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Quartiles

The set of journals have been ranked according to their SJR and divided into four equal groups, four quartiles. Q1 (green)
comprises the quarter of the journals with the highest values, Q2 (yellow) the second highest values, Q3 (orange) the third
highest values and Q4 (red) the lowest values.

Category Year Quartile
Biotechnology 2015 Q2
Biotechnology 2016 Q2
Biotechnology 2017 Q2
Biotechnology 2018 Q2

SJR

The SJR is a size-independent prestige indicator that
ranks journals by their 'average prestige per article'. It is
based on the idea that 'all citations are not created
equal'. SJR is a measure of scienti�c in�uence of
journals that accounts for both the number of citations
received by a journal and the importance or prestige of
the journals where such citations come from It
measures the scienti�c in�uence of the average article
in a journal it expresses how central to the global

Citations per document

This indicator counts the number of citations received by
documents from a journal and divides them by the total
number of documents published in that journal. The
chart shows the evolution of the average number of
times documents published in a journal in the past two,
three and four years have been cited in the current year.
The two years line is equivalent to journal impact factor
™ (Thomson Reuters) metric.

Cites per document Year Value
Cites / Doc. (4 years) 2014 0.000
Cites / Doc. (4 years) 2015 2.779
Cites / Doc. (4 years) 2016 3.890
Cites / Doc. (4 years) 2017 4.157
Cites / Doc. (4 years) 2018 3.945
Cites / Doc. (4 years) 2019 4.265
Cites / Doc. (3 years) 2014 0.000
Cites / Doc. (3 years) 2015 2.779
Cites / Doc. (3 years) 2016 3.890
Cites / Doc. (3 years) 2017 4.157

Total Cites Self-Cites

Evolution of the total number of citations and journal's
self-citations received by a journal's published
documents during the three previous years.
Journal Self-citation is de�ned as the number of citation
from a journal citing article to articles published by the
same journal.

Cites Year Value
S lf Cit 2014 0

External Cites per Doc Cites per Doc

Evolution of the number of total citation per document
and external citation per document (i.e. journal self-
citations removed) received by a journal's published
documents during the three previous years. External
citations are calculated by subtracting the number of
self-citations from the total number of citations received
by the journal’s documents.

Cit Y V l

% International Collaboration

International Collaboration accounts for the articles that
have been produced by researchers from several
countries. The chart shows the ratio of a journal's
documents signed by researchers from more than one
country; that is including more than one country address.

Year International Collaboration
2014 21.79
2015 18 42

Citable documents Non-citable documents

Not every article in a journal is considered primary
research and therefore "citable", this chart shows the
ratio of a journal's articles including substantial research
(research articles, conference papers and reviews) in

Cited documents Uncited documents

Ratio of a journal's items, grouped in three years
windows, that have been cited at least once vs. those
not cited during the following year.
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Abstract
Porous materials have attracted attention in many practical fields, including for water desalination. Carbon
templated is an attractive method in enhancing the properties of mesoporous silica materials used as
membrane materials. This review mainly focuses on the strategies of carbon templates of mesoporous silica
materials essentially applied for water desalination. Numerous strategies for carbon templated mesoporous
silica are briefly discussed. In addition, most carbon-silica based membranes for desalination are detailed
and their performances are discussed. Moreover, application of carbon-silica templates for wetland saline
water desalination are also discussed in great detail. The comparison between carbon-silica based materials
and silica-based membranes of recent techniques, fabrication, trend, application and operation condition
for further improvement of membrane performance are also thoroughly reviewed.

Graphical abstract
Carbon templated presence in a mesoporous silica matrix can prevent the mobility of silica groups from
hydrolytic attack and can inhibit micropore shrinkage.
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A B S T R A C T

Porous materials have attracted attention in many practical fields, including for water desalination. Carbon
templated is an attractive method in enhancing the properties of mesoporous silica materials used as membrane
materials. This review mainly focuses on the strategies of carbon templates of mesoporous silica materials es-
sentially applied for water desalination. Numerous strategies for carbon templated mesoporous silica are briefly
discussed. In addition, most carbon-silica based membranes for desalination are detailed and their performances
are discussed. Moreover, application of carbon-silica templates for wetland saline water desalination are also
discussed in great detail. The comparison between carbon-silica based materials and silica-based membranes of
recent techniques, fabrication, trend, application and operation condition for further improvement of membrane
performance are also thoroughly reviewed.

1. Introduction

Porous materials have attracted attention in many practical fields,
such as chemical, medical, optic, electronic, biotechnological, en-
vironmental and/or energy applications. Porous materials pose regular
pore structures and high surface area useful for materials adsorption,
storage [1,2]. According to the IUPAC definition, porous materials are
classified into three categories depending on their pore sizes: micro-
porous< 2 nm, mesoporous 2-−50 nm, and macroporous> 50 nm
[3]. Since the first mesoporous material of MCM-41 was introduced in
1990s, the developments of other mesoporous materials have been
extensive [4].

Basic preparation of mesoporous materials are done using template
synthesis self-assembled micelles structure from cost-effective silica and
carbon sources [1]. It is done by employing organic template molecules
under various processes or by employing textural templates where the
inorganic precursor condenses [4]. Extensive reports are available on
custom developments of novel mesoporous materials for catalyst,
sorption, sensing, optics, drug delivery or separation. Mesoporous ma-
terials are also attractive for wrapping siRNA to enhance the ther-
apeutic effect on cancer for medical treatment [5,6]. They have been
explored to encapsulate fragrances for controlled release and storage of

the odorants [7]. Mesoporous materials such as zeolite and silica are
also highly attractive as support for catalyst [8,9] thanks to their in-
herent selectivity and high surface area [10].

Membranes processes have long been established with widespread
applications. They are mostly used to produce potable water from saline
water, to treat industrial wastewater effluents and to recover valuable
resources from wastewater (via concentration and purification) and to
fractionate macromolecular mixtures in the food and drug industries.
They have also been established for separation of gases, energy con-
version systems artificial organs and drug delivery. The membrane
materials employed in those diverse applications differ widely in their
structure and function.

Diverse membrane base processes have recently been emerging
molecular separations, fractionations, concentrations, purifications,
clarifications, emulsifications, crystallization, etc. It is mainly because
of the inherent characteristic of high efficiency; operational simplicity,
stability and flexibility; high selectivity and permeability in separation
applications; low energy requirements; environment compatibility,
easy to control and scale-up. Apart for being applied as standalone unit,
membrane processes are also very common in hybrid system involving
process intensification. They include but not limited to membrane re-
actors, membrane bioreactors, membrane contactors.

https://doi.org/10.1016/j.jwpe.2020.101520
Received 4 April 2020; Received in revised form 2 July 2020; Accepted 8 July 2020

⁎ Corresponding author at: Chemical Engineering Department, Lambung Mangkurat University, Jl. A. Yani KM 36, Banjarbaru, South Kalimantan 70714, Indonesia.
E-mail address: melma@ulm.ac.id (M. Elma).

Journal of Water Process Engineering 38 (2020) 101520

2214-7144/ © 2020 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/22147144
https://www.elsevier.com/locate/jwpe
https://doi.org/10.1016/j.jwpe.2020.101520
https://doi.org/10.1016/j.jwpe.2020.101520
mailto:melma@ulm.ac.id
https://doi.org/10.1016/j.jwpe.2020.101520
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jwpe.2020.101520&domain=pdf


However, all membranes have several features in common that
make them particularly attractive for the separation. The separation is
performed by physical means (mostly) at ambient temperature without
chemically altering the feed mixture. This is mandatory for applications
in artificial organs and in many drug delivery systems as well as in the
food and drug industry or in downstream processing of bioproducts
where temperature-sensitive substances are handled. The membrane
materials used in those applications differ widely in their structure,
function and the way they operate. Membrane properties can thus be
tailored and adjusted to specific applications.

The versatility of membrane structures and functions makes a pre-
cise and complete definition of a membrane rather difficult. A mem-
brane is a barrier that separates and/or contacts two different phases
and controls the exchange of matter and energy between the phases.
The membrane can be a selective or simply acts as a contacting barrier.
In the first case, it controls the exchange between the two phases ad-
jacent to it in a very specific manner; in the second case, it functions as
contactor of the two phases in which the transport occurs.

Ones can distinguish between biological membranes, which are part
of the living organism, and synthetic membranes that are man-made.
The structure and function of synthetic membranes are much simpler
than the biological membranes. They only facilitate passive transport
and are less selective. However, they are chemically and mechanically
more stable especially at high temperature. The selectivity of synthetic
membranes is dictated by sieving property of the pore or the solute
solubility and diffusivity within the membrane matrix. The perme-
ability of the membrane for different components, however, is only one
parameter determining the flux through the membrane.

Membrane based processes are also driven by different forces, such
as concentration different, pressure different, or temperature gradients,
or an electrical potential for the charged components. The use of dif-
ferent driving forces results in a number of processes such as reverse
osmosis, micro-, ultra- and nanofiltration, dialysis, electrodialysis,
pervaporation, gas separation, membrane contactors, membrane dis-
tillation, membrane-based solvent extraction, membrane reactors, etc.
[11].

Mesoporous silica materials are frequently applied for membrane
fabrication in the gas and the water separation and thus worthy of
detailed overview. The interaction between the permeating molecule
and the membrane material often dictate the separation process. Gas
steams or water vapor are abundant with water molecules that easily
reacts with the hydrophilic sites in the silica thin films created chemical
and microstructural instability. For instance, Giessler, Diniz da Costa
[12] reported that sol-gel derived films produced the silanols from
hydrolysis and condensation reactions. The presence of silanol bonds
collapses of the film structure that lowers the pore volume. Silanol
groups form weakly branched fractal systems and has hydrophilic
properties. They easily react with water altering the matrix of silica-
derived materials. These include organic covalent templates such as
methyl groups and noncovalently bonded organic templates such as C6
and C16 surfactants and alkyltriethoxysilanes [12].

To overcome the detrimental interaction of water with the silica
material, various templating methods have been developed. It is gen-
erally divided into 3 steps: 1) preparation, 2) method selection (i.e.,
hydrothermal, precipitation, and sol-gel), and 3) templating (dissolu-
tion, sintering, etc.). Regular template is sorted into two categories of
materials that is naturally and synthesis. One strategy to obtain a good
hydro stability of silica is by embedding carbon molecules into the silica
matrix. Various materials have been used earlier as carbon sources such
as P123 [13], F127 [14], and F108 [15], or citric acid [16]. Recently,
more sustainable and low-cost carbon sources have also been explored,
such as pectin (from apple peel) [17], banana peel [18]), and also
glucose [19]. The Si-O-C bond can be formed after adding carbon ma-
terials into the silica matrix. The presence of carbon prevents silica pore
from collapsing especially when the material is applied for water de-
salination. Carbon material also reported has strong covalent bonding

[20] which enhances the mechanical strength.
In this review, we overview of the progress of the advantageous

strategies of carbon templates of mesoporous silica materials essentially
applied for water desalination. Numerous strategies for carbon tem-
plated mesoporous silica were discussed. Finally, applications of carbon
templated mesoporous silica materials in water desalination are also
discussed.

2. Advanced carbon templated strategies

Materials with nanopore structure allow interaction at atomic, ionic
and molecular level since they have large surface area and limited
spatial space [21,22]. Nanopores can be classified into macro-porous
(> 50 nm), Mesoporous (2 nm – 50 nm) and microporous (< 2 nm).
Materials with nanopore has been used in adsorption [23], separation
[24,25], catalysts [26,27], and electronics [28,29]. Among many ap-
plication of nanopores, nanopore carbons (NPCs) have regular inter-
penetrations which leads to desirable chemical and physical properties,
namely high specific surface, uniform pore structure, good heat re-
sistance and chemical stability, low density and many others [28]. NPCs
have been then implemented in hydrogen storage [30], adsorption
[31,32], energy storage [33,34] and electronic devices [35].

The most commonly used carbon templating methods include
physical (destruction, adhesion and spray) and chemical methods
(precipitation, sol-gel, hydrothermal and template) [36,37]. Template
synthesis is a method that has been developed since the 1990-an and
still widely applied currently. The method is also very easy to do and
provide ample flexibility in controlling the structure, morphology and
particle size of the resulting materials [38].

Morphology is an important parameter to determine the character
of the particle size and pore structure [39,40]. The template method
changes the morphology of the product by controlling the nucleation
and growth of crystals during the nano-material preparations. It gen-
erally consists of 3 steps: 1) template preparation, 2) methods selection
(hydrothermal, precipitation, and sol-gel), and 3) templated (dissolu-
tion, sintering, etc.). Regular template can be classified into materials
that is naturally and synthetic. Also, it is based on the difference be-
tween the structure of the template. The templating method is divided
into hard templates and soft templates [41,42].

One strategy to obtain a good hydro stability of silica matrix is by
embedding carbon molecules into the silica. Various materials have
been used earlier as carbon sources such as P123 [13], F127 [14], and
F108 [15], or citric acid addition [16]. Recently, more sustainable and
low-cost carbon sources have also been explored: pectin (from apple
peel) [17], banana peel [18]), and also glucose [19]. The Si-O-C bond
can be formed after adding carbon materials into the matrix. The pre-
sence of carbon prevents silica pore from collapsing especially when
applied for water desalination. Carbon material also has strong covalent
bonding [20] which enhances the mechanical strength of the resulting
matrix.

2.1. Soft and hard templating methods

The soft templating uses a nano-structure formed through inter-
molecular interactions as a template [43]. They do not have permanent
rigid structures. During the synthesis of nanoparticles, certain structural
aggregates are formed through molecular or intra-molecular (hydrogen
bonds, chemical bonds, and static electricity) interactions [38]. The soft
template materials are typically organic surfactants and/or copolymer
blocks that can interact with metal ions and merge into a liquid crystal
phase through the sol-gel process. Pores are obtained after the removal
of soft templates via calcination. The soft templating method allows
easy control of the structure and pore size relative to the hard template
method [43]. The crucial step in the soft templating is the transition of
sol-gel precursors in the form of a surfactant/copolymer block [44–46].

The hard templating method is known as nano-casting, mostly
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attractive for synthesis of mesoporous materials. Nano-casting uses a
solid mould as the template to which a material or precursor is filled.
Later, after the formation of the porous material the main mould is
removed [43]. For nano-casting of M-TMO, it consists of 3 steps:
synthesis of mesoporous replica (eg: silica, carbon, alumina); a metal
interphyracy of precursors and decomposition to form materials into
crystals; and lastly, removal of the mould to obtain pores.

2.2. Synthesis of carbon templating

The porous carbon synthesis using a particular template necessitate
the feasibility to remove the template without damaging the resulting
structure [47]. For example, in a method illustrate in Fig. 1, silica and
carbon sources are firstly mixed, then the mixture is heated to form
solid composites. In the final phase, silica is removed by using the al-
kaline solvent (Fig. 1) [48].

Synthesis of porous carbon is also applicable to biomass-based
carbon by applying a specific template into a carbohydrate-containing
biomass [49]. Pang, Li [48] synthesed porous carbon form sucrose with
the template of tetra ethyl ortho (TEOS) to form porous carbon (Fig. 2).
It was done by applying hydrofluoric acid to leach the silica after car-
bonization step. The product was a carbon sheet that has pore diameter
of 2 nm (Fig. 2). Porous carbon nanoparticles can also be made poly
methyl meta acrylates (PMMA) by using silica as the pore-former [49].
The resulting nanoparticles have pore size of 300 nm (Fig. 3).

Liu, Gan [51] synthesized porous carbon from liquid paraffin by
using silica as the regulator of carbon porcelain and surfactants to
disperse paraffin in water. The synthesis process consisted of two main
steps: formation of carbon/silica composite using paraffin carboniza-
tion method, followed by elimination of carbon silica by using hydro-
fluoric acid (HF) or potassium hydroxide (KOH). The illustration of the
sythesis process and morphology of the resulting porous carbon are
shown in Fig. 4.

Brun, Sakaushi [53] prepared porous carbon from monosaccharides
(xylose and glucose) using hydrothermal methods backed by carboni-
zation and silica derived from the synthesis of the Stober method using
TEOS as a template. After the composite of carbon and silica was
formed, the silica was removed using the ammonium hydrogen di-
fuoride. The morphologies of the obtained porous carbon are shown in
Fig. 5, which have pore size of 100 nm and 5−8 nm.

Liu, Yao [54] prepared microporous carbon particles from poly
(furfuryl alcohol) through carbonization. In this sythesis method, fur-
furyl polymerization of alcohol was limited from stem-shaped by
adding silica or slowed by using surfactants. The detail of preparation
steps and the morphology of the resulting microporous carbon with
pores of 260−320 nm are shown in Fig. 6.

Porous carbon synthesis can also be done through the hydrothermal
method [54]. In this method, the common carbon sources used are
hydrolysed hemicellulose, corn cob, and glucose and the template for
pore formation is silica nanoparticles. The morphology of the resulting
porous carbon can be seen in Fig. 7.

2.3. Mesoporous carbon through mesoporous silica templated

2.3.1. Carbon (C)
Synthesis of porous carbonaceous materials using silica template

had been started since 1980s. The porous membranes were developed
from a phenol-hexamine mixture as the carbon precursor and silica gel
as the template. The carbon can easily be filled thanks to the spacious
structure of silica gel [56]. Another templates, such as MgO, have been
introduced [57–59]. MgO can be removed by using light acid, but the
homogeneity of the resulting mesoporous is lower than the ones with
the silica template. Silica template is highly recommended for synthesis
of very organized mesoporous architecture coupled with an acid
treatment for the template removal [60]. However, the procedure for
the template can cause serious environmental problems from the use of
the harmful etchants [61].

Template method is superior to control MCs pore structure. MCs
with controlled pore structures can be formed by templating meso-
porous silica such as Mobil Crystalline Material-48 (MCM-48).
Typically, the synthesize of MCs steps involves infiltration of inorganic
templates using carbon precursors, followed by template removal [62].
Although this method results in asymmetric membrane, it yields an
ordered mesoporous carbon (OMC) [60], like the one obtained using
MCM-48 as the hard template. OMC has symmetrical structure and
narrow pore-size distribution. Common silica templates for mesoporous
carbon fabrication are MCM, Santa Barbara Amorphous (SBA), Fudan
University (FDU), MSU-H, and Hexagonal mesoporous silica (HMS)
[60]. The pores size of mesoporous silica materials has been listed in
Table 1.

Fig. 1. Principles of porous carbon making [48].

Fig. 2. Morphology of Film Carbon characterization results: (a) SEM appears above, (b) AFM, and (c) TEM [48].
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Carbon membranes have gained huge interests for desalination [68]
and gas separation [69]. MCs based membrane has high pore volume
and surface area, high resistance in rigorous circumstances, and is easy
to regenerate. The pore size of a MC-based membrane is affected by the
carbon precursors and the treatment method [62]. Carbon precursors
such as thermosetting phenol resin (TPR), mesophase pitch (MP), and
polyacrylonitrile (PAN) have been introduced for fabrication of MCs.
MP is attractive to fabricate the porous material with excellent per-
formances due to good graphitizability, high carbonization, and low
organic content [62]. TPR offers higher surface area and pore volume of
than MP and PAN. However, MP seems more stable during heat treat-
ment [62]. The pores of MCs are formed by letting the small molecules
of carbon precursors leach out during carbonization and by removal of
the nanosized particles. The resulting pore properties are also affected
by dispersion of the nanosized silica and the thermal stabilities.

2.3.2. Mobil crystalline material
Some researchers studied mesoporous silica structure as a template

using MCM-48 [70], MCM-41 [71,72], MCM-50. The MCM-48 is very
attractive as template for production of MCs because the precursor can
form periodic pores arrangement with three-dimensional system.
Homogeneous pores are contained in the MCM-48 molecular sieves
[73]. MCM-41 is naturally hexagonal mesoporous silica with high
surface, pore volume with the pores sizes ranging from 20 to 100 Å
[74,75]. MCM-50 has pillared layer or lamellar pores. Among all, MCM-
41 has gained the most interest because of its simple structure as shown
in Fig. 8. In particular, the porous silica was created using sodium si-
licate or TEOS as the silicon source, and alkyl ammonium salts as the
structure directing agent [74].

2.3.3. Santa Barbara Amorphous (SBA)
SBA-15 as a mesoporous material that has two-dimensional (2-D)

hexagonal p6mm symmetry and a channel-type or 3-D mesopore
structure. It contains the micropores inside the pore walls [77]. The
pore wall structure of SBA-15 is thicker than the MCM-41 [78,79]. SBA-
15 can be prepared from TEOS or sodium silicate [80,81] or sodium
silicate derived from oil palm ash [82]. It has controllable pore sizes of
5−30 nm range [77,78] with good thermal and hydrothermal stability
due to thick pore walls (2–6 nm). SBA-15 may show variety of
morphologies such as rods, fibres, spheres, gyroids, doughnut-like and
discoid-like shape depending on fabricate conditions [77,83,84].

Various methods of SBA-15 fabrication have been reported, to name
a few: grafting and impregnation, direct synthesis, sol-gel and im-
mobilization. Synthetic grafting and impregnation are used to produce
covalent attachment of functional groups between organo-silane with
silanol groups on surface material [85]. Direct synthesis is a method
where the metal source is added directly to the synthesis gel. This
method results in SBA-15 of high specific area and pore volumes, but
owing to low pH, it requires a high amount of the extra aluminium
network [86]. Pore structure, size and shape of SBA-15 can be properly
arranged when employing sol-gel synthesis method that works under
modest temperature and results in high purity [87].

2.3.4. Fudan University (FDU)
The 3D pore structures of FDU-12 s are face-centred cubic structure

with close packing of spherical cages, each is connected to 12 nearest
neighboring cages [88]. It can be fabricated from non-ionic triblock
copolymer F127 as a template, TEOS as silica precursor with 1,3,5-
trimethylbenzene (TMB) and potassium chloride (KCl) as additives.

Fig. 3. Morphologie os the materials during formation of porous carbon from PMMA as the carbon sources: (a) PMMA, (b) silica, (c) porous carbon products, (d, E)
TEM of porous carbon products [50].

Fig. 4. (a) illustration of the porous carbon synthesis process, visualizing SEM from porous carbon with magnification: (b) Low and (c) high [52].
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TMB is used to enhance the volumetric ratio of the hydrophobic core
and to turn it hydrophilic, which leads the structure changes from a
body-centred cubic to a face-centred cubic [89]. Fabrication at low
temperature (15 °C) results in highly ordered cubic of FDU-12 silica
with pore diameters of 22−27 nm [89].

2.3.5. Mesostructured MSU-H
The porous framework of MSU-H is similar to that of SBA-15 that

consists of ordered large pores connected by micropores [90]. These
large two-dimensional pore channels allow easy penetration of carbon
with better pore sizes adjustment compared to the SBA-15 or the MCM-

Fig. 5. TEM of carbon-based products: (A, B) Xylose and (c, D) glucose [52].

Fig. 6. (a) Illustration of porous carbon synthesis and (b) TEM of carbon [54].

Fig. 7. Morphologies of porous carbon prepared from hydrothermal method: (A, b) hemicelulose hydrolysis, (c, D) Corn Cob, (e, F) glucose, and (g, h) TEM of carbon
nanoparticle Products [55].

M. Elma, et al. Journal of Water Process Engineering 38 (2020) 101520

5



41 [91]. MSU-H silica can be obtained from sodium silicate under
neutral pH in the presence of triblock copolymer [92]. OMC membrane
using sucrose as precursor and MSU-H as hard template was succesfully
fabricated Zeng, Zhao [91]. The resulting OMC has a large surface area
of 1019 m2 g−1, large volume (1.46 cm-3 g−1) and uniform mesoporous
structure (with pore size distribution with modus at 4.2 nm).

2.3.6. Hexagonal mesoporous silica
HMS is a mesoporous silica template with high surface area [93],

prepared via soft templating from neutral long chain of n-dodecyl
amine [94,95]. The long range hexagonal structure can be formed from
a long chain template. There are few advantages of using HMS over
MCM-458, namely inexpensive structure-directing agent (primary alkyl
amines), high silica recovery yield (> 95 %, higher than the MCM-48
of∼50 %), fast synthesis (18 h for HMS and 4 days for MCM-48), does
not involve hydrothermal reaction [96], thicker walls than SBA-15
[79], and the template is easy to remove. HMS has also been con-
siderred as a potential template for drug carriers thanks to its volume
for drug molecule loadings [97].

2.4. Mesoporous silica through mesoporous carbon templated

Owing to excellent chemical, mechanical, thermal and molecular
sieving properties [98–100], the mesoporous silica membranes have
been favorably applied for gas and water desalination processes. The
fabrications of such membranes involve several types of silica pre-
cursors such as TEOS as the most popular [101], tetramethoxysilane
(TMOS), methyltrimethoxysilane (MTMS), and methyltriethoxysilane
(MTES) [102].

In recent studies, ethyl orthosilicate-40 (ES-40) [103,104]] was
employed to fabricate this membrane. ES-40 contains about 40 wt%
SiO2 and an average of five Si atoms per molecule. It is produced by
reacting ethanol, water and silicon tetrachloride or through partial
hydrolysis and condensation processes of TEOS. However, unlike TEOS,
ES40 has lower hydrolysis rate but higher condensation rate [105]. The
produced silica is stable for up to 250 h of long term performance test
[106]. However, the silica pores collaps easily because the hydrophilic
silanol group (Si−OH) is reactive with water [107,108]. The hydro-
stability can be enhanced by templating the carbon source into the

silica resulting in improved properties of high mechanical strength,
good electrochemical performance, and good thermal and adsorption
properties [109] [110].

2.4.1. Pluronic surfactant
Pluronic has been used as a template during formation of CPM to

create ordered porous structure. The pluronic concentration and the
initial temperature are important aspects of forming a micelle. After the
micelle formation in acid solution, poly(ethylene oxide) (PEO) blocks in
micelle can interact with the framework precursor (TEOS or TMOS)
[111]. Because of the high acidity of the solution, the framework
condenses and forms a silica network around the micelle as shown in
Fig. 9. During the synthesis of mesoporous organo-silica (PMO), PMO is
formed when nonionic surfactant consisting of PEO is added. It results
in formation of Si-C bonds through condensation of templated carbon
surfactant, such as (RO)3-Si-R’’-Si-(OR)3. Then, hydrolysis and cross-
link occur between the terminal groups of the bridged bis(trialoxysilyl)
organo-silanes [112,113].

SBA-16 can be prepared by employing Pluronic F127 to form high
quality mesostructured [114]. Some studies report smaller pore sizes of
SBA-16 from copolymer blends of P123 and F127 [115] or nonionic
oligomeric surfactants [116]. F127 has critical micelle temperature of
31 °C at 0.1 % w/v. At higher concentration of 0.25 % w/v, the CMT is
diminished at the 28 °C [111].

When Pluronic-123 (P123) as a carbon source is incorporated into
silica structures, it produces more robust structures demonstrated by
high performance of membrane filtration when using the silica-P123
than the pure-silica [103]. It was also found that at low P123 con-
centrations, the carbonized templates uniformly attached onto the silica
matrix forming more microporous network. Higher concentrations of
P123 lead to higher hydro-stablility.

2.4.2. Natural carbon sources material
To address the challenge of providing renewable resources at low

cost, it is very important to utilize non-food related materials as the
carbon sources. Several studies report the use of pectin extracted from
apple [118] and banana peel [119] as the carbon sources to fabricate
carbon templated silica. The pectin in the silica matrix prevents the
silica networks from collapsing toward water. The polysaccharides from
pectin allow formation mesoporous structure. Sucrose has also been
used as the carbon precursor through hard-template method for for-
mation of MCM [120]. Sucrose is environmentally benign material that
contains multiple adjacent hydroxyl groups that form hydrogen
bonding with silica oligomers. However, there are only a few reports of
sucrose incorporated into silica via the soft template.

3. Mesoporous silica materials

3.1. Recent techniques, fabrication and application

3.1.1. In-situ synthesis
In the modified in-situ synthesis, cetyltrimenthylammonium (CTAB)

Table 1
List of pore size of mesoporous silica used as template for porous carbon
membrane synthesis.

Material type Pore size (nm) References

MCM-48 2–5 [63,64]
MCM-41 1.5–8 [63,64]
MCM-50 2–5 [65]
SBA-15 6 [63]
FDU-12 5−36 [66]
MSU-H 3–10 [64]
HMS 2.9−4.1 [67]

Fig. 8. Visualization of pore structures in MCM-41, MCM-48 and MCM-50 [76].
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and urea were firstly dissolved in water. Next, cyclohexane, Ml IPA,
TEOS of 2.5 mL 3% mol (2-cyanoethyl)triethoxysilane (CETEOS) were
added drop-wise [121]. After stirring for 30 min at room temperature, it
was heated to 70 °C and was allowed to react for 16 h. The results
obtained were silica fibrous particles or SiO2-CN3. By adopting the same
method and by employing pure TEOS, it resulted in formation of Fi-SiO2

[122].
Although in-situ synthesis produces mesoporous sizes of 10−20 nm

on Fi-SiO2, SiO2-CN3 or SiO2-CN400, addition of N2 during the N2 ad-
sorption-desorption analysis increases the absorption and hysteresis H3

at P/P°> 0.95. It suggests that there are a number of macropore gaps
related to the SiO2 microspheres fibrous morphology [123,124], higher
than the F-SiO2 (of 55 nm). Both 1-SiO2-CN3 and F-SiO2 microspheres
have relatively high specific surface area and total pore volume of
microspheres [125,126]. The specific surface area (m2 g−1) sizes of
399.2 for F-SiO2, 252 for SiO2-CN3 and 298 for SiO2-CN400 and the
total pore volumes (cm3 g−1) for F-SiO2, SiO2-CN3, SiO2- CN400 are
1.14, 0.99 and 0.89, respectively. Based on available data it shows that
the in-situ method may produce mesoporous silica.

3.1.2. The spinning coating
Thin film synthesis using the spinning coating process has also been

reported [127]. The fabrication starts from a mixture of NaOH, cetyl-
trimethylammonium chloride, CTAC, water and methanol mixture,
tetramethylorth-osilicate, mixture of MOS and aminopropyltrimethox-
ysilane and APT-MS to form a sol. The formed sol is stirred for 12 h at
room temperature and is let idle for 8 h. To prepare a thin film via the
spinning coating processes, a template of mesopore-free silica particles
is dispersed in ethanol by ultrasonication at 2.5–10 % w/w. The dis-
persion is then coated on a substrate and spun at 500−2000 rpm for 40
s as detailed elsewhere [128].

The BET characterization shows that the resulting particles have
diameter of 2.6 nm and surface area 499-942 m2 g−1, suggesting that
they are mesoporous in structure. SEM images reveals that there are
still some structural defects with variation in the thicknesses due to the
presence of agglomerates either in the original dispersion or formed
during spinning. In order to study the generality of the used spin-
coating process, corresponding films were also prepared using amino-

functionalized mesoporous silica nanoparticles under otherwise iden-
tical conditions. The surface chemical properties of the nanoparticles
are found to be important affecting the interactions of the nanoparticles
and the biological environment [129].

3.1.3. The electrospinning coating
Mesoporous silica can also be prepared through the electrospinning

coating process as reported elsewhere [130]. The base materials are
TEOS mixture with H3PO4 that drop-wise added during stirring/mixing.
Then a 10 % PVA solution is added into the silica sol as additive to ease
the spinning. Next, an alumina sol with a molar composition of Al
(NO3)3·9H2O:AlCl3·6H2O:Al(O-i-Pr)3:Al:H2O of 1:1:2:4:178 is prepared
through hydrolysis and condensation reactions under constant stirring
at 80 OC. An appropriate amount of HNO3is then added to the mixture
to adjust the reaction rate and control the pH of the final sol from 3.24
to 4.23. Then, 0.1 g of PEO and 6.0 g of P123 are added into 40 mL of
as-prepared alumina to improve the spinnability of the sol and to direct
the pore structure formation, respectively. The mixture is then stirred
for 12 h to form a spinnable sol. To fabricate SiO2/Al2O3 core-shell
fibrous membrane, the sol silica and sol alumina are put into A sepa-
rated syringes. The one for sol silica is connected to a core needle (d =
0.4 mm), while the one for alumina sol is connected to a shell needle
with an inner diameter of 1 mm. The flows in the needle are set alike at
2 mL/h. The distance between the spinneret and the aluminium col-
lector is 17 cm and the voltage of 18 kV. The spinning is conducted
under ambient condition. The electrospun xerogel core–shell fibrous
membranes are collected on the aluminium foil and are further dried at
90 °C for 12 h, and then are calcined at 700, 800 or 900 °C for 2 h at a
heating rate of 10 °C min−1 [131].

The BET analysis reveals that higher calcination temperature leads
to lower specific surface areas [132], with the values of 134, 104 and 79
m2/g at 700, 800 and 900 OC, respectively. The pH of the precursor
also affects the pore volumes in which the pHs of 3.24, 3.53 and 4.23
correspond to the pore volumes are 0.387, 0.589 and 0.655 cm3 g−1,
respectively. Considering that the high surface area corresponds to a
large adsorption capacity, the reports [133] select the precursor pH of
4.23 as the most promissing condition to fabricate the shell in the
coaxial electrospinning process.

Fig. 9. Illustration of micelles formation with Pluronic-silica precursor and swelling agent before (A) after condensation (B) [117].
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3.1.4. Extraction from pumice stone
Mesoporous silica can be fabricated from pumice via extraction. The

resulting mesoporous silica has a high purity and shows the presence of
siloxane and silanol groups. However, the extraction process takes so
many steps and over a very long period. The fabrication process starts
with dissolving a pumice in 3 M NaOH solutions in a three necks flask
equipped with a condenser for 24 h at 100 °C and a stirring speed of 300
rpm to produce sodium silica. The obtained sodium silica is then wa-
shed and heated with distilled water. Silica settles at pH below 10,
which is required to form silica gel under acidic condition.
Furthermore, the solution is titrated with H2SO4 (5 M) until reaching
pH 7, then is let idle for 24 h to allow formation of a white precipitate.
The precipitate is then filtered, and the solid residue is dried at 80 OC
for 24 h. The residue is then refluxed with 1 M HCl at 110 OC for 3 h to
purify silica from other soluble minerals (Al, Ca, Fe and Mg). The re-
fluxed solution is then filtered and dried at 110 OC. The last step is
calcination at 800 OC to produce a white silica powder [134].

The resulting pumice powder composes of mostly silica (confirmed
from FTIR and chemical analysis) main minerals content of clinopyr-
oxene (diopside, augite or basanite types), forsterite and other (apatite
and haematite) in minor quantities [135–138]. The pure silica structure
is amorphous as demonstrated by strong peak at 2θ of 15−30°. FTIR
peaks analysis show the narrow band centred at wavelength 1039 cm−1

may be attributed to the presence of silica with the highest percentage
[139], as also confirmed by chemical analysis. The predominant bands
at wavelength 1101 cm−1 and the shoulder at 1193 cm−1 are asso-
ciated with asymmetric stretching-vibrations of siloxane (Si-O-Si). The
presence of bands at 470 cm−1 and 810 cm−1 is from symmetric si-
loxane groups (Si-O-Si). The existence of a band at 950 cm−1 is asso-
ciated with Si−OH groups from silanol groups with smaller particle
sizes [140]. The shoulder appeared at 3750 cm-1 indicates the presence
of hydrogen bonds from interaction between the silanol groups
(Si−OH) located at the surface of the nanosilica material [141]. BET
results show that the pore size of the silica is in range of 2−6 nm in-
dicating of the mesoporous structure, with a pore volume of 0.645 that
exceeds the size of the nanoparticles of 0.195 cm g−1 with the surface
area of 422 m2 g−1.

3.2. Recent trends on the ordered and the disordered mesoporous silica
materials

Summary of structure and pore size distribution of silica-carbon
base materials is presented in Table 2. It summarizes the main prop-
erties of recently developed ordered and disordered mesoporous silica
materials discussed in this sub-section.

3.2.1. TEOS : EtOH : C6H12O6 : H2O
Ordered mesoporous silica materials is a promising material in the

field of technology membrane filtration. Synthesis of order mesoporous
silica have recently been developed by directly assembly of organic or
carbon template [149]. Elma et al. reported development of direct acid
catalyst for preparation of mesoporous carbon template silica mem-
branes with ordered structure on porous a α-alumina support. The

ordered mesoporous silica membranes made from organocatalytic
posed relatively high surface area and pore volume of 354 m² g−1 and
0.215 cm3 g- 1 g−1, respectively. The citric acid catalyst acts as a carbon
source in the silica matrix and increases the hydro-stability of silica
networks. Absorption of the N2 curve shows xerogels refluxed at 0 and
50 °C are included in type IV H4 [142]. While Elma et al. work found
surface area and pore size of 475 m² g−1 and 1.94 cm³ g−1 [143].

3.2.2. TEOS : EtOH : HNO3 : H2O : NH3

Modified the sol-gel process is needed to reduce the amount of si-
lanol group. Reflux temperature can be adjusted to get optimum con-
dition for ordered mesoporous silica. The ordered mesoporous silica
materials were also preserved during reflux temperature on sol-gel
process. The sol-gel was refluxed at 0 and 50 °C to achieve the lowest
and the highest siloxane concentrations with calcined xerogel at a pH of
6 or 9. Xerogel at pH 6 and 9 shows a tendency to form micro and
mesoporous materials as adsorption saturation is achieved above 0.65
P/P° with capillary condensation leads to hysteresis near 0.5 P/P°. The
average pore diameter each was measured around 2.6–2.7 nm and
showed type IV isotherm curves with hysteresis loops indicating the
mesopore structures. In other hand, silica-based materials of pH 7 and 8
had type I isotherms curves without hysteresis indicating of micro-
porous material. The BET surface area (∼ 420 m2 g −1) and total pore
volume (∼ 0.18 cm3 g- 1) were proportional to the pore size of about
1.8 nm. Therefore, micro-porosity was correlated well with high con-
centrations of silanol groups [143]. While silica sol mixed with various
variations of cobalt oxide (5 %–35 % w/v) obtained at pH 6 and pro-
duced mesoporous membrane. The BET results show that the isotherms
of the two samples were type IV, ascribing the characteristics of the
mesoporous material. The greater addition of Si-Co concentration, the
larger was the surface area, volume and pore size. This was because the
cobalt oxide in xerogel increased the silanol and siloxane groups to
enlarge the pores [150].

3.2.3. TEOS : TEVS : EtOH : HNO3 : H2O : NH3 : P123
Triethoxyvinylsilane (TEVS) is frequently used to produce micro-

porous silica membranes on interlayer porous substrates [146]. It
contains vinyl groups as silica ligand pendants. The silica methyl ligand
pendant group is known to produce high-quality microporous silica
membranes. In order to form mesoporous structures, TEVS and other
silica precursors are combined using TEOS with the addition of P123
non-ligand triblock copolymer as a template. Then the sol-gel synthesis
is carried out with a base catalyst which allows its deposition directly to
the porous substrate without using interlayers. The non-ligand surfac-
tant is embedded into the silica matrix followed by carbonization. High-
quality carbon can be prepared using ligand and non-ligand templates
together with the co-polymerization reaction of two different silica
precursors where TEOS does not have a template while TEVS has a
ligand template based on the vinyl group. Then the xerogel and silica
membrane are calcined under vacuum or N2 atmosphere. Carbon silica
hybrid membranes are represented as CS-N2 (calcined under N2) and
CS-Vc (calcined under vacuum air) calcined at 450 °C. The isotherms of
the order P123 template TEOS-TEVS is type IV of the mesoporous

Table 2
Summary of silica-carbon base material structure and pore size distribution.

Material type Calcine technique/ temp. (°C) BET surface area (m2 g−1) Pore volume cm3 g−1 Pore size (nm) Ref

Organosilica RTP (inert atm)/200 315 0.16 2.5 [142]
Pure silica CTP (vacuum)/600 420 0.18 1.8 [143]
Silica P123 RTP (inert atm)/350 572 0.31 2.2 [144]
Silica P123 CTP (vacuum).450 965 0.50 2.3 [145]
TEVS CTP (vacuum)/350 761 0.55 < 2 [146]
CTAB CTP/550 925.1 020 3.1 [147]
Ni-Si CTP 450 – 2.5 [148]
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material. The interlayer-free carbon-silica hybrid membranes were
successfully prepared by adding template of pluronic triblock copo-
lymer (P123) and vinyl pendant ligands in TEVS in synthesis sol-gel also
contain TEOS as the second silica precursor. Both the vacuum calcined
and the N2 samples exhibit mesoporous properties with high pore vo-
lume, but the calcined vacuum samples (CS-Vc) produces more carbon
structure in the silica matrix resulting in better desalination perfor-
mance. Surface area and pore volume of CS-N2 membrane are 754 m²
g−1 and 0.546 cm³ g−1 while CS-Vc membrane are 761 m² g−1 and
0.615 cm³ g−1. The CS-Vc membrane produces water flux much higher
than previously reported for processing saltwater. The combine method
of organo-silica hybrid with polymer template and vacuum calcination
produces mesoporous silica membrane carbonization very well for the
separation of water from hydrated salt ions, and exhibits high water
flux especially for processing brine salt solutions [148].

3.2.4. TEOS : TEVS : EtOH : HNO3 : H2O : NH3 : K2S2O8

Hybrid silica membranes can be prepared by mixing TEOS and TEVS
using K2S2O8 (KPS) as an initiator Elma, Wang [146]. The KPS provides
radical polymerization to create CeC bonds as a secondary network and
then to produce more space in the silica network. The radical poly-
merization formed by KPS affects the growth of oriented particles. In
order to avoid decomposition of CeC groups in the silica matrices, the
calcination process is held up to 350 °C. Densification is then formed
when the ratio of TEVS is greater than TEOS composition. The TEVS:
TEOS molar ratio is 10:90 and produces micro-porosity. Pure TEVS is
not suitable to produce amorphous silica material, because the func-
tional groups formed were found blocked inside the pores. As such, the
xerogel hybrids containing TEVS become microporous. The isotherms
found the saturation process at very low relative pressures (p/
p°< 0.05). It is due to the mixing between TEVS and TEOS is greatly
reduced and this trend continues as a function of TEVS [146].

3.2.5. TEOS : EtOH: NH3 : H2O : CTAB (cetyltrimethylammonium
bromide)

Mesoporous silica carbon template materials have been explored
and developed very fast to competes in desalination application. Carbon
template is one of effective strategy to stabilized the silanol group of
silica membrane. Recently, Ashrafi-Shahria, Ravaria [147] used CTAB
surfactants as template to embedded into silica. Silica precursors were
synthesized at 550 °C to remove cationic templates from CTAB required
to form the mesoporous structures. Order mesoporous silica (MS) na-
noparticles were synthesized and then functioned by Eriochrome Black
T (ECBT) as a corrosion inhibitor. Composite coating systems (a com-
bination between Ti-Zr conversion layers and organic/inorganic hybrid
sol-gel) were applied instead of simple sol-gel films to provide better
corrosion protection and adhesive strength. Nitrogen adsorption-deso-
rption isotherms were plotted with BJH plots from MS nanoparticles
before and after loading of the inhibitors. The N2 physisorption data
showed that the surface area and pore volume of MS were 925.1 m² g−1

and 02,025 cm³ g−1, while the surface area and pore volume of MS-
ECBT were 103.1 m² g−1 and 0.0561 cm³ g−1. It is clear that the
specific surface area of MS nanoparticles is greatly decreased by the
final functionalization process due to the addition of ECBT molecules in
the mesoporous space. In addition, the pore volume of MS nanoparticles
is greatly decreased by loading of inhibitors. However, the pore dia-
meter of MS nanoparticles did not change significantly after the loading
inhibitor because the structure of nanoparticles could not be affected by
the functionalization process [147]. This is also similar to that study-
explained by Vazquez, Gonzalez [151], in which surfactants play an
important effect in changing the morphology of particles, but it cannot
change pore size and pore diameter.

3.2.6. TEOS : EtOH : Ni(NO3)2. 6H2O : H2O2 : H2O
The ordered of nickel oxide sol are synthesized by hydrolysis and

condensation of TEOS in ethanol with and without 30 % H2O2 water

and nickel nitrate hexahydrate (Ni(NO3)2·6H2O). The tendency of the
silanol/siloxane ratio clearly showed that the role of H2O2 was favoured
by the formation of silanol groups and slightly inhibited the con-
densation reaction. The presence of H2O2 acidified the the sol-gel
process by the presence of nitric acid which promoted the formation of
silanol groups and microporous materials.

Nitrogen adsorption isotherm of ordered xerogel doped with nickel
by addition of H2O2 produced a type I isotherm curves ascribed by very
strong initial adsorption at very low partial pressures (P/P°< 0.2)
followed by saturation ascribing the characteristic of type I micropores.
Whereas nickel doped xerogels without H2O2 formed mesopores with
higher adsorption saturation capacities above 0.4 P/P° and hysteresis
with subtle inflection indicating the type IV isotherms. Surface area for
ordered mesoporous nickel oxide with 10 % H2O2 was affected by the
Ni/Si molar ratio. The average pore diameter with H2O2 remained
constant at 2.1± 0.05 nm. Addition of nickel oxide to silica gel matrix
with H2O2 could maintain the micro-porosity of amorphous silica xer-
ogel. Whereas samples without H2O2 produced meso-porosity that in-
creased significantly as a function of Ni content as the average pore size
increased while the BET surface area decreased for a Ni/Si ratio of
25–50%. This effect had also been observed for cobalt silica oxide, and
increased meso-porosity is associated with cobalt oxide agglomeration.
Perhaps, the same effect also occurs on increasing the shaft as a func-
tion of the Ni/Si molar ratio in this work [52].

4. The application of carbon templated mesoporous silica
materials

Carbon templated mesoporous silica membranes are excellent ma-
terial for pervaporation, a process to separate liquid mixtures by va-
porization and selective permeation and through a membrane [152]. It
uses molecular sieve type of membranes that permits only passage to
water molecules under driving force of a water vapor pressure differ-
ence [10]. Highly permeable and selective membranes can be prepared
via sol-gel method that offers great advantages in the control of pore
sizes [10,143,152,153]. Recent advances in the preparation of carbon
template mesoporous silica membranes have opened avenue to sub-
stantially improve pervaporation performance with respect to flux, se-
lectivity and stability. Conscientious adjusting of carbon-silica template
mesoporous structures makes it possible to design membranes as
coveted of respective separation applications.

Carbon template silica membranes have also widely been applied
for gas separation, particularly the ones with microporous structures
[154–157]. Microporous molecular sieve carbon-silica base membranes
can also offer the considerable advantages in comparison to the zeolite,
the polymeric or the carbon-based membranes [157]. Whereas, mem-
brane materials with mesoporous structure are more appropriate for
water desalination [143,158,159]. The carbon templated molecular
sieve mesoporous silica materials are gaining popularity for desalina-
tion, which is detailed in the following section.

4.1. Hydro-stability of silica-carbon templated and current strategies for
water desalination

Desalination via pervaporation is promising to produce fresh water
from non-potable saline sources. It offers advantages of a high salt re-
jection and the capability of treating a high salinity solution. Novel
mesoporous silica base membranes for desalination have recently been
developed. Because of the affinity of amorphous silica for water ad-
sorption, pure silica-derived membranes suffer from structural de-
gradation when in contact with water, leading to a loss of selectivity.
Hydro-stability is therefore a severe problem which prompts the recent
studies on altering the surface properties of the silica to lessen the in-
teraction of water molecules with the membrane structure.

One strategy to address hydro-stability problems is by introducing a
non-covalently bonded organic templates into the pure silica matrix
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[12,157,160]. The existence of carbon moieties embedded into the si-
lica framework can inhibit the mobility of soluble silica groups under
hydrolytic attack and consequently hinders micropore from collapsing
[10,154]. The carbon templates and silanol groups (Si−OHs) interact
weakly via the electrostatic interaction to form a peculiar structure
derived from a hydrophobic core and hydrophilic exterior properties
[161]. The carbon templates obstruct the micropore spaces to forbid the
mobility and degradation of the silanol groups.

For the first time, Raman and Brinker [160] demonstrated a break-
through organic templating approach to fabricate the molecular sieving
organo-silica membranes. It results in high flux and selectivity mem-
brane for gas separation. The hydrophobic carbon template improves
the hydrothermal stability of the silica membranes. In similar research
done by Duke, da Costa [154]] report carbonized template molecular
sieve silica (CTMSS) as new material for wet gas separation. The C6
surfactant hexyl trimethyl ammonium bromide is embedded into
CTMSS as carbon template to achieve a great hydro-stability via hy-
drophobic surface functionalization. The mechanism of carbon tem-
plates in imposing hydro-stabilization toward exposure to water is il-
lustrated in Fig. 10.

Both mesoporous silica and template carbon materials alter the
surface chemistry to limit water in breaking the siloxane groups (hy-
drolysis) and allowing for dissociative chemisorption, as detailed else-
where [162]. Normally, the rehydration on the silica surface is done by
a physisorption of water to form a hydroxyl group, followed by a
chemisorption with the nearby siloxane groups. As more silanol groups
are formed, more sites become available for H2O sorption and a chain
reaction of siloxane breakage occurs across the surface. The mobility of
silica groups then becomes localized in the higher-attraction-energy
regions in the smaller pores, where thermal condition above 180 °C
causes a subsequent cross-pore condensation leading to their closure.

Fig. 10 demonstrates how the carbon moieties templated into silica
matrices prevent the mobility of silica groups under hydrolytic attack
and inhibits micropore cave in. The entrapment of carbon moieties in
the carbon template silica matrix is facilitated by carbonization of the
templates under vacuum or an inert atmosphere, leading to a hybrid
silica/carbon membrane. Carbon template membranes thus offers a
great potential for achieving hydro-stability without compromising the
selectivity [162]. The carbon-silica template membranes have also been
tested for desalination of saline water (NaCl 3.5 wt%), demonstrating
high salt rejection [163].

Carbon templated mesoporous silica materials have a pore size of
0.3−10 nm and thus are very suitable for desalination applications
[145,158,163–165]. Wijaya, Duke [166] reported the investigation of
carbon chain length of ionic surfactants effect toward CTMSS mem-
branes for desalination by preparing sol-gels with C6, C12 and C16. The
CTMSS membrane fabricated with the longest carbon chain C16 sur-
factant delivered the highest salt rejection, whilst also given the largest
pore volume and surface area. Interestingly, the average pore sizes of

the membranes were identical for the three surfactants used.
Ladewig, Tan [165] investigated the potential of a polyethylene

glycol-polypropylene glycol-polyethylene glycol (PEG-PPG-PEG) as the
template non-ionic surfactant. The enhanced carbon content up to10 %
increased the pore volume and the specific surface area. Consequently,
the membrane demonstrated a slightly higher flux of 3.7 kg.m−2. h-1

and 985% of salt rejection at room temperature compared to the sur-
factant template membranes mentioned above, that is 2.2 and 3
kg.m−2. h-1, respectively. The embedded carbon has a beneficial role in
silica matrices and the amount embedded has a direct impact to per-
formance of the carbon-silica template.

4.1.1. Effect of operation condition on performance of carbon template
silica membranes

Table 3 summarizes the reports on carbon template silica perfor-
mance in terms of water flux and salt rejection. Performance of mem-
brane in pervaporation is affected by the testing conditions such as feed
temperature, feed salt concentration and permeate vapor pressure. To
achieve optimum performance, it is necessary to study the effect of
testing parameters on water flux and salt rejection. A change of feed
concentration directly affects sorption at the liquid/membrane inter-
face [161]. Since diffusion in the membrane is concentration depen-
dent, the water flux generally decreases with increasing salt con-
centration in the feed [10,145]. Mass transfer in the liquid feed side
may be limited by the extent of concentration polarization. In general,
when the feed flow rate increases, water flux also increases due to a
reduction of transport resistance in the liquid boundary layer and re-
duction of the concentration polarization.

The feed temperature exponentially increases the water flux. It is
because when feed temperature increases, the vapor pressure on the
feed side increases exponentially, while the vapor pressure on the
permeate side remains constant. The raising of vapor pressure leads to
an increase in the driving force of the water vapor transport, thus im-
proving the water flux. The diffusion coefficient of water vapor in-
creases by four times as the feed temperature is raised from 20 to 65 °C
[153]. Moreover, high temperature increases the frequency and am-
plitude of thermal motions of the polymer chains, which can bring
about the free channels of polymer promoting the water vapor trans-
port. The carbon templated silica membranes have been widely re-
ported and developed for water desalination application
[17,19,99,109,144–146,159,163,164,166–170].

Pervaporation using inorganic membranes based on mesoporous
silica offers high salt rejection, but rather low in water fluxes especially
for saline solution (NaCl 3.5 wt%). These low performances diminish
the chance of the pervaporation using inorganic membranes to compete
against the reverse osmosis (RO) processes. It is, however, worth noting
that the results are dependent upon many parameters related to testing
condition, including the feed concentration, the feed temperature, the
permeate vapor pressure and the fouling/scaling tendencies. In

Fig. 10. Schematic of mechanism for stabilization of the carbon template silica pore structure.
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addition, the listed membranes on Table 3 may have different geome-
tries (flat, hollow fibre or tubular and sizes) and architecture (thickness
of top layer, number interlayers or top layer, porosity and substrate) as
such, all these factors play a role in the final performances.

Duke, O’Brien-Abraham [171] reported that a MTES membrane
with pore diameter of 0.5 nm exhibits a higher water flux than carbo-
nized template molecular sieve silica (CTMSS) membrane with pore
diameters of 0.3 nm but with lower salt rejection. The comparison of
three kinds of inorganic membranes: alumina, MTES and CTMSS for
desalination by pervaporation have also been reported. Among them,
CTMSS displayed the best performance with a flux of 2.2 kg.m−2. h-1, a
rejection> 99.9 % and long-term testing at 25 °C was stable for 5 h.
The findings suggest that the incorporation of carbon in a silica matrix
plays a role in increasing salt rejection as well as matrix stabilization.

Wijaya, Duke [166] reported a CTS membrane derived from long
carbon chain surfactant (C16) showed high salt rejection of up to 97 %
with a flux of 3 kg.m−2. h-1. Carbon chain length of surfactants tem-
plates is a crucial factor that give direct impact in terms of desalination
performance. The amount of embedded carbon has a beneficial role in
silica matrices and is directly related to the number of residual carbons
after the carbonization. However, if the surfactants concentration is too
high, it forms micelles which block the possibility of using the sol-gel to
coat the substrates.

Ladewig, Tan [165] to use the tri-block copolymer (polyethylene
glycol)-(polypropylene glycol)-(polyethylene glycol) (PEG-PPG-PEG) as
the template. The surfactant templates tend to form micelles at high
concentrations and precipitate if in excess of 3 wt.% in the silica sol-gel.
When the carbon content increased to 10 %, there was a rise in porosity
despite still remained microporous. Consequently, the membrane de-
monstrated a slightly higher flux of 3.7 kg.m−2. h-1 and 985% of salt
rejection for system operating at room temperature. Further increases
of the tri-block copolymer to 20 wt.% altered the structure becomes
mesopores. The performance is slightly higher than the surfactant
template membranes (2.2 and 3 kg.m−2. h-1) mentioned earlier.

Mesopore CTAB silica membranes exhibited an excellent salt re-
jection> 99 % and water flux2.6 kg.m−2. h-1 in seawater desalination
at 25 °C. However, when it is exposed to high feed temperature (> 40
°C), the barrier layer of the mesostructured formed by a weak electro-
static interaction between CTAB and silica may suffer a disturbance,
leading to a release of NaCl molecules to the permeate side and thus
drastically decreases the salt rejection. This effect of temperature was
reversible. The rejection came back to normal when reversed to lower
feed temperature [172].

Recently, P123 carbon template silica prepared by the CTP tech-
nique by Elma, Wang [13] were successfully fabricated using the dual
catalyst sol-gel method. Embedded P123 loading from 0−50 wt.% into

silica sol exhibited salt rejection of 99 %. The water fluxes varied de-
pending on the loading of P123 in the silica sol, the feed temperature
and the salt concentration in the feed. The water flux of the Silica-P123
membranes varied between 0.5–4.5 kg.m−2. h-1 (P123 5 wt. %),
0.9–5.5 kg.m−2. h-1 (P123 20 wt. %), 1.4–6.3 kg.m−2. h-1 (P123 35 wt.
%), and 1.5−8.5 kg.m−2. h-1 (P123 50 wt.%). The major finding here
was that the effect of salt concentration polarization was greatly re-
duced as the concentration of P123 in the silica matrix increased from 5
to 50 wt.%. Hence, high carbon content conferred salt concentration
anti-polarization to the membrane surface as compared to the high si-
lica content.

Glucose template silica membranes were investigated by Mujiyanti,
Elma [19] for brine water desalination. The C–H stretching vibration
showed from FTIR results indicating carbon from glucose successfully
induced into the silica matrices. Silica-glucose membrane showed good
performance with salt rejection of 93 %, but rather low water flux of
0.22–2.28 kg.m−2. h-1 under feed temperatures of 25, 40 and 60 °C).
This work concluded that the addiction of glucose as carbon template
agents strengthen the silica network becomes stronger even though the
water fluxes remains a bit lower.

Elma, Pratiwi [17] produced potable water from NaCl 3.5 wt.%
solution. They found that the pectin template silica membranes gave
similar water fluxes of 5.9–8.66 kg.m−2. h-1 (25−60 °C) with salt re-
jections of> 99.3 %, depending on the testing conditions and amount
of pectin loading (2.5 wt.%, calcined at 300 °C). The membranes work
well thanks to the presence of carbon chains from the pectin apple
which strengthened silica membrane pore structure.

Syauqiyah, Elma [109] reported silica-P123 membrane for seawater
desalination prepared under different calcined technique of (RTP). The
RTP technique offered faster fabrication time with competitive perfor-
mance against the CTP technique. This work reported comparing per-
formance of silica-pectin and silica-P123 membranes by measuring
water flux and salt rejection. Silica-pectin membrane displayed pro-
minent water flux of 3 folds higher than the silica-P123. It is suggested
that the number of carbon chains of P123 joined to silica matrices
densified the membranes film.

Liang, Zhan [173] prepared GO (graphene oxide) films coated on
polyacrylonitrile (PAN) by vacuum filtration method. As the new in-
triguing material, GO has ultra-thin two-dimensional structure with
abundant functional groups such as epoxide, carbonyl on the surface.
The resulting membrane displayed outstanding water permeability (of
up to 65 kg.m−2. h-1) and salt rejection of> 99.8 % for desalination
NaCl 3.5 wt.% via pervaporation at 90 °C. GO-based membranes have
the potentials to become the preferred candidates to next-generation
high performing membranes. However, fabrication method of GO
membranes is rather complex, and the GO membranes tend to quickly

Table 3
The summary of carbon template silica performance in terms of water flux and salt rejectionin pervaporation for desalination.

Membrane types Condition testing (calcination technique/ΔP) NaCl conc. (wt.%) Water Flux (kg. m−2 h-1) Salt Rejection (%) Ref.

Silica-pectin RTP inert atmosphere/1 atm/25 °C 3.5 0.22−5.7 >99 [107]
CTMSS C6 CTP vacuum/7 bar/25 °C 0.3

3.5
3.2
1.4

86
92

[163]

CTMSS C12 CTP vacuum/7 bar/25 °C 0.3
3.5

2.8
1.6

86
94

[163]

CTMSS C16 CTP vacuum/7 bar/25 °C 0.3
3.5

2.1
1.9

>98 [163]

P123 Carbonized template silica CTP vacuum/1 atm/22−60 °C 0.3
3.5
7.5

6-8.4
2.4-7.8
1.8-6.6

>98 [145]

CTMSS C6 CTP vacuum/1 atm/22 °C 0.3
3.5

3.2
2.2

92
97

[166]

Glucose carbonized template silica RTP inert atmosphere/1 atm/25−60 °C 7.5 0.4−2.3 >92 [19]
P123/TEVS/TEOS CTP vacuum/1 atm/25−60 °C 0.3

3.5
7.5

10-27
9-17
8-16

>98 [148]

Interlayer-free silica-pectin RTP inert atmosphere/1 atm/25−60 °C 3.5 5.9−8.9 >99 [17]
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swell when immersed in water on a large Recent results show that
pervaporation using inorganic membranes have undergone major im-
provement as water fluxes are now reaching values as high as 65
kg.m−2. h-1 (for feed of NaCl 3.5 wt.%). These results clearly show that
pervaporation using inorganic membranes has closed the performance
gap with the pervaporation using organic/polymer-based membrane,
with performances now in the same range as commercial RO mem-
branes.

4.1.2. Desalination of wetland saline water by carbon template silica
membranes

Desalination of wetland saline water is an interesting application for
pervaporation by carbon template silica membranes. Reports on desa-
lination of wetland saline water by pervaporation using carbon-silica
template membrane are listed on Table 4. Wetland saline water is
abundant in Indonesia, especially in South Kalimantan. Generally,
wetland saline water has unique characteristics such as low pH,
brownish colour and consists of high natural organic matter (NOM)
[99], that typically increases membrane vulnerability from fouling.
Even more, sea water infiltrates into wetland aquifers during the rainy
season and increase the salinity of the wetland water. In many wetland
areas, wetland water is often seen as the only water resource, but its
utilization is highly limited by the salt concentration and NOM con-
tents.

Elma, Fitriani [169] reported the application of mesopore carbo-
nized template silica membrane by employing P123 triblock copoly-
mers calcinated at different temperatures (350−600 °C) for desalina-
tion of wetland saline water. The silica-P123 membranes showed good
water flux and salt rejection. The water flux of silica-P123 increased
from 1.3 to 1.7 kg.m−2. h-1 by raising the calcination temperatures
from 300 to 600 °C. In the contrary, the salt rejection decreased sharply
from 96 % to 66 %. Such behaviours are attributed to the carbon
moieties tight at low temperature in arranging the silica pore structure
leading to the reduction of water fluxes. Therefore, silica-P123 mem-
branes calcined at high temperature having loose indeed the membrane
structure become unstable and force the selectivity decreases.

In another study Elma, Hairullah [168], pure silica membrane was
proved effective to reduce the salt concentration of wetland saline
water feed via pervaporation process. The highest water flux obtained
at feed temperature of 60 °C was1.2 kg.m−2. h-1. Unfortunately, the salt
rejection was still poor, only 69 % at the highest feed temperature. A
phenomena equivocal with the one discussed earlier. Interestingly,
another study Lestari, Elma [99] also reported organosilica membrane
with similar water flux of 1.2 kg.m−2. h-1 at lower feed temperature (25
°C) coupled with high salt rejection over 99 % (Fig. 11). The organo-
silica membranes was prepared by employing citric acid with dual roles
as the carbon sources and catalyst. Such membrane poses advantages
such as inexpensive, easy to fabricate and fast in production. The pure
mesoporous silica has slightly lower performance than other carbon
mesopore template silica membranes. Overall it can be deduced that
carbon template effective and yet affordable material for preparation of
silica-based membranes for wetland saline water desalination.

Silica-pectin membrane showed excellent water fluxes of 2–3 folds
higher than various silica-based membranes applied for wetland saline

water desalination (Fig. 11). Rahma, Elma [174] investigated pectin
templated silica membrane and claimed that it achieved almost com-
plete salt rejection of> 99 %. The NOM content was effectively re-
duced by incorporating a coagulation process as the pre-treatment. The
highest NOM (UV254) rejection was over 90 % [174]. Mechanism of
pervaporation process for wetland saline water using carbon-silica
template membrane is shown in Fig. 12.

Selectively of pure silica membranes are greatly reduced as the
mobility of the silica enlarge the pore in the silica film facilitating salt
diffusion. Water molecules react with the hydrophilic silanol groups
because the silica matrix becomes mobile. The carbon template pro-
vides a barrier in the silica matrix that blocks the mobility of silica
(Fig. 12). In this application, carbon can be attributed as a strong agent
that switches the weakly silanol groups to avoid shrinkage of the silica
matrices. At higher temperature, carbon-silica template materials are
needed.

4.1.3. Long term stability of carbon template silica membranes
The stability of pervaporation process is judged by the ability to

maintain the performance over time. Flux decline can happen due to
hydration of the ions in solution and on the pore mouths which blocks
the entry of water molecules. Therefore, during long-time testing the
membrane fouling becomes critical due to the tendency of salt de-
position that block the membrane pores. Deposition of salt shrinks the
pore structure that block the transport of water which lowers the flux
[143,153]. Fig. 13 summarizes the stability performance of various
membranes types for desalination application.

Regarding the long-term testing of pure silica membrane (inorganic
based material), an excellent result was reported by Elma, Yacou [143]
for desalination of feed solution of 3.5 wt.% of NaCl. It was observed
that pure silica membranes have stable long-term performances for 250
h at feed temperature of 22 °C. The first part of the operation of 150 h
showed water fluxes ∼8.5 kg.m−2. h-1, and the 250 h test yielded the
water fluxes of 6.7 kg.m−2. h-1. The salt rejections were maintained
high (of> 98 %). However, Elma, Yacou [143] also reported that water
flux slightly reduced attributed to micropore blocking by hydrated salt
ions due to the pure silica matrices cave during the submergence in
water.

Despite the importance of performance stability, only a few reports
are available (Table 5). In the longest performance evaluation reported
so far, Lin, Ding [175] demonstrated cobalt oxide silica membranes
(CoOxSi) est with multiples salt solutions i.e. 1 % (288 h), 3,5 wt.%
(144 h), 7,5 wt.% (72 h) and 15 wt.% (72 h), totalling of 570 h. Water
flux of the CoOxSi membrane tended to stabilize after 5 days ascribed to
initial structural changes in the CoOxSi matrices. The long-term testing
successfully demonstrated the improved hydro-stability of CoOxSi

Table 4
Summary of carbon template based membranes for wetland saline water de-
salination.

Membrane Feed
temperature
(°C)

NaCl
conc.
(wt%)

Water Flux
(kg. m−2 h-
1)

Salt
Rejection
(%)

Ref

Silica-P123 25 3.2 1.3−1.7 66−96 [169]
Silica-pectin 25 3.4 4.48 > 99 [174]
Pure silica 25−60 3.2 0.8−1.2 70−85 [168]
Organosilica 25 3 1.2 > 99 [99]

Fig. 11. Pervaporation performance at room temperature (25 °C) for desali-
nation of wetland saline water.
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membranes at various feed concentrations. In the several other studies,
CTMSS (C6) membranes showed stable performance over 5 h, Wijaya,
Duke [166] and over 12 h [165] due to the benefit of the carbonized
templating method to improve the hydro-stability of the silica mem-
branes. The report of long term stability study of carbon templated
mesoporous silica membranes is still limited.

Zwijnenberg, Koops [176] demonstrated the longest stability per-
formance of non-porous polyether amide membranes using solar driven
pervaporation. The test was carried out using three different feed: de-
oiled formation water, untreated seawater and artificial seawater (3.5
wt.% NaCl). The water flux remained stable over 250 day. In the

beginning of the experiment, a slightly lower flux was observed due to
the hold-up volume on the permeate side of the system. However, water
flux reached a steady state after 10 days tests. The occurrence of
membrane fouling was not obvious over the experiment duration. The
decrease in water flux due to fouling also reduced the heat loss via
evaporation. This automatically resulted in an increase in the feed
temperature. Consequently, the increased feed temperature enhanced
the evaporation rate to about the same level that occurred as that
without fouling.

4.2. Future challenges

Carbon template silica-based membranes for desalination applica-
tion are still at the premature stages of research and development.
Therefore, this type of material requires significant enhancements to be
able to compete against both established membranes and/or estab-
lished technologies. Indeed, the RO process using polymeric based
membranes is now the golden standard as a result of major research,
development, and deployment in the last 30 years.

Silica based membranes have shown potential in providing excellent
molecular sieving properties for gas separation applications, but less so
in water desalination. It is primarily due to the shortage of hydro-sta-
bility of silica structures when contact with water. The final challenge
for the membrane researchers is to establish the carbon materials which
are favourable, most technically and economically viable applied for
water desalination using silica-based membranes. GO and poly-
etherimide materials have been reported to be effective carbon

Fig. 12. Illustration of pervaporation mechanism of wetland saline water desalination via carbon template silica matrices.

Fig. 13. Stability of various membranes type toward operation time (hour) for
desalination of seawater and *wetland saline water.

Table 5
The stability performance of silica based membranes for water desalination.

Membrane type Testing condition (Pressure, Temp.) Feed salt conc. (wt%) Lower/Higher Water Flux
(Kg. m−2. h-1)

Salt Rejection (%) Long Term Stability test Ref

Pure silica CTP ΔP< 1 bar, 22 °C 3.5 8.5−6.89 > 98 250 h [143]
Pure silica RTP ΔP< 1 bar, 25 °C 3.2 (wetland saline water) 1.7−1.25 98−92 250 h [106]
CTS P = 7 bar, 20 °C 0.3/3.5 2.1/1.9 99.9/98 5 h [166]
CTMSS ΔP< 1 bar, 20 °C 0.3/3.5 6.3/4.9 87/97 12 h [165]
CoOxSi ΔP< 1 bar, 20 °C 0.3/15 0.4/0.3 99.7/99.9 570 h [175]
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template into silica matrices. In wetland saline water desalination,
improvement is required to have membrane material that can handle
the presence of NOM in the feed.

Application of mesoporous carbon template silica membranes by
pervaporation is also restricted by the high energy input in comparison
to the RO. Analysis of the thermodynamics also indicates that parity
will never be reached when utilizing primary energy sources. However,
if the pervaporation process is successfully integrated with solar heat
sources, waste heat or other sustainable energy source then the tech-
nology may be attractive for niche applications such as brine processing
or salt recovery.

Currently, there is limited study on membrane fouling for the silica-
carbon based membranes mainly due to the immature stages of the
testing. Most studies still utilize laboratory scale using artificial salt-
water as the feed. Similarly, for fouling study of wetland saline water
desalination. Given the scale of the problem for RO membranes, this is a
problem that will require substantial research in the future to ensure
that mesoporous carbon template silica membranes can be deployed in
an industrial context.

5. Conclusions

Many approaches have been developed to prepare carbon templated
mesoporous silica. Hard templating methods have often been applied,
in which the incorporated carbon sources are deposited through me-
soporous silica. However, this method is costly, involves toxic sub-
stances and complicated, which limit its application. Soft templating is
favourable strategies to tailor well defined mesoporous structure.
Sustainable carbon sources material as templating agents are very at-
tractive technically and economically. Sucrose has been explored as
carbon templates because it is an environmentally friendly product and
contains multiple adjacent hydroxyl groups which will make the for-
mation of hydrogen bonding with silica oligomers possible. In addition,
GO and polyetherimide material can also be considered as effective
carbon templating into silica matrices due to their excellent properties.
Application of carbon templated mesoporous silica membranes is pro-
mising for water desalination. Future challenges for desalination of
wetland saline water are on improve membrane performances (high
flux and salt rejection), as well as handle NOM content. To tackle the
energy input issue, application of mesoporous carbon template silica
membranes by pervaporation systems can be coupled with renewable
energy such as solar heat sources, waste heat or others as such it can be
competitive against RO for niche applications such as brine processing
or salt recovery.
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