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Abstract: This study aimed to investigate and develop a cost-effective and superhydrophobic ceramic
membrane for direct contact membrane distillation (DCMD) applications. Two types of mullite-
based composite membranes were prepared via extrusion and sintering techniques. To create a
small and narrow pore diameter distribution on the membrane surface, the dip-coating technique
with 1 µm alumina was employed. The hexadecyltrimethoxysilane eco-friendly grafting agent was
adopted to modify low-cost multilayer mullite-based composite membranes, transforming them from
hydrophilic to superhydrophobic. The prepared membranes were characterized via field emission
scanning electron microscopy (FESEM), energy-dispersive spectrometry (EDS), Fourier Transform
Infrared Spectroscopy (FT-IR), X-ray diffraction (XRD), liquid entire pressure (LEP), contact angle,
atomic force microscopy (AFM), porosity, and membrane permeability. The results of the prepared
membranes validate the appropriateness of the material for membrane distillation applications. The
optimized membrane, with a contact angle of 160◦ and LEP = 1.5 bar, was tested under DCMD using
a 3.5 wt.% sodium chloride (NaCl) synthetic solution and Persian Gulf seawater as a feed. Based on
the acquired results, an average permeate flux of 3.15 kg/(m2·h) and salt rejection (R%) of 99.62%
were found for the 3.5 wt.% NaCl solution. Moreover, seawater desalination showed an average
permeate flux of 2.37 kg/(m2·h) and salt rejection of 99.81% for a 20-h test without any pore wetting.
Membrane distillation with a hydrophobic membrane decreased the turbidity of seawater by 93.13%.

Keywords: ceramic membrane; membrane distillation (MD); direct contact membrane distillation
(DCMD); seawater desalination

1. Introduction

The development of both rural and urban areas, coupled with an increasing popula-
tion, highlights the crucial need for high-quality water that can be utilized not only for
drinking but also for various other beneficial purposes. Over the past few decades, water
pollution has emerged as a significant global concern due to industrial growth [1,2]. The
increased need for clean water is a result of both population expansion and industrial
development. Global climate change and heightened levels of pollution have made the
shortage of fresh water one of the major obstacles faced in the contemporary age. Seawater
desalination is commonly acknowledged as a vital approach for enhancing water supplies
and tackling the growing demand for freshwater, thus alleviating water scarcity [3]. As a
result, brackish water desalination technologies have become more important for drinking
water production [2]. Conventional water desalination technologies have their drawbacks.
For example, using reverse osmosis (RO) in low-income countries can be financially burden-
some, and working under pressure causes significant membrane fouling [4]. Furthermore,
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reverse osmosis (RO) plants exhibit a greater reliance on energy sources like oil and gas,
which consequently makes them susceptible to fluctuations in their prices. This is primarily
attributed to the high-pressure requirements associated with RO technology. In contrast,
emerging technologies, like membrane distillation, offer a promising alternative as they
are less reliant on traditional energy sources [2,3]. Recently, the membrane distillation
process has been explored as a viable alternative in the literature [5]. Membrane distillation
is gaining popularity as a water supply method due to its zero discharge and high water
recovery rate, reaching up to 80% for seawater [6]. MD is a separation technique that
relies on the vapor pressure difference of volatile substances passing through the pores
of a hydrophobic membrane [7]. The MD process is a unique combination of thermal
and membrane techniques, where the liquid feed is transformed into vapor and conveyed
through hydrophobic membrane pores [7,8]. In addition to wastewater treatment, the
MD process can be employed to produce fresh water, remove heavy metals, recover salt
from high-concentration aqueous solutions, address radioactive pollution, and facilitate the
removal of produced ethanol in the food industry [8]. The remarkable features of the MD
process include high-purity products, compact volume, performance at low pressure (about
1 bar), low sensitivity to concentration polarization, and most importantly, distillation be-
low boiling point (40–80 ◦C), which helps to reduce costs and energy consumption and also
demonstrate a higher level of resistance to scaling in comparison to the RO process [9–12].
The MD process, despite being driven by thermal energy, has the capability of utilizing
sustainable energy sources such as solar power, geothermal energy, and hot industrial
waste streams in order to reduce energy consumption [3,13]. Dow et al. [14] used waste
heat in the DCMD process as an energy source and achieved a permeate flux of 3 L/m2 h.
Iqbal et al. used solar energy for a DCMD system, which could produce up to 14.33 m3

of freshwater per day with a water production cost of $0.64/m3. Various MD process
configurations, such as direct contact membrane distillation (DCMD), air gap membrane
distillation (AGMD), swept gas membrane distillation (SGMD), and vacuum membrane
distillation (VMD), are commonly used for separation based on merit, and relevant proper-
ties are considered [15]. The DCMD process stands out as the most extensively employed
configuration among these setups due to its uncomplicated design and process, which
eliminates the need for supplementary equipment like vacuum pumps or condensers. This
particular configuration is extensively utilized in the process of desalination, the reclama-
tion of water from textile wastewater, and the concentration of aqueous solutions. Wang
et al. [16] utilized DCMD for water desalination and reported satisfactory permeate flux
(1.67–8.33 L/m2·h) and salt rejection. However, the full implementation of DCMD in the
industry has not yet been realized due to significant obstacles to commercial adoption that
have been extensively examined in previous studies. These barriers include membrane and
module design challenges, membrane pore wetting issues, low permeate flow rate, flux
decay, as well as uncertain energy and economic costs [17–20]. In this study, the focus has
been on this configuration and economical materials for the preparation of this technology
on a pilot scale.

The membranes used in the MD process are usually made from a variety of materials,
such as organic (polymeric), inorganic (ceramic), and composite/hybrid (organic and inor-
ganic) materials. Undoubtedly, the utilization of polymeric materials in this technique is
unquestionable, primarily owing to their intrinsic hydrophobic nature, extensive accessibil-
ity in the market, and cost-effectiveness. Nevertheless, polymer membranes exhibit certain
drawbacks, including limited mechanical, chemical, and temperature stability. For instance,
abrupt heat-induced alterations may occur during the MD process at approximately 60 ◦C.
As a result, the polymer membrane is unlikely to endure for an extended period and
typically deteriorates at this temperature [21,22]. Their industrial application is a matter
of great concern considering these issues, while none of them currently meet the basic
requirements for an economically viable DCMD process [23]. Due to these shortcomings,
ceramic membranes are increasingly preferred because of their resilience to heat-induced
changes, even when operating at temperatures above 1000 ◦C [24]. The focus of this study
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is on ceramic membranes because of their unique qualities, such as their low density,
low thermal conductivity, exceptional stability at high temperatures and pressures, and
impressive durability resulting from their high hardness and strength [25]. Despite the
limitations posed by the high cost of raw materials and sintering temperature, the utiliza-
tion of ceramic membranes has been successfully addressed by researchers through the
implementation of cost-effective alternatives like kaolin [26–29]. For the required energy,
the use of low-cost, renewable energy sources, including geothermal energy, solar energy,
and waste heat from industrial systems was suggested [30–33]. The hydrophilic nature
of ceramic membranes poses another hindrance to their utilization in the MD process. To
overcome these challenges, researchers have suggested some hydrophobization solutions,
such as physical or chemical mechanisms involving the addition of particles that provide
roughness or coating, or by linking agents with long alkyl chains, respectively [34].

Hydrophobic ceramic membranes are commonly produced using fluorinated silanes,
which are widely acknowledged in the literature as the preferred modifying agents for
MD applications due to their ability to meet the necessary criteria. However, it is impor-
tant to note that while fluorinated silanes are popular, they are not the sole modifying
agents employed in this context [35]. Song et al. [36] modified their α-alumina support
with fluoroalkylsilane (FAS) and the result was promising for application in the AGMD
process. Their experimental reports have presented promising results, with a superhy-
drophobic membrane surface exhibiting a contact angle higher than 150◦, a permeate flux
of 12.68 kg/m2·h, and a salt rejection rate of 98.5%. Other experimental studies that use
FAS have also shown similar results [37–40].

Considering the adverse effects of using fluorinated hydrophobized agents on human
health and the environment, as well as their durability and potential long-life degradation in
the environment, greener solutions for water hydrophobization were investigated [41–43].
It is possible to create hydrophobic ceramic membranes using a fluorine-free modifying
chemical like hexadecyltrimethoxysilane because it is less expensive and simpler to store
than FAS. Chen et al. [13] used a fluorine-free agent by grafting a method to hydrophobize
the alumina membrane (superhydrophobic contact angle > 150◦). The performance result
was favorable, with a durability time of more than 1000 min and a permeate flux of
30 kg/m2·h. Twibi et al. [5] used Saudi red clay to produce a membrane, which was then
modified by the grafting method using tetraethyl orthosilicate (TEOS) for VMD application.
Their results showed a contact angle of 95.7◦ and permeation flux of 13.1 kg/m2·h with
a salt rejection of more than 98%. The MD process heavily relies on the size of the pores
within a porous membrane. It has been determined that raising the porosity and average
pore diameter will increase the permeate flux. In order to avoid the issue of membrane
wetting during the MD process, it is crucial to maintain an operating pressure that is
below the liquid entry pressure (LEP). To enhance the permeate flux and achieve improved
performance in the MD process, it is essential for the porous membrane to possess a
moderately large pore diameter. Additionally, the membrane should exhibit small pore
diameters and a narrow distribution of pore diameters to minimize the likelihood of
membrane wetting [44].

The utilization of kaolin and calcium carbonate in conjunction with the coating tech-
nique for the MD process is quite limited, resulting in a scarcity of available data on these
materials. Consequently, when comparing these ceramic materials to the extensively em-
ployed PVDF polymer material in MD systems, the number of studies conducted on them
is incomparable. Nevertheless, researchers continue to dedicate their efforts towards the
research and development of PVDF for MD systems. As a result, there is a significant
amount of work and development required to achieve higher fluxes in the field of MD,
particularly in relation to the economical ceramic materials utilized in this study. For
this purpose, a multilayer membrane has been introduced to control the pore size of the
membrane. The objective of this research is to overcome the high cost of raw materials for
ceramic membrane fabrication by utilizing cost-effective materials such as kaoline and by
modifying a green composite multi-layer ceramic membrane for the membrane distillation
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process. In order to enhance the level of hydrophobicity with hexadecyltrimethoxysilane
and its durability over time, the alumina slurry was coated with 1-micron particles using
the dip coating method for the first time before treatment. The effectiveness of the prepared
membranes was tested via direct contact membrane distillation for the desalination of
synthetic brine water (3.5 wt% NaCl) and Persian Gulf seawater.

2. Materials and Methods
2.1. Raw Materials

The salt used in this research was obtained from Merck, Darmstadt, Germany, to
prepare the salt water (3.5 wt.%). Kaolin powder was supplied from Zaminkav company,
Tehran, Iran. Table 1 illustrates the chemical composition of kaolin. Calcium carbonate
powder was used to prepare the MD support membrane, and alpha-alumina powder with
a mean particle size of 1 µm and 99.6% purity was supplied by Semnan Mine, Iran, to
prepare the intermediate layer. The price of natural kaolin and calcium carbonate powder
from Iranian mines was less than 0.1 $/kg (world price: 0.2 $/kg), and alumina powder
with a purity of 99.6% was 2.08 $/kg (world price: ~2 $/kg). Arabic gum (light yellow,
moisture 9.7% by weight), used as a binder, was supplied by Merck, Germany. Hexade-
cyltrimethoxysilane 85% (Sigma Aldrich, Taufkirchen, Germany) and 99.7% ethanol (Merck,
Darmstadt, Germany) were used to modify the surface of the prepared ceramic membranes.

Table 1. Chemical composition of kaolin (wt.%).

Chemical Composition Value

SiO2 61.62
TiO2 0.40

Al2O3 24–25
Fe2O3 0.45–0.65
K2O 0.40

Na2O 0.50
L.O.I 9.5–10

2.2. Brine Water Preparation

For the operational tests of desalination via membrane distillation, synthetic salt
water (3.5 wt.%) and Persian Gulf seawater, whose characteristics are listed in Table 2,
were utilized.

Table 2. Specification of seawater.

Parameter Value

EC (mS/cm) 60 ± 0.1
TDS (ppm) 42,000 ± 95

pH 8.8 ± 0.1
Salinity (PSU)

Turbidity (NTU)
40.5 ± 0.2

11.65 ± 0.1

2.3. Procedure of Ceramic Support Membrane Fabrication

To fabricate the base ceramic membrane, kaolin and calcium carbonate were prepared
in ratios of 0:100 (M1) and 70:30 (M2) to create membranes with two different porosities, as
CaCO3 could increase the porosity using the extrusion and sintering method [45]. After
preparing the ceramic paste, it was extruded and cut into a 280 mm length membrane.
The membrane that was prepared had an inner diameter of 10 mm and an outer diameter
of 14 mm. The membrane support was sintered in a furnace (1200 ◦C Mini Lab Electric,
T-Long, Guangzhou, China) according to the temperature steps used in previous studies,
up to 1250 ◦C, and was cooled at room temperature for the preparation of the next steps, as
shown in Figure 1 [46].
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Figure 1. Thermal temperature applied for sintering MD membrane support.

2.4. Intermediate Layer

The immersion method was utilized to coat the middle layer on the prepared support.
The dispersion process involved dispersing 27.7 g of an alumina suspension, which had an
average particle size of 1 µm in 150 mL of distilled water. This dispersion was achieved
by subjecting the mixture to an ultrasonic bath treatment for a duration of 15 min at a
temperature of 25 ◦C. In a separate container, a solution of Arabic gum (5.5 g) was prepared
by dissolving it in 100 mL of distilled water at a temperature of 50 ◦C for a duration of 6 h.
The resulting solution was then subjected to dispersion using a homogenizer, followed by
sonication for 15 min to achieve a uniform and consistent dispersion. Finally, the alumina
slurry was slowly added to the container and the membrane was immersed in this solution
for 10 s. After layering, the wet membrane was dried at 80 ◦C for 4 h. In the final step,
the layered membrane was sintered in the furnace according to Figure 1, with a final
temperature step up to 1150 ◦C [46].

2.5. Preparation of the Hydrophobic Membrane

The modification agent hexadecyltrimethoxysilane (HDTMS) is illustrated in Figure 2.
The concentrated hexadecyltrimethoxysilane was mixed with ethanol to create the modifier
solution, which had a concentration of 0.1 M. This mixing process was carried out at room
temperature for a duration of 24 h. The untreated membranes and the membranes coated
with alumina were submerged in the solution containing the modifier at a temperature
of 35 ◦C for a duration of 2 h. The membranes were then washed with deionized water
and then dried at 120 ◦C for 4 h. The membranes were stored at room temperature before
characterization and water desalination. The ceramic membrane modification process
included the hydrolysis of organosilane to impart hydrophobic properties. This chemical
reaction produced a new compound containing multiple hydroxyl groups (−OH), which
subsequently interacted with the hydroxyl groups present on the membrane’s surface. As
a result of this reaction, a hydrophobic grafted product was formed through dehydration.
These sequential steps are illustrated in Figure 2 [15].
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2.6. Characterization of Fabricated Membranes

In order to determine the appropriate membrane characteristics and the suitability
of the membrane characteristics for the membrane distillation process, the characteristics
of the ceramic membrane were evaluated before and after surface modification. The
morphology of the membranes’ surface was evaluated using a field emission scanning
electron microscope (FESEM, S-4800, Hitachi, Tokyo, Japan). The thickness of the layer
was ascertained by analyzing the cross-sectional FESEM image of the membrane. The
detection of HDTMS anchoring to hydroxyl sites was accomplished via fourier transform
infrared spectroscopy (FTIR, Nicolet iN10, Thermo Scientific, Waltham, MA, USA), energy
dispersive spectrometry (EDS), and X-ray diffraction (XRD). A surface angle analysis device
was also used to analyze the hydrophobicity of the membranes’ surface. The feasibility
of the membranes under different operating pressures was also investigated using the
liquid entry pressure (LEP) device. The laboratory setup, shown in Figure 3a, was used to
determine the LEP of water. Using the Young–Laplace equation, the maximum pore size of
the membranes could be predicted.

LEP =
2γl
γmax

cos(θ) (1)

where γl represents the liquid surface tension, rmax is the maximum radius of the pores of
the membrane and θ is the value of the membrane contact angle [48].

To investigate the permeability of the membranes, a microfiltration (MF) apparatus
was used to assess the permeability of the membranes before and after modification.
Figure 3b shows the permeability setup.
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By employing Archimedes’ experimental approach, it became possible to ascertain
the porosity of membranes. This particular method entailed the measurement of various
parameters such as length, inner and outer diameter, as well as the weight of each mem-
brane subsequent to a 5 h drying period at a temperature of 150 ◦C. The membranes were
then placed in water for a period of 12 h to allow the filling of pores with water. The wet
membranes were reweighed after eliminating any surplus water present on their surface in
order to ascertain their weight. The porosity of each membrane was calculated using the
following Equations (2)–(4) [49,50].

ε =
Vs

Vt
× 100 (2)

Vs =
Mw − Md

ρw
(3)

Vt = πR2
0L − πR2

i L (4)

where ε, Vs, Vt stand for porosity, cavity volume, and total membrane volume, respectively.
Mw is the wet membrane weight and Md is the dry membrane weight. ρw is water density,
Ri and Ro are the internal and external radius of the membrane, respectively.
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The Guerout–Elford–Ferry Equation (5) was utilized to ascertain the average pore
radius (rm) of the MD membranes by employing distilled water and porosity [51].

rm =

√
(2.9 − 1.75ε)8µLJ

εTMP
(5)

The variables in the equation are defined as follows: ε represents the percentage of
membrane porosity, L stands for the thickness of the membrane in meters, µ represents the
viscosity of water at room temperature (specifically, 8.9 × 10−4 Pa·s), J represents the rate of
water permeation per unit of time in cubic meters per second (m3s−1), and transmembrane
pressure (TMP) represents the operational pressure, which typically ranges from 0.5 to
2 bar.

2.7. Performance Test and Apparatus

The water desalination performance was tested with a fabricated hydrophobic mem-
brane by direct contact membrane distillation (DCMD) with a feed flow rate of 3 L/h and a
feed temperature of 68 ◦C. To determine membrane performance in two different salinity
conditions, synthetic salt water and seawater were used for the experiments. Hot brine
water was circulated as feed in the hot cycle and inside the membrane. Subsequently, the
permeate underwent condensation into water via the membrane, which was then gathered
in a distinct reservoir. To determine the permeate flux J (kg/(m2·h)), the collected water
was weighed using a precision balance, and Equation (6) was employed.

J =
Md
At

(6)

where Md is the weight of collected water, A is the active surface area of the membrane,
and t is the measured time. Experiments were performed using the apparatus shown in
Figure 4a,b. The experimental module and produced membrane are shown in Figure 4c–e.
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In the process of MD, water vapors passed through the pores of the membrane and
condensed on the permeate side, effectively removing dissolved salts and non-volatile
substances [52]. Permeate flux and salt removal were investigated using synthetic sodium
chloride solution (3.5 wt.%) and Persian Gulf seawater (without any pre-treatment). The
salt rejection (R) was obtained using Equation (7):

R% =
Cf − Cp

Cf
× 100 (7)

where Cf and Cp represent salt concentration in the feed solution and permeate, respec-
tively. A conductivity meter was used during the experiments to measure changes in salt
concentration in the water. A commonly employed quantitative method to investigate the
wettability state is contact angle measurement, which determines the extent to which a
liquid spreads over a solid surface, thus indicating the surface’s wetting properties [53].
The shape of the liquid droplet on the surface depends on the surface tension of the fluid
and the characteristics of the solid surface. Contact angle measurements can be conducted
using either a static or dynamic approach [54]. The static contact angle, or sessile drop
technique, is the most commonly employed technique for measuring contact angles on
smooth and uniform surfaces. It involves placing a droplet of the liquid onto the solid
surface, allowing it to settle and fix the phase boundary. The contact angle between the
solid–liquid interface is then captured using a camera [55,56]. This technique relies on
Young’s equation, which assumes that interfacial forces are thermodynamically stable.

3. Results and Discussion
3.1. Characterization of the Hydrophobic Ceramic Membranes
3.1.1. EDS Results

The EDS spectrum of the membranes was used to determine the elements of the
fabricated membrane. The EDS spectrum in Figure 5 demonstrates the presence of C, O, Al,
Ca, and Si in the M2 membrane. By comparing before and after modification, the results
indicated that the increase in Al and Si in the membrane was due to modification.
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3.1.2. FESEM Results

The morphological change of the ceramic membrane (M2) was examined using FE-
SEM before and after modification. Figure 6 illustrates a noticeable disparity in the surface
morphology of the ceramic membrane before (Figure 6a) and after (Figure 6b) undergo-
ing hydrophobic modification with HDTMS. The membrane pore size was significantly
decreased through the process of hydrophobic modification. Figure 6d shows that the
thin-coated layer could be seen as a bright layer on the internal and outer surface of the
membrane in comparison with the unmodified one (Figure 6c). Therefore, further char-
acterization was necessary to elucidate the process of modification. Figure 6e illustrates
the pore fouling of the membrane due to the MD test. Subsequently, FTIR analysis was
performed to investigate whether the modification occurred during the fabrication of the
hydrophobic membrane.
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3.1.3. FT-IR Results

FT-IR spectra were used to evaluate structural changes on the surfaces of the mem-
branes (Figure 7). The comparison was performed between the unmodified M2 and modi-
fied M2 membranes and also between the M1 membrane and modified M1. Generally, the
unmodified M2 membrane had a peak at 1010 cm−1, corresponding to the C–O stretching
bonds on the surface of the membrane [57,58]. Furthermore, a broad band in the spectra of
the modified M2 membrane centered at 3315.5 cm−1 was obviously attributed to the O–H
bond, due to the hydroxyl group on the membrane surface [57,59]. The peaks at 2888 cm−1

in the curves of the modified M1 and M2 membranes refer to a C–H bond [59,60]. The peak
that appeared at 2211.95 corresponds to C≡C groups, which is related to the interaction
between HDTMS and the M2 membrane. Compared to the unmodified curves, new peaks
appeared at 1081.87 cm−1, representing the asymmetric stretching of the Si–O–Si chain
after modifying the surface with HDTMS [59]. It was determined that the modification
occurred during the preparation of the hydrophobic membrane. The stretching vibration
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absorption peak of Si–O appeared near 900 cm−1 [61]. The peak at 786 cm−1 in the spectra
of the modified membrane is attributed to the Si–C stretching bond, which confirms the
presence of a modification agent on the membrane surface [59]. Furthermore, the peak at
561.18 cm−1 in the spectra of the modified membrane is attributed to the Si–O–Al stretching
bond, which also confirms the presence of a modification agent on the membrane sur-
face [62]. These results indicated that the wettability modification process was performed
by a chemical agent (HDTMS) which was absorbed through the surface of the membrane
by chemisorption. These results were consistent with the contact angle measurement of
160◦ and imaging characterization results (Figure 8).
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3.1.4. XRD Results

X-ray diffraction (XRD) was conducted to analyze the phases that developed subse-
quent to the application of the coating onto the membrane, confirming the proper deposition
of the hydrophobic hexadecyltrimethoxysilane layer. The ceramic membrane is associated
with the phases of quartz, cristobalite, calcium carbonate, and mullite, as depicted in
Figure 9. The peaks corresponding to the quartz phase are observable at approximately
21.54, 24.5, 26.5, 31.8, 37.42, and 61 degrees. Furthermore, the presence of the mullite
structure is supported by the peaks observed at 30.9, 34.8, 38.9, and 61.98. The presence of
the cristobalite phase is confirmed by the peaks observed at 21.98, 28.2, 31.31, 38.31, and
43.76 degrees. The identification of calcium carbonate is confirmed through the observation
of peaks at 24.5, 29.6, 33.5, and 40.18 [1–4]. XRD analysis, in addition to revealing distinct
peaks related to kaolin and calcium carbonate, had shown peaks related to alumina (Al2O3)
and hexadecyltrimethoxysilane (SiO2). The peaks at 20.02, 22.78, 24.58, 36.5, 39, 65.5, and
26.66 degrees exhibit significant intensity, indicating the presence of these compounds
in the membrane structure [5–7]. From the observed peaks, it is clear that the hydropho-
bic compound, hexadecylteremethoxysilane, has effectively been applied as a coating on
the membrane.
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3.1.5. Contact Angle Results

The interaction between water droplets and the hydrophilic ceramic membrane (M2)
was observed to examine the water contact angles, both before and after modification.
Figure 8 illustrates that the contact angle of the original membrane decreases significantly
from 30◦ to 0◦ in less than 0.5 s. This rapid decline could be attributed to the presence
of –OH groups on the membrane’s surface. However, following the hydrophobic modifi-
cation, the membrane surface exhibited remarkable stability, with a contact angle greater
than 158◦ when in contact with deionized water. This value surpassed the contact angle of
130◦ observed on the Al2O3 membrane grafted by FAS [63].

3.1.6. AFM Results

The three-dimensional AFM images in Figure 10 display the M1 and M2 surfaces
in their initial conditions and after being coated with alumina suspension and modified
with HDTMS. This analysis provided valuable information about the surface’s behavior.
The AFM images indicate that the intensity of the bright area grew following HDTMS
grafting on both M1 and M2 surfaces. According to the literature, the lotus-like structure
is represented by bright protrusions at the surface, and the pores are represented by dark
depressions [64,65]. The surface roughness (Ra) of M1 increased from 3.485 to 4.228 nm
after coating and grafting, while the Ra of M2 increased from 2.096 to 11.170 nm. This result
indicated that surface modification had a better effect on the CaCO3 composite support,



Water 2024, 16, 1593 14 of 23

which could also be seen on the performance test due to the stronger bond that the surface
alumina coating and HDTMS grafting created with the surface of the M2 membrane.
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3.2. Effect of Modification on Water Permeation Flux

Figure 11 shows the comparison between the water flux of the original and modified
ceramic membranes. In order to evaluate the separation properties of the membranes and
also to calculate the average size of the membrane pores, the water flux of the microfiltration
membranes was performed using deionized water at constant pressures of 1 to 4 bar.
Membrane flux was measured for 30 min. The findings from the unmodified membrane
demonstrated a direct correlation between water flux and pressure, indicating that the
rise in pressure led to an increase in driving force, thereby enhancing the water flux. By
examining the water flux of the modified membrane and the original membrane, it can be
seen that the water flux of the modified membrane at a pressure of 1 bar is close to zero,
and when the pressure is increased to 4 bar, this value reaches 1.4 kg/m2·h, which is 0.22 of
this value in the unmodified membrane. The low water flux of the modified membrane is
proof of the 1-µm alumina-coated layer and the successful hydrophobicity of the membrane
surfaces, which is necessary for hydrophobic applications.
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3.3. Modified Membrane Hydrophobicity Durability with Time

As seen in Figure 8b, when a drop was placed on the surface of the unmodified
CaCO3 and kaolin membrane, it was completely absorbed by the membrane surface
and penetrated into it in less than half a second and did not show any resistance. This
observation proves that both cheap kaolin and its composite with CaCO3 membranes are
extremely hydrophilic and do not show any resistance against water penetration. On the
other hand, from Figure 12 it could be observed that the membrane coated with alumina
and treated with HDTMS had a contact angle of 160◦ at the moment the water drop was
placed on its surface. This case proves the change of the membrane’s hydrophilic properties
to superhydrophobic. By examining the recorded video and the dynamic contact angle
of the water drop on the surface of the treated membrane, it could be seen that the drop
remained on the surface for 60 min without changing the angle and did not show any
decrease in the contact angle. With the passage of time, it was observed that the size of the
droplet gradually decreased without changing the angle. The decrease in the size of the
droplet on the membrane surface over time could be explained by the evaporation of the
droplet from the membrane surface, due to the high temperature of the lamp in the contact
angle analysis device.
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3.4. Liquid Entry Pressure

To ensure that the modified grafted membrane with HDTMS was suitable for distilla-
tion, the LEP test was conducted. The results showed that the modified membranes had
three times more properties than the original ones. The final properties of both membranes
are shown in Table 3. Interestingly, the maximum pore size calculated via the Young–
Laplace equation gave almost the same value as the average pore size, i.e., ~0.40 µm. This
revealed that the pore size distribution was very sharp around ~0.40 µm.

Table 3. Properties of M2 membrane before and after grafting.

Property of M1 Before Modification After Modification

Porosity (%) 42 36
Surface roughness (Ra) (nm) 3.485 4.228

Contact angle (◦) 0 156
LEP (bar) 0 ~1.5

Property of M2 Before Modification After Modification

Porosity (%) 65 53
Surface roughness (Ra) (nm) 2.096 11.17

Contact angle (◦) 0 160
LEP (bar) 0 ~1.5

Average pore size (µm) 0.95 ~0.40
Maximum pore size (µm) 0.95 ~0.40

3.5. Evaluation of Fabricated Membrane Performance in MD Application

The membranes that were prepared were subjected to salt water desalination exper-
iments using DCMD in order to assess their suitability for use in the water desalination
process. The investigation focused on water flux and salt rejection by utilizing a sodium
chloride solution (3.5 wt.%) and seawater from the Persian Gulf. Throughout the exper-
iment, all other operating conditions remained constant. Multiple tests were conducted
to ensure that the hydrophobic modification of the membrane was done properly, and
duplicating the MD performance test was undertaken to ensure the reliability and con-
sistency of the results. DCMD tests were performed on the fabricated membranes, M1
(100% mullite support, alumina coated, and treated with HDTMS) and M2 (70% mullite,
30% CaCO3 support, alumina coated, and treated with HDTMS), to remove NaCl from
the synthetic salt water and seawater. The fabricated membrane was used in the DCMD
process to obtain the permeate fluxes (J) and salt rejection (R%) percentages. The results
for synthetic salt water can be seen in Figure 13a,b. The average distillation flux and salt
rejection of the synthetic solution for the M1 membrane were 2.45 kg/(m2·h) and 99.051%,
respectively, and for M2, an average J of 3.15 kg/(m2·h) and R% of 99.62% were shown over
a 5.5-h test. Comparisons between these two membranes led us to observe the presence of
CaCO3 in the support membrane (M2), which enhanced the porosity of the M2 membrane
compared to M1. By comparing the results for M1 and M2, it was observed that M1 initially
passed a higher flux, but after a period of time, the pores of the membrane became wet
and clogged, and its permeability decreased over time. Another factor that affects flux
reduction is membrane fouling [66,67]. In contrast to M1, M2, despite higher porosity due
to the presence of CaCO3 in its support structure and the micro-alumina layer on its surface,
has reduced membrane wetting during the process and a more uniform flux reduction than
M1. The reduction in the flux of both membranes was attributed to the reduction of surface
tension at the system temperature, which is higher than the ambient temperature. However,
the contact angle remained permanent, as shown in Figure 11, at room temperature. It is
known that LEP is a function of both contact angle and surface tension. Therefore, this, in
turn, led to a reduction in the membrane LEP, thereby wetting the membrane and causing a
decline in the flux [2,59]. However, the trend of the flux was descending, but it approached
a plateau, as shown in Figure 13. The results of salt removal compared to M1 also indicate
the high durability of M2 in the membrane distillation process. Finally, the Persian Gulf
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seawater was considered as the process feedwater for the operational investigation of
the fabricated membrane under the DCMD process. The result of seawater desalination
with an M2 membrane is shown in Figure 13c. The results revealed good desalination
performance through the DCMD by the selected membrane over a 20-h test. An average
permeate flux of 2.37 kg/m2·h and salt rejection of the M2 membrane in this process was
99.81%, and it decreased the salinity of the sea water to 0 psu. In addition, after a 20-h sea
water desalination test, the results indicated that the selected membrane (M2) had good
stability over time.
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The specification of permeate water after seawater desalination is shown in Table 4.
DCMD had a great impact on feed seawater turbidity, and it decreased to 93.13%. The
permeate flux of seawater showed a decrease through the DCMD process. The reason
could be the fouling effect of seawater minerals and total dissolved solids (as mentioned in
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Figure 6e) in comparison to synthetic brine water [12,68,69]. It is important to highlight that
in the case of an industrial scale module, the circulation pump generates a specific level of
overpressure to induce deformation at the water–air interface, resulting in the wetting of
the membrane. Consequently, this leads to a nonslip condition, followed by fouling [70].
Regarding the fouling phenomena, the prevention of fouling/scaling in MD membranes
can be significantly delayed by implementing superhydrophobic or omniphobic mem-
branes. This approach holds great significance in terms of the development of materials
and continues to be a crucial area of focus. The utilization of pre-treatment techniques,
including flocculation, water softening, micro- or nano-filtration, and pH regulation, plays
a crucial role in effectively inhibiting the formation of membrane fouling and scaling during
the process. The possibility of using hydrophobic membranes at a reduced cost could be
achieved with the advancement of fouling-resistant membranes [67]. To ensure the sus-
tained and stable operation of the MD process, it is necessary to undertake pre-treatment
of the seawater, employ membrane cleaning techniques, and enhance the structure of the
membrane [71–73].

Table 4. Specification of desalinated seawater by DCMD.

Parameter Value

EC (µS/cm) 133
TDS (mg/L) 86

pH 6.66
Salinity (psu) 0

Turbidity (NTU) 0.80

In Table 5, the DCMD process was compared to the AGMD process based on process
similarity. The simplicity of the DCMD process and the type of module in this study
were the reasons for its superiority compared to AGMD. In contrast to some studies,
inexpensive materials were used to make the calcium carbonate composite substrate, as
well as affordable alumina materials for the coating layer in order to achieve ceramic
membranes with suitable prices and characteristics for the membrane distillation process.
HDTMS as a fluorine-free hydrophobic agent, compared to other studies with lower cost
and fewer environmental effects, had an effective performance in the hydrophobicity of the
produced membranes.

Table 5. Literature on ceramic membrane performance on membrane distillation process.

Membrane Hydrophobic
Agent Feed Solution

Feed/Permeate
Temperature

(◦C)
Flux (kg/m2·h) Salt Rejection

(R%)
Membrane

Configuration Application Ref.

alumina and
zirconia

membranes
FAS NaCl

(0.01–1 molarity) 95/5 0.87–5.4 ~100 Tubular DCMD [74]

Tunisian clay FAS NaCl solution 90/5 3.2–6.45 99 planar AGMD [75]

Titania FAS NaCl solution 90/5 1.2 N/A Tubular AGMD [40]

Al2O3/TiO2/
ZrO2

HDTMS NaCl
(0.25–1 M) 72/5 0.31–8.95 99 Tubular AGMD [76]

Ball clay
ZnO

nanoparticles
with T-PFOS

NaCl solution 80/10 6.2 >99.8 Hollow fibre DCMD [77]

Cenosphere PDMS NaCl solution 85/5 1–13 99 N/A DCMD [78]

Alumina layer on
the composite
mullite CaCO3

synthesis
membrane

HDTMS 3.5 wt% NaCl
solution 68/15 2.2–3.6 99.60 Tubular DCMD This work
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According to the temperature column provided in Table 5, it is evident that both the
feed-side temperature and the permeate-side temperature have a significant impact on the
system flux. Therefore, in order to compare the flux of the present membranes with similar
studies, it is important to take into account the influence of temperatures on flux along
with other factors as well. In this present work, the feed temperature was maintained at
68 ◦C while the permeate temperature ranged from 15 to 20 ◦C.

3.6. Cost Analysis Based on Raw Material and Process

The practical feasibility of any process relies heavily on the analysis of its cost. In our
study, we meticulously computed the expenses associated with the raw materials utilized
in the production of ceramic membranes. The results, presented in Table 6, indicate that
the cost of raw materials for manufacturing ceramic membranes amounted to 0.45 $ per
m2 of membrane. Consequently, based on our cost analysis, we can confidently assert
that the raw material expenses for ceramic membranes are affordable and can be readily
employed for water desalination purposes. In the case of decreasing the total process cost,
which included process energy cost in addition to the cost-effective raw materials that were
utilized to fabricate the ceramic membrane, energy cost could be reduced by utilizing waste
heat energy, geothermal energy, and solar energy [79,80].

Table 6. Cost analysis of raw material and energy consumption for water desalination process.

Cost of Raw Material
($/kg)

Composite Membrane
Preparation Cost

($/m2)

Cost of Consumption
Energy in Sintering

Process ($/m2)

Total Ceramic Membrane
Preparation Cost ($/m2)

DCMD Energy
Consumption ($/lit)

0.1 0.45 0.09 0.54 0.0005

Notes: Total cost of membrane preparation: Ref [81]: 130 $/m2
, Ref [82]: 220 $/m2

, Ref [83]: 130 $/m2
, Ref [84]:

78 $/m2. In the given ceramic works, the cost of energy consumption of the process is not reported.

4. Conclusions

In this study, we investigated the fabrication and green surface modification of cost-
effective tubular ceramic membranes by dip-coating them in an HDTMS ethanol solution to
enhance the durability of membrane hydrophobicity under a DCMD performance test. We
used a 1-µm layer on the membrane surface to prevent pore wetting. An average permeate
flux of 3.15 kg/(m2·h) and R% of 99.62% were found for the 3.5 wt.%. NaCl solution for a
5.5-h test without any pore wetting. The selected membrane also showed satisfying results
on seawater desalination, bringing significant results in desalination and reducing seawater
turbidity up to 93.13%. In conclusion, several results were obtained from the experiments
conducted. Firstly, it was found that HDTMS was a suitable grafting agent that could
effectively enhance membrane hydrophobicity with a contact angle of 160◦. To ensure that
the M2 membrane can be used as an alternative membrane in membrane distillation, surface
layering was applied to reduce the surface roughness. Additionally, high-salt rejection was
observed in the M2 membrane sample, indicating that the combination of HDTMS and an
alumina-coated layer had a positive effect on surface hydrophobization. The remarkable
durability of the altered membrane was attributed to the results obtained from various
tests, including the contact angle test, FESEM, LEP test, FTIR analysis, and assessment
of the membrane’s permeability. A crucial aspect that often receives less attention in the
research is the temperature of the permeate side, which should not be excessively low or
impractical. The permeate temperature was influenced by the lowest temperature within
the system, which was determined by the ambient temperature. However, the trend of the
flux descended, but approached a plateau. An attempt will be made to maintain the flux as
a function of time in our future work. Additionally, applying fouling inorganic and organic
agents to study the fouling phenomenon will be considered in our future work.
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