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ABSTRACT

In this work, mixed matrix polyethersulfone membranes were prepared and tested for turbidity
removal. Mobil Composition of Matter No. 41 (MCM-41) and Santa Barbara Amorphous-15 (SBA-
15) particles were filled inside the membranes to improve the performance in terms of turbidity
rejection and water flux. Scanning electron microscopy, Mechanical strength, contact angle, Fourier-
transform infrared spectroscopy, and performance test were conducted to investigate the prepared
membranes. Results showed that embedding 1 wt.% of the silica additives led to an improvement
in the water flux in the short-term operation. Here, the water flux increased from 200 L/m? h of the
plain membrane to 252 and 240 L/m? h when the membranes loaded with MCM-41 and SBA-15,
respectively, at an operating pressure of 0.5 bar. Interestingly, all membranes showed approximately
a complete turbidity rejection (299.9%) at all examination conditions. However, backwash was
employed to restore the original efficiency of the filled membranes; the regeneration was effective

and the membranes gained almost their authentic status.
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1. Introduction

In spite of the huge development in all life fields, the
water crisis is an increasing danger that threatening beings
due to the lack of traditional water resources [1]. Improving
the conventional purification methods and finding new
approaches and techniques to solve this issue are the main
topics for many researchers and companies presently [2,3].
Also, other considerations such as the cost, simple operation,
energy consumption, and environmental impact should
be considered to come up with modified and integrated
systems [4].

* Corresponding author.

Microfiltration is a membrane process that is used in
different applications, including water treatment, food
and dairy industry, sterilization, and refinery processes, to
sieve suspended solids in the size of 0.1-10 um [5]. In water
treatment, microfiltration is employed to purify rivers and
lakes water from bacteria, contaminations, and turbidity, to
produce potable water [6]. In many cases, microfiltration
serves as a pre-treatment step for ultrafiltration, nanofiltra-
tion, and reverse osmosis processes, which maintains their
membranes and produce high-quality water. Nevertheless,
microfiltration is operated in a pressure range of 0.1-2 bar
and has two types of design, dead-end and cross-flow fil-
tration, where each is appropriate for certain types of
applications [7].
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Although turbidity is resulted from different types of
materials, such as colloids, particles, dissolved materials, and
biomass, it is regulated to <1 NTU in most countries [8,9].
A high turbidity level means a higher prospect for people
to gain gastrointestinal illnesses and other health problems
[10]. In addition, high turbidity of surface water can affect
the sustenance of organisms, fish, and aquatic plants [11].

Different methods were proposed for turbidity removal
by many researchers. For instance, Daverey et al. [12] used
banana peels and Indian bean seeds aqueous extractants as
natural coagulants to remove turbidity, where the impact
of contact time, amount of extractant, and pH were inves-
tigated. In both additives cases, 45 min, 0.6 mL/L, and pH
of 11 were the optimum conditions to obtain 98.14% and
98.84% turbidity removal via banana peels and Indian bean
seeds extractants, respectively. Asharuddin et al. [13] coupled
cassava peel starch with alum and used them as coagulants
to clear water from turbidity. Despite its low-cost and eco-
friendly nature, the starch reduced both the used amounts
of alum and settling time to half. Ultimately, the best
turbidity removal efficiency was 91.47%.

Designing hybrid systems is another approach that was
utilized by researchers. Here, Babaei et al. [14] employed
three steps, multi-layer sand filtration, microfiltration, and
ultra-filtration, a system to remove turbidity and other con-
taminations. The above-mentioned steps reduced the turbid-
ity by 87.63%, 90.44%, and 98.91%, respectively, when they
were separately operated. However, the three steps hybrid
system efficiency reached up to 99.98%, where the outlet
turbidity was 1.04 = 0.8 NTU. Chen et al. [15] built a magnetic
ion exchange resin and ultrafiltration hybrid system to elim-
inate the turbidity and organic micropollutant (carbamaz-
epine). It was found that the hybrid system afforded better
results than when the systems were individually operated.

Selecting the appropriate nanoparticles depends on the
nanoparticles’ properties and the membrane-process type;
however, employing nanoparticles aims to enhance the per-
formance of the membranes anyway. Silica NPs were widely
used in water treatment as adsorbents and membranes’
fillers.

In our work, we purified 500 NTU turbid water feed
using a single step microfiltration system. Although the feed
was not treated with any kind of pre-treatment, the perme-
ate water was so clear with a system efficiency of 299.9%
in all cases. Synthesizing membranes with the appropriate
porosity was the key to purify water from the clay. To our
best knowledge, adding Mobil Composition of Matter No.
41 (MCM-41) and Santa Barbara Amorphous-15 (SBA-15)
silica nanoparticles into polyethersulfone (PES) membranes
to remove turbidity was firstly investigated in this work,
where they were found to be good improvers for the out-
put flux without trading the rejection. Silica additives were
selected due to their relatively low cost, easy preparation,
and low health and environmental impact.

2. Materials and methods
2.1. Chemicals

The clay, that was used to prepare the feed solution,
was collected from the beach of the Tigris River in Baghdad

City, Iraq. PES (Mw = 150,000) was purchased from Macklin,
Shanghai, China. N,N-dimethylformamide (DMF) was
obtained from Fluka Chemie AG, Buchs, Switzerland.
Cetyltrimethylammonium bromide (CTAB), Pluronic P123,
and tetraethyl orthosilicate (TEOS) were obtained from
Sigma-Aldrich, (Munich, Germany). Sulfuric acid was
ordered from Biosolve, (Valkenswaard, The Netherlands).
Sodium hydroxide (NaOH) and hydrochloric acid (HCI)
were purchased from Thomas Baker, (India).

2.2. Preparation of MCM-41 particles

Non-calcinated MCM-41 microparticles were synthe-
sized by adding 5.78 g of TEOS to a solution containing
0.34 g of NaOH and 1.01 g of CTAB in 30 g of deionized
water. The solution was agitated for 60 min by a mag-
netic stirrer at room temperature and then crystallized at
a temperature of 383 K using an autoclave for 96 h. The
molar composition of the gel mixture was 1.0:0.1:0.3:60 of
TEOS:CTAB:NaOH:H,O, respectively. The solid product
was recovered by filtration, washed by water several times
to remove the organic template, and dried at 308 K for 24 h
to prepare the non-calcinated MCM-41. Finally, the syn-
thesized sample was calcinated at 823 K for 6 h in order to
fully treat the product from the surfactant and template;
at that point, a white powder was obtained [16].

2.3. Preparation of SBA-15 particles

HCI solution (180 g) of 2 molarity and 6.0 g of Pluronic
P123 were dissolved in deionized water (45 g) at 308 K;
then, 12.75 g of TEOS was added dropwise. The obtained
mixture was agitated by a magnetic stirrer for 24 h at 308 K.
Later, this mixture was matured by the oven at 373 K for
24 h. Finally, the product was filtrated, washed with dis-
tilled water to remove the residual surfactant, and dried
at 373 K. As an ultimate point, the prepared sample was
calcinated at the same conditions of MCM-41 calcination [17].

2.4. Preparation of the membranes

The membranes were prepared via the phase inversion
phenomenon. Basically, PES polymer pellets were dissolved
in DMF in a weight ratio of 15%, where the mixture was
heated and stirred at 60°C for 6 h. The additives (i.e., MCM-
41 and SBA-15 particles) were added to the casting solu-
tion with weight ratios of 0.5%, 1%, and 1.5% to synthesize
the mixed matrix membranes (MMMs).

The product was a colorless solution that was cooled
down at room temperature and left overnight for degas-
sing. Later, an aliquot of the solution was spread on a glass
plate and cast to 100 pum. The glass plate with the casted
solution was immersed into a tub of water, where the solu-
tion turned to a white sheet immediately and detached from
the glass in seconds. The prepared sheet was rinsed in the
water at least three times to remove any trace of the solvent
and stored in deionized water for at least 24 h before use.

2.5. Characterization methods

The morphology analysis of the prepared membranes
was determined using a scanning electron microscopy
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(SEM, VEGA3 - TESCAN, Czechoslovakia). Fourier-
transform infrared (FTIR; IRPrestige-21, SHIMADZU, Japan)
was used to impart details of the chemical bonds among
the molecules. The mechanical properties were measured
by conducting tensile tests using the Tinius Olsen device,
England. Turbidity was measured using a turbidity meter
(TurbidiDirect from Lovibond, Germany). The wettability
of the membranes was studied by measuring the contact
angle using a video system (Theta Lite TL-101, Thailand).

2.6. Membrane filtration performance

Microfiltration performance tests of the prepared
membranes were conducted using a custom-built exper-
imental setup. This system contains two tanks, one for
feed and another for permeate collection. A diaphragm
pump (from Pure-water®, China) was used to circulate
the feed solution at a flow rate of 1 L/min and a pressure
of 0.5 bar. The membrane was mounted in a custom-made
cross-flow microfiltration cell that consists of two Perspex
halves. The fluid in each halve flows in a rectangular chan-
nel with dimensions of 3 in length, 1 in width, and 1/8
in depth. Fig. 1 shows a diagram of the operation system.

Synthetic turbid water of 500 NTU turbidity was
used as a feed solution in all experiments. This solution
was prepared by adding 1.75 g of clay to 1 L deionized
water with mixing for 60 min to ensure the homoge-
neous distribution. The water flux was calculated based
on the permeate volume change per time throughout
the experiment (5 h) using the following equation:

1%

Jo="4 M

where | is the water flux (L/m* h), V is the permeate vol-
ume (L), A is the membrane area (m?), and ¢ is the experiment
time (h).

The NTU rejection (R) was calculated by the following
equation:

NTU
R=|1- 2 [x100 @)
NTU,

where NTU  and NTU, are the turbidities of permeate
and the feed solution, respectively.

3. Results and discussion
3.1. Membrane characterization
3.1.1. FTIR test

The FTIR test was conducted to identify the chemical
groups of the membranes and indicate the new groups due
to additives influence. Fig. 2 elucidates the groups of the
plain membrane (a), while (b) and (c) were after loading
1 wt.% of MCM-41 and SBA-15, respectively. From Fig. 2a,
the peak at 3618 could be assigned to OH starching from
the non-hydrogen bonds, while the peak at 3,549 cm™
was attributed to OH stretching from the hydrogen bonds
[18]. While the peak at 3,082 cm™ and small peaks nearby
could refer to CH aromatic stretching of the benzene ring
[19]. The small peaks at the period 2,800-3,000 cm™ could
indicate CH, and CH, symmetric and asymmetric stretch-
ing from aromatic components [18]. However, they could
indicate the OH stretching of aliphatic and aromatic spe-
cies [20]. The peaks from 1,400-1,600 cm™ could be assigned
to the aromatic vibration [19]; more specifically, the peaks
at 1,581 and 1,485 cm™ point out to benzene ring stretch
[20]. The peaks at 1,311 and 1,242 cm™ may impute to
COC stretching [19], where the 1,311 cm™ peak represents
CSO,C asymmetric stretch [20]. The interval between
1,000-1,260 cm™ contains peaks that could be attributed to
CO asymmetric stretching [20], although the peaks at 1,103
and 1,157 cm™ may refer to S=O stretching.

Fig. 2b shows the polymeric sheet embedded with
MCM-41, where more peaks were generated. However,
the peaks at 1,072 and 837 cm™ could be related to Si-O-
Si and Si-OH stretching vibrations, respectively [21].
While NH bending vibration could appear at 624 cm™.
Fig. 2c had almost the same groups of the plain membrane
except for the peak at 1,662 cm™, which could refer to
the bending vibrations of the OH group of SBA-15.

3.1.2. SEM test

The morphology and cross-sectional views of the mem-
branes were captured by the SEM device. Surface and
cross-sectional views of the plain membrane were illustrated
in Figs. 3a and b, respectively. While the 1 wt.% filled mem-
branes were shown in (c) and (d) when MCM-41 was filled,
and (e) and (f) in the SBA-15 case. From Fig. 3a, it can be
noticed that the pores on the surface had a size of 2700 nm.

Membrane Module
|

Feed Tank

Pressure Gauge

> Permeate

Flowmeter

Fig. 1. Schematic diagram of the microfiltration bench-scale test unit.



M.H. Al-Furaiji et al. / Desalination and Water Treatment 215 (2021) 50-59

(@) 90
%T
80+

—
——
=

70

3616 46

540407

HE S
——e—— =
BT ———
864,11

71368
—nmp—

1581 63
1485 18
SET.OT

4000 3500 3000 2500 2000 1500 1000 750 500

Wavenumber (1/cm)

40
4000 3500 3000 2500 2000 1500 1000 750 500
Wavenumber (1/cm)

(© -

80 W | f

camvZ RRL T

g sl L1
‘L | ﬁ | l :

) il )

40 gg‘ B

4000 3500 3000 2500 2000 1500 1000 750 500

Wavenumber {1/cm)

53

Fig. 2. Fourier-transform infrared spectroscopy test for (a) plain membrane, (b) 1 wt% MCM-41 filled membrane,

and (c) 1 wt.% SBA-15 filled membrane.
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Fig. 3. SEM images of (a) PES plain top view, (b) PES plain cross-sectional view, (c) 1 wt.% MCM-41 PES membrane top view,
(d) 1 wt.% MCM-41 PES membrane cross-sectional view, (e) 1 wt.% SBA-15 PES membrane top view, and (f) 1 wt.% SBA-15 PES
membrane cross-sectional view.
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The size and distribution of the pores seem homogenous,
which gives high stability for the membranes under opera-
tion; this was confirmed by the performance test as shown
in section 3-2. However, when the sheets were made of
polysulfone (PSU) as reported in our previous work, the
sheets showed a smaller pore size, around 100 nm [22]. This
could be attributed to the polymer hydrophilicity, where the
contact angles of the polysulfone and polyethersulfone are
84° and 79°, respectively [23]. As the PES is less hydropho-
bic, it could form wider pores due to its higher affinity to
water. As the casting solution is immersed into the water,
the solvent disperses and leaves the polymer to form a sheet
depending on the hydrophobic nature of the polymer. As
the PES is less hydrophobic than the PSU, the surface could
less shrink, thus the pores on the surface were bigger.

The membranes’ internal structure is shown in the
cross-sectional images. Fig. 3b clarifies the plain membrane
cavitation. From the image, the width of the cavities can
reach up to 10 um. Figs. 3c and d show the membrane after
filling 1 wt.% of MCM-41, while (e) and (f) were for 1 wt.%
SBA-15 membrane. The particles fitted inside the mem-
branes and improved their physicochemical properties, as
will be shown in other characterizations sections.

3.1.3. Contact angle test

The contact angle is used to measure the surface hydro-
philicity, whereas a low contact angle refers to a high
hydrophilic surface and vise versa. Fig. 4 shows the contact
angle test, in which (a) refers to the plain membrane, (b) for
the 1 wt.% MCM-41 membrane, and (c) for the 1 wt.% SBA-
15 membrane. The plain membrane right and left contact
angles were detected as 63.34° and 67.21°, respectively; so
the average is 65.28°. Embedding 1 wt.% of silica nanopar-
ticles inside the MMM led to an increase in the hydrophilic-
ity, where the contact angles of MCM-41 and SBA-15 1 wt.%
membranes were 59.53° (average of 60.61° and 58.44°) and
43.15° (average of 43.31° and 42.99°), respectively. This
reduction in contact angle values is basically attributed to
the hydrophilic nature of the silica, though it varied as two
different types of silica were used. It was reported that the
contact angles of MCM-41 and SBA-15 with pure water are
20.5° [24] and 18.9° [25], respectively. It is worth to men-
tion that MCM-41’s density is around double of SBA-15
[16,17]. Here, it can be presumed that although the contact
angle values of the two silicas are very close to each other,
respecting higher hydrophilicity for SBA-15, the SBA-15
altered the membrane’s surface hydrophilicity to a higher

degree than MCM-41. This could be attributed to SBA-15's
lighter density, which may give a better distribution for the
particles into the MMMs. Fig. 4 shows the contact angle test.

3.1.4. Mechanical properties

One of the main obstacles in polymeric membranes
operation is the low mechanical endurance. The tensile
strength can be defined as the ability of the material to hold
an applied force without deformation. While the mechanical
strain is the deformation measurement in terms of dimen-
sions and particles’ relative displacement of a solid object.

Embedding nanoparticles [26] and grafting and engi-
neering polymers [27,28] inside the MMMs improved the
membranes’ mechanical properties. In our study, MCM-41
and SBA-15 silica nanoparticles were filled into the PES
microfiltration membrane, and a tensile strength vs strain
test was conducted. Fig. 5 shows the effect of embedding
1 wt.% of the additives on the strength and strain. Filling
MCM-41 and SBA-15 increased the strength by 2.45 and
3 folds, respectively. The strain was also increased by 1.93-
fold when MCM-41 was filled and 4.75 folds in SBA-15
case. This remarkable increase in mechanical properties
refers to the improvement obtained by filling the silica
additives. However, by considering the applied force and
extension relationship of the membranes, it can be noted
that the force increased in the order of SBA-15 > MCM-
41 > plain. As a result, the extension increased by 1.94 and
4.77 folds for the MCM-41 and SBA-15 filled membranes,
respectively, comparing to the plain membrane.

This improvement in the mechanical properties could
be attributed to the high surface area and surface energy
of the additives, in addition to many chemical groups on
the silica surface that bond with the polymeric matrix.
Specifically, the hydroxyl groups form hydrogen bonds
with the matrix and enhance the membrane’s rigid-
ity [29]. It can be noted that SBA-15 had a higher impact
than MCM-41; this is attributed to SBA-15’s lower density
that could give a higher distribution and less aggregation.
However, both types of silica particles created a harmo-
nious interface with the sheet and had a strong adhesion.
Also, the extension was boosted by filling the additives; this
could be assigned to pores formation, which made the sheet
more plasticized [30]. The increase in the extension pur-
sues the same order of stress, where the SBA-15 membrane
had the longest extension, followed by the MCM-41 mem-
brane, and lastly the plain membrane. Again, the SBA-15
could have a better distribution into the sheet matrix.

(a)

(b) (c)

Fig. 4. Contact angle values for (a) plain membrane, (b) MCM-41, and (c) SBA-15.
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Fig. 5. Stress-strain and force-extension relationships of the plain membrane (a) and (b); 1 wt.% MCM-41 filled membrane,
(c) and (d); and 1 wt.% SBA-15 filled membrane, (e) and (f), respectively.

3.2. Membrane performance in microfiltration

The MMM'’s performance was examined for short and
long terms to identify their behavior before and after filling
the silica additives. Fig. 6 shows the short-term operation
(5 h) water flux of the plain and filled membranes with
(a) MCM-41 and (b) SBA-15. Almost no change in the rejec-
tion was monitored (always > 99.9%), so the rejection com-
parison wasn’t included. In Fig. 6a, MCM-41 particles were
added in two loading ratios, 0.5 and 1 wt.%, where the per-
formance of 1 wt.% MCM-41 MMM was the best, followed
by 0.5 wt.% MCM-41 MMM, then the plain membrane.
As the process run, the filled membranes flux decreases by
time; however, the pristine membrane flux decreased at a
slower rate. From Fig. 6b, similar behavior can be observed
when SBA-15 particles were filled. Interestingly, MCM-41
MMMs showed better performance in terms of water flux

than SBA-15 MMMs in both filling ratios, 0.5 and 1 wt.%.
Also, the 0.5 wt.% MCM-41 MMM intersected the plain
membrane flux line after 4 h of operation, further operation
led to a diminution in flux. The same trend was obtained
by 0.5 wt.% SBA-15 MMM, but the flux line intersection
took place after around 3 h. Although the SBA-15 MMM
showed higher hydrophilicity in the contact angle test, the
MCM-41 MMM showed higher flux in the performance
test. This could be attributed to the higher surface area of
MCM-41 particles, which provides more space for water to
pass through [31]. Another reason could be the shape of the
internal pores, where the MCM-41 particle has a hexagonal
shape but the SBA-15 has a circular. As MCM-41 hexago-
nal pores owe six straight lines and six corners, siloxane
could form from the silanol group due to corners bending,
which makes the channels more hydrophilic; Fig. 7 shows
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Fig. 6. Water flux relationship with time in a short-term operation mode for (a) MCM-41 filled membranes and (b) SBA-15 filled

membranes.

the shape of the particles’ pores [32]. The drop in flux after
filling additives could be imputed to particles” pores block-
ing, which occurs by the turbid materials. Nevertheless,
the reduction in flux was sharper for the 0.5 wt.% embed-
ded membranes, and it was slightly improved by increas-
ing the ratio of the particle. It is worth noting that filling
1.5 wt.% of the additives was tested, but sedimentation
occurred while preparing the casting solution; thereby, it
was excluded. Here, it can conclude that 1 wt.% addition
gave the best performance; so, the long-term operation was
examined for this ratio.

Fig. 8 shows the MMMs performance in long-term
mode, where the 1 wt.% filled membranes were run for
1,300 min (around 22 h). Fig. 8a illustrates the plain mem-
brane performance, while 8b and 8c are for MCM-41 and
SBA-15 filled membranes, respectively. In the case of the
additives-loaded membrane, backwashing was applied
for 10 min after each 300 min operation period. Backwash
was used due to the sharp drop in water flux comparing
with the unmodified membrane. Despite the decrease
in flux, which required utilizing backwash, the regen-
erated membranes regained their original status with a
marginal reduction. However, MCM-41 MMM showed

SBA-15 MCM-41

Fig. 7. The shape of internal pores of SBA-15 and MCM-41 silica
particles.

higher regeneration stability than the SBA-15 membrane.
MCM-41 has a smaller pore size and wall thickness than
SBA-15 [32], which could make turbidity cleaning from
the membranes easier when backwashing is applied.

4. Conclusions

In this work, turbidity removal was studied in a one-
step filtration system. Filling MCM-41 and SBA-15 particles
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Fig. 8. Water flux and turbidity rejection relationship with opera-
tion time in a long-term operation mode for (a) plain membrane,
(b) 1 wt.% MCM-41 filled membranes, and (c) 1 wt.% SBA-15
filled membranes.

into the MMMs was approached in situ during membranes
preparation via the phase inversion technique. Silica parti-
cles improved the performance, where the flux enhanced
by 20.6% and 16.7% by embedding 1 wt.% MCM-41 and
SBA-15, respectively. However, the unmodified membranes
were more stable in long-term operation than the mod-
ified membranes; thereby, backwash was applied when
the filled membranes were tested. Turbidity rejection was
not disturbed in all cases and maintained always 299.9%.
Testing other types of particles and modifying the classic
particles and membranes could be other topics to study.
Also, using these types of membrane in heavy metal and
oil removal could be an interesting area to investigate in.
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