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Abstract
This review for the first time aims to investigate the effect of silanization on the ceramic membrane distillation (CMD) as a 
promising thermally driven separation process. In this regard, the effects of three main factors, namely silane concentration, 
silane duration, and time as well as the important operating parameters on the process were studied. At the end of this work, 
future challenges and recommendations in the CMD have also been addressed. The literatures have confirmed that silani-
zation of the CM surface, causes significant changes in the membrane structure in terms of hydrophobicity (water contact 
angle > 130°), creating different functional groups on the surface and improving the efficiency of the process. The results of 
previous research woks indicate that the best conditions for the silanization process are possible at silanization time (about 
72 h), the number of grafting cycles (1–5 times), and silane concentration (2 or 10 wt%). Concluding the results of various 
studies shows that the efficiency of the MD for desalination process was high (removal > 98%) under certain conditions (feed 
input temperature: 70–80 °C and flow rate of 0.3–400 L/h).
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Introduction

The lack of fresh water with low water quality because of 
both natural such as lithological, climatic, atmospheric, 
hydrological, and topographical factors (Uddin et al. 2021) 
as well as human-related activities, for instance, livestock 
farming, mining, waste production and disposal, and so on 
(Uddin et al. 2021) due to the population growth, improve-
ment of living standards, agricultural sector, prosperity 
of the industrialization has been considered as a major 
challenge in the worldwide. It is estimated that more than 
one billion people on earth do not have access to fresh 
and clean water (Mishra et al. 2021). The total volume of 
fresh water reservoirs may be sufficient to meet the cur-
rent demand, but unfortunately the distribution of these 
reservoirs does not correspond to the distribution of the 
population around the world (Gleick 1993; Shirazi et al. 
2012). So, because of decreasing the water resources, it 
is imperative to focus on the water scarcity solutions spe-
cially using reusing of treated wastewater or water desali-
nation to improve water supply and sanitation (Van Vliet 
et al. 2021).

As mentioned earlier, the research for the new water 
purification process is increasing dramatically, so that 
among the various purification processes, water desalina-
tion has been deemed as a clean process which has been 
using brackish or seawater to produce clean water with low 
pollution production (Lattemann and Höpner 2008; Elime-
lech and Phillip 2011). As an alternative to first-generation 
thermal desalination techniques, second-generation desali-
nation technologies based on membrane treatment (mainly 
reverse osmosis (RO)) have gained popularity over the last 
two decades (Greenlee et al. 2009). It is well known that 
there are three main technologies extensively applied in 
water desalination, including reverse osmosis (RO), ther-
mal evaporation (TE), and membrane distillation (MD) 
(Fan et al. 2017). Among which, although RO is specific 
technique for water desalination because of its outstand-
ing advantages especially high separation efficiency, its 
application is limited due to various operational issues 
such as increased osmotic pressure with increased feed 
concentration, low recovery ratio, and brine production 
(Pagliero et al. 2020).

So, up to date, membrane distillation process is a 
promising and alternative method for purification of 
water compared to high pressure membrane processes 
because of using low-grade heat sources (Parani and 
Oluwafemi 2021). Generally, MD process is one of the 
emerging membrane separation processes, which refers 
to the thermal transfer of vapors through a non-wetting 
porous hydrophobic membrane, the driving force of which 
is the vapor pressure difference between the two sides of 

the membrane pores (Parani and Oluwafemi 2021). This 
technology has many advantages, for example, lower foul-
ing properties, cost-efficient process, has a lower operating 
temperatures, unlimited osmotic pressure, high permeation 
purity, lower operating costs, high salt removal, and lower 
the hydrostatic pressures compare with the pressurized 
processes (microfiltration (MF) membranes, nanofiltra-
tion (NF), ultrafiltration (UF), RO) especially during water 
treatment (Kujawa et al. 2014; Bandar et al. 2021; Omar 
et al. 2022; Zhang et al. 2023).

The membrane distillation process, which was registered 
the first invention of that by Budel on June 3, 1963, unlike 
the other mentioned methods, is a non-isothermal process 
that has been known for more than forty years, but in fact it 
still needs to be developed for its industrial implementation 
(Budel 1963). In this process, the low surface energy of the 
hydrophobic MD membrane prevents the pores from getting 
wet by water penetration, so that water evaporates across the 
MD membrane from the hot side to the cold side, which is 
caused by the vapor pressure difference (Fan et al. 2017).

In general, the microporous membrane with high hydro-
phobicity in all MD processes can be divided into several 
categories, including vacuum membrane distillation (VMD), 
swept gas membrane distillation (SGMD), direct contact 
membrane distillation (DCMD), and air gap membrane dis-
tillation (AGMD) (Ren et al. 2017) so that these membranes 
not only act as a physical barrier to separate the feed solution 
and seepage due to its hydrophobic nature to determine the 
salt excretion, but also play an important role in the migra-
tion and diffusion of vapor molecules to determine the per-
meate flux (Ren et al. 2017). Each of these processes has 
advantages and disadvantages discussed in Table 1 (Ding 
et al. 2006; Summers and Arafat 2012).

It is better to mention that some crucial characteristics 
in the fabrication of MD membranes must be considered. 
These characteristics consist of high liquid inlet pressure 
(LEP), low thermal conductivity, high hydrophobicity, sharp 
pore size distribution, having a low surface energy in order 
to avoid membrane wetting, high thermal mechanical, high 
porosity, high fouling resistance, low thickness, low torsion 
to increase water penetration, low thermal conductivity, and 
as well as chemical stability to increase useful life are nec-
essary to achieved in MD for the high performance (Ren 
et al. 2017; Ko et al. 2018). On the other hand, superhydro-
phobic membrane typically shows high static contact angle 
of > 150° as well as low roll-off angle (less than 10°) at its 
surface (Bhushan and Her 2010).

In general, membranes can be fabricated from two main 
groups materials; organic materials such as polymers and 
also inorganic materials (ceramic) (Yun et al. 2015). The 
most common membranes used in water and wastewater 
treatment are polymer structures such as cellulose ace-
tate (CA), polysulfone (PS), and polyether sulfone (PES). 
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However, some limitations of such membranes for stable 
performance are frequent testing, repair, and replacement 
of organic polymer membrane due to lower mechanical 
strength and also chemical stability (Yun et al. 2015). On 
the other hand, MD membranes must be hydrophobic and 
porous, which allows water vapor to pass through. Currently, 
polymer membranes such as polypropylene (PP), polytetra-
fluoroethylene (PTFE), and polyvinylidene fluoride (PVDF) 
are commonly used for MD applications. But polymeric 
membranes are sensitive to high temperature and membrane 
tendency to fouling phenomena caused by the existence of 
microorganisms in seawater, which leads to decrease the 
specific life-span of these types of membranes (Zhang et al. 
2014).

To tackle the above issue of organic membranes, recently, 
researchers have been focused on another category of mem-
branes which is called ceramic membranes because of their 
mechanical and thermal stability, chemical stabilities, high 
flux, and are mostly fabricated from metal oxides (such as 
silica, alumina, and zirconia). Although they show better 
performance compared to the other types of membranes, 
the presence of hydroxyl groups (–OH) on the surface of the 
ceramic membrane leads to its hydrophilic nature (Picard 
et al. 2001; Krajewski et al. 2006; Hubadillah et al. 2019a; 
Zhang et al. 2023) and limits the application for CMD. For 
this reason, hydrophilic ceramic membrane is undesirable 
for direct use in membrane distillation (Wang et al. 2019).

One of the most important requirements in the MDs pro-
cesses is the usage of hydrophobic membranes, but since 
all ceramic membranes have a hydrophilic surface, it is 
necessary to modify their surface. For this reason, many 
techniques such as the use of silane agents such as alkyl 
silane coupling, or fluoroalkylsilane, perfluorodecyltrieth-
oxysilane, trimethylchlorosilane, or trichloromethylsilane 
(Hendren et al. 2009; Chen et al. 2018b), modification using 
plasma (Kujawa et al. 2017), microwave plasma chemi-
cal vapor deposition (MWPE-CVD), anodic oxidation of 
aluminum (Kujawa et al. 2016) have been used to change 
membrane properties toward hydrophobicity, all with the 
aim of increasing the contact angle (CA), and therefore 
water pressure will be increased (Pagliero et al. 2020). On 
the other hand, the use of the above overmentioned methods 
can be affective to change the morphology of the membranes 
because the linking molecules can polymerize and create a 
thin layer that reduces the size of the pores or even closes 
some of the pores and as a result of that porosity of the 
membrane reduces (Pagliero et al. 2020). Therefore, it is 
necessary to choose a hydrophobic material to modify the 
surface. It should also be noted that in the case of porous 
ceramic materials, modification using materials with low 
surface energy is the most common method so that various 
studies over the years have used silane agents to modify 
the surface of ceramic membranes from hydrophilic to Ta
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hydrophobic. For instance, Khemakhem and Amar (2011) 
conducted experiments on the modification of clay-based 
ceramic microfiltration membrane using the silane agent of 
triethoxy-1H,1H,2H,2H-perfluorodecylsilane, and the results 
of the study showed that after the membrane modification, 
the obtained contact angle was 141 degrees. It was so that 
this membrane was able to show a high efficiency (93%) 
in salt removal with a concentration of 0.1 M and a flux of 
17 kg/m2 h (Khemakhem and Amar 2011).

In the MD process with the aforementioned methods, 
various parameters have effect on its efficiency, which can 
depend on the selection of type, silane dosage, the dura-
tion of the silanization process, the inlet temperature to 
the membrane distillation process, the inlet salt concentra-
tion, and the flow rate, therefore, optimizing the mentioned 
parameters plays critical role in the efficiency of the MD 
process. Due to the importance of this issue, in this review 
article, for the first time, an attempt has been made to study 
the effects of the aforementioned factors. Also, the authors 
have tried to discuss the effect of different silane agents in 
terms of functional groups and its dosage on the physical 
and chemical properties (such as CA, morphology, pore size, 
and porosity) of the fabricated ceramic membrane. Besides, 
a comprehensive review of various studies conducted on 
different membrane processes and the effects of various 
parameters, especially inlet temperature, salt concentration, 
and flow rate on membrane efficiency in terms of flux and 
salt removal have also been compared. Finally, it has been 
tried to evaluate the perspectives and recommending some 
future challenges of using hydrophobic ceramic membranes 
for desalination processes.

Salinization of ceramic membrane

Type of silane

Nowadays, various organosilane agents with unique func-
tional groups have been used to create a specific surface 
charge on the membrane for the modification of ceramic 
membranes surface and also increasing their hydrophobic 
properties (Lee et al. 2016). Silane agents are molecules 
in which one Si atom is bonded to four functional groups 
 (SiX4). Moreover, organosilane is the most useful classifica-
tion of silane agents that consists of at least one carbon–sili-
con bond structure  (CH3–Si–). This bond is very stable and 
nonpolar, which causes a low surface energy and creates a 
hydrophobic property on the surface of a CMs after bonding 
(Mizoshita et al. 2011). The structures of silicon hydride 
(–Si–H) and reactive substituent (–Si–OCH3) exhibit high 
reactivity. The combination of carbon–carbon double bonds 
with polar solvents results in the formation of active silanol 
species (–Si–OH). New substances composed of silicon and 
carbon are produced as a result of these reactions.

It is better to note that the chemistry of the functional 
organic group is influenced by the type of methoxy group 
attached to the carbon compound, which in turn affects 
the behavior of the silicon atom. If the group separating 
the organic compounds is a propylene bond (for example, 
–CH2CH2CH2–), the reaction of organosilane will function 
in a similar way to the reactions of the organic compounds 
in carbon chemistry (Ahmad et al. 2015).

The process of functionalizing the surface of CMs using 
various functional groups with low surface free energy, for 
example, fluorine-containing compounds such as fluorinated 
alkyl silanes (FAS), is often used for changing the hydropho-
bicity of ceramic surfaces properties (Kujawa et al. 2016). In 
this case, FAS modifiers are bonded strongly to the surface 
of the ceramic membrane, which contains a significant num-
ber of hydroxyl groups (Kujawa et al. 2016).

In the recent years, various FAS compounds include 
1H,1H,2H,2H-perfluorodecyltriethoxysilane, perfluorode-
cyltrichlorosilane and hexadecyltrimethoxysilane have been 
used for hydrophobizing the surface of ceramic membranes 
(Zhou et al. 2020). The presence of 4 to 10 carbon atoms in 
fluoroalkylsilanes results in a significant concentration of 
–CF3 and –CF2 groups. These can be incorporated in materi-
als to decrease surface energy (Zhou et al. 2020). However, a 
chemical called 1H,1H,2H,2H-perfluorooctyltrichlorosilane 
not only has more –CF2 groups, but also has a longer mol-
ecule structure (Zhou et al. 2020), so it has a lower ability 
to stick to surfaces than other fluorocarbons. Incorporat-
ing perfluorinated silanes as water-resistant agents in the 
manufacturing of foamed ceramic walls can considerably 
augment their roughness by allowing ample fluoropolymer 
to occupy the spaces between particles (Zhou et al. 2020). 
However, as mentioned before, the use of these substances 
depends on the reason of using them and the main goal is 
to make the membranes which have surface with an electric 
charge (Lee et al. 2016). For instance, one substance called 
trimethoxy(propyl)silane has a chemical structure with a 
methyl group (–CH3). It can make the surface of the mem-
brane without any specific charge (no positive or negative 
charge) by sticking to the membrane (Lee et al. 2016). And 
another examples of silane agents that can create various 
surface charge on the membrane are (3-aminopropyl)trieth-
oxysilane and 3-(trihydroxysilyl)-1-propanesulfonic acid. In 
the first compound because of the presence of amine group 
the surface of CM will be changed to positive charge and in 
the second compound due to the existence of sulfonic group, 
a negative charge on the surface of the membranes will be 
created (Lee et al. 2016).

Another classification of silane agents is based 
on the number of carbon atoms in the chain, for 
example, perf luoroalkylsilane (PFAS) compounds 
can be divided into 4 general categories; 6-carbon 
(1H,1H,2H,2H-perfluorooctyltriethoxysilane), 8-carbon 
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(H,1H,2H,2H-perfluorodecyltriethoxysilane), 10-carbon 
(1H,1H,2H,2H-perfluorododecyltriethoxysilane), and 12 
carbon (1H,1H,2H,2H-perfluorotetradecyltriethoxysilane) 
(Kujawa et al. 2016). In general, the process of modifying 
the surface of the ceramic membrane using silane agents is 
called the grafting process, which is done through the reac-
tion between the hydroxyl groups (–OH) present on the sur-
face of the ceramic membrane and the active groups (ethoxy, 
methoxy, and chlorine atoms) of organosilane compounds 
(Aloulou et al. 2021). Because of grafting process stable 
covalent bonds will be formed and as a result of that when 
ceramic membrane is treated with organosilane compounds, 
a very thin layer is formed on the surface and this layer 
enhances the water resistance of the ceramic membranes 
(Aloulou et al. 2021) (Fig. 1).

Characterization of hydrophobic ceramic membrane

Morphology

The top surface (i.e., pore geometry), cross-section, and bot-
tom surface can be studied using a scanning electron micro-
scope (SEM). In addition, SEM is able to reveal surface 
porosity, pore size, and pore size distribution as shown in 

the micrograph. The results of SEM images of the surface 
of ceramic membranes modified with silane agents are sum-
marized in Table 2. It is obvious that the modification of the 
membrane surface using these silane agents has no signifi-
cant effect on changing the morphological characteristics of 
the membrane (Fig. 2a–c). Furthermore, previous research 
works (Chen et al. 2018c; Hubadillah et al. 2018, 2019a) 
have indicated that the modified membranes had sponge-like 
structure and creating this structure increase the mechanical 
strength and reduce transmembrane resistance at the same 
time. But, Yang et al (2019) displayed that the γ-Y2Si2O7 
ceramic membrane had the leaf-like micro and nano-hierar-
chical structure (Yang et al. 2019).

Liquid entry pressure

The wetting of pores has always been seen as a big problem 
in the MD process. When salt spreads on the wet membrane, 
it can lead to create the lower quality of products and this is 
why important to use a membrane with a high liquid entry 
pressure (LEP) value (Rácz et al. 2014). In general, LEP is 
the minimum pressure required for the incoming feed water 
to penetrate the pores of the dry membrane, so the mem-
brane can no longer function in the MD system (Karanikola 

Fig. 1  Chemical reaction of 
silane agents with ceramic 
membrane’s surface

a)

b)

c)

OO O O

Grafted ceramic membrane

OHOH OH OH

Ceramic membrane

Trimethoxypropylsilane

OHOH OH OH

Ceramic membrane

3-aminopropyltriethoxysilane O O O

Grafted ceramic membrane

OHOH OH OH

Ceramic membrane

3-trihydroxysilyl-1-propanesulfonic acid OO O O

Grafted ceramic membrane
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et al. 2017). On the other hand, the pore size and membrane 
hydrophobicity play an important role in LEP because if the 
pressure of the feed membrane is lower LEP membrane, wet-
ting phenomenon in MD can be avoided (Karanikola et al. 
2017). To achieve a high amount of water vapor without any 
liquid getting inside, the process of membrane distillation 
needs a special kind of membrane that is superhydrophobic 
which has a high contact angle and high LEP. This mem-
brane also needs to have evenly spread tiny holes for the 
vapor to pass through (Shirazi et al. 2012). The special fea-
tures of MD membranes are that they repel water, very thin, 
strong, resistant to heat, and have a smooth surface. Besides 
being water-repellent, a thinner membrane that allows vapor 
molecules to pass through more easily is a more practical 
choice (Shirazi et al. 2012). Furthermore, the high LEP of 
water shows that the membrane is very effective at stopping 
water from entering the pores. Another crucial factor for 
improving the amount of water vapor that produced through 
membrane distillation is the creation of numerous intercon-
nected micropores (Darmanin and Guittard 2015). It is rec-
ommended that having a LEP greater than 0.25 MPa (2.5 
bar) is a critical way to avoid undesirable wetting caused by 
pressure and temperature fluctuations during daily operation 
(Tai et al. 2020).

Furthermore, LEP relies on the range of pore sizes and 
water resistance of the membrane. High LEP can be obtained 
by using a membrane which has small pore size (between 0.1 
and 0.6 μm) and also, a rough texture and a substantial con-
tact angle are required for this membrane (Zare and Kargari 
2018). As mentioned earlier, because of the importance of 
pore sizes as an effective factor on LEP value and therefore 
MD processes so it is better to use membranes with pore 
sizes between 0.1 and 1 μm for membrane distillation experi-
ments (El-Bourawi et al. 2006). As it has been proven, the 
improvement of flux can be occurred with an increasing the 
membrane pore size because of change from mass transfer 
controlled by Knudsen diffusion to mass transfer controlled 
by Knudsen–viscous transition. Large pores are good for 
increasing the flux, but they also make it more likely for 
the pores to get wet (Cath et al. 2004; Alkhudhiri and Hilal 
2017). Choosing the right size of pores in a membrane is 
important to have a good balance between the amount of liq-
uid that passes through the membrane and the energy used. 
Moreover, the best pore size depends on the characteristics 
of the liquid being filtered and how the system is being used 
(Cath et al. 2004; Alkhudhiri and Hilal 2017). It is interest-
ing to note that high LEP in ceramic membranes can achieve 
in low surface energy, small pore size, high surface rough-
ness, and high surface tension because these aforementioned 
factors improve the non-wetting properties of membrane sur-
faces. Based on this, herein, we have summarized the results 
of previous research works on ceramic membrane distillation 
and their major characteristics specially LEP in Table 2. As Ta
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it is obvious, in most of the articles that have used ceramic 
membrane in the membrane distillation process, the LEP 
value has been in the range of 0.1 to > 3 bar.

Membrane thickness

The efficiency of the membrane distillation process is influ-
enced by the thickness of the membrane (Eykens et  al. 
2017). If the membrane was thinner, it helps mass transfer 
more but also leads to more heat loss and reduces the driving 
force. Researchers suggest that when desalinating seawa-
ter in small-scale experiments is applied, the best thickness 
for a membrane should be between 10 and 60 µm (Eykens 
et al. 2017). To improve the ability of a membrane to let 
substances pass through, fabrication of thin membrane is 
the best way. However, the thinness should not compromise 
the strength of the membrane. So, the best thickness of the 

membrane is thought to be between 30 and 60 µm (Abu-Zeid 
et al. 2015).

Wettability

The contact angle of the surface is another critical charac-
teristic to identify the water proofness of the ceramic mem-
brane using silane. The results of previous research works 
conducted on the CMD in the term of changing in the water 
contact angle after the surface modification are shown in 
Table 2. According to this table, it can be seen that increas-
ing the contact angle is an important indicator in the suc-
cess of the silanization process. As mentioned, the use of 
silane agents can increase the hydrophobicity of the mem-
brane and increase the contact angle of its surface from 120 
or 130 to more than 170 degrees. Generally, based on the 
obtained results we can conclude that hydrophobic modifica-
tion of ceramic membranes using silane agents significantly 

Fig. 2  The inner surface 
FESEM/SEM images of 
ceramic membranes before and 
after modification (Chen et al. 
2018b; Hubadillah et al. 2018; 
Twibi et al. 2021)
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changed the hydrophilicity into hydrophobicity for the fab-
ricated membranes.

Pore size analysis

Another important factor impressed by the membrane modi-
fication using hydrophobic agents is pore size distribution 
analysis. Herein, we have discussed the effect of salinization 
of ceramic membranes on this factor.

The results of previous studies indicated that at the same 
sintering time, by the surface modification the pore size 
became smaller but no changes were observed after grafting 
process and the major reason of that is grafting with silane 
agents just react with –OH groups on the surface pores as 
the results of Hubadillah et al (2019a, b) confirmed (Huba-
dillah et al. 2019a). In another study by Yang et al (2017) 
conducted on the superhydrophobic modification of ceramic 
membranes using PFAS for vacuum membrane distillation 
application, and the results indicated that the pore structure 
of the modified membrane had little change before and after 
modification (Yang et al. 2017). The result of hydrophobic 
surface modification using C16, which was studied by Chen 
et al (2018a, b, c) confirmed that the pore size distribution 
had no significant change before and after the silanization 
process because of the thickness of grafted C16 layer on 
the inner surface of pore channels was very thin (Chen 
et al. 2018b). The pore size distribution analysis of alumina 
ceramic for vacuum membrane distillation which was con-
ducted by Huang et al (2018) showed that before the surface 
modification of membrane by hydrophobic agent, the aver-
age pore size was about 2.4 µm then by the modification pro-
cess became smaller and reached to 0.4 µm because of par-
tially filling of pores or coated by gels (Huang et al. 2018). 
However, Dong et al (2019) explained the different results. 
They showed that the increasing of PDMS content from 30 
to 60% had significant influence on the pore size distribu-
tion and as a result of that mean pore size of fabricated and 
modified membranes improved. These outcomes can be used 
for the simple adjustment of pore structure by the PDMS 
content in the mixed precursors (Dong et al. 2019).

Some studies have been indicated that the sintering tem-
perature had a significant effect on the pore size of hydro-
phobic membrane. Chen et al (2018a, b, c) were approved 
that the characteristics (specially pore size) of ceramic 
membrane-based alumina hollow fiber are affected by sin-
tering temperature. The results showed that by the increasing 
sintering temperature from 1300 to 1500 °C, the pore size 
of membrane become smaller and decreased from 200 to 
173 nm. Moreover, they concluded that by increasing the 
sintering temperature, the particle grain packed of alumina 
became more densely and as a result of that the pore size 
characteristics of small pore decreased (Chen et al. 2018c). 
In another research work, Wang et al (2016) have utilized 

β-Sialon ceramic hollow fiber membranes for membrane dis-
tillation and results demonstrated that sintering temperature 
had significant effects on the pore size so that as the sinter-
ing temperature increased from 1500 to 1650 °C, the pore 
size of modified membrane using 2 wt% FAS was declined 
from 1.1 to 0.8 nm (Wang et al. 2016).

The effect of silane agent on the MD performance

The surface of the membrane is reinforced and maintained as 
a result of chemical bonding and the interactions occurring 
between molecules. This aspect plays a crucial role in ensur-
ing the membrane’s stability and ability to resist water. How-
ever, the ability of immersion methods to make the ceramic 
membrane hydrophobic can be affected by different factors 
like the dosage of the silane agent used, the level of hydroxyl 
groups on the membrane surface, how long the grafting pro-
cess takes, the number of grafting cycles, and the roughness 
of the membrane surface (Ahmad et al. 2015).

One of the disadvantages of using these silane agents 
in the grafting method is the high cost of these materials. 
Therefore, the optimal concentration of the silane agent must 
be fully investigated in order to optimize the cost of graft-
ing process (Hubadillah et al. 2019b). In addition, the study 
on the duration of grafting is also necessary to achieve the 
maximum reaction between silanol and hydroxyl groups on 
the surface of the membrane (Hubadillah et al. 2019b).

In the following, an attempt is made to discuss the main 
parameters in the silane grafting processes, i.e., process 
duration and the dose/concentration of the silane agent 
on the ceramic membrane, which are used for membrane 
distillation.

Silanization time

Various studies have been conducted to investigate the 
amount of time for the silanization process of ceramic mem-
branes, in which it has been pointed out that the time of 
the silanization process has a direct relationship with the 
efficiency of the process (Kujawa et al. 2016; Li et al. 2021). 
Because in this case, due to the long duration of the process 
hydrophobicity will make the membrane surface smoother 
(less surface roughness) and with the increase in time, the 
contact angle of the membrane surface will increase due to 
the fact that more concentrations of the silane agent will 
come into contact with the membrane surface and finally the 
hydrophobicity will also increase at the same time (Kujawa 
et al. 2016; Li et al. 2021). Zewdie et al (2022) investigated 
in detail the effect of silanization time on the ceramic mem-
brane used in the distillation process. In this study, the time 
of the hydrophobization process varied from 12 to 96 h, and 
the results showed that the efficiency of the silanization pro-
cess increased from 3.25 ± 0.1% to 4.6 ± 0.06%, and the best 
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possible state occurred in 72 h. On the other hand, with an 
excessive increase in time, the degree of the silanization 
process decreased. This happens because the hydroxyl group 
on the surface of the ceramic membrane interacts with the 
Si–O–alkyl groups of the PFAS agent over a long period 
of time. This interaction helps to decrease the number of 
hydroxyl groups (Zewdie et al. 2022). In a study conducted 
by Kujawa et al. (2016), the effect of 4 types of silane agents 
(C6, C8, C10, and C12) on the hydrophobic properties of 
ceramic membrane in air gap membrane distillation process 
under 3-time intervals (first stage: 5 h, the second stage: 
15 h, and the third stage: 35 h) was examined. The results of 

the study indicated that significant changes in the physico-
chemical properties of the membrane surface and morphol-
ogy were observed as a result of hydrophobization, so that 
a noteworthy increase in the water contact angle shows that 
the surfaces of the ceramic membrane have been effectively 
modified and their hydrophilic properties become hydro-
phobic. For example, the contact angle for the C6-modified 
membrane increased from 110 to 130° with increasing time 
up to 35 h. But in general, the highest amount of contact 
angle was obtained for the membranes grafted with C12 
(148 degrees flat for 35 h) and with C6 (145 degrees under 
35 h) (Kujawa et al. 2016). Zhang et al. (2012) investigated 

Table 3  Conditions for silanization of ceramic membrane

Silane agent Time (min) Silane dosage Solvent More details Frequency of modifications Refs

C6 4320 2 wt% Ethanol Grafted membrane was 
dried at 105 °C for 12 h 
in an oven

1 Zewdie et al. (2022)

PDTS 180 0.008 M – Grafted membrane was 
dried at 30 °C

4 Song et al. (2022)

C6 4320 2 wt% Ethanol Grafted membrane was 
dried at 100 °C for 6 h in 
an oven

3 × 24 h Zhang et al. (2012)

C6 1440 2 wt% Ethanol Grafted membrane was 
dried at 100 °C for 6 h in 
an oven

Three times Ren et al. (2015)

C6 and C12 4320 0.75 mmol  g−1 Ethanol Grafted membrane was 
dried at 140 °C for 3 h in 
an oven

1 Kujawa et al. (2013)

C6Cl3 900 – – – Repeated three time (5 
min)

Kujawa and Kujawski 
(2016)

C6OMe3
C6OEt3
C6
8 1440 2 wt% Ethanol – 1 Alftessi et al. (2022)
C8 1440 2 wt% Ethanol – 1 Hubadillah et al. (2018)
C8 4500 0.01 M Ethanol Grafted membrane was 

dried at 105 °C for 12 h 
in an oven

1 Das et al. (2016)

C8 60 0.01 M Ethanol Grafted membrane was 
dried at 100 °C for 1 h in 
an oven

1 Khemakhem (2022)

C8 1440 1% v/v n-hexane Grafted membrane was 
dried at 90 °C for 2 h in 
an oven

1 Chen et al. (2018a)

C6 1440 0.5 wt% Ethanol Grafted membrane was 
dried at 100 °C for 6 h in 
vacuum oven

1 Fan et al. (2017)

C6 2880 0.02 M n-hexane Grafted membrane was 
stored in an ambient 
atmosphere

1 Ko et al. (2017)

C8 15, 30, 60 0.01 M Ethanol Grafted membrane was 
dried at 100 °C for 1 h in 
an oven

1 Aloulou et al. (2021)

PFAS and PFDS – 0.01 M Ethanol – 5 Yang et al. (2017)
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the efficiency of ceramic membrane modified with 2 wt% 
of C6 silane agent in the membrane distillation process 
(Table 3) and the results of the study showed that under 
a total time of 72 h (3 cycles of 24 h) the modification of 
ceramic membrane surface has improved its hydrophobic-
ity and increased the contact angle of the surface to 136°, 
which shows that the modification of the membrane surface 
with the silane agent and the change in its properties have 
been successfully carried out. The fabricated membrane was 
also confirmed that it had ability to remove 99–100% of salt 
in the membrane distillation process (Zhang et al. 2012). 
Kujawa et al (2013) study evaluated the effect of silaniza-
tion time on ceramic membranes using C6 and C12 agents. 
In this study, the investigated time period varied from 1 to 
300 h. The results of the study showed that with the increase 
in contact time, the efficiency of the silanization process 
also increased, however, the highest increase in efficiency 
was observed during the first 72 h. On the other hand, by 
silanizing the surface of the ceramic membrane, the analysis 
of the contact angle also determined that its hydrophobicity 
has increased (the contact angle is 136°), which indicates 
that the process is carried out correctly (Kujawa et al. 2013). 
But in the study of Kujawa et al. (2016), interesting results 
were reported. In this study, they tested different types of 
chemicals such 1H,1H,2H,2H-perfluorooctyltriethoxysilane, 
n-octyltriethoxysilane, n-octyltrimethoxysilane, and n-octyl-
trichlorosilane to make a hydrophobic ceramic membrane. 
They found that using these chemicals, the process took 
only 5 to 15 min. This short amount of time was enough 
to change the properties of ceramic membranes from being 
hydrophilic to hydrophobic. Increasing the time from 5 to 
15 min made the contact angle values go up by around 10%. 
Also, they discovered that the type of silane agent molecules 
also effects on hydrophobicity. The surface that was modi-
fied using perfluoroalkylsilanes had the highest hydropho-
bicity, with a contact force of 130° after 15 min. However, 
the membranes treated with alkylsilanes had a lower hydro-
phobicity, with a contact force of 115° after 15 min. This fact 
is because the increased size of perfluorinated chains neces-
sitates additional energy for hydration (Table 3) (Kujawa and 
Kujawski 2016).

Silane concentration

The results of the study by Song et al. (2022) showed that 
among the different parameters (silane concentration, silani-
zation time, and number of silanization times), it was the 
concentration of the silane agent that contributed the most 
to improving the hydrophobic properties of the ceramic 
membrane used in the distillation process. In this study, 
the amount of Ghamel silane used ranged from 0. 006 to 
0012 mol/liter. The higher the concentration, the greater 
the contact angle between the substance and the ceramic 

membrane, causing the membrane to exhibit increased 
hydrophobicity. Specifically, the angle increased from 131.2 
to 156.2°. The explanation is that the solution with a higher 
concentration contains a larger amount of  C2H5O– groups, 
and these groups readily bond with the hydroxyl groups on 
the ceramic membrane. This creates a thick layer of a hydro-
phobic material on the surface of the membrane. So, FAS 
is successfully attached to  Al2O3 ceramic substrate (Song 
et al. 2022).

Comparative study

In this section, the performance of different types of CMD 
in terms of flux and salt removal are compared in Table 4. 
Also, herein, we have tried to discuss the effect of the vari-
ous effective parameters (temperature, flow rate, input salt 
concentration) on the membrane distillation process.

Effect of temperature

Temperature is considered as the most important factors 
affecting the membrane process and so many literatures 
have reported the effect of feed temperature on permeate 
vapor flux due to the importance effect of temperature in MD 
processes (Lee et al. 1997; Zhang et al. 2014). The reason 
of that is because the performance of membrane distillation 
process is affected by the increase in exponential pressure 
with temperature (Lee et al. 1997; Zhang et al. 2014). Due 
to the temperature disparity on each side of the membrane, 
the water transforms into vapor and traverses through the 
membrane and pure water collects or condenses on the other 
side (Tijing et al. 2015).

The studies found that as the feed temperature is higher, 
the permeate flux is also higher. This can be explained by 
the Antoine equation, which shows the connection between 
the liquid temperature and the vapor pressure balance so that 
this balance is the main factor that drives the MD process 
(Qtaishat et al. 2008). The implication of this phenomenon 
is that a higher permeate flux is obtained at a higher feed 
temperature due to the corresponding higher vapor pressure. 
These observations are consistent with the other previous 
studies (Table 4). According to this table, the operating tem-
perature of MD process varied between 50 and 95 °C, but 
in general, it can be concluded that the best and highest salt 
removal efficiency, i.e., > 98%, was obtained in the tempera-
ture range between 70 and 90 °C.

The results of a study conducted by Zhang et al. (2012) 
showed that the fabricated membrane had a high removal 
rate (99 to 100%) indicating that only water vapor passes 
through the membrane, but nonvolatile compounds such as 
NaCl on the feed side enter the membrane. The hydropho-
bicity of  Si3N4 is avoided in the VMD process. When the 
NaCl solution concentration was fixed at 4 wt%, increasing 
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the temperature of the feed solution from 50 to 70 °C had a 
positive effect on flux so that the membrane flux increased 
from 231 to 534 L/m2 day. This is because more water evap-
oration creates at higher temperature and the steam driv-
ing force through the membrane increases. Also, the results 
approved that the higher concentration of NaCl solution, 
the lower the permeate flux will be observed. This phenom-
enon is also observed at 60 and 70 °C, which can be under-
stood by reducing the vapor pressure and increasing the salt 
concentration, which leads to a decrease in the amount of 
evaporation on the feed side entering the membranes and 
a decrease in its flux (Zhang et al. 2012). In another study 
conducted by Cong et al. (2019) to investigate the efficiency 
of porous ceramic membrane in membrane distillation pro-
cess, the permeate flux was between 0.3 and 3.8 kg/m2 h in 
the temperature range of about 43 to 80 °C for all ceramic 
tubes. The porosity was variable with the rate of salt removal 
greater than 99.95%. When the temperature of the feed was 
increased, the rate of flow showed a rapid increase, holding 
all other factors constant. This happens because the main 
reason the MD process works is because of the difference in 
vapor pressure across the ceramic membrane, and this dif-
ference gets bigger as the temperature of the feed increases 
(Cong et al. 2019). In the study by Chen et al. (2018a, b, c), 
the operating temperature in membrane distillation ranged 
from 55 to 75 °C, and the results showed that the water 
flux of different membranes (M1, M2, M3, and M4) in the 
VMD process has a positive relationship with temperature. 
As the temperature increases, an improvement in water flux 
was observed, which is probably due to the fact that the 
partial pressure of vapor increases with temperature (Chen 
et al. 2018b). In a study by Huang et al. (2018), the pure 
water output flux is 28 L/m2.h when the feed temperature is 
50 °C, but when the feed temperature is increased to 70 °C, 
the vapor pressure is also increased from 12 kPa at 50 °C 
increased to 31 kPa at 70 °C and a significant increase in flux 
(37.07 L/m2.h) was observed. Initially, the water possesses 
a uniform temperature, resulting in accelerated evaporation. 
The permit rate experiences a minor decline after 30 min of 
work, as the gradual temperature shift near the membrane 
surface, resulting from evaporation cooling, takes place 
(Huang et al. 2018). In the study by Zhang et al. (2014), the 
operating temperature in the membrane distillation process 
varied between 50 and 80 °C, and the results showed that 
the output flux increased rapidly with the increase in feed 
temperature from 50 to 80 °C for different concentrations 
of NaCl increased because the driving force of desalina-
tion using MD is provided by the gas pressure difference 
between the two sides of the membrane. Since the pressure 
on the permeate side is constant at 0.02 bar, the driving force 
increases with increasing water vapor pressure on the feed 
side, while the water vapor pressure increases exponentially 
with increasing temperature. Therefore, higher temperature 

increases the steam driving force through the membrane. 
When the concentration of NaCl solution is fixed at 4% by 
weight, increasing the feed temperature from 50 to 80 °C 
results in an increase of 446 L/m2 in water infiltration flux 
(679–233 L/m2 day) (Zhang et al. 2014).

Effect of salt feed concentration

Another operating parameter in evaluating the performance 
of ceramic membranes used in the membrane process is 
the amount of salt concentration in the feed entering the 
membrane.

Studies have shown that the flux in MD with modified 
ceramic membranes depends on the salt concentration 
in the feed, so that the water flux values through ceramic 
membranes which are modified with FAS decrease with an 
increasing salt concentration in the incoming feed (Krajew-
ski et al. 2006). Based on the obtained results, the increase 
in salt concentration had significant effect on the increas-
ing NaCl boiling point which can led to decline the water 
vaporization on surface of membrane (Twibi et al. 2021). 
However, excesses increase in the salt concentration have 
negative influence on the membrane permeation because of 
various reasons, for example, vapor pressure will be reduced 
as salt concentration increased or it can be contributed due 
to the concentration polarization and last option which is 
stated by Twibi et al (2021) (Twibi et al. 2021) is membrane 
surface fouling. Moreover, this phenomenon can be better 
explained by the Raoult’s Law in which we can understand 
that by increasing NaCl concentration the vapor pressure 
decreased (Zhang et al. 2014).

Alftessi et al. (2022) also used a modified ceramic mem-
brane in the DCMD membrane distillation process. In this 
study, the input salt concentration ranged from 8 to 40 g/L, 
and the results showed that with the increase in the input 
concentration, the output flux of the ceramic membrane 
decreased from 30 to 12 kg/h per square meter (Alftessi 
et al. 2022). Also, the results of the study by Larbot and 
his colleagues in 2004, used a ceramic membrane based on 
metal oxides of zirconia and aluminum in the membrane 
distillation process, were consistent with previous results. 
In this study, the concentration of the salt solution varied 
from 0.001 to 1 M, and the results showed that at low con-
centrations, the salt removal rate was between 90 and 96%, 
while with the increase in concentration to 1 M, the removal 
efficiency increased to more than 99%, and the concentration 
its optimum was chosen to be 0.1 M (Bandar et al. 2021).

Effect of flow rate

The effectiveness of ceramic membranes in membrane 
distillation is contingent upon the input flow rate to the 
ceramic membrane. According to research, there is a close 
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connection between the movement of liquid and the amount 
that passes through a material, and this bond is expected to 
become more pronounced with an increase in the flow rate 
(Pal and Manna 2010). The main reason for the increase in 
flux at the same time as the flow rate increases is because 
of increasing Reynolds number by increasing in the feed 
flow rate. This phenomena affects the fluid dynamics and 
increases the heat transfer coefficient, and as result of that 
reducing the effect of temperature and concentration polari-
zation can be observed (Pal and Manna 2010). Both the mass 
resistance and the heat transfer resistance decrease at higher 
Reynolds number as well as the thickness of the boundary 
layer, which increases the significant driving force for mass 
transfer through the membrane and thus increases the perme-
ability (Garcıa-Payo et al. 2000; Chen et al. 2020).

Previous studies have also agreed with these reasons. 
Alftessi et al. (2022) found that the input feed flow and the 
distillation flux for the prepared ceramic membrane have a 
direct relationship, so that increasing the feed flow rate from 
10 to 20 L per hour caused an increase in the permeate vapor 
flux (Table 4) (Alftessi et al. 2022). In another study, Donato 
et al. (2020) evaluated the effect of varying the input flow 
rate from 65 to 120 L/h and variable temperature from 60 
to 70 °C on the performance of the ceramic membrane used 
in the membrane process. The results of the study showed 
that by keeping the temperature constant at 60 °C, the out-
put flux from the ceramic membrane increased from 18 to 
20 kg/m2 h along with the increase in the flow rate from 65 
to 120 L per hour, which is the main reason for heat transfer. 
It is better inside the flow. Also, under these conditions, the 
salt removal efficiency was higher than 99% (Donato et al. 
2020). In general, it can be concluded that the flow rate has 
a direct relationship with the amount of flux coming out of 
the membrane, but it has a lesser effect on the rate of salt 
absorption, and as mentioned, the amount of flux output is 
also improved at higher currents.

All in all, based on the obtained results it is obvious that 
4 types of membrane processes can have an efficiency in 
the range of 98–100% depending on the different operating 
conditions and parameters in salt removal, but on the other 
hand, the flux of these 4 types of processes is different from 
each other. DCMD had water flux of 0.13 to 600 per liter in 
or 1 to 38.2 per kilogram also in VMD process, water flux 
was 60 to 534 per liter or 20.6 to 44.1 per kilogram.

Future challenges and recommendations

Membrane distillation is regarded as one of the most 
appealing membrane-based separation technologies, owing 
to its ability to produce fresh water from high salinity 
water. As a result, it has garnered noteworthy attention in 
the field of water treatment especially desalination. This 

article presents a comprehensive review on the silaniza-
tion of ceramic membranes intended for employment in 
membrane distillation processes. However, there are no 
evidence on the optimization of effective factors on this 
process. So, we still need to do experiments on full scale 
plants and watch the different steps closely to solve prob-
lems in MD.

New modules and configurations have been added to 
MD. Although these new systems can help improve MD 
efficiency, most of them were created in a laboratory. More 
research is needed to study the materials used and make 
them more affordable. MD is a helpful method that can be 
used with other ways to get rid of all liquids and be more 
sustainable. The complete commercialization of surface-
modified ceramic requires the resolution of various hurdles 
that must be overcome. The fabrication process of ceramic 
membrane substrate entails a considerably intensive energy 
expenditure, as its production necessitates exposure to 
temperatures exceeding 800 °C for prolonged periods. As 
such, polymer membranes are comparatively less expensive 
when compared to their counterparts. Furthermore, due to 
its inherent hydrophilic properties, it is imperative that sur-
face modification be employed prior to the implementation 
of ceramic membrane as a MD membrane. Incorporating 
sintering into the manufacturing process poses a challenge 
in achieving the dual objective of conferring superhydro-
phobicity or omniphobicity onto membranes concomitantly 
with proficient control over pore dimensions.

One notable challenge pertaining to the use of ceramic 
materials is their comparatively high thermal conductivities 
in relation to those of polymers. This presents as a hindrance 
toward achieving optimal energy efficiency in the MD pro-
cess. The development of modification approaches aimed 
at enhancing thermal efficiency is imperative. MD ceramic 
membranes that possess distinctive wettability traits typi-
cally exhibit inferior flux performance owing to their con-
siderable thickness (> 500 μm), which can be attributed to 
inherent constraints in the fabrication process, as contrasted 
with polymeric membranes.

Certain hydrophobic and omniphobic ceramic membranes 
are subject to structure and performance deterioration over 
prolonged periods of operation, characterized by fouling, 
wetting, and reduced flux and rejection. This is attributed to 
inadequate adhesive forces between fluorination molecules 
and the membrane surfaces. The occurrence of membrane 
wetting and fouling in membrane distillation is an unde-
niable phenomenon. As such, the use of membranes that 
exhibit high flux recovery following cyclical water flush and 
chemical cleaning procedures is deemed essential in MD 
applications. And finally, incorporation of MD, alongside 
other technologies, in the development of hybrid water treat-
ment systems presents potential for reducing the adverse 
effects of difficult feed solutions directly on membranes, and 
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possibly decreasing the necessity for specialized membrane 
surface wettability.

Conclusion

Membrane distillation (MD) is regarded as an inexpensive 
and auspicious separation method for water desalination 
owing to its potential to accomplish nearly 100% rejection 
of dissolved solids. The technology employs a hydrophobic 
membrane that selectively permits the conduction of vapor-
ized substances while effectively obviating the passage of 
undesirable solutes in their liquid phase from the feed side. 
Herein, we discussed the main role of hydrophobization 
using silane agents. The results confirm that silanization of 
CM in the MD processes has no significant effect on the 
surface morphology of the fabricated membrane, while it 
is found that the other characterizations of ceramic mem-
brane (hydrophobicity, porosity, thickness, wettability, pore 
size) is influenced by silanization. This review indicated 
that the optimal properties of MD using CM was porosity 
(30%–90%), LEP (> 0.5 bar), thickness (20–200 µm), high 
water contact angel (>  1300), and pore size (0.1–1.0 µm) to 
ensure high flux and rejection performance. All in all, this 
review suggests a critical points of using ceramic membrane 
used for MD process with focusing on optimization of main 
operational parameters that can be useful for applying in 
future of this method in full scale operation.
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