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KEYWORDS Abstract A porous hollow fibre ceramic membrane derived from a low-cost natural material (silica
Hydrophobic; sand) and fabricated by combine phase inversion and sintering technique followed by fluoroalkyl-
Ceramic membrane; silane (FAS17) grafting to improve its hydrophobicity is reported in this study. Prior to the subjec-
Silica sand; tion of the silica sand ceramic hollow fibre membrane (SSCHFM) to a desalination performance
Water desalination; test via direct contact membrane distillation (DCMD), characterization studies were performed
Membrane distillation on the SSCHFM before and after grafting using different characterization techniques, such as scan-

ning electron microscopy (SEM), atomic force microscopy (AFM), 3-points bending, water liquid
entry pressure (LEPw), and water contact angle measurement. Mercury porosimetry analysis (MIP)
was also used to determine the pore size distribution and porosity of the SSCHFM. The grafting
process caused an increasing of the contact angle from 0° to 142.5° + 2.0, and LEPw value of
(2.6 = 0.4 bar) was achieved. AFM images showed an increment in the surface roughness of the
grafted SSCHFM from 0.305 um to 0.375 um, with a slight decrease in the average pore size
and porosity from 0.17 pm and 17% to 0.12 um and 14.7% respectively. After the grafting process,
the performance of the membrane in DCMD was evaluated on a salt solution for 32 h at different
NaCl concentrations (8,16, 24, 32 and 40) g/L, feed flow rates and feed temperatures. The results
showed a decrease in the permeate flux at increasing feed concentration, but the reverse was at
higher feed flow rates and feed temperatures. The surface-modified membrane recorded a water flux
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value of 35 kg/m*>h and 100% salt rejection. The results indicate that the hydrophobic hollow fibre
ceramic membranes derived from silica sand have significant potential to be developed for mem-
brane distillation application in water purification and reclamation.

© 2022 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria
University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

Natural freshwater supplies are deficient in many nations
worldwide; this situation has been exacerbated by the increas-
ing freshwater demand caused by global population expansion
and industrial/agricultural activity. Natural sources of fresh
water, such as groundwater and rivers, are currently unable
to fulfil rising demand and are depleting at an alarming rate.
The freshwater demand in many parts of the world is currently
being met via dependence on desalination technologies, espe-
cially in the Middle East, where seawater desalination accounts
for the significant freshwater source in countries like Saudi
Arabia, Kuwait, and the United Arab Emirates [1,2].

Membrane distillation (MD) processes as an alternative
solution to the current seawater desalination-related issues.
Being a thermal process, MD relies on the use of porous
hydrophobic membranes that allows only the passage of water
vapor rather than the liquid feed [3]. MD technology can be
operated in four different configurations based on the arrange-
ment of the cold side of the system; these include (i) vacuum
membrane distillation (VMD), (ii) direct contact membrane
distillation (DCMD), (iii) air gap membrane distillation, and
(iv) sweeping gas membrane distillation (SGMD) [4]. Among
these, DCMD remains the most employed seawater desalina-
tion configuration because it is easy to set up at a low cost
and its simple design and operation [5].

In the term of membrane materials, the most commonly
used membranes for water and wastewater treatment are made
of polymeric material, such as polyvinylidenefluoride (PVDF)
[6-8], polypropylene (PP) [9] and polytetrafluoroethylene
(PTFE) [10,11]. However, there are several issues associated
with the use of polymers, such as the incapability to act in
some extreme conditions (such as high temperature) and chem-
ical resistance, which is one of the most required properties in
MD.

Ceramic membranes represent another class of separators
and are famous for their high mechanical strength, chemical
and thermal stabilities beside their high flux. Ceramic mem-
branes exhibit significant potential in wastewater treatment
[12-14]. Therefore, in recent years, ceramic membranes have
attracted much interest in MD processes [15-18]. Despite the
many advantages of ceramic membranes, they are still of lim-
ited use, especially in large-scale systems, due to the higher cost
of ceramic membranes, which discourages widespread use [19].

Alumina, titania, silica and zirconia are common materials
for ceramic membrane fabrication; however, using such mate-
rials as starting up material is associated with certain draw-
backs due to the high sintering temperature that is required
to obtain satisfactory results between the mechanical strength
and the required porosity, thereby making the final product
extremely expensive. Furthermore, alumina, titania, silica
and zirconia powders are costly materials; Therefore, many
studies were reported to lower the capital costs [20-24]. How-

ever, it is likely to be a pioneer in the future with the lower cost
of capital.

Meanwhile, the available ceramic membranes are hydrophi-
lic in nature, and this is the major obstacle to their usage; they
require a surface modification process with hydrophobic mate-
rials such as fluoroalkylsilane (FAS) to improve their
hydrophobicity. The hydrophobic surface modification pro-
cess was first performed by Larbot et al. [25] when they
reported a successful modification of a tubular zirconia and
alumina hydrophilic membrane into hydrophobic for desalina-
tion purposes; the modified membrane exhibited a contact
angle of about 150°, while the salt rejection rate and permeate
flux were ~ 100% and 8.41 kg/ m*h respectively. These results
have shown the potential of ceramic membranes to be used in
membrane distillation processes rather than relying mainly on
polymeric membranes. Hydrophobic ceramic membrane using
kaolin for arsenic removal from aqueous solution via DCMD
was recently reported [26], the fabricated membrane was mod-
ified by grafting with fluoroalkylsilane (FAS) molecules, the
study showed a permeate flux of 28 and 25 kg/m>h for As
(III), and As (V) respectively, with 100% arsenic rejection
was obtained at a feed temperature of 60 °C.

Several investigations have concentrated on fabricating
low-cost kaolinite membranes by phase inversion with a high
loading concentration due to kaolinite’s low density of 2.4 g/
em?® compared to 3.95 and 4.23 g/em® for alumina and titania,
respectively [27,28]. The low density of kaolinite can impede
the preparation of dope suspension with a higher loading, par-
ticularly when it exceeds 45 wt%. Notably, the optimal dope
ceramic content for fabricating well-structured membranes
with a narrow pore size distribution and small pore diameters
is between 50 and 60 wt% [29]. In a recent study, Twibi et al.
[16] have addressed the disadvantage of the low density of
kaolinite by converting the kaolinite into mullite-kaolinite
using a calcination process at 1300 °C to increase the density
of kaolinite from 2.4 g/cm® to the range of 3.11-3.26 g/cm®.
However, high calcination temperatures increase the produc-
tion costs and diminishes the material’s low-cost benefit.

Saudi red clay, tetraethyl orthosilicate, ammonia, and
sodium alginate powder as a binder were used to fabricate a
ceramic membrane for MD. The prepared membrane was
tested using sodium chloride solutions and hot raw well water.
An average flux of 13.10 kg/m>h was obtained with 98.96%
rejection using raw well water [17]. Das et al. [30] developed
cost-effective hydrophobic membranes based on clay and alu-
mina in MD. The study obtained 99.96% salt rejection, and a
vapour permeate flux of 4.11 kg/m>.h at a feed temperature of
60 °C. Hubadillah et al. [31] reported a high water flux of
38.2 kg/m>h and salt rejection up to 99.9% obtained via
DCMD using a surface grafted ceramic membrane prepared
from rice husk ash. However, using rice husk ash involves
the conversion of rice husk into powder form (silica) through
calcination process [20]. One problem with this conversion
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process via calcination is that the process requires a high calci-
nation temperature of up to 1000 °C to turn the waste material
into crystalline silica; this adds to the production cost and
annuls the advantage of being low-cost material. In general,
using agricultural wastes such as sugarcane bagasse and corn
cob ashes [32,33] as a source of silica for green ceramic mem-
branes fabrication reported some drawbacks, i.e. the low melt-
ing point of SiO, derived from agricultural waste, where the
melting point ranges around 700-1000 °C [34]. The material’s
low melting point leads to an early occurrence of the melting
mechanism at a relatively low sintering temperature from
1050 to 1300 °C [35], which impedes reaching satisfactory
mechanical strength before the melting of the membrane
occurs. Moreover, the high percentage of impurities in the
agricultural wastes reduces the silica content (60-90%)
[15,23,36], necessitating pre-treatment such as calcination at
high temperatures to reduce the impurities level and increase
the content of silica.

Previously, we have reported the separation of oil from
water using ceramic membrane prepared from natural silica
sand via a combined phase inversion and sintering technique
[23]. Silica sand is an alternative ceramic material from natural
resources that exist in nature. It has a high silica purity of up to
99.5% and high melting point of 1710 °C compared to ranges
around 700-1000 °C for the SiO, obtained from agriculture
waste. As such, silica sand has various attributes that makes
it ideal for water filtration; such attributes include high acidic
chemical resistance and high hardness. These attributes
enhance the mechanical strength of silica sand and are the
most effective attributes of filters used in membrane
distillation.

Until now, the use of silica sand to fabricate a hydrophobic
ceramic hollow fibre membrane for MD applications is yet to
be reported. Hence, this work aims to evaluate the possibility
of producing SSCHFM from low-cost material for DCMD-
based salt solution desalination. The preparation of SSCHFM
in this study was done at a sintering temperature of 1300 °C
due to its sufficient mechanical strength and suitable pore size
in the microfiltration range which was investigated in our pre-
vious work [23]. The produced SSCHFM was subjected to a
surface modification process with FAS17 for its surface trans-
formation from hydrophilic to hydrophobic. Furthermore,
characterization studies were performed on the fabricated
and modified SSCHFM using various techniques, such as
SEM, AFM, and contact angle measurements. The perfor-
mance of the surface-modified SSCHFM in DCMD was eval-
uated in a salt solution, which served as the feed solution,
while the stability study was performed at high salinity (8 g/
L NaCl) feed solution for 32 h.

2. Experimental

2.1. Materials

In this work, the material used (silica sand powder) has a pur-
ity level of 99.5% and 1.6 pm average particle size. Before
being used as the starting material, the powder was oven-
dried overnight. The polymer binder used was polyethersul-
fone (PESf), while N-methyl-2-pyrrolidone (NMP) (HPLC
grade, Rathbone) served as the solvent; meanwhile, the disper-
sant used was polyethyleneglycol 30-dipolyhydroxystearate

(Arlacel P135, Unigema). Distilled water and tap water served
as the bore fluid and the coagulant bath, respectively, during
the spinning process. 97% 1H,1H,2H,2H-perfluorodecyltrie
thoxysilane (FAS17) was the grafting agent. NaCl and ethanol
(99.5%) were procured from Merck, Germany.

2.2. Silica sand hollow fibre ceramic membrane preparation

As described in our previous work [23], the preparation of the
SSCHFM from natural silica sand in this work was done using
a phase inversion/sintering technique. A mixture of Arlacel
P135 (1 wt%) and NMP (37.12 wt%) was gently stirred, fol-
lowed by the addition of silica sand powder (55 wt%). Then,
the mixture was subjected to a ball mill process executed for
48 h at 196 rpm before adding in 6.56 wt% of PESf. The
milling step was conducted for 48 h, after which the degassing
process was performed for about 30 min to remove trapped
air. After the degassing process, the mixture was extruded
through a stainless-steel syringe. Table 1 illustrates the condi-
tions of the spinning process; this extrusion process produced
the SSCHFM precursors, which were then immersed in a water
coagulation bath for 24 h to get rid of residual solvent. The
precursor was later air-dried and sintered in a tubular furnace
at a specifically targeted sintering temperature. The sintering
temperature was steadily raised to 600 °C at the heating rate
of 2 °C/min; the temperature was held for 2 h at 600 °C to
ensure complete removal of the organic materials and the poly-
mer binder. A further increase in temperature to 1300 °C was
done at 3 °C/min heating rate and held for 3 h. Lastly, the tem-
perature of the process was reduced to an ambient level at
5 °C/ min cooling rate.

2.3. Surface grafting of SSCHFM

The prepared SSCHFM was surface-modified by first washing
it with a water—ethanol mixture (ratio 2:1), followed by oven
drying at 100 °C. Then, the SSCHFM was submerged in a
grafting solution that made up of fluoroalkylsilane C¢H9F7-
05Si (FAS17) (2 wt%) and ethanol (98 wt%) for 24 h [31],
then rinsed in distilled water before the last drying step in
the oven. After the drying step, the prepared membrane was
assembled into a membrane module.

Table 1 Composition of the dope Suspension and the
spinning parameters.

Composition of the dope Suspension (wt.%)

Silica sand powder 55
Polyethersulfone (PESf) 6.88
N-methyl-2-pyrrolidone (NMP) 37.12
Arlacel 1
Spinning parameters

Flow rate of the bore fluid (mL/min) 10
Flow rate of the dope extrusion (mL/min) 6
The air gap distance (cm) 5
Outer diameter of the spinneret (mm) 2
Inner diameter of the spinneret (mm) 1

The utilized bore fluid
The utilized coagulant

Distilled water
Tap water
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2.4. Membrane characterization

Scanning electron microscopy (SEM) was employed to visual-
ize the surface view of the prepared SSCHFM before and after
surface modification. The SSCHFM was supported on a metal
base and scanned to capture the outer surface images. Prior to
the scanning process, the samples were first sputtered with
platinum. Atomic force microscopy (AFM) was used to evalu-
ate the samples for surface roughness. For this investigation, a
portion of the sample was mounted on a metal base, and a
total outer surface size of 10 x 10 pm was scanned. The
observed roughness of the membrane surface was presented
as the mean value of different surface roughness measurements
(R,).

Furthermore, the prepared SSCHFM was also subjected to
a hydrophobicity study to determine the water liquid entry
pressure (LEPw) and contact angle. A contact angle goniome-
ter was used for the contact angle measurement; this was done
using the sessile drop method that requires 2 pL of distilled
water. A minimum of 4 measurements was taken for each sam-
ple at different spots. Regarding LEPw, the surface-modified
SSCHFM was mounted to an adapter; one of its ends was
sealed, while an epoxy potting was used to connect the other
end to a tubing. Then, water was pumped on the surface of
the SSCHFM and observed for the pressure reading when
the first water droplet was observed from the lumen side.
The pressure reading was considered the LEPw. According
to the Laplace-Young Equation (1), the LEPw value depends
on the surface tension of the penetrated liquid, the contact
angle and the pore size of the membrane. Therefore, the rela-
tionship between the LEPw value and the membrane contact
angle is given thus:

21
LEPw = "L cos 0. (1)

rma,\‘

where the liquid surface tension is given as y; and maximum
radius of the pores of the membrane is given as rmax; 0, rep-
resents the value of the membrane contact angle.

A mercury porosimetry analysis (MIP) was employed to
determine the pore size distribution and porosity of the
SSCHFM before and after the surface modification process.
The MIP principle relies on the capillary law governing liquid
permeation into tiny pores by non-wetting liquid like mercury.
MIP was performed in this study using (Micromeritics AutoP-
ore IV 9500 Series, USA).

2.5. Direct contact membrane distillation (DCMD) tests

Fig. 1 shows the lab-scale setup for the DCMD tests in this
study. This setup is comprised of hot and cold cycles that
are linked to a membrane module. The membrane module
has 5 hollow fibres of 0.0012 m? total nominal surface area.
The system’s design was done to support two circulating
streams, namely the hot feed stream that flows through the
shell side of the membrane and the cold stream that flows
through the membranes lumen-side. Different concentrations
(840 g/L) of NaCl solution were used as the feed on the hot
side while the cold side was fed with deionized water. The feed
side temperature and flow rate ranged from 50 to 90 °C and
10-60 L/h, respectively. The temperature control of the hot
and cold streams was achieved using a coiled heater and a chil-
ler. Temperature measurements for both streams were done
using 4 digital thermometers at the inlet and outlet of the mod-
ule, and a flow rate of 12 L/h was maintained for the cold
stream. A weighing balance was used to measure the weight
of the cold-water tank, while equation (2) was used to calculate
the permeate flux.

AW

— D
=m= Flow meter (F=ms '
Hydrophobic
| SSHFCM
l-10 Thermometer 1
Pressure gauge I (o)
.
= H E
= Permeate -
tank
conductivity Feed tank Eoler
meter Heater

Fig. 1

DCMD laboratory-scale setup.
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where AW = Change in the cold tank weight (kg) with time

(h), A4 = total effective area of the membranes (0.0012 m?).

the calculation of the salt rejection rate (R%) was done thus:
C

R(%) = (1 ——”) x 100% (3)
Cr

where R is the NaCl rejection, Cp is the conductivity of the

permeate (us/cm), and Cr is the conductivity of the feed solu-

tion (us/cm); both are measured using a conductivity meter.

3. Results and discussion

3.1. Impact of surface functionalization on the physical
properties of SSCHFM

The presence of OH- groups in SSHFCMs confirmed their
hydrophilicity properties. Thus, these membranes are not suit-
able to be applied in MD processes. Therefore, a surface mod-
ification step is necessary before SSHFCMs applied in MD
processes [3,37].The SEM images of the cross-section and sur-
face of the prepared SSCHFM are shown in Fig. 2, (a) and (b)
illustrating the membrane’s cross-section area. While (¢) and
(d) are the views of the external surface of the porous mem-
branes before and after the functionalization step, respectively.
Fig. 3 depicting the membrane surface grafting process [38,39].
Evidently, The grafted and non-grafted membranes showed
insignificant difference in the SEM images, just that the FAS
molecules attached to the membrane surface. This is further
corroborated by the increase in surface roughness (Fig. 5),

NL D4.1 x5.0k

Fig. 2
prior to grafting, and (d) external surface view after grafting.

20um  Gsaber

due to the increased number of OH- groups as earlier reported
in the literature [40-42].

The properties of the prepared SSCHFM before and after
the grafting process are presented in Table 2. The hydropho-
bicity of the sample was evaluated by measuring the contact
angle of a water drop. From the results shown in Table 2,
the non-grafted membrane showed no contact angle due to
the hydrophilic nature of the sample but exhibited a contact
angle value of 142.5° upon grafting process, suggesting its
hydrophobicity. The water drop on the membrane surface
after grafting is shown in Fig. 4. This observation is in good
agreement with previous studies on FAS-based ceramic mem-
branes hydrophobization for MD processes [43-45].

The Laplace-Young Equation is used to express the pres-
sure difference between liquid—vapour interfaces. LEP refers
to the minimum hydrostatic pressure value difference needed
for the penetration of the feed liquid into the larger membrane
pores. This pressure difference is contributed by the interfacial
tension, the liquid contact angle at the pore entrance, and the
shape and size of the membrane pores [46]. The LEPw of the
grafted sample, as shown in Table 2, was 2.6 bar which was
significantly higher than the value (0.5 bar) reported by
Hubadillah et al. [31]. Das et al. have reported the significant
role of the pore size of hydrophobic membranes in sustaining
the high LEPw value [30]. For instance, studies by Mulder and
Wu [47,48] have suggested that the hydrophobic membrane
materials have an optimum pore size. According to Table 2,
the grafted sample exhibited a decline in pore size (sponge-
like layer) and porosity after grafting from 0.17 to 0.12 um
and 17 to 14.7%, respectively. It is worth noting that the

NL D40 x5.0k 20um

SEM image of SSCHFM: (a) Cross-sectional view, (b) Higher magnification of cross-sectional view, (c) external surface view
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Fig. 3 The depiction of the membrane surface grafting process.

Table 2 Properties of ungrafted and grafted SSCHFM.

Properties Ungrafted Grafted
Contact angle (°) 0 142.5 £ 2.0
LEPw (bar) 1.1 £ 0.1 26 + 04
Average pore size (Lm) 0.17 0.12
Porosity (%) 17 14.7
Surface roughness (um) 0.305 0.375

CA 142.5°

g
i

Fig. 4 Water contact angle for grafted silica sand hollow fibre
ceramic membrane.

LEP value of the pristine membrane was 1.1 bar, that is due to
the small size of the membrane pores (Fig. 6), which requires
an additional pressure higher than the atmospheric pressure
for penetration to occur; this result is in good agreement with
Das et al. [30].

The three dimensions AFM images of the SSCHFM sur-
face before and after the grafting process are shown in
Fig. 5. AFM images showed an increment in the bright region
after the grafting process, which illustrates an increase in the
surface roughness, while the membrane’s pores are seen as
the dark depressions [49]. There was a noticeable increase in
the surface roughness R, of the grafted sample (from 0.305
— 0.375 pm), as seen in Fig. 5. A similar finding was also
reported by Ahmad et al. on FAS-grafted ceramic membrane
surfaces [50].

Pore size distribution analysis was conducted on SSCHFM
before and after the surface modification process, as shown in
Fig. 6. Finger-like and sponge-like pores were observed. For
ungrafted SSCHFM, a pore size distribution consisting of a
peak at approximately 9.64 pm representing the finger-like
pores was observed. Whereas a smaller peak detected at
0.17 pm is believed to represent the sponge-like pores. After
FAS grafting, the sponge-like pores peak shifted slightly to
0.11 pm, indicating that the pores became smaller. A possible
explanation for this might be that the pore size became smaller
due to the condensation of silanol groups and further densifi-
cation of the membrane surface. During the grafting, the
hydroxyl groups on the ceramic membrane surface react with
Si-O-alkyl groups of the silane [51]. Garcia Fernadez et al. also
obtained a slight reduction on grafted ceramic membrane pore
size but neglected it due to the small gap [52]. It is interesting to
note that no evident change was observed for finger-like pores
after the grafting process, as shown in Fig. 2. This can be
explained due to the FAS agent reacted with —-OH bond on
the surface pores only during FAS grafting through the immer-
sion technique at 24 h. This result is in line with the results
obtained in a previous study that observed a reduction in the
sponge-like pore size of the grafted ceramic membrane, while
there was no change in terms of the finger-like pore size [26].

3.2. DCMD performance

3.2.1. Effect of salt concentration

The effect of NaCl concentration on the water vapour flux of
the surface grafted membrane is shown in Fig. 7. Expectedly,
increases in salt concentration have decreased the permeate
flux [45,53] Theoretically, the higher the concentration of a
NaCl solution, the higher its boiling point. This reduces the
occurrence of water evaporation on the surface of the mem-
brane and thus will limit the amount of steam passing through
the membrane [16,53]. For instance, the vapour flux reached
30 kg/m*h at NaCl concentration of 8 g/L, and the flux was
reduced to less than half (12 kg/m*h) when the NaCl concen-
tration increased to 40 g/L. Three factors are believed to con-
tribute to this observation, namely (1) the decrease in vapour
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Fig. 5 Three-dimensional AFM images of ungrafted and grafted SSCHFM.
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Fig. 6 Pore size distribution for SSCHFM before and after
surface modification.

35

30

26.5

151 12

Vapor flux (kg/m?h)

8 16 24 32 40
NaCl concentration (g/L)
Fig. 7 Water vapour flux of grafted SSCHFM at different NaCl

concentrations (10 °C permeate temperature, 80 °C feed temper-
ature, 30 L/h feed flow rate) (number of samples, n = 3).

pressure as the salt concentration increases, (2) membrane sur-
face fouling, and (3) concentration polarization. Regarding the
first factor, it has been suggested that it is commonly experi-
enced in the MD processes due to the activity coefficient of
water being low at higher solute concentration [54]. This activ-
ity coefficient, v, is expressed to the mole fraction of the
solute, xx,cs, as expressed in Equation (4) [55]:

Tw = 1-05 - loxi/acl (4)

XNaCl

The value of y,, can only be 0.466 if the value of xy,¢; is
0.21, translating to 450 g/L, which is higher than the solubility
level of NaCl (360 g/L). The decline in flux value was mostly
due to the precipitation of NaCl in response to severe concen-
tration polarization.

3.2.2. Effect of feed temperature

A summary of the feed temperature effect on the permeate
vapour flux of the surface-modified membrane is shown in
Fig. 8. The difference in feed temperatures was studied while
the permeate temperature was kept constant at 10 °C. A con-
stant feed concentration of 8 g/LL NaCl was used while the per-
meate vapour flux value of 6.3 kg/m*h was kept at 50 °C. An

50

45
40
354
30 +
254
20

151

Vapor flux (kg/m?h)

10

50 60 70 80 90
Feed temperature (°C)

Fig.8 Feed temperature effect on the water vapor flux of surface
modified SSCHFM (NaCl concentration = 8 g/L, permeate
temperature = 10 °C, feed flow rate = 30 L/h) (number of
samples, n = 3).
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increase in the feed temperature from 50 to 90 °C has enhanced
the permeate vapour flux from 6.3 to 42 kg/m*h due to the
increased vapour pressure [56-59]. However, this increment is
not as expected, likely due to the effect of higher feed temper-
ature on the polarization temperature. It could also be due to
the increased NaCl precipitation at higher feed temperatures as
there are no obvious changes in the solubility of NaCl at the
studied range of temperature, while a significant change in flux
is often associated with temperature increases. The permeate
flux observed in this work (6.3-42 kg/m>h) was significantly
higher than those achieved with zirconia (3.96 kg/m*h) and
titania (0.83 kg/m*h) -based ceramic membranes; this study
has also used a lower feed flow rate (30 L/h) comparing to
50 L/h in the previous study [3], suggesting that the prepared
membrane can work well in harsh conditions and still achieve
a high permeate flux.

3.2.3. Effect of feed flow rate

There is a close relationship between permeate flux and fluid
dynamics, which is expected to increase at a higher feed flow
rate. The relationship of feed flow and the distillate flux for
the prepared SSCHFM in DCMD is shown in Fig. 9. Observ-
ably, there were increases in the permeate vapour flux with the
increase of feed flow rate (from 10 to 20 L/h). Subsequently,
the permeate vapour flux amplitude increased gradually from
25.8 to 39.2 kg/m>h, when the feed flow increased up to 60
L/h as seen in Fig. 9. This trend is due to the increase of Rey-
nolds numbers with the increment of feed flow rate, which
affected the fluid dynamics, enhancing the heat transfer coeffi-
cient and thus reducing the effect of both temperature and con-
centration polarization phenomenon [60]. Both mass and heat
transfer resistances are reduced at higher Reynolds number, as
well as the boundary layer thickness [61], this causes a more
significant driving force for mass transfer through the mem-
brane and consequently enhances the permeate of vapour flux
[62]. Manuwi et al. [63] asserted that the permeate flux
increased from 18.1 L/m*h at a flow rate of 0.5 L/min to
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Fig. 9 Feed flow rate effect on water vapor flux of surface
modified SSCHFM (feed temperature = 80 °C, permeate
temperature = 10 °C, NaCl concentration = 8 g/L) (number of
samples, n = 3).

29.1 L/m>h at a flow rate of 1.5 L/min with the same of all
other parameters.

Nevertheless, it is not possible to increase the flow rate infi-
nitely due to the increase of the pressure drop due to the
increased flow rate, which occurs because of the cell walls resis-
tance in the modules. In most cases, the pressure drop is pos-
itively proportional to the square of a flow velocity, as
expressed in Equation (5) [64]. It has also been reported that
permeate flux typically increases with feed flow rate, and this
tends to be an asymptotic value when the feed flow rate is rea-
sonably high [65-69].

L ?
AP:fE 5P (5)

where AP is the pressure drop, f'is the friction factor, L is the
length of channels, d is the hydraulic diameter of the flow
channel, while p and u are the liquid density and flow velocity,
respectively.

3.2.4. Effect of the grafting process on salt rejection and water
fux

The observed changes in the salt rejection capacity and vapour
flux of the grafted SSCHFM during DCMD operation for 32 h
were presented in Fig. 10. The process was conducted at a feed
temperature of 80 °C and a feed flow rate of 30 L/h, using
NacCl (8 g/L) as the feed solution. Initially, a permeate vapour
flux of 35 kg/m*h was recorded. Subsequently, a decline in
permeate vapour was observed to 27 kg/m>h after 24 h of
the operation. Whereas the grafted SSCHFM exhibited a salt
rejection rate of 100%. Table 3 presents a comparison of the
vapour fluxes and salt rejection levels of the grafted membrane
in this study with those of grafted ceramic and polymeric mem-
branes reported in the previous studies. It can be observed that
the grafted SSCHFM exhibited an excellent Initial vapour flux
of 35 kg/m”h, which is much higher compared to those in the
previous studies [3,57,70]. In terms of durability performance,
a 32 h membrane distillation process has been performed.
Upon the test, the rejection rate presented no dependence with
the NaCl concentration, as observed in Fig. 10. Therefore the
performance showed no reduction throughout the process
(100% of salt rejection); this result is in good agreement with
experimental observations [53], while there were no significant
fluctuations exhibited in the membrane flux from hour 24
towards the end of the performance test, which indicates that
the membrane is highly durable in terms of hydrophobic coat-
ing (surface modification), membrane structure (break or brit-
tleness) and performance of rejection.

The contact angle of water is a direct measure of the mem-
brane’s hydrophobicity behaviour which is a key in any MD
process for repelling the feed solution liquid from penetrating
the membrane [71]. To determine the hydrophobic layer stabil-
ity of the modified membrane, the contact angle of SSCHFM
before and after 32 h of the DCMD test was measured
(Fig. 10). There was barely change observed on the contact
angle value of the modified SSCHFM; the contact angle value
was slightly decreased from 142.5° to 141°. To be more precise,
the reduction percentage was less than 1%. This result is in
good agreement with the finding of a previous study that
observed a reduction in water contact angle of hydrophobic
polytetrafluoroethylene membrane from 134.78° to 129.8°
after the DCMD test [71]. Hubadillah et al. [26] studied the
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Fig. 10 Water vapour flux and NaCl rejection of the grafted membrane at 80 °C feed temperature, 10 °C permeate temperature, 8 g/L

NaCl concentration, 30 L/h feed flow rate; and the water contact angle before and after DCMD (number of samples, n = 3).

Table 3 Benchmarking the observed salt rejection and permeate flux performances with the existing literature values for grafted

membranes applied in MD process.

Membrane Material of FAS silane Contact NacCl Permeate vapor Rejection  Ref
configuration membrane angle (°) concentration flux (kg/m>h) (%)
(g/L)

Hollow fibre Titania 1H, 1H,2H, 2H- 135-145 30 0.9-3.0 > 99.1 [72]
Perfluorooctyltrie-thoxysilane

Hollow fibre Mullite 1H,1H,2H,2H- 139 10 11.79 99.99 [16]
Perfluorodecyltrie-thoxysilane

Hollow fibre B-Sialon 1H,1H,2H,2H— 125 20 6.79 99 [43]
Perfluorodecyltrie-thoxysilane

Hollow fibre Silicon nitride  1H, 1H, 2H, 2H- 136 5-60 7.83-22.4 99-100 [73]
perfluorooctyltrie-thoxysilane,

Hollow fibre PVDF - 100.81 16 99.9 [70]

Hollow fibre PC/PVDF = 150 35 8.1 99.9 [74]

Hollow fibre MOF/PVDF - - 10 11 99.9 [75]

Hollow fibre PTFE/PVDF — 136.5 35 26.8 99.9 [76]

Hollow fibre Silica sand 1H,1H,2H,2H- 142.5 8-40 12-35 100 This
Perfluorodecyltriethoxysilane work

arsenic removal from aqueous solution via direct contact mem-
brane distillation using hydrophobic kaolin hollow fibre mem-
brane; the kaolin membrane was modified using FAS agent
through the immersion method. The study showed that the
water contact angle was insignificantly decreased by 4° after
8 h of operation. It is noteworthy that in this current work,
the decrement of the contact angle value was only 1.5° during
32 h of the operation, which indicates that the surface modifi-
cation of SSCHFM is thermally stable compared to studies in
the literature.

4. Cost analysis of hydrophobic SSHFCM

The estimated cost of fabricating SSHFCM was computed in
this section. The cost estimation considered two significant
components: (1) raw material costs and (2) energy usage
expenses. Supplementary Information contains an example of
cost calculations for membrane fabrication. It is well estab-
lished that alumina membranes are the most used ceramic
membranes for water separation [77,78]. Additionally, kaolin
has been extensively investigated as a potential alternative
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Table 4 Cost of raw materials and energy consumption estimations of the fabrications of the HFCMs developed from three different

starting ceramic materials.

Silica sand HFCM

Alumina HFCM [81.83] Kaolin HFCM [82]

Total raw material cost ($/m> HFCM) 88.40 190.7 106.2
Total energy consumption for 0.318 0.340 0.326
membrane fabrication (kWh/m?> HFCM)

Cost of energy consumed ($/m*> HFCM) 0.0349 0.0374 0.0358
Total raw material (surface modification) cost (8/m> HFCM) 242.71 242.71 242.71

Remark: 1. The calculations were based on 1 m> HFCM as the basis.

2. The estimated fabrication costs of the alumina and kaolin HFCMs were calculated by referring to the fabrication conditions.

material for developing cost-effective ceramic membranes
[79,80]. Thus, alumina and kaolin hollow fiber ceramic mem-
branes (HFCMs) were used as cost standards in this study.
The estimated fabrication costs of the alumina and kaolin
HFCMs were calculated by referring to the fabrication condi-
tions reported in the literature [81,82]. Table 4 summarises the
estimated costs and energy consumption associated with fabri-
cating these three membranes.

The use of silica sand as a low-cost starting material signif-
icantly reduced the membrane fabrication’s overall raw mate-
rial cost. The overall cost of raw materials used to fabricate the
SSHFCM was $ 88.40/m> HFCM, which was 53.6% and
16.7% less than the costs of alumina and kaolin HFCMs,
respectively. Due to the SSHFCM’s lower sintering tempera-
ture, the sintering stage consumed 6.68% and 2.51% less
energy than the alumina and kaolin HFCMs, respectively.
The findings of the cost analysis indicate that the primary fac-
tor affecting the cost of fabricating ceramic membranes is the
cost of raw materials. As a result, the use of low-cost starting
ceramic material is crucial to minimize the fabrication cost of
ceramic membranes. The surface modification step showed no
notable improvement in the total since the three membranes
were grafted using the same concentration of FAS agent
(2 wt%).

5. Conclusions

This work reported the fabrication of low-cost SSCHFM from
natural silica sand using phase inversion and sintering tech-
nique. The SSCHFMs were characterized using SEM, AFM,
contact angle, LEPw, and MIP. It was proved that the hydro-
philic character of ceramic silica sand membrane could be
changed into a hydrophobic by surface modification using
1H,1H,2H,2H perfluorodecyltriethoxysilane (FAS17) for
DCMD application. The grafting process impacted the
SSHFCM by the increase in the water contact angles of the
membrane (142.5°) and its LEPw value (>2.6 bar). AFM
images showed an increment in the surface roughness of the
grafted SSCHFM from 0.305 pm to 0.375 pum, with a slight
decrease in the average pore size and porosity from 0.17 um
and 17% to 0.12 um and 14.7% respectively. The performance
of the grafted SSCHFM on DCMD processes was evaluated
for 32 h using 8 g/L NaCl as the feed solution. Notably, the
samples achieved excellent salt rejection of 100% and excellent
water flux (35 kg/m”>h) performances. Further, studies on the
effect of feed flow rate, feed temperature, and salt concentra-
tion on the water vapour flux were also performed and as
expected, declines trends were observed in the flux at higher
salt concentrations. In contrast, increments were recorded in

the flux with the feed flow rate and feed temperature increase.
Therefore, this study could be a valuable way of producing
high-performing membranes for use in DCMD processes. Fur-
thermore, the prepared membrane can also be used in the
removal of heavy metals from the water via DCMD processes
as being currently investigated.
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