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Abstract

High permeability alumina membrane/catalyst supports have been prepared using CaCOj3 as inorganic porosifier. Green com-
pacts had been formed by uniaxial compaction. The effect of porosifier initial content (1-7 wt.%) and sintering temperature (1325-
1400 °C) on the permeability and porous structure (average permeable pore diameter and tortuosity) of the final products have been
investigated. For any porosifier initial content in the range of 1-7 wt.%, there exists an optimum sintering temperature of 1350 °C
corresponding to the highest permeability. Maximum permeability is obtained using 5 wt.% initial porosifier content. It is demon-
strated that such enhanced permeabilities are not due to a pore growth mechanism. Instead, they are a result of tortuosity decrease
due to a “round pore shaping” mechanism induced by the establishment of a liquid-phase sintering process.
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1. Introduction

Ceramic catalyst and membrane supports manu-
factured by controlled sintering of green compacts need
to have a uniform degree of porosity. This may be
achieved using organic or inorganic burnout materials.
Organic porosifiers usually leave leachable residues
affecting adversely the performance of catalysts sup-
ported on carriers.! On the other hand, the burnout
process may pose sever environmental problems. Inor-
ganic porosifiers may be used, as long as the catalytic
performance of the final catalyst is not impaired. Alu-
mina catalyst supports used in steam reforming may
contain up to 10 wt.% alkaline earth metal oxides like
calcium.! As a ceramic membrane support for liquid
micro and ultrafiltration, such a content of metal oxide
is tolerable for most applications. If calcium carbonate
is chosen as the source of calcium, a dual behavior in
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the manufacturing process may be expected: porosifier
and sintering aid. Both properties are desired, although
the latter may reduce porosity after a certain firing
stage. Therefore, the processing parameters for the use
of CaCO; as a porosifier and sintering aid should be
optimized. The open literature contains few such
investigations.

The support surface roughness is a determining factor
in the production of multilayer micro and mesoporous
ceramic membranes. Usually large pores and high
roughnesses are chosen for the first support layer
despite the fact that there is then need for additional
intermediate layers.? This is due to the high perme-
ability. Using smaller pore sizes (i.e. using finer initial
powders) is accompanied by a lower surface roughness.
Nonetheless the latter may be applied only if the per-
meability could be enhanced using special techniques. In
the case of membranes produced from fine alumina
powders, this can be achieved by implementing several
methods: conduction of the sintering process through a
“pore growth” regime,? introduction of homogeneous
macropores via the RBAO route through the liquid-gas
reaction regime* and use of porosifiers (CaCOs5 in the
present study).
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2. Experimental

An alumina powder (Martinswerke, KMS-96) with
the following typical analysis was used: Al,O; 96.00,
Na,O 0.20, K,0 0.05, SiO, 3.00 and MgO 0.10 wt.%.
The average granule size of the latter was 160 um. An
Iranian calcium carbonate (0.17 wt.% SiO,, 0.11 wt.%
P,0Os5 and 0.062 wt.% Fe,O5; the main impurities) and
PVA (4 cm?® of a 2 wt.% aqueous solution per 100 g dry
powder CaCO;.; Al,O;) were added to the alumina
powder and the mixture was gently manually blended
for 24 h. The resulting powder was fast milled for 10
min using zirconia balls. Some | g of the final powder
was used to form disk shaped green compacts (dia-
meter=20 mm) by applying a uniaxial compression
pressure of 61.8 MPa. The green compacts were heated
up to the sintering temperature (1325, 1350, 1375 and
1400 °C) with a heating rate of 3 °C min—!. The soaking
time was 1 h.

Phase and microstructure analysis of the obtained
samples were performed by X-ray diffraction (Siemens
D500 diffractometer) and SEM (Stereo Scan 360-Leica,
Cambridge). Density and porosity were measured
according to ASTM C 373-88. Wet and dry perme-
ability tests were done according to ASTM F 316 using
a special holder made in our laboratory.®> Simultaneous
thermogravimetric-differential thermal analysis (STA)
was carried out using a Polymer Laboratories apparatus
using a heating rate of 5 °C min~'. Specific surface area
analysis was done using a Micromeritics apparatus.

formed on 58.0x14.5x3.8 mm? rectangular bars with a
mechanical testing machine (Instron model 1196). Sur-
face roughness was measured using a TR100 surface
roughness tester (TIME).

3. Results and discussion

The STA diagram for a sample initially containing 7
wt.% CaCOgj; is shown in Fig. 1. The first endothermic
peak relates to the decomposition of CaCO; in the
temperature range 450—680 °C. The CaO thus obtained
is an activated oxide, apt to react with the alumina main
core. The endotherm observed at 1320.6 °C may be
attributed to such a reaction. The XRD diagrams of
sintered (1375 °C) initial compacts containing 1, 3 and 7
wt.% CaCOj; are shown in Fig. 2. Along with the initi-
ally present a-alumina phase, distinct peaks of Ca,Al,.
SiO; could be identified. The pertaining JCPDS card
number is 35-755. It is observed that the peaks area of
the Ca,Al,SiO,; phase increases significantly with
increasing initial concentration of CaCQOs in the green
compact. A few additional unidentified very weak peaks
present were attributed to other calcium aluminates
formed. The calcium aluminates peaks did not show any
significant change with the variation of initial CaCOj;
content. This can be explained as follows.

During the thermal treatment, three main reactions
occur:

Four point flexural strength measurements were per- CaCO; = CaO + COg, T <800°C )
120 -9
-8
7
110 -6
-5
5
g 4
o —
[ >
@ By
& 1001 3 =
£ 5
£ F2
-t
o
=
1
90 o
-1
-2
80- -3
J | | T | |
0 200 400 600 800 1000 1200 1400

Temperature (°C)

Fig. 1. STA diagram of a section of a green compact initially containing 7 wt.% CaCOs.
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Fig. 2. XRD patterns for samples containing initially 1, 3 and 7 wt.%
CaCO; (A =alumina, S=Ca,ALSiO;, C=C,A, phase).

mCaO + nAl,O3 = Cap(ALO3),,
T >1200°C,

2

m=>=>1, n>1

2Ca0 + SIOZ + A1203 = Ca2A128i07,
T >1200°C

A3)

Reactions (2) and (3) compete with each other, reac-
tion (3) being faster. At 7 wt.% initial CaCO;5 concen-
tration, the SiO, content of the green compact is still
higher than the stoichiometric amount needed to con-
sume all the available CaO produced through reaction
(1).

The open porosity dependence on temperature and
initial CaCOj3 concentration is shown in Fig. 3. For each
initial concentration of CaCQs;, the porosity decreases
with increase in the sintering temperature (trivial). It is
observed that this behavior is more pronounced for
sintering temperatures higher than 1350 °C. For each
constant sintering temperature, increasing the initial
porosifier content has the result that the porosity
approaches a maximum and then decreases. The initial
increase is mainly attributed to the void production due
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Fig. 3. Dependence of open porosity on sintering temperature and
initial CaCOj5 content.

to CaCO; decomposition. On the other hand, CaO acts
as a sintering aid for alumina. These opposite functions
result in a maximum in the porosity versus initial
CaCOj; concentration. The latter behavior is more pro-
nounced for temperatures higher than 1350 °C, even-
tually due to more pronounced sintering.

The permeability curves are shown in Fig. 4. The data
belong to the Knudsen flow regime where the flow rate
through the specimens was independent of pressure. For
each sintering temperature, permeability increases with
the increase of CaCOj; initial content up to 5 wt.% and
then decreases. On the other hand, the permeabilities of
specimens sintered at 1350 °C are larger than the corre-
sponding values for the other temperatures. Considering
the membrane support application, high permeabilities
are desired.

The determination of the porous structure of the
specimens has been performed using the single gas per-
meation data. A good agreement between mean pore
radius determination by the nitrogen gas permeation
method and mercury porosimetry has been already
reported for alumina membranes.® The flow of nitrogen
(which can be reasonably considered a non-con-
densable, non-adsorbable gas at RT) through a porous
media can be divided into three main regimes depending
on the Knudsen number: pure Knudsen (I), transition
(IT) and pure viscous flow (III). A typical permeation
versus pressure diagram is shown in Fig. 5. It is
observed that the pressure range employed covers all
the three regimes aforesaid. The permeability in the
Knudsen regime is constant (independent of pressure)
and may be related to the porous structure character-
istics through the following relation:

C2erge [ 8 \"
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where F} is the permeability (mol s=! m=2 Pa~!), r,, the
average pore diameter (m), ¢ the porosity, t the tortu-
osity, R the universal gas constant (J mol~! K—1), T the
temperature (K) and M the gas molecular mass (kg kg
mol~1).
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Fig. 4. Permeability as a function of sintering temperature and initial
CaCOs; content.



3198 C. Falamaki et al. | Journal of the European Ceramic Society 24 (2004) 3195-3201

At high pressures, the curve transforms into a straight
line, which, by extrapolation passes through the origin.
The latter section is a pure viscous flow regime whose
slope may be correlated as below:

er?

avg
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where S is the slope (mol s~! m=2 Pa—2), L the mem-
brane thickness (m) and 5 is the gas viscosity (kg m™!
s~!). Table 1 summarizes the experimental values of S.
Using Eqgs. (4) and (5) and based on the permeation
data, r,y, and 7 have been evaluated for the specimens
sintered at 1325, 1350 and 1400 °C. The results are
shown in Figs. 6-8. It is observed that for each sintering
temperature and increasing the initial porosifier content,
the average pore diameter increases to a maximum and
then decreases. In all cases, the maximum average pore
diameter corresponds to the CaCOs initial content of 5
wt.%. The trend is very similar to that of the porosity
changes with initial porosifier content. The same expla-
nation also holds. Instead, the curious fact is that for all
the CaCOs initial contents, the average pore diameter
for the sintering temperature 1350 °C lies between 1325
and 1400 °C. That is, the higher permeabilities for all
the samples sintered at 1350 °C may not be correlated to
a “pore growth” phenomenon. The use of the pore
growth mechanism within the initial stage of sintering
for the manufacture of alumina membrane supports has
been recently reported and treated in detail by Falamaki
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Fig. 5. A typical permeability versus mean pressure curve showing
three distinct flow regimes (sintering temperature 1350 °C, initial
CaCO; content 1 wt.%).

Table 1
Values of §x10'2 (mol m~—2 s~! Pa~2) used in Eq. 5
Sintering CaCO; CaCO; CaCO; CaCO;
temperature wt.% wt.% wt.% wt. %
0

1 3 5 7
1325 6.32 6.28 8.80 8.11
1350 6.41 7.38 11.85 9.65
1400 4.05 4.05 8.11 4.05

et al.> They used the same alumina powder but applying
a compaction pressure of 31.2 MPa. A maximum in the
permeability versus pressure curve was observed at a
certain sintering temperature which was mainly attrib-
uted to pore growth (and to a lesser extent to tortuosity
decrease) during the initial stage of sintering. Such a
maximum has been also observed in the present study
for samples containing no initial CaCO; (permeabilities
equal to 3.49, 4.06 and 3.44x 108 mol m—2s~! Pa~! for
samples sintered at 1350, 1375 and 1400 °C, respec-
tively). As described in the work of Falamaki et al., the
pore growth phenomenon is accompanied by a sharp
decrease in surface area due to the elimination of small
(high specific area) entities. The prevailing mechanisms
involved have been discussed by Zheng and Reed.” The
BET multipoint surface area of the samples with an
initial porosifier content of 5 wt.% are shown in Fig. 9.
No such abrupt decrease is observable. As it will be
explained, introduction of CaCO; changes completely
the alumina microstructure evolution trend with
increasing sintering temperature.

According to Fig. 7, considering an initial CaCO;
content of 5 wt.%, the tortuosity decreases from 5.76
(sintering temperature 1400 °C) down to 1.95 (sintering
temperature 1350 °C). The approximate 300% reduc-
tion in tortuosity is accompanied with only a 7% pore
size enlargement. On the other hand, the porosity is
about 0.375 for both samples. Therefore it may be con-
cluded that higher permeabilities observed at 1350 °C
are merely due to a less tortuous path along the pores.
Considering the sintering temperatures 1325 and
1400 °C, it is observed that tortuosity attains a rather
distinct maximum at 5 wt.% initial porosifier content.
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Fig. 6. Average permeable pore diameter as a function of sintering
temperature and initial CaCO; content.

7
6 | —8-1325°C
. | 1350°C
z —a—1400°C
% 4
S
£ 3
8
2 4
1 4
0 . .

2 4 6 8
CaCOg initial content (wt.%)

o

Fig. 7. Tortuositiy as a function of sintering temperature and initial
CaCOj; content.
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Fig. 8. Ratio of tortuosity over porosity as a function of sintering
temperature and initial CaCOj3 content.

This is less pronounced for the 1350 °C sintering tem-
perature. The ratio of tortuosity over porosity as a
function of porosifier content and sintering temperature
for different samples has been shown in Fig. 8. The lat-
ter follows the same trend as tortuosity as observed in
Fig. 7. Therefore, according to Figs. 7 and 8, the higher
permeabilities observed for the 1350 °C sintering tem-
perature in Fig. 4 are surprisingly due to a strong
decrease in tortuosity.

Actually, the largest pores (at each initial CaCO;
content) are just produced during the decomposition of
the porosifier (<1000 °C). In the temperature range of
1325-1400 °C, pore size reduction occurs as a result of
enhanced shrinkage eventually due to a liquid phase
sintering mechanism. The production of low melting
calcium—aluminate [like as reaction (2)] and calcium—
aluminate-silicate species is responsible for such a

2

Fig. 10. SEM pictures of samples (a) initially containing 5 wt.%
CaCOj sintered at 1325 °C and (b) initially containing 7 wt.% CaCOj
sintered at 1350 °C.
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Fig. 9. BET multipoint surface area of samples with an initial porosifier content of 5 wt.%.
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Fig. 11. Flexural strength as a function of sintering temperature for a 5 wt.% initial CaCOj; content.

mechanism. This process is more pronounced for lower
(= <3 wt.%) initial porosifier content. Higher contents
produce initially larger pores, which shrink with a much
slower rate. For the latter case and in the temperature
range 1325-1350 °C, sintering is mainly accompanied
with changes in pore shape (more round pores). Tortu-
osity used in Eq. 4 refers to many effects influencing gas
transport: path length, interconnectivity, roughness,
etc.® Hence, it may be deduced that the decrease in tor-
tuosity between 1325 and 1350 °C is mainly due to a
reduction in roughness due to a more round pore shape.

Micrographs of two samples containing 5 and 7 wt.%
initial porosifier content and sintered at 1325 and
1350 °C, respectively, are shown on Fig. 10 (a,b). These
samples are approximately of the same porosity (ca.
0.4). The measured mean diameter of the latter sample
is about 20% smaller, while the permeability is around
30% larger. The authors of this work attribute this fact
to the more “roundness” of the particles and hence, less
roughness of the pores.

Roughness measurements performed on different
samples showed no significant dependence on initial
CaCOj; content or sintering temperature. All surface
roughnesses (R,) lie in the range of 0.6-0.8 um. Wet
permeation experiments showed that the largest active
pores (corresponding to the bubble point) were in the
size range of 0.61-0.74 pm. The latter are considered
mainly as powder inhomogeneity effects during the
compaction stage and not to internal microcracks
formed during the firing stage.

Concerning the permeance characteristics, the sample
containing initially 5 wt.% CaCOj; content and sintered
at 1350 °C is the optimum one. Fig. 11 shows the flex-
ural strength for the samples sintered at 1350, 1375 and
1400 °C containing initially 5 wt.% porosifier. Although
the mechanical strength of the optimum sample is the
lowest, but its absolute value is quite reasonable, being
approximately 25 MPa.

4. Conclusions

High permeability alumina membrane/catalyst sup-
ports have been prepared using CaCO; as inorganic
porosifier. It is shown that, for any porosifier initial
content in the range of 1-7 wt.%, there exists an opti-
mum sintering temperature of 1350 °C corresponding to
the highest permeability. Maximum permeability is
obtained using a 5 wt.% initial porosifier content. It is
demonstrated that such a maximum is not due to a pore
growth mechanism. Instead, it is a result of tortuosity
decrease due to a “round pore shaping” mechanism
induced by the establishment of a liquid-phase sintering
process.

During the firing process, porosity initially increases
due to the release of CO, gas. During the soaking time,
two main processes take place: Tortuosity decrease due
to a “pore shape rounding” effect and simultaneous
pore size decrease and tortuosity increase due to
shrinkage. The former is accompanied by insignificant
changes in total porosity. A minimal addition of CaCOj;
(1 wt.%) eliminates any pore growth mechanism due to
the establishment of a liquid-phase sintering process. By
properly choosing process parameters such as sintering
temperature and porosifier initial content, it is possible
to make the “round pore shaping” mechanism dom-
inate and hence to obtain an enhanced permeability.
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