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In this study, nanocomposite membranes were prepared by incorporating alumina (Al;03) nanoparticles into
cellulose triacetate (CTA) membranes in order to enhance the performance of pervaporative desalination. The
resulting membranes were characterized by SEM, TGA, water contact angle, water uptake, tensile strength, and
FTIR. The desalination performance was investigated as a function of Al;O; loading, feed temperature (ranging
from 40 to 70°C) and feed concentration (varying from 0 g/L to 90 g/L NaCl). Pervaporation (PV) experiments
showed that im_'urpura'g 2% Al;05 into a CTA membrane increased the water flux by 204% compared to
pristine CTA (from 2.2kgm ™ *h™ ! to 6.7 “2h™!) for a 30 g/L NaCl feed solution at 70 °C, while the salt
rejection remained above 99.8%. Moreover, when the CTA-2% Al;O; nanocomposite membrane was tested with
a 90 g/L feed solution, only 25% flux reduction without sacrificing the salt rejection. Furthermore, different feed
concentration affected the activation energy of water molecules to diffuse through pristine CTA and CTA/ALO;
nanocomposite membrane. However, the nanocomposite membrane has a lower apparent activation energy even
at high NaCl concentrations, compared to the pristine CTA. This suggests that the developed CTA/Al;O; na-

nocomposite membrane is suitable for desalting hypersaline water.

1. Introduction

The rise in population growth, economic development, climate
change, increasing industrialization and agricultural activities lead to
an increase in the fresh water demand. Less than 0.5% of the earth's
total water reserves are fresh water; however, obtainable fresh water
from rivers and groundwater are currently limited and are being gra-
dually diminished in many places due to water pollution. In contrast,
about 97% is seawater [1] which cannot be used directly for human
daily needs, industrial and agricultural usages. Desalination converts
salty water to fresh water from the almost unlimited supply of seawater.
Desalination technologies include thermal desalination, membrane
processes, chemical processes, and adsorption [2-4]. Multi stage flash
(MSF), multi-effect distillation (MED) and reverse osmaosis (RO) are
commercial technologies for desalination. However, a process with
lower cost would allow for more massive scale applications; further-
more, desalination has environmental impacts, which should be re-
mediated. Currently, membrane technology by RO is interesting for

desalination due to its advantages, such as its high efficiency and po-
tential energy saving compared to thermal desalination [5,6], high
operational stability, low chemical expenses, easy integration and
control within industrial processes [6]. RO is an established membrane
technology for desalination since nearly 60% of the installed capacity in
the world is operated by RO [7,8]. However, RO requires a high op-
erating pressure to overcome the osmotic pressure, especially when the
feed salt concentration is high. Besides, it needs extensive feed pre-
treatment before being subjected to the membrane to prevent scaling/
fouling. Hence, membrane fouling is another impediment [9-11].
Pervaporation (PV) is a membrane process with growing interest as
a potential alternative for desalination; it may be preferred over other
technologies such as RO due to its potential for desalting hypersaline
water [12] and its low energy consumption. PV allows a selective
component in the feed solution to penetrate through a dense membrane
because of the different solubility and diffusivity of ea‘.component in
the membrane by solution-diffusion. The driving force is the difference
vapor pressure between the feed side and the permeate side of the
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membrane by an applied vacuum or sweep gas at the permeate side. PV
has been applied in the industry for organic solvent dehydration, and to
some extent, for the removal of volatile organics from aqueous solu-
tions. PV has been explored for seawater desalination due to its ad-
vantages: no need of a higher operating pressure to cope with the os-
motic pressure, no extensive pre-treatment of the feed solution, high
salt rejection ( = 99%), less fouling propensity, and PV is able to handle
highly salt concentrated waters [4,13]. However, the main challenge of
PV desalination is the low water flux compared to RO.

Many researchers employed polymeric and inorganic materials for
pervaporation desalination: polyether amide [14], de-acetylated cellu-
lose acetate [15], cellulose triacetate [12], poly(vinyl-alcohol)/maleic-
anhydride/silica [16], cottoncellulose [17], clinoptilolite-phosphate
[18], sulfonated polyethylene hollow fibers [19], NaA zeolite [20],
polyether ester [21]. All these membranes showed an outstanding salt
rejection performance, but the water flux is low, which hampers PV
desalination for practical application. Besides, the low tensile strength
and the instability during long time operation for hot feed solutions
because of the super hydrophilicity is also another challenge. Cellulose
triacetate (CTA) is one of cellulose based material which is abundantly
available at low cost. CTA is attractive polymeric materials for desali-
nation application because it has an outstanding salt rejection potential,
moderate mechanical strength, relatively low cost, improved oxidant
resistance, less fouling propensity and can be produced as a dense film
[22-24].

There are certain strategies to enhance the water flux: increasing the
membrane hydrophilicity, reducing the mass transfer resistance of the
membrane, reducing the membrane thickness [4]. In addition, the re-
searchers also need to pay attention in developing membrane materials
for PV desalination, which it will be attractive and feasible if the pro-
duction costs of the PV membranes for desalination are low. In recent
years, nanocomposite membranes composed of a polymer and in-
organic or organic nanoparticles have been developed for microfiltra-
tion, ultrafiltration, nanofiltration, reverse osmosis and pervaporation.
Embedding hydrophilic inorganic nanofillers into the matrix of organic
materials to develop a composite membrane potentially improves the
productivity, selectivity and thermochemical durability of a membrane
[25]. Some of the nanoparticles reported include TiO,[49],
5i0,[47.48], Al,04[30], graphene oxide (GO) [26,27], carbon nano-
tubes [28] and cellulose nanocrystals (CNCs) [29]. Al,O5 nanoparticles
attract attention due to their interesting chemical and physical prop-
erties; they have a high surface area and a high hydrophilicity [31].

In this study, nanocomposite PV membranes consisting of CTA
polymer incorporated with Al:O; nanoparticles were developed by
phase inversion-solvent evaporation method. Al,O; nanoparticles in-
corporated into the polymer matrix yields a composite membrane with
stable and attractive separation performance. To the best of our
knowledge, there is no published study on CTA/Al,O; nanocomposite
membranes employed for pervaporative desalination. Instead, the effect
of CTA/AlO; nanocomposite membrane on the desalination PV per-
formance was investigated in this paper. A series of nanocomposite
CTA/Al;03 membranes was characterized in terms of water flux and
salt rejection and the results showed that the developed CTA/ALO4
nanocomposite membrane is a potential for desalting hypersaline water
compared to pristine CTA membrane.

! Experimental
2.1. Materials

Cellulose triacetate (CTA, acetyl content 43—-44%, molecular weight
966.845 g/mol, Across Organics TM) was used as the base polymer.
Aluminum oxide nanoparticles (Al,03, with particle size = 20 nm and
specific surface area = 200 m?/g) purchased from Aladdin were used as
fillers. Dimethyl sulfoxide (DMSO, 99% pure) purchased from Fisher
Scientific UK, Ltd., was used as a solvent due to its relatively minimal
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toxicity; DMSO was reported as a green solvent [32,33]. Sodium
chloride with analytical reagent grade (NaCl, =99.5%) was acquired
from Fisher Scientific U.K, Ltd. @l reagents were used as received
without any further modification/purification.

2.2. Membrane preparation

Pristine CTA membranes were prepared by dissolving 8 wt% of solid
CTA polymer in DMSO. A homogeneous casting solution was obtained
by stirring the mixture at 80 °C overnight. The solution was allowed to
stand in a fume hood for 12 h to remove air bubbles formed duffing the
stirring. The dope solution was casted onto clean glass plates at room
temperature and a relative humidity of 35% with casting height of
200 ym and a castin.peed of 0.09 cm/s. The casted poly@er film was
immediately placed In a vacuum oven set at 60 °C for 4 h To evaporate
the solvent. Finally, the membranes were detached from the glass plate
by immersing the dried membranes into a water bath.

CTA/Al; O3 nanocomposite membranes were fabricated by disper-
sing different weight percentages of AloO5 (1, 2, 3 and 4 wt%) in DMSO.
This mixture was then stirred overnight at 80°C and sonicated for 1 h.
Subsequently, 8 wt% of CTA solid polymer was added to the suspension
of Al,05 and stirred overnight. The dope solution was then sonicated
for 1 h and was left for another 12 h to remove air bubbles. The dope
solution mixture was then casted in the same manner to prepare pris-
tine CTA membranes.

2.3. Membrane characterization

2.3.1. Contact angle analysis

A contact angle goniometer Data physics Instruments (Kriiss GmbH
Germany, model: DSA 10-Mk2) was employed to investigate the hy-
drophilicity of the membranes at room temperature. The water contact
angle of the samples was taken using drop shape analyzing software to
study the water pendant drops. Milli-Q water (2 pL) was dropped at a
speed of 24.79 pL./min on the membrane surface. The contact angle was
measured at six different locations, and the mean value was considered
as the final result.

2.3.2. Water uptake analysis
The water uptake of the pristine CTA and CTA/Al, O, nanocompo-
site membranefivas determined by the following procedure; (i) The
specimen was dried in an oven 105°C for a day (ii) the dried
membrane was immersed in milli-Q water at room temperature for two
days to reach adsorption equilibrium (iii) then, the wet membrane
(Ww) was wiped with a tissue to remove unabsorbed water, and the
membrane was instantly weighed (iv) finally, the mass of the dried
membrane (Wd) was obtained by ing the membrane in an oven at
105 °C for 24 h and weighing. The water uptake of the membranes was
determined according to the following equation.
W, — Wy

Water uptake (%) = ———— x 100%
Wy 1

2 SEM analysis

scanning electron microscopy (SEM) (Philips XL30 SEM, the
Netherlands) analysis was performed to scrutinize the surface and
cross-sectional morphology difference between the pristine CTA and
CTA/Al;03 nanocomposite membranes. The samples were fractured in
cryogenic liquid nitrogen before observation of the cross-section. Each
sample was sputter-coated with a thin layer of gold under vacuum to
prompt conductivity before examining. Different kV voltages were used
to obtain the images: a voltage of 10kV for the crosssection SEM
images and 5 kV for the membrane surface SEM images.

234 !‘m analysis
The chemical composition of the pristine CTA and the change of the
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ch@istry of CTA/Al;O3 nanocomposite membrane were investigated
by attenuated total reflectance-Fourier transform infrared spectroscopy
(ATR-FTIR, Perkin Elmer, spectrum 100, USA). The spectra were in the
span of 4000-650 cm ™'

2.3.5. Mechanical analysis

The mechanical properties such as the tensile strength, and Young
modulus of the pristine CTA and the CTA/Al,0; nanocomposite mem-
branes were examined using a testing machine (mini tensile/compres-
sion machine, Instron 5943) at room temperature and at a speed of
2mm/min. At least three specimens for each of the different mem-
branes were measured and an average value was considered.

2.3.6. TGA analysis

The thermal stability of the pristine CTA and CTA/Al,O; nano-
composite membranes was investigated by a thermo-gravimetric ana-
lyzer (TGA Q 500, TA instruments, USA). The samples (4-5 mg) were
placed in the sample pan and heated up to 550 °C at rate of 10 ‘C/min
under nitrogen purge (40 mL/min}, then the mass loss was recorded.

2.3.7. Pervaporation experiment

The performance of CTA/Al,0; nanocomposite membranes in de-
salination by pervaporation was studied in a laboratory scale apparatus.
The membrane was placed and sealed in a stainless steel module with
an effective membrane area of 19.625 cm?. During the measurements,
milli-Q water and a range of salt concentrations in the feed were used to
test the desalination performance of the membranes. A well-mixed and
stirred feed solution was poured into the feed tank and heated to the
intended operating temperature. The liquid feed was then pumped into
the membrane module with a peristaltic pump, at a of = 80L/h
and the retentate was circulated into the feed tank. A vacuum pump
with low pressure below 1 mbar was used at the permeate side of the
membrane to create the vapor pressure difference across thdflhembrane
and the permeate vapor was collected in a cold trap using a double U
shaped glass tube immersed in liquid nitrogen. One measurement took
at least 2h and in the interval of time, the collected permeate was
weighed. Each membrane was measured at least three times and the
arithmetic mean was taken as the final result The schematic re-
presentation of laboratory scale apparatus used for PV desalination is
shown in Fig. 1.

The separation performance o.wmbrane in pervaporation desali-
nation was analyzed in terms of water flux, J (kgm *h~') and salt
rejection, R (%).
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m

Water flux (J) = @axo @

where m is the amount of water collected at the permeate side (kg), A is
the effective area of the membrane (m?) and t is the time taken to
collect the permeate (h).'le salt rejection was evaluated using Eq. (3],
where C; and Cp are the salinity in the feed and the permeate solution.
The salinity of water was determined by Consort model C831. The
conductivity meter was calibrated using different salt standard con-
ductivity solution ranging from 0 to 84 mS/cm (see Fig. 51).

(Cf - Cp)

- ® 100%

Rejecti %) =
ejection (%) o @

3. Result and discussion
3.1. Membrane characterization

3.1.1. Morphological characterization

The primary particle size of the Al:O; nanoparticles was below
20nm (as indicated by the supplier Aladdin, China). However, there
was an aggregation of Al,O, nanoparticles in powder form; this might
be because of compression of the nanoparticles during packaging.
Fig. 2a shows a SEM image of the powder Al,0, nanoparticles, where it
can be seen that the actual particle size is in the range 0.087-11 pm (see
Fig. 52).

Agglomeration of nanoparticles in the suspension of Al,O; powder
nanoparticles might lead to aggregated nanoparticles in the membrane
structure, which leads to a reduction of the mechanical strength [34].
As such it will decrease the membrane performance. Dynamic Light
Scattering (DLS) was used to investigate the behavior of Al,0; nano-
particles in the suspensions. Fig. 2b shows the particle size distribution
of Al,O, nanoparticles at different concentrations in DMSO. As can be
observed from Fig. 2b, the primary particles size of Al,05 in the sus-
pensions are 52-54 nm, then the aggregations of nanoparticles occur at
diameter 219 nm, 214 nm, 194 nm, and 212 nm, respectively, for Al,O3
content of 1%, 2%, 3% and 4%, while the agglomeration reached to a
particle diameter of up to 921 nm for a suspension of 1% Al,0; and up
to 2009 nm for 4% Al2O5 [35]. Thus, a different content of Al;05 in the
suspension affected the agglomeration. Theoretically, the inter-particle
interaction played a major part in affecting the dispersion behavior of
nanoparticle suspension. Neighboring nanoparticles have a tendency to
aggregate together, especially within short distances when the attrac-
tive forces such as van der Waals dispersion force dominates over the
repulsive forces [36]. Increasing the concentration of Al,O3 reduces the

Retentate

Pump

@ T-indicator 1
Heating @

Membrane module

-

—® P-2 (mbar)

Liguid nitrogen trap

Vacuum pump

Fig. 1. Schematic laboratory scale apparatus for pervaporation membrane desalination process.
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Fig. 2. SEM image of the powder Al;O5; nanoparticles (a), and diameter of Al;05; nanoparticles in the suspension (b).

distance between Al,0, nanoparticles, leading to reduced electrostatic
repulsion, hence the agglomeration occurs.

An increasing Al,O; content in the suspension also resulted in the
enlargement of the average particle size diameter. The effect of in-
creasing nanoparticles on the membrane surface morphology was in-
vestigated by SEM images, shown in Fig. 3.

As shown in Fig. 3a, the surface of a pristine CTA membrane was
smooth and dense. However, when Al;O; nanoparticles were added to
the CTA membrane, the nanoparticles appeared as white spots on the
membrane surface (see Fig. 3b—e). Increasing the content of Al,0, na-
noparticles up to 4% resulted in numerous protrusions on the mem-
brane surface due to nanoparticle aggregation. Image J was used to
measure the length of aggregation of Al;0; nanoparticles based on SEM
image (Fig. 3b—e). The smallest and the largest of particle size of ag-
gregation on the membrane surface is listed in Table 1.

The morphology of the cross-section of the membrane was in-
vestigated by SEM; the images for pristine CTA and CTA/AlO3 nano-
composite membranes are presented in Fig. 4. Fig. 4a shows an asym-
metric membrane with sponge-like structure for pristine CTA, while
Al,O nanoparticles are attached on the sponge-like structure for CTA/
Al,0; nanocomposite membranes as shown in Fig. 4b—e. Aggregation of
Al205 nanoparticles also occurs in the cross-section, as can be seen in
Fig. 4d—e. SEM images shown in Figs. 3 and 4 reveal that the fabricated
membrane are dense, with an asymmetric structure. The images also

Table 1
Aggregation of Al;O; nanoparticles on the surface of the CTA/Al:O5 nano-
composite membrane.

Membrane code Aggregation of Al,O, (um)

Smallest Largest
CTA-1% AlO4 0.03 0.65
CTA-2% ALO, 0.10 1.30
CTA-3% ALO, 0.13 3.60
CTA-4% AlO, 0.13 4.19

indicate that increasing the concentration of Al,0; nanoparticles on the
CTA membrane results in aggregation of nanoparticles on the surface
and in the cross-section of the membrane.

3.1.2. FTIR characterization

The FTIR analysis of a pristine CTA membrane and CTA/AlO3 na-
nocomposites membranes is shown in Fig. 5. As expected, all prepared
membranes were found to have the typical spectrum of CTA, i.e,, a C=
0 and —CH, at peak 1737 and 1367 cm !, C—O stretching and C-O-C at
peak 1210 and 1031 cm ~'. The characteristic bands at 2955 cm ™! and
in the range 3631-3484 cm ~ ! are ascribed to the stretching vibration of
C-H and O-H, respectively. Compared with the pristine CTA

Fig. 3. Top view of SEM images of (a) CTA pristine, (b) CTA-1% Al;0s, (¢) CTA-2% Al;0s, (d) CTA-3% Al:Os, and (e) CTA-4% Al:0; nanocomposite membrane

(magnification 3500 x ).
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Fig. 4. Cross-sectional of SEM images of (a) Pristine CTA, (b) CTA-1% AlLOs, (¢) CTA-2% Al,O0,, (d) CTA-3% Al,O,, and (e) CTA-4% Al,0; nanocomposite mem-

brane.
100 ~
80 4
=
=)
o
51
g 60 1 = Pristine CTA
E — CTA- 1% ALO,
g — CTA- 2% ALO,
£ 404 —CTA- 3% ALO,
e — CTA-4% ALD,
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T T T
1000 2000 3000 4000

Wavenumber (cm” ]}

Fig. 5. FTIR spectrum of pristine CTA and CTA/Al;O; nanocomposites mem-
branes.

membrane, new peaks were observed in the range 700-900 cm L the
peaks in the range 400-1000cm ™' represent the y-phase of alumina.
Fig. 5 shows the asymmetric stretching, symmetric stretching and
bending vibrations of the Al-O-Al bonds at 814, 768, and 652 cm ™ *,
respectively [37]. The FTIR results confirm that Al,O4 nanoparticles are
present in the prepared nanocomposite membranes, while the de-
creasing percentage of peaks transmittance in the range 700-900 cm ™'
is related to the higher concentration of Al:O; nanoparticles in the
membrane.

3.1.3. Mechanical properties

Tensile strength, Young modulus, and elongation were examined;
the results are shown in Fig. 6. In Fig. 6a, it can be seen that the ad-
dition of 1% Al,0, resulted in a slight enhancement of mechanical
properties compared to the pristine CTA membrane (from 49.5 to
55.96 MPa). However, a further increase up to 4% AlO; caused a re-
duction of the tensile strength to 17.32 MPa. This might be due to the
presence of aggregated Al,Os; nanoparticles on the membrane, as in-
dicated in Table 1, and the non-uniform distribution of Al,05 in the
CTA matrix. The aggregation of Al,0; nanoparticles caused by weak
adhesion at the interface, thus decreased the tensile strength.

Fig. 6a shows that the incorporation of 1% Al,0, nanoparticles into

a CTA membrane improves the tensile strength but the elongation at
break decreases. The CTA-1% Al,0; nanocomposite membranes are
harder and thus less deformable due to breaks at low strain. Never-
theless, additions of Al,O3 nanoparticles of = 2% resulted in a reduc-
tion of both of the tensile strength and elongation at break. Increasing
the concentration of Al,0; nanoparticles into the CTA dope solution
affects the dispersion quality, which leads to weak interactions with the
polymer, and subsequently decreases the mechanical properties. Fur-
thermore, the tendency of nanoparticle aggregation occurs at high
concentrations of Al,O, in the CTA dope solution, creating macro- and/
or microvoids in the membrane, which eventually makes the membrane
fragile.

3.1.4. Thermal properties

The thermal behavior of pristine CTA and CTA/Al:03; nanocompo-
site membranes was studied by TGA analysis. Fig. 7 shows that all the
membranes have the similar stage of weight loss. The first stage below
300 °C represents the evaporation of residual moisture or solvent. The
second stage in the temperatures range 300 to 380°C indicates the
thermal degradation of the CTA chain and the third is carbonization of
the decomposed membranes which occurs at temperatures above
380 °C, leaving the remaining compounds, i.e., inorganic Al;0; nano-
particles. The residual weight loss of the membranes during TGA
measurements shows in Fig. 54. It was concluded that the prepared
CTA/Al,04 nanocomposite membranes resulted an appropriate thermal
stability for PV desalination, which is usually operated in the range of
30-80 °C as feed temperature.

3.1.5. Contact angle and water uptake analysis

The transport mechanism in PV is assumed to be solution-diffusion,
in which the first step is adsorption. Hence, a hydrophilic material is
important in this process. Generally, contact angle measurement is used
to evaluate the surface wettability or hydrophilicity of membrane. The
surface hydrophilicity of pristine CTA and CTA/Al,O; nanocomposite
membranes was determined by measuring the water contact angle. As
presented in Fig. 8a, the pristine CTA membrane has a contact angle of
69°, and the contact angle decreases to 52° with the addition of Al,O5
nanoparticles up to 4%. The membrane surface of CTA/AlO3 is more
hydrophilic than the pristine CTA due to the greater affinity of metal
oxides to water [38]. Increasing the Al,0; nanoparticles content im-
proved the hydrophilicity of the pristine CTA membrane due to the
hydrophilicity of the Al,O; nanoparticles, containing hydroxyl groups
on the surface. Furthermore, the presence of Al,O, on the membrane




L Prihariningtyas, et al.

a)

l:lT{!lliil{! strength = w= voung modulus

904 4 1200
—_
o
2|
< T R R
= 604 T 1 T 1800
=11} T
5 1
= I
I T
w - 4040
‘@ 304
=
ﬁ ’—x—‘

T T T T T T T T T T T a
] 1 2 3 4 3

."\12 03 content (wt %)

Fig. 6.
1004z = = == == =
. 754
g
@ —— Pristine CTA
= 504 = = CTA- 1% ALD,
= e CTA- 2% ALO,
S T CTA- 3% ALO,
=
254
0 T T -
100 200 300 400 500
Temperature (°C)

Fig. 7. TGA curve of pristine CTA and CTA/AlLO; nanocomposite membranes.

surface might cause roughness by creating protrusions. The enhance-
ment of the membrane hydrophilicity might potentially accelerate the
permeation of water through the membrane.

Water uptake measurements were used to estimate the water ad-
sorption capacity of the membranes. The water uptake of pristine CTA
and the nanocomposite membranes is depicted in Fig. 8b. It was found
that the water uptake of the membrane increased with the addition of
Aly05 nanoparticles in the membrane. The increment of water uptake
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b)

% Elongation

1
."\11093 content (wt %)

2

3

Mechanical properties of pristine CTA and CTA/Al;O; nanocomposite membranes: a) Tensile strength and modulus young, b) % elongation.

may be associated with the higher hydrophilicity of the nanocomposite
membrane [39]. The maximum water uptake of the nanocomposite
membrane was obtained at 2% of Al,O,; the water uptake decreased
with further addition of nanoparticles due to the aggregation of nano-
particles in the matrix, causing a lower surface area of nanoparticles,
which reduces the adsorption of water.

!2. Performance of CTA/Al,04 nanocomposite membranes in PV
desalination

3.2.1. Effect Alz05 content on membrane performance

The effect of the content of Al,O; nan ticles on the pervapora-
tion desalination performance is indicated in Fig. 9. The water flux of
the membrane was substantially elevated with the incorporation of
Al;05 nanoparticles. The optimum water flux was obtained with addi-
tion of 2% of Al,0, nanoparticles; filis flux was three times higher than
for the pristine membrane (2.2kgm 2h™ ! to 6.7kgm 2h '), while
the NaCl rejection remained at 99.8%. The presence of Al,0; nano-
particles in the fmbrane promoted its hydrophilicity, which even-
tually enhanced the water flux. However, the water flux diminished
with a further increase of Al,O; content. The integration of AlOz in a
CTA membrane improves both the surface hydrophilicity and water
uptake (see Fig. 8); nevertheless, a higher content of Al,O; triggers the
aggregation of nanoparticles in the polymer matrix (see Figs. 3d—e and
4d—e), which might inhibit the water permeation in the membrane.
Furthermore, the thickness of the membrane was increased by in-
creasing the fraction of Al,O, nanoparticles (see Fig. $3). Therefore, the
lower water flux may also emanate from the mass transfer resistance as
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Fig. 8. Contact angle (a), and water uptake (b) of pristine CTA and CTA/Al,O; nanocomposite membranes.
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the thickness of membrane increases, the mass transfer resistance in-
creases and thus, the water flow through the membrane noticeably
declines [29],[40].

Fig. 9 shows the NaCl rejection, which is maintained above 99%.
The high rejection in the PV desalination process can be explained as
following reasons: 1) NaCl does not permeate to the downstream side of
the membrane because it is a non-volatile compound, 2) the major
component in the feed is water and CTA/Al,O4 is a hydrophilic mem-
brane, so that water molecules will be favorably diffused into the
membrane corresponding to the solution-diffusion model [41], 3) All
prepared CTA/Al,O3; nanocomposite membranes were dense with an
asymmetric structure; NaCl does not solubilize in the dense membrane,
leading to a high NaCl rejection.

!2.2. Effect of feed concentration on membrane performance

Fig. 10 shows the effect of the NaCl concentration in the feed on the
CTA-2% Al:O3 nanocomposite merfilirane performance at 70 °C. The
water ﬂ. decreased by 36% for 90 g/L NaCl in the feed solution
(7.78 kg m *h ! to Skgm_zh_ 1, while increasing the NaCl con-
cer.nion from 30 g/L to 90 g/L reduced the water flux by 25%, from
67kg@ *h 'to5kgm 2h~!.

As shown in Fig. 10, the water flux decreases with increasing feed
NaCl concentration, whil@lhe NaCl rejection is independent of the feed
concentration. A higher NaCl conc@itration in the feed solution de-
creases the water concentration, which subsequently reduces the
sorption of water at the interface of membrane, hence the water flux
declines [13]. According to Fick's law, the water flux drops because by

10 102
. I:l Water flux =W~ Rejection
~ ] Yo v
o 84 {
= - 99
o =
Bn ] =
2 61 =)
é | —H9% o
]
— &
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Feed solution at difference NaCl content (wt%)

Fig. 10. CTA-2% Al:0; nanocomposite membrane performance at different
feed NaCl concentrations at 70°C.
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increasing the salt feed concentration, the thermodynamic activity of
water md.es [4]. Increasing the salt concentration in the feed from 30
to 90 g/L corresponds to a decrease of the water concentration from 97
to 91 wt%, and subsequently the sorption of water at the liquid/mem-
brane interface decreases [13], which in turn, negatively affects the
driving force of water molecule diffusion through the membrane. Fur-
thermore, at high feed salt concentrations, the concentration of hy-
drated ions on the membrane surface becomes high; as a result, the
water flux declines. The performance of the CTA-2% Al:O; nano-
composite PV membrane was investigated for concentrations in the feed
solution in the range of 30-60 g/L, which is around and above the
concentration of seawater. When the salt collentration increased to
90 g/L, the water flux decreased by only 25% (5 kg m~2h~!), while the
salt rejection remained at least 99.8%. This suggests that the CTA-2%
Al;03 nanocomposite PV membrane is suitable for desalination of hy-
persaline solutions, which can be functional in membrane crystal-
lization in the production of clean water and salt crystals from RO
brines, in view of zero liquid discharge.

!2,3, Effect of feed temperature on membrane performance

Temperature is an imperative factor for the performance of PV de-
salination, as increasing the feed temperature influences the solubility
and diffusivity of water in the membrane [42]. Fig. 11 shows the water
flux at different feed temperatures and feed NaCl concentrations for the
CTA-2% Al;O3 nanocomposite mefilbrane. It was shown that water flux
increased with an increasing m&d temperature from 40 to 70°C.
Enhancing the feed temperature leads to an increased water flux. First,
the water vapor pressure on the feed side increases exponentially with
the feed temperature, while the vapor pressure on the permeate side
remains constant; therefore, the driving force increases and conse-
quently the water flux is enhanced. Secondly, increasing the tempera-
ture enhances the diffusion coefficient of water, which helps the water
molecules to transport through the membrane easily. Thirdly, the larger
free volume of the polymeric membrane at higher feed temperatures
facilitates the diffusion of water molecules through the free volume
[41].

For further elucidation of the effect of temperature on water per-
meability through the pristine CTA membrane and CTA/AlL,O; nano-
composite membrane, the relationship between feed temperature and
water flux was fit with an Arrhenius relationship [43].

—Ea
Ji= -F::CXP[ ]

T #

where J; is the water flux (kg m™ 2h™ Y, J, is the pre-exponential factor
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Fig. 11. Water flux at different feed temperatures and NaCl concentrations for a
CTA-2% Al,0; nanocomposite membrane.
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Fig. 12. !—rhmius plot of In (J) and 1,/T: a) Pristine CTA membrane and b) CTA-2% Al;0; nanocomposite membrane.

(kgm 2h~'), R is the gas constant (kJmol 'K~'), T is the feed
temperature (K), and E, is the activation energy (kJ mol~ '), which can
be determined from the slope of the Arrhenius plot of In (J) vs 1/T
(Fig. 12).

Fig. 13a shows the Arrhenius plot of In (J) and 1/T for pristine CTA
and Fig. 13b for the CTA-2% Al,03; nanocomposite membrane at dif-
ferent NaCl concentrations. A linear relationship between the natural
logarithmic of water flux and the reciprocal temperature was indeed
observed.

Table 2 summarizes the activation energy required for water mo-
lecules to permeate through the pristine CTA membrane and the CTA-
2% Al,O3 nanocomposite membrane. It can be seen that the activation
energy was increasing with feed concentration for both types of mem-
branes. This might be attributed to the effect of the high mass fraction
of salt, leading to concentration polarization, which reduces the water
fraction adjacent to the membrane surface, resulting in a pronounced
resistance against diffusion and permeation [44]. However, the acti-
vation energy for a water molecule to permeate through the CTA-2%
Al,O; membranes at different feed concentrations is prominently lower
than the activation energy of the pristine CTA membranes. The value of
E., for water permeation through pristine CTA membrane was
43.2kJmol ! while for the CTA/ALO5 (2 wt%) nanocomposite mem-
brane it was 34.4 kJmol ~ ! for a concentration of 90 g/L. The low value
of Ea in the CTA-2% Al,0; nanocomposite membrane underlines the
enhancement of water permeability through the membrane by the in-
corporated Al,O, nanoparticles.
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Fig. 13. PV desalination performance of CTA-2% Al;0; nanocomposite during
12h.

Table 2
Activation energy of CTA and CTA-2% Al,0; nanocomposite membranes in PV
desalination at different feed NaCl concentration.

Membrane type Feed concentration Activation energy (kI mol™ ')

Pristine CTA Mili-Q water 34.1
30g/L NaCl 38.2
90g/L NaCl 43.2
CTA-2% ALO, Mili-Q water 30.8
30g/L NaCl 333
90g/L NaCl 34.4

3.2.4. CTA-2% Alz05 membrane performance in 12 h PV desalination

The CTA-2% Al;O3 nanocomposite membrane was investigated for
the stability of its performance during 12h pervaporation. Fig. 13
shows the PV desalination performance of CTA-2% Al,O; nano-
composite during 12 h using a feed solution of 30 g/L NaCl at 70 °C. The
water flux was nearly constant and the NaCl rejection was maintained
above 99%. Thus, the membrane has a good stability, due to the nature
of the dense structure of the membrane, the good compatibility be-
tween the fillers and the CTA matrix and the enhanced hydrophilicity of
the nanocomposite membrane.

3.2.5. Comparison the pervaporative desalination performance with
previous studies

The pervaporative desalination performance of the CTA-Al,O; na-
nocomposite membrane was compared to other PV membranes for
desalination, as shown in Table 3.

The CTA/Al:0; nanocomposite membrane showed better perfor-
mance than those cellulose based membrane in previous study.
However, Xu et al. [26] obtained a higher permeate flux using Graphine
oxide/aAl,O in higher temperature with thinness membrane.

4. Conclusion

A series of CTA/Al,O; nanocomposite membranes was prepared
using the phase inversion-solvent evaporation method for pervapora-
tion desalination. Blending 2% Al,O, into a CTA casting dope was
found to enhance the water flux. The incorporation of Al,O; in CTA
membranes improved the hydrophilicity,.nechanical strength and
thermal stability of the membranes. The water flux of the CTA-2%
Al,05 nanocomposite membrane was increased by 2'% compared to a
pristine CTA membrane (from 2.2kgm >h ' to 6.7kgm ™ >h ™~ !) using
30 g/L aqueous NaCl as feed solution at 70 °C, with a salt rejection of at
least 99.8%. The activation energy required for a water molecule to
diffuse through the pristine CTA membrane was increased from 34.1 to
43.2 kJ mol ! using Milli-Q water and 90 g/L of aqueous NaCl solution,
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Table 3

List of pervaporation membranes and their performance for desalination.
Membrane Temperature in feed side  Conditions on Saline feed concentration  Membrane Flux (kg/m’"h)  Salt rejection Reference

cy permeate side (g/L) thickness (%)
(m)
Cotton cellulose 40 Vacuum 40 30 4.55-6.7 - 45
Cellulose diacetate on PTFE 40 Vacuum 40 35 4.5-5.1 - 45
Cellulose triacetate 50 Alr sweep 100 10 2.3 99 12
Cellulose acetate 70 Vacuum 40-140 20-25 5.97-3.45 99.7 44
Graphine oxide/aAl, 0y Q0 Vacuum a5 0.4 48.8 99.7 26
Carbon molecular sieve/ 75 Vacuum 35 - 25 93 46
anl0,

Cellulose triacetate/Al20s 70 Vacuum 30 13 6.7 99.8 This study

respectively; for the CTA-2% AlO3; nanocomposite membrane the ac-
tivation energy slightly increased from 30.8 to 34.4 kJmol~!. These
results reveal that the CTA-2% Al,O; nanocomposite membrane is
suitable for desalting hypersaline water. Moreover, the CTA-2% Al.Og
nanocomposite membrane has a good stability of PV desalination per-
formance for 12h separation. Hence, the CTA/Al;0; nanocomposite
membrane is a promising candidate to treat high salinity water for PV
membrane application.
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