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CHAPTER 4 

ANTIFOULING BEHAVIOUR OF PVDF/TiO2 COMPOSITE MEMBRANE: A 

QUANTITATIVE AND QUALITATIVE ASSESSMENT  

This chapter deals with the antifouling behavior PVDF/TiO2 composite membranes 

prepared via the phase inversion technique. Different amounts of TiO2 with respect to the 

weight of the polymer were incorporated in the casting solution to study qualitatively and 

quantitatively the antifouling property of the membrane. The membrane morphology was 

studied using a high-resolution scanning electron microscope (HRSEM) and atomic force 

microscope (AFM).The interfacial interactions between foulants and TiO2 immobilized 

membranes were also evaluated using the extended Derjaguin–Landau–Verwey–Overbeek 

(XDLVO) approach. The XDLVO theory revealed an increase in repulsive interactive 

energy barrier with increase in TiO2 loading. Thus it improves the antifouling property of 

the membrane. Intercalation of TiO2 nanoparticles efficiently improved the porosity and 

wettability of the polymeric membranes was confirmed from the contact angle analysis. 

The modified PVDF membranes exhibited excellent antimicrobial properties against 

Gram-negative E.coli (Escherichia coli) bacteria as confirmed by the halo zone and 

activity tests. The permeation experiment results showed high rejection of Bovine Serum 

Albumin (BSA) and humic acid (HA) (foulants) for PVDF membranes with optimum 

TiO2 loading (PM3- 2 wt%). However, it was also observed that at 3 wt% TiO2 (PM4) 

membranes exhibited a negative effect on these characteristics due to non-uniform 

distribution of TiO2.  
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4.1  INTRODUCTION 

Membrane separation technology is widely used for getting potable and industrial 

grade water for various applications (Salimi and Yousefi 2003, Elimelech and Philllip, 

2011). Fouling of membrane affects the hydraulic permeability requiring frequent 

replacement of the fouled membrane thereby increasing the overall cost of the process 

(Wang et al., 2014, Lin et al., 2015). Therefore the membrane fouling has been a subject of 

interest of researchers since long (Le-Clech et al., 2006). The bio-fouling of the membrane 

is initiated by the adhesion, growth, and multiplication of one or more bacterial species 

onto the membrane surface, which eventually leads to the formation of a cake layer on the 

membrane surface (Hong et al., 2013). In recent studies, it has been concluded that the 

prime factor affecting membrane fouling is its interfacial property (Buonomenna  et al., 

2007) which controls membrane-foulant interactions hence the adsorption of foulant on the 

membrane surface (Chang et al., 2015). Hydrophilicity and hydrophobicity are the prime 

factors affecting fouling, and it has been recognized that hydrophilic membranes are less 

prone to fouling compared to hydrophobic membranes (Weis et al., 2005). Based on this 

information, strategies like graft polymerization, chemical grafting, and surface coating 

have been considered to improve the surface hydrophilicity and modify membrane 

characteristics (Salimi and Yousefi, 2003). The main disadvantages of these approaches 

include weak interaction between polymer and additives (blending) affect the long term 

durability or instability of coated layer (surface modification) causes a release from the 

membrane (Salimi and Yousefi, 2003). 

Among various methods used, incorporation of inorganic particles into the polymer 

matrix to form a composite membrane is an effective approach to enhance membrane 
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hydrophilicity and antifouling property (Mo et al., 2007).  Different inorganic 

nanomaterials such as TiO2 (Li et al., 2013), SiO2 (Yang et al., 2006), Al2O3 (Yan et al., 

2009), graphene oxides (Wang et al., 2012), and carbon nanotubes (Brunet et al., 2008) 

have been widely used to fabricate composite membranes. However, nano-sized TiO2, due 

to its superior hydrophilicity, antibacterial property, and chemical stability has received 

much attention (Diebold et al., 2003). Addition of TiO2 nanoparticles improves antifouling 

property due to change in hydrophilicity, porosity, zeta potential, and surface roughness 

(Wang et al., 2014). 

Further, preparation of anti-biofouling membranes by coupling antimicrobial 

materials with polymeric matrix has also attracted the attention of many researchers in both 

academia and industry. There are two interesting approaches to kill bacteria before 

colonization- i) release killing and ii) contact killing (Zhang et al., 2016). Leaching of 

antibacterial agents on the membrane surface is termed as release killing, but there is 

continuous depletion of biomaterial that may cause environmental risk and significantly 

reduce antibacterial efficiency. As a result, the need for developing composite membranes 

with the contact-killing surface and stable and long-term anti-biofouling activities has 

attracted the attention of researchers (Zhang et al., 2016). Inorganic metal oxides are being 

preferred over organic antimicrobial agents due to their stability, robustness, and long 

shelf-life (Raghupathi et al., 2011). Titanium dioxide (TiO2) is the widely used 

nanomaterial because of its stability, hydrophilicity, nontoxic, and anti-fouling properties 

(Subramaniam et al., 2017, Almeida et al., 2016) 

Most of the available published works have reported the experimental methods to 

characterize the antifouling property of the membrane. A systematic investigation of the 
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interaction of nanoparticles in improving the antifouling property is has not been attempted. 

In this work the efficacy of these membranes has been investigated by using extended 

Derjaguin-Landau-Verwey Overbeek (XDLVO) theory, for the first time. The experimental 

results are compared with theoretical predictions for evaluating the antifouling property of 

membranes and effect of adding nanoparticles on this property. Effect of loading of TiO2 

nanoparticles on the antifouling property of PVDF membrane prepared by the phase-

inversion membranes is evaluated by measuring the pure water flux and rejection efficiency 

of bovine serum albumin (BSA) and humic acid (HA) along with the study of the 

bactericidal behaviour and underlying the anti-microbial effects are studied using Gram-

negative bacteria (Escherichia coli). 

4.1.2 The XDLVO Theory 

The extended Derjaguin–Landau–Verwey–Overbeek (XDLVO) theory explains the 

exact role of hydrophilicity/ hydrophobicity and effects of all other physiochemical factors 

on the membrane surface energetics (interfacial interaction between membranes and 

foulants (Zhang et al., 2015). The theory assumes that the attachment of foulant with 

membrane surface is due to three type of interactions caused by- i) Lifshitz–van der Waals 

(LW) forces, ii) polar or Lewis acid-base (AB) interactions, and iii) electrostatic (EL) 

interactions (Lin et al., 2014)  

The XDLVO theory considers the attachments of foulant to the membrane surface 

by evaluating the contribution of surface interactions (Wang et al., 2016). According to Oss 

(1995), the total free energy of adhesion is the result of contribution of these three 

parameters and is expressed as 
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Umbc
XDLVO

= Umbc
LW

 + Umbc
EL

+ Umbc
AB

                (4.1) 

where Umlc
XDLVO 

is the total interfacial free energy between the membrane and the 

foulant, Umbc
LW

, Umbc
EL

, and Umbc
AB

 represent individual components of the total interfacial 

energy, whereas m, b, c represent membrane, bulk liquid (water) and foulant (BSA), 

respectively. The individual energy is calculated using equations 4.2, 4.3, and 4.4 given 

below. 

Umbc
LW

 = 2π ∆Gho
LW

ho
2𝑎

ℎ
        (4.2) 
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AB

 = 2 π a λ∆Gho
AB

exp
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ℎ
       (4.3) 
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1−𝑒−𝑘ℎ)  + (ζc
2
+ ζm

2
)ln (1-e

-2kh
)}    (4.4) 

where a is the radius of foulant (BSA), h is the separation distance between the 

membrane and the foulant, ho is the minimum separation distance (0.158nm), λ is the decay 

length (value taken as 0.6 nm for aqueous solution) (Safarpour et al., 2014), ζc, and  ζm are 

the zeta potential of the foulant and the membrane, k is the inverse Debye screening length. 

The values of ∆Gho
LW

 and ∆Gho
AB

 were calculated using equations 4.5 and 4.6, 

respectively: 

∆Gho
LW

= 2 (√𝛾𝑏
𝐿𝑊2

 − √𝛾𝑚
𝐿𝑊2
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where 𝛾LW
,𝛾+

, 𝛾-
 are LW component, electron acceptor and donor parameter, 

respectively. The surface tension of membrane (𝛾𝑚
𝐿𝑊, 𝛾𝑚,

−  , 𝛾𝑚
+) and BSA were quantified 

using extended Young’s equation. This equation shows the relationship between the contact 

angle of a liquid and the surface tension parameter of both liquid and solid surface and is 

evaluated using equation 4.7 

(1+cos𝜃)𝛾𝑙
𝑇𝑂𝑇 = 2 (√𝛾𝑠

𝐿𝑊2
𝛾𝑙

𝐿𝑊  +  √𝛾𝑠
+2

𝛾𝑙
−  + √𝛾𝑠

−2 𝛾𝑙
+)    (4.7) 

where θ is the contact angle and 𝛾𝑙
𝑇𝑂𝑇 is the sum of LW and AB and is calculated 

using equation 4.8 

𝛾𝑙
𝑇𝑂𝑇= 𝛾LW 

+ 𝛾AB
         (4.8) 

The polar component 𝛾AB
 of the material is expressed by equation 4.9 

𝛾AB
 = 2 (𝛾+𝛾-

) 
0.5

         (4.9) 

Above equations have been used to calculate relevant parameters for comparison 

with experimental values as discussed ahead.    

4.2 EXPERIMENTAL PROCEDURE 

4.2.1 Materials 

Polyvinylidene fluoride (PVDF), n-methyl-2-pyrrolidone (NMP), and TiO2 

nanoparticles (Degussa P25 (25nm), a hydrophilic metal oxide) were purchased from 

Sigma-Aldrich (Bombay, India). Diiodomethane, glycerol, nutrient broth (NB) as media 

and nutrient agar (NA) were obtained from High Media (Bombay), bovine serum albumin 

(BSA), humic acid (HA) was obtained from SD Fine Chemicals Ltd. (Bombay, India) and 
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phosphate buffer saline (PBS) were obtained from Merck. Double distilled water (DD) used 

in all experiments was prepared in the laboratory.  

4.2.2 Synthesis of TiO2 NPs and PVDF/TiO2 Composite Membranes 

The particle and membrane were synthesized as already described in Chapter 3 Sections 

3.2.2 a and 3.2.2.b  

4.2.3 Physiochemical Properties of Membranes 

4.2.3.a Contact Angle Measurement 

The wetting characteristic of membranes was evaluated by measuring the contact angle 

of the composite membrane surface with a contact angle goniometer [KRUSS, DSA 4, 

Germany] using the sessile drop method. 3 µl droplet of distilled water was used as the 

probe liquid at the ambient temperature. 

4.2.3.b Morphological Characterization 

The membrane surface was examined using a high- resolution scanning electron 

microscope (Nova Nano SEM 450, USA). The membrane films were initially coated by 

sputtering with gold, and the photomicrographs were taken under very high vacuum. The 

Scanning Probe Microscope (NTEGRA Prima, NT-MDT Service & Logistic Ltd., USA) 

was used to detect the surface roughness of the synthesized membranes under the non- 

contact mode.  
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4.2.3.c Antibacterial Characteristics 

4.2.3.c.a Halo Zone Test 

The antibacterial efficacy of PVDF/TiO2 membranes was evaluated using the Halo 

Zone method. Prior to the tests, all the materials used were autoclaved at 120 °C for 1 h to 

ensure sterility. Cultivation of E. coli was carried out for 24 hours in a conical flask 

containing the sterilized solution of NB (1.3g NB/100 ml water) placed in an incubator 

maintained at 37°C. During this period, the bacteria were fully grown, and then 100µl of 

the bacterial suspension was spread over the agar plate composed of 1.3g of NB and 2.3g of 

NA in 100 ml distilled water. The UV treated membrane pieces of approximately 1cm 

diameter were now placed on the agar plates and again incubated at 37°C for 24 h. The 

extent of inhibition zone formation around the membrane pieces indicated the antibacterial 

behaviour of the membranes (Du et al., 2015). 

4.2.3.c.b Bacterial Growth 

All glass-wares, the nutrient broth solution, and all other solutions were autoclaved at 

120°C for 60 min. The membrane pieces of known area (1 cm x 1 cm) were first rinsed 

three times with 0.01 M fresh sterile phosphate buffered saline (PBS, pH 7.4) followed by 

sterilization through UV irradiation for half an hour. A bacterial suspension (10
-3

 

cells/100ml) was prepared in the sterile nutrient broth. The UV treated membrane pieces 

were then immersed in the above suspension. Subsequently, the flasks containing pieces of 

different composite membranes and bacterial suspensions were incubated in a rotary shaker 

at 100-105 rpm at 37°C in the absence of any light. The growth of E. coli was measured in 

terms of optical density at 600 nm (OD600) (Kim and Lee 2016) at several incubation times 
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(t = 0, 6, 12, 18, and 24 h) using a spectrophotometer (SYSTRONICS, PC Based Double 

Beam Spectrometer 2202, Bombay, India). Each reported value was obtained by averaging 

10 individual measurements. Data of the exponential growth phases were fitted using the 

pseudo-first-order kinetics: 

ln(xt/xo) = µt        (4.10) 

τd = ln2/µ        (4.11) 

where xo and xt represent values of OD600 for the bacterial suspensions at 0 and t h, 

respectively, μ is the specific growth rate (h
-1

), and τd represents the doubling time (h). The 

adhesion and growth of E.coli on membrane surface was observed using, HRSEM (High 

resolution scanning electron microscope) 

4.2.4 Water Permeation Studies 

The pure and composite PVDF membranes with the filtration area of 15.5 cm
2
 were 

used in a flow filtration cell to test the fouling behaviour using BSA as the model foulant (1 

g/L, pH7.5). Initially, the synthesized membranes were compacted at 0.2 MPa to achieve a 

stable flux, and then a pure water flux Qw(kg/m
2
h) was measured at 0.1 MPa for 1.5 h then 

it was replaced by the BSA solution.  Permeation of BSA was recorded as QF and 

concentrations of feed and permeates were evaluated using UV spectrophotometer by 

measuring the absorbance at 280 nm (Oh et al., 2009). 

Qw= M/(Axt)              (4.12) 
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where M is the permeate mass (kg), A is the membrane area (m
2
), and t is the 

permeation time (h). The rejection percentage (R) of BSA was calculated from equation 

4.13 

  R= (1- Bp/Bf) x100             (4.13) 

Bp and Bf (mg/ml) are the concentrations of BSA in permeate and feed, respectively. 

The fouled membranes were rinsed with water, and the water permeability was again 

measured as QWR. The regeneration test was carried out to analyze the recovery and self-

cleaning ability of membranes which was calculated using equation 4.14.  

FRR = QWR /Qwx100             (4.14) 

where QWR is the water flux after each cycle (kg/m
2
 h) and Qw is the initial pure 

water flux (kg/m
2
 h), FRR represent flux recovery ratio. The filtration experiment with 5 

mg/L HA at 0.2 MPa for 1.5 h was conducted to further evaluate the antifouling property of 

composite membrane, following the same procedure as described above by replacing BSA 

solution with HA solution. The water flux before and after contact with HA solution was 

measured, and flux decline was calculated in terms of relative fluxes. 

4.3 RESULTS AND DISCUSSION 

4.3.1 Physiochemical Properties of the Membrane 

4.3.1.1Atomic Force Microscopy (AFM) Analysis 

The AFM photomicrographs given in Figure 4.1 show the effect of TiO2 loading on the 

membrane surface roughness. In a 3D AFM image, the bright portion represents the highest 

peak on the membrane surface whereas the dark portion represents valleys. It is a well-
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known fact that smoother the membrane surfaces the lesser will be the fouling tendency 

(Meng et al., 2016). In case of membranes with a rough surface accumulation of foulants 

will occur within the “valleys” and such membranes will foul easily. Figure 4.1depicts that 

membrane PM1 (no TiO2), exhibits several large peaks and valleys, i.e., it has a very rough 

surface. The decrease in roughness parameter indirectly enhances the antifouling property 

of the polymeric membrane. AFM images clearly depicts disappearance of large valleys 

with increasing TiO2 loading thus tendency of membrane pore filling with foulants is 

reduced. This analysis elucidates that smoothness is more influential in controlling the 

membrane fouling by restricting the interaction between foulant and membrane 

surface/pores than membrane hydrophilicity. Also hydrophilicity was investigated using 

contact angle (Chapter 3, section 3.3.4) which did not provide a precise quantitative 

measurement, as it still lacks in explaining the relative changes of a membrane property by 

fouling. Roughness is defined in terms of three parameters- i) mean roughness (Ra) defined 

as average deviation of the z-values, which is half the average peak to valley depth, ii) root 

mean square roughness (Rq) which represents standard deviation of an entire z-values, and 

iii) average of height (Rz) expressed as the difference of largest positive and negative z-

values (Wang et al., 2014). 



Chapter 4: Antifouling Assessment- Quantitative and Qualitative  

 

123 

 

 

Figure 4.1: 3-D AFM image of different PVDF composite membranes. 

The values of these roughness parameters for different composite membranes are listed 

in Table 4.1, (AFM scanning area of 5 μm x 5 μm). The results indicate that surface 

roughness decreases with increase in the concentration of TiO2, but the membrane M4 with 

the highest loading exhibits higher roughness; this is likely to be due to the presence of 

aggregated particles (Zhao et al., 2013). Excessive addition of TiO2 particles in the matrix 

results in bumps formation hence increases the peak value. Similar results are also reported 

in the literature (Zinadini et al., 2014). 
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Table 4.1: Roughness parameter of PVDF and its composite membrane 

Sample Ra (nm) Rq(nm) Rz (nm) 

PM1 22.64 22.76 74.45 

PM2 18.16 23.68 61.94 

PM3 07.66 09.78 29.88 

PM4 14.41 17.03 43.88 

 

4.3.2 XDLVO Theory based Analysis of Fouling Behaviour 

A better understanding of the fouling mechanism of the membranes can be obtained by 

estimating the physicochemical interactions between the foulant and composite membrane. 

The surface tension parameters of membranes were calculated using the Young-Dupré 

equation by using the measured contact angles of 3 different probe liquids with known 

parameters (Tables 4.2, 4.3 and 4.4). The results show that the  value of electron donor 

component (𝛾-
) is always greater than that for the electron acceptor component (𝛾+

) 

indicating that all the membranes exhibit high electron donor mono-polarity that varies 

from 1.522 to 2.804 mJ m
-2

. The results are consistent with the reported values (He et al., 

2018). It was also found that membrane PM4 is having the highest values of (𝛾+
) and (𝛾AB

) 

compared to other membranes indicating high polar properties.  

The high values of electron donor components (γ
−
) for TiO2 modified PVDF 

membranes indicate mono-polar hydrophilic surface due to the presence of hydrophilic 

TiO2 nanoparticles. 
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Table 4.2: Contact angle value of 3 different probe liquids 

Contact Angle Ultrapure water Diiodometane Glycerol 

PM1 86.7 62.8 70.1 

PM2 78.2 57.9 63.8 

PM3 72.6 53.6 59.2 

PM4 74.8 55.1 61.7 

 

Table 4.3: Surface tension values (mJ m
-2

) of 3 probe liquids 

Probe liquid 

 

𝜸LW
 𝜸+

 𝜸-
 𝜸AB

 𝜸TOT
 

Ultrapure water 

 

22.1 25.5 25.5 50.7 72.8 

Diiodometane 

 

50.8 0 0 0 50.8 

Glycerol 

 

34 3.92 57.4 30 64 

 

The increase in γ
TOT

 with increasing TiO2 loading in membranes means strong 

interfacial molecular affinity between the membrane and water molecules. A tightly bound 

formation of the steric-entropic barrier will restrain the interaction between the membrane 

surface and foulant hence delays the fouling (Rincon and Pulgarin 2003). 

The individual surface free energy AB and LW parameters were calculated using 

equations (4.5) and (4.6). The sum of these two energy components for any given material 

gives the free energy of cohesion (∆G
TOT

). It provides a quantitative perception regarding 

the hydrophilicity and hydrophobicity. The thermodynamic theory suggests that adhesion 

or attraction between two materials occurs when ΔG
TOT

 is negative. Higher the negative 

value stronger is the hydrophobicity, intense is the attraction between membrane and 

foulant, hence more severe will be the membrane fouling. 
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Table 4.4: The surface tension and surface free energy of membranes 

Sample 𝜸 LW
 𝜸+

 𝜸 -
 𝜸AB

 𝜸TOT
 ∆Gho

LW
 ∆Gho

AB
 ∆G

TOT
 

PM1 5.199 1.268 1.522 3.859 9.058 -10.548 -50.718 -61.267 

PM2 5.464 1.280 2.328 5.959 11.423 -10.298 -42.906 -53.204 

PM3 5.685 1.280 2.804 7.178 12.863 -10.094 -38.328 -48.422 

PM4 5.609 1.649 2.231 7.358 12.967 -10.163 -41.963 -52.126 

 

It is also observed that ∆G
TOT

 is more negative for pure PVDF membrane, 

indicating it to be more hydrophobic and hence a stronger attraction between the membrane 

and the foulant(Rincon and Pulgarin 2003).The value increases on increasing the TiO2 

loading, and is significant for membrane PM3, indicating a less force of attraction between 

the foulant (BSA) and the membrane. Further increase in TiO2 loading increases the 

agglomeration of the particles, resulting in a reduction in the free energy of cohesion for 

PVDF/TiO2 membranes. These values were further used to calculate the individual 

interaction energy parameters based on which total interaction energy Umlc
XDLVO

 was 

evaluated. The plots of interaction energy as a function of separation distance are shown in 

Figure 4.2. The figure exhibits   the effect of interaction energy on membrane fouling. It is 

seen that as the separation distance increases the interaction energy gradually approaches 

zero. The figure also predicts that the foulant needs to overcome the repulsive force to get 

attached to the membrane surface. The higher the repulsive barrier, the harder it will be for 

the foulant to get attached (Wang et al., 2014). For the membranes used in this work the 

energy barrier follows the order PM3>PM4>PM2>PM1. As a result deposition or blocking 

of membrane surface for M3 is minimal. Thus it is seen that improving the membrane 

hydrophilicity by adding TiO2 will diminish the membrane fouling. 
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Figure 4.2: Variation of interaction energy between membrane and BSA 

These results provide a quantitative picture of the interfacial interactions between 

foulants and membrane based on XDLVO theory. From the contact angle values and the 

results of XDLVO theory, it can be said that fouling of membrane can be mitigated by 

strengthening the interface polarity and hydrophilicity 

4.3.3Antibacterial Property 

4.3.3.a Halo Zone Test 

The Halo zone tests were used to qualitatively investigate the antibacterial property of 

pure PVDF and TiO2 incorporated membranes against gram-negative bacteria (E.coli) after 

24 h of incubation at 37 °C. Figure 4.3 shows the strength of the inhibition zone, an area 

around the membrane piece without any growth of bacteria after 24 h. These figures depict 
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that the pristine PVDF (PM1) being hydrophobic does not exhibit inhibition zone hence has 

no antibacterial activity. All membranes with TiO2 exhibit inhibition zone formation, but 

the zones for PM3 and PM4 membranes are more prominent. Thus it can be said that the 

inherent antibacterial property of TiO2 protects the membrane from fouling by not allowing 

bacteria to grow in the nearby region. 

 

Figure 4.3: Inhibition zone formation for different PVDF composites membrane 

4.3.3.b Bacterial Growth 

The Gram-negative (E.coli) bacteria were used to test the antimicrobial activity of 

pristine PVDF and PVDF/TiO2 membranes. The OD600 values during and after 24 h 

incubation are shown in Figure 4.4. These figures indicate that membranes PM3 and PM4 

exhibit significant inhibition capacity towards E. coli strains. 
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Figure 4.4: The OD600 plot for PM1(control, no TiO2), PM2, PM3, and PM4 incubated 

for 24h. 

The viability of bacteria on the pure and composite membrane surface before and 

after incubation for 24 h was determined by HRSEM. Figure 4.5 depicts the adhesion and 

growth of E. coli on the pure PVDF and composite membranes. It is clear that the surface 

of membrane PM1 is covered with a large number of bacteria while that of membrane PM3 

with the least number. It can be attributed to the disruption of the cell wall due to the 

presence of nanoparticles (Caballero et al., 2009). These results are consistent with the 

results of AFM and contact angle values since membrane PM1 having a high value of 

roughness and being hydrophobic is more susceptible to fouling compared to the membrane 

PM3with the lowest roughness value as shown in AFM result in Figure 4.1 and the 

hydrophilic characteristics. The HRSEM images exhibiting the growth behaviour of 

bacteria are shown in Figure 4.5 and it is observed that the trend for the growth of bacteria 

over the membrane surface is similar to that observed for the biocidal activities obtained 

from OD600 measurements. 
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Figure 4.5: HRSEM images of PVDF-TiO2membranes before and after bacterial 

growth. 

The cell proliferation of E.coli was studied for the exponential growth phase for 3–

24 h to see the inhibition by nanocomposite membrane. The results reveal that specific 

growth rate (μ) of E. coli is very high in the presence of pristine PVDF but decreases 

dramatically with increase in TiO2 loading. The increase in the doubling time τd (Figure 

4.6) was also observed. The optimal growth inhibition is not observed for the highest TiO2 
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loading (PM4 membrane), due to agglomeration of particle leading to the availability of 

less active sites for E.coli cells to get killed. 

 

Figure 4.6: Antibacterial activity of different composite membranes 

At low concentrations, TiO2 does not cover the entire membrane surface as a result; 

some bacteria grow. The membrane PM3 results in intimate contact between TiO2 particles 

and the bacteria affecting the bacterial cell wall and in turn leading to enhancement in the 

antibacterial effect (Rahimpour et al., 2011). Anti-bacterial activity is reduced for 

membrane PM4. At higher concentrations, due to particles agglomeration, the surface is not 

completely covered with TiO2 nanoparticles leaving space for the bacteria to grow (Dutta et 

al., 2015). The present results confirm that TiO2 exhibits anti-bactericidal activity, and the 

results consistent with those of Rahimpour et al. (2011). Further, aggregation of TiO2 NPs 

results in the loss of available surface area causing reduction in anti-fouling ability. 
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4.3.4 Permeate Flux 

4.3.4.a   Performance against BSA 

A qualitative evaluation of the antifouling property of membranes was carried out 

by measuring the water flux using BSA as the model foulant. The water flux values before 

and after BSA filtration are shown in Figure 4.7a. An improvement in flux with an increase 

in TiO2 loading from 0 to 3 wt% is observed. This enhancement is due to the hydrophilic 

nature of TiO2. For membrane PM4, flux has declined due to agglomeration of TiO2 

particles (Dutta et al., 2015). Through the second cycle of runs it is observed that the 

decline in the pure water flux is the highest for pristine PVDF membrane compared to 

composite membranes. The same trend was observed in the third and fourth cycle with a 

small change in FRR suggesting the stability performance of the nanocomposite membrane. 

These results are in agreement with the results obtained from the XDLVO theory, where 

the energy barrier follows the order PM3>PM4>PM2>PM1.This confirmed that the 

deposition or blocking of membrane surface for PM3 is minimal. The flux recovery ratio 

(FRR) of composite membranes is shown in Figure 4.7b. The graph represents the increase 

in values of FRR for modified membrane indicating better reuse, antifouling and cleaning 

property of the composite membrane. 

The rejection% for various membranes is shown in Figure 4.7c. This trend is 

expected because a higher flux recovery ratio means less fouling of the membrane surface. 

Increase in nanoparticle loading reduces the roughness hence the foulant will not be able to 

accumulate on to membrane surface rather it will be rejected easily resulting in a high flux. 
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4.3.4.b Performance against HA 

To further, examine the antifouling property of nanocomposite membranes 

ultrafiltration experiments with HA solution were conducted. The variation of relative flux 

with time is shown in Figure 4.7 d. The figure depicts a decrease in the fouling tendency of 

PVDF/TiO2 membrane compared to pure PVDF. A maximum resistance against fouling 

was observed for PM3 membrane having the lowest contact angle and least roughness as 

shown in Table 4.2 and Figure 4.1, respectively.  The probability of adsorption decreases 

on the membrane surface with the addition of TiO2 nanoparticles is a consequence of 

increasing membrane hydrophilicity. Adsorption of foulant is considered as the first step 

causing membrane fouling, and it is dependent on the physicochemical properties of both 

the membranes and foulants (Xin et al., 2014). It is a well-known fact that hydrophobic 

surfaces have a higher tendency of fouling, as a result, adsorption occurs relatively quickly 

for hydrophobic than hydrophilic surfaces (Arsuaga et al., 2010). The addition of TiO2 

nanoparticles decreased the roughness, hydrophobicity which further mitigated the fouling. 

Thus it becomes significantly important to fabricate membrane with less roughness and 

improved hydrophilicity to enhance the performance as well as antifouling ability. Hence 

the results of BSA and HA filtration concludes that TiO2 incorporated PVDF membranes 

possess better antifouling characteristic compared to the pristine PVDF with the best result 

obtained for PM3 membrane in both the cases.  
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Figure 4.7: (a) Water flux value for different composite membranes before and after 

filtration of BSA bearing water (b) FRR and (c) % BSA rejection for different 

PVDF/TiO2 composite membrane (d) Flux ratio during filtration of HA solution. 

Hence it can now be concluded that TiO2 immobilized PVDF membranes exhibit 

good rejection and show the potential for water flux recovery A comparison of the relative 

percentage of, water flux, flux recovery ratio and contact angle for inorganic nanomaterial-

PVDF hybrid membranes available in the open literature and PVDF/TiO2 membranes 

developed in this work is presented in Table 4.5. It is seen that PVDF/TiO2 membrane has 

better characteristics compared to other PVDF composite membranes. Further, compared to 

other membranes reported in literature the cost of PVDF/TiO2 membranes can be lower due 
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to no use of other additives such as (PVP or PES) and low cost of TiO2 compared to GO 

NPs indicating their better performance during treatment of wastewater. 

Table 4.5: Comparison of the performance of inorganic-polymer nanocomposite 

membranes prepared in this work and those reported in the literature 

Polymer Solvent Additive (wt%) NPs (wt%) Result Ref. 

PVDF NMP Thermoexfoliated 

Vermiculite 

Blended 

poly(ether 

sulfone) (PES) 

(5- 20 wt%) 

 

- CA*Approx 

85 to 52° 

Flux 330 to 

476.4 (L/m
2
h) 

FRR 83.77% 

after 3 cycle  

Orooji 

et al., 

2017 

PVDF DMAc 

(Dimethyl-

acetamide) 

PVP (0.01) 

(Polyvinyl-

pyrrolidone) 

 

Carbon nanotube 

(1 wt%) and 

Graphite oxide 

(1 wt%) 

CA Approx 65 

and  70° 

Flux 115 and 

160 (L/m
2
h) 

FRR 72.8% 

and 85.1% 

Zhang 

et al., 

2013 

PVDF DMAc PVP (0.01) Graphite oxide 

(0, 0.5, 1 and 2 

wt%) 

CA Approx 71 

to 60° 

Flux 78 to 

361.24 

(L/m
2
h) 

Xu et 

al., 

2014 

PVDF DMAc PVP (0.01) Graphite oxide 

(0, 0.5, 1 and 2 g 

L
-1

) 

CA 81 to 58° 

Flux 280 to 

467.8 (L/m
2
h) 

FRR- 42% to 

85.7% 

Wu et 

al., 

2014 

PES 

 

 

DMF (N,N-

dimethyl-

formamide) 

- TiO2 (0.45 wt%) Cleaning 

efficiency 17 

to 71% 

(approx) 

Li et 

al., 

2016 
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FRR 82% 

PVDF DMAc PVP Ag‐TiO2‐APTES 

(0 to 0.5g) 

 

CA 81.8 to 

61.4° 

Rejection % 

(MB*) 

43.7 to 94.4 

Peng 

et al., 

2017 

PVDF DMAc PVP TiO2 (0 to 5 

wt%) 

 

Flux 155 to 

266 (L/m
2
h) 

Rejection % 

(BSA)-85 to 

95  

Cao et 

al., 

2006 

PVDF NMP - TiO2 (0 to 

3wt%) 

CA 85.4 to 

70.2° 

Flux 158 to 

350 (Kg/m
2
h) 

FRR- 57% to 

95% 

This 

work 

*CA= Contact Angle, MB= Methylene Blue 

4.4 CONCLUSIONS 

The incorporation of TiO2 has enhanced the hydrophilicity, reduced the surface 

roughness and improved the repulsive interaction energy barrier between the foulant and 

the membrane, thus resulting in a better antifouling ability of the membrane surface.  At 

higher loadings, aggregation of TiO2 particles has resulted in increased surface roughness 

due to the formation of bumps leading to the reduction in the repulsive interaction and 

decrease in the antifouling characteristics. The composite membrane with optimal TiO2 

loading (PM3- 2 wt%) has shown an excellent flux recovery ratio (approx 95%) compared 

to other membranes when subjected to 4 cycles of use thus indicating that a membrane with 

the optimum TiO2 loading can withstand fouling without affecting the flux. This membrane 
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has exhibited the highest antifouling ability. Higher TiO2 loading has resulted in a 

reduction in active surface sites available for the killing of bacteria. 
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CHAPTER 5 

SYNTHESIS OF PVDF/TiO2 MEMBRANES AND THEIR ANTIFOULING 

BEHAVIOUR DURING ULTRAFILTRATION 

In this chapter the synthesized PVDF/TiO2 nanocomposite via phase inversion route 

were characterized by permeation tests using Bovine Serum Albumin (BSA) as a model 

foulant. The BSA filtration experiments have revealed that membrane with 2 wt% of TiO2 

(PM3) exhibits excellent permeation flux, high rejection ratio, and shows good antifouling 

performance. The adsorption capacity of bovine serum albumin on the membrane surface 

decreased from 2.85 to 2.15 mg cm
−2

 as the TiO2 loading increased from 0 to 3 wt% with 

respect to polymer. Fouling has been found due to cake formation in Ultrafiltration and can 

be explained by the Hermia’s fouling model suggesting that the solutes are not deposited 

into the pores which interpret that the fouling process is physically reversible. 

5.1 INTRODUCTION 

Due to non-toxic nature, reasonably high chemical resistance, and relatively low cost, 

polyvinylidene fluoride (PVDF) is one of the widely used polymers for making membranes 

for ultrafiltration (UF). However, high hydrophobicity restricts its application and fouling 

reduces its performance. Fouling of MF and UF membranes due to proteins has been 

ascribed to adsorption and deposition of proteins on the surface of  membranes and within 

their pores (Marshall et al., 1993).   Membrane fouling of UF membranes strongly affects 

the economic and technological viability of the separation process (Salahi et al., 2010). The 

fouling is normally classified as reversible fouling which can be easily reversed by physical 

methods and irreversible fouling which requires special pre-treatment techniques for its 

elimination (Bhattacharya et al., 2001).Reversible fouling can be eliminated by physical 


