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Abstract−Biodiesel produced from waste cooking oils was purified by use of polyethersulfone-co-TiO2 nanocompos-
ite membranes. The membranes were prepared by solution casting technique through phase inversion method. Tita-
nium dioxide nanoparticles were used as inorganic filler additive in membrane fabricating. The effect of nanoparticle
concentration in the casting solution on the physico-chemical characteristics, morphology and performance of pre-
pared membranes was studied. SEM, AFM and XRD analyses were carried out for the characterization of membrane.
The results showed uniform nanoparticle distribution in the membranes matrix. XRD results also indicated a crystal-
line structure for the membranes. Membrane surface roughness was decreased sharply by increase of nanoparticle con-
centration up to 0.05%wt in membrane matrix and then increased slightly. Membrane flux, rejection, water content,
porosity and membrane mechanical strength were enhanced initially by increase of nanoparticles concentration up to
0.05%wt and then decreased by more increase of nanoparticles content ratio. The nanocomposite membrane contain-
ing 0.05 wt% TiO2 showed more appropriate performance compared to others.

Keywords: Nanocomposite Membrane, TiO2 Nanoparticles, Fabrication/Characterization, Biodiesel Purification, Trans-
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INTRODUCTION

Energy consumption has increased widely due to growth of trans-
portation and industrial sectors. Attention also has been given to
looking for alternative fuels. Biodiesel is considered as one of the
most promising alternative fuels. It is non-toxic, renewable, biode-
gradable and safe environmentally compared to petroleum fuels.
The emission of carbon monoxide, particulates, unburned hydro-
carbons and SOx is much lower for biodiesel fuel compared to others.
Biodiesel is produced from renewable sources such as vegetable
oils and animal fats through different techniques such as micro-
emulsion, pyrolysis and transesterification [1-6]. Transesterification
is defined as reaction of triglycerides with low molecular weight
alcohols such as methanol and ethanol in presence of catalyst (Fig.

1) [1,5,7-13]. Non-purified biodiesel contains impurities such as
glycerol, un-reacted methanol, residual catalyst, un-reacted triglycer-
ide and small amounts of soap and water which should be puri-
fied necessarily for the improvement of engine performance [2].

Different methods have been used for the purification of bio-
diesel, such as water washing, acid washing, solvents extraction and
adsorption. Membrane technology is also well known as new method
for biodiesel purification. Energy saving, resource recovery and pollu-
tion control are the main reasons for the membrane development
and application. Also, it can be easily scaled-up and combined with
other processes besides low operating cost [9]. Peyravi et al. [14]
prepared nanocomposite solvent resistant PI membranes with dif-
ferent concentration of MWCNTs content ratio via phase inversion
method to biodiesel purification. The synthesized membranes showed
good behavior in glycerol removal without significant changes in
methyl ester flux by using of MWCNTs due to small pore size and
high membrane porosity after bulk modification. Gomes et al. [15]
used commercial tubular α-Al2O3/TiO2 membranes for biodiesel
purification. The influence of ethanol concentration in the feed solu-
tion on membrane performance was studied. Low flux and high
glycerol rejection were achieved for the feed solution containing
5%wt ethanol. Opposite trend was found for the feed solution con-
taining 20%wt ethanol. Also, results showed that trans-membrane
pressure has a significant influence on biodiesel filtration. Alves et
al. [4] also used micro and ultrafiltration membranes for biodiesel
purification at different trans-membrane pressures and membranes
pore sizes. Results revealed that microfiltration membranes were
not suitable for the removal of free glycerol from biodiesel. The
ultrafiltration membrane with 30 KDa was also not able to pro-

Fig. 1. Transesterification process for biodiesel production.
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duce a purified biodiesel according to the international legislation.
Results showed best performance for 10 KDa ultrafiltration mem-
brane compared to others. Saleh et al. [6] designed a membrane
system by using ceramic membrane for removal of glycerol from
crude FAME. The UF and MF ceramic membranes were used for
this aim. The international standards for glycerol content in bio-
diesel were obtained after 3 h by utilizing of UF membrane at 25 oC.
In addition, the smaller pore size of the used UF membrane facili-
tated glycerol removal compared to the MF membrane.

In other research, Saleh et al. [7] studied performance of ultra-
filtration membrane for purification of produced Fatty acid methyl
esters (FAME) from canola oil and methanol. The effect of water,
soap and methanol in the transesterification reaction on free glyc-
erol separation was studied. A modified polyacrylonitrile (PAN)
membrane with 100 KDa molecular weight cut-off was used for
the aim. Results showed that low concentrations of water had a con-
siderable effect on glycerol removal from FAME. The optimum
concentration of water was found 2.0 g per L of FAME during glyc-
erol removal from biodiesel.

In the current research, PES-co-TiO2 nanoparticles mixed matrix
membranes were prepared by phase inversion method through im-
mersion precipitation technique for separation of dispersed free
glycerol from crude biodiesel. Titanium dioxide nanoparticle is one
of the well known nanometal oxides that has gained a great deal of
attention because of its high hydrophilicity and adsorption capacity,
stable chemical property, low cost and safety toward both humans
and the environment.

A few researches were found by our literature survey for fabri-
cation of PES membrane modified by TiO2 nanoparticles for the
purification of biodiesel. The biodiesel was produced from waste
cooking oils by transesterification method by using of alkaline cat-
alyst. The effects of titanium dioxide nanoparticles concentrations
in the casting solution on physico-chemical property, morphology
and separation performance of homemade membranes for the puri-
fication of biodiesel or glycerol removal were studied.

MATERIALS AND METHOD

1. Materials
Poly ether sulfone (PES Ultrason E6020P with MW=58,000 g/

mol) was utilized as membrane base binder. Dimethyl acetamide
by Merck was also employed as solvent. Titanium dioxide nanopar-
ticle (TiO2, nanopowder, anatase crystal, and 15-25nm particle size)
was provided from US Research Nanomaterials, USA. Polyvinyl
pyrrolidone (PVP, 25.000 g/mol, Merck) was used as pore former.
Methanol (99.9% purity) and sodium hydroxide (NaOH, 98% purity,
MW: 39.99) were supplied from Merck Inc. for biodiesel production.
2. Biodiesel Production/Membrane System Feed

Biodiesel was produced from waste cooking oils (restaurant res-
idue, Karaj, Iran) by trans-esterification. The kinematic viscosity
and density of used waste cooking oil were measured 46.59 (mm2/
s) and 0.92 (g/mL), respectively. Before trans-esterification reac-
tion, the cooking oil was filtered to remove the residues and pre-
cipitates. The oil was heated to 60 oC for 10 min for water removal.
The transesterification reaction was in a glass reactor. The reactor
contained a thermometer to control the temperature, a reflux con-

denser to prevent the loss of methanol and a mechanical stirrer for
constant agitation. The reactor was also supported by heating man-
tle to control the temperature around 60 oC. The waste oil was fed
into the reactor and preheated before addition of sodium hydrox-
ide (catalyst) and methanol. The molar ratio of methanol to waste
cooking oil was adjusted (9 : 1). The reaction time was 2 h and the
amount of used catalyst was 1.5%wt. The yield of transesterifica-
tion reaction was measured 92.5%. The kinematic viscosity, den-
sity and pH of produced biodiesel were measured 5.84 (mm2/s),
0.89 (g/mL) and 7.8, respectively. At the next step, the produced
biodiesel was treated with 0.1 N sulfuric acid to naturalize the NaOH
and soap. The obtained pH value was measured as 7.8.

The products were then allowed to settle for 8 h. The lower phase
(polar glycerol layer) was removed and the upper phase (non-polar
layer) was neutralized again by sulfuric acid and used as membrane
feed. The glycerol mass percentage in the feed was measured 0.0604
mg glycerol/mg biodiesel.
3. Preparation of Membrane

PES-co-TiO2 mixed matrix membranes were prepared by phase
inversion method through immersion precipitation. The polymeric
solution containing PES, DMAC, PVP and TiO2 nanoparticles was
casted on a glass plate by using a casting knife with 200μm thick-
ness. The prepared films were then immersed in nonsolvent (di-

Table 1. Composition of casting solution for the preparation of
home-made membranes

Samples
(Sn)

PES
(wt%)

PVP
(wt%)

DMAC
(wt%)

TiO2

(wt%)
1 16 2 82 0.00
2 16 2 82 0.02
3 16 2 82 0.05
4 16 2 82 0.10
5 16 2 82 1.00

Fig. 2. Schematic diagram of filtration module.
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ionized water) bath for precipitation. The immersion process was
carried out at ambient temperature. The membranes were washed
and stored in distilled water for one day to remove the residual
solvent completely. The composition of used casting solution is given
in Table 1.
4. Membrane Test Cell 

The separation characteristic of prepared membranes was stud-
ied by using a dead end cell (Fig. 2). The membranes were located
at the end of the cell and fed by produced biodiesel. The fluid passed
through the membrane and was collected. The driving force for
separation process was provided by nitrogen gas. The applied trans-
membrane pressure was 2.5 bar.

MEMBRANE CHARACTERIZATION

1. Membrane Flux (J)
A self-made dead end cell was used to measure the flux of pre-

pared membranes. The flux (J) is measured as amount of permeant
(ΔV) per unit area of membrane surface area (A) and time (Δt) as
follows [16,17]:

(1)

2. Membrane Rejection (R)
The glycerol concentration in feed and permeate was measured

J = 
ΔV
AΔt
---------

lit
m2 h⋅
------------

⎝ ⎠
⎛ ⎞

Fig. 3. SEM surface images of prepared membranes with different concentration of TiO2 nanoparticles: (a) 0 wt%-unmodified ones; (b)
0.02 wt%; (c) 0.05 wt%; (d) 0.1 wt%; (e) 1 wt%.
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by UV-Visible instrument. Measurements were according to for-
mation of yellow complex, which is proportional to the amount of
free glycerol in the sample. The yellow compound exhibits a maxi-
mum absorbance peak at 410 nm. The membrane glycerol rejec-
tion is calculated as follows [16-18]:

(2)

where (CF) is glycerol concentration in feed and (CP) is glycerol
concentration in permeate stream.
3. Water Content

The water content of prepared membranes was measured as the
weight difference between the dried and swollen membranes. The
wet membrane was weighed (OHAUS, PioneerTM, readability: 10−4 gr,
OHAUS Corp.) and then dried in oven until constant weight was
obtained. The water content of membrane was calculated by the
following equation [19-23]:

(3)

where Wwet is the weight of wet membrane and Wdry is the weight
of dried membrane.
4. Membrane Porosity

Membrane porosity (Pr) was calculated as a function of the mem-
brane weight as follows [24]:

(4)

where m is membrane weight, s is membrane surface area, d is the
membrane thickness and ρ is membrane density (ρ=m/v). The
membrane volume (V) is obtained from multiplying the membrane
surface area by the membrane thickness.

The membrane thickness was measured by a digital caliper device
(Electronic outside Micrometer, IP54 model OLR, China).

R% = 1− 
CP

CF
------

⎝ ⎠
⎛ ⎞ 100×

water content % = 
Wwet − Wdry

Wdry
---------------------------

⎝ ⎠
⎛ ⎞ 100×

Pr = 1− 
m

s d× ρ×
-----------------

⎝ ⎠
⎛ ⎞ 100×

Fig. 4. SEM cross section images of prepared membranes with different concentration of TiO2 nanoparticles: (a) 0 wt%-unmodified ones; (b)
0.02 wt%; (c) 0.05 wt%; (d) 0.1 wt%; (e) 1 wt%.
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5. Scanning Electron Microscope (SEM)
The surface and cross-section of prepared membranes were stud-

ied by scanning electron microscope (SEM, Cambridge 360). The
membranes were cut into small size pieces. The samples were im-
mersed in liquid nitrogen and were frozen. Then, the samples were
broken and kept in air for drying. The dried samples were sput-
tered by gold for electric conductivity producing.
6. Atomic Force Microscopy (AFM)

The surface roughness of prepared membranes was character-
ized by atomic force microscopy (AFM, Auto Pro CP, American).
The membrane surfaces were imaged in a scan size of 5μm×5μm
by contact mode.
7. X-ray Diffraction (XRD)

The membranes’ structure was studied by X-ray diffraction (XRD,
Unisantis XMD300, 45 kV and 0.8 mA, Cu-Kα radiation (1.540510
Å)). XRD diagrams were recorded in the interval 10o

≤2θ≤80o at a
scan speed of 0.02o/min.
8. Mechanical Strength

The tensile stress of prepared membranes was investigated by
Universal Testing Machine (UTM, SDLATAS, M 350-5 KN, 1 mm/
min, at ambient temperature). The samples were cut in to 80 mm×
15 mm pieces. Measurements were made three times for each sam-
ple and then their average was reported.

RESULTS AND DISCUSSION

1. Scanning Electron Microscopy (SEM)
The surface and cross-sectional SEM images of prepared mem-

branes are shown in Figs. 3 and 4, respectively. Images showed uni-
form particle distribution and relatively uniform surfaces for the
prepared membranes. Also as seen in SEM images, at high TiO2

nanoparticle concentration the nanoparticles tended to agglomer-
ate on membrane surface and membrane matrix. Also, SEM images
exhibited an asymmetric structure with dense top layer, porous sub-
layer and fully developed macro-pores for the prepared membranes.
As shown in SEM images, formation of more finger-like pores in
membranes sub-layer at 0.05%wt TiO2 nanoparticles caused to in-
crease membrane porosity. This may be attributed to fast exchange
rate between solvent and non-solvent during phase inversion pro-
cess, which is due to hydrophilic characteristic of TiO2 nanoparti-
cles [25]. Moreover SEM images showed denser sub-layer with fewer
finger-like pores for the mixed matrix membranes containing 0.1
and 1 wt% TiO2 nanoparticles compared to others. This may be
due to increase of casting solution viscosity at high nanoparticles
concentration, which reduces the exchange rate between solvent
and non-solvent during phase inversion process [26,27].
2. X-ray Diffraction (XRD)

The XRD patterns for the neat PES membrane and PES-co-TiO2

mixed matrix nanocomposite membrane are shown in Fig. 5. Ob-
tained results show that the structure of PES membrane was changed
obviously by using TiO2 nanoparticles in the casting solution. As
shown in this figure, a peak appears at 24.9o for PES/TiO2 mixed
matrix membranes which is assigned to used TiO2 NPs. The TiO2

nanoparticles have nearly peaks at (2θ) 25.3o, 37.8o, 48.04o and 54.38o

[27-31]. The slight movement of peak dispersions illustrates that
interaction has occurred between polymer and TiO2 nanoparticle

[29], which improves the membrane uniformity.
3. Atomic Force Microscopy (AFM)

The surface roughness of prepared membranes was examined
by Atomic force microscopy (AFM). Dark and bright areas in AFM
images (Fig. 6) refer to valleys and peaks, respectively. AFM results
showed that membrane roughness was decreased by utilizing of
TiO2 nanoparticles in membrane matrix. Membrane with low rough-
ness has more antifouling ability [32].

The calculated roughness parameters for the prepared membranes
are given in Table 2. Results indicated that membrane roughness
decreased sharply from 21.37 to 6.82 nm by increase of TiO2 nano-
particle concentration up to 0.05 wt% in the casting solution. This
happening can be explained with respect to voids and cavities fill-
ing by the nanoparticles on membrane surface, which decreases
the roughness [30].

The membrane roughness increased slightly from 6.82 to 11.04
nm again by more increase in nanoparticle content ratio from 0.05
to 1 wt%. This may be attributed to nanoparticle agglomeration at
high NPs concentration, which increases the roughness of mem-
brane [33,34].
4. Water Content and Porosity

Obtained results (Fig. 7) revealed that increase of TiO2 nanopar-
ticle concentration in the casting solution up to 0.5%wt led to in-
crease of membrane water content and membrane porosity sharply.
This may be attributed to increase of exchange rate between sol-
vent and non-solvent during phase inversion process due to hydro-
philic characteristic of TiO2 nanoparticles, which leads to formation
of more finger-like pores in membranes sub-layer. This improves
the overall porosity of prepared membranes. Moreover, increase of
membrane heterogeneity by utilizing of TiO2 NPs in the casting
solution caused formation of more free spaces in membrane matrix.
This results in more water accommodation. The membrane water
content and membrane porosity were decreased slightly by further
increase of nanoparticle concentration from 0.05 to 1%wt in pre-
pared membranes. This is due to decrease of exchange rate between

Fig. 5. X-ray diffraction patterns of pristine membrane and mixed
matrix ones containing TiO2 nanoparticles.
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Fig. 6. AFM analysis of prepared membranes with different NPs concentration: (a) 0 wt%, (b) 0.02 wt%, (c) 0.05 wt%, (d) 0.1 wt%, (e) 1%wt.
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solvent and non-solvent during fabrication process, which declines
the porosity of prepared membranes. Increase of casting solution
viscosity by increase of nanoparticles concentration decreases the
free spaces in the membrane matrix. In addition, the nanoparticle
agglomeration at high NPs concentration decreases the water con-
tent and porosity.
5. Mechanical Strength of Prepared Membranes

The effect of nanoparticle content ratio on tensile stress behavior
of prepared membranes was studied by Universal Testing Machine.
Obtained results (Fig. 8) showed that mechanical stability of pre-
pared membranes was improved by increase of nanoparticle con-
tent ratio up to 0.05 wt% in prepared membranes. This is due to

the presence of strong interfacial bonding between the polymers
and nanoparticles, which improves mechanical property. More-
over, well dispersed nanoparticles make favorable molecular inter-
actions between the nanoparticles and binder [24,35-38]. The mem-
brane tensile stress was decreased again by more nanoparticle con-
tent ratio from 0.05 to 1wt% due to discontinuity of polymer binder,
which tends to form discrete phase.
6. Flux and Glycerol Rejection

The obtained results (Fig. 9) revealed that membrane flux was
enhanced sharply by increase of TiO2 nanoparticle concentration
up to 0.05 wt% in the casting solution. This may be due to increase
of membrane heterogeneity and membrane porosity by using TiO2

NPs, which provides more space for fluid passage and improves
the membrane flux. The membrane flux was decreased again by
more increase of nanoparticle content ratio from 0.05 to 1 wt%.
This can be explained with respect to NPs agglomeration and mem-
brane channels blockage at high nanoparticle concentrations [39],
which decreases the fluid flux. Moreover, decrease of membrane
porosity at high nanoparticles concentration declines the flux.

The separation efficiency for prepared membranes as ratio of
membrane performance to water washing performance is shown
in Fig. 10.

Obtained results indicated that separation efficiency was enhanced
sharply by increase of nanoparticle content ratio up to 0.05 wt%.

Table 2. The calculated parameter of surface roughness for the pre-
pared membranes

TiO2 concentration (wt%) Average roughness (nm)
0.00 21.37
0.02 11.52
0.05 06.82
0.10 09.26
1.00 11.04

Fig. 7. The effect of titanium dioxide nanoparticles concentration
on water content and porosity of prepared PES based mem-
branes.

Fig. 8. The effect of nanoparticles concentration on mechanical
strength behaviour of prepared membranes.

Fig. 10. The separation efficiency of prepared membranes with dif-
ferent percentages of titanium dioxide concentration.

Fig. 9. The effect of titanium dioxide concentration in casting solu-
tion on membrane flux.
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This may be due to decrease of membrane roughness, which de-
creases the possibility of stagnant layer formation on membrane
surface and improves the membrane rejection. Moreover, the anti-
fouling property of TiO2 nanoparticles improves the selectivity.

The separation efficiency declined again by more increase of nano-
particle concentration from 0.05 to 1 wt% in prepared membranes,
which was due to increase of membrane surface roughness. Also,
NPs accumulation at high nanoparticle content ratio reduced the
separation efficiency.

The modified membranes containing titanium dioxide NPs show-
ed better separation efficiency compared to pristine PES membrane.
Among the prepared membranes, the modified membrane con-
taining 0.05 wt% TiO2 nanoparticles, with highest flux and separa-
tion efficiency and suitable physico-chemical characteristic showed
more appropriate performance compared to others.

CONCLUSIONS

The purification of biodiesel produced from waste cooking oil
was carried out by using PES-co-TiO2 NPs nanocomposite mem-
branes. Titanium dioxide nanoparticles were used as inorganic filler
additive in membrane matrix. SEM images showed uniform NPs
distribution on the surface and in the bulk of membrane matrix.
Also, XRD results indicated a crystalline structure for the nano-
composite membranes. The membranes selectivity was also improved
initially by increase of TiO2 nanoparticles and then decreased. AFM
results exhibited that membrane roughness was decreased sharply
by increase of nanoparticle concentration in the casting solution.
Results revealed that membrane flux was increased initially by in-
crease of nanoparticle concentration up to 0.05 wt% in the casting
solution and then decreased again by more increase in nanoparti-
cles content ratio from 0.05 to 1 wt%. Furthermore, the mechani-
cal stability of prepared membranes was improved by increase of
nanoparticles concentration up to 0.05wt% in prepared membranes.
The membrane tensile stress was decreased again by further increase
of nanoparticles concentration from 0.05 to 1 wt% due to disconti-
nuity of polymer chain binder. Among the prepared membranes,
modified membrane containing 0.05wt% TiO2 nanoparticles showed
better performance compared to others. Also, a typical compari-
son between the properties of purified biodiesel in this study and
D6751 standard according to the international legislation is given
in Table 3.
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