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Abstract: In order to assess the feasibility of utilizing soapstone waste, which is generated during
the production of stone blocks for fireplaces and other energy-saving devices, the effect of its ad-
dition to clay on the technological and thermal properties of ceramic materials was investigated.
Two local clays and soapstone processing waste were characterized using XRD, SEM-EDS, XRF,
DTA-TG, and granulometric analysis. The linear firing shrinkage, water absorption, bulk density,
flexural strength, thermal conductivity, specific heat capacity, and thermal shock resistance of the
fired ceramic samples were analyzed. The results have shown that addition of soapstone waste to
clay in an amount of 40 wt.% increases flexural strength, enhances thermal stability, and, addi-
tionally, reduces the thermal conductivity of the experimental samples. The technological proper-
ties of the final product meet the standard requirements for ceramic tiles.

Keywords: clay; soapstone waste; ceramics; firing; flexural strength; thermal conductivity

1. Introduction

Soapstone has gained recognition worldwide as a unique natural material for ther-
mal insulation. It is extensively used by leading Finnish companies such as Tulikivi and
Nunna Uuni Oy for the production of fireplaces, stoves, and other energy-saving devices
[1-3]. Soapstone is a rock containing 35-75 vol.% talc [4], formed due to metamorphism
and alteration of ultramafic and magnesium carbonate rocks under low-grade condi-
tions. In addition to talc, soapstone can include other magnesium-rich minerals such as
carbonate, chlorite, serpentine, amphibole, olivine, as well as ore minerals and quartz.
Along with soapstone, the term talcite refers to metamorphic rock comprising at least 75
vol.% talc. A massive variety of talcite is named steatite [5]. Soapstone deposits are being
developed in various parts of the world, including Russia, Finland, Norway, Brazil, In-
dia, Canada, and the United States.

The main areas of application for talc raw material to a large extent depend on the
origin of the deposits. Modern global talc production is mainly based on low-iron car-
bonate-derived deposits, which yield talc products with high whiteness exceeding 90%
[5,6]. This high-quality talc and microtalc cover the majority of consumption in the paper,
paint, and ceramic industries [7]. The mineralogy of ultramafic-hosted soapstone limits
its usability for talc extraction and does not favor the production of the finest-quality
high-brightness talc products (Fe20s, FeO, Al:Os, and CaO are the principal impurity
oxides). The processing of such soapstone to obtain talc concentrate involves the use of
high-tech beneficiation technologies, allowing for the production of various grades of
commercial talc that successfully compete in the global market (whiteness is in the range
from 75 to 90%) [3,7-11]. Ferroan magnesite obtained as a byproduct of talc production
from soapstones (e.g., in Finland, Norway, and Russia [8,12,13]) is of potential economic
interest. Magnesite is considered as an important potential source of magnesia, which is
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used in a wide range of strategic industries, such as chemical, metallic, agriculture, en-
vironment, and refractory [14-16]).

Talc is widely used in the ceramics industry for the production of various ceramic
products, including steatite and cordierite ceramics. The quality requirements for talc
used in ceramics vary depending on the specific application and desired properties of the
final product. The production of steatite and cordierite ceramics demands high-quality
talc concentrates with low impurity levels, such as iron and calcium [17-21]. For example,
talc concentrate suitable for the electrical industry should not contain more than 1.5%
FeO and CaO [7]. Such specifications restrict the use of talc extracted from ultra-
mafic-derived soapstones.

In the Republic of Karelia, northwest of Russia, manufactures utilize soapstone as a
construction material for fireplaces due to its capability to heat up faster than traditional
red bricks and retain heat 2.5 times longer, ensuring long-lasting warmth emission. Ow-
ing to its excellent thermal stability, soapstone has been widely used as versatile raw
material for the fabrication of heat-retaining cookware; hence, it is called “pot stone”
[22,23]. Furthermore, it has been utilized as construction material, serving as both clad-
ding and decorative elements in architectural designs, and for the creation of sculptural
works [22].

Soapstone production generates a significant amount of fine fraction waste, which
poses a challenge for soapstone processing enterprises worldwide. Despite the wide-
spread use of soapstone, the potential applications of soapstone waste are not sufficiently
studied, leading to difficulties in waste disposal. Several investigations have been con-
ducted to evaluate soapstone waste’s possible applications. Studies on the adsorption
capacity of soapstone waste have identified its potential use as an adsorbent for oil spills.
Soapstone powder impregnated with diesel fuel has been utilized as raw material for
producing ceramics [24,25]. It has been shown that soapstone waste powder can be used
as a binding material in construction [26]. Soapstone waste displays promise as a finely
ground modifying additive to clay for the production of high-strength ceramic products
[27].

Cladding ceramic materials are currently in demand for enhancing the aesthetic
appeal of stoves and fireplaces. In the production of such materials, clay is the key com-
ponent in the raw mixtures used for subsequent manufacturing [28-31]. To improve the
thermal insulation properties of ceramics and to provide specific physical and mechani-
cal characteristics to the final products, additives are incorporated into the clay mixture
[32-34]. Various technogenic waste products resulting from the processing (enrichment,
sawing up) of rocks are used as modifying additives for ceramics. Such waste products
contain quartz, feldspar, carbonate, and ferruginous minerals, improving the properties
of the products. Research studies [35,36] have shown that magnesium silicates can also be
used as additives to clay in order to improve the mechanical strength of ceramics. Min-
erals such as talc, magnesite, and tremolite are of interest for improving the mechanical
and thermal insulation characteristics of cladding ceramics. The primary objective of the
present study is to develop a ceramic mixture composition for obtaining ceramics with
high strength and thermal resistance by using local fusible clays as the main components
of the blend and soapstone processing waste as an additive.

2. Materials and Methods
2.1. Materials
2.1.1. Geological Setting

In the present study, clays from two deposits were used to compare the composition
and properties of the cladding materials. The clays are related to the Vendian—-Cambrian
sedimentary basins of the Baltic monocline in the central part of the East European Plat-
form (see Figure 1) [37]. The Vendian Ivinskoe clay deposit is located 5-6 km southeast of
Ladva Village, Republic of Karelia. It is associated with marine sediments, mainly clays
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with siltstone and sandstone interlayers, of the upper Vendian Kotlinsky suite. The de-
posit is not quarried at present. However, it is one of the most promising in terms of re-
serves prepared for industrial development. The Ivinskoe clay deposit has mainly been
studied as a source of raw material for brick production [38,39], and has received little
attention in terms of investigating its potential for cladding ceramics. The Cambrian
“blue clays” of the Chekalovskoe deposit are related to the Lontova horizon of the Lower
Cambrian unit occurring 0.5 km northeast of Nikolskoe Town, the Leningrad Region. The
productive formation consists of a clay sequence with scarce sandstone and siltstone in-
tercalations. The Chekalovskoe clays are quarried using the open-pit method and utilized
by the JSC “NEPHRITE-CERAMICS” company for the production of ceramic tiles.
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Figure 1. (A) Location map of the clay and soapstone deposits studied. (B) Simplified geological
map of the central part of the East European Platform showing the location of the studied deposits
(based on [40]).

The Kallievo-Murennenvaara soapstone deposit is associated with Archean ultra-
mafic metavolcanic rocks occurring as relics of greenstone sequences within gran-
ite-gneiss country rocks in the Karelian Craton of the Fennoscandian Shield. The soap-
stone quarry is located 8 km west of the Velikaya Guba Village, Republic of Karelia, on
the shore of Lake Segozero. Soapstone has been quarried since 1925 for manufacturing
hearth tiles, electrical distribution boards, and dimension stones for building purposes.
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2.1.2. Raw Materials and Sample Preparation

The Vendian clay was collected from the deposit in a quantity of 50 kg. The clay was
air-dried and passed through a 1 mm sieve to eliminate thicker fragments of organic
material or other impurities. The Cambrian clay, weighing 100 kg, was obtained from the
JSC “NEPHRITE-CERAMICS” company and prepared for the study. Soapstone waste
powder weighing 50 kg was received from a company engaged in the manufacturing of
soapstone products. In the laboratory, the powder was additionally ground in a ball mill
to a fraction of less than 1 mm.

The raw materials were characterized by determining a mineralogical composition
using X-ray powder diffraction (XRD) and scanning electron microscopy with ener-
gy-dispersive spectroscopy (SEM-EDS); chemical composition by X-ray fluorescence
(XRF) spectroscopy; particle size distribution using laser diffraction method; thermal
behavior by simultaneous differential thermal analysis and thermogravimetry
(DTA-TG); and plasticity by means of Atterberg limits.

Several mixtures of the Vendian and Cambrian clays and soapstone waste were
prepared by dosing and hand-mixing in a dry state with the following additions of
soapstone waste: 25% (V-25 and C-25), 30% (V-30 and C-30), 35% (V-35 and C-35), and
40% (V-40 and C-40) by weight, respectively. Quartz sand (up to 5%) was partly added to
the Vendian clay because its 5SiO2 content was lower than in the Cambrian clay.

The preparation of samples for studying technological properties was carried out as
follows. To obtain a molding mass, the mixture was moistened until it reached a moisture
content of 8 wt.%. The mass was then weighed on scales to 65 g, placed in a metal mold
measuring 50 mm x 50 mm x 10 mm with a metal substrate, and a metal casting rod was
applied. Subsequently, the mixture was pressed on a hydraulic press at a constant pres-
sure of 3 kN/m?, and the resulting tile sample was removed from the mold.

The samples were dried at ambient temperature in an atmosphere for 24 h and then
in a SNOL 3.5/3M muffle furnace at 95-100 °C for 2 h. Subsequently, the samples were
fired at a rate of 2-3 °C/min up to temperatures of 950, 1000, 1050, and 1100 °C using a
SNOL 1.6/1300 muffle furnace for 60 min of soaking time at each temperature. The sam-
ples were cooled together with the furnace.

The fired experimental samples (in a quantity of 12) were characterized in terms of
technological properties: linear firing shrinkage, water absorption, bulk density, flexural
strength, thermal conductivity, specific heat capacity, and thermal shock resistance.

Measurements of thermal conductivity and specific heat capacity were conducted
on 12 tablet samples with a diameter of 15 mm and a height of up to 10 mm. A diamond
core drill bit was used to produce the tablet samples from the tiles.

2.2. Methods

The major element composition of the raw materials was determined by XRF spec-
troscopy using an ARL ADVANT’X-2331 (Thermo Fisher Scientific, Ecublens, Switzer-
land) wavelength-dispersive spectrometer with a rhodium tube, a working voltage of 60
kV, a working current of 50 mA, and a resolution of 0.01. Preliminarily, 2 g of each
powdered sample were heated in ceramic crucibles at 1000 °C in a muffle furnace for 30
min. The loss on ignition (LOI) was determined by a change in the mass of the sample
after heating. For XRF measurements, 1 g of heated sample was mixed with
Li-tetraborate flux and heated in an Au-Pt crucible to 1100 °C to form a fused bead.

The XRD patterns of the powder samples were recorded on a Thermo Scientific ARL
X'TRA (Thermo Fisher Scientificc Ecublens, Switzerland) diffractometer using
Bragg-Brentano geometry and CuKa radiation (y = 0.1790210 nm). Operating conditions
were as follows: 40 kV accelerating voltage, 30 mA current, scanning range 5-75° 20, and
scanning step of 0.40 20/min. The XRD investigations of clays were carried out on bulk
samples and clay fractions using randomly oriented powder mounts and oriented ag-
gregate mounts, according to the methodology presented by [41]. The <2 um fractions
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were collected by Stokes settling. The oriented aggregate mounts were prepared by al-
lowing clay—water suspensions to dry at room temperature on a glass slide. The XRD
patterns of the clay fraction were recorded under natural conditions, after saturation with
glycerol for 22-24 h, and after heating at 550-600 °C for 1.5 h. The mineral phases were
identified using WinXRD software Version 2.0-6 and the ICDD database. A
semi-quantitative determination of the relative abundances of phases was performed by
the Rietveld method using SIROQUANT software Version 3.0. The weight percent of the
X-ray amorphous component was determined by the external standard method, with
ZnO used as the standard. The detection limit was 3 wt%.

SEM-EDS investigations were conducted on carbon-coated samples using a VEGA II
LSH (Tescan, Brno, Czech Republic) scanning electron microscope with an SDD X-Act3
energy-dispersive detector (Oxford Instruments, Oxford, UK). Operating conditions
were as follows: W cathode, 20 kV accelerating voltage, 20 nA beam current, 2 pm beam
diameter, 90 s counting time. SEM-EDS quantitative data were acquired and processed
using the Microanalysis Suite Issue 12, INCA Suite version 4.01. Natural mineral stand-
ards were used to calibrate the raw data.

DTA-TG analyses were carried out using NETZSCH STA 449 F1 Jupiter equipment
(Selb, Germany) over the temperature range of 20-1000 °C in an air atmosphere at a
heating rate of 10 °C/min. The powdered samples were placed into a platinum-rhodium
crucible in the amount of 10 mg.

Granulometric analysis was performed by laser diffraction method using an LS 13
320 Beckman Coulter particle size analyzer.

All analysis were carried out at the Centre for Collective Usage, Karelian Research
Centre, RAS (Petrozavodsk, Russia).

The liquid limit, plastic limit, and plasticity index were determined according to [42]
using the cone penetrometer method as the liquid limit test and the roll-forming method
as the plastic limit test. The difference between both values reflected the plasticity index.

Linear firing shrinkage was calculated based on standard [43] according to Equation

(1):
ld—-1f
T
where [d and If are measured lengths of dried and fired sample, respectively.

Flexural strength was estimated using the three-point bending method according to
[44]. The average flexural strength values were calculated using Equation (2):

X '100 1)

3FL
()' =
2bh?2

)

where F is the breaking load, kg; L is the distance between supports (L =29.67 mm); b is
the width of the sample, mm; and # is the thickness of the sample, mm.
Density was defined using the hydrostatic weighing method according to [45]. The
apparent density was calculated using Equation (3)
mi*-pl
= mf—mb ©)
where mi is the mass of the dry sample weighed in air, g; pl is the density of water; mfis
the mass of the sample saturated with water, g; and mb is the mass of weights balancing
the mass of the sample immersed in water, g.
Water absorption was determined according to [45]. The water absorption (W) value
was calculated using Equation (4):
wr-wi

wi

W =

©100% 4)

where Wi and Wf are the sample weights before and after immersion, respectively.
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The thermal conductivity coefficient was determined on an ITEM-1M meter using
the steady-state method. Specific heat capacity was measured on an IT-5-400 meter using
a dynamic method of heating [46].

Thermal shock resistance was determined by measuring the amount of thermal
shock cycles samples could withstand when heated to 950 °C and 1100 °C, held at that
temperature for 30 min, and then cooled for 5 min in flowing water, without being de-
stroyed.

3. Results and Discussion
3.1. Granulometric Study and Atterberg Limits

The laser diffraction particle size analysis of the clays studied indicates the pre-
dominance of silt and clay fractions. The clays refer to medium-dispersed raw materials
with a low content of coarse-grained inclusions (>2 mm). The clay fraction content is
about 13% for both clays (see Table 1). The summary content of clay and silt fractions is
70.22% and 76.52% for the Vendian and Cambrian clays, respectively.

Table 1. Particle size distribution of the investigated raw materials used in clay/soapstone mix-
tures.

Vendian Clay = Cambrian Clay Soapstone Waste

<2 um 12.28 13.63 6.37

Partidle fractions 2-20 um 57.94 62.89 50.62
>20 um 29.78 23.48 43.00

Mean particle size, um 7.55 9.12 16.87

Diameter for 10% (D10), um 1.40 1.56 341

Particle size distribution =~ Diameter for 50% (D50), um 7.55 10.67 18.52
Diameter for 90% (D90), um 39.67 37.62 81.22

The cumulative particle size distribution (see Figure 2, Table 1) demonstrates that
the particle size range is similar in both clays (D10-D90: 1.40-39.67 um and 1.56-37.62
um), with median (D50) values of 7.55 um and 10.67 um for the Vendian and Cambrian
clays, respectively. The Vendian clay has an average particle size value that coincides
with the median particle diameter (D50) of 7.55 um, indicating a uniform particle size
distribution.

100
80
S 60—
)
&
k= 40
°
>
20— Cambrian clay
Vendian clay
Soapstone waste
U | 1 ] ]

0.1 1 5 10 100 1000
Particle Diameter (um)
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Figure 2. Cumulative particle size distribution of the raw materials.

Soapstone waste is characterized by a lower concentration of clay and silt fractions
compared to the clays, with 6.37% and 50.62%, respectively. The cumulative curve shows
a coarser grain size of soapstone waste with a higher median particle diameter (D50) of
18.52, which is significantly larger than that of the clays. Considering the D10 and D90
values, it can be observed that soapstone waste has a larger particle size range, indicating
its polydispersity (D10-D90: 3.41-81.22 um).

In order to evaluate the behavior of the clays in terms of plastic limit and liquid
limit, an Atterberg limits test was carried out. The liquid limit of clay samples varies from
32.8% to 38% for the Vendian clay and from 42.2% to 48% for the Cambrian clay. The
liquid limit values of the investigated clays are within the range defined for compositions
applicable for ceramic manufacturing (30%-60%) [47]. The Vendian clay shows the plas-
tic limit ranging between 16.9% and 17.4%, while the plastic limit values of the Cambrian
clay vary from 17.6% to 24.8%. The plasticity index values of the clay samples are in the
range of 15.4%-21% and 19.6%-30% for the Vendian and Cambrian clays, respectively.
Presumably, such values are attributed to the predominance of the silt fraction in the
studied clays. The plasticity parameters indicate that the studied clays belong to the in-
organic medium plastic clays (according to the Casagrande classification [48].

The addition of soapstone waste to clay reduces the plasticity of the mixture. The
plasticity index values of the mixture containing 40% soapstone waste range from 12.15%
to 16.62% for the Vendian-clay-based mixtures and from 15.73% to 23.65% for the Cam-
brian-clay-based ones.

3.2. Mineralogical Study

The XRD patterns of the bulk samples, as well as the oriented clay fractions of the
clays, are presented in Figure 3.
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Figure 3. XRD patterns of the bulk samples of the clays (a) and soapstone waste (c), and
XRD-oriented patterns of the clay fraction of Cambrian (b) and Vendian (d) clay under natural
conditions (untreated sample), saturated with glycerol, and heated at 550-600 °C. Ab—albite,
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Mgs—ferroan magnesite, Chl—chlorite, Dol—dolomite, Ilt—illite/glauconite, Kfs—K-feldspar,
KIn—kaolinite, Tlc—talc, Qz—quartz.

The XRD analysis results of the whole rock samples indicate that the clays studied
comprise variable amounts of quartz (the basal reflection d (101) at 3.34 A), feldspars
(K-feldspar (d (040) at 3.24 A) and albite (d (002) at 3.19 A)), and clay minerals such as il-
lite/glauconite (d (001) at ~10 A) and kaolinite (d (001) at 7.13 A). According to
semi-quantitative analysis using the Rietveld method, the clays are characterized by the
dominance of phyllosilicates. The content of illite/glauconite is 42% and 47% in the Ven-
dian and Cambrian clays, respectively. The percentage of kaolinite is relatively low, at 4%
in the Cambrian clay and 7% in the Vendian clay. Non-clay minerals in the Cambrian
clay are represented by the predominant quartz (43%) and a small amount of K-feldspar
(6%), while, in the Vendian clay, they are present in equal amounts of quartz (22%) and
albite (21%) with a low content of K-feldspar (8%).

The XRD patterns of the clay fractions of the clays (see Figure 3b,d) show reflections
at 7.10-7.11 A and 3.52-3.54 A, which disappear after heating at 550-600 °C, confirming
the presence of the kaolinite phase. The clay fraction of the Cambrian clay is rich in il-
lite/glauconite (84%) and also contains quartz (6%) as well as kaolinite (10%). The Ven-
dian clay’s clay fraction comprises a lesser amount of illite/glauconite (74%), albite (12%),
kaolinite (5%), and trace amounts of K-feldspar.

Figure 4 shows the SEM images of the investigated samples. The results of SEM-EDS
study are in agreement with the XRD data. According to the EDS analysis, the predomi-
nant clay minerals are represented by both illite and glauconite. Compared to illite,
glauconite exhibits elevated concentrations of Fe, Mg, K, Ti, and a lower abundance of Al,
as observed in the EDS patterns (see Figure 4h). Kaolinite is present in minor amounts
compared to the hydromica content. In the sand and silt fractions, the proportion of clay
mineral aggregates is reduced, and dispersed non-clay minerals such as quartz and
feldspars (albite in the Vendian clay and K-feldspar in the Cambrian clay) prevail. Addi-
tionally, trace amounts of dolomite, pyrite, and Fe oxides were revealed.

50 pm- ' 7 | “ea] 25 pm ¥ F 10 pm

Figure 4. SEM-BSE images of ground Vendian (a-d) and Cambrian (e-h) clay, and soapstone pro-
cessing waste (i-1). The insets in (h) show the EDS patterns of illite and glauconite. Ab—albite,
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Bt—biotite, Chl—chlorite, Dol—dolomite, Glt—glauconite, Ilt—illite, Kfs—K-feldspar, Tlc—talc,
Qz—quartz.

The concentration of clay minerals such as illite and kaolinite in the clay fraction is
the main factor determining the technological properties of clay raw materials and the
quality of ceramics produced from them [49-52]. Based on the mineralogical composi-
tion, it is evident that the abundance of clay minerals results in medium plasticity of the
studied clays. It is assumed that feldspars will act as a flux in the ceramic mass, forming a
liquid phase at high temperature that allows to densify the ceramic body by a viscous
flow [28,53].

The powder diffraction pattern of soapstone processing waste (see Figure 3c) shows
the presence of talc (35%) (the basal reflection d (002) at 9.36A), chlorite (28%) (d (001) at
14.25A, d (002) at 7.13A), dolomite (26%) (d (104) at 2.89A), and ferroan magnesite (11%)
(d (104) at 2.76A) as major phases. Ore minerals such as magnetite, chromite, and sulfides
were identified by the SEM-EDS study. According to the EDS analysis results, in addition
to dolomite and ferroan magnesite (iron content of 15-18 wt.% FeO), soapstone contains
calcite with isomorphic impurities of magnesium (17 to 20 wt.% MgO) and iron (3 to 9
wt.% FeO). Talc is characterized by an elevated iron content of 4-5 wt.% FeO, which is a
common feature of talc associated with ultramafics. Carbonate minerals form isometric
grains, while silicates mainly occur as elongated plates (see Figure 4k,1). In coarser frac-
tions, minerals occur in polymineral intergrowths (see Figure 4k). Fine classes (1-60 um),
constituting a significant portion of the material (>88%), commonly contain no inter-
growths (see Figure 4l). It is expected that the presence of talc will increase the heat re-
sistance and strength of the ceramics, while MgO and CaO oxides formed from car-
bonates during firing will act as fluxes, facilitating the formation of low-melting eutectics,
particularly with silica [32]. The carbonates will serve as a pore-forming agent, which
develops porosity during firing and facilitates sintering through surface diffusion [28].

3.3. Chemical Study

For efficient application, the chemical compositions of clays and soapstone waste
were analyzed.

The clays studied are characterized by a similar major element distribution, con-
sisting mainly of 5iO2, Al20s, Fe20s, K20, MgO, and Na:20, while TiOz, MnO, and P20s
occur in relatively low concentrations (see Table 2). The chemical composition of the
clays is consistent with their mineralogy. The high SiO:2 contents are associated with in-
creased amounts of quartz. The concentrations of Al:Os are primarily influenced by the
abundance of clay minerals, and to a lesser extent by the presence of K-feldspar. The
Vendian and Cambrian clays contain a high amount of alkali oxides (K20 +
Na20)—5.48% and 5.32%, respectively. The most significant difference between the clays
is the low content of Na2O in the Cambrian clay. The increased concentration of Na:O in
the Vendian clay is associated with the presence of a significant amount of albite in the
rock. The high content of K20 indicates the presence of hydromica minerals, as well as
K-feldspar. According to reference [54], hydromica clays typically have a K2O content
ranging from 4 to 6.23%. The primary impact of alkalis on clays is the reduction of their
refractory properties. The elevated Fe20s content of the clays might be attributed to the
glauconite abundance. A high Fe:0s content of clays produces red-colored ceramics [28].
However, red tiles could be acceptable for furnace insulation. The high amount of alkalis
and Fe20s, as well as low concentration of Al2Os compared to kaolin (up to 45%), indicate
low fusibility of the clays. In terms of AlzOs content in the calcined state, the clays ana-
lyzed refer to semi-acidic clay materials.
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Table 2. Chemical composition of raw materials, as well as the formulation and calculated chemical
composition of the clay/soapstone waste mixtures (wt.%).

Wt.% \ C S V-25 V-30 V-35 V40 C-25 C-30 C-35 C-40
SOz 6044 6297 3335 5564 5428 5293 5158 5557 54.09 5261 51.13
TiO2 085 09 016 064 060 057 053 072 068 064 0.60
AlLOs l6.64 1679 4.14 1268 12.06 1143 10.81 13.63 13.00 1236 11.73
Fe20s * 541 473 1073 648 674 701 728 623 653 683 7.13
MnO 009 004 017 0.11 011 011 012 007 008 0.09 0.09
Chemical MgO 244 256 2745 857 983 11.08 1233 879 1003 11.28 1252
composition CaO 123 081 469 204 221 238 255 178 197 217 236
Na:0 1.82 0.13 - 127 118 109 1.00 010 0.09 008 0.08
K0 366 519 002 257 239 220 202 390 364 338 312
P20s 023 0.12 - 016 015 014 013 009 008 0.08 0.07
SOs 005 004 005 005 005 005 005 004 004 004 004
H0 218 109 002 153 142 132 121 082 077 072 0.66
LOI 496 463 1918 826 898 9.69 1040 827 9.00 973 1045
Vendian clay 100 70 65 60 55
Cambrian clay 100 75 70 65 60
Formulation — Soapstone 100 25 30 35 40 25 30 35 40
waste
Quartz 5 5 5 5

Note: V, C, and S represent the chemical composition of the Vendian, Cambrian clay, and soap-
stone waste, respectively. * Total iron as Fe20s. A hyphen indicates below detection limit.

Due to the mineralogy, dominated by talc, ferroan magnesite, dolomite, and chlorite,
the soapstone waste is characterized by high concentrations of SiOz, MgO, Fe20s, Al20s,
and CaO. It contains no alkaline oxides. The increased amount of LOI is attributed to the
significant carbonate content present.

The ceramic mixtures of a specific formulation based on the Vendian and Cambrian
clays are characterized by a similar distribution of major elements, differing mainly in
the concentration of Na20O and K2O (see Table 2). The most significant differences in the
chemical composition of mixtures depending on the content of soapstone waste
additives are observed for oxides such as SiO;, AlOs, and MgO, as well as for LOL
Increasing the amount of additives into each clay leads to a gradual simultaneous
decrease in the content of 5iO: and Al:0s, and an increase in the concentrations of MgO
and LOL The high amount of alkaline oxides in the mixtures, reacting with silica and
alumina, will facilitate the formation of a liquid phase that promotes densification and
sintering at relatively low temperatures.

3.4. Thermal Analysis

The thermal behavior of the raw materials was determined by the results of differ-
ential thermal and associated thermogravimetric analysis, presented in Figure 5.
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Figure 5. DTA-TG curves of the Vendian (a) and Cambrian (b) clays and soapstone waste (c).

The thermogravimetric curves of the investigated clays show several steps of mass
loss accompanied by both endothermic and exothermic peaks. For both clays, the first
significant endothermal effect occurring from room temperature to 180 °C, associated
with the mass loss of 2%—-3%, is connected to adsorbed and interlayer water removal as-
cribed to layered silicates. The presence of an exothermic effect with a peak maximum at
about 320 °C, accompanied by the mass loss of 0.6%—2%, is attributed to the organic
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matter combustion. The broad endothermic peak within the temperature range of 400 to
780 °C, which coincides with a significant mass loss (about 3%) on the TG curves, sug-
gests a superposition of more than one endothermic effect related to the dehydroxylation
of hydromicas and kaolinite accompanied by phase transitions into dehydroxylated
phases [55-59]. The destruction of the illite lattice appears within the temperature range
of 870-890, expressing as a weak endothermic effect. In addition, the small exothermic
peak at ~920 °C is regarded as corresponding to the formation of a spinel phase
[57,60-62].

The differentiated thermal analysis of soapstone waste demonstrates that the de-
composition of chlorite is characterized by a two-step dehydroxylation behavior accom-
panied by two endothermic effects [63]. The first step is related to the dehydroxylation
within the brucite layer in the temperature range between 510 and 650 °C. The second
step is due to the removal of the remaining OH groups from the talc-like 2:1 layer at a
higher temperature interval from 750 to 840 °C. The exothermic effect occurring at nearly
840 °C, immediately after the second chlorite dehydroxylation peak, is attributed to the
formation of new phases (olivine, spinel) representing the chlorite recrystallization
products [61]. The endothermic decomposition reaction of ferroan magnesite, accompa-
nied by the carbon dioxide releasing and magnesium oxide formation, occurs within the
temperature range of the first endothermic effect of chlorite dehydroxylation, contrib-
uting to the mass loss. The endothermic effect with a peak maximum at about 730 °C is
attributed to the decomposition of dolomite. The corresponding mass loss of 7% is asso-
ciated with the releasing of carbon dioxide and accompanying formation of calcite and
magnesium oxide [61]. It is assumed that subsequent decomposition of calcite occurs in
the temperature range related to the dehydroxylation and structure decomposition of
talc. This endothermic effect has a peak maximum of nearly 950 °C. The decomposition of
talc is associated with the formation of enstatite and amorphous silica [64].

3.5. Ceramic Properties

The properties of ceramics with finely ground soapstone waste additives were in-
vestigated according to the quality requirements of ceramic materials. The fired ceramic
samples were tested to determine linear firing shrinkage, density, water absorption, and
flexural strength. The dependence of ceramic properties on the percentage of soapstone
waste additives in samples fired at 1100 °C and the heat-treating temperature of samples
containing 40% soapstone waste is presented in Table 3 and Table 4, respectively.

Table 3. Technological properties of ceramic tiles fired at 1100 °C.

Property Unit V-25 V-30 V-35 V-40 C-25 C-30 C-35 C-40
Bulk density  g/em® 191+0.07 1.96+0.05 199+006 202+005 196007 198+0.06 199+008 212+0.14
Linear firing %  1032+19 943428 912416 832+006 11.19+05 1082+20 9.76+05 857+03

shrinkage

Water absorption wt.% 16.56+0.7 16.58+1.1 16.60+0.15 1665+0.05 1674+04 1676+0.02 16.78+0.08 16.81 +0.04
Flexural strength MPa  2553+0.08 29.33+0.09 33.64+0.1 37.54+0.1 25.18+0.06 29.87+0.1 3254+0.12 35.05+0.1

As can be seen in Table 3, the density, firing linear shrinkage, and water absorption
values of the samples based on the Cambrian and Vendian clays are similar and vary
slightly depending on the ratio of clay to soapstone waste additive in the ceramic mix-
ture. When increasing the addition of soapstone waste from 25% to 40%, the density
values of ceramic samples with the Vendian clay increase by 1%—-3%, while those with the
Cambrian clay rise by 2%-3%. According to [65,66], the presence of magnesium silicates
in the original mixture tends to promote the development of a less viscous liquid phase,
providing higher reactivity and improving densification. The slight water absorption rise
is presumably related to an increase in porosity resulting from the decomposition of
carbonates and silicates, comprising soapstone, during the heat treatment, as more
soapstone waste is added. The gradual increase in the addition of soapstone waste leads
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to a decrease in linear firing shrinkage associated with an increase in porosity. The linear
firing shrinkage values of the samples based on the Cambrian clay are higher than those
in the formulations with the Vendian clay due to the elevated content of fine-size clay
mineral particles in the mixtures.

The results indicate that the addition of 25% to 40% of soapstone waste to clay in
ceramic mass fired at 1100 °C has a positive effect on the flexural strength of the samples.
The flexural strength is significantly increased in samples containing both the Vendian
and Cambrian clays with the addition of 40% soapstone waste. Moreover, the flexural
strength values of the Cambrian-clay-based samples are only 2%-3% lower compared to
specimens containing the Vendian clay with the addition of 5% finely dispersed quartz
sand. The high values of flexural strength (over 37 MPa) of the experimental samples
fired at 1100 °C meet the requirements of the European standard [67] for dry-pressing
ceramic tiles, classifying into Group B III (with a water absorption greater than 10%).

In order to investigate the effect of firing temperature on the overall shrinkage, wa-
ter absorption, and flexural strength of ceramics, an interval ranging from 950 to 1100 °C
was chosen. Under these temperature conditions, construction ceramic materials such as
bricks (fired at 950 °C) and ceramic tiles (fired at 1100 °C) undergo heat treatment during
the manufacturing process at JSC “NEPHRITE-CERAMICS”. The mixture containing
40% soapstone waste additive was selected as representative as it demonstrated the best
flexural strength values for both the Vendian and Cambrian clays.

The firing temperature significantly affects the water absorption and linear firing
shrinkage of ceramic samples. As can be seen in Table 4, an increase in the temperature of
heat treatment is accompanied with the progressive increase in the linear firing shrinkage
and a decrease in the water absorption values. This is presumably related to the pro-
gressive increase in the amount of a liquid phase, responsible for the densification of the
final product, as the temperature rises. The values of these parameters are similar for
samples based on both clays and differ within a range of 2%-3%. Sharp changes in the
values of these parameters, observed above 1050 °C, indicate active sintering [68].

Table 4. Technological properties of ceramic tiles containing 40% soapstone waste fired at maxi-
mum temperatures of 950, 1000, 1050, and 1100 °C.

. V-40 C-40
Property Unit
950 1000 1050 1100 950 1000 1050 1100
Bulk density  g/em® 1.91+0.07 198+006 1.99+0.06 2.02+005 191:007 195:0.07 198007 212+0.14
L e
mear fing %  7.02+09 7.90+007 812+006 832+006 743+0.06 815+0.06 851+0.04 857+03
shrinkage

Water absorption  wt.%

Flexural strength

MPa

17.15+0.04 16.81+0.05 16.73+0.06 16.65+0.05 17.56 +0.07 17.53 +0.08 17.42+0.07 16.81 +0.04
21.42+0.06 24.30+0.7 34.67+0.05 37.54+0.1 20.05+0.09 26.68 +0.07 28.31+0.04 35.05+0.1

The flexural strength values of the ceramic samples increase as the firing tempera-
ture rises within the temperature range of 950-1100 °C. A noticeable enhancement initi-
ates at a firing temperature of 1000 °C and increases significantly at 1050 °C. It is assumed
that the formation of a liquid phase, which produces the glass or vitreous phase after
cooling the ceramics, along with the formation and growth of new crystalline phases due
to the processes of decomposition and recrystallization of minerals constituting the raw
materials facilitated the strength increase of the test samples.

The results of XRD analysis of a ceramic sample containing 40% soapstone waste,
55% Vendian clay, and 5% finely dispersed quartz sand fired at 1100° (see Figure 6) re-
vealed that the ceramic composition essentially comprises enstatite (32 + 1.9 wt.%),
quartz (15 + 0.6 wt.%), albite (19 + 1.3 wt.%), diopside (12 + 1.3 wt.%), hematite (9 + 0.6
wt.%), and a glassy (amorphous) phase (13 + 3.6 wt.%). The abundant quartz and albite
are the original minerals that persisted during firing. It is assumed that enstatite was
formed due to the decomposition predominantly of talc and, to a lesser extent, chlorite
[55,64]. The spinel and olivine phases may not have been observed, possibly due to the



Minerals 2023, 13, 1376

14 of 19

overlapping of their XRD peaks with peaks of other phases, or, alternatively, the abun-
dance of CaO prevented their crystallization from the decomposition of clay minerals.
Presumably, the dehydroxylation of illite, glauconite, kaolinite, and chlorite and reacting
with CaO derived from the dissociation of dolomite facilitated the formation of a Ca-rich
aluminosilicate phase such as diopside [69-72]. The presence of hematite could be related
to the iron released during the decomposition of ferruginous glauconite, illite, magnesite,
and chlorite.

The results demonstrate that the formation of pyroxenes contributes significantly to
the improvement in flexural strength of the ceramic samples with soapstone additives.

Qz
Qz Di lgi
Ab Al Br ot ]
- Ab En Qz Qz
Qz Qz En
. , . , sl bbb s
5 10 15 20 25 30 35 40 45 50
26 (°) CuKa

Figure 6. XRD pattern of a ceramic sample containing 40% soapstone waste, 55% Vendian clay, and
5% finely dispersed quartz sand fired at 1100 °C. Ab—albite, Di—diopside-augite, En—enstatite,
Qz—quartz.

Considering the color of the experimental ceramic samples (see Figure 7), it can be
observed that they exhibit a red hue that intensifies as the temperature rises. This color
variation is attributed to the significant amount of iron oxides present in the raw materi-
als and correlates with the abundance of hematite in the fired samples [28].

950 °C 1100 °C

Figure 7. Experimental ceramic samples manufactured from the Vendian (upper) and Cambrian
clay (lower), dried at 100 °C, and fired at 950 °C and 1100 °C.

Phase transformations, along with the formation of an amorphous phase modifying
the structure of ceramics during firing, have a significant impact on both the strength and
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thermal properties of ceramics. The thermal properties of ceramic samples, natural
soapstone, and the prototype [73] are reported in Table 5. The formation of porosity
during the heat treatment of ceramic samples due to the gases released from the dehy-
dration, dehydroxylation, and decarbonation of minerals in the raw materials has re-
sulted in the low values of the thermal conductivity of ceramics. Increasing the heat
treatment temperature from 950 to 1100 °C of the experimental samples leads to a slight
decrease in the thermal conductivity and an increase in the thermal shock resistance of
ceramics. Increasing the thermal shock resistance with the introduction of soapstone
waste can be attributed to the relatively high porosity of ceramics, which relaxes the
thermal shock stress and arrests the propagation of microcracks. The glass phase also
contributes to enhancing the thermal resistance of ceramics.

Compared to the prototype (Table 5, C-3), the thermal stability and mechanical
strength of the experimental samples are significantly increased. The flexural strength
values of the experimental ceramic samples fired at 950 °C are 20-21 MPa, while the
prototype is characterized by lower values of 13-15 MPa. The thermal shock resistance of
the test samples (>7 thermal shock cycles) is significantly higher than that of the proto-
type (2-3 thermal shock cycles). No significant differences in the values of specific heat
capacity are observed between soapstone (Table 5) and ceramics, as well as in their vari-
ations with respect to the heating temperature.

Table 5. Thermal properties of the test samples.

Properties of the Samples Fired at the Temperature

950 °C 1100 °C
Thermal Shock Thermal Shock
Sample Specific-Heat Thern}a! Resistance, Flexural Specific-Heat Thermal Con- Resistance,
Capacity, Conductivity, Number of Strength Capacity, ductivity, W/m'K Number of
J/kgK W/m’K  Thermal Shock J/kgK ’ Thermal Shock
Cycles Cycles
C-1 870 0.05-1.3 9-13 19 880 0.05-0.8 >18
C-2 885 0.07-1.3 7-11 22 895 0.06-0.7 >12
C3 870 - 2-3 13-15 890 1-3 22
Soapstone ! 890 0.9-1.08 7-13 - 896 2.3-2.8 79

C-1—Ceramic samples containing 55% Vendian clay, 40% soapstone waste, 5% quartz sand;
C-2—Ceramic samples containing 60% Cambrian clay and 40% soapstone waste; C-3—Ceramic
samples based on fusible clay and talc quarry waste [73]. ' Natural soapstone from the Kal-
lievo-Murennenvaara deposit.

4. Conclusions

1. The results obtained from the study have demonstrated the potential utilization of
local Cambrian and Vendian clays by the addition of soapstone processing waste to
produce high-strength ceramics with a flexural strength of 37.54 MPa and high
thermal resistance. The ceramic samples withstand more than 18 thermal shock cy-
cles without surface damage and exhibit a low thermal conductivity of 0.05-0.8
W/m-K.

2. An assessment of the physical and mechanical properties of products fired at 1100
°C has shown that the optimal ratio of clay and soapstone waste in the ceramic
mixture is 60/40%.

3.  The increase in mechanical strength and thermal stability of the produced ceramics
is closely related to the formation and enrichment of a glassy phase, enstatite, and
diopside as a result of processes such as decomposition, recrystallization, and in-
teraction of minerals comprising raw materials during firing.

In conclusion, it should be noted that the recycling of soapstone processing waste in
clay ceramic products (tiles, bricks) is possible with the introduction of additives of ap-
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proximately 30%—40% by weight. This statement is based solely on the technological
characteristics of local Vendian and Cambrian hydromica clays.

The production of ceramic products with the addition of soapstone processing waste
could solve the problem of waste disposal and expand the product range of enterprises
engaged in the manufacturing of fireplaces and stoves.
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