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Ceramic membranes have been gaining so much interest for oily water separation due to their
superior characteristics such as good anti-fouling property, superhydrophilic, as well as excellent
thermal and chemical stabilities. However, ceramic membranes are very expensive which hinders
their uses in large scale applications. Therefore, the aim of our study is to develop a low cost palm
oil fuel ash (POFA) based ceramic hollow fiber ceramic membrane for oily water separation
application. An asymmetric membrane structure consisting of sponge-like and macrovoid layers
were acquired using a combined phase inversion and sintering technique. The membranes were
sintered at different temperatures ranging from 1000 to 1150 °C. The sintered membranes were
characterized in terms of morphology, mechanical strength, porosity, permeate flux and oil rejection
performance. A high oil rejection efficiency of up to 96.0% was obtained for the membrane sintered
at 1050 °C with the permeate flux of 185.42 L/m?h at the applied pressure of 3 bar. Based on the
comparison with other ceramic membranes reported in the literature, it can be concluded that POFA
based ceramic hollow fiber membrane showed a comparable performance and thus can be a

promising low cost alternative ceramic membrane for oily water separation application.
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INTRODUCTION

Oily water is a major environmental pollutant and has been the
main concern for a range of industries (Gao et al., 2014). There are
several conventional methods for oily water treatment namely flotation,
gravity settling, coagulation and flocculation. However, these methods
have their own disadvantages such as high operating cost, the
involvement of toxic compounds, large installation space, generation of
secondary pollutants as well as low efficiency in the removal of micron
and sub-micron size emulsified oil droplets (Padaki et al., 2015; Pagidi
et al., 2014). Membrane separation emerges as an attractive technology
in oily water treatment due to several outstanding advantages such as
continuous membrane operation with simultaneous pure water and oil
resource production, fast operation, high selectivity, compact system
design, lower energy consumption and have the ability to work without
the addition of chemicals (Madaeni et al., 2012; Vinoth Kumar et al.,
2015; Zhu et al., 2016).

Membranes are mainly categorized into two main groups namely
polymeric and ceramic membranes which both are used for oily water
treatment. Unlike polymeric membranes, ceramic membranes can be
applied in the extremely harsh environment due to their superior
characteristics in terms of mechanical, thermal and chemical stabilities,
superhydrophilicity as well as anti-fouling properties which assure
longer lifetime (Cui et al., 2008; Vinoth Kumar et al., 2015). However,
the commercialized ceramic membranes (i.e.: alumina, zirconia, titania
and silica) are very expensive owing to the high starting ceramic
material cost and sintering temperature (Othman et al., 2017). This has
restricted the utilization of ceramic membranes in large-scale
applications. Therefore, in recent years, there has been an increasing

trend in the development of low-cost ceramic membranes with
excellent characteristics for various applications.

To date, several attempts in utilizing clay for the fabrication of low-
cost ceramic membrane for oily water treatment have been reported.
Hubadillah et al. (2017) fabricated the kaolin hollow fiber membrane
through phase inversion/sintering technique. The prepared membrane
offered high oil rejection rate of 91.2 to 100% in treating oily
wastewater. Nandi et al. (2009) investigated the preparation of circular
disk type ceramic membranes using a mixture of low-cost materials
such as kaolin, quartz, calcium carbonate, sodium carbonate, boric acid
and sodium metasilicate. The membrane achieved high oil rejection
efficiency of 96.97% for 50 mg/L oil concentration. Besides that, the
utilization of waste as one of the starting inorganic materials for
ceramic membrane synthesis which was later used for an oily water
separation application have also been studied. Suresh et al. (2016)
successfully prepared a fly ash based ceramic membrane using a
mixture of fly ash, quartz and calcium carbonate as inorganic
precursors. A high oil rejection performance of 97% was obtained at an
applied pressure 345 kPa and feed concentration of 176.07 mg/L. Chen
et al. (2016) studied the fabrication of mullite membrane using coal fly
ash and bauxite doped with WOs3 as the sintering aid. High oil rejection
performance (99%) was achieved for the membrane with 20 wt% of
WOs. The utilization of wastes as raw materials for ceramic membrane
preparation does not only reduce the production cost but would also
minimize environmental pollution through the reduction of disposal
waste.

In our study, POFA was used as the starting material for the
fabrication of low cost ceramic hollow fiber membrane. POFA is a side
product from the burning of palm oil fibers, empty fruit bunches and
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palm kernel shells in palm oil mill boiler at 800 — 1000 °C to generate
electricity for the crude palm oil extraction process (Altwair & Kabir,
2010). POFA does not have sufficient nutrient values to be used as
fertilizer and is usually disposed to open fields. The open disposal of
POFA leads to environmental pollution and is hazardous to human
health as the light and small ash particles could pose a serious threat to
the human respiratory system. POFA is rich in silica, SiOz of which the
chemical composition varies from 44 to 65 wt% (Thomas et al., 2017).
Therefore, it could be used as the starting ceramic material to fabricate
low cost silica-based ceramic membrane for various separation
applications. However, the utilization of POFA in membrane
fabrication is rarely reported. To our best knowledge, the fabrication of
POFA based ceramic membrane for oily water treatment was still yet
to be discovered. Therefore, the aim of our study was to develop a low
cost POFA based ceramic hollow fiber membrane for the oily water
separation process. The membrane was sintered at four different
temperatures (1000, 1050, 1100, 1150 °C) which then characterized in
terms of morphology, mechanical strength, and porosity. The
permeation flux and oily water rejection performance of the membranes
were finally evaluated using 1000 mg/L synthetic oil water.

EXPERIMENTAL

Materials

POFA was obtained from a crude oil palm mill in Chaah, Johor,
Malaysia which then ground and sieved into finer particles prior to the
experiment. N-methyl-pyrrolidone (NMP, Merck), Polyethersulfone
(PES, Radel A300, Ameco Performance, USA) and Arlacel P135
(Polyethylene glycol 30-dipolyhydroxystearate, CRODA) were used as
a solvent, polymer binder, and dispersant respectively.

Preparation of ceramic suspension

First, the ceramic suspension was prepared by dissolving 1 wt% of
Avrlacel P135 in 56 wt% of NMP through stirring. This was followed
by the gradual addition of 38 wt% of POFA particles. The mixture was
projected to ball milling process in an NQM-2 planetary ball mill at 183
rpm for 48 hours. Then, 5 wt% of PES was added and the mixture was
further ball milled for another 48 hours. After the homogeneous
ceramic suspension was obtained, it was vacuum degassed
accompanying by gentle stirring for 30 minutes to remove the air

bubbles.
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Ceramic suspension preparation

Y

Ceramic hollow fiber membranes

)
17

Sintering

Phase inversion based
extrusion

Vacuum degas

Fig. 1 Schematic diagram for the fabrication of POFA based ceramic
hollow fiber membrane.

Fabrication of POFA based ceramic hollow fiber membrane

POFA based ceramic hollow fiber membrane was synthesized
through phase inversion based extrusion and sintering technique. After
degassing, the ceramic suspension was transferred immediately to a

stainless steel syringe and extruded through a tube-in-orifice spinneret
with the inner diameter of 0.5 mm and the outer diameter of 2.8 mm at
a constant rate of 10 mL/min. Tap water was used as the internal
coagulant (bore fluid) and delivered at the flow rate of 9 mL/min. The
extruded suspension fell freely through an air gap distance of 5 cm into
an external coagulant water bath. The obtained fiber precursor was
immersed in the water bath overnight to complete phase inversion. The
precursor was then cut to shorter lengths and dried at room temperature.
Finally, the precursors were sintered in the air atmosphere at various
sintering temperatures ranging from 1000 to 1100 °C by using a tubular
furnace (XL-1700, Magna) as follows. The sintering temperature was
increased in two stages. At first, the temperature was increased from
room temperature to 600 °C at a heating rate of 2 °C/min and then kept
constant for 2 hours to eliminate the polymer binder. It was further
raised from 600 °C to the target temperature at 5 °C/min and held for 5
hours. Lastly, the temperature was reduced to room temperature at a
rate of 5 °C/min and POFA based ceramic hollow fiber membrane was
obtained. The overall schematic diagram for the fabrication of POFA
based ceramic hollow fiber membrane as illustrated in Fig. 1.

Characterization of ceramic membrane

The cross-sectional morphologies behaviors and thickness of the
ceramic hollow fiber membranes were analyzed using scanning
electroscopy microscope (SEM, Hitachi Model TM 3000) at different
magnification. The samples were coated under vacuum for three
minutes before the analysis. The mechanical strength of the membranes
was determined through three-point bending test using Instron Model
3342 tensile tester. The bending strength of the membranes (MPa) was
calculated by using equation (1).
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where F is the force at which the membrane fractures (N) while L, Do
and Di are the length, outer and inner diameters of the membrane (m)
respectively. The porosity of POFA based ceramic hollow fiber
membranes, ® (%) was measured by using Archimedes method as
shown in equations (2), (3) and (4).
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where Vp and Vy are pore volume and bulk volume (cm?3) respectively
while Wsat, Wary, and Weup are weight of saturated, dry and submerged
membranes (g) respectively. The density of the fluid, pruid Was set to be
1.000 g/cm® as water was used for this study. The oil rejection
performance of POFA based membrane was evaluated using 1000
mg/L synthetic oily water. The synthetic oil water was prepared using
cooking oil with the addition of sodium dodecyl sulfate as a dispersant
at the ratio of 1:9. The oily water performance tests were conducted at
an ambient temperature by using a microfiltration system for 1.5 hours
under the pressure of 3 bar. The concentrations of oil particles in the
solution were measured through the measurement of absorbance of the
oily water before and after filtration using UV-vis spectrophotometer
(DR5000, Hach) at the wavelength of 268 nm. The permeate flux, Jv
(L/m2h) and oil rejection, R (%) were calculated using equations (5)
and (6) respectively.

14
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where V is volume of permeate (m®), A is effective membrane area
(m?), At is time taken (s) whereas Crand Cp are the concentration of oil
in the feed and permeate streams respectively.
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RESULTS AND DISCUSSION

Membrane structure and morphology

POFA based ceramic hollow fiber membranes were successfully
obtained through phase inversion/sintering technique. Fig. 2 depicts the
cross-sectional view of membrane precursor and sintered membranes.
The inner and outer diameters, as well as the thickness of the
membranes, are as shown in Table 1. POFA based membranes consist
of asymmetric structures of sponge-like at the outer cross-section
region of the membrane and macrovoids originating from the inner
surfaces. The sponge-like structure contributes to the mechanical
strength of the membranes and separation performance while the
macrovoids structure helps to increase the permeability of the
membranes (Kingsbury & Li, 2009; Pagidi et al., 2014; Zhu et al.,
2016). Shrinkage of membrane occurred after the membranes were
subjected to the sintering process. The radial shrinkage of the hollow
fiber membrane increased from 14 to 44 % at higher sintering
temperature due to the increasing sintering neck formation through
diffusion between ceramic particles (Li et al., 2016).

NL D63 40 Tem

Fig. 2 Overall cross-sectional view of POFA based hollow fiber
membranes before (A) and after sintering at different temperatures: (B)
1000 °C; (C) 1050 °C; (D) 1100 °C; (E) 1150 °C.

Table 1 Dimensions of POFA based hollow fiber membranes.

Sintering Quter .Inner Thickness
Temperature Diameter Diameter
¢0) (um) (um) ()
Before Sintering 1500 1000 500
1000 1290 917 373
1050 1140 798 342
1100 1030 719 311
1150 836 590 246

The microstructure of POFA based hollow fiber membrane
precursor and sintered membranes are demonstrated in Fig. 3. Before
sintering process, the polymer binder and dispersant were freely
distributed among the ceramic particles (Fig. 3A1 and 3A2). After
sintering, the polymer binder, dispersant, and carbon were totally burnt
off leaving only ceramic particles in the membrane. From Fig. 3, it
could also be seen that the grain of the membranes increased in size but
reduced in number at elevated sintering temperatures which then led to
the densification and shrinkage of the membrane. The thickness of the
macrovoid structure reduced from 56 to 41 % when the sintering
temperature was increased from 1000 to 1100 °C. When the sintering
temperature was further increased to 1150 °C, the surface of the
membrane became compact which could be related to the great extent
of grain growth and densification of the ceramic membrane (Wang et
al., 2016).

38w%1050 D49 x600 100 um 38w%1050

D1

381100 600 100um 38 1100
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381150 NL D60 x600 100um 38 1150

Fig. 3 The microstructural cross-sectional view of POFA based hollow
fiber membrane precursor (A1, A2) and sintered membranes of different
temperatures: (B1, B2) 1000 °C; (C1, C2) 1050 °C; (D1, D2) 1100 °C and
(E1, E2) 1150 °C .

Mechanical strength of the membrane

Fig. 4 exhibits the results of three-point bending tests of the low-
cost POFA based ceramic hollow fiber membranes sintered at various
sintering temperatures. The mechanical strength of the membrane
increased from 9.91 to 50.79 MPa with increasing sintering temperature
from 1000 to 1150 °C. This was due to the densification of ceramic
membrane and a decrease in the macrovoid structure at the elevated
sintering temperature. Therefore, the membrane sintered at the highest
temperature (1150 °C) possessed the highest mechanical strength. This
finding is similar to a study by Wang et al. (2016) which reported the
highest mechanical strength for B-sialon ceramic hollow fiber
membrane at the highest studied sintering temperature resulting from
the densification of ceramic. Despite the most densified ceramic
membrane could offer the highest mechanical strength, it is unfavorably
desired for liquid filtration as the extreme low porosity and average
pore size would lead to very low or no permeate flux (Adam et al.,
2017). POFA based ceramic membranes displayed relatively low
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mechanical strengths which could be due to the high carbon content.
During sintering at high temperatures, the carbon was turned into
carbon dioxide and evaporate, leaving the voids at the ceramic
membranes (Ali et al., 2017). The presence of these voids would lower
the mechanical strengths of POFA based ceramic membranes.
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Fig. 4 Mechanical strength of POFA based ceramic membrane sintered
at various temperatures.

Porosity of membrane

The porosity of POFA based ceramic hollow fiber membranes
decreased with increasing sintering temperature as shown in Fig. 5. The
membrane porosity was the highest (75.8%) at the sintering
temperature of 1000 °C and decreased to 47.7% for the membrane
sintered at 1100 °C. As mentioned earlier, the increasing neck growth
between the ceramic particles occurred at higher sintering temperature
resulting in a closely packed arrangement. This would lead to the
reduction of membrane porosity (Mohtor et al., 2017). This has
explained the drastic drop in porosity for the membrane sintered at 1100
°C with the significant densification and particles grain growth as
shown in Fig. 3D1 and 3D2. A similar trend in decreasing porosity of
membrane was also observed in a study by Hubadillah et al. (2017) for
kaolin hollow fiber membranes which sintered at different temperatures
ranging from 1200 to 1500 °C. The porosity of the POFA based
membrane sintered at 1150 °C was not studied due to the overly dense
membrane structure which was not suitable for the liquid separation
process (Fig. 3E1 and 3E2).

Performance of membranes

The permeate flux was correlated with the pore structure of the
membrane. Higher permeate flux could be obtained through the more
porous membrane structure whereas the dense membrane structure
would result in low or no permeate flux (Han et al., 2011). The
permeate flux of POFA based ceramic hollow fiber membranes
demonstrated a decreasing trend with the increase in sintering
temperature as depicted in Fig. 6. This was because the lower porosity
resulting from the pore size shrinkage and densification of membrane
structure would restrict the flow of permeate through the membrane.
The permeate flux was zero for the membrane sintered at 1100 °C
despite having the porosity of 67.2%. This could be due to the large
connection of particle grain causing the presence of extensive dead-end
pores which totally hindered the flow of permeate through the
membrane.

Fig. 7 illustrates the oil rejection performance of POFA based
ceramic hollow fiber membrane using synthetic oily water. The oil
rejection of membrane increased with elevated sintering temperature.
The denser pore structure with lower porosity and pore size enhanced
the sieving mechanism of the membrane towards oily water
(Hubadillah et al., 2017). The larger oil particles were refrained from
entering the smaller membrane pores and kept at the feed side. It could
be observed that high oil rejection performance of 88.6 to 96.0% was

obtained, suggesting that POFA based ceramic hollow fiber membrane
could be an excellent alternative membrane for the oil removal
separation process.
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Fig. 5 Porosity of POFA based ceramic hollow fiber membranes sintered
at different temperatures.
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Fig. 6 Permeate flux of POFA based hollow fiber membranes of different
sintering temperatures.

100 -

80

Oil Rejection (%)

T
1000 1050 1100

Sintering Temperature (°C)

Fig 7 Oil rejection of POFA based ceramic hollow fiber membrane of
various sintering temperature.
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Table 2 Potential evaluation of POFA based ceramic membrane with other ceramic membranes in the literature.

QOil
Membrane Material CMer_nbran_e Pressure Concentration Permeatze flux Rejection (%) Reference
onfiguration (bar) (mg/L) (L/m*h)
POFA Hollow Fiber 3.00 1000 185.4 96.0 This work
Kaolin Hollow Fiber 2.00 - <50.0 100.0 Hubadillah et al. (2017)
Mullite-TiO, Hollow Fiber 0.25 200 375 97.0 (TOC) Zhu et al. (2016)
a-Al,O3 Tubular 1.25 141 (TOC) 289.8 97.8 (TOC) Abadi et al. (2011)
Zeolite/a-Al,0Os Tubular 0.50 100 85.0 99.5 Cui et al. (2008)
Mixed clay Tubular 0.69 100 113.8 99.98 Vinoth Kumar et al. (2015)
Mullite Tubular 3.00 1000 40.0 94.0 (TOC) Abbasi et al. (2010)
Fly ash-based Circular disk 3.45 176 936.0 96.97 Suresh et al. (2016)
Coal fly ash/bauxite Circular disk 1.00 250 140.4 97-99 Chen et al. (2016)
Mixed clay Circular disk 1.65 50 75.9 96.97 Nandi et al. (2009)

Potential evaluation of POFA based ceramic membrane with
other ceramic membranes

The oil rejection performance of the POFA based ceramic hollow
fiber membrane was evaluated and compared with other ceramic
membranes in the works of literature as shown in Table 2. It could be
seen that POFA based ceramic membrane has comparatively high oil
rejection performance as well as permeate flux for oily water treatment
with high oil concentration (1000 mg/L). It is noteworthy to mention
that the membrane for oily water treatment should have high oil
rejection efficiency without compromising the permeate flux. In the
work investigated by Hubadillah et al. (2017), the kaolin hollow fiber
membrane exhibited 100% of oil rejection but with the low permeate
flux of less than 50 mg/L. Despite having the high oil rejection
efficiency, the low permeate flux would bring significant adverse
impact to the water production rate especially in the large-scale
separation process. Therefore, POFA based ceramic hollow fiber
membrane could be a promising low cost alternative ceramic
membrane for oily water separation applications.

CONCLUSION

Asymmetric POFA based ceramic hollow fiber membrane has been
fabricated using a combined phase inversion and sintering technique.
The membrane structure densified and shrunk at the elevated sintering
temperature, thus enhancing the mechanical strength of the membrane.
However, the membrane porosity experienced a decreasing trend with
the increase in sintering temperature, resulting in lower permeate flux.
The separation ability of the membrane was evaluated using a 1000
mg/L synthetic oily water. The membrane sintered at 1050 °C achieved
the highest oil rejection efficiency of 96.0% with the permeate flux of
185.42 L/m?h. This indicates that POFA based ceramic hollow fiber
membrane can be used as a low cost alternative ceramic membrane for
oily water separation applications. However, the optimum membrane
demonstrated low mechanical strength probably due to the presence of
significant amount of unburnt carbon in the POFA powders. Hence,
enhancement pretreatment technique is currently being studied in our
lab to improve the purity of metal oxides in POFA in order to achieve
stronger mechanical strength for the separation applications.
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