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Abstract: ZSM-22/polyethersulfone membranes were prepared for salt rejection using modelled
brackish water. The membranes were fabricated via direct ZSM-22 incorporation into a polymer
matrix, thereby inducing the water permeability, hydrophilicity and fouling resistance of the pristine
polyethersulfone (PES) membrane. A ZSM-22 zeolite material with a 60 Si/Al ratio, high crystallinity
and needle-like morphologies was produced and effectively used as a nanoadditive in the development
of ZSM-22/PES membranes with nominal loadings of 0–0.75 wt.%. The characterisation and membrane
performance evaluation of the resulting materials with XRD, BET, FTIR, TEM, SEM and contact angle
as well as dead-end cell, respectively, showed improved water permeability in comparison with
the pristine PES membrane. These ZSM-22/PES membranes were found to be more effective and
superior in the processing of modelled brackish water. The salt rejection of the prepared membranes
for NaCl and MgCl2 was effective, while they exhibited quite improved water flux and flux recovery
ratios in the membrane permeability and anti-fouling test. This indicates that different amounts of
ZSM-22 nanoadditives produce widely divergent influences on the performance of the pristine PES
membrane. As such, over 55% of salt rejection is observed, which means that the obtained membranes
are effective in salt removal from water.
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1. Introduction

The global demand for freshwater is increasing every day due to high population growth and
industrial development. Brackish water and seawater are abundant but have high salt concentrations
and therefore need to be purified [1–3]. To effectively utilise these available water sources, sustainable
and efficient water purification technologies such as membrane filtration and ion exchange resins are
needed. Based on this consideration, there is a need to design and develop new functional materials for
the desalination of saltwater using membranes. Nanocomposite membranes with low surface fouling,
superior physicochemical integrity, enhanced water flux and high solute rejection have been identified
as potentially promising separation materials [4–6]. Furthermore, membranes offer high efficiency in
the separation and filtration processes [6,7]. However, due to the polymer membrane’s shortcomings,
such as fouling, high hydrophobicity and short functional lifetime, more work needs to be done in the
redesigning and modifying of nanocomposite membrane materials [7–11]. In consideration of these
limitations, the scope for membrane modification has widened for different applications, such as the
desalination and distillation of radiative waste and salt solutions [12–14].
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Polyethersulfone (PES) membranes have been universally used and accepted as appropriate
polymers for use in separation membranes, owing to their high chemical, mechanical and thermal
stability under highly pressurised separation systems [15,16]. They have gained widespread use in
microfiltration (MF) and ultrafiltration (UF) membranes, but showed poor performance in extremely
high pressurised systems such as nanofiltration (NF) and reverse osmosis (RO) [17–19]. Their relatively
poor performance in NF and RO systems is attributed by some in the literature to their weak mechanical
stability as a consequence of their high amorphous and lower hydrophilic character [20–23]. As a result,
PES membrane utilisation in NF/RO application is highly prone to fouling, which is considered the
main limitation to the use of PES membranes in highly pressurised separation processes [23–26].

In consequence, the challenges associated with membrane quality also appear to be influenced by
the cost of membrane preparation, maintenance and lifetime. As membrane surface hydrophobicity
promotes fouling, this later leads to the low flux, permeability and lifetime of the membrane [10,27–29].
However, typical surface modification of PES by the inclusion of highly hydrophilic nanoadditives
such as hollow halloysite nanotubes (HNTs), graphene oxide (GO), titanium dioxide (TiO2), silicate,
etc., in the polymer matrix is a promising solution [29–33]. However, the challenge remains regarding
how to identify effective nanoadditives to mitigate membrane fouling. Suitable nanoadditives (in terms
of particle size and hydrophilicity) are still needed for the development of highly functional membrane
materials [8,25,33]. In this consideration, synthesising new polymer materials is not a priority given
the opportunity to modify already existing polymer materials.

Therefore, the current focus on membranes research should be directed to designing and developing
effective nanocomposite membranes with low surface fouling, superior physicochemical integrity,
enhanced water flux and high solute rejection [34]. As such, research on polymeric membrane material
and membrane technology maintained its focus on membrane modification to produce materials with
intrinsic composite features [2,35–37]. This involves a straightforward process of conjoining or blending
polymeric material with hydrophilic nanoadditives such as nanoparticles, carbon nanotubes and
zeolites [1,23,38,39]. Typically, zeolite materials have demonstrated the ability to enhance membranes’
water flux, permeability and antifouling characteristics, as reported in several studies [40,41].

Zeolites are alumina silicates materials widely used in ion exchanging, hydrocracking, adsorption
and catalysis [42,43]. Recently, they have gained much consideration in the derivation of composite
membrane materials owing to their external surface properties such as silinol, their negatively charged
framework, shape selectivity and pore size exclusion [44–47]. These features promote high interaction
between the polymer and additive as well with the solute cations and anions. Also, their hydrophilic
character has earned them their definitive usage as inorganic nanoadditives for composite membrane
development [48–52]. This study has therefore identified a need to develop effective materials due
to the limited work associated with PES membranes for typical NF or RO applications. This report
demonstrates that, with the judicious choice of fillers, imparting additional functionalities to UF
membranes does result in nanocomposite polymer membranes with relatively high salt rejection for
potential use in brackish water treatment. Herein, ZSM-22 is embedded in the PES matrix to result in
NF membranes with up to 55% and 65% rejection rates for NaCl and MgCl2, respectively.

2. Materials and Methods

The following chemicals and reagents were purchased from Sigma-Aldrich (Johannesburg,
South Africa) and used without any purification: tetraethyl orthosilicate (TEOS), aluminium sulphate
octadecahydrate ((Al2(SO4)3·18H2O), hexamethylenediamine (HMDA), potassium hydroxide (KOH),
sodium hydroxide (NaOH), hydrochloric acid (HCl), nitric acid (HNO3), sodium chloride (NaCl),
magnesium chloride (MgCl2), bovine serum albumin (BSA), nitrogen gas (N2), polyethersulfone (PES)
3 mm nominal granule size and N-methyl-2-pyrrolidone (NMP).

ZSM-22 zeolite materials were synthesised using procedures previously reported by Marler [53]
and Ernest [54], with some modification as follows: A clear aqueous solution was prepared by
dissolving KOH (1.252 g) and Al2(SO4)3·18H2O (0.743 g) in deionised water (49 mL) under magnetic
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stirring for 1 h to produce solution A. In a separate beaker, HMDA (10.97 mL), as a structure-directing
agent (SDA), was dissolved in deionised water (20 mL) and allowed to stir for about 1 h to produce
solution B. Thereafter, solution B was transferred into solution A under stirring, resulting in solution
C. Hydrolysed TEOS (29 mL), obtained from the addition of deionised water (69 mL) after stirring
for 1 h, was added dropwise (at a rate of 3.27 mL/min) into solution C [55,56]. After 1 h, a solution
containing a final gel-like product with molar composition of 60SiO2:Al2O3:9KOH:27DAH:3600H2O
was obtained. Thereafter, the gel was transferred into a 150 mL stainless steel autoclave and heated to
160 ◦C for 144 h for crystallisation to occur. The resulting white crystals were recovered by filtration
and subsequently washing with distilled water until the pH of the filtrate was seven. The obtained
solid samples were air-dried overnight and calcined at 550 ◦C for 24 h to remove the SDA.

The ZSM-22/PES membranes were fabricated via direct incorporation of ZSM-22 nanoadditives
prepared using TEOS into the polymer solution using a phase inversion method. PES granules (18 g)
were dried at 80 ◦C for 24 h before dissolution in NMP (82 mL) solvent. This was followed by the
addition of the required amount (0–0.75 wt.%) of the ZSM-22 powder into a casting solution and
allowed to stir for 24 h until a homogenous mixture was attained. The casting solution was allowed to
degas under a vacuum for 24 h to dissipate the trapped air in the solution. For effective nanoadditive
distribution in the solution mixture, the casting solution was subjected to an ultrasonication for about
3 h before casting. Then, the solution was cast using a casting knife set at a 200 µm air gap, then allowed
to stand for 30 s in the air before immersion into the coagulation (deionised water) bath for 15 min.
Thereafter, the membranes were transferred into a clean deionised water bath and allowed to cure for
24 h, then stored in deionised water kept in the refrigerator for further analysis and assessment.

The X-ray diffraction patterns of different samples were recorded using a PANalytical PW 3050/60
diffractometer (XPert-Pro, Almelo, The Netherlands) with PSD Vantec-1 detectors and Cu Kα radiation
(λ= 1.5406 Å), at a scan step size of 0.025◦. The time/step was in seconds, at a scan speed of degree/second.
The BET surface measurements of zeolite ZSM-22 materials were carried out on an automated gas
adsorption and surface area analyser, Micrometrics TriStar II Plus Version 3.00 (Micromeritics, Norcross,
GA, USA) and Porosity Analyser 3000 (Micromeritics, Norcross, GA, USA) equipped with Win 3000
software at −195.8 ◦C. The surface area and the pore size and volume of the material were determined
by single point analysis. The attenuated total reflectance Fourier-transform infrared spectroscopy
(ATR-FTIR) spectra of the resulting samples in this study were attained using a Perkin Elmer Spectrum
100 FTIR spectrometer with the scan range of 400–4000 cm−1 at a resolution of 4 cm−1 and over an
average of 16 scans. The analysis was performed using Bruker Vector 22 mid-IR spectroscopy (Bruker,
Karlsruhe, Germany). Transmission electron microscopy (TEM) analysis of ZSM-22 zeolite materials
was done on a Jeol JEM 2100 transmission electron microscope (Tokyo, Japan) under a bright-field at
120 kV. A precise amount of the sample was sonicated in about 5 cm3 of ethanol under 60 W ultrasonic
bath for about 10 min. Then a tiny drop of the suspension was placed on a coated copper grid. The grid
was dried in the air before mounting on the TEM sample holder for analyses. The morphological
structure of the samples was scanned at 5 kV using lowest beam current of the scanning electron
microscopy (SEM), which achieved the optimum resolution at a specific magnification. A small amount
of zeolite powder from a piece of the membrane was mounted on a sample holder using a carbon
tap and was carbon-coated before analysis. In evaluating the membrane surface hydrophilicity or
hydrophobicity, a contact angle goniometer (G10, KRUSS, Hamburg, Germany) was used. The water
contact angle (◦) of the prepared membranes was measured at a constant room temperature and 50%
humidity using the sessile drop method.

Stock solutions of NaCl and MgCl2 (ca. 1.00 g each) were dissolved in a 1000-mL volumetric flask
using deionised water to obtain 1000 ppm solutions. The standard solution was prepared by dilution of
the stock solution: typically, a 250-ppm standard solution of NaCl or MgCl2 was prepared by diluting
125 mL of 1000 ppm stock solution in 500 mL volumetric flask. From this standard solution, 50 ppm
salt solution was prepared by diluting 20 mL of 250 ppm standard solution into a 100 mL volumetric
flask and kept in the refrigerator at 4 ◦C to avoid solution decomposition for further analysis.
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The ZSM-22/PES membrane performance indicators such as pure water flux (deionised water),
solute rejection (50 ppm of NaCl or MgCl2) and protein fouling (using 1000 ppm BSA) were evaluated
using a Sterlitech (Kent, OH, USA) dead-end stirred cell with an effective surface area of 19.63 cm2.
The permeate flux was defined as:

PWF =
Q

A× t
(1)

where Q is the volume of the pure water permeate (L), while A is the effective surface area of the
membrane (m2), and t is the time (h) taken for the permeate. The permeation measurements in the
study of all membranes were at room temperature. Preliminary, the water flux of each membrane was
compacted until a steady state was reached under the condition of pre-compacting pressure of 1 bar for
about 1 h. Following pressure was decreased to the normal operating pressure of 0.8 bar and the pure
water flux (PWF) was measured. After the pure water flux test measurement, a solution of 1000 ppm
BSA was transferred in the dead-end, followed by compacting and then permeation flux measurement
at a similar pressure. Thereafter, the fouled membranes were then rinsed with deionised water through
backwashing for 1 h, and the pure water fluxes of these backwashed membranes were retested again.

3. Results and Discussion

3.1. XRD Analysis

The XRD patterns of the zeolite ZSM-22 material and ZSM-22/PES membranes are shown in
Figures 1a and 1b, respectively.
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Figure 1. XRD patterns of (a) ZSM-22 material and (b) ZSM-22/polyethersulfone (PES) nanofiltration/reverse
osmosis (NF/RO) membranes, respectively, prepared via hydrothermal synthesis approach and direct
phase inversion method.

As shown in Figure 1a, the XRD pattern of ZSM-22 crystal sample exhibits characteristic peaks
of a Theta-1 (TON) topology of ZSM-22 material, which is in agreement with the database of zeolite
structures as reported in the literature [57,58]. This material presents five peaks at 2θ values of 8.18◦,
20.30◦, 24.20◦, 24.52◦ and 25.59◦, respectively, corresponding to the ZSM-22 structure [59,60]. This is
indicative of the successful synthesis of the highly crystalline ZSM-22 material when using TEOS as
silica source at 160 ◦C for 144 h with an Si/Al ratio of 60. The obtained ZSM-22 zeolite material was
then directly incorporated into the pristine PES casting solution, resulting in a series of composite
membranes containing ZSM-22. It is observed that the XRD patterns of ZSM-22/PES membranes with
to 0 wt.% loadings exhibit a mainly amorphous phase with one broad characteristic peak of a typical
PES phase (Figure 1b). The incorporation of ZSM-22 nanoadditives resulted in the XRD patterns
exhibiting the diffraction peaks of the ZSM-22 (Figure 1b). For instance, the pattern of the membrane
containing 0.1% ZSM-22 had a peak at 2θ of 8.02◦ (of (110) plane) on the broad base of the amorphous
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PES membrane, which is indicative of the presence of ZSM-22 zeolite nanoadditives. The slight peak
shift to lower 2θ values was observed, attributed to the inclusion of the polymer chains into the zeolite
crystal planes. The shifts indicate a physical interaction between ZSM-22 crystallites and PES polymer
chains, which is a positive observation, as it will result in minimal zeolite leaching from the membranes
during application. Additional zeolitic peaks were observed at 9.73◦, 12,69◦, 20.30◦, 24.66◦ and 25.74◦,
attributed to (021), (200), (021), (240) and (400) planes, with a slight shift to higher 2θ values as the
amount of ZSM-22 was increased. The overall amorphous character of the composite membranes
indicates that the addition of the zeolites did not alter the membrane structure.

3.2. BET Analysis

The ZSM-22 material was analysed using BET to estimate the pore size distribution of the
nanoadditives for effective salt polymer and solute chain interaction upon membrane formation and
application, respectively. The N2 adsorption–desorption isotherms (with inserted textural properties)
of ZSM-22 materials along with their pore size distribution are shown in Figure 2.
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Figure 2. BET Isotherms (a) N2 adsorption–desorption uptake and (b) calculated BJH pore distributions
of a hydrothermally synthesised ZSM-22 material.

The isotherm indicates that the ZSM-22 material produced here have a significantly developed the
micropore system in agreement with the reported literature results for zeolite materials [61–63]. This is
illustrated by the amount of N2 uptake at a relative pressure P/P0 < 0.1, which represents the amount of
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micropore in the ZSM-22 structure as shown in Figure 2a. The material exhibits average pore size (PS),
pore volume (Pv) and BET surface area (SBET) of 2.814 nm, 1.260 cm3 and 228.700 m2/g, respectively.
The existence of highly ordered micropores on the structure can be manifested by the constant N2

uptake at 0.1 < P/Po or P/Po > 1.0 relative pressure. The structure also exhibits absent hysteresis
loops, suggesting a typical formation of a highly ordered and well-defined structure. Meanwhile,
the BJH pore distributions between 20 Å and 100 Å (Figure 2b), respectively, suggest the coexistence of
mesoporous structure hence an increase N2 uptake at P/Po ≥ 1 (Figure 2a) can be observed. These results
further indicate that the obtained ZSM-22 zeolite structure has a typical hierarchical framework of
inter-crystalline mesopores, within micropore nanorods, among self-assembled ZSM-22 nanorods.

3.3. ATR-FTIR Analysis

An ATR-FTIR technique was used to study the functional groups of the synthesised zeolite
material and prepared membranes. Figure 3 shows the ATR-FTIR spectra of ZSM-22 zeolite
materials hydrothermally synthesised using TEOS as silica source at Si/Al ratio of 60 and the
ZSM-22/PES membranes.
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Figure 3. (a) FTIR Spectra of ZSM-22 material prepared via hydrothermal synthesis method,
(a,b) ZSM-22/PES NF/RO membranes prepared via direct phase inversion method.

As shown in Figure 3a, with regard to the synthesised ZSM-22 zeolite material using TEOS as
silica source, two main peaks, appearing at 1050 cm−1 and 765 cm−1, were related to the Si-O-Si and
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Si-O symmetric and asymmetric vibrations, respectively. Meanwhile, the shoulder peaks at 1200 cm−1

and 700 cm−1 could be attributed to the Al-OH and Si-O-Al bending vibration, respectively [64,65].
These further confirm that the resulting structure possesses a negatively charged framework. This is
probably due to the plausible isomorphous substitution of Si4+ and al3+ during calcination in the zeolite
framework. Small bands at around 1710 cm−1 can be traced to the insignificant vibration of Al-O-Al,
amounting to lower aluminium species in the zeolite structure [65,66]. Meanwhile, Figure 3b displayed
identical FTIR spectra of ZSM/PES membranes. Their spectra exhibited no bands attributable to ZSM-22
inclusion in the membranes, probably due to low amounts of ZSM-22 (typically 0.1–0.75 wt.% loadings)
incorporated into the PES matrix. Another explanation for their absence might be that these bands,
specifically the symmetric and asymmetric peaks of ZSM-22, are buried within the relatively more
intense vibration bands from the PES polymer matrix.

3.4. Morphological Analysis

The morphology of ZSM-22 zeolite obtained from SEM and TEM are presented in Figure 4.
As observed from the SEM micrograph (Figure 4a), the zeolite ZSM-22 exhibits agglomerates of
needle-like and rod-like structures. The observed shapes are attributed to the effect of HMDA used as
a structure-directing agent. Moreover, the TEM (Figure 4b) image reveals that the resulting ZSM-22
material consists of nanorods, in agreement with the SEM analysis. The observed morphologies
from both SEM and TEM analyses are in line with previous reports [67]. Then, the nanocomposite
membranes were also analysed using the SEM technique.
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Figure 4. SEM (a) and TEM (b) micrographs of ZSM-22 zeolite material hydrothermally synthesised
using tetraethyl orthosilicate (TEOS) source at Si/Al 60.

The membrane surface and cross-section of ZSM-22/PES nanocomposite membranes are shown
in Figure 5. The surface morphology (Figure 5a–e) of the membranes all exhibited a porous nature,
as expected. Furthermore, as the quantity of ZSM-22 was increased, surface nodules started to emerge,
indicating that the zeolite crystallites were near or on the surface layer. The cross-section also showed
a typical morphology of finger-like pores with microvoids of varying shapes depending on the amount
of nanoadditives used. In general, the cross-section micrographs (Figure 5a’–e’) exhibit a compact
thin selective layer and porous sublayer typical of NF membranes produced through phase inversion.
There is an observable transformation of both the surface and cross-section in both the surface layer
and sublayer (i.e., morphology of macropores and wide micro-voids) as zeolite nanoadditives were
increased. This is evident from the respective decrease and increase in pore size and pore quantity upon
ZSM-22 addition. In consequence, the microvoids of the resulting membranes in the corresponding
cross-section micrographs are slightly compressed/reduced in size with increasing zeolite addition,
in agreement with the corresponding surface micrographs, indicative of the effect of zeolite inclusion
into the polymer matrix and in agreement with reports from the literature [68–70].
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Figure 5. SEM surface and cross-sectional’ micrographs of (a) PES and (b–e) ZSM-22/PES membrane
materials prepared using different ZSM-22 content: (a,a’) PES, (b,b’) 0.1 ZSM-22/PES, (c,c’) 0.3 ZSM-22/PES,
(d,d’) 0.5 ZSM-22/PES and (e,e’) 0.75 ZSM-22/PES.

Generally, SEM studies show that the incorporation of ZSM-22 nanoadditives into the polymer
matrix has influenced the membrane formation mechanism and the final structure of the prepared
membranes during the phase inversion process. As such, the incorporation of hydrophilic ZSM-22
into the PES polymer matrix resulted in reduced membrane surface pore sizes (Figure 5a–e) with a
concomitant increase in pore density compared to the pristine PES membrane. This observation of
surface pore size reduction and the relatively decreasing porosity of the top dense layer with increasing
filler loading (Figure 5a’–e’) confirms this trend towards tighter membranes. These observations are
in line with the reported expectations for hydrophilic fillers that generally result in membranes with
smaller surface pores and increasing filler content [71,72].

3.5. Hydrophobicity and Hydrophilicity Analysis

A water contact angle was employed to determine the hydrophobicity/hydrophilicity character
of the membranes. This technique is widely used for a quick and cheap way to estimate surface
hydrophilicity or hydrophobicity even with its known limitations [71–73]. The limitations are, in some
cases, due to the water droplet penetrating the surface into the micro-voids of the membrane gradually
because of capillary force contact with the membrane. Generally, the water contact angle decreases
with increasing surface hydrophilicity, indicative of the wettability of the permeable membrane [74,75].
As such, the membrane contact angle with good hydrophilicity should decrease more rapidly, in theory,
when the pore size and morphology are similar for a series of membranes.

Figure 6 shows the water contact angles of prepared membranes with varying zeolite wt.%
loadings. As shown in the figure, the water contact angles of the membranes containing ZSM-22 were
smaller than that of the pristine PES membrane. The water contact angle decreased as the amount of
nanoadditives was increased. This decrease in contact angle with increasing nanoadditive loadings
indicates that ZSM-22 imparts hydrophilicity to the membrane surface. This was expected as ZSM-22
is known to be a hydrophilic zeolite [76,77].
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Figure 6. Contact angle measurements of ZSM-22/PES membrane materials prepared using different
ZSM-22 zeolite wt.% loadings.

3.6. Flux and Rejection Analysis

The composite membranes were further assessed for filtration performance. In this regard,
pure water flux, flux recovery ratio, as well as solute rejection, were measured for each membrane
in the series. Figure 7 shows these membrane performance indicators for different ZSM-22/PES NF
membrane with zeolite loadings of 0–0.75 wt.%.

Therein, Figure 7a indicates that, as the loading of ZSM-22 was increased, the membranes showed
increasing flux response at the same pressure. Thus, membranes with high hydrophilicity showed
relative high flux in line with expectations. Moreover, the flux recovery ratios were assessed by using
BSA as a model foulant (Figure 7b). The unmodified polyethersulfone membrane, which exhibited
a greater contact angle due to its inherited low hydrophilicity, attained the lowest flux recovery
ratio (FFR). This was a typical hydrophobic membrane and followed its reported character [78–81].
This behavior suggests that the membrane was fouled during BSA rejection and backwashing could not
restore the membrane performance/flux. However, the FRR was observed to increase with increasing
ZSM-22 wt.% loadings (as manifested in Figure 7b), suggesting the improved fouling resistance of
the PES composite membrane upon zeolite addition. As shown in Figure 7a at higher wt.% loadings,
the incorporation of porous zeolitic materials has led to low resistant water permeability in agreement
with the obtained FFR in Figure 7b. This might be due to additional flow paths presented by the porous
nanoadditives, thus increasing the tortuosity of the matrix [82,83].

In this study, the solutes used for membrane rejection were inorganic salts (NaCl and MgCl2),
representing mono and divalent salts, respectively. The two salts were selected to better assess the
influence of the porous and negatively charged ZSM-22 zeolite on the behaviour of NF/RO membranes
for salts. This assessment led to cheaper water softening applications using lower applied pressure
(<1 bar) in the NF or RO membrane systems. The interaction of these solutes with the composite
membrane matrix containing negatively charge nanoadditives, as opposed to size exclusion, was also a
possible mode for membrane rejection [84,85]. The relatively high charge on divalent Mg ion means it
is strongly attracted to the negatively charged membrane surface than the monovalent Na ion, resulting
in the different observed rejection profiles. As displayed in Figure 7c, the composite membranes
attained about 50% of NaCl rejection, while the best rejection (≥65%) for MgCl2 was for membranes
with a ZSM-22 loading of 0.3 wt.%. The rest of the composites rejected between 60% to 55% of the salts.
This shows that the electrostatic repulsion of Mg2+ by the membrane was much higher than that of
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Na+, hence why the high rejection of MgCl2 was observed. It can be concluded that the composite
membranes in this study possess negatively charge surfaces due to the AlO4 tetrahedra interactions
with the SiOH of ZSM-22 nanoadditives [84,86,87].

Polymers 2018, 10, x FOR PEER REVIEW  10 of 16

was much higher than that of Na+, hence why the high rejection of MgCl2 was observed. It can be
concluded that the composite membranes in this study possess negatively charge surfaces due to the
AlO4 tetrahedra interactions with the SiOH of ZSM‐22 nanoadditives [84,86,87]. 

5 10 15 20 25
0,0

0,1

0,2

0,3

0,4

Fl
ux

 (L
.m

-2
.h

-1
)

Time (min)

 PES
 0.1 ZSM-22/PES
 0.3 ZSM-22/PES
 0.5 ZSM-22/PES
 0.75 ZSM-22/PES

PE
S

0.1
 Z

SM
-2

2/P
ES

0.3
 Z

SM
-2

2/P
ES

0.5
 Z

SM
-2

2/P
ES

0.7
5 Z

SM
-2

2/P
ES

0

2

4

6

8

10

12

14

16

18

Fl
ux

 R
ec

ov
er

y 
Ra

tio
s 

(%
)

Membranes

PE
S

0.1
 Z

SM
-2

2/P
ES

0.3
 Z

SM
-2

2/P
ES

0.5
 Z

SM
-2

2/P
ES

0.7
5 Z

SM
-2

2/P
ES

0

10

20

30

40

50

60

70

Re
je

ct
io

n 
(%

)

Membranes

 MgCl2
 NaCl

(a) 

(b) 

(c)

Figure 7. Performance evaluation. (a) Pure water flux, (b) flux recovery ratio and (c) salt rejection
analysis graphs of differently loaded ZSM-22/PES membrane materials prepared using ZSM-22 as
a nanoadditive.
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4. Conclusions

Zeolite ZSM-22 material was successfully synthesised and fully characterised by XRD, BET,
FTIR, SEM and TEM. The zeolitic materials were incorporated into PES membranes through phase
inversion. Membranes were characterised by XRD, FTIR, WCA and SEM and their performance in
relation to pure water flux, salt rejection and protein fouling, i.e. flux recovery ratio was assessed.
The increased hydrophilicity with increasing amounts of ZSM-22 resulted in membranes having
increased flux and flux recovery ratios or increasing protein (BSA) fouling resistance. The solute
rejection for the monovalent NaCl was insensitive to the nanoadditive loadings, while the divalent salt,
MgCl2, reached a maximum before decreasing with increasing loadings. An approximate minimum
rejection of about 55% was achieved upon using these materials, though a further assessment of the
performance of the membrane still needs to be carried out.

Author Contributions: Conceptualization, R.M.M. and J.R.; methodology, N.M.C.; software, N.M.C.; validation,
N.M.C., R.M.M. and J.R.; formal analysis, N.M.C., R.M.M. and J.R.; investigation, N.M.C.; resources, N.M.C.; data
curation, N.M.C., R.M.M. and J.R.; writing—original draft preparation, N.M.C.; writing—review and editing,
N.M.C., R.M.M. and J.R.; supervision, J.R. and R.M.M.; project administration, R.M.M. and J.R.; funding acquisition,
R.M.M. and J.R. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Department of Science and Innovation/MINTEK (DSI/MINTEK)
Nanotechnology Innovation Centre—Water Research and the National Research Foundation.

Acknowledgments: The authors would like to acknowledge National Research Foundation of South Africa (NRF)
for the bursary (NMC) and DSI/MINTEK Nanotechnology Innovation Centre—Water Research Node for their
financial support for the project, the University of Johannesburg and the department of Chemical Sciences.

Conflicts of Interest: The authors have no conflict to declare.

References

1. Dongre, R.S.; Sadasivuni, K.K.; Deshmukh, K.; Mehta, A.; Basu, S.; Meshram, J.S.; Al-Maadeed, M.A.A.;
Karim, A. Natural polymer based composite membranes for water purification: A review. Polym. Plast.
Technol. Mater. 2019, 58, 1. [CrossRef]

2. Nqombolo, A.; Mpupa, A.; Moutloali, R.M.; Nomngongo, P.N. Wastewater Treatment Using Membrane
Technology. Wastewater Water Qual. 2018, 29. [CrossRef]

3. Ursino, C.; Castro-Muñoz, R.; Drioli, E.; Gzara, L.; Albeirutty, M.; Figoli, A. Progress of nanocomposite
membranes for water treatment. Membranes 2018, 8, 18. [CrossRef] [PubMed]

4. Gao, X.C.; Gao, B.; Liu, H.; Zhang, C.; Zhang, Y.T.; Jiang, J.; Gu, X.H. Fabrication of stainless steel hollow fiber
supported NaA zeolite membrane by self-assembly of submicron seeds. Sep. Purif. Technol. 2020, 234, 10.
[CrossRef]

5. Malekizadeh, A.; Schenk, P.M. High flux water purification using aluminium hydroxide hydrate gels. Sci. Rep.
2017, 7, 17437. [CrossRef]

6. Korolkov, I.V.; Gorin, Y.G.; Yeszhanov, A.B.; Kozlovskiy, A.L.; Zdorovets, M.V. Preparation of PET track-etched
membranes for membrane distillation by photo-induced graft polymerization. Mater. Chem. Phys. 2018, 205,
55–63. [CrossRef]

7. Wang, W.; Chen, X.; Zhao, C.; Zhao, B.; Dong, H.; Ma, S.; Li, L.; Chen, L.; Zhang, B. Cross-flow catalysis
behavior of a PVDF/SiO2@ Ag nanoparticles composite membrane. Polymers 2018, 10, 59. [CrossRef]

8. Bagheri, M.; Akbari, A.; Mirbagheri, S.A. Advanced control of membrane fouling in filtration systems using
artificial intelligence and machine learning techniques: A critical review. Process Saf. Environ. Prot. 2019, 123,
229–252. [CrossRef]

9. Akhondi, E.; Zamani, F.; Tng, K.H.; Leslie, G.; Krantz, W.B.; Fane, A.G.; Chew, J.W. The performance and
fouling control of submerged hollow fiber (HF) systems: A review. Appl. Sci. 2017, 7, 765. [CrossRef]

10. Li, F.; Deng, C.; Du, C.; Yang, B.; Tian, Q. Fouling mechanism and cleanability of ultrafiltration membranes
modified with polydopamine-graft-PEG. Water SA 2015, 41, 448–456. [CrossRef]

11. Li, B.; Wang, H.; Lan, Y.; Cui, Y.; Zhang, Y.; Feng, Y.; Pan, J.; Meng, M.; Wu, C. A controllable floating
pDA-PVDF bead for enhanced decomposition of H2O2 and degradation of dyes. Chem. Eng. J. 2020, 385,
123907. [CrossRef]

http://dx.doi.org/10.1080/25740881.2018.1563116
http://dx.doi.org/10.5772/intechopne.76624
http://dx.doi.org/10.3390/membranes8020018
http://www.ncbi.nlm.nih.gov/pubmed/29614045
http://dx.doi.org/10.1016/j.seppur.2019.116121
http://dx.doi.org/10.1038/s41598-017-17741-z
http://dx.doi.org/10.1016/j.matchemphys.2017.11.006
http://dx.doi.org/10.3390/polym10010059
http://dx.doi.org/10.1016/j.psep.2019.01.013
http://dx.doi.org/10.3390/app7080765
http://dx.doi.org/10.4314/wsa.v41i4.03
http://dx.doi.org/10.1016/j.cej.2019.123907


Polymers 2020, 12, 1446 12 of 15

12. Korolkov, I.V.; Yeszhanov, A.B.; Zdorovets, M.V.; Gorin, Y.G.; Güven, O.; Dosmagambetova, S.S.;
Khlebnikov, N.A.; Serkov, K.V.; Krasnopyorova, M.V.; Milts, O.S. Modification of PET ion track membranes
for membrane distillation of low-level liquid radioactive wastes and salt solutions. Sep. Purif. Technol. 2019,
227, 115694. [CrossRef]

13. Lee, S.; Kim, Y.; Park, J.; Shon, H.K.; Hong, S. Treatment of medical radioactive liquid waste using Forward
Osmosis (FO) membrane process. J. Membr. Sci. 2018, 556, 238–247. [CrossRef]

14. Lee, W.J.; Ng, Z.C.; Hubadillah, S.K.; Goh, P.S.; Lau, W.J.; Othman, M.H.D.; Ismail, A.F.; Hilal, N. Fouling
mitigation in forward osmosis and membrane distillation for desalination. Desalination 2020, 480, 114338.
[CrossRef]

15. Gohari, B.; Abu-Zahra, N. Polyethersulfone Membranes Prepared with 3-Aminopropyltriethoxysilane
Modified Alumina Nanoparticles for Cu (II) Removal from Water. ACS Omega 2018, 3, 10154. [CrossRef]

16. Tshabalala, T.G.; Nxumalo, E.N.; Mamba, B.B.; Mhlanga, S.D. Synthesis of robust flexible polyethersulfone
ultrafiltration membranes supported on non-woven fabrics for separation of NOM from water. Water SA
2016, 42, 621. [CrossRef]

17. Puro, L.; Kallioinen, M.; Mänttäri, M.; Natarajan, G.; Cameron, D.C.; Nyström, M. Performance of RC and
PES ultrafiltration membranes in filtration of pulp mill process waters. Desalination 2010, 264, 249. [CrossRef]

18. Amy, G.; Ghaffour, N.; Li, Z.; Francis, L.; Linares, R.V.; Missimer, T.; Lattemann, S. Membrane-based seawater
desalination: Present and future prospects. Desalination 2017, 401, 16. [CrossRef]

19. Liu, L.-F.; Gu, X.-L.; Xie, X.; Li, R.-H.; Yu, C.-Y.; Song, X.-X.; Gao, C.-J. Modification of PSf/SPSf blended
porous support for improving the reverse osmosis performance of aromatic polyamide thin film composite
membranes. Polymers 2018, 10, 686. [CrossRef]

20. Ismail, A.F.; Norida, R.; Rahman, W.A.W.A.; Matsuura, T.; Hashemifard, S.A. Preparation and characterization
of hyperthin-skinned and high performances asymmetric polyethersulfone membrane for gas separation.
Desalination 2011, 273, 93. [CrossRef]

21. Cassano, A.; Conidi, C.; Ruby-Figueroa, R.; Castro-Muñoz, R. Nanofiltration and tight ultrafiltration
membranes for the recovery of polyphenols from agro-food by-products. Int. J. Mol. Sci. 2018, 19, 351.
[CrossRef] [PubMed]

22. Liao, C.; Yu, P.; Zhao, J.; Wang, L.; Luo, Y. Preparation and characterization of NaY/PVDF hybrid ultrafiltration
membranes containing silver ions as antibacterial materials. Desalination 2011, 272, 59. [CrossRef]

23. Arthanareeswaran, G.; Velu, S.; Muruganandam, L. Performance enhancement of polysulfone ultrafiltration
membrane by blending with polyurethane hydrophilic polymer. J. Polym. Eng. 2011, 31, 125. [CrossRef]

24. Kamari, S.; Shahbazi, A. Biocompatible Fe3O4@SiO2-NH2 nanocomposite as a green nanofiller embedded in
PES-nanofiltration membrane matrix for salts, heavy metal ion and dye removal: Long-term operation and
reusability tests. Chemosphere 2020, 243, 125282. [CrossRef] [PubMed]

25. Bagheri, M.; Rajabzadeh, S.; Elmarghany, M.R.; Moattari, R.M.; Bakhtiari, O.; Inada, A.; Matsuyama, H.;
Mohammadi, T. Preparation of a positively charged NF membrane by evaporation deposition and the
reaction of PEI on the surface of the C-PES/PES blend UF membrane. Prog. Org. Coat. 2020, 141, 105570.
[CrossRef]

26. Li, J.-F.; Xu, Z.-L.; Yang, H.; Yu, L.-Y.; Liu, M. Effect of TiO2 nanoparticles on the surface morphology and
performance of microporous PES membrane. Appl. Surf. Sci. 2009, 255, 4725. [CrossRef]

27. Nguyen, T.; Roddick, F.; Fan, L. Biofouling of water treatment membranes: A review of the underlying
causes, monitoring techniques and control measures. Membranes 2012, 2, 804–840. [CrossRef]

28. Abdelrasoul, A.; Doan, H.; Lohi, A. Fouling in membrane filtration and remediation methods. In Mass
Transfer-Advances in Sustainable Energy and Environment Oriented Numerical Modeling; Nakajima, H., Ed.;
BoD–Books on Demand: Norderstedt, Germany, 2013; p. 195. [CrossRef]

29. Yang, Z.; Zhou, Y.; Feng, Z.; Rui, X.; Zhang, T.; Zhang, Z. A review on reverse osmosis and nanofiltration
membranes for water purification. Polymers 2019, 11, 1252. [CrossRef]

30. Besharat, F.; Manteghian, M.; Gallone, G.; Lazzeri, A. Electric field induced alignment of graphene oxide
nanoplatelets in polyethersulfone matrix. Nanotechnology 2020, 31, 155701. [CrossRef]

31. Halakoo, E.; Feng, X. Layer-by-layer assembly of polyethyleneimine/graphene oxide membranes for
desalination of high-salinity water via pervaporation. Sep. Purif. Technol. 2020, 234, 116077. [CrossRef]

http://dx.doi.org/10.1016/j.seppur.2019.115694
http://dx.doi.org/10.1016/j.memsci.2018.04.008
http://dx.doi.org/10.1016/j.desal.2020.114338
http://dx.doi.org/10.1021/acsomega.8b01024
http://dx.doi.org/10.4314/wsa.v42i4.13
http://dx.doi.org/10.1016/j.desal.2010.06.034
http://dx.doi.org/10.1016/j.desal.2016.10.002
http://dx.doi.org/10.3390/polym10060686
http://dx.doi.org/10.1016/j.desal.2010.10.015
http://dx.doi.org/10.3390/ijms19020351
http://www.ncbi.nlm.nih.gov/pubmed/29364859
http://dx.doi.org/10.1016/j.desal.2010.12.048
http://dx.doi.org/10.1515/polyeng.2011.029
http://dx.doi.org/10.1016/j.chemosphere.2019.125282
http://www.ncbi.nlm.nih.gov/pubmed/31734593
http://dx.doi.org/10.1016/j.porgcoat.2020.105570
http://dx.doi.org/10.1016/j.apsusc.2008.07.139
http://dx.doi.org/10.3390/membranes2040804
http://dx.doi.org/10.5772/52370
http://dx.doi.org/10.3390/polym11081252
http://dx.doi.org/10.1088/1361-6528/ab646b
http://dx.doi.org/10.1016/j.seppur.2019.116077


Polymers 2020, 12, 1446 13 of 15

32. Akhair, S.S.M.; Harun, Z.; Jamalludin, M.R.; Shuhor, M.F.; Kamarudin, N.H.; Yunos, M.Z.; Ahmad, A.;
Azhar, M.F.H. Polymer mixed matrix membrane with graphene oxide for humic acid performances.
Chem. Eng. Trans. 2017, 56, 697. [CrossRef]

33. Chu, Z.; Chen, K.; Xiao, C.; Ling, H.; Hu, Z. Performance improvement of polyethersulfone ultrafiltration
membrane containing variform inorganic nano-additives. Polymer 2020, 188, 122160. [CrossRef]

34. Chrzanowska, E.; Gierszewska, M.; Kujawa, J.; Raszkowska-Kaczor, A.; Kujawski, W. Development and
characterization of polyamide-supported chitosan nanocomposite membranes for hydrophilic pervaporation.
Polymers 2018, 10, 868. [CrossRef] [PubMed]

35. Toommee, S.; Pratumpong, P. PEG-template for surface modification of zeolite: A convenient material to the
design of polypropylene based composite for packaging films. Results Phys. 2018, 9, 71–77. [CrossRef]

36. Yan, X.; Anguille, S.; Bendahan, M.; Moulin, P. Ionic liquids combined with membrane separation processes:
A review. Sep. Purif. Technol. 2019, 222, 230. [CrossRef]

37. Gebreslase, G.A.; Bousquet, G.; Bouyer, D. Review on Membranes for the Filtration of Aqueous Based
Solution: Oil in Water Emulsion. J. Membr. Sci. Technol. 2018, 8, 2. [CrossRef]

38. Li, Y.; Zhang, X.; Chen, X.; Tang, K.; Meng, Q.; Shen, C.; Zhang, G. Zeolite Imidazolate Framework Membranes
on Polymeric Substrates Modified with Poly (vinyl alcohol) and Alginate Composite Hydrogels. ACS Appl.
Mater. Interfaces 2019, 11, 12605. [CrossRef]

39. Tul Muntha, S.; Ambreen, J.; Siddiq, M.; Naeem, H.; Muhammad, S.; Khan, A. Fabrication of silica-modified
zeolite-based polysulfone nanocomposite membranes: Enhanced thermal, mechanical, and antibacterial
properties. J. Thermoplast. Compos. Mater. 2019, 1–24. [CrossRef]

40. Liu, C.; Lee, J.; Ma, J.; Elimelech, M. Antifouling thin-film composite membranes by controlled architecture
of zwitterionic polymer brush layer. Environ. Sci. Technol. 2017, 51, 2161. [CrossRef]

41. Wang, B.; Jackson, E.A.; Hoff, J.W.; Dutta, P.K. Fabrication of zeolite/polymer composite membranes in a
roller assembly. Microporous Mesoporous Mater. 2016, 223, 247. [CrossRef]

42. da Silva, A.d.S.; da Rocha, Z.N.; Mignoni, M.L.; dos Santos, J.H.Z. Solvent-free synthesis of modified zeolites
using hybrid silicas as raw material. Microporous Mesoporous Mater. 2019, 290. [CrossRef]

43. Lima, R.C.; Bieseki, L.; Melguizo, P.V.; Pergher, S.B.C. Zeolite Synthesis: General Aspects. In Environmentally
Friendly Zeolites; Springer: Cham, Switzerland, 2019; pp. 21–63. [CrossRef]

44. Lu, P.; Gómez-Hortigüela, L.; Camblor, M.A. Synthesis of pure silica MFI zeolites using imidazolium-based
long dications. A comparative study of structure-directing effects derived from a further spacer length
increase. Dalton Trans. 2018, 47, 7498. [CrossRef] [PubMed]

45. Maghami, M.; Abdelrasoul, A. Zeolites-Mixed-Matrix Nanofiltration Membranes for the Next Generation of
Water Purification. In Nanofiltration; IntechOpen: Rijeka, Croatia, 2018. [CrossRef]

46. Ferrarini, S.F.; Cardoso, A.M.; Paprocki, A.; Pires, M. Integrated synthesis of zeolites using coal fly ash: Element
distribution in the products, washing waters and effluent. J. Braz. Chem. Soc. 2016, 27, 2034. [CrossRef]

47. Hoff, T.C.; Thilakaratne, R.; Gardner, D.W.; Brown, R.C.; Tessonnier, J.-P. Thermal stability of aluminum-rich
ZSM-5 zeolites and consequences on aromatization reactions. J. Phys. Chem. C 2016, 120, 20103. [CrossRef]

48. Nakazawa, N.; Ikeda, T.; Hiyoshi, N.; Yoshida, Y.; Han, Q.; Inagaki, S.; Kubota, Y. A Microporous
Aluminosilicate with 12-, 12-, and 8-Ring Pores and Isolated 8-Ring Channels. J. Am. Chem. Soc. 2017, 139,
7989–7997. [CrossRef] [PubMed]

49. Calvo, B.; Canoira, L.; Morante, F.; Martínez-Bedia, J.M.; Vinagre, C.; García-González, J.-E.; Elsen, J.;
Alcantara, R. Continuous elimination of Pb2+, Cu2+, Zn2+, H+ and NH4+ from acidic waters by ionic
exchange on natural zeolites. J. Hazard. Mater. 2009, 166, 619. [CrossRef]

50. Cruciani, G. Zeolites upon heating: Factors governing their thermal stability and structural changes. J. Phys.
Chem. Solids 2006, 67, 1973. [CrossRef]

51. Borade, R.B.; Adnot, A.; Kaliaguine, S. Acid sites in Al-ZSM-22 and Fe-ZSM-22. Zeolites 1991, 11, 710.
[CrossRef]

52. Maghami, M.; Abdelrasoul, A. Zeolite Mixed Matrix Membranes (Zeolite-Mmms) for Sustainable Engineering.
In Zeolites and Their Applications; BoD–Books on Demand: Norderstedt, Germany, 2018; p. 115.

53. Marler, B. Silica-ZSM-22: Synthesis and single crystal structure refinement. Zeolites 1987, 7, 393. [CrossRef]
54. Valyocsik, E.W. Synthesis of Zeolite ZSM-22. U.S. Patent No. 4,902,406, 20 February 1990.

http://dx.doi.org/10.3303/cet1756117
http://dx.doi.org/10.1016/j.polymer.2020.122160
http://dx.doi.org/10.3390/polym10080868
http://www.ncbi.nlm.nih.gov/pubmed/30960793
http://dx.doi.org/10.1016/j.rinp.2018.02.006
http://dx.doi.org/10.1016/j.seppur.2019.03.103
http://dx.doi.org/10.4172/2155-9589.1000188
http://dx.doi.org/10.1021/acsami.8b20422
http://dx.doi.org/10.1177/0892705719850607
http://dx.doi.org/10.1021/acs.est.6b05992
http://dx.doi.org/10.1016/j.micromeso.2015.11.003
http://dx.doi.org/10.1016/j.micromeso.2019.109684
http://dx.doi.org/10.1001/978-3-030-19970-8_2
http://dx.doi.org/10.1039/C8DT01127C
http://www.ncbi.nlm.nih.gov/pubmed/29786739
http://dx.doi.org/10.5772/intechopen.75083
http://dx.doi.org/10.5935/0103-5053.20160093
http://dx.doi.org/10.1021/acs.jpcc.6b04671
http://dx.doi.org/10.1021/jacs.7b03308
http://www.ncbi.nlm.nih.gov/pubmed/28581728
http://dx.doi.org/10.1016/j.jhazmat.2008.11.087
http://dx.doi.org/10.1016/j.jpcs.2006.05.057
http://dx.doi.org/10.1016/S0144-2449(05)80177-0
http://dx.doi.org/10.1016/0144-2449(87)90002-9


Polymers 2020, 12, 1446 14 of 15

55. Sobhani, S.; Bastani, S.; Gedde, U.W.; Sari, M.G.; Ramezanzadeh, B. Network formation and thermal
stability enhancement in evolutionary crosslinked PDMS elastomers with sol-gel-formed silica nanoparticles:
Comparativeness between as-received and pre-hydrolyzed TEOS. Prog. Org. Coat. 2017, 113, 117. [CrossRef]

56. Colleoni, C.; Esposito, S.; Grasso, R.; Gulino, M.; Musumeci, F.; Romeli, D.; Rosace, G.; Salesi, G.; Scordino, A.
Delayed luminescence induced by complex domains in water and in TEOS aqueous solutions. Phys. Chem.
Chem. Phys. 2016, 18, 772. [CrossRef]

57. Jamil, A.K.; Muraza, O.; Ahmed, M.H.; Zainalabdeen, A.; Muramoto, K.; Nakasaka, Y.; Yamani, Z.H.;
Yoshikawa, T.; Masuda, T. Hydrothermally stable acid-modified ZSM-22 zeolite for selective propylene
production via steam-assisted catalytic cracking of n-hexane. Microporous Mesoporous Mater. 2018, 260, 30.
[CrossRef]

58. Jamil, A.K.; Muraza, O.; Osuga, R.; Shafei, E.N.; Choi, K.-H.; Yamani, Z.H.; Somali, A.; Yokoi, T. Hydrothermal
stability of one-dimensional pore ZSM-22 zeolite in hot water. J. Phys. Chem. C 2016, 120, 22918. [CrossRef]

59. Treacy, M.M.J.; Higgins, J.B. Collection of Simulated XRD Powder Patterns for Zeolites, 5th ed.; Elsevier:
Amsterdam, Holland, 2007; ISBN 978-0-444-53067-7.

60. Chen, L.; Lu, P.; Yuan, Y.; Xu, L.; Zhang, X.; Xu, L. Hydrothermal synthesis of nanosized ZSM-22 and their
use in the catalytic conversion of methanol. Chin. J. Catal. 2016, 37, 1381. [CrossRef]

61. Verboekend, D.; Thomas, K.; Milina, M.; Mitchell, S.; Pérez-Ramírez, J.; Gilson, J.-P. Towards more efficient
monodimensional zeolite catalysts: N-alkane hydro-isomerisation on hierarchical ZSM-22. Catal. Sci. Technol.
2011, 1, 1331. [CrossRef]

62. Wang, X.; Zhang, X.; Wang, Q. Fabrication of hierarchical ZSM-22 hollow sphere. Mater. Lett. 2019, 244,
96–99. [CrossRef]

63. Feng, Z.; Wang, W.; Wang, Y.; Bai, X.; Su, X.; Yang, L.; Wu, W. Hydroisomerization of n-decane over
the Pd/ZSM-22 bifunctional catalysts: The effects of dynamic and static crystallization to the zeolite.
Microporous Mesoporous Mater. 2019, 274, 1–8. [CrossRef]

64. Wu, X.; Qiu, M.; Chen, X.; Yu, G.; Yu, X.; Yang, C.; Sun, J.; Liu, Z.; Sun, Y. Enhanced n-dodecane
hydroisomerization performance by tailoring acid sites on bifunctional Pt/ZSM-22 via alkaline treatment.
New J. Chem. 2018, 42, 111. [CrossRef]

65. Bhat, S.U.; Naikoo, R.A.; Tomar, R. One Pot Synthesis of Tetra-substituted Imidazole Derivatives by
Condensation Reaction Using Zeolite H-ZSM 22 as a Heterogeneous Solid Acid Catalyst. Int. Res. J. Pure
Appl. Chem. 2016, 11, 1–10. [CrossRef]

66. de Sousa Júnior, L.V.; Silva, A.O.S.; Silva, B.J.B.; Alencar, S.L. Synthesis of ZSM-22 in static and dynamic
system using seeds. Mod. Res. Catal. 2014, 3, 49. [CrossRef]

67. Teketel, S.; Svelle, S.; Lillerud, K.P.; Olsbye, U. Shape-Selective Conversion of Methanol to Hydrocarbons
Over 10-Ring Unidirectional-Channel Acidic H-ZSM-22. ChemCatChem 2009, 1, 78. [CrossRef]

68. Prelina, B.; Wardana, J.; Syukriyah, Z.; Wafiroh, S.; Raharjo, Y.; Wathoniyyah, M.; Widati, A.A.; Fahmi, M.Z.
Innovation of zeolite modified polyethersulfone hollow fibre membrane for haemodialysis of creatinine.
Chem. Chem. Technol. 2018, 12, 331. [CrossRef]

69. Moghimifar, V.; Livari, A.E.; Raisi, A.; Aroujalian, A. Enhancing the antifouling property of polyethersulfone
ultrafiltration membranes using NaX zeolite and titanium oxide nanoparticles. RSC Adv. 2015, 5, 55964.
[CrossRef]

70. Saranya, R.; Arthanareeswaran, G.; Ismail, A.F. Enhancement of anti-fouling properties during the treatment
of paper mill effluent using functionalized zeolite and activated carbon nanomaterials based ultrafiltration.
J. Chem. Technol. Biotechnol. 2019, 94, 2805. [CrossRef]

71. Baek, Y.; Kang, J.; Theato, P.; Yoon, J. Measuring hydrophilicity of RO membranes by contact angles via
sessile drop and captive bubble method: A comparative study. Desalination 2012, 303, 23. [CrossRef]

72. Conceição, I.D.D.; Silva, L.R.C.D.; Alves, T.S.; Barbosa, R.; Sousa, R.R.M.D. Investigation of the Wettability
Using Contact Angle Measurements of Green Polyethylene Flat Films and Expanded Vermiculite Clay
Treated by Plasma. Mater. Res. 2019, 22 (Suppl. 1), e20180918. [CrossRef]

73. Zdorovets, M.V.; Yeszhanov, A.B.; Korolkov, I.V.; Güven, O.; Dosmagambetova, S.S.; Shlimas, D.I.;
Zhatkanbayeva, Z.K.; Zhidkov, I.S.; Kharkin, P.V.; Gluchshenko, V.N. Liquid low-level radioactive wastes
treatment by using hydrophobized track-etched membranes. Prog. Nucl. Energy 2020, 118, 103128. [CrossRef]

74. Menzies, K.L.; Jones, L. The impact of contact angle on the biocompatibility of biomaterials. Optom. Vis. Sci.
2010, 87, 387. [CrossRef]

http://dx.doi.org/10.1016/j.porgcoat.2017.08.012
http://dx.doi.org/10.1039/C5CP03420E
http://dx.doi.org/10.1016/j.micromeso.2017.10.016
http://dx.doi.org/10.1021/acs.jpcc.6b04980
http://dx.doi.org/10.1016/S1872-2067(15)61099-3
http://dx.doi.org/10.1039/c1cy00240f
http://dx.doi.org/10.1016/j.matlet.2019.01.153
http://dx.doi.org/10.1016/j.micromeso.2018.07.012
http://dx.doi.org/10.1039/C7NJ03417B
http://dx.doi.org/10.9734/IRJPAC/2016/21443
http://dx.doi.org/10.4236/mrc.2014.32007
http://dx.doi.org/10.1002/cctc.200900057
http://dx.doi.org/10.23939/chcht12.03.331
http://dx.doi.org/10.1039/C5RA06986F
http://dx.doi.org/10.1002/jctb.6020
http://dx.doi.org/10.1016/j.desal.2012.07.006
http://dx.doi.org/10.1590/1980-5373-mr-2018-0918
http://dx.doi.org/10.1016/j.pnucene.2019.103128
http://dx.doi.org/10.1097/OPX.0b013e3181da863e


Polymers 2020, 12, 1446 15 of 15

75. Polini, A.; Yang, F. Physicochemical characterization of nanofiber composites. In Nanofiber Composites for
Biomedical Applications; Elsevier: Amsterdam, Holland, 2017; pp. 97–115. [CrossRef]

76. Muntha, S.T.; Siddiq, M.; Kausar, A.; Khan, A. Mixed matrix membranes of polysulfone/polyimide reinforced
with modified zeolite based filler: Preparation, properties and application. Chin. J. Polym. Sci. 2018, 36, 65.
[CrossRef]

77. Fasano, M.; Humplik, T.; Bevilacqua, A.; Tsapatsis, M.; Chiavazzo, E.; Wang, E.N.; Asinari, P. Interplay
between hydrophilicity and surface barriers on water transport in zeolite membranes. Nat. Commun. 2016,
7, 1. [CrossRef]
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