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ABSTRACT

Low-cost ceramic membrane supports with pore sizes in the range of 0.52-0.62 µm were successfully prepared by uniaxial dry

compaction method using inexpensive raw materials including kaolin, bentonite, talc, sodium borate, and alkaline-earth oxides in

carbonate forms (e.g., MgCO
3
, CaCO

3
, and SrCO

3
). The prepared green supports were sintered at 1000oC for 8 hr in air. The

effect of alkaline-earth oxide additives on the flexural strength of clay-based membrane supports was investigated. The porosity

of the clay-based membrane supports was found to be in the range of 33-34%. The flexural strength of the clay-based membrane

supports with 1% alkaline-earth carbonates was found to be in the range of 42.8-52.7 MPa. The addition of alkaline-earth car-

bonates to clay-based membrane supports resulted in large increases (47-80%) in the flexural strength of the membrane sup-

ports, compared to that of membrane supports without alkaline-earth carbonates. The typical flexural strength of the clay-based

membrane support with 1% SrCO
3
 was 52.7 MPa at 33.8% porosity. 
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1. Introduction

ince the introduction of ceramic membranes to commer-

cial applications in the early 1980s, ceramic membranes

have been making rapid progress in many industrial fields

such as food and beverage processing, biotechnology appli-

cations, and water treatment due to their high thermal and

mechanical stability, long life, high-pressure resistance,

chemical stability, simple cleaning processes, and high sep-

aration efficiency.1-15) The support is known as a key part of

asymmetric ceramic membranes, providing mechanical

strength and flow transport for the top coatings of mem-

branes.11) Early research into the fabrication of ceramic sup-

ports was focused on the utilization of α-alumina (Al
2
O

3
),

zirconia (ZrO
2
), titania (TiO

2
), and silica (SiO

2
). Also, many

research works have been carried out on the performance of

such membranes or their composites.16-19) However, the

main drawback of the membrane supports studied so far

has been that the raw materials are expensive and the fab-

rication process requires high sintering temperature

(>1300°C). In other words, due to the high cost of the mate-

rials and related processing steps, the application of ceramic

membranes is considerably limited when these materials

used in certain economical separation processes.10,20) To

overcome these shortcomings, the preparation of mineral-

based ceramic membranes such as zeolite membranes21) and

natural mineral-based ceramic membranes20,22-25) has increas-

ingly attracted attention due to the cost-effective raw mate-

rials, which are available from natural minerals. 

Mohammadi et al.26) processed a tubular kaolin membrane

with a pore size of a few micrometers for oil water emulsion

separation and investigated the effect of operating condi-

tions on membrane performance. Monash et al.27) used low-

cost raw materials (kaolin, feldspar, ball clay, quartz, pyro-

phyllite, and calcium carbonate) for the fabrication of mem-

brane supports. The prepared supports were mainly

composed of mullite, quartz, feldspar, and wollastonite

phases; their flexural strength was in the range of 28-33

MPa, which seemed to be an acceptable value for supports

for microfiltration (MF) and ultrafiltration (UF) applica-

tions. Bouzerara et al.28) investigated the in situ synthesis of

ceramic membrane supports from kaolin-doloma mixtures.

The doloma addition to kaolin had a beneficial effect in con-

trolling the porosity in the range of 37-56%, which seemed

to be an acceptable range for supports for MF and UF appli-

cations. Eom et al.9) fabricated low-cost membrane supports

using kaolin and sodium borate; the prepared ceramic mem-

branes offered a flexural strength of 19 MPa at 37% poros-

ity. Vasanth et al. 29) reported low-cost ceramic membrane

supports using kaolin, quartz, calcium carbonate, sodium

carbonate, boric acid, and sodium metasilicate as raw mate-
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rials by uniaxial dry compaction. The prepared supports

offered good flexural strength (22-31 MPa) and chemical

stability (< 2% weight loss in acidic media and no weight

loss in basic media). The reported results20,22-29) suggest that

low-cost ceramic membranes from natural minerals are

likely to be applicable to a variety of areas such as beverage

processing and wastewater treatment.

A new approach that has received less attention is the

incorporation of alkaline-earth (AE) oxides in clay-based

membrane supports for improved mechanical properties.

The alkaline earth metal oxides generally react with Al
2
O

3

and SiO
2
, which are major components of clay and silicate

minerals, and form a liquid phase at relatively low tempera-

tures. The eutectic temperatures of the MgO-Al
2
O

3
-SiO

2
 and

CaO-Al
2
O

3
-SiO

2
 systems are 1355oC and 1170oC, respec-

tively.30) The eutectic temperature of the SrO-SiO
2
 system is

1358oC.31) When Al
2
O

3
 exists, SrO-Al

2
O

3
-SiO

2
 can form a

eutectic liquid at a temperature lower than 1358oC.

The purpose of this work is to investigate the effect of

alkaline-earth oxides on the flexural strength of clay-based

membrane supports. The structural characteristics and

flexural strength of the prepared membrane supports were

investigated. The incorporation of AE oxides in an inter-

granular phase may provide a new opportunity for improv-

ing the mechanical properties of low-cost clay-based

membrane supports. 

2. Experimental Procedure

Commercially available kaolin (Al
2
O

3
·2SiO

2
·2H

2
O, extra

pure, Samchun Pure Chemical Co. Ltd., Pyeongtaek,

Korea), bentonite (chemically pure, Yakuri Pure Chemicals

C. Ltd., Kyoto, Japan), talc (3MgO·4SiO
2
·H

2
O, chemically

pure, Samchun Pure Chemical Co. Ltd., Pyeongtaek,

Korea), sodium borate (Na
2
B

4
O

7
·10H

2
O, Samchun Pure

Chemical Co., Ltd., Pyeongtaek, Korea), magnesium car-

bonate (MgCO
3
, Daejung Chemicals and Metals Co. Ltd.,

Siheung, Korea), calcium carbonate (CaCO
3
, High Purity

Chemicals, Osaka, Japan), and strontium carbonate

(SrCO
3
, Daejung Chemicals and Metals Co. Ltd., Siheung,

Korea) were used as starting materials. Kaolin, bentonite,

and talc are low-cost clay minerals. Sodium borate and

alkaline-earth oxides in carbonate forms (magnesium car-

bonate, calcium carbonate, and strontium carbonate) were

added to increase the flexural strength of the membranes.

Four powder mixtures were prepared (Table 1). All batches

were milled separately in a polypropylene jar for 24 h using

distilled water and Al
2
O

3
 grinding balls. Polyethylene glycol

was added as a binder. The milled slurry was dried at 100°C

for 24 h and uniaxially pressed under a pressure of 50 MPa.

The compacts were sintered at 1000°C for 8 h at a heating

rate of 3°C/min in air. The membrane supports containing

MgCO
3
, CaCO

3
, and SrCO

3
 were designated as MS-Mg, MS-

Ca, and MS-Sr, respectively. The membrane support with-

out AE oxides was designated as MS.

X-ray diffraction (XRD, D8 Discover, Bruker AXS GmbH,

Germany) was conducted on the ground powders using

CuKα
 
radiation. The bulk density of the ceramic mem-

branes was calculated from the weight-to-volume ratio of

the samples. The total porosity of the ceramic membranes

was measured using the Archimedes method. The open

porosity and pore size distribution were measured using a

mercury porosimetry (AutoPore IV 9500, Micromeritics,

Norcross, GA, USA). Fracture surface morphology was

observed using scanning electron microscopy (SEM, S4300,

Hitachi Ltd., Hitachi, Japan). For flexural strength mea-

surements, bar-shaped samples were cut to a size of 3 mm ×

4 mm × 30 mm and bending tests were performed using

crosshead speed of 0.5 mm/min on six to nine specimens for

each condition with a span of 20 mm.

3. Results and Discussion

XRD patterns were obtained to investigate the phases

formed in clay-based membrane supports during sintering

at 1000°C for 8 h. As shown in Fig. 1, all samples consisted

of β-cristobalite, α-quartz, enstatite, albite, and magnesium

silicate. β-cristobalite and α-quartz are derived from kaolin;

albite is derived from bentonite. The enstatite and magne-

sium silicate detected in all specimens were formed from

talc in the presence of flux, i.e., sodium borate and alkaline-

earth oxides. Owing to the small amount of alkaline-earth

carbonates added (1 wt%) to the membranes, the XRD pat-

terns of all specimens are very similar whether the alkaline-

earth carbonates were added or not. 

Figure 2 shows the total porosity and open porosity of the

clay-based membrane supports. The total porosities of the

MS, MS-Mg, MS-Ca, and MS-Sr specimens were 33.9%,

34.4%, 34.3%, and 33.8%, respectively. The addition of 1%

AE carbonates, which transform to AE oxides during heat-

ing, has almost no influence on the total porosity, but

decreased the open porosity from 30.0% (MS specimen) to

26.0-28.4% (MS-Mg, MS-Ca, MS-Sr specimens). Since the

melting point of sodium borate is 743oC,32) the added AE

Table 1. Batch Composition and Sample Designation of Clay-Based Membrane Supports

Sample
Designation

Composition (wt%)
Additive

Kaolin Bentonite Talc Sodium Borate Additive

MS 38 30 30 2 0 -

MS-Mg 37.6 29.7 29.7 2 1 MgCO
3

MS-Ca 37.6 29.7 29.7 2 1 CaCO
3

MS-Sr 37.6 29.7 29.7 2 1 SrCO
3
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oxides must have formed a liquid phase by reacting with

sodium borate at the sintering temperature. The liquid

phase formed can act as a bonding phase between grains

and partially filled residual pores, resulting in the

decreased open porosity. The MS-Sr specimen showed the

smallest open porosity (26.0%), whereas the MS specimen

showed the highest open porosity (30.0%). The weight losses

of the MS, MS-Mg, MS-Ca, and MS-Sr specimens were

10.4%, 12.2%, 11.8%, and 11.7%, respectively. The speci-

mens that contained AE carbonates showed 1.3-1.8% higher

weight loss than that of the MS specimen. The weight loss

was mostly attributed to the evaporation of decomposed

water from kaolin, bentonite, talc, and sodium borate, and

to that of CO
2
 from the thermal decomposition of AE carbon-

ates.20) However, the weight loss owing to the thermal

decomposition of AE carbonates should be lower than 0.53%

(by assuming that the thermal decomposition of AE carbon-

ates occurred completely during sintering; the weight losses

of MgCO
3
, CaCO

3
, and SrCO

3
 due to the volatilization of

CO
2
 are 52.2%, 44.0%, and 29.8%, respectively), indicating

that additional weight loss from the specimens with AE car-

bonates should be attributed to the partial volatilization of

the liquid phase formed.

Figure 3 shows typical fracture surfaces of the clay-based

membrane supports sintered at 1000°C for 8 h. The micro-

structures were found to consist of plate-shaped grains and

inter-granular pores. The pore morphology was mostly

irregular and open pores were well distributed in the clay-

based membrane supports. Fig. 4 shows the pore structures

of the clay-based membrane supports at a higher magnifica-

tion than that of the images shown in Fig. 3. Mostly trans-

granular fractures can be observed in all specimens,

indicating that a strong bonding between the clay-mineral

derived grains and the sodium borate-AE oxide-derived

bonding phase formed in all specimens. Relatively larger

pores were observed in MS specimens, whereas relatively

smaller pores were observed in the membrane supports

with AE carbonates, indicating that AE oxides influenced

the pore structure and pore size by forming a liquid phase

with the sodium borate added during the sintering process.

Figure 5 shows the pore size distributions of the MS, MS-

Mg, MS-Ca, and MS-Sr membrane supports. These results

Fig. 1. XRD patterns of clay-based membrane supports sin-
tered at 1000oC for 8 h in air.

Fig. 2. Total and open porosities of clay-based membrane
supports sintered at 1000oC for 8 h in air. 

Fig. 3. Typical fracture surfaces of clay-based membrane
supports sintered at 1000oC for 8 h in air: (a) MS, (b)
MS-Mg, (c) MS-Ca, and (d) MS-Sr (refer to Table 1).

Fig. 4. Pore structures of clay-based membrane supports sin-
tered at 1000oC for 8 h in air: (a) MS, (b) MS-Mg, (c)
MS-Ca, and (d) MS-Sr (refer to Table 1).
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show a unimodal pore size distribution for all samples. The

average pore sizes of the MS, MS-Mg, MS-Ca, and MS-Sr

membrane supports are 0.62 μm, 0.61 μm , 0.52 μm, and

0.53 μm, respectively. The MS sample showed the largest

pore size, whereas the MS-Ca sample showed the smallest

pore size. The pore sizes of all membrane supports are

acceptable for depth filters for oily waste water treatment

and for membrane support for further processing, i.e, top

layer coating.16,17,20)

The flexural strengths of the samples with or without AE

oxide additives are shown in Fig. 6. All samples with AE

oxide additives showed strengths higher than that of the

MS sample without AE oxide additive. The average flexural

strengths of the MS-Mg, MS-Ca, and MS-Sr samples were

43 MPa at 34.4% porosity, 50 MPa at 34.4% porosity, and 53

MPa at 33.8% porosity, respectively. In contrast, the flex-

ural strength of the MS sample was 29 MPa at 33.9% poros-

ity. The bulk density, linear shrinkage, and weight loss of

MS and MS with AE oxide (MS-Mg, MS-Ca, and MS-Sr) are

shown in Table 2. All samples with AE oxide showed the

same shrinkage (2.9%), but showed different values of

weight loss. Since the MS-Sr specimen showed the lowest

weight loss (11.7%) among the specimens with AE oxide,

this specimen showed the highest density (1.71 g/cm3),

which resulted in the highest strength (53 MPa) (Fig. 6).

The flexural strengths of the MS-Sr, MS-Ca, and MS-Mg

samples were 80%, 72%, and 47% higher, respectively, than

that of the MS sample without AE oxide (29 MPa). The

large increases (47 - 80%) in the flexural strength of the

samples with AE oxides were caused by the formation of

stronger bonding between grains derived from the starting

materials due to the addition of alkaline-earth oxide addi-

tives. The differences in flexural strength among clay-based

membrane supports with AE oxide additives were attri-

buted to differences in chemistry.30) It is well documented

that the flexural strength of clay based membrane supports,

Fig. 5. Pore size distribution of clay-based membrane supports sintered at 1000oC for 8 h in air: (a) MS, (b) MS-Mg, (c) MS-Ca,
and (d) MS-Sr (refer to Table 1).

Fig. 6. Flexural strength of clay-based membrane supports
as a function of porosity. The closed symbols denote
data obtained in the present study. In contrast, the
open symbols denote literature data.9,13,25,29,35)

Table 2. Bulk Density, Linear Shrinkage, and Weight Loss of
Clay-Based Membrane Supports

Sample
Designation

Bulk Density 
(g/cm3)

Linear 
Shrinkage (%)

Weight Loss 
(%)

MS 1.70 ± 0.03 2.5 ± 0.3 10.4 ± 0.9

MS-Mg 1.69 ± 0.04 2.9 ± 0.1 12.2 ± 0.4

MS-Ca 1.70 ± 0.05 2.9 ± 0.2 11.8 ± 0.2

MS-Sr 1.71 ± 0.03 2.9 ± 0.1 11.7 ± 0.2
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as well as that of porous ceramics, is affected by the chemis-

try of the intergranular phase, i.e., the bonding phase.8,30,33)

The relatively large pore size and increased volume fraction

of open pores of the MS specimen probably led to the

decreased flexural strength (Figs. 4 and 5) because large

pores in porous ceramics often act as fracture origins, lead-

ing to decreased flexural strength.34)

A comparison of the strength value reported and the pres-

ent data is shown in Fig. 6. As can be seen, the typical flex-

ural strength of kaolin-based membrane supports prepared

from kaolin and sodium borate was 18 MPa at 34% poros-

ity.9) Similar strength values were reported in the clay-

based membrane supports prepared from kaolin, bentonite,

talc, and sodium borate: flexural strength of 28 MPa at 34%

porosity and flexural strength of 23 MPa at 38% porosity.13)

In contrast, typical strengths of MS-Mg, MS-Ca, and MS-Sr

membrane supports were 43 MPa at 34.4% porosity, 50

MPa at 34.4% porosity, and 53 MPa at 33.8% porosity,

respectively. Some low-cost ceramic membranes reported in

the literature were also processed with AE carbonates as

sintering additives; typical flexural strength values of 11

MPa at 35.4% porosity and 28 MPa at 30% porosity were

reported in these low-cost ceramic membranes, which were

prepared using kaolin, quartz, calcium carbonate, sodium

carbonate, boric acid, and sodium metasilicate.29,35) A typical

flexural strength of 34 MPa at 30% porosity was reported in

the low-cost ceramic membranes prepared using kaolin,

quartz, and calcium carbonate.25) Fig. 6 clearly shows that

the present strength data obtained for the clay-based mem-

brane supports with AE oxide additives and sodium borate

were superior to the data reported for both the clay-based

membranes without AE oxide additives and the low-cost

ceramic membranes with AE oxide additives. This means

that the addition of AE oxides coupled with sodium borate

to clay-based compositions led to improved mechanical

properties because of the stronger bonding formed during

sintering. Further improvement in the mechanical proper-

ties can be achieved by optimizing the AE oxide additive

content and the clay-based membrane support composition. 

4. Conclusions

Low-cost ceramic membrane supports with pore sizes in

the range of 0.52-0.62 μm were successfully prepared by a

simple pressing route using inexpensive raw materials

including kaolin, bentonite, talc, sodium borate, and alka-

line-earth carbonates (MgCO
3
, CaCO

3
, and SrCO

3
). The

porosity and average pore size of the clay-based membrane

supports are found to be in the range of 33.8-34.4% and 0.52

to 0.62 μm, respectively. The typical flexural strength of the

clay-based membrane supports without alkaline earth car-

bonates was ~29 MPa, whereas the flexural strength of

clay-based membrane supports with 1% alkaline earth car-

bonate was found to be in the range of 43-53 MPa. The addi-

tion of 1 wt% alkaline-earth carbonate to clay-based

membrane supports resulted in a large increase (47 - 80%)

in the flexural strength of the samples; this increase was

caused by the formation of a strong bonding phase between

the grains derived from the starting materials. Further

improvement in the mechanical properties might be

achieved by optimizing the alkaline earth carbonate content

and the clay-based composition.
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