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Abstract

Different from traditional particle packing structure, a porous structure of ceramic membrane support was fabricated, featuring elongated mullite
whiskers with enhanced porosity, permeance and sufficient mechanical strength. The effect of additives (MoO3 and AlF;) and sintering procedure
on open porosity, mechanical properties, pore size distribution, micro-structure, phase structure, and permeance of the membrane supports was
characterized in detail. The introduction of MoO; and AlF; promoted formation of a porous whisker-interlocked structure, which effectively
improved open porosity and permeance. A mullite membrane support containing 5 wt.% MoO; and 4 wt.% AlF; exhibited an open porosity as
high as 48.6 + 0.5%, a mechanical strength of 81.2 3.2 MPa at 1200 °C, and the value of permeance was higher than the membrane without any
additives. Such enhancements in porosity and permeance, with sufficient mechanical strength, were a result of tortuosity decrease due to a porous

structure of interlocked mullite whiskers.
© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

Porous ceramic separation membranes are used in industrial
fields due to their unique advantages, such as excellent tempera-
ture stability, good pressure resistance, good chemical stability,
long life and good antifouling properties.! However, commercial
porous ceramic membranes still cannot fulfill increasing envi-
ronmental requirements at a large scale such as separation in
strong alkaline media and massive liquid waste treatment due to
the limited types of membrane materials? (such as Al,O3, ZrO»,
Si0,, TiO» and their composites). Besides, high cost, associated
with starting materials and formation/sintering processes, makes
extensive applications of ceramic membranes still limited.* As

* Corresponding author at: CAS Key Laboratory of Urban Pollutant Conver-
sion, Institute of Urban Environment, Chinese Academy of Sciences, Xiamen,
PR China. Tel.: +86 0592 6190790; fax: +86 0592 6190790.

E-mail addresses: ycdong @iue.ac.cn,
dongyc9 @mail.ustc.edu.cn (Y. Dong).

http://dx.doi.org/10.1016/j.jeurceramsoc.2014.09.016
0955-2219/© 2014 Elsevier Ltd. All rights reserved.

a result, the preparation and potential applications of porous
mineral-based ceramic membranes (kaolin,? bauxite,® sepiolite
clay,7 industrial solid waste coal fly ash,® etc) have attracted
more attention due to the low cost of abundant raw materi-
als available worldwide. For example coal fly ash emerges as
a by-product from the combustion of raw coal in thermal power
plants.” Without suitable treatment, fly ash may be a source of
dust which adversely affects our environment. Therefore, it is
necessary to utilize this waste not only to decrease environmen-
tal pollution but to produce high added-value products from it.
Especially fly ash containing Al,O3 and SiO; is suitable for the
fabrication of dense mullite-based ceramics, as has been proven
in.'%!! Recently a study has been made on the conversion of coal
fly ash to mullite (3A1,03-2Si0;) for the preparation porous
ceramic membranes.'”

As a structural material, porous mineral-based mullite is
expected to be a promising candidate for ceramic membrane
supports especially because of its excellent high temperature
resistance, good corrosion resistance, abundant natural Al and
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Si-sources, low cost, and environment friendliness.!? These
properties are especially important for porous mullite, which
is used as filter membrane for treatment of great volumes of
liquid/gas effluents, which requires the use of porous support
with higher porosity and good mechanical strength in order
to maintain a lower pressure drop across the filter membrane
and to withstand the pressure gradient imposed during practical
separation applications.

Traditionally, the open porosity of a ceramic membrane is
limited by the intergranular packing effect of the starting pow-
der or precursor, mainly depending on its morphology and
particle size distribution. It is well known that porosity can
be effectively controlled by varying sintering conditions such
as sintering temperature and dwelling time.'* High tempera-
ture partial sintering is required to produce sintering necks,
endowing porous ceramic membrane with sufficient strength,
while degrading open porosity to some extent. Normally, an
improvement in open porosity, which is required to endow
a low fluid resistance, is achieved with addition of pore-
forming agents such as graphite powder or some organic
compounds,'”*'® which burn out or decompose completely dur-
ing heating. However, the pores produced in this way are
usually believed to deteriorate the mechanical reliability.'” It
is usually hard and thus of great importance to find a way
to produce high porosity without alteration of mechanical
strength of ceramic membrane supports, which are expected
to withstand large pressure gradient imposed during prac-
tical separation applications. Apart from high mechanical
strength, a proper ceramic membrane support should have high
permeability.'®

Recently, mullite whiskers have been widely investigated as
candidates for reinforcement of ceramic-based composites due
to their high aspect ratio and high strength.'” Several approaches,
such as addition of AIF3!!19-20 o starting material mixtures, are
developed to produce mullite-whisker-reinforced composites. In
order to further enhance mullite phase content at low tempera-
tures, some sintering aids (such as V,05,”! MgO,?” TiO,'? and
WO;32?) are used during fabrication of low-cost porous mullite.
However, there are few reports with MoOs as sintering addi-
tive. Since Mo and W are in the same subgroup of the element
periodic table, associated with the lower melting point of MoO3
(795°C), it is expected that addition of MoQOj3 accelerates the
growth of mullite crystals and thus enhances mullite content at
lower temperatures.

Different from traditional particle packing structure
processed by partial sintering, in this work, with MoO3 and
AlFj3 as additives, a highly porous structure of inter-locked mul-
lite whiskers is realized in mullite membrane support made
from waste coal fly ash and bauxite. The present study aims
at elaborating a new type of porous structure for ceramic
membrane support with enhanced porosity and permeance, but
without significant degradation of mechanical property. The
effect of additives and sintering parameters on the main prop-
erties of porous mullite membrane supports is studied in detail,
mainly including porosity, mechanical properties, pore size dis-
tribution, micro-structure (SEM and phase compositions) and
permeance.

2. Experimental procedures
2.1. Starting materials for membrane support

Coal fly ash (Ningbo, Zhejiang Province, China) and nature
bauxite (Yangquan, Shanxi Province, China) were used as the
starting materials. AlF3 (98-102%, Guangfu Fine Chemical
Reagent Ltd., Tianjin, China) and MoOj3 (Sinopharm Chemi-
cal Reagent Co., Ltd) were used as crystallization catalyst and
mineralizer, respectively.

Based on  mullite stoichiometric =~ composition
(3A1,03-2Si0,), a series of MoO3—AlF3 doped and undoped
mullite membrane supports were prepared by adding various
weight percents (wt.%) of AlF3 (x wt.%) and MoOj3 (y wt.%)
into the powder mixture of fly ash and bauxite. All samples
are labeled as AxMy. A stands for AlF3, M for MoOs, and the
numbers following them represent their mass percentage in the
samples (e.g. AOMO for the sample without addition of AlF3
and MoO3, A4MS5 for the sample with addition of 4 wt.% of
AlF3 and 5 wt.% of Mo0O3).

2.2. Fabrication of membrane support

The raw materials with different compositions were wet-ball-
milled in distilled water for 12 h using a planetary ball-milling
machine (SFM-1, Hefei Kejing Materials Technology Co., Ltd)
at a milling speed of 400 rpm. After complete drying, the milled
powders were uniformly mixed with organic binder PVA-1750
(5.0 wt.% solution) in an alumina mortar and then uniaxially
pressed into cylindrical pellets (20 mm in diameter and 1-2 mm
in thickness) at a pressure of 190 MPa. The green disc-shape
membrane supports were placed in a closed alumina crucible
and sintered in an electrically heated muffle furnace in air
at final temperatures ranging from 1100°C to 1500°C for
2h.

2.3. Characterization and test

Particular emphasis is placed on characterization of mem-
brane properties of the supports: open porosity, pore size
distribution, mechanical strength, gas and water permeances.
A detailed microstructural analysis was performed to under-
stand the formation process and the reinforcement of this mullite
membrane support.

The particle size distribution of fly ash and bauxite was
determined by a laser particle size analyzer (Mastersizer 2000,
Malvern Instruments Ltd., UK). Chemical compositions of the
raw materials (coal fly ash and natural bauxite) were exam-
ined by X-ray fluorescence spectrometry (WDXRF, PANalytical
Corporation, The Netherlands).

Open porosity was determined by the Archimedes method’*
with water as the liquid medium. Pore size distribution was
measured by a pore size distribution analyzer (PSDA-20, Nan-
jing Gaoqian function materials Co. Ltd., China) based on a
gas—liquid displacement method. The pore diameter can be
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calculated from the Washburn’s equation using the bubble-point

method?223-20;
4 0
Je Y COS )
Ap

where y is the surface tension coefficient of the liquid, 6 is the
contact angle of the liquid on the pore wall and Ap is the applied
pressure difference. In most cases, the shape of the pore tunnels
is irregular, and the pore size is thus defined as the diameter of
a circle which area is equal to the pore throat.”

Biaxial flexural strength (BFS) was measured by a universal
testing machine (AGS-X, Shimadzu Ltd., Japan). BFS was cal-
culated using the formula for maximum tensile stress given by
Timoshenko and Woinowsky-Krieger”’:

BFS (MPa) = g {(1 +v)[(0.4851n(a/t) 4+ 0.52] + 0.48} (2)

where N is the load (N), v is Poisson’s ratio (v=0.26 in this
study), a is the radius of the support circle (m) and ¢ is the
thickness of the specimen (m).

Weibull analysis was conducted on the results of biaxial flex-
ural strength. The Weibull analysis curves’® were made using
Ino and InIn[1/(1 — Py)] plot as X-axis and Y-axis, respectively,
where o is the biaxial flexural strength, Py is he fracture proba-
bility. The latter Pris defined by the relation Py=i/(N + 1), where
i is the rank in biaxial flexural strength from smallest to largest
and N denotes the total number of samples (here N=10 in our
study).

The fracture energy was determined using the following
equation:

N E; 1073
f=3 g
where E,, is the fracture energy per unit volume, E; is the fracture
energy of sample i, a is the circumcircle radius of the three
support balls (a=5mm in our study), N is the total number of
test bodies (N =10 in our study), ¢ is the average thickness of
sample i.

Microstructures of the sintered samples were analyzed by
scanning electron microscopy (SEM, S-4800, Hitachi LTD.,
Japan). Phase analysis of the raw materials and sintered samples
was determined by X-ray diffraction (XRD, D8 advance, Bruker
Corporation, Germany). XRD quantitative analysis based on the
normalized reference intensity ratio (RIR) method, was adopted
to calculate the mullite content in the sintered samples.”’

2.4. Water flux and permeance study

A home-made dead-end flow setup was used for water per-
meance studies. The stainless-steel setup mainly consists of a
top cylindrical water container and a base plate with a provi-
sion to keep a support. The support is rested on a perforated
disk (casing) and placed in the bottom compartment. The trans-
membrane pressure for these experiments was in the range of
0.05-0.3 MPa. The permeate flow rate was recorded at 10 min
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Fig. 1. Open porosities of the sintered membrane supports with addition of
0-10% wt.% of MoO3 and 0-4% wt.% of AlF; as a function of sintering tem-
perature.

intervals for 1 h and the measurements were repeated for all the
samples.

2.5. N> flux and permeance study

N; permeance studies were performed at 25 °C at differential
pressures ranging from 0.05 to 0.3 MPa with 0.05 MPa intervals
in a dead-end mode with the inlet pressure controlled by a pres-
sure regulator and a digital pressure gauge. The gas flow across
the membrane was measured with a bubble flow meter on the
exit gas stream of the membrane support. The samples were held
at each pressure step until a steady flow rate was achieved.

3. Results and discussion
3.1. Characterization of membrane materials

The chemical compositions of the coal fly ash and bauxite
are given in Table 1. The coal fly ash mainly consists of mullite
(3A1,03-2Si0,, PDF no. 15-0776), belonging to primary mul-
lite, which is formed from aluminosilicate clay minerals during
the combustion process of raw coal. As to bauxite, the main
crystalline phases detected are diaspore (AIO(OH), PDF no. 87-
0705) and kaolinite (Al;03-2S510,-2H,0, PDF no. 78-2109).
The average particle diameters of coal flyash and bauxite parti-
cles are 2.1 pm and 1.2 pm, respectively. Most of the mixtures
particle size after ball-milling center between 1.1 pm (djp) and
4.3 wm (dgp) in diameter.

3.2. Open porosity and mechanical property

Fig. 1 indicates that the open porosity without additives
(AOMO) shows a gradually-decreasing trend with sintering
temperature. This result is similar to porous mullite, derived
from the kaoline—alumina system,30 but different from the
trend of increasing porosity with increasing sintering temper-
ature at certain range for the fly-ash—bauxite system involving
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Table 1

Main chemical composition (wt.%) of fly ash and natural bauxite measured by semi-quantitative XRF.

Materials Chemical composition (%)

Al O3 SiO; CaO Fe,03 TiO, SO3 K;0 Na,0 Others
Fly ash 44.76 44.17 4.57 3.02 1.92 0.44 04 0.22 0.49
Bauxite 63.53 10.41 0.47 7.08 2.98 0.18 0.28 0.15 0.52

The loss on ignition of fly ash and bauxite is 1.01 and 14.40 wt.%, respectively.

a sintering self-expansion, as reported in Ref. [6], which is
possibly due to the difference in chemical compositions of
raw materials. The samples with MoO3 and AlF3 (A4MS5
and A4M10) have higher porosities at all temperatures as
compared with AOMO. For A4MS5, porosities as high as
46.94+0.4-48.6 £0.5% are achieved at 1100-1300°C, then
decreased to 41.6 £0.9-29.8 = 1.2% at 1400-1500 °C due to
the occurrence of a sintering densification. With addition of the
same amount of AlF3 (4 wt.%), open porosity slightly increases
with MoOj3 content (from 5 to 10 wt.%). These results indi-
cate that co-addition of MoO3; and AlF3 is quite effective in
enhancing open porosity of mullite membrane supports.

When comparing A4M5 with AOMO, it is interesting to note
that the increase in porosity of the samples with addition of
AlF3 and MoOs is not followed by the degradation in mechanical
strength at temperatures below 1300 °C (see Fig. 2a). The biaxial
flexural strengths of the A4MS5 samples are at the same level
with those of the samples without any additive from 1100 °C to
1200 °C. Although the strengths of A4MS5 are lower than those
of AOMO at 1300-1500 °C, higher porosity enhancements are
realized for AAM5 when compared with AOMO. In particular,
given the same level of biaxial flexural strength, A4AMS5 always
exhibits higher porosity than AOMO (Fig. 2b).

Fracture energy (Fig. 2c) of A4M5 and AOMO gradually
increases with sintering temperature, which is consistent with
the variation of biaxial flexural strength with sintering tem-
perature (Fig. 2a). At each temperature, A4MS5 exhibits higher
fracture energy than AOMO. From 1100 to 1400 °C, the fracture
energy of AOMO increases from 8.7 2.1 to 25.4 £2.0kI m—>.
Upon MoO3 and AlF; addition, the samples exhibit higher
fracture energy (9.6 & 2.1 t0 30.0 & 2.2 kJ m—3). These improve-
ments of fracture energy are ascribed to a new structure of a large
quantity of compact interlocked needle-like mullite whiskers,
which will be studied by SEM (Fig. 7). This effect is similar to
that reported by Li et al.,”! where microstructural homogene-
ity was improved and mechanical properties could be tuned by
doping with V,0Os.

Fig. 2d shows the Weibull analysis of the biaxial flexural
strength results of AOMO and A4MS sintered at 1200-1400 °C.
Most of the points (Ino versus Inln[1/(1 — Pp)]) center close to
the corresponding fit lines, which proves a good reliability of
the BFS results.

In summary, with addition of MoO3 and AlF3, open poros-
ity is significantly improved without degradation of mechanical
strength. At the same level of strength, A4MS5 always exhibits
higher open porosity than AOMO. The A4M5 membrane sup-
port sintered at 1200 °C possesses an enhanced open porosity as
high as approximately 48.6 & 0.5%, and an excellent strength of

81.2 £ 3.2 MPa. For filtration membrane application, pore size
distribution, gas and water permeation properties are important
and thus studied in the following subsections.

3.3. Pore size distribution

Pore size distributions are closely related to final sintering
temperatures. AOMO shows a unimodel distribution of pore size
for all the sintering temperatures. The average pore sizes of
AOMO (Fig. 3a) are found to be 0.32, 0.33 and 0.37 sintered at
1200°C, 1250 °C, and 1300 °C, respectively. A gradual increase
in average pore size is observed due to the sintering-induced
growth of grains (which will be justified by the SEM results,
Fig. 6), leading to the formation of large pores and elimination
of small pores at high temperature. These trends are similar with
mullite membrane supports prepared in previous work.’

Compared with AOMO, the mean pore sizes of A4M5 become
smaller at all sintering temperatures. The average pore diameters
at 1200°C, 1250 °Cand 1300 °C are 0.18, 0.15 and 0.26, respec-
tively (Fig. 3b). The membranes supports show typical bimodal
pore size distributions having maximum number of pores in
two regions, 56—70% of pores between 0.20 and 0.45 pm and
30-44% of pores between 0.08 and 0.20 wm. Based on the SEM
images shown in Fig. 7, the bimodal pore size distributions
are probably due to the formation and growth of stiff skeleton
needle-like mullite crystals, resulting in formation of some finer
pores among them.”®

3.4. XRD analysis

Fig. 4 indicates that the two XRD patterns of AOMO and
A4MS sintered at 1100 °C are similar, consisting of mullite (PDF
no. 15-0776) characteristic peaks, weak characteristic peaks of
cristobalite (PDF no. 27-0605) and corundum (PDF no. 10-
0173). The dependence of mullite phase content on sintering
temperature based on RIR analysis (Fig. 5) shows the mullite
content in AOMO (28%) is lower than that in A4M5 (48%). In
the AOMO sample, cristobalite is detected until 1250 °C, which
reacted with alumina, contributing to the formation of mullite
phase. While in the A4MS5 sample, cristobalite is not detected
when the sintering temperature increases up to 1200 °C, where
the mullite content is 72%. This great increase in mullite content
from 48% to 72% is due to the rapid formation of secondary mul-
lite from 1100 °C to 1200 °C. The content of mullite does not
significantly increase between 1200 °C and 1400 °C. By con-
trast, the content of mullite in AOMO increases gradually from
32% to 76% as the sintering temperature increases from 1100 °C
to 1300 °C.
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During high-temperature sintering, Firstly, AlF3 reacted with
O3 to form AIOF, and then AIOF reacted with the reaction prod-
uct SiF4 to produce mullite at a lower temperature. The existence
of MoO3 lowered the melting temperature of silica-rich glassy
liquid and decreased the high-temperature viscosity of the lig-
uid system, which was favorable to the formation of silica-rich
liquid phase and thus promoted mass transportation during the
reaction between Al,O3 and SiO;. The Al, O3 dissolved into the
glassy phase for second mullite formation. While the reaction
between Al,O3 and SiO, went on, the mullite crystals grew up.
The excess SiO; in fly ash was thus consumed with the rapid for-
mation of large crystals of secondary mullite at 1100-1300 °C.
It is reasonable to assume that MoO3 acted as heterogeneous
centers where mullite nucleation could be induced at lower tem-
peratures, leading to lower mullitization temperature. This is
similar with the positive effect of V,Os on sintering of mul-
lite membrane supports.”’ With AIF3 and MoO3 addition, the
temperature, at which mullite phase was formed, is lowered
by 150 °C as compared with the samples prepared without any
additives.

3.5. Microstructural analysis of membrane support

There is a great difference in microstructure evolution for
AOMO and A4M5 (Figs. 6 and 7). From Fig. 6a, it is found
that porous structure is formed by partial-sintering of mixture
particles of fly ash and bauxite without morphological change
(AOMO) at 1100 °C. From 1200 to 1300 °C (Fig. 6b and c), sin-
tering is gradually enhanced with the presence of larger pores
at 1300 °C, which is consistent with the pore size distribution
results (see Fig. 3a). With further increasing firing temperature
up to 1400 °C, an obvious densification is observed, which cor-
responds to the rapid decrease in open porosity as discussed
above (see Fig. 1).

Comparing Fig. 6a—d with Fig. 7a—d, it is found that with
the addition of the additives, a large amount of very fine mul-
lite whiskers are observed to be distributed around some large
particles in a porous structure at 1100 °C. With increasing tem-
perature to 1200 °C, a uniform porous microstructure is formed,
entirely composed of grown mullite whiskers (Fig. 7b), which
act as a skeleton of pore structure. With further increasing sin-
tering temperature (1300 °C) (Fig. 7¢), mullite whiskers grow
thicker and longer and interlocked with each other. A highly
porous structure is observed for the sample sintered at 1300 °C.
The formation of stiff skeleton needle-like mullite is very favor-
able to increase the open porosity (consistent with the above
results in Fig. 2). The surface of A4M5-1300 is more porous than
that of AOMO-1300, indicating that the accelerated anisotropical
growth of mullite whiskers induced by AlF; and MoO3 favors
the enhancement of open porosity (consistent with the above
results in Fig. 1). This type of grain morphology is quite essen-
tial for developing highly porous filtration membrane with strong
mechanical integrity.

Fig. 8 shows the freshly fractured surface SEM images,
after biaxial flexural strength tests, of AOMO and A4M5 mem-
brane supports sintered at 1200 °C and the proposed fracture
mechanism schematic diagram. For AOMO sintered at 1200 °C
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Fig. 6. Fracture surface SEM images of the AOMO membrane supports sintered at various temperatures: (a) AOM0—1100°C, (b) AOM0—1200°C, (c)
AOMO—1300°C and (d) AOM0—1400°C.

(Fig. 8a), most of the fractures upon failure occur from larger energy during strength test because of lower intrinsic strength
glassy phase regions between partially-sintered mullite crystals of glassy phase (see Fig. 2¢). Due to the addition of MoOj3 and
(as those indicated by red circles in the fracture mechanism  AlF3, open porosity becomes higher, while there is also a sig-
schematic diagram made using CATIA software). The frac- nificant change in the microstructure of the fabricated mullite
ture is completely intergranular, which absorbs lower fracture =~ membrane support, which is entirely composed of interlocked

Fig. 7. Fracture surface SEM images of the A4MS5 membrane supports sintered at various temperatures: (a) A4M5—1100°C, (b) A4M5—1200°C, (c)
A4M5—1300°C and (d) A4M5—1400°C.
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Fig. 8. Freshly fractured surface SEM images (left) and fracture mechanism schematic diagram (right) of the AOMO (a) and A4MS5 (b) membrane supports sintered

at 1200 °C after biaxial flexural strength tests.

mullite whiskers without the presence of glassy phase. The inter-
grown rod-like mullite crystals (as those indicated by the circles
in Fig. 8b) could impart good mechanical strength and structure
rigidity to the porous mullite support. These inter-locked mullite
whiskers are expected to exhibit excellent mechanical properties
such as high strength and high modulus since they absorb much
higher fracture energies than partially-sintered glassy phase par-
ticles (see Fig. 2¢), consequently resulting in an enhancement in
mechanical strength.'”?” Possible bridging crack and pull-out
of bonded mullite whiskers in aligned way also contribute to this
enhancement in strength,3] as well indicated in Fig. 8b.

In summary, with addition of MoOj3 and AlF3, formation of
more inter-locked mullite whiskers, which adsorb more energy
during fracture, is responsible for the improvement in open
porosity of A4MS5 and mechanical strength compared with
AOMO sintered from 1100 to 1400 °C. Besides, possible bridg-
ing crack and pull-out of bonded mullite whiskers in aligned
way also contribute to this strength enhancement.

3.6. Water permeance across membrane supports

Water flux (Fig. 9a) of AOMO and A4MS5 increases with trans-
membrane pressure as well as sintering temperature. In all cases,
the water flux increases linearly with transmembrane pressure,
which indicates that pressure difference is the only driving force
for the permeation of water. When the transport mechanism fol-
lows the viscous flow model, the flux versus transmembrane
pressure plot should be expressed as a straight line which coin-
cides with the origin (Darcy’s law),?” as indicated in this study.
Similar trends were also reported for the other porous inor-
ganic clay-based membranes.” In Fig. 9b, an approximately
linear relationship exists between water permeance and aver-
age transmembrane pressure, indicating a preferential laminar
flow mechanism in the mullite membrane supports.>”

3.7. Nitrogen gas permeance across membrane supports

A pure, non-adsorbing gas flow through a homogeneous
porous structure may be described by Knudsen diffusion, vis-
cous flow, surface diffusion, dissolution diffusion, or some
combination of these processes. The mechanism of gas transport
through microporous membrane depends upon the pore size (r)

of the membrane relative to the mean free path (1) of the gas
molecule. Knudsen diffusion occurs in small pores where colli-
sions of the gas molecules with the pore walls have a significant
effect on their movement. Viscous flow describes the situation
where the pores are large enough so that the viscosity of the
gas controls the flow rate through a porous body. In some cases,
permeation may also be enhanced by the reaction of the gas with
the pore wall surface, i.e. surface diffusion.

When the membrane has pores comparable to the size to
the mean free path of the gas molecule, the permeation flux
through the membrane can be considered as a combination of
Knudsen diffusion and viscous flow. So the permeation of the
gas through the porous structure may be modelled by treating
Knudsen diffusion and viscous flow as parallel processes, as
shown in the following equation™*

er er?

J = + - 4)
T [2v/3RTL] P 7, [1/8RTLn] pP

where the flux J of a gas component is a function of: (i) gas

properties, such as the gas mean molecular velocity v of the

gas and the viscosity of the gas 5, and the gas mean molecular

velocity v is given by

8RT 6
v=A\Tu (6)
where M is the gas molecular mass; (ii) the differential pressure
across the membrane P; (iii) the average pressure within the
membrane p; (iv) the membrane thickness L; and (v) the pore
characteristics: open porosity &, pore radius r and the tortuosity
factor of the pores corresponding to either the Knudsen 7 or vis-
cous flow 7, mechanisms. The tortuosity factors compensate for
the pore structure features, which deviate from uniform straight
pore structure. The gas permeance of a porous membrane, which
is equal to the flux normalized by the pressure difference of the
gas across the membrane (J/P), is given by

J er er?
—= + - @)
P T [2v/3RTL] 1, [1/8RTLn] p

Plotting the gas permeance vs. average pressure yields a
straight line of the form:

J
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Fig. 9. Water flux (a) and water permeance (b) across the AOMO and A4MS5 membrane supports at several transmembrane pressures.

where the slope a and intercept b are

Er

=Ff=— 9

4= = L 2ARTL ©)

b=F,= er’ (10)
U7 1, [1/8RTLy)

a and b are related to the resistances caused by Knudsen diffusion
and viscous flow, respectively.

The permeability in the Knudsen mechanism is constant
(independent of transmembrane pressure) and may be related
to the porous structure characteristics as described by Eq. (9).
At high pressures, the curve keeps as a straight line. The latter
section is a pure viscous flow mechanism.** This is shown to be
the case for nitrogen permeance through the membrane supports,
as shown in Fig. 10. The mean pore radius can be determined

from the slope and intercept assuming that 7, = 7,

161
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Fig. 10. Nitrogen permeance versus average pressure in the pores of AOMO and
A4MS5 membrane supports.

This value of r can then be back substituted into Eq. (7) to
obtain the values for tortuosity factors.

The structural parameters and the resulting values of t, r¢
(The mean pore radius calculated from the Knudsen and viscous
resistance) of the membrane supports along with the measured
mean pore size values (r7: The mean pore radius measured based
on gas-liquid displacement method) for comparison are summa-
rized in Table 2. From Table 2, it can be seen that the values of
the mean pore radius r¢ obtained from the Knudsen and viscous
resistance characteristics are smaller than the results obtained
via the gas-liquid displacement method (see Fig. 3). However,
the most important concern of gas permeance data is to judge
what percentage of the transmembrane flux can be accounted
to Knudsen diffusion and viscous flow effects. Table 2 infers
that for the membrane supports sintered at 1200—1300 °C, vis-
cous flow contributes to 52-66% of the total flux, conveying
that about 52 to 66% of the pores in the membrane supports are
well above the range where Knudsen diffusion dominates (1 to
20nm). This percentage is a little lower than that (70-81%) of
the membrane prepared with kaolin.*® There was a considerable
variation in the estimated values of t for the samples with two
different structures. The obtained results suggest that the AOMO
membrane supports have tortuosity values of 2.67 and 2.33 at
1200 and 1300 °C, respectively. Similar results are also found
for zirconia and alumina membrane supports.>*>’ With addition
of 4 wt.% of AlF3 and 5 wt.% of MoOs, the T decreases down
to 1.16 and 1.05, respectively.

Given the same level of biaxial flexural strength, A4MS5 mem-
brane supports always exhibit higher nitrogen gas permeance
(Fig. 11) than AOMO at the same temperatures (1100-1500 °C)
despite their smaller mean pore size. As verified, introduction
of AlF3 and MoOs3 changes the microstructure with increas-
ing sintering temperature. With addition of 4 wt.% AlF; and
5 wt.% MoQs3, since mean pore size decreases a little but porosity
increases and tortuosity decreases.

This improvement in gas permeance can be ascribed to a
microstructural change of A4MS5, featuring a new structure
for porous ceramic membrane. The A4MS5 samples exhibit a
large number of open pores constructed by mullite whiskers
with a specific morphology, which are believed to be responsi-
ble for accelerating gas flow through the membrane, due to a
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Table 2
Characteristics of the AOMO and A4M5 membrane supports.
Samples & ry (um) re (um) Fi (%) F, (%) T
1200-A0MO 0.38 0.32 0.22 36% 64% 2.67
1300-A0MO 0.35 0.37 0.25 34% 66% 2.33
1200-A4MS5 0.49 0.18 0.13 48% 52% 1.16
1300-A4M5 0.46 0.26 0.21 44% 56% 1.05
Ea formation temperature of mullite membrane supports decreases
Q“_f 40 with addition of AlF3 and MoQj3. Formation of a porous inter-
o — locked and br1dg1ng structure Wth mullite whiskers contributes
I —m AOMO to the enhancement inopen porosity and strength of A4MS5 mem-
g brane support. In particular, at the same level of strength, A4M5
5 o aahds 1400 °C always shows higher open porosity than AOMO. For this new
é porous structure ceramic membrane support composed of elon-
= gated mullite whiskers, nitrogen gas and water permeances are
= 20r also enhanced due to a decrease in tortuosity.
2
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Fig. 11. Nitrogen permeance (at 25 °Cand 0.1 MPa) across the AOMO and A4M5
membrane supports sintered at 1100-1500 °C as a function of average biaxial
flexural strength.

lower tortuosity factor (Table 2). AOMO shows a lower porosity
with a microstructure of worse interconnectivity and, therefore,
exhibits lower N, permeance compared to A4MS5, which is con-
sistent with its higher estimated values of t. Therefore it is
concluded that higher permeances of A4MS5 are due to higher
open porosity and less tortuous paths along the pores, which are
produced due to the formation of whisker-structured mullite.
Higher permeance with smaller mean pore diameter was also
reported in Falamaki’s work,”® where they demonstrated that
such an enhancement in permeance was not due to a pore growth
mechanism, but to a tortuosity decrease, which was owing to a
“round pore shaping” mechanism induced during a liquid-phase
sintering process.

4. Conclusions

A ceramic membrane support with increased open porosity
and high gas and water permeances, without strength degrada-
tion, is prepared from waste fly ash and bauxite, with AlF3 and
MoOs as additives. During the sintering, both pore structure and
stiff skeleton needle-like structured mullite whiskers were in situ
formed, which produced excellent properties including poros-
ity, strength and permeance. The membrane support with 4 wt.%
AlF3 and 5 wt.% MoOj3 (A4MS5) exhibits an open porosity as
high as 48.6 £ 0.5%, a mechanical strength of 81.2 £3.2 MPa,
at a lowered sintering temperature of 1200°C. Also phase

dong Province, China (no. S2013010012199).
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