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ABSTRACT

In this study, novel polyethersulfone (PES) membranes were blended for the first time with nano-
composites from the system (ZnO-TiO,-5iO,-CeO,). The obtained composite membranes by wet-
phase inversion method were subsequently characterized and finally used for the filtration of
lysozyme solutions. The incorporation of 0.25 wt.% of the ternary (ZnO-TiO,-SiO,) and quaternary
(ZnO-TiO,-5i0,-CeO,) nanocomposites increased the membrane permeability of 377% and 329%
respectively, compared with pure PES membrane. This could be explained by a drastic reduction of
the contact angle values from 76° (pure PES membrane) to 32° (composites membranes). Moreover,
the membranes prepared with various nanometric inorganic fillers displayed a lysozyme rejection
higher than 96% (99% in the case of M-ZTS-Ce-0.25).

Keywords: Nanocomposite; Mixed matrix membrane (MMM); Polyethersulfone (PES); ZnO-TiO,-

$i0,-CeO,

1. Introduction

In this decade, with the rapid development of membrane
technology, considerable efforts were devoted to develop
new membranes with improved performances [1]. In par-
ticular, membrane filtration using polymeric membrane is
increasingly used in many industrial fields, including water
and wastewater treatment processes, food and biotechnol-
ogy industries [2-4]. Thus, polymeric membranes are usu-
ally cheaper than inorganic membranes, easy to produce
and to handle. Among the different polymeric membrane
materials, Polyethersulfone (PES) is one of most common
polymer used for the synthesis of organic membrane, thanks
to its good chemical and mechanical stability [5,6]. In order

* Corresponding author.

to further improve the performance of PES membranes
such as permeability and rejection ability, the membrane
can be hybridized by incorporation of additives. In partic-
ular, hydrophilic additives are used to improve membrane
permeability and anti-fouling properties while maintaining
high rejection ability. The most popular hydrophilic addi-
tive is the Polyvinylpyrrolidone (PVP). However, PVP is
easily oxidized in contact with oxidant chemicals, usually
used for cleaning and disinfection steps after membrane
fouling. Unfortunately, these oxidants accelerate the mem-
brane ageing and PVP is known to be the weakest compo-
nent of PES/PVP membranes [5]. Therefore, one alternative
to PVP is to use organic (polymeric) membranes containing
inorganic additives such as nanoparticules (so-called mixed
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matrix membranes (MMM)). During the MMM prepara-
tion, the nanoparticles used as membrane fillers can be of
different natures including carbon based materials (carbon
nanotubes, graphene oxide, fullerene), metal (oxide) based
materials, metal organic frameworks [7-10]. Among these
constituents, the use of nanoparticles of metal oxides was
extensively considered. For example, ZnO, TiO,, SiO,, ALO,,
CeO, or ZrO, were used to improve the membrane prop-
erties such as permeability, fouling resistance ability, foul-
ing reversibility or membrane mechanical strength [11,12].
Thus, the addition of metal oxide nanoparticles to the poly-
mer matrix generally improves membrane hydrophilicity
and might impact membrane structure and/or membrane
charge. Several published studies focused on the addition
of mono-metallic nanoparticles [2,8]. Other authors stressed
the importance of using multi-metallic nanoparticles to
improve the membrane performances [7]. Zhang et al. [13]
reported a comparison between phosphorylated TiO,-SiO,
(PTS)/polysulfone (PSF) composite membranes and other
membranes such as PSF, SiO,/PSF and phosphorylated
Zr-doped hybrid silica (SZP)/PSF (particle concentration
10 wt.%). They proved that PTS/PSF membrane exhibited
higher performances than the other elaborated membranes.
In fact, the non-stoichiometric PTS particles exhibited high
hydrophilicity inherent to their composition favoring the
occurrence of hydroxyl radical at their surface. In addition,
Xu et al. [3] proved that the introduction of the composite
N-doped graphene oxide (NRG)/TiO, in the structure of a
PSF membrane greatly improved the hydrophilicity, per-
meability and antifouling properties, compared with the
pure PSF membrane. In fact, the membranes exhibited an
asymmetric structure with the homogenous dispersion
of NRG/TiO, nanocomposites. They showed also that the
permeability was dependent on the amount of NRG/TiO,
nanocomposites blended (from 0.1% to 0.8% by weight of
PSF membrane). This could be explained by the impact of the
particles on membrane structure as the presence of particles
led to the enlargement of the finger-like macrovoids within
the membrane thickness. The fabricated membranes also
exhibited high fouling resistance as the flux recovery ratio
of the membranes increased from 65.3% (pure membrane)
to 92.9%, and the irreversible fouling rate decreased to 7.6%,
indicating that the water flux is highly recoverable. This was
mainly due to the hydrophilic nature of the additive and a
modification of the membrane roughness due to particles
addition thus reducing the contact angle values of the MMM
compared with the pure PSF membrane. Moreover, Zhang et
al. [12] prepared a Ce-doped non-stoichiometric nanosilica/
PSF composite membrane (particle concentration 10 wt.%).
They demonstrated that SiO,/PSF membrane exhibited good
performances in terms of hydrophilic properties, tensile
strength and oil retention. The increased membrane hydro-
philicity observed due to particles addition was attributed
to the particles nature. In fact, non-stoichiometric inorganic
oxide nanoparticles present many point defects on the inside
and enough hydroxide radicals on the surface [12].
Additionally, a number of studies were dedicated to the
preparation of PES-ceramic nanocomposites MMM. Thus,
PES is widely used for membrane preparation as it exhibits
excellent chemical and thermal resistances over a wide range
of pH (from 2 to 12). On the other hand, PES is relatively

hydrophobic and thus require to be blended with hydro-
philic compounds in order to improve both the properties
and the performance of the membranes. In fact, several
authors improved the permeability, the selectivity and the
lifetime of PES membrane by intercalation of inorganic based
nanomaterials such as Ti, Zr or ZnO nanoparticles [2,9,14].

However, to our knowledge, no information is available
on both properties and performance of PES membranes con-
taining ternary or quaternary composites as fillers. When
incorporated into polymeric membranes, these particles
are expected to increase the membrane hydrophilicity [12].

In this paper, the well known sol-gel method was used
to prepare nanocomposites from the quaternary system
Zn0O-Ti0,-5i0,-CeO, due to the high chemical and thermal
stability of the selected oxides [15]. The obtained nano-
composites were subsequently used as fillers to fabricate
new PES-nanocomposite MMM. Membranes with different
amounts of fillers (0 to 0.5 wt.% of total solution) were pre-
pared by the non-solvent induced inversion phase method.
The physico-chemical properties of the obtained membranes
were characterized. The filtration performances were studied
in terms of membrane permeability and rejection ability.

2. Materials and methods
2.1. Chemicals for nanocomposite synthesis

The precursors used for nanocomposites synthesis:
[Zn(NO,),, 6H,O], Ti[OCH(CH,),], and Si(OCH,CH,), were
supplied by Fluka (purity > 99%) and were used without
further purification. Nanocomposites elaborated by solid-
state reaction were obtained using silica (5iO,, Aldrich,
Germany, 15 nm, purity > 99.8%), titania (TiO,, Aldrich,
Germany, 20 nm, purity > 99.5%) and zinc oxide (ZnO,
Aldrich, Germany, 90 nm, purity > 99.6%) powders supplied
by Sigma-Aldrich (Germany).

2.2. Nanocomposite synthesis

This section describes the experimental routes used for
composite synthesis. Sol-gel method was used to synthesize
Zn0-Si0O, (ZS) and TiO,-SiO, (TS) binary nanocomposites
as well as ZnO-TiO,-5i0,(ZTS) ternary and ZnO-TiO,-5i0O,-
CeO, (ZTS-Ce) quaternary nanocomposites. Furthermore, a
solid state reaction was also carried to elaborate a ZnO-TiO,-
SiO, (zts) ternary nanocomposite, which was considered as
a reference. Characteristics of ceramic composites are sum-
marized in Table 1.

2.2.1. Synthesis of ZnO-5i0, (ZS) and TiO,-SiO, (TS)
nanocomposites

Zn0-Si0, (ZS) and TiO,-SiO, (TS) were prepared by a
sol-gel process with a molar ratio of Zn/Si and Ti/Si of 1:1.
In a typical experimental route, tetraethyl orthosilicate (TEOS)
(Si(OCH,CH,),) was mixed with ethanol (C,H,OH), distilled
water, and nitric acid (HNO,) under stirring for 1 h. Then,
aqueous solutions of zinc nitrate hexahydrate (Zn(NO,),,
6H,0) for ZnO-5iO, and Ti[OCH(CH,),], for TiO,-5iO,were
added into the above solution of silica precursor under
stirring for 1 h. The reaction was performed at room
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temperature. The prepared samples were aged for 24 h to
ensure the complete dispersion of the precursors and the
homogenization of the solution. Finally, the samples were
evaporated, dried at 60°C and sintered at 1,200°C for 2 h in air.

2.2.2. Synthesis of ZnO-TiO,-5i0, (ZTS) and ZnO-TiO,-
5i0,-Ce (ZTS-Ce) nanocomposites

Zn0O-TiO,-Si0, nanocomposite with a Zn/Ti/Si molar
ratio of 1:1:2 was prepared by sol-gel process. Firstly, TEOS
was mixed with ethanol (C,H,OH), distilled water and nitric
acid (HNO,) under stirring for 1 h. Then, an aqueous solu-
tion of Zn (NO,),, 6H,0 was added into the above solution
under stirring for 1 h. The reaction was performed at room
temperature. At the same time, TEOS was mixed with etha-
nol (C,H,OH), distilled water and nitric acid (HNO,) under
stirring for 1 h. Then, an aqueous solution of TifOCH(CH.,),],
was added into the above solution under stirring for 1 h.
Secondly, the two solutions were mixed and stirred for 1 h.
In the case of ZTS-Ce sample, 3 mol% of ammonium cerium
nitrate [(NH,)Ce(NO,),] was added to the solution. Then,
the obtained mixture was aged for 24 h. The reaction was
performed at room temperature. Finally, the samples ZTS
and ZTS-Ce were evaporated, dried at 60°C and sintered
at 1,200°C for 2 h in air. For ZTS sample elaborated by sol-
id-state reaction (further called zts in this paper), 25 mol%
Zn0O, 25 mol% TiO, and 50 mol% SiO, powders were mixed

Table 1
Characteristics of ceramic nanocomposites

with absolute ethanol in an agate mortar. After milling
these powders, during at least 1 h, the mixture was dried
at 80°C/24 h. Cylindrical tablets (6 mm of diameter and
2 mm of thickness) obtained by uniaxial compaction until
150 MPa at the ambient temperature (25°C) were burned
out at 500°C/4 h in air, then sintered in flowing argon at
1,200°C/2 h. The heating and cooling rates of the tempera-
ture were 10°C min™ and 20°C min™, respectively. In the case
of a powder sample analyze, the sintered tablet was crushed
again with an agate mortar during 30 min.

2.3. Membrane elaboration

Hybrid membranes were fabricated by the wet phase
inversion technique. The name and composition of all
the prepared membranes are given in Table 2. Solutions
were prepared for incorporating the desired amount of
PES (Veradel 3000 MP, Solvay) and nanocomposites in
N-Methyl-2-pyrrolidone (NMP, purity of 99.5%, Sigma-
Aldrich, Germany). The obtained suspension was stirred
for 16 h (500 rpm) at room temperature until the polymer
was completely dissolved. Subsequently, the colloidal sus-
pension was ultrasonicated for 30 min to remove eventual
bubbles and to facilitate the nanocomposite dispersion. For
all tested conditions, the PES concentration was 25 wt.%
(total dope solution mass) while the nanocomposite concen-
tration was adjusted to 0.25 or 0.5 wt.%. These low values of

Codes ZnO TiO, SiO, CeO Specific area* Pore diameter’ (nm) Porosity*
(mol%) (mol%) (mol%) (mol%) Sppr (M> g7 (%)

TS 0 50 50 0 215 6.1 2.8

ZS 50 0 50 0 80 3.3 35

ZTS 25 25 50 0 465 7.8 3.2

zts 25 25 50 0 10 8.6 5.4

ZTS Ce 25 25 47 3 685 8.3 3.6

“Determined by BET method (estimated error 0.5%).

Table 2
Dope solutions composition

Membrane PES concentration Nanocomposite NMP concentration
name (wt.%) concentration (wt.%) (wt. %)
M-PES 25.00 0.00 75.00
M-Z5-0.25 25.00 0.25 74.75
M-Z5-0.50 25.00 0.50 74.50
M-TS-0.25 25.00 0.25 74.75
M-TS-0.50 25.00 0.50 74.50
M-ZTS-0.25 25.00 0.25 74.75
M-ZTS-0.50 25.00 0.50 74.50
M-zts-0.25 25.00 0.25 74.75
M-zts-0.50 25.00 0.50 74.50
M-ZTS Ce-0.25 25.00 0.25 74.75
M-ZTS Ce-0.50 25.00 0.50 74.50
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concentration were chosen to facilitate homogenous disper-
sion of the nanocomposite within the membrane matrix and
to limit the risk of particle aggregation. In addition, the liter-
ature study showed that the incorporation of such low con-
centrations of metals or metal oxides based nanoparticles
into the membrane matrix is efficient to improve filtration
performances (Table 3). Pure PES solutions (without nano-
composite) were also synthesized as a reference. Thereafter,
the obtained homogeneous suspension was cast uniformly
(automatic film applicator; K4340, Elcometer) onto a non-wo-
ven polypropylene Viledon FO 2471 support (Freudenberg,
Germany) attached onto a glass plate. The cast film thick-
ness was set at 250 um while the casting speed and cast-
ing plate temperature were equal to 20 mm s and 28°C,
respectively. The relative humidity was constant and equal
to 60%. Then, the glass plate was instantly immersed into
a non-solvent (deionized water) coagulation bath for 5 min
at 20°C. Finally, the resulting membranes were stored in
deionized water for at least 24 h before use.

2.4. Nanocomposites and membranes characterization
2.4.1. X-ray diffraction

X-ray diffraction (XRD) patterns were obtained with CuK
radiation (A = 1.5406 A) using a PHILIPS-PANALYTICAL
(Netherlands); X'PERT pro MPD diffractometer at room
temperature. The crystallite size of the sample was estimated
from the Scherer equation:

(0.92)

D:(Bcose) @

where D is the crystallite size in A, A is the wavelength of
the X-ray (A = 1.5406 A), 0 is the Bragg angle in degrees, and
B is the full width at half maximum (FWHM) of diffraction
peaks, measured graphically in radians.

2.4.2. Raman spectroscopy

The Raman scattering measurements were carried
out using a 100/S-Bruker Raman Fourier Spectrometer.
The 1.06 mm line of Nd-YAG laser was used for excitation
with output laser power 100 mW.

2.4.3. Scanning electron microscopy

The morphology analysis of both the nanocomposites and
membranes was performed by using a scanning electron micro-
scope (SEM, JEOL JSM 7100F, Japan) equipped with a link
energy dispersive X-ray system (EDX). The samples were
coated with gold before investigation. Cross-sectional views
of the membranes were obtained after breaking the mem-
branes in liquid nitrogen to preserve the membrane structure.

2.4.4. Transmission electron microscopy

The nanocomposites were also characterized using
transmission electron microscopy (TEM) (HR-TEM, JEM-
3000F, JEOL Ltd. in Tokyo, Japan) operating at an acceler-
ating voltage of 200 kV. Elemental mapping was conducted
using a TEM equipped with an EDX.

Table 3

Comparison to literature results relative to PES-ceramic nanoparticles mixed matrix membranes

Present

M-PS-Ce-SiO),

(12]

M-PES-TiO-SiO,

(13]

M-PES-ZnO

3]

M-PS-GO-TiO,

(3]

M-PES-SBA15-Ti

M-PES-Cu(tpa)@GO

(1]

Membrane

work

M-PES-SBA15-Zr

(2]

10 10 0.25-0.50

0.5-5

0.1-0.8

0.3-0.6

0.5-1

Particle concentration

(Wt.%)

32-69

41.7-78.6
22-24

45.5-78
116

61-88 57-70

48-65

16-84
51-85

Contact angle (Degree)

2.19-8.26

20.28-41.22

120-233

318-650

Permeability Lp

(Lh™' m=bar™)
Effluent type

Wastewater con- Wastewater Lyso-

River water/

Bovine Serum Albumin

BSA (5g/L)

92.5

Anionic dyes (Congo Red

- Methyl Orange)

zyme

containing oil
98.3-98.8

taining oil

92

humic acid

96.8

96.0-98.8

80-90 (Congo Red)
40-60 (Methyl Orange)

Retention percent (%)

105
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2.4.5. Brunauer—Emmett-Teller (BET) measurement

Specific surface area was measured using ASAP 2010
and TriStar 3020 micrometrics by adsorption of nitrogen at
77 K. Prior to adsorption measurements, the samples were
degassed under vacuum of 20.8 Pa at 125°C for 30 min.

2.4.6. Contact angle measurement

Contact angle tests were performed at room tempera-
ture using the surface energy evaluation system KRUSS
DROP SHAPE ANALYZER (Germany) — DSA30R (OCA)
equipped with video capture. Contact angles of deionized
water (H,O) were measured by depositing a sessile drop
(1 puL) on the sample. Contact angle values were estimated
as the tangent normal to the drop at the intersection (to the
right and to the left) between the sessile drop and the sur-
face. Images were taken within 30 s of the drop deposition.
The reported contact angle values are the average of at
least four measurements at different spots of the surface of
the membrane.

2.4.7. Streaming current measurements

Membrane surface electrokinetic properties were deter-
mined thanks to tangential streaming current measurements
(Surpass 3, Anton Paar GmbH, Austria). Prior to the exper-
iments, membrane samples were soaked overnight into the
measuring solution (0.001 M KCl). Two identical rectangular
membrane samples (2 cm x 1 cm) were then cut and fixed
on sample holders using double-sided adhesive tape. The
distance between the samples was set to 100 = 5 pm for all
measurements to allow the proper circulation of the mea-
suring solution. The streaming current generated along the
membrane surfaces was measured with Ag/AgCl electrodes
for pressure ramps of 400 mbar. All measurements were per-
formed at room temperature (19°C + 1°C). The zeta potential
was inferred from the standard Smoluchowski equation.

2.5. Filtration performance

2.5.1. Pure water flux measurement and permeability
determination

The permeability was evaluated by means of a dead-end
filtration cell (XFUF07601, Merck, Germany). A circular
piece of the prepared membrane was cut (76 mm effective
diameter, 45.3 cm? effective areas) and inserted into the fil-
tration cell. The cell was then filled with deionized water
and pressurized using a nitrogen source in order to create
the transmembrane pressure (permeate side at atmospheric
pressure). The permeate produce in a given time was recov-
ered in a beaker and weighed allowing the calculation of the
permeate flux (J,) expressed in L h™ m™. This protocol was
repeated for several transmembrane pressure values in the
range 0 to 4 bar. The slope of the straight line obtained by
plotting the permeate flux as a function of the transmem-
brane pressure applied (AP (bar)) thus corresponds to the
membrane permeability (L, in L h™ m? bar) as shown in
Eq. (2). All filtration tests were carried out at 20°C.

]v:LPXAP (2)

where | is the permeate flux (L h™ m?), L, the membrane
permeability (L h™ m™ bar?) and AP the transmembrane
pressure (bar).

2.5.2. Retention rate of the prepared membranes

Besides the membrane permeability, the efficiency of
a membrane is particularly characterized by its ability to
retain targeted species present in the feed solution. The
retention rate represents the amount (expressed in %) of
species retained by the membrane compared with that ini-
tially present in the feed solution, which can be calculated
as follow:

R(%)=[1- < |x100 3
(%)= 1= | ©)

0

where C, is the solute concentration of the feed solution
(gL?) and C the solute concentration of the permeate (g L™).
In this studpy, the protein retention was evaluated using
lysozyme from hen egg (MW = 14.300 g mol™, pl = 10.7)
provided by Liot (purity: 92%, France) in hydrochloride
form. Lysozyme was selected as it can be considered as a
rigid protein (not easily deformable) [16] and thus is known
to maintain its structure during membrane filtration [17].
Solutions of lysozyme in deionised water at a concentration
of 1g L™ (pH,, . =4) were prepared and used for the reten-
tion tests. Filtration runs were performed with the frontal
filtration device described previously at constant trans-
membrane pressure of 3 bars. Lysozyme concentration, in
the feed and permeate solutions was determined by UV
spectroscopy (JASCO V-630) at 280 nm (absorption of the
tryptophan contained in the lysozyme protein) according
to the well-known Beer-Lambert law.

3. Results and discussion
3.1. Nanocomposite characterization

As shown in Table 1, it is clear that the samples elaborated
by sol-gel method display higher density than that obtained
by classic solid-state reaction from nanopowders. However,
all the samples present porosity lowers than 6%, confirming
the good conditions of nanocomposite elaboration.

Fig. 1 shows the XRD patterns of the composites. XRD
pattern of ZS shows the presence only of Zn,SiO, (Z,S) wil-
lemite phase (Rhombohedral structure, 00-037-1485). On
the other hand, XRD pattern of TS reveals the presence of
two forms of TiO,, rutile (tetragonal structure, 01-072-1148)
and anatase (tetragonal structure, 01-071-1166) phases.
The stronger peaks correspond to the rutile phase. No sig-
nificant difference is observed between XRD pattern of ZTS
obtained by sol-gel route and XRD pattern of zts elabo-
rated by solid state reaction. The two ceramics are mainly
composed of willemite Z,S phase (rhombohedral structure,
00-008-0492) and rutile TiO, phase (tetragonal structure,
01-072-1148). XRD pattern of ZTS Ce shows the presence
of CeO, phase besides willemite Z,S phase (rhombohedral
structure, 00-008-0492) and rutile TiO, phase. No peaks
of SiO, or ZnO are detected, indicating the high reactiv-
ity of raw powders. This hypothesis could be justified by
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the nanometric size of the particles of departure (10 nm
for SiO, and 90 nm for ZnO) [18]. In order to confirm the
XRD results, laser Raman Spectroscopy was used to inves-
tigate the phase composition of elaborated ceramics. Fig. 2
shows the Raman spectra of TS, ZS, ZTS, zts and ZTS Ce
nanocomposites in the Raman Shift range of 100-1,000 cm™.
Wide peaks with low intensities, relative to anatase phase
(A-TiO,) were detected at 400 and 516 cm™ for TS sample
only, in good agreement with XRD results [16,19,20]. Other
intense peaks corresponding to rutile phase (R-TiO,) were
observed at 145, 240, 450 and 610 cm™ for all nanocompos-
ites (except ZS, as expected) [16,19,20]. Furthermore, the
characteristic peaks of Z.S [16,19,20] located at 875, 912 and
953 cm™, were detected for all the samples with the excep-
tion of TS composite.

The new phases obtained by sintering the mixture (ZnO-
TiO,-Si0,) at 1,200°C/2 h could be explained according to the
following reaction:

2 ZnO +Si0, + TiO, —2<22 3, R - TiO, + Zn,SiO,

Furthermore, based on XRD results, the crystallite sizes
of TiO, rutile (R-TiO,) and Z S were estimated by using the
Scherer equation. According to the peaks located at 27.45° for
R-TiO, and 34.23° for ZS, the crystallite size values of R-TiO,
were 32.5, 39.5, 41.5 and 43.5 nm in TS, ZTS, zts and ZTS Ce,
respectively. The estimated error was about 2%. Furthermore,
the crystallite size values of Z,S were 43.1, 40.4, 40.5 and
40.6 nm in ZS, ZTS, zts and ZTS Ce, respectively. It is clear
that rutile crystallite size depends slightly on the ceramic
composition, whereas, Z,S crystallite guards the same size
in the ternary system ZnO-TiO,-SiO,.

In order to confirm these results and further assess the
composition and morphology of the samples, SEM-EDX anal-
yses were performed. Fig. 3 shows SEM images of TS (a), ZS
(b), ZTS (c), zts (d) and ZTS Ce (e) composites. An example
of EDX analysis relative to ZTS Ce sample is shown in Fig. 4.
The main phases shown by SEM analysis are in agreement
with XRD and Raman results. As confirmed by EDX analysis,

e u [) L
RTi0, A-Ti0, Zn,Si0y CeOy

‘b

Intensity (a. u.)

20 2 30 35 a0 a5 50 55 60 65 70
20(9)

Fig. 1. XRD patterns of TS, ZS, ZTS, zts and ZTS Ce composites
sintered at 1,200°C/2 h.

very small rutile grains (R-TiO,) with size less than 100 nm
are present in TS, ZTS, zts and ZTS Ce samples. However,
Zn_SiO, (Z,S) gains are assembled in spherical aggregates of
about 1 pm of diameter. Nanoceria (50 nm) is also detected
in ZTS Ce sample.

Fig. 5 shows TEM images of TS (a), ZS (b), ZTS (c), zts (d)
and ZTS Ce (e) composites. Spherical nanosized (less than
100 nm) grains are observed, confirming the nanometric scale
of all the composites. Except for ZS nanocomposite (b), all
the other materials contain at least two nanometric phases,
as confirmed also by SEM analysis. In addition, it seems
that the size of zts sample (elaborated by classical solid state
reaction) estimated by SEM and TEM micrographs is higher
than ZTS (obtained by sol-gel route) diameter. Besides, ZTS
material is less porous than zts composite (Table 1). For these
expected reasons, two different methods were used to elab-
orate the composites. It is well known that sol gel technique
gives better homogeneity with smaller grain size and lower
porosity [18].

3.2. MMM characterization

Side-view SEM micrographs of the fabricated mem-
branes are shown in Fig. 6. All the obtained membranes were
asymmetric and exhibited finger-like macrovoids structure
suggesting that nanocomposite addition within the polymer
matrix does not drastically modify the membrane macro-
structure. Unfortunately, the nanocomposite presence could
not be detected on this side views. However, this finding is
not surprising taking into account the extremely low amount
of particle added into the polymer solution.

Contact angle measurement is an important indicator
for membrane hydrophobicity or hydrophilicity. A lower
contact angle indicates the higher hydrophilicity of the
membrane. The membranes with higher surface hydro-
philicity will in general have a greater ability to attract water
molecules and thus reduce the adsorption of contaminants,
which would play a positive role in improving membrane
permeability and membrane antifouling ability. Fig. 7 shows
the results of the contact angle measurements for both the
pure PES membrane and MMM. The pure PES membrane

[ ] [} *
R-TIO, A-TIO, Zn,SiO,
[ ] PY ¢
ZTS Ceq
o [ J g *
5: zts
&
2
2
8 ZTSs
£
c
©
£
©

100 200 300 400 500 600 700 800 900 1000

Raman shift (cn)

Fig. 2. Raman spectra of TS, ZS, ZTS, zts and ZTS Ce composites
sintered at 1,200°C/2 h.
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Fig. 3. SEM micrographs of TS (a), ZS (b), ZTS (c), zts (d) and ZTS Ce (e) sintered at 1,200°C/2 h.

shows a water contact angle of 76° due to relatively hydro-
phobic nature of the PES. In comparison, the water contact
angles of the MMM are in the range 32° to 69° thus indi-
cating the positive effect of nanocomposites addition on
membrane hydrophilicity (whatever the nanocomposite
composition). This could be explained by the occurrence
of many hydrophilic hydroxide radicals on the surface of
inorganic oxide nanoparticles [21]. According to the contact
angle measurements, the most hydrophilic membranes are
those made of ZTS nanocomposite followed by ZTS Ce and
TS. On the other hand, the membranes incorporated with

zts and ZS nanocomposites are more hydrophobic. It is
worth noting that zts and ZS nanocomposites are also the
ones exhibiting the lower specific area (10 and 80 m? g';
Table 1). On the other hand, TS, ZTS and ZTS Ce exhibit
much larger surface area higher than 200 m? g™. In partic-
ular, ZTS Ce has the higher surface area (685 m? g™). This
result could be explained by the presence of third CeO,
phase which prevents magnification of the main compo-
nents (R-TiO, and Zn,SiO,) of the material. Additionally, for
the two ternary composites, ZTS displays higher specific
area (465 m? g') than zts sample (10 m? g™). This difference
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Fig. 4. EDX maps of ZTS Ce sintered at 1,200°C/2 h.

could be attributed to the elaboration process since sol-gel
route allows obtaining homogenous composite with higher
density (porosity < 6%) and smaller grains. These differ-
ences of surface area could be related to difference on the
size of the nanocomposites. The higher the surface area is
the lower the particle diameter. At the end, difference in
particle diameter might affect membrane hydrophilicity as
several parameters such as particles size, shape or tendency
to aggregation are known to affect membrane properties
[22-26]. Furthermore, it can be observed that, for a given
nanocomposite type, the better values of contact angle are
obtained for the membranes having a nanocomposite load-
ing of 0.25 wt.% and not in the case of the higher particle
concentration (0.50 wt.%). Such behavior was also observed
for other PES membranes blended with inorganic nanopar-
ticles even at low amounts (Table 3). In particular, Balta et
al. [27] showed that the addition of ZnO particles into the

membrane matrix drastically reduced the contact angle
values (from 70° to 35°) even at extremely low concentra-
tion (0.035 wt.%). The contact angle values were indepen-
dent on particles concentration up to 0.25 wt.% but slightly
increased in the concentration range 0.25 to 1.00 wt.%. Thus,
an increase in particle loading can lead to a less homoge-
neous dope suspension due to particle aggregation (even for
particle concentration lower than 1.00 wt.%) which impair
membrane hydrophilicity [28]. Taking into account the nano-
composite nature and concentration, the best hydrophilicity
is observed for the M-ZTS-0.25 membrane with a very low
contact angle value of 32° followed by the M-ZTSCe-0.25
(39°) and M-TS-0.25 (44°) membranes. Interestingly, M-ZTS-
0.25 and M-ZTS Ce-0.25 exhibit contact angle values below
40° much lower than obtained in studies gathered in Table 3
(except for PES membrane incorporating Cu(tpa)@GO par-
ticles [1]) thus indicating their superior hydrophilic proper-
ties. In fact, SEM analysis showed that ZTS and ZTS Ce sam-
ples are distinguished by a more uniform phase distribution
and better homogeneity (Fig. 3). These reasons contribute
to improve the hydrophilic nature of ZTS and ZTSCe com-
posites presenting more hydroxide radicals on the surface.

Membrane surface charge was determined in terms
of zeta potential thanks to tangential streaming potential
measurements. It is known as an important factor to eval-
uate membrane fouling ability by charged molecules. Fig. 8
shows the variation of the zeta potential for each membrane
in the pH range from 2 to 5. For better clarity, the results
were plotted in two different graphs for the membrane
incorporated with 0.25 wt.% (a) and 0.50 wt.% (b). It can be
observed that nanocomposite incorporation within the PES
matrix has only marginal effect on the membrane isoelec-
tric point (iep). Thus, whatever the nanocomposite nature,
concentration and all membranes exhibits an iep of 3.3 + 0.2
except the M-ZTS Ce-0.25 and the M-ZTS-0.5 for which the
iep values are 2.8 and 3.7 respectively. Furthermore, when
considering the zeta potential values of the different mem-
brane at pH 4 (pH of the solution to be filtered), all the mem-
branes (with and without nanocomposites incorporated) are
negatively charged and exhibit a moderate charge of about
-15+5mV. It can be concluded from these observations that
no major difference of surface charge exists for the different
membranes synthesized in this study.

The pure water membrane permeability was deter-
mined for all MMM membranes (Fig. 9). Both concentration
and nature of fillers incorporated in the solutions appear
to have an impact on MMM permeability. Interestingly,
whatever the nanocomposite type, membrane permeability
is higher for a filler concentration of 0.25 wt.% compared
with that of 0.50 wt.% (except for the M-ZS membranes).
Previous studies, for other membrane fillers, also reported
the existence of an optimal particle concentration on mem-
brane filtration performance. In particular, an increasing
concentration of filler might lead to its less efficient disper-
sion into the collodion thus leading the occurrence of par-
ticle aggregates that negatively affect the membrane per-
meability (even at low particle concentration below 1 wt.%)
[27]. In addition, particle concentration is known to have a
direct impact on membrane microstructure. In fact, for PES
membranes blended with silica-based material, Guo et al.
[2], showed that a particle concentration above 0.3 wt.% led
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Fig. 5. TEM micrographs of TS (a), ZS (b), ZTS (c), zts (d) and ZTS Ce (e).

to an increase of the membrane skin layer thickness and a
reduction of the occurrence of finger-like macro-voids com-
pared with lower concentration. Such structure contributes
to increase the material hydraulic resistance and thus has
a detrimental effect on the membrane permeability [2]. Of
course, this optimal concentration of fillers is highly depen-
dent on the polymer/filler/solvent natures and properties
but also on the operating conditions (membrane synthe-
sis technique, polymer concentration, etc.) [29]. However,
whatever the nanocomposite type, most of the elaborated
membranes exhibit higher pure water permeability com-
pared with the pure PES membrane. In particular, the

incorporation of 0.25 wt.% of the ternary (ZnO-TiO,-5i0O,)
and quaternary (ZnO-TiO,-5i0,-CeQ,) nanocomposites led
to an important increase of the membrane permeability of
377% and 329% respectively, compared with the pure PES
membrane. Furthermore, the M-TS membrane also shows
promising permeability increase of 248%. In order to get
more insights into this permeability increase due to parti-
cle addition in the polymeric solution, the membrane per-
meability was plotted against the membrane contact angle
values (Fig. 10). From this figure, it can clearly be seen that
the more permeable membranes are the ones having the
lower values of contact angles. These results suggest that
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0.25 wt.%

M-zts

M-ZTS Ce

Fig. 6. Cross-section SEM micrographs of the pure PES membrane and MMM with filler concentration of 0.25 wt.% (top row)
and 0.50 wt.% (bottom row). The presence of fibers on some images is due to the presence of the non-woven support.
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an increase in membrane hydrophilicity induced by the
nanocomposite addition plays a key role in the increase of
membrane permeability. Moreover, it has to be noted that,
whatever the membrane composition (pure PES membrane
or MMM), contact angle values higher than 55° led to low
and constant permeability values of about 2 L h™ m™ bar™.
The permeability values of our membranes are lower than
those of membranes already developed by other authors in
similar conditions (Table 3). This difference in permeabil-
ity could be explained by the high density of our compos-
ites (porosity lower than 6%) and the low size of the pores
(pore diameter lower than 10 nm). A notable exception is
the M-zts-0.25 which has a contact angle value of 59° but
permeability 2 times higher than the pure PES membrane.
This observation indicates that, in the tested conditions,
membrane hydrophilicity is not the only parameter influ-
encing the pure water membrane permeability. In particu-
lar, modification of the membrane micro-structure due to
particle presence could also impact filtration performance.
Lysozyme rejection rate was also evaluated for the dif-
ferent membranes (Fig. 11). The pure PES membrane allows
a lysozyme rejection rate of 80%. Besides, the incorpora-
tion of nanocomposites into the polymer matrix leads to an
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Fig. 8. Surface charge of the prepared membranes with filler
concentration of 0.25 wt.% (a) and 0.50 wt.% (b).

important increase of the rejection, whatever the nature and
concentration of the filler. In particular, the membrane incor-
porating ZST Ce nanocomposite allows a lysozyme rejection
higher than 99%. However, membrane rejection rate seems to
be dependent of the nanocomposite concentration. Thus, for
all nanocomposites prepared by the sol-gel method, rejection
is always higher at higher composite amount. To sum-up,
the incorporation of nanocomposites into the membrane PES
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Fig.11.Lysozyme rejection efficiency by the different membranes.

matrix allows to both improve the membrane permeabil-
ity and rejection rate. In particular, the ternary (ZnO-TiO,-
SiO,) and quaternary (ZnO-TiO,-S5iO,-CeO,) nanocompos-
ites allow to markedly increase the membrane permeability
(up to 4 times in the best case) while obtaining rejections
in the range of 96.0% to 99.8%. It has also to be noted that
the highest membrane permeabilities are usually obtained
for a nanocomposite concentration of 0.25 wt.% while the
highest rejection rates are observed at the concentration of
0.50 wt.%. The rejection rate of the 0.25 wt.% membranes
is only slightly lower than that of the 0.50 wt.% concentra-
tion. Finally, the M-ZST-0.25 and M-ZST-Ce-0.25 exhibits
the higher performances with highly improved membrane
permeability (more than 3.5 times, compared with pure PES
membrane) while having high retention ability (99% in the
case M-ZST-Ce-0.25). Although the effluent is not the same,
the retention rate of our membranes is comparable to other
works published by Xu and Zhang [3,12], but much higher
than M-PES-TiO,-5iO, [13] tested with oil and M-PS-GO-TiO,
tested with BSA solution [3].

4. Conclusion

The design of advanced filtration membranes plays an
important role in solving global water treatment problems.
TS, ZS, ZTS, zts and ZTS Ce were incorporated in PES mem-
brane. All nanocomposites were successfully prepared and
fully characterized. The composites incorporated in the
polymer matrix played a favorable role in the performance of
the resulting membranes. Thus, these membranes exhibited
superior performances compared with the pure PES mem-
branes. The intercalation of nanocomposites enhanced both
the permeability and retention ability of the membranes.
In particular, the hydrophilicity of the composite membranes,
which plays an important role in the permeation flow, was
markedly increased for the best performing membranes.
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