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Abstract: Water is a crucial component of human existence. The earth’s hydrosphere is composed
mostly of saline water. Membrane distillation is a process that ensures desalination as a low-pollution
and resource-stable technique. Traditional techniques such as reverse osmosis and thermal evapora-
tion are energy intensive and require expensive raw materials. In this work, geopolymer membranes
were fabricated from metakaolin and coated with methyltrichlorosilane (MTCS). The coating agent
improved the hydrophobicity of the membrane from 28◦ to 136.5◦. A permeation experiment (du-
ration: 3 h) via direct contact membrane distillation (DCMD) was conducted for the MTCS-coated
membrane, which showed a water vapor flux of 11 kg/m2.h. The development of a hydrophobic
geopolymer membrane is an exciting advancement for desalination. Overall, this work represents a
promising step forward towards the development of a novel eco-friendly technique for processing
saline water.
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1. Introduction

Water is a necessary component of life. Freshwater scarcity and demand are increasing
due to expanding population and urbanization. It was found that the earth’s hydrosphere
contains only 2.5% fresh water, while the remaining 97.5% is saline water. However, only
0.26% of the aforementioned freshwater content is accessible for human needs [1,2]. To
overcome the prevailing water scarcity, water desalination techniques are needed. Thermal
and membrane-based desalination processes are in use. Membrane distillation (MD) is a
technique that uses a hydrophobic membrane, as shown in Figure 1, allowing only water
vapors to pass through its pores and condense on the other side of the membrane—usually
deionized water [3]. The hydrophobic nature of the membrane helps develop a liquid–
vapor barrier at the entrance of each pore, which acts as a driving force in the process of
MD [4].

Geopolymerization is a process in which a geopolymer material (aluminosilicate-
based material, such as metakaolin) is mixed with an alkaline activator solution to produce
an amorphous paste. The paste then stays inside a specific mold at 60 ◦C for 24 h to
complete the geopolymerization reaction inside it [5]. This process is obtaining the focus of
membrane researchers who apply it to porous geopolymeric membranes due to its green
synthesis nature.

In the current work, the technique of geopolymerization has been used to synthe-
size a porous geopolymeric membrane substrate. The substrate was then coated with
methyltrichlorosilane, which was applied for desalination through direct contact mem-
brane distillation.

Mater. Proc. 2024, 17, 5. https://doi.org/10.3390/materproc2024017005 https://www.mdpi.com/journal/materproc

https://doi.org/10.3390/materproc2024017005
https://doi.org/10.3390/materproc2024017005
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/materproc
https://www.mdpi.com
https://orcid.org/0009-0004-1409-0446
https://doi.org/10.3390/materproc2024017005
https://www.mdpi.com/journal/materproc
https://www.mdpi.com/article/10.3390/materproc2024017005?type=check_update&version=1


Mater. Proc. 2024, 17, 5 2 of 4

Mater. Proc. 2024, 17, 5 2 of 5 
 

 

In the current work, the technique of geopolymerization has been used to synthesize 
a porous geopolymeric membrane substrate. The substrate was then coated with methyl-
trichlorosilane, which was applied for desalination through direct contact membrane dis-
tillation. 

 
Figure 1. Pictorial representation of the DCMD process for water desalination. 

2. Materials and Methods 
In this study, sodium silicate and sodium hydroxide were used to prepare an alka-

line activator solution. A hydrophobic agent, namely, methyltrichlorosilane (MTCS), was 
used to enhance the membrane hydrophobicity. Ethanol was utilized in preparing the 
hydrophobic solution and as a hydroxylation pre-coating solution to activate the mem-
brane surface. Metakaolin was used as a n  aluminosilicate source material. Hydrogen 
peroxide worked as a foaming agent, while egg albumen helped in pore uniformity and 
prevented pore rupture. 

Metakaolin and egg albumen were mixed in an alkaline solution along with hydro-
gen peroxide. The slurry was then poured into a mold with rectangular shaped boxes 
after proper mixing and was stored at room temperature for 24 h. After that, the membrane 
substrates were taken out of the mold and gently abraded for hydrophobic coating. Before 
coating, the membranes were kept dipped in a 2:1 ethanol–water solution for 2 hours called 
hydroxylation. A 30–70 vol% solution of MTCS-ethanol was prepared, and the mem-
branes were kept dipped inside it for a day at room temperature [6]. 

3. Results and Discussion 
3.1. X-ray Diffraction (XRD) 

The amorphousness of metakaolin was determined to examine its suitability for 
the geopolymerization process using XRD, and the results are shown in Figure 2. A crys-
talline material has sharp peaks in its XRD pattern, as found by Kumar et al [7]. Figure 2 
shows that the metakaolin is in amorphous form. The two peaks between 20 and 30 degrees 
were attributed to the presence of quartz powder. 
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2. Materials and Methods

In this study, sodium silicate and sodium hydroxide were used to prepare an alkaline
activator solution. A hydrophobic agent, namely, methyltrichlorosilane (MTCS), was
used to enhance the membrane hydrophobicity. Ethanol was utilized in preparing the
hydrophobic solution and as a hydroxylation pre-coating solution to activate the membrane
surface. Metakaolin was used as an aluminosilicate source material. Hydrogen peroxide
worked as a foaming agent, while egg albumen helped in pore uniformity and prevented
pore rupture.

Metakaolin and egg albumen were mixed in an alkaline solution along with hydrogen
peroxide. The slurry was then poured into a mold with rectangular shaped boxes after
proper mixing and was stored at room temperature for 24 h. After that, the membrane
substrates were taken out of the mold and gently abraded for hydrophobic coating. Before
coating, the membranes were kept dipped in a 2:1 ethanol–water solution for 2 h called
hydroxylation. A 30–70 vol% solution of MTCS-ethanol was prepared, and the membranes
were kept dipped inside it for a day at room temperature [6].

3. Results and Discussion
3.1. X-ray Diffraction (XRD)

The amorphousness of metakaolin was determined to examine its suitability for the
geopolymerization process using XRD, and the results are shown in Figure 2. A crystalline
material has sharp peaks in its XRD pattern, as found by Kumar et al. [7]. Figure 2 shows
that the metakaolin is in amorphous form. The two peaks between 20 and 30 degrees were
attributed to the presence of quartz powder.
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hydrophobic surface has a contact angle greater than 150°. The uncoated membrane 
showed an angle of 28°, while that coated with MTCS exhibited 136.5° and was nearly 
super-hydrophobic. The modified membrane surface with reduced roughness helps the 
membrane repel liquid water and allows water vapor to pass through it [8]. The results 
show that MTCS is an appropriate hydrophobic coating agent for geopolymer materials. 
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ized water as a draw solution. The NaCl solution was kept at 50 °C, while the temperature 
of the deionized water was maintained at 20 °C. The average vapor flux was recorded to 
be 11 kg/m2.h. The vapor flux was found to match the literature data for ceramic and pol-
ymeric membranes [5,6]. The main reason behind the competitive flux is that the mem-
brane was coated with MTCS, which has a smaller hydrophobic chain compared to other 
organosilane hydrophobic agents, leading to a small change in pore size and porosity [9]. 

The uncoated membrane porosity was calculated to be 48%, while that of the coated 
membrane was 46.86%, reducing it merely by 1.14%. Furthermore, the coated membrane 
was found to have low pore tortuosity, i.e., 2.3, which helps the water vapor molecules to 
diffuse and move to the permeate side easily. 
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3.2. Contact Angle

The hydrophobicity of both uncoated and MTCS-coated membranes was measured
through the sessile drop method using an optical tensiometer as shown in Figure 3. The
contact angle is the measure of hydrophobicity. A surface having a contact angle less than
90◦ is hydrophilic, while that above 90◦ and less than 150◦ is termed hydrophobic. A
super-hydrophobic surface has a contact angle greater than 150◦. The uncoated membrane
showed an angle of 28◦, while that coated with MTCS exhibited 136.5◦ and was nearly
super-hydrophobic. The modified membrane surface with reduced roughness helps the
membrane repel liquid water and allows water vapor to pass through it [8]. The results
show that MTCS is an appropriate hydrophobic coating agent for geopolymer materials.
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3.3. Performance Evaluation
Water Vapor Flux

A 3 h DCMD permeation experiment was performed using an MTCS-coated mem-
brane and results are presented in Figure 4. A 3M NaCl solution was treated using deionized
water as a draw solution. The NaCl solution was kept at 50 ◦C, while the temperature
of the deionized water was maintained at 20 ◦C. The average vapor flux was recorded to
be 11 kg/m2.h. The vapor flux was found to match the literature data for ceramic and
polymeric membranes [5,6]. The main reason behind the competitive flux is that the mem-
brane was coated with MTCS, which has a smaller hydrophobic chain compared to other
organosilane hydrophobic agents, leading to a small change in pore size and porosity [9].
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4. Conclusions 
This study introduces a novel approach towards fabricating hydrophobic geopoly-
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branes, they do not need high sintering temperatures. In contrast, the geopolymer mem-
brane synthesis requires comparatively lower temperatures of less than 100 °C. The out-
comes of the work are that MTCS nearly turned a hydrophilic surface into a superhydro-
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kg/m2.h, which is even greater than some ceramic and polymeric membranes in the liter-
ature. In a nutshell, this work concludes that the geopolymer membrane is a novel medium 
for water desalination and that metakaolin is a proper source material. 
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Figure 4. Water vapor flux through the MTCS-coated membrane.

The uncoated membrane porosity was calculated to be 48%, while that of the coated
membrane was 46.86%, reducing it merely by 1.14%. Furthermore, the coated membrane
was found to have low pore tortuosity, i.e., 2.3, which helps the water vapor molecules to
diffuse and move to the permeate side easily.
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4. Conclusions

This study introduces a novel approach towards fabricating hydrophobic geopolymer
membranes for water desalination for application in DCMD. Unlike ceramic membranes,
they do not need high sintering temperatures. In contrast, the geopolymer membrane
synthesis requires comparatively lower temperatures of less than 100 ◦C. The outcomes
of the work are that MTCS nearly turned a hydrophilic surface into a superhydrophobic
surface, making it an appropriate agent for synthesizing the hydrophobic geopolymer
materials. The MTCS-coated membrane also showed a water vapor flux of 11 kg/m2.h,
which is even greater than some ceramic and polymeric membranes in the literature. In a
nutshell, this work concludes that the geopolymer membrane is a novel medium for water
desalination and that metakaolin is a proper source material.
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