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Abstract — Asbestos-containing cement materials were widely used in construction in the past
due to their durability, fire resistance, and thermal insulation properties. However, asbestos
is now recognised as a carcinogenic material and has been banned in many countries,
including Poland and Lithuania. Asbestos-containing waste is hazardous and requires safe
disposal, posing significant environmental challenges. Thermal treatment has been proposed
as a potential method for neutralising asbestos and material recycling. In this study, four
cement-asbestos samples from Poland (P1, P2) and Lithuania (L1, L2) were investigated to
evaluate their chemical composition, mineralogical phases, and thermal behaviour. Samples
were characterised using X-ray fluorescence (XRF), X-ray powder diffraction (XRD),
differential thermal analysis (DTA), thermogravimetric analysis (TG/DTG), scanning
electron microscopy (SEM), and high-temperature microscopy (HTM). Computer
simulations of liquid phase formation were performed using FactSage software. The results
revealed significant differences between samples from the two countries. Lithuanian
materials exhibited higher SiO: content and formed liquid phases at lower temperatures,
while Polish samples, richer in CaO, showed higher thermal stability and distinct phase
evolution. These differences are attributed to variations in raw materials and production
methods. The study demonstrates that thermal treatment can effectively transform cement-
asbestos materials, with the resulting mineral phases and liquid formation influenced by the
initial chemical composition. The findings provide valuable guidance for potential recycling
strategies of neutralised asbestos waste, offering an environmentally safer approach to
asbestos management.

Keywords — Asbestos waste; cement-asbestos materials; FactSage calculation; mineralogical
composition; thermal treatment.

INTRODUCTION

Asbestos is a name for a group of naturally occurring fibrous minerals that have been widely
used in industry for many years, especially in construction, due to their insulating, fire-
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resistant, and mechanical strength properties [1]. Its popularity was due to its low price and
availability, as well as its ability to withstand high temperatures and aggressive chemicals [2].
The most popular in the past was so-called white asbestos. From the mineralogical point of
view, this is chrysotile, hydrated magnesium silicate with the ideal chemical formula
Mg;Si,05(OH)4. Unfortunately, despite its advantages, asbestos poses a significant and well-
documented threat to human health. Inhalation of fine, respirable asbestos fibres can lead to
severe and often progressive lung diseases, including chronic asbestosis, malignant lung
cancer, and aggressive pleural mesothelioma [3], [4], primarily used which led to the gradual
withdrawal of this material from use around the world. Today, asbestos is a banned substance
in many countries, including European Union member states, the United States, Canada,
Australia, and Japan, due to its carcinogenic properties and the severe health risks associated
with inhalation of asbestos fibres. Consequently, its removal and disposal have become key
challenges in industrial waste management and public health protection [5]-[11].

The Baltic and Central and Eastern European countries, especially post-Soviet could be
indicated as an example of countries where asbestos was used on a large scale in the past. For
example, in Poland and Lithuania, asbestos was widely used in construction and the chemical
and energy industries in the second half of the 20" century. Poland was one of the largest
producers of asbestos-containing products in Europe, and asbestos was used in roofing, pipes,
insulation, and construction materials, mainly in the form of cement-asbestos products. In
both countries, despite the bans on the production and use of asbestos, there is still a problem
with removing asbestos materials from existing buildings and other facilities. Data shows that
there are still about 15 million tons of asbestos-containing products in Poland and c.a.
4 million tons in Lithuania, only some of which have already been removed [ 12]-[14]. Many
buildings still have asbestos roofing, pipes, or insulation, which degrade over time, releasing
dangerous fibres into the air. The lack of appropriate funds for the comprehensive removal of
asbestos from private properties remains a problem, as not all owners can bear the costs
associated with its safe removal. Although there are government and local programs that offer
subsidies for asbestos removal, the pace of work is still too slow compared to the scale of the
problem.

One of the promising methods for addressing the problem of asbestos-containing waste, in
addition to its disposal through landfilling, is thermal treatment, which has been increasingly
investigated in recent years [15]-[17]. Asbestos minerals, belonging to the group of hydrated
silicates, undergo dehydroxylation and structural collapse when exposed to elevated
temperatures, leading to the formation of new, non-fibrous crystalline phases such as
forsterite or enstatite in the case of chrysotile asbestos. Numerous recent studies have shown
that this transformation begins around 600—700 °C and becomes complete at temperatures
typically exceeding 900—1000 °C, depending on mineral type and heating conditions [18]—
[21]. In the case of cement—asbestos materials, the process is more complex due to the
presence of a heterogeneous cementitious matrix, which introduces additional thermal
reactions, phase transitions, and kinetic constraints [22]-[27]. Thermal-analysis studies on
cement—asbestos wastes heated to high temperatures (e.g., 1100 °C) demonstrate that
dehydration, dehydroxylation, and recrystallisation into stable phases occur, in some cases
via pseudomorphism [28],[29]. Recent research highlights that interactions between
chrysotile fibers and the calcium-silicate-hydrate (C—S—H) phases, as well as possible
carbonation products, may significantly influence decomposition pathways, reaction rates,
and the morphology of the resulting phases [30]. Importantly, several recent works
demonstrate that properly optimised thermal treatment not only eliminates the hazardous
fibrous structure of asbestos but also yields stable, mineralogically transformed products that
can be considered valuable secondary raw materials. For instance, a study on end-of-life fiber
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cement boards showed that thermal treatment above 1000 °C fully converts chrysotile into
forsterite and enstatite, enabling reuse of the material in sustainable construction
applications [31]. Moreover, after thermal calcination, cement mortars modified with treated
cement—asbestos waste exhibited favourable mechanical properties, indicating practical
potential for recycling [32]. Alternative high-temperature approaches have also been
explored: for example, carbothermal reduction of asbestos tailings (with added carbon) yields
stable high-temperature composites composed of forsterite and silicon carbide, suggesting
another viable pathway for transforming hazardous waste into functional materials [33].
However, most of these studies analysed single types of materials from specific regions,
without comparing chemical composition and thermal behaviour across different countries.

The present study addresses this gap by performing a comparative analysis of cement-
asbestos materials from Poland and Lithuania, combining chemical, mineralogical, and
thermal characterisation with computer simulations of liquid phase formation. This approach
allows for a more comprehensive understanding of how material origin and composition
influence thermal behaviour and recycling potential, highlighting the practical relevance of
the findings for waste management and secondary raw material utilisation.

2. MATERIALS AND METHODS

Four cement—asbestos materials in the form of corrugated roof panels coming from different
regions of Lithuania and Poland were tested. There is no detailed information about the
conditions of their long-term use. They were named like L1, L2, P1 and P2, respectively. All
these materials were tested after crushing and grinding to a grain size below 0.1 mm.

These cement—asbestos samples were comparatively studied using several complementary
techniques: X-ray fluorescence (XRF) for chemical composition analysis, differential thermal
analysis (DTA) and thermogravimetric analysis (TG/DTG) to study thermal decomp osition
and mass changes, X-ray powder diffraction (XRD) for phase identification, scanning
electron microscopy (SEM) for microstructural characterization, and high-temperature
microscopy (HTM) to observe the behaviour of materials at elevated temperatures. Moreover,
engineering software FactSage was used to simulate the melting point and the amount of
liquid phase during thermal treatment. In addition, all cement—asbestos samples were
isothermally calcined at 1100 °C for 2 h in a laboratory furnace (model LT 9/14, Nabertherm,
Lilienthal, Germany), and phase analysis was checked (XRD). This temperature was chosen
based on the literature [27].

Differential thermal analysis (DTA) and thermogravimetric analysis (TG/DTG) were
performed using an STA 409 PC Luxx thermal analyser (Netzsch, Selb, Germany). All
experiments were performed at up to 1000 °C in an airflow of 30 mL min! at a heating rate
of 20 K min™! using an open alumina crucible with about 100 mg of sample. For the phase
analysis of the cement—asbestos samples, X-ray powder diffraction (PANalytical X’ pert Pro
diffractometer, CuKa radiation, Ni filter, 40 kV, 30 mA, X’Celerator detector, Malvern
PANalytical, Almelo, The Netherlands) was used. The phase composition was determined
through the diffraction peaks connecting with the identified phases using HighScore Plus
software (version 5.2; Malvern PANalytical, Almelo, The Netherlands) and the ICDD PDF-
5+ database. The chemical composition analysis using X-ray fluorescence (XRF) was
performed by EN ISO 12677:2011. The samples were measured using the PANalytical MagiX
PW2424 spectrometer (Malvern PANalytical, Almelo, The Netherlands). Microstructure
analysis was performed using a Mira 3 electron microscope (Tescan, Brno, Czech Republic)
equipped with an energy-dispersive spectrometer (EDS) system with AZtec Automated ver.
3.1 software (Oxford Instruments, Abingdon, UK). The measurements were carried out on
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the samples covered by a conductive layer of chromium by using a Quorum Q150R ES device
(Quorum Technologies, Laughton, UK). The high-temperature microscopic measurements
were performed in a high-temperature microscope (Leitz). Cube-shaped samples (edge
dimension of 3 mm) of ground material were prepared for tests. The measurement was carried
out in an air atmosphere at a constant heating rate of 5 K min™! up to the temperature of
1500 °C. The computer simulations in FactSage software (version 6.4; Thermfact/CRCT,
Montreal, Canada, and GTT-Technologies, Aachen, Germany) were used in this study. The
module “Equilib” with the “FactPS” and “FToxid” databases was selected for this evaluation.
Based on the chemical composition of the tested cement-asbestos samples, the calculations
were made to determine the amount of the liquid phase that appears in the considered system
in equilibrium state, depending on the temperature from the range 900-1300 °C and pressure
of 1 atm. The simulation was based on determining the amount of liquid phase produced from
100 g of raw material. The calculations of the liquid phase took into account the full chemical
composition, while in the case of the location of points in the CaO-MgO-SiO, system, the
mutual proportions of the above oxides were taken into account.

3. RESULTS

All tested samples contained characteristic bundles of asbestos fibres, which were clearly
visible after fragmentation for research. In each case, the fibres of various lengths and widths
were observed. The fibre bundles showed a tendency to split into smaller, elementary fibres

(Fig. 1).

SEMHV: 150KV | SEMMAG:S00x || ||| MIRA3 TESCAN
View field: 554 pm Det: BSE 100 pm
Performance In nanospace

Fig. 1. An example SEM image of crushed cement-asbestos with a bundle of asbestos fibers.

The chemical composition of the tested cement-asbestos shows (Table 1) that it is
dominated by SiO, and CaO. It is worth noting that for samples from Lithuania, the silicon
oxide amount is much higher, while in samples from Poland, the calcium oxide is dominant.
The very high loss on ignition value is also noteworthy, which has changed from ~20 to
25 wt%. Besides these components, there are also presented accompanying ingredients like
MgO (ca 4—6 wt%), iron compounds (3—5 wt%), and Al,O3 (ca 4 wt%). The presence of
magnesium oxide in the chemical analysis can be connected directly with the chrysotile
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asbestos. MgO is one of the main oxides included in the chemical formula of white asbestos.
Cement-asbestos samples from Lithuania have visible a higher amount of MgO, which can
indicate a higher content of asbestos fibres in the samples, or is the effect of long-term ageing
of materials and gradual leaching of cementitious matrix in the external environment.

Moreover, samples from Poland also have a visibly higher amount of sulphur, which is five
times greater than Lithuanian samples. This phenomenon can be explained, probably by the
origin of the samples. Polish samples (P1, P2) come from the Upper Silesia region, the most
heavily industrialised in Poland, where some specific phenomena occur. In this region, energy
production is mainly based on hard coal burning, which results in intensive emission of acidic
gases and solid particles, which may contribute to the formation of acid rain enriched with
sulphur compounds [34].

TABLE 1. CHEMICAL ANALYSIS OF CEMENT-ASBESTOS SAMPLES

Sample name L1 L2 P1 P2
Country Lithuania Lithuania Poland Poland
SiO; 33.1+1.5 334+15 20.1+0.9 18.6+0.9
ALO; 3.6+0.3 3.8+0.3 46+03 3.8+0.3
Fe,0; 52+0.1 34£0.1 3.0£0.1 25+0.1
MgO 6.5+0.5 57+04 35+04 45+04
CaO 255+1.2 33.5+1.6 43.0+2.0 46.0+2.1
Na,0+K,0 0.7+0.2 04+0.2 04+0.2 03+0.2
SOs 03+0.1 04+0.1 22+04 1.7+£0.3
LOI 247+£2.5 18.8 + 1.8 21.8+22 222+£22

Fig. 2 presents the comparison of X-ray powder diffraction patterns of all tested raw
cement—asbestos samples. Even though the samples were exposed to the action of external
conditions in varying degrees and times, the phase compositions for the tested samples were
rather similar, especially between individual countries. Tested samples P1 and P2, or L1 and
L2, were similar to each other, respectively. On the X-ray diffraction patterns of all samples,
diffraction reflexes from the cementitious matrix dominate. The main identified crystal
components for all samples were calcium carbonate in the crystal form of calcite (CaCOs3;
ICDD-PDF 04-012-8072). As an asbestos mineral for all samples, a chrysotile variant
(Mg3Si205(OH)4; ICDD-PDF 00-027-1276) was identified. This was confirmed by the
presence of the characteristic narrow and intense two major diffraction reflexes
atd g02=7.32 A and d 9os=3.65 A of white asbestos visible at ~12° and ~24° 2Theta,
respectively [35].

Besides the above-mentioned phases, other mineral phases were also identified. For
samples from both countries phases like ettringite (Cas(AI(OH)¢)2(SO4)2-26H,0; ICDD-PDF
01-073-6239), larnite (Ca>SiO4; ICDD-PDF 01-083-0464), hatrurite (Ca3SiOs; ICDD-PDF
01-070-8632) were identified. They come directly on a cementitious matrix. X-ray reflexes
coming from these phases were clearly visible in the case of Polish samples, which may
indicate a relatively low degree of carbonisation and ageing of the samples from Poland in
comparison with Lithuanian samples. Moreover, traces of gypsum (CaSO4-2H,0; ICDD-PDF
04-015-4421) as well as katoite (CazAlx(Si04)0.7(OH)9.3; ICDD-PDF 04-026-3599) were also
stated. In relation to gypsum, the X-ray intensity of reflexes was higher for the Polish
materials, especially for the P1 sample, which may prove the validity of the phenomenon
related to the increased content of sulphate compounds.
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Fig. 2. XRD patterns of raw cement-asbestos materials from both countries.

For Lithuanian samples, mainly L2, x-ray reflexes associated with aragonite (CaCOs;
ICDD-PDF 01-085-6713) were also identified. Calcite-aragonite alternations and evolution
are known and documented [36]. The formation of distinct CaCO3 polymorphs can be
explained by a combination of seasonal environmental changes (air temperature and water
discharge). Aragonite is the high-temperature modification of anhydrous calcium carbonate
minerals, but is well known to precipitate as an unstable phase in aqueous media near Earth’s
surface conditions. This phenomenon could have occurred during the long-term contact of
Lithuanian samples with atmospheric moisture and rain.

The greatest differences in the phase composition of samples from both countries occur in
the case of portlandite (Ca(OH),; ICDD-PDF 01-076-0571) and quartz (SiO,; ICDD-PDF 01-
086-1560). The first was identified only for Polish samples, while the second was confirmed
only in samples coming from Baltic countries. The absence of calcium hydroxide in the
cementitious matrix for samples coming from Lithuania confirmed the higher degree of
ageing of these samples. As is well known, Portland cement during setting and ageing reacts
with water, producing various hydrated compounds from which calcium silicate hydrates (the
so-called CSH phase) and portlandite are the main [37], [38]. During long-term ageing and
carbonation of the cementitious matrix, the calcium hydroxide converts into calcium
carbonate in accordance with the reaction: Ca(OH), + CO, = CaCOs + H;O. In turn,
Lithuanian samples have an evidently marked presence of quartz. This indicates probably a
different production technology of cement—asbestos materials in the past in both countries or
the original country from which the cement-asbestos materials were imported. In the case of
Lithuanian samples, quartz sand was presumably used as a mineral filler for cement mass.

The thermal decomposition of all the examined cement-asbestos samples was qualitatively
nearly identical. The effects resulting from the decomposition of the cementitious matrix
dominated all obtained curves (Fig. 3). Between 100 °C and 200 °C, the endothermic peak
can be connected with the mass change coming from the dehydration of CSH phase, i.e.,
calcium-silicate-hydrate phases, which are a group of compounds that are essential in the
chemistry of cement and concrete. The CSH phase is a critical product formed during the
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hydration of Portland cement and is responsible for most of the strength and durability of
concrete [39], [40]. This effect is the strongest for the P1 sample which is connected also with
the highest mass change (Fig. 4). In turn, for sample L1 this effect is weak and is associated
with the small change of mass, which is visible for DTG curves (Fig. 5). This clearly indicates
different ageing and weathering processes of the samples during long-term working in the
outside environment what was also previously described. Moreover, for L2 and P2 samples,
small inflexions of the DTG curves at ~200 °C can be observed. This effect can be associated
with the thermal decomposition of gypsum, which decomposes into anhydrite with the release
of water. The gypsum phase was found in the phase analysis of both samples (Fig. 2).
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Fig. 3. DTA results for tested samples.
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Fig. 4. TG results for tested samples.
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Fig. 5. DTG results for tested samples.

The endothermic peaks near 450 °C (clearly visible for P1 and P2 samples, Fig. 3) are
associated with the thermal decomposition of portlandite. This effect is visible only in the
case of Polish samples, especially as a small step on the TG curves and a well-marked effect
on the DTG results. This observation is in line with the expectation from X-ray powder
diffraction results (Fig. 2), where calcium hydroxide was identified only for P1 and P2
samples. At higher temperatures (in the range of 600—-850 °C), two overlapping endothermic
peaks were observed. They are more visible when we compare DTG results. The first one is
weak, in a wide temperature range, and the second one has a characteristic asymmetric shape
and a maximum at ~820 °C. The first effect occurs in the temperature range characteristic of
the dehydroxylation process of chrysotile asbestos. Literature data show [18], [23], [35], [41]
that this process for pure white asbestos is in the temperature range from 650 °C to 750 °C
and is followed by solid-state recrystallisation at a temperature exceeding 800 °C into
forsterite (Mg>SiO4) and enstatite (MgSiOs3) via the reaction: Mg3(OH)4Si,05 = Mg,SiO4 +
MgSiOs + 2H,0. The second peak with an asymmetric shape and Tmax above 800 °C is typical
for the decomposition of calcium carbonate. It is worth noting that the maximum temperature
of this effect is shifted to a higher temperature for the L1 sample, for which we expect the
highest degree of carbonatisation, due to the highest value of loss on ignition (Table 1) as
well as the strongest X-ray reflexes of calcite on the XRD pattern. Thermal decomposition of
sulphur compounds was not detected due to the thermal analysis measurement conditions.
They thermally decompose at the temperature range of 1200—-1400 °C, especially calcium
sulphate [42]-[48].

In turn, when we compare the chemical composition of cement—asbestos from both
countries in the CaO-MgO-SiO; triangular diagram, some important differences can be
reported (Fig. 6). Because the tested Lithuanian samples have quartz in their composition, the
corresponding points in CaO-MgO-SiO; are lying closer to the point of pure silica. In contrast,
Polish samples are located close to pure calcium oxide. According to the above-mentioned
phase system, the change in the C/S ratio may influence the formation and synthesis of new
compounds during thermal treatment. In the broadest context, the variable chemical
compositions may affect the material’s behaviour at high temperatures.
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Fig. 6. Points corresponding to samples under study in the CaO-MgO-SiO, system.

As can be observed, Lithuanian asbestos wastes (marked as squares) constitute a separate
group of wastes in terms of possible thermal treatment. Their chemical composition points
distinctly lie in the area of increased SiO» content compared with that of Polish waste (points
as circles) and simultaneously in other stability fields of phases in the equilibrium state.
Moreover, when we consider CaO-MgO-SiO,, there is a region of relatively low melting point
minerals, centred on diopside CaMgSi,Og. If the CaO/SiO; ratio is <1.5, the liquids will form
easily, especially at higher temperatures.

The above considerations were confirmed after analysing the samples after isothermal
annealing. Fig. 7 presents the comparison of X-ray powder diffraction patterns of
isothermally treated samples at 1100 °C for 2 h.

As we can see, from the mineralogical point of view materials obtained from both countries
were varied. In the case of Polish samples, the main identified mineral phases were larnite
(Ca,Si04; ICDD-PDF 04-007-2687) as well as lime (CaO; ICDD-PDF 04-007-4743) and
periclase (MgO; ICDD-PDF 01-087-0652). Moreover, for this type of sample, the phases like
brownmillerite (Ca;FeAlOs, ICDD-PDF 04-011-5939), ye’elimite (Cas(AlsO12)SO4; ICDD-
PDF 01-083-7086), and ternesite (Cas(Si04)2SO04; ICDD-PDF 04-009-4477) were identified.
The presence of the main phases is in line with the considerations of the CaO-MgO-SiO,
triangular diagram. Points of the chemical composition of these Polish samples are located
near the triple point of stability fields of periclase, lime, and dicalcium silicate. The presence
of phases containing sulphate anions results from the higher sulphur content in Polish waste
(Table 1).

In turn, for the Lithuanian samples, their chemical composition points distinctly lie in the
area of increased SiO, content compared with that of Polish waste and parallel in other
stability fields of phases in the equilibrium state. Lithuanian samples crossed the stability
fields of pseudo-wollastonite (CaSiO3) and akermanite. As a result of isothermal treatment,
the materials with the akermanite (Ca,MgSi,O7; ICDD-PDF 04-014-4688), merwinite
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(CasMgSi,0g; ICDD-PDF 00-035-0591), as well as bredigite (CasMg2(SiO4)s; ICDD-PDF
00-036-0399) as main mineral phases were obtained (Fig. 7). Moreover, in both Lithuanian
samples the presence of quartz (SiO,; ICDD-PDF 01-086-1560) was also stated. Probably,
this is silica from raw cement-asbestos samples, which don’t react with the cementitious
matrix under the considered conditions. For samples L1 and L2, the presence of clinoenstatite
(MgSiO3; ICDD-PDF 00-013-0415) and anorthoclase ((Na,K)AlSi3Og; ICDD-PDF 00-010-
0361) was identified. The presence of phases not resulting from the ternary system under
consideration is due to a more complicated chemical composition than that of the pure oxides.
These other components also affect the synthesis of new phases.

Intensity / a.u.

A - akermanite

B - brownmillerite

C - lime

E - clinoenstatite
G - gehlenite

L - larnite

M - merwinite
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Fig. 7. XRD patterns of isothermally treated (1100 °C/2 h) cement-asbestos materials from both countries.
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Fig. 8. Changes in the liquid phase amount during thermal treatment of the tested cement-asbestos samples.

949



Environmental and Climate Technologies

2025/29

In the broadest context, the variable chemical compositions may strongly affect the
material’s behaviour at high temperatures, especially for the creation of a liquid phase. From
the engineering calculation (Fig. 8), the difference in the behaviour of the tested cement-
asbestos samples is clearly and evidently visible. For Polish samples (P1 and P2), the first
drops of the liquid phase should appear above 1150 °C. First, small amounts, to reach a level
of about 20 % for temperatures above 1200 °C. Due to the similar chemical composition, both
samples behave similarly. The chemical composition of samples from Lithuania reacts
completely differently to the effect of temperature. As we can see in the graphic, the first
drops of the liquid phase can appear at much lower temperatures, close to 1000 °C. At
temperatures above 1100 °C, the amount of the liquid phase rapidly increases. At a
temperature of 1200 °C, it constitutes about 50 wt% of the system and continues to grow with
increasing temperature. For maximum calculation temperature, i.e., 1300 °C, we should get
about 20 wt% of the liquid phase for Polish samples and over 90 wt% of this phase for
Lithuanian cement-asbestos.

This behaviour was confirmed by tests in a high-temperature microscope. The obtained
results (Table 2 and Table 3) show that at the temperature ~1000 °C materials begin to sinter
and the liquid phase, especially for Lithuanian samples, was formed. With the increase in
temperature, the sample softens. Changes in the cross-sectional area of the sample depend
strongly on the source of the samples. Images recorded during the measurement for tested
samples indicate that the amount of the liquid phase in the cement-asbestos sample increased
significantly above 1250-1300 °C for Lithuanian samples, while for Polish samples it
requires a temperature of about 100—150 °C higher.

TABLE 2. CHANGE OF CROSS-SECTION OF SELECTED SAMPLES DURING HIGH-TEMPERATURE

MICROSCOPY ANALYSIS
Temperature; °C 25 500 800 900 1000 1100 1200 1250
L1
P1
Temperature; °C 1270 1280 1400 1420 1440 1450 1460 1470

L1 - - - - - -

TABLE 3. CHARACTERISTIC TEMPERATURES FROM HIGH-TEMPERATURE MICROSCOPY

Sample name sintering point; °C  softening point; °C melting point; °C flow point; °C
L1 1050 1220 1230 1270
L2 980 1240 1320 1340
P1 1030 1250 1430 1450
P2 1040 1320 1420 1460

The difference found, and the clearly different behaviour of the tested cement-asbestos
samples, encouraged us to undertake a literature review and calculate the amount of the liquid
phase as well as the equilibrium composition for the other cement-asbestos samples described
in the literature. In this context, for example, detailed information and data are provided by
the work of Viani ef al. [49], [50], who studied the crystal chemistry of raw as well as high-
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temperature products of cement-asbestos samples from Italy. Based on the results of the
authors, cement-asbestos samples revealed a complex mineralogy comprising up to 25
different phases. The authors divided the samples into three groups based on their dominant
mineralogical composition: (i) samples lying on the boundary between the stability field of
belite and periclase or well into the belite field, with high C/S ratio, (ii) samples falling
prevalently into the stability field of merwinite, or (iii) samples whose corresponding points
lay inside the stability field of akermanite, and diopside, with low C/S ratio.

Based on data found in the literature [14], [27], [49]-[70] (Annex; Table Al and Fig. Al),
the chemical composition of cement-asbestos samples may vary to some extent, especially in
the context of the content of the main components, i.e., CaO and SiO,. The calcium oxide
content varies in a wide range from about 18 wt% to even above 60 wt%, while in the case of
silicon oxide, it may change from about 15 wt% to 45-48 wt%. In turn, the amount of the
third component, like magnesium oxide, may vary from ~2 wt% to about 10 wt%. All this
influence on the composition points in the ternary CaO-MgO-SiO; system (Fig. Al). All
cement-asbestos samples with an approximation lie along the curves defining the MgO
composition at a level between 0.1 and 0.2 mole fraction, with a rather variable share of other
ingredients. Moreover, we can observe that the tested Lithuanian samples were close to a
group of samples indicated by Viani et al. [49], [50], whose corresponding composition points
lay inside the stability field of akermanite. In turn, it can be found that Polish samples create
an additional new group of cement—asbestos materials with high calcium oxide (CaO) content.

The thermochemical programme FactSage was used to obtain the liquid changes curve of
the cement-asbestos materials from 900 °C to 1300 °C, as shown in Fig. A2. In the considered
temperature range, cement-asbestos samples behave in a variety of ways, and it is difficult to
provide an unambiguous classification in this respect. However, it can be seen that in the
simulation course, the materials can be differentiated into several groups. The first group
includes materials in which the visible amounts of liquid phase appear at a temperature
between 950 °C and 1000 °C (including samples no. 1, 6, 27, 30, 41) and a further rapid
increase of its amount. The second group includes materials in which the larger amount of
liquid phase appears clearly at a temperature above 1100 °C (e.g., samples no. 4, 16, 27, 42).
The considered Lithuanian samples (L1 and L2) fit into this group. The third group is samples
for which the first droplets of the liquid phase are observed to appear above 1100 °C and up
to the maximum simulation temperature; its increase is small (maximum up to approx.
20 wt%). Here could be classified the Polish samples P1 and P2. The next group includes
materials with a low amount of the liquid phase remaining at a level of up to 5%, up to the
maximum simulation temperature (samples no. 25, 28, 29). The last group includes materials
in which the liquid phase did not appear in the entire range of the simulated heating
temperature (for example, samples 34, 38, 44, 45, 46). Among all 60 materials, only one
shows the appearance of the liquid phase at a temperature below 900 °C (sample no. 42),
which results probably from the presence of the highest amount of potassium oxide
(Table A1) in the composition.

These chemical differences may contribute to the formation of different mineral phases
during thermal treatment, for example, in the context of the creation of liquid phase or mineral
binder components. The equilibrium composition of cement-asbestos samples at 1100 °C,
based on FactSage calculations, sorted by the amount of liquid phase, was presented in Fig. 9.
As can be seen, for the considered samples, at least 15 different main mineral phases were
identified that could appear in the material during isothermal treatment at the assumed
temperature. Their quantity and quality strongly depend on the initial chemical composition
of the material.
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Fig. 9. Equilibrium composition of cement-asbestos samples at 1100 °C, based on FactSage calculations, sorted by the
amount of liquid phase

There is a clear correlation between the appearance of the liquid phase and the change in
the phase composition of the thermally processed material and its C/S ratio. The largest
amounts of liquid phase should be formed for materials with low C to S coefficients, for
samples with increased silica content. In this case, the main created mineral solid phase is
akermanite. Next are samples for which the amount of liquid phase during thermal treatment
is at a level of several per cent. In this case, merwinite or akermanite/merwinite phase will be
created. When the C/S weight ratio achieves a value close to 2, in the system liquid phase
isn’t created, and C2S phase is dominated by mineralogical composition. In turn, for samples
with the highest C/S ratio, additional free magnesium oxide as well as calcium oxide should
also be expected in thermally treated samples.

4. DISCUSSION

The present study provides a comparative evaluation of cement-asbestos materials from
Poland and Lithuania, focusing on their chemical composition, mineralogical phases, and
thermal behaviour. The results demonstrate clear differences between cement—asbestos
wastes originating from both countries. These differences could have important implications
for waste management and potential thermal treatment routes; however, they must be
interpreted with caution due to several limitations and sources of uncertainty .

The results highlight the influence of raw material selection and production methods on the
thermal stability and transformation of these materials. Differences in the amounts of major
oxides, strongly influence how the samples behave within the CaO-MgO-SiO: ternary
system. The chemical analyses showed that Lithuanian samples contained higher SiO. and
MgO contents, while Polish samples were richer in CaO and sulphur compounds. This
composition influenced the thermal decomposition pathways, as evidenced by DTA/TG/DTG
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analyses and high-temperature microscopy. The Lithuanian samples, for example, closely
resemble the materials described by Viani et al. [49], [50] that fall within the akermanite
stability field. This suggests that they share similar mineralogical and thermal characteristics.
The Polish samples, on the other hand, form a distinct group with noticeably higher CaO
content, which may affect how they respond to heating and which new mineral phases develop
during thermal treatment. Lithuanian samples exhibited lower initial melting points and rapid
formation of a liquid phase above 1100 °C, whereas Polish samples required higher
temperatures (~1200 °C—-1300 °C) for significant liquid phase formation. These differences
are critical for designing thermal treatment processes and predicting the resulting mineral
phases, which was also suggested by Italian researchers [49], [50].

XRD analysis confirmed that the primary asbestos mineral in all samples was chrysotile
(MgsSi205(OH)4), which decomposed into a new mineral phase upon heating above 800 °C.
Due to the presence of the cementitious matrix, we do not observe the typical products of
chrysotile asbestos degradation (such as forsterite or enstatite). Components of the
cementitious matrix, such as portlandite and calcium carbonate, also underwent
decomposition and contributed to the formation of new mineral phases, including larnite,
akermanite, and merwinite. In the case of the latter two phases, Mg-rich compounds produced
by asbestos decomposition were likely incorporated and combined with Ca-rich compounds,
creating new phases characterised by low melting points. In contrast, under theoretical
equilibrium conditions, the Polish samples favour the formation of free MgO in the reacted
system.

The formation of new phases depends strongly on the CaO/SiO: (C/S) ratio [49], [50],
which varied between samples from the two countries. Low C/S ratios favoured the formation
of akermanite and liquid phases, while higher C/S ratios in the Polish samples resulted in
stable crystalline phases with limited melting. Moreover, comparative analysis and
thermodynamic calculations of the tested samples, as well as cement—asbestos materials
described in the literature, clearly show that the Polish samples can be considered a separate
group of cement—asbestos wastes, characterised by the highest C/S ratio. The strong contrast
in liquid phase formation temperatures suggests that applying uniform thermal treatment
protocols to all cement—asbestos waste may be ineffective or unsafe. Lithuanian samples, rich
in SiO: and quartz, show a much earlier onset of melting, which could compromise process
stability or energy efficiency. Polish samples, richer in CaO, maintain structural integrity to
higher temperatures, favouring controlled sintering rather than extensive melting. Moreover,
FactSage simulations assume equilibrium conditions and simplified oxide-based
compositions. Real-world cement-asbestos contains additional minor elements and
amorphous phases that may alter melting behaviour. Therefore, predicted liquid-phase
quantities should be treated as indicative rather than exact.

The comparative analysis suggests that thermal treatment can effectively transform cement-
asbestos materials, potentially enabling their reuse as secondary raw materials in construction
applications. However, the variability in chemical composition indicates that treatment
parameters must be adjusted according to the source material to optimise mineral phase
formation and liquid yield. Limitations of the study include the small number of samples
analysed and the lack of long-term field validation of the thermal treatment outcomes.
Additionally, environmental factors, such as the ageing and weathering of the original
materials, influenced their chemical and mineralogical properties. Future studies should
expand the dataset to include a broader range of cement-asbestos materials and explore pilot-
scale thermal treatment experiments to assess scalability and environmental safety. Despite
these limitations, the combined experimental data and modelling consistently show that
compositional differences between cement-asbestos wastes strongly influence their thermal
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decomposition and melting behaviour. Lithuanian samples follow a low C/S compositional
trend leading to early and extensive melting, while Polish samples behave like high-C/S
materials forming Ca-rich phases. These differences should be considered when designing
thermal detoxification or recycling processes.

5. CONCLUSIONS

Based on the research conducted, the following conclusions can be drawn: (1) Cement-
asbestos materials from Poland and Lithuania exhibit significant differences in chemical
composition and mineralogical structure, primarily related to CaO/SiO- ratios and magnesium
content. These differences reflect distinct production methods and raw material sources; (2)
Thermal decomposition of chrysotile asbestos and cementitious matrix components occurs in
well-defined stages, resulting in the formation of secondary mineral phases such as periclase,
larnite, akermanite, and merwinite; (3) Lithuanian samples, characterized by higher SiO:
content, form liquid phases at lower temperatures (=1000 °C—1100 °C), while Polish samples,
richer in CaO, display higher thermal stability and liquid phase formation above 1150 °C; (4)
The amount and type of mineral phases generated during thermal treatment are strongly
dependent on the initial chemical composition, particularly the C/S ratio, which directly
influences the potential for recycling these materials; (5) Thermal treatment offers a feasible
route for neutralizing hazardous asbestos-containing waste and producing secondary raw
materials suitable for construction applications, provided that treatment conditions are
tailored to the chemical and mineralogical characteristics of the input material.
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ANNEX

TABLE Al. CHEMICAL COMPOSITION (WT%) OF CEMENT-ASBESTOS SAMPLES

Sample Si0; TiO: ALO; Fe03 MnO MgO CaO NaxO KO P05 SOs L.O.1.  source
30.50  0.21 4.36 2.38 0.07 5.71 2720  0.73 0.68  0.08 0.70 27.40 [49]
24.00 0.16 3.08 1.19 0.03 6.24 3540 0.08 0.10 0.15 1.05 28.60 [49]
2420 022 3.22 1.33 0.05 6.69 3370 0.00 0.00 0.10 2.83 27.70 [49]
22,60 022 2.58 1.39 0.03 591 3200 018 044 0.13 2.39 32.10 [49]
2340 023 3.01 1.43 0.04 6.15 33.10 0.00 0.04 0.13 2.17 30.40 [49]
[49]
[49]
[49]

2530  0.35 4.53 2.56 0.05 5.09 30.10 0.61 029 0.12 1.08 29.90
26.80  0.12 2.83 1.45 0.11 7.00 35.80 0.00 0.02  0.08 1.38 24.50
22.10  0.11 1.85 0.91 0.04 8.21 31.50 0.07 033  0.03 1.67 33.10
28.70  0.15 3.66 1.03 0.13 7.15 34.70 0.03 0.09  0.08 1.57 22.80 [49]
10 3430 0.14 3.24 1.97 0.06 4.75 26.70 0.49 0.74  0.08 1.41 26.10 [49]
2830  0.13 2.89 1.51 0.04 6.00 28.60 0.29 049  0.11 1.79 29.80 [49]
12 4520 020 2.50 2.08 0.04 7.19 27.20 0.15 0.04  0.26 0.53 14.60 [49]
13 28.80  0.16 3.30 2.38 0.04 6.05 28.10 0.21 020 0.15 0.60 30.00 [49]
14 2790  0.13 2.77 2.36 0.04 7.69 37.00 0.25 0.03  0.14 0.87 20.90 [49]
15 27.60  0.13 2.74 221 0.08 5.62 29.50 0.20 045  0.08 0.81 30.60 [49]
16 3290 0.15 3.55 1.38 0.06 6.79 28.00 0.39 048  0.07 0.87 25.30 [49]

O 0 N N AW N =
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Sample SiO2 TiO: ALOs Fe:0; MnO MgO Ca0O Na,O KO P:0s SOs L.O.I.  source
17 2620  0.19 4.06 1.95 0.07 4.55 29.20 0.46 1.04  0.10 4.16 28.00 [49]
18 21.80  0.13 2.70 1.26 0.15 245 34.60 0.11 036  0.11 3.18 33.10 [49]
19 21.90  0.14 2.80 1.71 0.08 6.38 34.10 0.02 0.04  0.10 3.27 30.40 [49]
20 2920  0.15 3.20 1.61 0.04 7.01 28.30 0.27 023  0.08 0.50 29.50 [49]
21 25.60  0.13 2.60 1.45 0.07 4.38 38.40 0.18 0.14  0.10 1.12 25.90 [49]
22 31.50  0.15 3.06 1.99 0.04 5.39 28.10 0.52 0.54  0.09 0.58 28.00 [49]
23 2480  0.15 3.66 1.59 0.09 5.74 36.80 0.00 0.01 0.05 1.96 25.10 [49]
24 31.50 0.14 3.41 3.23 0.09 5.13 26.70 0.58 0.49  0.08 0.28 28.50 [49]
25 2270  0.12 2.14 1.21 0.04 5.70 36.50 0.02 0.06  0.04 1.94 29.50 [49]
26 2570  0.15 2.63 1.08 0.04 6.27 32.70 0.15 034  0.03 4.41 26.40 [49]
27 2830 0.14 2.93 2.62 0.04 5.48 27.90 0.61 0.60  0.17 1.65 29.60 [49]
28 22.10  0.12 1.90 0.64 0.04 7.86 32.30 0.01 0.11  0.04 0.59 34.40 [49]
29 23.60 0.14 2.40 0.88 0.04 7.72 35.20 0.03 0.03  0.07 1.27 28.70 [49]
30 48.73  0.20 3.67 6.27 0.19 1.47 18.10 0.25 0.46  0.08 n.a. n.a. [51]
31 4374 023 2.16 14.87 1.31 6.13 19.97 n.a. 0.43  0.03 n.a. n.a. [51]
32 19.26  0.18 3.87 2.91 n.a. 5.78 41.80 0.03 0.36 n.a. 0.69 25.10 [52]
33 16.30 n.a. 343 n.a. n.a. 5.12 35.40 n.a. n.a. n.a. 1.21 35.80 [53]
34 3052 0.24 4.57 3.64 n.a. 7.70 25.83 0.60 0.27 n.a. 0.63 26.05 [54]
35 19.29 n.a. 3.81 3.98 n.a. 7.99 60.06 n.a. n.a. n.a. 2.99 n.a. [55]
36 14.80 n.a. 2.47 4.44 n.a. 4.15 69.92 n.a. 0.27 n.a. 2.57 n.a. [56]
37 19.72 na 3.72 2.49 2.60 4.21 47.36 0.16 0.39 n.a. 0.69 18.05 [57]
38 21.60 n.a. 4.02 2.72 n.a. 5.34 41.30 0.21 0.29 n.a. n.a. n.a. [58]
39 20.40 n.a. 3.85 2.89 n.a. 5.41 41.00 0.12 0.14 n.a. n.a. n.a. [58]
40 2130 0.23 5.09 2.29 0.15 5.94 42.50 0.16 0.25 n.a. 1.89 20.20 [59]
41 30.71 n.a. 2.19 8.32 0.02 10.19 2236 2.16 0.07 n.a. 1.46 6.99 [70]
42 18.76 na 4.75 1.46 0.50 2.63 23.98 0.57 1.62 n.a. 20.56 29.11 [60]
43 17.90 n.a 4.40 2.30 n.a. 4.80 36.80 n.a. 0.75 n.a. n.a. 20.20 [61]
44 18.20 n.a. 4.06 2.35 n.a. 7.27 48.69 n.a. 0.34 n.a. 1.66 16.30 [62]
45 21.86  0.16 2.55 n.a. 0.28 6.03 32.59 n.a. 027 0.21 2.61 27.86 [27]
46 21.51 0.16 2.57 3.94 0.29 6.12 32.28 n.a. 028 0.21 243 27.95 [27]
47 20.94 n.a. 3.59 3.43 n.a. 8.50 59.21 n.a. n.a. n.a. 2.11 n.a. [63]
48 20.60 n.a. 3.88 4.79 n.a. 6.86 59.40 n.a. 0.65 n.a. 3.21 n.a. [64]
49 19.74  0.18 3.72 3.01 0.04 3.48 43.02 0.16 0.15  0.11 2.20 23.98 [65]
50 19.11 0.15 3.77 3.30 0.08 5.94 41.30 0.21 0.13  0.09 1.35 24.12 [65]
51 2145  0.14 3.63 2.72 0.06 9.89 36.51 0.05 0.01 0.06 1.38 23.81 [65]
52 3210 0.20 3.90 3.10 0.00 5.60 29.20 0.10 0.30  0.00 0.60 24.70 [14]
53 17.80 n.a. 2.90 2.70 n.a. 4.30 45.90 n.a. n.a. n.a. 1.10 22.10 [66]
54 17.80 n.a. 2.90 2.90 n.a. 5.40 42.70 n.a. n.a. n.a. 1.50 23.30 [66]
55 18.50 n.a. 2.70 3.40 n.a. 3.70 41.90 n.a. n.a. n.a. 1.90 25.50 [66]
56 19.90  0.20 3.60 3.30 n.a. 5.40 45.20 0.10 0.30 n.a. 0.90 21.80 [67]
57 19.30  0.20 3.90 2.90 n.a. 5.80 41.80 0.10 0.40 n.a. n.a. 25.10 [68]
58 20.67 n.a. 2.98 2.16 n.a. 5.85 40.02 n.a. 034 0.12 2.34 25.30 [69]
59 19.14 n.a. 3.02 2.20 n.a. 5.65 38.82 na. 0.31 0.11 2.53 25.90 [69]
60 20.30 n.a. 2.40 2.05 n.a. 5.36 40.54 na. 029 0.10 2.35 26.60 [69]
Average  24.76  0.17 3.30 2.74 0.17 590 3610 0.25 031 0.10 197 25.79

n.a. — not available; the value of 0 was assumed for calculations
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Fig. A2. Changes in the liquid phase amount during thermal treatment of considered cement-asbestos samples.
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