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ABSTRACT

Ultrafiltration (UF) cellulose acetate (CA)/expanded polystyrene (PS) waste grafted polyethylene
glycol (PEG) composite membrane UF was prepared using CA mixed with waste PS and grafted
with PEG by casting polymerization. In the present study, suspended organic matters (kaolin) were
used in the sizes of micro-particles (0.2-0.4 um) like organic foulants particulates in secondary
wastewater, respectively. X-ray diffraction (XRD), transmission electron microscopy, Raman, and
Fourier-transform infrared spectroscopy were used in this study. The scanning electron micros-
copy images exhibited a uniform and dense structure for the membranes. The amorphous struc-
ture membranes were detected through the XRD pattern. Solutions of (CaCl, MgCl, NaCl, KCl,
Na,CO,) and kaolinite as suspension solids were used for membrane selection and permeability
under the effects of pH, applied pressure, and kaolinite and ions concentration. This study was
undertaken to evaluate the performance of the water recovery system for the CA/PSPEG to assess
its self-sustainability. Consequently, the membrane (CA/PSPEG) displays excellent overall com-
pletion in separation performance compared with pure PS membranes. The modified membranes
achieved a 99% rejection in comparison to 90% for the basic membrane. This membrane could be an
exceptional material for water treatment purposes.
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1. Introduction

In recent decades, membrane separation processes have
been extensively used in different applications including
gas separation [1], water treatment [2], pharmaceutical
processing, food industries [3], etc. Additionally, drinking
water scarcity issues have attracted growing attention by
the research community and thus various kinds of mem-
brane technologies have been applied for water treatment
(membrane separation and purification). Ultrafiltration
(UF) is one of the promising membrane technologies in
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terms of efficiency and energy-saving. It is widely used
in several fields such as water purification, food and
dairy industries, oil-water separation, protein purifica-
tion, wastewater treatment, separation and purification
in the textile, and as a pretreatment stage in the nanofil-
tration (NF) and reverses osmosis membranes systems
[4]. Electrospun nanofibers are attractive materials for UF
due to their morphology, which can be controlled through
their processing parameters and thus their surface can be
altered by various means to get different functions [5].
Recently, Luo et al. [6] studied the effect of supersonically
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blown ultrafine nanofibers (20-50 nm) on top of the elec-
tro-spun layer. It was found that the filtration efficiency
increased for particles (<200 nm) which was attributed to
the increased diffusion of the nanoparticles through Van
der Waals attraction [7].

Many electrospun polymers have been considered for
liquid filtration including nylon 6, polyethersulfone (PES),
polyacrylonitrile, polyvinylidene fluoride, and polyvinyl
alcohol. Despite the diversity of materials, there are still sev-
eral challenging issues that were highlighted by Zhu et al.
[7] and Lim et al. [8]. For example, enhancing the mechan-
ical strength of the membrane sufficiently to achieve high
permeate flux and controlling the microstructure of the
polymeric membranes have been considered challenging
factors in chemical separation, and thermal desalination
using membrane distillation [9]. Recently, the incorporation
of aromatic polymers into natural polymeric matrices for the
sake of preparation of advanced membranes with enhanced
properties has been widely reported in the literature
[10,11]. Polystyrene (PS) fillers are introduced into cellu-
lose acetate (CA) matrix to synthesize porous composite
membranes with an improved thermal and mechanical
performance for desalination and water treatment [12,13].
The chemical recognition of the analyte ion, I is based on
the partition of the hydrophilic ion from the aqueous sam-
ple into the lipophilic membrane phase [14]. The partition
coefficient of the ion used to describe this partition, k, is
affected by the dielectric constant of the medium, and the
size and charge of the analyte ion. The increase in the ion
size and the decrease in the ion charge caused the increase
of the ion partition in the lipophilic membrane [15].

The general scope of the present work is to reuse the
waste polymer in membranes-based water treatment and
desalination to increase the water production rate and
reduce the treatment cost. CA is a natural polymer that is
promising in water treatment but bacteria can destroy its
skeleton and deteriorate the performance in a short time.
Accordingly, the current work attempts to improve its effi-
ciency by PS waste polymer that can withstand bacteria
action for a long time and thus can result in high permeate
flux. The performance of the membrane was tested using
binary solutions of CaCl, MgCl, NaCl, KCI, Na,CO,, and
kaolinite as suspension solids.

Additionally, the effect of feed pH and kaolinite foul-
ing in a CA/PSPEG process was investigated with different
concentrations of kaolinite.

2. Materials and experimental
2.1. Materials

Styrofoam (grade S-7054; density, 490 g L) supplied
by BIPC, Egypt, and polyethylene glycol 400 (PEG 400),
supplied by Sigma-Aldrich, USA were used in the mem-
brane fabrication. Dimethylformamide (DMF), acetone,
chloroform solvent was supplied by Merck Inc., Germany,
was also used as solvent and functional groups agent,
respectively. Kaolinite is one of the most common miner-
als; it is mined, as kaolin, in Egypt — South of Sinai — sizes
of 0.2-0.4 pm. Distilled water was used during the exper-
imental work. All soluble salts along with reagents used
in the experiments were of analytical grade and obtained
from Sigma-Aldrich

2.2. Membrane characterization
2.2.1. Morphological studies

The membrane performance is influenced significantly
by the membrane structure, especially the spatial distribu-
tion of the ionic site. Scanning optical microscopy (SOM,
Olympus, Model IX 70, in transmission mode) and scan-
ning electron microscopy (SEM) were used for examination
of the prepared membranes structures. In SOM analysis,
small pieces of the prepared samples were organized and
mounted between lamellas then inspected by the optical
microscope. For the SEM analysis, the membranes were
frozen in liquid nitrogen, fractured, and sputtered with
gold then observation was undertaken using the electron
microscope.

2.2.2. X-ray diffraction

For microstructural studies of the prepared composite
membranes, X-ray diffraction (XRD) patterns were carried
out by an X-ray diffractometer (XRD, model X'Pert Pw 3373,
k, =1.54 A®, Philips, Holland).

2.2.3. Fourier-transform infrared spectroscopy

Fourijer-transform infrared spectroscopy (FTIR) was
performed using a Bruker Vector 33 spectrometer with KBr
pellets (Egypt). The reflectance spectra were accumulated
over the wave range 400-4,000 cm™ at a spectral resolution
of 4 cm™ with scans of 32.

2.2.4. Raman analysis

Raman spectra were taken using HORIBA Jobin Yvon
LabRAM, (Darmstadt, Germany) with 514 nm laser exci-
tation from argon-ion laser and a grating of 1,800 cm™ was
used to record the spectra.

2.2.5. Zeta optional

300 mL of 0.196 wt.% nanocellulose water suspen-
sion was prepared and its zeta potential value at differ-
ent pH (3-10) was measured at 25°C using the Zeta Probe
Analyzer (Colloidal Dynamics Inc., Ponte Vedra Beach, FL,
USA). 0.1 M NaOH and HCI solutions were used for pH
adjustment.

2.3. Synthesis of the composite membrane

Porous UF membranes based on Styrofoam (grade
S-7054; density, 490 g L) and PEG (up to 20 wt.%) compos-
ites were prepared from the 12 wt.% solutions in dimethylac-
etamide (DMA). The membranes were obtained cast using the
immersion precipitation in the distilled water bath at 25°C
[16]. After the film formation, the membranes were left for
12 h in distilled water. The casting solution contained 20%
maximum content of [Pluronic F127 (F127, MWn: 12,600 Da)
was purchased from Sigma-Aldrich, USA] because a further
increase of its concentration led to the inability to operate
the membrane under pressure (low mechanical strength).

2.4. Commercial membranes solute filtration test

CA/PSPEG membrane was used in the solute filtration
test for the molecular weight cutoff (MWCO) study. MWCO
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of all membranes were determined by using PEG with molec-
ular weight (MW) ranges from 600 to 20,000 g mol™. The sol-
ute MW ranges were divided into two categories (i) NF range
for MWCO below 2,000 g mol™ and (ii) UF range for MWCO
above 2,000 g mol™. Table 2 and Fig. 4 show the results of the
fluxes and MWCO for CA/PSPEG membranes tested by both
methods. It was found that the fluxes for the membranes in
water were higher than in the PEG solutions, as expected. This
is because the solutes in the solution hinder the permeation
of water thus reducing the flux. The PEGs used for the flux in
PEGs are from PEG 600 to PEG 20000. This flux value was aver-
aged out from the flux obtained at each PEG solution used.
The higher the MW of PEG used, the lower the flux recorded.

2.5. Experimental setup and operational conditions

Fig. 1 depicts the UF membrane pilot plant which is
comprised of 90 L tank connected in series with 30 L per-
meate tank. The membranes used in the UF process were
(CA/PSPEG) membranes with a pore size of 0.04 um
and a permeation area of 70 m?.

2.6. Filtration and membrane fouling tests

The filterability of the colloidal clay water was assessed
by membrane fouling index (MFI), which was determined
in dead-end filtration batch tests. The MFI provides an
idea of the fouling potential of the colloidal clay water
[17]. A higher MFI value can result in higher performance
in UF systems. The filtration batch tests were conducted
under unstirred conditions, using a flat sheet membrane
with a nominal pore size of 0.2 pm [8,18]. All experiments
were carried out at 0.3 bar pressure, using a new flat sheet

Pressure gauge

membrane for each test. The permeation flux was obtained
by weighing the cumulative permeate using an electronic
balance. The filtration experiments were carried out using
the water suspended solids and also a supernatant solu-
tion. Such procedure was followed to separately evaluate
the filterability of all colloidal clay water and that of its col-
loidal and dissolved components. The slope of the linear
region of the turbidity vs. time (t) curve represents the MFI
values. [19].

2.7. Operating procedure for kaolinite removal

The binary and ternary solutions were performed to
study the separation capability of the CA/PSPEG mem-
brane. Firstly, the effect of temperature and kaolinite feed
concentration was studied at natural pH 6.50. The applied
pressure and the feed concentration ranged from 2 to 6 bar
and 25 to 100 mg L' of kaolinite, respectively. The effect
of the pH of the feed stream on the membrane rejection
was also investigated in the pH range of 3-12 for feed
concentration of 50 mg kaolinite L at a pressure of 6 bar.
The acidity and alkalinity were adjusted by the addition
of HCI or NaOH solutions with a concentration of 1 M.
Finally, kaolinite suspension solution filtration was exam-
ined at different time intervals at natural pH 5.70-6.50
for contact time evaluation studies [20]. The range of 1, 5,
and 10 mg kaolinite L of the total kaolinite concentration
were prepared and studied [21].

2.8. Effect of co-excising ions on the kaolinite remouval

Firstly, the effect of applied pressure and salts feed con-
centration was examined for monovalent cations NaCl and
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KCl and divalent cations CaCl, and MgCl, at natural pH var-
ied from 5.70 to 6.50. The applied pressure was varied from
2 to 6 bar and the feed concentration was in the range of
25-100 mg L of salts. The effect of the pH value of the feed
stream on the membrane rejection was also investigated in
the pH range 3-9 for feed concentration of 50 mg salts L™
at a pressure of 6 bar. The pH value was adjusted by the
addition of HCl or NaOH solutions with a concentration
of 1 M [22].

Secondly, the filtration of salts solutions containing mon-
ovalent cations NaCl and KCI and divalent cations CaCl,
and MgCl, as well as monovalent and divalent cations NaCl
and CaCl, were studied at different applied pressure at
natural pH 5.70-6.50. The total concentration of salts ions
in the prepared solutions was studied over the range of
25-100 mg salts L™ [23].

The filtration experiment was implemented at an applied
pressure of 2, 4, and 6 bar at natural pH and concentration
of 50 mg salts L. The effect of pH on salts rejection was
examined between pH 3 and pH 9 for the different ternary
solutions (with a total concentration of 50 mg salts L and a
pressure of 6 bar) [24].

The third step involved the study of three commercial
mineral water at a pressure of 6 bar and natural pH (pH
7.00). Before filtration, an amount of nitrate salt equivalent
to 25 mg NO;/L was added to water samples using two
NO; sources NaNO, and Ca(NO,), [25].

3. Results and discussion
3.1. FTIR analysis

The FTIR spectra of the PES and PES/CA membrane
modified with PEG were compared to observe the vibrational

Table 1

pattern changes as displayed in Table 1. Fig. 2 depicts that,
for the PS, the weak peak occurs at 1,500cm™, which spec-
ified the presence of C-O-C [26]. The C=0O were located at
1,739.79 cm™ in the stretching modes [17,18,20]. The band
obtained at 902.69 cm™ was attributed to a pyranose ring
present in CA [16]. For the FTIR spectrum of the blend
membrane with PEG 600 (Fig. 1), The -OH band broadness
decreases in the region from 3,200-3,500 cm™. The alde-
hyde carbonyl group in the CA ring existed in the band at
1,740 cm™.

Fig. 3 shows the spectrum of the PES and PES/CA
membrane modified with P. The characteristics Raman sig-
nals can be observed at 3,444 and 1,678 cm™ matching the
oxygen-hydrogen bond vibration and carbonyl group
(C=0) vibration present in the carboxylic groups. The car-
bon—carbon double bond (C=C) appears at 1,654 cm™ with
the stretching vibrations while the in-plane bending of the
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Fig. 2. FTIR of PS and PS-CA-PEG composite membranes.

Surface functional groups observed one of the PES and PES/cellulose acetate membrane modified with polyethylene glycol were
compared to observe the vibrational pattern changes using FTIR

Band position (cm™)

Functional groups

PS

Strongest peak at 1,035 cm™
Stretching modes at 1,739.79 cm™
Band at 902.69 cm™!

Blend membrane with PEG 600
Region from 3,200-3,500 cm™
Band at 1,740 cm™

Band at 1,447 cm™!

Characteristic peak at around 685 cm™

Existence of a band at 1,740 cm™

Blend at 2,873.94.

Blend for C-O bands at 1,232.51.
Stretching band is in blended bands
Small bands at 830.93

Spectra of the blend membranes, broad

band around at 1,688-1,681 cm™

C-0-C[22]
C=0 [17,18,20]
Pyranose ring in cellulose acetate [16]

OH band broadness decreases

Aldehyde carbonyl group in the CA ring

Stretching modes of the C=C double bond

Out-of-plane bending of C-H vibration

Formation of new hydrogen bonds between O-H groups of CA and the C=0O groups of
PEG 600. The presence of such O-H-C=0 interaction implied an excellent miscibility of
CA and PEG 600 in the blend membranes

Band shift in C-H stretching occurs due to hydrogen bonding between CA and PEG 600
Band shift with broadening

Small decrease in intensity of C-H

Validate the presence of PEG 600 in blend [19]

Stretching vibration of C=N due to the presence of a DMF ring
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Fig. 3. Raman spectroscopy for PS and PS-CA-PEG membranes.

O-H bond can be placed at 1,496 cm™. The bands at 1,306;
1,224; and 905 cm™ correspond to C-O bond vibrations. The
peak at 1,224 cm™ had a contribution from the C-C bonds.
The pyranose ring signal was detected at 1,081 cm™ and the
characteristic Raman signals for acetyl group at 1,731 cor-
responding to the vibration of the carbonyl group (C=0)
during mixing the polymer.

3.2. SEM and XRD analysis

Fig. 4 depicts the cross-sectional SEM images of unmo-
dified and CA/PSPEG composite membranes. The SEM
images showed auniform and dense structure for the prepared
membranes. The XRD was used to inspect the membrane
structures. As shown in Fig. 4, there is no peak in the XRD
pattern for the virgin membrane and the modified polyvinyl-
chloride/carboxymethyl cellulose. The results demonstrated
an amorphous structure for the prepared membranes [18].

Fig. 4 demonstrates also the morphology of the
asymmetric composite membrane cross-section as observed
with the SEM. The membrane is composed of very thin skin
with very small porosity. The membrane porosity develops

very rapidly through the depth suddenly in the direction of
the membrane depth. No effect of solvent type, membranes
formed from a low polymer concentration (i.e., 12 wt.%)
were comprised of finger-like macro-voids with inter-
connections extended to the bottom of the membranes.
However, the presence of PEG suppressed the formation of
the finger-like macro-voids and created more spongy-like
porous structures. Membranes with low porosity may be
attributed to the increase in polymer concentrations and the
delayed demixing, less finger-like pores, lower mean pore
size, while there was a denser and thicker layer on the top.

3.3. Zeta potential of the membranes

The zeta potential values of the CA/PSPEG nanocom-
posites membranes as a function of pH are presented in
Fig. 5. It was found that the CA/PSPEG nanocompos-
ites membrane had a slightly negative surface charge.
Practically, only 40%-50% of the primary hydroxyl groups
on the cellulose surface were converted to acetyl during the
acetylation reaction and therefore, some hydroxyl groups
remained unreacted on the CA, contributing to the slightly

Fig. 4. Cross-sectional SEM images of modified CA/PSPEG membranes.
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Fig. 5. Zeta potential values of the CA/PSPEG membranes.

low negative charge of the CA/PSPEG membrane [12].
The change in the zeta potential values of the CA/PSPEG
membrane by varying the pH of the electrolyte was very
minor, indicative of the low charge density of the pristine
CA/PSPEG membrane. Furthermore, as the PEG content
in the polymer matrix increased, the membrane possessed
more negative surface charges.

3.4. Molecular weight cut-off determination of pressure
filtration membranes

Through the study on the MWCO and the capacity of
the UF CA/PSPEG composite membrane to remove the dif-
ferent partial weights from PEG (1,000-10,000) as shown in
Fig. 6, it was noted that with the increase in the molecular
weight, the membrane isolates with a higher capacity than
the smaller weights. It was also observed that reservation
in molecular weights higher than 4,000 reaches 85%-90%
and up to 100% in weights higher than 6,000, where the PEG
volume becomes large enough to be difficult to creep out
of the prepared CA/PSPEG composite membrane. [27]. It
appears from these results that the physicochemical prop-
erties of PES composite membranes under this study were
quite similar in terms of their surface charge, surface topog-
raphy, thickness, and nature (hydrophobicity/hydrophilic-
ity) of surface and pores. However, these CA/PSPEG com-
posite membranes were different according to their conduc-
tivity, porosity, and macropore distribution values, which
increased with an increase in MWCO of PES membranes
as reported in [9]. Furthermore, macropore distribution
in the filtrating layer of such asymmetric membranes was
directly related to the MWCO of PEG membranes.

3.5. Water permeability of membranes

The permeate flux of deionized water was measured
at different temperatures with constant cross flow veloc-
ity (CFV) = 6 m s to determine the water membrane per-
meability. The results of the pure water flux of CA/PSPEG

Table 2
Water permeability and characteristics of membranes
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Fig. 6. MWCO curve for CA/PSPEG membranes using the PEG
as solute filtration.

membranes are tabulated in Table 2. Increasing the amount
of PEG to 0.1 wt.% led to an increase in the water flux of
CA/PSPEG (17 kg m™ h™) in comparison with the CA/PSPEG
membrane. However, the flux of PES/CS, was still higher
than that of the PES membrane. The addition of PEG to the
waste polystyrene composite membrane shows enhance-
ment in the permeability of the membrane to 2 kg m= h™*
[28,29].

The results obtained from the experiments with sus-
pended kaolin water showed that the permeate flux increases
from the beginning of the run to the steady-state condition
and it was higher at the higher temperature (Fig. 7). In fact,
as an example, for a fixed TMP of 10 bar, the permeate flux
increased by 80.5% from its initial value when the operat-
ing temperature was set at 318 K. The increase in permeate
flux as the temperature is a consequence of the of membrane
fouling and concentration polarization under higher tem-
perature. The temperature of suspended kaolin water was
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Fig. 7. Effect of temperature on permeate flux of CA/PSPEG
composite membrane (CFV =6 m s and TMP = 10 bar).

Membrane Pure water flux (kg m?h) Skin-layer Bulk Water contact
(permeability (kg m=h™ MPa) thickness (um) porosity (%) angle (°)
CA/PSPEG 2 50 59+2 7
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controlled from 293 to 318 K using a water bath. Fig. 7 shows
the variation of the permeate flux after 2 h of filtration at
different feed temperatures. As seen in Fig. 7, at a higher
temperature, cake layer formation is limited, and perme-
ate flux is almost constant. It must be mentioned that by
increasing temperature, permeate flux increases. The tem-
perature has double effects on permeation flux; increasing
temperature decreases viscosity, and as a result, increases
permeation flux [30]. From another point of view, increasing
temperature increases osmotic pressure and this decreases
permeation flux. Therefore, the bilateral effects of tem-
perature must be specified. Additionally, higher feed tem-
perature leads to lower viscosity of feed and also higher
solubility of some feed constituents. The same reduces con-
centration polarization and transport of solvent through
the membrane intensifies, yielding a higher permeates flux.

3.6. Effect of pH

Fig. 8 displays the nephelometric turbidity units (NTU)
and R% interaction and the change in pH of the solution
during the filtration process at different pH 3.5 and 7.5. The
membrane surface charge and the aggregate size formation
during the UF treatment were controlled by the suspension
pH for the organic pollutants in water [31,32]. The reported
results recommend that the pH effect on the UF of organic
compounds in polluted water is correlated to many factors.
Firstly, the surface membrane ionization state. Secondly, the
hydroxyl radicals formation by the ionic interaction of clay
hydroxide ions and composite membrane surface. Thirdly,
the clustering of kaolin particles [33]. The adsorption of the
kaolin would be higher near the point of zero charges (pzc) of
the composite membrane. In this study, the measured point
of zero charges for the composite membrane was approx-
imately 7.3. Therefore, the composite membrane charged
positively in acidic conditions (pH < 7.3), whereas charged
negatively under alkaline conditions (pH > 6.3). This favors
the adsorption of positively charged contaminants [34,35]
at pH > pzc and adsorption of negatively charged contami-
nants at pH < pzc. It is worth mentioning that most clay min-
erals have negative charges. At low pH (<pzc), the adsorp-
tion of organic pollutants onto the composite membrane is
improved [36]. At high pH (>pzc), OH"* is easily generated
as more OH™ ions are available on the composite membrane
surface and enhance the process efficiency. However, when
pH < 7.3, composite membrane tends to cluster result-
ing in a reduction in the effective composite membrane
surface area for photon capture and kaolin adsorption
and filtration, which could deteriorate the UF rate [37,38].

3.7. Effect of sintering temperatures

Tian et al. [34] and Du et al. [35] investigated the
performance of composite membrane in terms of water
permeation and kaolin rejection to evaluate the effect of
different sintering temperatures on the performance of the
composite membrane, water permeation, and kaolin rejec-
tion tests. Fig. 9 shows the experimental results on water
permeation of composite membrane that sintered at differ-
ent sintering temperatures. The obtained results showed that
the composite membrane sintered at 353 K has the lowest

water turbidity with a removal efficiency of 97.5%. These
findings were influenced by the membrane densification
and pore size shrinkage that occurred when the higher tem-
perature was used, which observed previously from SEM
images of the outer membrane surface of the composite
membrane [39,40].

3.8. Effect of contact time on the filtration process

The membrane was first tested in dead-end cell mode
with clay polluted water as a feed solution. In Fig. 10,
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Fig. 8. The relation between pH and NTU for prepared
composite membrane.
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Fig. 9. Kaolinite rejection during filtration on CA/PSPEG
composite membranes sintered at different temperatures.
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the NTU as a function of experimental time has been
shown. The membrane showed a stable NTU of 45 NTU
after 6 min. [41]. It can be said that the CA/PSPEG mem-
brane yielded an excellent treatment performance in terms
of organic removal in the three phases with average val-
ues of 98.6% [42]. In terms of kaolinite removal, the sys-
tem showed very good performance. This result could be
related to the increased kaolinite loading rate that promoted
an increase in heterotrophic activity [43]. The CA/PSPEG
membrane achieved very high kaolinite removal in this
study which is in good agreement with previous studies on
similar plant configurations [44,45].

3.9. Influence of solution pH on membrane performance
3.9.1. pH effect on salts in binary solutions

The pH of the feed solution has a major effect on the
membrane surface charge. This study mainly focused on
membrane separation efficiency in the ionic species removal
process. Hydrophilic behavior can be recognized by the
hydrated polymer membrane surface, which resulted in
controlling the sign and the charge density of the mem-
brane surface by pH control. The point of zero charges (pzc)
matches the pH when the surface charge is null (pHpzc).
PZC is the value for the electric charges of the fixed cations
globally neutralize anions [46]. At a pH > pzc, the acidic dis-
sociation of the surface hydroxyl groups leads to a negative
surface charge validated by the presence of HO-groups.
Whereas, the positive charge when the pH < pzc is deduced
based on proton addition to the neutral aquo complex due
to the presence of R-OH?* groups [28]. Fig. 11 presents the
effect of feed solution pH on salts rejection at an applied
pressure of 6 bar and initial concentration of 7,192 mg L.
In the acidic pH range, the salt’s rejection rise continued
up to a maximum pH value of about 12. But, the rejection
reduced with the pH in the neutral range.

The strong interactions developed between the divalent
cations and the negatively charged membrane (pH < pzc)
resulted in high cation rejection. The Na and Ca ions rejec-
tion also increased when the pH value increased due to
electro-neutrality consideration, illustrated by a rejection
rate which exceeded 80% for divalent cation Mg, and 50%
for monovalent cation (Na and K). The ion separation is
highly governed by the Donnan exclusion (charge effect)
[47]. Aslam et al [48] elucidated this performance by the
distribution variation on the membrane surface charge as

100 B R% (pH7)
80 B R% (pH2)
60 R% (pH12)
X
2 40
20 J
0
20 Na Mg
-40

a function of pH. At pH_, the membrane is uncharged
(no electrostatic repulsion), sieving mechanism based
on ion size controls the selectivity [45]. For pH > pzc, as
shown in Fig. 12, decrease in cations rejection occurred at
pH = 7. This reduction in salt retention detected when the
pH increased can be clarified by an increase in the posi-
tive charge of the membrane in the presence of the different
electrolytes; which assists the cations passage through the
membrane [46,47].

3.9.2. Influent pH effect on kaolinite filtration

Fig. 13 demonstrates the performance of the developed
membrane in terms of rejection of kaolinite as suspension
solids. The maximum operating pressure for the rejection
experiments was 3 bar. The antifouling characteristic also
decreases the efforts of membrane cleaning and declination
of fluxes [49]. The higher rejection range and permeabil-
ity results may be associated with the adsorption of water
molecules in hydrophilic composite UF surfaces [13,50].

Fig. 8 demonstrates the kaolinite rejections as a function
of concentrations and pH of the feed solution. Considering
the same pH value (pH of 7.4-12), the rejection percentage
increased with an increasing initial salt concentration of the
feed solution with 49% rejection was observed. The rejec-
tion curves in Fig. 6 revealed a stable condition (running
period of 100 min) and afterward, no significant changes
were observed. However, the best kaolinite rejection was
observed at 5 bar TMP promoting low-pressure filtration
processes resulting in lower energy consumption [51,52].
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Fig. 12. Influent pH effect on total dissolved solids reduction at
AP =6bar and C,=7,192 mg salts L.
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Fig. 11. Influence of feed pH on salts rejection (%) in binary solutions at AP = 6 bar and C,=7,192 mg salts L.
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3.9.3. Effect of pressure on the rejection of kaolinite
through the membrane

Fig. 14 shows the kaolinite retention performance of
composite membranes. For the film that was prepared
with dense and small pore size, it is not easy for kaolin-
ite to pass under 10 bar. In addition, the results indicated
that the pure water presence of the hierarchical membranes
increased with the increase in pressure. The ratio of the pre-
pared membrane was 0.02 gave an encouraging efficiency
with a pure water permeance of 95 kg m? h™ MPa™ and a
rejection ability 99%, corresponding to a stokes diameter
of 4.46 nm. As seen in Fig. 14, the pure permeance of the
composite membrane increased almost linearly as the oper-
ating pressure raised. This suggested that the membrane
contained uniform inter-crystalline pores [53].

3.10. Effect of feed temperature on membrane

The decrease of the permeate flux s from the beginning
of the run to the steady-state condition was lower at the
higher temperature as shown in Fig. 3. In fact, as an exam-
ple, for a fixed TMP of 4 bar, permeate flux decreased by
80.5% from its initial value when the operating tempera-
ture was set at 20°C. The small decrement in permeate flux
as temperature increases is a result of membrane fouling
reduction and concentration polarization under higher
temperature [52].

Textile wastewater temperature was varied from 20°C
to 40°C using a water bath. Fig. 15 displays the variation
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Fig. 13. Influent pH effect on kaolinite rejection (%) in solutions
at AP =6 bar and C, =100 mg salts L.
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Fig. 14. Effect of TMP on rejection % at different temperatures for
contaminated water.

of the permeate flux after 6 h of filtration at different feed
temperatures. The permeate flux increases by 18% with
increases in feed temperature from 20°C to 40°C. As viewed,
at a higher temperature cake layer formation is limited,
and permeate flux is almost constant [54,55]. Alike, concen-
tration polarization and transport of solvent through the
membrane intensifies have been reduced, yielding a higher
permeates flux. When the feed temperature increases, it
normally surges the energy cost and the scaling potential
and diminishes the membrane durability system despite
superior stability of ceramic membrane compared to the
polymeric membrane in thermal condition [56].

3.11. Effect of recovery change on the flux and rejection

The water recovery rate was studied as a function of
R and flux as shown in Fig. 13. Yet, it is possible to increase
the water recovery efficiency by increasing the amount of
the polluted water fed across the membrane as shown; with
increasing the relative recoveries for salts and kaolinite, the
flux will be higher compared with the rejection. No sig-
nificant variations were found in the results of the study
duration [57]. The overall treated water recoveries have
been studied for all cases by dividing the amount of treated
water extracted via the membranes by the total amount
of polluted water-fed (Fig. 16). Especially when moving
towards large-scale production of pure water via the com-
posite membrane, the overall recovery should be high to
ensure high reaction rates and sufficient salts and kaolinite
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Fig. 15. Effect of temperature on permeate flux (CFV=6 ms™ and
TMP = 2.05 bar).
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Fig. 16. Result of power output and water recovery rate with
sweep air amount fed to the membrane.
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extraction. The overall recoveries do not tell the full story
on the composite membrane performance [13,58].

4. Conclusion

The use of CA/PSPEGUF membrane in kaolinite
removal from prepared solutions and commercial mineral
water was the main concept in this research. Factors such as
pH, applied temperature, initial concentration of kaolinite
were examined to estimate the CA/PSPEG membrane effi-
ciency. The CA/PSPEG membrane selection strictly relied on
influent pH which changed the membrane charge (ampho-
teric character: positive in acid medium and negative in
basic medium). The high rejection of kaolinite was obtained
around pH_ and thus varying the CA/PSPEG membrane
performance.

The reduction of membrane fouling by grafting and
combination with PS pretreatment can be a viable option
to improve the ceramic membrane filtration performance.
Larger aggregates (1-0.4 um) appeared to generate a signifi-
cantly lower membrane fouling rate. Considering the oper-
ation cost, the optimum conditions appear to be a pH of7
with an NTU of 10 at temperature 310 K with equilibrium
time 10 min and maximum flux 2.5 m d™' at recovery 40%
from feed water.

Finally, the CA/PSPEGUF membrane is considered as
an alternative treatment process for filtration of clay, sand,
and organics contaminated water. The better performance
of the CA/PSPEG was due to the hollow fiber membrane,
which acted as a solid-liquid separator and thereby enabled
the filtration process in water treatment to maintain a
high microalgae concentration to obtain a high amount of
suspended solids removal, in addition, to eradicating sus-
pended solids and microorganisms inhibitory effects.
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