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a b s t r a c t
In this study, composite ultrafilter membranes were prepared by coating Polyvinylidene fluoride 
[PVDF; molecular weight cut off (MWCO) values of 30 and 100 kDa] with inorganic titanium dioxide 
(TiO2) nanoparticles. Hydrophilicity, flux, and rejection performance of the pristine and modified 
membranes using 1 g/L bovine serum albumin (BSA) under different pH conditions were compared. 
Reversible and irreversible filtration resistances were calculated and compared using a resistance-in-
series model. Regeneration of the fouled modified membrane using ultraviolet (UV) light was also 
studied. Modified PVDF membrane is found to be very hydrophilic due to the TiO2 layer, and in the 
case of 30 kDa membranes, it exhibits higher filtration resistances. As pH increases, the irreversible 
resistance decreases and is smaller than the reversible resistance due to strong repulsion forces between 
the BSA-BSA molecules and the BSA-membrane surface. Due to differences in membrane MWCO, the 
higher rejection was found with the 30 kDa membranes. The surprising result was that the modified 
TiO2 layer decreased BSA rejection with enhanced filtration resistance, This could be explained by the 
presence of TiO2, which prevents the formation of a gel layer, and/or the nanoparticles may change the 
protein structure, allowing for permeation. TiO2-coated PVDF membranes revealed better antifouling 
properties and cleaning of membranes by exposure to UV light resulted in the recovery of original 
flux after 3 h (30 kDa) and 2 h (100 kDa), respectively. Although this work could not provide good 
separation of proteins via the modified membranes, these results reveal the necessity of further 
investigation into the interactions between proteins and nanoparticles.

Keywords:  Fouling; Filtration resistances; BSA; Heterogeneous photocatalysis; Nanoparticles; 
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1. Introduction

The dairy industry is one of the most polluting among 
the food industries with the most substantial volume of 
effluent generated, and the highest pollution load [1]. Dairy 
industrial wastewater contains high concentrations of organic 
matter and nutrients, which are mainly a combination of 
carbohydrates, proteins and fats originating from milk, and 

also residual cleaning agents [2]. Due to the high pollution 
load of dairy wastewater, discharging untreated/partially 
treated wastewater harms aquatic and terrestrial ecosystems 
and results in serious environmental problems. Such 
problems raise the concern that dairy wastewater needs to 
be efficiently treated before its discharge to meet ecological 
discharge standards [3].

In membrane technology, filtration using polymeric 
membranes has attracted attention due to the ease of 
operation and integration with other processes, reliable 



393E. Jigar et al. / Desalination and Water Treatment 192 (2020) 392–399

contaminant removal without the production of any harm-
ful by-products and cost efficiency compared to other inor-
ganic membranes [4]. However, membrane fouling limits the 
practical application of these techniques [5].

Polyvinylidene fluoride (PVDF) is a widely used organic 
polymer with excellent thermal stability, mechanical strength 
and chemical resistance to aggressive reagents like organic 
solvents, acids, and bases [6]. Due to the hydrophobic nature 
of PVDF, it has a high fouling tendency when exposed to pro-
tein-containing solutions.

A catalytic membrane reactor (CMR) is a composite unit 
in which membranes and catalysts are joined together. In 
the established scientific literature, there are four kinds of 
CMRs in use for wastewater treatment. These are (1) pho-
to-catalytic membrane reactors (PMRs), which are employed 
by integrating advanced oxidation processes (AOPs) like 
photocatalysis with membrane technology [7], (2) enzy-
matic membrane reactors (EMRs), which are a coupling of 
a membrane separation process with an enzymatic reaction. 
[8], (3) electro-catalysts, which integrate electrocatalytic 
reactions and the process of membrane separation into one 
processing stage [9], and (4) Fenton-based chemical reactors 
[10]. The reactors mentioned above help improve chem-
ical oxidation of organic pollutants [11] and antimicrobial 
action [12].

Among the above membrane reactors, the PMRs are 
promising for the treatment of contaminants due to the 
potential use of suitable light irradiation to degrade com-
pounds in wastewater into less or non-toxic minerals, such 
carbon dioxide, ammonia, and water [13].

PMRs can be classified into three types depending on 
the techniques used to incorporate photocatalytic materi-
als into the membrane. These are (1) photocatalyst-coated 
membranes, (2) photocatalyst-blended membranes, and (3) 
self-photocatalytic membranes [14]

Firstly, photocatalyst-coated membranes can be synthe-
sized using various techniques, including dip-coating [15], 
electrospinning [16], electrospraying [17,16], phase inversion 
[18–20], advanced atomic layer deposition (ALD) [21], and 
physical deposition [22].

The sol-gel process of dip-coating uniformly coats the 
surface of the membrane with the nanomaterial. However, 
the process includes complicated steps such as drying, binder 
mixing, coating, and calculations. Moreover, high-tempera-
ture calcination cannot be applied to less heat-resistant sup-
port materials [15].

Electrospinning is an effective and straightforward 
method to prepare membranes that have a homogeneous dis-
tribution of pores and excellent interconnectivity. However, 
the lack of upscaling for massive production is the main 
drawback in the use of this method at a commercial scale 
[16]. This kind of membrane can also be developed through 
physical blending [19] and the non-solvent induced phase 
separation wet-process [23,24].

Electrospraying, also known as electrohydrodynamic 
atomization, is a method that allows uniform deposition and 
provides benefits of high deposition efficiency, easy control 
of film thickness, and low cost [17].

The phase inversion method is a separating process in 
which a uniform solution of polymer and nanoscale enti-
ties is converted into a solid phase in a controlled way. It is 

usually used to prepare asymmetric polymer nanocompos-
ite membranes (PNCMs) with a thin, dense layer. The crit-
ical parameters for membrane preparation are the choice 
of the polymer solution, solvent, non-solvent, film casting 
conditions, and coagulation bath composition [23]. However, 
the benefit of substantial morphological differences can be 
obtained from this method by changing the parameters.

ALD is one of the physical deposition methods used to 
develop photocatalytic membranes. Film thickness is easily 
controlled and coatings can be added using a low tempera-
ture with this technique [21].

Physical deposition is a process by which the photocata-
lyst is suspended in propanol using ultrasonication. The sus-
pension is then filtered through a membrane in a dead-end 
cell and let air dry at room temperature [22].

Secondly, membranes developed by blending photocata-
lysts with membrane material offer no leaching of the photo-
catalyst but suffer from a marginal increase in hydrophilicity 
and less reproducibility.

Thirdly, unlike coated or blended membranes, self-cata-
lytic membranes do not require any immobilization step and 
are produced by electrochemical anodization to provide high 
anatase crystallinity, hydrophilicity, surface area, and nano-
tubular morphology to create increased photocatalytic effi-
ciency [14].

Photocatalyst-coated membranes have several advan-
tages over the others, as they have higher hydrophilicity, 
improved anti-fouling properties and help protect ultraviolet 
(UV) sensitive membranes. Among the techniques used to 
develop photocatalyst-coated membranes, physical deposi-
tion has gained much importance due to its simplicity and 
reproducibility [25].

Photocatalysis uses light irradiation to activate semicon-
ductor metal oxides, such as titanium dioxide (TiO2) [22,26], 
zinc oxide (ZnO) [27], graphene oxide [28], zirconium oxide 
(ZrO2) [26,29], aluminum oxide (Al2O3) [30], silicate (SiO2)[31], 
and tungsten trioxide (WO3) [32]. Amongst the mentioned 
photocatalysts, anatase TiO2 has many advantages over other 
AOPs and is most widely used due to its availability, high pho-
tocatalytic activity, chemical inertness, mechanical strength, 
non-toxicity, hydrophilicity, photostability, and low cost [33,34].

Several studies revealed differing TiO2-PVDF composite 
membrane performance depending on the synthesis of the 
composite membrane, the concentration of TiO2, and waste 
water characteristics. For example, the deposition of TiO2 
enhanced the hydrophilicity and fouling resistance of PVDF 
membranes by 120 ALD. A study also showed a pore size 
reduction which explained the improvement in bovine serum 
albumin (BSA) rejection [21]. A wide range of concentrations 
(0–30% wt.TiO2/PVDF) were also used to prepare TiO2-PVDF 
composite membranes with the phase inversion method. For 
low concentrations, no improvement in membrane properties 
was observed. For intermediate TiO2 concentrations, permea-
bility, and flux performances increased with increasing TiO2 
content. An optimum value was obtained around 25%wt. 
Beyond this concentration, TiO2 agglomeration inside some 
pores of the membrane may induce a decrease in membrane 
permeability, but it remained higher than that of the neat 
PVDF membrane [23].

Another example is an improvement in hydrophilicity 
and porosity of TiO2-PVDF mixed matrix membranes, which 
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resulted in improved water flux and a reduction in BSA rejec-
tion [35]. All of the above studies did not indicate that the 
effect of TiO2 on model dairy wastewater filtration parame-
ters was a function of pH.

Hence, this study aimed to create a composite PVDF/TiO2 
membrane prepared by physical deposition and to examine 
the effect of TiO2 on filtration of BSA model solutions to 
gain more information about the behavior of protein fouling 
during membrane filtration of dairy wastewaters. Filtration 
characteristics were investigated over a wide range of pH 
with different MWCO membranes. Moreover, the flux recov-
ery of the modified membranes was investigated under UV 
irradiation.

2. Experimental design

In our study, pristine and modified PVDF ultrafilter (UF) 
membranes (JW PVDF 30kDa GE Osmonics) and Kynar 
400 PVDF 100 kDa molecular weight cut off (MWCO) values 

were purchased from New Logic Research Inc., USA. As 
shown in Fig. 1, the membranes were modified using the 
physical deposition method [22], in which 0.04 g commer-
cial TiO2 Aeroxide P25 was suspended in 100 ml of i-propa-
nol using ultrasonication, then the suspension was filtered 
through a membrane in a dead-end cell at 0.3 MPa and let air 
dry for 1 h at room temperature.

The membrane filtration experiments using 1 g/L BSA 
[36] were carried out at a pH of 4.7, 6.2, and 8. Buffer solutions 
were prepared from 0.1 M disodium phosphate (Na2HPO4) 
and 0.1 M sodium dihydrogen phosphate (NaH2PO4). The 
chemicals were analytical grade and purchased from VWR 
International (VWR International, Hungary). BSA concentra-
tion of 1 g/L was used to simulate a similar concentration of 
proteins in real wastewater.

As indicated in Fig. 2, a 0.0035 m2 membrane was placed 
in the bottom of the dead-end cell (Millipore, XFUF04701, 
USA). The feed (pure water, BSA solution) was filled in 
the feed tank, where N2 gas provided the transmembrane 

Fig. 1. Scheme of modified membrane synthesis.

Fig. 2. Schematic representation of the dead-end filtration setup.
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pressure and the liquid inside the cell was stirred at 350 rpm. 
The weight of permeate was recorded by a digital balance 
during the given period. All membranes were subjected to 
250 ml distilled water at 0.2 MPa before the measurements. 
Subsequently, the pure water flux and rejection tests were 
performed at 0.1 MPa. In each filtration, 250 mL water or 
model solution was filtered to volume reduction ratio (VRR) 
5. VRR can be calculated using the following Eq. (1):

VRR VF
VF VP

=
−

 (1)

where VF and VP in the equation are the volume of the feed 
and permeate [m3], respectively, at a given time.

2.1. Analytical methods

Standard potassium-dichromate oxidation method was 
the technique used to determine chemical oxygen demand 
(COD) in our experiment. About 2 ml of sample was added 
to standard test tubes (Lovibond) and digestion was carried 
out in a COD digester (Lovibond, ET 108) for 2 h at 150°C 
to measure COD values in the COD photometer (Lovibond 
PC-CheckIt). BSA concentrations in feed and permeate solu-
tions were measured using a spectrometer (Hitachi Co., 
U-2000, Japan) at 280 nm [37].

Water and permeate fluxes of the neat and modified 
membranes were compared, organic content (COD), and 
protein rejection was investigated.

The permeate flux was calculated as:

J W
ST

=  (2)

where J represents the permeate flux (kg/m2h), W represents 
the mass of permeate water (kg), S represents the effective 
membrane area (m2), and T represents the filtration duration.

Rejection was calculated using the following Eq. (3):

Rejection %( ) = −
×

C C
C
0

0

100  (3)

where C0 and C are the concentrations of feed and permeate 
solutions, respectively.

The filtration resistance was calculated as [22] through 
the resistance in a series model, as indicated in Table 1.

Contact angles can be measured using the sessile drop 
method (Dataphysics Contact Angle System OCA15Pro, 
Germany) [38].

Stability of the modified membrane can be investigated 
using the mass retention ratio (MR) parameter. To compare 
it with the original values, we needed to measure the weight 
change of modified membranes which were rinsed with dis-
tilled water in a stirred bath at 150 rpm and 60°C. The MR can 
be calculated by the following Eq. (4) [39]:

M
W
t%

W( ) = ×
1

100  (4)

Zeta potentials were obtained by computation with 
the Helmholtz–Smoluchowski (H–S) equation following 
the experimental measurement of the streaming potential. 

The measurements of streaming potential were performed 
in the Adjustable Gap Cell of SurPASS 3. Two samples 
with the same surface were fixed on sample holders with 
a cross-section of 20 × 10 mm using double-sided adhesive 
tape. A distance of 110 ± 10 μm between sample surfaces was 
maintained by continuously decreasing the gap of the flow 
channel with a micrometer screw integrated into the mea-
suring cell. The surface zeta potential was determined in the 
presence of 0.001 mol/L KCl solution at various pHs in the 
range of pH 2.5–8.

The streaming potential was measured within a certain 
pressure range and the slope of the linear dependence (i.e., 
the streaming potential coupling coefficient dUstr/d∆p) was 
used to calculate the surface zeta potential according to the 
classical Helmholtz–Smoluchowski Eq. (5),

ζ
ε

η
ε

=
∆

×
×

dU
P

KB
str

rel

X
0

 (5)

h and erel are the dynamic viscosity and dielectric 
 coefficient of water, e0 is the permittivity of free space, and 
KB is the electric conductivity of the aqueous solution.

3. Results and discussion

3.1. Stability of the modified membrane

The stability of the TiO2-coated PVDF membrane by 
physical deposition was investigated by MR and flux reten-
tion ratio (FR) parameters. The results for MR and FR were 
98.13% and 99.14%, respectively. There was 40 mg TiO2 
deposited on the membrane. The turbidity value before and 
after 16 h of washing in 200 ml was 0.601 and 1.55 NTU, 
respectively, while the turbidity values of 5, 10, and 20 mg 
TiO2 in 200 ml were 90.63, 190, and 450.33 NTU, respectively. 
The change in turbidity of the coated membrane is insignifi-
cant when compared with turbidities of 5, 10, and 20 mg TiO2 
solution. Hence the results revealed that the coated mem-
brane is stable.

Table 1
Filtration resistance formulas[

Filtration resistances Formula

RM (m−1)
RM =

∆
×
P

Jw wη

Rirrev (m−1)
Rirrev RM=

∆
×

−
P

Jw wη

Rrev (m−1)
Rrev RF RM

ww

=
∆
×

− −
P

Jc η

Total resistance RT RM Rirrev Rrev= + +

where Δp = pressure difference between the two sides of 
the membrane (Pa), JW = water flux of the clean membrane 
(L/m2h), ηW = water viscosity (Pa s), and ηww = wastewater 
viscosity.
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3.2. Zeta potential of TiO2-coated PVDF membrane

Strictly linear dependence of streaming potential on the 
pressure gradient with a coefficient of linear regression was 
R2 > 0.99, indicating high quality and reliability of the zeta 
potential analysis. As indicated in Fig. 3, the zeta potential 
for TiO2-PVDF membrane shows the IEP at pH 3.6. The zeta 
potential is negative at neutral pH.

3.3. Water contact angle measurements

Contact angles were measured to study the surface 
hydrophilicity of the PVDF membrane, and the contact 
angles formed by distilled water on the surface of pristine 
and modified PVDF membrane were calculated using mean 
± standard deviation (STDEV) of six sample points. The 
mean ± STDEV of 30 and 100 kDa pristine membrane was 
63 ± 2.49 and 51.97 ± 4.37, respectively. However, the contact 
angle measurement of the coating membranes was difficult 
to obtain. This implies that TiO2 made the PVDF membrane 
very hydrophilic due to its hydroxyl groups. A similar study 
by Zhao and Yu [38] indicated hydrophilicity improvement 
of the pristine PVDF membrane by TiO2.

3.4. Filtration of BSA solution in its native pH

In the first series of experiments, 1 g/L BSA was dis-
solved in distilled water and filtered through the pristine 
and modified membranes. Filtration resistances were calcu-
lated through the use of formulas in Table 1. The membrane 
resistance (RM), irreversible resistances (Rirrev), reversible 
resistances (Rrev), and total resistances (RT) are presented in 
Figs. 4 and 5. It was found that the modification significantly 
increased the RM of 30 kD PVDF membranes, while it did not 
significantly affect RM of 100 kD membranes. Moreover, sur-
prisingly, higher filtration resistances were observed in 30 kD 
membranes. It was also found that the irreversible fouling 
of the modified membrane was more significant than revers-
ible fouling and also more significant than the fouling of the 
pristine membrane. Our results are under the earlier obser-
vations [40,41] as increasing TiO2 loading in the membrane 
decreases water flux.

The protein and COD rejection of the pristine and mod-
ified membranes in the presence or absence of TiO2 are 
illustrated in Figs. 6a and b. It was found that the pristine 

membrane rejects more protein and COD than the modified 
one. This is a very surprising result taking into consider-
ation that in the case of 30 kD membranes, the modification 
enhanced filtration resistances, thus it was expected that the 
enhanced Rirrev and Rrev would lead to increased protein 
rejection. However, this result is similar to the result obtained 
by Farahani et.al [35].

Comparing BSA rejection in the cases of 30 and 100 kD 
membranes (Figs. 6a and b), it was found that the modifica-
tion slightly decreased BSA retention in the case of the 30 kD 
membrane, but dramatically decreased it in the case of the 
100 kD membrane. One possible explanation may be that a 
gel layer is formed on the surface of the membrane which 
enables protein retention, while in the case of a modified 
surface, the gel layer can not form because of the enhanced 
hydrophilicity of the membrane surface caused by TiO2 
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particles. However, this explanation is not under the results 
of 30 kDa membrane filtration; in this case, the filtration 
resistances are very low compared to RM and lower than 
measured in the presence of TiO2; so probably there is no 
considerable gel layer formation.

This means, that TiO2 may act on retention in another way 
and we have to take into consideration the protein-nanopar-
ticle interactions. The adsorption of a protein to a surface is 
a very complex process, determined by several factors, like 
electrostatic forces and hydrophobic dipol-dipol interactions. 
Although the exact description of the mechanisms of adsorp-
tion could be achieved by using several different comple-
mentary techniques, earlier results make it probable, that the 
surface of nanoparticles can modify the structure and there-
fore the behavior and function of the adsorbed protein [42]. 
Thus, the TiO2 nanoparticles may cause such changes in BSA 
structure which results in enhanced permeation through the 
membrane, which is more expressed in the case of the 100 kD 
membrane, due to its higher MWCO.

3.5. Effect of pH on BSA filtration

In the next series of experiments, the effect of pH on fil-
tration resistances was investigated in the presence of a phos-
phate buffer. As indicated in Fig. 7, Rirrev decreases and is 
smaller than Rrev as pH increases. It can be explained by the 
higher electro-static repulsion between the surface and the 
fouling particles, which reduces both the aggregation of BSA 
molecules and the adsorption of the negatively charged BSA 
molecules onto the membrane surface [41]. The high filtration 
resistance and alteration of RM of the modified membrane in 
the presence of phosphate could be a result of co-adsorbed 
BSA and phosphate on TiO2 surface [43].

In case of the 100 kDa membrane, the filtration resistance 
during BSA filtration is lower than the 30 kDa membrane. 
In the case of the pristine membrane, as pH increases, the 
Rrev increases and becomes larger than the Rirrev. In the 
 modified membranes both Rrev and Rirrev decrease as pH 
increases (Fig. 8). The diminished fouling is probably similar 
to the results obtained in the absence of buffer, and the expla-
nation can be confirmed by examination of protein rejection 
(Fig. 9).

As shown in Fig. 9, rejection in the pristine membrane 
increased as the pH of the solution increased from pH 4.7 to 
8, due to higher electro-static repulsion, which reduces the 
aggregation ability of BSA molecules and the adsorption abil-
ity of the negatively charged BSA molecules onto the mem-
brane surface to form a gel layer [35]. Some authors argue 
that proteins in solution may aggregate more readily at their 
isoelectric point, because of reduced electrostatic repulsion, 
and these aggregates may cause fouling. Besides, proteins at 
their isoelectric point have smaller sizes than at other values 
of pH and, therefore, pass simply through the membrane 
[44]. The effect of pH is greater in the modified PVDF mem-
brane. This could be caused by the impact of co-adsorbed 
phosphate on the BSA-TiO2 surface interaction. In this inter-
action, conformational changes of adsorbed BSA are influ-
enced by phosphate on the TiO2 surface at pH 7.4 and pH 
4.5 [43]. Thus, BSA can easily pass the membrane and reduce 
rejection.

The effect of pH on rejection during filtration with a 
100 kDa membrane, as indicated in Fig. 10, is quite differ-
ent from that at 30 kDa, in that rejection decreases as pH 
increases. Proteins at higher pH tend to pass through large 
MWCO while they form aggregates and cause fouling at 
lower pH. The higher rejection at lower pH is therefore due 
to fouling because of smaller electrostatic repulsion forces. 
The lower rejection at higher pH is due to lower fouling as a 
result of higher electrostatic repulsion forces [35].
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3.6. Regeneration of BSA fouled membrane via UV radiation

To check the cleanability of the membranes, after BSA 
filtration the fouled membranes were irradiated by UV 
(λmax = 360 nm) light for 2 and 3 h. As indicated in Figs. 11 
and 12, regeneration of 30 and 100 kD membrane surfaces 
fouled by BSA required 3 and 2 h UV exposure, respec-
tively. However, long term irradiation may cause damage 
to the membrane, as is indicated by the increased water flux 
observed after 3 h of irradiation.

4. Conclusions

This work investigates the effects of TiO2 covering PVDF 
polymeric membranes on the filtration and rejection of a 
model protein, BSA solution. The membrane modification 
produced a very hydrophilic membrane surface, as was 
proven by contact angle measurements on pristine and mod-
ified PVDF membranes, As TiO2 makes the PVDF membrane 
very hydrophilic, the modification of the membrane surface 
may be a helpful strategy to control fouling. The photocat-
alytic regeneration of the fouled TiO2 covered membrane 
by irradiation was also possible. Surprisingly, the modified 
30 kD PVDF membrane demonstrated higher RM, moreover, 
the modified membrane showed lower BSA and COD rejec-
tion compared to the pristine membrane. Besides the pres-
ence of TiO2 and the membrane MWCO, filtration resistances 
were affected by pH and the presence of phosphate-ions. The 
explanation of these results is not easy, as we have to take into 
consideration the protein-nanoparticle interactions. This is a 
very complex process, determined by several factors, such 
as electrostatic forces and hydrophobic dipol-dipol interac-
tions. Although several work aimed at investigating BSA fil-
tration through PVDF/TiO2 composite membranes, in most 
cases the TiO2 was embedded in the membrane material. 
Similarly to our results, slight flux decline [45] but improved 
BSA rejection were reported. Our results show, that the TiO2 
layer has different behavior. Although the exact description 
of the mechanisms of adsorption is not known, earlier results 
suggest that the surface of nanoparticles can modify the pro-
tein structure and therefore the behavior and function of the 
adsorbed proteins. As membrane modification via coupling 
with nanoparticles is a developing area, this phenomenon 
warrants more detailed investigation.
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