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ABSTRACT 21 

In this study, composite membranes were fabricated via layer-by-layer (LBL) assembly 22 

of negatively-charged silica aerogel (SiA) and 1H, 1H, 2H, 2H – Perfluorodecyltriethoxysilane 23 

(FTCS) on a polyvinylidene fluoride phase inversion membrane, and interconnecting them with 24 

positively-charged poly(diallyldimethylammonium chloride) (PDDA) via electrostatic 25 

interaction. The results showed that the PDDA-SiA-FTCS coated membrane had significantly 26 

enhanced the membrane structure and properties. New trifluoromethyl and tetrafluoroethylene 27 

bonds appeared at the surface of the coated membrane, which led to lower surface free energy of 28 

the composite membrane. Additionally, the LBL membrane showed increased surface roughness.  29 

The improved structure and property gave the LBL membrane an omniphobic property, as 30 

indicated by its good wetting resistance. The membrane performed a stable air gap membrane 31 

distillation (AGMD) flux of 11.22 L/m
2
h with very high salt rejection using reverse osmosis 32 

brine from coal seam gas produced water as feed with the addition of up to 0.5 mM SDS 33 

solution. This performance was much better compared to those of the neat membrane. The 34 

present study suggests that the enhanced membrane properties with good omniphobicity via LBL 35 

assembly make the porous membranes suitable for long-term AGMD operation with stable 36 

permeation flux when treating challenging saline wastewater containing low surface tension 37 

organic contaminants.  38 

 39 

 40 

 41 
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INTRODUCTION 42 

 Membrane distillation (MD) is a thermally-driven membrane separation process that is 43 

suitable to treat highly saline waters such as seawater, reverse osmosis (RO) brine, and shale and 44 

coal seam gas (CSG, or coal bed methane) produced waters.
1-5

 Driving force of MD is the vapor 45 

pressure gradient between hot feed water and cold permeate water,  so unlike RO, negligible 46 

external pressure is applied on the membranes.
6
 Therefore, a compact MD system with 47 

membranes made of non-corrosive and cheap plastic materials is feasible due to low hydraulic 48 

pressure. So far, MD  presents a very promising prospect for portable and stand-alone 49 

desalination and mining processes.
7
 Even though MD has lots of advantages compared with 50 

other processes, the technology has still not been carried out into the industrial level because of 51 

the lack of an ideally-designed membrane against membrane fouling and wetting issues.
6, 8

 52 

Organic and inorganic foulants adhere on the membrane surface during MD operation and they 53 

eventually block the pores, which can reduce water flux performance. Membrane wetting is the 54 

most critical issue in MD as it can greatly reduce the flux performance and permeate quality. 55 

Only vapor is supposed to pass through the membrane to produce pure water in MD. However, 56 

liquid water from feed solution may penetrate the membranes, leading to membrane wetting 57 

problem. Commonly, some hydrophobic microfiltration (MF) membranes have been utilized in 58 

the MD studies, but they still have wetting issues with sub-optimal permeation performance. 59 

Hence, there is a need to develop adequate and robust membranes for MD process.
9
  60 

 To prevent wetting issues while maintaining adequate water vapor flux performance, MD 61 

membranes ideally need high porosity, adequate pore size with narrow pore size distribution, 62 

high hydrophobicity, and high liquid entry pressure (LEP). Phase inversion is a commonly-used 63 

technique for the fabrication of polymer membranes with high performance in MD process. 64 
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Nevertheless, phase inversion membranes still suffer from low hydrophobicity, small porosity, 65 

and small pore size,
9
 which consequently affect the membrane permeability. Recently, surface 66 

modification techniques have been carried out to improve the membrane properties.
10, 11

 67 

Although the various modification techniques succeeded in improving MD performance to some 68 

extent, these modified membranes still suffer from wetting issues. In addition, when treating 69 

challenging sources such as shale and CSG produced waters which contain several types of low 70 

surface tension organic compounds such as oil and surfactants, more severe membrane wetting 71 

issues can occur in phase inversion membranes.
12

 72 

 To address the wetting issues, the membrane surface is ideally designed to have 73 

omniphobic property, which provides anti-wetting capability for membranes against wastewater 74 

containing low surface tension organics like oil and surfactants. Hence, the MD process can be 75 

particularly attractive for the treatment of challenging waters such as textile and dye 76 

wastewaters, shale gas produced water and CSG produced water.
1, 2, 13

 Omniphobic means: 77 

“omni = all” and “phobic = repelling”.
14, 15

 Therefore, omniphobic membranes exposed to air are 78 

supposed to repel all liquids including low surface tension liquids such as oil. The main reason 79 

why omniphobicity contributed by membrane surface modification is preferred is that it 80 

maintains the highly porous structure of the base polymer membrane while creating multi-81 

layered structure with relatively rough surface. Creating hierarchical structure is one of the major 82 

ways to achieve omniphobicity on the membrane surface by surface modification. As numerous 83 

air pockets are trapped on the membrane surface, the adhesive force between liquids and the 84 

membrane surface can be reduced significantly on the hierarchical structure.
16-18

 Among the 85 

many modification techniques, the layer-by-layer (LBL) assembly technique is one of the 86 
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simplest to create hierarchical structure on the membrane surface, with good potential for 87 

scalability.
19-22

 This technique is relatively cost-effective and is environment-friendly.
23

  88 

 In the present study, we fabricated an omniphobic membrane with strong wetting 89 

resistance even to challenging wastewaters by conducting LBL assembly on the fabricated PVDF 90 

phase-inversion membrane.  A step-by-step dip coating method was applied on the phase 91 

inversion membrane to provide LBL assembly. A comparative study was carried out to 92 

determine the most important factor in LBL approach. The LBL-modified membranes were 93 

examined by physical and chemical characterization to confirm omniphobicity on the membrane 94 

surface. The flux and wetting resistance performance of the modified membrane was evaluated 95 

in an air gap MD (AGMD) experiment with real RO brine from CSG produced water as feed, 96 

and the performance was compared to that of neat PVDF membrane.  97 

 98 

EXPERIMENTAL METHODS 99 

� Materials 100 

Poly(vinylidene fluoride) (PVDF, Kynar
®

 761, Mw = 441,000 g/mol) was purchased from 101 

Arkema Inc., Australia. N, N-dimethylformamide (DMF), sodium dodecyl sulfate (SDS), 102 

ethylene glycol, methanol, 1H, 1H, 2H, 2H – Perfluorodecyltriethoxysilane (FTCS), 103 

poly(diallyldimethylammonium chloride) (PDDA, average Mw < 100,000 g/mol, 35 wt% in 104 

H2O) solution, humic acid, and lithium chloride (LiCl) were all purchased from Sigma-Aldrich, 105 

Australia. Silica aerogel powder (referred herein as SiA, JIOS AeroVa® powder) was purchased 106 

from JIOS, South Korea. SiA has a pore diameter of less than 20 nm, particle size range of 1 ~ 107 

20 µm, and surface area of 600 ~ 1,000 m
2
/g according to the information provided by the 108 

Page 6 of 37

ACS Paragon Plus Environment

Environmental Science & Technology



 6

manufacturer. All chemicals were used as received. Deionized (DI) water from a Millipore Milli-109 

Q water system was also used.  110 

� Membrane fabrication 111 

 The neat PVDF phase inversion membrane was prepared following similar fabrication 112 

protocol reported in our previous study.
24

 Briefly, PVDF of 7 wt% was first dispersed in a certain 113 

amount of DMF (90 wt%). After that, the solution was mixed with 3 wt% LiCl by stirring (200 114 

rpm) at 80°C for 2 h. Then, the PVDF solution was further stirred (120 rpm) at 30°C for at least 115 

24 h. To fabricate PVDF flat-sheet membrane, the PVDF solution was poured over a glass plate 116 

and was gently lathered by a casting knife at a gap of 300 µm. Then, the lathered film solution 117 

was immediately immersed into a coagulation bath (de-ionized water, DI water) for 1 h. After 118 

completing coagulation, the membrane was transferred and immersed into another coagulation 119 

bath (DI water) for 24 h to remove the residual solvents, and afterwards, it was rinsed with DI 120 

water, followed by drying in air at room temperature until a dry flat-sheet membrane was 121 

obtained.
24

  122 

� Surface modification by PDDA-SiA-FTCS 123 

 The layer-by-layer (LBL) surface modification procedure is illustrated in Figure 1. The 124 

hierarchical composite surface structure composed of PDDA, SiA and FTCS (PDDA-SiA-FTCS) 125 

was created on the membrane surface via LBL dip-coating procedure. The fabricated PVDF 126 

membrane was used as the base membrane, which was fixed on an acrylic plate by clipping 127 

acrylic frame on top of the membrane surface. The LBL surface modification took six steps: 1) 5 128 

wt% PDDA (positive charge), which is one of the polyelectrolytes, was mixed with DI water by 129 

stirring for 2 h. After that, the PDDA solution was poured on to the PVDF membrane surface 130 

and kept in dry-oven at 60°C for 40 min to form a uniform PDDA layer onto the PVDF 131 
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membrane surface, and then, the PDDA coated PVDF was rinsed with DI water to remove 132 

residual PDDA solution and dried by nitrogen (N2) gas (Fig. 1(a)); 2) 5 wt% SiA (negative 133 

charge) was dispersed in ethanol by sonication for 3 h. Then the SiA solution was  poured on to 134 

the PDDA coated PVDF membrane surface and kept in dry-oven at 60°C for 1 h. After that the 135 

SiA coated PDDA-PVDF membrane was rinsed with DI water and dried by N2 gas (Fig. 1(b)); 136 

3) Then, additional layer of 5 wt% SiA was applied following the same process in step 2 (Fig. 137 

1(c)); 4) The fluorination step follows to generate the omniphobic property onto the membrane 138 

surface. To do this, 5 wt% FTCS was dissolved in ethanol by stirring for 1 h, and then the FTCS 139 

solution was poured on the PDDA-SiA coated PVDF membrane and kept in dry-oven at 60°C 140 

for 2 h. After that the FTCS coated PDDA-SiA-PVDF membrane was rinsed with DI water and 141 

dried by N2 gas (Fig. 1(d)); 5) The PDDA-SiA-FTCS coated PVDF membrane was kept in dry-142 

oven at 60°C for 24 h. 143 

  144 
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PDDA-SiA-FTCS 

coated membrane

PVDF membrane (a)

5 wt% PDDA

(b)

5 wt% Silica aerogel

(c)

5 wt% PDDA

(d)

5 wt% FTCS

 145 

Figure 1 Graphical illustration for the surface modification of the PDDA-SiA-FTCS by layer-146 

by-layer (LBL) assembly technique via electrostatic interaction: (a) the PDDA solution was 147 

poured on to the neat PVDF membrane, (b) 5 wt% SiA was applied on the PDDA coated 148 

membrane (membrane code is PDDA-SiA), (c) the PDDA solution was poured on to the PDDA-149 

SiA coated membrane and (d) 5 wt% FTCS was poured on to the PDDA-SiA-PDDA coated 150 

membrane.   151 

� Air gap membrane distillation (AGMD) set-up 152 

 The AGMD set-up for performance test was the same as the one in our previous work.
25

 153 

The membranes were tested in a home-made AGMD set-up with an effective membrane area of 154 

21 cm
2
 and a feed channel dimension of 60 mm × 35 mm × 1 mm (L × W × H). The thickness of 155 

the air gap was 3 mm. The coolant plate was made of a stainless steel (SUS-316L) to condense 156 

the water vapor and produce pure water. The AGMD in a co-current flow set-up was carried out 157 
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with constant inlet temperatures at the feed and the coolant sides of 60.0 ± 1.5°C and 20.0 ± 158 

1.5°C, respectively. The feed solution was real RO brine from CSG produced water (from 159 

Gloucester Basin located along the lower north coast of New South Wales, Australia) with 160 

conductivity of around 22.6 mS/cm and the coolant fluid was tap water.
13, 26

 The feed and 161 

coolant circulation rates were both maintained at 24 L/h. 162 

� Membrane characterizations 163 

 The membrane porosity, defined as the volume of pores divided by the total volume of 164 

the membrane, was measured via a gravimetric method.
7
 The pore size of the neat and LBL 165 

assembled phase inversion membranes was measured by capillary flow porometry (CFP-1200-166 

AEXL). All samples were firstly applied with N2 gas to determine the gas permeability.
7
 167 

Galwick (surface tension of 15.9 mN/m) was used in both the porosity and capillary flow 168 

porometry measurements to wet the membrane. The surface morphology of the fabricated and 169 

LBL assembled membranes was observed by scanning electron microscopy (SEM, Zeiss Supra 170 

55VP, Carl Zeiss AG). Membrane surface roughness was analyzed by atomic force microscopy 171 

(AFM) imaging. AFM was carried out under ambient conditions in non-contact mode with 172 

silicon probes (Dimension 3100 Scanning Probe Microscope, Bruker).
24

 Zeta potential of the 173 

membrane was examined by a streaming current electro-kinetic analyzer (SurPass, Anton Paar 174 

GmbH, Austria).
27-29

 The mechanical properties of the different membrane samples were 175 

measured using a Universal Testing Machine (UTM LS, Lloyd) equipped with a 1 kN load cell. 176 

Thermogravimetric analysis (TGA) was carried out using a Q600 (TA Instuments). The 177 

fabricated membranes were heated to 800°C at a rate of 10°C/min in N2. The fabricated and LBL 178 

assembled membranes were measured by X-ray photoelectron spectroscopy (ESCALAB250Xi, 179 

Thermo Scientific, UK) with a monochromated Al K alpha X-ray source (1486.68 eV), and the 180 

Page 10 of 37

ACS Paragon Plus Environment

Environmental Science & Technology



 10

pressure in the analyzing vacuum chamber was higher than 2 × 10
-9

 mbar. Surface survey data 181 

was obtained by high resolution scans. Peak areas and relative peak area ratios were calculated 182 

by software (Avantage). 183 

 184 

� Contact angle (CA) and sliding angle (SA) 185 

 In order to compare the wettability and omniphobic properties of neat and modified 186 

membranes, surface contact angle (CA) was measured. The CA of the membranes was measured 187 

using the sessile drop method with an optical subsystem (Theta Lite 100) integrated with image-188 

processing software. Membrane samples were placed on a flat platform and 5 µL droplets of 189 

water (Surface tension, � = 72.80 mN/m), methanol (�= 22.70 mN/m), mineral oil (� ≈ 30.0 190 

mN/m), and ethylene glycol (� = 47.70 mN/m) were dropped carefully on the membrane 191 

surface.
30

 The wettability of a membrane surface can be expressed in terms of the contact angle 192 

(�), which is governed by Young’s equation as follows:
30

 193 

�� =	��� +	�� cos �                (Eq. 1) 194 

where,  ��, ���, and �� represent the surface tensions of membrane in contact with air, 195 

membrane in contact with liquid, and liquid in contact with air, respectively. 196 

 Water sliding angle (SA) is one of the significant properties for MD, and a small angle is 197 

expected for high hydrophobicity. SA shows the difference between advancing and receding CA, 198 

i.e., hysteresis.
31, 32

 A 10 µL water droplet was first horizontally placed on membranes. The 199 

droplet was then gradually tilted until it started to slide on the membrane surface, and that tilting 200 

angle was recorded as SA.33  201 

 202 

RESULTS AND DISCUSSION 203 
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� Surface zeta potential of the neat PVDF and LBL modified membranes 204 

 Figure 2 illustrates the surface zeta potentials of the neat PVDF, PDDA-SiA, and PDDA-205 

SiA-FTCS assembled membranes as a function of pH. The PDDA-SiA-FTCS assembled 206 

membrane showed a decreased charge on the surface compared with the neat PVDF membrane 207 

due to the presence of negatively-charged FTCS on the  membrane surface.
34

 The isoelectric 208 

point (point of zero charge) of the PDDA-SiA-FTCS assembled membrane was below 4.2, while 209 

those of neat PVDF and PDDA-SiA assembled membranes were <5.9 and <5.5, respectively. A 210 

more negatively-charged PDDA-SiA-FTCS assembled membrane can potentially better mitigate 211 

fouling problems against natural organic matters (NOM) such as humic and fulvic acids 212 

compared with the neat PVDF and PDDA-SiA assembled membrane.
35

  213 

 214 

Figure 2 Zeta potentials of the neat PVDF phase inverted membrane, the PDDA-SiA, and 215 

PDDA-SiA-FTCS assembled membranes. The background electrolyte concentration is 0.01 M 216 

KCl. Solution pH varies from 4 to 10. 217 
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� Effects of LBL coating on the membrane surface  218 

 The SEM images showing the surface morphology of the neat PVDF membrane, PDDA-219 

SiA, and PDDA-SiA-FTCS assembled membrane are presented in Fig. 3(a – c). In Fig. 3(a), the 220 

neat PVDF membrane has smooth surface with slightly open pore structure. LBL assembly 221 

technique is one of the effective approaches to create dense active layers onto the membrane.
36

 222 

The PDDA-SiA assembled membrane shows partial dense layers with particle-like features on 223 

the membrane surface, which means that it is not assembled well (Fig. 3(b)). On the other hand, 224 

the surface-active layer of the PDDA-SiA-FTCS assembled membrane seems to be much denser 225 

than the surfaces of other membranes and exhibits rough and particle-like features (Fig. 3(c)). 226 

Based on the observation of the SEM images, the PDDA-SiA-FTCS was more successfully 227 

modified on to the neat PVDF membrane by LBL assembly technique than on the PDDA-SiA 228 

membrane. The cross-sectional SEM image of the PDDA-SiA-FTCS membrane shows that LBL 229 

layers well adhered on the PVDF membrane surface, while the PDDA-SiA membrane did not 230 

adhere well (Fig. S1(a – c)). 231 

 Fig. 3(d – f) shows the images of water droplet movement on the membrane surface, 232 

providing evidence of the hydrophobicity of each membrane. A small contact angle can be 233 

observed when the water droplet is dropped onto the neat PVDF membrane surface, which 234 

shows a low hydrophobicity (Fig. 3(g)). Meanwhile, PDDA-SiA assembled membrane obtained 235 

much higher hydrophobicity reaching superhydrophobicity (CA of 154.1°), PDDA-SiA-FTCS 236 

assembled membrane also obtained superhydrophobic surface (>170
o
) (Fig. 3(f)), with an 237 

interesting observation of a lotus effect, i.e., the water droplet is sliding away on the membrane 238 

surface (sliding angle was only 1.1 ± 0.3°), mainly attributed to both the very low surface free 239 

energy and high surface nano-roughness of the membrane. In comparison, the SA of PDDA-SiA 240 
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membrane was 34.3 ± 1.6°, while neat PVDF membrane was showing petal effect, i.e., water 241 

droplet adheres on the membrane at any angle. These results indicate the potential of both the 242 

PDDA-SiA and the PDDA-SiA-FTCS assembled membranes in mitigating membrane wetting 243 

problems during MD operation due to their superhydrophobicity and near lotus effect. 244 

 To check whether the membranes have omniphobic properties, several low surface 245 

tension liquids such as ethylene glycol (� = 47.70 mN/m), mineral oil (� ≈ 30.0 mN/m) and 246 

methanol (�= 22.70 mN/m) were dropped on to the surface of the modified membranes for CA 247 

measurement (see Fig. 3(h)). The neat PVDF membrane showed low hydrophobicity which is 248 

common among the membranes fabricated by non-solvent induced phase separation (NIPS) 249 

method.
9
 Rapid wicking occurred when the neat membrane was exposed to low surface tension 250 

liquids. In addition, wicking problems were also observed on the PDDA-SiA assembled 251 

membrane when exposed to mineral oil and methanol, while a bit resistant to ethylene glycol. 252 

This is interesting as the PDDA-SiA membrane showed high water hydrophobicity (>150
o
) 253 

previously.  The relatively high wettability of both neat PVDF and PDDA-SiA assembled 254 

membranes is attributed to the relatively high surface energy of PVDF and SiA.
13

 On the other 255 

hand, the PDDA-SiA-FTCS assembled membrane showed high CAs to water, ethylene glycol, 256 

mineral oil and methanol, which indicated good omniphobic property after FTCS assembly. The 257 

enhancement in omniphobic property of the assembled membrane is mainly attributed to the 258 

successful applied homogenous fluorination on the membrane surface during FTCS assembly, 259 

leading to low surface energy of the PDDA-SiA-FTCS assembled membrane. Due to its 260 

omniphobic property, the PDDA-SiA-FTCS assembled membrane presents good potential to 261 

treat textile, dye and CSG produced water containing low surface tension organic compounds. 262 

 263 
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(a)

(b)

(c)

(d) (e) (f)

(g)

(h)

 264 

Figure 3 (a, b, c) Surface SEM images of (a) the neat PVDF membrane, (b) PDDA-SiA, and (c) 265 

PDDA-SiA-FTCS assembled membranes, (d, e, f) captured images of water droplet movement 266 

on the surface of (d) the neat PVDF membrane, (e) PDDA-SiA, and (f) PDDA-SiA-FTCS 267 

assembled membranes, (g) water (γ = 72.0 mN/m) contact and sliding angles on the neat PVDF 268 

membrane (CA of 68.9 ± 2.3°), PDDA-SiA (CA of 154.1 ± 0.9°), and PDDA-SiA-FTCS (CA of 269 

177.0 ± 0.4°) assembled membranes, (h) contact angles of low surface tension liquids such as 270 

ethylene glycol (γ = 47.7 mN/m), mineral oil (γ = 30.0 mN/m), and methanol (γ = 22.7 mN/m) 271 

on the neat PVDF membrane, PDDA-SiA, and PDDA-SiA-FTCS assembled membranes. 272 

 273 

� Chemical and physical properties of the membrane surface. 274 
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 The surface contact angles of the LBL assembled membranes were improved compared 275 

with the neat PVDF membrane. As the surface roughness is the other main contributor to the 276 

wetting properties of the membrane, the roughness of the neat and LBL assembled membranes 277 

was examined by AFM. It was found that the LBL assembled membranes had much rougher 278 

nano-roughness surface compared with those of neat PVDF membrane and PDDA-SiA 279 

assembled membrane, which was attributed to the presence of FTCS (Fig. 4(a – d)). As shown in 280 

Fig. 4(d – f), the neat PVDF membrane seems to have smooth surface and open pore structure. 281 

On the other hand, the PDDA-SiA assembled membrane has lots of silica aerogel particles 282 

deposited on the membrane surface (Fig. 4(e)). The PDDA-SiA-FTCS assembled membrane 283 

showed hierarchical structure as small size particles (FTCS) were forming and protruding on 284 

larger size particles (silica aerogel). This leads to the existence of more air pockets between the 285 

valleys of the nano-roughness, enhancing the hydrophobicity and omniphobicity of the PDDA-286 

SiA-FTCS membrane. Additionally, FTCS particles with SiA particles led to the formation of 287 

the re-entrant structure, which contribute to omniphobic property. Hierarchical nanostructure can 288 

potentially mitigate fouling and wetting problems against low surface tension liquids.
17

  289 

 In Fig. 5(a – c), the XPS survey scan reveals that C and F are the major components on 290 

the surfaces of the neat PVDF and LBL assembled membranes. However, atomic percentages of 291 

C and F decreased on the surface of the LBL assembled membranes compared with the neat 292 

PVDF membrane, while Si and O increased due to the presence of SiA and FTCS (Table 1). The 293 

ratio of oxygen to silicon on the PDDA-SiA-FTCS assembled membrane remains identical (≈ 294 

2.0) because of the chemical composition of silicon dioxide.  295 

 Fig. 5(d – f) indicates that the neat PVDF membrane has carbon atoms in the form of 296 

carbon-carbon (C-C/C=C), carbon-hydrogen (C-H), carbon-oxygen (C=O) and vinylidene 297 
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fluoride (CF2-CH2) bonds, while XPS scans on LBL assembled membranes exhibits new carbon 298 

atom bond formations such as carbon fluorine (C-F), tetrafluoroethylene (CF2-CF2) and 299 

trifluoromethyl (CF3). Mainly, carbon elements on the neat PVDF membrane surface were in the 300 

form of CF2-CH2 and C-H status, while those on PDDA-SiA-FTCS membrane were changed to 301 

C-F, CF2-CF2 status, which led to improved hydrophobicity because they had lower surface 302 

tension compared with the CF2-CH2 and C-H. Additionally, new CF3 peaks, well-known to have 303 

the lowest surface free energy bond, appeared after FTCS LBL assembly modification (the 304 

fluorination step) compared with the PDDA-SiA assembled membrane (Fig. 5(e, f) and Table 305 

1).
13

 Thus, the PDDA-SiA-FTCS assembled membrane had much higher contact angle and lower 306 

surface free energy. 307 

 The PDDA-SiA assembled membrane showed the lowest atomic percentage of F 308 

component among all the membrane samples because the SiA layer was covering the membrane 309 

surface, while the PDDA-SiA-FTCS assembled membrane showed that atomic percentage of F 310 

component slightly increased after fluorination step by FTCS, which formed silicon dioxide 311 

combined with CF3 and CF2-CF2. So, the PDDA-SiA-FTCS assembled membrane had a low 312 

surface free energy compared to the PDDA-SiA assembled membrane.  313 

 Hence, both improved physical and chemical properties of the PDDA-SiA-FTCS 314 

assembled membranes achieved after modification contributed to enhanced contact angles to 315 

water and low surface tension liquids, which led to enriched omniphobicity. 316 
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 317 

Figure 4 Surface AFM 3D (a – c) and 2D (d – f) images of (a, d) the neat PVDF membrane, (b, 318 

e) PDDA-SiA, and (c, f) PDDA-SiA-FTCS assembled membranes. The mean surface roughness 319 

(Ra) of the neat PH membrane, PDDA-SiA, and PDDA-SiA-FTCS assembled membranes was 320 

20.3 ± 1.5 nm, 87.1 ± 10.7 nm, and 368.0 ± 70.1 nm, respectively.  321 
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 322 

Figure 5 Surface XPS (a – c) survey scans and (d – f) carbon spectra of (a, d) the neat PVDF 323 

membrane, (b, e) PDDA-SiA, and (c, f) PDDA-SiA-FTCS assembled membranes. Surface 324 

survey data was obtained by high resolution scans over C1s (281 - 298 eV), O1s (528 - 540 eV), 325 

Cl2p (196 - 208 eV), Si2p (99 - 108 eV), Si2s (144 – 161 eV), and F1s (682 - 695 eV). C1s 326 

spectra showed carbon atoms in the form of C-C/C=C (284.80 eV), C-H (286.29 eV), C=O 327 

(288.08 eV), and CF2-CH2 (288.95 eV) bonds and LBL assembled membranes showed C-F 328 

(287.10 eV), CF2-CF2 (291.58 eV) and CF3 (292.75 and 295.03 eV). 329 

  330 
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Table 1 Surface compositions of the neat and coated membranes (all units are at. %). 331 

Membrane 

code 

C F O Si 

C-

C/C=C 

C-H C=O C-F CF2-

CH2 

CF2-

CF2 

CF3 

Neat PVDF 2.91 24.18 1.35 0 22.59 0 0 46.57 1.88 0 

PDDA-SiA 20.45 4.69 0 0 0.39 4.29 0 13.74 34.22 21.82 

PDDA-SiA-

FTCS 

4.47 8.91 0 13.37 1.37 7.65 3.29 24.8 22.68 11.20 

 332 

� Membrane characteristics 333 

 The characteristics of the neat PVDF and LBL assembled membranes are shown in Table 334 

2. The thickness of all membranes revealed thinner thickness than other phase-inversion 335 

membrane in literature due to its low PVDF concentration.
9, 24

 The thickness of the PDDA-SiA-336 

FTCS assembled membranes increased with the increasing amounts of layers compared with the 337 

neat PVDF and PDDA-SiA assembled membrane. The mean and maximum pore sizes of the 338 

PDDA-SiA-FTCS assembled membranes showed reversed trend as their thickness. Both the 339 

increase in thickness and the decrease in mean pore sizes due to additional assembled layers can 340 

possibly lead to decreased water vapor flux performance in MD application. Thus, it is important 341 

to control the number of LBL layers to a minimum to make a suitable membrane balancing 342 

permeation and rejection performances. The neat PVDF membrane showed highly-porous 343 

structure (83.2% porosity) because of the low concentration of the PVDF solution (7 wt% 344 
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PVDF) used, while the assembled layers had insignificant effects on the porosities. The PDDA-345 

SiA-FTCS assembled membrane had the lowest porosity among three samples. Nevertheless, it 346 

still had higher porosity (~79.4%) compared with the commercial PVDF membrane (only 347 

~70%).
25

 For MD, higher porosity is ideal so as to allow more vapor to pass through the voids of 348 

the membrane leading to increased water flux.
17

  349 

Liquid entry pressure (LEP), i.e., the minimum pressure needed for water molecule to penetrate 350 

the membrane pores, is one of the most important factors to prevent wetting issue during MD 351 

operation. The higher the LEP, the better is the resistance of the membrane to wetting. Based on 352 

the Laplace equation, the LEP of the membrane is proportional to the contact angle and the 353 

inverse of the  mean pore size.
16

 The LEP tests showed that PDDA-SiA-FTCS assembled 354 

membrane obtained the highest LEP in the present study. This was attributed to its lower mean 355 

pore size and higher contact angle compared to other fabricated membranes in this study. This 356 

gives the PDDA-SiA-FTCS assembled membrane more potential for long term MD operation, 357 

giving robustness to the membrane and less wetting propensity. 358 

Table 2 Characteristics of the neat and LBL assembled membranes. 359 

Membrane code 

Thickness 

(µm) 

Mean pore 

size 

(µm) 

Maximum 

pore size 

(µm) 

Porosity 

(%) 

a
LEPw 

(bar) 

b
LEPS 

(bar) 

Neat 58.2 ± 0.7 0.20 ± 0.03 0.25 ± 0.04 83.2 ± 1.4 1.85 ± 0.11 0.17 ± 0.02 

PDDA-SiA 60.6 ± 0.7 0.17 ± 0.02 0.22 ± 0.04 81.3 ± 2.8 2.03 ± 0.14 0.23 ± 0.01 

PDDA-SiA-FTCS 62.4 ± 1.0 0.09 ± 0.01 0.18 ± 0.02 79.4 ± 1.6 2.82 ± 0.13 2.04 ± 0.17 

aLEPw : Liquid entry pressure against water;  bLEPS : Liquid entry pressure against NaCl of 0.6 M with SDS of 3 mM 360 
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� Mechanical and thermal stability of the neat PVDF and LBL assembled 361 

membranes. 362 

 The mechanical and thermal properties of the neat PVDF membrane and LBL assembled 363 

membranes were examined by UTM and TGA, respectively. It is well known that when 364 

assembled layers have good adhesion on the host polymer, they can lead to load transfer from 365 

host polymer to assembled layers, thereby enriching its mechanical and thermal properties.
7
 In 366 

MD applications, the systems are operating at atmospheric pressure, thus giving membranes 367 

lower requirements for mechanical integrity. Nevertheless, adequate mechanical properties are 368 

still needed to sustain a stable long-term MD operation.
25

  369 

 Fig. 6(a) shows the stress-strain curves of the neat PVDF membrane and LBL assembled 370 

membranes. The stress-strain curves of the neat PVDF membrane, PDDA-SiA, and PDDA-SiA-371 

FTCS assembled membranes shared similar trends. All membranes shared a steep increase in 372 

stress in the first 5% strain, after that, the stress increased gradually until the failure due to a 373 

dense structure of the phase-inversion membrane. However, it can be noticed that PDDA-SiA 374 

and PDDA-SiA-FTCS assembled membranes resulted in increased tensile strength and strain, 375 

with the latter having the highest tensile strength among the samples tested. This confirms that 376 

LBL assembly surface modification technique on the PVDF membrane causes good load transfer 377 

from PVDF membrane to assembled layers, leading to enhanced mechanical properties.  378 

 TGA measurement of the membrane samples is shown in Fig. 6(b). The neat PVDF 379 

membrane exhibited a prominent weight loss at 432°C, which is consistent with the temperature 380 

when degradation of PVDF occurred. The PDDA-SiA showed a major fraction of thermal 381 

decomposition at approximately 18°C higher temperature, which confirmed the enrichment of its 382 

thermal stability. The PDDA-SiA-FTCS assembled membrane had a higher major fraction of 383 
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thermal decomposition than the PDDA-SiA assembled membrane, which showed that FTCS was 384 

able to further improve the thermal stability of the membranes. The weight loss of the neat 385 

PVDF membrane, the PDDA-SiA, and PDDA-SiA-FTCS assembled membranes at 500°C was 386 

18.85%, 28.21% and 54.53%, at 600°C was 8.89%, 21.29% and 52.20%, and at 700°C was 387 

2.86%, 17.13% and 50.42%, respectively. Higher residual mass was observed for the PDDA-388 

SiA-FTCS assembled membrane compared with the neat PVDF membrane and PDDA-SiA 389 

assembled membrane, indicating that the FTCS layer by the fluorination modification was able 390 

to enhance the thermal properties of the membrane.  391 

 According to the TGA results, it is believed that PDDA-SiA-FTCS had enhanced binding 392 

stability due to the wrapped fluorosilane layers on the silicon dioxide.
1
 Also, the electrostatic 393 

interaction between negatively charged SiA and FTCS and the positively charged PDDA can 394 

enrich the stability of the membrane.
37

 Hence, the LBL assembled membrane properties 395 

improved a lot compared with the neat PVDF membrane regarding their thermal and mechanical 396 

properties. Moreover, the dominant layer of the membrane changed from the PVDF layer to LBL 397 

surface modified layer. 398 

 399 

 400 
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 401 

Figure 6 (a) Stress-strain curve and (b) TGA of the neat PVDF membrane, PDDA-SiA, and 402 

PDDA-SiA-FTCS assembled membranes. Ultimate tensile strength of the neat PVDF membrane, 403 

PDDA-SiA, and PDDA-SiA-FTCS assembled membranes is 2.40 ± 0.08 MPa, 2.78 ± 0.10 MPa, 404 

and 3.16 ± 0.16 MPa, respectively, and elongation at break of the neat PVDF membrane, PDDA-405 

SiA, and PDDA-SiA-FTCS assembled membranes is 54.27 ± 3.03%, 85.48 ± 10.99%, and 406 

107.97 ± 14.11%, respectively. In terms of the thermal stability, the major thermal 407 

decomposition of the neat PVDF membrane, PDDA-SiA, and PDDA-SiA-FTCS assembled 408 

membranes is 432.27°C, 450.21°C, and 456.37°C, respectively.  409 

 410 

� AGMD performance tests using various feed solutions 411 

The LBL assembled omniphobic membranes in the present study were tested for their 412 

performance in the treatment of saline and more challenging (low surface tension liquid and/or 413 

organic compound liquid) feed solutions. In the initial part, the flux and salt rejection 414 

performance of the neat PVDF and LBL assembled membranes were evaluated for 24 h by 415 

AGMD process using real RO brine from CSG produced water as feed. After determining the 416 

individual performances of the neat and LBL assembled membranes, the membrane with optimal 417 
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performance was chosen and further evaluated using a more challenging feed solution which was 418 

RO brine from CSG produced water containing different concentrations of surfactants (i.e., SDS) 419 

for testing omniphobic properties and organic compounds like humic acid for testing anti-fouling 420 

properties.   421 

In Fig. 7(a – c), all LBL assembled membranes showed lower flux performance (10.55-422 

11.93 LMH) compared with the neat PVDF membrane (12.89 LMH). The decrease in the water 423 

vapor flux for the LBL assembled membranes was likely attributed to the increased thickness 424 

due to the deposition layers and hence decreased pore size and porosity (Table 2). Nevertheless, 425 

the difference of the flux was insignificant, so the LBL assembled membranes still had an 426 

acceptable water vapor flux performance for MD process. 427 

Apart from obtaining high water vapor flux, a high salt rejection is also equally if not 428 

more important for MD application, so both parameters should be well balanced. Both LBL 429 

assembled membranes obtained final permeate salt rejection of almost 100% after 24 h of tests. 430 

On the other hand, the neat PVDF membrane had decreased salt rejection performance after 18 h 431 

of operations (Fig. 7(a)). The fast wetting of the PVDF neat membrane could be due to the 432 

presence of some organic contaminants in the RO brine from CSG produced water as these 433 

contaminants may penetrate the membrane easily and cause wetting.
24

 As observed in Fig. 3(h), 434 

the neat PVDF membrane was not able to adequately reject some organic contaminants with low 435 

surface tension properties. Even though the LBL assembled membranes could not achieve high 436 

water vapor flux performance compared with the neat PVDF membrane, they had much higher 437 

salt rejection performance than the neat PVDF membrane. Based on the results, the PDDA-SiA-438 

FTCS membrane showed the optimal performances regarding both flux and salt rejection.  439 
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To further evaluate the reliability of the LBL assembled membrane when treating 440 

challenging water sources containing surfactants (i.e., SDS) and NOM (i.e., humic acid), 441 

respectively. An increasing concentration (from 0.1 to 0.5 mM) of SDS, a common anionic 442 

surfactant, was added to the real RO brine from CSG produced water as feed solution (see Fig. 443 

7(d – f)). During AGMD operation, SDS was added to the feed every 2 h until a maximum 444 

concentration of 0.5 mM was reached. The AGMD performance of the PDDA-SiA-FTCS 445 

assembled membrane was compared with those of the neat PVDF membrane and PDDA-SiA 446 

assembled membrane. The initial water vapor flux of the PDDA-SiA-FTCS assembled 447 

membrane was lower than the other two, which was likely attributed to the smaller pore sizes, 448 

lower porosity, and thicker thickness. When adding 0.1 mM SDS after 2 hours of operation, the 449 

neat PVDF membrane (Fig. 7(d)) showed decreased salt rejection performance and sudden 450 

increase in the water vapor flux. Also, the water vapor flux was increased greatly and salt 451 

rejection of the PDDA-SiA assembled membrane was decreased when SDS of 0.3 mM was 452 

added into the feed water (Fig. 7(e)), while the PDDA-SiA-FTCS assembled membrane showed 453 

stable flux and salt rejection performances even when the SDS concentration in feed reached 0.5 454 

mM (Fig. 7(F)). The surfactant could significantly decrease the surface tension of the feed 455 

solution, which can lead to reduction in LEP and hence higher chance of membrane wetting.
12

 456 

However, the PDDA-SiA-FTCS assembled membrane still kept a stable normalized water vapor 457 

flux and high salt rejection ratio of 100% even after the addition of 0.5 mM of SDS, indicating 458 

its high resistance against low surface tension liquid.  459 

Humic acid of 20 mg/L was also added into CSG RO brine as feed to test the anti-fouling 460 

properties of the LBL assembled membrane. Results in Fig. 7(g)-(h) indicate that, while wetting 461 

issues occurred on the neat PVDF (Fig. 7(g)) and PDDA-SiA membranes (Fig. 7(h)), it did not 462 
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occur on the PDDA-SiA-FTCS assembled membrane (Fig. 7 (i)). The differences of these results 463 

are attributed to the changes in zeta potential among the LBL assembled membranes. As shown 464 

in Fig. 2, zeta potential of the PDDA-SiA-FTCS assembled membrane was higher than those of 465 

the neat PVDF and PDDA-SiA membranes, and thus stronger electric-repulsion to humic acid 466 

could occur on the PDDA-SiA-FTCS assembled membrane than others, resulting in lower 467 

membrane fouling. Therefore, it is believed that the PDDA-SiA-FTCS assembled membrane also 468 

had anti-fouling property against organic compounds, and hence was considered having high 469 

potential for the treatment of challenging water sources containing low surface tension and 470 

organic contaminants. In terms of both flux and salt rejection stability, the PDDA-SiA-FTCS 471 

membrane exhibited the optimal performances compared with the neat PVDF and PDDA-SiA 472 

assembled membranes. Even though the PDDA-SiA could be a suitable membrane to treat RO 473 

brine from CSG produced water by MD process due to its high resistance against wetting, its 474 

performance was not acceptable when the feed solution contains low surface tension and/or 475 

organic compound liquids. 476 
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 477 

Figure 7 (a, b, c) Water vapor flux and salt rejection performances of (a) the neat PVDF 478 

membrane, (b) PDDA-SiA, and (c) PDDA-SiA-FTCS assembled membranes by AGMD process 479 

using RO brine from CSG produced water as feed; (d, e, f) normalized water vapor flux and salt 480 

rejection performances of (d) the neat PVDF membrane, (e) PDDA-SiA, and (f) PDDA-SiA-481 

FTCS assembled membranes by AGMD process using RO brine from CSG produced water 482 

including SDS from 0.1 mM up to 0.5 mM as feed, and; (g, h, i) normalized water vapor flux and 483 

salt rejection performances of (g) the neat PVDF membrane, (h) PDDA-SiA, and (i) PDDA-SiA-484 

FTCS assembled membranes by AGMD process using RO brine from CSG produced water 485 

including humic acid of 20 mg/L as feed. The initial water vapor flux of the neat, PDDA-SiA 486 

and PDDA-SiA-FTCS membranes was 13.17 LMH, 12.25 LMH and 11.22 LMH, respectively. 487 

Page 28 of 37

ACS Paragon Plus Environment

Environmental Science & Technology



 28

Feed and coolant temperatures were 60°C and 20°C, respectively. Feed and coolant flow rates 488 

were both maintained at 24 L/h. 489 

The potential behavior of the LBL assembled membranes in AGMD process is 490 

schematically depicted in Fig. 8. The modification of the PVDF membrane by LBL assembly 491 

technique was expected to provide a high surface roughness and fluorinated top layer by SiA and 492 

FTCS on to the membrane, leading to the decrease in its surface energy and consequently 493 

providing omniphobicity with strong anti-wetting property. Based on the results, for neat PVDF 494 

membrane (Fig. 8 (left figure)), the low surface tension liquids and salt water, like water vapor, 495 

can easily penetrate the membrane surface and reach the permeate side. For PDDA-SiA 496 

assembled membrane, salt water alone cannot penetrate the SiA layer. However, low surface 497 

tension liquids and organic compounds still can pass through the SiA layer and cause membrane 498 

wetting, which leads to increase in salt concentration of the permeate water (Fig. 8 (middle 499 

figure)). Although SiA layer contains methyl group which has low surface tension and has higher 500 

surface roughness compared with the neat PVDF membrane, it cannot prevent wetting problems 501 

against feed solution containing low surface tension liquids and organic compounds. On the 502 

other hand, MD process using the PDDA-SiA-FTCS assembled membrane is able to gain a 503 

stable normalized water vapor flux and salt rejection performances when treating challenging 504 

feed water because of the omniphobic and anti-wetting properties on the membrane surface as 505 

contributed by the three-dimensional hierarchical structure (highly rough surface) and fluorinated 506 

layer by FTCS (Fig. 8 (right figure)). Thus, the omniphobic PDDA-SiA-FTCS assembled 507 

membrane shows a much higher wetting resistance in MD operation. This clearly shows the 508 

potential of the hierarchical omniphobic composite membrane by LBL assembly technique to 509 
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treat other challenging wastewater containing low surface tension organic contaminants from, 510 

textile, food, and oily industries via MD.  511 
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 Figure 8 Comparison between the behavior of the neat PVDF membrane, PDDA-SiA, and 513 

PDDA-SiA-FTCS assembled membranes in AGMD process. 514 

 In summary, layer-by-layer (LBL) assembly technique was successfully applied on phase 515 

inversion poly(vinylidene fluoride) (PVDF) membrane. This study successfully modified the 516 

PVDF membrane by LBL assembly technique including fluorination as the formation of 517 

trifluoromethyl and tetrafluoroethylene bonds were found to be formed on the membrane surface 518 

and high surface roughness were achieved by the formation of hierarchical surface due to silica 519 

aerogel (SiA) and 1H, 1H, 2H, 2H – Perfluorodecyltriethoxysilane (FTCS), which led to lower 520 

surface free energy and acquirement of omniphobic property on the membrane surface. This 521 

could enhance wetting properties of the modified membrane against low surface tension organic 522 

contaminants such as methanol, ethylene glycol, and SDS. Although the PDDA-SiA coated 523 

membrane showed a high water contact angle (154.14 ± 0.89°), low surface tension organic 524 
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contaminants easily passed through the membrane. On the other hand, the PDDA-SiA-FTCS 525 

coated membrane had an even higher contact angle of water (177.03 ± 0.41°) and of low surface 526 

tension organic liquids (> 162°), which meant that it could be utilized to treat feed containing 527 

low surface tension contaminants or organic compounds. Even though the PDDA-SiA-FTCS 528 

coated membrane obtained a relatively low water vapor flux (10.55 L/m
2
h), it gained a much 529 

more stable water vapor flux and better salt rejection (~100%) performance than the neat and 530 

PDDA-SiA assembled membranes when low concentration of SDS and organic humic acid were 531 

added into the real RO brine feed during AGMD operation. The results suggest the high potential 532 

of the LBL assembled phase inversion membrane in treatment of challenging feed solutions that 533 

may contain organic contaminants such as wastewater from textile, dye, CSG and shale gas 534 

produced water in long-term AGMD operation. Future interest in this study may include 535 

investigation on effect of the amounts of the LBL layers during modification for treatment of 536 

highly saline and organic-rich wastewater.  537 
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