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INTRODUCTION

ABSTRACT

The production of low-cost open-pore ceramic materials from fly ash (FA) and marble waste
(MW) was investigated. The effect of MW (5-40 wt.%) on the open porosity was determined.
To reduce the sintering temperature and improve the properties of porous materials, the mix-
tures were activated with an alkali solution. Samples pressed from FA and FA+MW mixtures
were sintered at low temperature (900 °C), but sufficient strength could not be obtained. How-
ever, when these mixtures were subjected to alkali activation, pressed and sintered at 900 °C,
sufficient strength and porosity values were reached. The open porosity of the MW neat spec-
imen was 12.70%, but it increased up to 39.91% at 40 wt.% MW, which was the highest ratio
used in the literature. The main phase structure was nepheline at 0-20 wt.% MW, but gehlenite
became the dominant phase at 40 wt. % MW. The compressive and flexural strength values of
40 wt.% MW added specimen was determined to be 12 and 5.35 MPa, respectively. The open-
pore ceramic of high MW ratio, produced by this new alternative route, has the potential for
use in water purification membranes for macro filtration purposes.
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of low-temperature porous material from alkali-activated fly ash. Sigma ] Eng Nat Sci
2024;42(4):1148-1159.

these superior properties, in contrast to those of polymeric
porous materials, have found applications in engineering

Porous ceramics have beneficial properties such as high
mechanical, thermal and chemical stability, long lifetime,
high permeability, ease of cleaning with many other advan-
tages [1-3]. The microstructure of porous ceramics can be
tailored and have a slight polluting effect on the environ-
ment [4] along with properties such as less susceptibility
to microbial attacks and biological degradations [5]. All
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practices such as membranes in filtration processes [4,5],
catalysis applications [6], thermal isolation coatings [7],
and porous bricks [8].

Because of the high costs of precursor materials used to
manufacture open-pore ceramics [9,10], natural clays such
as kaolin and ball clay, feldspar and quartz sand as well as
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industrial waste substances were used as main raw materi-
als. In this regard, research was especially directed towards
producing new generation inorganic porous products at a
low price manufactured from many low-cost waste materi-
als causing environmental pollution. FA [3,4], steel slag [10],
glass waste [6], screen and monitor glass waste [11], sewage
sludge [12], paper sludge [13], biological waste of water puri-
fication [14], coal extraction waste [15], sandblasting waste
[16], wasted diatomaceous earths [11,16], coffee waste [17],
and red mud [18] were a few of them. FA is a waste gener-
ated in large amounts during coal combustion in thermal
power plants. Any attempt to recycle or re-utilize FA is cru-
cial for the environment. FA, with the addition of pore-form-
ing materials, were sintered and porous ceramic structures
were obtained [3,10]. Additionally, it was found that geopo-
lymerization of FA before sintering had a positive effect on
the material properties [19,20]. Besides, geopolymerization
made it possible to produce materials at lower temperatures
[21]. Previous studies showed that the physical and mechan-
ical properties of FA-based geopolymers exposed to elevated
temperatures improved [20]. It was stated that FA-based
geopolymers had large numbers of small pores, which facil-
itated the escape of moisture when exposed to elevated tem-
peratures, thus causing minimal damage to the geopolymer
[19]. Sintering resulted in densification and development of
new phases in the structure [19] and improved the proper-
ties of geopolymers [19,20]. Furthermore, densification and
formation of new phases were reported at and above 900°C
[19,20,22]. In conclusion, exposure to high temperature
resulted in sintering processes, structural rearrangement and
new crystalline phases contributing to strength [23].
Previous work also studied the performance of porous
geopolymers made with FA after exposure to high tem-
peratures. Abdullah et al. [24] prepared geopolymer paste
samples by alkali activation of FA with a mixture of sodium
hydroxide and sodium silicate solution. They cured the
geopolymer paste samples at 60 °C for 24 h and sintered
them at the range of 600-1000°C. In a very recent study,
Sawan et al. [25] investigated the in-situ formation of geo-
polymer foams from metakaolin. They used an alkali acti-
vator solution of sodium silicate and sodium hydroxide to
prepare the initial geopolymer pastes. Afterwards, they sin-
tered the samples at 800, 1000 and 1200°C. In the studies
mentioned above [24,25], they produced porous geopoly-
mer materials first and then subjected them to the sintering
process. Thus, they investigated the effect of sintering on

Table 1. Geopolymer compositions and codes

geopolymer materials. Geopolymer technology enables the
production of high-performance ceramics at a lower tem-
perature compared to those produced by conventional sin-
tering [21]. However, geopolymer materials produced from
FA do not have enough open porosity before and after sin-
tering. Therefore, additives are needed to increase porosity.
Carbonates decompose well below 1000 °C releasing CO,
gas. Therefore, calcite, dolomite and soda ash containing
carbonates in their structure were studied extensively as
pore making agents. The recent work on porous ceramic
production was also focused on exploring novel pore form-
ing additives such as activated carbon, natural phosphates,
wood sawdust, and raw materials containing carbonates,
etc. [9]. In this regard, the use of MW as a carbonate source
should be investigated instead of the pore making carbon-
ate sources mentioned above. Thus, the damage to the
environment will be mitigated and the production cost of
porous ceramics will be reduced.

The present study investigated the utilization of MW as a
pore-making agent in the production of open-pore ceramic
from FA. The experimental compositions were activated with
an alkali solution of Na,SiO; and NaOH, which also have a
fluxing effect, to reduce sintering temperature. The effect of
adding MW in different ratios (5-40 wt.%) into FA on open
porosity, new phase formation, mechanical and physical
properties was investigated. The utilization of these indus-
trial wastes as main raw materials to manufacture porous
ceramics would be beneficial with effective solid waste man-
agement and reduced production costs.

MATERIALS AND METHODS

Materials

The Tungbilek FA was collected from Tungbilek thermal
power plant (Kiitahya, Turkey). A marble processing plant
(Karaburun, Turkey) provided MW. Chemical grade NaOH
and Na,SiO; were purchased from Merck Chemicals GmbH.

Processing and Characterization

Five specimens of different geopolymer compositions
were prepared (Table 1). The first one consisted of 100 wt. %
Tungbilek FA and was coded as MWO. The other five spec-
imens were prepared by gradually increasing MW ratios of
5, 10, 20, and 40 wt. % coded as MW5, MW 10, MW20, and
MW40, respectively. The numbers following the denotation
show wt. % of MW.

Sample code MWO MW5 MW10 MW20 MW40
FA (g) 100 95 90 80 60
MW (g) . 5 10 20 40
NaOH (g) 20 20 20 20 20
Na,Si04(g) 20 20 20 20 20
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Firstly, the Tungbilek FA and the MW, totally 100 grams,
were homogeneously dry mixed according to the predeter-
mined ratios (Table 1). Previously prepared 12M alkali solu-
tion of NaOH and Na,SiO; was added (Table 1) and mixed
for 5 minutes using a laboratory mixer. Homogeneously
mixed compositions were shaped into specimens of
10x10x55 mm dimensions under 50 MPa pressure using a
hydraulic press. Subsequently, they were dried at 105°C for
24 hours in a laboratory drier. Curing and drying processes
were combined and carried out simultaneously in a single
stage of 24 hours, which was cost-effective and time-sav-
ing. After completing the drying stage, the alkali-activated
specimens were sintered at 900 °C for 30 minutes with a
ramping rate of 5°C/min. Finally, the sintered specimens
were characterized.

The chemical analyses of the Tungbilek FA and the MW
were carried out by X-ray fluorescence (XRF) (Panalytical
Axios). Phase identification was conducted by X-ray dif-
fraction (XRD) on raw materials and porous ceramic
specimens using a Rigaku Miniflex powder diffractometer
with Cu Ka radiation (A=1.5418 A). The measuring rate
was 2°/min at 40 kW and 30 mA in the 15-70° 20 range.
Crystallographic databases used for the phase identifica-
tions were Inorganic Crystal Structure Database (ICSD)
and International Centre for Diffraction Data (ICDD) PDF-
2. The thermal behaviour of the Tungbilek FA and the MW
was investigated using a fully computer-controlled DTA/
TG (Netzsch STA 449F3). The measurement, for the MW,
was conducted between room temperature and 1100°C. It
was conducted, for the Tungbilek FA, between room tem-
perature and 1300°C. The heating rate was 10°C/min in
the air during both measurements. The particle size distri-
bution of the Tungbilek FA and the MW was determined
using a laser size analyzer (Malvern). Scanning electron
microscopy (SEM) was conducted on a Nova NanoSEM
650 scanning electron microscope to investigate the micro-
structure of the waste materials (FA and MW) and the
sintered geopolymer specimens on the fractured surfaces.
Polished cross-sections were produced by mounting sample
fragments in low viscosity epoxy resin and polishing to a 1
um finish. Samples were coated with a thin layer of Au-Pt
before SEM imaging.

Bulk density, apparent porosity (open porosity), water
absorption [26], and compressive strength [27] were deter-
mined according to the related standards. The compres-
sive strength tests were carried out using a hydraulic press
(SACMI 470, PIL type) with a speed of 0.5 mm/min. Five
specimens were tested for each composition and the aver-
age values of the compressive strength were calculated. The
flexural strength (three-point bending strength) was mea-
sured using Shimatsu 250 kN Model equipment. Again, the
average values of the flexural strength were calculated from
the results of five specimens tested for each composition.
The linear shrinkage values of the sintered geopolymer
specimens were measured by subtracting the fired length
from the original green length [28].

The bulk density was measured according to
Archimedes’ principle. The powder density was calculated
by a pycnometer. The open porosity (P) was calculated
from the dry, soaked (in water) and suspended (in water)
weights of a specimen using equation 1:

%P: (Soaked Weight—Dry Weight)
oL (Soaked Weight—Suspended Weight) (1)

Water absorption value represents the open porosity. It
was calculated by the difference in specimen weight under
over-dried and fully saturated (in water) conditions [26].

RESULTS AND DISCUSSION

Characterization of the Raw Materials

In Table 2, the chemical composition of the Tuncbilek
FA used as the main material and the MW, as a pore-form-
ing agent, was given. The sum of SiO,, Al,O; and Fe,O,
was 87.44 wt. % showing that the Tungbilek FA was F class
[29]. The Tungbilek FA also contained MgO (4.48 wt. %)
and CaO (1.64 wt. %) along with minor quantities of K,0,
Na,O, and SO;. LOI value of the Tungbilek FA was 4.08 wt.
%. The MW contained 61.65 wt. % CaO and a low amount
of Si0, (2.20 wt. %), MgO (0.69 wt. %), ALO, (0.19 wt.
%), and Fe, 05 (0.06 wt. %). The LOI value of the MW was
35.08 wt. %, which correlates well with the reported values
[30,31].

When looked at the phase analysis, quartz, haematite
and mullite were detected to be the main crystalline phases
in the Tungbilek FA (Figure 1). The origin of quartz (pri-
mary quartz) in the Tuncbilek FA was the source coal and
the secondary quartz formed during combustion [32].
The mullite was the product of the solid-state reaction of
decomposed clays [32] and/or occurred through the crys-
tallization of the aluminosilicate melt [33]. The existence of
haematite, which generally exists in bituminous F class FA,
was because of the thermal decomposition of clay miner-
als during combustion [34]. Calcite was the only dominant
crystalline phase in the MW with a low amount of quartz
phase (Figure 1) [35]. The fact that the MW contained a
high amount of CaO (61.65 wt. %) (Table 2) enabled it to
be a suitable material in its use as a pore former. It was also
used as a cheap pore-forming agent because it was a waste
material [31,32,35].

The thermal behaviour of the Tungbilek FA was stud-
ied by DTA/TG analyses (Figure 2a). First, an endothermic
peak on the DTA curve at approximately 160°C corre-
sponded to the evaporation of moisture, that is, dehydra-
tion of adsorbed water mechanically bonded in the form of
H,O molecules on the surface of the ash particles [36,37].
In the interval between 100 and 450°C, the removal of
hydrated water was completed [38]. Subsequently, an exo-
thermic event at 678°C was associated with the combustion
of unburned coal [39]. At higher temperatures between
800 and 1200°C, the decomposition of impurities from
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Table 2. Chemical analyses of Tungbilek FA and MW

Chemical composition (%) FA (%) MW (%)
Sio, 58.26 2.20
ALO, 17.73 0.19
Fe,O, 11.45 0.06
CaO 1.64 61.65
MgO 448 0.69
K,0 0.66 -
Na,O 0.35 -
SO, 0.26 0.05
LOI* 4.08 35.08
*: Loss of ignition
0.20 100
L 100
0.1 L 100
0.10 - [ 100
5 L 100
= 005 4 log F
2 o
= 0.00 1 L
& L 99
T -0.05 4 L 99
L 99
2010 1 1270 °C
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Figure 2. DTA/TG analysis of Tungbilek FA (a) MW (b).

coal, carbonates, or sulphates took place [36,39]. The TG
curve accordingly showed a continuous decrease in weight.
The melting temperature of the Tungbilek FA was 1220°C
(Figure 2a).

In the DTA analysis of the MW (Figure 2b), a gradual
mass loss of approximately 1.5 % was observed up to 575°C,
which can be attributed to moisture loss [31,36]. A sharp
endothermic reaction occurred between 620 and 760°C
with a rapid downward move in the TG curve. This tem-
perature indicated to the decomposition of calcite accord-
ing to equation 2. Looking at the TG curve, the MW lost
about 39% of its initial weight between 620 and 760°C
[30,31]. It was considered that the high loss of ignition
(LOI) (Figure 2b) (Table 2), would contribute to the forma-
tion of a porous structure in this study. Following equation
2 [30,31], it was presumed that the calcium carbonate broke
down under heat and converted into CaO (solid) and CO,
(gas), and open-pore structure formed because of the CO,
gas released.

CaCO3(S>9CaO(S)+COZ(g) (2)

Intensity (a.u)

Q
Q
|
MoQ oM v B oMM Q u u MHuH
R LV, TP TR SR St ES R
10 20 30 40 50 60 70
2 Theta (=)

Figure 1. XRD spectrum of Tungbilek FA (a) and MW (b).
(C: calcite, Q: Quartz, M: Mullite, H: Hematite)
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F 85
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L5
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-15 35
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The size distribution of the Tungbilek FA (D, 6.09 um,
D5, 32.5 pm and Dy, 124 pm) ranged between 0.46 and 310
pm. However, the particle size distribution of the MW was
smaller (D, 2.11 um, D5, 9.17 pm and Dy, 42.14 pm) than
that of the Tungbilek FA in a close range between 0.46-66
um (Fig. 3). Therefore, it was considered advantageous
in that the pore dimensions are in a narrow range. The
Tungbilek FA and the MW were both used as received with
no size-reduction.

The Tungbilek FA mostly consisted of spherical parti-
cles so-called microspheres with some irregularly shaped
angular particles (Figure 3). The MW had a microstructure
consisted of irregular but dimensionally similar particles
(Figure 3).

In the current experimental work, the production of
open-pore ceramic from waste materials FA and MW was
investigated. The alkali activation method was adopted
to reduce the sintering temperature of green specimens
to the lowest possible value. As seen from the DTA data
in Figure 2b, the decomposition temperature of the MW
was between 620 and 760°C [30,31]. The LOI value of the
MW was 39 wt. % [30,31]. However, as mentioned earlier,
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Figure 3. Particle size distribution of Tungbilek FA and MW.

previous studies on sintering of geopolymers showed that
densification and formation of new phases in the struc-
ture [23], which improved the properties of geopolymers
[19,20], occurred at and above 900°C [19,20]. Therefore, in
the present work, the alkali-activated specimens composed
of the Tuncbilek FA and the MW were sintered at 900°C, to
investigate the effect of sintering on forming an open-pore
structure and contribution of new phase development to
mechanical properties.

Physico-Mechanical Properties of Sintered Porous
Geopolymers

FTIR analysis is principally based on the absorption of
different wavelengths of infrared light and studies the com-
position and structure of material molecules. Besides, FTIR
absorption spectroscopy is an effective tool for character-
izing alkali-activated materials because of its well-known
sensitivity for materials of short-range structural order [40].
Therefore, FTIR tests were conducted on the raw Tungbilek
FA and alkali-activated compositions to investigate the effect
of alkali activation on the FA structural development. The
results of the FTIR spectra were depicted in Figs.4a and 4b.
In Figure 4a, the effect of alkali activation was determined
by examining the raw and alkali-activated FA (MWO) spec-
imen. The central band at around 1022 cm’, as the main
feature of the FTIR spectra of raw FA, exhibited overlapped
peaks associated with the asymmetric stretching vibrations
of tetrahedral Si-O-Si or Si-O-Al bonds [41]. The intensity
of this band is proportional to the reactivity of FA [42]. The
peak at 1022 cm™ shifted towards lower wavenumber of
983 cm™ indicating the formation of geopolymer structure

due to alkali activation [42,43]. The new peak observed at
a lower wavenumber of 983 cm™ on geopolymerization was
directly linked with the transformation of Si-O-Si bonds of
amorphous silica into Si-O-Al bonds of poly sialate, which
meant the substitution of Si by tetrahedral Al and therefore
the formation of the geopolymer structure of aluminosil-
icate network [44]. Another band, which appeared in the
geopolymer specimen at around 1440 cm’', was absent in
the Tuncbilek FA. This characteristic band appeared due to
the asymmetric vibrations of CO;? ions, which pointed to
the presence of sodium carbonate because of the carbon-
ation reaction between excess sodium and atmospheric
carbon dioxide [42,44]. The band 777 cm™ was connected
with the symmetric stretching vibration of Si-O-Si, which
was characteristic of quartz. Quartz was also detected in the
XRD analysis of the Tungbilek FA (Figure 1), which sup-
ported the FTIR results. The last band observed at around
443 cm was assigned to Si-O- and Al-O bending vibra-
tions characteristic for silica glass and silicates [42].

Figure 4b shows the FTIR spectra of alkali activated
compositions MW0, MW5, MW10, MW20, and MW40.
With the addition of the MW, new peaks at frequencies of
1409, 866, 712 cm™ were detected. These peaks indicated
the presence of calcite and their intensities increased with
the increase in the MW addition. The FTIR peak at 983
cm™” (MWO) indicating geopolymerization shifted towards
lower wavenumbers 979 (MW5), 969 (MWI10), 968
(MW?20), and 965 cm™'(MW40) with increasing MW ratios.
This result herein could not be interpreted in a similar way
to the above discussion for Figure 4a because of the gradual
replacement of FA by increasing MW ratio in geopolymer
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Figure 4. FTIR spectra of raw Tungbilek FA and MWO geopolymer (a) and geopolymers MWO (a), MW5 (b), MW10 (¢),

MW?20 (d), and MW40 (e) (b).

compositions. There were several articles on the formation
and co-existence of the C-S-H phase within the geopoly-
mer binder in the presence of significant amounts of cal-
cium. A previous study reported that geopolymers with a
high amount of Ca generated C-A-S-H phase along with
the geopolymeric gel of N-A-S-H. In geopolymerization,
Si** or AI’* species react with Ca?*, either in the FA or from
external calcium-containing additive, to form calcium sil-
icate hydrate gel (C-S-H), calcium alumino hydrate gel
(C-A-H) or calcium aluminosilicate hydrate gel (C-A-S-H)
in the presence of water [40,45-48]. Therefore, in the pres-
ent study, the presumption explained in the following lines
was adopted. During geopolymerization reactions, CaO
from the MW (CaCOs;) was attacked by the alkali activation
solution and turned into active species of Ca** and O*". The
resultant active Ca®* ions, along with Si** and AI** from the
dissolution of reactive glassy FA microspheres, reacted with
OH- ions of alkali solution. Thus, C-A-S-H and N-A-S-H
geopolymer gel formed [48]. It is thought that increasing
MW content introduced more Ca?* ions into the solution
and accelerated the continuous development of geopolymer

matrix, while the formation of C-S-H and C-A-S-H phases
was promoted, which reflected itself as shifts in FTIR peaks
towards lower wavenumbers [41,49]. These structures
were expected to contribute to new phases in the sinter-
ing process and provide advantages in preserving material
integrity.

Table 3 shows the change in apparent porosity and
water absorption with the addition of increased MW. CO,
gas, released on the decomposition of calcite [30,31,50,51]
in the MW (equation 2), exerted pressure against the
glassy phase of appropriate viscosity formed during sin-
tering, leading to pore formation. An increase in the MW
content increased apparent porosity and water absorption
because of increased pore formation. While the apparent
porosity and the water absorption of MWO were respec-
tively 12.7 and 8.92%, they increased to respective ratios
0f 39.92 and 28.17% in MW40. This result translates itself
to more than a three-fold increase in apparent porosity
and water absorption values. An increase in apparent
porosity and water absorption with increasing content of
the MW followed similar trends (Table 3) because water

Table 3. Physical and mechanical properties of sintered porous geopolymers

Sample code

Apparent Water Bulk density ~ Linear Flexural Compressive
porosity (%)  absorption (%) (g/cm?) shrinkage (%)  strength (MPa) strength (MPa)
MWO 12.70 8.92 1.42 -0.70 19.85 34.98
MW5 16.38 10.55 1.55 1.44 15.30 31.74
MW10 22.87 14.84 1.54 1.71 12.02 27.00
MW20 31.41 20.85 1.51 1.15 6.14 17.50
MW40 39.92 28.17 1.42 0.81 5.35 12.00
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absorption directly relates to the open porosity of the
sintered ceramics. When compared with the apparent
porosity values of porous ceramics, produced from FA
and MW/or calcite wastes by various other methods for
different application areas, 39.92% open porosity value of
MW40 was satisfactory and even better than those of the
previous studies [25]. The water absorption values were
in line [41] with or even better than that of the literature
[24]. Furthermore, the apparent porosity value of MW40
(39.92%) was also in good agreement with those of open-
pore ceramics produced from different raw materials by
various other methods [52,53]. However, it must be borne
in mind that all those studies in the literature were carried
out for much longer holding times, and most of them at
much higher sintering temperatures.

In Table 3, the variation in bulk density and linear
firing shrinkage with an increase in the MW ratio was
depicted. The bulk density of the sintered alkali-activated
specimens slightly decreased, as expected, with increasing
apparent porosity (Table 3). MWO0 composition of high
melting point (1220°C) was successfully sintered at the
low temperature of 900°C. High sintering temperatures
between 1050-1300°C are needed to sinter F class FA [54-
57]. Previous research reported that alkali activation was
successful in the performance enhancement of ceramics
sintered at the low temperatures [21,58]. The reason for
lower temperature sintering of MWO0 specimen at 900°C
was the alkali activation of the Tuncbilek FA before sin-
tering. The material produced from FA, not subjected
to alkali activation, could not be sintered at 900°C, and
therefore could not maintain its integrity. The bulk den-
sity increased from 1.42 to 1.55 g/cm’ at 5 wt. % MW
(MWS5) and then slightly decreased with increasing ratio
of the MW down to 1.42 g/cm® at MW40 composition.
The first increase at 5 wt. % MW ratio may be because of
an increasing amount of glassy phase formed by the flux-
ing action of calcite, which filled the pores in the structure
and resulted in densification. In other words, calcite acted
as a flux rather than acting as a pore-forming agent at this
composition [36]. As the apparent porosity increased with
the addition of the MW, the expected decrease in bulk
density was not observed [31,32,35,50,51]. It is thought
that this was because the MW used as a pore-making
agent contained a high proportion of CaO (specific grav-
ity 3.34 gr/cm?). Therefore, although the apparent poros-
ity increased, there was no significant change in the bulk
density value.

Linear firing shrinkage also increased from almost 0
to 1.44% at MW5 and 1.71% at MW10 compositions, due
to improved sintering then slightly decreased similarly
with further increase in the MW content down to 0.81% at
MW40 composition. The decrease in linear firing shrink-
age can be attributed to the expansion that occurred due
to increasing MW content acting as a pore former during
sintering.

Microstructural Sintered  Porous
Geopolymers

Figure 5 shows the SEM images of porous geopolymers
produced with different amounts of the MW. The SEM
micrograph of MWO in Figure 5a showed that the struc-
ture had open and closed pores with thick pore walls. The
structure was dense due to intense sintering at MWO0 com-
position with a low apparent porosity value of 12.7% (Table
3). Due to the breakdown of CaCOj structure during sin-
tering and the resulting CO, gas, the porosity increased in
microstructures (Figure 5b-e) as the MW ratio increased.
Although the number of large pores of MW40 appeared
less in Figure 5-e than those of other compositions, it was,
indeed, the specimen with the highest apparent porosity
(39.92%) (Table 3). Therefore, MWO and MW40 porous
specimens were compared with each other at high mag-
nification in Figure 6 to reveal this difference in porosity
more clearly. It was observed that MWO had large pores and
its pore walls were dense (Figure 6a). On the other hand,
the SEM analyses determined that MW40 contained many
small pores. Consequently, the addition of the MW resulted
in a more porous (39.92%) structure (Figure 6b).

Figure 7 shows the microstructure of the non-sintered
MW40 composition. Compared with the microstructure
after sintering (Figure 6b), the structure of the non-sintered
specimen was dense, and the number of pores was low.
However, after sintering, many new pores formed. Thus, a
much more porous structure was observed by the removal
of emitted CO, gas during the sintering process.

Analyses  of

Phase Evolution of Sintered Porous Geopolymers

To study the crystalline phase evolution of fired alka-
li-activated specimens with increasing CaCO,; (MW)
addition was necessary for a better understanding of the
modification of CaCO; on the pore structure. Figure 8
showed the XRD spectra and phase distribution of the spec-
imens with different quantities of CaCO; sintered at 900 °C
for 30 min. The Tungbilek FA comprised quartz, mullite,
and haematite while the MW was composed mainly of cal-
cite and quartz (Figure 1). However, the crystalline phases
of quartz, mullite and haematite in the Tungbilek FA and
calcite in the MW disappeared and transformed into the
new phases of gehlenite, nepheline, quartz, orthoclase and
calcium iron oxide (Figure 8) upon sintering at 900°C. The
main crystalline phases in the structure of sintered geopoly-
mers were gehlenite and nepheline. The MW contained a
very high earth alkali Ca (61,65 wt. % CaO) ratio and Mg
(0.69 wt. % MgO). The SiO, content of the MW was 2.2 wt.
%. On the other hand, the Tuncbilek FA contained earth
alkali Ca (1.64 wt. % CaO), Mg (4,48 wt. % MgO) and the
reasonably high content of Fe (11.45 wt. % Fe,0;). Besides,
Na* ions were also present in the structure due to alkali
activation. All these alkaline earth oxides along with Fe,O,
have fluxing properties and it is thought that they contrib-
uted to the sintering of alkali-activated compositions at the
low temperature of 900°C. This fluxing effect may reflect
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Figure 5. SEM analyses of sintered porous geopolymers MWO (a), MW5 (b), MW10 (c), MW20 (d), MW40 (e).

Figure 6. SEM analyses of sintered porous geopolymers; MWO (a), MW40 (b).



1156

Sigma J Eng Nat Sci, Vol. 42, No. 4, pp. 1148-1159, August, 2024

Figure 7. SEM image of non-sintered MW40 specimen.

itself as a lower glass phase viscosity, which helped to over-
come the resistance against the CO, pressure, leading to a
porous structure. The phases of mullite, hematite, calcite in
the fired geopolymers were totally, and quartz was partially
consumed to develop new phases of gehlenite and nephe-
line (Table 2, Figure 1, Figure 8).

Here, the addition of the MW had an effect on the phase
structure formed. When the MW ratio was 5, 10 and 20 wt.%,
the main phase was nepheline. However, when the MW addi-
tion was 40 wt.%, a low ratio of nepheline, orthoclase and
calcium iron oxide phases developed in the structure, along

with a large proportion of gehlenite phase. The absence of
the free CaO phase was critical for the integrity and strength
of the structure. The Na ions in the alkaline activation solu-
tion contributed to forming new phases such as nepheline
and gehlenite at low temperature (900 °C), resulting in
strong porous ceramics. As seen in Figure 8f, a very different
phase structure was obtained when the MW40 composition,
which was not subjected to alkali activation, was sintered
at 900°C. It was determined that there was free CaO at (a)
high ratio, quartz, and Ca(OH), formed from free CaO in
this phase structure. The high amount of CaO is extremely
unfavourable in terms of the integrity of the structure. As
can be understood from here, it was shown in this study that
using a material with high CaCO; content was possible with
alkali activation. In addition, the sintered sample obtained
when alkali activation was not applied was easily broken with
a small force applied by hand (Figure 8g). Table 3 showed
the variation in the compressive and flexural strength of the
porous specimens obtained with increasing MW ratio. The
addition of the MW caused a decline in mechanical proper-
ties. While this decline in strength was rapid up to 20 wt. %
MW addition, it diminished at 40 wt. % MW addition. The
porous specimen produced without the MW (MWO0) had
34.98 MPa compressive and 19.85 MPa flexural strength val-
ues, while the 40 wt. % MW added porous specimen (MW40)
had 12 MPa compressive and 5.35 MPa flexural strength val-
ues. The decrease in strength values was consistent with the
increased apparent porosity. However, they were acceptable
for open-pore materials [53].
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Figure 8. XRD spectra of sintered porous geopolymers; a) MWO0, b) MW5, c) MW 10, d) MW20, e) MW40, f) un activated
MW40, g) un activated MW40 photograph (G: Gehlenite, N: Nepheline, Q: Quartz, O: Orthoclase, C: Calcium Iron Oxide,

P: Portlantide (Ca(OH)2)).
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CONCLUSION

The low-cost porous ceramics with sufficient apparent
porosity and mechanical properties were successfully fabri-
cated entirely from waste materials FA and MW. The exper-
imental compositions were first alkali activated and then
sintered at low temperature (900°C). The MW with high
CaCOj; content was used for the first time as a pore-mak-
ing agent at ratios between 5-40 wt. %. It was demonstrated
that an increase in the MW amount had a positive effect on
the open porosity and the porosity increased proportion-
ally with increasing MW amount. The maximum apparent
porosity of the FA based open-pore ceramic containing 40
wt. % MW was 39.92%. The corresponding flexural and
compressive strength values were found to be 5.35 and 12
MPa, respectively. The maximum amount of MW (40 wt.
%) used in the present study was the highest in the related
literature. Besides, alkali activation enabled the forma-
tion of main phases such as gehlenite (at 40 wt. % MW)
and nepheline (at 0-20 wt. % MW) without free CaO in
the structure as a result of the sintering process depend-
ing on the FA and MW ratios. This study showed that MW,
which is an alternative waste material to CaCO; containing
pore-making agents, could be used as a pore-making agent.
The porous ceramic has the potential for use as a water
purification membrane.
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