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Clean water is a fundamental human need. 
Billions of people worldwide lack access to safe, 
readily available water, which means that in many 
countries water scarcity is a growing concern.

South Kalimantan, in Indonesia, has 
many rivers that are connected to the sea. 
Unfortunately, much of the water found in 
areas close to the coast is salty. People living in 
some wetland areas, for example, find it diffi-
cult to access clean water because surface water 
is contaminated by saltwater intrusion, especial-
ly during the rainy season. Furthermore, during 
the dry season this water becomes saltier. 

Therefore, there is an urgent need to sig-
nificantly reduce the salt content in the water. 
Desalination, using membrane technology, is 
a process that is used to remove salt or other 
minerals for salty water.

One of the methods of this process is per-
vaporation. Pervaporation, using silica-based 
membrane processes, involves a mixture of flu-
ids, where the separation of two or more com-

ponents occurs across the membrane surface 
into a vacuum medium. It has been shown that 
pervaporation has high selectivity with a low 
operating cost (McKeen, 2012).

The sol–gel process provides an excellent 
way of fabricating silica-based membranes. In 
addition, this method is easy to control (Danks, 
Hall and Schnepp, 2016). 

Controlling the pore size is important when 
developing membranes for specific applica-
tions. For instance, a microporous material 
is suitable for gas separation, (Darmawan, 
Motuzas, Smart, Julbe and Diniz da Costa, 
2015) but it is less efficient when it is applied 
to water desalination. This is because the 
small pore size results in low water flux.

For this reason, the use of a catalyst is a  
crucial factor in adjusting pore size (Elma, 
Yacou, Diniz da Costa and Wang, 2013; 
Faure et al., 2015; Elma, Fitriani, Arief and 
Rahmi, 2018; Elma, Hairullah and Zaini 
Lambri, 2018; Elma, Nur and Marhamah, 

2018; and Yang, Elma, Wang, Motuzas and 
Diniz da Costa, 2017).

Many studies have been reported with regard to 
silica membranes operating at high temperatures 
(Elma, Yacou, Wang, Smart and Diniz da Costa, 
2012; and Klein and Gallagher, 1988). Also, in a 
previous study, silica-based membranes were fab-
ricated by adding acid as a catalyst (for example, 
HNO3 or HCl) (Ma et al., 2013; Yacou, Smart 
and Diniz da Costa, 2012) or a base catalyst (for 
example, NH3) (Ma et al., 2013).

A recent study has also reported that a silica, 
mesoporous structure was successfully fabricated 
using a dual catalyst (for example, HNO3 and 
NH3) for water desalination (Elma et al., 2013). 
Nevertheless, mostly silica-based membranes are 
prepared by using a strong acid as a catalyst.

Organo-catalyst
In this work, silica-based membranes were fab-
ricated successfully using an organo-catalyst. In 
this case, citric acid – used as an organo-catalyst 
– acts as the carbon source, which increases the 
hydrostability of silica networks.

In addition, the calcination process, which is 
employed for rapid thermal processing (RTP), 
is also applied in this work. It aims to shorten 
the production time and reduce costs. This is 
because the RTP method does not require the 
application of ramping rates (Schillo, Park, 
Chiu and Verweij, 2010).

This type of calcination – different to the 
calcination process achieved through conven-
tional thermal processing (CTP) – requires low 
ramping and cooling rates (≤ 1°C min-1) (Elma 
et al., 2013; Wang, Wang, Smart and Diniz da 
Costa, 2017).
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Hence, this new approach is an excellent 
option for forming mesoporous networks by 
only employing a single catalyst, applied under 
a low calcination temperature. Moreover, it also 
reduces production costs. 

Therefore, it is important to investigate the 
effect of a low calcination temperature, using an 
organo-catalyst, on the fabrication of interlayer-
free silica-based membranes.

Materials and method

Materials

Silica sols were prepared by using the sol–gel 
method and tetraethyl orthosilicate (TEOS 
99.0%, Sigma-Aldrich) as the silica precursor. 
Additional materials included ethanol (EtOH, 
99%) and deionised (DI) water, which were 
used as solvents; diluted citric acid (0.0008 M, 
Merck) for catalysis; and an alumina membrane 
support (α-Al2O3).

Method

First of all, a TEOS solution of 18.66 g was 
mixed with 8.0699 g of citric acid (0.1 wt%). 
In the second step, 20 ml EtOH was gently 
added into the reagent bottle. It was then 
stirred gently for 5 minutes at 0°C. After that, 
TEOS was added drop-wise and the contents 
were stirred again for further 5 minutes at 0°C.

Subsequently, citric acid solution was added, 
followed by slow stirring for 1 hour at 50°C. 
After stirring, 140.96 ml of diluted EtOH 
was continuously added for another 2 hours. 
Finally, the sols solution that had formed was 
cooled at room temperature.

The pH of the silica sols was measured. The 
sols solution was then poured into a petri dish 
and dried in an oven for 24 hours at 60°C. The 
dried xerogels was grounded into powder and 
calcined in air using the RTP method at 200°C 
and 250°C, respectively. 

Silica xerogels were characterised by attenu-
ated total reflectance-Fourier transform infrared 

(ATR-FTIR) spectroscopy. The vibration bands 
and peak wavelengths of silanol, siloxane and 
carbon were investigated by using ATR-FTIR. 
This method involves the 400–4000 cm-1 
wavelength range to generate FTIR spectra 
(30 scans) using the Bruker Alpha ATR-FTIR 
(instrument type, alpha sample compartment 
RT-DLaTGS; and accessory, ATR platinum 
diamond 1 Relf). 

Peak deconvolution was observed using the 
Fityk (curve-fitting) program based on Gaussian 
peaks. The Brunner–Emmet–Teller (BET) 
(Micromeritic TriStar 3020 instrument) method 
was used to calculate specific area, whilst weight 
loss was measured using thermo-gravimetric 
analysis (TGA) (Mettler-Toledo TGA/DSC1).

Silica sols, fabricated using the sol–gel pro-
cess, were applied (coated) to the α-Al2O3 sup-
port using a dip-coating process. The dip-coater 
was set up with a withdrawal down speed of 
5 cm/s and dwell time of 2 minutes.

The dip-coater is shown in Figure 1. This 
apparatus is used to create a membrane layer on the 

alumina membrane support. It is then calcined in 
air at 200°C and 250°C for 1 hour, and cooled at 
room temperature using the RTP method.

These steps (involving the dip-coating–cal-
cination processes) were repeated four times to 
obtain four thin layers.

Results and discussion

FTIR characterisation

The chemical properties of silanol, siloxane and 
carbon groups were studied using FTIR. Figure 2 
shows the representative FTIR-ATR spectra of 
silica xerogels calcined at 200°C and 250°C.

In the region of 1400–700 cm-1, the spec-
tra clearly show that bonds at 1080 cm-1 and 
1200 cm-1 correspond to the stretching modes 
of siloxane (Si–O–Si), whilst silanol (Si–OH) 
bonds appear near ~933 cm-1. Besides that, the 
peak at ~789 cm-1 is assigned to the stretching 
vibrations of carbon.

Figure 1. Schematic of dip-coating process.

Figure 2. FTIR spectra  
of the calcined silica  
xerogels.

Figure 3. Peak area ratios 
between Si–OH/Si–O–Si 
and membrane types.

 Membrane Types
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As depicted in Figure 3 (on page 7), the 
effect of calcination was investigated by decon-
volution using Fityk software at a wavelength 
of 933/1080 cm-1 (Si-OH/Si–O–Si). It is 
worth noting that silanol formation in the 
calcined xerogels was reduced at 250°C. This 
means that once the calcination temperature 
increases the silanol concentration decreases.

In addition, the formation of carbon in the 
silica matrices may reduce the hydrophilic prop-
erties of the silica materials. Whilst siloxane for-
mation is promoted via the condensation reac-
tions, the incorporation of carbon chains from 
citric acid, as a catalyst, favoured the siloxane 
formation and enhanced the condensation reac-
tions (Giessler, da Costa and Lu, 2001).

It has been reported that siloxane bridges and 
carbon chains in silica networks oppose hydro-
instability. Table 1 shows the areas of silanol 
proportional to siloxane, and carbon, at 250°C. 
Calcination at 250°C also offers higher carbon 
content (Table 1).

Thermo-gravimetric analysis

From Figure 4 it can be observed that weight 
loss occurred rapidly at a temperature of 
25-100°C, corresponding to decomposition of 
silica–carbon materials during heating process.

This was followed by the desorption process, 
which also happened over a temperature range of 
100-250°C because of the loss of volatility of the 
silica carbon materials. Furthermore, the weight 
loss, also found at a heating temperature of 250-
800°C, indicates that silica-based xerogels have a 
high thermal stability (Sumarni W., 2015).

So it can be concluded that at a temperature 
of 250°C the silica–carbon network becomes 
robust, because at a high temperature the car-
bon material is easily decomposed and creates 
more pores in the silica networks.

Organo-silica pore sizes

The surface area and pore size of organo-silica 
xerogels were determined using the N2 phys-
isorption technique, which provides important 
qualitative information regarding structural 
properties.

Figure 5 shows that the N2 adsorption–des-
orption isotherms curves for both silica xero-
gels, refluxed at temperatures of 0°C and 50°C, 
are included in type IV H4.

It also reveals that the materials are the 
mesoporous structures close to work reported 
in studies by authors Elma, Wang, Yacou and 
Diniz da Costa (2015); Muthia and Fitriani, et 
al., 2018; Muthia and Hairullah, et al., 2018; 
Muthia and Heru, 2018; Muthia and Nur, et 
al., 2018); Yang, Elma, Wang, Motuzas and 
Costa (2017); and Zhang et al., 2018. 

Figure 4. TGA graph  
of the calcined silica 
xerogels.

Figure 5. N2 sorption 
isoterms for the calcined 
xerogels at 250°C  
calcination.

Figure 6. Membrane surface (left); and cross-section of an SEM image of a silica-based membrane 
(right).

Membrane temperature calcination Area (cm2)

Si–OH Si–O–Si Si–OH/Si–O–Si Si–C

200°C 3.15 8.53 0.37 1.40

250°C 2.56 12.06 0.21 1.73

Table 1. Peak area using Fityk (curve-fitting) software.

° )
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The hysteresis of nitrogen adsorption–des-
orption of the sample (Figure 5) occurred at 
relative pressure ~0.4 p/p0 for xerogels refluxed 
at 0°C, whereas the hysteresis of xerogels 
refluxed at 50°C appears at ~0.1 p/p0. For the 
sample refluxed at 0°C it clearly shows that the 
material is more mesoporous compared with 
the sample refluxed at 50°C, which is more 
microporous (slightly mesoporous).

More detailed information of surface proper-
ties is summarised in Table 2. The reflux at 
50°C provides the lowest surface area, total 
pore volume and pore size, compared with 
reflux at 0°C.

In addition, the lower reflux temperatures 
tend to form a mesoporous material with loop 
hysteresis in the range 0.4–0.7 p/p0, categorised 
as isotherm type IV. 

Although the surface area for the RTP meth-
od is lower, the pore size in this work is larger 
than that of silica cobalt in our previous study. 
Interestingly, the pore size of the silica-based 
membrane calcined using the CTP method is 
larger than that of RTP (Schillo et al., 2010).

Scanning electron microscopy

Figure 6 (left) and Figure 6 (right) show the 
surface and cross-sectional areas of silica-based 
membranes using scanning electron microscope 
(SEM) analysis. 

It can be seen that the membrane surface in 
Figure 6 (left) is smooth, although the mem-
brane support has a bigger pore size than the 
thin layer.

Figure 6 (right) shows the cross-sectional area 
of the silica-based membrane and the thickness of 
the membrane layer. The membrane thin-layer on 
top of the substrate has a thickness of ~791.8 nm. 

If these results are compared with those of 
our previous work on membrane calcined using 
the CTP method (470 nm), this membrane 
layer is thicker than that produced by CTP. 
This is because of imperfect evaporation during 
the calcination process, because no ramping 
rates have been applied (M. Elma et al., 2013). 

Membrane fabrication without using an 
interlayer (interlayer-free), results in the sols 
solution permeating into membrane pores dur-
ing calcination. In addition, a capillary effect 
acts on membranes pores.

The presence of carbon chains creates a 
membrane surface that becomes less homoge-

nous (Elma, Wang, Yacou and Diniz da Costa, 
2015). It promotes hardness and pore shrinkage 
(D.K. Wang et al., 2017). 

Furthermore, in this research the calcination 
process used RTP, which, compared with the 
CTP, reduces production time. 

Conclusion
Interlayer-free silica-based membranes were 
successfully fabricated via the RTP method, 
using citric acid as an organo-catalyst. 

The results show that an organo-silica net-
work, using a citric acid catalyst, increases 
membrane strength (hydrostability). This 
research also showed that carbon bonds are 
formed in the silica matrices.

It is interesting to note that whilst this work 
only employed a single catalyst (citric acid), a 
mesoporous structure was clearly obtained. In 
other words, in addition to increasing hydrosta-
bility, this catalyst may also form mesoporous 
structures.

It was found that the highest surface area and 
pore size were achieved during a sol–gel pro-
cess using reflux at 0°C (354 cm³/g and 0.215 
cm³/g, respectively) compared with 50°C.

Calcination was attributed to silanol content, 
which decreases as the calcination temperature 
increases.

A smooth membrane layer was observed 
under low calcination. This new finding 
will help to reduce production costs and the 
amount of material used. 
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Preparation of DOPA-TA coated 
novel membrane for multifunctional 
water decontamination
In this study, a multifunctional microfiltration 
(MF) membrane for water decontamination 
was prepared using one-step assembly coating 
of dopamine (DOPA) and tannic acid (TA). 
The membrane (DOPA-TA coated) has super-
hydrophilic and super-oleophobic properties. The 
approach described provides a way of dealing 
with wastewater that is polluted with complicated 
contaminants, and has great potential in practical 
water remediation. The as-prepared membrane 
can be applied for efficient heavy metal ions and 
anions adsorption as well as simultaneous emul-
sion separation with high separation efficiency. 
In addition, this approach, which has a relatively 
low cost and is easy to scale up, has potential uses 
in industrial sewage remediation and multifunc-
tional water decontamination, say the authors.
T. Shih, N. Liu, Q. Zhang, 

Y. Chen, W. Zhang, Y. Liu, 
R. Qu, Y. Wei and L. Feng: 
Separation and Purification Technology 194 
135–140 (3 April 2018).
https://doi.org/10.1016/j.seppur.2017.11.019

Rejection of trace organic 
water contaminants using an 
aquaporin-based biomimetic 
hollow-fibre membrane 
Forward osmosis (FO) is a promising key 
strategy for energy-efficient water purifica-
tion. Different draw solutions, which cre-
ate an osmotic gradient, and water-selective 
FO membranes exist that enable significant 
concentration of waste streams, whilst water 
is being filtered and absorbed into the draw 
solution. Such technologies are often limited 
by the solute rejection and water flux character-
istics of the membrane used. A new approach 
involves the use of aquaporin-based membranes 
(ABMs). These biomimetic membranes make 
use of the high water permeability and selectiv-
ity of aquaporin proteins, which are embedded 
in the active layer of the membrane. In this 
study, a hollow-fibre ABM module, with an 
area of 0.6 m2, was tested for its rejection of 

three different trace organic contaminants: 
the herbicide 2,4-dichlorophenoxyacetic acid 
(2,4-D), plastic component bisphenol A (BPA) 
and preservative methylparaben. Over 95% of 
methylparaben was rejected by the membrane, 
whilst for 2,4-D and BPA, rejection rates of 
over 99% were attained. However, it also 
could be observed that BPA and methylpa-
raben adsorbed on the aquaporin membrane 
and were flushed out again during subsequent 
experiments. This phenomenon may have to be 
addressed in future studies by developing spe-
cific cleaning protocols for ABMs.

S. Engelhardt, A. Sadek and S. Duirk: 
Separation and Purification Technology 197 
170–177 (31 May 2018).
https://doi.org/10.1016/j.seppur.2017.12.061

Fabrication of MMMs with 
high permeability, enhanced 
hydrophilicity and improved 
antifouling characteristics 
In this study, the authors tried to select the 
best nanomaterial amongst the common ones 
that have been used for modifying membranes 
based on polyvinylidene fluoride (PVDF). The 
researchers fabricated PVDF mixed matrix mem-
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