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a b s t r a c t

In order to effectively utilize industrial waste fly ash, porous mullite ceramic membrane supports were
prepared from fly ash and calcined bauxite with chemically pure titania as sintering additive. The effects
of TiO2 on the sintering behaviors and main properties of porous mullite were studied in detail. Due to
the addition of titania, the sintering of the flyash-based mullite was inhibited at low temperatures, but
effectively improved at high temperatures, the latter is suitable for preparing porous mullite membrane
supports by incomplete sintering. Titania entered into liquid glassy phase with low high-temperature
ly ash
aste recycling

eramic membrane supports
intering
itania

viscosity during sintering, resulting in the improvement of sintering activity, as well as the lowering of
secondary mullitization temperature (where 2.0% titania). Between 1300 and 1500 ◦C, with increasing
titania content, the samples exhibit increased trends in both linear shrinkage percent and bulk density, but
a slightly decreased trend in open porosity, at all sintering temperatures. At 1300–1500 ◦C, the samples
sintered at 1450 ◦C for 2 h exhibit the lowest shrinkage and bulk density, as well as the highest open
porosities in the investigated titania content range of 0–6.0 wt.%. Also, with increasing titania content,

ightly
the pore size decreases sl

. Introduction

Waste fly ash is a residue found in waste after incineration
f raw coal in thermal power plants. This industrial waste is
egarded as hazardous material all over the world, which presents
erious problems related to land disposal and environmental pol-
ution. Therefore, the effective recycling of waste fly ash not only
ecreases environmental pollution, but also produces high value-
dded products. In recent years, there have been a great deal of
esearch efforts made on recycling of this industrial waste for pro-
ucing glass-ceramics with controllable crystalline phases [1–5],
ordierite ceramics [6–8], and porous cordierite membrane where
oth layered porous micro-structure and multi-oxide crystalline
hase could be effectively controlled at the one-step reaction sin-

ering process [9]. However, there are few reports on preparation
f porous mullite ceramics using waste fly ash.

Currently, commercialized porous ceramic membranes cannot
ulfill strong environmental requirements such as massive liq-

∗ Corresponding author. Tel.: +353 61202640; fax: +353 61338172.
E-mail addresses: yingchao.dong@ul.ie, dongyc9@mail.ustc.edu.cn (Y. Dong).
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but the three-point flexural strength increases gradually at 1450 ◦C.
© 2010 Elsevier B.V. All rights reserved.

uid waste pre-treatment, strong alkaline media separation and
thermal shock separation applications, due to their several draw-
backs including high cost, rare membrane materials and narrow
application range. In recent years, porous mineral-based ceramic
membranes have attracted much attention in the scientific com-
munity for their outstanding merits such as low cost, species
diversity and good additional properties [10,11]. Recently, some
new ceramic membrane types and applications have been devel-
oped [12–19]. These ceramic membranes are expected to be used
in some separation applications due to their low cost, especially
where the requirements of membrane performances are not harsh.

Recycling of waste fly ash for use in preparation of porous
ceramic membrane is also helpful in conservation of the environ-
ment. Generally, the components of waste fly ash are complex
and unfixed, of which the physical and chemical properties
depend on the type of raw coal, as well as combustion con-
ditions. Fly ash, in which silica (SiO2) and alumina (Al2O3) are

main components associated with minor amount of other metal-
lic oxides, is very suitable for production of mullite ceramics
[20]. In our previous work related to synthesis of dense mul-
lite from fly ash and bauxite mineral [21], it was found that a
unique self-expansion occurred before full densification due to

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:yingchao.dong@ul.ie
mailto:dongyc9@mail.ustc.edu.cn
dx.doi.org/10.1016/j.jhazmat.2010.04.010
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he high-temperature secondary mullitization reaction. It is fur-
her justified that this sintering expansion behavior had a positive
ffect on the porous structure of mullite, especially improve-
ent of porosity and pore size. Then we prepared porous mullite
embrane supports without any pore-forming additives, only via

he contribution of this sintering expansion to micro-structure
22]. Nevertheless, there are still unrevealed research topics
n the development of porous flyash-based mullite membrane
upports by improving their performances, especially lowering
intering temperature. As discussed [21,22], two factors can influ-
nce the sintering of the mixture of bauxite and waste fly ash:
ne is secondary mullitization; the other is the amount of liq-
id glassy phase. Secondary mullitization is accompanied with a
olume expansion, resulting in increased open porosity at ele-
ated temperatures. On the contrary, liquid glassy phase could
romote sintering, causing a decreased porosity. Therefore, it is
ery essential to adopt suitable sintering additive in order to
ower sintering temperature of mullite membrane support by a
ewly formed liquid phase, without degradation of other properties
ignificantly.

Low-temperature sintering via sintering aids is a quite impor-
ant method to reduce fabrication cost of porous mullite. Most of
he past research has been made to lower sintering temperature
n order to obtain dense mullite by the liquid-phase process with
ifferent sintering aids such as MgO, SrO, TiO2, Fe2O3, CeO2, and
SZ [23–26].

In the current work, porous mullite membrane support was
abricated by recycling of waste fly ash and bauxite with tita-
ia as sintering additive. The effects of sintering aid TiO2 on the
ain properties of porous mullite were studied in detail, mainly

ncluding sintering behavior, phase compositions, micro-structure,
ore-structure and mechanical properties.

. Experimental procedure

.1. Starting materials

Industrial waste fly ash and calcined high-Al bauxite pow-
ers were used as starting materials in order to prepare porous
ullite membrane supports. Chemically pure titania was used

s sintering additive. Fly ash powder was obtained from Hefei
o. 2 thermal power plant (Hefei, Anhui Province, P.R. China).
alcined high-Al bauxite powder was purchased from Yangquan
ity (Shanxi Province, P.R. China). The mixture of fly ash
nd calcined bauxite, based on the composition of 3:2 mul-
ite (Wfly ash:Wbauxite = 56.73:100), was wet-mixed for 12 h with

ater as medium using polyurethane-coated steel balls in a
olyethylene pot. The 3:2 mullite, i.e., Al2[Al2.5Si1.5]O9.75, is con-
idered to be the most stable phase among other types (2:1
ullite and 3:1 mullite). It also has a highly stable open struc-

ure (TMelt = 1828 ± 10 ◦C) and it can accommodate a variety
f transition metal ions into its structure as a solid solution
27].

After drying, the mixture powder was uniformly mixed with
0 wt.% titania aqueous suspensions in a ceramic mortar for 1 h,
espectively, based on four mass ratios (0 wt.%, 2 wt.%, 4 wt.% and
wt.%). After sufficient drying at 120 ◦C, the bulk mixtures were

lightly crushed into powders by hand in a mortar.

.2. Pressing and sintering
The mixture powders with different titania contents were
lightly crushed to break the agglomerates, mixed with
rganic binder PVA-1750 (5.00 wt.% solution) and then uniax-
ally pressed at a pressure of 160 MPa. Both rectangular bars
Materials 180 (2010) 173–180

(50 mm × 6 mm × 3–4 mm) and cylindrical pellets (25 mm in
diameter and 2–3 mm in height) were made in two different
stainless steel moulds. After drying, the samples were fired at
various temperatures between 1300 and 1500 ◦C at an interval of
50 ◦C for 2 h. Firing was carried out in a preprogrammed automatic
control electric furnace and the heating rate was 1 ◦C min−1 up to
450 ◦C, and 2 ◦C min−1 up to final temperatures. A holding time
of 1 h was carried out at 450 ◦C in order to remove added organic
additives.

2.3. Characterization techniques

The particle size distribution of the mixture of fly ash and baux-
ite was determined using a laser particle size analyzer (Rise-2006,
Jinan Rise Science & Technology Co. Ltd., P.R. China) using PEG-
10000 (polyethylene glycol; molecular weight: 10,000 g mol−1) as
organic dispersing agent.

Sintering shrinkage behaviors of the green rectangular bars of
the mixtures of bauxite and fly ash with different titania contents
were respectively measured between room temperature (26 ◦C)
and 1550 ◦C in a horizontal dilatometer (DIL 402C, Netzsch, Ger-
many). A constant heating rate of 5 ◦C min−1 was used. Length
change was recorded with a dense �-alumina as reference sample.
Both raw materials and sintered samples were directly character-
ized using XRD (D8 ADVANCE, Bruker Corporation, Germany; Cu
K� radiation). The shrinkage percents in diameter direction of the
sintered cylindrical pellets were measured using a vernier caliper.
In addition, both bulk density and open porosity were measured in
distilled water medium using a conventional method according to
the Archimedes’ principle.

Pore size distributions were examined in a lab-made equipment
according to the bubble-point method, which is on the basis of
gas–liquid replacement mechanism. Micro-structures of the sin-
tered bodies were observed using FE-SEM (Field Emission Scanning
Electronic Microscope; JSM-6700F, JEOL, Japan) after sputtering
gold coating on cross-sectional surfaces. Room temperature flex-
ural strength was determined by the three-point bending method
in a universal materials testing machine (3369, Instron Corpo-
ration, USA). A span length of 30 mm and a crosshead speed of
0.5 mm min−1 were used. All the tested bars were polished and
beveled in advance by 360-mesh and then 800-mesh metallo-
graphic sandpapers in order to eliminate surface stress. Fracture
strength was calculated according to the following expression
(ISO9693 1999).

� = 3P × l

2b × h2

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

3. Results and discussion

3.1. Characterization of starting materials

The chemical composition and crystalline phase analysis of fly
ash were described in our previous work [21]. The detected major
crystalline phases are mullite (3Al2O3·2SiO2, orthorhombic system,
PDF# 79-1455) and �-quartz (SiO2, hexagonal system, PDF# 85-
0797). Amorphous silicate glassy phase was also detected, which is
derived from uncrystallized silica-rich substance due to the rapid
cooling process during combustion. Regarding chemical composi-

tion, the majority of fly ash consists of SiO2 (57.40 wt.%) and Al2O3
(31.35 wt.%). In addition to transition metal oxides (2.86 wt.% Fe2O3
and 1.37 wt.% TiO2), there are also small amounts of co-existing
alkali and alkaline-earth metal oxides such as Na2O, K2O, MgO, CaO,
etc.
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ig. 1. XRD patterns of the starting materials: (a) calcined bauxite powder, and (b)
hemically pure titania powder.

Fig. 1 illustrates the XRD patterns of the as-received calcined
auxite and chemically pure titania powders. The major crys-
alline phase is �-alumina (Al2O3, cubic system, PDF#79-1558) in
he calcined bauxite (Fig. 1a). In contrast, mullite (3Al2O3·2SiO2,
rthorhombic system, PDF# 79-1455) exists as a minor crystalline
hase. And very minor amount of aluminum titanate (Al2O3·TiO2,
rthorhombic system, PDF# 81-0030) was detected as a second
inor phase, according to its very weak diffraction peaks in the
RD pattern. Aluminum titanate was formed between rutile and
orundum during the high-temperature calcination of raw high-Al
auxite mineral [28]. From the XRD pattern in Fig. 1b, it is noted that

or chemically pure titania there are two crystalline types of tita-
ia, i.e., anatase (as major phase) and rutile (as minor phase). The
hemical composition of the as-received bauxite was characterized
y XRF, and the results are listed in Table 1. Bauxite is of high-Al
ontent, mainly composed of 85.36 wt.% alumina. There is a certain

able 1
uantitative X-ray fluorescence spectral analysis of the as-received calcined bauxite.

Chemical composition (wt.%) of calcined bauxite

Compound Al2O3 SiO2 MgO K2O CaO

85.36 7.89 0.23 0.22 0.14

Element Al Si Mg K Ca

45.18 3.69 0.14 0.18 0.10
Fig. 2. Particle size distribution of the as-used calcined bauxite powder.

amount of silica (7.89 wt.%) and titania (3.85 wt.%). In association
with Fig. 1a, it is known that titania exists in the form of aluminum
titanate. The content of ferric oxide is very little (1.52 wt.%). A very
small amount of other oxides such as MgO, K2O, CaO, Cr2O3, MnO,
NiO2, and ZrO2, were also detected.

Fig. 2 shows the particle size distribution of the ball-milled mix-
ture of fly ash and calcined bauxite. As can be seen, the average
particle diameter is 15.09 �m, with majority of particles falling
between 9.00 and 24.00 �m in diameter.

3.2. Effects of TiO2 on sintering shrinkage behaviors

Fig. 3 displays the sintering shrinkage behaviors of the
flyash–auxite mixture samples with various titania contents
(0–6 wt.%). For the sample without titania addition, at high tem-
peratures, the sintering process could be divided into three stages,
which were described in detail in our previous work [22]. More
especially, a unique sintering self-expansion stage was observed
in the range of 1280–1510 ◦C. At this stage, the secondary mul-
litization reaction was caused by the dissolution of corundum
into transient glassy liquid phase, followed by the precipitation of
mullite crystals [29]. This mullitization reaction predominated the
micro-structure change during high-temperature sintering of sam-
ples, in spite of gradual densification via liquid-phase sintering. The
latter is a general phenomenon in many ceramic systems.

By contrast, the samples with titania addition exhibit similar
sintering shrinkage behaviors with that without titania. But the
difference in sintering shrinkage is still observed, just described
as follows:

a) The first sintering shrinkage stage. The sample without titania
began to shrink at 875 ◦C and then ceased to shrink at 1280 ◦C.

But the initial shrinkage temperatures are delayed to higher
temperature for all the samples with titania addition. The initial
shrinkage temperatures are respectively 934, 935 and 930 ◦C
for the samples containing 2 wt.%, 4 wt.% and 6 wt.% titania. In
particular, for the samples containing titania, the relative slight

TiO2 Cr2O3 MnO Fe2O3 NiO ZrO

3.85 0.29 0.02 1.52 0.02 0.16

Ti Cr Mn Fe Ni Zr

2.31 0.20 0.01 1.06 0.01 0.12
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ig. 3. Linear shrinkage percent dL/dL0 (a) and differential linear shrinkage percent
L/dt (b) of the porous mullite samples with different TiO2 contents.

increases of dL/L0 in this first shrinkage stage could be ascribed
to the decreased sintering activity of samples due to the addi-
tion of titania. This is because chemically pure titania filling in
the porous compacts was inert and un-reacted at this temper-
ature range. It is concluded that the addition of titania slightly
inhibited the sintering of fly ash and bauxite at low tempera-
tures.

b) The second sintering expansion stage. The sintering expan-
sion stage of the sample without titania is in the temperature
range of 1280–1510 ◦C. But the sintering expansion occurred
at 1320–1487 ◦C, 1319–1473 ◦C, 1321–1450 ◦C for the samples
with additions of 2 wt.%, 4 wt.% and 6 wt.% titania. Initial expan-
sion temperatures are also delayed to higher temperature for all
the samples containing titania because the added titania reacted
with alumina substance to form aluminum titanate with low
sintering activity, resulting in the decrease in sintering ability
of the samples. But ending temperatures of sintering expan-
sion stage, i.e., the initial temperatures of the third sintering
re-shrinkage stage, decrease with increasing titania content.
This can be ascribed to that the titania-rich glassy liquid phase,
formed from titania and silica-based glassy phase in raw mate-
rials, promoted the sintering of the flyash/bauxite sample. As
a consequence, the samples containing titania exhibit higher
sintering shrinkage percents than the one without titania in
this sintering stage, indicating that the addition of titania could
promote the sintering to different degrees.
c) The third sintering shrinkage stage. The sample without titania
began to shrink at about 1510 ◦C at this third stage. By com-
paring the shrinkage curves of the samples with and without
titania, it is noted that all the samples containing titania began
to shrink at lower temperatures (1487 ◦C at 2 wt.%, 1473 ◦C at
Fig. 4. XRD patterns of porous mullite samples after sintering at different temper-
atures for 2 h: (a) 2 wt.% TiO2; (b) 6 wt.% TiO2.

4 wt.%,1450 ◦C at 6 wt.%,). More especially, the titania-contained
samples show much higher shrinkage percents and quicker
shrinkage rates, which is more obvious when increasing tem-
perature. The lower initial shrinkage temperature, associated
with higher shrinkage percents and quicker shrinkage rates,
indicates again that the sintering activity at high-temperature
region could be effectively improved by adding titania pow-
der into the mixture of fly ash and bauxite. The values of
shrinkage percent are 4.82 × 10−4, 7.75 × 10−3, 8.87 × 10−3 and
2.53 × 10−2 respectively, for the samples with 0 wt.%, 2 wt.%,
4 wt.% and 6 wt.% titania at 1500 ◦C.

3.3. Effects of TiO2 on main properties of porous mullite

3.3.1. XRD patterns
Fig. 4 shows the XRD patterns of the porous mullite-based sup-

ports containing 2 wt.% and 6 wt.% TiO2 after sintering at different
temperatures (1300–1500 ◦C) for 2 h. For the mere flyash/bauxite
mixture sintered at 1300–1450 ◦C, the peak intensity of corun-
dum phase gradually decreases, and almost approaches to zero at
1450 ◦C because it dissolved into transient liquid glassy phase for
further secondary mullitization reaction. Mullite is only crystalline

phase present in the samples above 1450 ◦C [22].

From Fig. 4a, it can be seen that no aluminum titanate phase
is observed above 1350 ◦C. With the addition of 2 wt.% titania,
corundum phase appears at 1300 and 1350 ◦C, then disappears
almost at 1400 ◦C. At 1400-1500 ◦C, the diffraction peaks of corun-
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the samples fired at a quick heating rate (5 ◦C min−1) without hold-
ing time. On the other hand, both low heating rate (2 ◦C min−1)
and thermal retardation (2 h) at every final temperature could
enhance the densification level for the samples sintered in elec-
ig. 5. XRD patterns of the flyash-based porous samples with various TiO2 contents
0–6 wt.%) after sintering at 1450 ◦C for 2 h.

um are very weak, indicating that the only crystalline phase is
ullite. This indicates that the addition of titania could effec-

ively promote the mullitization reaction between corundum and
ilica-rich glassy phase at lower sintering temperatures. TiO2, as
nucleating agent, facilitated the nucleation of acicular mullite,

nd its subsequent growth for promoting crystallization of sec-
ndary mullite in the porous mullite sintered bodies. According
o the SiO2–Al2O3–TiO2 ternary system phase diagram, titania
ntered into the liquid glassy phase at high temperatures when
he total amount of titania (including existing titania in raw mate-
ials and added chemically pure titania) reached its solid-solution
imit in mullite lattice [30–32]. Therefore, a low-viscosity titania-
ontaining glassy liquid phase was formed, which accelerated the
eaction diffusion between corundum and silica-rich glassy phase,
s well as the precipitation of mullite crystals from transient liquid
lassy phase. This results in a much lower completion temperature
f mullitization reaction.

From Fig. 4b, it is seen that corundum phase appears at
300–1400 ◦C, then disappears approximatively at 1450 ◦C, sug-
esting that the mullitization reaction completion temperature
f the sample containing 6 wt.% titania is 1450 ◦C. At 1500 ◦C, no
orundum diffraction peaks are observed. Also, aluminum titanate
hase is observed at all sintering temperatures between 1300
nd 1500 ◦C. This XRD results indicate that an excessive amount
f added titania did not promote the mullitization reaction, but
esulted in the production of aluminum titanate phase. Even though
t high temperatures, aluminum titanate still exists maybe because
ome small amount of transition metal and alkaline-earth metal
xides (in the staring materials) entered into the lattices of alu-
inum titanate, and therefore inhibited its decomposition into

itania and alumina. In this case, the excessive titania also entered
nto liquid glassy phase and resulting in the production of more
mount of liquid glassy phase with lower high-temperature vis-
osity. As a consequence, the sintering of the sample with 6 wt.%
itania was improved due to the addition of titania.

Fig. 5 shows the XRD patterns of the samples with various TiO2
ontents (0–6 wt.%) after sintering at 1450 ◦C for 2 h. For all the sam-
les, mullite is major crystalline phase. Corundum phase appears
or the sample without titania, but disappears almost for the sam-
le with 2–6 wt.% titania. This suggests again that the addition

f titania could effectively promote secondary mullitization reac-
ion at 1450 ◦C. Mullite is a only crystalline phase in the sample
ith 2.0 wt.% titania. But for the samples with high titania content

4.0 wt.% and 6.0 wt.%), aluminum titanate was detected as a minor
hase.
Materials 180 (2010) 173–180 177

3.3.2. Shrinkage percent and bulk density
Fig. 6 presents the diameter shrinkage percent and bulk den-

sity of the flyash-based porous mullite compacts sintered at
1300–1500 ◦C for 2 h. For all the samples, both shrinkage percent
and bulk density are increased with titania content at all the sinter-
ing temperatures, suggesting again that the addition of titania could
cause the densification sintering of the porous mullite compacts to
some degree. The increase of cation mobility by the formation of
cation vacancy caused by the substitution of Al3+ by Ti4+, as well
as the formed low-viscosity titania-containing glassy liquid phase
could improve the sintering activity of the flyash/bauxite based
porous mullite, resulting in the same porosities at lower thermal-
treating temperatures, compared with the sample without titania
addition. This is similar with the positive effect of titania on sinter-
ing of sillimanite-based mullite [33].

Sintering expansion behavior is also observed for the samples
containing 0.0–6.0 wt.% titania. The decreases in both shrinkage
percent and bulk density are observed at 1300–1450 ◦C. From this
result, it is also concluded that the unique volume expansion sinter-
ing of all the samples, is in the temperature range of 1300–1450 ◦C.
This is slightly different from the above dilatometric results because
of the difference in thermal-treating schedule. During dilatometric
measurement the hysteresis effect of densification took place for
Fig. 6. Diametrical shrinkage percents (a) and bulk density (b) of the porous mineral-
based mullite membrane supports with various TiO2 contents after sintering at
different temperatures between 1300 and 1500 ◦C for 2 h.
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ig. 7. Open porosity of the flyash-based mullite sintered bodies added with differ-
nt TiO2 as a function of sintering temperature.

ric furnace. With increasing sintering temperature further from
450 to 1500 ◦C, the samples exhibit a characteristic of relatively
uick densification at all titania levels, which is well verified by the
uick increase in both radial shrinkage percent and bulk density.
s can be seen, all the samples exhibit the lowest radial shrinkage
ercents (actually the highest expansion percents) and the lowest
ulk density at 1450 ◦C for 2 h when sintered between 1300 and
500 ◦C.

The as-prepared porous mullite membrane supports have a
ery low bulk density. Between 1300 and 1500 ◦C, average bulk
ensity is in the range of 1.70–1.84 g cm−3, 1.74–1.88 g cm−3,
.78–1.91 g cm−3, 1.82–1.93 g cm−3 for the samples with 0 wt.%,
wt.%, 4 wt.% and 6 wt.% titania.
.3.3. Open porosity
Fig. 7 shows the variation in open porosity in relation to the con-

ent of titania at different sintering temperatures (1300–1500 ◦C).
he result of open porosity is in good agreement with that of sin-
ering shrinkage percent and bulk density. For all the samples,

ig. 9. Cross-sectional SEM microphotographs of the flyash-based porous mullite sample
iO2; (c). 4 wt.% TiO2; (d). 6 wt.% TiO2.
Fig. 8. Pore size distribution curves of flyash-based porous mullite supports with
various TiO2 contents after sintering at 1450 ◦C for 2 h.

the open porosity is slightly decreased with titania content when
sintered at the same temperatures between 1300 and 1500 ◦C. A
gradual increase in open porosity with temperature is observed
for all the samples with the same titania doping levels sin-
tered at 1300–1450 ◦C. The samples sintered at 1450 ◦C for 2 h
exhibit the highest open porosities in the investigated titania
content range of 0–6.0 wt.%. The open porosities are respectively
46.64 ± 0.64%, 44.89 ± 0.23%, 43.87 ± 0.61% and 42.92 ± 0.06% for
the samples containing 0 wt.%, 2 wt.%, 4 wt.%, and 6 wt.% titania.
The samples containing titania still show relatively high open
porosity, which is very suitable for the application in filtration.
But a decrease in open porosity is obtained at a higher sinter-
ing temperature (1500 ◦C) due to the occurrence of a sintering
re-densification. Therefore, the porosity of the porous mullite sup-
ports could be effectively adjusted by choosing the above main

parameters, including titania content and sintering temperature.
The samples sintered at 1450 ◦C were selected due to relatively
high open porosities and characterized by pore size and mechanical
strength.

s sintered at 1450 ◦C for 2 h with various TiO2 contents: (a). 0 wt.% TiO2; (b). 2 wt.%
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ig. 10. The variation in three-point flexural strength with TiO2 contents (0–6 wt.%)
f the sintered flyash-based porous mullite supports.

.3.4. Pore size distribution
Fig. 8 shows the pore size distributions of the mullite supports

ith different titania contents (0–6.0 wt.%) sintered at 1450 ◦C for
h. All the samples exhibit similar bimodal distributions of pore

ize. With increasing titania content from 0 to 6.0 wt.%, the aver-
ge pore diameter decreases from 7.28 to 6.52 �m. This could
e ascribed to the increased open pore shrinkage due to the
eneration of much more glassy liquid phase during sintering
hen increasing titania contents, though the thickness differ-

nce of the measured samples has a slight effect on pore size
ccording to the Hagen–Posieuille equation during the bubble-
oint measurement based on a gas–liquid replacement mechanism
34].

Fig. 9 displays the SEM micro-structure photos of the flyash-
ased porous mullite samples with various titania contents
0–6 wt.%) sintered at 1450 ◦C for 2 h. A typical porous structure
s observed for all the samples in spite of its titania content. With
ncreasing titania content from 0 to 6 wt.%, a slight gradual den-
ification took place because of the generation of more liquid
lassy phase with lower high-temperature viscosity. The viscous
ow sintering occurred as a result of a large amount of liquid
hase [35]. This is also effectively verified by the formation of
intered particles with more smooth surfaces. According to the
l2O3–SiO2 binary phase diagram, liquid phase can be formed at
bove eutectic temperature (1590 ± 10 ◦C) [36]. In our study, a mass
f liquid glassy phase appeared at a relatively low-temperature
ainly due to the increase of the amount of glassy phase by the

issolution of TiO2. Also, the co-existing alkali and alkaline-earth
etal oxides in raw materials (Table 1), acted as glass modifiers,

ot only lowered the viscosity of liquid glassy phase by forming
eak Si–O bonds but also changed its wetting characteristic during

intering.

.3.5. Mechanical strength
Fig. 10 shows the three-point flexural strengths of the selected

orous mullite ceramics sintered at 1450 ◦C for 2 h. With increas-
ng titania content, the slight improvement of flexural strength
s ascribed to the enhanced densification of the porous mullite
eramic membrane supports. This supports the result of decreasing
rend in porosity with increasing titania content. After sinter-

ng at 1450 ◦C for 2 h, the porous mullite exhibits three-point
exural strength values of 28.27 ± 1.87, 30.79 ± 0.74, 34.54 ± 0.46,
6.05 ± 1.08 MPa at room temperature for 0 wt.%, 2 wt.%, 4 wt.% and
wt.% titania additions.

[

[
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4. Conclusions

In this work, porous mullite ceramic membrane supports were
prepared from fly ash and calcined bauxite with titania as sinter-
ing additive. Due to the addition of titania, the sintering activity
of the flyash-based mullite was inhibited at low temperatures, but
effectively improved at high temperatures. Moreover, the sinter-
ing ability is increased with increasing titania content. This can
be ascribed to that titania entered into liquid glassy phase with
lower high-temperature viscosity during sintering, resulting in
the improvement of sintering activity, as well as the lowering of
secondary mullitization reaction temperature (especially for the
sample with 2.0 wt.% titania). Between 1300 and 1500 ◦C, with
increasing titania content, the samples exhibit increased trends
in both linear shrinkage percent and bulk density, but a slightly
decreased trend in open porosity, at all sintering temperatures.
At 1300–1500 ◦C, the samples sintered at 1450 ◦C for 2 h exhibit
the lowest shrinkage and bulk density, as well as the highest
open porosities in the titania content range of 0–6.0 wt.%. When
increasing titania content, the pore size decreases slightly but the
three-point flexural strength increases at 1450 ◦C due to the aid-
sintering function of titania.
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