantly higher than that of humic-like substances (average: ~30%) 262 

in YWR, YWV, NCH and ZZY waters, however, the proportion of these two components in 263 

HZ and JM waters were found similar (~41%). 264 
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3.2. NF performance for various surface waters 265 

The rate of normalized flux decline as a function of filtrate volume was in the order of HZ 266 

< YWR < ZZY < NCH < JM < YWV (Figure 4a), thus HZ and YWV waters caused the least 267 

and greatest membrane fouling, respectively. The flux of HZ and YWR waters decreased to 268 

95.2% and 94.7% of their initial values, respectively after the first filtration cycle. After 269 

backwashing, both waters exhibited a complete flux recovery (Jb/J0, where Jb and J0 are the 270 

flux after backwashing and initially value), indicating the reversible fouling. Unexpectedly, 271 

NCH and ZZY waters, which had the highest DOC concentrations and high amounts of Ca2+ 272 

caused only moderate membrane fouling. In contrast, JM water, which had a lower DOC 273 

concentration, and the YWV water with a similar DOC concentration and lower Ca2+ 274 

concentration than NCH water, showed greater membrane fouling. In addition, YWV, JM, 275 

NCH and ZZY waters caused irreversible fouling. The flux recovery after the first filtration 276 

cycle for the above four waters was 94.6%, 98.4%, 99.7% and 99.1%, respectively. The 277 

corresponding proportions of reversible and irreversible fouling were calculated as shown in 278 

Table 2. It was worth pointing out that this study investigated NF membrane fouling primarily 279 

in a bench-scale and we focused on the membrane fouling pattern/difference caused by 280 

different surface waters rather than the fouling degree. Thus, we performed a relative low 281 

filtration volume (50 mL per cycle), as this filtration method was commonly used to assess NF 282 

membrane fouling at laboratory scale [35]. Although prolonging the filtration time will more 283 

practical to investigate membrane fouling, it has shown the difference of membrane fouling 284 

between different surface waters after 50 mL filtration. The flux decline results indicated the 285 

characteristics and quality of NOM, rather than its quantity, is more important for membrane 286 

fouling. Further, the combination of high Ca2+ and DOC concentrations did not cause a 287 

synergistic enhancement of membrane fouling. Thus, additional analysis was required to 288 

explore the potential fouling mechanism. 289 

The separation mechanism of NF membranes includes size exclusion, Donnan effect and 290 

dielectric exclusion [50]. Among these separation mechanisms, Donnan effect and dielectric 291 

exclusion are considered to play an important role in ion separation. However, in this study, we 292 
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focused on the separation of NOM in surface waters, which has a relatively large molecular 293 

weight, mainly over 1000 Da. Thus, the dominant separation mechanism is considered to be 294 

the size exclusion. The performance of the NF membrane in removing organic matter was 295 

investigated by SEC (Figures 4b-c). The intensity of all peaks decreased substantially after 296 

filtration (Figure 4b). Especially for the biopolymers (30-80 kDa), the corresponding peak 297 

intensity of the filtrate was almost indistinguishable from the baseline, thus the membrane 298 

achieved a complete removal of biopolymers. However, the removal of humic substances was 299 

less than expected based on the membrane’s MW cut-off (1 kDa). Figure 4c shows the rejection 300 

rate of humic substances based on the SEC peak area. As can be seen that the removal efficiency 301 

of the membrane for the six waters was less than 44%, and as low as 20% for the ZZY water, 302 

indicating that most humic substances passed through the membrane. In comparison, a higher 303 

removal from 38%-43% was observed in YWR, HZ and YWV waters. For YWR and HZ waters, 304 

the high rejection can be attributed to more hydrophobic compounds present in both waters 305 

(Figure 2b). According to a previous study, the relatively hydrophilic membrane has a greater 306 

rejection of hydrophobic and aromatic substances than hydrophilic matters [51]. Although the 307 

YWV water had significantly lower hydrophobicity than the YWR and HZ waters, there were 308 

a large amount of biopolymers present. It is accepted that high MW biopolymers will adsorb 309 

on the membrane surface and block the membrane pores during filtration, thus improving the 310 

rejection of low MW humic substances [52]. In comparison, NCH and ZZY waters had a 311 

relatively large amount of fulvic acid-like substances. They tended to pass through the 312 

membrane more easily owing to their small size and relatively weak interfacial interactions 313 

with the membrane. The rejection of different components in humic substances was analyzed 314 

as shown in Figure 4d. For the HMW component, the rejection for YWR, HZ and YWV waters 315 

was 49%, 54% and 55%, respectively, which was significantly higher than that of JM, NCH 316 

and ZZY waters (25%, 34% and 20%, respectively.). In addition, for MMW and LMW 317 

components, the membrane also exhibited an improved rejection for YWR, HZ and YWV 318 

waters. These results further indicated that the higher hydrophobicity of NOM contributes to 319 

higher rejection and the deposition of the high MW component on the membrane surface 320 
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improved the rejection of low MW substances. It is worth noting that although the MW of 321 

humic substances, especially for HMW (4200-10000 Da) and MMW (1400-4200 Da) 322 

components, are over the MW cut-off of the membrane (1000 Da), the membrane showed poor 323 

rejection. This can be explained as follows: on the one hand, the MW of humic substances 324 

calculated from SEC is mainly based on their hydraulic volume (retention time in the gel). 325 

However, although humic substances are rich in aromatic carbon, they are not entirely 326 

composed of a rigid aromatic skeleton and their structure also contain some aliphatic linkages, 327 

side chains and oxygen-containing groups [34]. Therefore, they have a flexible structure in 328 

surface waters [53]. During NF operation, the spatial structure of humic substances tend to be 329 

compressed under high pressure, which makes them permeate through the membrane more 330 

easily. On the other hand, the MW cut-off of the membrane is defined by the rejection of 331 

specific organic molecules (90% rejection by the membrane), such as polyethylene glycol [54]. 332 

However, the rejection of the membrane is also affected by molecular configuration, 333 

hydrophilicity, etc., which means that rejection can differ for molecules with distinct spatial 334 

structure and chemical properties, even if they have the same molecular weight. The rejection 335 

performance of organic matter was also evaluated by EEM (Figures S5-6). Compared with the 336 

feed water, humic substances in filtrate showed a relatively high level, again emphasizing the 337 

unfavorable rejection of humic substances.  338 

The backwash water was also analyzed by SEC and EEM to provide further insights into 339 

the rejection performance of the membrane. Figure S7 showed that the peak areas of 340 

biopolymers in six backwash waters were higher, demonstrating that most biopolymers were 341 

rejected and accumulated on the membrane surface. As for humic substances, YWV water 342 

showed the highest peak area in all backwash waters, and its value was ~1.4 times that of ZZY 343 

water. However, its peak area in the feed water was not the highest among all feed waters, 344 

which was only 54% of ZZY water. This further indicated that the deposited biopolymers 345 

increased the rejection of humic substances. 346 

3.3. Characteristics of the fouled membranes 347 

Membrane fouling is mainly caused by the adsorption, pore blocking and cake layer 348 
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formation of particulate and organics in the membrane (as shown in Figure 5a) [3]. 349 

Measurements of the water contact angle, FTIR spectra and surface zeta potential of the 350 

membrane fouled by different surface waters were performed to reveal the fouling degree and 351 

the properties of the cake layer on the membrane surface. Figure 5b showed the variation of 352 

contact angle over time. Compared with the virgin PA membrane, the contact angles of the 353 

membranes decreased after being fouled by surface waters. The contact angle of the membrane 354 

fouled by JM and YWV waters decreased rapidly over the first 15 s. NCH and ZZY waters had 355 

a moderate decline, while the shape of the YWR and HZ waters plots was basically consistent 356 

with the virgin PA membrane. These data support the findings that the JM and YWR waters 357 

caused greater membrane fouling, as shown by flux decline results. The results of FTIR showed 358 

that the intensity of the hydroxyl peak was greater for the fouled membranes than the virgin 359 

membrane, especially for YWV, JM and NCH waters (Figure 5c). The retained NOM is the 360 

principal contribution to the increase of hydroxyl peak intensity and these results illustrated 361 

that more NOM in YWV, JM and NCH waters deposited on the membrane surface. The surface 362 

zeta potential of the fouled membranes reveals the charge properties of the cake layer (Figure 363 

5d). The virgin membrane exhibited a negative charge of -66.89 mV, and after filtration of the 364 

surface waters, the zeta potential of fouled membranes all increased slightly (became less 365 

negative). The membrane fouled by YWV water showed the highest (less negative) zeta 366 

potential value compared to the other waters. This is explained by the deposited NOM being 367 

less negatively charged than the virgin membrane. During filtration, the ionized groups on the 368 

membrane surface are coated by weakly ionized or non-ionized NOM, resulting in increased 369 

zeta potential [55]. 370 

The flux decline and the characteristics of the fouled membrane illustrated the fouling 371 

degree of the membrane in different waters. Combined with the result of the water quality 372 

analysis in Section 3.1, these findings led us to consider how these characteristics affect 373 

membrane fouling and whether there is a relationship exists between specific water quality 374 

parameters (i.e. biopolymer, DOC) and membrane fouling. 375 
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3.4. Discussion: mechanisms of membrane fouling 376 

The analysis demonstrated that DOC or Ca2+ contents were not the main causes of 377 

membrane fouling. Moreover, DOC and Ca2+ did not show a synergistic enhancement effect 378 

on membrane fouling. These findings suggest that for surface waters, the quality and chemistry 379 

rather than the amount of NOM are more important for membrane fouling. To identify the 380 

dominant factor causing membrane fouling and explore whether there is a correlation between 381 

specific water quality parameters (i.e. pH, Ca2+, DOC, biopolymer, etc.) and membrane fouling, 382 

a correlation analysis was established (Figure 6). The degree of membrane fouling (1-(J50/J0), 383 

where J50 and J0 are the flux after 50 mL and initially, respectively) strongly correlates to the 384 

biopolymer contents (R = 0.94, P < 0.05). This correlation is very strong, considering the 385 

diversity of the six surface waters examined. These results demonstrated that biopolymer 386 

content was the principal cause of membrane fouling and can be used as a universal indicator 387 

of membrane fouling across a range of surface waters. To the best of our knowledge, this is the 388 

first study of NF membrane fouling using a series of surface waters (six waters) with significant 389 

differences in source and characteristics, and a significant correlation between biopolymer 390 

content and membrane fouling was found. In addition, the proportion of MMW component in 391 

humic substances (%-MMW) also exhibited a positive correlation with membrane fouling (R 392 

= 0.89, P < 0.05). Biopolymers are effectively sticky bio-macromolecules. During NF 393 

operation, these viscous substances can agglomerate inorganic and organic molecules, forming 394 

a compact gel layer adhered tightly to the membrane surface, which blocks the effective water 395 

channels and causes severe membrane fouling [56]. For MMW, although their MW is over the 396 

MW cut-off of the membrane, considering the flexible structure of humic substances and the 397 

compression of their spatial structure during NF operation, their operational size probably 398 

approaches the NF membrane pores, thus causing blockage of the membrane and flux decline. 399 

However, the proportion of HMW component in humic substances (%-HMW) showed an 400 

unexpectedly negative correlation with membrane fouling (R = -0.89, P < 0.05). This is an 401 

interesting finding that indicates a higher proportion of HMW in humic substances may have 402 

a protective effect on the membrane. A reasonable explanation for this protective effect is that 403 
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the HMW component is preferentially deposited on the membrane surface, forming a 404 

‘controlling layer’ that prevents the low MW organic matters from entering and blocking the 405 

membrane pore. A similar protective mechanism has previously been reported in the literature 406 

[57]. For all other factors (such as Ca2+, DOC, zeta potential, humic substances content, etc.), 407 

the P values > 0.05, indicating no significant correlation with these factors on an individual 408 

basis. As for the type of fouling is concerned, biopolymer content and irreversible fouling were 409 

found positively correlated (R = 0.93, P < 0.05), indicating that these viscous macromolecules 410 

tightly adhered to the membrane surface, which were unable to be removed completely by 411 

backwashing. The type of membrane fouling also correlates to the chemistry and molecular 412 

composition properties of the organic matters. SUVA was found to be positively correlated with 413 

reversible fouling (R = 0.81, P < 0.05), and this is mainly due to the weak adhesion between 414 

hydrophobic organic matters and the hydrophilic membrane. %-MMW and %-HMW were 415 

negatively and positively correlated with reversible fouling, respectively (R = -0.87, P < 0.05 416 

and R = 0.87, P < 0.05), suggesting that more %-HMW is beneficial for reducing irreversible 417 

fouling. 418 

In previous studies, Ca2+ played a crucial role in UF and NF membrane fouling, as it can 419 

act as a bridge between negatively charged NOM and the membrane, forming a denser cake 420 

layer which causes significant flux decline [28,58]. However, in the present study, Ca2+ showed 421 

little correlation with membrane fouling (R = 0.6, P > 0.05). This discrepancy can be explained 422 

by the different characteristics between model humic substances and natural humic substances. 423 

Most previous studies used commercial humic acid as a model substance when investigating 424 

the effect of Ca2+ on membrane fouling. However, commercial humic acid exhibits differences 425 

from natural humic substances, including composition, hydrophilicity and molecular weight 426 

[34,35]. Thus, natural humic substances can interact with Ca2+ differently compared to 427 

commercial humic acid. For example, previous research found a noticeable influence of Ca2+ 428 

on membrane fouling with commercial humic acid, but not with a natural humic substance. 429 

Further analysis found that the commercial humic acid, with higher hydrophobicity, aggregated 430 

in the presence of Ca2+, while the natural humic substance did not [59]. Therefore, in the 431 
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presence of Ca2+, the commercial humic acid is more prone to form a dense cake layer, leading 432 

to severe membrane fouling. Conversely, natural humic substances probably form a looser 433 

structure, due to weaker interaction with Ca2+, thus producing less membrane fouling. A similar 434 

phenomenon that Ca2+ has little effect on membrane fouling when using natural waters has 435 

been found in previous studies [25,39,60]. 436 

Humic substances have also been identified as the main cause of NF membrane fouling in 437 

previous work [22,37]. However, in this study, no significant correlation existed between humic 438 

substances content and membrane fouling (R = 0.31, P > 0.05). Humic substances are 439 

recognized as hydrophobic NOM components relative to proteins and polysaccharides [61]. 440 

Thus, the weak correlation between humic substances and membrane fouling could be 441 

attributed to the fact that hydrophilic NOM was mainly responsible for membrane fouling [25]. 442 

Although there was no significant correlation between the content of humic substances and 443 

membrane fouling, the MW composition of humic substances was strongly related to 444 

membrane fouling. These findings further highlighted the compositional characteristics and 445 

quality of humic substances, rather than their quantity, are more important for evaluating 446 

membrane fouling. 447 

The results of this study found that high biopolymer content was the principal cause of NF 448 

membrane fouling and irreversible fouling, while HMW had a positive effect on NF membrane 449 

fouling prevention. Therefore, this study highlights the importance of biopolymers. High 450 

biopolymer content caused severe membrane fouling, especially irreversible fouling, thus 451 

reducing biopolymer contents by effective pretreatment may improve NF sustainable 452 

performance. From the perspective of the membrane, anti-fouling surface construction, such as 453 

hydrophilic or super-hydrophilic modifications could prevent NOM from attaching to the 454 

membrane surface and alleviate membrane fouling. In addition, the hydrophobicity of NOM 455 

was positively correlated with reversible fouling, which means that hydrophobic NOM was 456 

easier to be removed from the membrane by hydraulic cleaning. Therefore, enhancing the sheer 457 

force of the water flow on the membrane surface, such as improving the flow velocity under 458 

cross-flow operation, could help reduce the adhesion of hydrophobic NOM to the membrane 459 
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and optimize permeate performance. Moreover, specific attention also should be focused on 460 

the protective role of HMW and the aggravated fouling of MMW component. Oxidative 461 

pretreatment may exacerbate subsequent NF fouling due to the disintegration of HMW into 462 

MMW and LMW. Finally, more efforts are needed to identify the positive or negative role of 463 

specific NOM components in the NF process, to develop more efficient and sustainable NF 464 

technologies. 465 

 466 

4. Conclusions 467 

This study systematically investigated the water quality characteristics of six 468 

representative surface waters and their NF performance and fouling potential. The key 469 

contributions to the knowledge of the study are summarized as follows: 470 

 471 

1. Biopolymers in surface waters were completely removed by the NF membrane, while the 472 

removal of humic substances (< 42%) was less than expected based on the membrane’s 473 

MW cut-off. The hydrophobicity of NOM was correlated to higher rejection and reversible 474 

fouling. 475 

2. Biopolymer content was found to predict NF fouling behaviors by surface waters. 476 

Conversely, Ca2+ and humic substances contents could not explain the membrane fouling 477 

observed. 478 

3. The HMW component in humic substances reduced NF membrane fouling. This positive 479 

effect can be explained by the HMW component preferentially depositing on the membrane 480 

surface, forming a controlling layer that prevents low MW organics from entering and 481 

blocking the membrane pores. 482 

 483 

 484 

Appendix A. Supporting Information 485 

Supporting Information contains eleven figures and one table that complement the results 486 

summarized in the paper. These are the correlation coefficient and significance between 487 
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individual water quality parameters and membrane fouling (Table S1); sampling location of 488 

raw water (Figure S1); schematic of the filtration setup (Figure S2); conductivity of six waters 489 

and aromatic ring substitution degree of NOM (Figure S3); fluorescence regional integration 490 

of EEM spectrum (Figure S4); EEM fluorescence spectra of different surface waters after 491 

nanofiltration (Figure S5); the rejection of organic matters as indicated by EEM fluorescence 492 

intensity (Figure S6); Molecular weight distribution of different backwash waters (Figure S7); 493 

EEM fluorescence spectra of different backwash waters (Figure S8); SEM images of the virgin 494 

and fouled membranes (Figures S9-10); Spearman correlation between individual water 495 

quality parameters and membrane fouling (Figure S11). 496 
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Figure 1. Raw water properties: (a) pH value and turbidity in the form of UV absorption at 600 

nm; (b) zeta potential; (c) molecular weight of organic matter, as indicated by the ratio of UV 

adsorption at 254 to 365 nm; (d) the concentration of various metal ions. The colored rectangles 

in Figures (a-c) represent different types of water, blue, pink and green represent reservoir 

waters, river waters and lake waters, respectively, and in each colored rectangle, the left is the 

southern waters and the right is the northern waters. 



 

 

 
Figure 2. Characteristics of organic matters in different surface waters: (a) DOC concentration; 

(b) aromaticity as indicated by SUVA value; (c) FTIR spectra (raw water after freeze-drying) 

and (d) apparent molecular weight distributions. The colored rectangles in Figures a and b 

represent different types of water, blue, pink and green represent reservoir waters, river waters 

and lake waters, respectively, and in each colored rectangle, the left is the southern waters and 

the right is the northern waters. 

 



 

 

 

Figure 3. EEM fluorescence spectra of different surface waters. (a) YWR water; (b) HZ water; (c) YWV water; (d) JM water; (e) NCH water and 

(f) ZZY water, respectively. Region I, II, III, IV and V represent tyrosine-like, tryptophan-like, fulvic acid-like, soluble microbial by-product-like 

and humic acid-like substances, respectively. Tyrosine-like and tryptophan-like substances are protein-like substances. 



 

 

 

Figure 4. (a) Normalized Flux decline and recovery (after backwashing) with various surface 

waters for the membrane as a function of permeation volume; (b) molecular weight distribution 

of organic matters in different surface waters after nanofiltration; (c) the rejection of humic 

substances in different surface waters, the yellow and blue rectangles represent southern waters 

and northern waters, respectively; (d) the rejection of LMW, MMW and HMW components in 

humic substances. 

 



 

 

 

Figure 5. Properties of the membrane fouled by different surface waters: (a) schematic of the three major membrane fouling mechanisms, including 

pore adsorption, pore blocking and cake layer formation; (b) temporal variation of the water contact angle from 0 to 150 s; (c) ATR-FTIR spectra 

and (d) surface zeta potential of the fouled membranes. 
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Figure 6. Heat-map of correlations between individual water quality parameters and membrane fouling. The concentration of biopolymer and 

humic substances were determined by SEC peak area. %-LWM, %-MWM and %-HWM are the proportion of low molecular weight, medium 

molecular weight and high molecular weight components in humic substances, respectively. %-TY, %-TR, %-FA, %-SMP and %-HA represent 

the proportion of tyrosine-like, tryptophan-like, fulvic acid-like, soluble microbial by-product-like and humic acid-like fractions in EEM 

fluorescence spectrum. T-fouling, R-fouling and Ir-fouling are total fouling, reversible fouling and irreversible fouling, respectively. Blue and red 

indicate a negative and positive correlation, respectively. The symbol * indicates the P < 0.05. 



Table 1 

The proportion of HMW, MMW and LMW components in humic substances. 

Water samples HMW(%) MMW(%) LMW(%) 
YWR 39 52 9 
HZ 29 59 12 

YWV 20 68 12 
JM 15 72 13 

NCH 24 65 11 
ZZY 26 64 10 

HMW, MMW and LMW represent the high molecular weight, medium molecular weight and 

low molecular weight. 
 



 

 

Table 2 

Total fouling, reversible fouling and irreversible fouling of different surface waters. 

Water samples Total fouling 
(%) 

Reversible fouling 
(%) 

Irreversible fouling 
(%) 

YWR 5.3 100 0 
HZ 4.8 100 0 

YWV 7.9 31.9 68.1 
JM 7.5 79.1 20.9 

NCH 6.4 94.6 5.4 
ZZY 6.0 84.7 15.3 
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