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ABSTRACT

This work addresses the fabrication of ceramic microfiltration membranes by uniaxial dry
compaction method. Four membranes, namely SP1, SP2, SP3, and SP4 were prepared with
various compositions of fly ash and titanium dioxide (TiO,) followed by sintering at
1,100°C. The raw materials and the prepared membranes were characterized by particle size
distribution, X-ray diffraction and field emission scanning electron microscope, porosity,
pore size, and chemical and mechanical stabilities. As the TiO, content increases in the pre-
cursor formulations, the porosity and mechanical stability of the membranes also increase
while the average pore size reduces from 2.97 to 1.32 pm. The chemical stability of all the
membranes demonstrates to be better in both acidic and basic medium. The performance of
the membrane (SP4) is examined for the separation of oil-water emulsion and the
membrane exhibits a maximum oil rejection of 99.2%.
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1. Introduction

In recent years, ceramic membrane-based separa-
tion processes have been recognized for treating
liquid-phase solution because of its advantages includ-
ing high chemical, mechanical, and thermal stabilities
and higher separation efficiency [1-5]. The key factor
for the membrane separation process is the selection
of membrane that comprises better chemical, mechani-
cal, and thermal stabilities. Several literatures have
demonstrated the fabrication of ceramic membranes
using various raw materials such as a-alumina,
y-alumina, zirconia, TiO,, and silica [1,2,6-10].
Conversely, the cost of these membranes is quite high
because of expensive raw materials and the need for
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high sintering temperature (>1,300°C) [7]. From the
economic point of view, the membranes derived from
the above costly raw materials are not suitable for
industrial applications. To overcome these problems,
presently, research is devoted to other raw materials
that would be of low cost and suitable as a standard
raw material replacement. Therefore, in recent times,
various clays (raw clay, Moroccan clay, apatite pow-
der, dolomite, kaolin, Tunisian clay, sepiolite clay, and
Algerian clay) have been identified as best cost-effec-
tive raw materials for membrane applications [11-18].
Besides, most of the literature indicated that fly ash is
a richly available waste material from coal-burning
plants and this is a major threat to the environment.
Therefore, it is a great challenge to find an alternative
way to environmental solution to dispose fly ash.
Various alternative methods were developed to utilize
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fly ash. One of the alternatives was to use fly ash as a
raw material for fabrication of ceramic membranes.
Recently, some researchers have attempted to exploit
fly ash as a raw material for the preparation of cera-
mic membrane supports [19-21]. Dong et al. [20] have
developed mullite supports by sintering (1,450°C) fly
ash with various amounts of titania and the average
pore size of the obtained supports was in the range of
6.52-7.28 pym. In the work of Fang et al. [21], fly
ash-based tubular support with an average pore size
of 2.13 pm was prepared by an extrusion method and
sintered at 1,190°C.

Majorly, three techniques including extrusion, slip
casting, and uniaxial pressing/compaction are widely
used to fabricate ceramic microfiltration membranes
(CMM). Most of the researchers have adopted slip
casting and extrusion methods for the fabrication of
CMM from high-purity clays and fly ash [18,21,22].
The membranes produced using these techniques usu-
ally possess higher porosity and are also expensive
[22]. Hence, this study is designed to test the feasibil-
ity of preparing lower pore size membranes with good
mechanical strength from industrial waste fly ash by a
facile fabrication technique.

Oily wastewater produced from various industries
including petroleum, metallurgical, petrochemical,
transportation, and food processing must be treated
before being discharged into environment owing to its
toxicity and ecological hazards. These industries
generate wastewater with oil concentration of
50-1,000 mg/L [23,24]. In accordance with industrial
pollution norms, the maximum allowable limit of oil
and grease concentration in industrial effluent is
10-15 mg/L [25-27]. The treatment of oily wastewater
by conventional methods such as coagulation, de-
emulsification, dissolved air floatation, flocculation,
gravity separation, and skimming are not efficient, pri-
marily when the oil concentration is low [27]. There-
fore, nowadays, membrane technology is being used
for the treatment of oily wastewater because of its
higher separation efficiency. Presently, CMM are also
escalating a large interest in the field of oily wastewa-
ter treatment [27,28]. Abadi et al. [27] have demon-
strated around 95% removal of TOC from oily
wastewater using tubular o-Al,O; microfiltration
membrane with pore size of 0.2 pm. Zhou et al. [28]
have prepared the hydrophilic ZrO,/AlLO; ceramic
composite membrane and used for the separation of
stable oil-in-water emulsion. They achieved about
97.8% rejection of oil with good permeate flux for the
feed concentration of 1,000 mg/L.

The objective of this work is to fabricate CMM
with four different compositions of raw materials by
uniaxial dry compaction method. The pore structural
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characteristics (e.g. porosity, pore size, and pore
morphology) and mechanical and chemical stabilities
of the membranes are also investigated. The separa-
tion potential of the membrane is tested for the
separation of oil-water emulsion.

2. Materials and methods
2.1. Starting materials

The composition of raw materials used for the fab-
rication of ceramic membranes is listed in Table 1.
Quartz was collected from Kanpur, India. Calcium
carbonate and TiO, were procured form Merck (I) Ltd.
Fly ash was collected from Guwahati, India. All the
raw materials were used as received without any fur-
ther purification. Moreover, the raw materials used in
this work serve for different functional attributes.
Quartz increases the mechanical strength and thermal
stability of the membrane. Calcium carbonate (CaCOj3)
serves as a pore-forming agent.

2.2. Fabrication

The raw materials listed in Table 1 were mixed in
a ball mill at 40 rpm for 20 min. The resulting powder
was then sieved using 30 mesh standard screens and
requisite amount was pressed in a hydraulic pressing
machine at a pressure of 50 MPa with the help of
stainless steel mould. The obtained circular disk-
shaped membranes were first dried at 100°C and then
at 200°C for 24 h in a hot air oven (make: Reico, India;
model: ROV/DG). The above-controlled drying pro-
cess ensures a maximum removal of moisture and also
reduces any thermal stress during moisture removal.
Subsequently, the membranes were sintered at 1,100°C
for 6 h in a muffle furnace (make: Lab Tech, Korea;
model: LEF-115P-2) with a controlled heating rate.
After sintering, the rigid and porous ceramic mem-
branes were polished on both sides using silicon car-
bide abrasive paper (No. C-220) to obtain ceramic
membranes with uniform surface. Then these mem-
branes were washed with Millipore water in an ultra-
sonic bath [make: Elma, India; model: T460] for
15 min to remove the loose particles adhered on the
surface of membranes.

3. Characterization
3.1. Particle size distribution

The particle size distribution (PSD) of the raw
materials was performed by particle sizing machine,
Malvern Mastersizer 2000 (APA 5005° hydro MU,
Malvern Instruments, Worcestershire, UK) in wet
dispersion mode.
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Composition of raw materials used for fabrication of ceramic membranes

Raw materials Quartz (g) CaCO; (g) Fly ash (g) TiO; (g) Wrio, / Wrly ash
Membrane, SP1 30 20 50 0 0

Membrane, SP2 30 20 40 10 0.25
Membrane, SP3 30 20 30 20 0.67
Membrane, SP4 30 20 20¢ 301 1.504

3.2. X-Ray diffraction analysis

X-Ray diffraction analysis (XRD) analysis of the
individual raw materials and ceramic membranes was
conducted to evaluate the extent of phase transforma-
tions during sintering by Bruker AXS instrument
(Karlsruhe, Germany) using CuKa (1.5406 A) radiation
operating at 40 kV and 40 mA. The patterns were
acquired for 26 range between 1° and 80° with a scan
speed of 0.5°/s.

3.3. Field emission scanning electron microscope

The images of membrane surface were taken to
analyze the morphology of the membranes by field
emission scanning electron microscope (FESEM,
2IGMA, Carl Zeiss). The membrane samples were
coated with gold to a thickness of approximately 150 A.
After that, FESEM images of the top surface of the
membrane at different magnifications were obtained to
calculate the porosity and pore size of the membrane.

3.4. Porosity

Porosity of the membrane was determined using
Archimedes’ principle. Firstly, the membrane was
dried in a hot air oven at 110°C for 6 h to remove
complete moisture present in the membrane and its
dry weight (Wp) was determined. Then, it was
immersed in water for 24 h. After that, the membrane
was removed and water on the outer surface was
removed using tissue paper and the wet weight of the
membrane (Wy) was measured. Then the membrane
was immersed in water to measure the weight of the
membrane when it was saturated with water (Wy,).
The porosity (¢) of the membrane was determined
using the following relation [29,30]:

Wi — Wp

where Wp is the weight of dry membrane, Wy, is the
weight of the membrane with pores filled with water

(pores are filled with water under vacuum), and W, is
the weight of the water-saturated membrane
measured in water (A refers to Archimedes).

Surface porosity of the membranes was also esti-
mated using images obtained from FESEM. For this,
Image] software was adopted after thresholding
(threshold the pores) the 8-bit image using “Analyze
particles” feature of this software. Since the pores are
interconnected during thresholding, the porosity of
the membranes was measured manually by choosing
three rectangular sections (area) of four images of
similar magnification at different locations.

3.5. Mechanical strength

The flexural strength of the membranes was tested
with a three-point bending method on 55 x 5 x 5 mm
rectangular bars using Universal Testing Machine
(DUTT-101, M/s Deepak Polyplast, and Mumbai,
India). The flexural strength was evaluated by the
following expression.

3Fl
0c=—> )
2bt?
where ¢ is the flexural strength (Pa), F is the load at
the fracture point (N), [ is the span length (m), b is the
width of the sample (m), and ¢ is the thickness of the
sample (m).

3.6. Chemical stability

Chemical stability of the membrane was deter-
mined by subjecting the membrane individually into
acid (pH 1) and alkali (pH 14) solutions. The pH of
the solution was adjusted using HCl and NaOH. The
stability was measured in terms of mass loss before
and after corrosion. For this, the membrane was
placed in acid and alkali solutions for one week at an
atmospheric condition. Then the membrane was taken
out from the solution, washed with Millipore water,
and dried at 110°C for 6 h. The mass loss of the
membrane characterizes the chemical stability.



1930

3.7. Hydraulic permeability and average pore size of
membranes

The hydraulic permeability and average pore size
of the membranes were determined by measuring
their water flux using in-house made dead-end filtra-
tion setup [31,32]. Prior to the experiment, the pure
water was passed through the membrane several
times at higher pressure to remove any loose particles
present in the pores. After that, the water flux was
measured at different applied pressures (28-69 kPa).
All the experiments were carried out by filling 150 ml
of Millipore water in the dead-end filtration setup.
After discarding the first 50 ml of water at a fixed
pressure, the time required to collect next 50 ml was
noted down to calculate the water flux at that particu-
lar applied pressure using the following equation:

Q

]w = m (3)

where [, is the pure water flux, Q is the volume of
water permeated, A is the surface area of membrane,
and AT is the sampling time.

The average pore size of the membrane in terms of
radius is estimated by assuming the presence of cylin-
drical pores using the following equation deduced
from Hagen-Poiseuille equation.

lL 0.5
T = {8“—8h} @)

where 1, is the pore radius of the membrane, L is the
hydraulic permeability of the membrane, u is the
viscosity of water, | is the pore length, and ¢ is
the porosity of the membrane.

3.8. Separation of oil-water emulsion

The oil-water emulsion (200 mg/L) was prepared
by mixing crude oil (collected from Guwahati Refin-
ery, IOCL, India) with Millipore water in a sonicator
for 15h at room temperature (25°C). No surfactant
was added because natural surfactant present in the
crude oil stabilizes the oil-water emulsion sufficiently
for performing the experiments. The droplet size of
the emulsion (200 mg/L) was determined using parti-
cle size analyzer (Malvern Mastersizer 2000, Model
APA 5005) and the average diameter of oil droplet is
found to be 6.928 um. The prepared oil-water emul-
sion (concentration of 200 mg/L) was utilized for
microfiltration experiments. The experiments were
performed in dead-end filtration setup with varying
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applied pressures [30,31]. In all experiments, the feed
volume of 150 mL was filled into the filtration setup.
The first 10 mL of permeate was discarded and time
taken for the collection of second 10 mL of permeate
was noted down to calculate permeate flux. All the
experiments were conducted at room temperature
(25°C) and the percentage removal (R) of oil was
evaluated according to the following expression

Cf _CP

RO =

x 100 ®)

where C; and C, are the oil concentrations in the feed
and permeate, respectively. The concentration of oil in
permeate was evaluated using a UV-vis spectropho-
tometer (Spectrascan, UV 2300) at a wave length of
239 nm, where the maximum absorbance was
observed.

After conducting each experiment, the membrane
was cleaned with soap solution to remove the oil
adhered on the surface of the membrane and flushed
with water at higher pressure to obtain the original
water flux. After gaining the original flux, the
membrane was used for the next run.

4. Results and discussion
4.1. Particle size distribution

The PSD of the raw materials was done to get an
idea of the particle size and its uniformity of the parti-
cles. The size of the raw materials determines the
porosity and pore size of the sintered membrane. Pore
growth mainly depends on the initial particle size of
the raw materials and compaction pressure [9]. Finer
particles require a relatively low temperature for sin-
tering and conversely it results in a large transport
resistance because of too small effective pore size. On
the other hand, coarser particles need higher sintering
temperature resulting in macroporous membranes
with reduced mechanical strength [33].

The PSD of the individual raw materials and pow-
der mixture used for the fabrication of four fly ash-
based membranes (SP1-SP4) are shown in Fig. 1(a)
and (b). It can be seen from Table 2 and Fig. 1(b) that
the size of particles are in the ranges of 0.96-138.0 pm,
1.26-316.23 ym, 1.26-138.0 um, and 1.26-91.2 ym for
membranes SP1, SP2, SP3, and SP4, respectively.
Moreover, a volume median diameter (dys) of the raw
material mixtures is found to be 7.3, 5.9, 5.0, and
4.8 ym for the membranes SP1, SP2, SP3, and SP4,
respectively. These sized raw material mixtures would
be reasonably useful for preparation of porous fly ash-
based membrane with maximum porosity [33,34,35].
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Fig. 1. PSD of (a) individual raw materials and (b) powder
mixtures used to fabricate membranes (SP1-SP4).

For the powder mixtures used for fabrication of mem-
branes (SP4-SP1), the span values are found to be in
the range of 2.18-6.07. This specifies that width of the
PSD offers good mixing and uniform distribution
between the particles.

4.2. XRD analysis

Fig. 2 displays the XRD profiles of individual raw
materials before and after calcination at 1,100°C. It is
clearly seen that the chemically pure TiO, contains
two types of crystalline phases such as anatase (major
phase) and rutile (minor phase). Similar phases were
also identified by Dong et al. [20] for pure TiO,. In the
fly ash, the observed crystalline phases are quartz
(5i0,) and corundum (Al,O3) which are consistent
with the results reported by Jedidi et al. [36]. It is also
noticed that in the fly ash sample, the intensity of
quartz peak decreases due to the conversion of quartz
to corundum at the sintering temperature. It is clearly
seen from Fig. 2(b) that in comparison with the sam-
ple before calcination, the peaks corresponding to the
quartz are not changed in the XRD pattern of quartz
after calcination. This signifies that the quartz is not
affected by the sintering temperature. According to
the literature [34,35], no phase change is observed in
the quartz during sintering. In addition, TGA analysis
of quartz confirms that there is no significant weight
loss during sintering [32,34,35]. In view of the above,
it can be concluded that quartz is thermally stable at
the studied sintering temperature.

The XRD reflections of the membranes (SP1-SP4)
before and after sintering are presented in Fig. 3. In
most cases, sintering produces a series of reactions or
phase transformations that lead to the formation of
new phases. As a result, the disappearance and shift
in the peak positions are observed in the XRD analy-
sis. Although many phase transformations occur dur-
ing sintering of the membrane, the formation of new
phase for the prepared membrane is aluminum tita-
nate (Al,O5-TiO,) by reaction of rutile with corundum.
During sintering, quartz reacts with rutile and con-
verts to cristobalite and corundum [19]. The back-
ground noise in the XRD pattern of the sintered
membrane suggests that there may be an existence of
amorphous silica [34,37,38].

Table 2

PSD of the clay mixtures used to fabricate membranes (SP1-SP4)

Membrane SP1 SP2 SP3 SP4
Average particle size (um) 26.514 28.263 17.694 12.497

Span value 6.075 5.983 4.152 2.181
Volume weighted mean (um) 16.963 14.88 10.265 7.947
Particle size range (um) 0.955-138.038 1.259-316.228 1.259-138.038 1.259-91.201
d0.1 (um) 2.536 2.499 2.398 2.423

d0.5 (um) 7.282 5.888 5.017 4.847

d0.9 (um) 46.775 37.724 23.232 12.993
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Fig. 2. XRD of raw materials (a) titanium dioxide, (b) quartz, and (c) fly ash (Q—Quartz, A—Anatase, R—Rutile,

C—Corundum).

4.3. FESEM analysis

Surface morphology of the sintered membranes
was studied using FESEM as depicted in Fig. 4. These
images demonstrate the membrane surface with rough
morphological structure. The superficial observation of
the FESEM images indicates that the membranes do
not have any pinholes and cracks. Moreover, the pore
size distribution and average pore diameter of the
membranes are estimated from FESEM micrographs
using ImageJ software [39]. For each membrane, six
images with various magnifications are selected for
analysis to minimize the error of image analysis. The
average pore size, D,,, of the membrane was
calculated using the following equation:

(6)

where Dg,, is the average pore diameter (um), 7 is the
number of pores, and d; is the diameter of the ith pore
(um).

The average pore size of the membranes estimated
from FESEM images is found to be 3, 2.95, 2.79, and

228 um for membranes SP1, SP2, SP3, and SP4,
respectively. The pore size distribution of membranes
is presented in Fig. 5. It is observed that the pore
diameter of the membrane decreases with an increase
in the TiO, content, which is due to the binding ability
of TiO, during sintering. Some of the pores may even
disappear during sintering. It is well documented in
the literature that the membrane pore size is
significantly influenced by TiO, content and sintering
temperature [20].

4.4. Porosity

The porosity of the membranes determined by
Archimedes principle and FESEM analysis is illus-
trated in Fig. 6. The results clearly indicate that
substantial changes are observed in the porosity of the
membranes when the TiO, content increases in
the precursor formulations. In general, the porosity of
the membrane mainly depends on the amount of
porosifier (CaCO3) and an additive (TiO,) present in
the sample. However, in this study, quantity of porosi-
fier (CaCOj;), is kept constant for all membrane
compositions and hence, the variation of porosity is
due to the increased TiO, content. It is seen from the



K. Suresh and G. Pugazhenthi | Desalination and Water Treatment 57 (2016) 1927-1939

Before Calcination

1933

After Calcination

N 74
Q 1Ca0
C T A
A
1C AR R
P IR RPN TN AU HAPRNN NAPUNN HAPRNN NAPUNN HAPRNN SO SO SO PO PO PO SN NI SO SR SO SO RO PO PO PO PO PR PO O
Q
SP3 Q SP3
Q c CaO
TT
;\“‘L Q || ca T A R R
& | homosioholssdis oo
ottt ettt b b b b e b b e b e
‘B
§ Q SP2
= SP2
Q. T
j C(a l rh a0 A R
Midsdiids Mosheicadt ) " Araorh " sk el b
P NP RPN AN PO PO NP NAPENN PO AU NNV PO HAPUNN NP VU N O AU NP AU NN HAPURN HAPU AU AU AU PO PO O RO O
Q SP1 SP1
Q
Qca0
C
\h 2 T k“»wwmwumleJAMMmﬁ i~ bt Sk
L L L . ol e aosbinlbmr i
P AP I A P P P O O R M O T T PO O O PO PO AU PO PO PO PO PO O RO O

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 5

26°

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
26°

Fig. 3. XRD analysis of powder mixtures used to fabricate of membranes (SP1-SP4) (Q—Quartz, Ca—Calcium carbonate,
A—Anatase, C—Corundum and Cristobalite, T—Aluminum Titanate, R—Rutile, and CaO—Calcium Oxide).

Table 1 that the domination of TiO, (Wrio,/ Wiy ash)
increases from 0 to 1.50. Consequently, the porosity of
the membranes increases with an increase in the TiO,
content and a maximum porosity of 48% is obtained
for the SP4 membrane. It is noticed that the surface
porosity of the membranes determined by FESEM
analysis is higher due to difficulty in controlling the
threshold of the pores of the membranes.

4.5. Chemical stability

The chemical stability of the membranes was eval-
uated in terms of mass loss after keeping the mem-
brane in contact with acid and alkali solutions
individually. As the TiO, content increases, the weight
loss of the membranes due to the corrosion of acid
decreases from 6 to 2% as depicted in Fig. 7. The
weight loss of the membrane due to alkali is found to
be around 1% for all the membranes. The results
reveal that the membranes exhibit better corrosion
resistance in both acidic medium and basic medium.
The obtained results are comparable with cordierite
[40] and alumino silicate microfiltration membranes
[41].

4.6. Mechanical strength

Fig. 8 demonstrates that with increasing TiO, con-
tent in the precursor formulations, the flexural
strength of the membranes increases from 6.02 to
13.82 MPa. Similar observation was also reported by
Dong et al. [20]. In general, calcium carbonate (CaCOj3)
is used as a porosifier as well as a sintering aid.
Besides, the flexural strength of the membrane primar-
ily depends on the amount of sintering aid present in
the precursor sample [17,42,43]. However, in this
study, the amount of CaCO; is kept constant for all
the membrane formulations. Hence, the enhanced flex-
ural strength of the membrane is due to the increased
densification with higher amount of TiO, at the sinter-
ing temperature (1,100°C) [20].

4.7. Hydraulic permeability and average pore size of
membranes

All the prepared membranes were characterized
for their hydraulic permeability. Pure water flux was
measured by applying different pressures ranging
between 28 and 69 kPa as depicted in Fig. 9. It is
observed that the flux of the membranes depends on
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Fig. 4. FESEM images of the membranes (SP1-SP4).
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Fig. 6. Porosity of membranes from FESEM analysis and
Archimedes principle.

the applied pressure and also increases with an
increase in the applied pressure. The hydraulic perme-
ability of the membranes is estimated to be
158 x107%, 1.14x10° 0.87x10°°%, and 0.63 x 10°°
(m3®/m?s Pa) for the membranes SP1, SP2, SP3, and
SP4, respectively. The average pore diameter of the
membranes calculated from hydraulic permeability
data is found to be 2.97, 1.77, 1.57, and 1.32 um for the
membrane SP1, SP2, SP3, and SP4, respectively. The
reduction in the pore size and pure water flux of the
membranes with increasing TiO, content in the pre-
cursors is due to better densification of the mem-
branes. The pore size of the ceramic membranes
measured by FESEM analysis is slightly higher than
those calculated from pure water permeability data.
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FESEM tends to overestimate the pore size as it can
only assess the pore diameter at the surface of the
membrane and some of the pores may be dead-end
pores (not through pores). The pore size obtained
from water permeability data corresponds to a mini-
mal size of the pore constriction through which water
passes and is smaller than the surface pore size. Thus
the pore size obtained from water permeability is
more accurate than FESEM analysis.

4.8. Separation of oil-water emulsion

Among the prepared membranes, the lowest pore
size membrane (SP4) was tested for separation of
oil-water emulsion. Fig. 10 illustrates the variation of
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Fig. 9. Variation of pure water flux of the membranes at
different applied pressures.

the permeate flux and percentage removal of oil
with various applied pressures (69-345 kPa) for the
initial oil concentration of 200 mg/L. As expected,
the removal of oil decreases with an increase in the
applied pressure. This is due to the fact that the
higher pressure enhances the wetting and coalescence
of oil droplets and this would enforce the oil droplets
to pass through the membrane along with the perme-
ate. The observed results are consistent with the
results reported in the literature [27,44]. The maximum
rejection of 99.2% is observed at a lower applied pres-
sure of 69 kPa. As the applied pressure increases from
69 to 345 kPa, the permeate flux also increases due to
enhancement of the driving force across the
membrane. A large difference between permeate flux
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Fig. 10. Variation of permeate flux and percentage removal
of oil at different applied pressures for SP4 membrane.
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Table 3
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Comparison of oil removal percentage of fabricated membrane with other membranes

Membrane/support material Mean pore size

Feed concentration (mg/L)

Removal (%) References

0-AlL,Os3/0-Al,O5 1.0 um 5,000 94.3 Yang et al. [45]
a-Al,O5/0-Al,O3 0.2 pm 5,000 99.9 Yang et al. [45]
7105/ 0-Al,O3 0.2 pum 5,000 99.8 Yang et al. [45]
NaA zeolite/a-Al,O3 1.2 um 100 98.8 Cui et al. [46]
0-AlL,O3 2.1 pm 100 55.0 Cui et al. [46]
NaA zeolite/a-Al,O3 0.4 pm 100 99.4 Cui et al. [46]
AlL,O5 0.16 pm 600-11,000 98.0 Cui et al. [46]
0-AlL,O3 0.1 pm 150 61.4 Ebrahimi et al. [47]
TiO,/TiO, 1,000 Da 565 99.5 Ebrahimi et al. [47]
Membrane, SP4 1.32 pm 200 99.2 Present study

and pure water flux under same condition is observed
for the studied membrane (SP4) on account of pore
blocking and concentration polarization (see Figs. 9
and 10). From an industrial application’s point of
view, the membranes should possess higher removal
efficiency with good permeate flux. Hence, it can be
concluded that the prepared membrane, SP4, displays
better rejection (99.2-95.6%) of oil with permeate flux.
In comparison with other membranes (see Table 3),
the performance of the prepared membrane in terms
of rejection and permeate flux, is comparable or even
better than those reported in the literature. It can be
concluded from Table 3 that the membrane (SP4)
prepared from fly ash is useful for treating oily
wastewater in the form of oil-in-water emulsion.

4.9. Cost estimation

Based on the retail cost of the raw materials, the
average cost of the ceramic membranes is estimated as
Rs. 3, 5, 6.5, and 8.5 per circular-shaped membrane for
SP1, SP2, SP3, and SP4, respectively, that correspond
to 1540 ($/m?) as listed in Table 4. The cost of the

Table 4
Cost estimation of membranes (SP1-SP4)

prepared membranes is comparable and even lower
than the membranes reported in the literature [48-52].
It is worth to mention that the cost of the ceramic
membranes prepared by Emani et al. [48], Vasanth
et al. [49], Nandi et al. [50] and Mittal et al. [52] is 78,
67, 130, and 34 ($/m?), respectively. Moreover, cost of
the inorganic membranes is projected to be around
500-1,000 ($/m?) [53-55]. The cost of the commercial
membrane made of a-ALO; is reported to be
989-1,220 ($/m?) [561.

Cost is always considered as a massive apprehen-
sion in the membrane process, which is mainly from
energy consumption and membrane replacement. The
use of conventional membranes in wastewater treat-
ment requires high energy input in order to keep con-
stant efficiency due to lower membrane permeability.
Generally, membranes made of clay-based raw materi-
als possess higher permeability than conventional
membranes; as a result, lower cost on energy.
Currently, natural clays and fly ash are most preferred
membrane materials when compared with other mate-
rials because of their low cost. Typically, the membrane
process using alumina and zirconia-based membranes

Amount of raw

Cost estimated for the fabrication of one membrane (Rs.)

Unit materials used for
price the fabrication of
Raw materials (Rs./kg) one membrane (kg) Membrane, SP1I Membrane, SP2 Membrane, SP3 Membrane, SP4
Quartz 10.00 750 x 1073 0.075 0.075 0.075 0.075
Calcium carbonate 520 5.00 x 1072 2.6 26 2.6 26
Fly ash 28.0 125 x 1073 0.35 0.28 0.21 0.14
Titania 720 25x%x107° - 1.8 3.6 5.4
Raw materials cost for one membrane fabrication 3.02 4.76 6.48 8.22
Cost of one ceramic membrane of 5 mm thickness 3/membrane 5/membrane 6.5/membrane  8.5/membrane
and 63 mm diameter (rounded value)
Estimated raw materials cost per unit area of the ~ 963/m? 1,605/m? 2086/m? 2,567 /m?
fabricated membrane (15 $/m?) (25 $/m?) (33 $/m?) (40 $/m?)
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is more expensive than those using clay-based
membranes because of the costly raw materials. On the
contrary, fly ash is rather cost-effective compared to
conventional membranes. In addition, enhanced anti-
fouling ability of the clay-based membranes extends
the back-flushing interval and membrane life span that
also increase the price gap between the clay membranes
and commercial membranes.

5. Conclusions

A series of low-cost ceramic membranes have been
successfully prepared using different compositions of
raw materials by uniaxial dry compaction method. The
membrane porosities are found to be 21, 34, 43, and 48
for the SP1, SP2, SP3, and SP4 membranes, respectively.
The prepared membranes with various compositions
offer good mechanical strength (6.02-13.82 MPa). The
weight loss of the membranes (SP1-SP4) in acid and
alkali solutions are found to be 6-2% and 1%, respec-
tively, indicating that these membranes are more stable
in both acidic medium and basic medium. The average
pore sizes of the membranes calculated from water per-
meability data are found to be 2.97, 1.77, 1.57, and
1.32 pm for membranes SP1, SP2, SP3, and SP4, respec-
tively. The performance of the fabricated membrane
(SP4) is demonstrated by the separation of oil from oil-
water emulsion. The maximum removal of oil is
observed to be 99.2% with permeate flux of 4.1 x 107°
(m®/m?s) at an applied pressure of 69 kPa for the initial
oil concentration of 200 mg/L. Based on the cost of raw
materials, cost of the membranes is estimated to be
around 15-40 ($/m?).

Acknowledgments

We would like to thank the Central Instrument
Facility, IT Guwahati for helping to perform FESEM
analysis. XRD, used in this work, was financially sup-
ported by a FIST grant (SR/FST/ETII-028/2010) from
the Department of Science and Technology (DST),
Government of India.

List of symbols

e — the porosity of the membrane

Wp  — the weight of dry membrane (g)

Wy — weight of the membrane with pores filled with
water (pores are filled with water under
vacuum) (g)

W,  — the weight of the membrane saturated with

water measured in water (A refers to
Archimedes) (g)
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o — the flexural strength (Pa)

F — the load at the fracture point (N)

) — the span length (m)

b — the width of the sample (m)

t — the thickness of the sample (m)

Jw — the pure water flux (m>3/m? s)

Q — the volume of water permeated (m°)

A — the surface area of membrane (m?)

AT  — the sampling time (s)

T'm — the pore radius of the membrane (um)

Ly — the hydraulic permeability of the membrane
(m®/m?s Pa)

u — the viscosity of water (Pa s)

AP — the transmembrane pressure drop across the
membrane (kPa)

[ — pore length (m)

R — rejection of oil (%)

Cr — the oil concentration in the feed (mg/L)

Gy — the oil Concentration in the permeate (mg/L)

D,,, — the average pore diameter (um)
n — the number of pores

d; — the diameter of the ith pore (um)
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