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HIGHLIGHTS
• CA-PEG-TiO2 membrane exhibited highest thermal degradation temperature
• Improved PWF, porosity, hydrophilicity attained after PEG and TiO2 were added.
• CA-PEG-TiO2 exhibited highest BSA flux and recoveries for three fouling cycles.

ABSTRACT
Modified cellulose acetate (CA) membranes were prepared by dissolving the polymers in a mixture of acetone (AC) and N, N dimethylacetamide (DMAc) (70:30) solvent and
deionized (DI) water was used in the coagulation bath. The introduction of polyethylene glycol (PEG) additive and TiO2 nanoparticles (NPs) into the casting solution has changed
the structures of the resulting membranes during the phase inversion process. Effects of PEG additive and TiO2 NPs on the preparation of the phase-inverted CA ultrafiltration membrane were investigated in terms of morphology, equilibrium water content (EWC), pure water flux (PWF), hydraulic resistance, thermal stability, water contact angle (WCA) and
anti-fouling performance. Improvements in average pore size, porosity, thermal stability, and the hydrophilic nature of the CA membranes was detected after the introduction of PEG
and TiO2 simultaneously to the polymer matrix. Thermo gravimetric analysis (TGA) results confirmed that the interaction between TiO2 and the degradation temperature of the CA
membrane were significantly improved. The anti-fouling performance and the flux recovery potential of the membranes were investigated using the bovine serum albumin (BSA)
protein. The M3 (CA-PEG-TiO2) membrane (10.5 Wt. % CA: 4 Wt. % PEG: 2 Wt. % TiO2) exhibited the highest BSA flux result and normalized flux recovery ratios (NFR) for the
three fouling cycles.

1. Introduction
Synthetic membranes in general and ultrafiltration (UF) membranes
have specifically received more attention in various applications, such as
wastewater treatments, bio-separation, recovery of proteins, clarification of
fruit juice and alcoholic beverages, separation of oil-water emulsions, food
and paper industry [1]. The principle of fabrication of asymmetric polymeric
membranes is based on the phenomenon of phase inversion [2]. The common techniques of the precipitation of polymer are immersion precipitation,
thermally induced phase inversion, vapor induced phase inversion, and dry
casting of polymer solution [3]. The most commonly available commercial
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membranes are prepared by phase inversion [4]. Cellulose acetate
is broadly applicable for the synthesis of membranes because of having
tough, biocompatible, hydrophilic characteristics, good desalting nature,
high flux, and is moderately less expensive to be employed for reverse
osmosis, microfiltration, ultrafiltration and gas separation applications [5].
The drawback of cellulose acetate membranes is that they are susceptible
to thermal and mechanical stabilities depending on the environments and
conditions of application [6]. Generally, the presence of the polymeric additive increases the concentration/viscosity of the casting solution which
may diminish the diffusional exchange rate of the solvent and non-solvent
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during the membrane formation process [7]. Liu et al. [8] have studied the
morphology controlled characterization of the polyethersulfone hollow fiber
membrane by the introduction of polyethylene glycol. In their study, they
have shown that PEG can be used as an additive to improve the polymer
(PES) dope viscosity and to develop the pore inter-connectivity. Panda and
De carried out a detailed investigation on the effect of polyethylene glycol in
polysulfone membranes. The influences of PEG molecular weight, solution
concentration, the type of solvents, and thickness of casting solution were
explored. As the solubility of the solvent and non-solvent can play significant
roles in the morphology of the resulting membrane, higher solubility of the
solvent: non-solvent leads to a rapid de-mixing. On the other hand, a delayed
de-mixing may occur due to poor solubility and result in a membrane with a
denser top layer. Due to the higher solubility between NMP and water than
that of the DMF and water, the exchange ratio between NMP/PES is higher
than the DMF/PES ratio, which implicates more diffusion between the solvent
and polymer and the formation of a porous membrane. Thus, a highly porous
membrane was achieved using N-methyl-2-pyrrolidone (NMP) as a solvent
when compared to N, N-dimethylformamide (DMF) [9]. Chakrabarty et al.
[10], on the other hand, have prepared flat sheet asymmetric polymeric
membranes from a homogeneous solution of polysulfone by the phase
inversion method. Their results have shown that the membranes with higher
molecular weights of PEG resulted in high pure water flux because of the
higher porosity of the membranes. Saljoughi et al. [7] have prepared
asymmetric CA membrane from blends of CA, PEG, and NMP using the
immersion precipitation phase-inversion process. From their observations, an
increase in PEG concentration in the casting solution alongside a higher
coagulation bath temperature resulted in improvement of the pure water flux,
membrane thickness, and human serum albumin transmission. Using organicinorganic membranes, the separation properties of polymeric membranes can
be enhanced and may possess properties such as selectivity, good
permeability, thermal and chemical stability and mechanical strength [11].
Another challenge in the field of membrane process is fouling. Since
membrane fouling causes a severe decline of the solvent flux, it becomes
essential to fabricate membranes less susceptible to fouling by making some
modification during preparation. In ultrafiltration processes, several attempts
have been accomplished to decrease fouling, which in general include feed
solution pre-treatment, membrane surface enhancements and process
modifications [12]. In recent researches, it is confirmed that the introduction
of nanoparticles in a membrane matrix develops the membrane
hydrophilicity, anti-fouling property, and permeability. Accordingly, several
inorganic oxide nanoparticles such as Al2O3 [13] , ZrO2 [14], TiO2 [12], and
SiO2 [15] have been added within the polymer casting solution. Prince et al.
have prepared the functionally modified PES hollow fiber membrane using
PEG 400 and silver (Ag) NPs through thermal grafting. The attachment of
PEG additive and silver NPs on the surface of the PES hollow fiber
membranes were done by using poly (acrylonitrile-co-maleic acid)
(PANCMA) as a chemical linker. The WCA results of the modified
membranes were found to be decreased by about 75.5 % from 62.6±3.7 º to
15.3±1.2 º and the PWF have improved by around 36% from 513 L/m 2h to
702 L/m2h [16]. On the other hand, Garcia-Ivars et al. have prepared UV
irradiation modified polyethersulfone (PES) UF membranes using two nanosized hydrophilic compounds viz. PEG and Al2O3 NPs. The WCA and pore
size results of the modified membranes have decreased indicating an
enhancement of the hydrophilicity nature of the resulting membranes.
Furthermore, the PEG solute flux and rejection of the PES membranes were
enhanced due to UV photo grafting. Moreover, the modified PES membranes
(i.e. 2.0 wt. % PEG and 0.5 wt. % Al2O3) have exhibited superior anti-fouling
performance than the other tested membranes [17]. Current researchers have
paid attention to TiO2 due to its stable nature, being easily available and the
potential for different applications. Moreover, TiO2 can enhance the
hydrophilicity of different polymers to improve flux and decrease the fouling
problem which are important parameters in water and wastewater treatment
[12]. In the membrane filtration process, factors like thermal/chemical,
fouling and flux are very important properties and the current study is focused
on improving these properties simultaneously.
From the above literature, it is observed that there is no report on the
preparation and characterization of phase inverted CA-PEG-TiO2 composite
membranes. Although some studies on the preparation of polymer/NPs
membranes have been previously done, the preparation of membranes from
CA, PEG as additive and TiO2 NPs need to be investigated (i.e. to enhance
the morphological structure and anti-fouling performance). As far as the
authors’ knowledge is concerned, this work is the first report on the
preparation of the composite ultrafiltration membrane from CA, PEG, and
TiO2 with a detailed explanation. Therefore, effort was made to investigate
the influence of PEG and TiO2 on the morphological structure, permeability
performance, and thermal stability property of the membrane in addition to
the anti-fouling properties of CA-PEG-TiO2 membranes.

2. Experimental
2.1. Materials
Cellulose acetate polymer was purchased from Loba Chemie, India. The
two solvents, namely, N, N-Dimethyl acetamide (DMAc) and acetone (AC)
(both with an analytical purity of 99 %); polyethylene glycol 4000 were all
obtained from Merck Specialties Private Limited, Mumbai, India; TiO2 with a
purity of 99.5 % were obtained from Sigma-Aldrich Co., USA. Deionized
water (DI) was used as the non-solvent in the coagulation bath throughout this
experiment, which was purified using the Millipore system. Bovine serum
albumin (BSA) protein having a molecular weight of 66 kDa was purchased
from SRL, India.
2.2. Membrane preparation
The phase inversion technique by immersion precipitation was used for
fabrication of the asymmetric UF membrane from cellulose acetate polymer.
Initially, uniform solutions of CA in Acetone/DMAc (70/30; v/v) were
prepared under continuous magnetic stirring at room temperature (25 ±2 ºC).
The casting solution was stirred overnight using a magnetic stirrer at room
temperature. After that, the solutions containing CA, solvents and additives
(PEG and TiO2 NPs) became homogeneous, and they were kept at room
temperature for one day to avoid air bubbles. Subsequently, the casting
solution was poured consistently on a glass sheet and carefully cast using a
casting knife keeping a gap of roughly about 0.25 mm between the knife and
glass plate. The resultant films were exposed to air for approximately 30 s
earlier to immersing to the coagulation bath comprised of DI water at room
temperature. In the coagulation bath, the cast solution turned from transparent
to white color for membranes CA and CA-PEG. On the other hand, the milky
color for CA-TiO2 and CA-PEG-TiO2 membranes was changed to white, and
all the thin films were detached from the glass plate. The membrane sheets
were kept in the coagulation bath for 30 min. After that, the prepared
membranes were put in DI water filled beakers until use. Finally, the
membrane films were cut into circular discs to be placed in the membrane cell
for UF experiments. The membranes with different composition are
designated as, M1, M2, M3 and M4 (i.e. CA, CA-TiO2, CA-PEG-TiO2, and
CA-PEG, respectively). Table 1 shows the solution casting compositions of
CA, PEG and TiO2 nanoparticles. The flow diagram for the membrane
preparation process is presented in Figure 1. The amounts of CA, PEG and
TiO2 NPs were selected based on the previous works [7, 18].
Table 1
Solution compositions and viscosity of the casting solution: CA, PEG and TiO2 nanoparticles.
Membrane

CA
(wt.%)

TiO2
(wt.%)

PEG
(wt.%)

AC:DMAc
(70:30; v/v)

Viscosity
(mPa.s)

M1

10.5

-

-

89.5

1680

M2

10.5

2

-

87.5

3180

M3

10.5

2

4

83.5

1850

M4

10.5

-

4

85.5

1781

Fig. 1. Flow diagram of the preparation method of flat sheet membranes.
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2.3. Characterization of membranes

resistance (Rm) results were calculated according to Darcy’s law (Eq. (5)):

2.3.1. Hydrophilicity and porosity measurements
To study the hydrophilic nature and porosity of the prepared membranes,
three parameters were applied namely, water contact angle (º), equilibrium
water content (EWC), and membrane porosity (ε). Both the ε and
hydrophilicity play significant roles in the permeability and rejection nature
of the membrane. The water contact angle (WCA) measurements of the
prepared membranes were conducted on a contact angle measuring instrument
(Kruss, advance drop shape analysis, Germany). The stability of the TiO2 NPs
incorporated within the matrix of the modified membranes was studied
qualitatively. All the prepared membranes were soaked in DI water for 8 days
at room temperature (25 ± 2 ºC). The WCA values of all the membranes were
done and the TiO2 leaching tendency during each soaking period was
evaluated [17]. On the other hand, the EWC and ε were evaluated using a
simple gravimetric method, where each membrane sample (2.5×2.5 square
cm) was immersed in DI water beakers for a specified period. Then, the
samples were dabbed with dry filter paper and weighed immediately (Ww).
Finally, the membranes were kept inside vacuum atmosphere for 24 h at 50
ºC. The final dry weights of the samples (WD) have been taken again. The
membrane porosities were calculated by dividing the volume of the pores by
the total volume of the membrane. Therefore, the results are found using the
following equation [19]:
(WW  WD ) / W 
 (%) 
100
(1)
(WW  WD ) / W   WD / P 

Rm  [P / (   JW )]

where, WW is the wet membrane weight (g), WD is the dry membrane weight
(g), ρW is the pure water density at working condition (g cm−3), and ρp is the
polymer density (g cm−3). As discussed earlier, EWC was calculated using the
subsequent equation [10]:
EWC (%)  WW  WD  / WW  100

(2)

The average values of EWC and membrane porosity were taken after
measuring five different samples of each membrane to reduce the error of the
balancing measurement.

(5)

where µ is the water viscosity (8.9×10−4) in Pa s.
2.3.4. Morphological studies
Morphological studies of the prepared membranes were done using a
high-resolution field emission scanning electron microscopy (FESEM,
ZEISS, USA), which provides visual information of the topographic structure
besides the cross-sectional structure of the prepared membranes. The
elemental composition analysis was done by using high-energy electrons of
the energy dispersive X-ray spectroscopy (EDS, ZEISS, USA). For both the
analyses, a gold coating for the samples was done by means of a highresolution sputter coater, Quorum, to protect the membranes from charging
during the image analysis. Finally, the pieces of membranes were attached to
a plate holder using double-sided adhesive carbon tape in a horizontal
position.
2.3.5. Thermogravimetric analysis
The thermal degradation analysis was conducted by thermo-microbalance
(Thermo gravimetric Analyzer) (TG 209 F1 Libra®, Germany). The TGA
results were found from 30 to 800 ºC using nitrogen gas where the flow rate
was kept as 40 mL/min at a heating rate of 10 ºC/min. All the membranes
were loaded into a platinum sample holding pan.
2.3.6. Fouling and rejection performances
Membrane fouling experiments were done in the stirred ultrafiltiration
batch cell (Figure 2) to investigate the effect of PEG and TiO2 on protein
rejection and permeate flux of the prepared membranes. The concentration
and the pH of BSA solutions were 1 g L−1 and 7.0, respectively, throughout
the experiments and DI water was used as solvent for BSA. The flux values
were calculated using Eq. (4) and the rejection of BSA solutions was
evaluated by Eq. (6).

R(%)  [(1  (C p / C f )] 100

(6)

2.3.2. Average pore radius determination
The water filtration velocity method was employed to determine the
average pore size of the membranes and the results were calculated at
constant transmembrane pressure (300 kPa). Generally, the membrane
average pore radius (rm) is considered as an approximation of true pore size
and it denotes the average pore size throughout the membrane thickness (ζ).
The average pore radius can be calculated by using the Guerout–Elford–Ferry
equation [20]:

rm 

[(2.9  1.75   )(8      QW )]
(  Am  P)

(3)

where µ is the water viscosity (8.9×10−4) in Pa. s, QW is the pure water flow
(m3 s-1) and ΔP is the transmembrane pressure (300 kPa).
2.3.3. Pure water flux study
In this study, a batch cell experimental set-up was used, which is
presented schematically in Figure 2. This experimental set-up is comprised of
a pressure source to supply the pressure required for the filtration experiment;
the feed tank where the feed is collected; filtration cell, membrane piece and
permeate after membrane filtration. A pure water permeability experiment
was done in a 400 mL stirred batch cell. Membranes with a circular shape of
7×10−2 m diameter and with effective filtration area of 3.85×10 −3 m2 were
employed for this experiment. Compaction studies of each prepared
membrane were done using deionized water for 2 h using a fixed pressure of
300 kPa and pure water flux results were recorded with a 10 min interval. The
membrane compaction factors (CF) were found by calculating the ratio of
initial pure water flux (Jwi) to steady state pure water flux (Jwf). Pure water
flux results were calculated using the following equation:

JW  [Q / ( A  t )]

Fig. 2. Schematic diagram of the batch experimental set-up.

where, Cp and Cf are the concentrations (mg L−1) in the permeate side and the
feed side, respectively. Subsequently, the feed and permeate concentrations of
BSA solution were evaluated by using the UV–vis spectrophotometer
(Thermo Fisher Scientific, UV2300, India) at a wavelength of 278 nm. These
experiments were repeated for three times and the error bars are presented. To
investigate the anti-fouling properties of the prepared membranes, the flux
losses due to total fouling (Ft, reversible fouling (Fr), and irreversible fouling
(Fir) of all the three cyles were calculated using the following equations,
respectively [21].

Ft  [1  ( J B / JWi )]

(7)

Fr  [( JWf  J B ) / JWi ]

(8)

Fir  [( JWi  JWf ) / JWi ]

(9)

(4)

where, Jw is pure water flux (L/m2 h), Q is the volume of water permeated (L),
A is the effective membrane area (m2) and Δt is permeation time (h). Thus,
pure water fluxes were evaluated by means of passing deionized (DI) water
through the membranes. Pure water flux values at different transmembrane
pressures (ΔP) (ranging from 100 to 300kPa) were recorded. Membrane

The fouling resistant capacity of the prepared membranes was evaluated
using normalized flux ratio (NFR) as shown in Eq. (10).
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NFR(%)  [( JWf / JWi ) 100]

(10)

where JB is the BSA flux; JWf is the flux of the membrane after fouling (2 h);
and JWi is the flux of the membrane found at the start of each fouling stage.
Normally, a greater NFR value (next to 1) indicates a better anti-fouling
nature of the membranes.
2.4. Characterization of TiO2 NPs
The particle size of TiO2 nanoparticles (commercial) was characterized
by using transmission electron microscopy (TEM, JEOL, JEM 2100, USA) at
210 kV. First, the TiO2 nanoparticle sample was prepared by dispersing in DI
water (500 mg/L) and then being poured on a carbon tape covered plate.
Finally, the sample was dried at room temperature and ready for TEM
analysis. As clearly shown in Figure 3, the TiO2 NPs appeared in the form of
spots. To measure the size of each nanoparticle, ImageJ software was
employed, their sizes ranging from 16 to 72 nm. The average particle size was
approximately 29.8 nm.

Fig. 3. TEM image of commercial TiO2 nanoparticles.

3. Results and discussion
3.1. Morphological study
FESEM analysis is an important method to study the membrane
morphological structure and qualitative information about surface and crosssectional morphology of the membranes to be achieved. The top layer surface
view, the cross-sectional view, and elemental analysis results of the prepared
membranes by dissolving the polymer and additives in AC: DMAc are
presented in the FESEM and EDS images (i.e., Figure 4(a), (b) and (c)
respectively). As evidently revealed from the figures, the synthesized
membranes are asymmetric in structure involving a dense top layer and a
porous sub-layer for all types of membranes.
3.1.1. Effect of PEG and TiO2 NPs
The sub-layer portion of the M1 membrane appears to have finger-like
voids as well as macro-void structures. Generally, the development of macrovoids happens under rapid precipitation conditions, and the precipitations are
quicker at high coagulation temperature [7]. In the present study, the
coagulation bath temperature and evaporation time (i.e. before immersion)
were fixed to 25±2 ºC and 30 s, respectively, during the preparation of all the
membranes. An additional significant factor which can affect the formation or
suppression of macro-voids is the type of de-mixing occurred during the
phase separation process, where, the instantaneous de-mixing and the delayed
de-mixing depend on the mutual affinity of the solvent and non-solvent in the
ternary system [4]. In the solvent and polymer interaction scheme, three kinds
of interactions viz. polymer: polymer, polymer: solvent and solvent: nonsolvent are applied. If good polymer solvents are used, the degree of polymer
stretching reaches to its highest level and more favorable polymer/solvent
interactions can occur. The solvents used in this study (i.e. AC: DMAc) have
high mutual affinity with water [22]. Thus, apparently, the development of the
finger-like voids and macro-voids in the sub-layer of the M1 (additive free)
membrane is due to the instantaneous de-mixing. In this case, the CA
(additive free) stretches to its highest level where there is a maximum
interaction between the CA and AC: DMAc, which tends to instantaneous demixing conditions to happen. On the other hand, after adding the PEG and
TiO2 to the ternary (polymer/solvent/non-solvent) system, the developments
of macro-voids are suppressed significantly (i.e. M2, M3 and M4). The
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presence of the polymeric additives and TiO2 NPs can increase the
concentration/viscosity of the casting solution, which may diminish the
diffusional exchange rate of the solvent and non-solvent during the membrane
formation process. Accordingly, this may hamper the instantaneous liquidliquid de-mixing process which suppresses the development of macro-voids
[23]. However, for membranes prepared using PEG and TiO2 nanoparticles
(M3) and without TiO2 nanoparticles (M4), the formation of micro-voids
(microporous structure, which is important for the porosity of a membrane)
was observed. It is clear that the pore forming properties of the PEG polymer
have played a key role in the development of the porous sublayer. A
quaternary system (polymer/solvent/non-solvent/additive) of the phase
separation involves de-mixing of the entangled polymers. In this quaternary
system, two phases occur from the phase separation; one involves CA (i.e.
membrane forming polymer), AC: DMAc (i.e. solvent) and non-solvent; the
second contains the additive (i.e. PEG), AC: DMAc and non-solvent. The
membrane forming polymer and additive has a dynamic strength to be
completely separated to CA-rich and PEG-rich phases. Consequently, the type
of de-mixing process can also be decided by the diffusion of these polymers
with respect to each other. On the other hand, the addition of TiO 2 to the
membrane formation system has its influence on the de-mixing process.
However, almost macro-void free cross-sectional structures were observed for
the M4 system. From these results, it can be concluded that although the
instantaneous de-mixing is still continued, the effect of the PEG has a
substantial role in the suppression of the finger-like structure and macro-voids
which occurred for the M1 membrane. The presence of the polymeric additive
increases the concentration/viscosity of the casting solution, which may
diminish the diffusional exchange rate of the solvent and non-solvent during
the membrane formation process. Consequently, this may hinder the
instantaneous liquid-liquid de-mixing process which suppresses the
development of macro-voids [7]. On the other hand, the comparatively low
affinity of PEG to the solvents may take additional time to reach the top
surface allowing the polymeric molecule to get sufficient time to accumulate
and re-arrange and subsequently develop a relatively thicker and denser top
layer. The open pore structures developed in the membranes are formed by
nucleation and development of the polymer-lean phase in the metastable area
between the bi-nodal and the spinodal curve [24, 25]. A possible explanation
for the formation of a nodular structure on the top surface of the membranes
could be due to the spinodal de-mixing because the diffusion process
throughout the development of the top-layer is faster for the homogenous
system to become highly unstable and crosses the spinodal curve [24]. In the
present study, the top surface with some open pore structures is observed
more prominently in the case of PEG (i.e. M3 and M4) which is attained
because of the spinodal decomposition. Therefore, the inter-connected pores
may be accounted as a constant CA-lean/ PEG-rich phase entwined by a
continuous CA- rich/ PEG-lean phase which is responsible for developing the
uniform matrix of the membrane [8]. On the other hand, in the case of M1 and
M2 membranes, no open pore structure was detected, where a less porous top
surface structure was observed instead. On the other hand, it is evident from
these figures that the finger-like structures and macro-voids are suppressed
after adding TiO2 (M2 and M3) regardless of the effect of PEG for the M3
membrane. However, the M2 membrane seems to have less microporous
cross-sectional structures. These results are also confirmed by the porosity
study (Table 2) where the M2 membrane shows relatively lowest porosity than
the other membranes. The introduction of both PEG and TiO2 played an
important role in the improvement of the membrane hydrophilicity and
porosity. The porosity, EWC and pore radius results of the prepared
membranes are calculated using Eq. (1), (2 and (3). The membrane average
pore radius (rm) is considered as an approximation of true pore size and the
results are 23.6 nm, 15.6 nm, 35 nm and 31.4 nm for M1, M2, M3 and M4,
respectively. Moreover, the lowest pore radius for the M 2 membrane is
attributed to aggregation of some of the TiO2 on the surface of the membrane
pores. This can also be seen from the top surface view of M 2 presented in
Figure 4a. Adding TiO2 NPs to the polymeric solution can increase its
viscosity. Therefore, the particles leaching problem is less, and subsequently,
the pore forming effect of NPs can be declined in the case where the high
viscosity of a solution hampers the development of pores and causes the
porosity of the membrane to decrease [19]. To minimize the influence of
thickness shrinkage of the polymer-phase due to the accumulation of NPs, in
the present study, TiO2 NPs having low concentration (i.e. 2 wt. %) were
selected [26]. It may be worthy to mention here that the addition of NPs in the
polymeric membrane may decrease or increase its viscosity depending on
various parameters, such as concentration of additive and ligand stabilizer
[27]. Due to the introduction of a relatively lower concentration of TiO2, the
finger-like structures, and macro-voids present in M1 were greatly suppressed
and a relatively dense layer with small finger-like structures was observed for
M3 and M4. The presence of small macro-voids with a little finger-like
structure in the case of M3 and M4 are assumed to be related to the

K.A. Gebru and C. Das / Journal of Membrane Science and Research 3 (2017) 90-101

94

interference effect of NPs and PEG additive during the phase inversion
process. Therefore, due to the interfacial stress between polymers and NPs,
interfacial pores are formed as a result of shrinkage of polymer-phase during
the de-mixing process [28]. However, the presence of TiO2 in M2 diminishes
the presence of finger-like structures and a sublayer structure with almost free
macro-voids is obtained. These results can be described in terms of the NPs
agglomeration on the membrane forming the polymer matrix during the phase
inversion process. The occurrence of the NPs agglomeration can be mainly
caused due to the high surface energy of the NPs, which tend to aggregate for
weakening their surface energy to reach a more stable state. Furthermore, the
NPs agglomeration leads to a non-uniform dispersion of the NPs within the
polymer surface and structure. This phenomenon can negatively change the
resulting membrane properties such as hydrophilicity and surface roughness
[26]. However, in the case of M3 the NPs agglomeration was significantly
minimized due to the improved distribution of the NPs because of the
introduction of PEG additive [29].
3.2. Thermal stability studies
The thermal degradation analyses (i.e. TGA and DTG results) of all the

(a)

prepared membranes are presented in Figure 5 (a) and (b), respectively. The
graphs were plotted as weight loss (%) vs. temperatures (ºC). It can be clearly
seen from the TGA figure that the decomposition of M 1 is shown in three
steps. The first degradation step of the M 1 membrane was detected between
30 and 60 °C and the weight loss was about 4.5 %. This degradation is due to
the presence of some volatile material or because of the evaporation of
absorbed moisture by the sample. During the second degradation step, a high
weight loss of around 16.5% was observed between 60 to 260 °C, which is
possibly due to the start of the main thermal breakdown of CA chains. A final
degradation step that started at 260 °C and ended at 380 °C with a weight loss
of 79% was due to the main degradation and possibly because of the
carbonization of the decomposition of the residual materials to ash. The TGA
results of the M1 membrane clearly show that it could be highly unstable at a
high temperature and similar results were reported by Zafar et al. and
Chatterjee et al. [30]. The TGA results of the CA membrane with PEG
additive and TiO2 displayed two-step degradation procedures. Therefore, the
start of the decomposition step for M2, M3 and M4 were 278 °C, 271 °C and
234 °C, respectively. The observed weight losses are due to the degradation
of CA chains because of the pyrolysis of the back-bone of the CA polymer
and also followed by de-acetylation of CA [31].

(b)

M1

M2

M3

M4

Fig. 4. (a) Top surface and (b) cross-sectional FESEM images (c) EDS results of M1 (CA), M2 (CA-TiO2), M3 (CA-PEGTiO2) and M4 (CA-PEG) membranes.
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(c)

M1

M2

M3

M4

Fig. 4. Continued.

Table 2
Compaction and hydraulic characteristics of those prepared membranes at 250 kPa.

CF

Rm
(×10-10m−1)

Jw
(L/m2h)

EWC (%)

ε
(%)

rm (nm)

M1

1.50±0.4

0.90

204.5

77.8±1.5

81.9±2.0

23.6±5

83.5±8.0

M2

4.50±0.2

4.30

21.1

76.7±2.6

81.0±2.5

15.6±7

102.4±4.2

M3

1.66±0.3

0.70

530.7

79.5±1.2

83.4±1.8

35.0±3

84.2±6.5

M4

1.52±0.4

0.67

265.3

79.0±1.4

82.9±1.9

31.4±4

126.9±3.0

Membrane

Thickness
(µm)

K.A. Gebru and C. Das / Journal of Membrane Science and Research 3 (2017) 90-101

96

During the last decomposition step, the degradation temperatures of M 2, M3
and M4 are 388 °C, 386 °C and 382 °C signifying the main thermal
degradation of the CA chains, whereas the TiO2 were totally stable until the
end of the analysis (i.e. up to 800 °C). From these results, it is clearly noticed
that the thermal degradation of the M1 membrane was significantly enhanced
due to the addition of PEG and TiO2. An interesting observation from this
study is that an increase in thermal stability after the addition of PEG to the
CA membrane (M4) is due to the presence of a trace amount of the PEG in the
membrane matrix. The improved thermal stability of the M4 membranes was
due to the strong interaction between the CA and PEG in the membrane
matrix by creating hydrogen bonds [32]. Moreover, the residuals, i.e. 0.08 %,
21.9 %, 19.6 % and 7.3 % for M1, M2, M3 and M4 are consistent with the
thermal stability performances of the prepared membranes. Furthermore, the
thermal stability of the M3 membrane exhibited higher degradation
temperature than the M4 membrane. This result is attained due to the highly
stable nature of TiO2 at high temperatures and therefore the degradation
temperature of the M4 membrane was significantly improved after the
addition of TiO2. On the other hand, the slight improvement in degradation
temperature for the M2 membrane when compared with the M 3 membrane is
that the less porous sublayer structure of the membrane is responsible for
having strong resistance to heat flow than that of the porous membrane (M3).
In this study, the TGA and DTG plots clearly revealed that the thermal
properties of the CA membrane were significantly improved after
incorporation of PEG and TiO2 into the CA solution.
3.3. Pure water flux performance
The membranes prepared by CA, CA-TiO2, CA-PEG-TiO2 and CA-PEG
(M1, M2, M3 and M4, respectively), using AC: DMAc as solvent were
investigated to evaluate the influence of PEG additive and TiO2 NPs on PWF
properties of the membranes. The membranes were characterized in terms of
compaction factor, PWF and hydraulic resistance.
3.3.1. Effect of PEG and TiO2 NPs
Studying the compaction factor (CF) of the prepared membranes is very
essential to recognize the morphological structures (i.e. pore arrangements) of
the membranes specially the membrane sub-layer configuration. Generally,
membranes having high CF indicate that these are highly compacted and
show the existence of some defective pores in the membrane sub-layer
structure. The compaction factor and hydraulic characteristics of all the
prepared membranes are presented in Table 2. It was observed that the CF of
M2 was greater (i.e. 4.5±0.2) which can also be explained due to the
aggregation of NPs on the pore walls of the membrane could further block the
pores after compaction. On the other hand, the CFs for the remaining
membranes are almost similar except for the M 1 (1.5±0.4) which is slightly
lower than M3 (1.66±0.3) and M4 (1.52±0.4). This result is achieved due to
the existence of a more porous structure in case of M 3 and M4 due to the
introduction of PEG additive, where some of the pores were compacted after
the compaction process. The introduction of additives into the membrane
casting solutions may either suppress or increase the formation of macrovoids in the membrane sub-layer based on the type of additive [33]. The
effects of PEG additive and TiO2 NPs on PWF at different operating pressures
are presented in Figure 6 (b). The results of PWF for all the membranes were

increased almost uniformly with an increase in the operating pressure from
100 to 300 kPa. It is also shown that the PWF for membranes without PEG
additive (M1 and M2) membranes are less than that of membranes with PEG
additive (M3 and M4). Nevertheless, as the effect of the PEG additive, the CAPEG-TiO2 membrane shows higher pure water flux than that of the CA-TiO2
membrane. These results are in a good agreement with the conclusions of the
compaction study in Figure 6 (a). The hydraulic resistance (Rm), EWC,
average pore radius, porosity and thickness of all the prepared membranes are
reported in Table 2. As seen from these results, the hydraulic resistance of M 2
was greater than all the other membranes. This higher resistance of M2 is
because of its less porous nature than the other membranes that can resist the
water flux as compared to the other membranes. Additionally, this result is
supported by the average pore radius calculation (Eq. 3), where the result was
15.6 nm that is again less as compared with the other membranes. In addition,
the Rm (m-1) for the membranes without PEG additive (M1) was higher than
that of the membranes with PEG additive. Thus, the increase in hydraulic
resistance and decrease in flux results of the membranes without PEG
additive are obviously due to the decrease in average pore size and porosity as
already explained in the previous sections. Generally, the PEG additive is
more hydrophilic than the CA polymer. Therefore, the membranes with PEG
additive displayed improved flux results. As shown in Table 2, by comparing
the two membranes with PEG additive (M3 and M4), the CA-PEG-TiO2
membrane gained slightly higher resistance and higher flux than the CA-PEG
membrane. These results can be explained because the CA-PEG-TiO2
membrane has a higher and more uniform porous and hydrophilic surface due
to the introduction of TiO2 NPs. On the other hand, as PEG additives were
added and the whole additive would not be washed away during the
membrane development due to its low solubility and diffusivity, it could exist
inside the pores and within the membrane matrices. Therefore, the
introduction of both PEG additive and TiO2 NPs at the same time could play
an important role in the improvement of the membrane hydrophilicity and
porosity simultaneously. The porosity and EWC results of the prepared
membranes results are calculated using Eqs. (1) and (2) and presented in
Table 2. From the porosity measurement results, it is shown that all the
membranes have shown satisfactory results in the range of 81 to 83.4 %,
which is accredited to the lower concentration of the membrane forming
polymer (10.5 wt. %) as well as due to the addition of PEG additives and
TiO2 NPs together with the type of solvent used and type of de-mixing
occurred. Therefore, the high porosity result for CA (additive free)
membranes is due the instantaneous de-mixing that occurred during the phase
inversion process as previously explained. On the other hand, the effect of
PEG additive as pore-former and TiO2 NPs as hydrophilicity enhancer was
also accredited to the highest pore sizes and porosity results of the membranes
with PEG additive and TiO2 NPs, though a relatively delayed de-mixing was
observed. One point which should be clarified here is that the delayed demixing, in this case, is not extended delayed de-mixing. Normally, if the
delayed de-mixing is extended, the polymer film thickness will decrease
considerably which may cause a decrease in the porosity of the sublayer
membranes [3]. However, the CA-TiO2 gained the lowest porosity due the
NPs agglomeration phenomenon as explained previously. It can also be seen
from the results that an increase in the EWC of the membrane after the
addition of PEG additive is because the PEG is known for its hydrophilicity
properties.

Fig. 5. (a) TGA and (b) DTG analysis results of M1 (CA), M2 (CA-TiO2), M3 (CA-PEG-TiO2), M4 (CA-PEG) membranes and TiO2 NPs.
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Fig. 6. (a) PWF profile during compaction study (at 300 kPa), (b) Effect of transmembrane pressure on PWF.

The influences of compaction time on the pure water flux of the prepared
membranes are shown in Figure 6 (a). It is seen from the figure that the PWFs
of all the membranes were observed to decrease slowly with increasing time
because of the pore compaction and lastly the steady state fluxes were
reached approximately after 80 min filtration operation. The gradual decrease
in PWF results can be described because the compaction of pore walls attain
more uniform and denser structures and cause the pore size and the flux to
decrease [4]. Consequently, it is crucial to explore the effect of PEG additive
on the membranes compaction process, where the effect of the PEG additive
was significantly observed from this study. Another important point, which is
observed during the compaction study, was that the membranes without PEG
additive (i.e. M1 and M2) revealed lower PWFs when compared with the
membranes having PEG additive (M3 and M4). The PWF values at 250 kPa,
for M3 and M4 are 530.7 and 265 L/m2 h, respectively; whereas these values
are 204.5 and 21.1 L/m2 h, respectively, for M1 and M2 as presented in Table
2. It is clear from the results that the introduction of hydrophilic PEG additive
to the membrane casting solution helps these membranes to be porous and
more hydrophilic [34]. The lowest PWF for M2 can be explained due to the
blockage of pores due to aggregation of the TiO2 NPs inside the membrane
matrix as already explained in section 3.1.1. On the other hand, the
membranes with PEG additive (M3) have shown the highest PWF result. This
result obviously indicates that the introduction of PEG additive influences the
membrane in two ways: (1) development of pores in the membrane structure
and (2) enhancement of the hydrophilic nature of the membrane [35]. In the
present study, by adding of the hydrophilic additive, the trace amount of PEG
may permanently exist tangled in the membrane matrix. The presence of PEG
additive can enhance the hydrophilic nature of the CA membranes. Hence, the
PEG additive can play a significant role in the formation of the porous
membrane with improving its hydrophilic nature, which is again directly
related to its water permeability performance. Comparing both the
membranes with PEG additive (i.e. M3 and M4), the CA-PEG-TiO2 membrane
gained higher flux than the CA-PEG membrane. These results are also
confirmed by the porosity measurements reported in Table 2, where the
presence of the TiO2 NPs in the CA-PEG-TiO2 membrane could interfere with
the de-mixing process and help the formation of additional pores. On the
other hand, the hydrophilic nature of TiO2 NPs can also play an important role
on increasing the flux result of the CA-PEG-TiO2 membrane.
It is well known that the flux properties of the membrane can be
influenced by several factors like membrane pore-size, cross-sectional
morphology, skin-layer thickness and the hydrophilic nature of the
membrane. Thus, the PWF of the prepared membranes in this study could be
influenced by TiO2 NPs. The introduction of the TiO2 NPs can affect the
membrane in two ways: (1) due to its hydrophilic nature which could improve
the PWF and (2) its effect on the membrane morphological structure would
also influence the permeation properties negatively or positively. Figure 6 (a)
shows the PWF of all the prepared membranes with and without adding TiO2
NPs. As TiO2 is more hydrophilic than CA, the water has higher affinity for
TiO2 and therefore, PWF should increase in the CA-TiO2 membrane (M2).
However, it can be seen from the figure that the pure water flux value for M2
shows the lowest result. This is because the addition of TiO2 NPs to the
membrane forming polymer has caused pore blockage and pore failure in the
membrane matrix due to the accumulation of the NPs [26]. Another important
point that should be noted is that the hydrophilic nature of the CA membrane
has its own effect on the PWF of the membrane without additive (M 1) so that
it has shown better flux results than the CA-TiO2 (M2) due to the aggregation
of the TiO2 NPs on to CA matrix. On the other hand, membranes prepared

from CA-PEG-TiO2 resulted in the highest flux values. As already explained
from the FESEM images, the presence of PEG additive promotes the
formation of the porous structure. Thus, the TiO2 NPs can play a significant
role on the enhancement of the hydrophilicity of the membrane with less
effect on the porosity of the prepared membrane. It is clear from the porosity
(Table 2) data and the flux result (Figure 6) that the membranes with TiO2
NPs (CA-PEG-TiO2) gained higher porosity and water flux than the
membranes without TiO2 NPs (CA-PEG). Besides the enhancement of the
hydrophilicity and porosity, the morphological structure of the CA
membranes with TiO2 NPs may be affected by the permeability properties. As
TiO2 NPs have a high affinity to water than the membrane-forming polymer,
diffusion velocity of non-solvent (i.e. water) into the nascent membrane could
be increased with TiO2 NPs addition during the phase-inversion process.
Furthermore, the AC: DMAc (solvent) diffusion velocity from the membrane
to non-solvent (water) could also be increased by the addition of TiO2 NPs.
Based on this fact, the interaction between the membrane forming polymer
and the solvent molecules could be weakened by the hindrance of NPs, so that
the solvent molecules can be diffused simply from the polymer-matrix to the
coagulation bath [36]. Consequently, the porosity and pore size of the TiO2
entangled (i.e. CA-PEG-TiO2) membrane were higher than those of the
membranes without TiO2 NPs (CA-PEG). The effect of PEG as a pore former
as well as hydrophilicity enhancer was also accredited.
3.3.2. Membrane hydrophilicity and TiO2 NPs stability
The hydrophilicity of the prepared membranes was studied by measuring
the WCA and the drop age, defined as the duration of the water droplet on the
surface of the membrane and spreading and/or permeating through the
membrane cross-section [37]. The difference between WCA of all the
prepared membranes is presented in Figure 75 (a). The images of the water
droplets with a volume of about 2 μL at 0.16 mL/min on the membrane
surface after 60 s are shown in Figure 75 (b). M3 and M4 membranes have
taken about 15 s and 25 s, respectively, and show the best water wettability,
where most part of the membrane surfaces were almost fully wetted and a
smaller spread radius of the water drops on the top side of the membrane were
detected after 60 s. On the other hand, M1 and M2 membranes have taken
about 36 s and 32 s to initiate the surface wetting and big water drops spread
radius on the top-side of the membrane was observed after 60 s (Figure 75b).
The smaller the water drop spread radius wetting area between the top and
bottom surface and on the top membrane side, the better the water
permeability is. As clearly observed from the graph, the WCA results of the
pristine CA (M1) membrane displays WCA at about 60±1.8º. Conversely,
after the introduction of hydrophilic PEG additive and TiO2 NPs, the M2, M3,
and M4 membranes displayed significantly reduced WCA results (i.e.
54.3±2.3º, 42.1±3.4º, and 45±2.0º, respectively). From these results it is
clearly depicted that the contact angle results of the M 1 membrane were
significantly reduced after the introduction of PEG and TiO2 (M2, M3 and M4).
Membranes having smaller contact angle results are considered as more
hydrophilic membranes.
The WCA results of the prepared membranes found after each soaking
period are presented in Figure 7 (c). The WCA values for M1 and M3 and M4
have remained almost constant (i.e. 58 ±1.3 º, 42.8 ±3.3 º and 45 ±2.6 º,
respectively) by increasing the soaking period in DI water. On the other hand,
the WCA value of M2 was observed to increase significantly from 51.5 ±2.2 º
to 54.7 ±2.0 º, where this increase in WCA value can be accredited such that
the TiO2 NPs could leach out from matrix of the CA-TiO2 membrane with
increasing the soaking period. Conversely, no significant change in the WCA
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values was observed in the case of M3 (CA-PEG-TiO2) with the soaking
period. This interesting result is mainly accredited to the permanent existence
of TiO2 NPs within the membrane matrix and the stability of the NPs was
confirmed. The stability of the NPs within the membrane matrix occurred
mainly due to the introduction of PEG additive which has prevented the
leaching of TiO2 NPs, tending to an insignificant increase in WCA values
during the soaking period [17].
3.4. Fouling and rejection performance study
3.4.1. Effect of PEG and TiO2 NPs on fouling
The fouling performances of all the prepared membranes are presented in
the Figure 8(a). In this study, the effect of PEG and TiO2 were evidently
detected from the fouling experiments. It is clearly observed from the figure
that the PWF and BSA flux results for M1 and M2 are less than that of M3 and
M4. As already explained in section 3.3, these results were attained due to the
introduction of PEG and TiO2 on the membrane matrix in M3 and M4
modifies the hydrophilicity and porosity of the membranes. However, the
lowest flux results for M2 were observed because of the less porosity due to
the aggregation of TiO2 on the membrane surfaces and pore channels of the
membrane (section 3.1.1, morphology study). It is clear from the results that
the M1 and M2 membranes displayed less PWF as well as the BSA fluxes due
to their less hydrophilic nature and less pore formation. The improvement of
pure water and BSA fluxes for M3 and M4 membranes were attributed to the
pore-forming effect and hydrophilic nature of PEG and TiO2, respectively
[29]. However, the hydrophilic effect of TiO2 in the case of the M2 membrane

is dominated by the pore blockage (i.e. less porous membrane). On the other
hand, apart from the formation of the porous membrane, a trace amount of
PEG may entangle within the membrane matrix permanently, and due to this
reason, the hydrophilic nature of the prepared membrane may be enhanced
[6]. As clearly shown in Figure 8(a), three BSA fouling/rinsing cycles are
carried out for a total filtration time of 840 min. Each of the fouling
experiments was performed with BSA solution with a concentration of 1 g L−1
for 2 h duration, and each of the rinsing experiments were done with
deionized water for 30 min. The decrease in BSA fluxes with increasing time
could be due to susceptible pore blocking of the membranes because of BSA
protein deposition on the membrane surface, where the effect of concentration
polarization was reduced by using high molecular weight of BSA (66 kDa)
molecules and rigorous stirring (200 rpm) on the surface of the membrane.
Moreover, the drop in initial fluxes are realized to be highly noticeable, and
the ending fluxes are slowly dropped which are credited to the decrease in the
porosity of the membrane due to an interior depostion of BSA protein which
further leads to pore blocking. In the first cycle fouling/rinsing experiment,
M3 displayed the highest flux recovery (i.e. 94.1% of the initial value) with a
flux value of 136.3 L m−2 h−1 at 150 kPa of trans permeable pressure, whereas
water flux values of the M1 and M2 membranes declined to 31.2 L m−2 h−1 and
15.3 L m−2 h−1 respectively, (i.e. 28.6% and 65.7 % of the initial value,
respectively). On the other hand, the flux result for M4 was 134 L m−2 h−1 with
a flux recovery of 88.9 % of the initial flux value. These results are achieved
due to the hydrophilic nature of PEG and TiO2 which can both minimize
severe solute fouling of the membranes.

Fig. 7. (a) Water contact angle values with different drop ages; (b) images of water droplets of the prepared membranes; and (c) TiO 2 NPs stability study (Water droplet
volume is about 2 μL at 0.16 mL/min).
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The parameter normalized flux ratio (NFR) with filtration time (2 h) of
the membranes operated for three cyles are presented in Figure 8(b). From the
figure, it is clearly seen that M3 exhibited the highest NFR values 94.1%,
88.6% and 84.1 % for cycle 1, cycle 2 and cycle 3, respectively. Moreover,
these results indicate the lowest irreversible flux loss and less BSA deposition
on the pore walls as well as on the surface of the membrane consistently
during the three cycle operations. However, M 1 and M2 show a significant
decline in the permeate fluxes to about 28.6 % and 65.7 %, respectively, of
the initial flux during the first cycle operation. Moreover, as seen from Table
3, the irreversible fouling (Fir) results in the first cycle are high enough where
their tendency to be fouled would be maximum. To further examine the antifouling properties of the prepared membranes and to study the effect of
additives, the flux losses viz. total fouling (Ft), reversible fouling (Fr) and
irreversible fouling (Fir) were calculated, and the results are presented in
Table 3. On the other hand, the increase in NFR results for M1 and M2 during
the second and third cycle operations may be due to the development of a
cake layer because of the high irreversible fouling where their flux was too
low, and the flux value difference was insignificant. These results are
achieved because the porosity and hydrophilicity effect could play an
important role on their anti-fouling and flux properties as already explained in
the pure water flux study. Moreover, the NFR results of M 4 are 88.9 %, 88.3
% and 79.1 % for the first, second, and third cycle operations, respectively.
However, these results are still less than that of the M3 membrane, where it is
clear that the introduction of TiO2 has played a crucial role in the
enhancement of hydrophilicity and membrane anti-fouling property.
Normally, the orders of flux recoveries for the examined membranes were
consistent with their hydrophilicity and porosity nature. Therefore, the PEG
free membranes are more likely prone to pore-blockage and fouling because
of protein deposition than those of membranes with PEG. It is mentioned in
the literature that the PEG [38] has the potential to minimize membrane
fouling because of protein deposition [39]. In this study, M3 exhibited better
anti-fouling properties in the dynamic fouling process than M1, M2 and M4
membranes. Therefore, the combined effect of PEG and TiO2 could have
played a significant role in a higher resistance towards membrane fouling due
to BSA deposition by reducing the hydrophobic interaction between the BSA
protein and membrane surface. Desorption of the deposited BSA proteins was
performed by soaking the samples in water for 30 min. It was also confirmed
that PEG could efficiently avoid the irreversible deposition of the protein on
the surfaces. Therefore, due to the hydrophobic interaction between PEG and
BSA, the proteins might be wrapped by PEG chains, forming a protective
layer in addition to the anti-fouling properties of TiO2.
Additional focus was given to the influences of filtration resistance due to
concentration polarization for all membranes. Therefore, the resistances due
to concentration polarization were calculated using the resistance in series
model Eq. (11) [40]
RP 

P

 J BS

 Rm  R f

described using the protein deposition/repulsion phenomenon as already
explained above. The prepared membranes could become more negatively
charged after an introduction of TiO2 NPs due to more negatively charged
carboxylic groups along with –OH and Ti–OH groups present on the surfaces
and within the matrices of the membranes [41]. Furthermore, as a pH of 7.0 is
far from isoelectric point (IEP=4.9), the BSA protein becomes more
negatively charged and a stronger electrostatic repulsion between BSA and
the modified membranes was suggested [42]. However, some of the BSA
removal characteristics can also be described using the protein deposition
phenomenon onto the membrane surface in this pH range, which could be
accredited to structural interaction. In addition to the electrostatic repulsion
phenomena, the highest BSA removal for the M 2 and M3 membrane was also
considered as an indicator of considerable protein removal due to its structural
interaction. The BSA removal phenomenon for M1 and M4 membranes can be
suggested due to a substantial protein deposition inside and on the membrane
surfaces. Therefore, the surface depositions of BSA proteins can provide an
extra hindrance to solute transportation. The high rejection and comparatively
lowest flux of M2 and M1 membranes than M4 and M3 can also be seen from
the morphological study of their cross-section as discussed in section 3.1.
Moreover, all the experimental results were consistent with the membrane
properties and agreed with each other.
The results presented in this work clearly show that a detailed
performance evaluation was done for the prepared ultrafiltration M 3
membrane (i.e. CA-PEG-TiO2) in this study as compared to the previous
studies [6, 7, 43]. Therefore, the improved thermal stability and high antifouling properties of this membrane will help us to further investigate specific
ultrafiltration applications. Thus, the authors strongly believe that this work
will have a substantial contribution to the current state-of-the-art on the
modification and enhancement of the properties of conventional cellulose
acetate membranes. Future studies are necessary to fully investigate the
performance characteristics of CA-PEG-TiO2 membranes for different
ultrafiltration applications.

(11)

where Rm is the membrane resistance, which is the reciprocal of the
hydraulic permeability (Pm); Rf is the resistance of the fouled membrane layer
which was determined after rinsing with DI water and by subtracting the
resistance of the clean membrane and Jbs is the steady state BSA protein flux.
The total fouling resistance of all the membranes was thus due to both internal
membrane fouling (deposition) and the formation of a cake/gel layer on the
membrane surface. The detailed results for the resistance to the BSA flux due
to the membrane, fouled layer and concentration polarization for the threefiltration cycles are presented in Table 4. As clearly presented in Table 4, the
results of the fouling resistance due to concentration polarization (RP) for M3
are low in the three cycles when compared to the other membranes (i.e. M 1,
M2, and M4). Therefore, the effect of concentration polarization on the
membrane surface was reduced due to the introduction of PEG and TiO 2
simultaneously. These results are consistent with the flux recovery results of
the membrane were the highest values were attained (Table 3), and it was
accredited to the best anti-fouling property of the M3 membrane as already
discussed in the previous sections.
3.4.2.Rejection performance
The BSA rejection performances of the prepared membranes are shown
in Figure 9. The maximum BSA rejection values 98.4 % and 91.6% were
attained for M2 and M1 membranes, respectively. On the other hand, the
rejection results for M3 and M4 membranes are 88.9 % and 85.9 %,
respectively. It is clearly explained in the morphology analysis section that
the PEG free membranes have less porous structures, in which a better
resistance to protein molecules was detected. However, the slight increase in
BSA rejection for the M3 membrane could be due to the effect of TiO2
addition to the membrane matrix. The characteristic BSA rejection can be
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Fig. 8. (a) Permeate flux versus filtration time for M1 (CA), M2 (CA-TiO2), M3 (CAPEG-TiO2) and M4 (CA-PEG) membranes: effect of PEG and TiO2 NPs on the antifouling performance of the membranes (25±2 ºC, 150 kPa), (b) NFR percentage
results.
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Table 3
Results for flux losses caused by total fouling (Ft), reversible fouling (Fr) and irreversible fouling (Fir), of the three cycles.
First cycle

Second cycle

Third cycle

Membrane
Ft

Fr

Fir

NFR

Ft

Fr

Fir

NFR

Ft

Fr

Fir

NFR

M1

0.90

0.21

0.71

28.6

0.75

0.61

0.15

85.2

0.73

0.55

0.19

81.5

M2

0.78

0.44

0.34

65.7

0.54

0.20

0.35

65.4

0.21

0.01

0.20

80

M3

0.92

0.87

0.06

94.1

0.93

0.82

0.11

88.6

0.94

0.78

0.16

84.1

M4

0.89

0.78

0.11

88.9

0.77

0.64

0.12

88.3

0.81

0.60

0.21

79.1

Table 4
Results for resistances due to the membrane (Rm), fouled layer (Rf) and polarization (RP) of the three cycles.
First cycle
Membrane

Second cycle

Third cycle

Δp/µJbs

Rf

Rm

Rp

Δp/µJbs

Rf

Rm

Rp

Δp/µJbs

Rf

Rm

Rp

M1

7.78

1.37

0.55

3.58

7.79

1.62

0.55

5.61

8.49

1.62

0.55

6.32

M2

8.73

1.37

2.60

8.05

8.73

3.50

2.06

2.62

7.72

4.99

2.60

2.92

M3

1.86

0.02

0.42

3.37

1.86

0.08

0.40

1.37

2.67

0.18

0.40

2.07

M4

6.82

0.05

0.40

5.17

6.82

0.11

0.41

6.30

13.6

0.25

0.42

12.9

* All the units are in (×10-10 m−1)

4. Conclusions
In the present work, the effects of PEG and TiO2 on the preparation of the
phase inverted CA ultrafiltration membrane blended with TiO2 (i.e. CA-PEGTiO2) were investigated, and the following conclusions were made:
 In the case of the M2 (CA-TiO2) membrane, some of the TiO2
observed to be aggregated on the surface of the membrane pores. The
NPs agglomeration led to a non-uniform dispersion of the NPs within
the polymer surface and structure.
 TiO2 NPs are highly stable at high temperatures and the degradation
temperature of the M1 and M4 were significantly improved after the
addition of TiO2. The thermal stability of M3 exhibited higher
degradation temperature than the M1 and M4. The slight improvement
in degradation temperature for the M2 was due to the less porous
sublayer structure and strong resistance to heat flow than that of the
porous membrane (M3).
 The introduction of both PEG additive and TiO2 NPs simultaneously
plays an important role in the improvement of the thermal stability of
the membrane, hydrophilicity, porosity and antifouling performance.
 Membranes without PEG additive (i.e. M1 and M2) revealed lower
PWFs when compared with the membranes having PEG additive (M3
and M4). The PWF values at 250 kPa, for M3 and M4 are 530.7 and 265
L/m2 h, respectively; whereas these values are 204.5 and 21.1 L/m 2 h,
respectively for M1 and M2. The highest PWF was attained for the M 3
(CA-PEG-TiO2).
 The maximum BSA rejection values of 98.4 % and 91.6% were
attained for M2 and M1 membranes, respectively. The rejection results
for M3 and M4 membranes are 88.9 % and 85.9 %, respectively. CATiO2 blended with the PEG membrane (i.e. M 3) exhibited the highest
BSA flux permeates and flux recovery ratios for the three
fouling/rinsing cycles.
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