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Abstract 21 

The treatment of organic waste or wastewater with high organic solvent content has been 22 

challenging in industries as it cannot be done effectively using conventional wastewater 23 

treatment technologies such as biodegradation and advanced oxidation process. Solvent 24 

resistant membrane distillation (SR-MD) was proposed as an energy-efficient alternative to 25 

treat these waste streams but its application is hampered by the lack of solvent-resistant 26 

membranes, and there is a research gap in studying the feeds with water-solvent mixtures. 27 

In this work, ceramic tubular membranes with different pore sizes and structures were 28 

molecularly grafted with 1H,1H,2H,2H-perfluorodecyltriethoxysilane to obtain 29 

hydrophobic ceramic membranes for SR-MD. The modified membranes exhibited excellent 30 

hydrophobicity and solvent resistant properties, and they were tested for SR-MD 31 

performance with a wide range of dimethyl sulfoxide (DMSO) feed concentrations, from 32 

3.5 to 85 wt%. The membranes exhibited a high DMSO rejection of >98 % and the 33 

separation factor of >170, with permeation flux >4.4 kg m-2 h-1 when the DMSO 34 

concentration in feed was below 65 wt%. The separation performance was found strongly 35 

dependent on the evaporation step and the vapour-liquid equilibrium near the interface. The 36 

DMSO rejection was also comparable to pervaporation while the permeation flux was much 37 

higher at the feed concentration of 50%. This study establishes the strategy of using SR-MD 38 

as a promising membrane process in treating complex industrial wastes with high organic 39 

solvent content.  40 

 41 

Keywords: Solvent resistant membrane distillation; Water-DMSO separation; Ceramic 42 

membranes; Hydrophobic modification; Industrial wastes. 43 

  44 
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1. Introduction 45 

Organic solvents have been widely used in chemical and pharmaceutical industries for 46 

chemical syntheses and product purification (Firestone and Gospe, 2009). The solvents 47 

normally cannot be reused after one process cycle without a proper treatment as a high 48 

solvent purity is required in most of the processes (Seyler et al., 2006). Therefore, a large 49 

amount of organic wastes is generated, and many of these waste streams also contain a 50 

significant amount of water. The treatment of organic waste or wastewater with high organic 51 

solvent content is challenging as it cannot be done effectively using the conventional 52 

chemical or biological methods while the incineration of the waste is not a green pathway.  53 

 54 

A typical example is dimethyl sulfoxide (DMSO), which is considered as a comparatively 55 

green dipolar aprotic organic solvent because of its low toxicity and good stability (Alder et 56 

al., 2016; Xiang et al., 2017). DMSO has been frequently used as a reactant or a reaction 57 

medium in the production of pharmaceuticals due to its strong solubility to numerous 58 

chemical compounds and good miscibility with many organic solvents and water 59 

(Mountford, 2010). However, high concentration of DMSO remaining in the 60 

pharmaceutical waste streams is often a challenge to the conventional sewage plants. Both 61 

chemical and biological treatments carry their drawbacks: the advanced oxidation process 62 

such as Fenton oxidation is costly while the biological treatment is inhibited by the toxic 63 

intermediate products and releases unpleasant odour from dimethyl sulfide (Cheng et al., 64 

2009; He et al., 2011). In fact, wastewater with high DMSO content is difficult to be treated 65 

in bioreactor because of the biological effect caused by the invasion of DMSO into 66 

microorganisms (Smallwood, 2002). The upper limit of DMSO concentration for microbial 67 

acclimation in biological process is often reported in the range of 0.10-0.15 wt% (Cheng et 68 

al., 2019; Hwang et al., 2012; Yang and Myint, 2003). Meanwhile, incineration is another 69 
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common method used to treat these wastes but it has a large carbon footprint and a risk of 70 

releasing harmful gases and particulates into the atmosphere (Chea et al., 2020, Seyler et al., 71 

2006). For these issues, the separation of solvent-water mixtures is important to reduce the 72 

volume and improve the treatability of solvent-containing waste streams. 73 

 74 

Distillation is a common industrial process to separate water and organic solvents with high 75 

water miscibility (Kolesnichenko et al., 2019; Ravikumar et al., 2013; Smallwood, 2002). 76 

In this process, the feed is heated to a temperature close to the boiling point and a huge 77 

amount of energy is required for this conventional separation process. Sometimes, more 78 

than one column may be required to achieve desirable product quality. In the case of water-79 

DMSO mixtures, the reboiler temperature of distillation column was reported to be around 80 

120-150 ℃ even when operating under vacuum (Horváth et al., 2017). In addition, the high 81 

temperature in distillation may accelerate the hydrolysis of some solvents such as dimethyl 82 

formamide and dimethylacetamide, where the hydrolysed products can result in azeotrope 83 

problem to the distillation process (Smallwood, 2002). Therefore, an energy efficient 84 

separation process is highly desirable to treat organic waste streams that contain water and 85 

organic solvents. The separation process can reclaim clean water, recycle valuable solvents 86 

or concentrate the waste streams for secondary treatment. Membrane-based separation is an 87 

emerging technology that has been widely used in wastewater treatment. However, the 88 

commonly used pressure-driven membrane process could not separate water-solvent 89 

mixtures effectively due to the similar size between water and solvents, and the high osmotic 90 

pressure (Fane et al., 2011). Instead, thermally driven membrane processes such as 91 

pervaporation (PV) and membrane distillation (MD) could be used. 92 

 93 

The PV has been applied to separate water and a wide range of solvents such as alcohols, 94 
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aromatic and aliphatic hydrocarbon, etc (Saw et al., 2019). The PV process is governed by 95 

selective sorption and diffusion of species via non-porous membranes and it has an unique 96 

strength in separating azeotrope mixtures or mixtures with close boiling points (Mountford, 97 

2010). Generally, organophilic PV membranes favour the permeation of organic solvents, 98 

enabling the extraction of solvents, while hydrophilic PV membranes are suitable to reclaim 99 

water from water-solvent mixtures. Hydrophobic PV membranes made of cross-linked 100 

poly(dimethyl siloxane)–poly(methyl hydrogen siloxane) were reported to remove DMSO 101 

from water. A separation factor of 57 can be achieved at 70 ℃ for feed organic concentration 102 

of 10 wt%, while the DMSO flux was 0.5 kg m-2 h-1 (Hosseini and Ameri, 2017). On the 103 

other hand, perfluoropolymer-based membranes were studied for the dehydration of DMSO 104 

aqueous solution (Tang and Sirkar, 2012). A separation factor over 1000 was reported for 105 

the dehydration of 90 wt% DMSO at 30 °C, but the water permeation flux was only 0.0098 106 

kg m-2 h-1. As it can be seen, PV membranes often have low permeation flux as the mass 107 

transfer is restricted by the low diffusion rate in the dense membranes. 108 

 109 

In fact, MD is also a potential membrane technology for separating water-solvent mixtures. 110 

Porous hydrophobic membranes are used in the MD process and the permeation was driven 111 

by the vapour pressure gradient across the membrane. This non-isothermal membrane 112 

process has been extensively studied to reclaim water from various aqueous effluents, 113 

including saline water (Deka et al., 2019), radioactive wastewater (Jia et al., 2018), produced 114 

water (Chew et al., 2019) and blackish groundwater (Dao et al., 2016). In addition to 115 

separating water from non-volatile compounds like inorganic salts, the application of MD 116 

can be further expanded to separating water-solvent mixtures based on their difference in 117 

vapour pressure. It can be used to separate water from solvents with a high boiling point 118 

such as dimethylacetamide (165 °C), DMSO (189 °C) and N-methyl-2-pyrrolidone (202 °C), 119 
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as they have a lower vapor pressure compared to water. For instance, the vapour pressure 120 

of pure DMSO is only 0.7 kPa while that of water is 19.9 kPa at 60 ℃ (Nishimura et al., 121 

1972). Thus, the vapour condensed subsequently on the permeate side of the MD membrane 122 

will have a low DMSO proportion. 123 

 124 

In order to successfully utilize solvent resistant membrane distillation (SR-MD), 125 

hydrophobic membranes with an excellent chemical stability are required. Among all the 126 

polymeric membranes, polytetrafluoroethylene (PTFE) and polypropylene (PP) membranes 127 

have strong chemical resistance and high hydrophobicity. Gupta et al. recently developed 128 

carbon nanotube immobilized PTFE membranes for the separation of 5-15 vol% isopropyl 129 

alcohol (IPA) from an aqueous solution via sweeping gas MD. IPA with a higher vapour 130 

pressure permeated through the membranes faster but the separation factor was fairly low, 131 

below 13 due to the small difference in the vapour pressure for IPA and water (Gupta et al., 132 

2018). Besides that, PP membranes were applied in the dehydration of n-methyl-2-133 

pyrrolidone (NMP) through vacuum MD (VMD). The membranes exhibited a high water 134 

permeation flux of 9.5 L m-2 h-1 and a rejection of 98 % when the feed contained 10 wt% 135 

NMP at 80 ℃ (Shao et al., 2014). Despite its potential in separating solvent-water mixtures, 136 

SR-MD processes are less studied as compared to the PV because of the limited availability 137 

of SR-MD membranes. Both PTFE and PP membranes with appropriate pore sizes are 138 

difficult to fabricate using common membrane fabrication techniques (Feng et al., 2018; 139 

Tan and Rodrigue, 2019b). Furthermore, the stability of the polymeric membranes has not 140 

been extensively studied and the solvent concentration range tested by far was relatively 141 

narrow. 142 

 143 

In comparison, ceramic membranes have natural advantages for SR-MD because of their 144 
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intrinsic solvent resistant property and good stability in harsh environment, which means 145 

they hardly swell or dissolve in organic solvents like polymeric membrane substrates 146 

(Chong and Wang, 2019; Marchetti et al., 2014). However, hydrophobic modification is 147 

necessary to transform their hydrophilic nature resulted from the rich hydroxyl groups on 148 

the membrane surface. Surface grafting is the most commonly used method to modify the 149 

surface functional groups of ceramic membranes and many compounds have been 150 

previously studied. Among them, fluoroalkylsilane (FAS) is widely used because of the low 151 

surface energy of fluoroalkyl compounds (Lu et al., 2019). The FAS compound consists of 152 

three hydrolysable groups which can react with hydroxyl groups on ceramic membranes to 153 

form strong covalent bonds, and a fluoroalkane chain that can provide hydrophobic 154 

character to the membranes (Wei and Li, 2009). Hendren et al. studied ceramic membranes 155 

modified by FAS, trichloromethylsilane and trimethyl chlorosilane and they found that FAS 156 

modified membrane had a higher flux and better resistance to chlorine (Hendren et al., 2009). 157 

Compared to other silane agents without fluorocarbon chain or with a short fluoroalkyl chain, 158 

a FAS agent with a longer fluoroalkyl chain imparts better wetting-resistance property to 159 

the anodized aluminium oxide membranes (Li et al., 2020). Modified hydrophobic ceramic 160 

membranes have been studied for various applications such as MD (Hubadillah et al., 161 

2019b), membrane contactor (Abdulhameed et al., 2017; Lin et al., 2016) and ultrafiltration 162 

(Ke et al., 2013). For MD application, hydrophobic ceramic membranes were used for 163 

desalination, heavy metal removal as well as VOC removal (Cerneaux et al., 2009; Chen et 164 

al., 2018; García-Fernández et al., 2017; Huang et al., 2018; Hubadillah et al., 2019a; 165 

Kujawa et al., 2019). Kujawski et al. applied modified ceramic membranes to separate dilute 166 

ethyl acetate solution, with a concentration up to 4 wt% (Kujawski et al., 2016). The 167 

performance of MD was found to be comparable with PV and the separation factor of ethyl 168 

acetate was in the range of 32-60. Besides separating light solvents, hydrophobic ceramic 169 
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membranes can potentially be used to separate water from heavy solvents through SR-MD. 170 

Nevertheless, the application of SR-MD in a broader solvent concentration and for a longer 171 

operating time is still understudied. 172 

 173 

In this work, we proposed SR-MD as a novel and effective alternative for separating water 174 

from solvents with high boiling points. DMSO was selected in this study because of its 175 

relatively low toxicity and increasing use in the industry (Alder et al., 2016; Xiang et al., 176 

2017). Hydrophobic ceramic membranes were modified by grafting FAS onto the substrates, 177 

and then their performance in water-DMSO separation was examined by a series of VMD 178 

experiments. The effects of feed concentration, temperature and membrane structure were 179 

studied in order to understand the separation and transport mechanisms in the SR-MD 180 

process. Moreover, a commercial PV membrane was used to separate the water-DMSO feed 181 

stream and the results were compared with the counterparts of the SR-MD process. This 182 

study aims to demonstrate the effectiveness of SR-MD in separating water-DMSO mixtures 183 

over a wide range of DMSO concentrations and facilitate SR-MD applications for other 184 

water-solvent systems associated with high boiling point solvents. 185 

 186 

2. Experimental 187 

2.1. Materials and Chemicals 188 

Three types of alumina ceramic tubular membranes from Coorstek B.V. (Netherlands) were 189 

used as the membrane substrates. They were named as 20-ASY, 200-ASY, 200-SYM 190 

according to their pore size (20 or 200 nm) and matrix structures (symmetric or asymmetric) 191 

as illustrated in Fig.1. The alumina substrates have an average outer diameter of 4.5 mm and 192 

an average inner diameter of 3 mm. Hydrophobic PTFE hollow fibre membranes were 193 
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kindly supplied by a commercial company and Hybrid Silica HybSi® AR tubular 194 

membranes were purchased from Pervatech B.V. (Netherlands). They were tested for MD 195 

and PV as a comparative study. DMSO was purchased from Merck Millipore (Singapore). 196 

1H,1H,2H,2H-perfluorodecyltriethoxysilane (C16H19F17O3Si, 97%) (FAS-F17), methanol 197 

(CH3OH, ≥99.9%), were bought from Sigma-Aldrich (Singapore). All chemicals were used 198 

as received. Deionized water was produced by a Milli-Q® system of Merck Millipore 199 

(USA). 200 

 201 

Fig. 1. Schematic of three membrane substrates. 202 

 203 

2.2. Hydrophobic grafting of ceramic membranes 204 

The hydrophobic grafting of ceramic membranes is similar to the method reported by other 205 

research groups (Koonaphapdeelert and Li, 2007; Kujawski et al., 2007). Firstly, the virgin 206 

ceramic membranes were immersed in an ultrasonic water bath for at least 10 min to remove 207 

contaminants beforehand. After drying in an oven at 60 ℃ for overnight, the ceramic 208 

membranes were then immersed into the grafting solution at 30 ℃ for 2 h, which was 209 

prepared by dissolving 2 wt% FAS-F17 in methanol. Then, the membranes were washed in 210 

an ultrasonic methanol bath followed by drying in air for 1 h and in an oven at 110 ℃ for 1 211 

h. After taking out from the oven, the same grafting and drying processes were conducted 212 

once again to enhance the grafting efficiency. The modified membranes were named as 20-213 

mASY, 200-mASY and 200-mSYM accordingly. The schematic of grafting reaction among 214 

the FAS-F17 molecules and ceramic membranes is shown in Fig.2. 215 
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 216 

Fig. 2. Schematic of grafting reaction. 217 

 218 

2.3. Membrane characterizations 219 

The morphologies of the pristine and modified membranes were characterized by a field 220 

emission scanning electron microscope (FESEM, JSM-7200F, JEOL, Japan). The 221 

measurement of membrane surface porosity was calculated based on the graph of surface 222 

morphology with a magnification of 30,000 times. The inner surface roughness of modified 223 

membranes was captured by an atomic force microscope (AFM, NX-100, Park Systems, 224 

Republic of Korea) through a non-contact mode. The average pore size and distribution of 225 

the membranes were tested by a capillary flow porometer (CFP 1500A, Porous Material. 226 

Inc., USA). IPA was used to fill the membranes pores before measurement and nitrogen 227 

was used as the pressurised gas to replace the entrapped IPA. In order to examine the 228 

grafting reaction occurred on ceramic membranes, the 20-ASY and 20-mASY were tested 229 

by X-ray photoelectron spectrometer (XPS, AXIS Supra, Kratos Analytical, Japan) with 230 

monochromatic Al-Kα X-ray source (hv = 1486.6 eV).  231 

 232 

The water contact angles (WCA) and solvent contact angles (SCA) of the modified 233 

membranes were tested through the sessile drop method by a goniometer (Contact Angle 234 

System OCA 15EC, DataPhysics, Germany). Water or pure DMSO droplets were dropped 235 
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onto the inner surface of membranes and then the droplets were allowed to stabilize for 3 236 

min before measurement. Afterwards, the display was captured by a camera and the contact 237 

angles were defined by the tangent lines of the droplet and the inner circle of membranes. 238 

In addition, to evaluate the linkage stability of the hydrophobic chains on the membranes, 239 

the contact angles tests were performed after the modified membranes were immersed in 240 

pure DMSO at room temperature for 14 and 30 days, respectively.  241 

 242 

Liquid entry pressure (LEP) was tested in order to evaluate the entry pressure of feed liquid 243 

flooding the membrane pores. LEPw and LEPs indicate the entry pressure of water and pure 244 

DMSO, respectively. The measurement of LEP was performed in a dead-end configuration 245 

where the hollow fibre was connected to a pressure vessel filled with water or DMSO. 246 

During the tests, the pressure supplied by compressed N2 gas was increased with 2 psi every 247 

5 min. Rose bengal was used to stain the tested liquid to give it red colour. When the first 248 

drop of water or DMSO appeared on the outer surface of ceramic membranes, the pressure 249 

was recorded as the LEPw and LEPs, respectively. 250 

 251 

2.4. VMD performance tests in water/DMSO solution 252 

A series of VMD tests were conducted on the modified ceramic membranes and the diagram 253 

of the setup used is shown in Fig.3. Membrane modules with an effective length of 0.18 m 254 

were used in this study. During the VMD tests, the feed solution was heated up to 60 ℃ in 255 

a heating jacket tank and circulated by a peristaltic pump (Masterflex, Cole-Parmer, USA) 256 

with a flow rate of 170 ml min-1 through the lumen of the membranes. A vacuum 257 

condensation system was applied in the shell side of the membranes to control the vacuum 258 

level at 5 kPa. The generated permeate stream was extracted from the system by a vacuum 259 
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pump (RV3, Edwards, UK) and was condensed in a glass condenser cooled by liquid 260 

nitrogen.  261 

 262 

The collected product was weighted by a mass balance and its DMSO concentration was 263 

measured by a gas chromatography equipped with a flame ionization detector (GC-FID) 264 

(7890 GC System, Agilent Technologies, USA). The permeate flux (J) was calculated by 265 

Eq. (1): 266 

𝐽 =
𝑚

𝐴∙Δt
=

𝑚

𝜋∙𝑑∙𝑙∙Δt
     (1) 267 

where 𝑚 is the mass of the collected product, 𝐴 is the effective area of the membrane, Δ𝑡 is 268 

the time interval,  𝑑  is the inner diameter of the membrane, 𝑙  is the effective length of 269 

membrane contacting feed stream. 270 

 271 

The separation performance was evaluated by DMSO rejection (𝑅) and separation factor 272 

(α), which were presented as Eq. (2) and Eq. (3), respectively:  273 

𝑅 = (1 −
𝐶𝑝

𝐶𝑓
) × 100%    (2) 274 

𝛼 =
𝑦𝑤/𝑦𝑠𝑜𝑙

𝑥𝑤/𝑥𝑠𝑜𝑙
      (3) 275 

where 𝐶𝑝 and 𝐶𝑓 are the DMSO concentrations of the permeate and the feed stream, 𝑦𝑤 and 276 

𝑦𝑠𝑜𝑙 are the weight fractions of water and DMSO in permeate, 𝑥𝑤 and 𝑥𝑠𝑜𝑙 are the weight 277 

fractions of water and DMSO in feed, respectively. 278 

 279 
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 280 

Fig. 3. Schematic of SR-MD experimental setup. 281 

 282 

3. RESULTS AND DISCUSSION 283 

3.1. Surface hydrophobic modification of ceramic membranes 284 

Three types of ceramic tubular membranes were used as the substrate: 20-ASY, 200-ASY 285 

and 200-SYM, and their pristine properties were first examined before the hydrophobic 286 

modification. Figs. 4a and 4b show the characterization of their pore sizes. The 200-SYM 287 

and 200-ASY membranes have an average pore size of 228 and 218 nm, respectively, and 288 

a fairly narrow pore size distribution. The 20-ASY membrane has a much smaller average 289 

pore size, which is hardly measured using the gas-liquid porometry. Instead, the molecular 290 

weight cut-off (MWCO) was evaluated by measuring the dextran rejection. The 20-ASY 291 

membrane has an MWCO of 94 kDa, and the pore size was estimated to be about 12.8 nm 292 

(Ren et al., 2006). Fig.4c shows their structure characteristics: the 200-SYM membrane has 293 

a homogeneous pore structure while the 200-ASY and 20-ASY membranes have a surface 294 

layer of about 20 and 10 μm, respectively.  295 



15 

 

 296 

Fig. 4. (a) Pore size distribution of the 200-ASY and 200-SYM membranes obtained using the gas-297 

liquid porometry. (b) MWCO of the 20-ASY membranes. (c) FESEM images of the cross-section 298 

and inner surface morphologies of three ceramic substrates. 299 

 300 

The inner surface morphologies of the modified membranes, 200-mSYM, 200-mASY and 301 

20-mASY are shown in Fig.5. Compared with the pristine membranes shown in Fig.4c, it 302 

can be concluded that the surface morphologies had no significant change after the chemical 303 

grafting, as the grafting step only imparted a molecular layer of perfluorinated chains to the 304 

membrane surface. Similar observations were reported in previous studies associated with 305 

FAS-F17 grafting (García-Fernández et al., 2017; Koonaphapdeelert and Li, 2007; Zhong 306 

et al., 2017).  307 

 308 
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 309 

Fig. 5. FESEM images of the inner surface morphologies of the (a) 200-mSYM, (b) 200-mASY, 310 

and (c) 20-mASY membranes. 311 

 312 

XPS scan was carried out to analyse the elements on the surfaces of the 20-ASY, 20-mASY 313 

and 20-mASY-30d membranes. The 20-mASY-30d refers to the sample that has been 314 

immersed in pure DMSO for 30 days to evaluate the stability of the hydrophobic 315 

modification. As shown in Fig. 6, the 20-mASY membrane spectra clearly shows the 316 

characteristic peaks of silicon (Si) and fluoride (F) in addition to carbon ©, oxygen (O) and 317 

aluminium (Al), while the 20-ASY membranes are lack of Si and F element. It suggests the 318 

successful grafting of FAS-F17 (Koonaphapdeelert and Li, 2007). For the O signals, both 319 

Si-O bonds and oxygen in Al2O3 lattice can be detected at the range of 531.6 and 533.2 eV, 320 

respectively. Furthermore, the 20-mASY-30d membrane has similar characteristic peaks 321 

and spectrum as the 20-mASY membrane, indicating good stability of the hydrophobic 322 

grafting. 323 

 324 

  325 

Fig. 6. (a) XPS spectra of the 20-ASY membranes, 20-mASY and 20-mSYM-30d membranes. (b) 326 
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O signal of 20-mASY membranes, (c) O signal of 20-mASY-30d membranes. 327 

 328 

To determine the surface wettability of the grafted membranes, the contact angles of the 329 

membranes were tested and the results are depicted in Fig. 7. It can be seen that the newly 330 

modified (0 d) 200-mASY and 200-mSYM membranes have similar WCA >150° and 331 

SCA >118°. The lower SCA was ascribed to the lower surface tension of DMSO compared 332 

to water (Lide, 2004). Meanwhile, the 20-mASY membrane possesses slightly smaller 333 

contact angles than the membranes with larger pore sizes but still shows high 334 

hydrophobicity. Though the grafting method used in all three membranes was identical, the 335 

difference in the apparent contact angles of hydrophobic surfaces could be contributed by 336 

the difference in surface roughness. Table 1 shows the surface roughness parameters of three 337 

modified membranes obtained from AFM. The 200-mASY and 200-mSYM membranes 338 

have much higher surface roughness, which can contribute to higher apparent contact angles 339 

than the 20-mASY membranes. Moreover, the grafted membranes also show good stability 340 

in solvent environment, evidenced by the stable contact angles after immersing in pure 341 

DMSO for 14 and 30 days. Although there were slight decrements, all modified membranes 342 

maintained good hydrophobicity, with WCA >144° and SCA >110° after 30 days. 343 

 344 

Fig. 7. (a) WCA and (b) SCA of the 20-mASY, 200-mASY and 200-mSYM membranes 345 

submerging in DMSO for 0, 14 and 30 days. 346 
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 347 

The results of LEPw and LEPs in Table 1 are in good agreement with the contact angle tests. 348 

Before hydrophobic grafting, the ceramic membranes are extremely hydrophilic and both 349 

water and DMSO would disperse and penetrate into the pores quickly. However, after the 350 

grafting process, the modified membranes possess high LEPw >30 psi and LEPs >12 psi, 351 

which are much higher than the operating pressure in SR-MD. The good hydrophobicity 352 

and high liquid entry barrier can prevent the modified membranes from being wetted by the 353 

feed solution, especially when the feed contains high concentration of solvent. 354 

 355 

Table 1. Contact angles and liquid entry pressures of grafted membranes. 356 

Membranes LEPw
 (psi) LEPs (psi) Surface roughness parameters  

Ra
a (nm) Rq

b (nm) 

20-mASY 39.5±0.7 12.9±2.4 15.4 19.3 

200-mASY 35.9±1.3 12.2±0.4 86.3 109.3 

200-mSYM 31.9±3.5 15.2±3.5 126.8 157.9 

a Average roughness; b Root-mean-square roughness 357 

 358 

3.2. VMD performance in water-DMSO system 359 

3.2.1 Feed stream with various DMSO concentrations 360 

To study the feasibility of applying the modified ceramic membranes for SR-MD to separate 361 

water-DMSO mixtures, the 200-mSYM membranes were first tested with 3.5-85 wt% 362 

DMSO feed streams at 60 ℃. As depicted in Fig. 8a, the membrane showed high permeate 363 

flux of 7.3 kg m-2 h-1 at DMSO concentration of 3.5 wt% and the rejection could reach as 364 

high as 99.7%. However, both the permeate flux and the solvent rejection decreased with 365 

increasing DMSO concentration in the feed. The permeate flux and DMSO rejection was 366 

only 1.7 kg m-2 h-1 and 88.4%, respectively when feed DMSO concentration was 85 wt%. 367 
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Fig. 8b indicates the impact of feed DMSO concentration on the permeate purity and the 368 

separation factor. Generally, when DMSO in the feed stream became more concentrated, 369 

the DMSO concentration in the permeate increased slightly, too. This trend became more 370 

distinct when the DMSO concentration in the feed was higher than 65 wt%. As for the 371 

separation factor, it reached the best value of 284.4 at 3.5 wt% and remained fairly constant 372 

at about 170 when the feed DMSO concentration was between 20 and 65 wt%. Nevertheless, 373 

it decreased significantly when the feed concentration was higher than 65 wt%. 374 

 375 

Fig. 8. VMD performances of the 200-mSYM membranes (Tf=60 ℃, P=5 kPa, Qf=170 ml min-1): 376 

(a) Flux and DMSO rejection vs. different feed DMSO concentrations. (b) Permeate DMSO 377 

concentration and Separation factors vs. different feed DMSO concentrations (theoretical values 378 

were obtained based on the Raoult’s law). 379 

 380 

To understand the behaviours of water and DMSO permeation through the membranes, the 381 

transport mechanisms of water and DMSO need to be analysed. During the MD separation 382 

process, a vapour-liquid interfaces was formed on the membrane surface, as illustrated in 383 

Fig. 9. The feed solution underwent an evaporative phase change near the pore entrance and 384 

the vapour transported across the membrane, under the effect of the partial pressure 385 

difference, P1 – P0. Here, P0 was close to zero because of the applied vacuum and the vapour 386 

permeation was highly dependent on the partial pressure near the vapour-liquid interface. 387 
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Different from VMD in desalination where the solute is non-volatile, both water and DMSO 388 

will evaporate at the vapour-liquid interface. Nevertheless, the VMD process could still 389 

effectively separate water from DMSO because of the considerably higher saturated 390 

pressure of pure water, which is 19.9 kPa compared to 0.7 kPa of pure DMSO at 60 ℃ 391 

(Nishimura et al., 1972). However, when the DMSO concentration increased in the feed 392 

solution, the partial pressure of DMSO near the interface increased too, leading to the lower 393 

rejection. At the same time, the total vapour pressure of the mixture decreased as the 394 

proportion of water in the feed became smaller, resulting in the flux reduction.  395 

 396 

Fig. 9. Schematic of transport mechanisms. 397 

 398 

To evaluate the separation performance of VMD, theoretical values of DMSO concentration 399 

in permeate and DMSO rejection were estimated based on the Raoult’s law by assuming the 400 

gas mixture was ideal. The vapour pressure of the pure substance was calculated from 401 

Antoine empirical equation. The DMSO mass composition of the permeate can be obtained 402 

by Eq. (4) and the rejection was then calculated using Eq. (2). 403 
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𝐶𝑝,𝑒𝑠𝑡 =
𝑋𝑠𝑜𝑙𝑃𝑠𝑜𝑙

∗ 𝑀𝑠

𝑋𝑠𝑜𝑙𝑃𝑠𝑜𝑙
∗ 𝑀𝑠+𝑋𝑤𝑃𝑤

∗ 𝑀𝑤
     (4) 404 

where 𝑋𝑠𝑜𝑙 and 𝑋𝑤 are the liquid mole fraction, 𝑃𝑠𝑜𝑙
∗  and 𝑃𝑤

∗  are the vapour pressure of pure 405 

substance, 𝑀𝑠  and 𝑀𝑤  are the molecular mass of DMSO and water, respectively. 406 

Accordingly, when the feed DMSO concentration increases from 3.5 to 85 wt%, the DMSO 407 

component in the vapour phase will increase from 0.1 to 16.6 wt% and the DMSO rejection 408 

will decrease from 96.4 to 80.4%. Nonetheless, the actual DMSO rejection in the 409 

experiments was much higher than the estimation, only reduced from 99.7 to 88.4 wt%. 410 

 411 

To understand the reason behind, the diffusion of vapour molecules in the membrane pores 412 

should be considered, in addition to the evaporation of feed stream at the interfaces. In the 413 

case of VMD, the mean free path of transporting molecules was much higher than the 414 

membrane pore sizes. Thus, the diffusion phase was dominated by the Knudsen model 415 

which emphasizes the interactions between molecules and membrane pore walls (Schofield 416 

et al., 1990). Knudsen diffusion favours the transport of smaller molecules (water) so it has 417 

a positive effect on the transportation of water. Although the hydrophobic interaction was 418 

weak in gas/vapour phase, the hydrophobic tails of DMSO molecules may still have affinity 419 

to the hydrophobic membrane walls and parts of DMSO may be attached on the membrane 420 

surface during the collision, and thus slowing down the transport to the permeate side. As a 421 

result, the DMSO rejection in the VMD process could exceed the estimated value. The 422 

extent of transcendence would be even higher if the tortuosity of the membrane pores was 423 

considered. 424 

 425 

3.2.2 Effects of feed temperature and membrane structure 426 

To explore the impact of the feed temperature on the membrane performance, VMD tests 427 
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were carried out with a 50 wt% DMSO feed solution at temperature ranging from 30 to 428 

60 ℃. Three different types of membranes: 200-mASY, 200-mSYM and 20-mASY were 429 

tested and the effects of membrane pore size and structure were also studied. As shown in 430 

Fig. 10a, the permeation fluxes of all three membranes improved consistently with the 431 

increasing temperature. The 20-mASY exhibited the highest permeation flux among them, 432 

where the flux increased from 1.5 kg m-2 h-1 at 30 °C to 6.9 kg m-2 h-1 at 60 ℃. The increase 433 

of permeation flux could be explained by the higher vapour pressure generated at high 434 

temperature, subsequently rendering a higher driving force of mass transfer. At the same 435 

time, all three membranes maintained a high rejection (>98%) of DMSO, with a separation 436 

factor higher than 105. As discussed in the previous section, the rejection of DMSO highly 437 

depends on the vapour pressure of both water and DMSO at the vapour-liquid interface. For 438 

50 wt% liquid mixture, the partial pressure of DMSO increases from 0.02 to 0.1 kPa, while 439 

the partial pressure of water increases from 3.5 to 16.1 kPa when the temperature rises from 440 

30 to 60 ℃ (Nishimura et al., 1972). Though the percentage of increase in vapour pressure 441 

of DMSO was higher than water, the vapour pressure was still much lower than water and 442 

therefore a high rejection of DMSO could still be maintained.  443 

 444 

 445 

Fig. 10. Effect of feed solution temperature on the VMD permeate flux of the 200-mASY, 200-446 
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mSYM and 20-mASY membranes (Cf=50 wt%, P=5 kPa, Qf=170 ml min-1). 447 

 448 

To further understand the effect of temperature, ln(J) versus T-1 was plotted in Fig. 10b. The 449 

linear relationship indicates that the permeation fluxes increase exponentially with 450 

increasing temperature, following the Arrhenius-type equation. The activation energy can 451 

be calculated and it ranges from 38.0-43.6 kJ/mol. The activation energy is a combination 452 

of the enthalpy of vaporization and energy of diffusion (Huang et al., 2014). Water is the 453 

main component in the vapour phase at the vapour-liquid equilibrium, as shown in the 454 

rejection data where the concentration of DMSO was less than 1 wt% in the permeate. The 455 

enthalpy of vaporization was mainly contributed by water and the heat of evaporation of 456 

water was 42.48-43.78 kJ/mol in this temperature range (Lide, 2004). The similar value 457 

between the enthalpy of vaporization and activation energy may suggest the predominant 458 

effect of the evaporation step in affecting the permeation flux. 459 

 460 

There is no significant difference between the performances of the 200-mASY and 200-461 

mSYM membranes even though their matrix structures are different. The 200-mSYM has a 462 

similar pore structure across the membrane while the 200-mASY consists of two layers: a 463 

top layer with similar structure as the 200-mSYM and the support layer with a larger pore 464 

size. The asymmetric structure of 200-mASY did not enhance the permeation flux and the 465 

reason could be laid on the fact that the evaporation step near the vapour-liquid interface 466 

presented the predominant impact on the permeation rate. 467 

 468 

On the other hand, it was found that the 20-mASY membrane exhibited a higher permeation 469 

flux compared to the 200-mASY and 200-mSYM membranes, despite its smaller pore size. 470 

This can be explained by the higher surface porosity and smaller membrane thickness of the 471 
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20-mASY membrane. As the evaporation step had a strong effect on the permeation flux, 472 

the total surface area of the vapour-liquid interface may directly affect the total permeation 473 

flux. As illustrated in Fig. 11, the inner surface porosity of the 20-ASY membrane is 21.6%, 474 

which is higher than the 200-SYM and 200-ASY membranes, allowing a larger vapour-475 

liquid interface for vapour evaporation. Also, the 20-ASY membranes (thickness of 0.75 476 

mm) were 17% thinner than the 200-SYM membranes (thickness of 0.9 mm), which could 477 

in turn posed a lower mass transfer resistance to the permeation flux. 478 

 479 

 480 

Fig. 11. Surface porosity of the inner surface of 200-ASY, 200-SYM and 20-ASY membranes 481 

(pore area is indicated in red colour). 482 
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 483 

3.2.3 24-hour performance in water-DMSO feed solution 484 

24-hour VMD tests were conducted to study the stability of the membranes in solvent-485 

containing system. The hydrophobic ceramic membranes were prepared through surface 486 

functionalization and their stability in MD was highly dependent on the stability of the 487 

functionalization layer. As shown in section 3.1, the WCA and SCA of the membranes 488 

remained high values even after immersing in DMSO for a month. Besides that, the 489 

membranes are more likely to suffer from membrane wetting in VMD compared to direct 490 

contact MD because of the pressure gradient across the membranes (Rezaei et al., 2018). If 491 

the membranes were wetted by the feed solution, the arc-shaped interface at the pore 492 

entrance will no longer be maintained. The liquid would start to permeate through the 493 

membranes via a viscous flow and the DMSO rejection would subsequently deteriorate.  494 

 495 

During the experiments, the 200-mSYM membranes were fed with 20-75 wt% DMSO and 496 

the VMD process was run for 24 hours for each concentration. As shown in Fig.12, the 497 

membrane presented consistent performance with no sign of wetting. Though there were 498 

some minor fluctuations, the modified membranes were able to maintain an average 499 

rejection at higher than 95%. The high rejection reflected that the membrane pores survived 500 

from wetting by the feed stream even when the DMSO concentration in the feed was as high 501 

as 75 wt%. Also, the permeate flux kept reasonably stable in the whole experiment period, 502 

which was in accordance with the results of previous tests. When the DMSO concentrations 503 

were lower than 50 wt%, the average flux was higher than 4.7 kg m-2 h-1. 504 
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 505 

Fig. 12. (a) Permeate flux and (b) DMSO rejection of the 200-mSYM membranes in 20-75 wt% 506 

DMSO/water feed stream (Tf=60 ℃, P=5 kPa, Qf=170 ml min-1). 507 

 508 

3.3 Separation performance of other types of membranes 509 

Currently there are limited types of membranes that can be used for SR-MD due to the lack 510 

of solvent resistance of most polymeric membranes. Commonly used MD membranes such 511 

as PVDF membrane fabricated by phase inversion method cannot withstand strong solvents 512 

such as DMSO and NMP (Tan and Rodrigue, 2019a). Meanwhile, the PP and PTFE 513 

membranes mainly fabricated by melt-spinning, cold-stretching or thermally induced phase 514 

separation methods (Tan and Rodrigue, 2019b) can be potentially used for SR-MD because 515 

they have both high hydrophobicity and excellent chemical resistance. Therefore, in this 516 

study, we also used commercial PTFE hollow fibres for water-DMSO separation. PTFE 517 

membrane with similar pore size (bubble point pore size = 361 nm and mean pore size = 518 

112 nm) was tested, and results are shown in Figure 13. The membrane showed a much 519 

lower permeation flux (2.6 kg m-2 h-1) compared to the modified ceramic membranes at feed 520 

concentration of 50 wt%. Furthermore, the membrane started to wet when the feed DMSO 521 

concentration was increased to 85 wt%. The fast wetting of PTFE membranes could be due 522 

to the large pore size distribution, resulting from the stretching method used in the 523 
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membrane fabrication (Tan and Rodrigue, 2019b). 524 

 525 

Fig. 13 Comparison of the separation performance of 20-mASY, 200-mSYM and other 526 

membranes. 527 

 528 

In this study, we also tested the commercial Hybrid Silica HybSi® AR membranes used in 529 

the PV process to compare the efficiency of VMD and PV in separating water-DMSO 530 

mixtures. As shown in Fig. 13, VMD membranes showed great superiority in permeate flux, 531 

which was 156% and 588% higher than that of PV process when treating 50 and 85 wt% 532 

DMSO with the 20-mASY membrane, respectively. The DMSO rejection of VMD was as 533 

great as PV (>98%) when the feed DMSO concentration was 50 wt%. However, when the 534 

feed concentration was 85 wt%, the rejection of the 20-mASY and 200-mSYM membranes 535 

dropped to 86.3 and 88.4%, respectively, while the rejection of PV remained high at 95.6%. 536 

PV is hardly restricted by the vapour-liquid equilibrium at the interface, and the more 537 

selective sorption step contributed to the high DMSO rejection at high feed concentration 538 

(Guo et al., 2004). However, the permeation flux was significantly lower as diffusion 539 

through the dense PV membranes was much slower than Knudsen diffusion. 540 

 541 
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In summary, SR-MD has been demonstrated to be a promising separation process to 542 

separate water-DMSO effectively. The modified ceramic membranes exhibited a high 543 

permeation flux for a wide range of DMSO feed concentrations, and they also showed 544 

rejection higher than 90% when the feed concentration was lower than 85 wt%. Water with 545 

low organic content can be produced on the permeate side and it can then undergo a simple 546 

secondary purification process for further processing before reuse or discharge. For example, 547 

DMSO content in the permeate is smaller than the bioreactor limit (0.1-0.15 wt%) when the 548 

DMSO concentration in the SR-MD feed stream is lower than 20 wt%. The permeate 549 

product can be sent directly to the bioreactor where DMSO will be degraded completely. At 550 

the same time, the SR-MD process can dehydrate and concentrate DMSO in a diluted feed 551 

stream, making it more viable for reuse in manufacturing. The application of SR-MD is not 552 

limited to water-DMSO separation but can potentially be used to treat wastewater 553 

containing other organic solvents that have a high boiling point (>150 °C) like NMP, and 554 

some typical degradation-resistant solvents, such as dimethylformamide and 555 

dimethylacetamide (Kong et al., 2019; Peng et al., 2018). To give an example, the 20-mASY 556 

membrane was tested with a 50 wt% NMP feed stream at 60 ℃ and showed excellent 557 

rejection of 96.4±0.3% and separation factor of 53.9±4.2, with high flux of 7.3±0.2 kg m-2 558 

h-1. Therefore, the treatment strategy involving SR-MD can be extended to treat more 559 

complicated industrial feeds containing various organic solvents. 560 

 561 

4. Conclusions 562 

Hydrophilic ceramic membranes were successfully transformed into hydrophobic ones by 563 

chemical grafting of FAS-F17, and the analysis showed that the hydrophobic modification 564 

was stable even after immersing in pure DMSO over 30 days. The modified ceramic 565 

membranes were subsequently used in SR-MD to separate water-DMSO mixtures. The 566 
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membranes kept unwetted and showed excellent performance in VMD tests using feed 567 

streams with a wide range of DMSO concentrations (3.5-85 wt%). Especially, the separation 568 

factor was as high as 284 at feed concentration of 3.5 wt% DMSO and stayed constant at 569 

about 170 at feed concentration of 20-65 wt% DMSO.  570 

 571 

In comparison, the commercial PTFE MD membranes failed to resist the penetration of feed 572 

containing 85 wt% DMSO. Additionally, all the modified ceramic membranes could 573 

maintain a rejection higher than 98% when treating 50 wt% DMSO solution, which was at 574 

the same level as the commercial PV membrane tested. The permeation flux of 20-mASY 575 

membranes was also much higher, 156% and 588% higher than that of PV process when 576 

treating 50 and 85 wt% of DMSO, respectively. The separation performance of SR-MD was 577 

found strongly dependent on the vapour-liquid equilibrium near the interface, and the 578 

permeation flux was predominantly affected by the evaporation step. This study 579 

demonstrates that SR-MD can be a promising technique to treat complex wastewater 580 

containing organic solvents. 581 
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