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ABSTRACT 23 

Surface roughness has crucial influence on fouling propensity of thin film composite (TFC) 24 

polyamide reverse osmosis (RO) membranes. A common wisdom is that rougher 25 

membranes tend to experience more severe fouling. In this study, we compared the fouling 26 

behaviors of a smooth polyamide membrane (RO-s) and a nanovoid-containing rough 27 

polyamide membrane (RO-r). In contrary to the traditional belief, we observed more severe 28 

fouling for RO-s, which can be ascribed to its uneven flux distribution caused by the ‘funnel 29 

effect’. Additional tracer filtration tests using gold nanoparticles revealed a more patch-30 

like particle deposition pattern, confirming the adverse impact of ‘funnel effect’ on 31 

membrane water transport. In contrast, the experimentally observed lower fouling 32 

propensity of the nanovoid-containing rough membrane can be explained by: (1) the 33 

weakened ‘funnel effect’ thanks to the presence of nanovoids, which can regulate the water 34 

transport pathway through the membrane; and (2) the decreased average localized flux over 35 

the membrane surface due to the increased effective filtration area for the nanovoid-36 

induced roughness features. The current study provides fundamental insights into the 37 

critical role of surface roughness in membrane fouling, which may have important 38 

implications to the future development of high-performance antifouling membranes. 39 

KEYWORDS: polyamide reverse osmosis (RO) membranes, surface roughness, 40 

membrane fouling, funnel effect, nanovoid-containing roughness structure 41 

SYNOPSIS: Nanovoids contained in a rough polyamide RO membrane reduce the fouling 42 

propensity by simultaneously improving the water transport pathway through the 43 

membrane and increasing the effective filtration area.  44 
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INTRODUCTION 45 

Water scarcity has become an urgent concern because of population boom, rapid 46 

industrialization, and severe water pollution at a global scale.1, 2 Alternative water supply 47 

through membrane-based desalination and water reuse using reverse osmosis (RO) has 48 

played a vital role in addressing this concern.2-6 However, the separation performance of 49 

RO membranes is severely affected by fouling, thereby compromising the process 50 

efficiency and quality of product water.6-9 To facilitate the development of effective 51 

antifouling strategies, mechanistic understanding of membrane fouling is of great 52 

necessity.1, 10 53 

Among the various factors influencing membrane fouling,7, 9, 11-13 membrane surface 54 

roughness is considered as a crucial factor.7, 10, 11, 14 A common wisdom is that a rougher 55 

membrane surface tends to suffer more severe fouling. For example, Elimelech and 56 

coworkers observed faster fouling rate for fully aromatic polyamide membranes compared 57 

to semi-aromatic polyamide membranes15, 16 and cellulose acetate membranes17, which was 58 

attributed to the ‘ridge-and-valley’ roughness structure of the former. However, these 59 

studies involved different membrane chemistry (e.g., smooth cellulose acetate membrane 60 

vs. rough polyamide membrane17), which may affect the membrane-foulant interactions 61 

and thus the fouling tendency.7, 18 Several other studies reported a similar trend,13, 19, 20 62 

citing preferential accumulation of foulants in the ‘valleys’ as a key reason for accelerated 63 

fouling. In contrast, several recent studies21-23 reported the use of micro-patterned surfaces 64 

(e.g., biomimetic sharklet21 and line-and-space gratings22) for mitigating fouling propensity 65 

by surface pattern-induced hydrodynamic flows (e.g., eddies), despite that such 66 

micropatterns would contribute to greater membrane surface roughness. At a nanometer 67 
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scale, roughness features in the form of nanostripes,24 nanocapsules,25 and belt-crater 68 

morphology26, 27 were also found to reduce fouling propensity. These contradictory results 69 

in existing literature prompt us to revisit the fundamental role of surface roughness in 70 

membrane fouling. 71 

In-depth understanding of water transport through polyamide rejection layers could 72 

potentially provide an alternative angle to interpret membrane fouling behavior. Water 73 

transport through a thin film composite (TFC) polyamide membrane could be severely 74 

constrained by the ‘funnel effect’ due to the limited porosity of the substrate (Figure 1a):28-75 

31 (1) the part of polyamide directly above substrate pores can efficiently conduct water to 76 

reach the pores, but (2) that away from the pores are far less efficient in water transport 77 

due to the much longer path length to reach the pores.30-34 Since the first report of the 78 

“funnel effect” by Lonsdale et al.28 in 1971, several other groups further investigated this 79 

phenomenon.29-31, 35, 36 Of particular interest, a few modeling studies34, 37-39 show that the 80 

‘funnel effect’ could create highly uneven flux distribution with localized hot spots of high 81 

flux above the substrate pores and suggest that this phenomenon could have major 82 

implications for membrane fouling. Since fouling is greatly influenced by the localized 83 

water flux,34, 38, 39 a severe ‘funnel effect’ is expected to result in greater fouling.31 84 

Recent literature shows that the ‘ridge-and-valley’ roughness structure in TFC RO 85 

membranes is caused by nanovoids encapsulated in the polyamide layer.40-43 These 86 

nanovoids were found to be well correlated to membrane water permeance.39, 44-47 87 

Presumably, the presence of nanovoids can modify the water transport pathway through 88 

the membrane.34, 38, 39, 44 Since the nanovoids connect well to the substrate pores,41, 45, 46 89 

water can now transport through the polyamide film in the normal direction with the least 90 



6 

 

hydraulic resistance (Figure 1b). Thus, a rougher TFC membrane could potentially weaken 91 

the ‘funnel effect’ and improve the flux distribution, which would mitigate membrane 92 

fouling. Moreover, a rougher membrane surface provides greater effective filtration area 93 

for water transport (Figure 1b),48-50 which can decrease the average localized flux over the 94 

membrane surface (i.e., total flow normalized by the effective filtration area) under a given 95 

apparent flux (i.e., total flow normalized by the membrane plan area). These potential 96 

beneficial effects of nanovoids prompt us to hypothesize that a nanovoid-containing rough 97 

polyamide membrane could be more fouling resistant compared to a smooth polyamide 98 

membrane. 99 

To reveal the effect of surface roughness (and nanovoids) on membrane fouling, we 100 

prepared a rough and a smooth polyamide membrane with an identical recipe for interfacial 101 

polymerization (IP), except that the smooth membrane was prepared at a free interface to 102 

eliminate the formation of nanovoids.42, 43 We demonstrate a significantly reduced fouling 103 

tendency of the rougher membrane using humic acid (HA), which was further confirmed 104 

by additional tracer filtration tests using gold nanoparticles. In a word, this study provides 105 

an alternative angle and fundamental mechanisms to re-think the critical role of surface 106 

roughness on membrane fouling. Our findings have major implications to the future 107 

development of high-performance antifouling membranes, particularly with respect to the 108 

design of membrane morphology. 109 
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 110 

Figure 1. Water transport pathway through (a) smooth polyamide film with uneven water distribution (‘funnel 111 
effect’), and through (b) rough polyamide film containing nanovoids with modified water transport pathway 112 
and larger effective filtration area. 113 
  114 
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MATERIALS AND METHODS 115 

Chemicals. A commercial polysulfone (PSf) ultrafiltration membrane (molecular weight 116 

cutoff 67 kDa, Vontron Technology) was used as the substrate for both the rough and 117 

smooth polyamide RO membranes. m-phenylenediamine (MPD, 99%), trimesoyl chloride 118 

(TMC, 98%), and n-hexane obtained from Sigma-Aldrich were used in the IP reaction to 119 

prepare polyamide RO membranes. Sodium chloride (NaCl, Dieckmann) was used for 120 

separation performance tests. Humic acid (HA, Sigma-Aldrich) and calcium chloride 121 

(CaCl2, Dieckmann) were used for fouling tests. Hydrochloric acid (HCl, Dieckmann) was 122 

used to adjust the pH of feed solution. Sodium hydroxide (NaOH, Dieckmann) was used 123 

to extract the accumulated HA on fouled membranes. Dimethyformamide (DMF, 124 

Dieckmann) was used to dissolve PSf substrate for observing the backside of polyamide 125 

layer (see the Supporting Information S1). 126 

Preparation of rough polyamide RO membranes. The rough polyamide RO membranes 127 

were prepared using a traditional IP process on PSf substrates. Typically, a PSf substrate 128 

was first immersed in a 2 w/w% MPD solution for 2 min. After removing the excess MPD 129 

solution by a rubber roller, the substrate was soaked in a 0.1 w/w% TMC/hexane solution 130 

for 1 min to form the polyamide layer. The resulted polyamide membrane was rinsed with 131 

hexane and further post-treated in 50 °C Milli-Q water for 10 min. The prepared rough 132 

polyamide RO membranes were named as RO-r. 133 

Preparation of smooth polyamide RO membranes. The relatively smooth polyamide RO 134 

membranes were prepared under free-interface IP process.42, 43 Briefly, a 0.1 w/w% 135 

TMC/hexane solution was gently added onto a 2 w/w% MPD solution to react for 1 min. 136 

The resultant polyamide layer was then loaded onto the PSf substrate by vacuum filtration. 137 
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After removing the excess TMC solution, the membrane was cleaned by hexane. The 138 

prepared polyamide RO membranes were named as RO-s. 139 

Membrane characterization. Field-emission scanning electron microscopy (FE-SEM, S-140 

4800, Hitachi) at an accelerating voltage of 5 kV was used to characterize the surface 141 

structure of membranes. Before SEM characterization, all the membrane samples were first 142 

dried at 40 ℃ in an oven, and then sputter coated by gold for 40 s. In addition to the top-143 

side surface, the backside of the polyamide layer was also examined by SEM after 144 

dissolving PSf using DMF (see the Supporting Information S1).41, 42  145 

The membrane cross-sectional images were characterized using transmission electron 146 

microscopy (TEM, CM100, Philips) at an accelerating voltage of 100 kV. All the 147 

membrane samples were soaked in 10 v/v% glycerol/water for 1 h and dried before TEM 148 

characterization.42, 43 The membrane surface roughness was measured by atomic force 149 

microscopy (AFM) with a scanning area of 5×5 μm2 . The membrane surface charge 150 

property was characterized by a streaming potential analyzer (SurPASS, Anton Paar, 151 

Austria). The membrane water contact angle was obtained using an automatic contact angle 152 

meter (Attension Theta, Biolin Scientific, Sweden) equipped with a video capture device. 153 

The ionized carboxyl group density of polyamide layer was quantified at different pHs 154 

using silver ion bind-and-elute method (see the Supporting Information S2).51, 52 155 

Membrane separation performance. The separation performances were tested using a 156 

laboratory-scale crossflow RO filtration system.53 A membrane sample with a plan area of 157 

12 cm2 was applied in a stainless-steel cell. After pre-compacted at 17.0 bar for 1.5 h using 158 

2000 ppm NaCl feed solution at a crossflow velocity of 22.4 cm/s under room temperature 159 

(∼25 °C), the permeate samples were collected at 15.5 bar and their water flux and salt 160 
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rejection were measured. The water flux 𝐽𝐽𝑣𝑣 (L m−2 h−1) and water permeance 𝐴𝐴  161 

(L m−2 h−1 bar−1) were calculated by: 162 

𝐽𝐽𝑣𝑣 = ∆𝑚𝑚
∆𝑡𝑡×𝑎𝑎×𝜌𝜌

                                                                                                                            (1) 163 

𝐴𝐴 = 𝐽𝐽𝑣𝑣
∆𝑃𝑃−∆𝜋𝜋

                                                                                                                            (2) 164 

where ∆𝑚𝑚  (kg) is the mass of permeate over a time interval of ∆𝑡𝑡  (h), 𝑎𝑎  (m2) is the 165 

membrane filtration area (plan area), 𝜌𝜌 is the density of water, ∆𝑃𝑃 (bar) is the applied 166 

pressure, and ∆𝜋𝜋 (bar) is the transmembrane osmotic pressure. 167 

The salt rejection R was calculated based on the conductivity of the feed solution (𝐶𝐶𝑓𝑓) and 168 

that of the permeate (𝐶𝐶𝑝𝑝) measured by a portable conductivity meter (Ultrameter II, Myron 169 

L): 170 

𝑅𝑅 = 𝐶𝐶𝑓𝑓−𝐶𝐶𝑝𝑝
𝐶𝐶𝑓𝑓

× 100%                                                                                                                            (3) 171 

Membrane fouling tests. A membrane sample with a plan area of 12 cm2 was applied in a 172 

stainless-steel cell and was pre-compacted with a 2000 ppm NaCl feed solution at 17.0 bar 173 

for 12 h at a crossflow velocity of 11.2 cm/s under room temperature (∼25 °C). To conduct 174 

the fouling test, the initial flux (J0) was adjusted to 15 or 20 L m-2 h-1 and maintained stable 175 

for 0.5 h. A 100 ppm HA was then added into the feed solution to start membrane fouling. 176 

Fouling tests were also performed under pH of 4.0 to exclude the effect of ionized carboxyl 177 

groups on fouling propensity. In addition, the effect of calcium was evaluated by 178 

conducting fouling tests with 0 or 0.1 mM CaCl2 in the feed solution. Each fouling test was 179 

continued for 48 h, and the permeate flux measured at 48 h was denoted as J1. 180 
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The fouled membranes were cleaned with DI water at a crossflow velocity of 22.4 cm/s for 181 

0.5 h under no applied pressure. After this cleaning step, the same pressure was applied 182 

again to measure the membrane permeate flux using the 2000 ppm NaCl solution (J2). The 183 

irreversible flux reduction (Rir),31 reversible flux reduction (Rr),31 and flux recovery 184 

efficiency (Er)54 were evaluated by:  185 

𝑅𝑅𝑖𝑖𝑖𝑖 = 𝐽𝐽0−𝐽𝐽2
𝐽𝐽0

× 100%                                                                                                                            (4) 186 

𝑅𝑅𝑟𝑟 = 𝐽𝐽2−𝐽𝐽1
𝐽𝐽0

× 100%                                                                                                                            (5) 187 

𝐸𝐸𝑟𝑟 = 𝐽𝐽2−𝐽𝐽1
𝐽𝐽0−𝐽𝐽1

× 100%                                                                                                                            (6) 188 

Gold nanoparticle filtration tests. The gold nanoparticle filtration tests (1.0 × 1012 189 

particles/mL) were performed using a dead-end filtration setup under an identical flux of 6 190 

L m-2 h-1 for 2 h at the temperature of 25 °C. To obtain the TEM plan view, DMF was used 191 

to dissolve the membrane substrates before the polyamide film was loaded onto a TEM 192 

grid. Then, the samples were dried at 60 °C for 10 min before the characterization.  193 
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RESULTS AND DISCUSSION 194 

Membrane surface properties and separation performance of RO-s and RO-r.  195 

 196 

Figure 2. Surface properties of RO-s and RO-r membranes including surface roughness micrographs of SEM 197 
(top sides), TEM (cross-sections), and AFM (top sides). 198 
 199 
As expected, RO-s gave a smooth surface with some small nodules (SEM micrograph, left 200 

column in Figure 2) and negligible nanovoids (TEM micrograph, left column in Figure 2), 201 
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accompanied by a low roughness of 11.2 nm (AFM micrograph, left column in Figure 2) 202 

and surface area ratio of 1.16 (Table 1). In contrast, RO-r presented a typical ‘ridge-and-203 

valley’ surface structure (SEM micrograph, right column in Figure 2) containing numerous 204 

nanovoids (TEM micrograph, right column in Figure 2) with a high roughness of 50.8 nm 205 

(AFM micrograph, right column in Figure 2) and surface area ratio of 2.98 (Table 1). The 206 

different surface morphology of the two membranes can be explained by nanobubble 207 

formation during the IP reaction.40, 41, 43 Retention of these nanobubbles between the 208 

polyamide layer and the substrate results in nanovoids-containing rough structures (i.e., for 209 

RO-r).40-42 In the absence of substrate, the nanobubbles could escape from the substrate-210 

free interface, forming a smooth polyamide film (i.e., for RO-s).42, 43, 55  211 

Accordingly, the backside polyamide layer of RO-r exhibited a honeycomb-like structure 212 

with numerous openings in contrast to the negligible openings on RO-s (Figure 3). 213 

According to previous studies, these openings connect the nanovoids to the substate 214 

pores,41, 45, 46 and they are possibly caused by the escape of gas/vapor from the IP reaction 215 

interface to the porous substrate.42 Furthermore, RO-r presented higher water permeance 216 

with similar NaCl rejection compared with RO-s (97.7 ± 0.3% for RO-r vs. 97.4 ± 0.5% 217 

for RO-s, Figure 4a). The high permeance of RO-r can be well correlated with its prominent 218 

nanovoids and openings. As depicted in Figure 1b, these voids not only shorten the water 219 

transport pathway through the polyamide film of membrane34, 38, 39, 44 but also increase the 220 

effective filtration area.48-50 Moreover, more openings at the backside polyamide layer of 221 

RO-r can improve the connectivity between the nanovoids and substate pores, which can 222 

benefit the efficient water collection into the pores.41, 46, 56 In respect to other surface 223 
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properties, RO-r has a similar water contact angle to RO-s (p = 0.0523, Figure 4b) and is 224 

slightly less negatively charged than RO-s (Figure 4c). 225 

 226 

Figure 3. SEM micrographs on the backside polyamide layer of RO-s and RO-r and topside of the substrate. 227 

Table 1. Properties of polyamide layer and substrate 228 

Sample RO-s RO-r Substrate 

Surface roughness (RRMS, nm) 11.2 ± 1.1 50.8 ± 2.4 - 

Surface area ratio 1.16 ± 0.01 2.98 ± 0.16 - 

Opening/pore number density (counts/μm2) - 148 ± 8 507 ± 37 

Opening/pore area coverage (%) - 32.5 ± 0.9 16.5 ± 0.8 

Opening/pore average diameter (nm) - 52.9 ± 11.3 20.3 ± 3.2 

The number density, area coverage, and average diameter of polyamide layer backside openings and substrate 229 
pores, and surface area ratio of polyamide layer topside were characterized based on the SEM and TEM 230 
micrographs using the software Image pro plus. 231 
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 232 
Figure 4. (a) Separation performance, (b) water contact angle, (c) Zeta potential, and (d) ionized carboxyl 233 
group density at different pHs of RO-s and RO-r. 234 

 235 
236 



16 

 

Water transport pathway of RO-s and RO-r 237 

 238 

Figure 5. TEM images (cross-sectional view) of gold nanoparticles deposited on RO-s and RO-r.  239 
 240 
To further illustrate the impact of surface roughness structures on water transport pathways, 241 

we conducted tracer filtration tests using gold nanoparticles (AuNPs) of 5 nm in diameter. 242 

Due to the very small size of these AuNPs, they tend to follow the streamlines and 243 

preferentially deposit at sites with high localized water flux.31, 45, 57, 58 In the current study, 244 

the AuNPs (represented by the darker particles in the images) were deposited like patches 245 

on the relatively smooth surface of RO-s (Figure 5 and Figure S3), which is consistent with 246 

the more uneven flux distribution and presence of localized hot spots of high flux as a result 247 

of the ‘funnel effect’ in this membrane (Figure 1a). In contrast, less AuNPs were observed 248 

on the RO-r surface, which could possibly be attributed to the decreased localized average 249 

flux over the RO-r surface caused by the increased effective membrane filtration area, 250 

leading to reduced hydrodynamic drag force on AuNPs towards RO-r surface.8, 9, 59 In the 251 

current study, the AuNPs on the RO-r membrane were mainly distributed on the ‘ridges’ 252 

of the roughness features (Figure 5 and Figure S3), which could be possibly explained by 253 
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shortened water transport pathway and thus less hydraulic resistance through the polyamide 254 

film above the nanovoid-containing ‘ridges’ (Figure 1b). 255 

  256 
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Fouling propensity of RO-s and RO-r. 257 

 258 
Figure 6. Fouling propensity of RO-s and RO-r using HA as a model foulant in feed solution (100 ppm HA 259 
in 2000 ppm NaCl): (a) at initial flux of 20 L m-2 h-1, pH at ~6.5, without Ca2+; (b) at initial flux of 20  260 
L m-2 h-1, pH at ~4.0, without Ca2+; (c) at initial flux of 20 L m-2 h-1, pH at ~6.5, with 0.1 mM Ca2+; (d) at 261 
initial flux of 15 L m-2 h-1, pH at ~6.5, with 0.1 mM Ca2+. To achieve an identical initial flux of 20 L m-2 h-1, 262 
the applied pressure for RO-s and RO-r were about ~25 and ~11 bar, respectively. The pressure values were 263 
~20 and ~8.5 bar, respectively, for the initial flux of 15 L m-2 h-1. All fouling tests were performed in at least 264 
triplicates. 265 
 266 
Figure 6a presents fouling by HA for RO-r and RO-s at an identical initial flux of 20  267 

L m-2 h-1 without the presence of calcium in the feed solution. RO-s experienced faster flux 268 

decline (grey circles in Figure 6a) than that of RO-r (red circles in Figure 6a). This 269 

observation can be explained by the ‘funnel effect’ in RO-s (Figure 1a), leading to more 270 

uneven flux distribution and higher fouling propensity. In contrast, RO-r gave a mitigated 271 

fouling propensity thanks to the modified water transport pathway (Figure 1b), which is 272 

consistent with the AuNPs deposition behavior presented in the section ‘Water transport 273 

pathway of RO-s and RO-r’. Furthermore, the nanovoid-containing membrane RO-r offers 274 
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greater effective filtration area (Table 1), which is beneficial to reduce the average localized 275 

flux and thus mitigate fouling due to reduced permeate drag force.9, 34, 38 In addition, 276 

previous studies34, 38 suggested that a decreased localized flux may mitigate the localized 277 

concentration polarization, which may further reduce the fouling tendency. It is worthwhile 278 

to note that the observed flux in practice is the macroscale apparent flux (Jv) given by the 279 

total flow rate (Q) normalized by the membrane plan area (a), i.e., 𝐽𝐽𝑣𝑣 = 𝑄𝑄/𝑎𝑎. In contrast, 280 

the average localized water flux (𝐽𝐽𝑣𝑣� ) at the microscale is related to the actual effective 281 

filtration area (aeff) such that 𝐽𝐽𝑣𝑣� = 𝑄𝑄/𝑎𝑎𝑒𝑒𝑒𝑒𝑒𝑒  (or 𝐽𝐽𝑣𝑣� =  𝐽𝐽𝑣𝑣/(𝑎𝑎𝑒𝑒𝑒𝑒𝑒𝑒/𝑎𝑎)). In the current study, 282 

RO-r and RO-s had surface area ratios (aeff /a) of 2.98 and 1.16 (Table 1), respectively. For 283 

the observed initial flux of 20 L m-2 h-1 in Figure 6a, this translates to very different 𝐽𝐽𝑣𝑣�  284 

values: 6.7 L m-2 h-1 for RO-r vs. 17.2 L m-2 h-1 for RO-s. This drastically reduced average 285 

localized flux, in addition to the mitigation of ‘funnel effect’, explains the improved anti-286 

fouling performance of the nanovoid-containing membrane RO-r with a rougher surface 287 

(Figure 1). To resolve these two effects, we further tested the smooth membrane at a lower 288 

apparent initial flux of 7.8 L m-2 h-1 (marked as RO-s* in Figure 7). In this case, since both 289 

RO-r and RO-s* had an identical 𝐽𝐽𝑣𝑣�  of 6.7 L m-2 h-1, the more stable flux for RO-r is 290 

attributed to the improved flux distribution due to the mitigation of ‘funnel effect’. At the 291 

same time, the difference between RO-s* and RO-s reflects the role of average localized 292 

flux. Our results reveal that both the decreased average localized flux and the improved 293 

flux distribution contribute to better antifouling performance of RO-r, although the former 294 

effect appears to be more important. 295 
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 296 

Figure 7. Revolving the role of improved flux distribution and decreased average localized flux on HA 297 
fouling (100 ppm HA in 2000 ppm NaCl, pH at ~6.5). RO-s and RO-r had the same apparent flux of 20  298 
L m-2 h-1, corresponding to different average localized fluxes (𝐽𝐽𝑣𝑣�  = 17.2 L m-2 h-1 for RO-s and 6.7 L m-2 h-1 299 
for RO-r). At the same time, RO-s*, with a lower apparent flux of 7.8 L m-2 h-1, had an identical average 300 
localized flux to that of RO-r (𝐽𝐽𝑣𝑣�  of 6.7 L m-2 h-1). All fouling tests were performed in at least triplicates. 301 
 302 
Additional fouling tests were performed at pH 4.0 to exclude the effect of ionized carboxyl 303 

groups on fouling propensity. Under this test condition, although both the surfaces of  304 

RO-s and RO-r were weakly charged (Figure 4c) with comparable ionized carboxyl group 305 

density (Figure 4d), RO-r still showed better anti-fouling performance than RO-s (Figure 306 

6b). Furthermore, fouling tests were also conducted with 0.1 mM Ca2+ included in 307 

feedwater.9, 60, 61 With the same initial flux of 20 L m-2 h-1, the presence of 0.1 mM calcium 308 

increased the rate of flux decline (Figure 6c), which is attributed to the binding of calcium 309 

to HA that causes charge neutralization and bridging effects.9, 60, 61 Nevertheless, RO-s still 310 

had higher fouling propensity than RO-r, which echoes the critical impact of ‘funnel effect’ 311 

on membrane fouling.31 In addition, since initial flux is also an important parameter 312 

affecting membrane fouling,9, 61, 62 we further performed fouling tests under a lower initial 313 

flux of 15 L m-2 h-1. RO-r gave a much better antifouling performance at this lower flux 314 

(Figure 6d) than that at 20 L m-2 h-1 (Figure 6c), which can be explained by the decreased 315 
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hydrodynamic drag force on foulants towards RO-r surface.8, 9, 59 In contrast, RO-s 316 

presented less obvious improvement on its fouling propensity at the lower initial flux. This 317 

can be due to the intrinsically non-uniform flux distribution for RO-s, leading to hot spots 318 

of high water flux and thus fast foulant deposition. As a result, the hot spots (i.e., the main 319 

water transport pathways in RO-s) could be easily blocked by the foulants at even a lower 320 

initial flux. 321 

In addition, RO-s and RO-r fouled under various test conditions (Figure 8) were cleaned 322 

with DI water to access the fouling reversibility. For all cases (T1-T4), RO-r experienced 323 

less irreversible fouling than RO-s, which can be attributed to its lower average localized 324 

flux with more uniform flux distribution. A lower flux reduces permeation drag, which 325 

tends to form a less compact foulant layer34, 61, 63-66 that could be easier to clean. Consistent 326 

with this explanation, reducing the apparent initial flux under otherwise identical testing 327 

conditions (Figure 8 T4 vs. T3) also resulted in less irreversible flux loss. For a given 328 

membrane, reducing pH (T2 vs. T1) and increasing calcium concentration (T3 vs. T1) 329 

resulted in more irreversible flux reduction. These conditions promote the formation of 330 

denser foulant layers with stronger foulant-foulant adhesion.18, 60, 67, 68 331 
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 332 

Figure 8. Reversible and irreversible flux reductions for RO-s and RO-r using HA as a model foulant in a 333 
feed solution containing 100 ppm HA and 2000 ppm NaCl. Other testing conditions: (T1) initial flux of 20 334 
L m-2 h-1, pH ~6.5, without Ca2+; (T2) initial flux of 20 L m-2 h-1, pH ~4.0, without Ca2+; (T3) initial flux of 335 
20 L m-2 h-1, pH ~6.5, with 0.1 mM Ca2+; (T4) initial flux of 15 L m-2 h-1, pH ~6.5, with 0.1 mM Ca2+. All 336 
tests were performed in at least triplicates. The corresponding flux recovery data are presented in Supporting 337 
Information S5. 338 
  339 
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IMPLICATIONS 340 

The current study compared the fouling propensity of a smooth (RO-s) and a nanovoid-341 

containing rough (RO-r) polyamide membrane. RO-s suffered more severe fouling by HA 342 

than RO-r. Additional AuNPs tracer tests also revealed a less uniform flux distribution over 343 

RO-s. These results confirm our hypothesis that nanovoids contained in a rougher 344 

membrane can effectively regulate the water transport pathway to result in an improved 345 

anti-fouling performance. Our observations seem to contradict with the commonly 346 

accepted wisdom that rougher membranes have higher fouling propensity.15, 17, 18 In reality, 347 

membrane fouling can be highly complicated. For example, when a membrane experienced 348 

severe fouling conditions, its surface could be fully covered by the foulants. The dominance 349 

of foulant―deposited-foulant interaction over foulant―membrane interaction under this 350 

scenario may result in a membrane-independent fouling behavior.62, 68 This mechanism 351 

could potentially help to explain why Jiang et al. observed insignificant differences of 352 

fouling behaviors between smooth and rough membranes.69 We also noted that  353 

Jiang et al.’s study used different substrates for the smooth and rough membranes,69 which 354 

may complicate the comparison.70 355 

Although the current study primarily focused on HA fouling, a similar trend (i.e., RO-r had 356 

less fouling propensity) was also observed for another model foulant–bovine serum 357 

albumin (Figure S7). However, other effects such as the size of foulant relative to the 358 

roughness structure18 and roughness-enhanced mass transfer21-24 can also impact 359 

membrane fouling. For colloidal fouling, some colloids are of similar size to those of the 360 

roughness valleys such that they are more likely to be trapped, which may promote more 361 

severe fouling.18 Several studies have also reported more severe biofouling for rougher 362 
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membranes.18, 71-73 Future studies are needed to further investigate the various competing 363 

mechanisms in order to gain a more holistic understanding on the role of roughness on 364 

various types of fouling (organic fouling, colloidal fouling, biofouling, and scaling). 365 

At present, membrane surface roughness is typically characterized by AFM in term of 366 

common roughness parameters such as average roughness RA, root-mean-square roughness 367 

RRMS, and maximum roughness RMAX. However, these roughness parameters are 368 

insufficient to completely describe a roughness structure.26, 74 For example, roughness 369 

structures that have identical roughness values (e.g., RMAX is given by half of the peak-to-370 

valley height) can have different geometrical properties (e.g., aspect ratio), which may lead 371 

to very different mass transfer and fouling behaviors. Therefore, researchers need to be 372 

explicitly aware of such intrinsic limitations of roughness parameters obtained from AFM. 373 

At the same time, more comprehensive characterization of roughness structures and better 374 

understanding of specific effect of roughness structures (including geometries) on mass 375 

transfer and fouling are needed in future studies. 376 
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