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Fig. 1 CP and mass transfer during membrane filtration 21 
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Fig. 2 Interactions acting on particles in colloidal attachment stage 39 
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Fig. 3 Effect of colloidal particle size on fouling from the aspect of specific cake 58 
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resistance. The dependence of αf on dp is determined according to Eq. 22. The value of 59 

D, km, ΔEd and ΔEb are fixed at 4.91 × 10-11 m2/s, 1.02 × 10-5 m/s, 4.19 × 10-17× J and 60 

5kBT, respectively. See other parameters in Table 1. 61 
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Fig. 4 Effect of colloidal particle size on fouling from the aspect of particle back-84 
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diffusion and mass transfer coefficient. The dependence of D and km on dp is determined 85 

according to Eq. 15 and Eq. 11, respectively. The value of αf, ΔEd and ΔEb are fixed at 86 

1.13 × 1013 m/g, 4.19 × 10-17× J and 5kBT, respectively. See other parameters in Table 87 

1. 88 
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Fig. 5 Effect of colloidal particle size on hydrodynamic interaction and fouling. The 110 
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dependence of ΔEd on dp is determined by Eq. 16, and an empirical coefficient cd of 111 

4.19× 10-9 is adopted. The values of αf, D, km, and ΔEb are fixed at 1.13 × 1013 m/g, 4.91 112 

× 10-11 m2/s, 1.02 × 10-5 m/s, and 5 kBT, respectively. See other parameters in Table 1. 113 

 114 

 115 

 116 

 117 

 118 

 119 

 120 

 121 

 122 

 123 

 124 

 125 

 126 



10 

 

127 

128 

 129 

Fig. 6 Effect of colloidal particle size on foulant-membrane interaction and fouling. The 130 
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dependence of ΔEb on dp is determined by Eq. 19, with a constant cE of 0.5 adopted. 131 

The values of αf, D, km, and ΔEd are fixed at 1.13 × 1013 m/g, 4.91 × 10-11 m2/s, 1.02 × 132 

10-5 m/s, and 4.19 × 10-17× J, respectively. See other parameters in Table 1. 133 
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 153 

 154 

Fig. 7 Effect of colloidal particle size on fouling when all the four effects (i.e., specific 155 

cake resistance, back-diffusion, drag interaction and energy barrier) simultaneously 156 

change. The dependence of αf, D, km, ΔEd and ΔEb on dp are determined by Eq. 22, Eq. 157 

15, Eq. 11, Eq. 16 and Eq. 19, respectively. See other parameters in Table 1. 158 
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Fig. 8 Effect of colloidal particle size on fouling when the specific cake resistance is 173 

fixed (αf = 1.13 × 1013 m/g) and the other three effects (i.e., back-diffusion, drag 174 

interaction and energy barrier) simultaneously change. The proportionality coefficient 175 

cE for the energy barrier is taken as (a) 0.5, (b) 0.1, and (c) 0.01. The dependence of D, 176 

km, ΔEd and ΔEb on dp are determined by Eq. 15, Eq. 11, Eq. 16 and Eq. 19, respectively. 177 

See other parameters in Table 1.  178 

 179 
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 195 

 196 

Fig. 9 Effect of particle size on critical flux at cE = 0.5 and 0.1. A threshold fouling rate 197 

of 1.0 μg/(m2·s) is adopted. The specific cake resistance is fixed (αf = 1.13 × 1013 m/g) 198 

and the other three effects (i.e., back-diffusion, drag interaction and energy barrier) are 199 

allowed to change simultaneously. The dependence of D, km, ΔEd and ΔEb on dp are 200 

determined by Eq. 15, Eq. 11, Eq. 16 and Eq. 19, respectively. See other parameters in 201 

Table 1.  202 

 203 

 204 
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206 

 207 

Fig. 10 Effect of colloidal particle size on fouling at initial flux of (a) 30 and (b) 300 208 

LMH. The specific cake resistance is fixed (αf = 1.13 × 1013 m/g) and the other three 209 

effects (i.e., back-diffusion, drag interaction and energy barrier) simultaneously change. 210 

A moderate foulant-membrane interaction is assumed (cE = 0.1). The dependence of D, 211 

km, ΔEd and ΔEb on dp are determined by Eq. 15, Eq. 11, Eq. 16 and Eq. 19, respectively. 212 

The other parameters are presented in Table 1. 213 

 214 
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Abstract 25 

Colloidal size affects the whole process of particle transport and membrane filtration. 26 

However, its compound effect on fouling remains controversial. In the present study, 27 

we adopt a collision-attachment approach to systematically investigate the role of 28 

colloidal size on fouling. Our study highlights the critical importance of four competing 29 

mechanisms: reduced specific cake resistance and enhanced foulant-membrane 30 

interaction of larger particles tend to mitigate flux decline, while the simultaneously 31 

increased hydrodynamic drag and reduced particle back-transport tend to promote 32 

fouling. The net effect of particle size on fouling is governed by the competition among 33 

these mechanisms. When strong foulant-membrane repulsion prevails, we show 34 

enhanced flux stability for larger particles as a result of a greatly increased energy 35 

barrier to resist particle deposition. Nevertheless, this trend could be reversed for weak 36 

foulant-membrane interaction. Our study reconciles the contradictory experimental 37 

observations of the effect of particle size on colloidal fouling and provide important 38 

insights for effective fouling mitigation. 39 

 40 

Keywords 41 

Colloidal size, specific cake resistance, back-diffusion, hydrodynamic drag interaction, 42 

foulant-membrane interaction  43 
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1 Introduction 44 

Nanofiltration (NF) and reverse osmosis (RO) have been increasingly applied in 45 

advanced water treatment over the past decades [1-3]. However, fouling presents a 46 

critical obstacle in these membrane processes [4-6]. Colloidal fouling is considered as 47 

one of the major types of fouling for both RO and NF. In addition to inorganic colloids, 48 

many common organic foulants such as humic acid, proteins, and polysaccharides also 49 

show colloidal characteristics [4, 7-9]. According to the literature, fouling behaviors of 50 

both inorganic and organic colloids are significantly influenced by their colloidal 51 

properties [4, 10, 11] in addition to the membrane properties [4, 7, 12], solution 52 

chemistry [8, 13], and hydrodynamic conditions [13, 14].  53 

 54 

One of the most important colloidal properties is the particle size [11, 15-19]. Despite 55 

its fundamental importance, contradictory observations are often reported for the effect 56 

of colloidal size on fouling. Several studies revealed greater contribution to fouling by 57 

macromolecules of greater size [11, 15, 16]. Nevertheless, many other studies reported 58 

the dominant role of smaller-size colloids [17-19]. Although the effect of particle size 59 

has been extensively studied in the context of microfiltration (MF) and ultrafiltration 60 

(UF), it is often interpreted in relation to pore blocking behaviors [19-23], which is not 61 

applicable to RO and NF membranes. Furthermore, compared to the wide range of 62 

particle sizes reported for MF and UF membranes, colloids involved in the fouling of 63 

spiral-wound NF and RO modules are generally smaller than 100 nm due to the use of 64 
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extensive pretreatment [24-26]. Therefore, a systematical study is still required to better 65 

understand the role of colloidal size on the fouling behavior of NF and RO membranes. 66 

 67 

Based on the existing literature, the dynamics of membrane fouling is governed by the 68 

compounded effects of (1) particle transport towards the membrane due to the 69 

hydrodynamic drag force [8, 14, 27]; (2) particle back-diffusion owing to the Brownian 70 

motion, lateral migration and shear-induced diffusion [4, 28] (noting that the latter two 71 

effects are negligible for small colloids of < 100 nm and are thus not important for NF 72 

and RO colloidal fouling [4, 28-30]); and (3) particle-membrane surface interactions 73 

(e.g., Lifshitz-van der Waals (LW), acid-base (AB), and electrostatic (EL) interaction 74 

[31-33]). Presumably, the colloidal size can significantly affect the hydrodynamics 75 

interaction [29], surface interaction [16], and the back-diffusion process  [29], thereby 76 

regulates the dynamics of colloidal fouling. Furthermore, colloidal size is expected to 77 

greatly affect the property of the foulant cake layer, with smaller size leading to higher 78 

specific cake resistance [34]. All these effects have to be considered systematically to 79 

gain deeper insights into the role of colloid size on fouling. 80 

 81 

Herein we report a collision-attachment (CA) model [27] to simulate the fouling 82 

dynamics of NF and RO membranes. This model treats colloidal fouling as (1) a series 83 

of colloid-membrane collision events followed by (2) colloidal attachment onto the 84 

membrane (i.e., foulant deposition events) in a statistical manner [27] analogous to the 85 

classical treatment of colloidal coagulation [35, 36]. In particular, the probability of 86 
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successful attachment, i.e., the attachment coefficient, is modelled by the Boltzmann 87 

distribution [27, 37], which explicitly accounts for the effects of particle back-migration 88 

based on mass transfer considerations [38, 39], hydrodynamic drag interaction via the 89 

Stokes’ law [40], and foulant-membrane interaction via the XDLVO theory [33]. 90 

Furthermore, the Carmen-Kozeny equation [41] is used to account for the effect of 91 

colloidal size on the specific cake resistance. For the first time, this study clarifies the 92 

role of particle size on fouling from the aspects of specific cake resistance, particle 93 

back-diffusion, permeate drag interaction, foulant-membrane interaction, both 94 

individually and collectively. Unlike the deterministic results in the existing literatures, 95 

this study dissects the role of particle size dialectically. Our simulation results provide 96 

new insights into the comprehensive role of particle size on fouling. 97 

 98 

2 Theory 99 

This section first introduces the collision-attachment model in Sec. 2.1. We then briefly 100 

present the concentration polarization (CP) and mass transfer in Sec. 2.2, followed by 101 

an introduction of hydrodynamics drag and foulant-membrane interactions in Sec. 2.3 102 

and cake layer resistance in Sec. 2.4. Finally, the algorithm for the simulation is 103 

provided in Sec. 2.5.  104 

 105 

2.1 Collision attachment theory 106 

The collision-attachment approach has been traditionally applied to model particle-107 
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particle attachment during coagulation [35, 36]. Tang and coworkers [27, 37, 42] 108 

recently adapted this approach to simulate colloidal fouling by considering a membrane 109 

as an infinitely large particle. In essence, the model treats colloidal fouling as a series 110 

of collision events whose subsequent attachments onto the membrane leads to foulant 111 

deposition. According to Liu et al. [27], the rate of foulant deposition onto the 112 

membrane, i.e., the fouling rate dmf/dt, is given by the product of the collision frequency 113 

JCm and the attachment coefficient α as: 114 

 115 

𝑑𝑚𝑓

𝑑𝑡
= 𝛼𝐽𝐶𝑚                                                                                                    (1) 116 

 117 

where mf is the amount of foulant deposition at time t, J is water flux, Cm is the foulant 118 

concentration near the membrane surface, and the term JCm characterizes how 119 

frequently colloidal particles transport towards and collide with the membrane surface 120 

[13]. Under crossflow conditions, only a fraction of these colloidal particles will attach 121 

onto the membrane, with the attachment coefficient α representing the probability of 122 

successful foulant-attachment onto membrane for a given collision event. The value of 123 

α can be determined by the Boltzmann distribution [27]:  124 

 125 

𝛼 =
1

1 + exp (
Δ𝐸𝑏

𝑘𝐵𝑇
−

Δ𝐸𝑑

𝑘𝐵𝑇
)

                                                                        (2) 126 

 127 

where kB and T are the Boltzmann’s constant and absolute temperature, respectively. 128 



7 

 

The term ΔEb represents the energy barrier corresponding to the foulant-membrane 129 

interaction that resists colloidal attachment, ΔEd represents the hydrodynamic drag 130 

interaction that promotes colloidal attachment, and ΔEb - ΔEd represents the net 131 

difference in energy between the unattached and attached states for the colloidal particle. 132 

Therefore, ΔEb/kBT and ΔEd/kBT stands for the normalized energy barrier in resisting 133 

fouling and the normalized hydrodynamic drag in promoting fouling, respectively  134 

[27]. 135 

 136 

2.2 CP and mass transfer 137 

As shown in Fig. 1, foulants move towards the membrane under the permeate drag. The 138 

retention of the colloidal particles results in an increased foulant concentration near the 139 

membrane surface (Cm) in comparison to the bulk solution (Cb), a phenomenon named 140 

“concentration polarization” or CP [38]. For typical NF and RO membranes, colloidal 141 

particles can be nearly perfectly rejected, i.e., the foulant concentration in the permeate 142 

water (Cp) is nearly zero. Accordingly, Cm can be determined by a modified film theory 143 

that takes account of the depolarization effect due to colloidal particle deposition onto 144 

the membrane [27, 37]: 145 

 146 

𝐶𝑚 − 𝛼𝐶𝑚

𝐶𝑏 − 𝛼𝐶𝑚
= exp (

𝐽

𝑘𝑚
)                                                                             (3) 147 

 148 

In Eq. 3, km is the mass transfer coefficient, and the term J/km is the Péclet number (Pe) 149 

that characterizes the relative importance of the convective transport (J) over the 150 
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diffusive transport (km). Compared to the traditional CP model (e.g., Cm /Cb=exp(J/km)) 151 

[38, 43], the additional term αCm in Eq. 3 accounts for the loss of foulant from the feed 152 

solution due to their deposition onto the membrane, which serves as a sink to reduce 153 

the CP effect.  154 

  155 

 156 

Fig. 1 CP and mass transfer during membrane filtration 157 

 158 

By combing Eqs. 1-3, one can obtain 159 

 160 

𝑑𝑚𝑓

𝑑𝑡
= 𝛾𝐽𝐶𝑏                                                                                                    (4a) 161 

with 162 

𝛾 =
1

1 + exp (
Δ𝐸𝑏

𝑘𝐵𝑇
−

Δ𝐸𝑑

𝑘𝐵𝑇
−

𝐽
𝑘𝑚

)
                                                               (4b) 163 

 164 

Eq. 4a relates the fouling rate dmf/dt to the apparent collision frequency JCb, in which 165 

the apparent attachment coefficient γ takes account of the CP effect on fouling [27, 37]. 166 
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Correspondingly, the expression of γ (Eq. 4b) includes an additional term J/km in the 167 

exponent compared to that of the actual attachment coefficient α (Eq. 2). 168 

 169 

Eq. 4b shows the critical role of CP and thus mass transfer near the membrane surface 170 

on colloidal fouling. Colloidal particles near the membrane surface can migrate back 171 

(i.e., back-diffusion) to the bulk solution (Fig. 1) due to Brownian motion, lateral 172 

migration (i.e., inertial lift) and shear-induced diffusion [4, 28, 30]. Among the three 173 

back-diffusion mechanisms, Brownian diffusion is the most important for small 174 

colloids (<< 1μm), whereas lateral migration and shear-induced diffusion are important 175 

for particles in the micrometer range [4, 28, 29]. Since spiral wound modules of NF and 176 

RO membranes are not designed to treat large sized particles, we only consider the 177 

effect of Brownian diffusion in this study (for colloidal sizes ranging from 1 to 100 nm). 178 

Accordingly, the mass transfer coefficient km in Eq. 4b is given by [39, 44]: 179 

   180 

𝑘𝑚 =
𝐷

𝛿
                                                                                                (5) 181 

 182 

where D and 𝛿 are the Brownian diffusion coefficient and Boundary layer thickness, 183 

respectively. The mass transfer coefficient km is often estimated according to the 184 

geometry of the fluid channel [39, 44]. In a spacer-filled channel, the relationship 185 

between mass transfer coefficient and Brownian diffusion coefficient is given by [39, 186 

45, 46]: 187 

 188 
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𝑘𝑚 = 𝑆ℎ
𝐷

𝑑ℎ
                                                                                  (6) 189 

 190 

where 𝑑ℎ  is the hydrodynamic diameter of the channel, and the dimensionless 191 

Sherwood number Sh represents the ratio of convective to diffusive mass transport [45, 192 

47]. In the laminar flow regime, 𝑆ℎ in a rectangular flow channel can be determined 193 

by [45]: 194 

 195 

𝑆ℎ = 0.2 𝑅𝑒0.57 𝑆𝑐0.40                                                                (7) 196 

 197 

where the Reynolds number Re and Schmidt number Sc are given by the following 198 

expressions, respectively: 199 

 200 

𝑅𝑒 =
𝑢𝑑ℎ

𝜈
                                                                                    (8) 201 

 202 

𝑆𝑐 =
𝜈

𝐷
                                                                                        (9) 203 

 204 

where u is the crossflow velocity and 𝜈 is the kinematic viscosity (i.e., the ratio of 205 

viscosity μ of a fluid over its density ρ): 206 

 207 

𝜈 =
𝜇

𝜌
                                                                                        (10) 208 

 209 

Substituting Eqs. 7-10 into Eq. 6, one can obtain 210 
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 211 

𝑘𝑚 = 0.2
𝑢0.57𝜌0.17𝐷0.6

𝜇0.17𝑑ℎ
0.43                                                        (11) 212 

 213 

Eq. 11 clearly shows that the mass transfer coefficient km is dependent on crossflow 214 

velocity u, fluid viscosity μ and density ρ, Brownian diffusion coefficient D, and 215 

hydrodynamic diameter dh. Here the hydrodynamic diameter 𝑑ℎ  is related to the 216 

geometry of the spacer and it can be generally defined by [39, 47, 48], 217 

 218 

𝑑ℎ =
4𝜀𝑠𝑝

(2/ℎ𝑠𝑝) + (1 − 𝜀𝑠𝑝)𝑆𝑣,𝑠𝑝

                                         (12) 219 

 220 

where 𝜀𝑠𝑝, ℎ𝑠𝑝 and Sv,sp are the spacer porosity, the spacer thickness and the specific 221 

surface of the spacer, respectively.  222 

 223 

For a rhombus type mesh spacer, the 𝜀𝑠𝑝 and 𝑆𝑣,𝑠𝑝can be determined by [39] 224 

 225 

𝜀𝑠𝑝 = 1 −
𝜋𝑑𝑠𝑝

2

2𝑎𝑠𝑝ℎ𝑠𝑝 𝑠𝑖𝑛 𝜃𝑠𝑝
                                                    (13) 226 

𝑆𝑣,𝑠𝑝 =
4

𝑑𝑠𝑝
                                                                                (14) 227 

 228 

where 𝑑𝑠𝑝 is the spacer filament diameter, 𝑎𝑠𝑝 is the mesh size, and 𝜃𝑠𝑝 is the angle 229 

between adjacent filaments. 230 
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 231 

The Brownian diffusion coefficient D is related to the particle size dp by Stokes-Einstein 232 

relationship [38]: 233 

 234 

𝐷 =
𝑘𝐵𝑇

3𝜋𝜇𝑑𝑝
                                                                                   (15)     236 

 235 

The above mass transfer equations (Eqs. 11-15) in couple with CA theory (Eqs. 4a,b) 237 

can be implemented to model the role of colloidal size on Brownian diffusion 238 

coefficient, mass transfer coefficient and fouling. 239 

2.3 Colloidal interactions 240 

As shown in Fig. 2, particles transport towards membrane due to the permeate drag 241 

interaction, and those overcome the energy barrier ΔEb of foulant-membrane interaction 242 

can successfully attach onto the membrane [4, 27, 40]. Therefore, the interplay of the 243 

hydrodynamic drag interaction and the foulant-membrane interaction plays a key role 244 

in regulating the particle deposition and thus the fouling behavior [8, 13, 14, 27, 37].  245 

  246 

Fig. 2 Interactions acting on particles in colloidal attachment stage 247 
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 248 

The relationship between hydrodynamic drag interaction Δ𝐸𝑑 and colloidal particle 249 

size dp can be expressed based on the Stokes law [40]: 250 

 251 

Δ𝐸𝑑 = 3𝜋𝜇𝑑𝑝𝐽 × 𝑙𝑑 = 𝑐𝑑𝐽𝑑𝑝                (16) 252 

 253 

where the term 3𝜋𝜇𝑑𝑝𝐽  represents the permeate drag force on particle, ld is the 254 

displacement of the particle relative to the fluid, and cd is a proportionality coefficient 255 

characterizing the drag effect.  256 

 257 

For the particle-membrane interaction, the particle size dp can be related to the energy 258 

barrier ΔEb via XDLVO theory [31-33]. According to XDLVO theory, the total 259 

interaction energy UTOT for the foulant-membrane interaction is contributed by the 260 

Lifshitz-van der Waals interaction (ULW), Acid-Base interaction (UAB), and electrostatic 261 

interaction (UEL): 262 

 263 

𝑈𝑇𝑂𝑇(ℎ) = 𝑈𝐿𝑊(ℎ) + 𝑈𝐴𝐵(ℎ) + 𝑈𝐸𝐿(ℎ)          (17) 264 

 265 

In Eq. 17, UTOT is a function of the separation distance h between a colloid and 266 

membrane surface, and its maximum value can be taken as the energy barrier ΔEb (see 267 

Fig. 2). 268 

 269 

The LW, AB, and EL interactions in Eq. 17 can be further described by [33, 49-52]: 270 

 271 
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𝑈𝐿𝑊(ℎ) = 𝜋Δ𝐺ℎ0

𝐿𝑊
ℎ0

2

ℎ
× 𝑑𝑝                                      (18𝑎)           272 

 273 

𝑈𝐴𝐵(ℎ) = 𝜋𝜆Δ𝐺ℎ0

𝐴𝐵 exp (
ℎ0 − ℎ

𝜆
) × 𝑑𝑝                  (18b) 274 

 276 

𝑈𝐸𝐿(ℎ) =
𝜋𝜀𝑟𝜀0

2
(2𝜁𝑓𝜁𝑚ln

1+exp(−𝜅ℎ)

1−exp(−𝜅ℎ)
+ (𝜁𝑓

2 + 𝜁𝑚
2 ) ln(1 − exp(−2𝜅ℎ))) × 𝑑𝑝  (18c)  275 

 277 

where h0 is the minimum equilibrium separation distance (h0 = 0.158 nm), and λ is the 278 

decay length of AB interaction in water (λ = 0.6 nm). In addition, Δ𝐺ℎ0

𝐿𝑊and Δ𝐺ℎ0

𝐴𝐵are 279 

the LW and AB energy per unit area at the separation distance of h0, respectively. 𝜀𝑟𝜀0 280 

is the dielectric permittivity of the solution; 𝜁𝑓 and 𝜁𝑚 are the zeta potentials of the 281 

foulant and the membrane, respectively; and 𝜅 is the inverse of the Debye screening 282 

length [4].  283 

 284 

Eqs. 18a-18c clearly shows that all interaction energies, i.e., ULW, UAB, and UEL are 285 

proportional to the colloidal size dp. Therefore, the relationship between ΔEb and dp can 286 

be simplified by: 287 

 288 

Δ𝐸𝑏 = 𝑐𝐸𝑑𝑝                                      (19a) 289 

With 290 

𝑐𝐸 = 𝜋Δ𝐺ℎ0

𝐿𝑊
ℎ0

2

ℎ
+ 𝜋𝜆Δ𝐺ℎ0

𝐴𝐵 exp (
ℎ0 − ℎ

𝜆
)                                                                          291 

               +
𝜋𝜀𝑟𝜀0

2
(2𝜁𝑓𝜁𝑚ln

1 + exp(−𝜅ℎ)

1 − exp(−𝜅ℎ)
+ (𝜁𝑓

2 + 𝜁𝑚
2 ) ln(1 −exp(−2𝜅ℎ))) (19b) 292 
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 293 

where cE is the proportionality coefficient whose value is related to the membrane 294 

properties, colloidal characteristics, and solution chemistry. 295 

 296 

Eq. 16 and Eq. 19 coupled with the CA theory can be used to simulate the effect of 297 

particle size on fouling from aspect of the drag interaction and foulant-membrane 298 

interaction, respectively. 299 

 300 

2.4 Cake layer resistance 301 

According to CA theory, when foulant particles come near the membrane surface, they 302 

will frequently collide with the membrane surface followed by their attachment [27, 303 

37]. With more and more foulants attached to the membrane surface, a fouling cake 304 

layer is formed. This results in an additional hydraulic resistance, i.e., the cake 305 

resistance Rf, which decreases the membrane permeate flux under constant applied 306 

pressure. According to Darcy’s law [53], the permeate flux during membrane filtration 307 

can be given by: 308 

 309 

𝐽 =
𝛥𝑃

𝜇(𝑅𝑚 + 𝑅𝑓)
                                                                           (20) 310 

 311 

where 𝛥𝑃 is the applied pressure, 𝜇 is the solution viscosity, and 𝑅𝑚 is membrane 312 

inherent resistance. The cake resistance Rf is further related to foulant mass deposition 313 
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mf by specific cake resistance αf: 314 

 315 

𝑅𝑓 = 𝛼𝑓𝑚𝑓                                                                                     (21) 316 

 317 

It is widely accepted that the specific cake resistance αf generally exerts important roles 318 

in membrane fouling [34, 54, 55]. αf is very sensitive to the particle size dp, and can be 319 

estimated from the Carmen–Kozeny equation [41]: 320 

 321 

𝛼𝑓 =
180(1 − 𝜀𝑓)

𝜌𝑝𝜀𝑓
3𝑑𝑝

2
                                                                       (22) 322 

 323 

where 𝜀𝑓 is the porosity of the cake layer, and 𝜌𝑝 is the particle density. The above 324 

Carmen–Kozeny equation coupled with CA theory and the Darcy Law provides a 325 

framework to simulate the effect of colloidal size on fouling from the aspect of specific 326 

cake resistance. 327 

 328 

2.5 Algorithm procedures 329 

The model presented in Sections 2.1-2.4 can be implemented using a spreadsheet. The 330 

key parameters used for the simulation in the current study are listed in Table 1. The 331 

following algorithm procedures are applied in the simulation: 332 

1. For any given particle size dp, the value of mass transfer coefficient km, permeate 333 

drag interaction ΔEd, energy barrier ΔEb, and specific cake resistance αf can be 334 
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calculated via Eq. 11, Eq. 16, Eq. 19, and Eq. 22, respectively. 335 

2. Initial flux J0 can be obtained from Eq. 20 using (Rf )0 = 0 at constant applied 336 

pressure. Alternatively, if the initial value of J0 is specified, Eq. 20 can be used to 337 

find the required pressure. 338 

3. Once J0 is known, Eq. 4b and Eq. 4a can be used to determine the initial value of 339 

attachment coefficient γ and fouling rate dmf/dt, respectively. 340 

4. The increment of foulant mass deposition Δmf at each time step Δt can be estimated 341 

by (dmf/dt) ×Δt. 342 

5. With the new mf value, Eq. 21, Eq. 20, Eq. 4b and Eq. 4a can be adopted to update 343 

Rf, J, γ and dmf/dt, respectively.  344 

6. Step 3 – 5 can be repeated to determine water flux J over time. 345 

 346 

Table 1 Parameters for the simulation 347 

 Parameters Value Remarks 

Feed 

property 

Particle size, dp 1-100 nm Note a 

Foulant concentration, Cb 5 mg/L Ref. [14] 

Solution viscosity, μ 8.9 × 10-4 Pa·s Ref. [27] 

Operation 

conditions 

Crossflow velocity, u 20 cm/s Ref. [14] 

Absolute temperature, T 298.15 K Ref. [27] 

Initial water flux, J0 100 L/(m2·h)  

Membrane resistance, Rm 4.50 × 1013 m-1 Ref. [27] 

Cake  

property 

Cake porosity, εf 0.4 Note b 

Particle density, ρp 1.5×106 g/m3 Ref. [37] 

Specific cake resistance, αf 
180(1 − 𝜀𝑓)

𝜌𝑝𝜀𝑓
3𝑑𝑝

2
 Ref. [41]  

Spacer 

Filaments 

Spacer thickness, hsp 1.15 mm Ref. [27] 

Filament diameter, dsp 0.60 mm Ref. [27] 

Mesh size, asp 2.95 mm Ref. [27] 

Filaments intersection angle, θsp 90° Ref. [27] 

file:///C:/Users/whjun/Desktop/Monte%20carlo2018/新建%20Microsoft%20Excel%20工作表.xlsx%23RANGE!_ENREF_8
file:///C:/Users/whjun/Desktop/Monte%20carlo2018/新建%20Microsoft%20Excel%20工作表.xlsx%23RANGE!_ENREF_8


18 

 

Mass 

 transfer 

Diffusion coefficient, D 
𝑘𝐵𝑇

3𝜋𝜇𝑑𝑝
 [38] 

Mass transfer coefficient, km 
2.55×10-6 ~  

4.04×10-5m/s 
Note c 

Colloidal 

Interaction 

Unit energy, kBT 4.11 × 10-21 J  

Drag interaction, ΔEd 𝑐𝑑𝐽𝑑𝑝 Note d 

Energy barrier, ΔEb 𝑐𝐸𝑑𝑝 Note e 

Notes: aAn approximate geometric sequence of dp=1, 3, 10, 30, 100 nm is adopted in 348 

the simulation, which allows us to investigate over a wide range of colloidal size. bA 349 

fixed porosity of 0.4 is adopted based on the reports of humic acid [56-58] cThe value 350 

of mass transfer coefficient km is calculated according to the mass transfer 351 

considerations (Eqs. 11-15). dHydrodynamic drag interaction is determined through 352 

Stokes law (Eq. 16) with an empirical coefficient cd of 4.19× 10-9 adopted [27]. eEnergy 353 

barrier of foulant-membrane is calculated according to XDLVO theory (Eqs. 19a, b) 354 

with a constant cE of 0.5 applied in present study based on our previous works [27, 42]. 355 

fThe values of the main parameters are adopted according to our previous work on NF 356 

membrane fouled by humic acid [14, 27, 37]. 357 

 358 

3 Results and discussion 359 

In the following sub-sections, we simulate the role of colloidal size (dp = 1-100 nm) on 360 

fouling through its effect on specific cake resistance (Sec. 3.1), particle back-diffusion 361 

(Sec. 3.2), permeate drag interaction (Sec. 3.3), and foulant-membrane interaction (Sec. 362 

3.4) individually. For example, in Sec. 3.1, only the specific cake resistance is allowed 363 

to vary with the colloidal size while keep all other effects (back-diffusion, permeate 364 
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drag interaction, and foulant-membrane interaction) at their respective reference values. 365 

In the current study, these reference values were calculated at a fixed particle size of 10 366 

nm. This approach allows us to dissect the individual contribution by each competing 367 

mechanism. The combined effects of all mechanisms are then discussed in Sec. 3.5.  368 

 369 

3.1 Effect of specific cake resistance 370 

Fig. 3a exhibits variations of flux behavior for particle size ranging from 1 to 100 nm 371 

from the aspect of specific cake resistance. With an initial flux of 100 L/m2h (LMH), 372 

flux decline is more severe for smaller particles. For instance, the flux for dp = 1 nm 373 

reaches < 20 LMH at the end of 100-h filtration, while flux decline is nearly negligible 374 

for the case of dp = 100 nm. This difference can be attributed to the much greater 375 

specific cake resistance for the smaller particles according to the Carmen-Kozeny 376 

equation (Eq. 22), resulting in faster built-up of cake resistance (Fig. 3b) despite of a 377 

slower foulant accumulation (Fig. 3c). This result is supported by experimental studies 378 

that cake layers formed by small colloids were generally denser with greater specific 379 

cake resistance [54, 55].   380 

 381 

In this set of results, the shape of fouling rate curves (Fig. 3c) generally mirrors that of 382 

flux curves (Fig. 3a). With the same initial flux, both collision frequency (JCb) and 383 

attachment coefficient (γ) are identical among the different particle sizes at the 384 

beginning of filtration, assuming that the back-transport of particles, the hydrodynamic 385 

drag, and foulant-membrane interactions are not affected by particle size. As fouling 386 
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progresses, the faster flux decline for smaller particles results in both reduced collision 387 

frequency as well as the attachment coefficient, such that particles of 1 nm size will 388 

have the lowest rate of mass deposition at a longer fouling duration (Fig. 3c). 389 

Nevertheless, the slower rate of mass deposition is overweighed by the effect of specific 390 

cake resistance, causing an overall more rapid flux decline for smaller particles. It is 391 

also worthwhile to note that, for cases with less stable water flux (e.g., dp < 10 nm in 392 

Fig. 3a), the flux first experiences a rapid initial decline but becomes more stable at a 393 

longer time of filtration. This self-stabilization behavior, underpinned by the rapidly 394 

reduced foulant deposition rate (Fig. 3c), has been widely documented for experiments 395 

performed under constant pressure conditions [8, 13, 14]. 396 

 397 

398 



21 

 

399 

 400 

Fig. 3 Effect of colloidal particle size on fouling from the aspect of specific cake 401 

resistance. The dependence of αf on dp is determined according to Eq. 22. The value of 402 

D, km, ΔEd and ΔEb are fixed at 4.91 × 10-11 m2/s, 1.02 × 10-5 m/s, 4.19 × 10-17× J and 403 

5kBT, respectively. See other parameters in Table 1. 404 

 405 

3.2 Effect of particle back-transport 406 

Fig. 4 presents the effect of particle size on fouling from the aspect of particle back-407 
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diffusion. Contrary to the simulation results from the cake resistance aspect (Fig. 3a), 408 

larger colloidal size introduces a faster flux decline from the aspect of mass transfer 409 

coefficient (Fig. 4a). For example, the 100-nm colloids result in approximate 70% flux 410 

loss after 100 h filtration compared to approximately 15% loss for the 1-nm colloids 411 

over the same period. Fig. 4b presents the role of particle size on Peclet number (Pe), 412 

i.e., the ratio of permeate flux (J) to mass transfer coefficient (km). A larger Pe reflects 413 

a lower degree of diffusion compared convection and a more severe CP, and thus it is 414 

an important parameter for membrane fouling [5, 30]. At dp = 1 nm, Pe is less than 1, 415 

revealing a low level of CP. Pe increases with the increasing colloidal size, which is 416 

attributed to the decreased Brownian diffusion coefficient (Eq. 15) and thus decreased 417 

mass transfer coefficient (Eq. 11). When colloidal size increases to 100 nm, Pe is larger 418 

than 10 at the beginning of filtration, inducing a high level of CP and therefore faster 419 

foulant mass deposition (Fig. 4c) and flux loss (Fig. 4a). Indeed, the shape of fouling 420 

rate curves (Fig. 4c) somewhat resembles that of the Pe curves (Fig. 4b) since the 421 

attachment coefficient γ is directly related to Pe (Eq. 4b). Our results highlight the key 422 

role of mass transfer on fouling, which echoes the existing literature on the importance 423 

of enhanced mass transfer (e.g., through spacer optimization) for fouling mitigation [39, 424 

45, 46, 48].  425 

   426 
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427 

428 

 429 

Fig. 4 Effect of colloidal particle size on fouling from the aspect of particle back-430 
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diffusion and mass transfer coefficient. The dependence of D and km on dp is determined 431 

according to Eq. 15 and Eq. 11, respectively. The value of αf, ΔEd and ΔEb are fixed at 432 

1.13 × 1013 m/g, 4.19 × 10-17× J and 5kBT, respectively. See other parameters in Table 433 

1. 434 

 435 

3.3 Effect of hydrodynamic drag interaction 436 

The simulation results are present in Fig. 5 for effect of particle size on fouling from 437 

the aspect of hydrodynamic interaction. Overall, more severe fouling happens with 438 

larger colloidal size. Specifically, for colloidal size of 1 nm with an initial flux of J0=100 439 

LMH, the flux decreases by approximately 30% after 100 h filtration (Fig. 5a). When 440 

the colloid size increases to 100 nm, the flux drops to half of the initial flux, indicating 441 

a more severe fouling. This more severe flux loss is due to the greater permeate drag 442 

interaction ΔEd (Fig. 5b). Since the permeate drag force is directly proportional to the 443 

particle size according to the Stokes Law, the initial drag interaction ΔEd for dp=100 nm 444 

is two orders of magnitude larger than that for dp=1 nm. This larger ΔEd results in 445 

increased attachment coefficient γ (Eq. 2), which in turn promotes faster foulant mass 446 

deposition (Fig. 5c) and flux decline (Fig. 5a).  447 

 448 
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449 

450 

 451 

Fig. 5 Effect of colloidal particle size on hydrodynamic interaction and fouling. The 452 
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dependence of ΔEd on dp is determined by Eq. 16, and an empirical coefficient cd of 453 

4.19× 10-9[27] is adopted. The values of αf, D, km, and ΔEb are fixed at 1.13 × 1013 m/g, 454 

4.91 × 10-11 m2/s, 1.02 × 10-5 m/s, and 5 kBT, respectively. See other parameters in Table 455 

1. 456 

 457 

3.4 Effect of foulant-membrane interaction 458 

From the aspect of foulant-membrane interaction ΔEb, much severe fouling occurs for 459 

the colloidal foulant with small-sized (i.e., dp =1 and 3 nm, Fig. 6a), which is attributed 460 

to their weak energy barrier (Fig. 6b). Increased dp from 3 nm to 10 nm can obviously 461 

alleviate fouling due to the substantially increased ΔEb (Fig. 6b) and thus the decreased 462 

fouling rate by orders of magnitude (Fig. 6c). When the particle size increased to 30 nm 463 

or above, no obvious flux decline happens over the entire fouling duration of 100 h. 464 

Our simulation results indicate that the energy barrier ΔEb is highly sensitive to the 465 

particle size, leading to a critical influence on the fouling rate and water flux decline. 466 

Our result supports the previous experimental reports that large-size colloidal foulants 467 

have more significant impact on colloid-surface interaction compared to the small-size 468 

ones [11, 16].  469 

  470 
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471 

472 

 473 

Fig. 6 Effect of colloidal particle size on foulant-membrane interaction and fouling. The 474 
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dependence of ΔEb on dp is determined by Eq. 19, with a constant cE of 0.5 adopted. 475 

The values of αf, D, km, and ΔEd are fixed at 1.13 × 1013 m/g, 4.91 × 10-11 m2/s, 1.02 × 476 

10-5 m/s, and 4.19 × 10-17× J, respectively. See other parameters in Table 1. 477 

 478 

In this series of simulation, no obvious flux decline happens when the particle size is 479 

larger than 30 nm (Fig. 6a). Such pseudo-stable flux behavior is consistent with the 480 

concept of critical flux [30, 59-61] (or limiting flux [14, 27, 40]): negligible fouling 481 

occurs if the flux is below a threshold value. It is important to note that the critical flux 482 

is strongly affected by foulant-membrane interaction [4, 14, 62]. Previously, Tang et al. 483 

[14, 40] proposed a simple conceptual model based on the principle of force balance 484 

(i.e. the hydrodynamic drag force balanced by the foulant-membrane interaction force) 485 

to interpret the existence of maximum pseudo-stable flux (i.e., the critical flux) during 486 

membrane filtration. The present study relates the pseudo-stable flux behavior to energy 487 

barrier via the effect of ΔEb on the attachment coefficient γ (Eq. 4b). According to the 488 

XDLVO theory, the increased particle size (from 1-100 nm) can effectively increase the 489 

energy barrier of foulant-membrane (Fig. 6b), which provides strongly barrier 490 

preventing particle deposition. At a very high energy barrier, the attachment coefficient 491 

γ approaches to nearly zero, resulting in negligible foulant deposition (Fig. 6c).  492 

 493 

3.5 Combined effect 494 

In Sec.3.1-3.4, the effect of particle size on specific cake resistance, diffusion, 495 
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hydrodynamic drag interaction, and foulant-membrane interaction is individually 496 

assessed. Increasing particle size would decrease the specific cake resistance and 497 

increase the foulant-membrane interaction, both tend to mitigate membrane fouling. On 498 

the other hand, the reduced Brownian diffusion coefficient and increased hydrodynamic 499 

drag for larger particles tend to promote membrane fouling. Therefore, it is important 500 

to assess the combined effect of these competing mechanisms. Fig. 7 presents the 501 

dynamics of fouling as a function of particles size under the influence of all the four 502 

competing mechanisms following the simulation conditions specified in Table 1. Much 503 

severe fouling occurs with the smaller particle sizes (e.g., 1 and 3 nm), while fouling is 504 

milder for dp = 10 nm and is nearly negligible for dp = 30 nm and 100 nm. These results 505 

reveal the dominant role of specific cake resistance and foulant-membrane energy 506 

barrier compared to hydrodynamic drag interaction and Brownian diffusion (back-507 

migration). Our study implies the critical role of the control of size particle, e.g., via 508 

pretreating the feed water to remove small particle fractions. In practice, the use of 509 

coagulation prior to membrane process has been shown to successfully mitigate 510 

colloidal fouling [63-65], which is consistent with our simulation results.  511 

 512 
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 513 

Fig. 7 Effect of colloidal particle size on fouling when all the four effects (i.e., specific 514 

cake resistance, back-diffusion, drag interaction and energy barrier) simultaneously 515 

change. The dependence of αf, D, km, ΔEd and ΔEb on dp are determined by Eq. 22, Eq. 516 

15, Eq. 11, Eq. 16 and Eq. 19, respectively. See other parameters in Table 1. 517 

 518 

It is important to note that the results in Fig. 7 assume that the specific cake layer 519 

resistance follows the Carmen–Kozeny equation (Eq. 22). In reality, the dependence of 520 

the specific cake layer resistance on particle size could be much weaker due to irregular 521 

packing of particles and non-spheric particles shapes. To provide additional insights 522 

into the governing mechanism(s) for colloidal fouling dynamics, we further simulated 523 

a case by fixing the specific cake layer resistance while allowing diffusion, 524 

hydrodynamic drag interaction, and foulant-membrane interaction to vary as a function 525 

of particle size. Despite the suppressed effect of the specific cake layer resistance, Fig. 526 

8a still shows more severe fouling for smaller particles. The simulation results of Fig. 527 

8a reveal the dominant role of foulant-membrane interaction in resistant colloidal 528 
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deposition on membranes. According to the XDLVO theory (Eq. 19a), the energy 529 

barrier resulting from colloid-membrane interaction is directly proportional to the 530 

colloidal size (ΔEb = cE dp, with a cE value of 0.5 adopted as a reference value, see Table 531 

1). Therefore, the 100-nm colloids offer much more repulsive interaction, i.e., greater 532 

ΔEb value, compared to the 1-nm colloids, which dominates over the effect of back-533 

diffusion and drag interaction and thus leads to a stable flux behavior.   534 

 535 

536 

537 
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 538 

Fig. 8 Effect of colloidal particle size on fouling when the specific cake resistance is 539 

fixed (αf = 1.13 × 1013 m/g) and the other three effects (i.e., back-diffusion, drag 540 

interaction and energy barrier) simultaneously change. The proportionality coefficient 541 

cE for the energy barrier is taken as (a) 0.5, (b) 0.1, and (c) 0.01. The dependence of D, 542 

km, ΔEd and ΔEb on dp are determined by Eq. 15, Eq. 11, Eq. 16 and Eq. 19, respectively. 543 

See other parameters in Table 1.  544 

 545 

An important practical consideration is that the foulant-membrane interaction can be 546 

greatly affected by the solution chemistry. For example, the electrostatic repulsion 547 

between humic acid and a fouled membrane surface could be severely suppressed at 548 

lower solution pH, higher ionic strength, or with the addition of calcium in the solution, 549 

resulting in weakened foulant-membrane interaction [40, 66]. Similar effect of solution 550 

chemistry has also been reported for membrane fouling by alginate, proteins, and other 551 

charged foulants [8, 67, 68]. To cater for possible unfavorable solution chemistry, we 552 

also simulated cases of weaker foulant-membrane interaction by adopting smaller cE 553 
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values (i.e., cE = 0.1 in Fig. 8b and 0.01 in Fig. 8c). In general, the weakened energy 554 

barrier, represented by smaller cE values, leads to more severe flux loss, which is 555 

consistent with numerous experimental observations [8, 13, 31, 40, 69]. However, the 556 

larger particles are more severely affected by the reduced cE value. At cE = 0.1 (Fig. 8b), 557 

particles of 1 nm and 10 nm show nearly identical flux decline curves, which indicate 558 

that the effect of back-diffusion and drag interaction start to be as important as the effect 559 

of foulant-membrane interaction. For an even weaker foulant-membrane interaction (cE 560 

= 0.01, Fig. 8c), the order of the three fouling curves is reversed, with larger particles 561 

showing the greatest flux loss. Although this trend is completely opposite to the one 562 

shown in Fig. 8a, the results can be reconciled considering the predominant effect of 563 

drag interaction and back-diffusion when foulant-membrane interaction is severely 564 

weakened. In this case, smaller particles are favored due to their greater Brownian 565 

diffusion and smaller hydrodynamic drag force, both tend to reduce fouling. 566 

 567 

In the classical review paper by Bacchin et al. [28], it was noted that particles in the 568 

intermediate size range (dp on the order of 100 nm) would be most prone to fouling, 569 

with larger particles benefiting from shear-induced diffusion and lateral migration while 570 

smaller particles favoring greater Brownian diffusion. In the current study, the effect of 571 

shear-induced diffusion and lateral migration is not investigated since only particles of 572 

100 nm or smaller are considered. The results in Fig. 8c are consistent with Bacchin et 573 

al. [28] in that the greater Brownian diffusion of the smaller particles can lead to less 574 

flux decline when the foulant-membrane interaction is negligible. However, this trend 575 
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may not be applicable when strong repulsive foulant-membrane interaction prevails. As 576 

predicted by Bacchin et al. [28] and many other studies [14, 37, 62], fouling behavior 577 

can be greatly affected by the foulant-membrane interaction. Indeed, our study shows 578 

that particles of 100 nm can have much stable water flux compared to particles of 579 

smaller sizes under moderate to strong foulant-membrane interaction (Fig. 8a,b). 580 

Although this trend appears to be counter-intuitive, it can be readily explained by the 581 

direct dependence of energy barrier on particle size.   582 

 583 

In the field of membrane technology, a key milestone to comprehend the colloidal 584 

fouling is the concept of critical flux theory, which states that there is minimal flux 585 

decline when the operation flux is below a critical value [30, 59-61] (also see Sec. 3.4). 586 

According to the CA theory, the critical flux Jc can be operationally defined as the water 587 

flux with a very small fouling rate [42, 70]. To further reveal the role of colloidal size 588 

on membrane fouling, we plot the critical flux as a function of particle size under 589 

different cE value using a threshold dmf/dt of 1.0 μg/(m2·s) [42] (Fig. 9). At cE = 0.5, 590 

low Jc (< 40 LMH) is observed when particle size is less than 10 nm. However, 591 

increased particle size from 10 to 100 nm leads to substantially increased critical flux 592 

as a result of the dominate role of foulant-membrane interaction compared to the 593 

diffusion and drag interaction. With a dp of 100 nm, the value of Jc is as high as 320 594 

LMH. Our simulation reveals the critical role of particle size on critical flux. For a 595 

moderate cE of 0.1, much lower critical flux is obtained (e.g., 43 LHM for dp =100 nm) 596 

due to the weaker energy barrier. Our results highlight the importance of foulant-597 
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membrane interaction (which is strongly affected by solution chemistry) on critical flux, 598 

which is consistent with the previous reports [14, 42, 70].   599 

 600 

 601 

Fig. 9 Effect of particle size on critical flux at cE = 0.5 and 0.1. A threshold fouling rate 602 

of 1.0 μg/(m2·s) is adopted. The specific cake resistance is fixed (αf = 1.13 × 1013 m/g) 603 

and the other three effects (i.e., back-diffusion, drag interaction and energy barrier) are 604 

allowed to change simultaneously. The dependence of D, km, ΔEd and ΔEb on dp are 605 

determined by Eq. 15, Eq. 11, Eq. 16 and Eq. 19, respectively. See other parameters in 606 

Table 1.  607 

 608 

The role of particle size on fouling is further complicated by the effect of the initial 609 

water flux. Fig. 10 presents simulations for additional initial fluxes of 30 LMH and 300 610 

LMH for a moderate foulant-membrane interaction (cE = 0.1). Although the effect of 611 

particle size was obvious for lower initial fluxes (30 LMH in Fig. 10a and 100 LMH in 612 
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Fig. 8b), it becomes less discernable for an initial flux of 300 LMH (Fig. 10b). While 613 

foulant-membrane interaction plays a dominant role in the former cases, the effect of 614 

permeate drag and concentration polarization become so severe at the initial flux of 300 615 

LMH, which greatly destabilizes the 100-nm particles despite the existence of a large 616 

ΔEb value.  617 

 618 

The current study may provide important implications for membrane operation. In view 619 

of the severe fouling tendency under high membrane flux regardless of the particle size 620 

(Figure 10), elevated flux levels should be strictly avoided. In addition, adjustment of 621 

water chemistry may be considered to promote more repulsive foulant-membrane 622 

interactions to reduce fouling propensity. Under these conditions (strong foulant-623 

membrane repulsion and low to moderate flux), the current study reveals more stable 624 

flux for larger particles. Our study underpins the effectiveness of pretreatment (e.g., 625 

water chemistry adjustment and coagulation) for effective fouling mitigation.    626 

 627 

628 
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 629 

Fig. 10 Effect of colloidal particle size on fouling at initial flux of (a) 30 and (b) 300 630 

LMH. The specific cake resistance is fixed (αf = 1.13 × 1013 m/g) and the other three 631 

effects (i.e., back-diffusion, drag interaction and energy barrier) simultaneously change. 632 

A moderate foulant-membrane interaction is assumed (cE = 0.1). The dependence of D, 633 

km, ΔEd and ΔEb on dp are determined by Eq. 15, Eq. 11, Eq. 16 and Eq. 19, respectively. 634 

The other parameters are presented in Table 1. 635 

 636 

4 Conclusion and implications 637 

This study comprehensively explores the effects of particle size (dp = 1-100 nm) on 638 

fouling dynamics. Larger particle size increases the hydrodynamic drag and reduces the 639 

Brownian diffusion, which tends to promote fouling. On the other hand, the reduced 640 

specific cake resistance and enhanced foulant-membrane interaction of larger particles 641 

tends to mitigate fouling. Therefore, the compound effect of particle size is a result of 642 

these competing mechanisms. Our study highlights a much more stable flux behavior 643 
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for the larger particles when strong foulant-membrane repulsion prevails even if the 644 

effect of specific cake resistance is ignored, which attributes to the strong dependence 645 

of the energy barrier on particle size. Nevertheless, the compound effect of particle size 646 

on flux decline can be weakened or even reversed for less repulsive foulant-membrane 647 

interaction. Our simulation results reconcile the contradictory experimental 648 

observations of the effect of particle size on colloidal fouling and provide important 649 

insights for developing strategies for fouling mitigation. 650 

 651 

Our study may have important implications for mitigating colloidal fouling. In practical 652 

applications, the dominated mechanism for fouling is strongly affected by colloidal 653 

properties, membrane properties, solution chemistry, as well as operational conditions. 654 

For instance, membrane surface modification [2, 69, 71, 72] as well as water chemistry 655 

control [31, 42] can significantly enhance foulant-membrane energy barrier. Lower flux 656 

can be adopted to reduce CP and hydrodynamic drag [13, 14, 27], while spacer 657 

optimization can promote mass transfer with reduced CP [39, 45, 48]. Pretreatment of 658 

feedwater can also be adopted to not only control the distribution of particle size but 659 

also alter the properties of cake layer [65, 73, 74]. Future studies need to optimize 660 

fouling control strategies in accordance with the prevailing fouling mechanism(s). 661 
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