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Abstract— Porous polyetherimide (PEI)/polyvinylidene fluoride (PVDF) coated flat sheet membranes with different compositions and
polyethene glycol (PEG) pyrogenic additives have been prepared by non-solvent induced phase separation for the separation of metal
salts and sucrose. By using non-solvent induction phase separation (NIPS), it has succeeded in preparing new members of mixed
matrix PVDF membrane with (i) asymmetry pore structure, (ii) porosity 7.19%-18.93%, (iii) pore size 0.196 nm-0.453 nm and (iv)
mechanical strength 4262.04-24472.57 N/m2, (vi) permeability respectively of 500.48 L/m2.h.bar for C12H22O11; 642.94 L/m2.h.bar for
NaCl; 623.64 L/m2.h.bar for MgCl2; 1060.39 L/m2.h.bar for CaCl2; and 1292.85 L/m2.h.bar for CuSO4. Specifically, increasing PEI
levels up to 2(wt.%) - 8 (wt.%) has reduced overall porosity and pore size, thus having a specific impact on mechanical strength, pure
water permeability (PWF) and the permeability of the feed solution. The opposite phenomenon is observed when the PEI level
reaches 10 (wt.%) - 14 (wt.%). Furthermore, compared to pure PEI membranes, PVDF/PEI composite membranes were observed to
have a higher resistance to acids and lower to bases. This condition applies in contrast to pure PVDF membranes. Despite having
moderate chemical resistance, PEI/PVDF membranes have excellent characteristics and separation performance compared to pure
membranes. This demonstrates its promising potential for separation of soluble metal salts and sucrose produced by various
industrial processes compared to PVDF and PEI membranes.
Keywords— membrane; polyvinylidene fluoride; polyetherimide; soluble metal salt; sucrose.

sustainability because of the selective separation properties
[7]–[9] and no additional chemical required in the process.
The polyvinyl fluoride (PVDF) membrane is a major
commercial microfiltration membrane that is widely used in
many applications in industry, especially because of its
advantages compared to many other organic polymeric
materials, including high thermal and chemical resistance. In
addition, PVDF membrane has high mechanical strength and
asymmetry structure required for separation [10]–[12].
Polyetherimide (PEI) is an amorphous polymer [13], [14]
which capable to forming a membrane with an asymmetry
structure, in which its surface morphology is predominantly
dominated by high porosities and accompanied by a low
thickness of the cross-sectional structure. This typical
morphology has caused the PEI membrane to tend to
produce high permeability. High pore quantity and low
membrane thickness have been a compensatory factor for the
homogeneous pore of the PEI membrane as well as better
induction of membrane mechanical resistance. In addition,

I. INTRODUCTION
The world faces major challenges in the fulfilment of the
increasing demand for primary components in human life
(water, energy, food and other essential ingredients) in
addition to demands for the reduction and minimization of
the negative impacts of human activity on a global scale and
full attention to climate change on Earth [1]–[5]. Major
advances in chemistry, engineering, and sustainable
materials (SusChEM) create great opportunities in
overcoming global challenges and demands on the presence
of primary components that are increasingly depleted and
potentially life-threatening. In recent years membrane
technology has attracted much of the world attention in
dealing with a number of crucial problems that are directly
related to the increasing difficulty level of access to these
primary components [6]. Polymer membranes have become
an essential part of various applications related to
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complex ways. Related to this, the reduction of the
hydrophobic properties of the membrane obtained from the
blending of PVDF and PEI polymer solution is only one of
the factors that determine membrane performance.
The blending method affects the phase separation
phenomenon, where an increase in the viscosity of the
resulting polymer solution reduces the level of non-solvent
penetration. This condition minimizes the disruption to the
thermodynamic equilibrium of the casting solution and
induces delayed liquid-liquid demixing in the phase
separation process.

PEI has high chemical and thermal stability (± 500 ˚C) [15],
[16]. Despite having higher thermal stability than PVDF, the
chemical resistance of the PEI membrane lies below the
PVDF membrane. The PEI membrane tends to have weak
resistance in acidic environments while PVDF in strong
alkaline. However, low wettability by polar compound due
to the hydrophobic surface and low surface energy and lower
heat resistance due to its lower melting point begins to limit
the application of PVDF membranes to specific processes
involving thermal and mechanical capabilities in the industry
[7]–[11], [17]. Thus, a combination of advantages and
disadvantages of PEI and PVDF becomes a potential step to
resolve such limitations.
One viable alternative to fix this weakness is the
modification of the PVDF membrane using the PEI polymer
to produce a composite membrane with better hydrophilic
properties. From the various modification methods available
in the literature, blending using polymeric materials that
have targeted properties, is a simple and effective choice
[15], [18]. In recent years, mixed matrix membranes
(MMMs) have gained much attention because of their
advantages which can provide many functions as
multifunctional membranes that support SusChEM with
enhanced properties and performance [2], [19]–[22]. The
blending particles distributed homogeneously and change the
overall properties of the membrane. The quality and quantity
of the blending are determined by several factors such as the
composition of the dope solution, temperature, type of
polymer material, also solvents and additives [23]–[26].
However, the most important determinant parameter is the
time between casting and immersion in the coagulation bath
because PEI can only migrate in the solution phase. This
time can be modified, shortened or extended as needed, on
flat sheet membrane casting process [27], [28].
In previous studies, the effects of PVDF addition on the
characteristics of PSf/PVDF composite membranes have
been studied [7]–[11]. The results show that the physical
morphology, mechanical strength also thermal dan chemical
resistant of the composite membrane, are strongly influenced
by the concentration of PVDF in the blending solution which
migration is found to occur at a limited level however the
hydrophobic membrane properties are slightly elevated.
PVDF has a high fluorine content (59.4% by weight) that
control the hydrophobic properties of the blended membrane
[29]–[31]. In this regard, it would be a potential choice if it
then applied these results to obtain an opposite yield in this
research, i.e. the improvement of the hydrophobic nature of
the PVDF membrane using a more hydrophilic PEI polymer
[32].
The purpose of this study was to examine the effect of
PVDF modification with PEI polymer performed by
blending method on the properties and performance of flatsheet composite membranes in the separation of dissolved
metal salts and sucrose. In this study, the PEI levels added to
the PVDF polymer solution were changed while the levels of
PVDF, NMP solvents and PEG additives were made
constant, and the effect was also studied. It should be noted
that different membrane physical characteristics such as
porosity, pore size and tortuosity as well as mechanical,
thermal and chemical resistance of membranes affect the
performance of membranes in specific applications in

II. MATERIAL AND METHOD
A. Material
Non-woven fabric 254 mesh used as a supporting layer
purchased from PT. Kasa Husada Wira Jatim (Indonesia).
The powdered PVDF polymer with an average molecular
weight of 534,000 is provided by Aldrich (Singapore). PEI
in pellet form is purchased from Aldrich (Singapore). All
these polymer materials are used directly without preceding
drying at a specific temperature and time. N-methyl-2pyrrolidone (NMP) grade biotech with a purity of ≥99.7%)
was purchased from Aldrich (Singapore) and also used
directly without further examination. Polyethene glycol
(PEG-6000) with a purity level of ≥ 99.5%, used as a poreforming additive purchased from PT. Bratachem (China).
B. PVDF/PEI Membrane Preparation
For the preparation of casting solutions each 12 g of
PVDF; 2 g of PEI; and 2 g of PEG-6000 were added to 84 g
of NMP solvent. Furthermore, in order to optimize the
solubility, 7 h of stirring was performed using NESCO LAB
MS-H280-Pro magnetic stirrer at 60 °C. In the next step, it
has been done ageing of the casting solution for 18 h at room
temperature in order to obtain a bubble-free casting solution.
The air bubbles presence generally results in membrane
defects. The casting solution preparation follows the
composition, as shown in Table I. Compositions M1 and M7
are used as a control/comparison for the properties and
performance of M2-M7 composite membranes resulted.
TABLE I
COMPOSITION OF THE BLENDING SOLUTION

Membrane

PVDF
(wt.%)

PEI
(wt.%)

M1
M2
M3
M4
M5
M6
M7
M8

14
12
10
8
6
4
2
0

0
2
4
6
8
10
12
14

PEG6000
(wt.%)
2
2
2
2
2
2
2
2

NMP
(wt.%)
84
84
84
84
84
84
84
84

PVDF/PEI composite membranes are made using the
NIPS method. The blended solution is cast on a glass sheet
coated with a gauze support layer. The casting is done by
casting knife at 40 °C with 800 μm thickness. After ageing
for 30 minutes at the same temperature, the subsequent
casting solution is immersed in a coagulation medium
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containing distilled water at 40 °C for 2 h to induce phase
separation. To remove residual solvents and pyrogen
additives still attached to the membrane, a membrane was
immersed in distilled water for 24 hours. Membrane dried in
the open air for 24 hours and ready to be analyzed.

The Young's modulus (E) was calculated according to
Equation 3 [10]:

C. PVDF/PEI Characterization

Where the stress is the force acting per area of material (Nm2
), and strain represents the ratio of the length increase to the
initial length. To reduce experimental error, the reported
Young’s modulus is the average of the three times
measurement.

(=

1) Scanning Electron Microscope (SEM): Zeiss EVO
MA10 analyzed surface and cross-section morphology of (1)
PVDF membrane, (2) PVDF/PEI composite membrane, and
(3) PEI membrane. Dry membranes were broken in liquid
nitrogen and coated with gold by sputtering before each
analysis. The upper surface of the cross-sectional image is
the skin layer (the membrane side that is in direct contact
with the non-solvent), while the lower surface is a porous
layer generally composed of micropores and microvoids.
Morphological analysis using SEM was performed at 200
kV acceleration [33].
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6) Thermal Resistance: The thermal resistance of the
membranes was evaluated using Perkin Elmer STA-6000
Differential Scanning Calorimetry (DSC) - Thermal
Gravimetry Analysis (TGA) with heating temperature range
20 ⁰C - 700 ⁰C with 10 ⁰C min-1 a heating rate.
7) Chemical Resistance: Membrane acid resistance was
determined by immersion in 80 vol% sulfuric acid solution,
while alkaline resistance was determined by immersion in 80
wt.% sodium hydroxide. Changes in functional groups
before and after treatment were analyzed with FTIR
spectrophotometer. The results show the functional groups
are lost after treatment.

(1)

is the wet weight (g) of the membrane,
is
Where
is the pure water
the dry weight (g) of the membrane,
density (g/cm3) at 25 ˚C, is the thickness of the wet (cm)
membrane. To reduce the level of experimental error, the
resulting porosity is the average result of three times
measurement.
The membrane pore radius ( ) was analyzed using the
Guerout-Elford-Ferry equation, as shown in equation 2.
=

2

Where V is the volume of the feed solution (L), A is the
membrane surface area (m2), and t is the time required by the
feed solution to pass through the membrane (h).

3) Porosimeter and Pore Size Analysis: Membrane
porosity was measured by dry-wet weight method. After the
dry weight was weighed, the membranes were immersed in
deionized water for 24 hours to optimize water penetration
into the membrane pores. Once the excess water on the
membrane surface was removed using tissue paper, the wet
weight of the membrane was weighed. Membrane porosity
was analyzed using the following equation [10], [34].
100

(3)

5) Flux Test and Filtration Experiment: Filtrations were
evaluated using the "Dead end" membrane reactor (selfmade), at room temperature and pressure of 1 bar. The
membrane samples were placed in the reactor and sealed
with an O-ring. The membrane area tested was 0.00246176
m2. The feed volume used was 250 mL. Permeation
(l/m2h.bar), determined by the gravimetric method. Pure
water, as well as soluble metal salts and sucrose flux (Lm2h-1), was determined using Equation 4 [11].

2) Fourier Transform Infra-Red (FTIR): The infrared
spectra of the membrane were analyzed by Nicolet IS10
Thermo Scientific FTIR spectrophotometer in the range of
4,000-400 cm-1. Through this functional group analysis,
blending PVDF and PEI are confirmed.

% =

)*+,--

)*+./0

III. RESULTS AND DISCUSSION
A. Physical Characterization of the Membrane
Fig. 1 shows the pure PVDF, PVDF/PEI composite, and
pure PEI membrane surface morphology. Differences were
observed in surface and cross-section morphology of
PVDF/PEI membranes compared to pure PVDF and PEI
membranes. This difference is increasingly significant with
increasing PEI levels. As shown in Fig. 1 (a1) and (e1), the
surface of pure PVDF membrane has a higher porosity with
smaller pore size than PEI membrane. To further evaluate
the composite membrane structure, a morphological analysis
of the cross-section of the composite membrane was carried
out. The results of the morphological analysis of the
membrane cross-section are shown in Fig 2. The figure
shows the M7 and M8 membranes structure with high
porosity typical of PEI membranes. This visual is different
from the results of the surface morphological analysis, which
shows low porosity with large pore size. This shows the
different pores types that make up the skin and porous layer.

(2)

Where η is the deionized water viscosity (8,9 x 10-4 Pa.s); Q
is the permeate volume per unit time (m3/s), and ΔP is the
operational pressure of separation (0.1 MPa).
4) Mechanical Strength: The mechanical membrane
characterization was performed using RCT-10KN-AF Toyo
Seiki Stereograph. All membranes to be tested were dried at
a temperature of 30 ˚C overnight before the cut to size 15
mm x 100 mm. Clipping distance is kept constant at 50 mm.
Measurements were made at room temperature, and strain
rate of 20 mm/min was applied. Young's modulus value
generated was an average of the three times measurement.
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In this case, porosity and pore size (see Table II) are the
determining parameters for overall pore characteristics.
Compared with PEI membranes, lower porosity and pore
size were observed on pure PVDF membranes. The narrower
pore size distribution on pure PVDF membranes is predicted
to be the determinant of this characteristic.

a2

a1

b2

b1

c2

c1

d2

d1

e2

e1

Fig. 2 SEM images of the cross-section morphologies of the M1 (a2), M2
(b2), M5 (c2), M7 (d2), and M8 (e2) membrane
Fig. 1 SEM images of the surface morphologies of the M1 (a1), M2 (b1),
M5 (c1), M7 (d1), and M8 (e1) membrane
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This finding is slightly different from previous studies
which produced asymmetric PEI membranes with lower
pore sizes [35]. This condition is thought to occur due to
differences in pyrogen additives. The molecular structure of
PEG much larger than NH4Cl triggers the emergence of
larger micropores on the membrane.

membranes of M1, M2, M5, M7 and M8 to strengthen the
assumption.
a3

TABLE II
POROSITY AND PORE SIZE OF MEMBRANE WITH DIFFERENT COMPOSITION
OF CASTING SOLUTION

Membrane

Porosity (%)

Pore Size (nm)

M1
M2
M3
M4
M5
M6
M7
M8

17.39
18.04
9.32
7.32
7.19
11.60
18.93
19.77

0.366
0.289
0.279
0.204
0.196
0.430
0.453
0.515

b3

Significant differences in porosity and pore size of pure
PVDF and PEI, as well as PVDF/PEI composites
membranes, indicate that PVDF and PEI polymers blending
has resulted in the membrane structural changes, which
refers to both characteristics. Fig. 2 shows that all PVDF/PEI
composite membranes detected have an asymmetrical
structure consisting of a denser skin layer and a porous layer
that includes micropores and macro void. The appearance of
a number of large pores, especially on membranes M7 and
M8, does not necessarily produce low porosity and large
pore size in both. The degree of pore size distribution is the
only explanation that allows the formation of asymmetry
membranes with high porosity and pore size at the same time
on PEI membranes and PEI-dominated composite
membranes. In addition to influencing membrane structure,
the homogeneity of the PVDF and PEI mixture (see SEMEDX in Fig. 3) generally also influences mechanical
characteristics and performance, as well as thermal and
chemical resistance of membranes. Discussion of this matter
is discussed later.
SEM-EDX analysis shows that the dominance of the
presence of positively charged (C) and negatively charged
(O and N) atoms in the molecular structure of PEI has
resulted in membranes with higher porosity compared to
PVDF. This finding is in line with the results of membrane
cross-section morphology in Fig. 2 as well as porosity
analysis results in Table II. According to this, the appearance
of finite large pores, especially on the M8 membrane is
predicted to be closely related to the width of the pore size
distribution on the membrane as a result of an imperfect
dissolution process, as seen in the results of SEM-EDX of
M7 and M8 membranes (Fig. 3(d3) and (e3)). In Fig. 3(d3) it
appears that the N and O atoms typical of PEI polymers
were not evenly distributed in the analyzed membrane. The
same thing is also seen in the results of SEM-EDX
membrane 8 (Fig. 3(e3)). Furthermore, detection of fluorine
(F) atoms contamination on the M8 membrane also
influences membrane formation with characteristics slightly
different from previous studies [35]. However, it is
important to further analyses the pore size distribution on the

c3

d3

e3

Fig. 3 SEM-EDX images of the M1 (a3), M2 (b3), M5 (c3), M7 (d3), and
M8 (e3) membrane
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TABLE III
ATOM DISTRIBUTION ON MEMBRANE WITH DIFFERENT COMPOSITION OF
CASTING SOLUTION

Membrane
M1
M2
M5
M7
M8

F
46.36
48.35
41.53
5.69
2.45

Atom. C (at.%)
C
O
53.50
0.11
50.97
0.66
57.85
0.54
71.45
20.02
71.09
21.11

pure PVDF (M1) (a), PVDF/PEI composite (M4) (b), and
pure PEI (M8) membrane (c). The formation of the
PVDF/PEI composite membrane has been successfully
confirmed. In the infra-red spectra of the M4 membrane has
detected the appearance of a new peak at wave number
1400-1600 cm-1 given by the conjugated and aromatic C=C
functional groups when compared to the M1. It also detected
a new peak appearance at 970-1250 cm-1 (1000-1300 cm-1);
1000-1250 cm-1; and 1710-1720 cm-1 each attributed to the
presence of C-O (C-O ether), C-N and C=O functional
groups. This condition confirms the presence of PEI in the
M4 membrane. Meanwhile, the appearance of a new peak in
the wavenumbers 1000-1400 cm-1 in the infra-red spectra of
the M4 membrane when compared with the M8 membrane
has further strengthened the formation of the PVDF/PEI
composite membrane through detection of the C-F typical
peak belonging to the PVDF molecular structure. In Fig. 5 (a
and b) the molecular structure of PVDF and PEI is apparent.

N
0.02
0.02
0.08
2.84
5.36

B. Chemical Characterization of the Membrane

a
(a)

(b)
Fig. 5 Molecular structure of PVDF (a); and PEI (b)

C. Mechanical Characterization of the Membrane
Mechanical strength of pure PVDF; PVDF/PEI composite
and pure PEI membrane using the non-woven support are
shown in Fig. 6. The results show a decrease in Young’s
modulus values of the PEI membrane and an increase of the
PVDF membrane, each along with the increasing levels of
PVDF and PEI added to the casting solution. This condition
is induced by the tendency of charge differences generated
by various functional groups in PEI molecular structures
which are much more complex and larger than PVDF, which
further results in a greater bond strength on the PEI
membrane compared with PVDF. The bond strength has
resulted in a larger membrane strength (M7 and M8) in
maintaining a specific pore size when obtaining external
loads. This fact further strengthens the notion of the wide
pore distribution of M7 and M8 membranes that are the
background of the appearance of several large pores on the
M7 and M8 membranes. The high value of Young's modulus
of M7 and M8 membranes compared to M1 and M2
membranes show the formation of a typical PEI membrane
structure that is rich in small pores. Unlike the general
membrane, PEI's typical pore structure generally not trigger
low permeability, as to be discussed next.

b

c
Fig. 4 Infrared membrane spectra: M1 (a); M4 (b) and M8 (c)

FTIR analysis can confirm the successful formation
PVDF/PEI composite membranes. The infra-red spectra
the pure PVDF and PEI membrane were used as
comparison and on Fig. 4, showing the infra-red spectra

of
of
a
of
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size of dissolved metal salts and sucrose particles. In
addition, the electronegativity of each metal element has a
more significant effect on the degree of separation or flux.
Related to this, the tendency of negative charges on the
membrane becomes a significant obstacle to the rate of
separation of the feed solution with higher electronegativity.
These two parameters are one of the causes of the
lower/higher flux of each membrane.

25000,00
20000,00

Young's Modulus (N/m2)

15000,00
10000,00
5000,00
0,00

Casting Solution Composition (PVDF/PEI/NMP/PEG)
(wt.%)

Fig. 6 Mechanical strength of the membrane with a different casting
solution composition

D. Flux Test and Filtration Experiment
Pure water flux (PWF) of pure PVDF, PVDF/PEI
composite and pure PEI membrane with different casting
solution composition were evaluated at operational pressure
of 1 bar, and the results had shown in Fig. 7. The results
showed that the PWF of the pure PVDF membrane was
equal to 3674.67 Lm-2h-1bar-1, whereas the pure PEI
membrane showed PWF of 7349.34 Lm-2h-1bar-1. Whereas in
composite membranes (M2 and M5), PWF is detected lower
than PVDF membranes. However, a further increase in PEI
levels in the cast solution (M7 and M8) has resulted in
membranes with higher porosity, thus inducing higher PWF
gains. Initially, the slight addition of the PEI to the casting
solution has increased the membrane pore density. However,
an increase in PEI levels that are more extreme in the casting
solution has produced membranes with porosity and pore
size typical of PEI.
In general, the permeability of porous membranes is
strongly influenced by the membrane porosity, pore size and
hydrophilic properties to a certain extent. Based on SEM,
porosity and pore size analysis results can be predicted that
high permeability of PEI membrane was more related to
high porosity properties compared to the pore size of the
membrane. This condition is triggered by a much higher
porosity of the PEI membrane than PVDF. The high porosity
of the PEI membrane has offset the presence of small pore
sizes that are predicted to be abundant in the membrane.
Thus, in general, PVDF blending with PEI polymer has
created an asymmetrical structure with smaller pore sizes,
but with much higher porosity. This characteristic results in
a higher PWF value on the PEI membrane.
In contrast to PWF which is generally affected solely by
membrane porosity, pore size and hydrophilic properties, the
separation of feed solutions with specific solutes are also
strongly influenced by the size and shape of solute particles
in the feed solution. The flux produced by the pure PVDF
(M1), the PVDF/PEI composite (M4) and the pure PEI
membrane (M8) have shown in Fig. 8. It can be seen that the
resulting flux from separation CaCl2, CuSO4 and MgCl2 each
becomes the highest for M1 (1201.78 Lm-2h-1bar-1), M4
(1292.85 Lm-2h-1bar-1), and M8 (1325.12 Lm-2h-1bar-1) and
vice versa on separation CuSO4 for M1(347.42 Lm-2h-1bar-1)
as well as sucrose each for M4 (500.48 Lm-2h-1bar-1) and M8
(370.89 Lm-2h-1bar-1), produced the lowest flux on the three
membranes tested. This condition is closely related to the
suitability of the pore sizes of the three membranes with the

Fig. 7 Pure water flux of the membrane with a different casting solution
composition

1400,00
1200,00
Flux (L/m2.h.bar)

1000,00
800,00
600,00
400,00
200,00
0,00
Sucrose
PVDF

NaCl

MgCl2

PVDF-PEI

CaCl2

CuSO4

PEI

Fig. 8 The flux of the membrane: (a) M1; (b) M4; and (c) M8 for the
separation of soluble metal salts and sucrose

The porosity of the PEI membrane that is far above the
other two membranes has produced a higher flux on the PEI
membrane, but the small pore size predicted to be abundant
in the membrane has been one of the causes of differences in
permeability of dissolved metal salts and sucrose. A pore
size that is too small triggers an increase in the potential for
impurities and causes a decrease in flux to a certain point
due to blockage rather than narrowing in the membrane
pores.
E. Thermal Resistance
To evaluate the thermal resistance, TGA measurements of
pure PVDF (M1), PVDF/PEI composite (M4) and pure PEI
membrane (M8) were obtained. The results show higher
thermal stability due to an increase in the addition of PEI to
the casting solution. The thermogravimetric analysis is
showing PVDF decomposition in several steps at the lower
temperature shown in Fig. 9(a). Decomposition was detected
from the weight lost during the tested temperature range.
The first mass reduction detected in the 165-170 °C is
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occurrence of increased membrane matrix density formed as
a result of PVDF-PEI polymer blending has inhibited the
occurrence of water molecules from within the membrane
matrix. This condition has triggered a higher heat required to
be able to evaporate all water molecules from the membrane
matrix. The same conditions were detected in the next,
second and third mass reduction stages. The second phase
mass reduction of the M4 membrane occurs in the
temperature range 310-345 °C. The increased pore density of
the M4 membrane matrix is also predicted to inhibit the
occurrence of unwashed and depleted NMP evaporation
from the membrane matrix. Thus, higher heat energy is
required to be able to evaporate NMP from the membrane
matrix. Meanwhile, the decomposition of PVDF detected at
the third stage mass reduction took place at a temperature
range not significantly different from that of the M1
membrane, i.e. at 345-475 °C. In addition, in the TGA test of
the M4 membrane, it has detected a fourth phase mass
reduction in the temperature range 475-605 °C. This fourthstage mass reduction is predicted to be due to the
decomposition of PEI molecules from the M4 membrane
matrix. This finding is in line with [34], which reports PEI
decomposition at temperatures around 500 ˚C. This finding
is also reinforced by FTIR analysis. The M4 membrane IR
spectra from each mass reduction stage are shown in Fig. 11.

predicted to be closely related to the water molecules release
from within the membrane matrix as a vapor. The second
phase mass reduction, occurring at a temperature range of
170-345 °C, is predicted to be the time when evaporation of
an adsorbed NMP solvent has occurred on the membrane.
The third phase mass reduction was found to occur in the
345- 555 °C. This third-stage mass reduction is predicted to
be closely related to PVDF decomposition. The results are in
line with those published in [7] which report the occurrence
of PVDF decomposition at temperatures around 375 °C. To
ascertain the cause of each mass reduction step, a functional
group analysis of the M1 membrane using FTIR was
performed. The infrared spectra of the membrane from each
of the mass reduction steps are presented in Fig. 10.
(a)

(b)

(a)
(c)

Fig. 9 Thermogram of the membrane: (a) M1; (b) M4; and (c) M8

(b)
The results of the analysis with increased thermal stability
are shown by thermogram (Fig. 9(b)) of the PVDF/PEI
composite membrane (M4). Increased thermal stability is
detected from the occurrence of decomposition with the
same stages in the higher heating temperature. The first mass
reduction showing the loss of water molecules from the M4
membrane was detected at a higher temperature range
compared to the M1 membrane, i.e., at 158-310 °C. The

Fig. 10 FT-IR spectra of the M1 membrane at: (a) 375 °C (PVDF
degradation temperature); and (b) 500 °C (PEI degradation temperature)

It is associated with the thermal stability of the M8
membrane, the thermogram in Fig. 9(c) shows the highest
thermal stability compared to the two other membranes (M1
and M4). The first and second detectable phase mass
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reductions of the M8 membrane show much higher
temperatures required to be able to remove H2O and NMP
molecules from within a pure PEI membrane matrix that
predicted has many small pore sizes. To be able to release
the H2O molecules contained in the M8 membrane matrix, it
is required to heat to a temperature range of 180-305 °C,
while to remove the remaining and deposited NMP solvent
in the M8 membrane matrix, heating is required in the 305485 °C temperature range. The third phase mass reduction in
the M8 membrane occurs in the temperature range 485655 °C. This result is in accordance with the result of the
FTIR analysis. The M8 membrane IR spectra from each
mass reduction stage are shown in Fig. 12.
The M1 membrane infra-red spectra which have been
tested for thermal resistance at the degradation temperature
of PVDF (375 ° C) in Fig. 10 (a) shows the appearance of
several typical PVDF functional groups, including C=C at
1587.95 cm-1 and -CF at 1393.22 cm-1 and 1174.79 cm-1.
Furthermore, more C=C functional groups have been found,
namely at 1574.44 cm-1; 1557.44 cm-1; 1538,61 cm-1;
1505.30 cm-1; and 1470.83 cm-1. While the functional group
-CF only detected its appearance at 1103.29 cm-1. The
increase in C=C along with the reduction of -CF functional
groups in the IR spectra of PVDF membranes (Fig. 10(b))
becomes a marker of the dehydrofluorination, namely the
loss of -HF functional groups which generally trigger the
formation of C=C functional groups in the PVDF molecular
structure.

The FTIR results of the M4 membrane that have passed
the thermal resistance test at 375 °C and 500 °C are shown
in Fig. 11. The results show the appearance of =C-H &
=CH2 functional groups at 3095.60 cm-1; C=O at 1717.25
cm-1; C=C at 1594.54 cm-1, and 1475.56 cm-1; C-F at
1351.46 cm-1 and 1170.16 cm-1; C-H/NH2 & NH at 874.83
cm-1, 834.83 cm-1, and 739.93 cm-1; and C-H deformation at
622.12 cm-1. While the thermal resistance test at a
temperature of 500 °C only leaves the appearance of the N-H
(2° amine) functional group at 3353.34 cm-1; C=O at
1712.99 cm-1; C=C at 1586.69 cm-1; and C-F at 1072.80 cm-1.
These results indicate the existence of PEI characteristic
functional groups that are more dominant in M4 composite
membranes compared to PVDF after heating at 500 °C.

(a)

(a)
(b)

Fig. 12 FT-IR spectra of the M8 membrane at: (a) 375 °C (PVDF
degradation temperature); and (b) 500 °C (PEI degradation temperature)

The FTIR results of the M8 membrane (Fig. 12) show the
high thermal resistance of PEI membranes compared to
PVDF/PEI and PVDF membrane. This can be seen from the
existence of a large number of PEI typical functional groups,
such as =C-H and =CH2 at 3062.28 cm-1; CH3, CH2 and CH
at 2968.27 cm-1; C=O at 1776.09 cm-1, 1713.84 cm-1,
1594.13 cm-1, 1494.74 cm-1, 1474.59 cm-1, and 1442.18 cm-1;
C-O ether at 1346.96 cm-1 and 1261.41 cm-1; C-O ether
which overlapped with C-N at 1230.39 cm-1, 1169.84 cm-1,
1071.77 cm-1, and 1012, 37 cm-1; C-H which overlapped NH
at 918.08 cm-1, 831.58 cm-1, 775.55 cm-1, and 739.64 cm-1;
and C-H deformation at 680.17 cm-1. In general, the IR
spectra of the M8 membrane that have been heated at 500 °C

(b)

Fig. 11 FT-IR spectra of the M4 membrane at : (a) 375 °C (PVDF
degradation temperature); and (b) 500 °C (PEI degradation temperature)
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did not show significant differences, which still detected the
appearance of a large number of PEI typical functional
groups such as C=O, C=C, C-O ether, CN, CH, NH2 and NH
as well as CH deformation. These findings strengthen the
fact that the PEI membrane's thermal resistance is higher
than that of PVDF/PEI composite and PVDF membranes.
F. Chemical Resistance
Fig. 13 shows the FTIR results of the pure PEI
membrane, before and after immersing in sulfuric acid 80
vol.%. The results show the appearance of peaks in a number
of specific wavenumbers. Before going through chemical
resistance tests in an acidic environment, the IR spectra of
the PEI membrane showed the appearance of functional
groups at 3475.40 cm-1 (N-H, 1° amine); 2966.09 cm-1 (CH3,
CH2 and CH); 1774.96 cm-1, 1716.80 cm-1, 1682.15 cm-1
(C=O); 1618.05 cm-1 and 1598.02 cm-1 (NH2 scissoring);
1495.17 cm-1, 1476.26 cm-1 (C=C); 1444.29 cm-1 (C=C
overlapped with CH2 and CH3 deformation); 1354.69 cm-1
(CH2 and CH3 deformation); 1234.73 cm-1 (C-O ether);
1234.73 cm-1, 1172.30 cm-1, 1101.92 cm-1, 1073.78 cm-1, and
1013.77 cm-1 (C-O ether overlapped with C-N); 920.85 cm-1,
847.56 cm-1, 777.81 cm-1, 742.78 cm-1, and 742.78 cm-1 (CH overlapped with NH2 and NH); and 684.48 cm-1 (C-H
deformation). However, several peaks were detected
disappearing from the IR spectra of the PEI membrane,
which were treated in sulfuric acid. This indicates the loss of
several functional groups, such as C=O at 1682.15 cm-1 and
C-H, which overlapped with NH2 and NH at 920.85 cm-1.
The loss of some functional groups is a marker of PEI
membrane resistance that is not very good in an environment
of sulfuric acid 80 vol.%.
In addition, the results also showed lower stability of PEI
in the sulfuric acid environment than PVDF. This is evident
from the decrease in intensity or even to the loss of PEI peak
characteristics in the infra-red spectrum of the PVDF/PEI
membrane that has been immersed in 80vol.% sulfuric acid
for 24 hours. The peak characteristics are those that occur at
2922.06 cm-1 (CH3, CH2 and CH); 2160.16 cm-1 (N=C=O/C=C=O); 1975.41 cm-1 (C=C asymmetry
stretching); 1597.77 cm-1 (NH2 scissoring); 1231.60 cm-1 (CO ether overlapped with C-N and C-F). These results are in
line with findings [7] that report the good chemical stability
of PVDF polymers in sulfuric acid environments. This
condition is clearly seen in the IR spectrum of the PVDF/PEI
membrane in Fig. 14.
The FTIR analysis results of the M1 membrane, before
and after immersing in sulfuric acid 80 vol.% (Fig. 15)
further strengthens the fact that the chemical resistance of
PVDF membranes is higher than PEI in acidic environments.
In M1 membrane (before immersion) is detected the
appearance of peaks at 2919.56 cm-1 (CH3, CH2 and CH);
1400.53 cm-1 (C=C overlap with CH2 and CH3 deformation);
1178.40 cm-1 and 1068.47 cm-1 (C-F); 872.98 cm-1, 839.65
cm-1, and 761.73 cm-1 (C-H); and at 613.21 cm-1 (C-H
deformation). The appearance of the peaks was also detected
in the results of IR analysis (after immersion). This shows
the high chemical stability of PVDF membranes in an acidic
environment.

(a)

(b)
Fig. 13 FT-IR spectra of the M8 membrane: before (a) and after (b)
immersion in 80vol.% sulfuric acid

(a)

(b)

Fig. 14 FT-IR spectra of the M4 membrane: before (a) and after (b)
immersion in 80vol.% sulfuric acid
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(a)

(a)

(b)

(b)

Fig. 15 FT-IR spectra of the M1 membrane: before (a) and after (b)
immersion in 80vol.% sulfuric acid

Fig. 16 FT-IR spectra of the M8 membrane: before (a) and after (b)
immersion in 80wt.% sodium hydroxide

The result of chemical stability test of PVDF/PEI
membrane in alkaline environment showed low chemical
resistance of PVDF in the alkaline environment. However,
alkaline resistance of PVDF membranes is still higher when
compared to PEI membranes. Based on IR spectra of the PEI
membrane (M8), before and after treatment in alkaline
environments, has been detected the losses of N-H (1° amine)
functional group at 3475.40 cm-1; C=O at 1774.96 cm-1,
1716.80 cm-1 and 1682.15 cm-1; NH2 scissoring at 1618.05
cm-1 and 1598.02 cm-1; C=C at 1495.17 cm-1 and 1476.26
cm-1; C-O ether at 1270.82 cm-1; C-O ether was overlapped
with C-N at 1234.73 cm-1, 1172.30 cm-1, 1101.92 cm-1 and
1013.77 cm-1; C-H which overlapped with NH2 and NH at
920.85 cm-1, 777.81 cm-1 and 742.78 cm-1.
This finding was also strengthened by the FTIR results of
the M4 composite membrane, where a large number of PEI
typical functional groups losses were also detected, namely
at 1718.12 cm-1 (C=O); 1597.77 cm-1 (NH2 scissoring);
1231.60 cm-1 and 1170.34 cm-1 (C-O ether); and at 774.86
cm-1 and 741.81 cm-1 (C-H which overlapped with NH2 and
NH). A detailed description of the changes that occur in the
M4 membrane functional group after treatment in an alkaline
environment is presented in Fig. 17.

The physical changes in membrane PVDF (M1) which
gradually turns brown and eventually turns into the black
after immersion in 80 wt.% sodium hydroxides indicate a
significant change in the functional groups of the membrane.
Based on the IR spectra of the M1 membrane before and
after treatment in an alkaline environment it was detected the
loss of a number of peaks at specific wavenumbers,
including 798.02 cm-1 and 839.65 cm-1 indicating the loss of
the C-H bending functional group, 975 cm-1 indicating a =CH and =CH2 functional group loss, and at 1275.75 cm-1
which indicates the loss of the C-F functional group.
The results of this analysis are closely related to
dehydrochlorination, i.e. the loss of the H-F functional group
of PVDF structures. This finding is consistent with the
publication of a number of researchers who claimed the
same color change after treatment for several hours [7], [23],
[34], [36], [37]. The PVDF dehydrochlorination has
triggered the appearance of a typical peak of the C=C
functional group in pure PVDF membrane spectra, as shown
in Fig. 18.
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IV. CONCLUSION
PVDF/PEI composite membrane with different PEI levels
have been prepared by non-solvent induced phase separation
method involving PEG-6000 as pore-forming additive. The
effect of increasing PEI levels in casting solution against
membrane characteristics and performance has been
investigated. The results obtained can be summarized as
follows. All PVDF/PEI composite membranes are found to
have asymmetric pore structure (a combination of finger-like
and sponge-like pores). An increase in PEI content of up to 8%
(wt.%) in the PVDF matrix has reduced porosity and pore
size, especially in porous layers of PVDF/PEI composite
membranes. Meanwhile elevated PEI levels in the range 10
(wt%)-14 (wt.%) actually increases membrane porosity and
pore size. An increase in PEI content of up to 8% in the
PVDF matrix has reduced porosity as well as micropore and
macro void size in PVDF/PEI composite membrane porous
layers. The addition of PEI levels in the casting solution has
increased the ratio of stress to the membrane strain.
Increasing levels of PEI in the range of 2 (wt%)-8 (wt.%) in
the casting solution has decreased PWF, while increasing
levels of PEI in the range 10 (wt%)-14 (wt.%) have the
opposite effect, increased PWF on the membrane. Increased
levels of PEI in a casting solution have varied effects on the
permeability of dissolved metal salts and sucrose. PVDF/PEI
composite membrane has a higher resistance to acid than
pure PEI membrane and lower than pure PVDF membrane.
PVDF/PEI composite membrane has lower resistance to the
base than pure PEI membrane and higher than pure PVDF
membrane.

(a)

(b)
Fig. 17 FT-IR spectra of the M4 membrane: before (a) and after (b)
immersion in 80wt.% sodium hydroxide
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