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Preparation and Characterizations of Ceramic
Microfiltration Membrane: Effect of Inorganic Precursors
on Membrane Morphology

Somen Jana, M. K. Purkait, and Kaustubha Mohanty
Department of Chemical Engineering, Indian Institute of Technology Guwahati, Guwahati, India

Ceramic disc type microfiltration membranes (50mm diameter
and 5mm thickness) were prepared by the paste method from differ-
ent compositions of clay, kaolin, and binding agents like sodium car-
bonate, sodium metasilicate, boric acid, and sintered at different
temperatures. All the membranes were characterized by TGA,
SEM, XRD, water permeability test, and acid–base treatment.
With the increase of sintering temperature, the pore size as well
as the permeability and flexural strength were increasing while
porosity and pore density were decreasing. It was found that with
increasing the amount of kaolin and decreasing the amount of clay
the pore diameter was decreasing. A membrane prepared from 18%
clay, 62% kaolin, and 20% binding material and sintered at 1000�C
has shown the lowest average pore size of 0.31lm with porosity,
pore density, and flexural strength of 0.22, 4.80� 1012m�2 and
12.81MPa respectively. The membrane pore size and pore density
were predicted directly from the particle size distribution of the
clay and kaolin and were suitably represented by second-order
polynomials.

Keywords ceramic membrane; clay; microfiltration; pore size
prediction

INTRODUCTION

In the past two decades membrane technology has sig-
nificantly progressed. Many applications were proposed
where microfiltration and ultrafiltration were applied, like
biotechnology (1), wastewater treatment (2), fruit juice
clarification (3), wine filtration (4), fermentation broth
clarification (5). These technologies are regarded as econ-
omically competitive due to the availability of membranes
with higher flux and lower process cost. Recently ceramic
membranes are drawing a lot of attraction due to their
advantages like resistance to corrosive feed, high tempera-
ture and high pressure applications, and long life. On the
other hand, ceramic membranes are at least ten times
costlier than polymeric membranes. Different types of

morphology, stability, and porous texture of inorganic
membranes were created with a different combination of
precursors with a final aim of good separation characteris-
tics. Precursors were aggregated by the paste method or
uniaxial pressing to the desired shape of the membrane fol-
lowed by sintering (6,7). Different raw materials as precur-
sors have different functional attributes for the membrane
structure. Kaolin provides low plasticity and high refrac-
tory properties to the membrane. Quartz provides thermal
and mechanical stability. Calcium carbonate during sinter-
ing evolves CO2 thus creating porous texture in the cer-
amics. Sodium metasilicate increases mechanical strength
by creating silicate bonds. Sodium carbonate improves dis-
persion properties, thereby creating homogeneity. Boric
acid also increases mechanical strength by creating meta-
borates during sintering (8).

During the early research on ceramic membrane prep-
aration, expensive alumina powder was used as the main
precursor. DeFriend et al. (9) reported a pore size of
15–25 nm from the a-alumina powder with an average par-
ticle size of 15–40 nm. Afterwards, Falamaki et al. (10)
obtained a pore size of around 0.5 mm from 160 mm average
particle sized c-alumina powder. However, the cost of such
precursors remains a cause of concern. Search for cheaper
raw materials ended with the use of titania powder (pore
size 0.1–0.2 mm; precursor size: 0.37 mm), apatite powder
(pore size 5–7 mm; grain size: 50–350 mm), natural clay
(pore size 9–10 mm; grain size: 9 mm) etc for the preparation
of ceramic membrane (11–13). Nandi et al (14). prepared
ceramic membrane using kaolin as the main raw material.
The pore sizes reported were 0.75–1.5 mm for the average
particle size of 5 mm. Das et al. (15) had shown that the par-
ticle size and its distribution of membrane preparing mate-
rials have an important effect on the pore size, pore size
distribution, and porosity of the membrane. Apart from
these, the effect of sintering temperature on the pore diam-
eter was also studied (16). In general the pore size increases
with the increase of the sintering temperature. This hap-
pens partially due to the overlapping of the small sized
pores by large sized pores during sintering. Saffaj et al.
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(16) reported the increase of the pore size from 9.4 mm to
10.8 mm during the increase of the sintering temperature
from 1100�C to 1250�C for membranes prepared from
natural clay. According to Masmoudi et al. (12) the pore
size was increased from 5 mm to 7 mm during the increase
of the temperature from 1150�C to 1200�C for the mem-
branes prepared from apatite powder.

Critical review of the above works reveals that the most
important controlling parameter for pore size variation is
the particle size of the membrane precursor, though sinter-
ing temperature also plays an important role. Most of the
literatures focused on the variation of pore diameter with
sintering temperatures. Very few literatures discussed the
role of membrane precursor diameter on the membrane
pore size (15). Moreover, the relationship of the surface
weighted mean diameter [D3,2], volume weighted mean
diameter [D4,3] of the particle size distribution (PSD) with
the pore size and the variation of the pore density with
PSD were not studied yet.

The objective of the present work is to prepare mem-
branes with wide ranges of pore size using different PSD
of the membrane precursor and to find a suitable relation
of the pore size with PSD of the membrane precursor.
The precursors with different average particle size were
prepared by mixing kaolin and clay powder in different
ratios. Characterization of the prepared membranes by
TGA, SEM, XRD, the water permeability test, and acid–
base treatment for analyzation of different membrane mor-
phological parameters were also studied. A relationship
was developed to predict the membrane pore size from
the PSD of the membrane precursor.

MATERIALS AND METHODS

Raw Materials

– 150 mesh natural clay (collected from IIT Guwahati
campus) was used as clay powder. The chemical analysis
was done by X-ray fluorescence (Philips, PW 2440 MagiX-
PRO). Clay powder and kaolin (CDH (P.) Ltd.) were used
for the preparation of the membranes where as sodium
metasilicate (Loba Chemie Pvt. Ltd.), sodium carbonate

(Rankem, India) and boric acid (Loba Chemie Pvt. Ltd.)
were used as binding materials.

Membrane Preparation and Characterization

Membranes were prepared by paste casting as per the
compositions given in Table 1. The compositions were
not chosen randomly; rather those were determined by
the trial-and-error method. Several membranes having a
different composition were prepared and characterized.
In some cases membranes were not formed at all; some-
times membranes formed are of distorted in shape. After
many trials the composition reported here was found to
be the best. During the selection of various compositions,
we have considered the role of different membrane forming
precursors. For example, the binding materials (sodium
carbonate, sodium metasilicate, and boric acid) provide
mechanical strength to the membranes; use of less amount
of binding material makes the membrane brittle. On the
other hand, excess use of binding material may lead to
many problems like, the binding materials may come out
from the membrane during sintering or it can stick to the
furnace floor. The materials were mixed with distilled water
and the paste was casted over a gypsum surface in the
shape of a circular disc of 52mm diameter and 6mm thick-
ness by a dice made from perspex sheet. After partial dry-
ing at room temperature for 24 h, the disc was removed
carefully and heated at 100�C for 12 h. Eventually, the
casted disc was heated step by step (50�C in every
15min) in a programmable muffle furnace (Naskar &
Co.; 140QT) to the desired sintering temperature and kept
at this temperature for 6 h. Then, the temperature of the
muffle furnace was cooled gradually to room temperature.
Finally, the membrane was polished with silicon carbide
abrasive paper (C-180) to give a final shape of around
50mm diameter and 5mm thickness as well as washed in
distilled water and dried. Membrane A, B, C, and D were
prepared at 1000�C. Membrane E was sintered at
different temperature (850�C, 900�C, 950�C and 1000�C)
for observing the effect of temperature on the pore size
of the membrane.

TABLE 1
Different compositions (dry basis) of raw materials used for preparing membranes

Membrane material Binding material

Compositions Clay (%) Kaolin (%)
Sodium

carbonate (%)
Sodium

metasislicate (%)
Boric

acid (%)
% of binding
material used

Membrane A 92 0 4 2 2 8
Membrane B 70 18 6 3 3 12
Membrane C 50 34 8 4 4 16
Membrane D 32 50 9 4.5 4.5 18
Membrane E 18 62 10 5 5 20
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For the analysis of thermal transformations during the
whole sintering process, thermo-gravimetric analysis
(TGA) (Mettler-851e) of all the compositions were conduc-
ted from 30�C to 950�C. All membranes were investigated
by XRD (Bruke D8, advanced X-ray diffraction measure-
ment system) to study the phase changes and SEM (Leo
1430 vp) to determine average pore size and pore size dis-
tribution. The porosity and flexural strength (Universal
tensile testing machine, Dutt- 101) were also determined.
Water permeation experiments were carried out to evaluate
the average pore size and permeability. Chemical stability
of the membranes was checked by comparing the porosity,
pore size, permeability, and mechanical strength before and
after acid and base treatment. This was done by immersing
the membranes in a solution of NaOH (pH¼ 13.5) and
HCl (pH¼ 1.0) separately for 72 h.

All membranes were subjected to water permeation
experiments using deionized water. Hydraulic permeability
(Lh) and average pore diameter (rl) were determined by
Eq. (1):

J ¼ npr4DP
8ll

¼ LhDP ð1Þ

where, J is the liquid flux (m3m�2 s�1), DP is the transmem-
brane pressure (Pa), l is the viscosity of water, and l the
pore length (i.e., thickness of membrane, assuming the
pores are cylindrical) (6). Taking porosity, e¼ npr2 (n¼
number of pores per unit area and r¼ radius of pore),
Eq. (1) can be rewritten as:

rl ¼
8llLh

e

� �0:5
ð2Þ

The porosity was measured by the pycnometric method
using water as the wetting liquid (14). The transmembrane
pressure drop for water permeability experiments was in
the range of 34–482 kPa for different membranes. Before
the experiment, standard compaction tests were conducted
at a pressure which was above the operating pressure. For
membrane B, the operating pressure was 34–138 kPa and
the compaction was done at 165 kPa. The flux was initially
high and reduced to a steady value in 2–3 h. These data
were obtained by measuring the permeate volume in every
10 s. For membrane A, the flux decline was 8.2%, whereas
for membrane E, the flux decline was 48.5% with respect to
the initial flux. This is due to the squeezing of the pore
structure under pressure. Other researchers also reported
similar results for ceramic membranes prepared from kao-
lin, silica, and calcium carbonate (14). In the next stage of
the experiment, the flux through the membrane was mea-
sured with respect to different pressures. From the slope
of DP vs. J (R2 values were between 0.97 and 0.99), the
hydraulic permeability (Lh) was obtained by using Eq. (1).

With this value and porosity value, the average pore radius
was calculated from Eq. (2).

Relationship between PSD of Membrane Precursor with
Membrane Pore Size and Pore Density

Mixtures of kaolin and clay powder in different compo-
sitions were used for obtaining different particle size distri-
bution (PSD) and average particle size of the membrane
precursor. PSD of all the mixture of clay and kaolin were
determined by Laser Particle Size Analyzer (Malvern,
Masterizer-2000). The values of the average particle diam-
eter [D1,0], surface weighted mean diameter [D3,2], volume
weighted mean diameter [D4,3], and the specific area for
all the mixtures were directly obtained from the PSD
report, whereas, the mean diameter quantities were calcu-
lated by the following formulae:

D1;0 ¼
P

nidiP
ni

ð3Þ

D3;2 ¼
P

nid
3
iP

nid
2
i

ð4Þ

D4;3 ¼
P

nid
4
iP

nid
3
i

ð5Þ

Here ni means the (number-based) frequency of occur-
rence of particles in size class i, having a mean diameter
di (17) The spread of the particle size distribution of the
powders was expressed by ‘‘quartile ratio’’ which repre-
sents the size ratio corresponding to the cumulative finer
percentage of 75 and 25 in the particle size distribution
curve (15). The relationship of the average pore size with
D1,0, D3,2, D4,3, and the specific area and the relationship
of pore density with respect to the average particle diam-
eter and quartile ratio were determined. For this, first the
values were plotted in MS Excel 2003. Afterwards, differ-
ent correlations were checked by comparing the R2 values
for finding the best correlation.

Confidence Interval

In statistics, confidence intervals (CI) estimate and rep-
resent uncertainty or imprecision associated with estimates
of population parameters from sample data. Instead of
estimating the parameter by a single value, the parameter
is represented by an interval. In that way, confidence inter-
vals indicate the reliability of an estimate.

A confidence interval always presents a particular confi-
dence level, usually expressed as a percentage. The end
points of the confidence interval are referred to as confi-
dence limits. Increase in the desired confidence level
will increase the confidence interval. Ninety-five percent
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confidence intervals for all the developed relationships were
determined by MS-Excel-2007 with regression analysis.

RESULTS AND DISCUSSIONS

Clay and Kaolin Properties

Basic properties of clay like pH (6.6), bulk density
(1230 kgm�3), organic matter (0.96%), and soluble matter
(3.0%) were obtained. Standard methodologies were fol-
lowed for calculating these properties (18). The total
component analysis (X-Ray Fluorescence report) of clay
is shown in Table 2. Kaolin was mixed with clay in differ-
ent ratios for making membranes of different pore size. The
PSD of different membrane precursors and kaolin are
shown in Fig. 1. It can be seen that kaolin has much finer
particles than clay. The average particle size was decreasing
as compositions were varied from A to E. For membrane
A, B, C, D, and E, the average particle size was 34.66 mm,
30.37 mm, 26.07 mm, 21.79 mm, and 17.51 mm respectively.

Structural Characterization of Prepared Membrane

Thermo-Gravimetric Analysis

As a general observation, mass loss was increased with
the successive compositions (Fig. 2). During the first phase
of heating (up to 100�C) the mass loss for membrane A,
and membrane E was 1.5% and 4.2% respectively. These
mass losses can be attributed to the loss of loosely bound
water molecules (14). The sequential increase of mass losses
in this phase can be explained by the enhanced amount of
hygroscopic materials (like sodium metasilicate, boric acid)
in the compositions. Afterwards up to 300�C the mass
losses for all the membranes were very less. During the
second phase drastic falling in weight loss was observed
after 300�C. As a consequence, membrane A and mem-
brane E have shown 1.35% and 6.05% mass losses in
between 300�C and 500�C. This phenomenon may be
attributed to the fact that the boiling point of boric acid,
whose composition was increased subsequently, is around

TABLE 2
XRF data of clay

Main components in mass %

Analyte Na Mg Al Si K Ca Fe

Compound formulas Na2O MgO Al2O3 SiO2 K2O CaO FeO
Mass % 2.065 1.518 17.097 71.595 1.901 1.465 3.236

Trace components in mass %

Analyte P S Ti Cr Mn Co Ni Cu Cl

Compound formulas P2O5 SO3 TiO2 Cr2O3 MnO2 Co3O4 NiO CuO Cl
Mass % 0.263 0.217 0.541 0.012 0.059 0.003 0.001 0.002 0.026

FIG. 1. Particle size distributions of different membrane materials (a)

Membrane A, Membrane B and Membrane C materials (b) Membrane

D, Membrane E and pure kaolin.
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300�C. Afterwards, another strong fall in weight loss was
observed after 500�C. In comparing with membrane B
and membrane E, the mass loss in the range of 500�C to

700�C, was 2.83% and 7.28% consecutively. This was
corresponding to the loss of structural hydroxyl groups
at 513�C due to the transformation of kaolinite to meta-
kaolinite according to the following reaction (19):

Al2O3 � 2SiO2 � 2H2O
ðKaoliniteÞ

! Al2O3 � 2SiO2 þ 2H2O
ðmetakaoliniteÞ

ð6Þ

This phase change was not detected in membrane A
since kaolin was not present in that composition. And
finally, after 700�C, for all the compositions, mass changes
were marginal. Thus, it can be concluded that the mini-
mum sintering temperature for all the membranes should
be above 700�C.

X-Ray Diffraction Analysis

For the 1000�C sintered membranes, reflections of
quartz (Q), mullite (M), and nephiline (Na2O, Al2O3,
2SiO2) (N) were detected (Fig. 3a). In case of membrane
B, another characteristic reflection of corundum (C) was
observed. Same types of peaks were observed by Löffler
et al. (20) during dehydration of natural and synthetic
goethite. Corundum is a crystalline form of aluminum

FIG. 2. Thermogravimetric analysis of the prepared membranes.

FIG. 3. XRD of prepared membranes (a) 1000�C sintered Membrane A, Membrane B, Membrane C and Membrane D. (b) Membrane E sintered at

600�C, 800�C and 1000�C.
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oxide (Al2O3) with traces of iron, titanium, and chro-
mium. In 1837, Gaudin made the first synthetic rubies
(structure is very closer to corundum) by fusing alumina
at a high temperature with a small amount of chromium
as a pigment. As kaolin contains a large amount of
aluminum oxide and the clay contains a very small
amount of chromium (0.012%), titanium (0.541%), and
iron (3.326%), so, the generation of corundum at higher
sintering temperature was possible for membrane B, C,
D, and E. However, for membrane C, D, and E, due
to lower clay percentage in the composition (Table 1),
may be the available chromium; titanium and iron were
not enough for the generation of corundum. Tempera-
ture effects for phase changes were observed for mem-
brane E (Fig. 3b). At 600�C sintered membrane,
reflection of illite (I), nephiline (N), and quartz (Q) were
observed. No reflection of kaolinite was found due to
transformation to metakaolinite which was confirmed
by the TGA experiment also. At the higher temperature
sintered membranes (1000�C), no reflection of illite was
observed. A comparable result was reported in the litera-
ture for Moroccan clay membranes (16). At higher tem-
perature (800�C and 1000�C), mullite reflections were
appearing, and quartz reflections did not change signifi-
cantly. Thus, membrane A, C, D, and E contain mullite,
quartz, and nephiline, whereas membrane B contains
mullite, quartz, nephiline, and corundum.

Surface Morphology and Pore Size Distribution
from SEM Images

To determine the area average pore size and the pore
size distribution of the prepared membranes, morphologi-
cal studies were conducted using SEM (Fig. 4). SEM also
detects the small cracks on the membrane surface (if
any). No such cracks were observed in any of the mem-
branes. It was seen that with increasing the amount of kao-
lin in the membrane precursors, the structure was
becoming denser. This was due to the fact that finer parti-
cles of kaolin were blocking the inter-particle space of clay,
thus making the structure more condensed. Additionally,
with the increase of the sintering temperature, the mem-
brane became dense. SEM images from different sections
of the membrane (and in different magnification) were con-
sidered and around 600 pore diameters from every mem-
brane were measured using the ImageJ software (14).
After opening the specific image in the software
(File-->Open), first the scale of the original SEM image
is related with the distance in pixel (Analyze-->Set scale).
Afterwards, the pore diameters were measured by the tool
‘‘Straight line selection’’. The distance in pixels were con-
verted to the known distance (micron) by the software
itself. And finally, the measured data were transferred to
MS-excel for further calculations. Average pore diameters
(ds) were calculated by the following Eq. (7)

ds ¼
Pn

i¼1 nid
2
iPn

i¼1 ni

� �0:5
ð7Þ

where n is the number of pores, and di is the pore diameter
(mm) of the ith pore. With the decrease of the average par-
ticle size of the membrane preparing materials, the pore
size was decreasing (Membrane A to Membrane E)
(Fig. 5). The average pore size of membrane A and mem-
brane D, sintered at 1000�C was 4.91 and 0.78 mm respect-
ively (Table 3). This was due to the densification of the
material. Similar results were reported by Das et al. (15)
for membranes prepared from alumina. It was found that
for a particular composition (membrane E), the pore size
was increasing with the sintering temperatures. The reason
was the overlapping of small pores creating large pores at
higher sintering temperature. For membrane E, the average
pore size was increased from 0.46 mm to 0.51 mm for corre-
sponding sintering temperature of 850�C and 1000�C. A
similar trend was reported by Saffaj et al. (16) for mem-
branes prepared from Moroccan clay.

Surface Pore Density

Surface pore density corresponds to the average number
of pores counted per unit area of the membrane surface. It
was calculated from the SEM images and reported in
Table 3. Pore density was increasing with the decrease of
the particle size of membrane preparing materials. The
pore density of membrane A and membrane D (sintered
at 1000�C) were 2.47� 1010 and 1.24� 1011m�2 respect-
ively. As the size of the average particle sizes were decreas-
ing, more number of particles were appearing within the
same volume, hence the number of pores were increasing.
Furthermore, for a particular composition, the pore den-
sity was decreased with increasing of the sintering tempera-
tures. For membrane E, the pore density was decreased
from 1.10� 1013m�2 to 6.01� 1012m�2 during the increas-
ing of the sintering temperature from 850�C to 1000�C suc-
cessively. This change was also representative of the
overlapping of many small pores to a smaller number of
large pores at higher sintering temperature.

Water Permeability Experiment

From the porosity values obtained by the pycnometric
method, it was observed that porosity decreased with the
decreasing of the average particle size of the membrane
preparing materials. Membrane A and membrane D have
shown a porosity of 0.38 and 0.29, respectively. This is
due to the densification of the membrane structure. In
the same way, it was increasing with the sintering tempera-
ture (Table 3). This was mainly due to squeezing of the
membrane body during sintering and overlapping of small
pores during the creation of large pores. Membrane E has
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shown porosity of 0.22 and 0.26 for 850�C and 1000�C
sintered samples successively.

The average pore diameter decreased with the smaller
particle size (i.e with the increase of the kaolin
percentage and decrease of the clay percentage) of
membrane preparing materials and on the contrary,

increased with the increase of the sintering temperature
(Table 3). The average pore diameter obtained from mem-
brane A and membrane D were 4.58 and 0.49 mm
correspondingly. For membrane E, the values were 0.24
and 0.31 for 850�C and 1000�C sintered temperatures
respectively. The pore size obtained from SEM images

FIG. 4. SEM images of prepared membranes for different compositions and different sintering temperatures.
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was larger than from water permeability experiments. This
was due to the presence of dead-end-pores which were
incorporated in SEM image analysis but not integrated in
the water permeability experiments. The average pore
diameter, porosity, and water permeability are correlated
by Eq. (2). Assuming the pores are cylindrical, the pore
density is equal to the void volume per unit area divided
by the volume of one pore.

From the determined pore sizes it can be forecasted that
the higher pore size membranes (membrane A and B) can
be applicable for surfactant-based separation like micellar
enhanced microfiltration (MEMF) whereas comparatively
lower pore size membranes (membrane C, D, and E) can
be applicable for oily-wastewater separation or fruit juice
clarification. Though the micelles having larger particle

sizes which can be removed by filter paper, however, for
large-scale separation, the filter paper option is unrealistic.
The alternative ways for the separation of oil-water are:
coagulation followed by flock forming, freeze-thaw, and
electrochemical method, whereas fruit juice can be clarified
by electro-flotation and enzyme based methodology. How-
ever, the advantages of using these prepared membranes
over all those conventional processes are that these are
low cost as well as less time consuming.

Mechanical Strength

The flexural strength was calculated by a three-point
bending strength method and reported in Table 3. The flex-
ural strength was increased with increasing sintering tem-
perature. For membrane E, flexural strength increased
from 7.01MPa (850�C sintered) to 12.81MPa (1000�C sin-
tered). This is due to the formation of mullite and nephiline
in the higher sintering temperatures. Similar results were
reported by other researchers as well (14). Comparing with
other compositions, membrane B has shown maximum
mechanical strength (17.25MPa). The reason behind this
was the presence of corundum in the framework. As the
XRD analysis of membrane A, C, and D was not showing
much difference, it can be concluded that the higher
strength of membrane C (15.45MPa) and D (12.80MPa),
with respect to membrane A (11.55MPa) were due to its
more dense structure.

Chemical Stability against Acid and Bases

As an overall analysis, membranes have shown 2–10%
weight loss during the treatments. The change in porosity,
pore size, water permeability, and flexural strength were
found to be marginal (Table 4). Thus all the membranes
can be considered as chemically resistant. Membrane B
has shown maximum chemical stability. The presence of
corundum in the structure could be the reason for this.

TABLE 3
Different parameters of the prepared membranes

Average pore diameter

Membrane

Sintering
temperature

(�C)

From SEM
images
(mm)

From water
permeability

(mm) Porosity

Pore
Density
(m�2)

Water
permeability
(mPa�1 s�1)

Flexural
strength
(MPa)

Membrane A 1000 4.91 4.58 0.38 2.47� 1010 4.98� 10– 08 11.55
Membrane B 1000 3.11 2.28 0.37 1.24� 1011 1.20� 10– 08 17.25
Membrane C 1000 1.10 0.71 0.35 1.37� 1012 1.10� 10– 09 15.45
Membrane D 1000 0.78 0.49 0.29 2.45� 1012 4.35� 10– 10 12.80
Membrane E 1000 0.51 0.31 0.22 4.80� 1012 1.32� 10– 10 12.81

950 0.48 0.29 0.24 6.01� 1012 1.26� 10– 10 11.50
900 0.48 0.27 0.25 7.76� 1012 1.14� 10– 10 10.11
850 0.46 0.24 0.26 1.10� 1013 9.36� 10– 11 7.01

FIG. 5. Pore size distribution of prepared membranes.
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Chemical stability was increased with the higher sintering
temperatures (Membrane E). This may be due to the for-
mation of mullite and nephiline at the higher temperature
sintered samples. The reason for the increasing porosity
was due to the fact that- during the chemical treatment,
some materials of the membrane were corroded thereby
generating voids. Average pore size and permeability also
increased. For membrane E (sintered at 1000�C), the pore
diameter, porosity, permeability, and flexural strength were
changed from 0.31mm, 0.22, 1.32� 10�7m3m�2 kPa�1 sec�1

and 12.81Mpa to 0.32mm, 0.26, 1.66� 10�7m3m�2 kPa�1

sec�1 and 9.32Mpa after acid treatment. The membrane
has shown 6.05% weight loss.

Variation of Average Pore Size and Pore Density

Pore Size

All the membranes were prepared from clay, kaoline,
and binding materials without using any pore forming
material like calcium carbonate. It was assumed that
pores were created only by intra-particle spaces of the
framework. Boric acid, sodium metasilicate, and sodium
carbonate were used to generate hardness in the ceramic
structure (8). Variation of the average pore diameter
[Davg] of the prepared membranes were compared with
the average particle diameter [D1,0], surface weighted
mean [D3,2], volume weighted mean [D4,3], and specific
area [Asp] (Fig. 6). It is known that only the average mean

particle diameter does not give a complete view of the
statistical variation of the PSD. So, in general, it is
advised to use some form of weighted mean diameter,
where both particle quality (e.g., size, volume) and weigh-
ing (e.g., by number, area) relate the parameters of inter-
est (17). The relationship of the average pore size with
specific area was also considered due to the fact that
the overall area of the particles was not represented by
any of the above parameters.

It was observed that the pore diameter was decreasing
with the decrease of the D1,0, D3,2, D4,3 (Fig. 6). On the con-
trary, it was decreasing with the increase of the specific area.
The average pore size was decreased from 4.6 mm to 0.3 mm
for the value of the average particle diameter 34.66 mm to
17.51 mm. It was due to the fact that with the decrease of
the particle size, more materials were aggregating within
the volume, hence making the structure denser. Besides, spe-
cific area increases when the particle diameter decreases, and
as a result the pore size also decreases. It was also seen that
all the relationship can be represented by second-order poly-
nomials (Eqs (8), (9), (10) and (11).) for which the R2 values
were found to be between 0.99 to 0.87.

Davg ¼ 9:35� 0:89�D1;0 þ 0:02�D2
1;0 ð8Þ

Davg ¼ �3:8þ 1:1�D3;2 � 0:04�D2
3;2 ð9Þ

TABLE 4
Variation of different membrane parameters after chemical treatment

Composition (Sintering
temperatures,�C)

Weight
loss (%) Porosity

Pore
Size (mm)

Permeability
(mPa�1 sec�1)

Flexural
strength (MPa)

After acid treatment
A (1000) 5.37 0.42 4.68 5.63� 10�08 9.37
B (1000) 2.15 0.38 2.31 1.27� 10�08 14.44
C (1000) 4.38 0.37 0.73 1.23� 10�09 12.13
D (1000) 5.22 0.32 0.51 5.20� 10�10 12.86
E (1000) 6.05 0.26 0.32 1.66� 10�10 9.32
E (950) 6.63 0.29 0.29 1.52� 10�10 8.25
E (900) 8.23 0.32 0.28 1.57� 10�10 7.15
E (850) 9.38 0.34 0.25 1.33� 10�10 4.91

After base treatment
A (1000) 6.89 0.43 4.71 5.72� 10�08 9.94
B (1000) 1.72 0.38 2.30 1.26� 10�08 14.32
C (1000) 2.83 0.37 0.72 1.23� 10�09 13.58
D (1000) 4.37 0.32 0.50 4.84� 10�10 13.15
E (1000) 5.65 0.26 0.31 1.56� 10�10 10.95
E (950) 7.13 0.30 0.30 1.69� 10�10 10.25
E (900) 8.41 0.32 0.28 1.57� 10�10 9.23
E (850) 10.02 0.35 0.25 1.37� 10�10 5.86

PREPARATION AND CHARACTERIZATION OF CERAMIC MICROFILTRATION MEMBRANE 41

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
3
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



Davg ¼ 33:04� 2:39�D4;3 þ 0:04�D2
4;3 ð10Þ

Davg ¼ 57:02� 183� Asp þ 147:83� A2
sp ð11Þ

The 95% confidence intervals for the developed relation-
ships were shown in Table 5. As, the less difference between
the upper and lower limit represent a better estimation, the
coefficients of Eq. (9) have shown best among all the rela-
tionships. Depending on the confidence interval and R2

values, the relationship with D3,2 was found to be the best.
These equations gave clear evidence that membrane pore
sizes can be predicted from the membrane precursor PSD
even before preparing the membrane.

Pore Density

For pore density [Np], not only the average particle
diameter, but the spread of the PSD also have strong influ-
ence over the pore diameter. To get an idea about this

TABLE 5
95% confidence intervals for the second order polynomials of average pore size with D1,0, D3,2, D4,3, and Asp

D1,0 vs. Davg D3,2 vs. Davg D4,3 vs. Davg Asp vs. Davg

Lower Upper Lower Upper Lower Upper Lower Upper

Constant term �0.377 19.08 �8.562 0.964 �78.7 144.78 �26.09 140.14
Coefficient of linear term �1.667 �0.117 �0.152 2.345 �9.683 4.903 �490.3 124.3
Coefficient of quadratic term 0.007 0.037 �0.099 0.028 �0.074 0.160 �131.0 426.7

FIG. 6. Variation of average pore size with respect to (a) Average particle size, (b) Surface weighted mean, (c) Volume weighted mean and (d) Specific

area.
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spread of PSD, a simple way is to measure the difference
between the particle sizes corresponding to the cumulative
finer percentage of 75% and 25% in the PSD curve. Such a
quantity is normally referred to as the quartile range and
designated as ‘‘25X75’’ (21). The pore density was compared
with the average particle diameter and quartile ratio
(Fig. 7).

It was observed that the pore density was decreasing
with the increase of the particle diameter. Pore density
was decreased from 4.8� 1012m�2 to 0.0247� 1012m�2

for increase of the particle size from 17.51 mm to
34.66 mm. This aspect can be explained by the fact that dur-
ing the agglomeration of the particles, more pores were
forming. On the other hand, pore density was decreasing
with the decrease of the quartile ratio. For the decrease
of quartile ratio from 10.64 to 3.96, the pore density was
decreased as mentioned above. Increase in the quartile
ratio means, a wider PSD, more uneven distribution, henceFIG. 7. Variation of pore density with respect to (a) Average particle size

and (b) Quartile ratio.

TABLE 6
95% confidence intervals for the second order polynomials of pore density with D1,0, and 25X75

D1,0 vs. Np 25X75 vs. Np

Lower Upper Lower Upper

Constant term 1.02� 1013 2.95� 1013 �5.62� 1012 1.21� 1013

Coefficient of linear term �1.9� 1012 �3.9� 1011 �4.0� 1012 1.2� 1012

Coefficient of quadratic term 2.2� 109 3.2� 1010 �3.7� 1010 3.2� 1011

TABLE 7
Cost analysis of the prepared membranes from the unit cost of raw materials

Raw materials
Clay Kaolin Sodium carbonate Sodium metasilicate Boric acid

Total cost
($=m2)

Unit price ($=kg) – 7.36 7.36 14.23 8.59

Membrane A Material required�

(m2=kg)
9.37 0.00 0.41 0.20 0.20 –

Cost=m2 ($) – 0.00 3.00 2.90 1.75 7.65
Membrane B Material required�

(m2=kg)
7.13 1.83 0.61 0.31 0.31 –

Cost=m2 ($) – 13.50 4.50 4.35 2.62 24.97
Membrane C Material required�

(m2=kg)
5.09 3.46 0.81 0.41 0.41 –

Cost=m2 ($) – 25.50 6.00 5.80 3.50 40.79
Membrane D Material required�

(m2=kg)
3.26 5.09 0.92 0.46 0.46 –

Cost=m2 ($) – 37.49 6.75 6.52 3.94 54.70
Membrane E Material required�

(m2=kg)
1.83 6.32 1.02 0.51 0.51 –

Cost=m2 ($) – 46.49 7.50 7.25 4.37 65.61

�5 cm diameter and 5mm thick membrane were prepared from 20 g material.
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an increase in the pore density. These relationships were
also represented by second -order polynomials (Eq. (12)
and (13)) with R2 values of 0.99 to 0.97

Np ¼ 1:98� 1013 � 1:16� 1012 �D1;0 þ 1:69� 1010 �D2
1;0

ð12Þ

Np ¼ 3:23� 1012 � 1:36� 1012

� ð25X75Þ þ 1:393� 1011 � ð25X75Þ2 ð13Þ

The calculated 95% confidence interval for all the
developed second-order polynomials were shown in
Table 6. Depending upon the R2 values and confidence
interval, the relationship of Np with D1,0 was found better
than the relationship with 25X75. From these equations, it is
clear that pore density can also be predicted from the PSD
of the membrane preparing material.

Cost Analysis

In general, ceramic membranes are ten times costlier
than polymer membranes. Conventional industrial scale
polymeric membranes are available for $50–200=m2 (22)
and ceramic membranes for $500–2000=m2 (23). The thick-
ness of the prepared membrane was 5mm. The cost of the
membrane per square meter is calculated on the basis of
prices of the chemicals from corresponding companies
(Table 7). The total material cost is varying from $7.65=
m2 to $65.61=m2. Taking the cost of manufacturing and
shipment, the cost may reach up to $100–150=m2, which
is competitive with the cost of the polymer membranes.

CONCLUSION

The aim of this work was to prepare microfiltration
membranes from locally available clay and study the
effect of inorganic precursors on the membrane mor-
phology. Five numbers of microfiltration membranes
were prepared with different compositions of clay, kao-
lin, and other binding materials. It was found that with
the increase of sintering temperature, the pore size as
well as permeability and flexural strength were increasing
while the porosity and pore density were decreasing. It
was observed that the initial average particle size of the
membrane precursor is the key factor for controlling
the pore size and pore density of the membrane. The
pore size of the membrane was related to the average
particle diameter [D1,0], surface weighted mean diameter
[D3,2], volume weighted mean diameter [D4,3], and the
specific area whereas the pore density was related with
the average particle diameter [D1,0] and quartile ratio
[25X75]. It can be concluded that the pore diameter and
density can be predicted directly from the particle size
distribution of membrane precursors. The prepared mem-
branes can be useful for MEMF, oil-water separation, or

fruit juice clarification depending upon the pore sizes.
Membrane based separation is better than the standard
methods available, due to low cost, less time consuming,
and high efficiency.
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