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Abstract 29 

 30 

The forward osmosis (FO) is an emerging technique for high quality concentration of liquid foods. 31 

Polyphenols are natural compounds with important health function in fruit and vegetable juice. In 32 

this study, the impacts of membrane property, feed solution (FS) pH value, draw solution (DS) 33 

composition and concentration, and membrane fouling on rejections of 9 food polyphenols by FO 34 

were investigated. Polyphenol rejection was mainly dominated by size exclusion and electrostatic 35 

repulsion. Membrane with higher negative charge and selectivity exhibited higher rejection. The 36 

increased pH of FS could enhance negative charge of membrane and thus increased the rejection. 37 

Reverse solute diffusion of DS could also enhance rejection via hindering the forward diffusion of 38 

polyphenol. The pectin fouling layer acting as the additional filtration barrier could increase the 39 

rejection of most selected polyphenols. However, the rejection of polyphenols with smaller 40 

molecular size (less than 23.07 Å2) decreased with the pectin fouled membrane and this might be 41 

attributed to the effect of cake-enhanced concentration polarization. The present study revealed the 42 

fate of polyphenol in FO and provided vital information to further advance the FO application. 43 

 44 

Keywords: Forward osmosis; Polyphenol; Rejection; Pectin fouling; Liquid food 45 

concentration 46 
47 
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1. Introduction 48 

 49 

Polyphenols are natural compounds with important health function in fruits, vegetables, 50 

cereals, tea, coffee and wine [1, 2]. In the last decades, growing in vivo studies have furnished new 51 

evidences on the wide range of health promoting activities of dietary polyphenols including 52 

antiinflammatory, antioxidant, anticarcinogenic, antiadipogenic, antidiabetic and neuroprotective 53 

potentials [3-5]. With the advancement of food industry, there has been an increasing demand in 54 

the concentrated polyphenol-rich liquid foods (such as fruit and vegetable juice) by dewatering 55 

process to reduce the costs associated with packaging, freezing, transporting and storing [6, 7]. 56 

Nevertheless, the stability and bioavailability of different polyphenols can be influenced by heat 57 

treatment (over 50 °C), which can have restricted the application of conventional thermal 58 

concentration process [8]. Nonthermal membrane technology has a high rejection rate to 59 

functional components and is suitable for liquid foods concentration [9, 10]. However, the high 60 

pumping energy consumption and the high viscosity of the liquid foods as the feed solution (FS) 61 

limit the maximum attainable concentration factor in pressure driven membrane processes. Due to 62 

the complexity of organic and inorganic compounds in liquid foods, the severe fouling during high 63 

pressure membrane processes (i.e. reverse osmosis, nanofiltration) using the liquid foods as the 64 

feed usually renders membrane flux recovery difficult in despite of cleaning.  65 

As an emerging osmotic driven membrane process, forward osmosis (FO) technology has 66 

been proposed to be an efficient method to concentrate liquid foods [11-13]. FO has a relatively 67 

low fouling tendency and rarely resulted in irreversible fouling under mild conditions [14, 15]. 68 

Therefore, a greater concentration factor of FS can be achieved in FO than other membrane 69 
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processes. FO is considered as an athermal method with great potential for concentrating complex 70 

liquid foods with a mass of fouling precursors [11, 12, 16]. In the studies of liquid foods 71 

concentration by FO, most efforts have focused on the operating conditions affecting FO 72 

performance [13, 17, 18]. However, the research information about the fate of different food 73 

components, particularly, the small molecular components (such as vitamins, polyphenols and 74 

small peptides) is still insufficient.  75 

Although membrane fouling propensity is considered to be mild in FO processes, various 76 

fouling and cake layer formation can occur, depending on the properties of FS, complexation with 77 

multivalent cations and reverse diffusion of draw solutes [19-22]. Several studies investigated the 78 

impacts of membrane fouling on trace organic contaminants rejection in the field of environmental 79 

science. The main fouling agents used in most studies were humic acid, sodium alginate, bovine 80 

serum albumin and settled activated sludge [23-25]. The pectin, which is widely distributed in 81 

polyphenol-rich foods, is predominantly fouling matter in juice dewatering by FO process [26, 27]. 82 

So far, there is no attempt made to discover the rejection mechanism of food compounds by pectin 83 

fouled FO membrane. 84 

The present study focuses on the fate of polyphenols during a liquid foods processing by FO 85 

cleaning membrane and pectin fouled membrane. Nine polyphenols, which are commonly 86 

distributed in liquid foods, were selected as modelling solutes. The impacts of polyphenol property, 87 

process conditions and pectin fouling on rejection were investigated. The mechanism of 88 

polyphenol rejection in FO process was studied. 89 

  90 
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2. Materials and method 91 

2.1 Materials 92 

 93 

The 3,4-dihydroxybenzoic acid (3,4-DHB, 98%), p-coumaric acid (p-CA , 98%), gallic acid 94 

(GA, 99%), caffeic acid (CFA, 98%), ferulic acid (FA, 99%), sinapic acid (SA, 99%), chlorogenic 95 

acid (CGA, 99%), phloretin 2'-β-D-glucoside (P2G, 99%) and epigallocatechin gallate (EGCG, 96 

99%) were provided by Sigma-Aldrich (St. Louis, MO, USA). The properties of polyphenols used 97 

in this study were shown in Table 1 and the polyphenol sources were listed in Table S1. Each 98 

polyphenol was individually dissolved into deionized (DI) water to prepare FS (0.5 mg/mL). 99 

Pectin from Tokyo Chemical Industry Co. Ltd. (Tokyo, Japan) was used as modelling foulant of 100 

FO process. Sodium chloride (NaCl) and magnesium chloride (MgCl2) were used as the draw 101 

solution (DS) with concentration range of 1~4 mol/L. The pH of FS was adjusted by the sodium 102 

acetate buffer (pH 4) and sodium phosphate buffer (pH 6). The sodium acetate 103 

(CH3COONa·3H2O), acetic acid (CH3COOH), sodium dihydrogen phosphate (NaH2PO4) and 104 

disodium hydrogen phosphate (Na2HPO4) were purchased from Guangzhou Huada Biochemical 105 

Technology Co., Ltd., China. DI water was used to prepare the solution for this study. All 106 

chemicals were analytical grade. 107 

 108 

Table 1. Fundamental physicochemical properties of polyphenols used in this study 109 

Name 
CAS 

number 

Molecular 

structure 
Abbreviation pKa 

Minimum 

projection area 

(Å2) 

LogD at 

pH 4 

LogD at 

pH 6 

Charge 

at pH 4 

Charge 

at pH 6 
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3,4-Dihydroxyben

zoic acid 
99-50-3 

 

3,4-DHB 4.45±0.1 22.25 0.796 -0.814 -0.409 -0.986 

Caffeic acid 331-39-5 

 

CFA 4.58±0.10 23.07 0.873 -0.978 -0.779 -0.998 

p-Coumaric acid 501-98-4 

 

p-CA 4.65±0.10 24.51 1.573 -0.15 -0.494 -0.99 

Gallic acid 149-91-7 

 

GA 4.33±0.1 26.50 0.389 -1.328 -0.534 -0.992 

Ferulic acid 1135-24-6 

 

FA 4.58±0.10 27.27 1.112 -0.719 -0.727 -0.996 

Sinapic acid 530-59-6 

 

SA 4.53±0.10 35.99 0.832 -1.023 -0.794 -0.998 

Chlorogenic acid 327-97-9 

 

CGA 3.91±0.5 46.77 -1.019 -2.88 -0.823 -0.999 

Phloretin 

2'-β-D-Glucoside 
60-81-1 

 

P2G 7.15±0.4 60.33 0.977 0.972 0 - 

Epigallocatechin 

gallate 
1257-08-5 

 

EGCG 7.75±0.25 62.38 3.076 3.072 0 0 

Source: SciFinder Scholar (ACS) database and Chemicalize online platform. 110 

 111 

2.2 Forward osmosis process 112 

 113 

Two different FO membranes were employed in this study, including thin film composite 114 

(TFC) membrane (Toray Chemical, Korea) and cellulose triacetate (CTA) membrane (Hydration 115 

Technology Innovations, USA). FO processes were carried out using a bench scale cross-flow FO 116 
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system. The configuration of the plate-and-frame FO membrane module could be seen in a 117 

previous study [28]. The effective area of membrane was 20 cm2. The FS (initial volume of 500 118 

mL) and DS (initial volume of 1000 mL) were circulated by two gear pumps with a 119 

counter-current cross-flow. The cross-flow velocities of FS and DS in flow channel were 120 

maintained at 0.48 m/s, which based on FO studies in food industry [18, 28]. The DS tank was 121 

placed on a digital balance (Sartorius BSA2202S) connected to a computer for water flux 122 

acquisition. The orientation of membrane was that the active layer (AL) of membrane was facing 123 

the FS (AL-FS). The pH value of FS was monitored by a pH meter (PSH-3E, Leici, Shanghai 124 

Instrument Electric Holding (Group) Co., China). The FO process was terminated when 400 mL 125 

of permeate solution transferred into the DS (corresponding to concentration factor of 5). FS and 126 

DS were taken for analysis at the end of experiment. 127 

Water flux, Jw, was calculated as: 128 

Jw = 
∆W

Δt × A × ρwater

   (1)  

where, Jw is the permeate flux, ΔW is weight difference in the DS, Δt is filtration time and A 129 

is the effective FO membrane area. ρwater is the density of water.  130 

The reverse salt flux (RSF) was evaluated by measuring the variation of DS concentration 131 

using digital conductivity meter (Lab960, Schott, Germany). 132 

Js = 
C0V 0 - CtVt

∆t × A
  (2) 

where, Js is RSF, C0 and V0 are the initial concentration and volume of the DS, while Ct and 133 

Vt are the concentration and the volume of DS after a filtration time Δt. 134 

 135 

2.3 Fouling testing protocol 136 
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 137 

To examine the effect of pectin fouling on polyphenol rejection, fouling experiments were 138 

conducted prior to the rejection tests. Pectin was used as model foulant in this study. The fouling 139 

experiments were performed under the same conditions described above (section 2.2) with pectin 140 

solution (5 mg/mL, 500 mL) as FS and 2 mol/L NaCl solution (1000 mL) as DS. Fouling 141 

experiments were carried out until 400 mL of permeate solution had been transferred into the DS 142 

and the FS was kept at pH 4. Polyphenol rejection tests by the fouled membrane were conducted 143 

immediately after the fouling experiment. The FS was replaced by 500 mL polyphenol solution 144 

(0.5 mg/mL) while the DS was 2 mol/L NaCl solution (1000 mL). The polyphenol rejection 145 

experiment was concluded when 400 mL water had permeated through the fouled membrane. 146 

 147 

2.4 Analysis of polyphenol rejection  148 

 149 

The Agilent 1100 series HPLC system, equipped with degasser, quaternary pump, 150 

autosampler, and Ecosil C-18 chromatographic column (4.6 × 250 mm, Germany), was applied to 151 

detect polyphenol concentration. Polyphenol rejection (R) was calculated by using the equation 152 

[29, 30]: 153 

R (%)  = 1 - 
Cp

Cf
    (3) 

Cp = 
Cd×Vd

Vp
        (4) 

where Cd, Cp and Cf represent the polyphenol concentration of the DS, permeate solution and 154 

FS, respectively. Vd and Vp represent the DS and permeate solution volume, respectively. 155 

To elucidate the influence strength of various conditions on rejection, the diversity of 156 
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polyphenol rejection rate with different experimental conditions was defined and calculated by 157 

equation (5): 158 

Diversity = �  (R2 - R1)2

2
    (5) 

Where R1 and R2 represent the polyphenol rejection at different experimental conditions, 159 

respectively. 160 

 161 

2.5 FO membrane characterization 162 

 163 

The morphology of the membranes was measured by field emission scanning electron 164 

microscope (SEM, S-4800, Hitachi Co., Ltd., Japan). The hydrophilicity of the membrane was 165 

measured by contact angle goniometer (JY-PHb, Jinhe, China). The pure water permeability 166 

coefficient (A), salt permeability (NaCl, B), selectivity (B/A) and salt rejection rate (R) of the FO 167 

membranes were analyzed by a reverse osmosis set-up [31]. The zeta potentials of the CTA and 168 

TFC membrane surfaces were determined using an electrokinetic analyzer for solid surface 169 

analysis (SurPASSTM 3, Anton Paar GmbH, Austria). 170 

 171 

2.6 Statistical analysis 172 

 173 

All statistical analyses were performed with the statistical program Minitab version 17. 174 

One-way analysis of variances was applied to examine the effects of different treatments. Data 175 

were expressed as the mean value ± standard deviation. Tukey’s Honestly Significant Difference 176 
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(HSD) test was performed for post hoc multiple comparisons with the level of significance set at p 177 

< 0.05.  178 
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3 Results and discussion 179 

3.1 Effect of membrane properties on polyphenol rejection  180 

 181 

To date, studies of liquid foods concentration by FO process predominantly utilized TFC 182 

membrane and CTA membrane [28, 32]. The characterization of CTA membrane and TFC 183 

membrane including water permeability (A), salt (NaCl) permeability (B), selectivity (B/A), salt 184 

rejection rate (R) and contact angle of membrane AL are presented in Table 2. The CTA 185 

membrane had a lower water permeability (A) and higher salt permeability (B) than that of the 186 

TFC membrane. TFC membrane with lower B/A value exhibited greater separation properties 187 

compared to CTA membrane in this work. Furthermore, the higher salt permeability (B) of CTA 188 

membrane leads to lower salt rejection rate. Based on AL water contact angle data, CTA 189 

membrane was more hydrophobic than TFC membrane [21].  190 

 191 

Table 2. Characterization of CTA and TFC FO membrane. 192 

Parameters CTA TFC 

Water permeability (A, L/ (m2h bar)) 0.76 ± 0.26 1.59 ± 0.64 

Salt permeability (B, L/m2h) 1.15 ± 0.15 0.59 ± 0.11 

Selectivity (B/A, bar) 1.51 0.37 

Salt rejection rate (R, %) 84.86 ± 5.70 88.59 ± 7.85 

Contact angle of AL (°) a 60.1 ± 2.21 28.4 ± 4.60 

a AL represent forward osmosis membrane active layer. 193 
Average ± standard deviation from duplicate measurements. 194 

 195 
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The zeta potentials of the CTA and TFC membrane with different electrolytes are shown in 196 

Figure 1. The AL of each membrane was negatively charged at pH 4 and 6. As the pH increased, 197 

the negative charge of each membrane grew. In addition, the negative charge of the TFC 198 

membrane was higher than CTA membrane.  199 

 200 

Figure 1. FO membranes zeta potential as a function of pH. Data with a different letter for a particular 201 
parameter indicate significantly differences (p < 0.05) 202 

 203 

The rejections of polyphenols by CTA and TFC membrane are given in Figure 2a, and the 204 

polyphenols were arranged in the order of increasing minimum projection area (MPA). MPA is the 205 

projected two-dimensional area of polyphenol molecule, which is usually used to characterize the 206 

molecular size [33, 34]. For both CTA and TFC membrane, the rejections of most polyphenols in 207 

this study nearly followed the order of polyphenol MPA. However, CFA, p-CA and GA were not 208 

following this order. CFA exhibited higher rejection rate with lower MPA (23.07), compared with 209 

p-CA (24.51) and GA (26.50) (Table 1). This was suspected to be caused by the electrostatic 210 

interaction. The AL of both CTA and TFC membrane were negatively charge at pH 4 (Figure 1). 211 
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The charge of CFA was -0.779, which was more negative than p-CA (-0.494) and GA (-0.534). 212 

The greater electrostatic interaction between CFA and the membrane led to higher rejection rate 213 

[29]. On the contrary, GA exhibited lower rejection rate compared with CFA, p-CA and FA. As 214 

shown in Table 1, the apparent partitioning coefficient (log D) of GA was lower than that of other 215 

selected polyphenols. The polyphenols with lower log D value exhibited higher hydrophilicity 216 

[30]. It has been reported that FS solutes with higher hydrophilicity can be easier transported into 217 

DS [25, 35]. Hence, the relatively lower GA rejection by CTA and TFC membrane were observed 218 

in Figure 2a.  219 

 220 
Figure 2. (a) Effect of FO membranes (CTA and TFC membrane) on polyphenol rejection. (b) 221 

Relationship between polyphenol properties (charge and MPA) and different FO membranes (CTA and 222 
TFC membrane) rejection rates diversity. Experimental conditions: polyphenol concentration was 0.5 223 
mg/mL in FS at pH 4; NaCl (2 mol/L) was used as DS; temperatures of FS and DS were maintained at 224 
25.0 ± 0.1 °C; cross-flow velocities of FS and DS were 0.48 m/s. The experiments were conducted 225 
until 400 mL of permeate had been transferred into the DS (corresponding to 5 concentration factors). 226 
Data with a different letter for a particular parameter indicate significantly differences (p < 0.05) 227 

 228 

For most selected polyphenols, the TFC membrane exhibited higher rejection than the CTA 229 

membrane (Figure 2a). The influence of FO membrane on rejection of polyphenols with higher 230 
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MPA (CGA, P2G and EGCG) was insignificant. The higher rejection by TFC membrane was 231 

likely the result of higher size exclusion effect and electrostatic repulsion. TFC membrane showed 232 

greater selectivity indicated by the lower B/A values. It was more difficult for polyphenol to 233 

transport across the membrane with greater selectivity. Furthermore, TFC membrane was more 234 

negatively charge (Figure 1), and thus enhanced electrostatic repulsion with polyphenols. 235 

However, TFC membrane with the ridge-and-valley roughness structure has a great tendency to 236 

enhance foulant deposition (Figure S1). It has unfavorable antifouling property in practical 237 

deployment of FO process for liquid food concentration [28]. Therefore, CTA membrane was 238 

chosen to conduct the following polyphenol rejection tests at different conditions.  239 

In order to further investigate the polyphenol rejection mechanism, the diversity of 240 

polyphenol rejection rates impacted by different membranes is plotted as a function of polyphenol 241 

properties (MPA and charge) in Figure 2b. The rejection rates of SA, CGA, P2G and EGCG were 242 

near 100%, so these polyphenols were excluded from diversity analysis. The results showed that 243 

membrane effect could be enhanced as the polyphenol MPA and negative charge increased. It was 244 

worth noting that linear correlation coefficient of diversity and polyphenol charge (R2 = 0.878) 245 

was higher than MPA (R2 = 0.204). This indicated that electrostatic repulsion may dominate over 246 

size exclusion in relatively smaller molecular size polyphenol rejection mechanism [30, 36]. 247 

 248 

3.2 Effect of pH on polyphenol rejection 249 

 250 

Previous studies indicated that pH of FS could directly affect the membrane surface charge 251 

and physicochemical properties of solutes in FS, which further influenced FO membrane rejection 252 
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[35, 37]. To explore the effect of pH on polyphenol rejection, a set of FO rejection tests were 253 

conducted by varying the pH of FS (Figure 3a). The pH values 4 and 6 were chosen in this study, 254 

because the polyphenol-rich liquid foods are usually in the pH range of 3-6 [38, 39]. In the 255 

baseline study by using buffer solution as the feed, FS pH had no significant effect on the RSF and 256 

permeate water flux in this study (Figure 3b).  257 

 258 
Figure 3. (a) Effect of FS pH (4 and 6) on polyphenol rejection by CTA membrane; (b) Effect of FS pH 259 
(4 and 6) on the RSF and water flux; (c) Effects of MPA and log D on the rejection of polyphenols. 260 
Experimental conditions: CTA membrane; polyphenol concentration was 0.5 mg/mL in FS; NaCl 261 
(2 mol/L) was used as DS; temperatures of FS and DS were maintained at 25.0 ± 0.1 °C; cross-flow 262 
velocities of FS and DS were 47.8 cm/s. The experiments were conducted until 400 mL of permeate 263 
had been transferred into the DS (corresponding to 5 concentration factor). Data with a different letter 264 
for a particular parameter indicate significantly differences (p < 0.05).  265 

 266 
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As shown in Figure 3a, the pH of FS remarkably influenced the rejection of 3,4-DHB, p-CA, 267 

GA, CFA, FA and SA. However, in the case of the CGA, P2G and EGCG, no significant effect of 268 

pH on the rejection was observed. The molecular size of these polyphenols was larger than the 269 

others (Table 1). These polyphenols can hardly transport through the membrane regardless of the 270 

FS pH value. The rejections of 3,4-DHB, p-CA, GA, CFA, FA and SA enhanced with the pH 271 

increasing from 4 to 6. The rejection behavior of these polyphenols could be attributed to the 272 

electrostatic repulsion. As shown in Figure 1, zeta potential of CTA membrane became more 273 

negatively charge as pH was increased. In addition, these polyphenols could lose proton and 274 

become more negatively charged at higher pH value (Table 1). Electrostatic interaction between 275 

the polyphenols and the negatively charged membrane became greater at pH 6, leading to a higher 276 

rejection (Figure 3a). Similar phenomenon was also observed in the study of pharmaceutically 277 

active compounds rejection by FO membrane [40]. It was noticeable that polyphenol 278 

hydrophilicity could be enhanced at higher pH value (Table 1). Polyphenols with higher 279 

hydrophilicity promoted their transport across the membrane. However, the polyphenol rejection 280 

was higher at pH 6 than pH 4 (Figure 3a). It could be attributed to the weaker influence of 281 

polyphenol hydrophilicity on rejection than electrostatic repulsion.  282 

As shown in Table 1, selected polyphenols have approximately the same amount electron at 283 

pH 6. Hence, there was almost no difference in the effect of electrostatic repulsion on each 284 

polyphenol at pH 6. Under this condition, the relationship between rejection rate with polyphenol 285 

molecular size and hydrophilicity could be elucidated by linearly fitting the rejection with MPA 286 

and log D. As shown in Figure 3c, the rejection of polyphenols with same amount electron 287 

increased linearly with the molecular size increasing (R2 = 0.854). However, the correlation 288 
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between hydrophilicity (log D) and rejection was not as obvious. For these reasons, the 289 

electrostatic repulsion and size exclusion were likely the dominant rejection mechanism. 290 

 291 

3.3 Effect of DS concentration and composition on polyphenol rejection 292 

 293 

FO performance strongly depends on DS composition and concentration [41, 42]. Figure 4 294 

shows the effect of DS concentration (1-4 mol/L NaCl) and DS types (NaCl and MgCl2, 2 mol/L) 295 

on polyphenol rejection by CTA membrane.  296 

 297 
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 298 

Figure 4. (a) Effect of DS concentration (NaCl solution as DS with concentration of 1, 2 and 4 299 
mol/L) on polyphenol rejection by CTA membrane; (b) Effect of DS composition (2 mol/L NaCl and 300 
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MgCl2) on polyphenol rejection by CTA membrane; (c) Rejection of polyphenols as a function of water 301 
flux, which were varied by changing NaCl concentration (1, 2 and 4 mol/L) in DS; (d) Rejection of 302 
polyphenols as a function of water flux, which were varied by DS compositions (2 mol/L NaCl and 303 
MgCl2); (e) Rejection of polyphenols as a function of reverse salt flux, which were varied by changing 304 
NaCl concentration (1, 2 and 4 mol/L) in DS; (f) Rejection of polyphenols as a function of reverse salt 305 
flux, which were varied by DS compositions (2 mol/L NaCl and MgCl2). Experimental conditions: 306 
polyphenol concentration was 0.5 mg/mL in FS at pH 4; temperatures of FS and DS were maintained at 307 
25.0 ± 0.1 °C; cross-flow velocities of FS and DS were 47.8 cm/s. The experiments were conducted 308 
until 400 mL of permeate had been transferred into the DS (corresponding to 5 concentration factor). 309 
Data with a different letter for a particular parameter indicate significantly differences (p < 0.05).  310 

 311 

For large MPA polyphenols (P2G and EGCG), the influence of NaCl concentration on 312 

rejection behavior was not significant. By contrast, for small MPA polyphenols, there was 313 

significant influence by DS concentration on polyphenol rejection (Figure 4a). Both permeate 314 

water flux and RSF could be enhanced by increasing the salt concentration in the DS. To explore 315 

the effect of water permeation and salt diffusion on polyphenol rejection, the polyphenol 316 

rejections as a function of water flux and RSF are illustrated in Figure 4c and e, which were 317 

varied by changing NaCl concentration (1, 2 and 4 mol/L) in DS. As shown in Figure 4c, 318 

polyphenol rejection increased with the water flux increasing. In theory, the enhanced permeate 319 

water flux could elevate the FS solute concentration difference across the AL of FO membrane 320 

[31]. The larger concentration gradient could contribute to accelerated the diffusion of FS solute 321 

across the membrane, hence decreased the rejection. Some previous studies have reported that 322 

feed solute rejection increased with higher water flux [31, 35]. The duration of rejection tests in 323 

these studies was a certain time, instead of certain volume permeate solution transferred into DS in 324 

this manuscript. Although different rejection rate calculation methods led to different conclusions, 325 

it was undoubted that the solute transport across the FO membrane could be promoted by higher 326 

water flux. However, the decreased polyphenol rejection caused by higher water flux was not 327 
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observed in Figure 4c. It could be attributed to the fact that RSF dominated the influence of DS 328 

concentration on polyphenol rejection. The relationship between FS solute rejection and RSF 329 

versus permeate water flux displayed the reverse trends. The reverse salt diffusion moved in the 330 

opposite direction with FS solute forward diffusion. It could hinder the solute transport from FS to 331 

DS. As the result, increasing RSF could retard the forward diffusion of FS solute, thereby leading 332 

to higher rejection [19]. Consequently, the polyphenol rejection increased with increasing RSF in 333 

Figure 4e [19, 43].  334 

In order to conduct the thorough investigation of the impact of DS on polyphenol rejection, 335 

the rejections of polyphenol between NaCl and MgCl2 as draw solute were compared in Figure 4b. 336 

The initial concentration of both DS was 2 mol/L. Using NaCl as the draw solute resulted in 337 

higher rejection of most polyphenols compared to MgCl2. Figure 4d and f present polyphenol 338 

rejection as a function of water flux and RSF, with varying DS composition (2 mol/L NaCl and 339 

MgCl2). As shown in Figure 4c and d, there was no significant difference between effect of water 340 

flux on polyphenol rejection. However, both Figure 4e and f showed increasing trends of 341 

polyphenol rejection with higher RSF. It indicated that polyphenol rejection by FO membrane was 342 

more sensitive to reverse solute diffusion rather than permeate water flux.  343 

 344 

3.4 Effect of pectin fouling on polyphenol rejection 345 

 346 

Pectin was one of polysaccharides in nature and widely presents in fruit and vegetable [44, 347 

45]. When the pectin was employed as the modeling foulant in FS, the membrane fouling 348 

significantly influenced permeate flux, membrane surface morphology as well as surface 349 
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hydrophilicity. The corresponding flux declines were 31.9 % for DI water and 56.5 % for pectin 350 

fouling, after 400 mL permeate was collected (Figure 5). The gradual flux decline with DI water 351 

as the FS was due to diminishing osmotic gradient caused by the dilution of DS. For pectin 352 

solution as FS, a sharp drop in the flux was observed (Figure 5). Pectin fouling not only provided 353 

additional filtration barrier, but also caused internal concentration polarization within cake layer 354 

[19]. For these reasons, water permeate flux could be significantly reduced by pectin fouling.  355 

 356 

Figure 5. Impact of pectin fouling on the water flux and CTA FO membrane surface (SEM and 357 
contact angle): DI water or pectin solution was used as the FS at pH 4. NaCl (2 mol/L) was used as 358 
the DS. Temperatures of FS and DS were maintained at 25.0 ± 0.1 °C. Cross-flow velocities of FS and 359 
DS were 47.8 cm/s. The experiments were conducted until 400 mL of permeate had been transferred 360 
into the DS (corresponding to 5 concentration factors). 361 

  362 

When pectin was used as FS, the deposition of pectin was found on the CTA membrane 363 

surface (Figure 5). After the pectin fouling, the contact angle of membrane surface decreased 364 

from 57.6 to 17.6. The enhanced hydrophilicity of membrane surface by pectin fouling was 365 

attributed to the hydrophilic groups of pectin [46].   366 
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 367 

 368 

Figure 6. Comparison of polyphenol rejection by clean and pectin fouled CTA membranes. 369 
Polyphenol rejections by clean and pectin fouled membranes were measured at the same experimental 370 
conditions (CTA membrane; DS: 2 mol/L NaCl; pH 4). Temperatures of FS and DS were maintained 371 
at 25.0 ± 0.1 °C. Cross-flow velocities of FS and DS were 0.48 m/s. Data with a different letter for a 372 
particular parameter indicate significantly differences (p < 0.05). 373 

 374 

The effect of pectin fouling on the rejection of polyphenols by CTA membrane is shown in 375 

Figure 6. Comparing with the clean membrane, higher rejections by the pectin fouled FO 376 

membrane were also observed for p-CA, GA, FA and SA. The increased rejection could be 377 

attributed to the additional filtration effect by the cake layer. Additional filtration barrier enhanced 378 

membrane sieving and hindered the forward diffusion of polyphenols [25]. It should be noted that 379 

GA exhibited lower rejection increment than p-CA, FA and SA at the presence of pectin fouling. 380 

This can be explained by the relatively higher hydrophilicity of GA (log D of 0.389) compared 381 
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with p-CA (log D of 1.573), FA (log D of 1.112) and SA (log D of 0.832). As shown in Figure 5, 382 

pectin fouling enhanced membrane surface hydrophilicity and thus increased the adsorption 383 

capacity of the membrane for hydrophilic compounds [25]. The GA with higher hydrophilicity 384 

was easier to be accumulated in cake layer, and transferred through the membrane to DS. This 385 

phenomenon partly offset the additional filtration effect by fouling, leading to lower rejection 386 

increment.  387 

As shown in Figure 6, the 3,4-DHB and CFA exhibited lower rejections at the presence of 388 

pectin fouling. This decrease in rejection by the pectin fouling could be attributed to the 389 

cake-enhanced concentration polarization [47, 48]. The pectin fouling layer hindered the diffusion 390 

of polyphenols back to the bulk solution, resulting in an elevated concentration of polyphenols 391 

within the pectin fouling layer. Consequently, the cake-enhanced concentration polarization led to 392 

an elevated concentration gradient of polyphenols across the membrane, and hence, further 393 

promoting the forward diffusion of polyphenols. Due to the additional sieving effect induced by 394 

pectin fouling, the polyphenols with greater molecular size (larger than 23.07 Å2) were hard to 395 

accumulate near the membrane surface [47]. The 3,4-DHB and CFA had smaller molecular size 396 

compared with other polyphenols used in the present study (Figure 6). They might be easier to 397 

transport into pectin fouling layer by convective water flow and build up higher concentration than 398 

other polyphenols in the cake layer of pectin. For this reason, pectin fouled FO membrane 399 

exhibited lower rejections of 3,4-DHB and CFA than pristine membrane.  400 

An investigation of the influence of DS chemistry on polyphenol rejection by pectin fouled 401 

FO membrane was conducted to further understand the polyphenol transport mechanism. In order 402 

to eliminate the difference of pectin cake layer caused by different DS, the fouling experiments 403 
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were performed under the same conditions described in section 2.3. As shown in Figure S1 and 404 

S2, pectin fouling could reduce permeate water flux and RSF. The effect of different DS on RSF 405 

by pectin fouled membrane were similar to clean membrane (Figure S2). The polyphenols, 406 

including 3,4-DHB, CFA, p-CA, GA, FA and SA, were selected for rejection tests on the basis that 407 

they were more sensitive to DS chemistry and membrane fouling (Figure 6). As shown in Figure 408 

7, selected polyphenols were listed in the order of increasing MPA. Two rejection rates were 409 

calculated for each polyphenol, including rejection by clean membrane and pectin fouled 410 

membrane with different DS. The results showed that each polyphenol rejection by pectin fouled 411 

membrane could be enhanced by increasing the RSF. The impediment effects of RSF on 412 

polyphenol forward diffusion might not be affected by pectin fouling. In addition, it was observed 413 

that the reduced rejection of 3,4-DHB and CFA caused by cake-enhanced concentration 414 

polarization decreased with increasing RSF. That might be attributed to the enhanced FS ionic 415 

strength caused by higher RSF. Generally, the attachment of a colloidal particle onto a surface (or 416 

the aggregation of colloidal particles) was described by the classical Derjaguin–Landau–Verwey–417 

Overbeek (DLVO) theory [49]. The DLVO theory states that the net colloid–surface interaction is 418 

the sum of the van der Waals force (UVDW) and the electrostatic interaction force (UEL) [50]. Pectin 419 

solution was negatively charged at 25 °C [51]. For particles under electrostatic repulsion with 420 

membrane, the UEL between them could be weakened at higher solution ionic strength. It caused 421 

that pectin favored aggregation and attachment on the membrane surface [52]. Higher RSF 422 

elevates the ionic strength in FS, and thus promoted more compact fouling layer. The polyphenol 423 

transport was hindered by more severe pectin fouling caused by higher RSF. Consequently, the 424 

influence of cake-enhanced concentration polarization on 3,4-DHB and CFA rejection at higher 425 
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RSF was weaken. 426 

 427 

Figure 7. Rejection of polyphenol by clean and pectin fouled CTA membrane with different 428 
DS (1, 2, 4 mol/L NaCl and 2 mol/L MgCl2). Polyphenol rejections by clean and pectin fouled 429 
membranes were measured at the same experimental conditions (CTA membrane; pH 4). 430 
Temperatures of FS and DS were maintained at 25.0 ± 0.1 °C. Cross-flow velocities of FS and DS 431 
were 0.48 m/s. Data with a different letter for a particular parameter indicate significantly 432 
differences (p < 0.05). 433 

 434 

4. Conclusions 435 

 436 

The present study investigated the fate of polyphenols during FO processes. The rejection 437 

behavior over various experimental conditions for 9 selected polyphenols was different. The main 438 

findings could be concluded that: 439 

� The rejection of polyphenols with greater molecular size (larger than 46.77 Å2) in this 440 
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study was very high (>99%) and these polyphenols could hardly be influenced by 441 

different FO process conditions. Therefore, the FO system was able to retain the 442 

polyphenol with greater molecular size in liquid food concentration process. On the 443 

contrary, process conditions had significant impact on the rejection of polyphenols with 444 

smaller molecular size (smaller than 46.77 Å2). Polyphenol charge and molecular size 445 

dominated the rejection mechanism. Besides, hydrophilicity also influenced the 446 

polyphenol rejection in FO process. Polyphenol with higher hydrophilicity had lower 447 

rejection. 448 

� The polyphenol rejection could be influenced by membrane property, pH value of FS, 449 

and DS chemistry. Compared to CTA membrane, TFC membrane with higher negative 450 

charge and selectivity exhibited higher rejection. The increased pH of FS (from 4 to 6) 451 

could enhance negative charge of membrane and thus increase the rejection of 452 

polyphenols. The FO membrane exhibited higher polyphenol rejection when DS had 453 

higher RSF. That might be attributed to reverse salt diffusion, as the transport of 454 

polyphenols across the membrane could be hindered by reverse salt diffusion. Therefore, 455 

the high rejection of polyphenols with smaller molecular size could be achieved by 456 

manipulating FO membrane characteristics, FS chemistry, DS composition and 457 

concentration. 458 

� Pectin fouling can significantly affect the rejection of polyphenols. The additional 459 

sieving effect induced by pectin fouling layer resulted in less accumulation of the most 460 

selected polyphenols near membrane surface and increase of polyphenol rejection, 461 

consequently. On the other hand, polyphenols with smaller molecular size (smaller than 462 
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23.07 Å2) might be easier to transport into pectin fouling layer by convective water flow 463 

and build up higher concentration than other polyphenols in the cake layer of pectin. 464 

The elevated polyphenol concentration difference between the membrane promoted the 465 

polyphenol diffusion across the membrane, which reduced the rejection.  466 

 467 

Author contributions 468 

 469 

Jianfei Pei: Conceptualization, Formal analysis, Investigation, Methodology, Writing - original 470 

draft. Wenjing Wang: Methodology. Yifan Wang: Methodology. Haihua Wang: Funding acquisition, 471 

Methodology. Szilárd S. Bucs: Writing - review & editing. Johannes S. Vrouwenvelder: 472 

Conceptualization, Supervision. Zhenyu Li: Conceptualization, Writing - review & editing, 473 

Supervision, Funding acquisition. 474 

 475 

 476 

Acknowledgements 477 

The authors gratefully acknowledge the funding support by The National Key R&D Plan for 478 

International Cooperation in Science and Technology Innovation (Project No.: 2017YFE0181100) 479 

National Nature Science Foundation of China (Project No.: 21901212) and The Fundamental 480 

Research Funds from the Northwest A&F University (Project No.: Z111021602 and 2452018084). 481 

 482 

References 483 

 484 
[1] R. Puupponen-Pimiä, A.M. Aura, K.M. Oksman-Caldentey, P. Myllärinen, M. Saarela, T. 485 

Jo
urn

al 
Pre-

pro
of



28 
 

Mattila-Sandholm, K. Poutanen, Development of functional ingredients for gut health, Trends in Food 486 
Science & Technology, 13 (2002) 3-11. 487 
[2] X. Li, H. Wasila, L. Liu, T. Yuan, Z. Gao, B. Zhao, I. Ahmad, Physicochemical characteristics, 488 
polyphenol compositions and antioxidant potential of pomegranate juices from 10 Chinese cultivars 489 
and the environmental factors analysis, Food Chemistry, 175 (2015) 575-584. 490 
[3] C.B. Gemma, U.S. Mireia, R. Emilio, A. Sara, V.M. Palmira, C. Rosa, S. Emilio, L. Rafael, R.M. 491 
Lamuela-Raventos, A.L. Cristina, Dealcoholized red wine decreases systolic and diastolic blood 492 
pressure and increases plasma nitric oxide: short communication, Circulation Research, 111 (2012) 493 
1065-1068. 494 
[4] K. Hanhineva, R. Törrönen, I. Bondia-Pons, J. Jokkala, M. Kolehmainen, H. Mykkänen, K. 495 
Poutanen, Impact of dietary polyphenols on carbohydrate metabolism, International Journal of 496 
Molecular Sciences, 11 (2010) 1365-1402. 497 
[5] I.J. Stavrou, A. Christou, & C.P. Kapnissi-Christodoulou, Polyphenols in carobs: A review on their 498 
composition, antioxidant capacity and cytotoxic effects, and health impact, Food Chemistry, 269 (2018) 499 
355-374. 500 
[6] B. Girard, L.R. Fukumoto, S. Sefa Koseoglu, Membrane processing of fruit juices and beverages: A 501 
review, Critical Reviews in Biotechnology, 20 (2000) 109-175. 502 
[7] I. Kiss, G. Vatai, E. Bekassy-Molnar, Must concentrate using membrane technology, Desalination, 503 
162 (2004) 295-300. 504 
[8] H.B. Rashmi, P.S. Negi, Phenolic acids from vegetables: A review on processing stability and health 505 
benefits, Food Research International, 136 (2020) 109298. 506 
[9] P. Onsekizoglu, Production of high quality clarified pomegranate juice concentrate by membrane 507 
processes, Journal of Membrane Science, 442 (2013) 264-271. 508 
[10] B. Jiao, A. Cassano, E. Drioli, Recent advances on membrane processes for the concentration of 509 
fruit juices: a review, Journal of Food Engineering, 63 (2004) 303-324. 510 
[11] E.M. Garcia-Castello, J.R. McCutcheon, Dewatering press liquor derived from orange production 511 
by forward osmosis, Journal of Membrane Science, 372 (2011) 97-101. 512 
[12] V. Sant’Anna, L.D.F. Marczak, I.C. Tessaro, Membrane concentration of liquid foods by forward 513 
osmosis: Process and quality view, Journal of Food Engineering, 111 (2012) 483-489. 514 
[13] N.K. Rastogi, Opportunities and challenges in application of forward osmosis in food processing, 515 
Critical Reviews in Food Science & Nutrition, 56 (2016) 266. 516 
[14] Z.Y. Li, V. Yangali-Quintanilla, R. Valladares-Linares, Q. Li, T. Zhan, G. Amy, Flux patterns and 517 
membrane fouling propensity during desalination of seawater by forward osmosis, Water Research, 46 518 
(2012) 195-204. 519 
[15] Q. Yang, K.Y. Wang, T.-S. Chung, A novel dual-layer forward osmosis membrane for protein 520 
enrichment and concentration, Separation and Purification Technology, 69 (2009) 269-274. 521 
[16] N.K. Rastogi, Chapter 13 - Reverse osmosis and forward osmosis for the concentration of fruit 522 
juices, in: G. Rajauria, B.K. Tiwari (Eds.) Fruit Juices, Academic Press, San Diego, 2018, pp. 241-259. 523 
[17] V. Sant’Anna, P.D. Gurak, N.S.D. Vargas, M.K.D. Silva, L.D.F. Marczak, I.C. Tessaro, Jaboticaba 524 
(Myrciaria jaboticaba) juice concentration by forward osmosis, Separation Science & Technology, 51 525 
(2016) 1708-1715 526 
[18] Y.N. Wang, R. Wang, W. Li, C.Y. Tang, Whey recovery using forward osmosis – Evaluating the 527 
factors limiting the flux performance, Journal of Membrane Science, 533 (2017) 179-189. 528 
[19] M. Xie, L.D. Nghiem, W.E. Price, M. Elimelech, Comparison of the removal of hydrophobic trace 529 

Jo
urn

al 
Pre-

pro
of



29 
 

organic contaminants by forward osmosis and reverse osmosis, Water Research, 46 (2012) 2683-2692. 530 
[20] R. Valladares Linares, V. Yangali-Quintanilla, Z.Y. Li, G. Amy, NOM and TEP fouling of a 531 
forward osmosis (FO) membrane: Foulant identification and cleaning, Journal of Membrane Science, 532 
421-422 (2012) 217-224. 533 
[21] D.L. Shaffer, J.R. Werber, H. Jaramillo, S. Lin, M. Elimelech, Forward osmosis: Where are we 534 
now? Desalination, 356 (2015) 271-284. 535 
[22] Z.Y. Li, R. Valladares Linares, S. Bucs, C. Aubry, N. Ghaffour, J.S. Vrouwenvelder, G. Amy, 536 
Calcium carbonate scaling in seawater desalination by ammonia–carbon dioxide forward osmosis: 537 
Mechanism and implications, Journal of Membrane Science, 481 (2015) 36-43. 538 
[23] M. Xie, L.D. Nghiem, W.E. Price, M. Elimelech, Impact of humic acid fouling on membrane 539 
performance and transport of pharmaceutically active compounds in forward osmosis, Water Research, 540 
47 (2013) 4567-4575. 541 
[24] A. D'Haese, P. Le-Clech, S. Van Nevel, K. Verbeken, E.R. Cornelissen, S.J. Khan, A.R.D. 542 
Verliefde, Trace organic solutes in closed-loop forward osmosis applications: Influence of membrane 543 
fouling and modeling of solute build-up, Water Research, 47 (2013) 5232-5244. 544 
[25] R. Valladares Linares, V. Yangali-Quintanilla, Z.Y. Li, G. Amy, Rejection of micropollutants by 545 
clean and fouled forward osmosis membrane, Water Research, 45 (2011) 6737-6744. 546 
[26] B.S. Chanukya, N.K. Rastogi, Ultrasound assisted forward osmosis concentration of fruit juice and 547 
natural colorant, Ultrasonics Sonochemistry, 34 (2017) 426-435. 548 
[27] D.I. Kim, G. Gwak, M. Zhan, S. Hong, Sustainable dewatering of grapefruit juice through forward 549 
osmosis: Improving membrane performance, fouling control, and product quality, Journal of 550 
Membrane Science, 578 (2019) 53-60. 551 
[28] J. Pei, S. Pei, W. Wang, S. Li, W. Youravong, Z. Li, Athermal forward osmosis process for the 552 
concentration of liquid egg white: Process performance and improved physicochemical property of 553 
protein, Food Chemistry, 312 (2020) 126032. 554 
[29] Y. Zhang, T. Mu, M. Huang, G. Chen, T. Cai, H. Chen, L. Meng, X. Luo, Nanofiber composite 555 
forward osmosis (NCFO) membranes for enhanced antibiotics rejection: Fabrication, performance, 556 
mechanism, and simulation, Journal of Membrane Science, 595 (2020) 117425. 557 
[30] L. Zheng, W.E. Price, J. McDonald, S.J. Khan, T. Fujioka, L.D. Nghiem, New insights into the 558 
relationship between draw solution chemistry and trace organic rejection by forward osmosis, Journal 559 
of Membrane Science, 587 (2019) 117184. 560 
[31] X. Jin, C.Y. Tang, Y. Gu, Q. She, S. Qi, Boric acid permeation in forward osmosis membrane 561 
processes: Modeling, experiments, and implications, Environmental Science & Technology, 45 (2011) 562 
2323-2330. 563 
[32] X. An, Y. Hu, N. Wang, Z. Zhou, Z. Liu, Continuous juice concentration by integrating forward 564 
osmosis with membrane distillation using potassium sorbate preservative as a draw solute, Journal of 565 
Membrane Science, 573 (2019) 192-199. 566 
[33] T. Fujioka, M. Osako, S. Tanabe, H. Kodamatani, T. Shintani, Plugging nonporous polyamide 567 
membranes for enhanced rejection of small contaminants during advanced wastewater treatment, 568 
Separation and Purification Technology, 253 (2020) 117490. 569 
[34] T. Fujioka, H. Kodamatani, W. Yujue, K.D. Yu, E.R. Wanjaya, H. Yuan, M. Fang, S.A. Snyder, 570 
Assessing the passage of small pesticides through reverse osmosis membranes, Journal of Membrane 571 
Science, 595 (2020) 117577. 572 
[35] J. Xue, J. Shan, C. Wang, W. Jing, C.Y. Tang, Rejection of pharmaceuticals by forward osmosis 573 

Jo
urn

al 
Pre-

pro
of



30 
 

membranes, Journal of Hazardous Materials, 227-228 (2012) 55-61. 574 
[36] B.D. Coday, B.G.M. Yaffe, P. Xu, T.Y. Cath, Rejection of trace organic compounds by forward 575 
osmosis membranes: A literature review, Environmental Science & Technology, 48 (2014) 3612-3624. 576 
[37] C. Bellona, J.E. Drewes, P. Xu, G. Amy, Factors affecting the rejection of organic solutes during 577 
NF/RO treatment--A literature review, Water Research, 38 (2004) 2795-2809. 578 
[38] S. Bi, S. Sun, F. Lao, X. Liao, J. Wu, Gas chromatography–mass spectrometry combined with 579 
multivariate data analysis as a tool for differentiating between processed orange juice samples on the 580 
basis of their volatile markers, Food Chemistry, 311 (2020) 125913. 581 
[39] Á. Suárez-Jacobo, C.E. Rüfer, R. Gervilla, B. Guamis, A.X. Roig-Sagués, J. Saldo, Influence of 582 
ultra-high pressure homogenisation on antioxidant capacity, polyphenol and vitamin content of clear 583 
apple juice, Food Chemistry, 127 (2011) 447-454. 584 
[40] M. Xie, W.E. Price, L.D. Nghiem, Rejection of pharmaceutically active compounds by forward 585 
osmosis: Role of solution pH and membrane orientation, Separation and Purification Technology, 93 586 
(2012) 107-114. 587 
[41] Q. Ge, M. Ling, T.S. Chung, Draw solutions for forward osmosis processes: Developments, 588 
challenges, and prospects for the future, Journal of Membrane Science, 442 (2013) 225-237. 589 
[42] Q. Ge, J. Su, G.L. Amy, T.S. Chung, Exploration of polyelectrolytes as draw solutes in forward 590 
osmosis processes, Water Research, 46 (2012) 1318-1326. 591 
[43] M. Xie, W.E. Price, L.D. Nghiem, M. Elimelech, Effects of feed and draw solution temperature 592 
and transmembrane temperature difference on the rejection of trace organic contaminants by forward 593 
osmosis, Journal of Membrane Science, 438 (2013) 57-64. 594 
[44] B.L. Ridley, M.A. O'Neill, D. Mohnen, Pectins: structure, biosynthesis, and 595 
oligogalacturonide-related signaling, Phytochemistry, 57 (2001) 929-967. 596 
[45] D. Mohnen, Pectin structure and biosynthesis, Current Opinion in Plant Biology, 11 (2008) 597 
266-277. 598 
[46] J. Chen, W. Liu, C.-M. Liu, T. Li, R.H. Liang, S.J. Luo, Pectin modifications: A review, Critical 599 
Reviews in Food Science & Nutrition, 55 (2015) 1684-1698. 600 
[47] H. Ng, M. Elimelech, Influence of colloidal fouling on rejection of trace organic contaminants by 601 
reverse osmosis, Journal of Membrane Science, 244 (2004) 215-226. 602 
[48] M. Xie, L.D. Nghiem, W.E. Price, M. Elimelech, Impact of organic and colloidal fouling on trace 603 
organic contaminant rejection by forward osmosis: Role of initial permeate flux, Desalination, 336 604 
(2014) 146-152. 605 
[49] S. Bhattacharjee, J.Y. Chen, M. Elimelech, DLVO interaction energy between spheroidal particles 606 
and a flat surface, Colloids and Surfaces A: Physicochemical and Engineering Aspects, 165 (2000) 607 
143-156. 608 
[50] C.J. Vanoss, Acid-base interfacial interactions in aqueous-media, Colloids and Surfaces A: 609 
Physicochemical and Engineering Aspects, 78 (1993) 1-49. 610 
[51] C. Wang, W.Y. Qiu, T.T. Chen, J.K. Yan, Effects of structural and conformational characteristics of 611 
citrus pectin on its functional properties, Food Chemistry, 339 (2021) 128064. 612 
[52] C.Y. Tang, T.H. Chong, A.G. Fane, Colloidal interactions and fouling of NF and RO membranes: 613 
A review, Advances in Colloid and Interface Science, 164 (2011) 126-143. 614 

 615 

Jo
urn

al 
Pre-

pro
of



Highlights 

� Polyphenol rejection is dominated by size exclusion and electrostatic repulsion. 

� Membrane with higher negative charge and selectivity exhibits higher rejection. 

� The effect of pH on polyphenol rejection bases on the electrostatic repulsion 

� Higher reverse diffusion of solutes leads to higher rejection of polyphenol.  

� Rejection by fouled membrane involves complex mechanisms combination. 
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