
www.rsc.org/advances

RSC Advances

This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. This Accepted Manuscript will be replaced by the edited, 
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 



1 
 

Antifouling behaviours of PVDF/nano-TiO2 composite membranes 1 

revealed by surface energetics and quartz crystal microbalance 2 

monitoring 3 

Qiaoying Wang, Zhiwei Wang*, Jie Zhang, Jie Wang, and Zhichao Wu 4 

State Key Laboratory of Pollution Control and Resource Reuse, School of Environmental Science 5 

and Engineering, Tongji University, Shanghai 200092, P.R. China 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

Revised MS Submitted to RSC Advances for Possible Publication 15 

 16 

 17 

 18 

 19 

 20 

 21 

*Corresponding author. Tel./Fax: +86(21)65980400; E-mail address: zwwang@tongji.edu.cn (Z. 22 

Wang) 23 

 24 

Page 1 of 24 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



2 
 

Abstract 25 

Poly(vinylideneflouride) (PVDF)/nano-titanium dioxide (TiO2) composite membranes were 26 

prepared via phase inversion method by dosing different amount of TiO2 nanoparticles in PVDF 27 

casting solution to improve antifouling ability. The extended Derjaguin–Landau–Verwey–28 

Overbeek (XDLVO) theory and the quartz crystal microbalance with dissipation (QCM-D) 29 

monitoring were adopted to clarify the antifouling behaviours of the composite membranes. The 30 

results showed that the addition of nano-TiO2 could improve the membrane surface porosity, 31 

volume porosity, hydrophilicity and permeability. The electron donor monopolarity of the 32 

composite membranes was evidently enhanced, and the repulsive interaction energy barrier 33 

between foulants and membrane surfaces was increased by adding TiO2 nanoparticles, thus 34 

improving antifouling ability. The optimal dosage of TiO2 nanoparticles was 0.05 wt.% for the 35 

composite membranes. It was also found that when the TiO2 concentration was higher than 0.05 36 

wt.%, the aggregated TiO2 nanoparticles dispersed inside membrane increased the roughness of 37 

pore wall and lowered energy barrier between foulants and membrane inner surface, which 38 

allowed more foulants to adsorb into the membrane pores.  39 

Keywords: TiO2 nanoparticles; composite membrane; antifouling ability; interaction energy 40 

barrier; quartz crystal microbalance 41 

 42 

1. Introduction 43 

Although membrane separation technology has been commonly applied worldwide for water 44 

and wastewater treatment,
1,2

 membrane fouling is still a critical factor hindering the practical 45 

application of membrane technology. Therefore, to improve membrane antifouling properties has 46 

attracted much attention in past decades.
3
 Many strategies such as surface graft polymerization, 47 

chemical grafting, surface coating and additives dosing have been adopted to modify membrane 48 

characteristics.
4
 Among these methods, introduction of inorganic nanoparticles into polymeric 49 

membranes to form organic/inorganic composite membranes have shown significant effectiveness 50 

in improving membrane hydrophilicity, changing pore structure, and enhancing membrane 51 

antifouling ability.
5 52 
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Various inorganic nanomaterials including TiO2,
6,7

 SiO2,
8
 ZrO2,

9
 Al2O3,

10
 zeolite 53 

nanoparticles,
11

 graphene oxides,
12

 and carbon nanotubes
13

 have been used to fabricate composite 54 

membranes. Among these inorganic nanoparticles, nano-sized TiO2 has received much attention 55 

due to its high hydrophilicity, great chemical stability, and antibacterial property.
14

 Oh et al.
15

 56 

modified poly(vinylideneflouride) (PVDF) ultrafiltration (UF) membrane by dispersing 57 

nano-sized TiO2 in a PVDF solution, and their results indicated that PVDF membrane fouling was 58 

reduced due to the enhancement of hydrophilicity after TiO2 addition. Cao et al.
16

 found that the 59 

membrane surface became smoother through the addition of nanoparticles. Li et al.
6
 reported that 60 

thermal stability of the composite membrane had been improved by the addition of TiO2 61 

nanopaticles. They also found that the composite membrane had a top surface with high porosity 62 

at low loading amount of TiO2; however, at higher loading, the skin layer became much looser 63 

because of a significant aggregation of TiO2 nanopaticles. The work of Yang et al.
17

 also showed 64 

that the water permeability, hydrophilicity, mechanical strength and antifouling ability of the 65 

composite membrane was significantly enhanced by the addition of TiO2 nanoparticles. 66 

Although the addition of TiO2 nanoparticles into the casting solution has been proven to 67 

improve the antifouling ability, a systematical investigation of mechanisms improving membrane 68 

antifouling behaviours of the composite membranes is still lacking. It is mainly attributed to that 69 

the presence of TiO2 nanoparticles can result in the changes of hydrophilicity, zeta potential, 70 

roughness and porosity simultaneously. All of those factors have their positive or negative 71 

influences on membrane fouling behaviours. It is of significance to establish a comprehensive 72 

understanding of the antifouling behaviours for the composite membranes by taking all of factors 73 

into consideration.  74 

In this study, TiO2 nanoparticles with a series of dosages were introduced into PVDF 75 

materials to prepare PVDF/TiO2 composite membranes. The physicochemical properties of the 76 

composite membranes were characterized by scanning electron microscope (SEM), 77 

energy-diffusive X-ray analyzer (EDX), atomic force microscopy (AFM) and attenuated total 78 

reflectance fourier transform infrared (ATR-FTIR). The membrane surface energetics (free energy 79 

and interaction energy between membranes and foulants) was assessed by extended Derjaguin–80 

Landau–Verwey–Overbeek (XDLVO) theory in order to unifying the overall influences of 81 

membrane physicochemical factors. The antifouling behaviours were further determined by quartz 82 
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crystal microbalance with dissipation (QCM-D) technology. The obtained results are expected to 83 

provide a sound understanding on the antifouling behaviours of PVDF/TiO2 composite 84 

membranes. 85 

2. Materials and methods 86 

2.1. Materials 87 

Commercial grade PVDF (FR904) was purchased from Shanghai 3F New Materials Ltd. 88 

(Shanghai, China). Dimethylacetamide (DMAC) and polyethylene glycol (PEG, 400 Da) used as 89 

the solvent and pore-forming additive, respectively, were supplied by Sinopharm (Shanghai, 90 

China). TiO2 reagent with diameters of 10-50 nm and purity of 99.8% was obtained from 91 

Hangzhou Wanjing New Materials Co., Ltd. (Hangzhou, China). Soluble microbial products 92 

(SMP) have been reported to be the major membrane foulants in membrane bioreactors.
18,19

 SMP 93 

mainly contains polysaccharides, proteins, humic acids, nucleic acids, and other polymeric 94 

compounds, among which polysaccharides are known as the dominant foulants due to their 95 

macromolecular characteristics.
20,21

 In this study, sodium alginate (SA) supplied by Sigma Aldrich 96 

was adopted as model SMP-foulants at a concentration of 500 mg/L. NaCl was used to adjust the 97 

ionic strength of the SA solution. pH was controlled with HCl and NaOH. Deionized water was 98 

used throughout this study. 99 

2.2. Membrane preparation 100 

The pristine PVDF membrane and PVDF/TiO2 composite membranes were prepared by the 101 

phase inversion method. Pre-determined dosages of TiO2 nanoparticles were dispersed in 85 g 102 

DMAC in a beaker and bath-sonicated for 1 h. PVDF was dried at 80 
o
C for 24 h to eliminate the 103 

absorbed water molecules before the preparation, and then 8 g PVDF and 7 g PEG were 104 

completely dissolved in the DMAC solvent. PEG has been widely used as a good pore former 105 

during the fabrication of ultrafiltration/microfiltration membrane due to its high hydrophilicity.
22,23

. 106 

The casting solutions were dissolved at 80 
o
C for 48 h to form homogeneous solutions. The 107 

homogeneous casting solutions were subsequently casted on a glass plate and the scraper 108 

clearance was controlled at 250 μm, and then were shortly (generally 30 s) exposed to ambient air 109 

(20±1 
o
C, 30±5 % relative humidity) to allow partial evaporation of the solvents. After that, these 110 
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solution films together with the glass plate were moved toward the non-solvent bath for immersion 111 

precipitation at room temperature. In this study, water was used as the non-solvent bath media and 112 

the water temperature was maintained at 25±1 
o
C. Phase inversion started immediately, and then 113 

the solid membrane was detached from the glass plate. The obtained membranes were then 114 

repeatedly washed with water and immersed in distilled water for the subsequent analysis. The 115 

PVDF/TiO2 membranes made from the casting solutions with 0.02, 0.05, 0.10 and 0.50 wt.% TiO2 116 

were named as T-0.02, T-0.05, T-0.1 and T-0.5, respectively. The pristine PVDF membrane was 117 

termed T-0 as a control.  118 

2.3. Membrane properties 119 

The SEM and EDX analyses were carried out with an SEM and its adjunct EDX analyzer 120 

(Model XL-30, Philips, Netherlands) to characterize the membrane morphologies and elemental 121 

compositions of membrane samples, respectively. The membrane topography was also determined 122 

by AFM technology (Multimode IV, Bruker Nano Surface, USA) and the Nanoscope® control 123 

software was used for image acquisition. The average roughness (Ra), root mean-square roughness 124 

(Rq) and maximum roughness (Rm) were determined to quantitatively compare the variations. Ra 125 

is the average deviation of the measured z-values from the basic plane, which is thought of as half 126 

the average peak-to-valley depth. Rq indicates the standard deviation of an entire distribution of 127 

z-values for a large sample size, and Rm represents the difference between the largest positive and 128 

negative z-values. To study the surface chemical composition changes of the PVDF membranes, 129 

ATR-FTIR spectra were collected using a Nicolet 5700 spectrometer (Thermo Electron 130 

Corporation, USA) set at a 4 cm
-1

 resolution. The spectra were measured at wavenumbers in the 131 

range of 1500-700 cm
-1

. The measurements of the membrane volume porosity and pure water flux 132 

were conducted according to our previous report.
24

 The membrane volume porosity is defined as 133 

the pores’ volume divided by the total volume of the membrane and was determined by 134 

gravimetric method. 20 mm×20 mm membrane specimens were used and three measurements for 135 

each sample were carried out. Pure water flux was determined by dead-end filtration method. All 136 

membrane samples were subject to the compaction under a trans-membrane pressure (TMP) of 1.0 137 

bar until the flux was stable. Then, the filtrate of 17.3 cm
2
 membrane sample was collected for 2 138 

min under the TMP of 0.03 bar to calculate the pure water flux. The pure water flux was reported 139 
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by averaging three measurements for each membrane at room temperature (25±1 
o
C). 140 

Contact angle was measured using an optical contact angle measurement system (OCA 15 141 

Plus, Data physics GmbH, Germany). Each reported value was expressed by averaging five 142 

measurements of different positions for each sample. 143 

2.4. XDLVO theory  144 

In this study, XDLVO theory was employed to assess the interaction energetics between 145 

foulants and membrane surfaces. According to van Oss,
25

 the energy balances for aqueous system 146 

are determined by the sum of Lifshitz-van der Waals (LW), electrostatic (EL) and acid–base (AB) 147 

interaction energy, which can be expressed by Eq. (1).  148 

    
          

       
       

   (1) 149 

In Eq. (1),     
  ,     

  and     
   are the individual components of the total interfacial energy 150 

associated with LW, EL and AB forces, respectively. The subscripts m, l and c refer to membrane, 151 

bulk liquid (i.e., water in this study) and foulants (i.e., alginate in this study), respectively. These 152 

components’ interfacial energy could be calculated as follows. 153 
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In the above equations, a is the radius of foulant, h the separation distance between membrane 157 

and foulants, λ the decay length of AB interactions (0.6 nm in aqueous systems).
26

 ɛ is the 158 

dielectric permittivity of the suspending fluid, κ the inverse Debye screening length, and ξm and ξc 159 

are the surface potentials of the membrane and foulant, respectively.     

   and     

  are the 160 

Liftshitz-van der Waals and acid–base interaction free energy components at the separation 161 

distance of h0, respectively, whereas the subscript h0 refers to the minimum separation distance of 162 

0.158 nm.
25

     

   and     

   can be worked out by Eqs. (5) and (6), respectively.
26 163 
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where    is the LW component,   the electron acceptor parameter and   the electron donor 166 

parameter. The surface tension parameters (  
  ,   

 ,   
 ) of the membrane and alginate could be 167 
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obtained using the extended Young’s equation.
28

 The extended Young’s equation describes the 168 

relationship between the contact angle of a liquid on a solid surface and the surface tension 169 

parameters of both the solid and the liquid, which can be written as follows.
27-29 170 

       )  
      √  

    
   √  

   
  √     

 )   (7) 171 

where θ is the contact angle, and the subscripts s and l correspond to the solid surface and the 172 

liquid, respectively. The left side of the equation means the free energy of cohesion per unit area 173 

of the liquid (l), while the right side represents the free energy of adhesion per unit area between 174 

the liquid (l) and the solid (s).
26,30

      is the total surface tension, which is equal to the sum of 175 

LW (apolar) and AB (polar) components as given by Eq. (8).
27 176 

               (8) 177 

The apolar LW component shows a single electrodynamic property of a given material, 178 

whereas the polar AB component comprises two non-additive electron acceptor and electron 179 

donor parameters.
26,31

 The polar AB component of a material’s surface free energy is expressed by 180 

Eq. (9).
32 181 

     √       (9) 182 

The specific measurement and calculation procedure of surface energetics parameters for 183 

XDLVO theory can be found in Supporting information (the text and Table S1, Table S2, Table 184 

S3 and Table S4). 185 

2.5. QCM-D measurements 186 

QCM-D was used to dynamically examine the adsorption behaviors of the model 187 

SMP-foulants on the PVDF and PVDF/TiO2 composite membranes by monitoring the change of 188 

the oscillation frequency (Δf) when SA was flowing above the polymer-coated QCM-D crystal 189 

with a Q-Sense E4 unit (Q-Sense AB, Göteborg, Sweden).  190 

Firstly, 10-fold dilutions of the homogeneous casting solutions of T-0~T-0.5 membranes 191 

were performed with DMAC. The gold-coated crystal sensors with a fundamental resonant 192 

frequency of 4.95 MHz and a diameter of 14 mm were pre-cleaned using 10wt.% sodium dodecyl 193 

sulfate (Sinopharm, Shanghai, China), and then rinsed thoroughly with deionized water and dried 194 

with pure nitrogen. Then, the sensors were spin-coated with the diluted polymer solutions at 6000 195 

rpm for 60 s (KW-4A, Chemat Technology, USA), followed by drying on a hot plate (DB-3, 196 
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Changzhou Guohua Electric Appliance Co., Ltd, China) at 353 K for 30 min. 500 mg/L SA 197 

solution with 1 mM NaCl under pH=6.5 was used as model foulants, and the 1 mM NaCl under 198 

pH=6.5 was used as background solution. The aqueous media was injected into the QCM-D 199 

flow-cell at 150 μL/min flow rate with a peristaltic pump (IsmaTec pump, IDEX). The stages for 200 

applying aqueous media to the QCM-D flow-cell include the following 5 steps: (A) deionized 201 

water; (B) background solution; (C) SA solution; (D) background solution; (E) deionized water. 202 

Each step was maintained for 15 min at constant temperature (25
o
C) after acquiring a stable 203 

baseline with deionized water for several hours. The variation of frequency at the seventh overtone 204 

was observed to analyze the adsorption rate.  205 

3. Results and discussion 206 

3.1. Physicochemical properties of the composite membranes 207 

3.1.1. Membrane morphologies 208 

The surface and cross-sectional morphologies of the membranes are shown in Fig. 1. All the 209 

membranes exhibited the porous top layer and interconnected macrovoid structure in the 210 

cross-section images. The surface porosity of the PVDF/TiO2 composite membrane was obvious 211 

greater than that of the original PVDF membrane (Fig. 1), and TiO2 particles could not be 212 

observed on the toplayer. However, the aggregated TiO2 particles (about 0.2~1.0 μm) were found 213 

dispersed in the cross-sections of the T-0.1 and T-0.5 membranes as shown in Fig.1(h) and (j), 214 

indicating that the aggregation of TiO2 nanoparticles occurred at higher dosages. According to 215 

previous studies, the critical concentration of TiO2 causing aggregation was different with 216 

different compositions of the casting solutions. Yang et al.
17

 observed nano-TiO2 aggregated at 217 

concentration of 2 wt.% in preparing the polysulfone (PSF)/TiO2 organic-inorganic composite 218 

ultrafiltration membranes. Vatanpour et al.
33

 reported that aggregation of nano-TiO2 with average 219 

crystalline size of 25 nm occurred when the concentration was larger than 4 wt.% and the critical 220 

concentration was different for the nano-TiO2 with different sizes. It could be inferred that the 221 

critical concentration of nanoparticles to aggregate in membrane casting solutions could be 222 

influenced by the interaction of nanoparticle and polymer, nanoparticle and solvent, and also the 223 

inherent properties of nanoparticles. 224 

According to the membrane formation mechanisms, once the casting solution and nonsolvent 225 
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comes into contact, a skin layer forms immediately because the mutual diffusion between solvent 226 

in the casting solution and non-solvent in the coagulation bath. When the amount of nonsolvent 227 

diffused into the casting solution is sufficient to destabilize thermodynamically stability 228 

somewhere, the casting solution reduces its free energy from dividing into two liquid phases of 229 

different composition, i.e., a nucleus of the polymer-poor phase that forms the nascent pore and a 230 

polymer-rich phase that surrounds the pore. In other words, the polymer precipitation takes place 231 

at this moment. When more non-solvent enters the different sites of the skin layer, more pores 232 

appear. Since nano-TiO2 has the higher affinity to water compared to that of PVDF, penetration 233 

velocity of water (non-solvent) into the nascent membrane can be enhanced by the addition of 234 

TiO2 during the phase inversion, which is supposed to accelerate the formation of surface pores. In 235 

addition, due to the fact that the interaction between polymers and solvent molecules could be 236 

hindered by the obstruction of nanoparticles, it can therefore increase the solvent (DMAC) 237 

diffusion velocity from the membrane to water,
34

 which also contributed to the formation of 238 

micropores on the membrane surface. Therefore, the average pore size and porosity of 239 

PVDF/nano-TiO2 composite membranes was higher than that of the original PVDF membrane. 240 

  241 

  242 

  243 

 (b)   

(c)   (d)   

(e)   (f)     

(a)   
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  244 

  245 

Fig. 1 SEM micrographs of all the membranes. (a), (c), (e), (g), and (i) are the surface images of 246 

T-0, T-0.02, T-0.05, T-0.1, and T-0.5; (b), (d), (f), (h), and (j) are the cross-section images of 247 

T-0~T-0.5, respectively.  248 

In order to further examine the effects of TiO2 nanoparticles on the membrane surface 249 

roughness, AFM analyses were performed for all the membranes. The three-dimensional AFM 250 

images are shown in Fig. S1 of the Supporting Information and the roughness is illustrated in Fig. 251 

2. It could be observed that all the membranes have similar magnitude of asperity in their surfaces. 252 

The Ra and Rq values of all the membranes were about 72.2~78.6 nm and 58.0~59.7 nm, 253 

respectively, showing that the membrane surface roughness was not obviously changed with the 254 

addition of TiO2 nanoparticles in this study. However, Rm was generally enlarged with the 255 

increase of TiO2 doages. This result indicates that the existence of insoluble aggregated TiO2 256 

particles in the matrix might turn into a bump in the sub-layer during membrane preparation and 257 

increase the peak value of the asperity. 258 

 259 

Fig. 2 The average roughness (Ra), root mean-square roughness (Rq) and maximum roughness 260 
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(Rm) of the membranes obtained from AFM images.  261 

3.1.2. TiO2 distribution and functional group detection 262 

To determine the dispersion of TiO2 in the composite membrane, EDX analysis was carried 263 

out and the weight (Wt.) percentage of C, O, F and Ti on the top layer of all the membranes is 264 

shown in Fig. 3. Titanium was detected dispersed on the top layer of composite membranes, and 265 

the determined concentration of titanium was quite consistent with the theoretic value which was 266 

calculated by the mass ratios of titanium and PVDF. This result might reveal that the TiO2 267 

nanoparticles were uniformly distributed into casting solutions during composite membrane 268 

preparation. 269 

 270 

Fig. 3 EDX analysis of all the membranes 271 

Fig. 4 shows the ATR-FTIR spectra of PVDF membrane and PVDF/TiO2 composite 272 

membranes. The absorption peak at 1180 cm
-1

 is assigned to the stretching vibration of CF2 groups, 273 

and the deformed vibration of CH2 groups appears at the frequency of 1402 cm
-1

.
35

 FTIR spectra 274 

of two major phases (α and β phases) of PVDF have been intensively investigated. In this study, 275 

the vibrational bands at 765 cm
-1

 (CF2 bending and skeletal bending), 795 cm
-1

 (CH2 rocking), 874 276 

cm
-1

 and 974 cm
-1

 are associated with α-phase,
36-38

 and the vibrational bands at 840 cm
-1

 (CH2 277 

rocking) correspond to β-phase. It was also visible that the absorption peak of α-phase was 278 

gradually reduced with the addition of TiO2, and disappeared when the amount of TiO2 was 0.5 279 

wt.%. On the contrary, the adsorption peak of β-phase was enhanced by the addition of TiO2. 280 

These results showed that the addition of TiO2 nanoparticles increased the content of β-phase 281 

crystallize of PVDF, and in the meantime reduced that of α-phase. Andrew and Clarke
39

 detected 282 
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the melting temperature (Tm) of PVDF electrospun samples with different crystalline phase by 283 

measuring the melting enthalpy using differential scanning calorimetry (DSC). They reported that 284 

the variation of Tm was mainly due to the change in the relative amounts of the β and α phases, and 285 

an increased contribution from the lower melting α-phase could induce the decrease in Tm, i.e., the 286 

decrease of thermal stability. According to their results, it can be inferred that the thermal stability 287 

of composite membrane has been enhanced by the addition of TiO2 nanoparticles in this study. 288 
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 289 

Fig. 4 FTIR spectra of PVDF/TiO2 composite membranes and original PVDF membrane. 290 

3.1.3. Membrane porosity, contact angle and pure water flux 291 

The volume porosity, contact angle and pure water flux of the original PVDF membrane and 292 

the PVDF/TiO2 composite membranes were compared to illustrate the influences of nano-sized 293 

TiO2 on the physicochemical properties of the membranes. It could be observed from Fig. 5(a) that 294 

the membrane porosity was improved by the addition of TiO2, and the improvement was most 295 

significant when the dosage was 0.05 wt.%. Based on membrane formation kinetics, at a slower 296 

exchange velocity between solvent and non-solvent through the coagulation and top-layer when 297 

the polymer film is immersed in a coagulation bath, the polymer-lean phase growth and 298 

coalescence will be more rapidly developed, thus forming larger finger-like pores.
40

 Compared to 299 

PVDF, TiO2 has higher affinity with water (i.e., nonsolvent in this study), and the fast diffusion 300 

rate between TiO2 and water results in a delay of the exchange between the non-solvent bath and 301 

the polymer casting film before gelation and vitrification of the polymer, allowing more 302 
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cross-sectional pores formed and coalesced into microvoids. However, with the further increase of 303 

TiO2 dosage in the polymeric matrix, the volume porosity of the composite membrane decreased. 304 

That is due to that the further addition of TiO2 results in the increase of the total solid content in 305 

the casting solution, which has been known to reduce the membrane porosity.
6
 Furthermore, 306 

aggregated TiO2 nanoparticles could block the membrane pores, subsequently reducing the 307 

membrane porosity. The contact angle between water and the prepared membrane surface was 308 

measured to evaluate the membrane hydrophilicity. Fig. 5(a) manifests that the contact angle of 309 

original PVDF membrane is the highest (86°), and the contact angle of PVDF/TiO2 composite 310 

membrane is generally reduced to 71~75° by the addition of TiO2. This demonstrates that the 311 

addition of TiO2 enhances the hydrophilicity of membrane which is consistent with the previous 312 

reports.
33,41

 As shown in Fig. 5(b), the pure water flux of the composite membranes gradually 313 

improved when the amount of the TiO2 nanoparticles was increased in the casting solution, 314 

suggesting that the addition of nano-TiO2 also enhanced the permeability of composite membranes. 315 

The increase of the toplayer porosity, hydrophilicity and membrane volume porosity all 316 

contributes to the improvement of membrane permeability. Among these, the membrane surface 317 

porosity has been well demonstrated to be an important factor impacting the membrane 318 

permeability.
24,42

 In this study, the membrane surface porosity increased gradually with the 319 

addition of nano-TiO2 according to the membrane formation mechanisms, which can be seen from 320 

SEM images (Fig. 1). The increase in porosity directly allowed more water to pass through the 321 

membranes and thus presented higher permeability. Therefore, in this study, the enlarged 322 

membrane surface porosity was supposed to be a dominant parameter in improving the membrane 323 

permeability. Furthermore, the membrane permeability for T-0.1 and T-0.5 was not decreased even 324 

though the volume porosity of the membranes declined, which was mainly due to the 325 

interconnected macrovoids throughout the cross-sections (see Fig. 1).  326 
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  327 

 328 

Fig. 5 Comparison of (a) membrane porosity and contact angle, and (b) pure water flux of 329 

PVDF/TiO2 composite membranes and original PVDF membrane. 330 

3.2. XDLVO analysis 331 

The surface tension parameters and the free energy of cohesion for all the membranes as 332 

calculated by Eqs. (7)-(9) are shown in Table 1. It can be seen that all the membranes have the 333 

larger γ
LW

 value compared with the γ
AB

 value, showing that all the membranes feature strong 334 

apolar properties. The electron donor component (γ−) was much higher than the electron acceptor 335 

component (γ+) for all the membranes, suggesting that all the membranes exhibited high electron 336 

donor monopolarity, which is in accordance with a previous study.
43

 Furthermore, the addition of 337 

nano-TiO2 obviously enhanced the electron donor monopolarity, and γ− value increased from 5.0 338 

mJ/m
2
 to 12.8 mJ/m

2
 by adding 0.05 wt.% nano-TiO2. It could be also observed from Table 1 that 339 

T-0.5 has the highest electron acceptor components (γ+) and polar components (γ
AB

) value 340 

compared with other membranes, leading to the relatively strong polar properties. In general, 341 

surfaces with high electron acceptor capability will interact favorably with surfaces that possess 342 
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electron-donor functionality, thus causing potentially attractive acid-base interaction.
44 343 

The LW and AB components of the surface free energy were calculated using Eqs. (5) and 344 

(6), and the sum of LW and AB free energy components for a given material yielded the free 345 

energy of cohesion (     ).       represents the interaction energy when two surfaces of the 346 

same material (for instance, membrane-membrane or foulant-foulant) are immersed in a solvent 347 

(i.e., water in this study).
25,42

 The negative       value of the membrane surfaces suggests that 348 

the membranes are thermodynamically unstable in water, and the more negative the       value 349 

is, the stronger the hydrophobicity is. In this study,     

   was obvious larger than     

   for all 350 

the membranes, implying that the contribution of AB free energy component was more significant 351 

compared to LW free energy component. The       value of all the membranes was negative, 352 

suggesting that all the membranes were of hydrophobic properties. However, the       value of 353 

T-0 was the lowest (-56.1 mJ/m
2
), and       value of the composite membranes was elevated 354 

by adding TiO2 nanoparticles, which manifests that TiO2 nanopaticles improved the free energy of 355 

cohesion of the membranes, and the improvement was most significant when the concentration of 356 

TiO2 was 0.05 wt.% (i.e., T-0.05 membrane). However, with further increase of nano-TiO2 in the 357 

polymer matrix, the aggregation happened, causing the reduction of the free energy of cohesion 358 

compared to T-0.05 membrane.  359 

Table 1 Surface tension parameters and the free energy of cohesion of the membranes (Unit: 360 

mJ/m
2
)
a
. 361 

 
  
     

    
               

       

   △GSWS 

T-0 27.8±1.7 0.5±0.4 5.0±2.9 2.6±0.7 30.4±1.7 -0.8±0.4 -55.3±9.1 -56.1±9.1 

T-0.02 30.6±0.6 0.4±0.5 11.2±4.8 3.2±1.9 33.8±1.9 -1.5±0.2 -37.3±14.1 -38.8±14.1 

T-0.05 34.2±1.5 0.1±0.1 12.8±4.8 1.9±1.1 35.9±2.2 -2.7±0.6 -32.0±8.7 -34.8±8.5 

T-0.1 31.0±1.0 0.3±0.2 10.2±2.7 3.5±0.7 34.5±1.5 -1.6±0.3 -40.6±7.5 -42.2±7.8 

T-0.5 33.4±1.0 1.2±0.2 9.1±2.2 6.6±0.9 40.0±0.5 -2.5±0.4 -45.5±4.2 -48.0±4.4 

a Values are given as average ± standard deviation (n=4) 362 

The surface tension parameters of alginate solution with 10 mM NaCl concentration under 363 

pH=6.5 were used to calculate the total interfacial energy versus separation distance between 364 

alginate and different membranes with Eqs. (1)-(4).     
      is supposed to determine the 365 

alginate-membrane interactions when the alginate is approaching to the membrane surfaces to 366 

form fouling. Fig. 6 depicts that the alginate would be subject to the repulsive interaction when 367 
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getting as close as 30 nm from all the membrane surfaces, and in order to reach the membrane 368 

surfaces the foulant must overcome the repulsion interaction energy. The higher the energy barrier 369 

is, the harder the initial adsorption is. In this study, the energy barrier between alginate (pH=6.5, 370 

ionic strength=10 mM NaCl) and T-0~T-0.5 was 0.6, 1.6, 2.4, 1.4 and 1.0 KT, respectively, 371 

demonstrating that the addition of TiO2 nanoparticles improved the interaction energy between 372 

foulants and membrane. Therefore, the initial adsorption of the foulants could be mitigated for 373 

T-0.02~T-0.5 membranes compared to T-0 membrane.  374 

 375 

 376 

Fig. 6 Variations of interaction energy between membranes and alginate (ionic strength 10 mM 377 

NaCl, pH=6.5). 378 

3.3. QCM-D analysis 379 

QCM-D provides real-time measurements of molecular adsorption and/or interactions taking 380 

place on various surfaces. In this study, QCM-D was used to dynamically verify the deposition of 381 

foulants onto different membranes. Fig. 7 displays the real-time frequency shifts of the QCM-D 382 

sensor coated with the T-0~T-0.5 recipes as a function of the exposure time. It could be observed 383 

that when the foulant solution was injected into the sensor (Phase C), the frequency of all the 384 

crystals decreased instantly and the one casted with T-0.5 recipe showed a maximum decline, 385 

implying the highest adsorption amount of foulants. The order of frequency decrease during phase 386 

C for the five sensors with different membranes coated on is: T-0.5>T-0.1>T-0>T-0.02>T-0.05, 387 

which is unexpectedly inconsistent with that of interaction energy between membranes and 388 

alginate solution. The order of repulsive interaction energy barrier between alginate sodium and 389 
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membranes is: T-0.05>T-0.02>T-0.1>T-0.5>T-0, which means that even though the interaction 390 

energy barrier is higher the membranes are still more favorable of deposition once nano-TiO2 391 

aggregation happens in the membrane matrix. Washing with background solution and deionized 392 

water was performed after the alginate sodium adsorption experiment (Phase D and E) and the 393 

frequency of all the sensors increased about 1~5 Hz, indicating that desorption of alginate partly 394 

occurred from the membranes. However, the hydrodynamic washing could not remove all the 395 

deposited foulants and the initial membrane fouling had formed.  396 

Based on the XDLVO and QCM-D analysis, there is an unexpected result that T-0.1 and 397 

T-0.5 has obtained the highest alginate fouling rate rather than T-0, since T-0 had been determined 398 

to have the lowest energy barrier with the foulants. Hoek et al.
44

 has reported that the repulsive 399 

interaction energy barrier between foulant and membrane calculated by DLVO theory could be 400 

impacted by the membrane roughness, and the repulsive interaction energy barrier between a 401 

foulant and a rough membrane is lower than the corresponding barrier for a smooth membrane. 402 

Although all the membrane in current study had similar membrane surface roughness, it could be 403 

observed from cross-sectional SEM image (Fig. 1) that TiO2 nanoparticles were aggregated into 404 

0.2~1.0 μm particles and dispersed on the pore wall of T-0.1 and T-0.5, which resulted in 405 

increasing the roughness of internal membrane surface. However, the roughness of internal 406 

membrane surface could not be detected. Chen et al.
45

 reconstructed the membrane surface 407 

topology based on the statistical parameters obtained from AFM and adopted surface element 408 

integration technique to calculate the interaction energy between SMP and the reconstructed rough 409 

membrane surfaces in the framework of the XDLVO theory. Their results showed that the great 410 

influence of protrusion on the membrane surface could reduce the primary energy barrier height, 411 

and an attractive energy region was immediately surrounded by each protrusion as demonstrated 412 

in the roughness engendered interaction energy maps. Therefore, in this study, the aggregated 413 

TiO2 particles dispersed on the pore wall of T-0.1 and T-0.5 are supposed to reduce the interaction 414 

energy between foulants and membrane inner surface, inducing more foulants deposition on the 415 

membrane pore wall.  416 
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 417 

Fig. 7 Representative frequency shifts (7th overtone) by the deposition of alginate sodium onto 418 

PVDF and PVDF/TiO2 coated QCM-D crystals. 419 

4. Conclusions 420 

In this study, physicochemical properties and antifouling behaviours of composite 421 

membranes were investigated. The results showed that the addition of TiO2 could improve the 422 

membrane surface porosity, volume porosity, hydrophilicity and permeability. The addition of 423 

TiO2 nanoparticles obviously enhanced the electron donor monopolarity of the composite 424 

membranes and increased the repulsive interaction energy barrier between foulants and membrane 425 

surfaces, thus improving antifouling ability. The membrane topology obtained from AFM image 426 

showed that the incorporation of TiO2 did not change the average membrane surface roughness. 427 

However, the aggregated TiO2 particles with diameter about 0.2~1.0 μm were dispersed on the 428 

pore wall of membrane cross-sections, which was supposed to increase the roughness of 429 

membrane inner surface and reduce the repulsive interaction energy barrier between foulants and 430 

membrane inner surface. This could result in the deposition of more foulants. In other words, even 431 

though the addition of TiO2 nanoparticles could improve the interaction energy barrier between 432 

foulants and membrane surface, the aggregated TiO2 particles in the membrane matrix could 433 

aggravate the membrane pore fouling rate once the concentration of nanoparticles was high 434 

enough to form aggregations. Therefore, in this study, the composite membrane with 0.05% TiO2 435 

nanoparticles had the best performance.  436 
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 441 

List of Symbols 442 

Nomenclature 443 

a  radius of foulant (nm) 444 

AB  Lewis acid–base interaction energy  445 

e  electron charge (1.6 × 10
−19

C) 446 

EL  electrostatic interaction energy 447 

    

   acid-base interaction free energy components at the separation distance of h0 (mJ/m
2
) 448 

    

     Liftshitz-van der Waalsinteraction free energy components at the separation distance of 449 

h0 (mJ/m
2
) 450 

      free energy of cohesion (mJ/m
2
) 451 

h  separation distance between membrane and foulants (nm) 452 

h0  minimum separation distance (0.158 nm) 453 

k  Boltzmann’s constant (1.38 × 10
−23

 J/K) 454 

LW  Lifshitz–van der Waals interaction energy 455 

ni  number concentration of ion in the bulk solution 456 

     total surface free energy (mJ/m
2
) 457 

     LW component of surface free energy (mJ/m
2
) 458 

     AB component of surface free energy (mJ/m
2
) 459 

    electron acceptor component of surface free energy (mJ/m
2
) 460 

    electron donor component of surface free energy (mJ/m
2
) 461 

T  absolute temperature (°C) 462 

zi  valence of ion  463 

Greek letters 464 

      dielectric permittivity of the suspending fluid (F/m) 465 

ξm  surface potentials of the membrane (mV) 466 
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ξc  surface potentials of the foulant (mV) 467 

θ  contact angle (°) 468 

κ  inverse Debye screening length (m
-1

) 469 

λ  decay length of AB interactions (0.6 nm) 470 

Subscripts 471 

c  foulants 472 

l  bulk liquid 473 

m  membrane 474 

s  solid surface 475 

 476 
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Figure captions 535 

Fig. 1 SEM micrographs of all the membranes. (a), (c), (e), (g), and (i) are the surface images of 536 

T-0, T-0.02, T-0.05, T-0.1, and T-0.5; (b), (d), (f), (h), and (j) are the cross-section images of 537 

T-0~T-0.5, respectively.  538 

Fig. 2 The average roughness (Ra), root mean-square roughness (Rq) and maximum roughness 539 

(Rm) of the membranes obtained from AFM images.  540 

Fig. 3 EDX analysis of all the membranes 541 

Fig. 4 FTIR spectra of PVDF-TiO2 composite membranes and original PVDF membrane. 542 

Fig. 5 Comparison of (a) membrane porosity and contact angle, and (b) pure water flux of 543 

PVDF/TiO2 composite membranes and original PVDF membrane. 544 

Fig. 6 Variations of interaction energy between membranes and alginate (ionic strength 10 mM 545 

NaCl, pH=6.5). 546 

Fig. 7 Representative frequency shifts (7th overtone) by the deposition of alginate sodium onto 547 

PVDF and PVDF/TiO2 coated QCM-D crystals. 548 

Table Captions 549 

Table 1 Surface tension parameters and the free energy of cohesion of the membranes (Unit: 550 

mJ/m
2
). 551 

 552 

Page 23 of 24 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

Introducing nano-TiO2 improved interaction energy between membrane surface and foulant; 

however, aggregation of nano-TiO2 facilitated foulant adsorption on pore walls. 
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