¢! Desalination and Water Treatment
¢ www.deswater.com

doi: 10.1080/19443994.2012.719729

1944-3994/1944-3986 © 2012 Desalination Publications. All rights reserved

50 (2012) 302-309
December

Taylor & Francis
Taylor & Francis Group

Structural analysis of PES nanoporous membranes under different

conditions of preparation

Y. Mansourpanah®*, A. Gheshlaghi®, F. Rekabdar®

“Department of Applied Chemistry, Lorestan University, Khorramabad, Iran

Tel. +98 916 3611750; Fax: +98 661 6200612; email: mansourpanah.y@lu.ac.ir

"Department of Applied Chemistry, East Tehran Branch, Islamic Azad University, Tehran, Iran

“Polymer Science and Technology Division, Research Institute of Petroleum Industry (RIPI), West Bluvd., Tehran,

Iran

Received 31 January 2012; Accepted 14 March 2012

ABSTRACT

In this study we have focused on the structure of the prepared membranes which have been
fabricated under different conditions. First, the different concentrations of polyethersulfone
(PES) (15, 20 and 25wt%) for preparation of casting solution were used. Then by adding
polyethyleneglycol (PEG) in different concentrations (2, 5 and 8 wt%) and different molecular
weights (200, 600, 1500), the membranes were prepared via the immersion precipitation pro-
cedure in a non-solvent bath (water) with different temperatures (5 and 35°C). The flat-sheet
membranes were characterized using scanning electron microscope which shows remarkable
changes in the morphology and structure of prepared membranes. Flux and rejection capa-
bility of membranes were estimated using pure water and salts, respectively. Structural anal-
ysis of membranes show that the membrane including 25wt% PES has the narrow pores or
voids (nearly 3 pm) comparing to the membrane composed of 15wt% PES (about 7 pum).
Results show that introducing PEG changes the hydrophilicity and viscosity of casting solu-
tion. The membrane with 20wt% PES which in the amount of PEG 1500 is about 2wt%
shows the best performance. The rejection of this membrane is in the order of

NaySO4>MgSO,4 > NaCl.
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1. Introduction

Polyethersulfone (PES) is widely used for the
fabrication of membranes. This polymer possesses
the favourable characteristics of extensive tempera-
ture limits, wide pH tolerances and good resistance
against chlorine and chemicals including aliphatic
hydrocarbons, alcohols and acids [1]. PES has a high
mechanical, thermal and chemical resistance which
is classified as a high-Tg polymer. This is widely

*Corresponding author.

used in manufacturing asymmetric membranes [2,3].
A well-known procedure to fabricate membranes is
phase inversion process [4-6]. In this process an
asymmetric structure is resulted which in a dense
top layer and a porous sub-layer is created. During
the formation of membrane in coagulation bath, two
main factors are controlling i.e. thermodynamics and
kinetics. Thermodynamic depends on phase equilib-
rium between components in the system, and kinet-
ics related to the diffusivities of them. Instantaneous
demixing occurred when the phase equilibrium is
decreased and diffusivities increased. In these
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conditions, a membrane with high porosity in sub-
layer is formed. The membrane morphology can be
influenced by adding a tiny amount of organic/inor-
ganic additives [7-9]. Polyvinylpyrrolidone (PVP)
and polyethyleneglycol (PEG) as polymeric additives
were largely used in casting solution to affect on
membrane morphology and its performance during
the preparation of membranes [10-13]. PEG is one
of the best polymeric additives due to the miscibil-
ity with membrane materials and solubility in water
and solvents [14]. These additives were added to
the casting solution to achieve the desired enhanced
membrane performance such as low fouling, high
flux and selectivity [15-20].

In this work, the effect of different fabrication con-
ditions such as PES and PEG concentrations as well as
coagulation bath temperature on membrane prepara-
tion was investigated. Scanning electron microscope
(SEM) analysis was used for better determination and
understanding how the variation in membrane condi-
tion can affect the morphology and structure of mem-
branes by considering the thermodynamic and kinetic
parameters.

2. Experimental
2.1. Materials and apparatus

PES (Ultrason E6020P with My =50,000g/mol)
was supplied by the BASF Company (Germany). PVP
(40,000 g/mol), some different types of PEG (200, 600
and 1,500g/mol) and acrylic acid from Merck were
used. Dimethylacetamide (DMAc) was purchased
from Scharlau (Germany). Na,SO4, MgSO,4 and NaCl
salts (Merck) were used to investigate the ion rejection
capability of membranes. Distilled water was used
throughout the study.

2.2. Membrane ingredients and preparation procedure

The blend dope solution was prepared by dissolv-
ing different concentrations of PES (15, 20, and 25wt
%) in DMAc with 2wt% acrylic acid, different
amounts of PEG (2, 5, and 8 wt%) and 3wt% PVP as
pore former. The stirring was carried out at 200 rpm
for 5h at 40°C. After formation of a homogeneous
solution, the dope solution was held at the ambient
temperature for around 24h to remove the air bub-
bles. Afterwards, the dope solution was cast on the
glass support at 120pm thickness by using a film
applicator at the room temperature without evapora-
tion. After coating, the support was immersed into a
distilled water bath for at least 20h for removing most
of the solvent and water-soluble polymer.

2.3. Physical characterization methods
2.3.1. SEM test

The cross-section of membranes was examined
using a SEM. The samples of the membranes were
frozen in liquid nitrogen and fractured. After sputter-
ing with gold, they were viewed with a Philips micro-
scope at 25kV.

2.3.2. Viscosity measurement

A dynamic rheometer apparatus (Model MCR 501)
from Anton Parr Company (Austrian) was utilized to
measure the viscosity of prepared casting solutions at
a constant temperature of 25°C.

2.4. Membrane performance evaluation

The performance of prepared membranes was ana-
lyzed using a cross-flow system. The details of the
experimental set-up have been described elsewhere [21]
and shown in Fig. 1. The membrane surface area in the
filtration cell was 22 cm”. The flux of each membrane
was determined at 10min intervals under the 1.0 MPa
transmembrane pressure. The experiments were carried
out at 25°C. The cross-flow velocity was approximately
0.6m/s for all tests. The permeation rate and salt rejec-
tion were determined for all membranes using the
Nay504, MgSO, and NaCl solutions in the 1,000 ppm
concentration. The rejection was obtained by:

7
R% = [1 —)—j x 100 (1)

where /1, and /¢ are the ion conductivity in the perme-
ate and feed, respectively. The ion rejection was inves-
tigated by measuring the permeate conductivity using
a conductivity meter (Hanna 8733 Model, Italy).

3. Results and discussion
3.1. Influence of PES concentration

Using SEM images, the cross-section of different
membranes was investigated. The effect of PES concen-
tration and PEG concentration as well as coagulation
bath temperature is shown in the figures. As seen in
Fig. 2, by increasing the PES concentration, the struc-
ture of membranes was changed. At higher percentage
of PES, a structure with thick skin layer was formed
(Fig. 2(c)). On the other hand, the area of pores in the
sub-layer became smaller and the shape of macrovoids
(Fig. 2(a)) was changed to the finger-and sponge-like
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Fig. 1. Cross-flow filtration system.

pores. Fig. 2(a) clearly shows a few big pores in the
sub-layer (macrovoids). One remarkable change in the
membrane morphology was observed in skin layer
which has become thicker. Fig. 3 clearly shows that the
distance from the top surface of the membrane to the
starting point of pores is about 2 um (Fig. 3(a), 15wt%
PES) and 6 um (Fig. 3(b), 25 wt% PES), respectively. By
considering the pore shapes near the membrane sur-
face (Fig. 3), the membrane including 25wt% PES has
the narrow pores (nearly 3 pm) comparing to the mem-
brane composed of 15wt% PES (about 7 pm). This
proves that by increasing the PES concentration, the
area of pores becomes smaller, resulting in the decrease
of thickness of the membrane.

Table 1 represents the viscosity of different mem-
branes at the presence of 2wt% PEG. The viscosity is
436, 2,280, and 8,540cp for the membranes including
15, 20 and 25wt% PES, respectively. Preferably a
spongy membrane structure without macrovoids is
interesting, resulting in mechanically more stable
membranes. By immersing the cast film into the dis-
tilled water bath (nonsolvent) and due to the low mis-
cibility between polymer and water, precipitation
starts. In this condition, exchange of solvent and non-
solvent takes place and nuclei of the polymer-poor
phase are formed. Growth of these nuclei continues
until the polymer concentration at the pores/solution
interface becomes high, resulting in solidification. In
instantaneous demixing condition, the composition in
front of the nuclei remains stable for a long period of

11 Flowmeter
12 Cooling system

time. Generally, macrovoids are formed where instan-
taneous demixing takes place [22,23].

From Table 1, it can also be concluded that the vis-
cosity of dope solution increases with increasing the
PES concentration, resulting in reduction of solvent
and non-solvent exchange rate during solidification.
Thus, delayed demixing occurred which results in
thinner and denser membrane (see Fig. 2).

As clearly seen in Fig. 4, when the PES concen-
tration raises up to 20wt%, remarkable difference
between membranes in terms of pure water flux is
not observable. The membrane composed of 15wt%
PES shows higher pure water flux (about 160L/
m’h) comparing to that in other membranes. It is
predictable because the formation of macrovoids in
membrane morphology causes more flux. Probably,
when the membrane with 15wt% PES forms, the
exchange rate of solvent and non-solvent is facili-
tated that comes from increasing thermodynamic
instability. But the difference of exchange rate of
solvent and non-solvent for membranes with 20 and
25wt% PES is not very considerable, resulting in no
significant difference between the morphology of
membranes.

3.2. Influence of PEG concentration

Table 2 represents the viscosity quantities of dope
solution (20 wt% PES) at the presence of different con-
centrations (2, 5, and 8 wt%) of PEG 1500. The results
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Fig. 2. SEM images of prepared membranes with different
PES concentrations: (a) 15%, (b) 20% and (c) 25%.

show that the viscosity of dope solution increases
from 2,280 cp for the membrane including in 2 wt% of
PEG to 3,160 cp for that of including 8 wt% PEG. Con-
sequently, the increase of casting solution viscosity
can hinder the diffusional exchange rate of solvent
and non-solvent, resulting delayed demixing. Delayed
or instantaneous demixing is influenced by thermody-
namic stability and kinetic processes, resulting in
alterations in the membrane morphology as well as
performance [10].

' (b)

Fig. 3. Cross-section SEM images of membranes with (a)
15% and (b) 25% of PES (higher magnification).

Table 1

Viscosity of different dope solutions

Membrane (wt%) PEG (wt%) Viscosity (cp)
15 2 436

20 2 2,280

25 2 8,540

SEM images for showing the effect of PEG on the
morphology and structure of membranes are pre-
sented in Fig. 5. This figure shows that with increase
of PEG (8wt% PEG) the spongy-like membrane is
formed (Fig. 5(c)). Fig. 4(a) clearly represents that a
membrane composed of macrovoids is fabricated in
the presence of 2wt% PEG. Presence of PEG as an
additive either increases thermodynamic instability or
decreases the exchange rate of solvent and non-sol-
vent due to enhanced viscosity (see Table 2). Thus,
addition of PEG on the dope solution has inverse
effects but hindering the exchange of solvent and
non-solvent is much considerable [5].
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flux.

Table 2

Viscosity of dope solutions at different PEG concentrations
Membrane (wt%) PEG (wt%) Viscosity (cp)
20 2 2,280

20 5 2,400

20 8 3,160

The alteration in rejection capability of prepared
membranes in the presence of different concentrations
of PEG is clearly illustrated in Fig. 6. With increase of
PEG concentration, the Na,SO, rejection increases
from 68 to 76%. This proves the statements above.

3.3. Influence of coagulant bath temperature

In this section, the membranes with the same con-
centrations of PES and PEG were investigated while
the temperature of distilled water bath is different (5
and 35°C). As clearly seen in Fig. 7, the structure of
membranes has become completely different. Mem-
brane which was formed under 5°C, is thinner and den-
ser (Fig. 7(a)). Considering this image, it is clearly
observable that macrovoids disappeared. This is due to
the reduction of diffusion, resulting in lower exchange
of solvent and non-solvent. Probably, kinetic process
overcomes thermodynamic instability which causes a
thick top layer along with a lower porous sub-layer to
be formed. Fig. 7(b) shows a thicker membrane includ-
ing in some more/big pores which in the thickness of
the top layer becomes thinner (under 35°C).

Fig. 8 shows the effect of non-solvent bath tempera-
ture on the Na,SO, rejection. It is seen that the rejection
increases (under 5°C) due to the dense structure of the
membrane. Under 35°C, the rejection increases from 38
to 65%. On the other hand and for membranes prepared
under 5°C, the rejection enhances from 50 to near 85%.
By comparing the data, it is clearly observed that the
mean difference of rejection is between 12 and 20%,

Fig. 5. SEM images of different membranes at the presence of
different PEG concentrations: (a) 2%, (b) 5% and (c) 8 wt%.

approximately. This is due to the fact that the thickness
and pores of the membranes become thinner and smal-
ler, respectively.

3.4. Influence of membrane thickness

Effect of two membrane thickness (90 and
120 pm) on the flux and rejection of membranes was
investigated. Fig. 9 clearly shows that in 90um
thickness, the flux and NaySO, rejection are 29 (L/
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Fig. 7. Cross-sectional SEM images of membranes at
different bath temperatures: a) 5°C and b) 35°C.

m?h) and 63%, respectively. In the other membrane
(with 120 pm thickness), these parameters are 50 (L/
m>h) and 76%, respectively. Probably, due to the
increase of film thickness, the diffusional exchange
rate of solvent and nonsolvent reduces which leads
to delayed demixing. In this situation, the growth of
the polymer-poor phase was hindered while the
number of nuclei increases. This phenomenon leads
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Fig. 9. Effect of membrane thickness on membrane flux
and rejection.

to the formation of a membrane without big mac-
rovoids. Consequently, more flux (due to more
pores in the membrane surface) and high rejection
(due to delayed demixing) were observed (for more
information see Section 3.1). In addition, further
thickness of membrane increases the rejection due to
the development of the membrane resistance for
transferring of materials.

3.5. Influence of different PEGs

As seems in Fig. 10, the addition of PEG with dif-
ferent molecular weight results in significant changes
in flux and rejection of the membranes. By increasing
the molecular weight of PEG the pore number of the
membranes increases, resulting in more porous mem-
branes [24,25]. Flux increases from 25 to near 50L/
m?h. In contrary, rejection ability of the membrane
decreases from 80% to about 75%. According to Cha-
krabarty et al. [26] PEG not only acts as a pore former
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Fig. 11. Capability of optimized membrane for rejection of
different salts.

but also reduces the pore size of the membranes and
when the molecular weight increases, the capacity of
PEG to form pores increases.

The capability of the optimized membrane for salt
rejections is presented in Fig. 11. The best membrane
is well known as a membrane with an outstanding
rejection and a moderate flux. So, the membrane with
20 wt% PES which in the amount of PEG 1500 is about
2wt% shows the best performance. The order of
membrane rejection is 78, 50 and 35% for
NaySO4>MgSO, >NaCl salts, respectively.

4. Conclusion

Using SEM, the cross-section of different mem-
branes was studied. The effect of PES concentration
and PEG concentration as well as coagulation bath tem-
perature was investigated. Results show that with
increasing of PES concentration, the structure of mem-
branes was changed. The difference of exchange rate of
solvent and non-solvent for membranes with 20 and

25 wt% PES is not very considerable, resulting in no sig-
nificant difference between the morphology of mem-
branes. In addition, the effect of PEG on the
morphology and structure of membranes are studied
using SEM images. Images show that with the increase
of PEG, the spongy-like membrane is formed. As a
result, addition of PEG on the dope solution has inverse
effects but hindering the exchange of solvent and non-
solvent is much considerable. Membrane, which was
formed under lower temperature has a thinner and
denser shape. This is due to the reduction of diffusion,
resulting in lower exchange of solvent and non-solvent.
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