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ABSTRACT: A polyvinylidene fluoride (PVDF) ultrafiltration (UF) membrane was modified by dispersing titanium oxide (TiO2) par-

ticles in a PVDF solution. PVDF flat-sheet membranes were prepared by a phase inversion method. This study investigates the poten-

tial low-fouling properties of these composite membranes during filtration, in darkness or under UV irradiation, of pure water and

foulants representative of those found in membrane bioreactor processes: commercial bovine serum albumin (BSA) as a model pro-

tein and real soluble extracellular polymeric substances (EPS). The experimental results indicate that nanocomposite membrane has a

structure with longer and larger macrovoid than neat PVDF membranes resulting in higher water flux performances. These higher

flux performances were also due to an increase in surface hydrophilicity because of the presence of TiO2 particles. Moreover, such

membranes are less prone to adsorption by BSA and present self-cleaning ability under static irradiation. During filtration of BSA

and EPS without UV irradiation, nanocomposite membranes presented a little flux decline and reached stabilization more rapidly in

comparison with PVDF membranes. Moreover, simultaneous UV irradiation during ultrafiltration has a benefit effect only on nano-

composite membranes for which initial flux was increased. Hydrophilic properties of nanocomposite membranes lead to better reten-

tion performances of BSA and EPS, which are still improved under UV irradiation. Finally, nanocomposite membranes under UV

irradiation presented the best flux recovery ratio confirming their antifouling property. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci.

2015, 132, 41731.
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INTRODUCTION

Growing global demand for clean water and increasing stringent

environmental regulations make membrane filtration, that is the

technology of choice for many wastewater treatment applica-

tions. This is due to membrane benefits and special features

such as compactness, and the ease of fabrications, operation,

and module design.1 However, membrane fouling, which leads

to frequent cleaning of membranes causing momentarily stop-

ping in filtration and shortening membrane life, is still one of

the main challenges in any membrane process.2 Selection of an

appropriate membrane,3 optimization of operating conditions

and hydraulic and chemical cleaning,2,4 are all known to effec-

tively minimize or remove fouling. These techniques often

increase the total operational cost of the membranes as well as

shorten their life time. In addition to these techniques, surface

modification of membranes so as to make them less prone to

irreversible fouling has become a point of interest for both

researchers and industry.2,3,5,6 For example, surface modification

of polyvinylidene fluoride (PVDF) membranes by incorporation

of inorganic nanoparticles to make nanocomposite membranes

has been proposed as an effective method to improve membranes

hydrophilicity and antifouling properties.3,7 Indeed, among vari-

ous polymeric membrane materials suitable for wastewater treat-

ment, PVDF has drawn much attention due to its outstanding

mechanical and physicochemical properties besides good thermal

and chemical resistance to acid and basis cleaning.8 However, cur-

rent applications suffer from low fouling resistance of PVDF

membranes due to their intrinsic hydrophobic properties.8,9

Among different nanoparticles, titanium dioxide (TiO2) has

received much attention because of its stability, availability, and

promise for water treatment applications due to its potential anti-

fouling abilities10–12 and photocatalytic property.9,13–15

VC 2014 Wiley Periodicals, Inc.
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The incorporation of widely available commercial TiO2 powders

into polymeric membranes is thus one of the strategies to

improve antifouling performance of the membranes. There are

two main approaches for the fabrication of TiO2 nanocomposite

membranes: (1) blending the nanoparticles into the membrane

and (2) depositing the nanoparticles onto the surface of the

membrane. Compare to coating approach, blending has some

advantages, such as simplicity, because the particles are added

to the membrane casting solution directly. Moreover, nanopar-

ticles entrapped in the membrane matrix are less prone to

release in which limitation is an important challenge in the field

of composite polymeric/nanoparticles membranes.

Many studies have investigated improvements of PVDF mem-

brane performances by TiO2 blending.9,16–21 Damodar et al.

prepared modified PVDF membranes by adding different

amounts of TiO2 particles into the casting solution and investi-

gated their antibacterial, photocatalytic, and antifouling proper-

ties.16 Results showed that TiO2 addition significantly affected

the pore size and hydrophilicity of the membrane and thus

improved the flux and permeability of the modified PVDF/TiO2

membrane. TiO2-doped PVDF membrane also showed better

bactericidal and antifouling abilities under UV light exposure

compared with the neat PVDF membrane.

Song et al.9 evaluated photocatalytic properties of TiO2-doped

PVDF membranes and showed that membrane fouled with nat-

ural organic matter could be cleaned within 30 min under irra-

diation due the TiO2/PVDF good self-cleaning ability and the

photocatalytic properties.

The antifouling ability of TiO2-entrapped PVDF membranes

under UV irradiation has been proved in many researches.

However, in most previous researches, the effect of separate UV

irradiation has been investigated, and there is little information

on the effect of continuous UV irradiation during filtration.

Moreover, few studies that investigated continuous irradiation

similar to Song et al.9 were not performed in fouling conditions

representative of those occurring in a MBR.

In this way, the objective of this study is to investigate the anti-

fouling properties of nanocomposite PVDF/TiO2 membranes

toward foulants encountered during filtration in MBR. In addi-

tion, influence of static and continuous UV irradiation on foul-

ing removal was evaluated. TiO2/PVDF composite membranes

were prepared via phase inversion method by adding TiO2

nanoparticles to the PVDF-casting solution. Antifouling proper-

ties of the composite membranes were evaluated via static pro-

tein adsorption test and UV-coupled ultrafiltration of BSA as

model protein and extracellular polymeric substances (EPS)

extracted from activated sludge of a pilot-scale membrane bio-

reactor (MBR), as the most significant biological factor respon-

sible for membrane fouling. Performances of nanocomposite

PVDF/TiO2 and neat membranes were systematically compared

so as to identify the benefic effect of TiO2.

MATERIAL AND METHODS

Experimental Materials

Polymer polyvinylidene fluoride (PVDF pellet, molecular

weight = 275,000 g.mol21) and solvent N,N–dimethylaceta-

mide (DMAc, assay> 99.5%) were obtained from Sigma

Aldrich. Pore-forming additive polyethylene glycol (PEG,

molecular weight = 200 g.mol21) was supplied by Merck (Ger-

many). TiO2 AeroxideVR P25 nanoparticles (about 85%

anatase-15% rutile, size of ca. 21 nm) and bovine serum albu-

min (BSA, molecular weight 67,000 g.mol21, assay> 98M)

were also purchased from Sigma Aldrich. EPS was extracted

from pilot-scale MBR-activated sludge of which was provided

from a municipal wastewater treatment plant of Montpellier,

France. Deionized (DI) water was obtained from Milli-Q sys-

tem (Millipore Corp.) and used throughout the experiments.

BSA size22 is up to 15 nm, while soluble EPS, extracted from

MBR for these experiments, show two size distributions, one

around 75 nm and the other around 750 nm (as shown in Fig-

ure 1). Size distribution curve of soluble EPS was obtained by

Nanophox particle size analyzer (Sympatec, Germany).

Membrane Preparation

Nanocomposite membranes (T20) were prepared via

nonsolvent-induced phase separation (NIPS) wet process.

Casting solution was prepared by dissolving 5 wt. % PEG in

8.5 ml dimethylacetamide (DMAc) solvent, followed by the

addition of 20 wt. % PVDF pellets. TiO2 nanoparticle con-

tent corresponding to TiO2/PVDF ratio of 20 wt. % was

added to the above-mentioned casting solution. To avoid

agglomeration and to obtain a well distribution of TiO2

nanoparticles, casting solution was put in ultrasonic bath at

20�C for 20 min and then magnetically stirred for 24 h at

50�C and 100 rpm speed.

Casting solution was casted onto a glass plate covered with Tef-

lon support (Approflon, France) using an automatic coater (K

coater Erichsen, France) with a casting knife adjusted to 250

lm thickness and a casting speed of 4.66 cm/s and then imme-

diately immersed into a distilled water bath at room tempera-

ture. After 3 hrs, prepared membranes were peeled off from the

Teflon support and washed thoroughly with deionized water to

remove residual solvent. Membranes were then kept in water

before testing. Neat PVDF membranes, called T0, were prepared

by the same protocol without TiO2 nanoparticles.

Membrane Characterization

SEM and EDX Analysis. Morphology of prepared membranes

was characterized by field emission scanning electron micro-

scope (FESEM, Hitachi, S-4800, Japan). Membranes were cry-

ogenically fractured in liquid nitrogen to obtain cross

sections. Both surface and cross section of the membrane sam-

ples were sputter-coated with thin film of platinum to make

them conductive. Existence of TiO2 and its content on mem-

brane surface was examined by energy-dispersive X-ray spec-

troscopy (FESEMw/EDS, Hitachi, S-4500, Japan).

Contact Angle Measurement. Contact angle (CA) measure-

ments between water and the dry membrane were carried out

with a contact angle meter (Automatic Contact Angle Meter,

Model CA-VP, Kyowa Interface Science Co., Ltd., Japan) and a
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microscope image processing software (Image J, NIH-freeware

version). Each sample was measured at least three times to

obtain the average value.

Tensile Strength and Mechanical Properties. Mechanical prop-

erties of the membranes were determined using a tensile testing

system (Zwick Roel, Germany), with a stretching rate of

10 mm/min at 20�C. Each sample was cut into 5 3 1 cm2, and

measurement was repeated for 5 times.

Permeability Test. Permeability tests were performed using

dead-end stirred cell (Model 8400, Amicon Corp.) connected to

an air-pressurized auxiliary 800-ml reservoir (Model RC800,

Amicon Corp.). Effective membrane surface was 4.18 3

1024m2. Membranes were first conditioned in the test cell with

Milli-Q water by gradually increasing the pressure up to 1.2 bar

for 1.5 h. Permeate flux at 1 bar and 20�Cand permeability of

membranes at 20�C were measured.

Static Protein Adsorption Experiments. Protein solution

(1 g/L) was prepared by dissolving bovine serum albumin

(BSA) in 0.1M phosphate buffer solution (PBS, pH 7.4). The

membrane samples were cut into 7.5-cm-diameter round

shape and soaked in PBS for 2 hrs. Then, they were suspended

in glass Petri dishes containing 50 ml protein solution and

were incubated in a thermostatic cabinet (AQUALYTIC, Ger-

many) at 25�C for 24 h to reach equilibrium while agitating

Figure 2. (a) Schematic description of the UV coupled dead-end UF system (b) Picture of the membrane cell with Plexiglas window suitable for direct

UV irradiation during filtration. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 1. Particle size distribution of EPS solution extracted from laboratory scale MBR. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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on a plate shaker at 240 rpm. The samples were frozen at

218�C on the day of collection and stored at this temperature

prior to analysis. The modified Lowry method23,24 was used to

measure the concentrations of BSA in the solution before and

after contacting with the membranes using a UV–Visible spec-

trophotometer (Shimadzu, UV2401PC). The calibration curve

was used to determine the mass of protein (mg) on the mem-

brane at 750 nm based on standard BSA solutions. A fresh

standard curve ranging from 5–100 mg/L BSA was prepared

with each measurement. The method quantification limit of

adsorbed protein has been determined at 0.1 lg/cm2.

The amount of protein adsorbed on the membrane was calcu-

lated by eq. (1). The data were averaged from two samples taken

from the same membrane.

Amount of protein adsorbed ¼ C02C

A
3100 (1)

where Co and C lg/ml are the concentration of BSA solution

before and after contacting with the membranes, respectively,

and A (cm2) is the membrane surface.

Following stabilized pure water fluxes were measured at 1 bar:

� before the adsorption test (Jw,0),

� immediately after 24 h of BSA adsorption test (Jw,ad),

� after 24 h of BSA adsorption test and a simple cleaning with

water (Jw,ad,clean),

� after 24 h of BSA adsorption test, a simple cleaning with

water and a UV irradiation of 30 min (Jw,ad,clean,UV).

Fouling Analysis of UV-coupled Ultrafiltration. UV coupled

dead-end UF experiment was conducted in a laboratory scale

filtration unit which is shown in Figure 2. A piece of Plexiglas

was embedded on the top of the membrane cell which provided

11.9 cm2 active surface for the membrane, and the membrane

surface was irradiated by a 9W UV lamp (Philips, the Nether-

lands) during filtration experiment. The peak wavelength of UV

lamp was 365 nm, and the intensity received by the membrane

when it is inside the filtration cell filled with water is about

3.1 6 0.3 mW/cm2. Four sets of filtration experiment using two

membranes (T0 and T20 with and without UV irradiation) for

two different feed solutions, namely BSA solution and EPS solu-

tion extracted from activated sludge were performed. A new

membrane sample was used for each filtration tests.

Bovine serum albumin solution (1 g/L) was prepared using 0.1M

phosphate buffered at pH 7.4 as solvent. After permeability tests

and determination of pure water flux Jw,0 (L m22 h21), BSA

solution was quickly replaced in the feed tank and the flux of

BSA solution was measured. The flux for protein solution JBSA (L

m22 h21) was measured at 1 bar for 1 h. Then, the fouled mem-

branes were cleaned with distilled water for 20 min after the BSA

Figure 3. Submerged membrane bioreactor schematic diagram. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table II. SMBR Operating Conditions

ParameterS Amount

MLSS 5000–6000 mg/L

SRT 30–50 day

HRT 10–14 h

Permeate flux (Lm22h21) 10–15

Input phenol concentration 1000 mg/L

Input COD concentration 2300–2500 mg/L

Table I. SMBR Feed Specification

Component Purity (%) Concentration (ppm)

C6H5OH 99 1000

K2HPO4 99 360

KH2PO4 99 280

NH4Cl 99.9 200

CaCl2.6H2O – 67

MgSO4.7H2O 98.5 248

FeSO4.7H2O 99.5 0.5
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filtration. The cleaning conducted by soaking the membrane in

distilled water for 20 min, and then, it was washed twice with

distilled water. Then, the water flux of the cleaned membranes

Jw,BSA (L m22 h21) was measured again. The BSA flux recovery

ratio (FRRBSA) will be estimated as follows:

FRRBSA %ð Þ ¼ Jw;BSA

Jw;0

� �
3100 (2)

Generally, higher FRRBSA indicates better antifouling property

of the membrane.

The BSA rejection ratio RBSA is calculated by the following equation:

RBSA %ð Þ ¼ 12
Cp;BSA

Cf ;BSA

� �
3100 (3)

where Cf,BSA and Cp,BSA represents protein concentrations in

feed and permeate solution, respectively. The protein concentra-

tion is determined according to modified Lowry method using

a UV-vis spectrophotometer.23,24

Extracellular polymeric substances (EPS), which are excreted

by bacteria and composed of a variety of organic substances,

are reported as a major controlling factor of membrane

Figure 4. SEM images and EDX of composite PVDF membranes: (a) Top surface (b) cross-section of (1) PVDF–PEG membrane and (2) PVDF–PEG–

TiO2 membrane. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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fouling in MBRs11,25 In this study, soluble EPS were extracted

from the mixed liquor in the MBR system of University of

Montpellier 2 laboratory according to the thermal treatment

method.11 Before extraction, the mixed liquor of activated

sludge was centrifuged at 4000 rpm for 5 min at 4�C in order

to remove bulk solution and also concentrate the sludge. After

discarding the supernatant, the remaining residue was resus-

pended in distilled water and centrifuged again at the same

speed and conditions twice. The mixed liquor was then subject

to the heat treatment (80�C, 0.5 h) and centrifuged again at

5000 rpm for 5 min at 4�C. The centrifuged supernatant is

EPS solution, which can be used as feed solution in filtration

test after dilution to 20 mg/L. The EPS solutions were stored

at 218�C before use. To quantitatively analyze the membrane

fouling performance, flux recovery ratio (FRR) and resistance

of membranes was calculated as follows:

FRREPS %ð Þ ¼ Jw;EPS

Jw0

� �
3100 (4)

Jw0 and Jw;EPS (L m22h21) are the pure water flux of membrane

before fouling and after cleaning, respectively.

The EPS rejection ratio REPS is calculated by the following equation:

REPS %ð Þ ¼ 12
Cf ;EPS

Cp;EPS

� �
3100 (5)

where Cp,EPS and Cf,EPS represents EPS concentrations in feed

and permeate solution, respectively.

The EPS concentrations were measured by TOC Analyzer (Shi-

madzu, Japan).

Fouling behavior can be demonstrated by estimation of mem-

brane resistance as shown below:26

� Membrane resistance: Rm (m21)

Rm ¼
TMP

l3Jw0

(6)

where TMP is transmembrane pressure (in this case, 1 bar) and

l is permeate viscosity (Pa s).

� Irreversible resistance: Rir (m21)

RirBSA ¼
TMP

l3Jw;BSA

2Rm (7)

RirEPS ¼
TMP

l3Jw; EPS

2Rm (8)

� Reversible resistance: Rr (m21)

RrBSA ¼
TMP

l3JBSA

2Rm2RirBSA (9)

RrEPS ¼
TMP

l3JEPS

2Rm2RirEPS (10)

Where JBSA and JEPS (L m22 h21) are the BSA and EPS filtra-

tion flux, respectively.

� Total resistance: Rt (m21)

Rt ¼ Rm1Rir1Rr (11)

MBR Experiments. The effect of TiO2 on the performance of

the PVDF membrane has been studied in a submerged mem-

brane bioreactor (SMBR) as shown in Figure 3. The TMP

increase was investigated at constant flux for effective membrane

area of 50 cm2. The SMBR feed specification and operating con-

ditions were illustrated in Tables I and II, respectively.

Chemical cleaning of the membrane was performed when the

transmembrane pressure (TMP) reached 0.4 bar, according to

the protocol reported by Nguyen et al. using 10mM SDS solu-

tion for 45 min.27 In this way, the fouled membranes were

backwashed by placing them upside down in the filtration cell

and applying 0.1 bar vacuum for 5 min. The backwashed mem-

branes were then soaked with gentle shaking in solutions of

10mM SDS solution at 24�C for 45 min. The pure water flux of

the chemically cleaned membranes was determined after rinsing

them thoroughly with distilled water.

RESULTS AND DISCUSSION

Membrane Characterization

Membrane Morphology. T20 nanocomposite PVDF/TiO2 mem-

brane and T0 neat PVDF membrane were first morphologically

characterized. Effect of the addition of TiO2 nanoparticles on

the membrane structure was observed by SEM. Cross sectional

and top surface of prepared membranes are shown in Figure 4.

Cross-sectional images in Figure 4 show that both prepared

membranes present a typical asymmetric structure consisting of

a thin, dense top layer and a porous sublayer divided into

finger-like macrovoids and a sponge-like structure as reported

in previous researches.8

Finger-like macrovoids for nanocomposite membrane T20 were

larger and longer with uniform shape from top to bottom while

they were smaller for the neat membrane T0.

Table III. Quantitative Results of EDX

Weight percent concentration (%)

Membrane F C O Ti

T0 53.7 43.8 2.5 0

T20 54.7 27.4 8.1 9.7

Table IV. Tensile Strength and Elongation at Break of T0 and T20

Membrane

Membrane
Tensile
strength (MPa) 6 SD

Elongation
at break (%) 6 SD

T0 2.49 6 0.35 46.58 6 5.82

T20 3.13 6 0.12 92.44 6 3.93
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In the sponge-like section of the nanocomposite membrane,

pores seem smaller in size but existed in large quantities which

could result in more porosity, whereas they were larger for the

neat membrane as shown in the magnified images of Figure 4.

By adding TiO2 to the dope solution, hydrophilic properties of

the nanoparticles induce higher water penetration and solvent

departure, during the phase separation process that favors for-

mation of larger finger-like macrovoids instead of the sponge-

like structure. Furthermore, interfacial stress between polymer

and nanoparticles causes the formation of pores as

consequences of shrinkage of polymer phase during demixing

process resulting in a more porous sponge-like structure. Fur-

thermore, the dense, skin layer thickness seems to decrease with

the addition of TiO2 as observed by Bian et al.28

Evidence of TiO2 in the Nanocomposite Membrane. The pres-

ence of TiO2 in the membrane was investigated by energy dis-

persion of X-ray analysis (EDX Point) which confirms the

existence of TiO2 both on the top surface and cross section of

the composite membrane. A peak observed around 4.5 keV

belongs to Ti and the peak around 0.7 keV belongs to Fluor

which comes from PVDF. Ti peaks can be observed in the spec-

trum of the nanocomposite membrane as shown in Figure 4.

EDX of the neat PVDF membrane is illustrated for comparison.

Quantitative results of EDX are presented in Table III. More-

over, Ti theoretical amount was estimated using the following

equation:

mTi ¼
MTi

MTiO2

3xTiO2
3mPVDF (12)

where mTi is the mass of Ti, MTi is the molar mass of Ti,

MTiO2
is the molar mass of TiO2, xTiO2

is the weight percentage

of TiO2 (20% in this case), and mPVDF is the mass of PVDF

(2 g in this case). Ti weight percentage in the membrane is then

calculated using eq. (13):

%wt Ti ¼ mTi

mTiO2
1mPVDF

(13)

Where mTiO2
. is the mass of TiO2 in the membrane.

Theoretical and experimental values were found to be very

close: 9.98 and 9.7%, respectively. This could indicate that TiO2

loss is limited during the elaboration process.

Membrane Hydrophilicity. Contact angle of the neat PVDF

membrane (81.2 6 0.3�) decreases with the addition of TiO2

(60.7 6 0.4�) implying that hydrophilicity and/or smoothness of

the membrane was improved by the incorporation of TiO2

nanoparticles. The contact angle of the composite membrane

decreased due to the presence of –OH functional groups of

TiO2.29

Mechanical Property. Mechanical property of neat PVDF mem-

brane (T0) and PVDF/TiO2 (T20) nanocomposite membrane

has been studied in terms of tensile strength and tensile elonga-

tion at break as shown in Table IV.

As shown in the table, the presence of TiO2 nanoparticles

enhanced the mechanical strength. As reported by Ong et al.,30

TiO2 is a suitable additive for the improvement of mechanical

property of PVDF membranes due to its excellent mechanical

properties, high surface area, and high aspect ratio. Indeed, the

higher viscosity of the casting suspension is another reason for

the more mechanical strength of the composite membranes.

Similar observations were reported by Yang et al31, and Zhou

et al.32 in the case of TiO2 polysulfone and PVDF composite

membranes, respectively.

Permeability Test. Permeability of TiO2 nanocomposite mem-

brane was about two times higher than that of the neat PVDF

membrane, 100.0 6 3.5 L.h21.m22.bar21 for the composite

membrane versus 50 6 1.5 L.h21.m22.bar21 for the neat mem-

brane. As discussed in previous sections, the presence of TiO2

in the membrane matrix results in more porous membranes

with larger finger-like macrovoids comparing to PVDF neat

Figure 5. Change in stabilized flux of the BSA adsorbed neat (T0) and nanocomposite (T20) membranes before and after BSA static adsorption. Bars

represent standard deviations.
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membrane, which enhanced membrane permeability. In addi-

tion, hydrophilicity and smoothness improvement due to TiO2

nanoparticules promote passage of pure water flux and thus

participates to the improvement of membrane permeability.

Fouling Analysis. Static protein adsorption. Membrane behav-

ior toward soluble foulant compounds has been investigated

using commercial BSA and static adsorption tests.33

After 24 h of contact between 1 g/L BSA solution and the man-

ufactured membrane, adsorbed amount of protein on the neat

PVDF membrane was about 539 lg/cm2 and 349 lg/cm2 on the

nanocomposite membrane. Thus, TiO2/PVDF membranes have

been found to have 35.3% lower protein adsorption, which can

be related to the increase in the membrane surface hydrophilic-

ity and the decrease in membrane roughness as previously

found with contact angle measurement.9 Lower affinity between

membrane surface and protein could explain this behavior. The

membrane permeability before and after static BSA adsorption

were measured. The results are shown in Figure 5.

The pure water flux declines after BSA adsorption for both

membrane but is more important for the neat PVDF mem-

brane; it confirms that more protein adsorption occurs on

PVDF membrane surface compared with nanocomposite mem-

brane. Simple water cleaning does not significantly improve

membrane flux recovery. A 30 min UV irradiation led to a full

recovery of the flux through nanocomposite membrane. UV

irradiation was performed after simple water cleaning, and the

membranes were soaked in a Petri dish filled with distilled

water and the surface of the membrane was UV irradiated for

30 min. The UV lamp was located on the edge of the Petri dish,

and the whole Petri dish and the lamp were covered by a box.

UV static irradiation has a benefic effect in both case but much

more pronounced for nanocomposite membrane. This result

was also observed by Damodar et al.16 It can be supposed that

UV irradiation could alternate BSA protein34 and thus adsorp-

tion affinity that enables the recovery of major part of the initial

flux of membrane. In addition, activation of photocatalytic and

superhydrophilic TiO2 properties under UV enable a gain in the

filtration performance.

Figure 6. Water and protein (BSA) filtration flux for neat (T0) and nano-

composite (T20) membrane with and without UV irradiation. Bars repre-

sent standard deviations.

Figure 7. Water and Extra Polymeric Substances (EPS) filtration flux for

neat (T0) and nanocomposite (T20) membrane with and without UV

irradiation. Bars represent standard deviations.

Figure 8. Normalized flux decline trend of neat (T0) and TiO2/PVDF

nanocomposite membranes during protein (BSA) ultra-filtration with and

without simultaneous UV irradiation.

Figure 9. Normalized flux decline trend of neat (T0) and TiO2/PVDF

nanocomposite membranes during EPS ultra-filtration with and without

simultaneous UV irradiation.
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The pure water flux (PWF) of nanocomposite membrane after

UV irradiation was higher than the initial PWF. This phenom-

enon can be explained based on the probable super-

hydrophilicity induced by TiO2 nanoparticles entrapped in the

PVDF membrane matrix as reported by Takeuchi et al.35

Fouling analysis of UV-coupled ultrafiltration. For these

experiments, same synthetic solution with commercial BSA was

used. In addition, real EPS solution was prepared as soluble

EPS have been found to be major responsible for fouling.9,36 To

further investigate the membranes fouling resistance, BSA and

EPS filtration was performed with and without UV irradiation.

Figures 6 and 7 present stabilized flux JBSA and JEPS, respectively.

Jw0 is the pure water flux after stabilization.

As shown in Figures 6 and 7, Jw0 corresponding to nanocompo-

site membrane was higher comparing to the neat PVDF mem-

brane due to hydrophilicity and porous structure improvement

with TiO2. Jw0 is much more improved under UV irradiation

for composite membrane because of activation of superhydro-

philicity properties as explained elsewhere.37,38 Consequently,

JEPS decline is less pronounced under UV than in darkness con-

ditions for nanocomposite membrane: 51% against 44% for

EPS. However, it is not significant for JBSA. This is confirmed

by Figures 8 and 9 which present normalized BSA and EPS fil-

trate flux ratio (J/J0) during the constant pressure (1 bar) filtra-

tion of BSA and EPS solution versus filtrate volume.

For T0 membrane, there is a sharp decrease in the permeate

flux until stabilized flux is reached around 4–6 (Lm22). Flux

stabilization is reached much more rapidly for nanocomposite

membrane T20. Moreover, stabilized flux is higher for nano-

composite membrane (Figures 8 and 9).

From these figures, it can be concluded that the nanocomposite

membrane presented better BSA and EPS filtration performance

under UV irradiation and the neat PVDF membrane exhibited

worse flux decline. The flux after 1 h of filtration of BSA and

EPS declined by 79.2% and 62.2%, respectively, on the neat

membrane, while these values are 23% and 27.1% on the nano-

composite membrane without UV irradiation. The flux decline

observed during the BSA filtration is due to the combined

effects of BSA adsorption on or within the membrane pores,

BSA deposition during filtration and BSA concentration polar-

ization.39 An increase in the membrane hydrophilicity as a

result of TiO2 entrapment and UV irradiation were beneficial

for preventing the fouling caused by both BSA and EPS.

After water cleaning, the fluxes Jw,BSA and Jw,EPS were obtained.

Flux recovery ratio (FRR) was calculated to assess the fouling

resistance of the membranes for both BSA and EPS filtration.

The results are shown in Table V and VI for BSA and EPS filtra-

tion, respectively. According to the obtained results, the flux

recovery ratio after water cleaning, following both BSA and EPS

filtration is much higher for nanocomposite membrane than for

the PVDF membrane. For example, FRRBSA is about 32% for

the T0 membrane, while it reaches 60% for the T20 membrane.

The higher FRR values confirm the better antifouling property

of the prepared nanocomposite membranes.

FRREPS and FRRBSA for the neat PVDF membrane were not sig-

nificantly improved by the UV irradiation. On the contrary, the

combined water/UV cleaning of composite membrane is much

more efficient (up to 97%–98%) than the sole water cleaning

(60%–71%).

It can be related both to the photodegradation of organic mat-

ter (BSA, EPS) by the TiO2/UV association and to the improve-

ment of water penetration through the membrane under UV

irradiation which improves membrane cleaning.

BSA and EPS rejection rate is higher for TiO2/PVDF membrane

than for PVDF membrane as shown in Tables V and VI. Con-

cerning nanocomposite membrane, BSA rejection rate was

88.2% compared to 67.3% for the neat PVDF membranes.

Nonetheless, as observed by Bian et al.,28 it seems that pore size

is not significantly modified by TiO2 addition. However, mem-

brane surface properties modification (hydrophilic and/or

smoothness) could explain the better rejection rate of BSA and

Table V. Change in Fouling Resistances, Flux Recovery Ratio and Rejection During BSA Filtration Coupled with Simultaneous UV Irradiation

Membranes Rejection (%) FRR % Rm 3ð 1012 m21) Rrev 3ð 1012m21) Rirrev 3ð 1012 m21) Rt 3ð 1012 m21)

T0 67.3 32.0 8.67 1.19 15.98 25.84

T0 1 UV 62.8 35.7 6.98 5.13 12.57 24.68

T20 88.2 60.2 4.13 2.40 2.73 9.26

T20 1 UV 85.6 96.9 3.32 3.81 0.11 7.24

Table VI. Change in Fouling Resistances, Flux Recovery Ratio and Rejection During EPS Filtration Coupled with Simultaneous UV Irradiation

Membranes Rejection (%) FRR % Rm 3ð 1012 m21) Rrev 3ð 1012 m21) Rirrev 3ð 1012 m21) Rt 3ð 1012 m21)

T0 63.6 49.1 6.89 3.75 7.14 17.78

T0 1 UV 64.7 54.7 7.09 2.36 5.86 15.31

T20 84.4 71.2 4.25 2.88 1.72 8.85

T20 1 UV 82.0 98.1 3.31 2.52 0.07 5.89
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EPS for T20 membrane (see section Membrane Hydrophilicity).

Indeed, using more hydrophilic membrane leads to higher per-

meate flux and thus higher rejection rates (passage of water

molecules is favored compared to organic matter molecules).

However, a possible photocatalytic degradation of foulant (BSA

and EPS) may also results in higher retention and was reported

by Nguyen et al.40 and Zhang et al.,41 too. They showed that

immobilized titanium dioxide in the matrix of membranes

under UV irradiation improves the antifouling property of the

membranes through photocatalytic degradation of the foulants

prior to reaching the membrane surface.

On the other hand, Teow et al.42 showed that variation in mem-

brane properties such as surface charge, using TiO2 nanopar-

ticles, affects the physic–chemical interactions of membrane and

its feed solution. They showed that the presence of TiO2 nano-

paticles increases net negative charge on the surface of PVDF/

TiO2 composite membranes. Based on Lin et al.36review article

and Salgin et al.,43 EPSs and BSA has negative charge at near

neutral pH. Hence, the electrostatic repulsion between such

folulants and TiO2 particles on the surface of the membranes

results in higher EPS and BSA retention. Therefore, it can be

concluded that higher retention caused by the surface charge

and hydrophilicity modification and a possible photocatalytic

degradation of foulant (BSA and EPS).

Resistances analysis (Table V) confirms that the reduction in

total resistance (Rt) of the composite TiO2/PVDF membrane is

effective under UV irradiation. Fouling resistance is due to

reversible (Rr) and irreversible (Rirr) protein adsorption.

Table VI shows that the irreversible resistance of composite

membrane can be successfully decreased by around 0.11 3 1012

m21 through coupled UV irradiation/filtration of BSA. In the

case of EPS filtration, the irreversible fouling resistance

(0:0731012 m21) was lower than the corresponding value for

BSA filtration and nanocomposite membrane under UV irradia-

tion showed relatively high fouling reduction up to about 99%

compared to neat PVDF membrane.

In order to investigate the effect of UV irradiation on TiO2/

PVDF membrane surface during the UV coupled ultrafiltration

experiments, the removal rates of BSA and EPS on the neat T0

and T20 nanocomposite membranes under UV irradiation dur-

ing 1 h of filtration time were measured and the results were

shown in Figures 10 and 11. The results showed that the

removal rates have no obvious change during entire 1 h UV

irradiation. Similar results were reported by Song et al.,9 to con-

firm stability of the PVDF/TiO2 membranes during a limited

period of time under UV irradiation. However, the effect of

long-term UV irradiation on the membranes surface has not

been investigated yet, and it is the subject of our future work.

As mentioned, the application of UV irradiation to investigate

fouling reduction effect of TiO2 nanocomposite polymeric

membranes have been the subject of some research activities as

summarized in Table VII. Performance of the membranes for

different proteins and EPS extracted from MBR activated sludge

have been also studied as shown in Table VII. The positive effect

of UV irradiation on the performance of TiO2 entrapped mem-

branes can obviously be observed. For example, Damodar

et al.16 reported a FRR of 98% for BSA filtration by 30 min UV

irradiation using a PVDF/TiO2 membrane. The EPS filtration

experiments without UV irradiation for a PSF membrane

were performed by Guoliang Zhang et al.11 and the results

showed about 18% improvement in FRR by addition of 3 wt.

% TiO2 to the PSF membrane matrix. Guojun Zhang et al.

also studied the static EPS adsorption (extracted from acti-

vated sludge) under six operational conditions using a neat

PVDF membrane without UV irradiation and compared the

FRRs.44 None of the above-mentioned researchers studied the

effect of UV irradiation on the TiO2/PVDF membranes in a

continuous manner during filtration of real EPS extracted

from MBR pilot application as performed in this study. As

can be observed in Table VII, the FRR values in similar stud-

ies hardly reach 90%, while by applying the materials and the

methods used in this study, the FRR of the membrane can be

improved about 20%.

MBR fouling. The result of TMP increase due to membrane

fouling in a submerged membrane reactor was illustrated in

Figure 12. As shown in the figure, the presence of TiO2 nano-

particles reduced the fouling potential of the membrane signifi-

cantly and improved the performance of PVDF membrane in

Figure 10. BSA removal on T0 and T20 membranes during UV coupled

ultrafiltration.

Figure 11. EPS removal on T0 and T20 membranes during UV coupled

ultrafiltration.
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SMBR system. During the period of study (20 days), the neat

PVDF (T0) membrane cleaned three times following TMP

increase due to membrane fouling, while the slope of TMP

increase for nanocomposite membrane (T20) was so slight that

it did not need cleaning. This observation is in consistence with

the results of BSA and EPS filtration (previous section) which

confirmed that lower cleaning frequency is required for TiO2/

PVDF nanocomposite membrane comparing the neat PVDF

membrane.

CONCLUSION

PVDF-TiO2 nanocomposite membranes with PEG as additive

was prepared via phase inversion by dispersing TiO2 nanopar-

ticles into the PVDF matrix. Different techniques such as SEM,

EDX, and contact angle measurement were applied to character-

ize the membranes. Moreover, flux performances and antifoul-

ing properties of the nanocomposite membrane toward BSA, as

a model protein, and EPS, as the most important biological fac-

tor responsible for MBR fouling, were evaluated in dead-end fil-

tration experiments with and without UV irradiation through a

Plexiglas window.

Prepared composite membranes have a typical asymmetric

structure with larger and longer macrovoids than for neat

PVDF membrane resulting in increased pure water permeability

also due to hydrophilicity and smoothness improvement from

TiO2 presence.

Static protein adsorption experiment confirms that nanocom-

posite membranes had remarkably reduced protein adsorption

capacity, probably because of a higher surface hydrophilicity.

UV static irradiation enables the full recovery of initial flux

of composite membranes which thus present self-cleaning

ability.

The effect of continuous UV irradiation during filtration of

pure water, BSA, and EPS solutions was investigated. It appears

that dynamic UV irradiation has an effect only on nanocompo-

site membranes for which initial flux is increased.

In comparison with neat PVDF membranes, composite mem-

branes reach flux stabilization very rapidly both in darkness and

UV conditions. Moreover, hydrophilic properties of these mem-

branes and photocatalytic degradation lead to better retention

performances of BSA and EPS which are still improved under

UV irradiation. Composite membranes under UV irradiation

presented the best flux recovery ratio confirming the antifouling

property of such membranes when filtration is combined with

UV irradiation at 365nm. Finally, the results of MBR-fouling

experiments showed that lower cleaning frequency is required

for TiO2/PVDF nanocomposite membrane comparing the neat

PVDF membrane. Hence, it can be concluded that Immobiliza-

tion of TiO2 nanoparticles in organic membranes is thus a sim-

ple and powerful method for fouling mitigation in MBR

application.
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