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Bulk porous mullite supports for ceramic membranes were prepared directly using a mixture of industrial
waste fly ash and bauxite by dry-pressing, followed by sintering between 1200 and 1550 ◦C. The effects of
sintering temperature on the phase composition and shrinkage percent of porous mullite were studied.
The XRD results indicate that secondary mullitization reaction took place above 1200 ◦C, and completed
at 1450 ◦C. During sintering, the mixture samples first shrunk, then expanded abnormally between 1326
and 1477 ◦C, and finally shrunk again above 1477 ◦C. This unique volume self-expansion is ascribed to
embrane supports
ullite

elf-expansion sintering
ly ash
aste recycling

the secondary mullitization reaction between bauxite and fly ash. More especially, the micro-structural
variations induced by this self-expansion sintering were verified by SEM, porosity, pore size distribu-
tion and nitrogen gas permeation flux. During self-expansion sintering, with increasing temperature, an
abnormal increase in both open porosity and pore size is observed, which also results in the increase
of nitrogen gas flux. The mineral-based mullite supports with increased open porosity were obtained.
Furthermore, the sintered porous mullite membrane supports were characterized in terms of thermal

d me
expansion co-efficient an

. Introduction

Nowadays, with strong environmental demands, porous ceramic
embranes should be leading candidates for applications such

s massive liquid waste pre-treatment, strong acidic or alkaline
edia separation and thermal shock separation applications, but

hey cannot be used on a large scale in industry due to their sev-
ral drawbacks such as high cost, rare membrane materials and
arrow application range. In recent years, porous mineral-based
eramic membranes have attracted much attention in the scientific
ommunity for their outstanding merits such as low cost, species
iversity and novel additional properties [1–3]. Also, the develop-
ent of novel porous mineral-based ceramics will lead to a critical
ew technological revolution that will add great economic value
o natural minerals and to industrial waste materials, which exist
idely throughout the world and many of which are not currently
ell utilized.

∗ Corresponding author at: Department of Materials Science and Engineering,
niversity of Science and Technology of China (USTC), No. 96 Jinzhai Road, Hefei,
nhui Province, 230026, PR China. Tel.: +86 551 3606249; fax: +86 551 3607627.
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304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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chanical strength.
© 2009 Elsevier B.V. All rights reserved.

Generally, alumina is considered as starting material for the
fabrication of porous ceramic supports for traditional ceramic sepa-
ration membranes [4,5]. However, the application of macro-porous
alumina supported ceramic membranes is greatly limited due to
the high cost of both starting materials and sintering process.
In recent years, some researchers have been devoted to develop
new types of porous mineral-based ceramic membrane supports
directly using abundant raw materials such as natural minerals and
industrial wastes [6–11]. Mullite is the only stable crystalline alumi-
nosilicate phase in the SiO2–Al2O3 binary system [12]. The porous
mullite materials exhibit many advantages such as low expansion
co-efficient, good high-temperature strength and creep resistance,
low density and good chemical inertness [13,14]. All of these char-
acteristics make porous mullite be suitable to be widely applied
as ceramic filters, catalyst or membrane supports and refractory
bricks. Usually, industrial grade or chemical method derived pow-
ders are used for the preparation of porous mullite ceramics by the
physical sintering technique. This method is at the cost of expen-

sive starting materials, which are synthesized beforehand. Reaction
sintering is a simple and cost-effective fabrication technique to
produce porous mullite ceramics directly using some Al2O3–SiO2
system industrial wastes or minerals. More especially, interest-
ingly, porous micro-structure and targeted crystalline phase could

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:dongyc9@mail.ustc.edu.cn
dx.doi.org/10.1016/j.jhazmat.2009.06.148
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e effectively controlled during one-step reaction sintering process
nder suitable process conditions.

Fly ash is a by-product from the combustion of raw coal in ther-
al power plants. This industrial waste nowadays presents serious

roblems of storing and environmental pollution. Therefore, the
ffective utilization of waste fly ash not only decreases environ-
ental pollution, but also produces high value-added products.

n recent years, there have been a great deal of efforts made on
reparing cordierite [15–18] and other glass–ceramics [19–23] from
his industrial waste. In our previous work [24], dense mullite was
ynthesized from fly ash and bauxite mineral by dry-pressing. It
as found that a unique volume self-expansion occurred before

ull densification during high-temperature sintering process. This
elf-expansion does not favor for the preparation of dense mullite
eramics. But for porous ceramics, volume expansion is expected to
reate a more porous micro-structure without pore-forming addi-
ive. Therefore, it is an interesting research topic to utilize this
elf-expansion to prepare reaction-sintered porous mullite from fly
sh and bauxite.

In the current work, porous mineral-based mullite ceramic
embrane supports were prepared through volume self-expansion

y deliberate incomplete sintering densification directly using nat-
ral bauxite and industrial waste fly ash as the starting materials.
he effect of sintering temperature on the properties of porous
ullite was studied in detail, focused on phase composition, sin-

ering shrinkage percent, pore-structure (porosity and pore size
istribution), SEM micro-structure, nitrogen gas permeation per-

ormance. In addition, mechanical and thermal properties were
reliminarily investigated. This work aims to develop low-cost
orous mineral-based mullite materials in harmony with a strong
mphasis on the environment (not only the utilization of waste
y ash to reduce environmental pollution, but also the environ-
ental separation application of the as-prepared porous mullite
aterials).

. Experimental procedure

.1. Starting materials

In the current work, industrial waste fly ash and natural baux-
te were used as the starting materials in order to prepare porous

ineral-based mullite membrane supports. Fly ash was obtained
rom Hefei No. 2 thermal power plant (Hefei, Anhui Province, PR
hina). Natural bauxite mineral was purchased from Yangquan city
Shanxi Province, PR China).

The mixture of fly ash and bauxite, based on the composition
f 3:2 mullite (Wfly ash:Wbauxite = 45.87:100), was wet-mixed for
2 h with water as medium using polyurethane-coated steel balls
n a polyethylene pot. The average particle diameters (d50 value)
f fly ash, bauxite and their mixture are 1.76, 1.13 and 1.52 �m,
espectively. For the mixture powder, most of the particles centered
etween 1.00 and 4.00 �m in diameter.

The chemical composition and crystalline phase analysis of
hese two starting materials was described in our precious work
24].

.2. Pressing and sintering

After wet-mixing for 12 h, the mixture slurry of fly ash and baux-
te based on the composition of 3:2 mullite was completely dried

t 100 ◦C. Afterwards, the mixture was slightly crushed to break
he agglomerates, mixed with organic binder PVA-1750 (5.00 wt.%
olution) and then uniaxially pressed at a pressure of 160 MPa. Both
ectangular bars (50 mm × 6 mm × 3–4 mm) and cylindrical pellets
25 mm in diameter; 2–3 mm in height) were made in two different
aterials 172 (2009) 180–186 181

moulds (Zhenjiang Juguang Precision Instruments Processing Co.,
Ltd.).

After sufficient drying, the samples were fired at various tem-
peratures for 2 h at an interval of 50 ◦C. Firing was carried out in an
electric furnace and the heating rate was 1 ◦C min−1 up to 450 ◦C,
2 ◦C min−1 up to 650 ◦C, and 2 ◦C min−1 up to final temperature. A
holding time of 1 h was carried out at 450 and 650 ◦C, respectively,
in order to remove added organic additives and inherent structural
water in bauxite.

2.3. Characterization techniques

The particle size distributions of fly ash, bauxite and their
mixture were determined using a laser particle size ana-
lyzer (Rise-2006, Jinan Rise Science & Technology Co. Ltd., PR
China) using PEG-10000 (polyethylene glycol; molecular weight:
10,000 g mol−1) as organic dispersing agent.

The sintered samples were directly characterized using XRD (D8
ADVANCE, Bruker Corporation, Germany; Cu K� radiation). The sin-
tering shrinkage behavior of the green rectangular bar (the mixture
of bauxite and fly ash based on 3:2 mullite) was measured between
room temperature (26 ◦C) and 1580 ◦C in a horizontal dilatometer
(DIL 402C, Netzsch, Germany). A constant heating rate of 3 ◦C min−1

was used. The length change was recorded with a dense �-alumina
as reference sample.

Micro-structures of the sintered bodies were observed using FE-
SEM (field emission scanning electronic microscope; JSM-6700F,
JEOL, Japan) after sputtering gold coating on cross-sectional sur-
faces. The shrinkage percents in diameter direction of the sintered
cylindrical pellets were measured using a vernier caliper. In addi-
tion, bulk density and open porosity were measured in water
medium, respectively, using a conventional method according to
the Archimedes’ principle.

Pore size distributions were examined in a home-made equip-
ment according to the bubble point method, which is on the basis of
gas–liquid replacement mechanism [25]. Also, nitrogen permeation
fluxes at different pressures were tested using the dried samples in
this experimental device.

Thermal expansion co-efficient of the sintered samples was
measured in the above horizontal dilatometer from room tempera-
ture to 1000 ◦C at a heating rate of 10 ◦C min−1. Room temperature
flexural strength was determined by the three-point bending
method in a universal materials testing machine (3369, Instron
Corporation, USA). A span length of 30 mm and crosshead speed
of 0.5 mm min−1 were used. All the tested bars were polished by
360 mesh and then 800 mesh metallographic sandpapers. Frac-
ture strength was calculated according to the following expression
(ISO9693 1999).

� = 3P × l

2b × h2

where � is the fracture strength (Pa), P is the fracture load (N), l
is the span length (m), b is the width of samples (m), and h is the
height of samples (m).

3. Results and discussion

3.1. Phase evolution mechanism and sintering characteristic

3.1.1. XRD analysis
Fig. 1 shows the XRD result for the mixture of fly ash and baux-
ite (based on 3:2 mullite), fired at 1200–1500 ◦C for 2 h. The result
proves that the phase compositions of the porous mineral-based
mullite depend on thermal treating temperature to a large extent.
At 1200 ◦C, cristobalite was detected because of the phase tran-
sition of quartz in two starting materials, i.e., waste fly ash and
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ig. 1. XRD patterns of the mixture samples sintered at various temperatures for
h. Crystalline phase: M, mullite; A, corundum; C, cristobalite; R, rutile.

auxite. The formation of corundum phase is ascribed to the ther-
al transition of diaspore in raw bauxite. Also, the weak diffraction

eaks of mullite and rutile are observed. The peak intensity of
ristobalite dramatically decreases between 1200 and 1250 ◦C, and
hen approaches to zero completely at 1300 ◦C, whereas that of

ullite increases gradually from 1200 to 1300 ◦C. This indicates
hat corundum, derived from decomposed diaspore, reacted with
ristobalite for secondary mullitization by solid state reaction. This
henomenon, generally called secondary mullitization, is usually
bserved during high-temperature reaction in the kaolin-based
ullite [7,9].

From 1300 to 1450 ◦C, the peak intensity of corundum phase
radually decreases, and almost approaches to zero at 1450 ◦C
ecause it dissolved into transitory liquid glassy phase for further
econdary mullitization. Above 1450 ◦C mullite is the only crys-
alline phase present in the sample. For higher firing temperatures,
he peaks of mullite become more intense because more mul-
ite crystals precipitated from liquid glassy phase and then grew
26,27].
.1.2. Sintering shrinkage characteristic
Dilatometric study, carried out on the dry-pressed green bar,

isplays the sintering shrinkage behavior of the mixture sample
ased on 3:2 mullite. Fig. 2 illustrates the length shrinkage per-
ent (dL/L0) and differential length shrinkage percent (dL/dt) as a

ig. 2. Linear shrinkage percent (dL/dL0) and differential linear shrinkage percent
dL/dt) between room temperature and 1580 ◦C of the mixture sample of bauxite
nd fly ash based on the composition of 3:2 mullite.
Fig. 3. Linear shrinkage percents and bulk densities of the porous mineral-based
mullite membrane supports sintered at different temperatures from 1200 to 1550 ◦C
for 2 h.

function of temperature. At high temperatures, the sintering could
be divided into three stages. The sample shrunk significantly from
977 ◦C. The first stage of densification starts at 977 ◦C, and extends
to 1326 ◦C. Then, a unique self-expansion stage is observed from
1326 to 1477 ◦C. The secondary mullitization was accompanied
with a volume expansion, while sintering via liquid glassy phase
promoted the dimension shrinkage of samples [28]. At this stage,
the secondary mullitization reaction predominated the volume
change of the sample than the sintering via liquid glassy phase. As
mentioned in Section 3.1.1, the mullitization reaction underwent
two processes. One is the solid state reaction between corundum
and cristobalite, and the other is the dissolution of corundum fol-
lowed by the precipitation of mullite crystals during the further
mullitization. Combined with the sintering behavior analysis, it is
concluded that this volume expansion was mainly caused by the
further mullitization via the dissolution of corundum followed by
the precipitation of mullite.

Above 1477 ◦C, the sintering entered into the third stage
(1477–1580 ◦C). During this stage, the sample shrunk again as a
result of the sintering promotion action of liquid glassy phase. Also,
the mullitization reaction completed on the whole. In this case, the
influence of glassy phase through sintering on the densification is
dominant.

In order to verify the influence of this self-expansion sintering on
micro-structural variations, bulk density, SEM, porosity, pore size
distribution and nitrogen gas flux were studied in detail.

3.2. Shrinkage percent and bulk density

Fig. 3 displays the sintering shrinkage percents and bulk densi-
ties of the sintered porous mineral-based mullite samples. From
1200 to 1300 ◦C, both linear shrinkage percent and bulk den-
sity gradually increase, indicating the enhanced densification of
the samples. The decrease in both linear shrinkage percent and
bulk density between 1300 and 1450 ◦C suggests again that this
unique volume expansion occurred during high-temperature sin-
tering. With increasing sintering temperature further (from 1450 to
1550 ◦C), the samples exhibited a characteristic of relatively quick
densification. This can be verified by the quick increase in both
linear shrinkage percent and bulk density.
3.3. Open porosity and pore size distribution

3.3.1. Open porosity
The open porosities of the porous mineral-based mullite ceramic

membrane supports are shown in Fig. 4 as a function of sinter-
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ig. 4. Open porosities of the mineral-based mullite bodies as a function of sintering
emperature between 1200 and 1550 ◦C.

ng temperature. As can be seen from this figure, porosity first
ecreases between 1200 and 1250 ◦C, but increases gradually in
he temperature range of 1250–1450 ◦C, and then decreases again
ith temperature increasing from 1450 to 1550 ◦C. During sinter-

ng at 1250–1450 ◦C, the mass of the sample kept unchanged, while
he volume increased abnormally. Therefore, at elevated temper-
tures this increase trend of open porosity was resulted from the
bove-mentioned sintering self-expansion. This is obviously differ-
nt from the decreased trend in porosity for porous mullite derived
rom the kaoline–alumina system [7,8,29], though the mechanism
f mullitization is similar each other. At 1450–1550 ◦C, the samples
how a characteristic of decreased open porosity at elevated sinter-
ng temperatures. Among these samples sintered at 1200–1550 ◦C,
he maximum open porosity is 44.46% at a sintering temperature
f 1450 ◦C, and the minimum open porosity is 35.67% at a sintering
emperature of 1250 ◦C.

.3.2. Pore size distribution
Fig. 5 illustrates the pore size distributions (a), and maximum

ore diameter and average pore diameter values (b) of the porous
ineral-based mullite samples sintered at various temperatures

from 1200 to 1550 ◦C). As can be seen from the figure, from 1200 to
250 ◦C the pores distribution curves slightly shift to the direction
f small pore, and both maximum pore diameter and average pore
iameter decrease a little. This can attribute to the minor densifica-
ion at the first sintering stage. From 1250 to 1500 ◦C, the pore size
radually increases, and the pore size distributions broaden at the
ame time. The average pore diameters are 0.93, 1.03, 1.25, 1.80, and
.20 �m for the sintering temperatures at 1300, 1350, 1400, 1450,
nd 1500 ◦C. When sintering temperature is increased from 1500 to
550 ◦C, the pore size distribution curve broadens, but shifts to the
irection of small pore. Correspondingly, the average pore diam-
ter decreases from 2.20 to 2.06 �m, though the maximum pore
iameter increases from 4.81 to 5.25 �m.

.3.3. SEM observation
Fig. 6 shows the cross-sectional micrographs of the porous

ineral-based mullite samples sintered at different temperatures
or 2 h. It is found that the micro-structures are extremely related to

◦
intering temperature. At 1200 C, the mixture particles contacted
ach other compactly, and no significant sintering took place. With
intering temperature increasing from 1300 to 1450 ◦C, the samples
xhibit a more and more porous micro-structure. At the same time,
he particles combined each other because of their sintering, which
Fig. 5. Pore size distributions (a), and maximum pore diameter and average pore
diameter (b) of the porous mineral-based mullite membrane supports sintered at
various temperatures in the range of 1200–1550 ◦C.

resulted in the formation of larger sintered particles. This character-
istic is very typical for the samples sintered at high temperatures
such as 1450 and 1500 ◦C. By comparing Fig. 6e with Fig. 6f, it is
concluded that at 1500 ◦C the sample became much denser. Also,
no isolated sintered particles are observed, indicating that the rela-
tively significant densification occurred during sintering. This result
is consistent with the open porosity result in Section 3.3.1.

3.4. Nitrogen gas flux

Fig. 7 displays the nitrogen gas fluxes under various applied
pressures of the porous mullite-based membrane supports sintered
at different temperatures. From 1200 to 1250 ◦C, the nitrogen gas
flux slightly decreases at all the applied trans-membrane pressures.
The nitrogen gas permeation flux gradually increases from 1250 to
1500 ◦C, and then dramatically decreases from 1500 to 1550 ◦C. At
1250–1450 ◦C, the increase in pore size, combined with the increase
in open porosity, results in this increase trend in gas permeation
flux. At 1450–1500 ◦C, the nitrogen gas flux still increases, though
open porosity decreases a little (from 44.46% to 43.26%). When a
gas flows through porous materials dominated by the viscous flow

regime, according to the Hagen–Poiseuille equation [30], gas flux
is proportional to both open porosity and the square of pore size.
Therefore, the increase in pore size is more beneficial to increase
gas flux than the one in open porosity.
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ig. 6. Cross-sectional SEM microphotographs of the porous mineral-based mullite
d) 1400 ◦C, (e) 1450 ◦C, and (f) 1500 ◦C.

At standard atmosphere (0.1 MPa), the maximum nitrogen gas
ux is 2.61 × 103 m3 m−2 h−1, which corresponds to the sample sin-

ered at 1500 ◦C for 2 h. For the sample sintered at 1550 ◦C for 2 h,
he nitrogen flux slightly decreases under all the applied trans-

embrane pressures.

.5. Thermal and mechanical properties

Fig. 8 presents the thermal expansion co-efficient values of the
orous mineral-based mullite membrane supports after sintering
t various temperatures for 2 h. Basically, the thermal expan-
ion co-efficient decreases with increasing sintering temperature.
rom 1250 to 1350 ◦C, the expansion co-efficient decreases from
.35 × 10−6 to 6.13 × 10−6 K−1. From 1350 to 1550 ◦C, the expan-
ion co-efficient decreases very slightly, which varies in the range
f 5.85–6.10 × 10−6 K−1. Although the porosity varies dramatically
rom 1350 to 1550 ◦C, the change of thermal expansion co-efficient
s quite little, suggesting that all the gas pores relatively uniformly
ispersed in the prepared porous mineral-based mullite supports.

he similar result has been achieved during the fabrication of
orous cordierite supports in our previous work [31]. Compared
he theoretic value (4.5–5.6 × 10−6 K−1 between 20 and 1000 ◦C),
hese comparatively large thermal expansion co-efficient values are

ainly due to the existence of other compositions such as silica-rich

Fig. 7. The variation in nitrogen gas fluxes with different applied trans-membrane
pressures of the porous mineral-based mullite supports after sintering at various
temperatures for 2 h.
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Fig. 8. Linear thermal expansion co-efficient of the sintered porous mullite ceramic
membrane supports as a function of sintering temperature in the range of
1250–1550 ◦C with a holding time of 2 h.

Fig. 9. The variation in flexural strength with sintering temperature (1200–1550 ◦C)
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[9] S.J. Li, N. Li, Effects of composition and temperature on porosity and pore size
distribution of porous ceramics prepared from Al(OH)3 and kaolinite gangue,
Ceram. Int. 33 (2007) 551–556.

[10] S. Masmoudi, A. Larbot, H. El Feki, R. Ben Amar, Elaboration and characteri-
f the sintered porous mullite supports.

lassy phase, alkaline and alkaline-earth metal oxides (Na2O, K2O,
gO, CaO, etc.).

Fig. 9 shows the average flexural strength of the porous
ullite supports as a function of sintering temperature. Inter-

stingly, the average flexural strength continuously increases at
levated temperatures from 1200 to 1550 ◦C, though the poros-
ty varies with different sintering temperatures (three temperature
ones: 1200–1250; 1250–1450; 1450–1550 ◦C). At 1200–1250 ◦C
nd 1450–1550 ◦C, accompanied with the decrease in porosity, the
ncrease in flexural strength is well understood because of the
ccurrence of sintering densification. But at 1250–1450 ◦C, the aver-
ge flexural strength increases, though the porosity increases from
5.67% to 44.46%. From the SEM analysis in Section 3.3.3, at elevated
emperatures the formation of larger sintered particles through the
ufficient sintering between small mixture particles, resulting in
he increase of bonding area. In addition, the increase in sintering
emperature caused the precipitation and growth of more mul-
ite crystals, which improved mechanical strength. Therefore, the

echanical strength increases at increased open porosity in the

emperature range of 1250–1450 ◦C.
aterials 172 (2009) 180–186 185

4. Conclusions

Porous mineral-based mullite ceramic membrane supports
were prepared directly using the mixture of fly ash and bauxite
by the reaction sintering technique. An abnormal sintering self-
expansion at elevated temperatures occurred between 1326 and
1477 ◦C. During this temperature range, corundum dissolved into
transitory liquid glassy phase to further develop secondary mulli-
tization reaction. This unique self-expansion caused the decrease
in both linear shrinkage percent and bulk density between 1300
and 1450 ◦C. In the temperature range of 1250–1450 ◦C, both open
porosity and pore diameter increase with temperature, indicating
an important effect of sintering self-expansion on micro-structure.
A more and more porous micro-structure is also obviously observed
by SEM. The increase in pore size, companied with the increase
in open porosity, results in the increase of gas permeation flux
from1250 to 1500 ◦C. The expansion co-efficient decreases from
7.35 to 6.13 × 10−6 K−1 at 1250–1350 ◦C, but then slightly varies
in the range of 5.85–6.10 × 10−6 K−1 at 1350–1550 ◦C. At elevated
temperatures from 1250 to 1450 ◦C, the average flexural strength
increases, while the porosity increases too. This abnormal increase
in mechanical strength is ascribed to the precipitation and growth
of more mullite crystals, as well as the increase of bonding area
between large sintered particles.
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