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ABSTRACT

The influence of macromolecular additives on the mechanical properties of polyethersulfone
(PES) and polysulfone (PS) is investigated. Ultrafiltration membrane sheets are prepared from PES
and PSF based polymers via liquid non-solvent induced phase separation (NIPS), and employing
polyvinylpyrrolidone (PVP), polyethylene glycol (PEG) and Pluronic®(PLU) co-polymers as mac-
romolecular additives. The impact of additives on the main membranes’ characteristics are stud-
ied; i.e., pure water permeability, membrane porosity, morphology and surface chemistry. The
main mechanical properties are examined for all membranes and are correlated to the chemical
composition of the membranes. Overall, the membranes prepared using PLU showed a superior
tensile strength compared to other membrane samples, while PVP was found to enhance the
membrane formation by suppressing microvoids formation. This study provides a better under-
standing of the main mechanical and other characteristics of membrane materials with regards

to using additives.

Keywords: Ultrafiltration membrane; Polyethersulfone; Mechanical properties; Tensile strength

1. Introduction

Chemical and engineering communities are paying
great attention to membrane synthesis and related prop-
erties for technical applications with a positive environ-
mental impact [1,2]. Loeb and Souriajan developed the
“non-solvent-induced phase separation (NIPS)” technique
and later on developed [3] asymmetric membranes with a
top selective layer that helps to control separation processes
supported by a porous solid matrix working as mechanical
support [4]. Polysulfone (PS) and polyethersulfone (PES)
are common base polymers that are broadly used to pro-

*Corresponding author.

duce polymeric membranes of different pore structures and
morphologies, with good chemical and thermal resistances
for various applications [5,6].

Susanto et al. used modifying agents (additives) as one
of several approaches to enhance characteristics of PES
membranes [7]. Many studies confirm that membrane prop-
erties can be improved by introducing a second polymer
like polyvinylpyrrolidone (PVP) in the casting solution,
where it produces a highly porous membrane with well-in-
terconnected pores and surface structure [5,8,9]. Moreover,
PVP has the ability to increase the total polymer concentra-
tion in a casting solution by reducing the polymeric hydro-
dynamic size with pores distributed in binodal Gaussian
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distributions [10]. Miyano et al. emphasized that PVP
works as surfactant, which increases the contact between
polymer and water as gelation medium [10]. In parallel,
PVP is found to increase the membrane permeability and
decrease the formation of surface defects [7].

The use of polyethylene glycol (PEG) as an additive
is investigated, and reported to increase the casting solu-
tion viscosity, enhance pore interconnectivity and promote
the membrane surface hydrophilicity [11]. This improving
effect is found to correlate with the PEG concentration and
molar mass [7].

Futhermore, Pluronic®(PLU) additives shows higher
surface stability levels and introduced a more hydrophilic
character to PES membranes compared to PVP and PEG
[12]. PLU is found to exhibit a positive impact on the bulk
properties of films, including water absorption, elongation
and tensile strength [13]. PLU also improves water flux
and fouling resistance as reported by Susanto et al. [7] and
Wang [14].

Membrane mechanical characteristics are evaluated in
order to configure the effect of different polymer blends on
the membrane stability under stress. Idrisa et al. report a
decrease in the mechanical strength for PES membranes
prepared using PEG 400 and 600 relative to PEG 200,
which emphasizes the effect of modifying agents” molec-
ular weights on membrane mechanical properties [11]. In
addition, they show the effect of PEG concentration on PES
membrane morphology based on scanning electron micros-
copy (SEM) analysis, where changing the concentration is
found to reduce microvoids formation and create a very
thin skin layer [11]. The variation in mechanical behavior
in terms of stress strain curves in relation with structure
and physical properties of electro-spun PVDE-based mem-
branes and casting membranes is also reported [15].

Sivakumar et al. describe a strong relationship
between the concentrations of casting solutions and mem-
brane characteristics [8]. It is found that adding different
amounts of PVP (0-6 wt.%) to PES membranes along with
adjusting the coagulation bath temperature has remark-
able impact on the membrane mechanical properties,
mainly tensile strength [16]. Furthermore, it is reported
that PES membranes with 1 wt% of PVP exhibit good
tensile strength and elongation results compared to PES
membranes containing (3, 6 and 9 wt%) PVP [9]. On one
hand, this is correlated to the solubility of PVP in water,
which is implied to contribute to the macrovoids forma-
tion [17]. On the other, the membranes formed by PES only
show higher tensile strength. In parallel, the increase of
PES percentage from 15 to 20 wt% is found to enhance the
mechanical properties [9].

While the relation between membrane specifications
and performance are intricate, more characterizations for
membranes are still required to help for recognition of its
fundamental behavior and gives a better understanding
for the integration of membrane different parameters [18].
Accordingly in the current study, mechanical properties,
maximum force, maximum stress and break strain for dif-
ferent PES and PS flat membranes prepared via NIPS and
incorporating different weight percentages of PEG, PVP
and PLU are investigated. Moreover, the impact of these
macromolecular additives on the main membrane charac-
teristics is studied.

2. Experimental
2.1. Materials

The following chemicals are used as purchased with-
out further purification: PES (Utlrason- E6020P), PS (Poly-
sulfone- Aldrich — average Mn-22,000 by MO, beads), PVP
(Fluka — Polyvinylpyrrolidone, K30, average Mw 40,000),
PEG (Oxford — Polyethylene Glycol 400) and PLU (Mus-
ter-Pluronic —PE 6400); Ethyl-Alcohol (96%); In addition to
NMP (Emplura — 1-Methyl-2-pyrrolidone, 98%) is used as
a solvent.

2.2. Membrane preparation

PES and PS are the basic polymeric materials in addi-
tion to three different additives PVP, PEG and PLU are used
to fabricate flat asymmetric membrane sheets. Fourteen
samples of different components and additives’ concen-
trations are proposed to get a clear comparative study. For
each modifying agent, two weight percentages, 6% and 12%
are used. The following table sums up the sample combina-
tions (Table 1).

The dope solutions are prepared according to the pro-
posed proportions in Table 1, and they are kept under con-
stant stirring at 300 rpm at room temperature till a clear
viscous solution is attained. The solution containers are
well sealed to keep constant moisture content. The prepared
homogeneous solutions are cast using NIPS [19] by means
of a casting machine (Model: ERICHSEN - COATMASTER
510 -2010 - Germany, as shown Fig. 1) in order to perform a
uniform thickness over the casted film at a constant casting
speed of 5 mm/s. An ERICHSEN casting knife with a 200
pm clearance gap is used.

The casted films are then totally immersed in a coagu-
lation bath containing distilled water, forming membrane
white sheets at room temperature. Gentle immersion of
plates prevents water turbulence and leads to a uniform
surface structure. Changing the distilled water after 1 h
of immersion increases the precipitation rates. Thereafter,
they are kept for 24 h for complete precipitation. Plates and
knives are well cleaned using towels partially immersed in
ethyl alcohol (96%) to remove any fine particles that might
affect sheet production.

2.3. Membrane characterization
2.3.1. Porosity

For the porosity measurements, the samples are pre-
pared using a circular custom tool to have uniform cir-
cular samples with a diameter of 5.9 cm. The samples
are dried in an oven for 30 min at 60°C to make sure that
all samples are at the same conditions before measur-
ing the dry weight and thickness. Micrometer is used to
measure the samples average thickness. The porosity is
then calculated by using the following formula (density
method):

Pr=|1- W %100 (1)
A*d*p
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List of samples and code used
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Sample code Weight (g) Total
Main Additive Solvent weight
Polymer

1 PES-B-01 Blank 0 425

2 PES-V6-01 pPVP 3 39.5

3  PES-V12-01 6 36.5

4 PES-E6-01 PES 75 PEG 3 NMP 395

5 PES-E12-01 6 36.5

6 PES-L6-01 PLU 3 39.5

7  PES-L12-01 6 365 50¢g

8 PS-B-01 Blank 0 425

9 PS-V6-01 PVP 3 36.5

10 PS-V12-01 6 39.5

11 PS-E6-01 PS 75 PEG 3 NMP 36.5

12 PS-E12-01 6 39.5

13 PS-L6-01 PLU 3 36.5

14 PS-L12-01 6 39.5
Sample Code Legend

Indication:

12 for 12%

V for PVP
E for PEG
L for PLU

Main Polymer —/

Additive Indication:

Sample number of trials

Additive Concentration \
6 for 6%

PES-V6-01

Fig. 1. COATMASTER casting machine.

ERICHSER

where W is the dry weight in g, A is the sample area in cm?,
d is the thickness in cm and p is the sample density in g/
cm®. Assuming solvent /NMP totally precipitated, the sam-
ple density is approximately equal to the main polymer
density (PES, 1.37 g/c.c.).

The swelling method is a different way to measure
porosity using wet weight in addition to dry weight. The
samples are immersed in ethanol for 1 h, then in water for
3 h to achieve full wettability. Then, the wet samples are
weighed. The following formula is used for calculations:

€= (%) x 100 @)

where w, is the wet weight in g, w, is the dry weight in g, A
is sample area in cm?, L is thickness in cm and d_ is the water
density in g/cm®.

2.3.2. Surface chemistry

The membrane surface chemistry is analyzed by using
Fourier transform infrared spectroscopy (FTIR) Excalibur
series (ThermoScientific, USA). All samples are tested at
room temperature (25°C).

2.3.3. Permeability studies

The permeability studies are performed as an analytical
tool for compacted membranes subjected to pure water flux
(PWF) and defined pressure. Calculations are done using
the equations given below, which are based on counting the
amount of PWF passing through membrane samples versus
the time consumed [20]. Experiments are carried out using
dead-end filtration cell where in normal conditions pure
water flows through membranes under a pressure range of
2-3 bar for around 3 min. Then membranes are compacted
by increasing applied pressure to 5 bar for 30 min, After-
ward, the pressure is reduced again and the membranes are
re-tested in normal conditions to check the flow behavior
after compaction.

The experimental cell used for permeability testing is
presented schematically in the Fig. 2, which is comprised of
(1) pressure source- nitrogen cells, (2) feed tank, (3) pressure
unit, (4) flux collector unit.

The membrane samples are placed perpendicular to the
water flow direction [20]. PWF (L/m?h) is calculated as a
relation of water volume permeated through the membrane
sample V (L) relative to the effective membrane area A (m?)
and permeation time AT (h), according to the following
equation: [20]

®)

where PWF values differ based on the applied pressure
range. Hydraulic permeability P, (L/m?*hbar) is calculated
via normalizing ] by the applied trans-membrane pressure
AP (bar) [20].

_Ju
P, = 5 4)
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Fig. 2. Sketch of the permeability experimental cell used.

2.3.4. Scanning electron microscopy (SEM)

The surface and cross sectional morphology of the mem-
branes is analyzed using a Quanta 400 FEG environmental
scanning electron microscope (ESEM;FEI) at standard high
vacuum conditions. AK-550 sputter coater (Emitech, U.K.)
is used to coat the outer surface of the sample with gold for
both top and cross section. Sputtering is done for 5.0 min.

2.3.5. Mechanical studies

The mechanical properties are studied using a tensile
testing machine (Model: Shimadzu, Load Cell, Type: Slfl-
100kn). The tension test is performed by fixing sample
edges from both sides and applying linear increasing force
in order to record the breakdown point. For each sample the
values of the maximum applied force, maximum resulting
stress and breaking strain are determined for one time.

Where stress (p) is defined as the ratio between applied
axial load/force and sample cross-sectional area and strain
represents the percentage of sample elongation under stress
forces [21].

p=— ®)
All calculations are done based on the samples’ stan-
dard dimensions. A secondary sampling tool (Model:
Zwick/Roell, Bzcp020) is used to cut samples. A microme-
ter is used to measure the sample thickness. Fig. 3 shows a
sketch for the tensile machine and standard sample shape.

3. Results and discussions
3.1. Effect of membrane compositions on surface properties

Fourier transform infrared (FTIR) is used as a tool to
investigate how the change in the chemical composition of

e
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M Digital Screen \{ @
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\ Moving Directions to
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Moving Directions to
Adjust jon Sample Length

——

Fig. 3. Sketch of the tensile machine used.

the membranes reflects on surface properties. As shown in
(Fig. 4), samples 1-7 show common peaks at ~1503 to —1268
cm™ assigned to C=C bond, benzene ring and the aromatic
ether bond as typical spectra for PES [7,12]. It’s hard to
compare their IR spectra because PES peaks are very strong
and overlap with other additives patterns, that comes in
line with other studies [22]. Minor peaks due to additives
with different concentration are found in the range of 752
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Fig. 4. FTIR spectra for the membrane samples under investigation.
Table 2
Porosity test results of the membranes under investigation
Sample code Compositions (wt. %) Porosity (%)
PES PS PVP PEG PLU NMP Density method Swelling method
1 PES-B-01 15 - - - - 85 79.2 549
2 PES-V6-01 15 - 6 - - 79 86.0 80.2
3 PES-V12-01 15 - 12 - - 73 81.9 144.0
4 PES-E6-01 15 - - 6 - 79 79.5 22.3
5 PES-E12-01 15 - - 12 - 73 80.8 349
6 PES-L6-01 15 - - - 6 79 85.2 85.6
7 PES-L12-01 15 - - - 12 73 35.5 28.2
8 PS-B-01 - 15 - - - 85 69.8 849
9 PS-V6-01 - 15 6 - - 79 415 79.1
10  PS-V12-01 - 15 12 - - 73 70.3 121.5
11 PS-E6-01 - 15 - 6 - 79 834 75.6
12 PS-E12-01 - 15 - 12 - 73 84.6 78.7
13 PS-L6-01 - 15 - - 6 79 88.0 86.4
14  PS-L12-01 - 15 - - 12 73 88.8 86.8

and 607 cm'and are partly overlapping with bands of PES
[7,12].

On the other hand membrane samples prepared from
polysulfone as a main polymer (samples 8-14) show a
different pattern having the base polymer PS at aromatic
frequencies of ~858 to ~1268 cm™ [23]. The spectrum of the
blank PS membrane (Sample 8) a very rapid pattern with
the main peaks at 1577 cm™, 1484 cm™, 1294 cm™ and 1012
cm™, which are the characteristics of aromatic C-H stretch,

C-O-C stretch, S=O stretch and C-C aromatic frequencies,
respectively [24].

3.2. Effect of membrane compositions on pore structures

To assess the effect of membrane composition on pore
structures, the membrane porosity is tested for the samples
fabricated with different polymers (PES and PS), additive
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types (PVP, PEG and PLU) and concentrations (6% and
12%) as shown in Table 2. It is apparent that the combina-
tions of PVP/PES and PLU/PS show the highest porosity
among all other combinations with density and swelling
values around 80-144%. A faster phase separation rate is
attributed to the effect of PVP on solution viscosity as a
result of the interaction between polymer and solvent as
well as casting solutions with PVP additive [7]. Yoo et al.
compare morphologies of various cross-sectional asymmet-
ric membranes with various PVP concentrations. It is found
that macrovoid formation is suppressed by adding PVP to
the casting solution [25]. Other supporting studies explain
how PVP works against macrovoid formation by minimiz-
ing the possibility of delayed demixing and enhancing pore
interconnectivity, which ensure better porosities inside both
top and sub layers. This results in an increase in pure water
permeation (PWP) [26]. On the other hand, studies show
Pluronic addition effects on membrane structures at various
Pluronic concentrations. This lies in good accord with our
findings and explains the increase in density or swelling
porosity test values [27]. Other factors influencing the addi-
tion to Pluronic tendency for increasing membrane porosity
[28] is the compatibility between polysulfone as hydro-
phobic polymer and Pluronic different segments. Pluronic
PEO (poly ethylene oxide) segments enrich the membrane
surface with higher hydrophicility while Pluronic-PPO
(propylene oxide) segments ensure well polymer matrix
anchoring [29].

3.3. Effect of membrane compositions on permeability analysis

Applying pressure to membranes prepared using PLU
during the permeability tests result in higher flux behav-
ior as shown in Fig. 4 and Fig. 5 featuring before and
after compaction results. Excellent behavior of PES/PLU
samples“PES-L6-01"” and “PES-L12-01”shown in Figs. 5,
6 with flow /pressure values for before and after compac-
tion 1.67 to 1.20, respectively, for the first sample and 0.8
to 0.53, respectively, for the second one, can be explained
as densification of a porous support layer forming more
thickening skin layer that works as selective barrier [7].
Moreover, it is shown that while increasing the Pluronic
concentration, top layer thickness decreased and the vol-
ume of porous sub layer increased [27]. Consequently, in
line with other studies [7], compaction resulted in thick-
ening of membrane selective layers showing low flux
permeability performance. This explains behavior of PVP
or PEG membranes as in samples “PES-V6-01” and “PS-
E6-01”. The unexpected behavior of sample “PES-E6-01"
after compaction by having no flux at all could be linked
to pore blocking defect in sample casting more than any
chemical effect.

3.5. Effect of membrane compositions on mechanical properties

In this study, membrane mechanical analysis is repre-
sented in Figs. 7 and 8 with force/strain curves as a way to
check how membrane structures act under different forces
based on the chemical composition.

Table 3 depicts mechanical experimental results that
indicate high strain resistance for “PES-L6-01” and “PS-
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Fig. 7. Force/Strain curves for samples 1 to 7.

L6-01” samples with values 15.2% and 16.5% respectively
due to presence of PLU additive. This lies in congruence
with the PLU effect in the mentioned samples. Zhao et al.
followed the same procedure and reported high surface
hydrophobicity and surface segregation of Pluronic mole-
cules when introduced to PES membranes [30]. Moreover,
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the same PES/PLU combination in sample “PES-L6-01”
shows an excellent behavior in the previously discussed
permeability results which reflects the behavior of formed
porous support layer on increasing membrane mechanical
strength.

Pluronic characteristics as a fouling resistance compo-
nent reflected by the strength of surface is another support-
ive factor [31] for choosing it as an additive [32]. However
other studies prove that change in filler concentration forms
stress convergence points leading to weakening membrane
mechanical stability [33]. The concentration negatively
affects particles aggregation and makes them non-uni-
formly shaped in the polymer matrix which might explain
grouping of spherical particles in sample “PS-L12-01-Top”
SEM photo, which results in forming stress convergence
points when applying outside force. Filler concentration has
a peak point on strength curve which declines with further

I — .|samlpe 8
sample 9
sample 10
ample 11
sample 12
sample 13
sample 14

0 2 4 6 8 10 12 14 16 18
Strain(%)

Fig. 8. Force/Strain curves for samples 8 to 14.

Table 3

Results of mechanical tests of the membranes under investigation

increase in concentration [33]. The surface and the cross-sec-
tional morphologies are observed by use of a JSM-5500 LV
scanning electron microscope (SEM, Japan Electron) (Fig. 9)
for one of highest and lowest break strain samples: “PES-
L6-01” and “PS-L12-01”, to show convergence points in the
sample “PS-L12-01” leading to low mechanical stability.

4. Conclusions

The dependence of selected mechanical properties of
ultrafiltration membranes on type and concentration of
the used chemical components during fabrication is inves-
tigated. This study clearly links the change in chemical
components with different concentrations reflected on both
physical and mechanical properties.

The use of PVP, PEG and PLU as different additives
with low (6%) and high (12%) concentrations for PES and
PS membranes creates a wide range of application possi-
bilities with 14 membrane samples of different properties
were fabricated and experimentally tested under the same
conditions.

Generally, PVP shows an excellent structure forming
effect among all tested samples based on pore structure
analysis, while PLU shows the best results for both perme-
ability and tensile testing.

As an important output of this study, accurate expecta-
tions for membrane behavior for different applications that
are more relevant for actual working conditions of mem-
branes become obvious.
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