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ABSTRACT

Woven Kevlar fabric supported polypropylene (PP)–thermoplastic polyurethane (TPU)
blended microfiltration membranes were synthesized using thermally induced phase separa-
tion (TIPS) technique. Microporosity in the fabricated membranes was analyzed using
scanning electron microscopy. The PP–TPU blending was confirmed through the Fourier
transform infrared spectra of pure resins and blended polymer membranes. Surface rough-
ness, pore geometry, and adhesion between the blended polymer and fabric were influenced
with increasing TPU blending concentration in the PP solution. The proposed polymers were
found compatible with each other and properly blended to form membranes; most impor-
tantly, the TPU helped to transform hydrophobic PP membrane into hydrophilic PP–TPU
membrane. Water and methanol flux through the fabricated membranes were measured, and
it was found that the permeation through the membranes depended upon the type of
membrane.
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1. Introduction

The extensive use of filtration membranes has been
observed from last two decades in water treatment
field [1–4]. Reverse osmosis, nanofiltration, and micro-
filtration membranes come under this category. The
pore morphology, pore distribution, and hydrophilic-
ity of membranes and chemical resistance to feed
solution are the main parameters to characterize the
performance of these membranes [5,6]. The microfil-
tration membranes prepared using thermally induced
phase separation (TIPS) technique have better fouling

control characteristics compared to extruded
polymeric microfiltration membranes [7,8]. A variety
of polymers are used to synthesize these membranes.
Recently, polyolefins are also considered as articles of
trade because of their low cost and versatility [9].

Membranes can be fabricated using different tech-
niques, such as solution casting, melt extrusion, track
etching, expanded film technique, template leaching,
dry–wet phase inversion technique, and TIPS. Among
these, the last two methods are most commonly used.
The dry–wet phase inversion technique is also called
Loeb–Sourirajan technique, used by Loeb and
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Sourirajan to synthesize their first sea water desalina-
tion membrane [10]. The TIPS technique is used to
fabricate polymeric membranes for microfiltration pro-
cesses [7]. The phenomena behind TIPS method is that
as temperature decreases, the efficiency of diluent also
decreases. Sudden cooling of high temperature homo-
geneous solution results in the formation of two
phases, one is polymer-rich phase and other is poly-
mer-lean phase. In the end, microporous structure is
formed after extraction of solvent [8,11,12].

The polypropylene (PP) is a thermoplastic and
hydrophobic polyolefin. Because of exceptional pore-
forming property, low cost, non–toxicity, and easy
manufacturability, PP is used widely for separation
and concentration; e.g. water filtration, air filtration,
beverages, sea water purification, and removal of bac-
teria [13–15]. Several studies have been carried out to
synthesize microfiltration PP membranes using TIPS
technique. [16–20]. To enhance the performance of PP
membranes, further chemical modifications are
required. This can be achieved by surface modification
(plasma treatment, irradiation with gamma rays, ion
beam treatment, etc.) [21], grafting [22], and blending
with different polymers.

The thermoplastic polyurethane (TPU) comes
under the class of polyurethane, which is transparent,
elastic, and resistant to oil, grease, and abrasion. It is
used in power tools, supporting tools, medical
devices, foot wear, and mobile devices [23]. Blends of
TPU and Polyolefins are also reported on various
aspects, such as environment, economy, and
technology, which show that TPU enhances the char-
acteristics of polyolefins [24–27].

In the present study PP is blended with different
weight percentages of TPU on woven Kevlar support
using TIPS technique to investigate the effect of TPU
on surface morphology, pore size distribution, chemi-
cal composition, and permeation through the fabri-
cated membranes. The blending of PP with TPU
results in conversion of hydrophobic behavior of pure
PP into hydrophilic behavior.

2. Materials and methods

2.1. Chemicals and reagents

PP (Guangzhou Wenlong Chemical Co.) was used
as membrane-forming material. Adipic acid was used
as a nucleating agent (Sigma-Aldrich). Soya bean oil
was purchased from BECO (Bschawrut Enterprises
Co). The TPU used in the blended membrane was
received from Guangzhou Wenlong Chemical Co.
Woven Kevlar fabric (K-49) was supplied by Dupont
International, USA.

2.2. Experimental procedure

With different wt% concentrations of TPU, 25 wt%
PP and 0.5 wt% adipic acid were immersed in the
soya bean oil in separate beakers. The solution tem-
perature was maintained at 220 �C on the magnetic
stirrer for 6 h to melt and homogenize the polymers in
the solution. Kevlar fabric having four inch diameter
was dipped in the homogenous solution for five
seconds and then quenched in the deionized water at
room temperature (25 �C) for an hour. n–Hexane was
used to extract the soya bean oil and then placed in
the membrane in a heating oven at 80 �C to dry it.
Two concentrations of TPU, i.e. 8 and 16 wt%, were
blended with PP and nominated as M1 and M2,
respectively.

2.3. Membrane characterization

Scanning electron microscopy (SEM, JSM 6409 A,
Jeol Japan) was used to analyze the pore morphol-
ogy, distribution, and geometry. Fourier transform
infrared spectroscopy (FTIR) (FT-IR Spectrum 100
Perkin Elmer, mid-IR) was used to obtain the quali-
tative structure analysis of the blended membrane.
The surface morphology/roughness of the microfil-
tration membranes was simulated using Scanning
Probe Microscope (AFM, JSPM-5,200, Japan). X-ray
diffraction machine (XRD STOE Germany Theta-
Theta) was used to examine the diffraction pattern of
the composite membranes. Contact angle measure-
ments of the polymer blended membranes have been
conducted using high resolution camera.

2.4. Phase diagram

To acquire phase diagrams, blended polymer–
solvent–nucleating agent samples with various poly-
mer blended concentration were synthesized as
described in Section 2.2. After drying, a little amount
of sample was loaded in capillary tubes, which were
purged with nitrogen gas to avoid oxidation reaction.
These capillary tubes were heated at 493K in electro-
thermal apparatus (Merck 9100). The samples were
completely melted immediately. These samples were
cooled at 10K/min. The cloud point was observed
when turbidity appeared in samples through optical
eye glasses, which were attached with electrothermal
equipment.

2.5. Permeation study

The prepared membranes, M1 and M2, were put
into permeation test to analyze the pure water and
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methanol flux through them. For this, a domestically
manufactured filtration cell with 1L capacity and base
circular area of 13.84 cm2 at feed pressure of 0.1MPa
was used. The flux, J (L/m2h), through the
membranes was measured using Eq. (1) as follows:

J ¼ V=At ð1Þ

where V is the volume of solvent permeated, A is the
effective membrane area, and t is the permeation time.

3. Results and discussions

3.1. Phase diagram

Generally, in TIPS, diluent is used to dissolve
polymer with heating. As the temperature of poly-
mer–diluent mixture lowers, liquid–liquid demixing
starts and generates two phases, polymer rich and
polymer lean. Polymer-lean phase mainly consists of
diluent and creates voids after extraction with a
particular solvent. Polymer-rich phase develops
membrane’s structure. Fig. 1 represents the phase
diagram of blended polymer–solvent–nucleating
agent. The upper critical solution temperature for
liquid–liquid phase separation was observed. Above
0.2 weight fraction of blended polymer, the Tcloud

(cloud temperature) decreases with increasing concen-
tration of blended polymer, keeping the concentration
of nucleating agent constant. At 0.1 weight fraction of
blended polymer, the Tcloud was observed at a value
lower than 0.2 weight fraction-blended polymer. This
can be caused by small concentration difference
between polymer-rich and polymer-lean phases. The
refractive index difference of both phases is very small
and cannot be easily visualized, whereas at high

blended polymer concentration, polymer-rich phase
and polymer-lean phase have high concentration dif-
ference so that liquid–liquid demixing can easily be
observed with optical eye glasses [28–30]. The
observed curve shows binodal, as the region above
the curve is homogeneous region, whereas the portion
below this curve elaborates the polymer–diluent
demixing region.

3.2. SEM analysis

In SEM micrographs in Fig. 2(a,b), two different
magnifications confirm the microporosity generation in
the polymer-blended composite membrane (M1). Uni-
form and homogeneous pores have been developed
throughout the membrane. The pore geometry is not
aptly circular and pore diameter range is 0.1–3 lm.

SEM micrographs of M2 composite membranes are
depicted in Fig. 3(a,b). TIPS technique has successfully
generated uniformly distributed porosity in the poly-
mer-blended membrane. The pore size range of M2
membrane is 75.66 nm–3 lm. Appropriately, all pores
have circular geometry throughout the membrane.
TPU-blending concentration has remarkably affected
the pore morphology/size of the composite membrane.

The SEM micrographs of the cross section of the
composite membranes are elucidated in Fig. 4. The
membrane cross-sectional measurements revealed that
the polymeric film and total thicknesses of the synthe-
sized membranes were augmented with increasing the
TPU-blending concentration in the PP solution. The
total thickness of M1 and M2 micro membranes were
found to be 0.66 and 0.76mm, respectively. The one-
side thicknesses of the blended polymeric film on the
Kevlar substrate were measured as 0.22 and 0.27mm
for the M1 and M2 membranes, respectively. The pre-
sented images demonstrate that porous structure is
also developed within the membranes’ cross section,
using TIPS technique.

3.3. AFM analysis

AFM is a well-known technique to study the sur-
face roughness and morphology of membranes. AFM
images of the blended membranes are given in Fig. 5
(a,b). The surface of M1 membrane is little bit wavy
and nearly smooth. The average roughness is 11.4 nm
and root mean square value is 14.1 nm. The maximum
height of the M1 membrane is 92.1 nm, whhich
adhered on the Kevlar facet. On the other hand, the
overall roughness of M2 membrane is 45.2 nm, which
is quite high compared to the M1 membrane. Root
mean square value for M2 membrane is 58.4 nm and
the maximum height is 405.5 nm.

Fig. 1. Phase diagram of blended polymer–solvent–
nucleating agent.
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Fig. 6 represents the AFM images of the fabricated
membranes with larger scan area (100 lm2). These
images clearly indicates that with increasing TPU
concentration in PP solution, the surface roughness of
the membrane is augmented, which endorses the SEM
findings.

3.4. FTIR spectrum analysis

Functional group analysis of membranes is gener-
ally explored by FTIR. Fig. 7 represents FTIR
spectrum of the fabricated membranes. The FTIR spec-
tra of pure PP and TPU are already reported in the
literature [31,32].

The combination of PP and TPU in blended mem-
branes are confirmed by CH peak at 2,858 cm�1;
strong bands near 1,455 and 1,376 cm�1 represent
bending transmittance of CH2 and CH3 groups
(assigned as PP skeleton feature) and NH peaks at
3431 cm�1 (stretching) and 1,634 cm�1 (bending) in M1
membrane and 3,438 cm�1 (stretching) and 1646 cm�1

(bending) in M2 membrane (specific for TPU). The
effect of increasing concentration of TPU in blending
results in diminishing of peak at 2,858 cm�1 that is
distinctive for PP. Another visible change of
increasing TPU concentration is the appearance of

isocayanate functional group –N==C==O peak at
2321 cm�1 that is also a typical feature of TPU. The
M1 peaks are sharp and distinguishable, but with
increasing TPU concentration peaks are getting broad.
The FTIR spectra of pure PP and TPU are also pre-
sented in Fig. 7. The acquired data revealed that the
major spectrum peaks found for pure polymers were
in league with the M1 and M2 transmittance peaks.

3.4. XRD analysis

The XRD spectra of pure TPU and PP are
explained in different research papers. According to
literature, five peaks at 2h= 14.19 �, 16.98 �, 18.63 �,
25.72 �, and 28.35 � are observed in the diffraction pat-
tern of pure PP [31]. Whereas for pure TPU, broad
diffraction peak with maximum intensity are
appeared at around 2h= 19.75 � [32]. It is clear from
Fig. 8 that all peaks of pure PP and TPU are present
in XRD spectra of M1 and M2 membranes. Therefore,
blending of PP and TPU is assured by this result.
However, the peak for TPU in M1 blend is not much
prominent as in M2 blend due to low concentration of
TPU in aforementioned case. Another obvious change
is that all peaks are sharp, compared with pure PP
and TPU. This can be a possible effect of blending.

Fig. 2. SEM micrographs of PP–TPU (M1) membrane at different magnifications.

Fig. 3. SEM micrographs of PP–TPU (M2) membranes at different magnifications.
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Fig. 5. The surface morphology of M1 (a) and M2 (b) membranes, respectively, at scan area of 36 lm2.

Fig. 4. Cross-section images of M1 (a,b,c) and M2 (d,e,f) membranes.
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The major peaks found in the XRD patterns of the
pure PP and TPU were similar to that of M1 and M2
composite membranes’ diffraction peaks.

3.5. Contact angle measurement

Contact angle measurement is a criterion to investi-
gate the wettability of membranes. Membranes can be
grouped into three categories, i.e. hydrophobic,

hydrphilic, and penetrating, depending on the (h) value.
Membranes with h values equal to 110 � are classified as
hydrophobic membranes, whereas hydrophilic mem-
branes have (h) value near to 70 �. However, in penetrat-
ing membranes h has approximately 0 � value [33]. The
contact angle actually quantifies the magnitude of cohe-
sive and adhesive forces between liquid and solid sur-
face. The cohesive forces of liquid are weaker than
adhesive forces in hydrophilic membranes and stronger
in hydrophobic membranes. These values are dependent
on porosity, surface roughness, and chemical composi-
tions of membranes under study [34,35]. Comparison of

Fig. 6. The surface morphology of M1 (a) and M2 (b) membranes, respectively, at the scan area of 100lm2.

Fig. 7. FTIR spectra of PP, TPU, M1, and M2 membranes.

Fig. 8. XRD spectrum of pure and blended membranes.

1838 S. Farrukh et al. / Desalination and Water Treatment 52 (2014) 1833–1840



wetting characteristics of blended membranes with pure
PP was made by the contact angle measurements of the
fabricated composite membranes, and the acquired data
are presented in Table 1.

It is obvious from Table 1 that the contact angle of
M1 and M2 membranes is diminished with the incorpo-
ration of TPU in the PP solution. The 8 and 16wt%
blending of TPU with PP reduce the contact angle to
20.5 and 30.5 �, respectively, compared to the pristine
PP membrane (85.5 �). It illustrates that the TPU incor-
poration into the PP solution has successfully trans-
formed the nature of the fabricated membrane, from
hydrophobic to hydrophilic. Pure PP lacks polar groups
for chemical attachment with substrate (Kevlar).
Chemical modifications are required to increase polar
groups in PP. In general, the treatment of hydrophobic
membranes is carried out with a hydrophilic polymer
that improves the membrane wettability [36]. In accor-
dance with this fact, the blending of hydrophilic TPU
enhances the wettability of pure PP. As TPU has N–H
and –N==C==O functional groups, they develop strong
linkage between the adhesive and the adherent. Also, it
improves the interfacial strength between the fabric
and the blended polymer that results in lowering of the
contact angle of the fabricated membranes [33,37,38].
Lower contact angle values of blended membranes
make them more hydrophilic and not vulnerable to
organic compounds, as compared to pure PP mem-
branes. Another distinguishing property of hydrophilic
membrane is its roughness; more the roughness, less
will be the contact angle. So, blended membranes
acquire more roughness with increasing concentration
of TPU and it is also supported by AFM results
explained already.

3.6. Membrane performance

The permeation efficiency of M1 and M2 mem-
branes were examined by measuring pure water and
methanol flux through these membranes, and the
obtained data are presented in Fig. 9. The solvent flux
through the membrane is higher for the composite
membrane prepared with high concentration of TPU
compared to the rest one due to the pore size and

hydrophilicity enhancement with increasing the TPU
contents in the membrane solution. These findings are
also supported by SEM and AFM results (Figs. 2–6).
In addition, water flux through the membranes was
observed higher compared to methanol owing to the
small water molecule size (0.26 nm), in contrast with
methanol (0.41 nm).

4. Conclusions

In this study, TIPS technique is implied to fabricate
PP–TPU blended membranes, in which Kevlar fabric
is used as a membrane support. The effect of TPU-
blending concentration on the pore morphology, pore
distribution, average pore size, and hydrophobicity of
the pure PP membrane is scrutinized. The blended
membranes are characterized using SEM, AFM, FTIR,
XRD, micro-filtration assembly, and contact angle
measurement. SEM micrographs illustrate that pore
morphology and size are influenced with increasing
TPU concentration in the membrane solution. FTIR
and XRD study confirm the presence of proposed
polymers in the blended membranes. The AFM
images elaborate the roughness and film thickness
enhancement with increasing TPU concentration. The
contact angle measurement of the fabricated mem-
branes illustrates the augmentation of hydrophilic nat-
ure of the pristine PP membrane with increasing TPU
contents in the PP solution. The flux study reveals
that with increasing the TPU concentration in the
membrane solution, permeation through the fabricated
membrane is enhanced accordingly.
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