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Synthesis of Ceramic Microfiltration Membranes
for Oil/Water Separation

SANG H. HYUN* and GYE T. KIM
DEPARTMENT OF CERAMIC ENGINEERING
COLLEGE OF ENGINEERING

YONSEI UNIVERSITY

SEOUL 120-749, SOUTH KOREA

ABSTRACT

Alumina and zirconia composite membranes without defects for oil/water sepa-
ration have been produced by the reverse dip-drawing technique. The thickness
(5-15 pm) and the uniformity of the top layer could be appropriately controlled
by adjusting process variables such as the slurry concentration and the flow rate
of the slurry. The effective average pore sizes of alumina and zirconia top-layers
are 0.16 wm and less than 0.07 pm, respectively. The composite membranes are
found to be very effective for removing oil from o/w emulsions.

Key Words. Zirconia composite membrane; Alumina composite
membrane; Reverse dip-drawing technique; Microfiltration; Oil/
water separation

INTRODUCTION

Industrial growth has accelerated the emission of various oily wastes
from such sources as petrochemical and metallurgical industries, transpor-
tation, and domestic sewage. These oily wastes are one of the major pollu-
tants of the aquatic environment. Special attention has been focused on
the discharge of wastewater and oily water, and its regulatory restriction
has become more strict. Oil/water separation processes using polymeric/
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inorganic membranes have been proposed as effective and cost-competi-
tive alternatives to conventional oil removal technologies (1-4), and have
also been widely applied to meet the restrictive legal requirements. At
present, however, the commercial use of membranes in wastewater treat-
ment is limited because of their low efficiency as well as their high capital
and operating costs (5). In recent years the use of ceramic membranes
instead of polymeric membranes (6-11) has generated continued interest
because their high chemical, mechanical, thermal, and biological stabili-
ties are required for harsh operational conditions (10, 11). The key to the
successful application of ceramic membranes in oil/water separation lies
in the fabrication of ceramic membranes with larger throughput (flux) and
high selectivity. Lipp et al. (2) obtained an oil separation efficiency from
oil/water emulsion above 96.2% by using organic membranes, but the
long-term viability of their membrane system was uncertain. On the other
hand, Koltuniewicz et al. (6) claimed that the performance of zirconia
membranes was superior in both oil separation efficiency and permeation
flux to organic (polysulfone) membrane with the same pore size (0.1 wm)
for the separation of oil-in-water emulsions. Also, Bhave and Fleming (9)
suggested that although the permeate flux through an alumina membrane
with a pore size of 0.2 wm had a somewhat low value of 27.2 L/m?‘h,
microporous alumina membranes were suitable for the removal of oily
contaminants. However, oil/water separation technology using ceramic
membranes is still in the developmental stage. For commercial applica-
tions of this technology, much basic research on manufacturing techniques
and costs, microstructural properties, filtration efficiencies, etc. should
be done.

The objective of the present study is to assess the oil/water separation
efficiency of zirconia and alumina composite membranes synthesized by
the reverse dip-drawing technique. The synthetic membranes were char-
acterized by analyzing their microstructural variations with synthetic con-
ditions and their microfiltration behaviors for oil-in-water-type emulsions.

EXPERIMENTAL PROCEDURE
Synthesis of MF Composite Membranes

a-Alumina tubes (Yootong Enterprise Co., South Korea) were used as
the support (OD = 8.2 mm, ID = 6.9 mm, length = 200 mm) for preparing
composite membranes. The porosity and the average pore diameter of the
support were 35% and 0.8 pm, respectively. The compositions of zirconia
(Dp = 0.4 wm, Tosho, Japan) and «-alumina (Dp = 0.6 pm, Showa
Denko, Japan) slurries for coating microfiltration (MF) layers on the sup-
port surface are given in Table 1. In order to increase the stability and
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TABLE 1
Slurry Compositions for Synthesizing Composite Membranes
Powder (wt%) 2-
Ethyl cellulose Propanol
Slurry ZrO; AlLOs (wt%) (wW1%)
Zirconia 8.7 2.2 89.1
Alumina 8.7 2.2 89.1
16 2 82

the coating characteristics of the slurry, 2-propanol (special grade, Yakuri,
Japan) was used as a dispersion medium and ethyl cellulose (chemical
pure grade, Junsei, Japan) as a binder. Since our supports were more
uniform and smoother on their inner side than on their outer side, it was
desirable that the top layer (i.e., the coated layer) be formed inside the
support tube. Zirconia and alumina composite membranes were fabricated
by the reverse dip-drawing technique using the apparatus given in Fig. 1.
The reverse dip-drawing technique which was developed in this study is

| <«———Slurry
1] - 4 Evacuation

Al HAC

bt (<« Pressurizing

| D

|4 Slurry

Membrane
support

l Slurry out

FIG. 1 Diagram of the slurry coating apparatus.
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based on an idea similar to that of the dip-drawing technique for forming
a uniform top-layer on the outside surface of the support by controlling
the rate of drawing. For synthesizing the composite membrane, the slurry
was completely filled in the support tube, followed by carefully opening
Valve B to control the flow rate of the slurry instead of the rate of drawing
in the dip-drawing case. If necessary, the flow rate could be controlled
by Valve D for pressurizing. Before being coated with a slurry, the support
tubes were cleaned in an ultrasonic 2-propanol bath for 10 minutes to keep
the support clean, and then soaked in 2-propanol sufficiently to minimize
the capillary force. The coated tubes were dried in air at room temperature
for 1 day. The finial zirconia composite membranes were heated to 500°C
at a rate of 20°C/min, followed by heating to 950°C at a rate of 30°C/min,
and held there for 1 hour. Alumina composite membranes were heated to
1200°C at a rate of 4°C/min and held there for 2 hours.

Membrane Characterization

The synthetic composite membranes should be defect-free and the
thickness of the top layer should be as thin and homogeneous as possible
to attain high separation efficiency and permeate flux. To confirm the
homogeneity of the top-layer thickness, two parts in the top layer (i.e.,
upper and lower regions of the membranes) were examined by SEM
(Akash, SX-30E, Japan). The bubble point test of ASTM F316-86 based
on the Washburn equation, d = 4y cos 6/AP, was adopted for detecting
any defects and/or large pores in the top layer. The bubble point test was
performed by filling the pores of a membrane with a wetting liquid (contact
angle 6) and then applying gas pressure inside the membrane. According
to the Washburn equation, the largest pore or defect diameter (d) in the
top layer could be determined by observing the lowest pressure (AP) at
which a gas bubble comes out of the other side of the membrane immersed
in wetting liquid. In this work, mineral oil (Sigma, USA) with a surface
tension (y) of 34.7 dyne/cm at room temperature was used as the wetting
liquid. This method was also used to estimate the average pore size of
the defect-free membrane. The pore size distribution was measured by
mercury porosimetry (Autopore II 9220, Micromeritics, USA).

Microfiltration

To examine the MF filtration performance of synthetic membranes,
separation experiments of oil droplets from an oil-in-water emulsion were
done by using the crossflow filtration apparatus shown in Fig. 2, in which
a single composite membrane was installed. Oil/water emulsions were
prepared by vigorously stirring the mixture of 1000 mL of deionized water,
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FIG. 2 Diagram of the crossflow microfiltration apparatus.

1-10 mL of kerosene (chemical pure grade, Yakuri, Japan), and 0.1-3
mL of sorbitan sesquioleate (Sigma, USA) at 6000 rpm for 1 hour. All the
emulsions obtained were very stable. The size distribution of oil droplets
was measured by using a centrifugal automatic particle analyzer (CAPA-
300, Horiba, Japan).

The applied transmembrane pressure was in the range of 0.98-2.94 bar
and the cross-flow velocity was 0.27 m/s. The permeate flux was measured
by weighing the amount of the permeate, and the oil separation efficiency
(SE) was calculated from the equation SE (%) = (Tteed — Tpermeate )/ Tteed
x 100, using the total organic carbon content in the original o/w emulsion
(Coc) and the permeate (C,) as determined by a total carbon analyzer
(TOC-5000, Shimadzu, Japan).

RESULTS AND DISCUSSION
Top-Layer Thickness in Composite Membranes

A variety of techniques have been applied to produce a microfiltration
top-layer, which is both thin and crack-free, on the surface of a porous
support. As the thickness of the top-layer coated over the entire membrane
becomes thinner and more uniform, the possibility of crack occurrence
can be minimized. The slurry dip-drawing technique has been successfully
used to coat the outside surface of a tubular-type support, while the appli-
cation of this technique to coat the inside surface was found to be difficult.



11: 29 25 January 2011

Downl oaded At:

2932 HYUN AND KiM

In this work, therefore, the reverse dip-drawing technique described in
the Experimental Section was developed and employed. Figure 3 shows
SEM micrographs of the surfaces of the zirconia composite membrane
prepared by coating the inside surface of the a-alumina support (length
= 200 mm) with the zirconia slurry given in Table 1. As shown in Figs.
3(a) and 3(b) for fracture surfaces, the thickness of the top layer in the
upper and lower regions was about 6 pm thick and uniform in both parts.

FIG. 3 SEM micrographs of zirconia membrane surfaces: (a) fracture surface of the top
region, (b) fracture surface of the bottom region, and (c) surface.
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It was also noted from the surface micrograph of Fig. 3(c) that there were
no visible defects and that homogeneity in the surface microstructure
could be obtained. The variation of the top-layer thickness with the slurry
concentration at a constant flow rate of the slurry (64 mm/min) was ob-
served for the case of the alumina composite membrane as shown in Fig.
4. When the alumina content of the slurry increased from 8.7 to 16 wi%
(see Table 1), the thickness of the top layer increased from 5 to 13 pm.
This result shows that the top-layer thickness can be appropriately con-
trolled by both the slurry concentration and its viscosity. As in zirconia
membranes (Fig. 3), uniformity in top-layer thickness in alumina compos-
ite membranes was also observed and known to be independent of slurry
concentration. In the preliminary experiment, when the flow rate of a
zirconia slurry containing 2.2 wt% ethyl cellulose and 89.1 wt% 2-propanol
is about 2.4 mm/min, the thicknesses of the top layers in the upper and
lower regions were about 10 and 25 pm, respectively. It was concluded
that the flow rate of the slurry in the reverse dip-drawing process was
required to be about 40 mm/min in order to obtain a uniform thickness

FIG.4 SEM micrographs of fracture surfaces of alumina membranes coated with different

slurry compositions. Top (a) and bottom (b) regions of the slurry with composition: alumina

8.7 wi%, ethyl cellulose 2.2 wi%, and 2-propanol 89.1 wt%. Top (c) and bottom (d) regions

of the slurry with composition: alumina 16 wt%, ethyl cellulose 2 wt%, and 2-propanol 82
wt%.
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over the entire composite membrane. From these results, the reverse dip-
drawing technique is thought to be a desirable method for producing a
thin and uniform top-layer on the inside surface of a tubular-type support.

Analysis of Pore Characteristics

In general, the pore characteristics of membranes can be evaluated as
the average pore size, pore size distribution, and maximum pore/defect
size. These play key roles in determining the permeability and retention
property of a membrane.

Alumina Membrane

For evaluating the microfiltration capability of the composite mem-
branes synthesized in this work, the maximum and mean pore sizes of
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FIG. 5 Maximum and mean pore sizes of the alumina membrane as determined by the
bubble point test.
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the alumina composite membranes were first determined by the bubble
point test (Fig. 5). The first bubble point (i.e., the largest pore size) was
detected at 1.44 bar, corresponding to a pore diameter of 0.69 pm. The
N, flux through the wet membrane was small enough not to be measured
until the applied pressure reached 3.44 bar, corresponding to a pore diame-
ter of 0.29 wm, while the flux above 3.44 bar increased rapidly as shown
in Fig. 5. The average pore size of the top layer as determined by analyzing
the bubble point test data in Fig. 5 was 0.16 wm, corresponding to 6.2
bar. This shows that the membrane synthesized in this work has a narrow
pore size distribution because of the sharp increase in N, flux around the
average pore diameter. Figure 6 shows the pore size distributions of alu-
mina and zirconia composite membranes as determined by mercury poro-
simetry. The pore size distribution has a bimodal pattern in which the
pore size distribution on the left-hand side is for the support and that on
the right-hand side is for the top layer of the composite membrane. The
average pore diameter of the top layer in the alumina composite membrane

0.08
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--------- zirconia

alumina
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005}
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003+

0.02}

Incremental Intrusion ( mL/g )
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FI1G. 6 Pore size distributions of zirconia and alumina composite membranes by mercury
porosimetry.
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was estimated to be 0.22 wm from mercury porosimetry, while it was 0.16
pm from the bubble test of Fig. 5. The difference between these values
for the top layer might be due to the measurement technigues used. Venka-
taraman et al. (12) state that mercury porosimetry measures all pores that
have at least one opening to the surface of a sample composed of compos-
ite membrane powders. In normal composite membrane applications,
however, it is necessary for the substance being filtered to actually pass
through the top layer, so only pores that have an opening on both sides
of the top layer are important. In addition, unfortunately, mercury poro-
simetry cannot measure pores only in the top layer of the composite mem-
brane while excluding the effect of support pores. On the other hand, the
bubble point test method measures only pores in the top layer through
which gas flows. In particular, the entire membrane top-layer in contact
with the inlet fluid phase can be analyzed by this technique. Consequently,
the reliable average pore diameter of our top layer useful for microfiltra-
tions must be 0.16 pm. This value is also in good agreement with the
average pore diameter (0.15 wm) of the alumina tube prepared in our
laboratory by slip casting using the same alumina powders.

Zirconia Membrane

The maximum pore size of the zirconia composite membrane synthe-
sized in this work was determined by the bubble point test, as given in
Fig. 7. The first bubble point was detected at 1.6 bar, corresponding to
the largest pore diameter (i.e., 0.63 pm), which is slightly smaller than
that of the alumina composite membrane. Although large pores with diam-
eters of 0.63-0.15 pm existed, the increase in N, flux could not be distin-
guished up to 6.78 bar (pore diameter of 0.15 wm) which was the pressure
limit in our experimental apparatus. These results suggest that the average
pore size was at least less than 0.15 pm, and also that there were few
large pores which deteriorated the microfiltration efficiency. The average
pore diameter of the support and of the top layer in the zirconia composite
membrane as determined by mercury porosimetry (see Fig. 6) were found
to be 0.7 and 0.07 pm, respectively. It is obvious from the same reasoning
as in the case of the alumina composite membrane that the actual pore
size of the zirconia top-layer is smaller than the 0.07 pm determined by
mercury porosimetry.

Based on the above results, an alumina/zirconia composite membrane
with a crack-free top-layer suitable for microfiltration can be obtained by
the reverse dip-drawing technique. The maximum and mean pore sizes
of the top layers in composite membranes are summarized in Table 2.
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FIG. 7 Maximum pore size analysis for the zirconia membrane by the bubble point test.

TABLE 2
Pore Size Analysis of Top Layers in Composite Membranes

Bubble point test

Maximum pore size Average pore size Mercury porosimeter,
Top layer (pm) (pm) mean pore size (um)
Zirconia 0.62 <0.15 0.07

Alumina 0.69 0.16 0.22
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Microfiltration of Oil-in-Water Emulsions

For preliminary microfiltration tests of the synthetic membranes, oil
separation capability from oil-in-water emulsion in the crossflow microfil-
tration system was examined in the conditions of transmembrane pressure
of 0.98-2.94 bar, crossflow velocity of 0.27-0.55 m/s, and an emulsion
concentration of 600-11,000 ppm at room temperature. It was observed
that the variations of the transmembrane pressure, the crossflow velocity,
and the emulsion concentration did not effect the oil separation efficiency
within our experimental condition ranges. The oil separation experiment
was performed in the region of relatively low emulsion concentration to
minimize the concentration polarization layer effect. The transmembrane
pressure was maintained at 2.94 bar in order to obtain a high permeate
flux, but a crossflow velocity above 0.27 m/s was not achieved at that
transmembrane pressure because of the limitations of our experimental
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FIG. 8 Permeate flux and rejection efficiency vs operating time for the alumina membrane
(transmembrane pressure 2.94 bar and crossflow velocity 0.27 m/s).
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apparatus. The oil droplet size of oil-in-water emulsions used in this study
was distributed over a wide range. The portion of submicron droplets
was about 50%, and droplets under 0.4 pum was 23%. Figure 8 shows the
variations of permeate flux and rejection (separation) efficiency through
the alumina composite membrane with time at constant transmembrane
pressure (2.94 bar), temperature (25°C), and crossflow velocity (0.27 m/
s). The permeate flux through the alumina composite membrane decreased
abruptly from 280 to 50 L/m?-h within 20 minutes. In the early operating
stage, oil droplets fill the pore entrance and create a cake on the membrane
surface, which increases the flux resistance with time. After that, how-
ever, the permeate flux was found to be almost constant as time passed.
This is because the rates of oil adsorption and desorption onto the mem-
brane surface are the same. The permeate flux through the zirconia com-
posite membrane (Fig. 9) decreased very slightly from 40 L/m?-h in the
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FIG.9 Permeate flux and rejection efficiency vs operating time for the zirconia membrane
(transmembrane pressure 2.94 bar and crossflow velocity 0.27 m/s).
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early stages. Fouling was less pronounced for the zirconia membrane with
its pore diameter of 0.07 pm as compared to the 0.16 um pore diameter
alumina membrane. This result could be expected because the relatively
large oil droplets cause severe pore blockage of the 0.16 p.m membrane
in comparison with the smaller 0.07 um membrane.

Major parameters that may influence filtration performance in the
crossflow system are membrane pore diameter, transmembrane pressure,
crossflow velocity, temperature, and backflushing efficiency. The
crossflow velocity is one of the important parameters. Bhave and Fleming
(9) reported that an increase in crossflow velocity from 0.8 to 4.1 m/s
resulted in a permeate flux increase by a factor of about 2.4 under other-
wise uniform conditions. This is a consequence of higher shear rates which
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FIG. 10 TOC value of the permeate and rejection efficiency vs kerosene content in o/w
emulsions containing 0.1 mL surfactant for the alumina membrane (transmembrane pressure
0.98 bar and crossflow velocity 0.27 m/s).
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promote the efficient removal of accumulated particles rejected by the
membrane and minimize blinding of the membrane surface. However, it
is generally known that crossflow filtration is often helpful in slowing
down membrane fouling but does not eliminate it. Backflushing can help
remove excessive particle deposits on the membrane surface and also
minimize the decrease in flux. The permeate flux in this work is somewhat
low since the crossflow velocity is low at 0.27 m/s and backflushing was
not applied. However, it is expected that the permeate flux would be
increased satisfactorily by increasing the crossflow velocity and applying
backflushing.

The oil rejection efficiency through the alumina composite membrane
(Fig. 8) increased from 95.7 to 98% within a few minutes. It is believed that
the oil rejection efficiency increased instantaneously in the early operating
stage since the oil droplets, which are smaller than the average pore size
of the alumina composite membrane, permeate through the membrane
and fill the pore entrances of the membrane at the same time. On the
other hand, the same phenomenon was lessened in the zirconia composite
membrane due to its small pore size compared to the alumina composite
membrane. The rejection efficiency through the zirconia composite mem-
brane (Fig. 9) increased slightly from 96.7 to 98% after 40 minutes of
operating time and then became constant. As shown in Figs. 8 and 9, the
rejection efficiencies showed values below 100%. However, it is generally
known that some of surfactant is dissolved in water rather than being
adsorbed on oil droplets. During microfiltration, the soluble surfactant
permeates through the membrane, and consequently increases the TOC
value in the filtrate (i.e., low rejection efficiency). To evaluate whether
the permeate contains kerosene or surfactant dissolved in water, oil-water
separation was performed by varying the amount of kerosene and surfac-
tant content in the oil/water emulsion. To minimize the effects of the
oil layer deposited on the membrane, the transmembrane pressure were
reduced to 0.98 bar at a constant crossflow velocity (0.27 m/s). Figure 10
shows the variation of oil-water separation efficiencies for the aluminia
composite membrane with the amount of kerosene. The TOC value of the
permeate was constant, while the separation efficiency showed a tendency
to increase with an increasing amount of kerosene. This shows that the
oil droplets could not permeate through the membrane. On the other hand,
the TOC value of the permeate in Fig. 11 increased with the amount of
surfactant. The separation efficiency remained constant in this case. This
result indicates that the dissolved surfactant permeated through the mem-
brane, in contrast to Fig. 10. From the above results it is concluded that
oil-water separation efficiency was almost 100% when the effect of the
dissolved surfactant is considered.
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FIG. 11 TOC value of the permeate and rejection efficiency vs surfactant content in o/w
emulsion containing 1 mL kerosene for the alumina membrane (transmembrane pressure
0.98 bar and crossflow velocity 0.27 m/s).

SUMMARY

Ceramic microfiltration membranes were synthesized by the reverse
dip-drawing technique using an alumina/zirconia slurry, and then charac-
terized by microstructural analysis and filtration performance for oil-in-
water emulsion. The main results from this research are as follows.

1. Alumina and zirconia composite membranes without defects can be
consistently produced by the reverse dip-drawing technique. The
thickness of their top layers was appropriately controlled by the slurry
concentration, while the minimum flow rate of the slurry for ensuring
uniform thickness was about 40 mm/min.

2. The effective average pore sizes of alumina and zirconia top-layers
are 0.16 pm and less than 0.07 wm, respectively. The existence of a
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few large pores with a maximum pore size of 0.62-0.69 pm in the top
layer did not reduce the oil/water separation efficiency.

The initial permeate fluxes of o/w emulsions through alumina and
zirconia composite membranes were about 280 and 40 L/m*'h, respec-
tively. Zirconia membranes showed less fouling than alumina mem-
branes.

There was almost 100% removal of oil from o/w emulsions through
the composite membranes synthesized in this study, as expected.
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