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Treatment of Oily Waste Water
Using Low-Cost Ceramic Membrane: Flux

Decline Mechanism and Economic Feasibility

B. K. Nandi, R. Uppaluri, and M. K. Purkait
Department of Chemical Engineering, Indian Institute of Technology

Guwahati, Guwahati, Assam, India

Abstract: This work addresses the applicability of different membrane pore
blocking models for the prediction of flux decline mechanisms during dead end
microfiltration (MF) of stable oil-in-water (o=w) emulsions using relatively
low-cost ceramic membranes. Circular disk type membranes (52.5mm diameter
and 4.5mm thickness) were prepared by the paste method using locally available
low-cost inorganic precursors such as kaolin, quartz, calcium carbonate, sodium
carbonate, boric acid, and sodium metasilicate. Characterization of the prepared
membrane was done by SEM analysis, porosity determination, and pure water
permeation through the membrane. Hydraulic pore diameter, hydraulic per-
meability, and hydraulic resistance of the membrane was evaluated as 0.7 mm,
1.94� 10�6m3=m2 � s � kPa and 5.78� 1011m2=m3, respectively. The prepared
membrane was used for the treatment of synthetic stable o=w emulsions of 40
and 50mg=L crude oil concentration in batch mode with varying trans-membrane
pressure differentials ranging from 41.37 to 165.47 kPa. The membrane exhibited
96.97% oil rejection efficiency and 21.07� 10�6m3=m2 � s permeate flux after
30min of experimental run at 165.47 kPa trans-membrane pressure for 50mg=L
oil concentration. Different pore blocking, models such as complete pore block-
ing, standard pore blocking, intermediate pore blocking and cake filtration were
used to gain insights into the nature of membrane fouling during permeation.
The observed trends for flux decline data convey that the decrease in permeate
flux was initially due to intermediate pore blocking (during 1 to 10 minutes of
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experimental run) followed with cake filtration (during 10 to 30 minutes of
experimental run). Based on retail prices of the inorganic precursors, the
membrane cost was estimated to be 130 $=m2. Finally, preliminary process
economic studies for a single stage membrane plant were performed for the
application of the prepared membrane in industrial scale treatment of o=w
emulsions. A process economics study inferred that the annualized cost of the
membrane plant would be 0.098 $=m3 feed for treating 100m3=day feed with
oil concentration of 50mg=L.

Keywords: Ceramic membrane, microfiltration, oily wastewater, pore blocking,
process economics

INTRODUCTION

Various process industries such as petroleum refineries, petrochemical
industries, metallurgical, transportation, and food processing industries
produce large volumes of oily wastewater with oil concentrations of 50
to 1000mg=L. Existing tolerance limits of total oil and grease concentra-
tions in wastewater streams is 10mg=L (1). To achieve the desired
discharge limits, among various alternative plausible technologies,
membrane technology has been found to be very promising due to
various advantages such as lower capital cost, higher separation factors,
compact design, and the elimination of other chemical and mechanical
treatment units. Recent research indicates that both polymeric mem-
branes as well as ceramic membranes can be applied for the treatment
of o=w emulsions (2). However, during filtration, polymeric membranes
are susceptible to fouling and degradation and eventually need to be
replaced frequently. As a result the operating cost increases significantly
(2). In addition, each polymeric membrane has its own solvent compat-
ibility and weakness to specific chemicals present in the permeating
liquid. For instance, cellulose acetate membranes are severely affected
by the presence of chlorine and solvents such as acetone and aniline
(3). On the other hand, due to high chemical, thermal, and mechanical
stability, ceramic membranes appear to more promising for the treatment
of o=w emulsions for industrial scale operation. One of the limitations for
industrial application of the ceramic membrane is their cost, which is
significantly higher (2000 to 4000 $=m2 (4)) than polymeric membranes
(50 to 200 $=m2 (3)). The higher cost of ceramic membranes is due to
the utilization of expensive inorganic precursors such as alumina and
zirconia and higher sintering temperature (more than 1100�C) during
membrane fabrication (5,6). This is also due to the fact that higher sinter-
ing temperatures demand higher electrical energy and hence operating
costs. In addition, higher sintering temperatures may also give rise to
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enhancement in furnace power specifications and hence the installed
costs. Therefore, higher sintering temperatures translate to higher membrane
fabrication costs.

To circumvent the higher costs of inorganic membranes, existing
and ongoing research in the preparation of low-cost inorganic mem-
branes is quite challenging as the use of low-cost inorganic precursors
as well as the low sintering temperature (below 1000�C) may deterio-
rate the membrane performance, lifetime, and ultimately affect their
edge over the polymeric membranes. Fortunately, many literatures
do indicate that kaolin-based membranes have the ability to serve as
low-cost substitutes when compared to costly alumina and zirconia
membranes. Belouatek et al. (7), and Almandoza et al. (8), have pre-
pared kaolin-based ceramic membrane applicable for microfiltration
(MF) or ultrafiltration (UF) applications. However, the sintering
temperature used in these works was more than 1100�C. As a result,
the cost of the inorganic membrane is anticipated to be higher due
to higher sintering temperatures, even though inexpensive raw materi-
als were utilized. Therefore, there exists a necessity to address the
fabrication of stable inexpensive ceramic membranes that involves
both cheaper precursors and lower sintering temperatures (lower than
1000�C), to further existing research trends in cheaper ceramic
membrane filters.

Most of the literatures that report the treatment of oily wastewaters
address technological solutions for feed oil concentrations ranging
500 to 2000mg=L (2). These feed systems consist of unstable oil drop-
lets of droplet sizes higher than 50 mm and hence their removal is easily
achievable (9). However, lower droplet sizes (less than 10 mm) exist
for feeds with oil concentrations below 100mg=L. These sub-micron
range oil droplets have been reported to be highly stable and their
separation is anticipated to be a challenging one (10). Therefore, it is
very likely that the oil concentrations in discharged process waste-
water streams from effluent treatment plants fail to comply with the
allowable discharge limits of 10mg=L (1). For such complicating sce-
narios, ceramic membrane technology could provide technological solu-
tions. To the best of our knowledge, the applicability of low cost
ceramic membranes to treat wastewaters consisting of oil concentration
below 100mg=L and their economic feasibility has not been studied
to date. This work attempts to address these issues using a low-cost
MF ceramic membrane.

The objective of this work was to identify competent, low-cost
inorganic precursor formulation that can yield ceramic membrane using
a sintering temperature below 1000�C to yield an inexpensive ceramic
membrane. Different low-cost inorganic raw materials such as kaolin,
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quartz, calcium carbonate, sodium carbonate, boric acid, and sodium
metasilicate were used for the preparation of the ceramic membrane.
The sintering temperature was kept below 900�C to minimize the cost
of the fabrication process without affecting the performance of the
membranes. The cost of the fabricated ceramic membranes was esti-
mated to be 130 $=m2 based on the retail price of inorganic precursors.
Subsequently, the membrane cost was assumed to be 400 $=m2 including
fabrication and module costs, which is significantly comparable to that
of the conventional polymeric membranes (50–200 $=m2) and far lower
than other commercially available ceramic membranes (2000–
4000 $=m2). Structural, morphological, and pure water flux (PWF)
study of the prepared membrane was carried out to evaluate the
general characteristics of the fabricated ceramic membrane. PWF
experiments were carried out to evaluate different membrane parameters
such as hydraulic permeability, hydraulic pore diameter, and porosity of
the membrane. Prepared inexpensive inorganic membrane was used to
verify the separation of o=w emulsions capability with low concentra-
tions (40 and 50mg=L). Permeate flux decline was analyzed using
various flux decline models to get an insight into the nature of mem-
brane fouling during filtration. Finally, preliminary studies on the cost
of the prepared membranes along with the process economics of the
membrane for a single stage membrane plant was adopted to evaluate
the economic competitiveness of the prepared membrane in industrial
scale treatment systems. Thereby, we wish to promote further the app-
licability of ceramic membrane technology in challenging industrial
scenarios.

EXPERIMENTAL

Raw Materials

This work utilized six common inorganic raw materials such as kaolin
(CDH, India), quartz (Research Lab Fine Chem Industry, India),
calcium carbonate (Merck India), sodium carbonate (Merck India), boric
acid (Merck India), and sodium metasilicate (SD Fine Chem Ltd., India).
All these raw materials used for inorganic fabrication were graded at least
99.5% pure and were used without any further purification. Different raw
materials used in this work for the fabrication of inorganic membrane
served for different functional attributes. Kaolin provided low plasticity
and high refractory properties to the membrane. Quartz contributed to
the mechanical and thermal stability of the membrane. Regulation of
porous texture in the ceramic was realized by calcium carbonate which
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under sintering conditions would dissociate into CaO and release CO2

gas. The path taken by the released CO2 gas thereby created the porous
texture of the inorganic membrane and contributed to the membrane
porosity during the sintering process. Boric acid increased membrane
mechanical strength by the formation of metallic metaborates at sintering
temperatures. Boric acid and sodium carbonate also act as colloidal
agents and improved the dispersion properties of the inorganic precursors
thereby addressing homogeneity in the membrane structure. In a similar
way, sodium meta-silicate acted as a binder by creating silicate bonds
among the elements to induce higher mechanical strength in the ceramic
membrane (11).

Two major clay materials namely kaolin and quartz used for the
membrane fabrication process were characterized using X-ray diffraction
analysis (Make: Bruker Axs; Model: D8 ADVANCE) and particle size
distribution analysis (Make: Malvern; Model: Mastersizer 2000). The
XRD spectrum of the clay materials matched with the JCPDS database
file PDF-01-089-6538 and PDF-01-075-0443 for kaolin and quartz. The
results obtained from particle size analysis of clay materials infers that
particle size of the kaolin varied from 18.67 to 0.224 mm and 37.24 mm
to 1.18 mm for quartz. The average particle size of kaolin and quartz were
2.37 and 8.4 mm, respectively.

Membrane Fabrication

The ceramic micrifiltration (MF) membrane was prepared from a clay
mixture with the composition as kaolin (8 g), quartz (3 g), calcium
carbonate (5 g), sodium carbonate (2 g), boric acid (1 g) and sodium
metasilicate (1 g). Subsequently, the raw materials were mixed with 7 g
of distilled water to prepare a paste. Details of the preparation method
are shown in Fig. 1. The paste was molded in the form of a circular disk
on a gypsum surface by using an SS 316 ring of 55mm internal diameter
and 5mm thickness. Then the disk type mold was dried at room tempera-
ture for 24 hours, at 100�C for 12 hours and at 250�C for 24 hours for
complete removal of loose moisture. Subsequently, the membrane was
sintered at 850�C for 5 hours with a heating rate of 2�C per minute. A
sintering temperature of 850�C was chosen based on thermogravimetric
analysis of the clay mixture, where no major phase transformation was
observed above 843�C (12). After sintering, the membranes achieved a
hard, rigid, and porous texture. Eventually, the membrane was polished
with silicon carbide abrasive paper (C-220) to obtain a smooth, flat MF
membrane of diameter 52.5mm and thickness 4.5mm. Finally, the
membrane was cleaned in a sonicator for 15 minutes to remove loose
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particles from the membrane, dried at 120�C, and was ready for the MF
experiment.

Characterization Techniques

The prepared membrane was characterized by scanning electron micro-
scopy (SEM) analysis, total porosity determination, and hydraulic
permeability determination using pure water permeation through the
membrane. Scanning electron microscopy (Make: Oxford; Model: LEO
1430VP) was carried out to analyze the presence of possible defects
and estimate the membrane pore size. The estimation of the average
membrane pore size (ds) from SEM micrographs was carried out using
ImageJ software (Version 1.40) (13). The open porosity of the membrane
was evaluated using the Archimedes method with water as the wetting
liquid. Pure water flux (PWF) permeation experiments were carried out
for the determination of the hydraulic permeability (Pm), hydraulic pore
diameter (dl) of the membrane.

Figure 1. Block diagram for the preparation of ceramicmembrane from rawmaterials.
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Experimental Set-Up

A schematic of the experimental set-up used for both air and water
permeation experiments is presented in Fig. 2. The set-up constitutes a
Teflon tubular cell (125ml capacity) with a flat circular Teflon base plate
that houses the composite membrane. Membranes were kept in the
Teflon casing and sealed with epoxy resin. For air permeation experi-
ments the outlet was connected to a gas flow meter for measuring the
gas flow rate for various trans-membrane pressure drop of air. For pure
water flux and o=w emulsions the feed (deionized water and o=w
emulsions) was filled in the tubular section from the top. The cell was
pressurized with compressed air. The liquid permeate flow rate was
measured using a digital weight machine. The membrane diameter
was 52.5mm and effective membrane area was 1.66� 10�3m2. Before
using each fresh membrane, compaction of the membrane was perfor-
med using deionized water at a transmembrane pressure of 310 kPa
(which is higher than the maximum operating pressure for the set of
experiments conducted). During these experiments, the membrane
flux was observed to be high initially and reduced to a near steady value
after two hours of operation for all the membranes.

Figure 2. Schematic of the experimental set-up.
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Preparation of Oil-in-Water Emulsions

Crude oil collected from Guwahati Refinery, Indian Oil Corpora-
tion Limited (IOCL), India, was used without any treatment to pre-
pare synthetic o=w emulsions. The crude oil was obtained from
Assam crude oil reservoirs. Assam crude is typically characterized
to possess a high degree of aromatic and wax content (14). Oil-in-
water emulsions were prepared using distilled water and crude oil
by placing the o=w mixture in a sonicator tank (Make: Elmasonic;
Model: S30H) for 15 hours at a temperature of 25�C. The disap-
pearance of the oily layer on the water surface confirmed the
achievement of emulsification process during sonication. No surfac-
tant was added externally to stabilize the emulsion as the natural
surfactants present in the crude oil were sufficient to yield a highly
stable emulsion. The onset of the stable emulsion was further tested
by measuring the droplet size distribution, the absorbance at
235 nm wavelength, the pH, and the viscosity of the emulsions reg-
ularly. After a time period of two weeks, coalescence of the oil dro-
plets were observed that lead to the formation of a thin oil film on
the water surface. Similar observations were also found by Huotari
et al. (15). Therefore, all MF experiments were done with emulsions
prepared within 10 days. Droplet sizes and their distribution of
the prepared o=w emulsions were measured using a laser particle
size analyzer (Make: Malvern; Model: Mastersizer 2000). The
droplet sizes of the emulsion were observed to vary between
0.04 mm to 10 mm. The average droplet sizes of the emulsions were
0.52 and 0.56 mm for emulsions prepared with 40 and 50mg=L oil
concentration, respectively.

Microfiltration of Oil-in-Water Emulsion

Microfiltration experiments of the synthetic oil-in-water (o=w)
emulsions were carried out in an unstirred batch MF cell using two
different concentrations of oil (40 and 50mg=L). Four different
trans-membrane pressures differential (DP) of 41.37, 82.74, 124.11,
and 165.47 kPa are used to observe the effect of DP on the permeate
flux and oil rejection efficiency. The feed concentration of oil was
measured before each MF run. The permeate was collected at an
interval of 5 minutes for the determination of permeate oil concentra-
tion. The permeate flux was calculated at an interval of 1 minute
using an electronic balance place at the bottom of the MF cell.
Further, all MF experiments were conducted at room temperature
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(�25�C). The permeate flux (J, m3=m2 � s) and the percent oil rejec-
tion (R) were evaluated using the following expressions:

J ¼ V

A� Dt
ð1Þ

R ¼ 1� CP

C

� �
� 100 ð2Þ

Where A (m2) is the effective membrane area, V (m3) is the volume of
permeate, Dt (s) is the sampling time, C (mg=L) and CP (mg=L) are the
concentration of oil in the feed and permeate, respectively. The oil con-
centrations in the permeate and the feed were determined using a UV-Vis
spectrophotometer (Make: Perkin Elmer Precisel; Model: Lambda 35) by
measuring absorbance at a wave length of 235nm where maximum absor-
bance was observed (10). After each experimental run, themembranes were
cleaned with ‘‘Surfexcel,’’ a laboratory detergent solution. The pure water
flux (PWF) of each membrane was verified before and after cleaning the
membrane. The difference between the PWF of cleaned membrane and
fresh membrane was found to be negligible. All these quantitative experi-
ments were conducted for at least four differentmembrane samples in order
to confirm the average membrane performance characteristics. The maxi-
mum uncertainty in all measurements was within the range of �5%.

Analysis of Fouling Mechanism

Hermia (16) developed four empirical models for dead-end filtration
based on constant pressure filtration laws that correspond to four
basic types of flux decline mechanisms: complete blocking, intermedi-
ate blocking, standard blocking and cake filtration (Fig. 3). During
constant pressure dead end MF, initial permeate flux mainly depends
on the membrane resistance. As microfiltration proceeds, different
phenemona take place across the membrane structure such as, adsorp-
tion of oil droplets on ceramic matrix causing blocking of pores, oil
cake deposition and concentration polarization. All these phenomena
contribute to the overall resistance of the membrane and as a result
MF permeation process could involve a transition from a membrane
resistance-limited regime to a pore blocking resistance-limited or a
cake resistance-limited regime. Thereby, the evaluations of parameters
associated to these four basic models of flux decline enable physical
insights and comprehensions upon the most appropriate mechanisms
applicable for the process.
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Intermediate Pore Blocking Model

This model considers that one membrane pore is not necessarily blocked
by one oil droplet and some oil droplets may settle over others. The
non-blocked membrane surface diminishes with time and hence the prob-
ability of blocking a membrane pore reduces by oil droplet continuously
with time. Intermediate blocking occurs when the oil droplet size is
similar to the membrane pore size. Therefore, oil droplets are expected
to obstruct a membrane pore entrance without blocking the pore comple-
tely (Fig. 3a). The permeate flux decline model based on the intermediate
blocking mechanism is expressed as (3,17)

J ¼ J0ð1þ KI AJ0tÞ�1 ð3Þ

Complete Pore Blocking Model

According to this model, it is assumed that each oil droplet arriving at
the membrane surface participates in blocking by pore sealing and the
oil droplets never settle over another that has been previously de-
posited on the membrane surface. The permeate flux through the

Figure 3. Schematic representation of blocking mechanism (a) Intermediate pore
blocking, (b) Complete pore blocking, (c) Standard pore blocking and (d) Cake
filtration.
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unblocked pores is unaffected and hence the fractional reduction in the
permeate flux is equal to the fractional reduction in the membrane
surface area corresponding to unblocked pores. This type of fouling
occurs when the size of the oil droplets is greater than the size of
the membrane pores. Therefore, pore blocking takes place over the
membrane surface and not inside the membrane pores (Fig. 3b).
Applicable flux decline expression for complete pore blocking model
is presented as (3,17)

J ¼ J0 expð�kbtÞ ð4Þ

Standard Pore Blocking Model

This model considers that oil droplets enter the membrane pores and
deposit over the pore walls due to the irregularity of the pore
passages, thereby reducing the membrane pore volume. Some oil
droplets are not simply deposited over the internal surface of the
membrane pores since they are adsorbed over the pore walls. This
type of fouling is caused by oil droplets smaller than the membrane
pore size and pore blocking occurs inside the membrane pores. As
a result, the volumes of membrane pores decreases proportionally
to the filtered permeate volume (Fig. 3c). The decrease in the volume
of membrane pores with time is equal to the decrease in their cross
section. The permeate flux expression for standard pore blocking
model is expressed as (3,17)

J ¼ J0 ð1þ 0:5KSðAJ0Þ0:5tÞ�2 ð5Þ

Cake Filtration Model

Cake filtration usually occurs when particles larger than the average pore
size accumulate on the membrane surface, forming a ‘‘cake’’ (Fig. 3d).
With time the cake grows and provides an additional porous barrier
through which the liquid must permeate. As a result, the cake may
increase the particle removal efficiency of the membrane; however, it also
increases the membrane resistance and subsequently diminishes flux. The
permeate flux for this case is expressed as (3,17)

J ¼ J0 ð1þ 2KSðAJ0Þ2tÞ�2 ð6Þ
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Identification of Fouling Mechanism

A linearized representation of Eqs. (3) – (6) is shown below:

aÞ Intermediate pore blocking model: J�1 ¼ J�1
0 þ kit ð7Þ

bÞ Complete pore blocking model: lnðJ�1Þ ¼ lnðJ�1
0 Þ þ kbt ð8Þ

cÞ Standard pore blocking model: J�0:5 ¼ J�0:5
0 þ kst ð9Þ

dÞ Cake filtration model: J�2 ¼ J�2
0 þ kct ð10Þ

where ki¼KIA, kb, ks¼ 0.5KS A0.5 and kc¼ 2KC A2 are the system para-
meters relating to intermediate pore blocking, complete pore blocking,
standard pore blocking, and cake filtration model, respectively. There-
fore, a plot of J�1 vs. t, ln(J�1) vs. t, J�0.5 vs. t and J�2 vs. t shall be a
straight line with slope of ki, kb, ks, kc and y-intercept of J�1

0 ; lnðJ�1
0 Þ;

J�0:5
0 and J�2

0 for intermediate pore blocking, complete pore blocking,
standard pore blocking, and cake filtration model, respectively. The
appropriate applicability of these models can be confirmed by comparing
the values of coefficient of correlation (R2) obtained from the linear
regression analysis as well as error analysis between experimental and cal-
culated flux data.

Process Economics

In general, the total cost of a membrane-based process is evaluated as
the sum of different cost components such as cost of the membranes,
pumps, pipes and valves, electrical and instrumentation, tanks and
frames, and other miscellaneous items (including buildings, electrical
supply, treated water storage, and pumping, etc.). However, as the
aim of the present study was a conceptual cost-based economic study,
different establishment costs (buildings, electrical supply, treated water
storage, and pumping etc.) were ignored and only the cost of the mem-
brane, the pump (used to energize stream from feed tank to higher
pressure membrane chamber), and the operating cost of the pump
(electricity) were considered in this study. The main focus of this study
was to find the effect of membrane cost, operating pressure, and feed
concentration on the total operating cost of the plant. Annualized cost
of the membrane (QAmem, $=year), pump (QApump, $=year) and operating
cost of the pump (QAOpump, $=year) were estimated using the
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correlation provided by Sethi and Wiesner (18) and are summarized in
Table 1.

The annualized cost of the membrane (QAmem, $=year) was evaluated
as a function of the membrane area (Amem, m

2) required to obtain the
desired permeate flux, the module cost of the membrane (Qmem, $=m

2),
and the life span (LM, years) of the membrane. The annualized pump
cost (QAOpump, $=m

2) was calculated as functions of the update factor
(I), the labor factor (L), the construction material factor (f1), the suction
pressure correction factor (f2), the feed concentration (C), and the trans-
membrane pressure differential (DP). The operating cost of the mem-
brane plant was evaluated as a function of the power (energy, E, kW)
required by the pump to provide necessary flow rate and trans-membrane
pressure differential. Finally, the total annualized cost of the plant (Qtotal)
was evaluated as the sum of the cost of the membrane unit (QAmem), the
cost of pump (QApump), and the operating cost of the pump (QAOpump) and
was a function of C, DP, h, QF, Qmem where other parameters were
assumed to be constant. In the present study, Qtotal were optimized as
a single variable function of DP for feed oil concentration of 50mg=L
and varying steady feed flow rate of 1 to 100m3=day. Details of the
other parameters used in this work are summarized in Table 2. Relevant
update factors have been considered to report costs based on the prices
of year 2008.

Table 1. Different model equations for the cost estimation (20)

Item Expressions Eq. no

Membrane area Amem ¼ QF�h
Jss

; JSS ¼ f ðDPÞ (11,12)

Annualized cost of
membrane module

QAmem ¼ ðAmemÞ0:8�Qmem� i�ðiþ1ÞLM
ðiþ1ÞLM�1

(13)

Pump cost Qpump ¼ I � f1 � f2 � L�
81:27� ðC � DPÞ0:39

(14)

Annualized cost of the pump QApump ¼ Qpump�i�ðiþ1ÞLp
ðiþ1ÞLp�1

(15)

Work done by the pump W ¼ DZ � gþ v2

2 þ DP
q ; v ¼ QF

p
4d

2
pipe

(16, 17)

Energy required by the pump E ¼ W�QF�qF
b

� �
(18)

Annualized operating cost
of the pump

QAOpump¼E� 24� 300�QE (19)

Total annualized cost
of the plant

Qtotal¼QAmemþQApumpþQAOpump (20)

Qtotal¼ f(C, DP, h, QF, Qmem) (21)
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RESULTS AND DISCUSSION

Characterization of the Membrane

SEM Analysis

Figure 4a shows the SEM image of the prepared membrane. The mem-
brane shows a surface with highly porous, rough morphological struc-
ture. A superficial observation of the image indicates that the
membrane did not have any defects such as pinholes and cracks. The
maximum observable pore size of the surface is about 2.5 mm. Individual
pore diameters of the membrane using ImageJ software (Version 1.40)
was measured from these types of five images taken from randomly
selected locations of the membrane and the average pore diameter and
pore size distribution were evaluated. The area average pore diameter
(ds) from SEM analysis of the membrane was evaluated by assuming
cylindrical porous texture of the membrane as

ds ¼

Pn
i¼1

nid
2
i

Pn
i¼1

ni

2
664

3
775
0:5

ð22Þ

Table 2. Different design and operating parameters used for process
optimization and economic analysis (20)

Parameter Values

Feed flow rate (QF, m
3=day) 1 to 100

Stage cut ratio (h) 0.8
Height between pump and membrane (DZ, m) 3
Density of feed (qF, Kg=m3) 1000
Acceleration due to gravity (g, m=s2) 9.81
Efficiency of pump (b) 0.6
Update factor (I) 2.28
Factor to adjust for pump construction material (f1) 1.5
Factor to adjust for suction pressure range (f2) 1
Factor used to incorporate labor costs (L) 1.4
Annual interest rate (i) 0.1
Membrane cost (QM, $=m2) 400
Membrane life (LM, years) 5
Pump life (LP, years) 10
Energy cost (QE, $=kWh) 0.1
Diameter of pipe (dpipe, m) 0.05
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Where, n is the number of pore, di is the pore diameter (mm) of ith
pore.

Figure 4b presents the pore size distribution summarizing the
evaluated values of percentage pore numbers with respect to different
pore diameters. The figure illustrates that about 50% of the pores had
a pore diameter in the range of 0.3 to 0.5 mm. The maximum and

Figure 4. (a) SEM image of the prepared membrane; (b) Pore size distribution of
the prepared membrane obtained from the image analysis.
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minimum pore sizes of the membrane were 2.5 mm (0.2%) and 0.15 mm
(2.7 %). Average pore diameter of the membrane (calculated using
Eq. (22)) was 0.55 mm.

Hydraulic Permeability, Pore Diameter, and Resistance

of the Membrane

The hydraulic permeability (Pm), pore diameter (dl) and resistance of the
membrane (Rm) were evaluated by assuming the presence of cylindrical
pores in the membrane matrix using the following expressions (19)

PWF ¼ Q

S � Dt ¼ Pm � DP ð23Þ

dl ¼ 2� 8� l� l � Pm

e

� �0:5
ð24Þ

Rm ¼ DP
PWF

ð25Þ

Where PWF (m3m�2 s�1) is the liquid flux through the membrane, DP
(kPa) is the trans-membrane pressure drop across the membrane, l is
the viscosity of water, l is pore length, and e ¼ ðn� p� r2l Þ is the total
porosity of the membrane. The porosity (e) of the membrane determined
by the pycnometric method using water as wetting liquid was 0.42. The
hydraulic permeability of the membrane and corresponding membrane
resistance determined from pure water permeation experiment was
1.94� 10�9m3=m2.s.Pa and 5.78� 1011m2=m3. The hydraulic pore
diameter calculated from PWF data using Eq. (24) was 0.7 mm which is
slightly higher than the pore diameter calculated from SEM analysis.
However, this type of deviation is always observed in membrane pore size
determination using different techniques and the results are in good
agreement with those reported in literature for kaolin-based membrane
(8) as well as for polymeric membranes (13).

Microfiltration of Oil-in-Water Emulsion

Effect of Trans-Membrane Pressure and Feed Concentration
on Permeate Flux

Figure 5 shows the permeate flux profiles for 50mg=L crude oil feed
concentration with respect to the permeation time for different

Treating Oily Waste Water with Low-Cost Ceramic Membrane 2855

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
5
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



trans-membrane pressure drop (41.37, 82.74, 124.11, and 165.47 kPa).
From the figure, it was observed that the permeate flux declined
sharply within the initial 10 to 15 minutes of operation and becomes
gradual thereafter. The permeate flux decreases from 58.2� 10�6 to
13.6� 10�6m3=m2 � s within 30 minutes of experimental run at a
trans-membrane pressure drop of 41.37 kPa. This decline in flux with
time was due to pore blocking of the ceramic porous structure and for-
mation of the thin oily film layer over the membrane surface. It is also
observed that the permeate flux increases with increase in
trans-membrane pressure. From the figure it may be observed that
as the permeate flux increased from 58.2� 10�6 to 110.4�
10�6m3=m2 � s when DP was increased from 41.37 to 165.47 kPa. An
increase in permeate flux with DP was due to the higher driving force
across the membrane. Similar flux decline trends with trans-membrane
pressure and operating time were also observed for 40mg=L oil con-
centrations (inset of Fig. 5). The permeate flux was observed to
increased with decrease in oil concentration. This was because of the
fact that with an increase in feed concentration, adsorptive resistances
as well as thin film hydraulic resistances increased and hence the
permeate flux decreased.

Figure 5. Variation of permeate flux for with time at different trans-membrane
pressure. Initial oil concentration: 50mg=L.
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Effect of Trans-Membrane Pressure and Feed Concentration
on Oil Rejection

Figure 6 shows the percent rejection of crude oil with time at four differ-
ent trans-membrane pressure drops for a feed oil concentration of
50mg=L. It can be observed from the figure that the rejection efficiency
of the membrane slightly increased from 96.9 (5 minute) to 97.3% (30
minute) in the due course of MF test at DP of 41.37 kPa. Also, the rejec-
tion efficiency was observed to be slightly lower at 165.47 kPa (95.7 to
97%). Similar trends were also observed for oil concentrations of
40mg=L where the rejection efficiency was varied from 94.9%
(41.37 kPa, 5min) to 95.8% (165.47 kPa, 30min) studied in this work
(inset of Fig. 6). A decrease in the oil rejection efficiency with a reduction
in oil concentration was due to the lower droplet size of the oil at lower
concentration. A reduction in the oil rejection efficiency with increase in
DP is argued according to the hypothesis that higher pressures facilitate
the enhancement of wetting and coalescence of oil droplets, thereby
imposing some oil droplets to pass through the membrane pores and
reach the permeate stream. The increase in oil-rejection efficiency with

Figure 6. Variation of oil rejection efficiency with time at different
trans-membrane pressure. Initial oil concentration: 50mg=L.
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time was due to the reduction of the pore diameter of the membrane as a
result of the adsorption of oil droplets in the membrane pores.

Analysis of Membrane Fouling Mechanism

Figures 7 and 8 show the plot of different membrane pore blocking
models for both initial oil concentrations (40 and 50mg=L). The plots
correspond to various models such as intermediate filtration (J�1 vs. t
as outlined by (Eq. 7)), complete pore blocking (ln(J�1) vs. t as outlined
in Eq. (8)), standard pore blocking ( J�0.5 vs. t as outlined by Eq. (9)), and
cake filtration models (J�2 vs. t as outlined in Eq. (10)). From these
figures, it can be observed that the decline in permeate flux can be
explained using cake filtration models as the plot of J�2 vs. t (Figs. 7d

Figure 7. Linear plot of permeate flux vs. time for different pore blocking models
(7,19). Initial oil concentration: 40mg=L. (a) J�1 vs. t, (b) ln(J�1) vs. t, (c) J�0.5 vs.
t, (d) J�2 vs. t.
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and 8d) gives the best linear fitness. However, a careful observation of the
plots indicates that, two different distinct filtration regimes of initial 10
minutes and the rest. It signifies that the flux decline with time occurs
through two different pore blocking mechanisms. A similar type of result
was also observed during MF of o=w emulsions with a polymeric mem-
brane (17). Henceforth, the experimental flux data was further analyzed
separately in the two time regimes, namely the initial regime (during the
first 10 minutes of MF) and the later regime (10 to 30 minutes of MF) to
identify the most competent combinations of models in both the regimes.
Using the linear regression analysis the slope, intercept, as well as correla-
tion coefficients of all the permeate flux data were calculated and sum-
marized in Tables 3a, 3b, and 3c, respectively.

For the initial regime (during the first 10 minutes of MF), it can be
critically observed in Table 3b that there exists a negative intercept for

Figure 8. Linear plot of permeate flux vs. time for different pore blocking models
(7,19). Initial oil concentration: 50mg=L. (a) J�1 vs. t, (b) ln(J�1) vs. t, (c) J�0.5 vs.
t, (d) J�2 vs. t.
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the cake filtration model. As the negative intercept values signify negative
initial permeate flux, so this model cannot be applicable for the flux
decline and henceforth is ignored in the subsequent analysis of flux
decline for the initial regime. Further, it can be also observed in
Table 3c for the same regime that the R2 values for all other models (stan-
dard pore blocking, complete pore blocking, and intermediate pore
blocking) is in appreciable range (0.95 to 0.99). To further analyze the
applicability of various models, the percent error of experimental flux
and predicted permeate flux using slope and intercept values for those
models were calculated and analyzed. The percent error of the permeate
flux was calculated using the standard equation as:

Errorð%Þ ¼ JExperimental � JCalculated
JExperimental

� �
� 100 ð26Þ

Figure 9a shows the result obtained from error analysis for
experimental condition of 40mg=L initial oil concentration and 124.11
kPa trans-membrane pressure drop. Based on the observations from
Fig. 9a, it can be inferred that intermediate pore blocking model is
the most appropriate model to account for the flux decline mechanism
during the initial regime, with the lowest error (�0.0003 to 0.21%).
Similar observations were also observed for other experimental condi-
tions also.

Similarly, for the later regime (10 to 30 minutes of MF), it can be
observed in Table 3b that none of the models indicate negative inter-
cepts and hence R2 and error analysis need to be conducted to evaluate
the most appropriate model. Based on observed values of R2 in
Table 3c, it can be inferred that all the four models indicated good
fitness (R2> 0.99). Figure 9b shows the result obtained from error
analysis for experimental condition of 50mg=L initial oil concentration
and 82.74 kPa trans-membrane pressure drop. Based on the observa-
tions from Fig. 9b, it can be inferred that the cake filtration model is
the most appropriate to represent the flux decline during the later
regime (10 to 30 minutes of MF), with the lowest error (�0.11 to
1.16%). Therefore, based on the physical observation as well as the fit-
ness of the cake filtration model, the thin layer of oil droplets formed
during the membrane process can be conveniently represented using a
cake layer model.

Figure 10 presents a parity plot between experimental and calculated
flux based on the combinations of the two most appropriate models in
the initial and later regimes. As shown, a good fitness between experi-
mental and evaluated values is observed and henceforth, the suggested
model combination is herewith inferred to be applicable for the analysis,
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Figure 9. (a) Variation of error (%) with time for the initial regime. Initial oil con-
centration: 40mg=L and trans-membrane pressure: 124.11 kPa; (b) Variation of
error (%) with time for the initial regime. Initial oil concentration: 50mg=L and
trans-membrane pressure: 82.74 kPa.
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design, planning, and scheduling of time-dependent MF processes for
oil-water emulsion separation in the process industries.

Membrane Cost

The industrially competitive aspect of membrane technology lies in
its cost. Based on the unit costs of raw materials used for preparing
the inorganic membrane in this work (Table 4), the manufacturing
cost of the inorganic membrane was evaluated to be 130 $=m2.
Including manufacturing and shipment costs, the average cost of
the inorganic membrane for industrial applications based on bulk
production methods would be closer to the value of 400 $=m2. Con-
temporary elemental costs of various polymeric membranes and
a-alumina ceramic symmetric membrane varies form 50 to 200 $=m2

(3) and 2000 to 4000 $=m2 (4), respectively. Therefore, it can be
inferred from the cost analysis that the inorganic membrane based
on kaolin would be closer to the cost of the polymeric membranes
deployed for industrial configurations (as retail cost is much higher
than industrial production cost). However, the reported value of
the membrane cost is conceptual in nature and may vary significantly
depending on the fouling characteristics, on time performance, and

Figure 10. Parity plot of experimental and calculated permeate flux using combi-
nation of intermediate pore blocking and cake filtration model.
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long-term stability of the ceramic membrane in particular process
applications.

Economic Feasibility

Table 5 presents a variation of the total optimum cost for the treatment
of o=w emulsions with feed oil concentration 50mg=L for varying feed
rate. The module cost of cheaper inorganic membrane (including module
and installed costs) reported in this work was taken as 400 $=m2 with an

Table 4. Cost analysis of fabricated membrane from the unit cost of raw
materials

Material
Weight
(gm)

Unit price
($=kg�)

Cost contribution
($=kg mixture)

Kaolin (PDF-01-089-6538) 8 5 2
Quartz (SiO2) (PDF-01-
075-0443)

3 64 9.6

Calcium carbonate (CaCO3) 5 4.2 1.05
Sodium carbonate (Na2CO3) 2 4.6 0.46
Boric acid (H3BO3) 1 5.6 0.28
Sodium metasilicate
(Na2SiO3 � 9H2O)

1 8.4 0.42

Water 7 –
Total 50 numbers of membranes with surface area of
0.108m2 (0.02 kg dry mixture=membrane of 4.5mm
thickness and 52.5mm diameter). So the cost of the
membrane is 13.81 $=0.108m2� 130 $=m2

13.81 ($=kg
dry mixture)

�Prices taken from the catalog of the corresponding company as mentioned in
experimental section.

Table 5. Cost contribution of the pump, membrane and operating cost with
respect to total cost of the process for different feed rate

Feed
(m3=day)

Operating
pressure (kPa)

Total cost
($=m3 feed)

Cost contribution (%)

Pump Membrane Operating

1 66.43 0.425 44.60 54.37 1.03
10 119.05 0.189 30.89 65.52 3.60
25 139.46 0.143 24.85 69.74 5.41
50 151.37 0.118 20.42 72.55 7.03
100 159.05 0.098 16.32 74.90 8.78
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assumption that the overall membrane cost would be higher than the
materials cost of 130 $=m2. As the ceramic membrane offers excellent
chemical and fouling resistance, the life span of the membrane was
assumed to be 5 years. Permeate flux data after 30 minutes of experimen-
tal run were assumed as steady the permeate flux (Jss). Subsequently, Jss
was observed to vary linearly with operating pressure and a suitable
correlation for both feed oil concentrations were developed and used
in Eq. (11) for the evaluation of the required membrane area (Amem).
In addition, optimization methodology using a genetic algorithm was
applied to yield optimal combinations of the membrane area and the
pressure differential (DP).

From Table 5, it can be inferred that the total annualized cost for the
treatment of 100m3=day feed rate will be around 0.098 $=m3 feed with the
optimal operating pressure of 159.05 kPa. Further, it can also be
observed that with an increase in the feed capacity (from 1 to
100m3=day), the cost contribution due to the pump to the overall cost
reduced from 44.6 to 16.32% whereas the cost of the membrane increased
from 54.37 to 74.9%. The lower contribution of the pump cost to the
overall cost is anticipated due to lower optimal trans-membrane pressure
differentials for the chosen case. The increase in the operating cost of the
plant was observed to be insignificant when compared to the fixed costs
of the membrane and pump. A further reduction in the membrane pro-
cess system cost is anticipated, as the existing steady-state data were
based on the dead end MF and not the cross-flow mode of operation.
Therefore, based on these observations, it can be inferred that the
ceramic membrane based process systems appear to be promising for
industrial scale application.

CONCLUSIONS

This work reports an inexpensive ceramic precursor formulation utilizing
locally available low-cost inorganic raw materials such as kaolin, quartz,
calcium carbonate, sodium carbonate, boric acid, and sodium metasili-
cate. The average pore size of the prepared ceramic membrane was
0.55 mm with a total porosity of 42%. Based on the retail price of raw
materials cost of membranes was estimated to be 130 $=m2. The mem-
brane shows 97.3% oil rejection efficiency with 13.6� 10�6m3=m2 � s
permeate flux after 30min of experimental run at 41.37 kPa
trans-membrane pressure and 50mg=L oil concentration. A decline in
the permeate flux has been analyzed using different pore blocking
models. A decrease in the permeate flux was initially due to (1 to 10
minute) intermediate pore blocking and later (10 to 30 minute) due to
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cake filtration. Process economics studies for a single stage membrane
permeation unit infers that the total optimal cost of the membrane
permeation unit was estimated to be 0.098 $=m3 feed for processing
100m3=day feed of 50mg=L feed oil concentration and was dominated
by the membrane cost. Henceforth, the newly prepared ceramic
membrane is suggested for application in oily wastewater treatment using
suitable MF=UF techniques.
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