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ABSTRACT

This article highlights the fabrication of ceramic membrane with tubular configuration using
locally available inexpensive clays and its application in oil-in-water emulsion treatment.
Extrusion technique was employed to manufacture the tubular-shaped ceramic membrane
having length, outer, and inner diameters of 100, 12, and 6.5 mm, respectively. Clay pow-
ders and the fabricated membrane were characterized using standard techniques such as
particle size distribution, scanning electron microscopy, energy dispersive X-ray spec-
troscopy, X-ray diffraction, thermogravimetric (TG), and field emission scanning electron
microscopy analysis. The fabricated membrane possessed porosity of 50%, average pore
diameter of 0.339 μm, and mechanical strength of 12 MPa with relatively good corrosion
resistance in acidic and basic conditions. The effect of various operating conditions such as
pressure (69–345 kPa) and cross-flow velocity (0.044–0.132 m/s) on the microfiltration
process of oil-in-water emulsion was studied using this membrane with a fixed feed oil con-
centration of 100 mg/L in a cross flow manner. The research findings indicated that the
rejection of oil slightly decreased with the rise in pressure. The best rejection of 99.88% was
obtained with permeate flux of 3.40 × 10−5 m3/m2 s at an applied pressure of 68 kPa after
1 h of experimental run. These results demonstrated the application of the fabricated
membrane in oil-in-water emulsion treatment and the treated water can be directly dis-
charged into water bodies. Finally, the estimation of the manufacturing cost of the acquired
membrane was presented in detail.

Keywords: Cost estimation; Low-cost membrane; Oil-in-water emulsion; Tubular membrane;
Wastewater treatment

1. Introduction

The swift developments of various industries
specifically, oil refineries, petrochemical, metallurgical,
pharmaceutical, chemical, and food industries, are

bearing to produce a huge amount of both water-in-oil
or oil-in-water emulsions. These contain bulk quantity
of heavy hydrocarbons such as diesel oil, grease,
crude oils, tars, and light hydrocarbons, such as gaso-
line, jet fuel, and kerosene. In addition, these comprise
cutting liquids, lubricants, total suspended solid, and
other supplemental contaminates [1,2]. The discharge*Corresponding author.
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of oil-contaminated effluents to water bodies generate
environmental issues all over the globe. Concurrently,
the population growth directs to the bigger demand
for pure water, primarily in water scarcity regions [3].
Therefore, the removal of oil from the oily wastewater
is necessary to protect our water resources in both
environmental and public health. Central pollution
control board of India regulated the discharge limit of
oil into the surface water and irrigation as 10 mg/L,
public sewers and coastal water as 20 mg/L from vari-
ous process industries [4]. Beside the treatment, the
stable oily wastewater containing extremely physically
and chemically emulsified oils are the major difficult
ones in terms of efficient treatment [5]. The conven-
tional techniques utilized in water treatment plants to
treat the wastewater can be classified as creational:
chemical demulsification, gravity separation, adsorp-
tion, filtration, coagulation, and coalescence [6]. These
techniques have various demerits including higher
operation expenses, lower effectiveness, corrosion and
recontamination issues [7]. One of the best solutions to
resolve these problems and reuse water is using mem-
brane technology. Currently, industries have paid
increasing attention for the membrane technology [8].

In the membrane separation process, inorganic
membranes have been proven to be well suitable and
more favorable for large-scale applications compared
to the organic (polymeric) membranes. Inorganic mem-
branes have higher chemical, thermal, and mechanical
resistance and can be used in the wide range of pH,
chlorinated, and polar solvents [9]. However, the alu-
mina-based inorganic membranes are unfavorable to
large-scale industrial applications due to its high cost.
Therefore, the research on ceramic membrane is direc-
ted to make low-cost membranes by utilizing cheaper
starting materials, such as kaolin, mullite, fly ash,
apatite powder, and dolomite [10]. In this context,
manufacturing reasonably inexpensive inorganic
membranes for oil-in-water emulsion treatment is
potentially useful for future membrane development
research. In addition, membranes come infour different
configurations, including tubular, hollow fiber, plate
and frame, and spiral. Tubular membranes are suitable
for handling large size particles and high flow rates,
and they can be cleaned easily [11]. Therefore, the low-
cost membrane with tubular configuration is well suit-
able particularly for oil-in-water emulsion treatment.

To the best of our knowledge, the following stud-
ies have approached to fabricate the tubular configura-
tion membranes using inexpensive raw materials for
oily wastewater treatment. Abbasi et al. [5] synthe-
sized tubular mullite microfiltration membrane from

kaolin clay, which was obtained from Marand, Iran.
The tubular-shaped mullite membrane was suitably
acquired through extrusion using 62–69% of kaolin
and distilled water mixture. The potential of the fabri-
cated membrane was investigated by the separation of
oil-in-water emulsion and the influences of various
significant conditions, namely pressure (50–400 kPa),
cross-flow velocity (0–2 m/s), and oil concentration
(250–3,000 ppm) were also examined. The investiga-
tion on oil-in-water emulsion treatment revealed that
the prepared membrane has potential to get the high-
est rejection of 93.8%. Fang et al. [12] elaborated new
fly ash-based low-cost membrane for treatment of oily
wastewater. Macroporous fly ash-based ceramic mem-
brane was obtained by an extrusion process. The
acquired membrane tested for microfiltration of oily
wastewater by varying the operating parameters, such
as transmembrane pressure (0.05–0.20 MPa), feed con-
centration (75–2,000 ppm), and cross-flow velocity
(0.67–4 m/s). The highest rejection (98.2%) of oil was
obtained with the feed concentration of 2,000 ppm.
Song et al. [13] prepared the low-cost tubular carbon
membrane using coal via extrusion technique and
used for oil-in-water emulsion treatment. This investi-
gation was performed by altering various parameters,
such as membrane pore size (0.6–1.4 μm), transmem-
brane pressure (60–140 kPa), feed oil concentration
(120–400 ppm), and cross-flow velocity (0.06–10 m/s).
The maximum rejection of 98.6% was obtained with
the feed concentration of 400 ppm. It is worth men-
tioning that all these investigations were performed
using higher concentration of oil-in-water emulsion at
elevated cross-flow velocities. The treatment of low
concentration (≤100 ppm) oily wastewater to the
disposal limit (10–20 ppm) is difficult by most of the
conventional separation techniques [14]. Secondly, a
higher cross-flow velocity directs to superior energy
requirements to pump the feed stock and thus the
selection of higher cross-flow velocities is not favor-
able in economical point of view.

Considering the above limitations, we made an
effort to make low-cost tubular configuration
membrane using locally available low-cost inorganic
precursors. The essential characterizations of raw
materials are deeply discussed and efficiency of the
fabricated membrane is examined by oil-in-water
emulsion treatment. Microfiltration experiments oper-
ated at different controlling parameters, such as pres-
sure and cross-flow velocity are investigated using a
feed oil concentration of 100 ppm. Also, the manufac-
turing cost of the fabricated membrane is estimated in
the preliminary economic evaluation at research level.
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2. Experimental

2.1. Materials

The locally available low-cost inorganic precursors
of mineral grade were used for the preparation of the
membrane (ball clay, feldspar, kaolin, pyrophyllite
and quartz). Hydrochloric acid, calcium carbonate,
and sodium hydroxide were supplied by Merck (I)
Ltd, Mumbai.

2.2. Membrane preparation

An extrusion process was adopted to form a tubu-
lar-shaped membrane. The table top hand extruder
(M/s VB Ceramic Consultants, Chennai, India) made
of stainless steel was used for obtaining tubular cera-
mic tubes. It essentially consists of a feed chamber,
extruder screw shafts, cone, and die assemblies. The
green dough was prepared from the mixture of clays,
calcium carbonate and Millipore water without the
addition of any organic chemicals for plasticity. Cal-
cium carbonate powder was used as a pore-former
agent. In our previous work [15], we reported the
preparation of circular- shaped ceramic membranes
using these clay mixtures and the optimum composi-
tion of clay powders was selected based on the supe-
rior properties (such as porosity, pore size,
mechanical, and chemical stability) of the membrane.
In this work also, the identical (optimum) composition
of clay powders were used for the fabrication of tubu-
lar membrane as follows: Ball clay—18 wt%, Feldspar
—6 wt%, Kaolin—15 wt%, Pyrophyllite—15 wt%,
Quartz—28 wt%, and Calcium carbonate—18 wt%.
The procedure for the fabrication of membrane is dia-
grammatically presented in Fig. 1. The feedstock was
shaped into tubes using die assemblies with length,
inner, and outer diameters of 100, 6.5, and 12 mm,
respectively, at room temperature. The extruded green
tube was subjected to controlled thermal treatment by
employing the following procedure to avoid uneven
shrinkage upon drying and subsequent deformation
during sintering. The obtained green tubular
membrane was firstly placed for natural drying at
atmospheric condition for 24 h. After which, the mem-
brane was dried at 200˚C for 24 h in a hot air oven.
Subsequently, the membrane was taken to the sinter-
ing process at 950˚C with a heating rate of 2˚C/min
and kept at this temperature for 6 h in a box furnace.
To attain a homogeneous even surface, the fabricated
inflexible and porous sintered tubular membrane was
burnished and sized using dry abrasive grinding
sandpaper. To remove the unsticking powders formed
through burnishing and sizing activities, the
membrane was treated with water in an ultrasonic

bath (Elma T460, India) for 30 min. Finally, the
membrane was dried at 100˚C and utilized for further
characterization.

2.3. Characterization methods

2.3.1. Raw materials

The particle size distribution (PSD) of raw materials
was analyzed in Malvern Mastersizer 2000 (APA5005®

model, hydro MU) instrument in wet dispersion mode
by circulating the heterogeneous feed at constant flow
rate (pump speed = 2,700 rpm) with an ultrasound to
avoid the agglomeration of clay powders during analy-
sis. Scanning electron microscopy (SEM) investigations
were conducted in a varying pressure digital SEM
(LEO1430VP®) combined with an energy dispersive
X-ray spectroscope. The X-ray diffraction (XRD) pro-
files recorded with Cu Kα (λ = 1.5406 Å) radiation
working at 40 kV and 40 mA in a Bruker AXS machine
in 2θ value ranging between 5˚ and 75˚ with a scan rate
of 0.05˚/s. Mettler Toledo (TGA/SDTA 851®) thermo-
gravimetric instrument (NETZSCH TG 209F1 Libra)
was used to characterize the thermal decomposition
activities of the clay powders in air atmosphere with a
heating rate of 10˚C/min from 25 to 970˚C in a 150 μL
platinum container.

Millipore water  Mixed raw materials 

Extrusion 

Natural Drying for 24 h 

Oven Drying at 200 oC for 24 h 

Polishing and Sizing 

Ultrasonication 

Membrane drying at 100 oC 

Characterization  

Sintering at 950 oC for 6 h 

Fig. 1. Schematic representation of tubular ceramic
membrane fabrication.
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2.3.2. Tubular ceramic membrane

The tubular membrane was characterized by field
emission scanning electron microscopy (FESEM)
(JEOL, JSM-5600LV) to analyze the presence of possi-
ble defects on the surfaces. A small size of the mem-
brane sample was fixed on top of the stub and layered
with gold using an auto fine coating instrument (JEOL
JFC-1300) preceding morphology assessment. The
porosity of the membrane was determined by liquid
displacement method using Millipore water [16].
Resistance in corrosion capability of the fabricated
membrane was investigated by means of loss of mass
after treating in high corrosive environments. The
extreme harsh condition solutions, such as HCl (pH 1)
and NaOH (pH 14) solutions, were prepared and the
membrane was immersed in it for one week. The
corrosion resistance of the recovered membrane was
evaluated by weight decrement of the membrane. The
flexural strength of the membrane was calculated by
three-point bending method using Universal Testing
Machine (M/s Deepak Polyplast, Model: DUTT-101,
Mumbai) according to the procedure reported
elsewhere [17].

2.4. Experimental setup and water flux measurement

In this work, the cross flow filtration system was
employed for water flux measurement and microfiltra-
tion of oil-in-water emulsion. Fig. 2 illustrates the real
picture representation of the experimental system, in
which the entire experiments were performed. The
system consists of feed tank, pump, membrane mod-
ule, pressure gauge and three flow control valves in
inlet, by-pass, and retentate flow paths. The experi-
mental setup is easy to operate without complication,
conversely, it made in such a manner that the essential
significant working conditions for the microfiltration
study, such as pressure and cross-flow velocity can be
turned and fixed. During the microfiltration study, the
process system was cautiously watched to maintain
the desired pressure and cross-flow velocity.

Water flux was evaluated at different applied pres-
sures as a function of time for a fixed cross-flow veloc-
ity. The water flux reaches steady value after some
time of filtration. After attained stable flux, water flux
was evaluated at diverse pressures (69–345 kPa) at a
preset cross-flow velocity (0.088 m/s) for 15 min
according to the following relation:

JW (flux) ¼ Q ðvolume of water permeated; m3Þ
A ðarea; m2Þ � t ðtime; sÞ (1)

2.5. Filtration of oil-in-water emulsion and membrane
regeneration

Synthetic oil-in-water emulsion was subjected to
analyze the potential of the tubular ceramic microfil-
tration membrane. Crude oil collected from Guwahati
Refinery, Indian Oil Corporation Limited (IOCL),
India, was used without any treatment to prepare syn-
thetic oil-water emulsions. The crude oil was obtained
from Assam crude oil reservoirs. Assam crude is typi-
cally characterized to possess a high degree of aro-
matic and wax content [18]. The oil-in-water emulsion
having a concentration of 100 ppm was made by
crude oil emulsification in Millipore water with the
following procedure: 1,000 mg of crude oil was dis-
solved in 10 liters of Millipore water and the suspen-
sion was subjected to ultrasonication for about 12 h.
The emulsification process was carried out without
the addition of any emulsifier agents. The droplet size
of the emulsion in the feed was calculated by laser
diffraction spectroscopy (Malvern Mastersizer, United
Kingdom) and the mean droplet size is calculated to
be 0.99 μm. The cross flow microfiltration of oil-in-
water emulsion was performed for a period of 1 h at
various pressures (69–345 kPa) and cross-flow veloci-
ties (0.044–0.132 m/s). The concentration of oil was
measured using ultraviolet-visible spectrophotometer
(Thermo Scientific, UV-2300) at a wavelength of
236 nm and the rejection was calculated as follows:

R ðrejection; ð%ÞÞ

¼ 1� Cp ðoil concentration in permeateÞ
Cf ðoil concentration in feedÞ � 100

(2)

Fig. 2. Representation of experimental system.
Notes: V1—by-pass valve, V2—inlet valve, V3—retentate
valve.
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The membrane was thoroughly cleaned and reused
after each experimental run. For cleaning of the mem-
brane, the following steps were adopted sequentially:
firstly, the membrane was washed by passing the
cleansing agent (commercially acquired surf-excel
powder, 1 g/L) to the filtration system to eliminate
the deposited oil on the surface of the membrane dur-

ing the filtration. After which, the whole system was
cleaned by passing Millipore water. To verify the
regeneration of the membrane, the water flux of the
membrane was evaluated again after cleaning process
and if the variation of water flux between the fresh
membrane and cleaned membrane is less than 5%,
then it can be taken for further experiments.
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Fig. 3. PSD of the clay powders used for preparation of membrane.
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3. Results and discussion

3.1. Characterization of clay powders

Sintering temperature and pore size of the ceramic
membrane can be regulated by the particle size of raw
materials used for membrane fabrication. The forma-
tion of pore on the ceramic membrane is a function of
the initial particle size of the clay powders [19]. The
finer particles require reasonably lower temperature for
sintering; however, it leads to the resistance of a larger
transport due to extremely small effectual pore size.
Conversely, courser materials require relatively high
sintering temperature, and it leads to the resistance of a
small transport due to macropores, but the mechanical
strength is reduced [20]. The PSDs of the individual
clay powders are presented in Fig. 3. All the analysis is
done two times for the laser obscuration limit greater
than 10% and the average value of the results is pre-
sented in Table 1. The volume or mass moment mean,
D(3, 4) and surface area moment mean, D(2, 3) are cal-
culated using the following formula:

Dð4; 3Þ ¼
P

d4
P

d3
(3)

Dð3; 2Þ ¼
P

d3
P

d2
(4)

where d is the particle diameter (μm).
The advantage of this method of calculation (Eqs.

(3) and (4)) is that formulae do not contain the num-
ber of particles and therefore the calculations of the
means and distributions do not require knowledge of
the number of particles involved. D(3, 4) is usually
reported in a prominent manner.

The volume-weighed mean formula is utilized to
evaluate the diameter of the clay particles and their

sizes vary between 5 and 10 μm. This range of particle
size of clays is favorable to manufacture the ceramic
membranes. Similar PSDs of clays were applied for
the fabrication of macroporous membrane [21]. The
surface area of the raw material in the increasing
order is as follows: feldspar < pyrophyllite < ball-
clay < quartz < calcium carbonate < kaolin. This is also
considered while choosing the composition of the raw
materials for membrane preparation. This provides a
knowledge regarding the composition of clays to be
utilized for the fabrication of the membrane.

Span is also another valuable consideration in cal-
culating the applicability of the clay mixture that can
be evaluated using the following expression:

Span ¼ D90 �D10

D50
(5)

A larger span value could be owing to one or more of
the following: (a) very high D90 and very small D10,
(b) moderate D90 and D10, but very small D50. A
higher span value with a very high D90 is unfavorable
for the fabrication of ceramic membranes due to a
higher percentage of coarser particles [20]. Span values
attained from the study are calculated to be in the
similar range (1.8–3) for all clays, which specifies an
equivalent width of the size distributions. This offers a
well mixing and homogeneous distribution between
the particles that could result in a good microfiltration
membrane.

Scanning electron microscope images of the clay
powders along with the energy dispersive X-ray
spectroscopy (EDX) are presented in Fig. 4. The EDX
analysis (qualitative analysis) of kaolin, ball clay, and
pyrophyllite indicates that the clay powders contain
oxides of aluminum and silicon. However, no other

Table 1
PSD of various clay powders used in the preparation of membrane

Clay powder

Particle size

Span
Specific surface
area (m2/g) D(2, 3) (μm) D(4, 3) (μm)D(V, 0.1) (μm) D(V, 0.5) (μm) D(V, 0.9) (μm)

Kaolin 1.852 04.656 9.814 1.710 1.750 3.419 05.354
Feldspar 3.855 22.925 56.284 2.287 0.315 6.898 27.082
Quartz 2.680 08.650 27.107 2.824 0.994 6.034 12.242
CaCO3 2.083 06.460 14.299 1.891 1.610 3.735 07.557
Ballclay 0.954 05.039 24.749 4.722 0.923 2.499 09.659
Pyrophyllite 2.805 08.428 22.786 2.371 0.379 5.581 10.926
Mixture 1.840 07.326 24.450 3.125 0.516 4.094 10.639

Notes: D(3, 2) = surface area moment mean or the Sauter Mean Diameter (SMD).

D(4, 3) = volume or mass moment mean or the De Broucker mean.

D(V, 0.5) = volume median diameter sometimes shown as D50 or D0.5.
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Fig. 4. SEM and EDX analysis of the clay powders used in membrane fabrication: (a) Kaolin, (b) Ball clay, (c) Quartz, (d)
Pyrophyllite, (e) Feldspar, and (f) CaCO3.
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peaks are obtained even using spot EDS at higher
magnification, suggesting that it is free from other
impurities or has only a trace amount of impurities
(<5 wt%) that cannot be detected by SEM. Quartz
shows only the oxides of silicon that indicates its pur-
ity. The elemental peak of Ca obtained for feldspar
signifies that the feldspar is of plagioclase type, which
is triclinic in nature. The commercially purchased
calcium carbonate shows only the peaks of Ca and O,

which confirms its purity. The Si/Al ratio obtained
with the EDX analysis of different clays is apparently
closer to the theoretical value of those clays [22].

Similarly, all the clay powders were analyzed with
XRD and the obtained patterns are well matching with
the standard Joint Committee on Powder Diffraction
Standards (JCPDS) files. The XRD patterns of the clay
powders are presented in Fig. 5. The XRD peaks of
the kaolin match well with the reflections of standard
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Fig. 5. XRD patterns of the clays used for the preparation of membrane.
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JCPDS card number 14-164 and the other additional
reflections match with the JCPDS card number 10-446.
This indicates that kaolin also contains dickite, which
is the same composition as kaolinite with different
crystal structure [22]. The main crystalline phases
observed in the ball clay corresponds to kaolin
(2θ = 12.25˚ and 24.85˚) and quartz. The 2θ reflections
(2θ = 20.85˚ and 26.65˚) of quartz match well with the
JCPDS card number 46-1045, which corresponds to the
pure quartz phase [23]. Similarly, the 2θ reflections of
pyrophyllite and feldspar are in good agreement with
the standard JCPDS card number 12-203 and 09-456,
respectively [24].

Sintering temperature is an essential factor to
control the mechanical strength, pore size, and
porosity of the ceramic membrane. TGA of clay
powders was done to discover the minimum sinter-
ing temperature required for the fabrication of stable
membrane and the obtained results are plotted in
Fig. 6. The weight decrement at temperature <150˚C
is mainly owing to the elimination of physisorbed
water and at higher temperature (500–800˚C), the
decrement is due to the dehyroxylation of the sur-
face hydroxyl group or exclusion of structural water.
Thermal decomposition (550–750˚C) of CaCO3 results
in major weight loss and forms CaO and CO2. The
porosity of the membrane primarily corresponds to
the pathway occurred through the evolved CO2 gas.
Due to the increased release of OH groups attached
to Al and Si and subsequent conversion of kaolin to
metakaolin, ball clay shows a relatively higher
weight loss (14.11%) than that of kaolin (5.04%) and

pyrophyllite (9.70%). It can be seen that no signifi-
cant weight decrement is observed after the tempera-
ture of 820˚C. This points out that to acquire
inflexibility membrane with good mechanical and
thermal strength, the green membrane should be sin-
tered above the temperature of 850˚C. Mapping
analysis of the SEM as shown in Fig. 7 validates the
homogeneous distribution of silica-aluminates
throughout the membrane. The elements identified
by the EDX are Al and Si, which are in the form of
oxides (Al2O3 and SiO2). Ca is in the form of CaO
as well as wollastonite and anorthite.

3.2. Characterization of ceramic membrane

FESEM images were used to analyze both inner
and outer surface morphology of the fabricated mem-
brane (see Fig. 8(a) and (b)). These figures give infor-
mation on the consistency of the prepared membrane
surfaces. It is found that the membrane is highly
smooth with flawless inner and outer surfaces. The
overall surface morphological analysis recommends
that the non-appearance of cracks/defects/big pores is
a key condition leading to a good quality membrane.
The average porosity and flexural strength of the
membrane are calculated to be 50% and 12 MPa,
respectively. In the chemical stability investigation, the
weight decrement of the membrane is evaluated to be
12% in acidic condition and 0% in alkali condition.
This clearly signifies that the membrane has relatively
good resistance in these solutions. It is worth to men-
tion that cordierite membrane displayed the mass loss
of 17.01% in acidic solution [25], which is higher than
the current investigation.

Moreover, the variation of applied pressure on
water flux has been studied. It is apparent from Fig. 9
that the water flux increases linearly with an increase in
the pressure (69–345 kPa). This stipulates that the
applied pressure is the barely driving force for
permeation. For transportation operation exclusively by
convection, the volumetric flow rate is proportionate to
the pressure, which is an act in accordance with Darcy’s
law. The water permeability of the membrane is
calculated as 7.35 × 10−7 m3/m2 s kPa. The average
pore size was determined using porosity and water
permeability values by Hagen–Poiseuille expression
[16,26]. The mean pore size of the membrane is
calculated to be 0.339 μm. It can be concluded that the
fabricated membrane could be applied for industrial
utilization due to its excellent membrane characteristics
such as mechanical strength, quality surface, poros-
ity, pore size, corrosion resistance, and water
permeability.
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Fig. 7. SEM mapping analysis of the sintered membrane: (a) zone at which EDX and mapping analysis done, (b)–(e)
represents the mapping results of Si, Al, O, and Ca, respectively.
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3.3. Treatment of oil-in-water emulsions by clay-based
microfiltration membrane

3.3.1. Effect of pressure on the microfiltration process

Fig. 10 illustrates the permeate flux and removal
efficiency of oil after 60 min of experimental run with
various pressures (69, 138, 207, 278, and 345 kPa) for a
cross-flow velocity of 0.088 m/s. It is noticed that there
is an augmentation in the flux when the pressure
increases. This is owing to the enhanced driving force

across the membrane. However, the permeate flux of
oil–water emulsion is lower than that of the correspond-
ing water flux. According to Darcy’s law, the permeate
flux shows enhancement with increasing pressure; con-
versely, this fundamental law is restricted by fouling.
Oil droplets closely packed on the surface of the mem-
brane at elevated pressures offer to block the pores of
the membrane. Moreover, it can be explained by con-
centration polarization and adsorption of oil on the sur-
face, which creates further resistances to transport

Fig. 8. FESEM images of (a) inner and (b) outer surfaces of the membrane.
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Fig. 9. Water flux vs. applied pressure.
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Fig.10. Effect of pressure on permeate flux and oil rejection
in microfiltration process (cross-flow velocity = 0.088 m/s,
concentration of oil = 100 ppm).
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liquid through the membrane [5]. The removal effi-
ciency of oil-in-water emulsion declines with an incre-
ment in the pressure for a fixed concentration. This
occurs due to the fact that the oil droplets deform at
higher pressures and penetrates to the smaller pores,
resulting in decrement in the removal [14]. In the effect
of pressure study, the membrane exhibits the greatest
rejection of 99.88% with permeate flux of 3.40 ×
10−5 m3/m2 s at a lower applied pressure of 68 kPa.

3.3.2. Effect of cross-flow velocity on the microfiltration
process

Fig. 11 illustrates the filtration flux and removal
efficiency of oil-in-water emulsion after 60 min of
experimental run with various cross-flow velocities
(0.044, 0.088, and 0.132 m/s) for a fixed pressure of
207 kPa. The plot designates that the higher cross-flow
velocity leads to offer a higher flux in the microfiltra-
tion due to decrement in the concentration polariza-
tion. Another reason is that the oil droplets get a little
difficult to adsorb over the surface of the membrane at
higher cross-flow velocity and the membrane fouling

resistance decreases with increasing flow velocity [27].
An enhancement in the cross-flow velocity eliminates
the deposition of oil layer on the surface of the mem-
brane, which results in reducing the oil removal
slightly. In the study on the effect of cross-flow veloc-
ity, the highest oil rejection of 98.78% is obtained with
lower cross-flow velocity of 0.044 m/s at an applied
pressure of 207 kPa.

3.3.3. Performance evaluation of the membrane

The performance of the membrane in oil-in-water
emulsion treatment is analyzed with other low-cost
membranes prepared, particularly in the tubular con-
figuration and utilized for oily wastewater treatment.
The prepared membrane exhibits the highest rejection
of 99.88% at an applied pressure of 68 kPa with the
feed concentration of 100 mg/L and cross-flow veloc-
ity of 0.088 m/s. From Table 2, it can be seen that
attempted studies on treatment of oily wastewater
using the low-cost tubular membrane is carried out
with higher concentration and elevated cross-flow
velocities. As discussed, the treatment of oily wastew-
ater containing lower concentration is difficult and
higher cross-flow velocity directs to superior energy
requirements to pump the feed stock. Thus, the selec-
tion of higher cross-flow velocities is not favorable in
economical point of view. This study is attempted
with a lower concentration of oil-in-water emulsion
and low cross-flow velocity and the attained highest
rejection is compared to those reported in literature. In
few words, the prepared tubular ceramic membrane
demonstrates to be the best in comparison with other
membranes in terms of rejection and economical point
of view.

3.4. Estimation of manufacturing cost of the membrane

A detailed analysis on manufacturing cost of the
membrane is calculated and presented in Table 3. The
manufacturing cost is estimated in the preliminary
economic evaluation at research level [28]. The manu-
facturing cost is the sum of all the direct costs and
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Fig. 11. Effect of cross-flow velocity on permeate flux and
oil rejection in microfiltration process (pressure = 207 kPa,
concentration of oil = 100 ppm).

Table 2
Performance evaluation of prepared membrane with other low-cost membranes

Membrane material Oil concentration (mg/L) Cross-flow velocity (m/s) Rejection (%) Refs.

Mullite 1,000 1.50 93.8 [5]
Fly ash 2,000 4.00 98.2 [12]
Carbon 400 0.10 98.6 [13]
Clays 100 0.08 99.8 Present study
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indirect costs of the actual manufacturing cost of the
product. The direct manufacturing cost of the mem-
brane includes the costs of raw materials, labor, elec-
tricity, maintenance, and laboratory. The raw material
cost is estimated by consumption of raw materials to
prepare the membrane. Labor cost is calculated by the
use of a correlation of labor in a man-hour per day.
The maintenance cost is estimated as 1% of the capital
cost and laboratory cost is estimated as 20% of the
labor cost [28]. The indirect manufacturing cost
(capital cost), counting with the depreciation cost is

calculated by straight line method. The manufacturing
cost of the prepared tubular ceramic membrane is esti-
mated to be 0.5 $/membrane (or 69 $/m2). Therefore,
it can be concluded from the estimated manufacturing
cost, the prepared membrane is very inexpensive.

4. Conclusions

The low-cost tubular microfiltration membrane is
prepared by locally available cheaper materials. The
raw materials and membrane were characterized by

Table 3
Estimation of manufacturing cost of the membrane

Items
Calculation basis for making hundred membranes

US$
Direct manufacturing
costs: raw materials Raw materials

Unit price
(US$/kg)

Materials
utilized (g)

Cost
(US$)

Kaolin 0.18 142.8 0.03
Quartz 0.30 262.8 0.08
CaCO3 5.40 169.4 0.92
Ball clay 0.09 173.7 0.02
Phyrophyllite 0.15 145.6 0.02
Feldspar 0.12 055.3 0.01

Total cost for raw
materials:

1.08

Labor (including
supervisory)

Labor cost = cost × total hours = 2.81 × 8 22.48

Electricity Furnace: 12.25 h × 4 kW = 49 kW; 54.83 kW × US$
0.09 = 4.93
Hot air oven: 30 h × 3 kW = 90 kW
90 × US$ 0.09 = 8.10
Ultrasonicator: 0.5 h × 2 kW = 1 kW
1 × US$ 0.09 = 0.09
Extruder: 1 kW/HP × 0.5 HP × 1.40 h
0.7 kW × US$ 0.09 = 0.06

Total electricity cost 13.18
Maintenance Maintenance cost = (capital cost × 1%)/d

Extruder = 1,500
Hot air oven = 600
Furnace = 2,250
Ultrasonicator = 375
Capital cost = 4,725

Total maintenance
cost:

0.13

Laboratory Laboratory cost = 20% of labor cost
Laboratory cost: 4.50

Indirect manufacturing
costs: capital cost

Calculated by straight line method, d ¼ V�Vs
n 0.50

where d—annual depreciation cost, V—original
cost, Vs—Salvage cost, n—service life

Total manufacturing
costs

direct manufacturing costs + indirect
manufacturing costs

41.87

Estimated manufacturing cost for one membrane 0.4187
Estimated manufacturing cost for one membrane (round off value): US$ 0.5
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PSD, SEM, EDX, XRD, thermogravimetric (TG), and
FESEM analysis. The efficiency of the fabricated mem-
brane is examined by oil-in-water emulsion treatment
at various pressures and cross-flow velocity, which
have observable changes on permeate flux and rejec-
tion. The rejection declines with an increment in pres-
sures and the high cross-flow velocity enhances the
flux and decreases the rejection. The membrane exhi-
bits the highest rejection of 99.88% at an applied pres-
sure of 68 kPa with lower cross-flow velocity. The
obtained rejection value meets the specification given
by the central pollution control board of India for oily
wastewater. Moreover, the prepared tubular ceramic
membrane displays the best results as compared to
other tubular membranes reported in the literature in
terms of both rejection and cost. Finally, the manufac-
turing cost of the membrane estimated to be 0.5
$/membrane. Overall study concludes that this inex-
pensive microfiltration membrane could be applied for
oil-in-water emulsion treatment.
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[23] J. González, A. Carreras, M.D.C. Ruiz, Phase transfor-
mations in clays and kaolins produced by thermal
treatment in chlorine and air atmospheres, Latin Am.
Appl. Res. 37 (2007) 133–139.

[24] K. Sugiyama, H. Ryu, Y. Waseda, Local ordering
structure of meta-kaolinite and meta-dickite by the

X-ray radial distribution function analysis, J. Mater.
Sci. 28 (1993) 2783–2788.

[25] Y. Dong, X. Feng, D. Dong, S. Wang, J. Yang, J. Gao,
X. Liu, G. Meng, Elaboration and chemical corrosion
resistance of tubular macro-porous cordierite ceramic
membrane supports, J. Membr. Sci. 304 (2007) 65–75.

[26] R.V. Kumar, A.K. Ghoshal, G. Pugazhenthi, Fabrication
of zirconia composite membrane by in-situ hydrother-
mal technique and its application in separation of methyl
orange, Ecotoxicol. Environ. Saf. 121 (2015) 73–79.

[27] Y.-R. Qiu, H. Zhong, Q.-X. Zhang, Treatment of stable
oil/water emulsion by novel felt-metal supported
PVA composite hydrophilic membrane using cross
flow ultrafiltration, Trans. Nonferrous Met. Soc. China
19 (2009) 773–777.

[28] O. Winter, Preliminary economic evaluation of chemi-
cal processes at the research level, Ind. Eng. Chem. 61
(1969) 45–52.

28070 R. Vinoth Kumar et al. / Desalination and Water Treatment 57 (2016) 28056–28070


	Abstract
	1. Introduction
	2. Experimental
	2.1. Materials
	2.2. Membrane preparation
	2.3. Characterization methods
	2.3.1. Raw materials
	2.3.2. Tubular ceramic membrane

	2.4. Experimental setup and water flux measurement
	2.5. Filtration of oil-in-water emulsion and membrane regeneration

	3. Results and discussion
	3.1. Characterization of clay powders
	3.2. Characterization of ceramic membrane
	3.3. Treatment of oil-in-water emulsions by clay-based microfiltration membrane
	3.3.1. Effect of pressure on the microfiltration process
	3.3.2. Effect of cross-flow velocity on the microfiltration process
	3.3.3. Performance evaluation of the membrane

	3.4. Estimation of manufacturing cost of the membrane

	4. Conclusions
	Acknowledgment
	References



