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ABSTRACT

ARTICLE INFO

Fly shale dust (FSD) is a fine secondary powder that is produced during the firing of
shalesinarotary kiln. Its use is relatively limited, and therefore it is usually landfilled,
despite its chemical composition being similar to chamotte. The main challenge is the
wide firing temperature range. As a result, the material partially retains plastic
properties and at the same time contains high-temperature phases. The second
challenge is the significant fineness of the material, which makes it impossible to
burn it in a rotary kiln. To evaluate its suitability, FSD powder was granulated with
water and subsequently fired at temperatures ranging from 800 °C to 1650 °C to pro-
duce a refractory aggregate. Analysis of the high-temperature product confirmed a
high mullite content and low porosity, as well as high refractoriness, which was fur-
ther improved by the addition of alumina. The next part of the work was focused on
the use of FSD for metakaolin production, where granulated material was calcined at
600-850 °C. The sample with the highest pozzolanic activity was selected for
geopolymer preparation. Potassium or sodium water glass was used as the activator,
blast furnace slag or cement as the hardener, and chamotte aggregate as the filler.
The obtained material reached the compressive strength of concrete class C60/75.
The results provided important information about the key steps of FSD processing
and confirmed its potential for practical application.
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1. Introduction

Formerly, chamber furnaces and charcoal piles were
used for fireclay production. These technologies are now
considered inadequate and have been displaced by the
rotary kiln (Boateng 2008). Among the main advantages
of rotary Kkilns are the possibility of automation, uniform
continuous firing, and material processing in a wide
range of fractions, high feed capacity and high opera-
tional temperatures (Bojanovsky et al. 2022). During fir-
ing, flue gases are produced, which are blown out of the
furnace by a connected fan. Blowing out also provides a
slight underpressure in the furnace, which is critical for
its safe and stable conditions (Zheng et al. 2022). Along
with the flue gases, fine fly clay dust is carried away from
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the furnace and subsequently captured on collectors
(Abdelgader et al. 2022). Due to the extremely high
temperatures in the rotary kiln and the low tempera-
ture resistance of the filter material (up to 250 °C), the
output mixture must be quickly cooled, for example, by
using an auxiliary fan or a heat exchanger. At the same
time, a multi-stage thermal filter protection system is
used. The last protection is a short-term bypass switch
directly to the fan. The obtained fly clay dust is charac-
terized by high fineness and non-uniform properties.
Its utilization is typically very limited. Therefore, it is
usually landfilled. The production of aggregates, fillers
and binders represents one of the potential methods
for its effective reuse (Ozkili¢c et al. 2023; Lam et al.
2021; Jala and Sharma 2019; Riaz et al. 2022;
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Padmalosan et al. 2023; Kaminskas and Savickaite 2023;
Saleh et al. 2021).

Shale is a laminated or fissile claystone (Sheng
2020). Itis a sedimentary rock formed by the settling of
clay particles with a moderately consolidated layered
structure with a particle size below 63 pm (Rimstidt et
al. 2017; Muhammed et al. 2021). Shales consist mainly
of clay minerals, predominantly kaolinite and also con-
tain quartz, feldspar, iron oxides, carbonates, coal etc.
(Aird 2019). They are processed by firing at tempera-
tures of approximately 1350 °C to form refractory fire-
clay (Djangang et al. 2008). Fired shales are character-
ized by volume stability and good resistance to thermal
shock. They are used in power generation blast fur-
naces, chimney linings, boilers, glass tank furnaces and
pottery kilns (Debnath et al. 2022). The quality of fire-
clay is evaluated based on the amount of mullite and its
degree of densification (Malaiskiene et al. 2022).

Due to its high kaolinite content, shale can also be
used for the production of metakaolin. Metakaolin is an
amorphous aluminosilicate that is a highly reactive nat-
ural pozzolan produced by the calcination and dehy-
droxylation of kaolinitic clay at temperatures between
500 °C and 900 °C (Panesar 2019; Provis and Bernal
2014). Depending on the origin of the raw materials,
the chemical composition might vary (Bucher et al.
2021). Metakaolin is used as a cement replacement in
concrete, leading to improved durability and a reduced
environmental impact associated with the cement in-
dustry (Rasekh et al. 2020; Pillay et al. 2021). Me-
takaolin is rather expensive (Lopes et al. 2023) and
therefore its production remains limited. Another ap-
plication of metakaolin is as a precursor for geopoly-
mer production (Aziz et al. 2015). The process involves
the dissolution of the aluminosilicate source material in
an alkaline solution (alkaline activator) to form alumi-
nate-silicate hydrates, followed by a condensation re-
action and subsequent hardening. Geopolymers exhibit
excellent mechanical properties, durability, acid re-
sistance and high temperature stability (Cong and
Cheng 2021).

The aim of this study is to evaluate the reuse poten-
tial and application possibilities of fine fly shale dust
(FSD) in construction materials. The work investigates

the large-scale thermal treatment of powdered FSD, in-
cluding firing to produce refractory aggregate and cal-
cination to obtain reactive metakaolin. Key properties
affecting applicability, such as refractoriness and poz-
zolanic activity, are evaluated. In the case of me-
takaolin, geopolymer binders are prepared and their
mechanical properties are compared with literature
data. In contrast to most previous studies, which focus
on a single utilisation route, this work demonstrates a
dual, construction-oriented valorisation of FSD using
industrially applicable processes, including granula-
tion, drying, firing, and grinding, which are commonly
available in facilities engaged in clay processing and fir-
ing.

2. Materials and Methods

The fine fly shale dust (FSD) was obtained from
Ceské lupkové zavody, a company specializing in the
mining, firing and granulometric processing of refrac-
tory clays. The powder contained particles in the size
range of 0-500 um, with deo being 31 um and d9o being
123 pm. It contained a large amount of Al203 and a rel-
atively low proportion of melting oxides (Table 1). The
chemical composition may vary depending on the
deposit location; for example, the Fe203 content
ranges from 1.25% to 3.8%. A similar situation is ob-
served for the mineralogical composition, which is ad-
ditionally influenced by the firing temperature. Of the
crystalline phases, it contained kaolinite, mica in the
form of muscovite, quartz, anatase and high-tempera-
ture phases mullite and cristobalite (Table 2). Consid-
ering the relatively high proportion of mullite, itis clear
that part of the material was exposed to high tempera-
tures above 1050 °C. Furthermore, spherical ash parti-
cles were registered. They originate from powdered
coal, which is used to heat the rotary kiln. SEM/EDS
analysis showed that the chemical composition of indi-
vidual particles varies in the content of minor fluxing
oxides (K20, Ca0, Fez03), particularly among spherical
ash particles. In order to understand the processes dur-
ing the firing, a thermal analysis of the FSD was carried
out.

Table 1. Chemical composition of raw materials. (The contents are given in weight percent, normalized to 100%.)

Title Al;03 Si02 Fe203 TiO: Naz0 K20 Ca0 MgO
FSD 44.15 48.26 211 2.29 0.21 0.88 0.83 0.33
Kaolin 43.31 53.18 0.64 1.00 0.07 1.32 0.07 0.15
Alumina 99.35 0.18 0.05 0.15 0.05 0.02 0.13

Table 2. Mineralogical composition of FSD. (The contents are semiquantitative and expressed in weight percent,
normalized to 100%. The sample contains a significant amount of amorphous phase.)

Title Kaolinite Mullite

Muscovite

Quartz Anatase Cristobalite

FSD 41 30 17

8 2 2
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In the experimental work, the possibilities of using a
commercial sample of FSD for the production of refrac-
tory aggregates were tested. The FSD was first mixed
and homogenized with water in a ratio of 4:1 and granu-
lated using an extruder equipped with a mesh adapter
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Drying
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with an outlet mesh diameter of 9 mm (Fig. 1). The gran-
ules were dried at 110 °C to a constant weight and after
cooling, were sieved manually using sieves 1.25, 2.5, 5.0,
7.1 and 10 mm. The 7.1-10 mm fraction was used for fur-
ther analyses.
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Fig. 1. Process scheme.

80-100 g of granulate was placed into a corundum
crucible, which was fired in an electric furnace at tem-
peratures of 800, 1150, 1250, 1350, 1450, 1550 and
1650 °C. Heating was performed at 5 °C/min, witha 3 h
dwell time, followed by free cooling. Based on the weight
loss, the loss on ignition was determined. The density
criteria (bulk density, apparent porosity, absorbency)
were determined by soaking the granules under vacuum
in water. The soaking procedure was based on the EN
993-1 (2018) standard, while the granules were
weighed on a steel sieve under water. Part of the fired
granules was ground in a planetary mill. The resulting
powder was used for analysis of phase composition us-
ing X-ray diffraction and particle morphology using elec-
tron microscopy. To increase the strength of the gran-
ules after drying, the effect of the addition of kaolin was
tested. Furthermore, to increase the refractory proper-
ties, the influence of the addition of alumina (FEPA size:
F-1200) was tested. The composition of the mixtures is
shown in Table 3. With regard to the different absor-
bency of the individual components, the amount of
added water was adjusted so that the mixtures exhibited
similar plasticity after mixing.

Table 3. Composition of mixtures for granulate production.

Content (%)

Title
FSD Kaolin Alumina Water
R 100 - - 25
RK 80 20 - 28
RA 67 33 23

The chemical composition of the raw materials is
given in Table 1. Rods from all three mixtures were pre-
pared by manual tamping into molds with a size of
40x40x160 mm. After 24 hours, the samples were un-
molded and dried in an oven at a gradually increasing
temperature up to 110 °C. After cooling, the samples
were cut into 4 cm cubes and their compressive strength
was determined. Cylindrical samples were prepared
from the mixtures in a similar way for analysis of refrac-
toriness under load according to the EN ISO 1893 stand-
ard. The samples were then pre-fired at a temperature of
1350 °C.

The second research direction involved testing the po-
tential use of FSD for the production of metakaolin. Dried
granules from mixture R, prepared according to the
above procedure, were fired at a rate of 5 °C/min at tem-
peratures of 600-850 °C with a duration of 3 hours. After
cooling, the granulate was ground in a planetary mill at
400 rpm for 30 min. The resulting powder was used to
determine the pozzolanic activity using the Chapelle test.
The principle of the method is heating and homogenizing
a mixture consisting of 0.33-0.34 g of the sample, 0.43-
0.44 g of Ca0 and 80 ml of distilled water at 93 °C for 17
hours. After cooling and filtering, the content of dissolved
calcium in the filtrate is determined by titration with 0.1M
HCI. The result of the measurement is a number indicating
the amount of Ca(OH)2 bound by one gram of pozzolan, i.e.
the analyzed sample. The sample fired at 650 °C with the
highest pozzolanic activity (FSDeso°c) was further used to
verify the possibility of its application for the production
of geopolymers. They consisted of the following compo-
nents. Potassium water glass (PWG) with a modulus of 1.7
and sodium water glass (SWG) with a modulus of 2.0 were
used as activators, slag and alumina cement Gorkal 40 as
a hardener, a commercial silicone-based sample as a plas-
ticizer and chamotte aggregate A111 with a grain size of
0-1 mm asa filler. A complete overview of the composition
of the tested geopolymer mixtures is given in Table 4. The
formulations of the mixtures were based on patents
US20160152521 and US2010010139A, which relate to
the use of the pozzolanic activity of fly ash. The water con-
tent of the MPSI and MefPS] samples was adjusted to
achieve a vibroplastic consistency.

The mixtures were homogenized using a planetary
mixer and then manually or vibro-tamped into molds
with dimensions of 40x40x160 mm. The setting was car-
ried out according to the following procedure. The sam-
ples were covered with plastic wrap to prevent signifi-
cant drying and left for 24 hours in the molds at room
temperature. Subsequently, they were unmolded and
placed on wire racks for another 24 hours and finally
hardened in an oven at 60 °C. The resulting rods were
used to determine the flexural strength, compressive
strength and density criteria. For the selected mixtures,
the refractoriness under load was also determined. To
compare the quality of metakaolin prepared from FSD, a
geopolymer sample was also prepared from commercial
metakaolin Mefisto LO5, and its properties were subse-
quently analyzed.
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Table 4. Composition of geopolymer samples. (FSD650°C -

fly shale dust fired at 650 °C, PWG - potassium water glass,

SWS - sodium water glass, cement. The water content is expressed relative to 100% of the remaining mixture.)

Sample Metakaolin (%)

Activator (%) Hardener (%) Water (%) Filler (%)
MPSI FSDesocc  64.9 PWG1.7 189 Slag 16,2 14,0 - -
MefPSI Mefistoros  64.9 PWG 1.7 189 Slag 16,2 20,3 - -
MPSICh FSDgsocc  16.9 PWG 1.7 135 Slag 3.0 - Chamotte 66.7
MSSICh FSDesoc  16.9 SWG2.0 135 Slag 3.0 - Chamotte  66.7
MSCCh FSDesoc  16.9 SWG2.0 135 Cement 3.0 - Chamotte  66.7

3. Results and Discussion
3.1. Aggregates

In order to granulate the mixture of FSD with water
or with other raw materials, a relatively narrow range
of water content had to be used. If the water content
was too low, the mixture was insufficiently plastic and
it was not possible to push it through the output
adapter of the extruder (Salehi and Salem 2008). With

an excess of water, long fibers were formed, which
stuck together to form a compact mass. Under optimal
conditions, elongated cylindrical granules were
formed, which contained numerous cracks due to the
excess solid phase and relatively high output pres-
sure. During handling of dried granules (for example,
during manual sieving) they broke at the place of
cracks into smaller cylindrical and spherical particles
(Fig. 2). The content of fine particles below 1.25 mm
was 22%.

Fig. 2. Granulate fraction on sieve 7.1, 5.0, 2.5, and 1.25 mm.

The granules were relatively strong. It was difficult to
squeeze them between the fingers. They exhibited low
abrasion resistance, as also evidenced by the relatively
high proportion of fine particles. The compressive
strength after drying of the manually tamped samples
was around 1 MPa for all three tested mixtures R, RK and
RA. Their bulk density reached 1550-1600 kg/m3, in the
case of the mixture with alumina almost 1800 kg/ms3.
Loss on ignition of granules after firing at a temperature
of 1150 °C reached 6.2% (R), 7.0% (RK) and 3.9% (RA).
The mixture with alumina showed a lower loss due to its
lower clay content, and consequently a lower proportion

of chemically bound water. The progression of granule
sintering is shown in the graphs in Fig. 3. Samples R and
RK exhibited a relatively similar behavior. Their more
pronounced sintering occurred in the temperature range
of approximately 1150-1450 °C. After firing at 1450 °C,
they showed a bulk density of approximately
2180 kg/m3, an absorbency of 4.1% and an apparent po-
rosity of 9.0%. In the case of the mixture RA, more pro-
nounced sintering occurred at 200-250 °C higher com-
pared to the other two samples. After firing at 1650 °C, it
had a bulk density of 2290 kg/m3, an absorbency of 6.8%
and an apparent porosity of 15.6%.
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Fig. 3. Dependence of bulk density, absorbency and apparent porosity of granulate on firing temperature.
(number of measurements: n = 3)
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The results of the thermal and mineralogical analy-
sis of the FSD and the granules R and RA made from it
are shown in the graphs in Figs. 4 and 5. In the temper-
ature range up to approximately 200 °C, free water was
removed corresponding to a 0.58% weight loss. The
majority weight loss of 5.4% was registered in the tem-
perature interval of about 450-650 °C, with a maxi-
mum at 540 °C associated with the dehydroxylation of
kaolinite. Dehydroxylation of muscovite occurred in
the temperature range of approximately 700-900 °C,
with a maximum at about 850 °C (Jia, et al. 2015). The
interpretation of the exothermic band at a temperature
of 978 °C is not unequivocal. It included theories such
as the formation of y-Al203, Al-Si spinel, mullite or SiOx.
In more detail, the whole subject is discussed in the
book Phase Transformation of Kaolinite Clay
(Chakraborty 2014). At temperatures above 1050 °C,
the formation of high-temperature phases mainly mul-
lite and cristobalite occurred, while the quartz content

decreased. Above 1350 °C, the cristobalite content de-
creased, while the mullite fraction further increased.
The total loss of ignition after firing at 1400 °C was
6.70%. The addition of alumina led to a higher mulliti-
zation of the aggregates after firing above 1350 °C. A
side effect of the reaction was a reduction, to nearly
zero, of the cristobalite fraction compared to FSD alone.
Mullite, formed by needle-shaped crystals, is character-
ized by high refractoriness above 1700 °C and a low co-
efficient of thermal expansion 4.5-5.6 x 10¢ K1
(Samadi et al. 2022), thereby contributing to enhanced
mechanical strength, refractoriness - as confirmed by
the graph in Fig. 7, and resistance to sudden tempera-
ture changes. Given its relatively low content, cristobal-
ite is not expected to significantly affect the properties
of fired FSD. At higher contents, however, microcracks
and a reduction in strength may occur due to the a & 3
phase transformation at approximately 220 °C, which is
accompanied by a ~5% volume change (Stokes 2024).

Heat flow [uVv]

. e -

) 200 400 600

800 1000 1200 1400

Temperature [°C]

Fig. 4. TG-DTA analysis of the FSD. (weight 65.11 mg, rate 5 °C/min, atmosphere air)

Electron microscope photographs of the FSD and
ground granules R fired at temperatures of 650, 1350
and 1650 °C are shown in Fig. 6. Spherical ash particles
were visible in the FSD. Partial sintering was observed
on the surfaces of granules fired at 1350 °C. After firing
at 1650 °C, complete sintering occurred. In the corre-
sponding photo, larger sharp-edged particles of the ag-
gregates were visible, accompanied by finer particles
formed during the grinding of the granulate.

The results of the refractoriness under load analysis
of the samples R, RK and RA are shown in the graphs in
Fig. 7 (graphs a and b). In the case of the unfired sample
R, deflection occurred at a significantly lower tempera-
ture compared to the sample fired at 1350 °C. The deflec-
tion was not caused by lower refractory properties, but
by shrinkage resulting from sintering and phase trans-
formations. The refractory properties of samples R and
RK were partly similar. Their more significant defor-
mation during the heat resistance test occurred at tem-
peratures above 1350 °C, likely due to shrinkage, among
other factors. The addition of alumina increased the de-
formation temperature (Andrews et al. 2013), in the case
of the RA sample by about 100 °C.

3.2. Metakaolin

A commercial sample of metakaolin, designated
Mefisto L05, had a pozzolanic activity of 932 mg/g. The
FSD exhibited a low pozzolanic activity of 172 mg/g. Fir-
ing in the temperature range of 600-850 °C increased its

pozzolanic activity (Fig. 8) with a maximum value of
476 mg/g observed after firing at 650 °C. This was in ac-
cordance with the results of the thermal analysis, which
indicated that the dehydroxylation of kaolinite occurs in
the temperature range of 500-650 °C. Commercial me-
takaolin contained very fine particles with dso = 3 pm and
dso = 10 pm, while metakaolin prepared from FSD con-
tained coarser particles. This was attributed to the lower
efficiency of the planetary mill used to grind the fired
granulate. No significant increase in pozzolanic activity
was observed when the grinding time was extended be-
yond 30 minutes. The same trend was observed for the
fraction below 32 pm. By grinding metakaolin to a finer
particle size, or to a size comparable to the commercial
sample, an increase in its pozzolanic activity could be ex-
pected. However, FSD cannot achieve the pozzolanic ac-
tivity of the commercial sample because it has already
been partially exposed to high temperatures during in-
dustrial processing, resulting in the conversion of part of
the original kaolin into high-temperature phases, pri-
marily mullite, as evidenced by the diffractogram in Fig.
5.

The fired sample of metakaolin, like the original FSD,
partially contained high-temperature phases. As a result,
it showed a lower absorbency compared to the commer-
cial sample. Its oil number was 36 g/100 g, while the
Mefisto LO5 exhibited 51 g/100 g. The difference in ab-
sorbency had to be considered when preparing geopoly-
mer samples with regard to the desired consistency of
the mixture.
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Fig. 8. Dependence of pozzolanic activity of FSD on fir-
ing temperature. (According to AFNOR (2012), the re-
sults are expected to fall within a #10% variation.)

Test samples of geopolymers MPSI and MefPSl exhib-
ited vibroplastic consistency. Samples with the addition
of chamotte aggregate MPSICh, MSSICh and MSCCh
showed a ramming consistency. Geopolymers were
prone to cracking due to shrinkage during setting and
hardening (Khan et al. 2019). Cracks usually did not oc-
cur in samples containing filler due to an excess of aggre-
gates. The mechanical properties of the samples are
shown in Fig. 9. Geopolymers from prepared and com-
mercial metakaolin MPS] and MefPSl showed similar
flexural strength of approx. 6-6.5 MPa, but a different
compressive strength of 24 MPa compared to 37 MPa.
The difference can be attributed to the higher content of
the binding phase in the commercial metakaolin sample,
whereas the MPSI sample contains partly high-tempera-
ture phases such as mullite. The higher pozzolanic activ-
ity of the commercial metakaolin resulted in increased
reactivity, as reflected by the shorter setting time of 195
minutes compared to 255 minutes for the second sam-
ple. The addition of chamotte aggregate improved the
mechanical properties by reducing shrinkage and crack-
ing. Sodium water glass activated geopolymers exhibited
higher strength than potassium activator, in accordance
with the literature. The reasons for this are as follows:
NaOH has a greater ability to liberate silicate and alumi-
nate monomers during the initial stage of the geopoly-
merization process, when the aluminosilicate (me-
takaolin) particles are dissolved (Duxson et al. 2007, Li
et al. 2025; Provis and Deventer 2009). The second rea-
son is the smaller ionic radius of Na*, which promotes
the formation of a denser and more highly cross-linked
aluminosilicate gel (Hounsi, et al. 2019). The best me-
chanical properties were achieved when sodium glass
was used as an activator and alumina cement as a hard-
ener, when the flexural strength was 15 MPa and the
compressive strength was 85 MPa.

The results of refractoriness under load of selected
geopolymer samples are shown in Fig. 7 (graph c). For
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Fig. 9. Flexural and compressive strength and bulk
density (at the base) of geopolymer samples
(n=3;4).

comparison, the progression of the sample R was also in-
cluded. The samples were not pre-fired. In the tempera-
ture range of approximately 100-200 °C, minor defor-
mation occurred, probably caused by drying and hard-
ening. As the temperature increased, a slight expansion
of the samples was observed due to thermal expansion.
In the temperature range of 850-1000 °C and 1150-1250
°C, more significant deformations of the samples oc-
curred due to the effect of melting oxides CaO, K20 and
Naz0 and due to phase transformations. The sample with
sodium-based activator was deformed at lower temper-
atures, in accordance with the literature (Zarebska et al.
2022). In contrast, the original MSCCh sample contained
only 1.9 wt.% Naz0, whereas the MPSICh sample con-
tained 3.8 wt.% K:0, due to the differences in silicate
modulus and solids content of the sodium and potassium
water glasses (SWG and PWG). This highlights the strong
fluxing effect of Naz0. The CaO content in the MSCCh and
MPSICh samples is relatively low, at approximately
1 wt.%, and is therefore not expected to significantly re-
duce the refractory properties. Its primary source is the
cement hardeners or slag, which are incorporated in a
very small proportion of around 3 wt.%.

The main product of the geopolymer reaction is an al-
kaline aluminosilicate gel with a low degree of structural
order, whose development is influenced, among other
factors, by the K/Si, Na/Si, and Al/Si ratios. Short setting
times and higher K/Si (or Na/Si) ratios lead to a less
crystalline product (Shi et al. 2025). This effect is also at-
tributed to the addition of slag or cement hardeners,
which supply calcium that reacts with the dissolved sil-
icate precipitates in the activator and accelerates the
formation of the C-A-S-H gel and thus the geopolymeri-
zation (Kabirova et al. 2022). As a result of the rela-
tively short setting times, the prepared geopolymers
remain predominantly amorphous except for the high-
temperature mullite and cristobalite phases present in
the original FSD. The geopolymer structure, including
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porosity, is influenced by the amount of mixing water,
which was adjusted to achieve a similar consistency
across geopolymer binders and mixtures, a key factor for
material processing. In the case of metakaolin, water ab-
sorption is indirectly related to its reactivity, which sup-
ports the observation that a higher oil absorption value
of the commercial metakaolin corresponds to higher
strength of the geopolymer binder MefPSl compared to
MPSI]. The mixing water content also depends on the
type of alkaline activator used. Potassium water glass
exhibits higher stability in aqueous solutions due to the
lower hydration energy of K+ compared to Na+, which
allows for a higher solids concentration. Consequently,
the potassium water glass used contained 54 wt.% dry
matter, whereas the sodium water glass contained only

42 wt.% dry matter. The formation of N-A-S-H gel re-
sults in a greater proportion of bound water relative to
P-A-S-H gel. The higher water-binding capacity may ac-
celerate the transformation of free water into gel-bound
water, leading to a reduction in the fluidity of fresh geo-
polymer pastes (Zhang et al. 2020).

The following table presents a comparison of the me-
chanical properties of the prepared geopolymer samples
with examples reported in the literature. The obtained
strengths are relatively high, particularly for the sample
activated with sodium water glass. Aggregate, as well as
other potential additives, appears to have a significant
influence. For instance, several studies report that the
addition of fibers leads to a significant increase in flex-
ural strength.

Table 5. Comparison of results with literature data (Bezerra and Luz 2024; Albidah, et al. 2021; Mohmmad et al.
2023; Skyrianou et al. 2025; Kuenzel et al. 2014; Xu et al. 2025; Borgato et al. 2023; Latella et al. 2008; Li et al. 2022;
Chairunnisa et al. 2024; Tippayasam et al. 2014; Zhang etal. 2023; Yang et al. 2022).

Title Activator oc (MPa) orL (MPa)
MSCCh Na-based 84.6 15.0
Literature Na-based 35.3-100.0 5.2-30.0
MPSICh K-based 41.2 11.9
Literature K-based 30.3-80.0 6.7-13.1

4. Conclusions

Fly shale dust FSD mixed with water could be
pelletized by extrusion through an adapter with circular
meshes with a diameter of 9 mm. The key to creating cy-
lindrical granules was to maintain a relatively narrow
water content, when the mixture had the consistency of
a ductile mass with lower plasticity. If the water content
was low, the extruder could not push the mixture
through the output adapter. Otherwise, the extruded
mixture stuck together. The dried granulate contained
particles in the range of approximately 0-10 mm, while
the proportion of fine particles below 1.25 mm was 22%.
Industrial-scale extrusion or pellet pressing could likely
produce denser granules with lower porosity. The com-
pressive strength of the dried mixture reached around 1
MPa. By firing granulate, it was possible to produce a re-
fractory aggregate with a bulk density of 2180 kg/m3, an
absorbency of 4.1% and an apparent porosity of 9.0%.
With the addition of alumina (RA sample), sintering oc-
curred at a temperature 200-250 °C higher. At the same
time, it exhibited a higher degree of mullitization during
firing. This confirmed that the refractory properties of
aggregates corresponded to their sintering activity (Liu
et al. 2022). The material prepared in this study was
comparable to lower quality commercial chamotte, but it
still exhibits very good properties. Although it contained
a slightly higher proportion of TiOz, the material main-
tained a high refractoriness above 1670 °C, due to its
high Al203 content and low alkali oxide content.

By firing the FSD granulate at a temperature of 650 °C,
it was possible to increase the pozzolanic activity of the
powder from the original 172 mg/g to 476 mg/g. For

comparison, the commercial sample of metakaolin had a
higher pozzolanic activity of 932 mg/g. The prepared
pozzolanic material has been successfully tested for the
production of geopolymers, achieving a flexural strength
of 15 MPa and a compressive strength of 85 MPa. There-
fore, it can be considered suitable as an active additive in
construction materials. The addition of metakaolin to ce-
ment typically ranges between 5 and 15%, while in spe-
cial applications it may reach up to 25%. Fillers are com-
monly added at levels of up to 5%. The metakaolin pre-
pared in this study contains a partial filler component,
primarily the high-temperature phase mullite. There-
fore, its addition into concrete mixtures is optimum, as
both its pozzolanic activity and filler effect can be uti-
lized. In the case of cement itself, a lower addition should
be considered, with expected levels of approximately 5-
8%, which also contributes to a reduction in CO, emis-
sions associated with cement production.

Although the products from both studied processes
exhibit lower quality than commercially available vari-
ants, they still represent materials with high potential
applications. Refractory aggregate could be used for the
production of fireclay bricks or castables. Metakaolin
could be added to concrete mixtures, serving both as a
reactive component with cement and as a filler. Their
technological production process involves standard op-
erations such as granulation, drying, firing, and grinding.
However, the critical factor in industrial scale will be the
techno-economic analysis, which should consider re-
duced energy costs for input processing (crushing and
grinding), increased costs for treatment (granulation),
lower revenues due to slightly inferior product quality,
and simultaneously lower landfill costs.
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