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ARTICLE INFO ABSTRACT

Keywords: Omniphobic membranes have recently shown promising performance in water desalination using MD due to
Membrane distillation their ability to repel all liquid drop types and keep the membrane surface dry. This study successfully modified the
Desalination

surface of robust hydrophilic mullite-stainless steel hollow fibre membranes (M-SS HFMs) to omniphobic
properties. The omniphobic layer was achieved through surface grafting with copper oxide (CuO) rough layer by
a hydrothermal technique at different hydrothermal reaction times of 1, 2, 3, 4 and 5 h, followed by fluorination
step using 1H,1H,2H,2H-perfluorode-cyltriethoxysilane (C8, 97 %). Next, the omniphobic membranes were
characterized in terms of membrane morphology, roughness, mechanical strength, pore size/distribution, liquid
entry pressure, contact angle and fouling accumulation. The prepared omniphobic M-SS HFMs were also tested
through the DCMD system at 80 °C using a feed solution containing 35 g/L of NaCl and 10 mg/L of humic acid as
a foulant agent. The results indicated that M-SS HFMs subjected to a 4 h hydrothermal reaction time, resulting in
a leaf-like surface structure, exhibited superior characteristics compared to other omniphobic HFMs reported in
the literature that used titania (SiOy), zinc oxide (ZnO), and cobalt (Co304) as roughing material. These superior
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features included higher roughness of 0.798 pm, liquid entry pressure of 5.40 bar, and enhanced liquid repel-
lence and contact angles towards DI water of 167°, olive oil of 152°, and ethanol of 145°. Additionally, the M-SS
HFMs at 4 h hydrothermal demonstrated remarkable performance in terms of rejection performance (99.99 %)
and vapour flux stability of about 29 kg/m2.h in DCMD operations, surpassing the performance of omniphobic
HFMs fabricated using mullite-ball clay, mullite-kaolinite, and alumina (Aly03). Notably, no fouling/wetting on
the membrane surface and elements leaching was observed throughout the MD operation. These findings
highlight the potential of this omniphobic HFM for seawater desalination using DCMD systems, even in the
presence of organic contaminants.

1. Introduction

Hydrophobic ceramic membranes have several limitations in sta-
bility during long-term operation. Although they have a good slide-drop
property on the membrane surface, they are easily fouled and wetted by
low surface tension materials such as surfactants and organic substances
in the feed solution [1-3]. This results in decreased performance of
ceramic membranes and a reduced desalination efficiency due to fouling
buildup on the membrane surface [3-5]. To address these challenges,
developing new ceramic membranes with high anti-fouling/antiwetting
resistance and stability is crucial for desalination applications [6]. In
recent years, researchers have intensified efforts to overcome the
drawbacks associated with hydrophobic surfaces by developing new
superhydrophobic surfaces inspired by the self-cleaning features of an-
imal feathers, and lotus leaves surfaces to mitigate the drawbacks of
hydrophobic surface issues [3,5]. These superhydrophobic surfaces have
been attributed to the repellant of all water drops on the surfaces of the
membranes with high water contact angles of up to 150° and sliding
angles lower than 10° [7-9]. On the other hand, they are vulnerable to
fouling/wetting by low-surface tension materials such as alcohol, oils,
and organic acids [10,11].

Considering the weak resistance of superhydrophobic surfaces to
low-surface tension materials, omniphobic surfaces have been suggested
as an effective solution to overcome this critical issue. Omniphobic
ceramic membranes are advanced techniques with unique properties,
such as high stability and resistance to organic and inorganic substances
[3,12]. These membranes are highly efficient for separating liquids
based on their hydrophobic and oleophobic properties, resisting water
and oil drops [13]. They offer several benefits compared to traditional
separation approaches, such as improved durability, better resistance to
harsh chemical environments, and enhanced separation performance.
These features make them a suitable choice for water treatment,
chemical processing, and oil/gas separation applications [3,14].
Omniphobic surfaces are typically prepared by a re-entrant hierarchical
structure with ultra-low surface energy to introduce no absorption to all
liquid drops in feed solution and provide a strong repellent for water and
low surface tension materials [15-17]. The re-entrant hierarchical
structures are usually prepared using nanoparticle materials and are
much-favoured for omniphobic surfaces due to their air pockets for-
mation produced owing to surface roughness, which results in a steady
Cassie-Bexter regime with a water contact angle higher than 150°
[7,18]. The reduction of the membrane surface energy is usually per-
formed by a fluorination process using a fluorination agent such as
fluoroalkylsilane to reduce the adhesion force between liquid drops and
the membrane surface [3,19].

Few nanoparticle materials such as Zinc oxide (ZnO), titanium di-
oxide (TiOy), silica (SiO2) and cobalt oxide (Co304) have been reported
for preparing the omniphobic layer on the CHFMs in the literature
[7,20,21]. Overall, these materials have advantages and disadvantages
in omniphobic CHFMs fabrication. ZnO nanoparticles exhibit excellent
hydrophobic and oleophobic properties, repelling water and oils effec-
tively while minimizing fouling due to their low surface energy [22].
They also possess antimicrobial characteristics, inhibiting bacterial and
fungal growth on the membrane [9]. However, caution is required as
high concentrations of ZnO can have cytotoxic effects, necessitating

careful optimization of nanoparticle concentration for desired mem-
brane performance and minimal environmental risks. TiO2 nano-
particles are widely used for their photocatalytic properties, enabling
self-cleaning capabilities under UV light [23-25]. While this enhances
long-term stability and prevents fouling, careful control of nanoparticle
loading is necessary to balance self-cleaning properties with membrane
permeability [7]. The Co304 nanoparticles offer excellent catalytic ac-
tivity for organic contaminant degradation, particularly useful in
wastewater treatment [26]. However, considering potential drawbacks
such as nanoparticle aggregation, precise optimization of Co304 nano-
particle concentration and dispersion is essential to maintain desired
membrane properties without compromising integrity [21]. The SiO,
nanoparticles offer a high surface area, enhancing reactivity and
adsorption capacity [27]. Their stability and resistance to heat make
them suitable for high-temperature processes and membrane surface
grafting [20,28]. However, attention should be exercised because of the
potential toxicity risks associated with prolonged exposure to high
concentrations. In addition, their tendency to aggregate can hinder
dispersion and impact their performance in water treatment applica-
tions involving membranes [29]. The omniphobic CHFMs prepared by
these materials have only been applied for seawater desalination.
Recently, graphene oxide (GO) has gained attention as a potential so-
lution for treating industrial wastewater with complex contaminants,
aiming to overcome the limitations of current hydrophobic membranes
in MD processes [30,31]. Although GO has shown promise in waste-
water treatment, it is crucial to acknowledge its drawbacks. One concern
is the tendency of GO membranes to swell when exposed to water, which
compromises their performance and structural stability. Additionally,
fouling poses a challenge for GO membranes due to the presence of
functional groups that facilitate the adsorption of organic and inorganic
compounds [32].

In a study by Alfteesi et al. [20], silica sand CHFM was modified to
achieve superomniphobic properties, with high contact angles observed
for water (167°), palm oil (157°), and ethanol (146.1°), along with a salt
rejection rate of 100 %. Li et al. [28] developed omniphobic PVDF
composite membranes by coating SiOy nanoparticles via electrostatic
adsorption and fluorination for effective wastewater treatment using
DCMD. These membranes exhibited high contact angles exceeding 150°
for water, diiodomethane, and ethylene glycol on the membrane surface.
Abd Aziz et al. [7] improved the omniphobicity of mullite-ball clay HFM
by incorporating organosilane-functionalized TiO, micro-flowers and
nanorod layer deposition in DCMD desalination, resulting in excellent
separation performance and superomniphobic properties against
ethylene glycol (150°) and olive oil (140°). Similarly, Chen et al. [33]
achieved remarkable separation performance and specific water contact
angles using omniphobic ceramic membranes with zinc oxide nano-
particles and Al;03 in DCMD. Lastly, Twibi et al. [21] introduced a novel
approach for surface functionalization of mullite-kaolinite HFM by
depositing organosilane-functionalized Co304 spider web-like layers,
which exhibited superior salt separation performance and super-
omniphobic properties against water (165°), olive oil (142°), and engine
oil (154°) in DCMD desalination.

Based on the principles of omniphobic surface construction, omni-
phobic membranes have been successfully synthesized with varied
techniques. According to Omar et al. [3], the membrane surface
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modification to omniphobic properties can be achieved by several
techniques, including laser processing, chemical vapour deposition, sol-
gel, chemical etching, spray and hydrothermal. Laser processing offers
precise control and customization of surface properties, but it presents
several limitations. These include high costs, time-consuming proced-
ures, challenges in scalability, and the potential for heat damage or
alteration of the substrate [34]. On the other hand, chemical vapour
deposition (CVD) enables the growth of uniform thin films. However, its
complexity and expense arise from the need for high temperatures and
specific gas requirements. CVD may also introduce residual stress and
defects, negatively impacting the durability and performance of the
omniphobic layer [35]. The sol-gel method provides versatility in film
creation but is associated with drawbacks such as time-consuming steps,
hazardous chemicals, and safety concerns [36]. Spray coating for
omniphobic layer preparation also has drawbacks, including challenges
in achieving uniform coating thickness, resulting in performance vari-
ations. It may also lead to overspray and uneven distribution, causing
inconsistencies in surface properties. Additionally, the durability of the
sprayed layer can be compromised over time, particularly in high-stress
or abrasive environments [37]. Finally, chemical etching, a widely used
surface modification technique, has limitations, including material re-
strictions, uneven etching, surface roughness, and difficulties in
achieving uniformity across large areas [38].

Among all reported techniques, hydrothermal has recently received
more interest in creating roughness on the membrane surface by nano-
materials due to its significant attributions, such as simple handling,
easy controlling, and low cost. By changing the reaction concentration,
time, precursor, and ionic additive quantity, the membrane surface
appearance and structure of the dispersed omniphobic layer on the
membrane surface can be easily controlled [3,26]. The hydrothermal
technique can efficiently construct the hierarchical structure of copper
oxide (CuO) micro/nanoparticles by the direct growth of CuO particles
on the membrane surface due to its ability to enhance particles adhesion
and build up these particles with different morphologies and structures,
such as flowers-like, nanorods-like and leaf-like structures on the
membrane surface [39,40] as reported in many previous works [41-44].
Despite the unique properties and structures of CuO and its broad use to
synthesize omniphobic surfaces with adequate structural stability in
many applications. However, its use as a surface activator material to
create hierarchical structures for surface modification of ceramic
membranes to omniphobic properties for desalination processes has not
been reported yet [8,45].

Membrane distillation is an innovative and promising process that
offers efficient and energy-saving solutions for treating hypersaline
water [3]. Notably, recent studies by Subrahmanya et al. [6,46] have
made significant contributions to enhancing the performance of this
process. In their studies, they have developed cutting-edge techniques
such as self-heated systems and flow-through in-situ evaporation
membranes, which have demonstrated promising potential in enhancing
desalination efficiency. The use of flow-through configurations and self-
heating mechanisms enables higher flux rates and reduces energy re-
quirements, making membrane distillation an appealing option for
sustainable desalination processes. These advancements shed light on
the remarkable potential of membrane distillation in addressing the
escalating global demand for freshwater resources.

In our previous work [19,47], we successfully fabricated a robust
composite HFM from mullite-kaolinite and stainless steel (SS) as rein-
forcement material with promising properties. The membrane reported
a much higher mechanical strength and high separation performance
than its mullite counterparts and other CHFMs prepared by other low-
cost materials. Therefore, this work aims to synthesize a novel omni-
phobic surface on the robust mullite-SS HFM surface composed of CuO
nanoparticles as a surface roughness activator and the FAS organosilane
as a low surface energy material by hydrothermal and fluorination
techniques. Specific attention was paid in this study to the effects of
varying the hydrothermal reaction times on the membrane surface
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structure and appearance. The omniphobic HFMs were characterized by
porosity, surface morphology, and pore size distribution. The contact
angle (CA) and liquid entry pressure (LEP) measurement investigated
the membrane surface wettability using three liquids with different low
surface tensions; distilled water (DI) (71.9 mN/m), olive oil (31.1 mN/
m) and ethanol (22.2 mN/m). The evaluation of the salt rejection rate
and water flux in synthesis seawater desalination using the omniphobic
HFMs was a crucial aspect of this study. Using the DCMD technique, we
gained insights into the membrane's performance and potential appli-
cation in tackling water scarcity. The performance of the omniphobic
HFMs against fouling accumulation (post-fouling analysis) was also
investigated through a feed solution containing 35 g/L NaCl feed solu-
tion and 10 g/L humic acid (C9H9NOg) as a foulant agent with surface
tension value of 58.47 mN/m. In addition, the mechanical stability of
the optimum omniphobic membrane was examined for the potential
leaching of elements to the permeate side. These analyses further
contribute to understanding the durability and suitability of omniphobic
membranes for practical applications. The selection of humic acid as an
organic pollutant was justified based on its prevalence in seawater
sources and resistance to conventional treatment methods. Investigating
the performance of the omniphobic membranes against humic acid
provides valuable insights for real-world seawater desalination appli-
cations. The physicochemical properties of humic acid, including high
molecular weight and amphiphilic nature, pose challenges as a foulant,
affecting membrane performance [48]. The evaluation of membrane
behaviour enables the assessment of fouling resistance and anti-fouling
capabilities, which are essential for MD separation processes. Moreover,
humic acid's complex structure and diverse functional groups make it a
representative model compound, allowing a better understanding of
membrane interactions with other organic pollutants in water sources
[49]. This knowledge expands the potential applicability of these
membranes in water purification processes.

2. Experimental
2.1. Materials

Mullite-kaolinite was supplied from Shijiazhuang Huabang Mineral
Co., Ltd. Chania and used as a ceramic material. Stainless steel alloy
powder (SS, 316 L) was obtained from Sigma Aldrich Co., Ltd., USA and
employed as a support material to enhance the membrane's mechanical
strength. N-methyl-2-pyrrolidone (NMP, Sinopharm Chemical Reagent
Co., Ltd., China), Arlacel (P135, Solvay Advanced Polymers, LLC), and
polyethersulfone (PESf, Radel A-300, Ameco Chemicals) were used as a
solvent, a dispersant and a polymer binder, respectively. Copper nitrate
trihydrate (Cu(NOs)2-3H50) was purchased from Xilong Scientific Co.,
Ltd., China. Ethylene glycol (EG) was purchased from Sigma Aldrich Co.,
Ltd., USA. Sodium hydroxide (NaOH) and ethanol were supplied from
Merck, Germany, and Sinopharm Chemical Reagent Co., Ltd., China,
respectively. The 1H,1H,2H,2H-perfluorodecyltriethoxysilane (C8, 97
%) was obtained from Sigma Aldrich, USA, and used as FAS grafting
agent. Humic acid was purchased from Sigma Aldrich Co., Ltd., USA and
used as a foulant material. Distilled and tap water was used as internal
and external coagulants. Deionized (DI) water was used to prepare all
required solutions.

2.2. Membrane preparation

Mullite-SS HFM was prepared by phase inversion and sintering
techniques. Our earlier study detailed the membrane preparation pro-
cess [19,47]. In brief, the spinning dope suspension was composed of 47
% (w/w) mullite, 10 % (w/w) SS, 35 % (w/w) NMP, 1 % (w/w) Arlacel
P135 and 5 % (w/w) PESf. The extrusion and spinning conditions of the
mullite-SS hollow fibre precursor were 10 mL/min extrusion rate, 10
mL/min bore fluid flow rate, and 5 cm air gap distance. The dope sus-
pension spun through the spinneret with an internal diameter of 1 mm
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and an external diameter of 2 mm and was soaked in an external
coagulant (tap water) for 24 h to complete the phase inversion process
[47]. Then, the mullite-SS HF precursor was dried at room temperature
for 24 h. Afterwards, mullite-SS HF precursor was sintered at 1450 °C in
a tubular furnace (XY-1700 MAGNA) with two steps: increasing the
furnace temperature with a heating rate of 2 °C/min from room tem-
perature to 600 °C and keeping to 2 h to remove the PESf completely,
then further raising of the temperature with a heating rate of 5 °C/min to
1450 °C and maintained to 5 h to solidifying the HF precursor and
forming the final mullite-SS HFM.

2.3. Hydrothermal preparation of CuO nanostructures

The preparation of CuO grafting solution on the membrane surface
was achieved through the hydrothermal technique followed by the
calcination process, as shown in Fig. 1. First, the preparation of the
grafting solution by hydrothermal technique. 3.5 g NaOH was added to
20 mL DI water with vigorous magnetic stirring for 15 min to prepare a
NaOH solution. Then, 5 g Cu(NO3)2-3H20 was added to 20 mL DI water
in another beaker with vigorous magnetic stirring for 10 min to prepare
(Cu(NOs3)2-:3H20) solution. The NaOH solution and 1 g of EG were
slowly added to (Cu(NOs)3-3H30) solution with vigorous magnetic
stirring for 1 h to obtain a homogeneous copper oxide (CuO) gel for-
mation with blue colour (CuO grafting solution). Afterwards, the
resultant solution was transferred into a Teflon vessel in an SS autoclave.
Six mullite-SS HFMs were located in the Teflon vessel at 45° with the
vessel wall after sealing both ends of all HFMs. Upon hydrothermal re-
action at 180 °C, a hydrothermal chemical reaction occurred between
the CuO grafting solution and the membrane surface, resulting in CuO
layer formation. The hydrothermal reaction was monitored for 1 to 5 h
within 1 h intervals prior to the solution cooling to room temperature.
The grafted mullite-SS HFMs were washed 3 times in ethanol and DI
water solution with a ratio of 1:2 (w/w) to remove the unreacted free
nanoparticles from the surface of mullite-SS HFMs before being dried in
an oven at 60 °C for 24 h. Second, the grafted HFMs were calcined at
400 °C for 4 h in a muffle furnace. Subsequently, the grafted HFMs were
washed with ethanol and DI water solution several times, dried at 60 °C
overnight and kept in a dry place.

2.4. Preparation of omniphobic mullite-SS HFM

According to the literature, the two key requirements for optimum
omniphobic CHFMs surfaces are low surface energy and a high

3.5 g NaOH NaOH solution
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membrane surface roughness structure [3,7]. These two requirements
could be achieved using a surface activator material such as copper
oxide (CuO) with a low surface energy of the fluoroalkylsilane (FAS)
agent. The FAS agent by dip-coating technique is commonly used for
CHFM omniphobocity after being modified by an activator surface
agent, as previously reported in many works in literature [7,20,21]. This
work used the 1H,1H,2H,2H-perfluorodecyltriethoxysilane (C8) with
97 % (w/w) concentration to modify the coated mullite-SS HFMs sur-
faces to omniphobic properties. The grafted mullite-SS HFMs were first
immersed in ethanol and DI water solution with a ratio of 1:2 (v/v) for
24 h to increase the hydroxyl content on the membrane surface before
grafting by the FAS solution. The hydroxylated process usually increases
the probability of the FAS molecules reacting with the hydroxyl groups
and completing the reaction on the membrane surface [50]. After
overnight drying the grafted HFMs in an oven, they were immersed in
the FAS solution containing 2 % (w/w) FAS and 98 % (w/w) ethanol for
48 h to ensure a complete reaction between the FAS agent and hydroxyl
contents on the surfaces of membranes. Next, the HFMs were rinsed in
ethanol and water several times to remove unreacted components before
drying in an oven at 60 °C overnight (See Fig. 2).

The formation of the omniphobic layer on the mullite-SS HFM was
composed of two key stages. The first stage was grafting the membrane
surface with the CuO graft solution to increase the mullite-SS HFM
roughness and solid air pockets, which increases the membrane wetting
resistance. The second stage was fluorination of the mullite-SS HFM by
FAS (C8) solution to reduce the membrane surface energy and the
adhesion force between the membrane surface and liquid drops. Fig. 3
presents the mechanism formation of the omniphobic layer on the
mullite-SS HFM.

2.5. Characterization of omniphobic mullite-SS HFM

The membrane morphology was observed by scanning electron mi-
croscopy (SEM) (model Hitachi, TM3000). The membrane surface
roughness (Ra) was investigated by atomic force microscopy (AFM)
(PARK XE-100). The porosity, pore size, and pore size distribution were
determined by mercury intrusion porosimetry (MIP) (AutoPore9510,
USA). The element compositions on the membrane surface were con-
ducted using dispersive energy X-ray (EDX) (HITACHI 8230). The
membrane wetting property was obtained by contact angle measure-
ment using the sessile drop method (OCA 15EC, Dataphysics, Germany)
for five duplication times. The permeation setup evaluated the mem-
brane's water liquid entry pressure (LEP) five duplication times. A

CuO coat
solution

Mullite-5S
HFMs

Cu (NO;3)2.3H20
solution

-
Hydrothermal reaction at 180 °C

Cooling to ambient
temperature

-

Drying at
60 °C

Washing by
ethanol& DI water

Fig. 1. Schematic diagram of hydrothermal synthesis of CuO nanostructure graft solution on mullite-SS HFM surface.
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Fig. 2. Schematic diagram of omniphobic mullite-SS HFMs preparation.

contact angle goniometer (OCA 15 EC, Dataphysics) evaluated the
contact angle measurement on the membrane surface.

2.6. DCMD test

In this study, the lab scale DCMD set-up was used to test the per-
formance of the omniphobic mullite-SS HFMs for water desalination (see
Fig. 4). The performance test and omniphobic layer stability were
examined for three omniphobic mullite-SS HFMs for 10 h using a feed
solution containing a syntheses seawater with a 35 g/L salt concentra-
tion and 10 mg/L humic acid were added to the feed solution to evaluate
the resistance of the membranes to the organic fouling. The DCMD
system was composed of a hot stream which contained the feed solution
that flowed in the lumen of the membranes at 80 °C and 0.3 L/min,
whereas the cold stream contained deionized water flowed on the shell
of the membranes at 10 °C and 0.1 L/min. A coiled heater controlled the
hot stream, while the cold stream was controlled by a chiller. A weighing
balance obtained the weight difference of the cold water tank, and the
permeate flux was estimated by Eq. (1) [51-53].

AW

== 1
AAt M

Where Jy (kg/; m>h): permeate flux, AW (kg): weight difference at time t
(h), and A: membranes effective area (m?).

The performance of salt rejection was estimated by Eq. (2):

Cp

R(%) = lfc— x 100% (2)

F

Where R (%): Salt rejection rate, Cg (mol/L): Feed solution concentra-
tion, and Cp (mol/L): Permeate concentration. C¢and C, were measured
by a conductivity meter based on the dilution effect [53]:

Clml — Cgmg

Cro = 3

my — mgp

Where m,: initial permeate mass; mj: final permeate mass; C, initial
permeate salt concentration; C;: final permeate salt concentrations. C,
and C; were found using a conductivity meter based on the dilution
effect [53]:

3. Results and discussion

Omniphobic mullite-SS HFMs with different hydrothermal reaction
times ranging from 1 to 5 h were successfully synthesized using the CuO
graft solution. The effect of omniphobic and hydrophobic layers for-
mation on the physical and wetting properties of mullite-SS HFMs and
testing these HFMs in the DCMD system were discussed as follows:

3.1. The physical and wetting properties of mullite-SS HFMs

In this study, the morphology and structure of hydrophobic mullite-
SS HFM (M-SS,0 h/FAS) and all omniphobic mullite-SS HFMs (M-SS,1-5
h/FAS) prepared at different reaction times were evaluated through
SEM analysis, as presented in Fig. 5(A-F). All omniphobic HFMs were
studied based on the impacts of hydrothermal reaction times on the
distribution rate of the CuO molecules on the membrane surface. The
SEM images of the microstructural differences studied by the CuO re-
action time change on the membrane surface through a 1 h interval are
exhibited in Fig. 5(B-F). The M-SS,1 h/FAS, M-SS, 2 h/FAS, M-SS, 3 h/
FAS, M-SS, 4 h/FAS and M-SS, 5 h/FAS refers to omniphobic mullite-SS
HFMs prepared at 1, 2, 3, 4 and 5 h hydrothermal reaction time. Overall,
Fig. 5(B-F) demonstrates that the CuO particle size on the outer surface
of the mullite-SS HFM increment with increasing the hydrothermal re-
action time (i.e. 1, 2, 3, 4, and 5 h). There was no discrete appearance on
the membrane surface at a hydrothermal reaction time of less than 1 h.
Some combined CuO nanoparticles with no shape were only seen on the
outer surface. This observation could be attributed to the insufficient
hydrothermal reaction time between the CuO nanoparticles and the
outer membrane surface. After the reaction time reached 1 h, an obvious
few aggregated small leaf-like CuO particles on the outer surface were
observed, and the CuO nanoparticles did not entirely cover the outer
membrane surface (Fig. 5B). The growth of the CuO nanoparticles on the
outer surface increased clearly with the increase in hydrothermal reac-
tion times. The longer reaction times lead to the formation of larger
nanoparticles on the membrane surface. This is because the longer re-
action time allows more time for the CuO nanoparticles to grow and for
the particles to coalesce, leading to larger particles. Longer reaction
times also lead to a more uniform distribution and uniform, well-defined
shapes.

In addition, the increase in the leaf-like CuO particles on the outer
surface was observed within the reaction times of 2, 3, and 4 h, as shown
in Fig. 5(C, D, and E). The hydrothermal reaction time of 4 h (Fig. 5, E)
was sufficient for an obvious leaf-like formation, where the observed
leaves on the outer surface were like leaves, as seen in Fig. 5(E). The leaf-
like structures of several sizes grew almost regularly on the mullite-SS
HFM (see Fig. 5D and E). However, the change in the structure of the
membrane's outer surface was observed by increasing the hydrothermal
reaction time over 4 h (i.e., 5, 6, etc.). For example, increasing the hy-
drothermal reaction time to 5 h led to the loss of the leaf-like structure
and some deformations on the outer surface of the membrane, such as
large cracks that could affect its rejection performance, as shown in the
microscopy image in Fig. 5(F). This observation could be due to the long
hydrothermal reaction that affected the membrane surface formation
and changed the outer surface morphology. Longer hydrothermal re-
action times facilitate the increased growth and aggregation of CuO
nanoparticles on the membrane surface, leading to a rougher and more
irregular surface structure. This phenomenon impacts the interfacial
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M-SS,2 h/FAS M-SS, 1 h/FAS M-SS, 0 h/FAS

M-SS, 3 h/FAS

M-SS, 4 h/FAS

M-SS, 5 h/FAS

Fig. 5. SEM images of (A) hydrophobic M-SS,0 h/FAS and all omniphobic mullite-SS HFMs prepared at different hydrothermal reaction times: (B) M-SS,1 h/FAS, (C)
M-SS, 2 h/FAS, (D) M-SS, 3 h/FAS, (E) M-SS, 4 h/FAS and (F) M-SS, 5 h/FAS at 180 °C hydrothermal reaction temperature [M: Mullite].
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(A) MLSS,2 W/FAS (B) M-SS,3 WFAS

SR, -~ R TG

Fig. 6. SEM images of the cross-section of (A) M-SS,2 h/FAS, (B) M-SS, 3 h/
FAS, (C) M-SS, 4 h/FAS and (D) M-SS, 5 h/FAS.

interaction between the CuO layer and the membrane surface, influ-
encing the stability and durability of the omniphobic layer. Conse-
quently, several defects, such as cracking, may arise on the membrane's
surface (See Fig. 5F). Therefore, maintaining a delicate balance between
achieving the desired surface roughness and ensuring a stable interface
is crucial for reliable performance over prolonged operation periods.

The mullite-kaolinite HFM of M-SS,4 h/FAS, and M-SS,3 h/FAS had
more intense and better covered CuO layer than the M-SS,1 h/FAS, M-
SS,2 h/FAS, and M-SS, 5 h/FAS membranes, as presented in the SEM
results in Fig. 5(B-F). It can be concluded that the best microscopy
image was observed on the outer membrane surface of mullite-kaolinite
at 4 h/FAS with a leaf-like structure and better-covered CuO layer on the
outer surface compared to other omniphobic membranes prepared at
other reaction times of 1, 2, 3 and 5 h.

The effects of different hydrothermal reaction times (i.e., 2, 3, 4, and
5 h) on the cross sections of the omniphobic mullite-SS composite have
also been investigated. The results of this investigation are presented in
Fig. 6, where SEM images of the cross-sections are displayed. Interest-
ingly, at a hydrothermal reaction time of 1 h, the layer thickness was too
thin to be accurately measured. However, the thinnest measured layer
thickness of 1.01 pm was obtained at the shortest reaction time of 2 h. As
the hydrothermal reaction time increased, the thickness of the omni-
phobic layer also increased. This relationship is evident from the layer
thickness measurements obtained at reaction times of 3, 4, and 5 h,
which were 10.85 pm, 22.71 pm, and 38.16 pm, respectively. The
gradual increase in layer thickness strongly suggests a direct correlation
between the reaction time and the resulting thickness of the omniphobic
layer. This observed phenomenon can be attributed to the influence of
hydrothermal reaction times on the growth of CuO nanoparticles on the

Table 1
Elemental composition on the surface of all modified mullite-SS HFMs.
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outer membrane surface. These nanoparticles, as depicted in Fig. 5
(C-F), play a critical role in enhancing the thickness of the omniphobic
layer.

EDX analysis was used to characterize the elemental composition of
the surfaces of the hydrophobic and omniphobic surface-modified
mullite-SS HFMs prepared at different hydrothermal reaction times
before the MD test, as shown in Table 1. The elemental mapping was also
used to investigate the CuO nanoparticles distribution on the membrane
surface of omniphobic HFMs from 1 to 5 h, as exhibited in Fig. 7(A-F).
From Table 1, M-SS,0 h/FAS, the highest elements content in the hy-
drophobic M-SS,0 h/FAS was the mullite contents of oxygen at 29 % (w/
w), aluminium at 22.5 % (w/w), and silicon at 20 % (w/w), while the
other elements with smaller contents of fluorine (F, 3.8 % (w/w)) and SS
alloy elements. However, Table 1 (M-SS,1-5 h/FAS) and Fig. 7(B-E)
showed the most abundant compounds in all omniphobic HFMs were the
composition of CuO, which was copper (Cu, dark purple) and oxygen (O,
dark red), consisting of the surface chemistry of all omniphobic HFMs.
This result indicated the effective CuO nanoparticles deposition on the
surfaces of the omniphobic HFMs through the hydrothermal step. The
atomic ratios of O/Cu in all omniphobic HFMs at different reaction times
of 1, 2, 3, 4, and 5 h were 2.31, 1.99, 1.56, 1.33 and 1.16, respectively
(Table 1 (M-SS,1-5 h/FAS)). The highest atomic number of Cu (25.2 %
(w/w)) was observed at omniphobic M-SS HFM at 4 h/FAS, with an O
atomic number of 33.4 % (w/w), as confirmed by CuO nanoparticles
distribution in Table 1 (M-SS,4 h/FAS) and Fig. 7 D. Other elements
composed of mullite-SS HFMs, such as Si, Al, Fe, Cr, Ni and Mn, were
also observed with almost identical on the surfaces of omniphobic HFMs
with different contents and distribution (see Table 1 & Fig. 7).

The fluorine elements (F, light purple) on the surfaces of all omni-
phobic HFMs were also observed, with different atomic contents ranging
from 7.4 to 9.0 % (w/w) (see Table 1 (M-SS,1-5 h/FAS)). The presence
of the fluorine elements indicated the existence of hydrophobic func-
tional groups on the surfaces of all omniphobic HFMs. The highest
fluorine contents of 9.0 % (w/w) (Table 1) (M-SS,4 h/FAS) were
observed at omniphobic M-SS HFM at 4 h/FAS, whereas the lowest
fluorine contents of 7.4 % (w/w) were obtained at omniphobic M-SS
HFM at 5 h/FAS (Table 1) (M-SS,5 h/FAS). This observation could be
ascribed to the lowest FAS contents on the membrane surface or the
insufficient chemical reaction between FAS and the membrane surface.
The carbon elements (C, dark brown) were also found on the surfaces of
all omniphobic HFMs. The formation of C could be attributed to the
hydrothermal reaction between the membrane surface and the CuO graft
solution.

The crystallinity of all modified mullite-SS HFMs was characterized
by XRD analysis, as presented in Fig. 8. Noticeably, there was a reduc-
tion in the crystallinity of mullite, cristobalite and nichrome of all
omniphobic mullite-SS HFMs compared to the hydrophobic M-SS,0 h/
FAS, indicating the successful deposition of CuO nanoparticles on the
surfaces of HFMs. Several CuO peaks were exhibited in the XRD pattern
at different 20 values. The number of CuO peaks differed due to the
slight effect of the hydrothermal reaction times. At M-SS, 4 h/FAS and
M-SS, 5 h/FAS, the CuO peaks were observed at 20 values of 9.2°, 18.2°,
32.0°, 36.3°, 40.7° and 41.1°, while at 1 h/FAS, M-SS, 2 h/FAS, M-SS, 3

Membrane code Elements content (wt%) in the membrane surface

Si Al Cu F (0] Fe Cr Ni
M-SS,0 h/FAS 20.0 22.5 - 7.4 29.9 3.8 4.9 0.8
M-SS,1 h/FAS 9.3 9.2 13.6 9.0 31.5 6.4 1.7 0.8
M-SS, 2 h/FAS 4.6 4.7 14.7 7.9 29.3 3.8 0.9 0.5
M-SS, 3 h/FAS 7.5 8.2 22.5 8.2 35.1 6.1 1.7 0.8
M-SS, 4 h/FAS 7.1 5.9 25.2 8.1 33.4 5.2 1.4 0.6
M-SS, 5 h/FAS 9.1 6.7 24.9 7.4 28.9 5.2 1.4 0.6

Note: Si: silicon; Al: aluminium; Cu: copper; F: fluorine; O: oxygen; Fe: iron; Cr: chromium; Ni: nickel.
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Fig. 7. EDX analysis on the surface of (A) hydrophobic M-SS,0 h/FAS HFM and all omniphobic mullite-SS HFMs; (B) M-SS,1 h/FAS, (C) M-SS, 2 h/FAS, (D) M-SS, 3
h/FAS, (E) M-SS, 4 h/FAS and (F) M-SS, 5 h/FAS.
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Fig. 8. XRD analysis of the surfaces of hydrophobic M-SS,0 h/FAS HFM and all omniphobic mullite-SS HFMs by CuO nanostructure at different hydrothermal re-
action times M-SS,1 h/FAS, M-SS, 2 h/FAS, M-SS, 3 h/FAS, M-SS, 4 h/FAS and M-SS, 5 h/FAS.
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Fig. 9. Pore size distribution of hydrophobic M-SS,0 h/FAS HFM and all
omniphobic mullite-SS HFMs; M-SS,1 h/FAS, M-SS, 2 h/FAS, M-SS, 3 h/FAS, M-
SS, 4 h/FAS and M-SS, 5 h/FAS.

h/FAS were observed at 32.0°, 36.3°, 40.7° and 41.1°. These results
could be attributed to the higher CuO nanoparticles contents (wt%) on
the surfaces of the M-SS, 4 h/FAS and M-SS, 5 h/FAS. This observation
was consistent with the EDX results in Fig. 7D & E. In addition, the CuO
peaks at 26 values of 32.0°, 36.3°, 40.7° and 41.1° were similar to that
mentioned elsewhere in the literature [54]. No peaks of other com-
pounds were observed on the surfaces of all omniphobic HFMs, as evi-
denced in the XRD pattern, demonstrating the success of the
hydrothermal technique in producing CuO with high purity.

The effect of the hydrophobic and omniphobic layers prepared by the
CuO and hydrothermal process on the pore size distribution on surfaces
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Fig. 10. Porosity and mean pore sizes of hydrophobic M-SS,0 h/FAS HFM and
omniphobic mullite-SS HFMs; M-SS,1 h/FAS, M-SS, 2 h/FAS, M-SS, 3 h/FAS, M-
SS, 4 h/FAS and M-SS, 5 h/FAS [].

of mullite-kaolinite HFMs was studied through MIP analysis based on
the log scale, as shown in Fig. 9. It can be seen that at the hydrophobic
mullite-kaolinite HFM, the highest number of pores was observed, while
omniphobic mullite-SS HFMs showed a lower number of pores with
different levels due to the formation of omniphobic layers on the sur-
faces of HFMs. All omniphobic mullite-SS HFMs also exhibited a
different number of pores. This outcome could be ascribed to the effect
of the hydrothermal reaction times, which increased the growth of CuO
nanoparticles on the membrane surface, as proved in Fig. 6(B-F). The
highest peak among all omniphobic mullite-SS HFMs was obtained at M-
SS,1 h/FAS, with a higher number of pores, whereas the lowest peak was
obtained at M-SS,5 h/FAS, with a lower number of pores. At M-SS,4 h/
FAS and M-SS,5 h/FAS had almost the same peak height with a slight
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difference in the number of pores. This observation could be due to no
obvious effect of the hydrothermal reaction time after 4 h. Since some
investigations in the literature reported that the pore sizes for hydro-
phobic membranes used for MD applications typically range from 0.1 to
1.0 pm, and the pore size should be less than 0.5 pm to avoid membrane
pore wetting [55,56]. Thus, the best pore sizes range was obtained from
0.012 to 0.45 pm for M-SS,4 h/FAS, which appears the most appropriate
for the MD applications.

The porosity and mean pore size of the hydrophobic and all omni-
phobic mullite-SS HFMs were also evaluated by MIP analysis, as pre-
sented in Fig. 10. From Fig. 10, the hydrophobic M-SS,0 h/FAS showed
the highest porosity and largest mean pore size at 21.07 % and 0.327
pm, respectively. On the other hand, a slight difference in the porosity
and mean pore size was observed among all omniphobic mullite-SS
HFMs. Increasing the hydrothermal reaction time led to a slight
decrease in porosity and mean pore size due to increasing the growth of
the CuO nanoparticles on the membrane surface. This effect of the hy-
drothermal reaction time was observed elsewhere in the literature [21].
The highest and lowest porosity and mean pore size was obtained at M-
SS,1 h/FAS and 5 h/FAS, respectively. In general, the hydrothermal
process significantly impacted the porosity and the pore size of all
omniphobic HFMs. Despite this, the omniphobic HFMs still displayed
porosity from 19.58 to 20.56 % and pore size from 0.191 to 0.225 pm
satisfactory for MD applications.

Fig. 11(A-F) demonstrates the three-dimensional AFM micrographs
of the outer surfaces of hydrophobic and all omniphobic mullite-SS
HFMs. This analysis is significant for determining the membrane sur-
face roughness to ensure high membrane omniphobicity and anti-
wetting performance in the presence of a low surface energy material

T T

ope
Ra=0.798 pm
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such as FAS. Increasing the surface roughness usually decreases the
contact area between liquid drops and the membrane surface due to the
presence of the air pocket at the membrane/liquid interface, which
works as an omniphobic layer, as Ni et al. [57] reported. As seen in
Fig. 11(A-F), there is an obvious increment in the surface roughness
after the surface modification to omniphobic properties (Fig. 11(B-F)).
The membrane roughness increased clearly from the hydrophobic M-
SS,0 h/FAS of 0.286 ym to 0.341 pm after 1 h reaction time, which is
consistent with a previous observation by Twibi et al. [21]. In addition,
AFM analysis determined the multilevel roughness with the different
hydrothermal reaction times, as presented in Fig. 11(B-F). A gradual
increase in the surface roughness values from 0.341, 0.464, 0.521, 0.798
to 0.690 pm was observed with increasing the hydrothermal reaction
times from 1, 2, 3, 4 to 5 h, reflecting the attachment of micro-levels CuO
particles on the membrane surface and which acted as a secondary
structure increased the surface roughness with increasing the hydro-
thermal reaction times. The highest surface roughness of 0.798 pm was
obtained at M-SS, 4 h/FAS, which could be attributed to the more rapid
growth of CuO nanoparticles, producing greater coverage on the mem-
brane surface, resulting in higher roughness, as shown in Fig. 5E.
Another significant observation was that the value of M-SS, 5 h/FAS
surface roughness of 0.690 pm was reduced to less than at M-SS, 4 h/
FAS, which could be due to improper CuO nanoparticles growth in some
spots on the membrane surface due to some large cracks on the omni-
phobic layer which affected the surface roughness, as demonstrated in
Fig. 5F. When the omniphobic layer contains cracks, the overall
roughness of the surface can be reduced because the cracks can create
clear areas depending on the width of the cracks on the omniphobic
layer, reducing the membrane roughness.

Fig. 11. Three-dimensional AFM micrographs of the outer surfaces of (A) hydrophobic M-SS,0 h/FAS HFM and all omniphobic mullite-SS HFMs; (B) M-SS,1 h/FAS,
(C) M-SS, 2 h/FAS, (D) M-SS, 3 h/FAS, (E) M-SS, 4 h/FAS and (F) M-SS, 5 h/FAS.
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Contact angle (CA) is a significant wetting property that should be
measured on any membrane surface before being used for MD processes
to determine its ability against wetting potential by different liquid
drops. Therefore, the surface wettability of the pristine, hydrophobic
and omniphobic HFMs was investigated through the CA measurement
test using sessile liquid drops of 1 pL. Three liquids with different surface
tensions of distilled water (DI) (71.9 mN/m), olive oil (31.1 mN/m) and
ethanol (22.2 mN/m) were selected for this test, and the outcomes were
exhibited in Fig. 12. The values of the CAs of the pristine mullite-SS HFM
were not shown in Fig. 12 because it was zero due to the rapid spread of
liquid into the HFMs, causing a difficult CA measurement. As seen in
Fig. 12, the lowest CA values for water (138°), ethanol (56°) and olive oil
(34°) were determined at hydrophobic M-SS,0 h/FAS HFM. As for the
CAs of omniphobic HFMs, a gradual increase in the CAs values of all
liquids was obtained with increment in the hydrothermal reaction time
from 1 to 4 h, while at 5 h, a reduction in the CAs was observed
compared to CAs at 4 h.

Since the membrane surface is considered superomniphobic when
the water CA exceeds 150°, it is also considered omniphobic when the
CAs of water and oil are 140° and 110°, respectively, as Zheng et al. [58]
reported. In addition, it is considered super-omniphobic when the
membrane surface CA exceeds 150° with almost all low and high-surface
tension liquids such as alcohols, oils, and organic solvents [14]. There-
fore, the M-SS,0 h/FAS and M-SS,1 h/FAS HFMs showed hydrophobic
properties, M-SS, 2 h/FAS and M-SS, 3 h/FAS HFMs exhibited omni-
phobic properties for all liquids (i.e., DI water, olive oil and ethanol).
However, both the M-SS, 4 h/FAS and M-SS, 5 h/FAS, demonstrated
super-omniphobic properties for DI water. In addition, M-SS, 4 h/FAS,

Membrane code DI water CA (%)
138°+1
M-SS,0 b/FAS
HFM
143°+2
M-SS,1 h/FAS
HFM
147°+1
M-SS,2 h/FAS
HFM
M-5S.3 h/FAS
HFM
167°+1
M-SS.4 h/FAS
HFM
157%+1
M-SS.5 h/FAS
HFM

- -

98°0+2

2 O
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showed super-omniphobic properties for olive oil and omniphobic
properties for ethanol, while M-SS, 5 h/FAS omniphobic properties for
only olive oil. The M-SS 4 h/FAS with the leaf-like structure displayed
the highest super-omniphobic properties with 167° DI water CA, 152°
olive oil CA and 145° ethanol CA. This result could be attributed to
producing the hierarchical structure on the membrane surface, which
increased the membrane roughness, closely packed CuO nanoparticles
(see Fig. 5E) and trapping air between CuO nanoparticles, keeping the
Cassie-Baxter state and forming an outstanding re-entrant structure and
the fluorination of the membrane surface by FAS. Furthermore, it could
be due to the change in the surface of pore size resulting from increasing
the growth of CuO nanoparticles on the membrane surface with
increasing the hydrothermal reaction time. For the same reasons, the
highest LEP value of 5.4 and 5.2 bar was observed at M-SS, 4 h/FAS and
M-SS, 5 h/FAS, respectively, as seen in Table 2.

Fig. 13. shows the effect of the omniphobic layer and hydrothermal
reaction times (i.e. 1, 2, 3, 4 and 5 h) on the mechanical strength of all
omniphobic mullite-SS HFMs. As seen in Fig. 13, there was an obvious
increase in the mechanical strength with increasing the reaction time
from O to 5 h. The mechanical strength of the hydrophobic M-SS,0 h/FAS
HFM of 107 MPa, increased to 108.7 MPa after 1 h hydrothermal re-
action time. After 2 h, the mechanical strength increased to about 110.3
MPa, while after 3 h, a slight increase to 110.9 MPa was observed
compared to after 2 h reaction time. As for the values of the mechanical
strength after 4 and 5 h increased to about 114 and 113.6 MPa,
respectively. The observed gradual increase in mechanical strength
could be due to the increased packing and stacking of CuO nanoparticles
with increasing reaction time. In addition, it could be ascribed to the

Ethanol CA (%)

340+3

126°+2

145041

2 L2
02 .0

Fig. 12. Contact angle measurements for hydrophobic M-SS,0 h/FAS HFM and omniphobic mullite-SS HFMs; M-SS,1 h/FAS, M-SS, 2 h/FAS, M-SS, 3 h/FAS, M-SS, 4
h/FAS and M-SS, 5 h/FAS [notice: error bars are based on standard errors from four duplicate calculations].
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Table 2

Desalination 564 (2023) 116816

LEP values of hydrophobic M-SS,0 h/FAS, M-SS,1 h/FAS, M-SS,2 h/FAS, M-SS,3 h/FAS, M-SS,4 h/FAS and M-SS,5 h/FAS [error bars are based on standard errors from

three duplicate calculations].

Membrane code M-SS 0 h/FAS M-SS 1 h/FAS M-SS 2 h/FAS M-SS 3 h/FAS M-SS 4 h/FAS M-SS 5 h/FAS
LEP (bar) 21+1.2 27+1.1 3.6 +2.1 49+20 54+1.1 52+1.4
mechanical stability test are presented in Table 3. Findings revealed
114 1 significant leaching of Cu elements in M-SS, 2 h/FAS, M-SS, 2 h/FAS,
and M-SS, 3 h/FAS, indicating the low mechanical stability of these
. 1139 omniphobic membranes. However, about no leaching of Cu elements in
& the omniphobic layer prepared with a 4 h hydrothermal reaction time,
= 124 demonstrating high structural stability in M-SS, 4 h/FAS, and a strong
£ attachment of CuO particles to the membrane surface. Furthermore, the
= 119 omniphobic layer in M-SS, 5 h/FAS, exhibited higher mechanical sta-
% 110 4 bility than those prepared with 1, 2, and 3 hydrothermal reaction times,
o as seen in Table 4.
2 109+
3 3.2. The performance of the modified membranes in DCMD
108
The performance of the hydrophobic and omniphobic mullite-SS
107 4 HFMs prepared at different hydrothermal reaction times was tested for
. : : : : : long-time operation of 24 h using a feed solution containing a synthetic
0 1 2 3 4 5 seawater 35 g/L NaCl and 10 mg/L humic acid as a foulant agent at

Hydrothermal reaction time (h)

Fig. 13. Bending strength of hydrophobic M-SS,0 h/FAS,0 h, M-SS,1 h/FAS, M-
SS, 2 h/FAS, M-SS, 3 h/FAS, M-SS, 4 h/FAS and M-SS, 5 h/FAS [notice: error
bars are based on standard errors from four duplicate calculations].

effect of different hydrothermal reaction times on the loading of CuO on
the surfaces of HFMs (see Fig. 7, E & F), which increased with time, as
seen in Table 3. Table 3 presents mass membrane measurements before
and after the hydrothermal process.

The mechanical stability and potential leaching of nanoscale Cu el-
ements from all omniphobic layers prepared with varying hydrothermal
reaction times were also investigated. The samples were subjected to a
30-min ultrasonication treatment in Milli-Q water to examine leaching.
Subsequently, the water samples were analyzed using an Agilent 710
Series ICP-OES, an inductively coupled plasma optical emission spec-
troscopy analyzer, to detect any leaching of CuO [59]. The analysis of
CuO was conducted at a wavelength of 324.750 nm. The outcomes of the

Table 3
Membrane mass before and after the hydrothermal step.

80 °C via DCMD system, and the results were exhibited in Fig. 14(A-F).
In this test, the vapour flux and salt rejection rate were monitored within
0.5 h intervals. As seen in Fig. 14(A-F), the initial vapour flux of the
hydrophobic M-SS, 0 h/FAS of 33 kg/mZ2h, is higher than all the
omniphobic M-SS HFMs prepared at different reaction times. As for the
omniphobic M-SS HFMs, the initial vapour flux of the M-SS, 1 h/FAS, M-
SS, 2 h/FAS, M-SS, 3 h/FAS and M-SS, 5 h/FAS, was 32.3, 31, 30 and
32.6 kg/m>h respectively higher than the M-SS, 4 h/FAS of 28.8 kg/
m2h. This difference in the vapour fluxes could be ascribed to the dif-
ference in the surface roughness of the omniphobic HFMs, which
resulted from different hydrothermal reaction times. The lowest initial
vapour flux observed at the M-SS, 4 h/FAS, could be due to its lower
surface pores size and porosity. This observation is consistent with Woo
et al. [60] findings, which reported that membranes with higher
roughness usually show lower permeation flux due to increased vapour
transfer resistance. However, the highest initial vapour flux observed at
the M-SS, 5 h/FAS, can be attributed to the cracks formed on the
omniphobic layer, which increased the vapour permeation to the cold
permeate side, as seen in Fig. 5F.

Membrane code Membrane mass (g)

Mass different (g) Mass different (%)

Before hydrothermal step

After hydrothermal step

M-SS,1 h/FAS 0.1320 +£ 1.2 0.1395 £ 0.9 0.0075 5.4
M-SS, 2 h/FAS 0.1318 + 1.3 0.1450 + 2.1 0.0132 9.1
M-SS, 3 h/FAS 0.1319 + 0.8 0.1486 + 1.4 0.0167 11.2
M-SS, 4 h/FAS 0.1321 £ 0.5 0.1509 + 0.7 0.0188 12.5
M-SS, 5 h/FAS 0.1320 £+ 1.0 0.1507 £+ 0.6 0.0187 12.4
Table 4
ICP-OES results after ultrasonication in the Milli-Q water for 30 min.
Membrane code Concentration level of Cu (mg/L)
Replicates
1 2 3 Average
M-SS, 1 h/FAS 5.4521 6.2789 6.0234 5.9181
M-SS, 2 h/FAS 5.2178 5.0237 5.1986 5.1467
M-SS, 3 h/FAS 1.9832 0.9986 1.8964 1.6260
M-SS, 4 h/FAS 0 0 0 0
M-SS, 5 h/FAS 0.0016 0.0001 0.0009 0.0008
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Fig. 14. The effect of time on vapour flux and salt rejection performance of (A) hydrophobic M-SS, 0 h/FAS, (B) M-SS,1 h/FAS, (C) M-SS,2 h/FAS, (D) M-SS,3 h/FAS
(E) M-SS,4 h/FAS and (F) M-SS,5 h/FAS at feed solution of 35 g/L NaCl of and 10 mg/L humic acid for 24 h MD operation [T¢eeq: 80 °C].

A sharp decrease with unstable vapour flux is observed for the hy-
drophobic M-SS, 0 h/FAS and M-SS,1 h/FAS, during the initial 10 h. This
observation could be linked to the quick NaCl crystals and humic acid
accumulation on the membrane surface as a foulant layer, as evidenced
by the colour change and thin layer formation on the surfaces of HFMs
(see Fig. 15Ai-Bi), which increased the vapour permeation resistance
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and the membrane hydrophilicity because of carboxylic and hydroxyl
functional groups of the accumulated humic acid as the fouling layer
[61]. The current result is in line with the outcomes of Bush et al. [61],
who reported that the existence of humic acid decreases MD vapour flux
due to the foulant layer formation on the membrane surface, which
usually increments the hydraulic resistance and the heat transfer
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resistance, reducing the membrane driving force (vapour pressure)
[62,63]. In addition, the unstable vapour flux is observed for hydro-
phobic M-SS, 0 h/FAS and M-SS,1 h/FAS M-SS until the end of the MD
process with an obvious reduction in the salt rejection performance to
about 53 and 62 %, respectively. As for the hydrophobic M-SS, 2 h/FAS
and M-SS,3 h/FAS M-SS, a gradual reduction and unstable vapour flux
and salt rejection performance were observed until the end of the pro-
cess (100 h) (see Fig. 15(Ci-Di)). The unstable behaviour could be
ascribed to the heterogeneous pore size distributions, which impacted
the liquid entry pressure distribution due to the irregular thickness
fouling layer formation on the membrane surface. This outcome was
consistent with the post-fouling SEM images in Fig. 15(Ai-Di). In com-
parison, the omniphobic HFMs at M-SS, 3 h/FAS, M-SS,4 h/FAS and M-
SS,5 h/FAS show more stable vapour flux of 30, 28.8 and 32.6 kg/m>h
with lower reduction in salt rejection performance of 89.06, 99.99 and
91.98 %, respectively.

Before DCMD process

M-SS,0 h/FAS

a
= 1
=
™
el
%
=

Desalination 564 (2023) 116816

The most stable vapour flux is observed at M-SS,4 h/FAS (28.8 kg/
m?h), with almost no obvious vapour flux reduction and no conduc-
tivity increment in the permeate stream through the MD operation (see
Fig. 16). In addition, no fouling layer on the membrane surface is
observed with no colour change on the membrane surface, as evidenced
in Fig. 15(Ei). This observation could be due to the high membrane
omniphobocity and contact angles against all liquid drops, as shown in
Figs. 11E and 13E, making it the most suitable omniphobic membrane
for the MD process among all tested omniphobic HFMs. This result also
proves its high omniphobocity by reducing the interaction between the
membrane surface and the foulant, preventing the accumulation of
foulant on the membrane surface. As for the M-SS,5 h/FAS, a slight in-
crease in vapour flux and reduced salt rejection performance are noted
(Fig. 15Fi), attributing to cracks obtained on the membrane surface (see
Fig. 5F). The crakes on the membrane surface increase the vapour
permeation, and the permeation of some liquid drops to the cold

After DCMD process

Fig. 15. SEM images of the membrane surface before (left images) and after (right images) MD operations of (A) M-SS,0 h/FAS, (B) M-SS,1 h/FAS, (C) M-SS,2 h/FAS
(D) M-SS,3 h/FAS, (E) M-SS,4 h/FAS and (F) M-SS,5 h/FAS with a feed solution of 35 g/L NaCl of and 10 mg/L humic acid for 24 h MD operation.
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Fig. 15. (continued).
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Fig. 16. Conductivity of M-SS, 0 h/FAS, M-SS,1 h/FAS, M-SS,2 h/FAS, M-SS,3
h/FAS, M-SS,4 h/FAS and M-SS,5 h/FAS for 24 h (Feed solution of 35 g/L NaCl
and 10 mg/L humic acid).

permeate side increases the permeate conductivity, as evidenced in
Fig. 16. The permeated salt increases the conductivity, as reported in
works in the literature [7,20]. In contrast, foulants accumulation on the
membrane surface increased vapour transport resistance and reduced
flux. The attachment of foulant on the membrane surface leads to partial
pore blockage resulting in higher resistance towards mass transport and
limiting the amount of vapour to pass through the membrane pores
affecting membrane separation performance [64]. However, the omni-
phobic mullite-SS HFM with leaf-like surface structure at 4 h hydro-
thermal reaction time showed the most stable permeate flux at an
average flux of 28.4 kg/m?h, a salt rejection rate of 99.99 % and with
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almost no fouling deposition on the membrane surface among other
omniphobic HFMs, as evidenced in Figs. 14 and 15.

Fig. 16 shows a low conductivity for all modified HFMs based on the
hydrothermal reaction time at the initial permeate. This decline can be
attributed to the surface modification of the membrane by the FAS
treatment due to a deposited thin layer of CuO nanoparticles on the
membrane surface. This modification alters the charge and hydrophi-
licity of the membrane, making it less favourable for ion adsorption and
reducing ion conductivity. The deposition of the CuO nanoparticles also
acts as a barrier, impeding the passage of ions through the membrane
and decreasing permeate conductivity. The selective ion transport
properties of CuO nanoparticles allow them to block ions while allowing
water molecules to pass through. As a result, the altered surface char-
acteristics contribute to a decrease in initial permeate conductivity.
Besides, forming CuO nanoparticles on the membrane surface enhances
the rejection of charged species in the feed solution. The CuO layer acts
as a physical barrier and repels ions, reducing their presence in the
permeate stream and lowering conductivity. It is important to note that
the decrease in initial permeate conductivity may vary depending on the
specific properties of the feed solution, such as ion concentration and
type. Different ions may exhibit varying affinities for the CuO layer,
resulting in different degrees of conductivity reduction. An increase in
conductivity was observed at different time intervals 9 min for M-SS, 0
h/FAS and M-SS, 1 h/FAS, 14 min for M-SS, 2 h/FAS and 16 min for M-
SS, 3 h/FAS and M-SS, 5 h/FAS. This increase can be attributed to
fouling accumulation on the membrane surface, allowing some salt to
permeate to the permeate side. However, no change in conductivity was
observed for M-SS, 4 h/FAS, indicating high fouling and wetting resis-
tance on the membrane surface.

The hydrophobic and all omniphobic HFMs were also analyzed by
the EDX after the DCMD process to examine the foulant accumulation
(post-foulant) on the surfaces of membranes, as depicted in Table 5 (M-
SS,0-5 h/FAS) and Fig. 17(A-F). Compared to the EDX analysis in
Table 1 and Fig. 7 before the MD process, new elements such as nitrogen
(N, light blue), which is attributed to humic acid, chloride (Cl, light red)
and sodium (Na, dark red) which attributed to the NaCl crystals were
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Table 5
Elemental composition on the surface of all modified mullite-SS HFMs after MD.

Desalination 564 (2023) 116816

Membrane code Elements content (Wt%) in the membrane surface

Si Al Cu F (0] Fe Cr Ni Na Cl N
M-SS,0 h/FAS 9.9 9.7 - 5.8 40.1 6.2 1.5 0.8 3.8 2.6 1.7
M-SS,1 h/FAS 9.5 9.4 6.7 5.0 39.5 6.7 1.6 0.9 1.6 1.8 0.8
M-SS, 2 h/FAS 12.7 11.8 6.0 5.8 43.1 6.8 1.8 0.8 0.8 0.7 0.5
M-SS, 3 h/FAS 11.3 12.0 18.0 6.1 32.0 6.7 1.8 0.8 0.3 0.2 0.3
M-SS, 4 h/FAS 6.8 7.4 28.2 6.0 34.8 4.8 1.3 0.3 0.0 0.0 0.0
M-SS, 5 h/FAS 8.2 4.6 26.7 3.1 34.9 4.8 0.9 0.3 0.0 0.0 0.1

Note: Si: silicon; Al: aluminium; Cu: copper; F: fluorine; O: oxygen; Fe: iron; Cr: chromium; Ni: nickel; Na: sodium; Cl: chloride; N: nitrogen.

found on the surfaces of all HFMs with no increase in the carbon (C, dark
brown) concentration. The deposition of these elements indicates the
NaCl and humic acid fouling layer formation on omniphobic HFMs.
Hydrophobic M-SS, 0 h/FAS, shows the highest concentrations of N, Cl
and Na concentration with 1.17, 2.60 and 3.80 % (w/w), respectively,
on the membrane surface (see Table 5 (M-SS,0 h/FAS)). Membranes of
M-SS,1 h/FAS, M-SS,2 h/FAS and M-SS,3 h/FAS contain lower N, Cl and
Na concentrations than the hydrophobic HFM (Table 5 (M-SS,1-3 h/
FAS)). This observation is consistent with the results shown in Fig. 17
(A-D). However, at M-SS, 5 h/FAS, no Cl and Na are obtained on the
membrane surface, while the N element presents with a very low con-
centration of 0.1 % (w/w) (see Table 5 (M-SS,5 h/FAS)). The presence of
the N element indicates the attachment of some humic acid on the
membrane surface (fouling). But the amount is much lower than most
membranes with shorter hydrothermal reaction time (i.e., 0, 1, 2 and 3)
due to its better omniphobicity. As for M-SS,4 h/FA, no N, Cl and Na
elements are found on the membrane surface, as demonstrated in
Table 5 (M-SS,4 h/FAS), attributing its high omniphobicity, self-
cleaning and strong liquid drops rejection tendency. The outcome is
attributed to the excellent growth of the leaf-like on the membrane
surface, as evident in Fig. 5E, and the presence of the FAS agent, which
reduced the membrane surface energy to an ultra-low level. As a result,
the foulants in the feed solution have low interaction with the mem-
brane surface and do not attach to the membrane surface.

The other significant observation is that the concentration of the Cu
element (dark purple) on the surfaces of M-SS,1 h/FAS (6.7 % (w/w)),
M-SS,2 h/FAS (6.0 % (w/w)) and M-SS,3 h/FAS (18 % (w/w)) is lower
after the MD process compared to its concentration before MD process of
13.6, 14,5 and 22.5 % (w/w), respectively (see Table 5). The reduction
in the Cu concentration could be ascribed to the loss of some of the
omniphobic layer during the MD process (see Fig. 17(A-C)) or denser
foulant layers formation on the surfaces of membranes. However, the Cu
concentration after the MD process for M-SS,4 h/FAS (28.2 % (w/w))
and M-SS,5 h/FAS (26.7 % (w/w)) was very close to its concentration
before the MD process of 25.2 and 24.9 % (w/w), respectively. This note
could be due to the excellent stability of the omniphobic layers on the
surfaces of the membranes and the self-cleaning property. This obser-
vation is also consistent with the results presented in Fig. 17(E-F).

The performance of the hydrophobic and omniphobic mullite-SS
HFMs against wetting issues was also evaluated. The findings are pre-
sented in Table 6 based on the contact angle measurement of DI water,
olive oil and ethanol before and after the DCMD process. There was an
obvious reduction in the contact angle measurements before and after
the DCMD process at M-SS, 1 h/FAS, M-SS, 2 h/FAS, M-SS and 3 h/FAS,
attributing to the effect of their omniphobic layers by foulants accu-
mulation in the feed solution. The attachment of foulants on the mem-
brane surface increases the surface energy of the membrane surface. The
reduction in the contact angles indicates wetting issues on the mem-
brane surface. At the M-SS, 5 h/FAS, the change in the contact angle
values of all liquids was less compared to omniphobic membranes pre-
pared at 1, 2, and 3 h. In contrast, at M-SS, 4 h/FAS, there was a slight
change in the contact angle measurements observed for DI water, olive
oil and ethanol after the DCMD process, where the values of the contact
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angles reduced from 167.2°, 145.8° and 144.8° to 166.3°,144.4° and
142.4 respectively. The declining percentage of the contact angle values
of DI water and olive oil was less than 1 %, while ethanol was 1.66 %,
indicating the high wetting resistance of the omniphobic M-SS, 4 h/FAS
HFM.

Table 7 shows the separation performance and the contact angle of
the optimum omniphobic mullite-SS HFMs prepared at 4 h hydrother-
mal reaction time compared to the other omniphobic CHFMs reported in
the literature. In this study, the preparation of the omniphobic layer by
CuO nanoparticles using the hydrothermal technique required a reac-
tion time ranging from 1 to 5 h, which was considerably low compared
to the omniphobic mullite HFM prepared by cobalt oxide (Co304)
nanoparticles using the same technique which ranged from 10 to 19 h
[21]. The water flux and contact angles of the omniphobic M-SS, 4 h/
FAS HFM prepared by CuO nanoparticles obtained in this study were
significantly higher than those prepared by the hydrothermal reaction
technique reported in previous works using mullite materials (see
Table 7). The water and oil contact angles of 167° and 152°, respec-
tively, were higher than that of omniphobic HFMs prepared by TiOa,
ZnO and Co304 nanoparticles exhibited in Table 7. The membrane also
showed a high rejection performance of up to 99.99 %. This indicates
that the mullite-SS 4 h/FAS can achieve good flux and rejection per-
formance even at high salt concentrations and feed temperatures.

4. Conclusion

Mullite-SS HFM surface was successfully modified to the omniphobic
properties using CuO nanoparticles as a surface activator via hydro-
thermal technique at different hydrothermal reaction times (i.e., 1, 2, 3,
4 and 5 h) and fluorination by FAS (C8) as a surface energy agent.
Successful deposition of CuO nanoparticles was observed on the surfaces
of the HFMs with different surface roughness levels, which strongly
depended on the hydrothermal reaction times achieved. The improve-
ment in the surface roughness by the CuO nanoparticles was observed
with the increasing hydrothermal reaction times from 1 to 4 h. The
optimum membrane roughness with a leaf-like structure was observed
at the M-SS, 4 h/FAS HFM. After a 5 h hydrothermal reaction, several
defects and cracks were observed on the membrane surface, as evi-
denced in the SEM images. The impact of the CuO roughness and FAS
(C8) fluorination on the wetting properties of all modified HFMs was
evaluated by measuring LEP and contact angles of water, olive oil and
ethanol and compared with hydrophobic HFM. Different values of LEP
and contact angles of water, olive oil and ethanol were observed be-
tween all omniphobic HFMs and hydrophobic HFM. The hydrophobic
HFM demonstrated the lowest contact angle values for all liquids used in
this test, while the omniphobic HFM prepared at 4 h/FAS exhibited
superomniphobic properties with high contact angles for water (167°),
olive oil (146°) and omniphobic properties towards ethanol (144°)
because of the dual functions of re-entrant structure and fluorination on
the membrane surface. This omniphobic membrane also showed a high
vapour flux of 29 kg/m2h and a high rejection performance of up to
99.99 % at a feed temperature of 80 °C.
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Fig. 17. EDX analysis on the top cross-section of (A) hydrophobic M-SS, 0 h/FAS and omniphobic HFMs of (B) M-SS, 1 h/FAS, (C) M-SS, 2 h/FAS, (D) M-SS, 3 h/FAS
and (E) M-SS, 4 h/FAS and (F) M-SS,5 h/FAS.



N.M.A. Omar et al.

Table 6

Desalination 564 (2023) 116816

Contact angles of hydrophobic and omniphobic M-SS HFMs prepared at different hydrothermal reaction times before and after 24 h DCMD operation [error bars are

based on standard errors from three duplicate calculations].

Membrane code Contact angles before DCMD

Contact angles after DCMD

Difference (%)

DI water Olive oil Ethanol DI water Olive oil Ethanol DI water Olive oil Ethanol
M-SS, 0 h/FAS 133.0 £ 2.2 25.2+1.2 222+ 3.1 109.2 + 2.3 16.4 £1.9 119+1.8 17.89 34.92 46.39
M-SS, 1 h/FAS 141.0 £ 2.3 99.9 + 1.8 70.2+ 1.8 1159 + 3.2 69.8 19 359+ 2.0 17.80 30.13 48.86
M-SS, 2 h/FAS 149.1 +£ 2.7 119.1 £ 1.1 100.8 + 2.1 121.0+ 1.6 98.6 + 2.4 69.6 + 3.1 18.85 17.21 30.95
M-SS, 3 h/FAS 155.0 + 3.1 133.0 £ 2.1 1289 + 1.7 139.9 + 2.2 120.8 + 4.0 116.0 + 2.2 9.74 9.17 10.0
M-SS, 4 h/FAS 167.2 + 1.0 145.8 + 1.6 1448 £ 1.1 166.3 &+ 2.0 144.4 + 3.1 1424 +1.2 0.54 0.96 1.66
M-SS, 5 h/FAS 159.1 £+ 2.0 1422+ 1.8 136.2+ 1.4 1472+ 2.1 130.7 £ 1.5 120.6 + 1.3 7.50 8.09 11.45
Table 7
Comparison of the separation performance and contact angles obtained in this study with other omniphobic ceramic membranes reported in the literature.
Membrane Surface modification/ Contact angle (°) Operation temperatures (°C) Separation performance Ref.
material structure feed/permeate Feed composition Flux (kg/ Rejection
m*h) (%)

Al,03 ZnO/FAS 17/nanorod & Water ~152.8 70/15 NacCl (1.0 M)/SDS 14 99.99 [65]

nanoparticle Ethanol ~110.3 (2.0 mM)
Silica sand SiNPs/FAS/PVDF spherical- Water ~167 70/20 Nacl (35 g/L)/HA (10 44.8 99.99 [20]

like Red palm oil ~157 mg/L)

Ethanol ~146

Mullite-ball clay ~ TiO,/FAS (C8) micro- Ethylene glycol ~150  65/20 NacCl (0.5 M)/HA (10 4 99.99 [7]

flowers Olive oil ~140 mg/L)
Mullite- Co304/FAS17 spider web- Water ~165 70/20 NacCl (0.5 M)/HA (8 22.5 99.99 [21]

kaolinite like Olive oil ~142 mg/L)
Engine oil ~154
Mullite- CuO/FAS C8 leaf-like Water ~167 80/10 Nacl (35 g/L)/HA (10 29 99.99 This
kaolinite/SS Olive oil ~146 mg/L) study

Ethanol ~144

Note: Humic acid (HA); Sodium dodecyl sulfate (SDS); Sodium chloride (NaCl); Cobalt oxide (Co304); Fluoroalkylsilane (FAS).
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