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Highlights 

1. New understanding of fouling/scaling resistance of superhydrophobic membranes was proposed.

2. Water-air-solid interface with suspended wetting incurs potential slippage.

3. Sustaining suspended wetting and slippage is critical for antifouling and antiscaling.

4. Conventional thermodynamic theories for fouling/scaling are special case of non-slip.

Highlights



1 

1 

2 

3 

Understanding the fouling/scaling resistance of 4 

superhydrophobic/omniphobic membranes in membrane distillation 5 

6 

7 

Li Liu1,2,3+, Zechun Xiao1+, Yongjie Liu1, Xuemei Li1, Huabing Yin4, Alexey Volkov5, Tao He1,3* 8 

9 

1Shanghai Advanced Research Institute, Chinese Academy of Sciences, Shanghai 201210, China 10 

2University of Chinese Academy of Sciences, Beijing 100049, China 11 

3School of Physical Science and Technology, ShanghaiTech University, Shanghai 201210, China 12 

4School of Engineering, University of Glasgow, Glasgow, G12 8LT, UK 13 

5A.V.Topchiev Institute of Petrochemical Synthesis, Russian Academy of Sciences, Leninsky pr. 29, 14 

Moscow, Russia 119991 15 

*Corresponding authors: het@sari.ac.cn.16 

+ The authors contribute to the work equally.17 

18 

19 

20 

Manuscript File

mailto:het@sari.ac.cn


2 

Abstract 21 

22 

Membrane distillation has shown great promises in desalinating various water streams. Significant 23 

progresses have been made in the past decades owing to the development of advanced membrane 24 

materials, such as superhydrophobic and omniphobic membranes. However, fouling and scaling 25 

remains a critical issue for stable operation. This account summarizes contemporary theories in fouling 26 

and scaling formation and their limitations in explaining the fouling resistance of superhydrophobic 27 

and omniphobic membranes. A new understanding is proposed based on hydrodynamics where non-28 

slip boundary conditions play a critical role. By distinguishing a pinned and suspended wetting state, 29 

it is suggested that a superhydrophobic or omniphobic membrane correlated to a suspended wetting 30 

state, consequently a slip surface leading to scaling/fouling resistance. A new framework for analyzing 31 

the fouling/scaling behavior of MD membrane is provided to identify the wetting and hydrodynamic 32 

character of the membrane. A novel concept of treating the highly saline waste streams is suggested to 33 

cover membrane synthesis, module design and process optimization. The present work will be of 34 

interest to scientists and engineers searching for solutions to the MD fouling issues.  35 

Keywords: Superhydrophobic; Omniphobic; Fouling/scaling resistant; Slip; Membrane distillation 36 
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39 

1. Introduction40 

Water scarcity is and will probably continue to be a critical issue around the world. Seawater 41 

desalination has provided quite some relief on fresh water shortage. For many developing countries 42 

and regions, reuse of wastewater is becoming important as unconventional water resources and 43 

essential for environmental and ecological protection [1, 2]. Among various treatment solutions, 44 

membrane processes have been very successful because of their high energy efficiency and small 45 

footprint. A normal wastewater management includes a series of unit operations, as shown in Fig. 1, 46 

including pre-treatment, ultrafiltration, microfiltration, nanofiltration, reverse osmosis (RO), high 47 

pressure RO [3] [4, 5]. However, significant amounts of saline brine is generated accompanied with 48 

organic contaminants; although the absolute volume is small, the energy consumption is high to reach 49 

near zero liquid discharge (nZLD), such as electrodialysis (ED) [6, 7], mechanical vapor compression 50 

(MVC) [8-10], or the footprint is large as evaporation pond [10]. Integrated forward osmosis (FO) and 51 

membrane distillation (MD) was reported recently for treating shale-gas-flow-back water for reuse 52 

purpose [11], although technically viable, cost of FO-MD remains prohibited high.   53 

Most current desalination technologies for treating highly saline brine are energy intensive, 54 

especially relying on high grade electric power supply [10]. Only MD, although thermal-driven, can 55 

work at a rather low feed temperature and thus can be satisfied with low grade thermal or solar energy 56 

[12, 13] (Fig. 1). Hydrophobic porous membranes are utilized, which allows only vapor to diffuse 57 

across the porous structure. MD has demonstrated great potential in treating various streams including 58 

those containing high total dissolved solids with nearly complete rejection to non-volatile matters. 59 

However, MD has not gained large scale applications because of deleterious membrane performance 60 
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due to fouling and consequent wetting.     61 

62 

Fig. 1 Schematic of conceptual nZLD waste water management using various membrane-based 63 

treatment technologies. Pre-treatment includes chemical and biological digestion. Ultrafiltration and 64 

microfiltration are selective. High pressure RO may be utilized to reach high water recovery rate and 65 

reduce brine discharge. In the brine management step, various concentration technologies are listed 66 

including evaporation pond, MVC, ED and MD. MD is highlighted by utilization of solar or low 67 

grade heat. Crystallizer completely removes liquid and solids are obtained. 68 

69 

A hydrophobic membrane is characterized by a water contact angle (WCA) above 90o whereas a 70 

superhydrophobic membrane above 150° and a low contact angle hysteresis < 5o (CAH, the difference 71 

between the advancing and receding contact angles) [14, 15]. An omniphobic membrane has both a 72 

high WCA and low sliding angle and exhibits high repellence to low surface tension liquids; a 73 

hierarchical re-entrant structure combining with the layer of low surface energy generally contributes 74 

to omniphobicity [16-18]. Fouling and scaling of the hydrophobic MD membrane can cause deleterious 75 
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performance as manifested by reduced permeate quality and flux. Recent advancement in the 76 

development of novel materials has attributed superhydrophobic membranes significant success in 77 

fouling mitigation [10, 13, 19, 20]. Understanding the fouling resistance for superhydrophobic (SH) 78 

and omniphobic (OM) membranes has been mainly based on thermodynamic theories, but frequently 79 

challenged by contradictory results. 80 

Herein we will provide a brief account on the scaling and fouling phenomenon in MD, the 81 

preparation and performance of superhydrophobic and omniphobic membranes, the main stream of 82 

thermodynamic scaling and fouling models, and finally our understanding on the superhydrophobic 83 

effects on the fouling formation and mitigation. A new concept is proposed by introducing a 84 

hydrodynamic factor of slippage to fill in the gap. We further correlate quantitatively the wetting states 85 

to the hydrodynamic slip with experimental results to verify the finding. Stability and sustainability of 86 

the slip surface are critically analyzed and potential solutions are suggested. We expect that scientists 87 

and engineers would take this new concept for future development of robust hydrophobic membranes, 88 

modules as well as processes. 89 

2. Scaling and fouling phenomena in membrane distillation90 

In general, fouling is a process of unwanted matters aggregate/deposit on a membrane surface 91 

followed by increased mass transfer resistance and reduced rejection; based on their chemical physical 92 

characteristics, foulants are can be categorized as inorganic, organic in nature (Table 1) [21, 22]. 93 

Inorganic fouling is commonly known as scaling, referring to crystals, colloidal particles, mineral 94 

scales which either precipitate/ grow directly on the membrane surface or form in bulk solution first 95 

before aggregating on the surface [23, 24]. The attachment of dissolved organic matters (humic acid, 96 
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protein, polysaccharides, oils, etc.) to the membrane surface is termed as organic fouling [21], and  97 

the drivers for foulants adhesion can be van der Waals forces, electrostatic interaction and 98 

hydrophobic-hydrophobic interaction, which is well described by the Extended Derjaguin-Landau-99 

Verwey-Overbeek theory (xDLVO) theory. The fouling layers can be removed by chemical treatment, 100 

but the performance restoration is poor and damage to the membrane surface and environment is the 101 

potential disadvantage [21, 25]. Therefore, design of antifouling/scaling membranes are essential for 102 

the membrane development, and understanding the mechanism of fouling and scaling has been one of 103 

the main focuses in MD research [26]. The following sections will outline the major foulants often 104 

encountered in MD applications.  105 

2.1 Scaling 106 

Scaling often occurs for various feed streams including RO concentrate, produced water from 107 

oil/gas industry, underground or geothermal water [13, 20]. Sparingly soluble salts play critical roles 108 

in inducing both homogeneous nucleation and impurity-induced (e.g., air, dust or other particles) 109 

heterogeneous nucleation, ultimately aggregating to visible bulky crystals [26]. The hydrophobic 110 

membrane surface readily incurs heterogeneous nucleation (Fig. 2a). Fig. 2 shows some typical 111 

examples of calcium carbonate (CaCO3), calcium sulfate (CaSO4) and silica scaling on different 112 

hydrophobic membrane surfaces. Scaling is often featured by an induction time before formation of a 113 

detectable scale phase either amorphous or in the form of “prenucleation” clusters of just a few atoms 114 

[27]. This would lead to the growth and deposition of crystals into membrane pores and even covering 115 

the membrane surface. Scaling leads to membrane wetting and consequently reduced permeate quality 116 

and flux [28], and propagation of the wetting frontier causes membrane integrity damage followed by 117 
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transition from hydrophobic to hydrophilic matrix, and deteriorated permeate quality [28-32].  118 

For concentrating high salinity brine, most commonly discussed sparingly soluble inorganic salts 119 

were CaSO4 and silica. Carbonate chemicals are sensitive to solution alkalinity and pH. For simplicity, 120 

we classify the scaling in MD into three main categories: (1) Alkaline scalant, such as CaCO3 [33, 34] 121 

[35] (Fig. 2b), is often observed in shale gas produced and flowback water [17, 26] and seawater 122 

concentrate [36, 37] (Table 1). CaCO3 scaling is solution pH sensitive [33, 38, 39] and temperature-123 

dependent as its solubility is inversely related to temperature [25, 40-42]. The most effective chemicals 124 

to remove CaCO3 scale are acids [25, 43]. (2) Non-alkaline, as represented by CaSO4, which is pH-125 

independent [26]; CaSO4 mainly forms rod-like structures, but needle-like and rosette-like ones have 126 

also been observed (Fig. 2c) [31, 44-51]. CaSO4 scaling has three forms as a function of temperature 127 

[44, 52]: dihydrate (gypsum, CaSO4·2H2O), hemihydrate (bassanite, CaSO4·0.5H2O) and anhydrite 128 

(CaSO4) [34]. The high adhesion strength and low solubility render CaSO4 a high scaling tendency 129 

and difficult to remove [53-55]. (3) Nonionic scale, such as that of silica (Fig. 2d), is less soluble in 130 

water and solvents than the ionic scale due to the absence of charges to break up and dissolve [22]. 131 

Silica is practically ubiquitous in inland RO brine [56, 57], geothermal water and shale gas produced 132 

water [58]. Silica scale is amorphous and formed via polymerization of silicic acid (e.g., NaSiO3, etc.) 133 

[59] with robust resistance to anti-scalants [34, 60]. Silica scale was reported to block surface pores 134 

without wetting [28], however, this result was challenged by other reports [61-63].  135 
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 136 

 137 

Fig. 2 (Top) Schematic diagram of crystal formation in MD process (a). A certain induction period is 138 

required prior to the formation of detectable crystalline phase. During the induction period, the solution 139 

remains saturated or supersaturated in a metastable equilibrium without any occurrence of 140 

crystallization. Amorphous mineral “prenucleation clusters” form rapidly after the induction period, 141 

for further growth and deposition. (Bottom) SEM images of typical mineral scaling in membrane 142 

distillation: (b) CaCO3 (vaterite) scaling; (c) CaSO4 (gypsum) (Accurel PP polypropylene hollow 143 

fibres with 0.20 m pore size and external diameter of 1.8mm was used, Curcio et al. [43] (Copyright 144 

2010 Elsevier B.V.)), and (d) silica scaling (PVDF membranes with a nominal pore diameter of 0.45 145 

μm were purchased from GE Healthcare, Christie et al. [28] (Copyright 2019 American Chemistry 146 

Society).  147 
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Table 1 Various persistent contaminants in membrane distillation  148 

Typical 

contaminant 

Water sources Characteristics Effect on MD performance* 

CaCO3 Produced water, 

Industrial water, 

Seawater brine 

Solubility susceptible to bicarbonate, carbon dioxide 

concentration and pH [33, 38, 39]; Inverse solubility 

to temperature [21]  

Flux decline by pore blockage; negligible or detrimental effect on the distillate 

quality [25, 33, 41, 43]; Co-precipitation with CaSO4 [52]; Precipitation 

inhibited by humic acid [43]; Remove readily by acid [22, 26] 

CaSO4 Industrial, Seawater 

brine and groundwater 

Inverse solubility to temperature [21]; Strong 

adhesion [22] 

Flux decline by pore blockage; negligible or detrimental effect on the distillate 

quality [28, 46-49, 52]; Hard to remove by chemical and physical cleaning [22, 

52] 

Silica Produced water; 

Seawater brine 

Geothermal water 

Amorphous, resistance to anti-scalants; constant 

solubility at neutral or acidic pH, but increases above 

pH ~8 [26]; Precipitation at high pH with coexisting 

metal ions (e.g., Al3+, Fe3+, Ca2+ et al) [26, 61, 64]  

Flux decline by pore blockage; negligible detrimental effect on the distillate 

quality [28, 59, 63, 65, 66]; scaling exacerbated by protein, alginate and humic 

acid [63]; Hard to remove by chemical and physical cleaning.  

Humic acid Surface, municipal 

wastewater 

Hydrophobic [67]; solubility increases at high pH 

[68, 69]; complexation with the Ca2+ [68, 70, 71]; 

thermal disaggregation to LMW organics [72] 

Negligible detrimental effect on flux; no salt leakage [67-69, 73, 74]; diffusion 

across the membrane; remove readily by caustic [68, 69] 

Protein Municipal, Dairy water Hydrophobic [75]; Complexation with the Ca2+ due 

to negatively charged carboxyl groups at pH > 4~5 

[75, 76]; Thermal irreversible denaturation (> 60 oC) 

Negligible detrimental effect on flux; no salt leakage [47, 72, 73, 75-77] 
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[75] 

Alginate surface water Hydrophilic [67] Negligible effect on flux; no fouling-induced salt leakage [67, 78] 

Oil Produced water; 

industrial wastewater 

Extremely hydrophobic [79]; stabilization by 

surfactant 

Flux decline by pore blockage and pore wetting [67, 79]; higher proportions of 

heavy hydrocarbons in the oil cause more severe fouling [80] 

Surfactant Municipal, produced 

water 

The higher the surfactant’s HLB value, the more 

hydrophilic it is [81]; Above CMC, the surface 

tension remains relatively constant [81] 

Decrease in the surface tension of feed to wet pores; a surfactant with lower 

HLB value fouls hydrophobic membrane more readily and triggers earlier 

onset of wetting. 

Micropollutant Secondary effluent Low concentration; Pharmaceuticals and personal 

care products (PPCPs) and pesticides; molecular 

weight from 150-400 Da; various chemical structure 

and charges [82] 

DCMD achieved 86 to >99% removal; combined with persulfate, removal 

was>99% for all micropollutants. Suspect fouling by micropollutant, but 

largely covered by other contaminants in the effluent. 

* Summary of MD scaling experiments using conventional hydrophobic membrane; LMW: low molecular weight; HLB: Hydrophilic lipophilic Balance. CMC: The 149 

Critical Micelle Concentration.150 
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2.2 Organic fouling 151 

Organic matter typically accounts for a sizable portion of contaminants in wastewater, such as 152 

natural organic matter (NOM, i.e. humic substances, protein and polysaccharides), oil and surfactants 153 

in seawater, surface water, municipal wastewater, underground water and shale gas produced water 154 

(Table 1) [67, 72, 81, 83]. Organic fouling is relatively complex compared to scaling due to a wide 155 

molecular weight distribution of NOM, temperature triggered degradation [21, 67], hydrophobic-156 

hydrophobic interaction with hydrophobic MD membranes [47] and interaction with other solutes in 157 

the feed [21, 22]. Humic acid is a heterogeneous mixture (i.e., aromatic groups and carboxyl groups) 158 

and its hydrophobic part contributes fouling in MD [73, 84].  159 

Protein fouling represented by caseins and bovine serum albumin (BSA) has been mainly found in 160 

dairy and municipal wastewater [85]. The intrinsically hydrophobic proline residue in the proteins [47] 161 

tends to cause their deposition on a hydrophobic surface via hydrophobic-hydrophobic attraction [77]. 162 

Similarly, long chain hydrocarbon oil, often found in the shale oil and gas produced water [17], readily 163 

fouls MD hydrophobic membranes because of the long-range hydrophobic-hydrophobic attraction [86, 164 

87]. Surfactants’ lyophobic tails show strong affinity to hydrophobic membrane [30, 80, 88, 89], but 165 

hydrophilic head-groups incur hydrophilic characteristics [81]. Once fouled by the surfactants, the 166 

membranes are prone to wetting by the feed streams though some contradictory results have been 167 

reported. For example, Wang et al [30, 90, 91] have shown that surfactant attachment to the membrane 168 

surface intrinsically inhibits surfactant-induced wetting rather than facilitates it, and Liquid Entry 169 

Pressure (LEP) of membranes is reduced. Literature also reveals that the combination of oil, surfactant 170 

and NaCl drastically deteriorates MD performance, but when the feed solution contains oil or 171 
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surfactants or NaCl alone, the effect was not apparent [92]. Micropollutants present wide chemical 172 

structures and charge variations (Table 1). Treatment of micropollutant containing wastewater may 173 

suffer from fouling. However, due to the low concentration, the fouling by micropollutants were largely 174 

covered by other organic contaminants [82].  175 

 176 

2.3 Biofouling 177 

Biofouling of MD membranes has reported compromised the MD performance when treating a natural 178 

surface water composed of organics and dead bacteria [93]. It is a very undesirable form of pollution, 179 

bacteria cells and micro-colonies attached on membrane surface with growth, the formed biofilm was 180 

hard to clean via physical or chemical methods [93]. High operational temperature and relatively high 181 

salinity of the feed limit the impacts imposed by the microbial growth [94]. Nonetheless, once formed 182 

on the membrane surface, the biofilms will enhance the concentration and temperature polarization, 183 

leading to declined permeate flux and quality [21]. No explicit solution has been established on how 184 

to avoid initial attachment of bacterial onto the membrane surface [22] [21] [95]. 185 

 186 

3. From hydrophobic to superhydrophobic and omniphobic  187 

3.1 Engineered superhydrophobic and omniphobic membranes with improved fouling 188 

resistance 189 

The failure of hydrophobic membranes in MD due to fouling/scaling has been widely known [43]. 190 

One of the most important solutions is to mimic a lotus leave by creating superhydrophobic surfaces. 191 

Table 2 summarizes the state-of-the-art technologies for fabricating superhydrophobic membranes for 192 
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MD and their behavior observed in scaling and fouling tests. Many approaches have been attempted 193 

to create superhydrophobic membranes using electrospinning, templating, soft lithography, sol-gel and 194 

layer-by-layer deposition [94]. The main strategy to create a superhydrophobic membrane is to 195 

physically increase surface roughness combined with chemical modification to endow a low surface 196 

energy. The use of CF4 plasma treatment increased the contact angle of a commercial PVDF 197 

microfiltration membrane from 130o to 160o, which was ascribed to the combined effect of a rough 198 

porous surface and fluorination [94]. One can also chemically modify the surface to increase the 199 

contact angle of a nanofiber surface [95], or nanoparticles coated surfaces [69] [16]. Electrospun [96] 200 

or electrospray [46] have been utilized to improve the surface roughness and the fluorination achieved 201 

by CF4 [97, 98] or heptadecafluorotetrahydrodecyl trichlorosilane (denoted as 17-FAS) [99, 100]. All 202 

superhydrophobic membranes demonstrate improved fouling and/or scaling resistance (Referring to 203 

the description in Table 2). 204 

Fig. 3a shows the simplified model for the location where the fouling/scaling occurs at the first 205 

instance. For a hydrophilic membrane, there exists a water-solid (membrane material) interface, but 206 

for a hydrophobic membrane, ideally a water-solid-air forms the interface. Myriads of evidence 207 

supports that superhydrophobic membranes are superior to the normal hydrophobic ones in scaling 208 

and fouling resistance[46, 48, 94, 101]. This implied that the water-solid-air interfaces for hydrophobic 209 

and superhydrophobic membranes are probably different, however frequently neglected.   210 

When a water droplet is placed on a highly hydrophobic surface, two wetting states are usually 211 

identified, namely Wenzel and Cassie-Baxter states (Fig. 3b and c) [102]. In a Wenzel state, the liquid 212 

follows the structure and wets the textured surface, i.e., the liquid-membrane contact area is maximized. 213 

Due to the maximal contact between the liquid and the surface, the Wenzel state corresponds to a 214 
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pinned state with significant contact angle hysteresis (CAH) [14]. In Cassie-Baxter state, a composite 215 

surface of air and the membrane solid allows the liquid droplet suspend atop the asperities (Fig. 3c). 216 

Figs. 3d and e schematically show the surface morphology of some typical engineered omniphobic 217 

membranes, named as a re-entrant structure, featuring cylindrical or spherical morphology (e.g., 218 

electrospun nanofibers and silica nanoparticles), forming ideal platforms for creating omniphobicity. 219 

Surface fluorination is important in contributing to the omniphobicity. Omniphobic membranes have 220 

strong repellency towards a wide range of liquids demonstrating particularly stable performance when 221 

treating wastewaters containing low surface tension substances [103]. Moreover, surface 222 

omniphobicity can also delay or deter the onset of wetting when the feed solution contains low surface 223 

tension matters (e.g., ethanol, surfactants and oil molecules stabilized by excess of surfactants) [69, 224 

104-106].   225 

 226 

Fig. 3 (a) Distinct hydrodynamic condition between hydrophilic and hydrophobic surface: water-227 

solid interface for hydrophilic membrane and water-solid-air interface for a hydrophobic membrane; 228 

(b) the Wenzel state: the textured surface is entirely wetted by the liquid droplet; (c) the Cassie-Baxter 229 

state: the liquid droplet is suspended by trapped air; (d) Trapezoid re-entrant architecture; (e) Re-230 

entrant structure imparted by spherical particles or cylindrical fibers. The water-air interface is enlarged 231 
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as the liquid penetrates deep down into the surface, which is thermodynamically unfavorable. (adapted 232 

with permission from Huang et al. [86] (Copyright 2017 American Chemical Society). 233 

                    234 

 235 
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Table 2 Overview of recent advances in superhydrophobic or omniphobic surfaces in MD 236 

Membrane* Materials Fabrication method/ modification technique MD performance Reference 

SH FAS/TiO2/PVDF Hydrothermal process/Fluorination Feed: 150 mg/L HA and 3.77 mM CaCl2 , Flux 

decline by 48 % for 20 h, DCMD 

[69] 

SH FAS/PVDF Imprinting/phase separation/Fluorination Up to 0.4 mM SDS, no wetting for 8 h; Real 

seawater (42-49 mS/cm), no scaling and 

wetting for 135 h, DCMD 

[99] 

SH PVDF CF4 plasma  4 wt. % NaCl , ~ 30 % flux enhancement in 

DCMD 

[97, 98] 

SH PVDF Nano-casting 35 g/L NaCl, 420 mg/L CaCl2, 10 mg/L HA, 10 

mg/L BSA and 10 mg/L SA;  No scaling, 

fouling and wetting for 150 h in DCMD 

[101] 

SH PDMS/Silica /PVDF Electrospinning/Electrospray For 3 g/L CaSO4; 10 mg/L HA showed scaling 

resistance; for 10 mg/L TDAB showed fouling 

[74] 
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resistance; for 10 mg/L SDS showed rapid 

fouling and wetting in DCMD 

SH FAS/Silica/PVDF-HFP Electrospinning/Electrospray/ Fluorination For 25 wt. % NaCl; No scaling and wetting; for 

14 mM CaSO4 , scaled and wetted at high water 

recovery in DCMD 

[46] 

SH CNTs/PVDF-HFP Electrospinning 35 g/L NaCl; High flux performance and salt 

rejection > 99.99 % for 300 min in DCMD 

[107] 

SH FAS/SiO2/PP In-situ sol-gel process/Fluorination 15 wt. % NaCl and 0~9 wt. % MgCl2 ; stable 

permeate flux and anti-fouling property for 12 h 

in VMD 

[108] 

SH PVDF Solvent-thermal induced roughening Up to 0.2 mM SDS; No wetting for pentanol-

treated membrane in DCMD 

[109] 

SH iPP/PVDF Coating/Phase separation 100 mg/L sunset yellow textile; No fouling and 

wetting for 50 h in DCMD 

[110] 
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SH PTFE/PVA with POSS Electrospinning, calcinate 3.5 wt. % NaCl; stable permeate flux for 200 h 

in DCMD 

[111] 

OM PVDF-HFP 

/FAS/Silica/glass fiber 

Coating/Fluorination Up to 0.4 mM SDS; No fouling and wetting for 

9 h in DCMD 

[16] 

OM FAS/Silica/PVDF Coating/Fluorination For Up to 0.2 mM SDS and Up to 0.01 % v/v oil, 

no fouling and wetting for 6 h; For  20 mM 

CaSO4 and 6 mM Na2SiO3·5H2O, 50 mM NaCl 

and 1 mM NaHCO3 , saling resistance to 20 mM 

CaSO4 but readily scaled by silica scaling, 

DCMD 

[17, 31, 59] 

OM PVDF nanofiber Phase separation /coating with Teflon AF 2400 

/Silica particles 

Up to 0.6 mM SDS; No wetting for 7 h in VMD [95] 

OM PVDF nanofiber Phase separation /heat-press treatment/ Teflon 

AF 2400 coating 

For Up to 0.4 mM SDS, no fouling and wetting 

for 9 h; For 20 mM CaSO4 , no scaling at water 

[45] 
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recovery of 10 % in DCMD 

OM PVDF Sodium/naphthalene-based etching /vapor-phase 

silanization 

Up to 0.4 mM SDS, no fouling and wetting for 9 

h in DCMD 

[100] 

OM PVDF nanofiber Electrospinning /CF4 plasma Up to 0.7 mM SDS, no fouling and wetting for 

10 h in AGMD 

[112] 

OM PVDF-HFP nanofiber Electrospinning Up to 0.3 mM SDS, no fouling and wetting for 8 

h in DMCD 

[113] 

OM PVDF-HEP/FAS /ZnO/glass 

fiber 

  Chemical bath deposition and coating Up to 0.3 mM SDS, no fouling and wetting for 8 

h in DCMD 

[18] 

OM PVDF Coating/Spraying/Silica@polystyrene particle 

/Fluorination 

240 mg/L SDS, 2400 mg/L hexadecane and 

1000 mg/L NaCl, no fouling and wetting for 

1000 min in DCMD 

[114] 

OM PVDF nanofiber Electrospinning/Self-roughening Up to 0.1 mM SDS, no fouling and wetting for 6 

h in DCMD 

[115] 
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OM PVD F-HFP Self-roughening /Fluorination Up to 0.5 mM SDS; Up to 480 mg/L oil 

solution , some fouling and wetting in high 

concentration solutions in DCMD 

[116] 

OM PVDF-HFP Electrospinning/Electrospray Up to 0.3 mM SDS, Some wetting in high 

concentration solution in DCMD 

[96] 

OM PVDF, superomniphobic 

membrane (SOM) 

Phase inversion, Coating SiNPs/Fluorination Up to 0.3 mM SDS, no wetting for 11.5 h in 

DCMD 

[117] 

OM PVDF Electrospinning, STIR methods, Fluorination Up to 0.4 mM SDS, no wetting for 5 h .Up to 

480 mg/L mineral oil solution, no wetting for 7h  

[118] 

SH-OM Polyimide nanofiber Electrospinning, SiNPs adsorbion,17-FAS 

Fluorination 

20 wt. % NaCl solution, stable permeate flux 

and anti-scaling property for 23 h in DCMD 

[119] 

* SH means superhydrophobic; OM means omniphobic; SDS: Sodium Dodecyl Sulfate; FAS: Fluorinated Alkyl Silane; PDMS: 237 

Polydimethylsiloxane; CNTs: Carbon nanotubes; VMD: Vacuum membrane distillation; iPP: isotactic polypropylene; F-POSS: Fluorinated-decyl 238 

polyhedraloligomeric silsesquioxane; FTCS: fluorododecyltrichlorosilane; FOTS: Trichloro (1H,1H,2H,2H-tridecafluoro-n-octyl) silane. SOM: 239 

superomniphobic membrane; PFTS: 1H,1H,2H,2H-perfluorooctyltrichlorosilane; STIR: solvent-thermal induced roughening; RSHO: robust 240 
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superhydrophobic-omniphobic.241 
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242 

3.2 Typical thermodynamic models for scaling and fouling 243 

Classical nucleation theory is the mainstream mechanism for understanding scaling in MD. 244 

Nucleation falls into two categories: homogeneous nucleation, occurring in solutions without any 245 

foreign particles, and heterogeneous nucleation in solutions containing foreign substances that provide 246 

active sites for nucleation. For membrane scaling, the heterogeneous nucleation has been widely 247 

accepted [31, 45, 46, 51, 120-122] and the nucleation energy barrier is expressed as [43, 123]: 248 

∆𝐺ℎ𝑒𝑡𝑒𝑟𝑜𝑔𝑒𝑛𝑒𝑜𝑢𝑠
∗

∆𝐺ℎ𝑜𝑚𝑜𝑔𝑒𝑛𝑒𝑜𝑢𝑠
∗ =

1

4
(2 + 𝑐𝑜𝑠 𝜃)(1 − 𝑐𝑜𝑠 𝜃)2 [1 − 𝜀

(1+𝑐𝑜𝑠 𝜃)2

(1−𝑐𝑜𝑠 𝜃)2
]

3

(1) 249 

where 𝜃 is membrane-crystal-liquid contact angle and 𝜀 is the membrane surface porosity. For a 250 

membrane with larger contact angle 𝜃, and lower surface porosity 𝜀, higher free energy is required for 251 

heterogeneous nucleation, thus has a lower scaling tendency.  252 

Eq. 1 clearly indicates that a high surface porosity and a high contact angle (CA) are essential in 253 

reducing heterogeneous nucleation. The nucleation theory may be effective in explaining scaling 254 

formation, but when organic foulants are present, the situation becomes complicated. 255 

The xDLVO theory describes the thermodynamic intermolecular interactions between the foulant 256 

and membrane [124]: three different non-covalent forces, i.e., (1) Lifshitz-van der Waals (LW) 257 

interactions,; (2) electrical double layer (EL) interactions, and (3) Lewis acid-base (AB) or electron-258 

acceptor/electron-donor interactions, and hydrophobic-hydrophobic interactions [125]. The interfacial 259 

free energy between the membrane and foulant provides an indication of the attraction or repulsion 260 

between two materials. xDLVO theory has often been utilized to interpret experimental results [67, 87, 261 

89, 126-129] and severe organic fouling has been ascribed to hydrophobic-hydrophobic interactions 262 

[67, 75, 77, 79, 87]. The theory implies that the electric interaction between the foulants and the 263 
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hydrophobic membrane surface is negligible comparing to the LW and AB interactions [87, 130]. This 264 

is correct in that at high salinity, the electrical double layer is largely suppressed due to a shortened 265 

Debye length [21], but LW and AB interactions remain unchanged [67, 131]. However, experimental 266 

results showed that a strongly negatively charged superhydrophobic membrane was not fouled by 267 

negatively charged oil emulsions in a 1% NaCl solution [132] (Fig. 4) with dyes [133] present in the 268 

feed. The fact that the superhydrophobic membrane has a higher surface charge than its hydrophobic 269 

counterpart is considered as the main contributor to its superior performance. CF4 plasma treatment 270 

provides thorough fluorination for membrane materials and renders the membrane higher water 271 

repellency. Consequently, stronger hydrophobic-hydrophobic interactions would have dictated that 272 

CF4 plasma modified PVDF membranes be less fouling resistant. However, both logic scenarios have 273 

been contradicted by the experimental observation. This contradiction may point to a gap between the 274 

theories and the behavior of superhydrophobic membranes. 275 

276 

Fig. 4 (a) SEM images of the top surface of a CF4 plasma modified PVDF membranes (PVDF-M, 0.22 277 
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m) showing a contact angle of 163o and a sliding angle of 9.3-20.9o. (b) Zeta potential of the original 278 

PVDF-V and PVDF-M membranes showed more negatively charges. (c) and (d) Optical images of 279 

droplets of the negatively charged (E1) and positively charged (E2) emulsions. Oil droplets were 280 

prepared by dispersing hexadecane in 1% NaCl solution containing Sodium dodecyl sulfate (SDS), E1, 281 

or Tetradecyl dimethyl benzyl ammonium chloride (TDBAC), E2. (e) Flux and salt rejection profiles 282 

for PVDF-M membrane using E1 and E2 as feed solutions. Concentration factor refers to the ratio of 283 

remaining liquid volume and the initial liquid volume in feed storage tank. [132] (Copyright 2017 284 

Elsevier B.V.) 285 

 286 

Fig. 5 shows that similar superhydrophobic PVDF membranes with SiNP coating and FAS-17 287 

fluorination from different literatures behaved different in scaling resistance during concentrating a 288 

feed with supersaturated CaSO4 [134-136]. We found that a superhydrophobic PVDF membrane with 289 

porous micropillars (MP-PVDF) showed nearly the same performance as that of the commercial PVDF 290 

membranes (C-PVDF) in DCMD (Fig. 6c) [47]. However, the classical nucleation theory projected 291 

that the MP-PVDF should have behaved differently from C-PVDF. Furthermore, the classical 292 

nucleation model indicated that a superhydrophobic membrane after CF4 treatment (CF4-MP-PVDF) 293 

would have showed similar scaling behavior to MP-PVDF (Fig. 5c, the map of Gibbs free energy for 294 

the formation of CaSO4). But the results demonstrated that CF4-MP-PVDF membrane was much more 295 

robust in resisting scaling (Fig. 5c, the SEM photos after experiment and Fig. 6c) [47]. These examples 296 

illustrated that other factors beyond superhydrophobicity might play a critical role in determining the 297 

scaling behavior.  298 

For orgnaic fouling, superhydrophobic PVDF membrane coated with TiO2 nanoparticles (FTCS-299 
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TiO2-PVDF) showed similar flux decline as that of commerical PVDF membranes (Referring to Fig. 300 

5d) [69]. But in a different experiment, a superhydrophobic PVDF membrane with silica nanoparticles 301 

coating showed improved MD performance (Referring to Fig. 5e) [137]. Clearly the scaling and 302 

fouling behavior of superhydrophobic/omniphobic membranes cannot be understood in the framework 303 

of conventional scaling and fouling theories. The correlation between the superhydrophobic or 304 

omniphobic surface and anti-fouling property needs new explanation. A careful analysis of the physical 305 

starting point of the fouling raises an alarm on the key assumption of utilizing the thermodynamic 306 

models for hydrophobic membranes. The classical nucleation and xDLVO theories have found success 307 

in analyzing the fouling and scaling phenomenon for a water-solid (polymeric materials) interface of 308 

hydrophilic membranes [134-136]; but for a hydrophobic membrane, an extra phase in the membrane 309 

pores contributes to a triple-phase of water-solid-air interface which might show differences in 310 

occurrence of fouling and scaling, thus invalidate both theories.   311 
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 312 

 313 

Fig. 5 (a) SEM and DCMD performance of commercial PVDF hydrophobic membrane and modified 314 
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membrane FAS-SiNPs-PVDF by Karanikola et.al [31] (Copyright 2018 American Chemical Society). 315 

FAS-SiNPs-PVDF was prepared by coating the surface with Silica nanoparticles followed by 316 

fluorination using 17-FAS). DCMD test was a supersaturated gypsum solution prepared by mixing 20 317 

mM CaCl2 and 20 mM Na2SO4. (b) Similar FAS-SiNPs-PVDF membrane showed insignificant 318 

enhancement in CaSO4 scaling resistance using a feed solution consisted of 14 mM CaCl2 and 14 mM 319 

Na2SO4, by Horseman et al.[51] (Copyright 2019 American Chemical Society). (c) Surface 320 

morphology before and after DCMD experiment using superhydrophobic micropillared patterned 321 

PVDF (MP-PVDF) membrane, CF4 plasma treated MP-PVDF membrane (left) and map of Gibbs free 322 

energy for the formation of CaSO4 scale as a function of contact angle (ranges from 100 to 180°) and 323 

surface porosity (50 to 100 %) [48]; Feed: 14.7 mM CaSO4 and a synthetic casein solution (480 mg/L). 324 

(Copyright 2019 Elsevier B.V.). (d) Comparing PVDF and superhydrophobic PVDF membranes with 325 

TiO2 nanoparticle coating (FTCS-TiO2-PVDF) for humic acid fouling by Razmjou et al [69] 326 

(Copyright 2012 Elsevier B.V.). (e) Superhydrophobic PVDF membrane PVDF-M3 prepared by 327 

coating with silica nanoparticles showed improved MD performance by Hou et.al [137] (Copyright 328 

2020 Elsevier B.V.).  329 

4. From thermodynamic to hydrodynamic: non-slip to slip 330 

4.1 Understanding the onset of fouling/scaling upon a water-solid-air interface  331 

Previous experimental results have not been coherently explained by present models. This raises 332 

concerns of the missing links between the theory and experimental observation. As in Fig. 3a, a 333 

superhydrophobic membrane ideally shows water-solid-air tri-phases possessing a wetting state 334 

different from a hydrophilic membrane. A more holistic view on the fouling and scaling is thus required 335 
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to analyze the onset of the fouling and scaling for a hydrophobic surface. For a water-solid-air interface 336 

(Fig. 3a), we propose two critical rationale statements for occurrence of fouling and scaling on a 337 

hydrophobic surface:  338 

(1)  Probability of adsorption: foulants, organic or inorganic, can incur fouling or scaling when 339 

adsorbed on the solid part of the membrane; When the membrane surface porosity is increased, 340 

the probability for the foulants to attach onto the membrane surface is reduced; 341 

(2) Time of interaction: a certain time is required for the foulants to attach to the solid membrane 342 

material and form a stable fouling layer. If the water-solid-air interface is not static, fouling is 343 

mitigated because of insufficient interaction time. 344 

Above Statements do not consider any thermodynamic factors and are seemingly independent as 345 

Statement 1 is related to probability and Statement 2 kinetics. However, both are intertwined as 346 

increasing surface porosity would lead to enlarged air area thus affecting probability of adsorption 347 

(Statement 1) and create hydrodynamic slippage to shorten the contact time (Statement 2) between the 348 

foulants and membrane. In the following discussion, we will provide detailed experimental evidence 349 

and support to unravelling the importance of the hydrodynamic factor to the scaling and fouling for 350 

superhydrophobic/omniphobic membranes. Then by analysis of the wetting state (Section 4.2) and the 351 

slip length (Section 4.3), we will show that a suspended wetting (Statement 1) corresponds to the 352 

slippery surface.  353 

A slip surface means that the water flow velocity next to the membrane surface is above zero. This 354 

leads to reduced time of interaction (Statement 2). Under this theoretic framework, we need to analyze 355 

first the wetting state and slip length of the membrane surface. If the membrane is at a suspended 356 

wetting state, thus slip condition, we would expect that fouling and scaling to be mitigated. If the 357 
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membrane is at a pinned wetting state, thus non-slip, we would expect that the membrane is not 358 

fouling/scaling resistant. All classical theories, CNT and xDLVO would apply. 359 

4.2 Fouling/scaling behavior on superhydrophobic/omniphobic surfaces  360 

Current methods of using nanofiber or nanoparticle coated superhydrophobic membrane fall into 361 

an approach of randomly controlled surface morphology. To explore the validity of the Statement 1 362 

and 2, we designed a patterned surface with micropillars by micromolding phase separation [32, 47, 363 

48, 101, 138] and further modified with CF4 plasma to improve the surface hydrophobicity (CF4-MP-364 

PVDF) (Fig. 6 a). Fig. 6b shows an omniphobic pillared membrane coated with silica nanoparticles 365 

(SiNP-MP-PVDF) followed by chemical fluorination by FAS with a dual-scale roughness. CF4-MP-366 

PVDF membrane outperformed the virgin pillared PVDF membrane with a stable MD flux using 367 

supersaturated 14.7 mM CaSO4 feed (Fig. 6c). This result was contradictory to the classical nucleation 368 

theory which dictates that the Gibbs free energy of nucleation of both membranes would have been 369 

similar as well as scaling propensity (Fig. 5c). Fig. 6d confirms that omniphobic SiNPs-MP-PVDF 370 

membrane is also scaling resistant and Fig. 6e demonstrates that SiNPs-MP-PVDF is resistant to 371 

fouling by Casein, a typical protein found in wastewater [139, 140]. These examples are based on the 372 

same base membranes. The CF4-MP-PVDF and SiNP-MP-PVDF membranes showing scaling and 373 

fouling resistance is probably a result of the limited interaction time to allow the foulants to attach due 374 

to the extra slip effect provided by both superhydrophobic and omniphobic surfaces [47, 48].  375 
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 376 

Fig. 6 (a) Schematic for fabrication of micro pillared PVDF membrane (MP-PVDF) and physics 377 

meanings of parameters used in the calculation of the wetting state factor developed by Grewal et 378 

al.[141]: spacing factor Sf, aspect ratio ar and interior angle φ; (b) Preparation of micro pillared PVDF 379 

membrane with dual-scale roughness (SiNPs-MP-PVDF) by coating silica nanoparticles (~640 nm). 380 

(c) Superhydrophobic CF4 plasma treated MP-PVDF showed improved scaling performance 381 

comparing to MP-PVDF and commercial PVDF. (d) Omniphobic SiNPs-MP-PVDF membranes 382 

showed improved scaling resistance comparing to both MP-PVDF and commercial PVDF membranes. 383 

For (c) and (d), the feed was: 14.7 mM CaSO4 solution; (e) Omniphobic SiNPs-MP-PVDF membranes 384 

showed antifouling performance comparing to both MP-PVDF and commercial PVDF membranes. 385 

Feed: 14.7 mM CaSO4 and a synthetic casein solution (480 mg/L). Normalized water vapor flux (J/J0) 386 

as a function of concentration factor (CF) (ratio of the feed salt concentration in process to the initial 387 

concentration) [47] (Copyright 2020 Elsevier B.V.).  388 

 389 

To further support the slippage theory, the wetting state of the membrane surface is evaluated. A 390 
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model developed by Grewal et al [141] is adopted here.  391 

A wetting state factor ζ is given by: 392 

𝜁 =
(√2𝑆𝑓−1)

2𝑎𝑟
𝑡𝑎𝑛(𝜃𝑎 − 𝜑)                                                         (2) 393 

where Sf represents the spacing factor (ratio of pitch to diameter, Fig. 6a) and ar the aspect ratio given 394 

by height and diameter of pillar on the membrane surface. θa is advancing angle of membrane surface 395 

and φ is the interior angle as a geometrical factor (e.g., = 90° for cylindrical pillars). A Cassie-Baxter 396 

(suspended) state to transition state occurs at 𝜉 < 0.5, whereas a transition state to Wenzel (pinned) 397 

state occurs at 0.75 > 𝜉 > 0.5; a Wenzel (pinned) state is observed at 𝜉 > 0.75. 398 

For a pillared surface with a dual-scale roughness, Wu et al. [142, 143] proposed a different model 399 

to estimate the wetting states using the apparent contact angle, the primary roughness and the 400 

secondary roughness (Fig. 6b). Eq. 3-4 describe the criteria for determining whether the surface is at a 401 

Cassie-Baxter (suspended) (Eq. 3) or Wenzel (pinned) (Eq. 4) wetting state. [142, 143] 402 

𝑐𝑜𝑠 𝜃 < 𝑓1𝑓2 𝑐𝑜𝑠 𝜃0 + 𝑓1𝑓2 − 1                                                     (3) 403 

𝑐𝑜𝑠 𝜃 > 𝑓1𝑟2 𝑐𝑜𝑠 𝜃0 + 𝑓1 − 1                                                       (4) 404 

Where f1 and f2: area fractions of microstructure and nanostructure, representing the solid fraction of a 405 

surface containing only one type of asperities. r2: roughness factor of nanostructure, defined as ratio 406 

between the total surface area and the projected surface area. Physics meaning of f and r is illustrated 407 

in Fig. 6b. 408 

Fig. 7 shows the modelled results for both pillared membranes and SiNP coated pillared 409 

membranes. Although both MP-PVDF and CF4-MP-PVDF incur similar Gibbs free energy of 410 

nucleation (Fig. 5), they fall into very different wetting states: a pinned wetting state for MP-PVDF 411 

and a suspended wetting state for CF4-MP-PVDF. For the SiNP-MP-PVDF membrane, a suspended 412 
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state is predicted accordingly (Fig. 7b). Experimental verification of the wetting states is very 413 

important, but the progress in visualization of water-air-solid interface is limited. Very recently, a 414 

confocal microscopy was utilized to observe the wetting state of Gas-Entrapping Membrane (GEMs) 415 

surface [144]. If this technology is modified to suit the membrane morphology, we believe more solid 416 

fundamental support or proof for wetting state confirmation at static or process could be discovered.  417 

 418 

Fig. 7 (a) Map of the wetting state for MP-PVDF and CF4-MP-PVDF membranes using the model by 419 

Grewal et al [48]; (Copyright 2019 Elsevier B.V.). (b) determination of the wetting state of SiNP-MP-420 

PVDF factor using the model by Wu et al. [47] for dual-scale roughness. (Copyright 2020 Elsevier 421 

B.V.). 422 

4.3 Quantification of slip by Navier’s model  423 

For a non-slip surface, a thin layer of water adjacent to the surface remains static, or of zero flow 424 

velocity, although the bulk moves at a certain flow rate. For a slip surface (Fig. 8a), the tangential 425 

velocity of the fluid at the solid-liquid interface is proportional to the velocity gradient of the fluid 426 

perpendicular to the solid-liquid interface [145]. A physical meaning of b is the distance where the 427 
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tangential velocity of the fluid is extrapolated to 0 (within the solid part as shown in Fig. 8a). Therefore, 428 

b = 0 means non-slip, and b < 0 slip.  429 

Although limited by analytical instruments at the times of Navier and Maxwell [146, 147], a 430 

mathematic model of slip was derived to quantify the slip length b [146] as, 431 

𝑣𝑤 = 𝑏
𝜕𝑣

𝜕𝑧
|

𝑧=0
                                                                    (5) 432 

Where vw is the flow velocity at the solid-liquid interface. 433 

A rheometry is used to determine the slip length (Fig. 8b and c), in which the torque and the fluid 434 

viscosity are dependent on the adjacent surface (Fig. 8, top surface of the membrane in white). Using 435 

a known sample liquid, the difference in torque of a slip surface (adhered to the flat horizontal plate) 436 

and a stainless steel non-slip plate can quantify the slip length. Fig. 8b shows two parallel plate rotating 437 

at an angular velocity w; the relationship between the torque M and the slip length b is expressed as[48]:  438 

41

2
b R h

M
 

                                                               (6) 439 

Literature reports an maximal error of 3.5 % when experiments are properly implemented [148] , 440 

however, the reproducibility of this indirect measurement is in dispute [148, 149]. Nonetheless, it is a 441 

simple and straightforward tool to scientifically explore the wetting, slip and fouling/scaling behavior 442 

in MD. Fig. 8c shows our experimental results for our various hydrophobic membranes and only 443 

superhydrophobic CF4-MP-PVDF membrane gives a positive slip length of a few tens of microns, 444 

corresponding to a suspended wetting state. Commercial C-PVDF and MP-PVDF membranes yielded 445 

negative slip lengths that correspond to a pinned wetting state [150].  446 
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 447 

Fig. 8 (a) Schematic of the non-slip and slip surfaces. A Newtonian fluid flows towards right. The 448 

arrows are proportional to the velocity. Non-slip means zero velocity vw, slip means vw> 0. The extent 449 

of slip is characterized by the slip length b. (b) Schematic of a rheometry measurement of slip length. 450 

The geometric parameters, shear rate (0-150 s-1), and the diameter of the plate was 60 mm. peripheral 451 

components are detailed referring to literature [150]. (c) Experimental results for slip length of 452 

commercial PVDF membrane, MP-PVDF and CF4-MP-PVDF membrane at varying shear rates using 453 

water as the probing liquid [48] (Copyright 2019 Elsevier B.V.) 454 

4.4 Slip/wetting correlation to fouling/scaling  455 

A strong connection seems to exit between the wetting state, slip length and fouling and scaling 456 

resistance. In the Wenzel state, i.e. pinned wetting, a static water-membrane materials interface is 457 

expected for hydrophobic or superhydrophobic membranes. In the Cassie-Baxter state, a suspended 458 

wetting occurs, corresponding to a slip surface. Slip occurs on a hydrophobic surface with suspended 459 

wetting or at a Cassie-Baxter state [150-152], but not at a pinned wetting state even though the surface 460 
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shows a rather high contact angle.  461 

A pinned wetting state of a hydrophobic membrane is close to a hydrophilic membrane with a 462 

water-solid interface as water penetrates into the surface pores and actual air fraction disappears from 463 

the surface. Thus, foulants or inorganic scalants in the feed can intimately contact the membrane 464 

materials, and the thermodynamic xDLVO and nucleation theory thus prevail. This explains that 465 

micropillared MP-PVDF membrane show similar scaling and fouling pattern to the commercial PVDF 466 

membrane as both are in a pinned state. However, for a suspended wetting state, the water-solid-air 467 

interface attribute large air fraction to reduce direct contact of foulants to membrane materials 468 

(Statement 1); moreover, it is non-static as slippage does not allow prolonged time for interaction thus 469 

mitigating formation of fouling and scaling (Statement 2). 470 

4.5 Experimental observation of wetting state transformation  471 

Retrospectively, observation of the suspended wetting and slip has been a coincident. Very 472 

recently, we demonstrated that even for a superhydrophobic membrane with suspended wetting, a 473 

slight overpressure in feed altered the suspended wetting to a more pinned wetting state, thus forfeited 474 

the membrane scaling resistance. Fig. 9 shows that at a steady feed flow, an over-pressure forces the 475 

water-gas interface to sag into the pillars, thus creating a non-slip condition for both MP-PVDF and 476 

CF4-MP-PVDF membranes, leading to severe scaling as demonstrated by a full coverage of both 477 

membranes with CaSO4 crystals [153]. However, when a pulse flow is applied, the suspended wetting 478 

in CF4-MP-PVDF membrane is enabled leading to a lift-up of the water-gas interface and consequent 479 

scale mitigation effects. The SEM images showed that even after experiment termination, the 480 

membrane surface appeared clean and nearly intact. Because the pulse creates perpendicular 481 
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fluctuation at the air-liquid interface, the effect is an actual dynamic non-static situation similar to a 482 

slip surface. The results demonstrate that a combination of superhydrophobic slip surface plus a pulse 483 

flow can lead to scaling resistance. Unfortunately, most of the researches on superhydrophobic 484 

membranes have failed to analyze the wetting state and understand the feed overpressure effects on 485 

the wetting state; it is therefore understandable that the very important slippage effect on fouling and 486 

scaling has been hidden for decades.  487 

 488 

Fig. 9 Schematic of scaling behavior for CF4-MP-PVDF at steady and pulse flow. Observation of the 489 

MP-PVDF and CF4-MP-PVDF surface with steady flow and pulse flow during MD [153]. Reproduced 490 

with permission from Liu et al. [153] (Copyright 2020 Elsevier B.V.). 491 

 492 

4.6 Brief on potential superhydrophobic/omniphobic membranes with slippage character 493 

Previous accounts present a holistic, the first-principle-based view on the slippage effect to fouling 494 

and scaling. However, the discussion focused on solely a model membrane with precisely designed 495 

pillar morphology (Fig. 6); in this respect, the universality of this theory is subjected to scrutiny. It is 496 
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fortunate that the slip concept has been widely recognized by different research groups as a 497 

fundamental basis for the fouling and scaling resistance of their tailor-made superhydrophobic or 498 

omniphobic membrane in MD. Fig. 10 and Fig. 11 shows the recent tailor-made nanofiber-based 499 

superhydrophobic [46, 74, 111] and omniphobic [45, 116, 118] membranes with superior fouling and 500 

scaling resistance. The preparation of these membranes followed a similar concept: firstly adding 501 

nanoparticles to the nanofibers or creating surface roughness by a hydrothermal technique[118, 119] 502 

or growing metal oxides [116]; then chemically modify the surface via fluorination. Fig. 11 shows 503 

slightly more complicated procedure to prepare hierarchical nanostructures membrane with 504 

omniphobicity [46, 117]. Either incorporation of the silica nanoparticles to the nanofibers [46] or 505 

attached to the positively charged surface [117], the final membrane demonstrated fouling resistance 506 

to SDS or scaling resistance, which was mainly attributed to the slippage surface. Because the irregular 507 

surface pattern, the evaluation of the wetting state was difficult. Measurement of the slip length has 508 

not yet been reported. However, from the experimental results of the sliding angles [45, 46, 74, 117], 509 

we could give a qualitative judgement that the membrane water interface indeed are slip. Evidence 510 

further validates that the slippage theory is not limited to the specific surface. We expected more 511 

experimental proof to be discovered in the near future as more researchers are exposed to the slippage 512 

theory.  513 

 514 

 515 
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 516 

Fig. 10 Superhydrophobic/omniphobic nanofibrous membranes based on nanofiber substrate. (A): 517 

Robust superhydrophobic-omniphobic (RSHO) polyimide nanofiberous membrane prepared by 518 

coating polyimide nanofibers with Dopamine (DA) and polyethylenimine (PEI) plus negatively 519 

charged silica nanoparticles and chemically modified by 17-FAS and PDMS precursor followed by 520 

welding at 120 oC [119] (Copyright 2020 Elsevier B.V.). (B): Electrospun PVDF fibrous omniphobic 521 

slippery membrane (OMNI-SLIP) by heat pressing the pristine PVDF membrane at a high temperature, 522 

then coated by fluorinating chemicals Teflon AF 2400/HT-70 to reduce the surface energy [45] 523 

(Copyright 2020 Elsevier B.V.). (C): Dual-layered superhydrophobic membrane fabricated by 524 

electrospraying fumed silica (PDMS-3) on top of electrospun PVDF nanofiber substrate [74] 525 

(Copyright 2020 Elsevier B.V.). (D): Superhydrophobic POSS-2 membrane fabricated by electrospun 526 

PTFE/PVA aqueous solution with various vinyl-POSS and then calcinated to PTFE/POSS nanofibrous 527 
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membranes [111] (Copyright 2020 Elsevier B.V.). (E): Omniphobic PVDF nanofiberous membrane 528 

with surface roughness (PFTS/PDA/STIR-PVDF) [118] (Copyright 2020 Elsevier B.V.) prepared by a 529 

modified STIR method (denoted as STIR-PVDF) and surface fluorination by PDA anchored 530 

fluoroalkylsilane coating. (F): FOTS-coated PVDF-HFP/TiO2-NRs nanofibrous membrane (PVDF-531 

HFP/TiO2-NRs-FOTS) by coating dopamine (DA) and subsequently growing TiO2 nanorods via 532 

hydrothermal procedure and fluorinated using FOTS [116] (Copyright 2019 American Chemical 533 

Society). 534 

 535 

 536 

Fig. 11 SEM images and DCMD performance of hierarchical nanostructures membranes. (A): 537 

Comparison of negatively charged macro-corrugated membrane (CM) prepared by molding phase 538 

inversion method and SiNPs coated/fluorinated SiNPs-patterned superomniphobic membrane (SOM). 539 

The SCM had no SiNPs deposition but fluorination only. Right panel shows superior fouling resistance 540 



40 
 

to SDS comparing to other membranes [117] (Copyright 2020 Elsevier B.V.). (B): Comparison of 541 

nanofiber membrane with ES2 membrane by depositing SiNPs/PVDF-HFP onto the PVDF-HFP 542 

fibrous substrate via the electro-co-spinning/spraying (ES2) technique and chemical welding using 543 

DMF vapor, followed by 17-FAS fluorination. DCMD performance shows much better antiscaling 544 

performance of ES2 membrane than commercial and nanofiber membranes (C) and (C’): Feed water 545 

was 25 wt.% NaCl solution. (D) and (D’) Feed solution was composed of 14 mM L−1 CaCl2 and 14 546 

mM L−1 of Na2SO4 [46] (Copyright 2019 American Chemical Society). 547 

 548 

5. Means to sustaining the fouling/scaling resistance  549 

Experimental evidence has demonstrated that a slip condition holds the key for a hydrophobic 550 

membrane demonstrating antifouling/antiscaling characters. A slip surface is characterized by 551 

suspended wetting and positive slip length (Rationale 2). To achieve slippage, a high surface porosity 552 

with a low surface energy is a prerequisite. Under slip conditions, the classical CNT and xDLVO 553 

theories are not valid, but at a non-slip condition, represented as a pinned wetting, both CNT and 554 

xDLVO theories are applicable. The slip model does not cover the stability issue. In the following, we 555 

will outline means to create slip conditions to maintain MD process performance stability. 556 

Literature reported stable MD performance for superhydrophobic or omniphobic membranes is 557 

often limited to a couple of days. This short working time is far from sufficient to demonstrating stable 558 

antifouling/antiscaling performance of these membranes. The over pressure experiments seem to infer 559 

that the loss of air trapped in the pores leads to the transition from the suspended into pinned wetting 560 

state. If this is true, then maintaining the suspended wetting can lead to membranes with sustained 561 
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antifouling/scaling properties. Physically implementing a hydrodynamic control at the membrane 562 

interface has been practiced, such as introduction of air-bubble or turbulence [154], increase the feed 563 

flow velocity with flow variation [155] and ultrasonication.  564 

Air bubbles can be created by air recharging or injection [154, 156-160] and electrolysis gas 565 

production via embedded electrodes [161, 162] [163]. Turbulence can be generated via implementing 566 

specially designed spacers [164-167]. Microbubble aeration reinforces the surface shear to reduce 567 

polarization, but also alleviates scale precipitation due to aggregation of counter-ions at the gas-liquid 568 

interface of microbubbles [168]. Two 3D printed spacers based on triply periodic minimal surfaces 569 

(TPMS) architectures achieved 50 % higher flux and reduced crystal deposition than commercial 570 

spacers [164]. Ultrasonic irradiation can create cavitation, acoustic streaming [169], and hydraulic 571 

pressure impulses; the hydrodynamic effect can reduce temperature polarization and mitigate the 572 

fouling and scaling as well [76, 170-173]. However, external hydrodynamic turbulence is not fully 573 

controlled. For example, the created local over- or under-pressure varies at rather short time scale. The 574 

effect of such hydrodynamic turbulence would be lost in a long timescale. This is one of the key factors 575 

that cause normal hydrophobic membranes to fail within a shorter time than superhydrophobic or 576 

omniphobic membranes. 577 

Many aspects have still to be systematically analyzed to reach a holistic solution to the fouling and 578 

scaling issue in MD. Besides membranes, other engineering approaches are also important. Pre-579 

treatment of the feed is necessary, such as flocculation [174], water softening [175], micro- or 580 

nanofiltration [176, 177] and pH control [22] to remove both suspended and dissolved fouling matters. 581 

pH adjustment is important and economic to avoid alkaline scale [33], silica scale [66] and humic acid 582 

fouling [68]. Dosing anti-scalants and magnetic treatment to delay the onset of nucleation [13] has also 583 
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been adopted. However, the chemical consumption associated cost is of major concern; additional 584 

fouling due to addition of chemicals also takes place [13, 26].  585 

For an industrial scale module, the circulation pump induces a certain over-pressure to cause 586 

sagging at the water-air interface and eventually a pinned wetting of the membrane. This generates a 587 

nonslip condition, followed by fouling. In vacuum membrane distillation (VMD), under-pressure in 588 

the permeate side incurs a “over-pressure” at the feed side, thus press the water-air interface into the 589 

membrane pore and original slippage effect of a superhydrophobic membrane is lost. This indicates 590 

that a fouling and scaling resistant superhydrophobic membrane would eventually fail in a VMD 591 

operation. The effects of the membrane chemistry and morphology to attribute surface slip have yet to 592 

be integrated with the state-of-the-art process design. We believe that a proper membrane design plus 593 

careful controlling operation process parameters, spacers cleaning protocols would significantly 594 

improve MD process stability.  595 

Engineering solutions have been reported by using appropriate fluid mechanical factors and 596 

hydrophobic polypropylene hollow fiber membranes with a highly porous light plasma polymerized 597 

fluorosiloxane coating. This membrane has a surface contact angle of 140o, thus not superhydrophobic. 598 

Seawater was concentrated to around 18-19% salt with scaling salt precipitates floating all around with 599 

no flux reduction over 5 days of continuous operation at much higher values than SI. This demonstrated 600 

that the “Slip” effect can be achieved without superhydrophobic membrane. The geometrical design 601 

of the hollow fiber module and cross flow of hot brine created numerous spontaneous secondary flows 602 

preventing accumulation of scaling salt crystals/nuclei on the membrane surface by continuously 603 

scrubbing the surface of the hollow fibers [178, 179].  604 

 605 



43 
 

A complete solution for treating the highly saline waste streams has yet to come from many aspects, 606 

covering membrane synthesis, module design and process optimization. By proposing the slippage 607 

effect and the consequent engineering implications, this perspective provides a higher dimension for 608 

researchers and engineers to bring about the success of MD in practice. The first priority to sustain the 609 

MD performance is to maintain the slippage effect of the membranes. Design superhydrophobic or 610 

omniphobic membranes would delay the fouling/scaling of MD membranes and will remain an 611 

important direction from the materials development side. Systematic research to control or simulate 612 

the slippage effect is very important as well. If process parameters could create equivalent slip water-613 

air interface, commercial hydrophobic membranes could be utilized and cost for MD membranes will 614 

be significantly reduced, which will enable the commercialization of MD technologies. Module 615 

development to create mechanical flow turbulence adjacent to a membrane surface could prevent or 616 

reduce the nucleation of scalants and deposition of organic foulants. Certain pre-treatment to reduce a 617 

significant amount of sparingly soluble ions and organics is certainly desirable for maintain stable MD 618 

operations. Most importantly, engineering solutions beyond development of disruptive 619 

antiscaling/antifouling membranes would allow usage of commercial hydrophobic membranes at 620 

lower cost.  621 

6. Conclusions 622 

The development and performance of superhydrophobic membranes for treatment of highly saline 623 

water streams is summarized in terms of fouling and scaling resistance. A water-solid-air triple phase 624 

interface has been introduced to replace the conventional water-solid interface for a hydrophobic 625 

membrane to be fouling/scaling resistant. A surface with high porosity is a pre-requisite as the 626 
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probability of direct contact between foulants and membrane materials is largely reduced. We further 627 

propose suspended wetting and correlated slippage as an important hydrodynamic factor, minimizing 628 

contact time for interaction of the foulants and the membrane. By defining slip length and evaluating 629 

the wetting states, the underlining mechanisms are elucidated and uncovered to explain the fouling and 630 

scaling resistance of superhydrophobic and omniphobic membranes. The present theory encompasses 631 

the xDLVO and classical nucleation models as a special case of pinned wetting, thus conforms to the 632 

thermodynamic understanding of fouling and scaling. In practice, sustaining a suspended wetting with 633 

a slip surface is critical to achieve a stable MD process for treating complicated waste streams, which 634 

may help guide the design of suitable membranes, modules and processes for large-scale applications 635 

of MD. 636 
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