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The raw materials quartz, calcite, kaolin, and zeolite were used to fabricate f-cristobalite-based ceramic membranes at low
temperatures. The raw materials were divided into two groups: calcite and zeolite. Calcite and zeolite raw material mixtures
were prepared in different proportions by weight. Quartz-calcite-kaolin and quartz-zeolite-kaolin raw material mixtures
were subjected to grinding, drying and shaping processes and then sintered separately at temperatures of 1100 °C, 1150
°C, and 1200 °C in a 7-hour furnace regime. All samples were subjected to X-ray diffraction (XRD), scanning electron
microscopy (SEM), Brunauer—Emmett-Teller (BET), density, and mechanical testing. The effects of various raw materials
with different compositions and sintering temperatures on the characteristics of ceramic membranes were examined. The
necessary conditions for sufficient cristobalite production were created by a sintering temperature of 1200 °C with zeolite
as the raw material. These criteria are also suitable for homogeneous pore size distribution and crystal structure formation.
The flexural strength of the membrane containing 10 wt.% zeolite sintered at 1200 °C was 34.75 N.mm™. The average pore
diameter of the membrane sintered at 1200 °C with an initial zeolite content of 25 wt.%, was 33.95 nm.
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Introduction microcrackings, decreased strength, and material
deformation owing to the volume changes. Therefore,
Membranes are suitable for filtration because they it is important that the quartz raw material used in
require significantly less energy than other separation the fabrication of ceramic membranes be doped with
methods such as distillation and electrodialysis [1]. appropriate additives [8].
Compared with commercially used polymer membranes, Kaolin contributes to ceramic membranes with small
ceramic membranes have advantages such as a narrow pore sizes and good mechanical stability [1]. Kaolin is
pore size distribution, high porosity, and high mechanical utilized in investigations wherein CaCO; is doped to
stability [2]. Ceramic membranes with high chemical, produce cost-effective ceramic membranes for filtration
mechanical, and thermal stabilities are prepared from applications [9, 10]. Kaolin minerals with Si/Al ratios of
pure oxides such as ALOs, TiO,, ZrO,, and SiO, [3]. 1 can be easily used as raw materials for the synthesis
However, the use of expensive inorganic precursors to of low-silica zeolites [11].
obtain these oxides increases the cost and requires high Zeolites are crystalline porous aluminosilicate minerals
sintering temperatures. Low-cost ceramic membrane that are effective in pore and channel systems, catalysis,
fabrication significantly reduces fabrication costs while and separation [11]. Zeolites can remove many pollutants
preserving the advantages of ceramic materials. The use from water through their ion-exchange ability [12, 13].
of cheaper raw materials such as clay, kaolin, quartz, Zeolite-containing membranes have two types of pore
feldspar, and CaCOs has been reported for the preparation structure: nanopores and micropores [13]. Natural zeolite
of ceramic membranes suitable for microfiltration [4, 5]. minerals are suitable for use as the main component in
Quartz is a preferred raw material in the fabrication the manufacturing of mineral-based ceramic membranes,
of ceramic membranes because of its mechanical partly because they do not swell in water and easily form
strength and environmentally friendly properties [6]. a suspension for coating membranes on porous supports
The p-cristobalite phase obtained during the processing [14]. Previous studies have shown that zeolites affect the
of ceramic membranes transforms into a-cristobalite transformation of quartz into cristobalite during sintering
during cooling [7]. This transformation may cause [15, 16]. Zeolites at the right rate are known to have
a pore-forming effect and enable the transformation of
*Corresponding author: quartz into B-cristobalite. The added zeolite acts as a
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800 °C) than quartz and ensures that the liquid phase
is well-distributed throughout the quartz particles. Thus,
when the mechanism that increases the crystallization of
SiO, is activated, the cristobalite phase, which normally
occurs at high temperatures (approximately 1470 °C),
is formed at a higher rate at a lower temperature (1200
°C) [8].

Calcite, in the form of CaCOs, decomposes into calcium
oxide (CaO) and carbon dioxide (CO,) at temperatures
above 650 °C. The voids formed by the release of CO,
gas bubbles during sintering give the membrane a porous
texture [17]. In addition, Kouras et al. [18] observed that
the conversion of quartz to tridymite is facilitated by
the addition of calcite to quartz during the fabrication
of ceramic membranes. However, this study showed
that calcite cannot lower the temperature at which the
cristobalite phase forms. In this study, it was revealed
that calcite also affects flexural strength. Although calcite
increases the porosity, it may have negative effects on
strength. Tong et al. reported that the fracture strength
of the membrane improved when it was doped with 5
wt% CaCOs, whereas the flexural strength decreased at
15 wt% CaCOs; [19].

Apatite, one of the raw materials used in the
production of low-cost ceramic membranes, requires
expensive support materials such as alumina due to its
low strength [1]. There are also studies using diatomite,
but stabilization of diatomite is needed; otherwise, alpha
formation of the cristaobalite phase occurs, making cost
efficiency a disadvantage [20].

Darunee et al. [21] used calcite, kaolin and silica as
raw materials to obtain the highest porosity of 43.3%
in membranes sintered at 1200 °C; the average strength
of these samples was between 28 and 30 MPa. Simao
et al. fabricated ceramic membranes with 7-29 MPa
flexural strength using low-cost calcium carbonate and
different proportions of kaolin, potassium feldspar,
albite, quartz and white clay [22]. In another study,
Nandi et al. obtained flexural strength values of 3-8 MPa
for the fabrication of membranes from low-cost raw
materials containing zeolites. These studies show that,
while attempting to obtain sufficient porosity in ceramic
membrane fabrication, the mechanical strength cannot
be improved sufficiently. The material composition
and pore-forming agents significantly influence the
production of cost-effective membranes. Currently, low-
cost ceramic membranes are applied in limited areas
such as high-temperature filtration. However, there are
opportunities to expand their application [23].

In this study, the fabrication of f-cristobalite phase using
different raw material additives was investigated. The
mechanical and microstructural properties of all structures
were examined for a membrane with homogeneous pore
size distribution and sufficient mechanical properties.
Increasing the sintering temperature caused the porosity
to decrease and the flexural strength to increase.
However, it is possible to fabricate membranes with
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high pore volumes and flexural strength. Therefore,
the results obtained by considering the temperature and
composition criteria were compared and examined.

Experimental Procedure

Ceramic structures were prepared from a mixture of
two types of raw materials with different compositions.
Table 1 lists the compositions of calcite and zeolite
groups (designated with the codes C10, C20, C25, Z10,
720, and Z25 respectively). The raw materials were wet-
ball-milled for 6 h (Gabbrielli, Calenzano, Italy) and the
samples were then dried in an oven (Memmert UM 600,
Germany) at 105 °C for 2 h. The powders were divided
into three groups at different sintering temperatures. The
samples were uniaxially cold pressed under 100 MPa
in a steel die (Nannetti, Faenza, Italy). After drying, the
samples were sintered at 1100, 1150, and 1200 °C with
a soaking time of 120 min and heated at a rate of 20 °C.
min"' (MSE Furnace, Turkey).

Mineralogical analyses of the samples were performed
using X-ray diffraction (XRD, PANalytical Empyrean).
The samples were scanned using Cu-Ka radiation in
a 20 range of 10-80°. Scanning electron microscopy
(Zeiss GeminiSEM, Germany) was performed to
evaluate the development of porosity and crystallization
with variations in sintering temperature and basic
composition. The samples were sputter-coated with Au-
Pd (80:20 wt.%) in a coating device. To examine the
effect of temperature and composition on the density,
the density of each membrane was determined according
to the ASTM D 792 standard test method (Metler,
Switzerland). A homogeneous distribution ensured that
filtration processes were performed correctly. In addition,
pore size is important for minimizing the pressure drop
during the filtration process. For this reason, the pore
volumes, size distributions and average size of the
samples were measured using a Brunauer—-Emmett—
Teller surface area analyzer (Micromeritics Gemini
VII, USA). Nitrogen adsorption measurements were
performed for all samples after a de-gassing process
for 3 h at 300 °C. The porous samples also exhibited

Table 1. Basic composition (wt.%) of calcite and zeolite group
raw materials.

Sample  Sample Content of raw materials (wt.%)
groups  codes  Quartz Kaolen Calcite  Zeolite
C10 60 30 10 -
Calcite C20 60 20 20 -
C25 60 15 25 -
710 60 30 - 10
Zeolite 720 60 20 - 20
725 60 15 - 25
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sufficient strength during filtration. The flexural strength
of the samples was determined at a loading speed of
1 Mpa.s', according to ISO 10545-4 (Gabrielli Crometro
CR5/650, Italy).

Results and Discussion

Fig. 1 shows the results of the mineralogical analysis
of each sample. Fig. 1a and 1b show that the intensity
of the quartz peaks (JCPDS 47-1144) is high at 1100
°C and 1150 °C, and that the cristobalite phase does
not form. Fig. 1c shows that quartz began to transform
into cristobalite  (JCPDS  39-1425), especially in
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samples containing zeolite; the intensity of the quartz
peak decreased and a cristobalite phase appeared [24].
Although the transformation of quartz into cristobalite
occurs above 1400 °C under normal condition, the
cristobalite phase is released at lower temperatures.
In all samples containing zeolite sintered at 1200 °C,
cristobalite appeared. Therefore, zeolites accelerate
the transformation of quartz into cristobalite at low
temperatures [8]. Zeolite melts at low temperatures, forms
a viscous phase around the quartz grains, and begins to
accelerate the dissolution of the cristobalite phase. There
are two important criteria for the formation of cristobalite
phases in ceramic membranes: zeolite and a sintering

A q B
q
q
1 “ " 7251100 q 7251150
1 J._ i i 4 , 2201100 i J : & . 720 1150‘
‘g ]
=5 A ) oy " 710 1100 B X ) R Z10 1150
E Z —
= g
= El
z o
E 1 €25 1100 A i " €25 1150
&
1 N €20 1100 I ‘ C20 1150
J C10 1150
€10 1100 A " A 3 '
20 30 40 50 60 70 20 30 40 50 60 70
20 (degree) 20 (degree)
N Z25 1200
7201200
o A l Z10 1200
s
z
w
=]
B i €25 1200
E ~ A A
L ’ €20 1200
- | 1 i C10 1200
20 30 40 50 60 70
26 (degree)

Fig. 1. Mineralogical analyses of C and Z series membranes sintered at various temperatures: a) 1100 °C, b) 1150 °C, and ¢) 1200 °C.



234

temperature of 1200 °C. Neither zeolite nor temperature
alone were sufficient for the formation of the cristobalite
phase at low temperatures. Kaolin is a raw material
whose composition changes in a manner similar to that
of zeolite and calcite. Hedfi et al. reported that kaolin
also contributes to the formation of the cristobalite phase
[25]. However, cristobalite formation was not observed
in any of the K-series samples. However, cristobalite
formed in the Z-series samples at 1200 °C. Thus, in
the calcite group, the change in the composition of
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WD = 28 mm EHT = 20,00 kV 25 - LI00'C 1
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kaolin alone had no effect on the cristobalite formation
at 1200°C.

Important criteria in the surface morphology of ceramic
membranes are homogeneous pore distribution and the
formation of a non-localized, low amount of vitreous
phase: vitrification must be completed and crystallization
must occur [26]. Mineralogical analysis showed that the
transformation of quartz to cristobalite occurred because
of the degree of crystallization. Consequently, the type
of raw material (calcite or zeolite) and temperature were
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Fig. 2. Surface morphologies of samples containing 25 wt.% calcite and zeolite in the basic composition and sintered at various

temperatures: a,d) 1100 °C, b,e) 1150 °C, and c,f) 1200 °C.
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the determining factors for the microstructural images.
The change in the weight percentage composition of
zeolite or calcite was insignificant. For this reason, Fig.
2 shows images of the membranes containing 25 wt.%
calcite and zeolite raw material in the basic composition
for each temperature. In particular, vitrification occurred
in the zeolite-containing membrane sintered at 1200 °C.
Crystallization was completed and the pores became
apparent. Additionally, there were no defects such
as pinholes or cracks. Zeolites have been reported to
exhibit low negative thermal expansion [27]. Therefore,
clinoptilolite-type zeolites may prevent deformation
during the transformation from p-cristobalite to
o-cristobalite during cooling. Clearly, the temperature
alone is insufficient for the fabrication of ceramic
membranes. This is because the same microstructure
was not formed in the calcite sample sintered at 1200
°C. This indicates that the zeolite acts as a catalyst at
low temperatures.

Fig. 3 shows images of another zeolite-containing
membranes sintered at 1200 °C. The desired conditions
were achieved, regardless of the amount of zeolite used.
As shown in Figs. 3 and 4, pore formation in zeolite-

Mag= 1.00KX
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Fig. 3. Surface morphologies of samples containing 10 and 20
wt.% zeolite in the basic composition and sintered at various
temperatures: a) 1100 °C, b) 1150 °C.

containing membranes sintered at 1200 °C and, more
importantly, pore formation of similar sizes occurred.
This is important to ensure the homogeneity of the
filtration process in ceramic membranes. The formation
of porous structures as close as possible to each other is
important for subsequent filtration processes.

The expectation of ceramic membranes, in terms
of density, is that their density is not low enough to
contain high porosity. Ceramic membranes with suitable
properties must be vitrified and crystallized. Therefore,
the density can also be high. In particular, the porosity of
high-density membranes in a class of dense membranes
can be low. Importantly, the pores are homogeneous in
size. Table 2 lists the density values of all samples. In the
group containing calcite as a foaming agent, the density
of the sample coded C10-1200 was higher than that of
the sample coded Z10-1200. In this case, the foaming
agent function of calcite may not be as effective as that
of a zeolite catalyst at 1200 °C. In general, sufficient
condensation occurred in the samples sintered at 1200
°C; whereas, in the calcite group, the sample sintered
at 1200 °C and containing 10% calcite by weight had
the highest density; whereas, in the zeolite group, the
sample with the highest zeolite content by weight and
sintered at 1200 °C had the highest density. Normally,
as the temperature increases, the density is expected
to increase, and the porosity decreases. However, high
temperatures are important for sufficient strength and
formation of the cristobalite phase. Here, it can be seen
that, among the samples sintered at 1200 °C, samples
containing 20% calcite and 20% zeolite by weight
achieved this balance well. However, it is predicted
that the density values of the samples containing 25%
calcite, 10% zeolite, and 25% zeolite by weight (from
the same temperature series) are not much higher than
those of the sample containing 10% calcite (1.804
g.cm™). These samples will provide a balanced density-
pore ratio. When the Z20 series was examined, it was
observed that, as the temperature increased, the density

Mag= 10.00KX

faiay Signal A = SE1
L2 EHT = 20.00 kV

Koot 10 1200°C

Fig. 4. Pore structure, distribution, and size in SEM micrographs
of sample coded Z10-1200.



236

w

-»—C10 1200 G20 1200 |

—-—Z10 1200

=720 1200 ——Z251200

ra

C25 1100

Adsorption volume {cmig1)

o 01 02 03 04 05 08 o7 og 09 1
Relative pressure (P/P;)

Fig. 5. Nitrogen adsorption isotherms of samples sintered at
1200 °C and sample coded C25-1100.

initially remained constant and then decreased slightly.
The lowest density (1.610 g.cm™) was observed in the
series at 1200 °C, in the Z20 series. Examination of the
microstructure images in Fig. 2 may also indicate more
pores without compromising the strength value.

The adsorption isotherm curves of the samples sintered
at 1200 °C and those of the calcite group sintered at 1100
°C are shown in Fig. 5. The adsorption isotherms were
type III, according to the [IUPAC classification [28] and
were similar for all the samples. When sintered at 1200
°C, the zeolite-containing membranes exhibited a lower
adsorption volume at the same relative pressure. This
indicates a lower mesopore and higher crystallization,
compared to the calcite-containing samples sintered at
1200 °C. In other words, zeolite-containing samples
underwent phase transformations that could improve
membrane properties. Notably, the sample coded C25-
1100 had a lower volume than the calcite-containing
samples sintered at 1200 °C at the same relative
pressure. This shows that the temperature increase
alone is not sufficient to ensure sufficient crystallization
during ceramic membrane fabrication, which is where
the zeolite factor comes into play. Zeolite acts as a
catalyst for quartz, affecting its transformation into the
cristobalite phase. This also supports the XRD and SEM
results. Table 2 shows that the C25-1100 sample with
lower density has an adsorption volume of approximately
0.35 cm’.gr’, at a relative pressure value of 0.9 P/P,,
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Fig. 6. BJH pore size distributions of samples sintered at 1200
°C and sample coded C25-1100.

meaning that the pore amount is lower than the C10-
1200 sample at the same pressure value. In other words,
it can be said that density measurements do not have
an effect on the amount of pores. A striking feature of
the C10-1200 sample was that it had sufficient porosity
despite sintering at high temperatures. Adequate strength
is important and, therefore, the porosity factor should not
reduce the strength.

Fig. 6 shows the BJH pore size distributions of the C25-
1100 coded sample, together with the samples sintered at
1200 °C. All samples containing calcite had a wide pore
size distribution, regardless of the temperature at which
they were sintered. This means that there are large and
small pores and, in ceramic membranes, it is desirable that
the pore sizes are similar, in terms of the homogeneity
of the cake formed on the membrane, particularly during
the filtration process. This is also important in terms of
the homogeneity and strength of the ceramic membrane.
In samples containing calcite, a temperature of 1200 °C
was not sufficient for densification. Here, the zeolite
factor ensures crystallization. Narrow-spaced high peaks
were observed in the pore-size distribution graphs of all
membranes containing zeolite. This indicated that there
were more pores of similar sizes. For example, the Z20-
1200 coded sample has a lower pore volume than the
other two zeolite series, which shows that it consists of
smaller pores. This situation was confirmed by the data
presented in Table 3. There were many large pores in
the calcite series, but there was no homogeneous pore

Table 2. Densities of samples at various temperatures and compositions.

Sample C10 €20 €25

Z10 720 725

code 1100 1150 1200 1100 1150 1200 1100 1150 1200 1100 1150 1200 1100 1150 1200 1100 1150 1200

Density ) 703 1679 1.804 1.548 1786 1.681 1.494 1720 1707 1758 1.625 1.730 1.614 1.614 1.610 1587 1.625 1.743

(gem?)
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Table 3. Average pore sizes of samples at various temperatures and compositions.

Sample (C-series)
Average pore diameter (nm) 29.63 18.42 21.75

10-1100  20-1100  25-1100  10-1150  20-1150  25-1150

37.26 20.61 20.59 37.11 21.39 12.99

10-1200  20-1200  25-1200

Sample (Z-series)
Average pore diameter (nm) 50.86 21.39 35.54

10-1100  20-1100  25-1100  10-1150  20-1150  25-1150

29.79 42.50 15.53 28.26 19.25 33.95

10-1200  20-1200  25-1200

distribution because there was no narrow range in the
graph. In addition, the large pores indicate that the
strength may be low and the formation of the cristobalite
phase is insufficient. Z10-1200 contains two types of
pores, low and slightly larger, in narrow ranges. Z25-
1200, on the other hand, contains larger pores than
Z10-1200 (which is not as large as calcites, as shown
by the data in Table 3) and consists of single peaks.
This may have provided Z25-1200 with optimum pore-
size characteristics without compromising strength and
homogeneity.

Table 3 presents the average pore sizes of the samples.
In the C-series samples, the average pore diameter
decreased as the amount of foaming agent calcite
increased, regardless of the temperature. In this case,
the presence of calcite in the kaolin and quartz recipes
had no effect on pore size. The isotherm curves of the
C10-1200 sample showed that it had a high pore content
despite being sintered at 1200 °C. Although it is known
that calcite series do not complete their crystallization,
even when sintered at 1200 °C, and, therefore, have a
high pore volume, the high pore volume can also be
associated with an average pore diameter of 37.11 nm
(Table 3). The pore diameters of the Z-series membranes
were mostly larger than those of the C-series membranes.
In this case, zeolite contributes to the formation of
sufficiently large pores, in addition to increasing the
transformation of quartz to cristobalite. Except for
the Z25-1200 sample, the average pore diameter was
generally larger in samples sintered at temperatures
lower than 1200 °C. However, this was due to the lack of
sufficient crystallization at temperatures lower than 1200
°C. The desired cristobalite phase in the membranes was
formed in zeolite-containing samples sintered at 1200
°C. Although there is a decrease in the number of pores
at high temperatures where crystallization is completed,
the presence of a high average pore diameter in the
725-1200 sample distinguishes it from other zeolite-
containing membranes sintered at 1200 °C. Therefore,
even if the number of pores is low, a high pore diameter
in a phase that has completed its crystallization can
create a more favorable situation in terms of suitable
filtration conditions.

Fig. 7 shows the flexural strengths of the membranes
for all compositions and sintering temperatures. For
samples containing calcite, the increase in flexural
strength was low above 1150 °C, ie. at 1200 °C;
whereas, for membranes containing zeolite, the increase
in flexural strength was high at the same temperature

5

Flexural Strength (MPa)
2 8

5 T
1100 1150 1200
Sintering temperature (*C)

Fig. 7. Flexural strengths of samples as functions of temperature
and composition.

values. This supports the notion that zeolite is effective in
the transformation of quartz to cristobalite in the quartz-
zeolite-kaolin membranes. Although the flexural strength
increases with temperature in samples containing calcite,
this increase remains low compared with that of zeolite
membranes. This was due to the absence of the cristobalite
phase and the inability to form sufficient strength. No
mechanism exists by which calcite or kaolin transforms
quartz into cristobalite at low temperatures. It is likely
that the low silica content in the zeolite is effective in the
transformation of quartz to crisrobalite [8]. Although the
Z10-1200 sample has the highest strength value (34.75
MPa), the increase in strength with sintering temperature
is similar in zeolite-containing membranes. Although the
determining factor in flexural strength is the cristobalite
phase, kaolin is known to affect mechanical stability
[1]. In particular, in the Z10-1200 sample, the fact that
the amount of kaolin (by weight) was initially higher
than that in the other zeolite group samples sintered at
1200 °C may have caused the Z10-1200 coded sample
to come to the fore in flexural strength. As shown in
Fig. 7, there is no such result for the calcite group.
Thus, it can be concluded that zeolite may have had
the same catalytic effect on quartz as kaolin. In the
calcite samples, the change in strength with increasing
temperature, as a result of the compositional change, was
more obvious. Although the sample with 20% calcite
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content by weight was insufficient, it had the highest
strength value in the calcite group. The strength values of
zeolite-containing membranes have yielded significantly
better results than studies in the literature on membranes
produced from other low-cost raw materials [8, 29]. At
temperatures above 1200 °C, the possibility of increasing
closed pores may slow the increase in flexural strength,
which is uneconomical at higher temperatures [30].

Conclusions

Because the clinoptilolite-type zeolite was doped to
quartz and kaolin, the zeolite contributed to the formation
of the cristobalite phase at a low temperature (1200
°C) and enabled the production of a membrane that
completed its crystallization. The foaming agent calcite
did not exhibit the same function at the same temperature.
Membranes with high strength and homogeneous pore
distribution at low temperatures can be developed using
low-cost zeolite, quartz, and kaolin formulations. The
membrane prepared from the sample containing 25
wt.% zeolite and sintered at 1200 °C attracted attention
because of both a unimodal pore distribution and a
larger pore volume and size, without compromising
the flexural strength. This study revealed promising
outcomes regarding the flexural strengths exhibited by
samples containing zeolite. Furthermore, it was observed
that an increase in kaolin content resulted in a positive
effect on the strength of zeolite-containing samples.
This observation is correlated with the distinct peak
formation of cristobalite in the mineralogical analysis of
the Z-series sample, which was synthesized at 1200 °C
and exhibited a high kaolin content. This investigation
demonstrated that kaolin, analogous to zeolite, functions
as a catalyst in the formation of cristobalite. Although the
strength remained low in the calcite-containing samples,
an increase in the amount of calcite also had a positive
effect on strength.
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