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Abstract 34 

 35 

In this work, polyvinylidene fluoride-Cloisite15A
®

 (PVDF-C15A) hollow fiber membranes 36 

were prepared, characterized and evaluated. The membranes were applied to treat dyeing 37 

solution via direct contact membrane distillation (DCMD) system. The concentration of the 38 

C15A incorporated into the PVDF membrane was varied (3, 5 and 10 wt%) and the 39 

corresponding effects were investigated in terms of structural properties and performances. 40 

The PVDF-C15A membranes were prepared using dry-jet wet spinning method and 41 

characterized with respect to their morphology, porosity, wetting pressure, contact angle, 42 

surface roughness, mechanical strength and thermal stability. The presence of the C15A 43 

particles was confirmed by Fourier-transform infrared (FTIR), X-ray diffraction (XRD) and 44 

scanning electron microscopy with an energy dispersive X-ray spectroscopy (SEM-EDX) 45 

analysis. Highly porous membranes with large finger-like structure were shown by the SEM 46 

images. The characterization results indicated that the incorporation of C15A particles have 47 

shown a significant influence on the physicochemical properties of the membranes. The 48 

DCMD experiments revealed that the PVDF membrane incorporated with 3 wt.% C15A 49 

(PVDF-3% C15A) exhibited the best MD performance in which complete dye rejection was 50 

able to achieve with consistent permeate flux. The promising results obtained by the PVDF-51 

3% C15A membrane is mainly attributed by its improved structural properties resulted from 52 

good distribution of C15A particles on the membrane matrix. This study shows that the 53 

PVDF membranes incorporated with C15A particles has potential to further improve the 54 

performances of pristine PVDF membrane in DCMD of dyeing wastewater. 55 

 56 

 57 

 58 

 59 

 60 

 61 

 62 

 63 

 64 

 65 

Keywords: physicochemical, polyvinylidene fluoride, Cloisite15A
®

 clay, membrane 66 

distillation, dyeing wastewater 67 
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Highlights 68 

 69 

• Effect of Cloisite15A
®

 on the physicochemical properties of PVDF hollow fiber 70 

membrane were studied. 71 

• Membrane wetting pressure, contact angle, pore size, surface roughness, mechanical 72 

strength and melting temperature were reported to increase upon clay addition.  73 

• Permeate flux of PVDF-Cloisite15A
®

 membranes is higher than the neat PVDF 74 

membrane.  75 

 76 

 77 

 78 

 79 

 80 

 81 

 82 

 83 

 84 

 85 

 86 

 87 

 88 

 89 

 90 

 91 

 92 

 93 

 94 

 95 

 96 

 97 

 98 

 99 

 100 
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1 Introduction 101 

 102 

The past decade has seen significant advancements in the research and development 103 

of membrane distillation (MD). Generally, MD has the potential advantage in liquid-liquid 104 

separation process owing to its lower operational and maintenance cost, lower operating 105 

hydrostatic pressure/operating temperature, and higher non-volatile solute rejection [1,2]. 106 

Nowadays, MD is recognized as an excellent membrane process for various applications such 107 

as desalination [3–6], wastewater treatment [7–12], food processing [13], etc. Recently, MD 108 

appears as a potential candidate for textile wastewater treatment based on previous studies 109 

[7,14–16]. Textile wastewater is extremely hazardous since it contains more than 2000 types 110 

of unsafe chemicals, including dyes, de-foamers, bleaches, detergents, etc [17]. Fortunately, 111 

heat produced from the effluents could be utilized to operate the MD treatment process which 112 

in turn reduces total energy requirement. 113 

 114 

 From literature, it is found that polypropylene (PP) membranes are commonly used in 115 

MD application in treating dyeing solution [7,14–16]. This type of polymer provides higher 116 

hydrophobicity, thermal and chemical resistance which are crucial when dealing with hot 117 

textile wastewater [18]. However, PP membrane has complicated processability which can 118 

only be fabricated either by molten extrusion technique followed by stretching or by thermal 119 

phase separation process at high temperature [1]. At present, polyvinylidene fluoride (PVDF) 120 

has been preferable as an alternative to PP in the MD process. It is because PVDF exhibits 121 

not only similar properties as PP, but also able to dissolve in many common solvents for 122 

asymmetric membrane fabrication via phase inversion technique. Recently in 2014, Mokhtar 123 

et al. [11] have evaluated the potential of using PVDF membranes in recovering water from 124 

hot dyeing solution and have proven that the membranes are excellent to reject at least 125 

99.97% dye molecules during DCMD process.  126 

 127 

To date, MD researchers are more interested in developing composite membranes by 128 

incorporating polymeric membrane with appropriate amount of inorganic fillers [3,19]. 129 

Among various polymers and inorganic composites, PVDF membranes incorporated with 130 

montmorillonite (MMT) clays have attracted considerable attention because clays are highly 131 

compatible with polymer and relatively abundant. MMT is a common aluminosilicate mineral 132 

clay which consists of hydrated aluminium silicates with fine grains and large spaces between 133 

the layers as shown in Figure 1(a). Wide variety of modified clays are now commercially 134 
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available in the market. These include Cloisite 6A, 10A, 15A, 25A and 30B. These 135 

organoclays are distinguished by their d-spacing or interlayer distance between the stack 136 

layers. Among these modified clays, the Cloisite15A
® 

is a widely used nanofiller for 137 

composite membrane because this organically modified MMT exhibits the highest 138 

hydrophobicity among other commercially available Cloisite clays [20,21].  139 

 140 

 141 

Figure 1 Structure of a) natural MMT and b) dimethyl, dehydrogenated tallow, quaternary 142 

ammonium organic modifier [22] 143 

 144 

Previous work has shown the importance of clay in improving the properties of PVDF 145 

composite which include enhanced melting and crystallization temperatures and membrane 146 

toughness [23]. The enhancement in properties can be attributed to the interaction between 147 

the cation di-tallow and the PVDF crystalline structure [23–25]. In addition, the improved 148 

performances of the PVDF-clay composite membranes have also been reported by MD 149 

researchers for desalination process [3,26,27]. Although clay particles have been reported to 150 

be useful in improving membrane mechanical stability and melting temperature, a detailed 151 

study on the physicochemical properties of the composite membrane and its application on 152 

dyeing wastewater treatment has not been reported. Hence, the main objective of this paper is 153 

to study the effect of the clay loading on the structural properties of PVDF membrane and 154 

how the changes in membrane properties (upon clay incorporation) would alter the membrane 155 

performances during DCMD process of dyeing solution.  156 

 157 
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2 Experimental 158 

2.1 Materials  159 

 160 

Polyvinylidene fluoride polymer (PVDF, Kynar
®

 760) purchased from Arkema Inc., 161 

USA was used as a base polymer. Cloisite15A
®

 clay (C15A) was obtained from Southern 162 

Clay Products, Inc., USA and was used as received. N-methyl-2-pyrrolidone (NMP, >99.5%) 163 

(Merck) was used as a solvent and ethylene glycol (EG, ≥99.5%) (Merck) was used as a non-164 

solvent additive in the polymer solution. Reactive black 5 (RB5, Mw = 991g/mol) from 165 

Sigma-Aldrich was used to synthesize dye solution by dissolving it in deionized water 166 

produced by ELGA Micromeg Deionizer.  167 

 168 

2.2 Fabrication of PVDF hollow fiber membrane 169 

 170 

Table 1 Polymer dope composition 171 

Dope                            

Membrane 

PVDF(wt%) NMP(wt%) EG(wt%) 
a
C15A(wt%) 

PVDF 12 80 8 - 

PVDF-3% C15A 12 80 8 3 

PVDF-5% C15A 12 80 8 5 

PVDF-10% C15A 12 80 8 10 

aAmount of C15A added into dope solution was determined based on the total weight of PVDF 172 

 173 

The PVDF pellets and C15A powder were firstly dried in a vacuum oven overnight at 174 

60±2
o
C to remove moisture content. A dope solution was prepared by dissolving the PVDF 175 

pellets and C15A powder in the NMP and EG mixture, while stirring at 60˚C, until the 176 

solution became homogeneous. The C15A powder was varied from 3 to 10 wt.% per total 177 

weight of PVDF. Another dope solution without clay powder was also prepared to produce a 178 

control membrane. The compositions of the dope solutions and their corresponding 179 

membrane samples are presented in Table 1. Table 2 shows the spinning conditions applied 180 

to all dope formulations. The details of the spinning process can be found elsewhere in our 181 

previous work [28]. The as-spun hollow fiber membranes were immersed in water for few 182 

days to ensure complete removal of the solvent. The membranes were then post-treated with 183 

methanol followed by n-hexane to minimize fiber shrinkage during drying at room 184 

temperature.  185 
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Table 2 PVDF hollow fiber spinning conditions 186 

Spinning conditions  Value 

Bore fluid flow rate (mL/min) 2.0 

Dope extrusion rate (mL/min) 4.0 

Bore fluid composition (wt%) NMP/H2O (80:20) 

Coagulation medium  Water 

Spinneret OD/ID (mm/mm) 1.15/0.55 

Air gap distance (mm) 20 

Spinning dope temperature (
o
C) 25 

External coagulation temperature (
o
C) 25 

 187 

2.3 Membrane characterizations 188 

2.3.1 XRD 189 

 190 

X-ray diffraction (XRD) analysis was carried out using XRD-X’Pert PRO 191 

diffractometer (PANalytical, The Netherlands) using copper Kα (λ = 0.1542 nm at 35 kV and 192 

35 mA) as the source of radiation. The diffractogram was scanned with a scanning rate of 193 

2˚/min in a 2θ range of 1.5–10˚ at room temperature. The d-spacing of the C15A in 194 

composite was calculated using Bragg’s equation based on XRD results: 195 

 196 

θ
λ

sin2

n
d =            (1) 197 

 198 

where d is the spacing between layers in the clay structure, λ is the wave length of X-ray 199 

equal to 0.154056 nm, θ is the angle at the maximum point of the first peak (lowest θ) in the 200 

spectra and n is an integer, representing the order of diffraction where n = 1 in our 201 

calculation. 202 

 203 

2.3.2 FTIR 204 

 205 

Fourier-transform infrared (FTIR) spectra of both C15A powder and membranes were 206 

obtained using attenuated total reflectance Fourier transform infrared spectroscope (ATR-207 

FTIR) (Nicolet 5700, Thermo Electron Scientific Instruments Corporation, USA). The 208 

spectra were recorded at resolution between 650 and 4000 cm
-1

.  209 
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2.3.3 SEM-EDX 210 

 211 

The dry membrane samples were immersed in liquid nitrogen and fractured, followed 212 

by sputter-coating with platinum using a sputtering device. The membrane cross-sections of 213 

the samples were examined using scanning electron microscope (SEM) (TM-3000, Hitachi). 214 

An energy dispersive X-ray (EDX) spectrometer using an acceleration voltage of 15 kV and 215 

magnification of 5000× was used for elemental analysis in order to confirm the appearance of 216 

C15A particles. 217 

 218 

2.3.4 TGA and DSC 219 

 220 

Thermal gravimetric analysis of the membrane samples were recorded by 221 

thermogravimetry analyzer (Mettler Toledo TGA/SDTA851). The samples were heated from 222 

30 to 800
 o

C at a heating rate of 10
 o

C/min, under nitrogen atmosphere, with a nitrogen flow 223 

rate of 20 mL/min. The melting temperature (Tm) of the hollow fiber membranes was 224 

measured using differential scanning calorimetry (Mettler Toledo DSC 822e). The membrane 225 

sample was cut into small pieces, weighed and placed into a pre-weighed aluminium crucible. 226 

The membrane sample was then heated at temperature ranges of 30–200 
o
C at a heating rate 227 

of 10 
o
C/min in the first cycle to remove the thermal history. The sample was then cooled 228 

from 200 to 30 
o
C at a cooling rate of 10 

o
C/min. The same procedure was repeated in the 229 

next heating cycle. Tm of the sample was determined as the midpoint temperature of the 230 

transition region in the second heating cycle. 231 

 232 

2.3.5 Tensile test  233 

 234 

To study the mechanical strength of the fibers, tensile test was performed according to 235 

ASTM D3039 standard using an LRX 2.5 SKN Llyod Instrument. The fiber sample was 236 

clamped at both ends and pulled in tension at a constant elongation rate of 50 mm/min with 237 

an initial gauge length of 50 mm. At least five measurements of the tensile strength, 238 

elongation at break and Young’s modulus were recorded to yield average result.  239 

 240 

 241 

 242 

 243 
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2.3.6 AFM 244 

 245 

The membranes surface roughness were investigated by atomic force microscope 246 

(AFM) (Multimode Nanoscope, DI company). Each membrane sample was cut into small 247 

pieces and placed on a square paper card with the size of 1 cm
2
 using double-sided adhesive 248 

tape. Each surface was scanned in the size of 3µm × 3µm. The surface roughness was 249 

expressed in mean surface roughness (Ra).  250 

 251 

2.3.7 Liquid entry pressure (LEP) and contact angle measurements 252 

 253 

A test module filled with DI water was used before the measurement. One side of the 254 

module was attached to a unit of dry hollow fiber membrane while the other was connected to 255 

a diaphragm pump. The water was then pressurized slowly into the lumen side of the 256 

membrane until its breakthrough pressure. The LEP of membrane was averaged of three 257 

repeated measurements. A contact angle goniometer (OCA15plus, DataPhysics), equipped 258 

with image-processing software was used to evaluate the degree of membrane hydrophobicity 259 

via sessile drop technique. Fifteen spots were measured on each sample and averaged. 260 

 261 

2.3.8 Porosity and membrane pore size measurements 262 

 263 

The membrane overall porosity (%), ε, which is defined as the volume of the pores 264 

per the total volume of the porous membrane was calculated using the following equation 265 

[29]. 266 

 267 

( )

( )

( ) 100% ×

+
−

−

=

p

dry

w

drywet

w

drywet

www

ww

ρρ

ρ
ε         (2) 268 

 269 

where ε is the membrane porosity (%), wwet is the weight of wet membrane (g), wdry is the 270 

weight of dry membrane (g), ρp is the density of the polymer (g/cm
3
) and ρw is the density of 271 

water (g/cm
3
). 272 

 273 
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A PMI capillary flow porometer (Porous Materials Inc., USA) was employed to 274 

measure the membrane bubble point and pore size distribution. A bundle of the hollow fibers 275 

fully wetted with isopropanol (surface tension = 21.7 dynes/cm) was mounted inside a sample 276 

chamber and sealed. Then, pure nitrogen was supplied into the chamber gradually until the 277 

pressure reached a point that overcame the capillary flow of the fluid within the largest pore. 278 

This point represents the membrane bubble point. The pore size diameter can then be 279 

calculated by the following equation. 280 

 281 

P
d p

φγ cos4
=           (3) 282 

 283 

where dp is the pore size diameter, γ is the surface tension of liquid, ø is the contact angle of 284 

liquid and P is the external pressure.  285 

 286 

2.4 Performance of PVDF hollow fiber membrane in DCMD 287 

 288 

 289 

Figure 2 Schematic DCMD experimental setup 290 

 291 

A stainless steel module was used to determine the MD performances. The detailed 292 

specifications of the module and membranes are listed in Table 3. The DCMD experiments 293 

were conducted using a laboratory-scale circulating unit, as illustrated in Figure 2. The 294 

DCMD system was designed to have two circulating water streams in which the hot feed 295 

stream was circulated through the shell-side while the cold stream through the lumen-side of 296 
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the membranes. The hot and cold streams were in counter-current flows to increase energy 297 

efficiency. The experiments were carried out under different feed temperatures (50-90ºC) 298 

while the inlet temperature of the cold stream was kept constant at 20ºC. Both streams 299 

temperatures were controlled by coiled heater (830, PROTECH) and chiller (F26-ED, 300 

JULABO), respectively. 301 

 302 

Table 3 The details of membrane and membrane module  303 

 304 

Permeate flux, J of the tested membranes (kg/m
2
.h) was determined using Equation 305 

(4). 306 

 307 

tA

W
J

∆
∆

=            (4) 308 

 309 

where ∆W (kg) is the weight of permeate collected over a predetermined time ∆t (h) and A 310 

(m
2
) is the effective membrane area. Meanwhile, to determine dye rejection, R (%) of the 311 

membranes, Equation (5) was employed.  312 

 313 

Membrane  PVDF PVDF-3%C15A PVDF-5%C15A PVDF-10%C15A 

Dope composition  

PVDF/NMP/EG/C15A 

 (g) 

 (12/80/8/0)  (12/80/8/0.36)  (12/80/8/0.60)  (12/80/8/1.20) 

Dope viscosity (cP) 1585 1778 1828 1943 

Fiber outer diameter 

(µm) 
813 ± 3 763  ± 19 785 ± 30 789 ± 10 

Fiber inner diameter 

(µm) 
527 ± 17 511 ± 15 516 ± 3 516 ± 3 

Membrane thickness 

(µm) 
144 ± 38 127 ± 7 132 ± 41 132 ± 41 

Module length (mm) 220 

Module inner diameter 

(mm) 
10 

Effective fiber length 

(mm) 
190 

Number of fibers 20 

Effective membrane 

area (m
2

) 
~0.0109 
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1001(%) ×









−=

f

p

C

C
R          (5) 314 

 315 

where Cp and Cf  are the RB5 concentration (g/L) in the bulk permeate and feed solution, 316 

respectively. The concentration of the RB5 was measured by a UV-vis spectrophotometer 317 

(DR5000, Hach) with absorbance measured at 597 nm which the maximum absorption 318 

occurs. 319 

 320 

3. Results and discussion 321 

3.1 XRD analysis 322 

 323 

 324 

Figure 3 XRD diffractograms for the PVDF-C15A hollow fiber membranes at room 325 

temperature 326 

 327 

The XRD diffractograms of the C15A and PVDF-C15A membranes of various clay 328 

loadings are presented in Figure 3. The C15A powder exhibited two well-defined peaks at 2θ 329 

= 7.3˚ and 19.8˚ [30,31]. The corresponding reflection at planes (001) for pure MMT was 330 

located at the first peak which is equivalent to basal spacing, d001 of 1.21 nm (calculated 331 

according to the Bragg equation). However, no obvious peak representing the C15A was 332 

found in the XRD diffractograms for all the PVDF-C15A membranes which might indicate 333 

that the C15A minerals were exfoliated and well-dispersed in the PVDF matrix. Villaluenga 334 

et al. [30] stated that the exfoliation is achieved when the diffraction peak (d001) is no longer 335 

observed in the XRD result. This implies that the clay layers have been completely separated 336 
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and the individual layers are distributed throughout the polymer matrix. However, 337 

conclusions based solely on XRD patterns are only tentative when concerning the mechanism 338 

of composite formation and their structure. To supplement the deficiencies of XRD, a 339 

specific characterization using transmission electron microscope (TEM) is needed to confirm 340 

the clay dispersion in the membrane matrix. However, such analysis is not able to perform in 341 

this study due to our limitations to access to this equipment. 342 

 343 

Characteristic 2θ peaks for the control PVDF membrane at 17.9˚, 19.7˚, 28.9˚ are 344 

corresponded to α (100), α (110) and α (111) with d-spacing of 0.495, 0.450, 0.309 nm, 345 

respectively [23]. The presence of these peaks also indicates that the PVDF membrane is in 346 

α-form crystals. In the case of PVDF-C15A membranes, there was no significant difference 347 

between the XRD diffractograms of the PVDF and PVDF composite membranes except for 348 

PVDF-10% C15A, which showed the peak intensities of α (100), α (110) and α (111) were 349 

slightly reduced. The reduced intensities of α-form diffraction peaks suggested the presence 350 

of disordered layer structure due to the intercalation of the polymer in the silicate layers.  351 

 352 

3.2 FTIR analysis 353 

 354 

Figure 4 compares the ATR-FTIR spectra of the PVDF-C15A membranes with 355 

control PVDF membrane and C15A powder. Results from Figure 4(a) is important to 356 

determine any changes in the chemical bonds and molecular structure of the composite 357 

membranes. Similar peaks at 763, 876, 1072 and 1180 cm
−1

 were observed for all PVDF-358 

C15A membranes (regardless of C15A loadings) which represent the α-phase of the PVDF 359 

membrane [23,32,33]. Another several peaks were observed at 840, 1276 and 1400 cm
−1 

360 

which could be attributed to β-phase [34]. Meanwhile, for Figure 4(b), one can observe that 361 

all the PVDF-C15A spectra displayed weak absorption bands of MMT at ~2850
 
and ~2920 362 

cm
−1 

which are corresponded to the symmetric and asymmetric stretching vibrations of the 363 

methylene group (–CH2–) of the guest molecules [35]. Another weak band detected at ~1740 364 

cm
-1

 in the PVDF-C15A membranes could be attributed to the presence of the ester group in 365 

the dihydrogenated tallow [36]. The weak band is the typical characteristic of the stretching 366 

vibration of the carbonyl (=C=O) group in MMT.  367 

 368 
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 369 

(a) 370 

 371 

(b) 372 

Figure 4 FTIR-ATR analysis of the PVDF-C15A membranes with a) control PVDF 373 

membrane and b) C15A powder 374 

 375 

 376 

 377 

 378 

 379 

 380 
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3.3 Morphological analysis 381 

 382 

 383 

 384 

 385 

 386 

Figure 5 SEM micrographs of PVDF-C15A membranes, (a) PVDF, (b) PVDF-3% C15A, (c) 387 

PVDF-5% C15A and (d) PVDF-10% C15A; (i) partial cross-section, (ii) outer surface and 388 

(iii) inner surface 389 

 390 

The effect of C15A loadings on the structure of the PVDF membranes in macro-scale 391 

is presented in Figure 5. As shown in the cross-sectional images, the membrane structure 392 

consisted of large finger-like macrovoids stretched from the outer to the inner fiber skin, 393 

irrespective of the C15A loadings. It is well-known that narrow finger-like structure is 394 
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desirable to reduce the mass resistance during vapor transport [1,11]. Therefore, higher 395 

permeate flux is anticipated with the decreasing distance between the finger-like structure and 396 

the grounded plate on the membrane cross-sectional morphology. Furthermore, traces of 397 

intrusion of nonsolvent coagulant (i.e. water) can be clearly observed. This phenomenon can 398 

be explained on the basis of rapid liquid-liquid demixing process which takes place at the 399 

outer surface of the fibers due to the following factors: (1) low air gap applied during 400 

spinning process, (2) low polymer concentration in the dope solution and (3) high miscibility 401 

and compatibility between EG, NMP and water.  402 

 403 

Generally, low air gap (20 mm) results in the nascent hollow fiber membrane to have 404 

relatively shorter time to solidify before immersing in non-solvent coagulation bath. Such 405 

rapid immersion causes great amount of non-solvent and solvent being trapped in the 406 

contracted polymer chains. As a result, the polymeric chain interaction becomes less oriented, 407 

random and longer-range that eventually produces membranes with larger intermolecular 408 

voids and free volume [1,37]. The low polymer concentration used in this study (12 wt% 409 

PVDF) tends to produce polymer dope of low viscosity, which also partly contributes to the 410 

rapid solvent-non-solvent exchange and solidification during coagulation. It must be pointed 411 

out that the dope viscosity was not significantly affected by the clay loadings (see Table 3) as 412 

the amount of clay added was considered little based on the weight of dope solution prepared.  413 

 414 

In a phase inversion process, the interaction of solvent and non-solvent plays a vital 415 

role in determining the membrane morphology which is literally dependent on the 416 

thermodynamic and kinetic effects. NMP was used as solvent in this study due to its strong 417 

solubility for PVDF and high boiling point. Sukitpaneenit and Chung [38] claimed that 418 

PVDF/NMP/water system is the best conditions to have rapid phase separation. In order to 419 

improve the membrane porosity, a hydrophilic additive (EG) was employed owing to its 420 

ability to enhance the phase inversion rate. As EG has closed solubility parameter with PVDF 421 

and water, it can be easily leach out from the membrane matrix during spinning process, 422 

leading to the development of porous membrane structure as observed in the SEM images 423 

[26]. 424 
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 425 

Figure 6 SEM micrographs of C15A particles at different magnifications, (a) 2,500× and (b) 426 

10,000× 427 

 428 

 The C15A particles were clearly observed on the inner surface of the composite 429 

membranes. For PVDF-3% C15A membrane, it can be seen that the C15A particles could 430 

disperse quite well on the membrane inner surface without significant agglomeration as 431 

indicated by arrow in Figure 5(b)(iii). However, the C15A agglomerates tended to become 432 

larger and distributed unevenly on the membrane inner surface when the loading was further 433 

increased from 3 wt% to 5 and 10 wt.% as shown in Figure 5(c)(iii) and (d)(iii), respectively. 434 

From this observation, it can be concluded that the presence of excessive clay loadings in the 435 

membrane matrix could result in larger particle agglomeration. Nevertheless, the micro-436 

agglomerates were still considered relatively smaller (average size = 5.2 ± 0.6 µm) in 437 

comparison to the original C15A particle size (average size = 12.5 ± 4.2 µm) as shown in 438 

Figure 6. The reported original particle size is in agreement with the information provided by 439 

Southern Clay Products, Inc. (US) where 90% of the original dry C15A particle sizes is less 440 

than 13 µm while only 10% of that is below 2 µm. Although it is still uncertain whether the 441 

composite membranes were fully exfoliated as indicated by the previous XRD results, the 442 

SEM images proved that C15A particle sizes were reduced after the blending process and 443 

were randomly dispersed on the inner layer of the composite membranes.  444 

 445 

According to the EDX results of the membrane inner and outer surface as tabulated in 446 

Table 4, it can be said that the detection of silicon (Si), aluminium (Al) and oxygen (O) on 447 

the PVDF-C15A membrane strongly indicate the existence of C15A in the membrane matrix. 448 

Generally, one can see the increase of these elements in particular Si with increasing C15A 449 

loadings in the membrane. It is also worth to note that increasing Si element in membranes 450 

has been previously reported to enhance the membrane porosity and hydrophobicity which 451 
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are important criteria for effective MD [39,40]. With respect to membrane overall thickness, 452 

it is found that the PVDF-3% C15A possessed the lowest value (see Table 3) which might 453 

give it advantage of minimizing mass resistance during MD process. 454 

 455 

Table 4 EDX quantitative analysis of PVDF and PVDF-C15A composite membranes 456 

Surface elements 

(wt%) 

PVDF  PVDF-3% 

C15A 

 PVDF-5% 

C15A 

 PVDF-10% 

C15A 

inner outer  inner outer  inner outer  inner outer 

F 58.44 56.84  56.18 54.47  55.55 55.10  53.80 51.69 

C 41.56 43.16  39.80 40.68  40.19 40.75  40.52 41.43 

O - -  3.62 4.30  3.40 3.48  4.16 4.79 

Si - -  0.26 0.38  0.59 0.51  1.06 1.53 

Al - -  0.14 0.17  0.27 0.16  0.46 0.56 

Total elements 100 100  100 100  100 100  100 100 

 457 

3.4 Thermal stability study 458 

 459 

As shown in Figure 7, the thermogravimetric (TG) curves of C15A powder decreased 460 

when the decomposition temperature increased from 200 to 460˚C due to the decomposition 461 

of intercalated organic groups trapped inside the MMT gallery. Based on the derivative 462 

thermogravimetric (DTG) curve, the major weight loss occurred at 304˚C could be related to 463 

the loss of the organic groups in the clay sample [36]. Oades and Townsend [41] reported that 464 

90% of the total carbon from the clay sample will be oxidized at temperature above 430˚C. 465 

Meanwhile, for TG curve of the PVDF sample, the membrane decomposed rapidly after 466 

300˚C. It has been widely reported that the thermal decomposition of the PVDF polymer 467 

begins to generate hydrogen fluoride (HF) gas at 315˚C and its evolution becomes rapid at 468 

370˚C [42]. The high Td of the PVDF membrane which is at 474˚C indicates the excellent 469 

thermal stability of this kind of polymer. The Td represents the temperature of the maximum 470 

rate of decomposition that can be identified from the DTG curve. 471 

 472 
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 473 

 474 

Figure 7 TG and DTG curves for C15A powder, PVDF membrane and PVDF-C15A 475 

membranes of various clay loadings 476 

 477 

For the PVDF-C15A samples, a major weight loss occurred in the range of 320–478 

470˚C was observed, which is due to the decomposition of PVDF. The C15A addition has 479 

caused all the composite membranes to have lower Td than that of the control PVDF 480 

membrane. Generally, composites are expected to exhibit better thermal stability due to the 481 

incorporation of inorganic fillers. On the contrary, opposite effect was shown in this work in 482 

which the incorporation of the C15A in the PVDF membranes have decreased the thermal 483 

stability of the PVDF matrix. This is likely because C15A particles which form weaker bonds 484 

with the PVDF polymer chains tend to decompose easily after 304˚C. Besides, it is also 485 

suggested that the C15A might react with the byproduct released by the decomposing PVDF, 486 

i.e. HF, thus further accelerated the decomposition process [43]. At 800˚C, the weight loss of 487 

the composite membranes reduced from 80% to 67% with increasing C15A loadings from 488 
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zero to 10 wt%. This revealed the role of the C15A particles in reducing the amount of 489 

degradable PVDF matrix. However, the Td values were increased with the loadings. From the 490 

DSC analysis, it is found that the melting temperature (Tm) of composite membranes were 491 

increased slightly to 170˚C from 165˚C as shown by the control membrane, suggesting the 492 

clay particles might influence the crystallization process of the PVDF-C15A membranes and 493 

their flexibility of polymer chains.  494 

 495 

3.5 Mechanical stability study 496 

 497 

Table 5 Mechanical properties of PVDF and PVDF-C15A composite membranes  498 

Membrane Tensile stress (MPa) Elongation at break (%) Young’s modulus (GPa) 

PVDF 7.48 ± 0.72 161.53 ± 8.91 25.01 ± 0.70 

PVDF-3% C15A 8.54 ± 0.58 148.63 ± 2.22 29.55 ± 2.92 

PVDF-5% C15A 8.51 ± 0.81 72.13 ± 4.38 24.72 ± 1.41 

PVDF-10% C15A 6.89 ± 0.50 41.19 ± 1.38 19.24 ± 2.23 

 499 

 500 

Table 5 presents the mechanical properties of the membrane samples. The tensile 501 

strength increased slightly upon clay addition except in the sample having 10 wt% C15A. On 502 

the contrary, the elongation at break decreased dramatically with increasing clay 503 

concentrations. With respect to Young’s modulus, a significant enhancement was observed 504 

with PVDF membrane incorporated with 3 wt% C15A. As expected, the clay particles 505 

affected the crystallization process of the PVDF-C15A membrane and improved the tensile 506 

strength as well as Young’s modulus. However, excessive loading of clay particles might 507 

lead to significant agglomeration which consequently results in weak points for the 508 

membranes. When the loading is increased to 10 wt%, the massive amounts of C15A 509 

particles tend to restrict the space for free movement of PVDF chain, decreasing the 510 

mechanical strength. In addition, the negative impact on the elongation at break suggested the 511 

presence of disrupted molecular structure due to large aspect ratio and interaction between 512 

clay particles and the membrane matrix, which can be a result of hindered slippage of 513 

polymer chains between MMT layers [44,45]. These results are in good agreement with the 514 

XRD and DSC results reported earlier. 515 

 516 

 517 
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3.6 AFM results and membrane characteristics 518 

 519 

Figure 8 shows the 3D AFM images of the PVDF and PVDF-C15A composite 520 

membranes together with surface roughness value. The AFM images clearly showed that the 521 

PVDF membrane had a relatively smoother surface than the PVDF-C15A membranes. The 522 

surface roughness of the outer layer of the PVDF-C15A membranes increased with the clay 523 

loading which is likely due to the higher clay agglomeration.  524 

 525 

 526 

 527 

 528 

 529 

 530 

Figure 8 3D AFM images of the outer surfaces of the PVDF and PVDF-C15A membranes 531 

together with Ra value 532 

 533 

 534 

 535 

PVDF 

Ra = 27.89 nm 

PVDF-3% C15A 

Ra =29.40 nm 

PVDF-5% C15A 

Ra = 32.19 nm 

PVDF-10% C15A 

Ra = 35.83 nm 
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Table 6 Characteristics of the PVDF and PVDF-C15A membranes 536 

Membrane LEP (psi) CA (˚) ε (%) dp (µm) 

PVDF 2.90 88.85 ± 2.85 82.74 ± 0.66 0.0444 

PVDF-3% C15A 13.05 97.72 ± 2.54 83.70 ± 0.67 0.0880 

PVDF-5% C15A 7.25 91.43 ± 1.09 83.02 ± 0.73 0.1082 

PVDF-10% C15A 5.80 93.07 ± 0.75 83.03 ± 0.83 0.1443 

 537 

Table 6 summarizes several properties of the membranes which are important for MD 538 

process. It can be seen that the incorporation of C15A particles significantly improved the 539 

membrane characteristics in terms of wetting pressure, hydrophobicity and mean pore size. 540 

This might indicate that the arrangement of polymer chain packing has been disordered by 541 

the presence of clay particles in the membrane matrix, leading to better structural properties. 542 

The higher LEP value obtained by the composite membranes showed that the membranes are 543 

able to prevent liquid penetration through the membrane pores due to the cross-membrane 544 

pressure difference that is sometimes caused by imbalance of feed and permeate side 545 

pressures.  546 

 547 

Furthermore, the addition of C15A also increased the contact angle of the PVDF-548 

C15A membranes, which is mainly due to the higher surface roughness. This phenomenon 549 

can be explained by the famous theory of Wenzel or Cassie effect, as the presence of air 550 

pockets underneath the rough surface tends to hinder the liquid from penetrating into the 551 

grooves, which in turn increases surface hydrophobicity [46,47]. From the data obtained, no 552 

precise trend can be established between the contact angle value and the clay concentration. 553 

This result might be attributed to other factors such as size of the surface heterogeneities and 554 

asperities as well as surface cleanliness during contact angle measurements [48].  555 

 556 

In addition, a significant improvement with respect to mean pore size was recorded. 557 

Generally, the mean pore size is used to determine vapour flux, and bigger mean pore size 558 

(within MD range of 0.01–1.0 µm) is required for higher permeate flux. The improvement on 559 

the membrane porosity with respect to the C15A incorporation was insignificant in this study 560 

as all the membranes displayed reasonably high porosity (>82%). It is thus believed that the 561 

high porosity of the fabricated membranes is mainly due to the low concentration of polymer 562 

used and the EG contribution. 563 
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3.7 Effect of clay loadings on DCMD experiments 564 

3.7.1 DCMD tested using DI water 565 

 566 

   567 

Figure 9 Effect of different clay loadings on the water vapor flux of PVDF-C15A hollow 568 

fiber membranes (Conditions = hot stream: flow rate of 0.023 m/s, cold stream: 20˚C at flow 569 

rate of 0.010 m/s) 570 

 571 

In this study, a DCMD test was carried out using DI water as the feed and distillate 572 

solutions. The objective of this experiment is to study the effect of different clay loadings on 573 

the DCMD performances in terms of water vapor flux at different feed temperatures. Feed 574 

temperature is a crucial operating parameter in MD process since the MD is driven by 575 

temperature gradient which promotes partial pressure of volatile compounds to initiate 576 

permeation. Water is the main permeate species for MD process because it is volatile at any 577 

temperature. Figure 9 shows the effect of feed temperature (Tf) on the permeate flux of PVDF 578 

membranes in the range of 50–90˚C.  579 

 580 

As shown in Figure 9, PVDF-C15A composite membranes exhibited better 581 

performance compared to the neat PVDF membrane at feed temperatures of 50 and 70˚C. In 582 

this study, the presence of clay particles in the membrane has significant effect on the 583 

permeate flux which can be correlated to membrane structural and physical characteristics 584 

e.g. mean pore size, hydrophobicity, wetting pressure as discussed in the previous section. It 585 

Page 23 of 31 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



24 

 

is well-known that larger mean pore size is desirable for MD membrane to decrease the mass 586 

transport resistance and enhance the permeate flux [1]. Meanwhile, the increase of membrane 587 

hydrophobicity and wetting pressure with the incorporation of clay particles could avoid 588 

water penetration from both sides and minimize the membrane wetting problem [3]. 589 

 590 

With respect to different clay loadings, the membrane incorporated with 3% C15A 591 

showed the excellent performance at every Tf among the studied membranes. Although the 592 

structures of the PVDF and PVDF-C15A composite membranes are very similar, the 593 

remarkable improvement of permeate flux of PVDF-3% C15A membrane can be correlated 594 

to the lower vapor transport resistance in the membrane module. Since PVDF-3% C15A has 595 

the lowest membrane thickness, lower mass resistance during vapor transport can be expected 596 

[49]. Because of this reason, the pure water vapor flux achieved by the membrane was close 597 

to 2.4 times higher than the PVDF and other composite membranes at Tf = 90˚C. Meanwhile, 598 

the higher wetting pressure and hydrophobicity of the prepared membrane in comparison 599 

with the other composite membranes had also made the PVDF-3% C15A to achieve the 600 

highest water vapor flux. Furthermore, this membrane has an optimum mean pore size and 601 

higher mechanical strength that could potentially retain liquid water from passing through 602 

membrane pores easily. 603 

 604 

From Figure 9, it is noticed that the permeate flux for each membrane was increased 605 

with feed temperature. In MD application, it is well-accepted that higher feed temperatures 606 

would result in greater flux since it generates more water vapor to diffuse through the pores 607 

of the membrane surface followed by condensation on the permeate side. Susanto [50] 608 

reported that higher feed temperatures would increase the permeate flux exponentially at the 609 

expense of slight deterioration in selectivity since more compounds in the feed solution 610 

would vaporize. However, it must be noted that polarization due to temperature and 611 

concentration might also cause the permeate flux to fluctuate.  612 

 613 

 614 

 615 

 616 

 617 

 618 

 619 
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3.7.2 DCMD tested using dyeing solution 620 

 621 

 622 

(a) 623 

 624 

(b) 625 

Figure 10 Permeate flux (a) and dye removal (b) of PVDF-C15A  hollow fiber membranes as 626 

a function of feed temperature (Conditions = hot stream:  70˚C at flow rate of 0.023 m/s, cold 627 

stream: 20˚C at flow rate of 0.010 m/s) 628 
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The performance of the composite membranes was further evaluated in the DCMD 629 

process to treat dyeing solution. Figure 10 shows the permeate fluxes and dye removal of 630 

PVDF and PVDF-C15A membranes as a function of filtration time using feed solution 631 

containing 0.05 g/L RB5. In this work, only water vapor can pass through the pores from the 632 

feed side while the dye molecule will be retained and recycled back to the feed tank. 633 

Generally, the water vapor transport is based on vapour/liquid equilibrium (VLE) principle in 634 

which both heat and mass transfer occur simultaneously through the membrane [2].  635 

 636 

From that figure, it can be seen that each membrane showed a very consistent flux 637 

throughout the MD test except for the PVDF-10% C15A. With respect to dye removal, all 638 

membranes demonstrated consistent separation efficiency with average dye rejection of 639 

99.9% except for the PVDF-10% C15A membrane which decreased gradually from 99.3% to 640 

92.5%. As expected, the PVDF membrane incorporated with 3% C15A perfomed the best 641 

throughout the study with respect to permeate flux and percentage of dye removal. The 642 

permeate flux results are in accordance with the previous experiment in which DI water was 643 

used as feed. It can be seen that PVDF-3% C15A produced a consistent flux around 10.1 644 

kg/m
2
.h with a complete dye rejection at the permeate side. Almost 70% flux enhancement 645 

was recorded in comparison to the control PVDF membrane. 646 

 647 

In DCMD, both water flux and solute removal are crucial parameters that one must 648 

take into account to determine membrane performance. Basically, the membrane itself acts 649 

only as a physical barrier to hold the liquid–vapor interface at the entrance of the membrane 650 

pores. However, it is important to note that the structural properties of the membrane also 651 

play a vital role to the MD performances. Since PVDF-3% C15A has the highest LEP and 652 

contact angle values, this membrane tends to has greater capability to prevent liquid intrusion 653 

into the membrane pores [3]. Moreover, the mean pore size of this membrane is the smallest 654 

compared to other composite membranes which minimizes its wetting tendency. Meanwhile, 655 

the promising flux obtained by this membrane is mainly due to its lower membrane thickness 656 

and higher overall porosity which decreases the mass transfer resistance across the membrane 657 

[11]. Although PVDF-3% C15A has the lowest membrane thickness, its tensile strength and 658 

Young’s modulus are higher than the control PVDF and other PVDF-C15A composite 659 

membranes. This is mainly due to the good distribution of the clay particles on the membrane 660 

matrix which improves the mechanical properties of the membrane [45]. The mechanical 661 

stability of the prepared membrane is of particular concern for the long-term study. Based on 662 
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the results obtained, it can be concluded that C15A can act as a good filler for the PVDF 663 

membrane, enhancing not only the structure properties of the membrane but also significantly 664 

improve the permeate flux without sacrificing dye rejection.  665 

  666 

Nevertheless, a rapid increment of flux by the PVDF-10% C15A membrane was 667 

observed after 1 h of the operation and this might be caused by structural defects on the 668 

membranes which allows the feed solution to pass through the pores easily. Therefore, it is 669 

believed that the membrane produced from the highest C15A loading is unable to withstand 670 

concentrated feed solution due to its insufficient mechanical strength properties as reported in 671 

Table 5. Since PVDF-10% C15A contained the highest amount of C15A particles, more 672 

defective structures are expected to develop due to the clay agglomeration in the membrane 673 

matrix. Such agglomeration would expose the membrane to wetting problem.  674 

 675 

4 Conclusion 676 

 677 

In this study, the influence of Cloisite15A
® 

clay particles on the physicochemical properties 678 

and performances of PVDF membranes has been successfully prepared, characterized and 679 

evaluated. The presence of the clay on the membrane surface has been confirmed by the 680 

FTIR, XRD and SEM-EDX analysis. The formation of narrow and large finger-like structure 681 

in the PVDF membranes is mainly due to several factors; (1) low air gap applied during 682 

spinning process, (2) low polymer concentration used in the dope solution and (3) high 683 

miscibility and compatibility between EG, NMP and water. Cross-sectional SEM images 684 

revealed that the EG addition has dominant effects on the membrane internal, porosity and 685 

surface pore structure, regardless of the clay loadings. A significant increment on the 686 

structural properties (e.g. LEP, contact angle, surface roughness, tensile strength, Young’s 687 

modulus, melting temperature) have been observed after the incorporation of small loading of 688 

C15A (3 wt.%) into the PVDF membrane. DCMD experiments conducted using DI water as 689 

feed indicated that the PVDF-3% C15A had the highest pure water vapor flux (15.1 kg/m
2
.h) 690 

at Tf = 90˚C compared to 6.4 kg/m
2
.h shown by the control PVDF membrane. During DCMD 691 

experiments with dyeing solution, the PVDF-3% C15A demonstrated the most promising 692 

performance by producing around 10 kg/m
2
.h permeate sample free of any dye molecule. In 693 

conclusion, the incorporation of Cloisite15A
® 

clay onto the PVDF membranes could improve 694 

not only membrane structural properties, but also its performances during MD process. 695 
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