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Abstract

The present paper reports the in situ synthesis of porous ceramic supports from local kaolin and kaolin—doloma mixtures. These raw materials
have been dictated by their natural abundance (low price) and their beneficial properties. In this work, four different processing routes have been
presented. In addition, two support shapes are of particular interest: tubular and flat configurations, which are currently the most used supports
in membrane research. Tubular configurations have been produced by extrusion method whereas flat configurations have been produced by
both dry-pressing and roll pressing. The doloma addition to kaolin has a positive effect on the porosity ratio of supports compared to those
prepared from kaolin alone. Moreover, the influence of the sintering temperature on the total porosity, average pore size, pore size distribution
and strength of supports has been investigated. It has been found that higher sintering temperatures (1250 °C) were needed to obtain a uniform

pore size distribution within total porosity ratios of 43 and, 51% when processes 3 and 2 were applied, respectively.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Due to their potential application in a wide range of indus-
trial processes, membrane technologies have received an in-
creasing interest. Ultrafiltration and microfiltration are often
used to remove particles, microorganism, and colloidal ma-
terials from suspensions.'?> The use of ceramic membranes
has many advantages such as high thermal and chemical
stability,’= pressure resistance, long lifetime, and catalytic
properties from their intrinsic nature.! A membrane support
provides mechanical strength to a membrane top-layer to
withstand the stress induced by the pressure difference ap-
plied over the entire membrane and must simultaneously have
a low resistance to the filtrate flow.

The marketed supports are generally manufactured
from compounds such as alumina (Al;O3), cordierite
(2MgO-2A1,03-55i0;) and mullite (3A1,03-25i05),>8
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which have a relatively elevated cost. In order to de-
crease this cost and to evaluate our natural resources,”10
the supports have been manufactured, in this work, from
kaolin (Al;03-28i0,-2H,0) and the mineral dolomite
(CaMg(COs3);) local raw materials. The doloma powder
(phase mixture of MgO and CaO) was obtained from
dolomite by calcination at 900 °C.

Generally, membrane supports should have a total poros-
ity ratio of about 45%. A preliminary work carried out on the
sintering of kaolin!! (process 1, in this study) showed that
it was difficult to reach the required porosity ratio. There-
fore, the doloma was added into kaolin (processes 2, 3 and 4,
in the present study) to slow down its sinterability. Previous
studies on doloma-based ceramics showed that their sintering
was very difficult, unless the doloma powder was activated
by a proposed process, described in Ref. 2. For example,
it was found that the density of doloma samples sintered at
1200 °C for 2 h was about 43% of the theoretical, using the
non-treated doloma. In contrast to this, when the doloma ac-
tivated fine powder was used, a 90% of the theoretical density
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was achieved under the same conditions of sintering. Conse-
quently, 15.0 wt% of doloma has been added into kaolin to
obtain porous ceramic supports for membranes, in this work.

2. Experimental procedures
2.1. Analysis of the raw materials

The starting raw materials were domestic kaolin and
dolomite derived from Guelma and Batna regions (Algeria),
respectively.

The chemical composition of kaolin given in weight per-
centages of oxides is given in Table 1, where the main impu-
rities are CaO, MnO and Fe; 3. The particle size distribution
of this material was determined by the Dynamic Laser Beam
Scattering (DLBS) technique (Fig. 1). This method gave an
average particle size in the order of 9.6 pm.

The doloma (CaO-MgO) has been obtained from dolomite
after calcination at 950 °C for 4 h.

The purity of the added doloma is about 99.6 wt%. It
contains, mainly, 0.27 wt% Fe,03, 0.07 wt% Al,O3 and
0.02 wt% NayO as purities.

Fig. 2 shows XRD spectrum of doloma powder, where
only CaO and MgO are present. This spectrum shows also that
the doloma powder is well crystallized. The average particle
size of this powder has been estimated from XRD spectra,

Table 1
Chemical composition of kaolin (wt%), using fluorescence XRD analysis
Oxides wt%
AL O3 37.27
Si0, 43.69
CaO 00.38
MgO 00.06
MnO 00.41
Fe, 03 00.64
TiO, 00.09
IL. 17.46
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Fig. 1. Particle size distribution of kaolin powder, used in this work.
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Fig. 2. XRD spectrum of doloma powder, obtained from dolomite after
calcination at 950 °C for 4 h.

using Scherrer formula. The calculated values are 5.3 and
5.5 pm, for CaO and MgO, respectively. It should be noticed
that the average particle size determined by DLBS technique
has not been utilized because of CaO hydration.

2.2. Supports elaboration

The main steps of the four processing routes (noted 1, 2,
3 and 4) for samples preparation, used in this work, are de-
scribed in Fig. 3. One of the main differences between these
processes is the shape of the product. The flat configuration
is obtained when processes 1, 2 and 4 were applied while

Kaolin Kaolin + 15 wt% Wet milling
powders doloma powders P and mixing

' ' v

Wet milling + 4 wt% Amijel Drying
and mixing + 4 wt% Methocel
h 4 A4 4v
Ceramic paste Wet milling Compacting
and mixing at 75 MPa

| |

Ceramic paste Drying + Sintering
(1000°- 1300°C )
for 1 hour

Roll pressing

31 Extrusion

Plane Tubular
Configuration Configuration

Drying + Sintering
(1000°- 1300°C )
for 1 hour

A

Fig. 3. A schematic diagram showing the main processes (1, 2, 3 and 4),
used for membrane supports preparation, in this work.
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a tubular one was achieved when process 3 was used. An-
other important difference is the doloma addition (process
4) and doloma coupled with methocel and amijel additions
(processes 2 and 3).

After doloma addition to kaolin, the mixture loses its plas-
tic properties. To improve these properties and facilitate the
shaping of products, organic materials have been added (pro-
cesses 2 and 3). The organic additions used are: 4 wt% of
methocel, derived from methylcellulose (The Dow Chemical
Company) as a plasticizer and 4 wt% of amijel, derived from
starch (Cplus 12072, Cerestar), as a binder.

2.3. Characterization techniques

The structure was analyzed by X-ray diffraction (XRD)
and Hg-porosimetry techniques. The presence of possible de-
fects in the prepared supports was checked by using scanning
electron microscopy (SEM). The tensile strength testing of
sintered samples at room temperature was carried out using
the diametral compression test, at a constant displacement
rate of 0.2 mm min—1, using hard metal plattens. Generally,
three samples of each composition sintered under the same
conditions were tested and an average value was taken. Fol-
lowing previous strength testing procedures, packing strips
(Manilla office file) of 0.30 mm thickness were used.'>

3. Results and discussion
3.1. Thermal analysis

Structural evolution of the powder evaluated by thermo
gravimetric analysis (TGA) and differential scanning
calorimetry (DSC) analysis shows the weight loss of kaolin
(K) and kaolin + 15 wt% doloma (KD) mixtures. These two
analyses have been carried out under air. The heating rate
of the compacts from room temperature to 1200 °C was
10 °C/min, while the cooling of compacts was carried out
in the furnace.

TGA curves recorded during compacts heating
(Figs. 4 and 5) permit the following remarks. A total
weight loss of about 21% of kaolin compacts is measured.
In fact, this weight loss consists of two distinct stages. The
first one is attributed to the humidity (water added into the
starting mixtures) whereas the second stage is related to the
departure of water (by vaporization) existing in the kaolin
chemical composition itself. The weight loss ratio of the last
stage is more pronounced (Fig. 4).

A further weight loss is observed during KD compacts
heating. This weight loss is mainly due to doloma rehydra-
tion from (Ca, Mg)(OH); to MgO and CaO. This rehydration
is characterised by two additional peaks (DSC curve, Fig. 5)
appearing at about 440 and 645 °C for MgO and CaO, re-
spectively. It should be mentioned that the total weight loss
ratio, for this mixture is much higher than that of K compacts
alone (about 30%). These observations are also confirmed by
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Fig. 4. DSC and TGA curves of kaolin samples.

DSC analysis (Figs. 4 and 5). The two endothermic phenom-
ena, appearing at 65 and 497 °C, correspond to the first and
the second stages of weight loss, respectively. A third stage,
which is characterized by an exothermic reaction appeared
at about 981 °C in both Figs. 4 and 5. It is more remark-
able in Fig. 4. The origin of this reaction is not understood
yet. Some workers attribute this reaction to spinel formation
while others attribute it to mullite nucleation.'> More pos-
sibly, this reaction may be attributed to mullite nucleation,
since XRD shows that mullite nucleates first at a relatively
lower temperature, before spinel nucleation.

3.2. Phase identification

X-ray diffraction was used to identify the formed phases.
In kaolin + doloma materials, heated at 1200 °C, the main
observed phases are: mullite (3A1,03-2510;), cordierite
(2Mg0-2A1,03-55i0,), anorthite (CaO-Al,03-25i0,) and
spinel (MgO-Al,03) as shown in Fig. 6. However, for sam-
ples sintered at 1300 °C, the mullite phase disappeared. It is
worth noting that the total porosity did not change very much
with sintering temperatures for a given processing route, apart
from the lower sintering temperature (1000 °C). Moreover,

8 17 100
61.21°C 95
61 29.89%
S 90
o —_
s “ S
L 85 -—
3 4 y )
- 989.55°C o
3 Lgo =
T
21 L 75
70
01 T T T T T T T T T T T T
0 200 400 600 800 1000 1200
Exo down

Temperature (°C)

Fig. 5. DSC and TGA curves of kaolin + 15 wt% doloma mixtures.
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Fig. 6. XRD spectra of kaolin + 15 wt% doloma samples sintered at different
temperatures for 1h. M, Mullite; A, Anorthite; S, Spinel; I, Indialite (o-
cordierit).

this means that the porosity is independent of the formed
phases. These identified phases are of great importance be-
cause of their promising physical and mechanical properties.

3.3. Pore characterization

For the development of high-quality supports, the follow-
ing properties are of major importance: pore size distribution,
total porosity ratio, surface quality with the absence of large
defects or large pores, mechanical properties and chemical
stability.?

Structural characteristics of the final membrane supports,
prepared from kaolin and kaolin + doloma, according to the

Table 2
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Fig. 7. Porous volume (%) and average pore size vs. sintering temperature
for kaolin samples, using process 1.

four different processing routes are summarized in Table 2.
The total porosity, average pore size and pore size distribution
have been determined by mercury intrusion porosimetry for
supports sintered at different temperatures for 60 min. The
obtained results are illustrated in Figs. 7-10. As would be
expected, these figures show, generally that there is an in-
crease in average pore size and a decrease in total porosity
in samples, when the sintering temperature is increased. The
increase in average pore size is also confirmed by typical
micrographs illustrated in Fig. 11.

Moreover, it can be said that both the average pore size
and porous volume are closely related to the preparation
method. The obtained results (Table 2 and Figs. 7-10) show
that the doloma addition to kaolin has a positive effect on the
porosity ratio of supports compared to those prepared from
kaolin alone. For example, the kaolin support (process 1) had
a porosity ratio of ~#13% and an average pore size around
3 wm, whereas the kaolin—doloma supports (process 2) had

Some properties of samples prepared from kaolin and kaolin + doloma according to the four different processes

Used processes Sintering temperature (°C) Total porosity (%) APS. (um) PSD modal Tensile strength (MPa)
Process 1 1000 37.26 0.02 BMPSD
1200 15.68 3.49 MMPSD
1250 13.50 3.32 SMPSD
1300 15.94 4.28 SMPSD
Process 2 1000 56 7.68 MMPSD
1200 53.31 12.72 MMPSD
1250 51.23 22.31 SMPSD
1300 51.9 39.40 SMPSD
Process 3 1150 39.89 1.65 MMPSD
1200 38.29 2.89 BMPSD
1250 43.18 27.72 SMPSD
1300 40.53 48.93 SMPSD
Process 4 1000 41.94 0.69 MMPSD 6
1100 - - - 9
1200 40.99 3.77 SMPSD 5
1250 40.81 11.09 BMPSD 5
1300 37.63 23.48 SMPSD
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Fig. 8. Porous volume (%) and average pore size vs. sintering temperature
for kaolin + 15 wt% doloma samples, using process 2.
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Fig. 9. Porous volume (%) and average pore size vs. sintering temperature
for kaolin + 15 wt% doloma samples, using process 3.

a porosity ratio of ~51% and an average pore size around
22 wm, sintered under the same conditions (1250 °C for 1 h).

As far as preparation processes are concerned, it can be
said that doloma addition (processes 2—4) inhibits the sin-
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Fig. 10. Porous volume (%) and average pore size vs. sintering temperature
for kaolin + 15 wt% doloma samples, using process 4.

—— 1 100 um Mag=250X

Fig. 11. SEM micrographs of kaolin + 15 wt% doloma samples, using pro-
cess 3, sintered at 1150 °C (a) and 1250 °C (b).

tering of the samples even though at a relatively higher sin-
tering temperature (1300 °C); the total porosity values were
between 37 and 56%. On the other hand, the total porosity
of samples prepared according to process 1 and sintered at
1200, 1250 and 1300 °C was less than 16%. These results are
in good agreement with our results reported elsewhere.!!

It has been found that lower doloma additions promote
densification while higher doloma additions (10.0 wt%) in-
hibit the sintering of samples. Thus, the sintering of 100 wt%
non-activated doloma powders becomes more difficult. The
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Fig. 12. Pore size distribution in kaolin+ 15 wt% doloma samples, using
process 2.

total porosity ratios for samples prepared according to pro-
cess 2 are significantly higher than those measured for sam-
ples prepared according to processes 3 and 4, under the same
sintering conditions. This difference may mainly be due to
the weak applied pressure in process 2 (roll pressing), when
compared with the values applied for processes 3 and 4 were
10 and 75 MPa, respectively.

The pores characterisation may be divided into three main
features (categories). These consist of total porosity, average
pore size and the modal distribution of pore size. The pore
size distribution modal may also be classified into three dis-
tinct modals; single or Gaussian distribution, bi-modal and
multi-modal pore size distributions. The single (mono) modal
of pore size distribution (SMPSD) is generally obtained for
samples having a uniform pore size distribution. When pore
volume (%) is plotted against pore size, the curve is char-
acterised by a single peak (Fig. 12). However, the bi-modal
of pore size distribution (BMPSD) is characterised by two
different or overlapping peaks. This means that there is two
classes of pore size distribution (Fig. 13). Finally, the multi-
modal of pore size distribution (MMPSD) is characterized by
the presence of more than two distinct (Fig. 14) or overlap-
ping peaks (Fig. 15).

The BMPSD observed in Fig. 13, using process 1, consists
of two different pore origins, existing at this lower sintering
temperature (1000 °C). The origin of finer pore sizes may be
attributed to the H>O escaping, while the coarser ones are due
to the voids existing between kaolin starting particles. When
the sintering temperature is increased (1300 °C), the coales-
cence of finer pores leads to the disappearance of the second
peak (Table 2) and a SMPSD is obtained, within an average
pore size of about 4 wum. The BMPSD (mentioned above)
becomes MMPSD (Figs. 14 and 16a) when further starting
materials have been added such as Mg(OH),, Ca(OH);, ami-
jel and methocel, for samples sintered at a lower temperature
(1000 °C).
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Fig. 13. Pore size distribution in kaolin samples, using process 1.
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Fig. 14. Pore size distribution in kaolin+ 15 wt% doloma samples, using
process 2.
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Fig. 16. Pore size distribution in kaolin + 15 wt% doloma samples, using process 4 sintered at different temperatures for 1 h.

Fig. 14 is a good example for that it illustrates well that the
number of peaks is about five which corresponds to the num-
ber of starting materials (kaolin, Mg(OH),, Ca(OH);, amijel
and methocel). A uniform pore size distribution (SMPSD) is
also obtained when samples were sintered at higher temper-
ature (1300 °C), as shown in Figs. 12 and 16d. Therefore it
can be said that these modal distributions are closely related
to the processing routes used in this work.

Moreover, the compacting pressure is a major factor con-
trolling the modal distribution of pore size. For example, a
uniform pore size distribution is already obtained for sam-
ples sintered at 1200 °C (Fig. 16b), using process 4 (75 MPa),
while the appearance of this modal is delayed to 1300 °C, us-
ing process 2 (hand roll pressing). It should be mentioned
that the pore size distribution is almost uniform for samples
sintered at 1250 °C for 1 h, using process 4 (Fig. 16c).

Fig. 16 displays the modal distributions of pore size, for
samples sintered at different temperatures for 1 h, using pro-
cess 4. It is clear that the pore size distribution modal is
temperature dependent. It is almost mono-modal distribu-
tion (uniform distribution) in compacts sintered at 1200 °C

(Fig. 16b) and 1300 °C (Fig. 16d), whereas the bi-modal and
multi-modal pore size distributions were obtained in those
sintered at 1250 °C (Fig. 16¢) and 1000 °C (Fig. 16a), respec-
tively. It should be mentioned that even though the modal of
pore size distribution is the same (homogeneous) for samples
sintered at 1200 and 1300 °C, they may behave differently. In
fact, the large interval of pore size distribution (0.1-10 pm)
in samples sintered at 1200 °C is shifted towards a narrow
interval of pore size distribution (8-50 pm). On the basis of
the above results, it can be said that the increase in sintering
temperature encourages the coalescence of pores, which in
turn, leads to a larger average pore size (Table 2).

These kinds of pore size distribution curves do not tell
us more information about both cumulative porous volume
(%) and average pore size (nm). Consequently, curves of
cumulative porous volume (%) versus pore diameter were
re-plotted in Figs. 17-20, using four different processing
routes.

It should be mentioned that the average pore size is directly
given by mercury intrusion porosimetry. Moreover, these val-
ues are in good agreement with those determined also from
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using process 3.
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Fig. 20. Cumulative porous volume (%) as a function of pore size for
kaolin + 15 wt% doloma samples, sintered at different temperatures for 1 h,
using process 4.

the pore size corresponding to 50% of cumulative volume
(Figs. 17-20).

These figures show mainly that the average pore size is
shifted towards higher values when sintering temperature is
increased. For example, the average pore size values in sam-
ples sintered at 1150, 1200, 1250 and 1300 °C, using process
3 were 2, 3, 27 and 50 pm, respectively. These values corre-
spond to a cumulative porous volume = 50% (in Fig. 19). Fur-
thermore, these curves may inform us about the percentage
(%) of any pore size interval, at a given sintering temperature
and processing route. In some applications this information
is required.

All in all, it can be said that each processing route has its
advantages and potential uses.

3.4. Tensile strength

A typical curve of the tensile strength of samples, prepared
according to process 4 (Fig. 3) as a function of sintering tem-
perature is shown in Fig. 21. This figure shows that there are
three different stages (domains). Following an initial rapid in-
crease in tensile strength, a state of constant tensile strength is
reached for samples sintered at temperatures ranged between
1200 and 1250 °C. Afterwards, the tensile strength decreased
sharply for samples sintered at 1300 °C.

A careful examination of the figures, concerning pores
characterization, shows that the tensile strength may be con-
trolled by many factors. Consequently, a general correlation
seems to exist between densification, microstructural changes
(average pore size, pore distribution and total porosity) and
tensile strength in sintered compacts as follows:

1- Densification and grain size are the dominant factors con-
trolling strength, since most of the total pores were in-
tergranular, e.g., the substantial increase in strengths of
samples corresponded to a parallel increase in density
which means a decrease in porosity ratio (stage 1).
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Fig. 21. Tensile strength as a function of sintering temperature for
kaolin + 15 wt% doloma compacts, using process 4.

2— Consistently, the relatively higher constant strengths
(stage 2) were occasioned by high relative densities and
pore size factors. This means that densification enhances
tensile strength whereas pores coalescence acts oppo-
sitely on it.

3— Pore size and distribution influenced by sintering tem-
perature is a factor controlling strength. A good exam-
ple is shown in Figs. 16d and 20 for compacts sintered
at 1300 °C for 60 min. Therefore, pores coalescence be-
comes a predominant factor in this stage (stage 3).

4. Conclusions

The attractiveness in the present work is the development
of membrane supports manufactured from native kaolin and
doloma (obtained from dolomite) mixtures, available in our
country. This kind of supports presents features of porosity
(porous volume and average pore size) more important than
those elaborated from kaolin as a raw material. They can be
used as supports of membranes of microfiltration and ultra-
filtration. Moreover, these supports are characterised by a re-
duced manufacture cost since the used raw materials are very
abundant (in Algeria) and their mechanical properties seem
to be acceptable. The manufactured membrane supports are
mainly constituted of mullite, cordierite and anorthite phases.
The presence of these phases may also extend further their
use, even under severe atmosphere conditions. Finally, it has
been found that the pore structures (modal distributions of

pore size, total porosity and average pore size) may be con-
trolled by the sintering temperature, additions and processing
routes. For examples, a uniform pore size distribution within
a total porosity ratio of 43% and 28 m as an average pore
size, were obtained, for samples prepared according to pro-
cess 3 and sintered at 1250 °C for 1 h. However, a relatively
higher porosity ratio (51%) was reached when process 2 was
applied, under the same sintering conditions.
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