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Abstract Green ceramic hollow fiber membranes with superhydrophobic and superoleophilic sur-

faces (ss-CHFM/WSBA) were successfully fabricated via facile sol–gel process using tetraethoxysi-

lane (TEOS) and methyltriethoxysilane (MTES) as precursors. In this work, silica solution was

prepared using the modified Stöber method. This process was followed by dipping the pristine mem-

branes into the sol–gel solution at various grafting times (0–90 min), grafting cycles (0–4 cycles),

and calcination temperatures (400–600 �C). The wettability, surface morphology, and chemical

composition of the pristine and ss-CHFM/WSBA membranes were investigated. The results

showed that increasing the grafting time has increased the wettability of ss-CHFM/WSBA with

high contact angle of up to 163.9�. Similarly, increasing grafting cycle has enhanced the hydropho-

bicity of ss-CHFM/WSBA due to the formation of hierarchical structure of grafting cycle which

were more than one. The optimum calcination temperature for ss-CHFM/WSBA was identified.

It was found that increasing the calcination temperature has degraded the sol template on the sur-
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face of ss-CHFM/WSBA, hence decreasing the wettability. The preliminary performance tests

showed that ss-CHFM/WSBA grafted at 60 min, 3 cycles, and calcined at 400 �C showed excellent

oil/water separation efficiency of 99.9% and oil flux of 137.2 L/m2h.

� 2018 Production and hosting by Elsevier B.V. on behalf of King Saud 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

Oily wastewater is generated by various industrial processes

such as petroleum industries, chemical and petrochemical

plants, oil refineries terminal during washing of reserving tank,

and metal working plants. This type of pollution can affect

groundwater, seawater, crop production drinking water as a

result of the percolation of contaminants in produced water

into the water resources, endangering aquatic resources, atmo-

spheric pollution, destructing the natural landscape, and aris-

ing safety concern due to oil burner coalescence. The

generated water effluent often contains micrometer-sized oil

droplets dispersed in water, forming a stable oil-in-water emul-

sion even without any stabilizer (Yu et al., 2017). Oil is an

organic matter and important contaminant in wastewater that

affects the environment severely (Zhou and Wu, 2015;

Hubadillah et al., 2018). It was reported that more than

2000 million tons of wastewater produced by oil refineries in

the world (Zuo et al., 2009). The conventional methods such

as gravity separation, adsorption, oil skimmers, biological

treatment, and sedimentation in a centrifugal field have been

applied in oily wastewater treatment (Vinoth Kumar et al.,

2015). However, these conventional methods have disadvan-

tages in terms of low efficiency, high operation costs, corro-

sion, and recontamination problems. For instance, the

method of using oil skimmers contaminates the environment

easily and the method of combustion also results in secondary

pollution of water (Song et al., 2017).

In recent years, with the in-depth studies of superhydropho-

bic and superoleophilic surfaces, researchers have started to

explore materials and design coatings to fabricate oil/water

separation surfaces with special wettability. In 2004, Feng

et al. coated copper mesh with polytetrafluoroethylene (PTFE)

to fabricate a mesh for oil/water separation (Feng et al., 2004).

Consequently, a lot of methods have been explored to solve the

oil/water separation problem, for example, template method

(Feng and Jiang, 2006), sol–gel process (Yang et al., 2010),

chemical etching (Guo et al., 2014); electrospinning (Li et al.,

2016; Ge et al., 2017), and chemical vapor method (Crick

et al., 2013; Zhang and Seeger, 2011). Herein, copper meshes

are widely chosen by researchers as a support meshes for oil

or water separation because of its availability, low cost, and

its porous structure. Unfortunately, one of the most serious

bottleneck of copper mesh is its susceptibility to corrosion,

that is, oxidation (Hedin et al., 2018), resulting in a shorter

lifespan. Therefore, nonmetallic substrates such as sponges

and textiles were chosen, replacing the copper mesh. For exam-

ple, melamine sponges were used as the core material for

preparing porous materials possessing superhydrophobic and

superoleophilic property for continuous separation of oils

and organic solvents from water (Gupta et al., 2016). Zhang

et al. fabricated smart textiles with switchable superoleopho-

bicity by grafting a block copolymer comprising pH-

responsive poly(2-vinylpyridine) and oleophilic/hydrophobic

polydimethylsiloxane blocks on these materials (Zhang et al.,

2012). Unfortunately, most sponges and textile fibers became

completely rotten in 3–5 weeks. Therefore, recent studies have

been focusing on the stainless steel mesh as superhydrophobic

and superoleophilic substrates for oily wastewater separation

(Li et al., 2015; Liu et al., 2016; Wen et al., 2018). Because

of the unique ability of stainless steel to resist corrosion, heat

damage, and chemical damage, high strength duplex grades

provide an added strength, allowing for a reduced thickness

in the material, providing a high upfront cost than that of

the other types of substrates.

Membrane technologies are more favorable as substrates as

they are cost-effective and fast, highly selective, and flexible to

be integrated with other processes (Jamalludin et al., 2016).

Many approaches were taken by researchers in the utilization

of membrane as a support for water treatment application.

Among all the membrane types, ceramic membranes present

interesting advantages such as high thermal and chemical sta-

bility, high surface area, and extended lifetime in oily wastew-

ater treatment (Kingsbury and Li, 2009). Many researchers

reported that most of the ceramic membranes are fabricated

from particles of ceramic oxides such as Al2O3, TiO2, ZrO2,

and SiO2 (Obada et al., 2016; Koonaphapdeelert and Li,

2007; Harun et al., 2014; Hubadillah et al., 2018). The early

research in ceramic membrane fabrication focused towards

the utilization of an expensive precursor, a-alumina, to fabri-

cate the membrane (Yang et al., 2011). In addition, alumina

has been widely used in ceramic membrane fabrication

towards various separation technologies due to the consider-

able attention received for its usage in separation processes

because of its thermal, chemical, and mechanical stabilities

(Kingsbury and Li, 2009). However, alumina membrane is

considered to be costly. It was reported that alumina mem-

brane costed around $1200–$2000/m2 which is more than half

the price of polymeric membranes (Obada et al., 2016). Still,

ceramic membrane is in high consideration when it comes to

other advantages.

Nowadays, alternative ceramic material like clay, dolomite,

apatite, fly ash, natural raw clay, and kaolin which are catego-

rized as cheap raw materials have been used in the ceramic

membrane fabrication to reduce the production cost (Yang

et al., 2011; Hubadillah et al., 2016; Hubadillah et al., 2018).

Interestingly, recent research is oriented to the use of agricul-

tural waste such as fly ash and rice husk ash for the fabrication

of green ceramic membrane (Hubadillah et al., 2016; Dong

et al., 2008). Notably, most agricultural waste has been con-

verted into ashes through calcination process and disposed

of in landfills. However, the increasing refusal of communities

to have landfills nearby, as well as the increased pressure from

the environmental agencies for proper waste management is

creating the needs for alternative final disposal, consistent with

the environmental needs at a rational cost (Martı́nez et al.,

2012). In fact, utilization of ashes from agricultural waste for
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energy production, alternative materials replacing cement, and

extraction of silica have become increasingly important. In our

previous work, green ceramic hollow fiber membrane derived

from waste sugarcane bagasse ash was successfully prepared

via phase inversion and sintering technique and showed inter-

esting potential to act as a membrane support (Jamalludin

et al., 2018). Therefore, the aim of this study is to fabricate

the superhydrophobic and superoleophilic green ceramic hol-

low fiber membrane (ss-CHFM/WSBA) through sol–gel graft-

ing for oil/water separation. To evaluate the prepared ss-

CHFM/WSBA, three grafting parameters (grafting time, graft-

ing cycle, and calcination temperature) were studied and the

results were characterized in terms of morphology, wettability

properties, and oil/water separation.

2. Experimental section

2.1. Materials

Green ceramic hollow fiber membranes with pore sizes of

75 mm were from our previous study (Jamalludin et al.,

2018). Tetraethyl orthosilicate (TEOS), methyltriethoxysilane

(MTES), ammonia (NH3, 25%, A.R.), absolute ethanol

(EtOH, 99.5%, A.R.), and distilled water (H2O) were used

without any further purification.

2.2. Preparation of silica sol

The silica sol was prepared via the modified Stöber method.

Firstly, 0.4 mol of TEOS, 1.04 mol of NH3, 3.55 mol of

H2O, 0.2 mol of MTES, and 13.92 mol of ethanol were mixed

for 90 min at 30 �C to obtain the silica sol. The silica sol was

aged at room temperature for 7 days before being used. A por-

ous ceramic tube was immersed in the silica sol for 2 h at room

temperature and then dried at 110 �C for 30 min. This proce-

dure was repeated for three times. After that, the tube was

annealed at 400 �C for 4 h.

2.3. Fabrication of superhydrophobic and superoleophilic green

ceramic hollow fiber membranes

Dip-coating method (Dip coater: PTL-MM01, Canada) was

used for the fabrication of superhydrophobic and super-

oleophilic green ceramic hollow fiber membranes (ss-CHFM/

WSBA) with a withdraw speed of 10 mm/min. Prior to the

dip-coating process, all membranes were rinsed with ethanol

and dried in an oven at 100 �C for 24 h to enhance the OH

bonding on the membrane surface. Afterwards, the mem-

branes were dipped into the sol solutions at various grafting

times (0–90 min), grafting cycles (0–4 cycles), and calcination

temperatures (400–600 �C). The grafting mechanism of ss-

CHFM/WSBA is shown in Fig. 1.

2.4. Membrane characterization

Scanning electron microscopy (SEM, model JSM 6380LA) was

used to observe the surface morphology of the membrane. The

membrane sample was mounted horizontally and coated with

gold–palladium using a sputter coater to make it becomes con-

ductive. The observations were carried out on the cross section

and upper surface of the hollow fiber ceramic membrane.

The superhydrophobicity and superoleophilic properties of

hollow fiber ceramic membrane was determined via contact

angle measurement. The sessile drop technique method with

static contact angle measurement was carried out using a con-

tact angle goniometer (OCA 15 plus). The image of the small

water droplet on membrane surface was captured within 1 s.

To minimize the experimental error, the contact angles were

measured at 10 difference points for each sample and the aver-

age was reported with the standard deviation value.

Fourier transform infrared spectroscopy (FTIR: Spectrum

100, PerkinElmer, Waltham, MA) was used to study qualita-

tively the methyl groups grafted on the ss-CHFM/WSBA.

The FTIR was performed at resolution of 5 cm�1 and scan

number of 5.

Fig. 1 Grafting mechanism of ss-CHFM/WSBA through dip-coating process.
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2.5. Oil/water separation

A dead-end filtration system as shown in Fig. 2 was used for

water flux and oily wastewater separation. The oil flux (J) mea-

surement was carried out at 1 bar and was determined using

the following equation:

J ¼
V

A� t

where V (L) is the volume of permeated water, A (m2) is the

valid area of the membrane, and t (s) is the permeation time.

Water content analysis was performed based on ASTM D

2709. The volume of oil sample was first measured and then

heated in an oven for approximately 10 min. The moisture

content of oil was measured using a moisture analyzer. The

oil was placed in the weighing tray in the moisture analyzer.

The process started with heating for 1 min 21 s at a tempera-

ture of about 97–100 �C. Consequently, the oil separation effi-

ciency (R) was calculated using the following equation:

Rð%Þ ¼
Cf � Cp

Cp

� 100

where Cf is the oil concentration in the feed stream and Cp is

the oil concentration in the permeate stream. The concentra-

tion of oily wastewater was determined by measuring the

absorbance of the oily wastewater before and after microfiltra-

tion using a UV–visible spectrophotometer (Thermo Scientific,

Genesys 10S) at a wavelength of 254 nm.

3. Results and discussion

3.1. Effect of grafting time

The surface morphologies of superhydrophobic and super-

oleophilic green ceramic hollow fiber membranes (ss-CHFM/

WSBA) prepared at different grafting times ranging from 0

to 90 min, 2 cycles of grafting, and calcined at 400 �C were

observed through SEM and the images are displayed in

Fig. 3. The pristine CHFM/WSBA showed a porous worm-

like pores structure with a large pore of 1.85 µm. The detailed

information on the formation of worm-like pores is described

elsewhere (Jamalludin et al., 2018). These pores are slightly

smaller than the pores of stainless steel that was used as the

substrate for oil-in-water separation in the literatures (100–

200 µm) (Liu et al., 2016; Xiang et al., 2018).

At the grafting time of 30 min, the surface of ss-CHFM/

WSBA were covered by nano-silica particles without dis-

turbing the membrane pores. However, the nano-silica parti-

cles started to attach on the wall of the membrane pores

when the grafting time was increased to 60 min. Surprisingly,

the grafting time of 90 min led to totally blocked pores with

nano-silica and reduced the number of pores on the ss-

CHFM/WSBA surface (Fig. 3, D1 and D2). In addition, the

SiO2 particles were entangled with each other. These findings

show that an increase of grafting time leads to a change in

the morphology of ss-CHFM/WSBA and the formation of

nano-silica as a result from the reaction between SiO2 and sub-

strate during sol–gel grafting process. A similar trend was also

observed for the case of stainless steel as substrate (Liu et al.,

2016).

In addition, it is interesting to highlight the increment of Si

mass measured from EDX (Fig. 3, A3–D3). For pristine

CHFM/WSBA, the Si mass was 7.97% indicating that the

CHFM/WSBA itself contain Si. After grafting process at

30 min, the Si mass increased from 7.97% to 12.32%. Further

increment to 13.87–20.42% of Si was observed when the graft-

ing time was increased to 60 and 90 min, respectively. To sup-

port the EDX result, the weight of pristine CHFM/WSBA

with a length of about 5 cm was weighed, as shown in

Fig. 4. The similar CHFM/WSBA was subjected to the graft-

ing process at various grafting times. Interestingly, the weight

of the grafted ss-CHFM/WSBA increased with increasing

grafting time, in which in line with the SEM and EDX results.

As stated by Chen et al., sol–gel solution that made up from

TEOS and MTES contains an abundance of AOH groups

(Chen et al., 2011). Subsequently, the AOH groups will react

with the AOH on the substrate surface to convert a major

amount of the AOH groups to ASi(CH3) (Hubadillah et al.,

2020). Specifically, the amount of nano-silica formation on

the membrane surface depends on grafting time. Also, it is

interesting to mention that the substrate used in this study

do not need any preliminary treatment such as alcohol treat-

ment to improve its affinity for SiO2 sol–gel to react because

ceramic membrane is hydrophilic in nature and induces natu-

ral AOH bonds (Hubadillah et al., 2020). As mentioned previ-

ously in our earlier work (Jamalludin et al., 2018), the mixture

composition of WSBA with high percentage of silica will not

only able to increase strong affinity of SiO2 sol–gel reaction

but other composition such as alumina in WBSA also able

to increase the hydrophobicity of grafted membrane. Thus, it

is concluded that WBSA may not only able to provide super-

hydrophilic property, but its mixture composition makes them

easier to be converted into superhydrophobic and super-

oleophilic properties.

To determine the superhydrophobicity of ss-CHFM/

WSBA, water contact angle values for pristine CHFM/WSBA

and grafted ss-CHFM/WSBA prepared at different grafting

times were measured (Fig. 5). As expected, no contact angle

value can be measured for the pristine CHFM/WSBA as it is

difficult to get static water droplet on the membrane surface,

as presented in Fig. 6. Whereas, Fig. 7 illustrates the images

of water and oil droplet on the pristine CHFM/WSBA and

grafted ss-CHFM/WSBA. The water droplet from the syringe

immediately immersed into the pristine CHFM/WSBA.Fig. 2 Laboratory setup for oily wastewater separation.
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There are two observation can be made here: (1) the pristine

CHFM/WSBA possessed hydrophilicity behavior (Hubadillah

et al., 2017) and (2) the larger pores of CHFM/WSBA trapped

the water droplet into the pores like sponge. As expected, the

contact angle values for ss-CHFM/WSBA prepared at differ-

ent grafting times of 30, 60, and 90 min were 154.3�, 161.1�,

and 163.9�, respectively. Remarkably, these values showed that

all ss-CHFM/WSBA possessed superhydrophobicity proper-

ties by having a contact angle value of more than 150�.

According to Tuteja et al., superhydrophobic surfaces display

water contact angles of more than 150� in conjunction with

low contact angle hysteresis (Tuteja et al., 2008). In addition,

the contact angle values of ss-CHFM/WSBA were measured

using sessile drops of crude oil. Interestingly, the value of con-

tact angle with oil on ss-CHFM/WSBA was consistent with

the value of contact angle with water on pristine CHFM/

Fig. 3 SEM images of superhydrophobic and superoleophilic CHFM/WSBA grafted at (a) 0 min, (b) 30 min, (c) 60 min, and (d) 90 min

at (1) 1000� and (2) 10,000� magnifications.
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WSBA, which was 0� (Fig. 8). Due to this, it is proven that the

ss-CHFM/WSBA in this study induced superhydrophobic and

superoleophilic properties.

Fig. 9 presents the performance of ss-CHFM/WSBA pre-

pared at different grafting times towards the oil flux and oil

separation efficiency of synthetic oil wastewater at 1000 ppm.

Increasing the grafting time from 30 to 90 min reduced the

oil flux, whereas the opposite was observed for the oil separa-

tion efficiency. Herein, ss-CHFM/WSBA grafted for 30 min

had the highest oil flux (151.3 L/m2h), followed by ss-

CHFM/WSBA grafted at 60 min (135.7 L/m2h) and 90 min

(51.6 L/m2h). Meanwhile, the oil separation efficiency for the

pristine membrane was 5.9%. This value increased to 84.2%,

97.2%, and 98.9% for ss-CHFM/WSBA grafted at 30, 60,

and 90 min. These oil separation efficiency values describe

the ability of membrane to attract and permeate more oil than

water from the feed concentration. Therefore, as the grafting

time and hydrophobicity value increased, the permeate flux

was decreased due to less water concentration. Therefore, the

highest oil flux of 226.7 L/m2h was reported for pristine mem-

brane, however, the mixture of oil and water was filtered

together instead of oil only from the synthetic wastewater. This

explained the reason for the low separation efficiency.

According to Lai et al. (2018), when superoleophilic and

superhydrophobic coatings are introduced on porous sub-

strate, only oil will go through the substrate and water will

remain on the other side (Lai et al., 2018). Subsequently,

hybrid application of oil adsorption and separation can be

done in a single step. Unfortunately, data on oil flux separa-

tion is rarely reported. In view of this, this study discusses

the trend of oil separation as well as oil separation efficiency.

For example, Song et al. fabricated superoleophilic and super-

hydrophobic copper mesh for oil/water separation and

obtained a high separation efficiency of 92% for various oils

but no oil flux was recorded.

3.2. Effect of grafting cycle

In the previous section, we prepared ss-CHFM/WSBA at dif-

ferent grafting times, 2 grafting cycles, and calcined at 400 �C.

Based on the morphological study and performance of ss-

CHFM/WSBA prepared at different grafting times towards

oil separation, it was found that grafting times of 60 min was

the best due to high oil flux and oil separation efficiency. How-

ever, the distribution of nano-silica particles on the surface of

Fig. 4 Weights of pristine CHFM/WSBA and grafted ss-

CHFM/WSBA prepared at different grafting times.

Fig. 5 Contact angle values of ss-CHFM/WSBA prepared at

different grafting times.

Fig. 6 Images of water droplet on pristine CHFM/WSBA at different times.
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ss-CHFM/WSBA was uneven. Accordingly, the effects of

grafting cycle ranging from 0 to 4 cycles were investigated

and the SEM images are presented in Fig. 10. Fig. 10 (A1

and A2) show the surface of the pristine CHFM/WSBA that

consist worm-like pores as discussed in our previous work

(Jamalludin et al., 2018). For grafting cycle of 1, the nano-

silica particles started to form on the surface of ss-CHFM/

WSBA but the distribution was obviously uneven. Increasing

the grafting cycle to 2 cycles increased the number of nano-

silica particles that were distributed evenly on the surface of

ss-CHFM/WSBA. The increment of Si mass (Fig. 10 [A3–

E3]) and ss-CHFM weight (Fig. 11) are in line with the SEM

images.

However, it was obvious that the distribution was not uni-

form when observed in high magnification. In particular, there

were some areas on the ss-CHFM/WSBA surface that were

not covered by nano-silica particles especially around the ss-

CHFM/WSBA pores. In this case, no AOH bonds existed

on the ss-CHFM/WSBA pores which decreased the reaction

between AOH bonds from the sol–gel solution and AOH on

the substrate. Consequently, the nano-silica particles were dis-

tributed evenly on the ss-CHFM/WSBA surface when grafting

for 3 and 4 cycles. In fact, most of the ss-CHFM/WSBA pores

were covered by the nano-silica particles. At high magnifica-

tion, it was revealed that the nano-silica particles were agglom-

erated when 4 cycles of grafting were applied. This

phenomenon was also observed by Yang et al. which also

applied 4 cycles of grafting on the stainless steel mesh (Yang

et al., 2010). Another aspect that can be observed from the

effect of grafting cycle on ss-CHFM/WSBA is the control of

the nano-silica particles grafting uniformity was achieved

through layering of the nano-silica particles. Such layer stacks

can either lead to a uniform structure on the surface of sub-

strate (Aegerter and Mennig, 2013), as obtained in this study

for grafting cycles 3 and 4.

To evaluate the hydrophobic properties of ss-CHFM/

WSBA, contact angle measurement was performed on the sur-

face of pristine CHFM/WSBA and grafted ss-CHFM/WSBA

as a function of grafting cycle (Fig. 12). As expected, no value

of contact angle can be recorded for pristine CHFM/WSBA.

Meanwhile, the contact angle values for the grafted ss-

CHFM/WSBA showed an increasing trend of 127.5�, 161.1�,

Fig. 7 Images of water and oil droplets on (a) pristine CHFM/WSBA and (b) grafted ss-CHFM/WSBA.

Fig. 8 Images of oil droplet on grafted ss-CHFM/WSBA at different times.

Fig. 9 Performance of ss-CHFM/WSBA prepared at different

grafting times towards oil separation.
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Fig. 10 SEM images of superhydrophobic and superoleophilic CHFM/WSBA grafted for (a) 0 cycle, (b) 1 cycle, (c) 2 cycles, (d) 3 cycles,

and € 4 cycles at (1) 1000� and (2) 10,000� magnifications.
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and 173.4� with increasing grafting cycle from 1 to 3 cycles,

respectively. The contact angle value dropped to 162.5� when

the grafting cycle was increased to 4 cycles. A similar trend

was also obtained by Hubadillah et al., explaining that the

reduced angle of water droplet is due to the agglomerated silica

gels on the membrane surface (Hubadillah et al., 2020). Inter-

estingly, a closed observation revealed that the ss-CHFM/

WSBA grafted up to 2 cycles induced superhydrophobic prop-

erties where the contact angle value was higher than 150�. This

is due to the combination of the nano/micro, hierarchical, and

re-entrant structures on the ss-CHFM/WSBA surfaces when

grafted via sol–gel method for more than 1 cycle (Ujjain

et al., 2016).

The superhydrophobicity and superoleophilicity behaviors

of ss-CHFM/WSBA grafted at various grafting cycles were

further evaluated towards the oil flux and oil separation effi-

ciency, as presented in Fig. 13. To compare, the performance

of pristine CHFM/WSBA was also investigated towards oil

separation. A similar trend as described previously was

observed where no oil flux was recorded for the pristine

CHFM/WSBA. Whereas, a decreasing trend was observed

for grafted ss-CHFM/WSBA with values of 160.7, 135.7,

134.2, and 120.5 L/m2h for ss-CHFM/WSBA grafted at 1, 2,

3, and 4 cycles, respectively. In terms of oil separation, the per-

meate solution collected from the pristine CHFM/WSBA con-

tained a mixture of oil and water instead of oil only.

By referring to the Hubadillah et al., this is due to the sep-

aration still occurred due to the pores in the pristine membrane

(Hubadillah et al., 2017). However, the oil was dominant of

being rejected due to the hydrophilicity behavior of the pristine

CHFM/WSBA. After grafting at 1 cycle, ss-CHFM/WSBA

was able to reject water and 21.3% of oil was collected.

Increasing the grafting cycle to 2 cycles increased the oil sepa-

ration efficiency from 21.3% to 97.2%. Surprisingly, almost

only oil (99.9%) was collected from the filtration using ss-

CHFM/WSBA grafted for 3 cycles, in which showed that no

water penetrated into the pores of ss-CHFM/WSBA. Accord-

ingly, the oil separation efficiency remained when ss-CHFM/

WSBA was further grafted for 4 grafting cycles (99.9%).

3.3. Effect of calcination temperature

Calcination is an important process following the hydropho-

bization of ceramic membrane through sol–gel method. In

order to investigate the effect of calcination temperature, ss-

CHFM/WSBA prepared at grafting time of 60 min and graft-

ing cycle of 3 times was chosen. Fig. 14 shows the SEM images

of ss-CHFM/WSBA calcined at 400, 500, and 600 �C, respec-

tively. A significant change can be observed for the nano-silica

particles distribution on the ss-CHFM/WSBA surface when

different calcination temperatures were applied. The particles

were distributed evenly when calcined at 400 �C. According

to Ahmad et al., calcination process was applied to remove

the template in the sol and improved the membrane hydropho-

bicity (Ahmad et al., 2015). In line with this result, de Vos et al.

also found that 400 �C was optimum calcination temperature

in hydrophobisation of ceramic membrane through sol–gel

method with sol containing MTES and found that the

Fig. 11 Weights of pristine CHFM/WSBA and grafted ss-

CHFM/WSBA prepared at different grafting cycles.

Fig. 12 Contact angle values of ss-CHFM/WSBA prepared at

different grafting cycles.

Fig. 13 Performances of ss-CHFM/WSBA prepared at different

grafting cycles towards oil separation.
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hydrophobicity of the ceramic membranes was improved 10

times (de Vos et al., 1999).

Conversely, increasing the calcination temperature from

400 to 500 �C eliminated the nano-silica particles on the ss-

CHFM/WSBA surface. At 600 �C, the nano-silica particles

disappeared from the ss-CHFMWSBA surface. In addition,

a close observation of the SEM images of ss-CHFM/WSBA

surface that calcined at 600 �C revealed a smoother surface

than that of ss-CHFM/WSBA calcined at 400 �C. This is

because at high calcination temperature, the organosilane

chain degrades (Ahmad et al., 2015). As a result, the

hydrophobicity of the ss-CHFM/WSBA reduced.

To investigate the relationship of calcination temperature

and wettability of ss-CHFM/WSBA, contact angle values were

measured with water on the surface of ss-CHFM/WSBA cal-

cined at 400, 500, and 600 �C (Fig. 15). As described in Sec-

tions 3.1 and 3.2, ss-CHFM/WSBA induced

superhydrophobicity properties by having a contact angle

value of more than 150� (ss-CHFM/WSBA calcined at

400 �C). However, the contact angle values for ss-CHFM/

WSBA dropped from 161.1� (400 �C) to 123.4� and 97.2� for

ss-CHFM/WSBA calcined at 500 and 600 �C, respectively.

Interestingly, while conducting the contact angle testing on

ss-CHFM/WSBA calcined at 600 �C, it can be observed that

the water droplet did not remain static but started to penetrate

into the surface of ss-CHFM/WSBA after 10 s (Fig. 16).

Fig. 14 SEM images of superhydrophobic and superoleophilic CHFM/WSBA grafted at (a) 400 �C, (b) 500 �C, and (c) 600 �C at (1)

1000� and (2) 10,000� magnifications.

Fig. 15 Contact angle values of ss-CHFM/WSBA prepared at

different calcination temperatures.
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According to Darmawan et al., the methyl group of the sil-

ica sol started to oxidize at 500 �C and the surface hydropho-

bicity was reduced (Darmawan et al., 2018). This finding was

supported by Mahadik et al. which reported that the silica lay-

ers began losing their hydrophobicity above 550 �C and

becoming superhydrophilic at 600 �C due to the oxidation of

methyl groups and other organic groups (Mahadik et al.,

2010). Budunoglu et al. also reported a similar result for the

hydrophobicity and the superhydrophilic layers with contact

angle of less than 5� was obtained at 600 �C (Budunoglu

et al., 2011), which is in line with the finding obtained in this

study.

To investigate the formation of methyl group and other

bonds on the CHFM/WSBA surface, FTIR analysis was con-

ducted on the CHFM/WSBA prepared at different calcination

temperature and the FTIR spectra are presented in Fig. 17.

The peaks of SiAOASi (1036, 1095, 1108, and 772 cm�1) and

SiAOH (1650 cm�1) can be detected. Herein, the peak at

1650 cm�1 is due to the bending vibrations of the hydration

water, whereas the Si-OH signal generally is visible around

950 cm�1 (Catauro et al., 2014). What is most prominent is

the SiAC (1275 cm�1) and CAH (2962 cm�1) peaks in the

methyl group, showing excellent hydrophobicity (Gui-Long

et al., 2011). The intensity of each peak decreased with increas-

ing calcination temperature. For example, the intensity of peak

of SiAC at 1275 cm�1 significantly decreased when the calcina-

tion temperature was increased from 400 to 500 �C and totally

Fig. 16 Water droplet images as a function of time for ss-CHFM/WSBA calcined at various calcination temperatures.

Fig. 17 FTIR spectra for ss-CHFM/WSBA calcined at different

temperatures.
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absent when the calcination temperature was 600 �C. A similar

trend was also observed for the CAH peak at 2962 cm�1. This

has been explained previously where the methyl group started

to oxidize at 500 �C. At this stage, the amount of CAH consid-

erably reduced because of the oxidation process of the CAH

group becoming CO2 (Darmawan et al., 2018).

Fig. 18 presents the performance of ss-CHFM/WSBA at

various calcination temperatures towards the oil flux and oil

separation efficiency. As expected, the oil flux increased with

the increasing calcination temperature and the oil separation

efficiency decreased with the increasing sintering temperature.

The oil fluxes were 137.2, 160.2, and 216.3 L/m2h, while the oil

separation efficiencies were 99.9%, 80.2%, and 61.3% for ss-

CHFM/WSBA calcined at 400, 500, and 600 �C, respectively.

The trend can be explained by the distribution of nano-silica

particles on the ss-CHFM/WSBA surface. As previously dis-

cussed in Fig. 14, ss-CHFM/WSBA calcined at 400 �C showed

uniform distribution in which led to the highest oil separation

efficiency. The least oil flux obtained was due to the smallest

pore size induced by the ss-CHFM/WSBA calcined at

400 �C. Accordingly, as the nano-silica particles on the ss-

CHFM/WSBA surface started to decompose, the oil separa-

tion efficiency reduced and the oil flux enhanced. However,

when the oil flux increased, the water content in the oil col-

lected in the permeate tank was also increased. As a result,

the purity of the oil content was poor.

4. Conclusions

In this study, green ceramic hollow fiber membranes derived

from sugarcane bagasse waste ash were successfully grafted

with superhydrophobic and superoleophilic properties through

sol–gel process. To obtain membranes with excellent wettabil-

ity properties and excellent oil separation performance, three

parameters were investigated namely the grafting time (30 to

60 min), grafting cycle (1–4 cycles), and calcination tempera-

ture (400–600 �C). The distribution of nano-silica particles

grafted on the superhydrophobic and superoleophilic green

ceramic hollow fiber membranes were observed through

SEM images. It was found that the parameters of sol–gel pro-

cess gave a significant effect towards the silica distribution on

the surface of the grafted membranes.

Depending on grafting time and cycle, agglomeration of

nano-silica particles on the membrane surface can be obtained

if excessive reaction. As a result, the best superhydrophobic

and superoleophilic green ceramic hollow fiber membrane with

a contact angle of 161.9� was achieved by grafting at 60 min

for 3 cycles and calcined at 400 �C. Consequently, excellent

oil flux (134.2 L/m2h) and oil separation efficiency (99.9%)

were obtained.
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