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ABSTRACT 23 

The initial behavior of colloidal fouling is governed by foulant-clean-membrane 24 

interaction (F-M), and its long-term behavior is determined by foulant-fouled-25 

membrane interaction (F-F). Nevertheless, the transitional fouling behavior from F-M 26 

to F-F has not been fully understood. This study reports a novel collision attachment 27 

(CA)-Monte Carlo (MC) approach, with the stochastic colloid-membrane collision 28 

events modelled by MC and the probability of colloidal attachment to the membrane 29 

determined by the interplay of flux and the energy barrier arising colloid-membrane 30 

interaction (Em for F-M and Ef for F-F). The long-term membrane flux remains stable 31 

for large Ef, whereas severe fouling occurs when both Em and Ef are small. Our study 32 

reveals the existence of a metastable flux behavior for the combination of large Em but 33 

small Ef. The time evolution of flux behavior and colloidal deposition pattern shows a 34 

nearly constant flux for an extended period, with the high energy barrier Em retarding 35 

initial colloidal deposition. However, accidental random deposition of a colloidal 36 

particle could reduce the local energy barrier (towards the smaller Ef), seeding for 37 

further colloidal deposition in its vicinity. This initiates an uneven patch-wise fouling 38 

and eventually leading to a complete transition to F-F dominated behavior. The 39 

metastable period can be effectively extended by increasing the energy barrier (Em or 40 

Ef) or lowering flux, which provides important implications to membrane design and 41 

operation.  42 

  43 
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INTRODUCTION 44 

Reverse osmosis (RO) and nanofiltration (NF) are widely used in desalination,1, 2 water 45 

reuse,3, 4 and industrial wastewater treatment.5, 6 However, their applications are often 46 

restricted by membrane fouling. Colloidal particles, including organic macromolecules 47 

such as humic acid (HA), proteins, and polysaccharides,7 are important foulants in RO 48 

and NF processes.8 It has been generally agreed that colloidal fouling is governed by 49 

the interplay of hydrodynamic forces and foulant-membrane interactions.8-10 As a 50 

notable example, Field et al. and Bacchin et al.11-14 studied the role of permeate flux 51 

and formulated the concept of critical flux below which little fouling occurs. Solution 52 

chemistry15-17 and membrane properties18, 19 are equally important via their influence 53 

on foulant-membrane interactions.20-22 For example, membrane surfaces are often 54 

designed to be more hydrophilic to impart better antifouling performance, thanks to the 55 

suppressed foulant-membrane hydrophobic attraction.18, 19 56 

 57 

An interesting phenomenon in fouling is the transition from foulant-clean-membrane 58 

interaction (F-M) to foulant-fouled-membrane interaction (F-F). Although the initial 59 

fouling of a clean membrane is governed by F-M, it transits into F-F upon the complete 60 

coverage of the membrane surface by a foulant layer.8, 23 Several experimental studies 61 

performed under constant pressure conditions reveal that the water flux could remain 62 

relatively stable for an extended period (hours to days) before the occurrence of a 63 

substantial and continued flux decline.19, 24-27 This metastable behavior appears to be 64 
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more salient for a membrane with smoother and more hydrophilic surface compared to 65 

other membranes with poorer antifouling properties.27 Considering a membrane with 66 

an excellent antifouling surface, it would presumably maintain a relatively stable flux 67 

behavior as a result of strong F-M repulsive interaction (i.e., greater energy barrier for 68 

colloidal particle attachment).8 Nevertheless, any accidental deposition of foulant at a 69 

particular location would condition the membrane surface locally, potentially shifting 70 

the localized interaction into a less repulsive or even attractive F-F interaction.10 This 71 

results in a reduction in the energy barrier to initiate the propagation of fouling, in a 72 

way analogous to the role of nucleation to crystallization28, 29.  73 

 74 

Despite its fundamental importance and practical significance with respect to 75 

membrane design, process operation, and fouling control, a theoretical framework on 76 

such transitional fouling behavior is yet to be established. Due to the stochastic nature 77 

of this transition, deterministic models based on traditional approaches (e.g., Navier-78 

Stokes equation30 and force balance22) may not work. In the current study, we report a 79 

Monte Carlo (MC)-based approach to describe the random movements of colloidal 80 

particles. Although MC has been successfully applied to simulate membrane pore 81 

blocking,31-33 cake formation/structure31, 34, 35 and phase transition,36 it has been seldom 82 

used to study the F-M to F-F transitional fouling behavior. To enable the simulation of 83 

the random deposition of colloidal particles on a membrane surface, we further adopt 84 

the collision-attachment (CA) model,37 in which the frequency of particle collision 85 
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events is simulated by the MC approach and the probability for successful particle 86 

attachment for any given collision event is assessed based on the classical Boltzmann 87 

distribution theory38. The coupled CA-MC approach is able to describe the fine details 88 

of the transitional fouling behavior, underpinning the theoretical existence of 89 

metastable flux and revealing its dependence on foulant-membrane interactions and 90 

operational conditions. Our findings provide important guidelines and new directions 91 

for fouling control.  92 

 93 

THEORY 94 

Membrane fouling can be idealized as a collision-attachment process: (1) colloidal 95 

particles transport towards a membrane surface, leading to their collisions with the 96 

surface, and (2) the attachment of the colloidal particles onto the surface.37, 39, 40 Based 97 

on the classical CA theory, the rate of colloidal particle deposition is given by the 98 

product of the frequency of colloidal particle collision events and the probability of 99 

successful attachment for each collision event. The CA theory has been widely adopted 100 

for modelling particle-particle attachment (e.g., in the field of coagulation 41, 42). It has 101 

been recently adapted for modelling membrane fouling, recognizing a membrane 102 

surface as an infinitely large and stationary particle.37 To model the stochastic process 103 

of colloidal particle transport and attachment during membrane filtration under constant 104 

pressure, a two-dimensional (2D) CA-MC simulation is used in this study. Specifically, 105 

the CA-MC simulation involves the following key aspects: (1) colloidal particle 106 
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transport in the vicinity of the membrane surface (i.e., the MC simulation of the 107 

transport and collision events); (2) colloidal particle attachment based on the interplay 108 

between hydrodynamic conditions and foulant-membrane interaction (i.e., the CA 109 

model); and (3) the response in permeate flux as a result of membrane fouling.  110 

 111 

Since RO membranes are not designed to treat large particles (which are removed 112 

during the pre-treatment steps), this study only considers colloidal particles whose sizes 113 

are << 100 nm. In this case, the diffusion of the colloidal particles are mainly caused 114 

by their Brownian motion,8, 43 while the effects of inertial lift and shear-induced 115 

diffusion are negligible.9, 44, 45  116 

 117 

MC simulation of colloidal particle transport. A feed flow channel (with length L 118 

and boundary layer thickness δ) is evenly divided into n segments along its length 119 

(Supporting Information S1.1). Colloidal particle transport is governed by the 120 

convection in the transverse direction (caused by the crossflow velocity u in the x 121 

direction), the convection towards the membrane surface (caused by the localized 122 

velocity v in the -z direction), and their random diffusion (Supporting Information S1.2). 123 

Therefore, the displacement of the colloidal particle in horizontal direction Δx and 124 

vertical direction Δz within a short time step of Δt can be obtained by: 125 

Δ𝑥 = 𝑢Δ𝑡 + √2 × 2𝐷Δ𝑡 sin 𝜃                                                                      (1a)         126 

Δ𝑧 = −𝑣Δ𝑡 + √2 × 2𝐷Δ𝑡 cos 𝜃                                                                  (1b)        127 
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where D is the diffusion coefficient that can be calculated by the Stokes-Einstein 128 

relationship,46 with the term √2×2DΔt accounts for the colloidal particle diffusion in 129 

a 2D plane.47 Furthermore, the term θ is a randomly generated angle (0 - 2π) for 130 

modelling of the “random walk” of the colloidal particle, which resolves the random 131 

walking distance into the horizontal and vertical components (√2×2DΔt sin𝜃  and 132 

√2×2DΔt cos𝜃, respectively). It is worthwhile to note that the vertical velocity v can 133 

be estimated according to the local water flux (Supporting Information S1.3). 134 

 135 

CA modelling of colloidal particle attachment. The MC simulation can be used to 136 

determine the collision events. With the membrane placed at z = 0, a collision is 137 

recognized when the value of z turns to negative (Supporting Information S1.4). The 138 

probability of successful attachment can be described by the Boltzmann distribution:37 139 

𝑁𝑎

𝑁𝑏
=

1

exp (
Δ𝐸
𝑘𝐵𝑇

)
                                                                                     (2) 140 

where Na and Nb denote the fraction of attached and unattached colloidal particles, 141 

respectively, for the collision events; kB and T are the Boltzmann’s constant and the 142 

absolute temperature, respectively. The term E is the difference in potential energy 143 

between the attached vs. non-attached states. In the context of membrane fouling, E 144 

is contributed by (1) the energy barrier Eb arising from foulant-membrane interaction, 145 

and (2) the hydrodynamic interaction caused by the drag force exerted on the colloidal 146 

particle under the flux J.37 Therefore, the probability of successful foulant attachment 147 

α is given by:37 148 
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𝛼 =
𝑁𝑎

𝑁𝑎 + 𝑁𝑏
=

1

1 + exp (
Δ𝐸𝑏 − 𝛽𝐽

𝑘𝐵𝑇
)

                                                  (3) 149 

 150 

Eq. 3 shows that colloidal particles need to overcome the energy barrier ΔEb in order to 151 

achieve a successful attachment. The value of energy barrier is given by F-M interaction 152 

(ΔEb = Em) for a clean membrane or F-F interaction (ΔEb = Ef) for a membrane 153 

completely covered by foulants (also see Supporting Information S1.5 for the treatment 154 

of partially fouled membranes). The value of ΔEb is highly dependent on colloidal 155 

characteristics, membrane properties as well as solution chemistry,8 and it can be 156 

determined theoretically (e.g., using DLVO or XDLVO theory 48-51) or experimentally 157 

(e.g., by interaction force measurement using atomic force microscope 21, 52-54). A 158 

greater ΔEb resists particle deposition, i.e., leading to smaller probability of particle 159 

attachment. The term 𝛽𝐽  in Eq. 3 arises from the effect of hydrodynamics drag 160 

interaction acting on the colloidal particle, where  is a proportionality coefficient that 161 

is governed by the drag coefficient.37 A larger water flux J can provide greater permeate 162 

drag to overcome the energy barrier, which promotes colloidal deposition.   163 

 164 

As a result of a collision-attachment event, a colloidal particle may disappear from the 165 

feed stream and attach to the membrane surface. In this case, the deposited colloidal 166 

particle will modify the local permeability of the membrane (see the section “Permeate 167 

flux model”) as well as change the localized energy barrier (see Supporting Information 168 

S1.5). In the event of an unsuccessful attachment, the colloidal particle will remain in 169 
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the feed stream, in which case we assume an elastic bouncing (by resetting its new 170 

vertical position as |z|, see Supporting Information S1.4).    171 

 172 

Permeate flux model. The membrane water flux J can be described by:55 173 

𝐽 =
Δ𝑃

𝜇(𝑅𝑚 + 𝑅𝑓)
                                                                                                  (4) 174 

where ΔP is the applied pressure; μ is the solution viscosity; and Rm is the hydraulic 175 

resistance of the clean membrane. The foulant resistance Rf is related to the number of 176 

attached colloidal particles Nf and the specific cake layer resistance αN: 177 

𝑅𝑓 = 𝛼𝑁𝑁𝑓                                                                                                             (5)    178 

 179 

By combining the permeate flux model with the CA-MC approach, the stochastic 180 

process of colloidal transport and attachment as well as the membrane flux behavior 181 

can be modelled. The detailed simulation procedures are presented in Supporting 182 

Information S1.6, with the typical simulation parameters given in Table 1. 183 

  184 
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Table 1. Simulation parameters 185 

  Parameters Value Remarks 

Particle 

properties 

Particle size, dp 2.0 ×10-8 m Ref. 37 

Particle density, ρ 1.5×106 g/m3 See notea 

Particle mass, mp ρπdp
3/6 In g/# 

Solution 

properties 

Absolute temperature, T 298.15 K (25°C) Ref. 10
 

Solution viscosity, μ 8.9 ×10-4 Pa.s Ref. 10
 

Foulant mass concentration, Cb 5.0 g/m3 Ref. 10 

Particle number concentration, Cn Cb/mp In #/m3 

Operation  

conditions 

Applied pressure, ΔP 0.2-2.0 MPa  

Crossflow velocity, u 0.2 m/s Ref. 37  

Membrane intrinsic resistance, Rm 4.5×1013 m-1 Ref. 37 

Specific cake resistance, αN αf ×mp  See noteb 

Water permeate flux, J ΔP/ (Rm+αN ×Nf)  Eqs. 4 & 5 

Diffusion 
Boltzmann's constant, kB 1.38 ×10-23 J/K  

Diffusion coefficient, D kBT/3πμdp Ref. 46 

Energy 

Unit energy, kBT 4.11×10−21 J  

Energy barrier, ΔEb 0-12 kBT See notec 

Drag energy coefficient, β 4.19×10-9 × dp Ref. 37 

Channel  

dimension 

Boundary thickness, δ 5.0 ×10-6 m   Ref. 10, 37 

Boundary length, L 5.0 ×10-5 m  

Length of each region, Le  1.0 ×10-6 m  

Simulation 

time 

Time step, Δt 5.0 ×10-3 s  

Maximum particle lifetime, tmax D×(exp(δJ/D)-1)/J2 
See Supporting 

Information S3 

Notes:  186 

a. The value of mp was adopted according to the previous reports on particle density for humic acid 187 

(HA).56 188 

b. αN (in m/#) was determined via αf (also the specific cake resistance in m/g), and in this study αf = 189 

3.0×1013 m/g was applied according to Ref. 37  190 

c. The energy barrier is given by F-M interaction (Em) for a clean membrane, F-F interaction (Ef) 191 

for a severely fouled membrane, and their hybrid during the fouling transition (see Supporting 192 

Information S1.5). 193 

 194 

MODEL VALIDATION 195 

In this study, we validate the CA-MC simulation by (1) comparing the particle 196 

file:///C:/Users/whjun/Desktop/Monte%20carlo2018/新建%20Microsoft%20Excel%20工作表.xlsx%23RANGE!_ENREF_9
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
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
file:///C:/Users/whjun/Desktop/Monte%20carlo2018/新建%20Microsoft%20Excel%20工作表.xlsx%23RANGE!_ENREF_9
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concentration polarization (CP) behavior obtained from our simulation with a 197 

theoretical model,37 and (2) comparing the simulated flux behavior with experimental 198 

data.  199 

 200 

The degree of CP at a distance of z away from the membrane surface is given by (see 201 

Supporting information S2 and Ref.37): 202 

𝐶𝑧 − 𝛼𝐶𝑚

𝐶𝑛 − 𝛼𝐶𝑚
= exp (

𝐽

𝐷
(𝛿 − 𝑧))                                                            (6) 203 

where Cn, Cm and Cz are the particle concentration in bulk flow, near the membrane 204 

surface and at a distance z away from the membrane, respectively. Compared to the 205 

classical CP model (e.g., Cm /Cn=exp(δJ/D)),46, 57 Eq. 6 incorporates an additional term 206 

αCm to account for the loss of particles from the solution due to particle deposition on 207 

the membrane (which is a depolarization mechanism often overlooked in traditional CP 208 

models46, 57-59). Figure 1a presents the CA-MC model simulation (the discrete data 209 

points) and the theoretical prediction based on Eq. 6 (the solid lines) at different values 210 

of attachment coefficient (α = 0, 0.01, 0.1 and 1). In general, the model simulation 211 

agrees well with the theoretical CP lines. Specifically, severe CP occurs at α = 0 (no 212 

particle attachment, Cm>>Cn). Increasing the value of α leads to less severe CP due to 213 

the removal of particles from the solution phase, with a significantly reduced CP even 214 

for an α of merely 0.01. At α = 1 (every collision leads to attachment), both the CA-MC 215 

simulation and the theoretical model predict negligible CP. In Figure 1a, the scattering 216 

of CA-MC simulation results is due to the random Brownian motion of individual 217 
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colloidal particles, confirming the ability of our approach for capturing the stochastic 218 

nature of particle transport and deposition. 219 

 220 

Figure 1b further compares the simulated water flux from the CA-MC approach with 221 

the experimental results for an NF membrane fouled by HA under a wide range of 222 

applied pressure (50 – 300 psi). In all cases, the simulation results agree well with the 223 

experimental data. The simulation also correctly predicts the greater flux decline at 224 

higher applied pressure (or higher initial flux), which is in good agreement with the 225 

literature.8, 10, 27  226 

  227 
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 228 

 229 

Figure 1. Model validation of (a) concentration polarization and (b) water flux decline. 230 

In part (a), the solid lines are based on Eq. 6. The scattered dots represent the simulated 231 

data based on ten runs of CA-MC simulations under a constant water flux (J = 25μm/s). 232 

In part (b), fouling of an NF membrane by humic acid is simulated under constant 233 

pressure conditions (ranging from 50 to 300 psi, corresponding to initial flux of 10-50 234 

μm/s). The experimental data are obtained from Ref. 10, and the detailed experimental 235 

conditions are documented in our previous reports.10, 37 Detailed simulation conditions 236 

for part (b) can be found in Supporting Information S4.  237 

  238 
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SIMULATION RESULTS AND DISCUSSION 239 

Flux behavior. Colloidal fouling of a clean membrane is governed by the energy 240 

barrier resulting from F-M interaction (Em), while that of a severely fouled membrane 241 

is governed by the energy barrier resulting from F-F interaction (Ef). According to Eq. 242 

3, a higher energy barrier can lead to a greatly reduced probability of attachment and 243 

thus slower fouling. Figure 2a shows the flux behavior at a relatively high Ef (11 kBT) 244 

for a wide range of Em (0-12 kBT). With an initial flux of 20 μm/s, no obvious flux 245 

decline (<2%) occurred regardless of the value of Em. Even for the case of Em = 0 (i.e., 246 

the clean membrane presents no energy barrier against colloidal fouling), the membrane 247 

surface will be coated by the foulant to result in a highly repulsive F-F interaction that 248 

effectively slows down further foulant deposition, leading to a self-terminated fouling 249 

behavior. One example of such scenario could be the use of a negatively charged 250 

membrane for filtration of positively charged foulant. For example, Wang et al.60 251 

observed a relatively stable long-term flux after an initial slight flux decline for the 252 

filtration of lysozyme by a NF membrane (NF270) thanks to the more repulsive F-F 253 

interaction.  254 

  255 
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 256 

 257 

 258 

Figure 2. Effect of energy barrier and initial flux on flux behavior. (a) Effect of Em at Ef 259 

= 11 kBT and J0 = 20 μm/s; (b) Effect of Em at Ef = 3 kBT and J0 = 20 μm/s; (c) Effect of 260 

J0 at Em =11 kBT and Ef =3 kBT. See other simulation parameters in Table 1.  261 
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 262 

Much severer flux decline occurs for a lower Ef value of 3 kBT (Figure 2b). At a long 263 

filtration time of 1000 min, the decline in water flux is largely independent of Em (0-12 264 

kBT). This result agrees well with the existing literature: the long-term fouling behavior 265 

is independent of membrane surface properties once the surface is masked by foulant.8, 266 

10 Nevertheless, our simulation clearly shows that the initial fouling behavior is strongly 267 

dependent on Em, with a greater Em favorable in retarding fouling. A metastable flux 268 

behavior appears for Em > 9 kBT. For example, at Em = 12 kBT, stable flux can be 269 

maintained initially before the occurrence of an obvious decline at around 220 min. 270 

This metastable period decreases for smaller Em values and becomes barely noticeable 271 

with a value of 17 min at Em = 9 kBT. These results underpin the critical importance of 272 

developing antifouling membranes with more repulsive F-M interaction, which 273 

prevents the fouling of clean membranes by minimizing the attachment coefficient α 274 

(Eq. 3). Our results are also consistent with a recent experimental study reporting stable 275 

flux for a superhydrophilic NF membrane over 60 h (attributed to strong repulsive acid-276 

base F-M interaction), yet the metastable period was less than 1h for other membranes 277 

with less repulsive interactions.19 In Figure 2b, the flux decline accecelates after the 278 

metastable period. This phenomenon can be explained by the conditioning of the 279 

membrane surface by the deposited foulant, eventually transitioning into a F-F 280 

dominated behavior.8, 10 Consequently, fouling in the later stage becomes nearly 281 

independent of membrane surface properties.10, 22 In the current study, the metastable 282 
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fouling behavior resulting from the combination of high Em and low Ef is somewhat 283 

analogous to homogenous crystalization. The slow nucleation in crystalization (due to 284 

the need to overcome the energy barrier for creating new surfaces) can result in 285 

metastable conditions without crystal formation for supersaturated solutions.25     286 

 287 

The metastable fouling behavior is also strongly dependent on the initial water flux J0. 288 

Figure 2c shows the flux behavior for various values of J0 at fixed Em (11 kBT) and Ef 289 

(3 kBT). Reducing J0 from 25 to 15 μm/s not only makes fouling less severe but also 290 

greatly extends the metastable period from 30 min (at 25 μm/s) to approximately 310 291 

mins (at 15 μm/s). At lower J0 of 10 and 5 μm/s, membrane flux remains stable over 292 

the entire simulation period of 1000 min. The critical importance of initial water flux 293 

has been well documented in the literature: higher water flux accelerates convection of 294 

colloidal particles, promotes more severe CP, and excerts greater drag effects towards 295 

the membrane surface.8, 10, 27, 37, 40, 61, 62 The current study reveals that the metastable 296 

behavior is governed by the interplay between Em and J0, with a longer metastable 297 

period obtained at greater Em (Figure 2b) and lower J0 (Figure 2c). According to Eq. 3, 298 

a combination of large Em and low J0 ensures a low probility of colloidal particle 299 

attachment to the clean membrane, slowing down the membrane conditioning and thus 300 

extending the metastable period. 301 

 302 

Figure 2c also shows a flux crossover behavior. For the flux curve started with the 303 
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highest J0 of 25 μm/s, fouling is so rapid that it quickly transits into a F-F dominated 304 

region. This flux curve crosses over with one for J0 = 15 μm/s at around 200 min 305 

(indicated by the arrow in Figure 2c). At this crossover point, the two fouling curves 306 

have the same flux, but the one started with J0 = 25 μm/s continues with a rapid rate of 307 

flux decline (due to the dominance of F-F interaction with Ef = 3 kBT) and the one with 308 

J0 = 15 μm/s remains metastable (due to the dominance of F-M interaction with Em = 309 

11 kBT). Similar crossover also happens for J0 = 10 μm/s at longer duration. The current 310 

study reveals that the use of a higher initial flux results in an earlier transition from F-311 

M (Em = 11 kBT) to F-F (Ef = 3 kBT). This transition reduces the membrane’s ability to 312 

resist further foulant deposition, which is responsible for the flux crossover behavior. 313 

Therefore, excessively high water flux should be strictly prohibited to avoid premature 314 

occurrence of F-M to F-F transition. 315 

 316 

Metastable Period. To achieve a better understanding of the metastable period, we 317 

analyze a wider selection of flux-interaction energy combinations. Figure 3 plots the 318 

metastable period tmp as a function of Em and J0, with the discrete data points obtained 319 

from the CA-MC simulation. At each given J0, the logarithm of the metastable period 320 

(ln tmp) appears to be linearly dependent on the F-M interaction energy Em, with a 321 

doubling in tmp for every increase of Em by 0.8-0.9 kBT. Meanwhile, the metastable 322 

period increases at lower J0 (doubling in tmp for every decrease of J0 by approximately 323 

3 μm/s). Although the metastable period has the strongest dependence on Em and J0, we 324 
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also found that it has a weak dependence on Ef (with a larger Ef favoring extended 325 

metastable period).    326 

 327 

 328 

Figure 3. Effects of energy barrier and initial flux on the metastable period. A threshold 329 

flux decline rate of 1‰ per minute is applied. The scattered dots represent the 330 

simulation results based on the CA-MC model. Simulation conditions: Em =6-12 kBT, 331 

Ef =0-6 kBT, J0=10-40 μm/s, and other conditions are shown in Table 1. The solid lines 332 

are fitting lines given by lntmp = 0.8Em/kBT + 0.2Ef/kBT - 0.174J0 -ln(0.00159J0) - 4.79, 333 

with tmp in min and J0 in μm/s (R2=0.9945). The theoretical basis of the fitting lines is 334 

provided in Supporting Information S5.  335 

 336 

Transitional fouling behavior. The CA-MC simulation is capable of resolving the 337 

fine details of transitional fouling behavior. Figure 4a-d presents the evolution of the 338 

foulant distribution pattern over time for different combinations of Em and Ef at a fixed 339 

J0 of 20 μm/s, with the color scale representing the area number density of deposited 340 

colloidal particles (i.e., the number of particles deposited in each simulation grid with 341 

an area of 0.1 μm2 in the current study). As expected, the combination of high Em (11 342 

kBT) and high Ef (11 kBT) results in very slow particle accumulation (Figure 4a), thanks 343 
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to the strongly repulsive F-M and F-F interactions. It takes approximately 400 min to 344 

reach an average density of 100 perticles per grid (#/grid), and the number is only about 345 

250 #/grid over the entire 1000-min simulation (Figure 4e). Lowering Em to 3 kBT while 346 

keeping Ef at 11 kBT leads to an accelerated initial particle deposition (Figure 4b), 347 

reaching 100 #/grid in approximately 2 min owing to the weaker F-M repulsion. 348 

Nevertheless, the subsequent deposition of colloidal particles becomes much slower 349 

(slightly over 400 #/grid) at 1000 min, Figure 4e), as a result of the rapid conditioning 350 

of the membrane surface by the deposited foulant and the transition to a more repulsive 351 

F-F interaction. The current study reveals that a high Ef ensures long-term stable 352 

membrane operation regardless of the value of Em (Figure 2a and Figure 4a,b), 353 

underpinning the critical importance of pretreatment and adjustment of water 354 

chemistry22, 60, 63, 64 for practical membrane operations. In contrast, the combination of 355 

low Em (3 kBT) and low Ef (3 kBT) results in almost instaneous particle deposition as 356 

well as severe long-term fouling (Figure 4d), reaching approximately 100 #/grid in the 357 

first min and 37,000 #/grid by the end of the 1000-min simulation (Figure 4e).     358 

 359 

The combination of high Em (11 kBT) and low Ef (3 kBT) presents an interesting scenario 360 

(Figure 4c). Owing to the highly repulsive F-M interaction, the initial particle 361 

deposition is rather slow (Figure 4e), in good accordance with its initial metastable 362 

water flux (Figure 2b). However, a sharp transition occurs during 90 - 200 min (Figure 363 

4e), accompanied with greatly accelerated particle deposition with the transition of 364 
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strongly repulsive F-M to an unfavorable F-F interaction. Indeed, its initial particle 365 

deposition behavior is nearly identical to that for the case of Em = 11 kBT and Ef = 11 366 

kBT (indicating a F-M dominated behavior), while the long term behavior is nearly 367 

identical to that for the case of Em = 3 kBT and Ef = 3 kBT (suggesting a F-F dominated 368 

behavior). In addition, the transitional window of 90 - 200 min in Figure 4e also agrees 369 

well with the ending of the metastable period (90 min) for the corresponding flux curve 370 

in Figure 2b.  371 

 372 

A closer examination of the foulant distribution pattern in Figure 4c reveals that it is 373 

highly non-uniform (particularly during the transitional period) compared to other cases 374 

(Figure 4a, b, d). This difference is also reflected by the larger standard deviation in 375 

Figure 4e (represented by the shading) for the combination of high Em and low Ef (see 376 

further discussion in Supporting Information S7). During membrane filtration, colloidal 377 

particles are transported towards the membrane surface under the permeate drag, which 378 

is resisted by the energy barrier8. While the clean membrane with Em = 11 kBT is highly 379 

antifouling, an accidental deposition of foulant particle would modify the localized 380 

surface properties. For the case of Ef << Em, it leads to reduced energy barrier locally, 381 

which serves as a seed to promote further particle deposition in the vicinity of the 382 

existing foulant. Consequently, a patch-like “colonization” behavior is expected, where 383 

the fouled patches serve as hot spots to accelerate further particle deposition (also see 384 

Supporting Information S6). It is worthwhile to note that the time and location for the 385 
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occurrence of the patches are highly random due to the stochastic nature of particle 386 

transport and attachment. However, each patch will grow laterally over time to expand 387 

their coverage over the membrane surface, leading to an eventual complete coverage of 388 

the entire membrane. Upon this completion of the F-M to F-F transition, the energy 389 

barrier becomes entirely governed by Ef, rendering the later stage of fouling more 390 

uniform (Figure 4c and Figure 4e). 391 

 392 

 393 

 394 
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 395 

Figure 4. The role of energy barrier on the evolution of particle deposition. Parts (a-d) 396 

presents the particle deposition pattern over time for (a) Em = 11 kBT and Ef = 11 kBT; 397 

(b) Em = 3 kBT and Ef = 11 kBT; (c) Em = 11 kBT and Ef = 3 kBT; (d) Em = 3 kBT and Ef = 398 

3 kBT. The color scale represents the area number density of deposited particles in 399 

number of particles per simulation grid (i.e., the number of particles deposited in each 400 

membrane segment with 0.1μm2 in area). An initial flux J0 of 20μm/s is used in the 401 

simulation, and other simulation parameters are given in Table 1. Part (e) presents the 402 

average area number density as a function of time for different combinations of Em and 403 

Ef values. The solid lines represent the average values. The corresponding shadings 404 

represent the standard deviations, which can be used to characterize the uniformity of 405 

foulant deposition. For the case of Em = 11 kBT and Ef = 3 kBT, the deposition is so non-406 

uniform during the transition such that some regions are heavily covered by colloidal 407 

particles while other regions are nearly free of particles. Accordingly, the coefficient of 408 

variation (i.e., the ratio of standard deviation over the average value, also see 409 

Supporting Information S7) for the spatial distribution of particle deposition can be 410 

greater than 1, causing the shading of the curve to cross the horizontal axis.  411 

 412 

To further resolve the transitional fouling behavior, Figure 5 presents the evolution of 413 

particle accumulation, energy barrier, and attachment coefficient over time at different 414 

initial flux values for the case of high Em (11 kBT) and low Ef (3 kBT). At J0 of 10 μm/s, 415 

particle deposition is very slow and the membrane remains largely clean with the 416 

exception of a few minor foulant patches towards the end of the 1000-min filtration 417 

period. This is in good agreement with its extended metastable period (Figure 2c). 418 

Increasing J0 to 15 μm/s results in accelerated particle deposition, which is 419 
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accompanied with a drop of energy barrier from 11 kBT (resulting from Em) to 3 kBT 420 

(resulting from Ef) and a corresponding shift in the attachment coefficient. Indeed, the 421 

shape of these patterns largely mirror each other. Further increase in J0 results in an 422 

earlier occurrence of transitional behavior in particle deposition, energy barrier, and 423 

attachment coefficient (Figure 5), in good agreement with their shorter metastable 424 

period (Figure 2c).   425 

 426 
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 427 

Figure 5. Evolution of particle accumulation, energy barrier, and attachment coefficient 428 

over time at different initial flux values. Simulation conditions: Em= 11 kBT and Ef = 3 429 

kBT; other parameters given in Table 1.  430 

 431 

Implications. For the first time, the current study systematically resolves the F-M to 432 

F-F transitional behavior during colloidal fouling using a novel CA-MC approach that 433 
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captures the stochastic transport and attachment of foulant particles. Our simulation 434 

provides the theoretical basis for the metastable flux behavior under the condition of 435 

high Em and low Ef, with the metastable period greatly extended at increased energy 436 

barrier (Em and Ef) and lower flux. This study provides critical implications for 437 

membrane design and process operation. In view of the great impact of water chemistry 438 

on both F-M and F-F, pretreatment of problematic feed water provides effective 439 

protection to RO and NF membranes. Although a large Ef can effectively minimize 440 

fouling, its value is often constrained by the characteristics of the feed water (e.g., 441 

foulant type and properties). For applications prevailed with unfavorable Ef values, the 442 

development of membranes with high Em values is essential to achieve antifouling and 443 

to maintain a stable operation over extended periods.19 Nevertheless, it is important to 444 

realize that even the best antifouling membrane may fail when it is subjected to 445 

excessive flux (Figure 2c), due to the premature transition from F-M to F-F. Therefore, 446 

operating below the threshold flux10, 11, 13, 37 is critical to prevent such premature 447 

membrane failures. In practice, moderate flux is often applied (e.g., 12-17 Lm-2h-1 for 448 

seawater desalination and 12-45 Lm-2h-1 for bracksih water treatment).2 The 449 

combination of moderate flux and large Em is of great practical significance to extend 450 

the metastable period and thus to minimize the required cleaning frequency (e.g., into 451 

months or even years).  452 

 453 

Our study also reveals the critical role of initial foulant “colonization” in the 454 
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modification of the localized energy barrier (Figure 5). Therefore, upon the initial 455 

occurance of foulant patches, timely cleaning is critical to prevent severe propogation 456 

of further particle deposition and to restore the unfavorable F-F interaction to the more 457 

repulsive F-M interaction. While existing membrane cleaning studies generally focus 458 

on cleaning chemistries and choices of methods (e.g., air scouring, backflushing, and 459 

chemical cleaning63, 65, 66), future studies also need to emphasize the timing of cleaning 460 

in relation to the metastable fouling behavior and the onset of the F-M to F-F transition. 461 

Our study also implies the critical importance of early fouling detection for effective 462 

management of membrane operation and cleaning. 463 
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