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ABSTRACT  23 

In this work, poly (vinylidene fluoride-co-chlorotrifluoroethylene) 24 

(PVDF-CTFE) was used for hydrophobic membranes preparation by the non-solvent 25 

induced phase inversion (NIPS) technique. The effects of poly (ethylene glycol) 26 

(PEG) molecular weight and dosage were investigated in terms of the membrane 27 

morphology, contact angle, surface free energy, and membrane pore structure for both 28 

surface pores and overall pores. All membranes possessed typical liquid-liquid 29 

demixing asymmetric structure and the contact angles were higher than 85°. 30 

Furthermore, increasing the PEG molecular weight and dosage significantly altered 31 

the membrane pore structure and surface roughness as a result of the variation of the 32 

phase inversion process. The solid-liquid demixing was responsible for the variation 33 

of membrane morphology, pore structure, hydrophobicity, and DCMD performance 34 

as PEGs with higher molecular weight or dosage was added. The PVDF-CTFE 35 

membranes were suitable for MD application for the high hydrophobicity, small pore 36 

size with narrow pore distribution, high DCMD performance, especially the 37 

interconnected pore structure. The membrane containing 5 wt. % PEG-400 was 38 

evidenced to be the optimal one for the MD process, mainly according to the high 39 

interconnected pore structure which provide more passages for vapour transfer. The 40 

permeate flux was 17.98 kg/(m
2
.h) with a conductivity as low as 7 µS/cm at the 41 

temperature difference of 30ºC. In addition, an excellent performance sustainability 42 

was observed including a relatively steady permeate flux and conductivity during the 43 

360 hrs continuous DCMD operation.  44 

Keywords: PVDF-CTFE; Phase inversion; PEGs; DCMD; Hydrophobic membrane. 45 

 46 
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1. Introduction 47 

Fresh water scarcity and contamination is one of major global challenges of our 48 

time. Desalination of seawater and brackish water is a feasible approach to alleviate 49 

this issue. Currently, thermal-based distillation or membrane separation technologies 50 

are commonly applied for desalination applications, multi-stage flash evaporation 51 

(MSF), multi-effect distillation (MED), and reverse osmosis (RO) comprise almost 52 

93% of the total world installed desalination capacity
1-5
. Membrane distillation (MD), 53 

a thermally-driven separation process combining the thermal and membrane 54 

processes
6, 7
, has been widely studied for seawater or brackish water desalination in 55 

lab-scale. The driving force in MD is the vapour pressure difference induced by the 56 

temperature difference across the membrane, which only allows for the transportation 57 

of vapour molecules. As a result, high salt rejection can be envisioned even under low 58 

operation pressure and temperature, presenting tremendous advantages over 59 

conventional thermal- or membrane-based desalination processes
8, 9
.  60 

The preparation of an appropriate membrane for MD presents a great challenge 61 

for both academia and industry. The membranes need to be hydrophobic and possess 62 

appropriate pore structure and morphology. In addition, excellent mechanical and 63 

chemical stability is also required to maintain a stable performance
10
. PVDF is 64 

currently considered to be the most suitable polymer due to its excellent 65 

hydrophobicity and processability compared to other hydrophilic membrane materials 66 
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such as polyethylene (PE), polypropylene (PP), and polytetrafluoroethylene (PTFE)
7, 

67 

11, 12
. However, hydrophobic PVDF membranes still facing many technical limitations 68 

impeding its further application, which mainly related to its low mechanical strength, 69 

hydrophobicity and permeate flux. In this regard, efforts have been dedicated to the 70 

search of alternative materials for membrane fabrication and the improvement in 71 

membrane preparation process, as well as the development of composite membrane 72 

and nano-composite membrane
13-16

. The PVDF-based copolymer, which possesses 73 

higher hydrophobicity due to its high fluorine content, attracted considerable attention 74 

as an alternative choice for hydrophobic membrane preparation
12
. Poly (vinylidene 75 

fluoride-co-tetrafluoroethylene) (PVDF-TFE), poly (vinylidene 76 

fluoride-co-trifluoroethylene) (PVDF-TrFE), poly (vinylidene 77 

fluoride-co-hexafluoropropylene) (PVDF-HFP) and few other PVDF-based graft 78 

copolymers have been used in hydrophobic membrane preparation
17
. 79 

PVDF-CTFE is another commercial fluoropolymer which possess excellent 80 

mechanical strength, high hydrophobicity, and good chemical and thermal stability 81 

due to the presence of C-F bond
12, 18

. And it can be easily grafted via atom transfer 82 

radical polymerization (ATRP) owing to the CTFE segment. Thus, it has been 83 

employed for membrane preparation through either NIPS
19-24

 or electro-spinning 84 

processes
25, 26

. However, to the best knowledge of the authors, the natural 85 

hydrophobicity of PVDF-CTFE was largely overlooked, and a systematic study of 86 

PVDF-CTFE hydrophobic membrane preparation is desperately needed. In this 87 
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regard, it is of great interests to study the use of PVDF-CTFE copolymer for 88 

hydrophobic membrane preparation and its potential application in MD. It was 89 

confirmed that PVDF-CTFE copolymer has several competitive advantages over 90 

other PVDF homopolymers and as well as great potentials for hydrophobic membrane 91 

fabrication in a previous study
27
.  92 

NIPS is commonly applied for polymeric membrane preparation, in which the 93 

phase inversion process was easily influenced by many factors and led to membrane 94 

with various morphology and pore structure. Additives has been widely used to 95 

fine-tune the membrane morphology and permeability based on this knowledge. It 96 

could not only alters the solvation power of the solvent, but also affects the phase 97 

inversion process both thermodynamically and kinetically
28
. PEG is one of the most 98 

commonly used additive, which has been studied in both hydrophilic and hydrophobic 99 

membrane preparation
29-32

. It was reported that when using PEG as additive, its 100 

molecular weight and dosage showed great but diversified impact on membrane 101 

properties
33-35

. As the same additive may even show entirely different effects on 102 

different multi-component polymer solution systems, its effect on PVDF-CTFE 103 

hydrophobic membrane preparation should carefully concerned as PEGs was used as 104 

additives.  105 

In this study, PVDF-CTFE copolymer was used for hydrophobic membrane 106 

preparation. The objective was to tune the membranes by the addition of PEGs with 107 
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different molecular weight and dosage. Membranes morphology, surface and overall 108 

pore structure, porosity, and hydrophobicity were studied to demonstrate the influence 109 

of PEG additives form the perspective of variation in phase inversion process. The 110 

permeability of resultant membranes was investigated by DCMD test, and a 360 hrs 111 

continuous DCMD test was also carried out to investigate the membrane 112 

sustainability. 113 

2. Material and methods 114 

2.1 Materials 115 

Commercial PVDF-CTFE copolymer powder (Solef
®
, 32008) was purchased 116 

from Solvay (Belgium) and was dried at 50ºC for 24 hours before use. DMAc (>99%) 117 

was obtained from Shanghai Jingwei Chemical Co., Ltd. (Shanghai, China). PEGs 118 

with molecular weights ranging from 200 to 2000 Da were supplied by Tianjin 119 

Guangfu Research Institute of Fine Chemical Engineering (Tianjin, China). Porefil
®
 120 

liquid used as the wetting fluid was purchased by Porometer (Eke, Belgian). Ethanol 121 

(GR grade, 99.9%), NaCl (GR grade, 99.5%), glycerol (AR, 99%), and 122 

diiodomethane (CP) were all purchased from Beijing Chemical works (Beijing, 123 

China). Deionized water was used as coagulant for membrane preparation.  124 

2.2 Membrane preparation  125 

Pre-dried PVDF-CTFE copolymer powder, DMAc and pre-designed amounts of 126 

PEGs with different molecular weights were mixed in a sealed flask and stirred at 30º127 

C for 24 hrs to obtain a homogeneous polymer solution (detailed was shown in Table 128 
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1). For all casting solutions, the polymer concentration was 12 wt.%. The 129 

homogeneous polymer solution was then allowed for degassing in a vacuum oven at 130 

30ºC for 24 hrs. 131 

Table 1 132 

Flat sheet PVDF-CTFE hydrophobic membranes were prepared by the dry-wet 133 

phase inversion method (also known as NIPS). Prior to membrane casting a piece of 134 

hydrophilic PET nonwoven fabric, which function as the supporting layer to prevent 135 

membrane shrinking and enhance membrane mechanical strength, was attached on a 136 

spotless flat glass plate. The casting solution was subsequently cast uniformly on the 137 

surface of the supporting layer by a casting knife with a gap of 0.25 mm. After 138 

exposing in air for 15s, the film was immersed into a deionized water bath at 25ºC. 139 

The prepared nascent membranes were then removed from the coagulation bath and 140 

washed with running water to remove the residual additives and solvent. Finally, the 141 

wet membranes were air dried at room temperature and stored for subsequent 142 

measurement and testing.  143 

2.3 Membrane morphology 144 

The membrane surface and cross-section morphologies were observed using a 145 

HITACHI SU8020 field emission scanning electron microscope (FE-SEM) (Hitachi, 146 

Japan). The FE-SEM was operated under standard high-vacuum conditions at 3.00 147 

kV. The samples for cross-section observation were firstly frozen in liquid nitrogen 148 

for cryogenic fracturing to maintain the pore structure. All the samples were sputtered 149 
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with gold nanoparticles under vacuum with a HITACHI E-1010 Ion Sputtering device 150 

(Hitachi, Japan) prior to SEM observation.  151 

2.4 Membrane surface morphology and pore structure 152 

As topography would affect the brightness in SEM images, it can be used to 153 

indicate the state of membrane surface
36, 37

. Membrane coupons with a size of 154 

12.7×8.8 µm was scanned using SEM and the 10,000× magnified images were 155 

obtained and be further analysed using the image-pro-plus 6.0 software. The pore 156 

size, surface porosity, pore roundness, and the SEM roughness index
38
 were 157 

calculated to understand the surface pore structure, and the detailed methods were 158 

shown in the Supporting Information. The grayscale histograms and three dimension 159 

(3-D) morphology was obtained by image J software as described in previous works
39, 

160 

40
, and the method was shown in the Supporting Information.  161 

2.5 Porosity, pore size and pore size distribution 162 

The overall porosity of the membrane was defined as the volume proportion of 163 

the pores over the total volume of the membrane, gravimetric method was applied to 164 

determine the porosity. The membrane sample was tore apart off from the nonwoven 165 

fabric supporting layer and immersed in ethanol solution and ultrapure water for each 166 

24 hrs to fill the membrane pores with ethanol and then replace it with ultrapure 167 

water. Finally, the wet membranes and dried membrane were weighed, and the 168 

membrane porosity (ε) was calculated by the following equation:  169 
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                     (1) 170 

Where Mw is the weight of the wet membrane, Md is the weight of the dry membrane, 171 

ρw and ρp are the density of water and membrane, respectively. 172 

Apart from the porosity measurement, the bubble point, pore size and pore size 173 

distribution of the flat sheet membranes were also investigated by gas-liquid 174 

displacement method using a Capillary Flow Porometer Porolux 1000 (Porometer, 175 

Belgium) to study the effects of PEGs on the permeation properties as described in 176 

other work
41
. The gas flux percentage was plotted against the pore size to represent 177 

the percentage of the corresponding pores. 178 

2.6 Membrane hydrophobicity 179 

The contact angles of membranes with 3 liquids with different polarity (i.e., 180 

deionized water, glycerol, and diiodomethane) were measured to evaluate the 181 

membranes hydrophobicity using an OCA 15EC Video-Based Contact Angle Meter 182 

(Data Physics, Germany). Five different positions of each membrane sample were 183 

measured and the average value was reported with the standard deviation. 184 

The membrane surface free energy was calculated by adopt the Owens 185 

method
42
 as follows: 186 

1/2 1/2

+co 2( ) 2( )
d d p p

L S L S L
γ θ γ γ γ γ= +（1 s ）

              187 

(2) 188 

where, γ�, γ�, ��
�, ��

�
, ��

� , ��
�
 are the surface free energy of the solid and 189 
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liquid, dispersion force term and polar force term of the solid, dispersion force 190 

term and polar force term of the liquid, respectively. The surface free energy of 191 

these liquid and their dispersion force term and polar force term are presented 192 

in Table S1.  193 

2.7 DCMD set-up and membrane permeability 194 

The desalination performance of the PVDF-CTFE membranes was evaluated 195 

using a laboratory-scale DCMD set-up (shown in Fig. 1A). Sodium chloride aqueous 196 

solution (35 g/L) and distillated water were used as the hot feed and cold permeate, 197 

respectively. The upper layer of membranes was contact with feed side and the 198 

supporting layer was contact with permeate side. Both side circulated with constant 199 

flow rate at 65 L/h and 50 L/h by magnetic pumps. The flat-sheet membrane module 200 

was consisted of two self-designed polymethyl methacrylate (PMMA) plate as shown 201 

in Fig. 1B. The flat-sheet membrane with an effective area of 5.218×10
-3
 m

2
 was 202 

tightly clamped between the plates. The temperatures of both sides were kept at 55ºC 203 

and 25ºC. The concentration of sodium chloride in the distillate was monitored with 204 

an electric conductivity monitor. The permeate flux (J) was calculated using the 205 

following equation: 206 

                         m
t

J
A

=
⋅
                            (3) 207 

Where J is the permeate flux [kg/(m
2
.h)], m is the quantity of permeate (kg), A is the 208 

membrane effective area (m
2
) and t represents the sampling time (h). The salt 209 

rejection coefficient R was calculated according to the following equation: 210 
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pf

f

-C C
R

C
=                          (4) 211 

Where Cf and Cp are the salt concentrations of the feed and permeate, respectively. 212 

Fig. 1 213 

The sustainability of the hydrophobic membrane in DCMD process was also 214 

examined in this work using the same MD set-up with a 360 hrs continuous operation. 215 

The test was conducted under the same operation condition as in the permeate test, 216 

and the permeate flux and conductivity were recorded at set intervals. 217 

3. Results and Discussion 218 

3.1 Membrane morphology by SEM  219 

The effects of molecular weight and dosage of PEG on the membrane 220 

micro-structure were systematically evaluated by FE-SEM images observation, as 221 

shown in Fig. 2 and Fig. 3. 222 

Fig. 2 223 

Fig. 2A and Fig. 2B clearly showed that the shape of the surface pores changed 224 

from circular to irregular and the interconnectivity increased along with the molecular 225 

weight of PEGs. Such an observation can be attributed to the phase inversion process 226 

because the formation of the top surface owing to the demixing of the casting solution 227 

by means of nucleation and growth of the polymer-rich phase
43
. Increased the 228 

molecular weight of PEGs, the casting solution became thermodynamically unstable 229 

and the viscosity became higher according to the entanglement of macromolecular 230 
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among polymer, solvent, and additive. As a result, the solution with lower mobility in 231 

the initial stage of immersion benefited the solid-liquid demixing (S-L) for the lower 232 

exchange rate of solvent and non-solvent. Which in turn encouraged the aggregation 233 

of the crystallites on membrane surface
44
. On the contrary, the use of low molecular 234 

weight PEG encouraged the fast exchange of solvent and non-solvent, thus leading to 235 

an instantaneous liquid-liquid demixing (L-L). That is, polymer crystallization 236 

process presented more influence as the molecular weight increased due to the 237 

decreasing phase inversion rate. The large circular pores found on the surface of 238 

membranes prepared using the lower molecular weight PEG was resulted from the 239 

L-L demixing during phase inversion, which was responsible for the formation of the 240 

enclosed and poorly interconnected pores. As PEGs with higher molecular weight 241 

were used, spheroidal crystallites was formed by S-L demixing (polymer 242 

crystallization) as shown Fig. 2B. As a result, irregular pores with higher 243 

interconnectivity was formed in membrane surface.  244 

The cross-section of the PVDF-CTFE membranes containing PEGs additives 245 

with different molecular weight were showed in Fig. 2C. All membranes displayed a 246 

typical asymmetric structure consisting of a dense top layer, a number of macrovoids, 247 

and sponge-like sub-layer, which was typically formed during the L-L demixing 248 

process. Furthermore, it was observed that the size of the macrovoids expanded along 249 

with the increasing PEG molecular weight, which was in good agreement with 250 

previous studies 
32, 33

. So it is safe to say that L-L demixing dominated the phase 251 
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inversion process for all the casting solution. However, the role of S-L demixing was 252 

increasingly important as the molecular weight increased due to the lower phase 253 

inversion rate as discussed for membrane surface. So the polymer crystals showed up 254 

in membrane cross-section and the pore interconnectivity was also significantly 255 

improved when using the PEGs with higher molecular weight. The phenomenon 256 

discovered in this work was in line with the previous work
34
, they also demonstrated 257 

that the L-L demixing rate decreased and the S-L demixing started to take place when 258 

high molecular weight PEGs were used during the phase inversion process. 259 

Fig. 3 260 

The effect of PEG dosage on the membrane morphology was also investigated 261 

by FESEM as shown in Fig. 3. The pores on membrane surface became irregular and 262 

interconnected when increasing the dosage of PEG, and it was clearly that the number 263 

and size of the macrovoids in cross-section were firstly increased and then suppressed 264 

when increase the dosage of PEG. Fig. 3D further demonstrated that walls of pores 265 

including the macrovoids and the sponge-like layer were converted from imporous to 266 

open structure when increasing the PEG dosage, and the crystallites appeared when 267 

preparing the membranes with high PEG dosage. The morphology variation can also 268 

be attributed to the different phase inversion process induced by PEG. As the PEG 269 

dosage was lower than 3wt.%, the phase inversion rate increased as the dosage 270 

increased because the PEG which acted as additive would decreased the stability of 271 

casting solution and promote the exchange rate of solvent and non-solvent. As a result, 272 
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the membrane showed typical asymmetric structure in cross-section by instantaneous 273 

phase inversion. While as the dosage was higher than 5 wt.%, the thermodynamic 274 

effect showed greater influence which significantly increased the viscosity of casting 275 

solution. So the phase inversion rate decreased due to the lower exchange rate of 276 

solvent ant non-solvent. The delayed phase inversion process was benefit the S-L 277 

demixing, so the pores became irregular and the interconnectivity increased when 278 

further increase the PEG dosage as M2, M9, and M10 shown. Meanwhile, the phase 279 

inversion process induced by PEG with different dosage was also responsible for the 280 

two-stage promotion and suppression of the macro-voids in cross-section, as the 281 

instantaneous phase inversion was benefit the grow of macro-voids and vice versa.  282 

3.2 Membrane surface roughness and pore structure 283 

Fig. 4 showed the 3-D graphs and grayscale distribution of the membranes with 284 

different PEG dosage, the original 10,000× magnified SEM micrographs was shown 285 

in Fig. S3. It can be found that the membrane roughness increased as the PEG dosage 286 

increased, this can be attributed to the crystals formed by the S-L demixing when 287 

more PEG was added. The grayscale histograms showed that the range of grayscale 288 

distribution became broader along with the PEG dosage, which also evidenced the 289 

increase of membrane roughness. The effect of PEG molecular weight on membrane 290 

surface 3-D morphology was also investigated as shown in Fig. S1, with the original 291 

SEM image showed in Fig. S2. The morphology and grayscale distribution showed 292 

slightly variation when the molecular weight was lower than 600 Da, while both 293 
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exhibited significantly increase when molecular weight was higher than 1000 Da (M4 294 

and M5). This observation can be ascribed to the solution stability and viscosity due 295 

to the addition of higher molecular weight PEG additives. 296 

Fig. 4 297 

Table 2 showed the pore structure and roughness of the membrane surface, 298 

which was also obtained based on the SEM micrographs by image-pro-plus 6.0. It is 299 

clear that the surface porosity increased first but then decreased as the molecular 300 

weight was higher than 1000 Da when increase the molecular weight, however it 301 

increased along with the molecular weight for PEG dosage. The SEM roughness 302 

index showed good correlation with the surface 3-D morphology, i.e. increased along 303 

with the PEG molecular weight and dosage. The roundness of the surface pore was 304 

bigger when PEG with higher molecular weight or dosage was employed as compared 305 

to membrane with lower molecular weight or dosage, which means the pores shape 306 

altered bigger. However, the pore size showed no clear correlation with the PEG 307 

molecular weight or dosage which can be confirmed by Fig.S1 and Fig.S2. The pore 308 

structure variation can also be explained by the phase inversion process during the 309 

membrane formation. As discussed in section 3.1, the S-L demixing imposed 310 

significant influence with the increased of PEG molecular weight and dosage, and the 311 

crystallization was beneficial for the formation of interconnected pore structure and 312 

rougher surface. The interconnected pore structure was benefit the surface porosity, 313 

roundness, and roughness. However, as the PEG additives with ultra-high molecular 314 
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weight were used (i.e. higher than 1000 Da), the polymer-rich phase dominated the 315 

surface composition. As a result, the porosity decreased as the membrane samples M4 316 

and M5 showed. For surface pore size, it was influenced both by the porosity and the 317 

pore structure, these two opposite effects worked together which lead to the final pore 318 

size as can be found in Table 2 and related SEM graphs. In a word, the surface pore 319 

structure was totally affected by the phase inversion process which was influenced by 320 

PEGs with different molecular weight and dosage. 321 

Table 2 322 

3.3 Membrane hydrophobicity 323 

The hydrophobicity was represented by the contact angle and surface free energy 324 

in this work, and the results were showed in Table 3. 325 

Table 3 326 

It was clearly evidenced that the hydrophobicity decreased when increasing the 327 

dosage of PEG, however the decreasing trend was reduced when more PEG was 328 

added. Correspondingly, the hydrophobicity firstly decreased as the molecular weight 329 

was lower than 600 Da and then increased when further increasing the molecular 330 

weight. On one hand, the addition of PEG was reported to decrease the 331 

hydrophobicity of membrane
41, 42

. On the other hand, the crystallites formed on the 332 

membrane surface due to the high dosage or molecular weight increased the 333 

membrane surface roughness, and thus leading to a higher hydrophobicity
47, 48

. These 334 

two contrary effect induced by PEGs with different molecular weight or dosage 335 
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worked together to the hydrophobic of the resultant membranes. As the molecular 336 

weight or dosage was relatively lower, the first factor played more important role 337 

which result in the decrease of hydrophobicity. While the later factor presents greater 338 

influence as the molecular weight or dosage increased, so the decreasing rate of 339 

hydrophobicity decreased or the increasing trend was observed when PEG-1000 or 340 

PEG-2000 was used due to its strong impact on membrane roughness. It was in 341 

agreement with the previous work when PEG was used for PVDF-HFP hydrophobic 342 

membrane preparation
49
. Such a variation was mainly believed to be caused by the 343 

variation in surface roughness due to the polymer crystallisation.  344 

3.4  Porosity, pore size and pore distribution 345 

The effect of PEG molecular weight and dosage on membrane overall porosity, 346 

pore size and pore size distribution were investigated and the results were showed in 347 

Table 4 and Fig. 5. It was observed in Table 4 that the membrane porosity was 348 

greatly improved when increasing the PEG molecular weight from 200 to 400 Da, 349 

while further increase in molecular weight only possessed slightly improvement. The 350 

membrane pore size also presents a similar trend. Fig. 5A showed that M2 and M4 351 

presented the narrowest and broadest pore distribution, respectively. In terms of the 352 

effect of PEG dosage, it was noteworthy that the membrane prepared without PEG 353 

presented a slightly higher porosity than the membrane M7 due to the lowest relative 354 

polymer concentration as can be seen in Table 4. The overall porosity slightly 355 

increased as the dosage was lower than 5 wt.% and decreased as 7 wt.% PEG was 356 
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added, then re-increased when more PEG was added. Overall, the PEG dosage 357 

showed slightly influence on membrane overall porosity although the macrovoids of 358 

membrane by less than 5 wt.% dosage was larger. The higher pore interconnectivity 359 

of the membrane with higher PEG dosage was believed to offset the absence of 360 

macrovoids, and the higher porosity of M9 further verified this viewpoint. However, 361 

the pore size increased straight along with the PEG dosage and membranes with 362 

different dosage present narrow pore distribution as can be found in Fig. 5B. 363 

Table 4 364 

In a word, the addition of PEG influenced the membrane formation both 365 

thermodynamically and kinetically, which may result in both pore-forming and 366 

pore-inhibiting effect. The synergetic effect of these two opposite factors was 367 

responsible for the variation of membrane pore structure. Based on the results 368 

presented in Table 4 and Fig. 5, it can be inferred that the PVDF-CTFE membrane 369 

containing 5 wt.% PEG-400 (M2) might offer excellent separation performance in 370 

MD desalination due to its moderate pore size and narrow pore distribution, as well as 371 

the interconnected pore structure pore structure as shown in Fig. 3. 372 

Fig. 5 373 

3.5 Membrane desalination performance   374 

The permeability and rejection of resultant membranes in DCMD desalination 375 

was showed in Fig. 6 in terms of the permeate flux, permeate conductivity, and the 376 

salt rejection. The salt rejection was nearly 100% when 5 wt.% PEG with different 377 
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molecular weights were used as shown in Fig. 6A. Whilst the permeate flux was 378 

greatly affected by the molecular weight of the additives, with M2 showing the 379 

highest water flux. It was in line with the morphological structure of the M2 380 

membrane, which contained well-interconnected pore structure, moderate pore size 381 

and narrow pore size distribution.  382 

Fig. 6 383 

The PEG dosage also possessed significant impact on the membrane 384 

performance as shown in Fig. 6B. Interestingly, it was found that the permeate flux of 385 

M7 was slightly lower than M6, which was prepared without PEG addition. That can 386 

be explained by the higher hydrophobicity and porosity of membrane M6. However, 387 

the permeate flux was increased along with the PEG dosage, and the increasing rate 388 

was more pronounced in the lower dosage range (from 1 to 5 wt.%). It also should be 389 

noted that the membranes M9 and M10 were not suitable for the MD desalination 390 

process as a substantial decrease in salt rejection was observed due to the highest pore 391 

size as shown in Fig. 5.  392 

PVDF-CTFE membrane with 5 wt.% PEG-400 was therefore considered as the 393 

candidate of choice for the MD process in the current study due to its interconnected 394 

pore structure, small pore size and narrow pore distribution, as well as the excellent 395 

desalination performance. The long-term operation performance of membrane M2 396 

was then examined to demonstrate the sustainability performance of this membrane. 397 
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A 360 hrs continuous desalination experiment was carried out, and the separation 398 

results were shown in Fig. 7. The conductivity decreased quickly in the first 10 hrs, 399 

indicating a high permeate flux with low permeate conductivity had been offered. In 400 

the meantime, the permeate flux was maintained at approximately 18 kg/m
2
.h during 401 

the first 50 hrs. Furthermore, the permeate flux remained almost constant at 18 402 

kg/m
2
.h during the entire period, with a marginal decline of less than 8%. Meanwhile, 403 

the permeate conductivity maintained lower than 13 µS/cm, although a slight increase 404 

trend was found 50 hrs later. The results shown in Fig. 7 indicating that the 405 

PVDF-CTFE membranes prepared in this study exhibited stable long-term 406 

performance, and had great potential in MD process. 407 

Fig. 7 408 

3.6  Comparison with other hydrophobic membranes for MD  409 

The DCMD performance of the membrane developed in this study was 410 

compared with other hydrophobic polymer membranes reported in recent years and 411 

the results were compiled in Table 5
50-62

. It can be found that the PVDF-CTFE 412 

membrane prepared in this work presented competitive advantages in permeate flux 413 

over other reported hydrophobic membranes at a temperature difference of 30 °C, 414 

which was 138.5% higher than PVDF membrane
53
 and 23.4% higher than PVDF-HFP 415 

membrane
48
. While for salt rejection or permeate conductivity, the conductivity was 6 416 

µS/cm (i.e, 99.98%) in this work, the PVDF-CTFE membrane also can be competitive 417 

as can be found in the Table 5. As to membrane sustainability, the membranes 418 
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prepared by PVDF-CTFE in the current study showed excellent performance as the 419 

permeate flux and the conductivity kept stable during the 360h continuous operation, 420 

which also showed competitive advantage to the comparison membranes. These 421 

results clearly suggested that the PVDF-CTFE copolymer was an excellent substitute 422 

for the preparation of hydrophobic membrane, because of the interconnected pore 423 

structure by crystallization, narrow pore distribution, and higher hydrophobicity. With 424 

careful tuning of the membrane properties using appropriate additives, these 425 

membranes showed great potentials in the MD applications.  426 

Table 5 427 

4. Conclusions 428 

In this study, hydrophobic PVDF-CTFE membranes were prepared for MD 429 

desalination application. Effects of molecular weight and dosage of PEG additives 430 

were systematic studied in terms of membrane morphology, pore structure, 431 

hydrophobicity, and separation performance. It was revealed that the molecular 432 

weight and dosage of PEG have similar impact on membranes surface morphology 433 

and pore structure. The pores became irregular and interconnected while the surface 434 

porosity increased by the increasing molecular weight and dosage of PEG. In addition, 435 

the cross-section pore interconnectivity was also greatly improved with the increasing 436 

molecular weight and dosage of PEG. The effect of PEGs on phase inversion was 437 

responsible for the variation of membrane morphology and pore structure. The S-L 438 
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demixing possessed more important effect on membrane porosity, pore size, and pore 439 

interconnectivity with the increase of the molecular weight or dosage of PEGs. 440 

Increasing the molecular weight or dosage of PEG encouraged the formation of 441 

crystallites, which resulted in a rougher membrane surface, and increased the 442 

membrane hydrophobicity. It also worth to mention that all membranes displayed a 443 

water contact angles higher than 81.5°, which was suit for MD application. 444 

The optimal membrane structure was found on the membrane with 5 wt.% 445 

PEG-400, which presents small pore size and narrow pore distribution, high 446 

hydrophobicity, especially the high interconnected pore structure which provide more 447 

passages for vapour transfer. A flux of 17.89 kg/m
2
.h with a rejection higher than 448 

99.99% was achieved for this membrane. Long-term desalination test revealed that 449 

the PVDF-CTFE membrane with 5 wt.% PEG-400 delivered nearly constant 450 

permeation flux and salt rejection after 360 hrs continuous DCMD operation, 451 

indicating excellent performance sustainability of this membrane. This contribution 452 

clearly demonstrated that the PEGs with different molecular weight and dosage has 453 

significant influence on the resultant membranes mainly by the influence on phase 454 

inversion process, and the PVDF-CTFE hydrophobic membrane prepared in this work 455 

has great potential in DCMD desalination application due to the morphology, pore 456 

structure, properties variation induced by S-L demixing during membrane formation. 457 
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List of tables 559 

Table 1 Compositions of the polymer solutions for membrane casting. 560 

Membrane code M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 

Molecular weight 

of PEG 
200 400 600 1000 2000 - 400 400 400 400 

PEG concentration 

(wt.%) 
5 5 5 5 5 0 1 3 7 9 

DMAc concentration 

(wt.%) 
83 83 83 83 83 88 87 85 81 79 

 561 

Table 2 Pore structure and roughness of the membranes surface calculated by 562 

image-pro-plus 6.0. 563 

Membenae 

code 

Surface 

porosity (%) 

Pore size (µm) 
Roundness 

SEM roughness 

index Max Min Mean 

M1 19.0  0.125  0.057  0.090  3.0  36.0  

M2 20.7  0.128  0.054  0.091  3.2  38.0  

M3 23.3  0.116  0.052  0.083  3.1  38.5  

M4 22.2  0.138  0.053  0.093  3.9  42.0  

M5 18.1  0.112  0.052  0.081  3.0  41.0  

M6 10.5  0.132  0.062  0.094  3.0  26.9  

M7 13.4  0.127  0.061  0.093  2.6  33.4  

M8 20.7  0.115  0.052  0.083  3.2  37.6  

M9 20.6  0.136  0.060  0.097  3.3  40.2  

M10 24.1  0.149  0.056  0.099  3.5  43.4  

 564 

 565 

 566 
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Table 3 CA with different regents and the calculated surface free energy of the 567 

flat-sheet membranes. 568 

Membrane code CAwater(°) CAglycerol(°) CAdiiodomethane(°) γ(×10
-5 
N.cm

-1
) 

M1 90.48±3.57 78.92±3.24 58.24±1.28 33.68±1.06 

M2 87.30±4.08 76.83±1.62 55.32±1.75 36.10±1.64 

M3 81.53±3.67 70.38±2.51 52.03±0.94 40.52±3.91 

M4 83.11±3.10 71.52±3.27 54.23±2.42 38.98±3.71 

M5 84.32±4.04 71.98±1.37 54.80±0.89 38.29±3.32 

M6 92.58±3.18 80.26±2.16 59.53±1.37 32.34±0.70 

M7 90.28±3.69 78.13±2.45 58.73±0.77 33.74±1.29 

M8 87.32±3.14 77.03±1.38 56.75±0.98 35.55±1.95 

M9 86.22±3.56 75.92±2.71 55.26±1.61 36.65±2.11 

M10 86.36±1.59 76.38±0.86 54.76±0.62 36.83±2.12 

 569 

Table 4 The overall porosity and pore size measured by Porometer Porolux 1000. 570 

Membenae 

code 

Overall porosity 

(%) 

Pore size (µm) 

Max Min Mean 

M1 55.8±0.67 0.168±0.012  0.107±0.016  0.125±0.024  

M2 65.5±0.79 0.234±0.030  0.105±0.005  0.132±0.015  

M3 71.7±0.67  0.262±0.065  0.120±0.015  0.146±0.017  

M4 72.5±0.74  0.217±0.051  0.092±0.012  0.137±0.035  

M5 70.1±0.61  0.258±0.083 0.120±0.027  0.143±0.028  

M6 63.1±0.67  0.164±0.045 0.078±0.016  0.088±0.021  

M7 62.2±1.01  0.162±0.068  0.092±0.024  0.113±0.016  

M8 67.1±0.52  0.178±0.066  0.081±0.002  0.130±0.032  

M9 65.0±1.39  0.295±0.087 0.115±0.032  0.150±0.047  

M10 65.4±0.66  0.486±0.125  0.121±0.056  0.174±0.043  

 571 
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Table 5 Comparison with other reported hydrophobic flat-sheet membranes by different polymer material in DCMD process. 1 

Membrane 

Feed solution Permeate solution Permeate 

 flux 

(kg/m2.h) 

Salt rejection 

/permeate 

conductivity 

Sustainability Refs. 
Types

a
 
Temp.

b
 

(ºC) 
Flux(L/h) 

Temp. 

(°C) 
Flux(L/h) 

PVDF-TFE 0.3 M 55 22 25 12 7.3 - - 50 

PVDF-TFE 0.3 M 55 22 25 12 2.5 100% - 51 

PVDF-HFP 0.3 M 55 50 25 12 14.5 >99% 30d, rejection kept higher than 90% . 52 

PVDF(VIPS) 35 g/L 73 54 25 54 18.9 7.45 µS/cm 
6h, flux decreased by 4.3%, rejection 

maintained at over 99.7% 
53 

PES (CF4 

plasma 

modified) 

4 % 63.3 0.36 m/s 20 0.36m/s 45.4 99.80% 

55h, flux stayed around 39 kg/m2 h after 40 

h, then decreased to 36.4 kg/m
2
 h; 

conductivity decreased from 7.81 to 7.45 

µs/cm.  

54 

PVDF-HFP 

(electrospun)  
10 g/L  65 900  24 900  22 98% - 55 

PSf  (VIPS) 35 g/L  73 108 25 27 30 16 µS/cm 

Feed flux change to 27°C 

90h, flux decreased by 3.5%, conductivity 

maintain lower than 40 µS/cm. 

56 

PVDF 35 g/L 50 70 20 70 12.5 7.5 
240h, flux maintain at 12.5 kg/m2.h, 

conductivity stabilized at 5.3–7.5 µS/cm 
57 
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PVDF-HFP 35g/L 60 48 20 48 18.9 <5 µS/cm 
50h, flux maintained at 18.9 kg/m2.h, 

conductivity lower than 5 µS/cm. 
58 

PVDF-HFP/PAN 

(electrospun) 

DI 

water 
60 24 20 24 45 >98.5% - 59 

1PVDF(CF4 

plasma 

modified)  4 %  57.8 0.17 m/s 21.1 0.17 m/s 

23.47 

99.97% - 60 

2PVDF(Ar 

modified) 
16.68 

PTFE 35g/L 70 180 30 180 32.5 99.90% - 61 

PSf (CF4 plasma 

modified)  
DI 70.3 0.17 20 0.17 53.33 100% 

27h, flux decreased by 10%, conductivity 

lower than 4 µS/cm. 
62 

PVDF-CTFE 

 
35g/L 55 65 25 25 17.89 6 µS/cm 

360h, flux decreased by less than 8%, 

conductivity kept lower than 13 µS/cm. 

This 

work 

Note: a: The feed solution is NaCl solution which only the concentration is list if there is no detailed description; b: “Temp.” represents the 1 

“temperature”. 2 

  3 
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List of figures 1 

Fig. 1 (A) Schematic diagram of the DCMD set-up: 1. Super thermostat, 2. Feed solution, 3. Magnetic pump, 4. Valve, 5. Rotameter, 6. 2 

Flat-sheet membrane module, 7. Cryostat, 8. Distillate collector, 9. Conical flask, 10. Balance, t. Thermometer, c. Conductivity meter; (B) 3 

Design diagram of the flat-sheet membrane module. 4 

Fig. 2 FE-SEM images of PVDF-CTFE membranes by PEG additives with different molecular weights: (A) Membrane surface; (B) 50,000× 5 

magnified image of membrane surface; (C) Membrane cross-section. 6 

Fig. 3 FE-SEM images of the PVDF-CTFE membranes by PEG-400 with different dosage: (A) Membrane surface; (B) Membrane cross-section; 7 

(D) Macro-voids in the membrane cross-section. 8 

Fig. 4 3-D graphs and histograms of the grayscale value of each pixels of SEM micrographs of membrane prepared by PEGs with different 9 

molecular weight. 10 
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Fig. 5 Pore size distribution of the PVDF-CTFE membranes using PEG additives with (A) different molecular weight, and (B) different dosage. 1 

Fig. 6 MD desalination performance of the PVDF-CTFE membranes using PEG additives with (A) different molecular weight, and (B) different 2 

dosage. (Feed solution and temperature: 35 g/L NaCl solution, 55ºC; Permeate temperature: 25 ºC.) 3 

Fig. 7 Long-term desalination operation performance of the PVDF-CTFE membrane. (Feed solution and temperature: 35 g/L NaCl solution, 4 

55ºC; Permeate temperature: 25 ºC.) 5 
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Figure. Graphical abstract 

PVDF-CTFE membrane with interconnected pore structure, narrow pore 

distribution, and high DCMD performance was prepared by study the 

effect of molecular weight and dosage of PEG. 
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