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Abstract

Initial sintering stage pore growth mechanism has been applied to the manufacture of alumina and zircon membrane supports

formed by uniaxial compaction. The effect of sintering temperature (1200–1500 �C) on density, porosity, surface area, permeability,
mean flow pore size, mesopores mean radius (<7 nm) and tortuosity has been investigated. A transition zone has been determined
at the end of which permeability reaches a maximal value. Alumina and zircon samples possessed a reasonable flexural strength at

the latter point. The transition zone is accompanied with a decrease in tortuosity for both materials. The trend of tortuosity change
after the transition zone strongly depended on the shrinkage behavior of the samples.
# 2003 Published by Elsevier Ltd.
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1. Introduction

The science of ceramic membrane manufacture has
undergone rapid growth during the last two decades.
The interest in ceramic membranes has increased
concurrently with new processes and new applications.
The rapidly changing environmental legislation in the
use of chemicals and reagents also makes them very
attractive.1

Although a huge amount of information about the
manufacture of micro to nano-filter ceramic layers has
been disclosed in the open literature, the latter is rela-
tively lean on information about support layers manu-
facture. These have a pore size distribution in the range
of 0.1–15 mm. Supports with average pore diameters
larger than 1 mm are considered as macroparticle fil-
ters.2 Ceramic supports are mainly produced by dry
compaction and extrusion forming processes. The mac-
roporous support is further coated by dip coating with
different layers with decreasing pore size.3 Dry compac-
tion of Al2O3 for the synthesis of such supports has
been investigated by a few numbers of workers.4,5

In the industry this route is usually accompanied with
the burning out of organic additives to permit pore
structure control. Preparation by the extrusion method
(Al2O3) has been the subject of some recent reports.

6�8

A proper ceramic support should have high perme-
ability, high mechanical strength, sharp pore size max-
imum3, and high specific surface area. Therefore,
optimization of manufacturing process parameters to
achieve these characteristics is a hard challenge.
Such an optimization study for the manufactured

supports via the compression route has been neglected
in the open literature.
In the production of dense ceramics through initial

powder compacts sintering, elimination of pore growth
is desired. Pore growth during the early stages of sin-
tering of oxide ceramics is a well-known phenomenon9

but has been the subject of only a few individual
studies.10�12 However, the evolution of permeability and
tortuosity characteristics were not considered. The work
of Whittemore and Sipe10 showed pore growth of alu-
mina was a function of initial powder particle size and
compaction pressure. Larger particles (0.3 mm) showed
pore growth only at high pressures (50 000 psia), while
smaller ones (0.05 mm) needed lower pressures (127 00
psia). Such a dependence of pore growth on the physical
properties of the initial compact was further investi-
gated by Zheng and Reed.11 They elucidated the effect
of pore growth/elimination on the final sintered density
of alumina compacts. They presented a critical ratio
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(maximum pore size of initial compact over mean par-
ticle size of initial powder) for the determination of the
possible elimination of pores during the early and
intermediate stages of sintering. Permeance and tortu-
osity characteristics were not investigated.
The present study aims at investigating the evolution

of typical membrane characteristics (like permeability
and tortuosity) of Al2O3 and ZrSiO4 membranes with
the sintering temperature applying the dry compaction
procedure. The main hint applied had been the imple-
mentation of the initial sintering stage pore growth
mechanism to promote pore shape and connectivity
evolution to obtain high permeability and high flexural
strength final products. No organic/inorganic additive
for the production of porosity has been applied.
Although Al2O3 and ZrSiO4 raw materials were differ-
ent in nature, during initial sintering they showed a
common trend in many aspects. Such an investigation is
novel and its outcomes may be used to design ceramic
support manufacturing processes.
2. Experimental procedure

An alumina molding powder (Martinswerke, KMS-
96) with an average granule size of 160 mm was used. Its
typical analysis was Al2O3 96.00 wt.%, Na2O 0.20
wt.%, K2O 0.05 wt.%, SiO2 3.00 wt.% and MgO 0.10
wt.%. For the zircon powder, Zircosil 5 (95.00 wt.%
content having particles smaller than 1.78 mm) was used.
The latter contained 0.492 wt.% Fe, 0.376 wt.% Al and
0.083 wt.% P as impurity.
For the zircon samples, 4 wt.% PVA (0.2 wt.% aqu-

eous solution) was added to the powders before com-
paction. These powders were aged and gently blended
for 48 h at RT. The resulting powder was passed over a
40 mesh screen. The undersieve (<425 mm) agglomer-
ates were used. Alumina granules were pressed without
any binder addition. In each case, 1 g of the resulting
powders was uniaxially pressed (forming pressure 31.2
MPa) to form disks of a diameter of 20 mm (five sam-
ples for each experiment). The resulting green compacts
were fired in air atmosphere according to the following
sequential heating program: Heating up to 1000 �C with
a heating rate of 20 �C min�1, heating up to the sinter-
ing temperature with a heating rate of 5 �C min�1 and 1
h soaking time. Phase and microstructure analysis was
performed using XRD (Siemens, D-500 diffractometer)
and SEM (Stereo Scan 360-Leica, Cambridge) techni-
ques. Dry and wet permeability tests are described else-
where.5 Paraffin was used as saturation medium to
make possible working at lower pressures and avoiding
premature sample rupture. The special apparatus used
for nitrogen permeability measurements13 allowed us to
cover the whole range from pure Knudsen to pure Poi-
seuille flow regime for all the samples. Density and por-
osity were measured according to ASTM C 373-88. Four
point flexural strength measurements were performed on
58.4�4.70�3.90 mm3 rectangular bars with a mechanical
testing machine (Instron model 1196). Specific surface
area measurements and adsorption isotherm determina-
tion were done using a micromeritics apparatus.
3. Results and discussion

A continuous trend of porosity decrease with increas-
ing sintering temperature both for Al2O3 and ZrSiO4
supports is shown in Fig. 1. It is observed that for
Al2O3, porosity’s higher than 30% are obtainable only
for sintering temperatures lower than 1425 �C. For zir-
con samples, the latter temperature is 1500 �C. A tran-
sition zone in the temperature range of 1350–1400 �C is
observed for either case. Within the transition zone, the
densification process undergoes acceleration. The for-
mer zone may also be observed in the shrinking versus
temperature curves (Fig. 2).
Considering the changes of specific surface area with

sintering temperature, a sharp decrease is observed both
for Al2O3 and ZrSiO4 samples within the temperature
domain of 1350–1375 and 1350–1400 �C, respectively
Fig. 1. Porosity versus sintering temperature for the alumina and

zircon samples.
Fig. 2. Shrinkage versus sintering temperature for the alumina and

zircon samples.
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(Fig. 3a,b). The abrupt change is more pronounced for
Al2O3. Accordingly, the authors of the present work assign
the latter temperature ranges as themoreprecise ‘‘transition
zones’’ cited before for the alumina and zircon samples.
As a membrane support, one of the main character-

istics of concern is permeability. The variation of per-
meability (in the Knudsen flow regime) with sintering
temperature is shown in Fig. 4. Considering the Al2O3
samples, an interesting behavior may be observed. Up
to 1350 �C, the permeability is approximately constant.
Just in the transition zone mentioned, a sharp increase
in permeability (approximately 1.5� at 1375 �C) is
observed. After this temperature a strong continuous
decrease in permeability follows. Such a maximum in
the permeability versus sintering temperature curve
exists for ZrSiO4 samples, although the changes are
rather smooth and the maximal permeability is only
about 20% more than the initial value. Fig. 5 shows the
flexural strength of some of the sintered samples at dif-
ferent temperatures. It is observed that both alumina
and zircon samples already posses a reasonable
mechanical strength (>20 MPa) at the end of the cor-
responding transition zones.
It is noteworthy to emphasize that pore size distribu-

tions evaluated using wet permeability tests might be
more indicative than mercury porosimetry tests, as the
true filtrating pores are concerned. Fig. 6 shows the wet
permeability test for the alumina samples sintered at
different temperatures. For illustration purposes, the
line corresponding to one half the dry gas flow rates for
Fig. 3. Specific area as a function of sintering temperature for (a)

alumina and (b) zircon samples.
Fig. 4. Permeability (Knudsen flow regime) as a function of sintering

temperature for the alumina and zircon samples.
Fig. 5. Flexural strength versus sintering temperature for some of the

alumina and zircon samples.
Fig. 6. Nitrogen flow rate versus gas pressure for the wet permeability

tests of the alumina samples. The dry and one half dry gas flow rate

lines have been drawn for the sample sintered at 1375 �C.
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the sample sintered at 1375 �C has been drawn. The
intersection of the latter with the wet flow curve corre-
sponds to the mean flow pore pressure. The corre-
sponding pore size is the mean flow pore size. Fig. 7
shows the variation of the maximum permeable and
mean flow pore diameter with changes of sintering tem-
perature. It should be mentioned that maximum
permeable pore size so determined is not always equal
to the maximum pore size due to SEM micrographs.
This fact has been elucidated by Falamaki et al.5 It
should be emphasized that the initial alumina powder
consists of relatively large agglomerates which, upon
pressing, do break into particles approximately one
order of magnitude smaller. The existence of glassy
phase impurities like SiO2 eventually make the pore
growth process take place at lower temperatures. Inter-
estingly, Figs. 7 and 4 resemble each other significantly
in that the transition zone is similar (for alumina sam-
ples). The same similarity was observed also for the
ZrSiO4 supports. Such an increase in the permeability
with sintering temperature has been recently reported by
Shojai and Maentylae14 for zirconia samples. They
concluded that this phenomenon had been a result of
tortuosity decrease and mean pore diameter increase.
Tortuosity data were not reported.
The micrographs relating the evolution of the micro-

structure of Al2O3 samples with the increasing sintering
temperature are shown in Fig. 8. The initially compact
structures of the samples sintered at 1300 and 1350 �C
transform into an ‘open’ structure at 1375 �C. After-
wards the densification process (shrinkage) dominates
and at a sintering temperature of 1500 �C, a quite dense
and ‘closed’ microstructure is observed. Thus, the
results due to microphotography seem to be in accor-
dance with the results cited above. The micrographs of
zircon samples also evidence such a trend, although not
Fig. 7. Maximum and mean flow pore size as a function of sintering

temperature for the alumina samples.
Fig. 8. Microstructure of alumina samples sintered at different temperatures: (a) 1300, (b) 1350, (c) 1375 and (d) 1500 �C.
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as distinct for the alumina samples. A relatively open
structure is observable at 1400 �C (Fig. 9).
A more accurate average permeable pore size deter-

mination was performed using gas permeability data
pertaining to pure Knudsen and pure Poiseuille flow
regimes. It may be shown that the average pore dia-
meter and tortuosity can be evaluated from the follow-
ing relations:

r ¼
16 � � � 8RT=�Mð Þ

0:5S

3 � Fk
ð1Þ

�=" ¼
256 � � � S

9 � � �MLF2k
ð2Þ

Where r is the average permeable pore radius (m), �
the gas viscosity (kg m�1 s�1), R the universal gas con-
stant (J mol�1 K�1), T the temperature (K), M the gas
molecular weight (kg mole�1), S the slope of the per-
meability versus mean pressure curve in the pure Poi-
seuille flow region (mole m�2 s�1 Pa�2), Fk the
permeability in the pure Knudsen flow regime (mole
m�2 s�1 Pa�1), � the tortuosity, 	 the porosity and L the
membrane thickness (m).
Fig. 10 shows the calculated pore diameters for the

alumina and zircon samples. Table 1 summarizes the
pertaining experimental values of S used in Eqs. (1)–(2).
The previous results showing pore growth during the
transition regions are confirmed. It is observed that, in
the case of alumina, the calculated pore diameters are
less than half the values obtained for the mean flow pore
size. Actually wet permeation measurements give reli-
able results only for the bubble point (largest active
pores) and not for pore size distribution. The authors of
this study have observed a strong dependence of the
permeability data on the rate of pressure increase during
the wet measurements. During liquid displacement
through the pores, a thin layer may remain adhered on
Fig. 9. Microstructures of zircon samples sintered at different temperatures: (a) 1200, (b) 1300, (c) 1400 and (d) 1500 �C.
Fig. 10. Calculated pore diameter versus sintering temperature using

Eq. (1).
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the walls. This may result in a significant reduction of
wall roughness thus affecting gas flow.
Generally, pore growth within the initial stages of

sintering may occur by many different mechanisms10:
surface diffusion, particle size distribution effects, parti-
cle coalescence, phase transformation and evaporation/
condensation. The result is some kind of particle rear-
rangement in the initial step of sintering. Some groups
of relatively small highly compact aggregates shrink on
themselves by particle rearrangement with neck growth,
resulting in the growth of irregular voids caused by the
separation between the shrinking groups.15 The abrupt
reduction of surface area at the end of the transition
region (corresponding to maximum pore diameter)
might be related to the elimination of such small entities
having high surface areas.
Some insight into the aforesaid process may be gained

following the mesopores (2–50 nm) size evolution.
Actually, the pore growth considered up to this point
concerned the ‘macropores’ (>50 nm). Usually, ceramic
powder compacts show a bimodal (at least) pore size
distribution. In the case of samples having a prevailing
pore volume due to macropores, the mesopores could
actually be considered as funnel shaped corners between
large particles. These are apt to condense vapors. Using
the BET technique to draw the isotherms of nitrogen
adsorption for the Al2O3 and ZrSiO4 samples, it is pos-
sible to evaluate the mesopore size distribution at each
sintering temperature. As it will be shown later, the
average mesopore size of the alumina and zircon sam-
ples under study had been less than 7.5 nm. The latter
corresponds to pressures higher than 2000 atm, which
would eventually result in the collapse of the samples, if
mercury porosimetry is used. On the other hand, 7.5 nm
is a limiting figure for most commercial mercury por-
osimeter instruments.16 Thus the use of BET technique
is highly justified. Fig. 11 shows the isotherms for the
Al2O3 samples. It is observed that the samples exhibit
adsorbed layer prior to the condensation of nitrogen.
Considering a Maxwellian pore volume distribution, the
volume occupied by the adsorbate V(p) may be calcu-
lated by the following equation:

V pð Þ ¼ Vs

�
1� 1þ

r

r0

� �
exp �

r

r0

� �� �

þ
2t

r0
exp �

r

r0Þ

� �
� exp �

rmax

r0

� �� ��
ð3Þ

Where Vs is the total pore volume (cm
3 g�1), r0 a

constant (nm), r the pore radius (nm), rmax the threshold
Fig. 13. Mesopore radius evolution as a function of sintering

temperature for the zircon samples.
Table 1

Values of S used in Eqs. (1)–(2)
Sintering

temperature (�C)
Alumina samples�1012

(mol m�2 s�1 Pa�2)
Zircon samples�1012

(mole m�2 s�1 Pa�2)
1300
 9.9
 2.4
1350
 –
 2.6
1375
 13.3
 –
1400
 –
 3.3
1450
 5.1
 2.1
1500
 7.3
 1.2
Fig. 11. Nitrogen adsorption isotherms of the alumina samples

sintered at different temperatures.
Fig. 12. Mesopore radius evolution as a function of sintering

temperature for the alumina samples.
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pore radius (nm) and t the statistical thickness of the
adsorbed layer (nm).
Employing the statistical model of Halsy for the

evaluation of t16 in Eq. (3), the mesopore size distribu-
tion could be obtained. Figs. 12–13 show the evolution
of the average mesoporous radius for the Al2O3 and
ZrSiO4 samples, respectively. Both seem to follow a
unique trend. At low sintering temperatures the pore
size remains approximately constant. A sharp increase
occurs at the transition zones already defined. Then, at
higher temperatures initially the pore size reduces and
then begins to increase. Such a behavior has not been
reported earlier. These observations can be explained
according to the following scheme: During the transi-
tion zone, funnel shaped mesopores are filled with the
nearby shrinking groups as discussed before. The result
is an enlargement of funnel tip diameter (Fig. 14a).
After the transition zone, the tip diameter is first sharply
decreased due to significant shrinkage (Fig. 14b). Fur-
ther densification at higher sintering temperatures
enlarges the mesopores again by the tip filling mechan-
ism (Fig. 14c).
An important aspect of the microstructure evolution

concerning the membrane behavior of the samples, is
the variation of the tortuosity with sintering tempera-
ture. The irregular shape of macropores pores and their
connectivity is usually lumped into one single parameter
called tortuosity (�).
Fig. 15 shows the variation of � for each series of

samples. It is observed that pore growth during the
transition region is accompanied by a decrease in tortu-
osity, both for alumina and zircon samples. After the
transition region, the tortuosity of alumina samples
continues to decrease up to 1450 �C and afterwards
increase slightly. For the zircon samples tortuosity
increases after the transition region up to 1450 �C and
decreases slightly afterwards. Such trends have not been
reported before.
It is generally assumed that tortuosity originates from

the increasing length of the diffusion path for a gas
molecule in a porous medium compared to a straight
capillary. Tortuosity combines two main factors, Ss the
pore shape factor and St, the tortuosity factor (�=Ss.St).
During the very first stage of sintering, a minority of
high surface area particles are eventually distributed
among the larger ones. Increasing the sintering tem-
perature, these particles are transferred to the surface of
the larger particles leaving a new pore with a new shape.
Fig. 14. Scheme of mesopore evolution: (a) Initial funnel tip diameter (d1) before the transition zone (b) Enlarged diameter due to filling with the

nearby shrinking groups (end of the transition zone) (c) Diameter decrease due to shrinkage (d) Diameter increase due to material diffusion (surface

and volume diffusion has been shown) during the densification stage.
Fig. 15. Calculated tortuosity versus sintering temperature using Eq.

(2).
Fig. 16. Weakness of theoretical models in relating tortuosity to

porosity for the sintered samples of this study (Maxwell model:

� ¼ 1þ 0:5ln 1� "ð Þ, Weissberg model : � ¼ 1� 0:5ln").
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During this stage, shrinkage is minimal and porosity
decreases only slightly. In other words, the main factor
changing is Ss. Shrinkage due to higher sintering tem-
peratures, which may involve many diffusion mechan-
isms, eliminates pore connectivity to a large extent. This
is a competing process, which results in higher St values.
As sintering proceeds, i.e. during the intermediate stages
(E>20%), densification may again result in change of
pore shapes in such a way that Ss decreases. According
to Fig. 2, alumina samples undergo significant shrink-
age only after 1450 �C (ca. 9%). In other words,
increase in St may counterbalance the decrease in Ss due
to pore shape decrease only after the latter temperature.
Referring again to Fig. 2, it is clear that zircon samples
undergo significant shrinkage only after 1400 �C. Then,
using the same reasoning, the minimum for the tortu-
osity observed at this temperature for the zircon sam-
ples can be similarly explained.
Existing theoretical models17 are not able to relate cor-

rectly tortuosity to porosity for the systems under study
(see Fig. 16). The evolution of the void labyrinth structure
in terms of pore size, shape and tortuosity during sintering
of ceramics is a major topic worth of further study.
4. Conclusion

The evolution of permeable alumina and zircon green
compact physical properties with sintering temperature
have been investigated. Regarding microstructure and
membrane characteristics, a transition zone could be
observed for both:

1. The transition zone is accompanied with an

increase in mean flow pore diameter and perme-
ability and decrease in tortuosity. However, tor-
tuosity may further decrease after the transition
zone if shrinkage is negligible.

2. The mesopores (<7 nm) undergo an abrupt

increase in size at the point corresponding to
maximum permeability within the transition
zone. This may result in less internal roughness
and less resistance to gas flow, thus affecting
positively the permeability.

3. Both alumina and zircon samples had a flexural

strength higher than 20 MPa at the end of the
transition zone (point of maximum perme-
ability). Therefore the point of maximum per-
meabilty coincides with a reasonable mechanical
strength for using the sintered samples as mem-
brane supports.

4. The outcomes of this study might be used for the

design of membrane/catalyst supports.
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