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ABSTRACT

With the continual progress in developing the forward osmosis (FO) membrane, in both indus-
try and academia, it is prospected to remain the best alternative technique for the production of
freshwater. The current paper focuses on the preparation and characterization of FO membranes
and ZnO nanoparticles (ZnO NPs) that can be used for membrane modification to enhance its per-
formance. FO membranes are fabricated in our labs from the cellulose acetate (CA) polymer by phase
inversion methods. These membranes are easy to prepare, stable against bacterial attack, chemi-
cal, and mechanical changes, as well as showing excellent performance and superior economics.
The optimum conditions for preparing forward osmosis cellulose acetate (FO-CA) membranes are;
7 wt.% CA, 92.75 wt.% acetone, and 0.25 wt.% ZnO NPs per unit percentage of CA in aqueous
solution. A new approach for the modification of CA membranes using the synthesized ZnO NPs
was shown to enhance the performance of membranes for forward osmosis water desalination pro-
cess. We study the effect of polymer concentration, membrane thickness, and membrane modifi-
cation by ZnO NPs on membrane performance. The fabricated membranes were characterized by
X-ray diffraction (XRD), scanning electron microscopy (SEM), attenuated total reflectance-Fourier
transform infrared spectroscopy, and the mechanical properties were studied in order to expose the
best membrane for water desalination and also the synthesized ZnO NPs were characterized by
XRD and SEM. The performance of the CA/ZnO NPs membranes were examined using parameters,
such as contact angle, surface area and pore size, water flux (J ), and salt rejection (R%). Compared
with the pure CA membrane, the CA membrane modified with ZnO NPs was more hydrophilic,
with an improved water contact angle (~47.6 + 2°) over the pure CA membrane (~63.85 + 2°) and
it showed improving in water flux (26.57 L h™ m™) over the pure CA membrane (19.42 L h™ m?),
also it showed salt rejection 99.5% of Na', 100% of ClI-, and 99.6% of Mg*". The water flux increased
in the case of CA membrane modified with ZnO NPs is due to increasing in surface area and total
pore volume than the pure CA membrane by 23% and 20%, respectively. This demonstrates that the
CA membrane modified with ZnO NPs can significantly improve the membrane performances and
was suitable to enhance the selectivity, and water flux of the membranes for water desalination.
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1. Introduction

General water crisis and fresh water scarcity are those
of the most serious challenges during the last decades.
Nowadays, the desalination process has a noticeable position
in addressing the challenges [1]. Major interests expressed
in the desalination of water using reverse osmosis (RO) are
(1) high applied hydraulic pressures to produce the driv-
ing force for osmosis results in high energy consumption,
(2) environmental problems in the drainage of concentrated
brine, and (3) operational costs in the replacement of mem-
brane. For any new desalination technology to be commer-
cially applicable it must offer considerable improvements
over RO in at least one of many performance measures.
Because of the absence of external hydraulic pressure,
FO has several unique advantages in terms of low energy
consumption, efficient water recovery, low membrane
fouling, and easy fouling removal, compared with conven-
tional pressure-driven membrane processes such as RO,
nanofiltration (NF), and ultra-filtration (UF) [2]. Due to these
reasons, FO has attracted massive attention within the mem-
brane community which sees research efforts intensifying
over the past decade, especially within the last 8 y (Fig. 1).

Forward osmosis (FO) for desalination exhibit with the
promise of overcoming the challenges of pressure-driven
membrane processes. FO uses a semi-permeable membrane
to separate water from dissolved salts similar to reverse
osmosis process [4]. The semi-permeable membrane works
as a barrier that permits small molecules such as water to
pass through while blocking larger molecules. In this pro-
cess, a concentrated solution owns higher osmotic pressure
(draw solution) than the feed is circulated on the permeate
side of the membrane. The osmotic pressure gradient across
the membranes acts as the driving force for the transfer of
pure water through the membrane. FO operates at low pres-
sures, gives high rejection of dissolved solutes and provides
low fouling propensity [2]. The main challenges in the FO
process are the selection of a suitable osmotic agent to make
draw solution and preparation of effective membranes
which offer high water flux, high salt rejection with no
internal concentration polarization (ICP). Another area of
interest in the FO process is the recovery of pure water from
draw solution which depends upon the performance of the
membranes and draw solute used. The main contributing

factors for the success of this membrane are the relative
thickness of the membrane and the internalisation of fab-
ric support layer. Various draw solutes and their recovery
have been reported in literature, but only few of them could
be considered acceptable in terms of recovery and energy
requirements [4]. Keeping in view of the high fluxes and
detention of solutes in nanofiltration separation process,
nanofiltration (NF) might reduce the energy consumption
in the recovery of pure water. The recovery of pure water,
reuse of draw solution and the energy consumption in the
combined FO and NF process will determine if FO can be an
alternative to RO or not. However, due to the low permeabil-
ity of the current FO membranes the FO-NF process needs
far greater membrane area than RO, but at the same time
the equipment cost will not be as high because FO is car-
ried out at atmospheric pressure. Membranes offering high
mechanical strength, fluxes, salt rejections, and low ICP are
fatal for the commercial success of FO. However, the lack
of effective membranes had disturbed FO development. In
this regard, many researches condensed on FO membrane
development during last decade. Different types of FO
membranes including phase-inversion, thin-film composite
and layer-by-layer have been fabricated [5-13]. Usually, a
high performance FO membrane requires (1) a thin selec-
tive layer with high water permeability as well as low solute
permeability, (2) a highly porous and hydrophilic support
layer with proper water transport as well as low ICP, and
(3) valuable anti-fouling properties [14-16]. Different kinds
of relatively costly materials have been applied to prepare
FO membranes such as polysulfone [11,17], polyethersul-
fone [13,18], and their sulfonated materials [7,8,12,19]. Since
cellulose-based membranes have actual advantages including
low cost, wide availability, high hydrophilicity, low fouling,
and excellent chlorine resistance, cellulose esters are alter-
native materials in the fabrication of FO membranes [20,21].

The object of this paper is developing new cellulose
based membranes to enhance the FO process perfor-
mance. One approach to this objective is optimizing the
composition of casting solution and preparation condi-
tions of the FO membrane. In this paper nanotechnology
along with membrane science has been applied to build a
high-performance FO membrane. The work reports the
effect of polymer concentration, membrane thickness, and
the addition of ZnO NPs on water flux and salts rejection in
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Fig. 1. FO publications since 2005 (based on SCOPUS database) [3].
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the FO process. Membranes are tested in FO processes using
anhydrous magnesium sulphate as the draw solute which
can be separated by nanofiltration for reuse. Hybrid inor-
ganic nanocomposite membranes are promising materials
in FO application. The incorporation of inorganic nanopar-
ticles in membranes can result significant changes in the
membrane properties such as surface morphology, surface
area, hydrophilicity, and FO performance [15,22-24]. It is
worth mentioning that the physical and chemical properties
of the membrane matrix can be tailored by the choice of the
inorganic nanoparticles. In this regard, ZnO NPs as hydro-
philic inorganic nanoparticles were selected to improve the
cellulose-based membrane structure, surface properties,
and performance [25].

2. Materials and methods
2.1. Chemicals

All reagents were of pure or analytical grade (Aldrich
and Fluka, Germany) and were used as received. The solu-
tions were prepared with pure distilled water. Cellulose
acetate (CA) with 39.7 wt.% acetyl content with an average
molecular weight of 52,000 g mol™ (Aldrich) was used as the
polymer forming membrane. Polyvinylpyrrolidone M.W.
3500 (PVP-K12), anhydrous zinc chloride, sodium lauryl
sulfate (SLS), anhydrous magnesium sulfate and sodium
chloride were purchased from Sigma-Aldrich, (Germany).
Acetone HPLC with an analytical purity of 99.9% (Aldrich)
and distilled water was used as the solvent and non-solvent,
respectively. Nonwoven support with a thickness of 90 um,
obtained from PHILOS Co., Ltd., Korea was used as backing
to cast membranes.

2.2. Synthesis of ZnO nanoparticles

The ZnO nanoparticles were synthesized using the
hydrothermal method, which does not require the use of
organic solvents and can be considered an environmen-
tally friendly technique [26]. Three grams of zinc chloride
was dissolved in 20 mL of distilled water. Sixteen milliliters
of a 5 M NaOH solution was added drop wise to the zinc
chloride solution while gently stirring for a period of 60 min
at 50°C. During this period, 1.5 g of SLS was dissolved in
15 mL of distilled water and was added to the zinc chloride
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Fig. 2. Membrane formation process.

mixture. SLS, as a surfactant, plays an important role in the
modification of the ZnO particles, and acts as an insulator
between the nanoparticles, allowing them to overcome the
interacting forces between them to create a homogeneous
dispersion. A white precipitate appears immediately upon
mixing the zinc chloride solution. The mixture was moved to
a Teflon stainless steel autoclave (volume 80 mL) and filled
with deionized water up to 80% of the reactor volume for
hydrothermal treatment at 120°C for 5 h. The autoclave was
then allowed to cool down naturally. The suspended ZnO
nanoparticles were centrifuged at 6,000 rpm for 15 min and
collected as a white precipitate. The precipitates were washed
three times with distilled water and then ethanol to remove
impurities. They were then dried at 50°C for 5 h and stored.

2.3. Preparation of FO membranes by phase inversion

CA/ZnO flat sheet membranes were prepared by the
phase inversion method. Fig. 2 shows the membrane for-
mation process. Nonwoven support was pasted to the glass
plate using 10 wt.% polyvinylpyrrolidone (PVP-K12) solu-
tion in water. In order to prepare membranes, a dope solu-
tion of CA was prepared. At first ZnO nanoparticles were
mixed with acetone and stirred for 2 h. The mixture was
sonicated for 3 h in sonication cell to ensure a homogeneous
spread of the nanoparticles. Then CA (7 wt.% by weight of
the solution) was added to the initial mixture in three 30 min
intervals and dissolved in the solvent. The concentration
of ZnO nanoparticles added to CA were varied from 0 to
0.5 wt.% per unit percentage of CA. Then the mixture stir-
ring for 8 h to has optimal dispersions of the nanoparticles in
the polymer solutions. The casting solutions were then kept
for 24 h to remove air bubbles. After that, the casting solu-
tions were cast on a glass plate using automatic film appli-
cator in a thickness of 50 um. The membrane was allowed
to dry and the solvent was slowly evaporated in an air for
a suitable time (1 min). The cast films were subsequently
immersed for 5 min in a distilled water bath with a tem-
perature of 4°C to complete the phase separation process,
where the exchange between the solvent and non-solvent
was stimulated. Finally, the membranes were heat-treated
in a distilled water bath at 70°C for 20 min to remove the
excess acetone. The synthesized membranes were kept in a
container of deionized water to be ready for characteriza-
tion. The thickness of all the membranes is in the range of

Wambrang formation
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110-120 um. In the method described in this manuscript, the
nonwoven fabric is pasted to the glass plate to prevent the
bleeding of polymer solution which leads to the formation
of air pockets.

2.4. Experimental setups and operating conditions

In order to obtain trustworthy and accurate experi-
mental results, the laboratory-scale test systems must be
well designed and fabricated to simulate as closely as a
possible actual full-scale system with minimal differences.
The main experimental setups used in this paper comprised
of the laboratory-scale FO system and the laboratory-scale

NF (suitable for RO as well) system. The detailed descrip-
tion of each system is given.

2.4.1. Laboratory-scale FO system

Fig. 3 shows the schematic diagram of the laborato-
ry-scale FO system while Fig. 4 shows the schematic diagram
of the hybrid FO-NF system configuration.

The laboratory-scale FO system included a specially
designed cross flow membrane cell which has a symmet-
ric channel on each side of the membrane. These Sterlitech
CF042 clear cast acrylic FO membrane cells are laboratory-
scale, modified forward osmosis filtration units designed
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Fig. 3. Schematic diagram of the lab scale forward osmosis experimental set up with NaCl feed and MgSO, draw solution.
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Fig. 4. Schematic diagram of the hybrid FO-NF system configuration.

to provide fast and accurate performance data with
minimal amounts of product, expense, and time. The outer
dimensions were 12.7 cm x 10 cm x 8.3 cm (5 in x 4 in x 3.25 in)
for cell length, width, and height, respectively. Active
area dimensions are 9.207 cm x 4.572 ¢cm (3.625 in x 1.8 in).

This cell made from acrylic and has maximum pressure
27.6 bar (400 psig), active membrane area 42 cm? (6.5 in?)
and maximum temperature of 80°C. The draw and feed
solutions flowed on the permeate side and co-currently on
the feed side, respectively, both of which were controlled
independently by a KNF pump remote controlled for feed
solution, its flow rate 0.2-1.3 L min™ and has maximum pres-
sure 90 psi (Sterlitech cooperation, USA) and peristaltic vari-
able flow pump for draw solution, its flow rate 10-600 mL
min~!, the cross flow rates were measured with a flow-meter
(Blue-white Industries Ltd., model no. F-55375L, USA).
The volumetric flow rates for the experiments were 0.8 L/
min and 0.4 L min™ for feed and draw solution, respectively.
A weighing scale (SB16001, Mettler Toledo, Germany) was
used to monitor the weight changes of the feed solution due
to the water flux across the membrane, from which the water
flux was calculated. Two stainless steel tanks its capacity is
9 L were used, one for the feed solution and the other for
the draw solution.

In this paper, since the unit was operated by recycling
the feed and draw solutions, the water flux would decrease
significantly with time as the draw and feed solution would
be diluted and concentrated with time, respectively. Hence,
the initial water fluxes of the operation, which was calcu-
lated from the first 90 min of the experimental run. Prior
to starting of each experimental run, the air was purged
from both the flow channels, and the fluid flows in both
the channels were allowed to be stabilized for 5 min. This
was necessary to facilitate the development of both external
concentration polarization and ICP layer and to ensure that
the fluid flow rates were stabilized.

2.4.2. Laboratory-scale nanofiltration system

The nanofiltration (NF) experiments were conducted
using a PurePro nanofiltration (NF) membrane model num-
ber NF33-1812-80. Nanofiltration membrane has a slightly
larger pore size than reverse osmosis membrane. Thus,
monovalent salts like sodium chloride (common table salt)

molecules pass through the membrane but larger divalent
salts of calcium, magnesium, and other metals like iron,
heavy metals, etc. are all blocked. NF membrane capacity
is 80 GPD. The feed water (diluted draw solution) that was
stored in a stainless steel cylindrical tank was circulated into
the membrane cell by a KNF pump. NF membrane specifi-
cation and operation limits see Table 1. Fresh NF membrane
was compacted for 2 h at 600 psi prior to each experiment.

2.4.3. Sampling methods

In the conductivities measurements, the conductivity
probe was directly immersed into the feed solution tank,
draw solution tank, and permeate tank for conductivity
measurement. Samplings of liquid samples were carried
out for other analyses. Draw, feed solutions, and NF per-
meate samples were collected from their respective tanks.
If the samples were not immediately used for analysis, the
samples were stored at 4°C for at most 1 d.

2.5. Characterizations of nanoparticles and membranes
2.5.1. Scanning electron microscopy

Surface images of nanoparticles and membrane’s sur-
face were recorded using Quanta FEG 250 scanning electron
microscopy (SEM; FEI Company, Hillsboro, Oregon-USA)
at Egyptian Desalination Research Center of Excellence
(EDRC), Desert Research Center (DRC), Cairo. Samples were
mounted onto SEM stubs. Applied SEM conditions were: a
10.1 mm working distance, with an in-lens detector with an
excitation voltage of 5 kV for membranes and 20 kV for ZnO
NPs. The membranes were snapped under liquid nitrogen
to give a generally consistent and clean cut. Cross-sectional
images of the membranes were obtained also.

2.5.2. X-ray diffraction

The X-ray diffraction patterns of films and nanopar-
ticles were measured with ARL™ X'TRA powder diffrac-
tometer (Thermo Fisher Scientific Inc., USA) at Science
and Technology Center of Excellence (STCE), Cairo.
The diffraction patterns were recorded using metal ceramic

tube Cupper (with Cu-K-alpha wavelength = 1.5405981 A
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Table 1
NF membrane specification and operating limits
Material
Membrane Polyamide composited
(from the USA)
Backing material Polyester
Permeate carrier Tricot
Feed spacer PE
Collective tube ABS
Glue Polyurethane
O-ring EPDM
External Warp Opp tape
Operation limits
Membrane type Polyamide thin film
composite
Maximum operating pressure 600 psig (40.0 bar)
Maximum pressure drop 13 psi (0.9 bar)
Maximum operating temperature 113°F (45°C)
pH range 2-11
Maximum feed water turbidity 1NTU
Maximum feed flow rate 2 GPM (7.6 LPM)
Free chlorine tolerance <0.1 ppm

target with scintillation detector (Nal (TI) scintillation crystal)
at current 44 mA and voltage 45 KV. The data compared
to the International Centre for Diffraction Data [27].

2.5.3. Contact angle measurement

The hydrophilicity of the membrane surface was mea-
sured using a drop shape analyzer—-DSA25 (Kriiss, Germany)
at EDRC, DRC, Cairo, used the sessile drop method at 25°C.
A water drop was placed onto the membrane surface with a
digital micro-syringe with a contact angle between the water
and the membrane measured when no further change was
observed. On average, eight measurements were obtained for
each membrane sample.

2.5.4. Mechanical properties

The mechanical properties of the membrane samples
were measured with TA Instruments Q-Series DMA (Q800)
at EDRC, DRC, Cairo, where the dynamic strain and stress
were measured at room temperature (25°C). Tensile tests
were carried out to assess Young’s modulus and strain at
fracture of samples at the rate of 10 mm min™. The mem-
brane samples were cut into rectangles with a dimension
of 17 mm x 12 mm x 0.10 mm, and fixed perpendicular to
one another in between two automatic gripping units of the
sample, leaving a 3 cm sample extent for mechanical load-
ing. The thickness of the membrane samples was determined
with an automatic micrometer with a precision of 1 pm.
Young’s modulus (Mega pascal, Mpa) was calculated using
the following equation:

Young's modulus(Mpa) = ;}:re‘.ss @
rain

2.5.5. Attenuated total reflectance—Fourier transform infrared
spectroscopy

Analysis by Infrared spectroscopy was carried out using
Nicolet iS50 attenuated total reflectance-Fourier transform
infrared spectroscopy (ATR-FTIR) spectrophotometer at
EDRC, DRC, Cairo.

2.5.6. Surface area and pore size analyzer

Surface area and pore size of CA and CA modified with
ZnO NPs membranes were measured using BELSORP
measuring instruments (BELSORP mini-II, Japan, Inc.) at
National Institute of Oceanography and Fisheries-NIOF.
The specific surface area (SSA) was calculated using the
Brunauer-Emmett-—Teller (BET) equation.

2.5.7. Testing of membranes in forward osmosis process

The feed solution was prepared by dissolving sodium
chloride in 4 L of distilled water (TDS = 1,000 ppm). The
draw solution was prepared by dissolving anhydrous mag-
nesium sulphate in 4 L of distilled water (TDS = 10,000 ppm).
Feed solution reservoirs were placed on weighing bal-
ances and were circulated at a rate of 0.8 and 0.4 L min™
for feed and draw solutions, respectively in a closed loop
using gear pumps. All the experiments were conducted
at 25°C with a feed solution on the active side of the mem-
brane. The area of the membrane used in the FO runs is
0.0042 m?.

2.5.8. Determination of water flux and salt rejection

The amount of water permeated over a period of time,
flux (L h™ m™) was measured from the change in the weight
of feed solution during FO run. Salt rejections were calcu-
lated by measuring the Na and Mg concentrations in the
feed and draw solution before and after FO runs by using
the Eq. (2):

AVolume

]w

@)

Water density x Membrane surface area x time

C7
R%z{l— ’}100 3)
C

r

where | is water flux, Cp is the concentration of the Na or
Mg in the draw and feed solutions, respectively after the
FO run and C, is the concentration of the Na or Mg in the
feed and draw solutions, respectively at the beginning of
the experiment [28]. Feed and draw solution samples before
and after FO runs were analyzed using inductively coupled
plasma mass spectrometry (ICP-MS) for determining the
concentration of Mg, flame photometer for determining the
concentration of Na, and Ion chromatography (Dionex, ICS-
1100, Thermo Fisher Scientific, USA) for determining the
concentration of Cl.
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3. Results and discussions
3.1. Characterization of the synthesized ZnO NPs
3.1.1. X-ray diffraction

The X-ray diffraction (XRD) spectrogram of ZnO
nano-particles synthesized using zinc chloride with water
medium is shown in Fig. 5. In Fig. 5 the distinctive ZnO
peaks at 32.90, 34.5, 36.40, 47.62, 57.28, 63.78, 72.88, and 77.2,
respectively. Fig. 5 exhibits peaks similar to those reported
for ZnO which suggests the formation of ZnO nanoparti-
cles [29]. The XRD pattern for ZnO nanoparticles obtained
with water medium shows much sharper peaks. This
means that the crystallinity is more for ZnO nanoparticles.
The peak at 11.52 is for SLS surfactant indicates that some
impurities of SLS found in ZnO NPs.

3.1.2. Scanning electron microscopy

The surface morphology of ZnO NPs was characterized
by SEM. In Fig. 6, the ZnO nanoparticles appear in sphere
shapes with smooth surfaces.

3.2. Effect of polymer concentration on membrane performance

The objective of this section is to study the effect of
polymer concentration on membrane performance in the
FO process. Therefore, membranes were fabricated at dif-
ferent polymer concentrations for a fixed solvent system.
The prepared membranes were then tested in the FO pro-
cess and evaluated in terms of water flux and salt rejection
(Table 2). Finally, SEM pictures of the prepared membranes
were recorded to observe their morphology.

Membranes with polymer concentrations varying from
4 to 10 wt.% CA were cast using only acetone. The fabri-
cated membranes were tested in the FO process and the
results will be presented and discussed below (Fig. 7). As
can be observed, increasing CA concentration from 7% to
10% intensifies the thermodynamic instability of the cast
film solution and thus demixing of this concentrated solu-
tion can be performed with less amount of nonsolvent. Also,
increase in the CA concentration from 7% to 10% results in
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Fig. 5. XRD pattern of ZnO nanocrystal.

a noticeable increase in viscosity values and this result in an
intensive reduction of mutual diffusivities between the non-
solvent (water) and the solvent (acetone) in the system during
solidification of the casting solution. Thus, using higher val-
ues of CA, the precipitation process is stopped after a lon-
ger time and this leads to preparation of thinner and dense
membranes. Both porosity and thickness of the synthesized
membrane were reduced by increasing CA concentration
[30]. Increasing polymer concentration in the casting solu-
tion results in a more concentrated interface casting solution/
non-solvent during phase inversion, which slows down the
solvent/non-solvent exchange leading to delayed demixing.
Therefore, the resulting membranes display denser skin-lay-
ers and sub-layers [31].

Finally, it was found out that increasing CA concentration
in the casting solution slowed down the demixing process.
The delayed demixing prevented the immediate growth of
nuclei in the membrane structure. This resulted in the cre-
ation and distribution of a large number of small nuclei
throughout the cast film and consequently the formation of
a denser structure. Pure water permeation flux was directly
related to the number of pores and their size in the mem-
brane top layer. It can be said that the rising concentration
of CA up to a “certain value” increases the porosity of the
synthesized membranes. Further concentrations lead to sup-
pression of macrovoids and formation of denser structures in
the sub-layer so water flux decrease [32].

3.3. Effect of thickness on membrane performance

To study the influence of the thickness of the liquid film
in the performance of the membranes, we fabricated mem-
branes with 50, 100, and 200 um. Note that the indicated
thickness is the thickness of the calibrated ruler, not the
final membrane thickness since this is the control parameter,
however, we will present the results for water flux and salt
rejection for the initial liquid film thickness of the membrane.
The membranes were produced using the same solution and
under the effect of similar external conditions (mainly tem-
perature and humidity), the only changes being the ruler
(for obtaining a different thickness of the liquid film) and
the consequent preparation parameters.

Fig. 6. SEM micrographs of ZnO NPs.
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Table 2
Effect of polymer concentration on water flux and salt rejection

Membrane Component compositions Flux R% R% R%
code CA (wt.%) Acetone (wt.%) (Lh"m?) Mg Na a
M1 4 96 6.33 93.5 924 924
M2 6 94 7.52 98.5 97.6 97.5
M3 7 93 9.9 99.95 98.8 100
M4 8.5 91.5 8.71 99.96 99.4 100
M5 10 20 7.52 99.97 100 100
14 : : : : : : : T T T T T T T
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Fig. 7. Effect of CA concentration on water flux and salt rejection
(1,000 ppm NaCl as feed concentration and 10,000 ppm MgSO,
as draw concentration, flow rate 0.8 and 0.4 L min™ for feed and
draw solutions, respectively. All the experiments were conducted
at 25°C with a feed solution on the active side of the membrane.
The area of the membrane used in the FO runs is 0.0042 m?).

The average value of the water flux (] ), and salt rejection
(R%) for three membranes obtained are presented in the fol-
lowing Table 3. Fig. 8 presents the results of water flux and
salt rejection for the membranes produced with a different
thickness of the initial liquid film. Our result showed that
water flux of membranes is indirectly proportional to their
thickness. On the contrary, the salt rejection increases slightly
with membrane thickness.

Concerning the R% values, it was proved that it increases
with the thickness of the initial liquid film, for the lower
thicknesses, obtaining a similar value for the higher thick-
nesses evaluated.

The selective layer is formed in a smooth way when the
thickness is higher and this is probably the cause for the

50 75 100 125 150 175 200
| Thickness of liquid film () |

Fig. 8. Effect of thickness of a liquid film on water flux and
salt rejection (operation conditions as mentioned above in Fig. 7).

observed behavior, which means that the optimum value
of the thickness is therefore 50 pm, which corresponds to a
final thickness of the membrane of 20 pm. Previous studies
[33-35] showed that water flux of membranes is indirectly
proportional to their thickness. Conversely, the salt rejec-
tion increases slightly with membrane thickness depending
mostly on the coherence of the dense film [36]. Considering
the results, and as expected, | values decrease with the
thickness of the initial liquid film increases this is due to the
overall pressure drops across the membrane microporosity
(selective layer).

3.4. Membrane modification by incorporation of ZnO
nanoparticles

ZnO NPs have been used for modifications of CA-FO
membrane resulting in a ZnO NPs modified CA membrane.

Table 3

Effect of different thickness of a liquid film on membrane water flux and salt rejection
Membrane Preparation variables Flux R% R% R%
code CA (Wt.%) Thickness (1) (Lh'm?) Mg Na cl
M6 7 50 19.42 99.95 98.8 100
M7 7 100 14.66 99.97 99.7 100
M8 7 200 9.9 99.7 94.72 100
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Using the synthesized ZnO NPs in CA membrane lead to
enhance the hydrophilicity, increase the roughness, surface
area and increase the interaction sites for more binding of
ZnO NPs on the membrane surface [37]. So, this modification
not only increases the functional groups on the membrane
surface but also decreases the space hindrance for attracting
ZnO NPs.

The relationship of the water flux and salt rejection of
the membranes against the ZnO NPs amount is presented
in Fig. 9. The performance of the membranes with different
contents of ZnO NPs has been investigated in terms of water
flux and salt rejection as shown in Table 4. The water flux
and salt rejection for the CA and modified CA with ZnO
NPs concentrations ranging from 0.005 to 0.5 wt.%. The
ZnO NPs modified CA membranes showed superior water
flux and salt rejection than the pure CA membrane. An opti-
mum membrane performance was obtained at 0.25 wt.%
of the ZnO NPs. The water flux was 26.57 L h™' m™?, while
the salt rejection was 99.5%. The higher water flux and the
salt rejection of these membranes may be explained by the
presence of the polar surface of the ZnO NPs. This surface
is rich in hydroxyl (OH) groups and helps to adsorb ions
during the desalination process. At a low loading amount of
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Fig. 9. Effect of ZnO NPs concentration on water flux and salt
rejection (operation conditions as mentioned above in Fig. 7).

Table 4

ZnO NPs (0.1-0.25 wt.%), a structure with higher porosity is
formed on the top surface of CA and it enhanced the water
flux all over the membrane, this is attributed to the presence
of active hydrophilic functional groups on the membrane
surfaces [38]. The improvement of salt rejection with load-
ing ZnO NPs (0.05-0.1 wt.%), this may be due to the dense
surface caused by the good interaction of ZnO NPs with the
CA matrix membrane.

SEM was used to observe the surface and cross-sectional
morphology of each membrane, including CA and ZnO NPs
modified CA membrane. Figs. 10a and ¢ show the CA with
a smooth surface. Figs. 10b and d show the surface of ZnO
NPs modified CA, where a dense structure was observed.
The modified ZnO NPs membrane shows nodules, and the
pore size was found to increase with an increase in ZnO NPs
concentration. Additional ZnO NPs in the dope solution lead
to rougher membrane surfaces. It is apparent that the ZnO
NPs are uniformly dispersed along the membrane surface,
which exhibits increased pore density and pore size.

It is believed that the addition of ZnO NPs make efficient
the membranes surface properties and generates new flow
paths through the membrane layer, causing an increase in
water sorption and permeability.

Cross-sectional inspection of the membranes was also
made under SEM (Figs. 11a and b). The cross sections of
the CA layer before ZnO NPs modification show a spongy
structure.

A homogeneous propagation of the nanoparticles in the
polymer matrix is shown on the surface, and there is little
evidence of ZnO NPs agglomerations near the surface of
the CA membrane. ZnO NPs modified CA membrane show
smooth, homogeneous surfaces, and seemingly large poros-
ity with less porous voids near the surface. These enhance-
ments in the membrane surface lead to new flow paths in the
membrane layer allowing increased water flux and sorption.

Hence, ZnO NPs constructed a membrane with the
tightly packed surface and spongy structure with a very thin
skin layer, explaining the high solutes rejection rates [39].

3.5. Characterization of the synthetic forward osmosis membranes

The membranes were characterized by ATR-FTIR spec-
troscopy, X-ray diffraction, mechanical properties, and the
change in morphology by SEM, the contact angle, and sur-
face area and pore size, as follows.

Effect of different concentration of ZnO NPs on membrane water flux and salt rejection

Membrane Dope compositions Flux R% R% R%
code CA (wt.%) ZnO (wt.%) (Lh"m?) Mg Na a

M9 7 0 19.42 99.7 99.12 100
M10 7 0.005 13.47 99.7 99.10 100
Mi1 7 0.01 14.66 97.7 99.7 100
M12 7 0.10 21.8 99.9 99.5 100
M13 7 0.25 26.57 99.6 99.5 100
M14 7 0.50 19.42 99.3 99 100
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3.5.1. Attenuated total reflectance—Fourier transform infrared
spectroscopy

Spectroscopic analysis plays an important role in the
polymeric membrane characterization in order to inves-
tigate the incorporated components of the membranes.
ATR-FTIR spectrums of CA and CA-modified membranes
are given in Fig. 12. In case of control, peak at 3,479 cm™
represented stretching of O-H, it indicates the presence of
hydrogen bonding between hydroxyl group in the cellu-
lose network and also the surface OH groups, 1,735 cm™

depicted the strong peak for C=O of carbonyls, 1,431 cm™
indicated bending of C-H followed by peaks at 1,367 and
1,215 em™ rocking and wagging mode of C-H bond. The
strongest peak at 1,035 cm™ specified C-O-C while the
peak at 1,160 and 901 cm™ illustrated the presence of sac-
charide. Similar results had been previously reported in
the literature [40,41]. The band at 901 cm™ (cellulose II) was
assigned to C-O-C stretching at p-linked glucose of cellu-
lose [42,43]. A similar observation was also found in the pre-
vious study [44]. In Fig. 12 peaks at 2,915 cm™ correspond
to the asymmetric C-H stretching, 1,735 cm™ corresponds

Fig. 10. SEM micrographs of CA membranes (50 pm) with different types of nanomaterials. Top surface (260x) (a) pure CA,
(b) 0.25 wt.% ZnO, top surface (8000x), (c) pure CA, and (d) 0.25 wt.% ZnO (10000x).
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Fig. 12. ATR-FTIR spectra of CA and CA modified with 0.25 wt.% ZnO NPs membranes.

to C=0O stretching, 1,160 cm™ (asymmetric stretching of the
C-O-C bridge) and 1,215 cm™ (carboxylate C-O stretch) is
also observed [45]. These peaks were also observed for the
hybrid membrane.

The spectrum of the ZnO NPs modified CA membrane
is shown in Fig. 12. Comparing the ZnO NPs CA mem-
brane with the pure CA membrane illustrates that there is
a stretching vibration band that appears at approximately
1,659 cm™. This band is most largely caused by COO-Zn,
representing the covalent bond between the -COOH group
of the CA and the hydroxyl (-OH) group on the surface of
the ZnO NPs [46]. The appearance of the hydroxyl (-OH)
group peak around 3,480 cm™, is due to the formation of
the intramolecular hydrogen bond between the carbox-
ylic groups (COO-) of CA and the hydroxyl group on the
surface of the ZnO NPs [47]. The CA is flexible, and the
hydroxyl groups on the surface of the ZnO NPs can eas-
ily find a carbonyl group to form the hydrogen bond that
will be stabilized on the membrane surface. The integration
of ZnO NPs into the CA solution is inferred by the shift
of the carboxylic peak due to electron acceptance from the
Zn atoms [48]. This shift is due to the interaction between
the carboxylic groups (COO-) contained in the CA and the
ZnO NPs [49]. Finally, these peaks indicate the successful
integration of ZnO NPs in CA membrane [50].

3.5.2. X-ray diffraction patterns

The degree of crystallinity of CA membranes was
evaluated qualitatively using X-ray diffraction by deter-
mination of the area of the scattering peaks presented in
Fig. 13. The XRD diffraction patterns of X-ray diffraction
patterns of CA/ZnO hybrid membrane (with 0.25 wt.%
Zn0O) and CA membrane are shown in Fig. 13.

It can be observed that the pattern of CA membrane has
four crystalline characteristic peaks at 20 of 14.16°, 17.04°,
18.00°, 22.92°, and 26.28° corresponding to cellulose I as pdf
card no. 00-003-0226 according to International Centre for
Diffraction Data (2017). The peaks corresponding to ZnO
did not appear due to a very small amount of ZnO NPs
(0.25 wt.% from CA concentration) present in CA matrix [51].
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Fig. 13. X-ray diffraction patterns of CA/ZnO (with 0.25 wt.%
Zn0) and pure CA membrane.

In the case of ZnO NPs peaks at 17.04 and 18.00
appear as one peak at 18.04 and peaks shifted to higher
angles compared with those of CA that also indicate that
ZnO interacts with CA. It is observed that crystallinity
decrease in case of make modification to CA with ZnO
NPs as shown in Table 5.

3.5.3. Mechanical properties of the synthetic membranes

The mechanical properties of CA and CA/ZnO NPs
membranes are shown in Table 6 and the stress-strain curves
are shown in Figs. 14 and 15. The CA modified ZnO NP
membranes show decreasing in tensile strength (Mpa), and
improvement in elongation break.

The mechanical properties of the ZnO NP modified
CA has been enhanced by the addition of a small amount
(0.25 wt.%) of ZnO NPs onto the membrane, causing
increased elongation. The mechanical properties of the
membrane depend mainly on the membrane microstruc-
ture and intermolecular forces operating along the mem-
brane backbone [52].

The addition of small amounts of ZnO NPs to the mem-
brane surface causes a uniform dispersal of ZnO NPs in the
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Table 5

Crystallinity of control and CA modified membranes
Sample Crystallinity (%)
Pure CA 59.57
CA+0.25 wt.% ZnO 50.46

Table 6

Tensile stress and elongation-at-break of control and modified
membrane (50 pm thickness)

Membrane Tensile stress Elongation Young’s modulus
type (MPa) (%) (MPa)
Pure CA 16.17 1.74 266.2
0.25 wt.% ZnO 15.13 13.27 312
12 - —— CApure —— CA*0.25wt.% ZnO
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Fig. 14. Mechanical properties of pure CA and CA modified with
0.25 wt.% ZnO NPs membranes.

membrane matrix. This dispersal provides higher uniform
stress distribution, the reduced creation of stress-concen-
tration centers, and consequently enhances the elongation
properties of the membrane [53].

3.5.4. Hydrophilicity of the membranes

The contact angle is an important parameter for mea-
suring surface hydrophilicity. In general, a smaller contact
angle corresponds to a more hydrophilic material. It is evi-
dent from Fig. 16 that there is a decrease in contact angle
by adding ZnO NPs concentrations as shown in Table 7.
These results demonstrated that additives can improve the
hydrophilicity of the membrane. The less hydrophilic surface
shows a larger contact angle with the surface and vice versa.

At first, it should be noted that water flux depends on
both membrane porosity and also membrane hydrophilicity
[54,55]. Thus, the mentioned reduction of water flux cannot
be related to the membrane porosity and thus only can be
related to the membrane hydrophilicity. According to Fig. 16,
adding ZnO NPs results in a lower contact angle and conse-
quently higher membrane hydrophilicity.

The ZnO NPs modified CA membrane show a lower
contact angle of approximately 47.6 + 2° at room tempera-
ture, suggesting that the surface hydrophilicity increased
with surface modifications. The improved hydrophilicity
of the ZnO NPs modified CA membrane may be due to a
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Fig. 15. Tensile stress and elongation-at-break of control and
modified membrane (50 um thickness).
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Table 7
Contact angle of control and modified membranes

Membrane type Contact angle 0 (°)
Pure CA 63.85+2
0.25 wt.% ZnO 47.6+2

Fig. 16. Contact angle of control and modified membrane.

greater attraction of water molecules by the nanoparticles,
and to the presence of active hydrophilic functional groups
on the membranes surfaces. The contact angle decreased
upon addition of the ZnO NPs causing an increase in the
surface energy. This increase in surface energy allows water
to easily spread onto the surface and increases the capabil-
ity of the hydrophilic pores to imbibe water via capillary
effects [56].
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3.5.5. Surface area and pore size

BET analysis provides precise SSA evaluation of mem-
branes by nitrogen multilayer adsorption measured as a
function of relative pressure using a fully automated ana-
lyzer. The technique encompasses external area and pore
area evaluations to determine the total SSA in m? g m? g*
yielding important information in studying the effects
of surface porosity and pore size. It is evident from Fig.
17 that there is an increase in surface area and total pore
volume by adding ZnO NPs. These results demonstrated
that additives can improve the surface area and porosity
of the membrane.
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Fig. 17. Specific surface area, mean pore diameter, and total pore
volume of CA modified with 0.25 wt.% ZnO NPs.
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Fig. 18. Specific surface area, mean pore diameter, and total pore
volume of control membrane.

The ZnO NPs modified CA membrane show a high sur-
face area and total pore volume of approximately 5.63 m? g~
and 1.68 x 102 cm™ g, respectively. For pure CA membrane,
the surface area and total pore volume were 4.57 m? g and
1.39 x 102 cm™ g7, respectively (Figs. 17 and 18). The water
flux increase in case of CA modified with ZnO NPs is due
to increasing in surface area and total pore volume than
the control by 23% and 20%, respectively.

4. Conclusion

A reliable method for the bench scale casting of FO mem-
branes was developed and successfully applied to cast CA
membranes. CA/ZnO membrane was synthesized using
the phase inversion method. The effect of polymer concen-
tration, membrane thickness, and ZnO NPs on water flux
and salts rejection in the FO process were investigated.
Membranes prepared with ZnO gave high flux and salt
rejection 99.5% of Na’, 100% of CI~ and 99.6% of Mg** in FO
runs. The water flux increase in case of CA modified with
ZnO NPs is due to increasing in surface area and total pore
volume than the control by 23% and 20%, respectively, and
also ZnO NPs improve the hydrophilicity of the membrane.
This proves that the CA/ZnO membrane can improve the
membrane performances.
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