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This paper investigated thermal properties of natural thaumasite, such as phase composition and reaction
mechanism of thermal decomposition using simultaneous TG/DTG-DSC in Ar and Air medium up to 1673 K,
coupled with masspectrometer for analysis of evolving gases, and in-situ powder X-ray diffraction measurements.
The transitional solid phases, grown with increasing of temperature at thaumasite thermal decomposition, are
calcium hydrogen carbonate (Ca(HCO3)2) and hydrogen sulphate (Ca(HSO4)2), calcite, anhydrite, calcium sili
cates (wolastonite and larnite), calcium silico-carbonate (spurrite), and calcium silico-sulphate (ternesite). The
thermal decomposition in both gaseous media includes the stages of dehydration, dehydroxylation, dacarbo
nation and desulphuration with obtaining a solid residue of varying degrees of crystallinity. The main solid
phase, grown at the highest temperatures, is larnite.
Based on the obtained results it was proposed the scheme of chemical reactions, which presents the reaction
mechanism of thaumasite thermal decomposition. The defined scheme has both fundamental importance by
adding new details of reference data, and practical application for thaumasite identification in chemical
archaeology, and in the chemistry of cement and cement-based materials.

1. Introduction
It is well known that the damage of ancient and modern cements and
concrete are due to sulphate attack (SA) in which Ca-hydroxides and CaAl-hydrates react with sulphates and form gypsum and ettringite and
most of thaumasite sulphate attack (TSA) where the bonding calciumsilicate-hydrate (C–S–H) gel is destroyed by forming thaumasite [1].
Other ways of thaumasite formation are through interaction between
bonding additives and/or cement substitutes, namely sulphates and
carbonates and C–S–H gel [2]. The thaumasite has no binding prop
erties and increasing its amount leads to aging and destruction of ce
ments [3–11]. These processes are observed at cement plasters in old
buildings of archaeological significance as a result of prolonged expo
sure to the external environment - weathering [7,8,12–17].
To study TSA, it is appropriate to examine the thermal properties of
thaumasite, such as phase composition and reaction mechanism of
thermal decomposition. The thaumasite from cement composite is not
suitable for this purpose, due to its fine grained structure and coinciding
temperature range (500− 800◦ ) of C-S-H phases dihydroxylation and

carbonate phases decomposition [12,18]. Due to the described limita
tions, natural thaumasite is much more suitable for such studies.
Much of the thaumasite research is structural, aiming distinguishing
it from ettringite. When both mineral are in cement composite, it is
difficult to identify, as they belong to the same mineral group. The
thermal examination of natural [19,20] and cement-forming thaumasite
are studied by many researchers [18,21–29], as this is achieved by
comparison with ettringite. In literature, the mechanism of its thermal
decomposition is shown by general description of dehydration process,
presenting the solid anhydrous residuum by CaSiO3.CaCO3.CaSO4 with
valuable data from thermodynamic measurements [23–26]. The
detailed clarification of thaumasite thermal decomposition mechanism
will be most successful by using evolving gases analysis and phase
analysis of end products at each stage of thermal decomposition. This
approach will provide evidence of the decomposition process and it can
be expressed by chemical equations. To our best knowledge such in
vestigations have not been made for thaumasite.
In this work has been investigated natural thaumasite from the Iglika
deposit, SE Bulgaria to define its thermal properties, phase composition
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and reaction mechanism of thermal decomposition. The published
thermal decomposition of selected raw thaumasite from the Iglika de
posit, SE Bulgaria has been investigated in air medium only [19].
The following methods has been used for the purpose of the study:
powder X-ray diffraction (PXRD), Fourier-Transform Infrared (FTIR)
spectroscopy as well as combination of simultaneous TG/DTG-DSC,
coupled with masspectrometer for analysis of evolving gases, and insitu PXRD) measurements. The thermal investigations are made in two
gas mediums (Ar and air) to define their impact on the thaumasite
decomposition and formation of new solid phases. The investigation at
air gas medium was chosen because Ca, Si, C and S are in their highest
valence in thaumasite and no oxidation-reduction processes are ex
pected to occur during its thermal decomposition [30]. On the other
hand, since some of the decomposition reactions occur with oxygen
emission (decarbonization and desulphuration), it is assumed that part
of the thermal reactions will be incomplete (for example, desulphura
tion). Therefore, the inert Ar gas medium was chosen in order to monitor
the path of these reactions. In inert environment, all reactions will take
place with a higher conversion degree and at lower temperature. The
mass-spectrometric measurements provide additional data of the gas
emissions during solid phases decomposition. The in-situ PXRD analysis
were made at temperatures following the thermal effects at simulta
neous TG/DTG-DSC.
The obtained results are fundamental and can be used as a reference
for a detailed study of: (i) ancient cements by determining the source
materials and technology of their production, their current state and
possibilities for their conservation or restoration and (ii) modern cement
in the order to predict the thaumasite sulphate attack.

study and to construct Fig. 1 [35].
The Fourier-Transform Infrared (FTIR) spectra were registered on
Bruker Tensor 37 spectrometer, covering the range 400–4000 cm− 1,
using KBr pellet technique. A resolution of 2 cm− 1 was used collecting 60
scans for each sample.
The time-resolved high-temperature powder X-ray diffraction (HTPXRD) measurements were collected at PANalytical Empyrean equipped
with a multichannel detector (Pixel 3D) using (Cu Kα 45 kV – 40 mA)
radiation in the 10–80◦ 2θ range, with a scan step of 0.026◦ for 33 s. The
in-situ HT-PXRD measurements were carried out by means of an Anton
Paar HT-16 camera with a sample directly heated with a heating fila
ment from RT to 1073 K. All experiments were conducted on air with a
heating rate of about 10 K per minute. Phase identification at each
particular temperature step has been performed using various searchmatch programs software as well as data from the Inorganic Crystal
Structure Database (ICSD) [36,33].
Thermal analyses were performed using simultaneous TG/DTG-DSC,
SETSYS2400 thermal analyzer (SETARAM, France), coupled with
OmniStar mass-spectrometer in the temperature range: room tempera
ture (RT) – 1673 K, in two gas mediums – air and argon, with a heating
rate of 10 K.min− 1. The operational characteristics of the TG/DTG–DSC
system were: sample mass of 18.0 ± 2.0 mg (mass resolution of 0.02 μg);
ceramic crucible with a volume of 100 μL.
3. Results
3.1. Crystal structure draw
The thaumasite has the theoretical formula Ca3Si(OH)6(SO4)
(CO3).12H2O and belongs to the ettringite mineral group. Thaumasite is
the only mineral known to contain silicon in six-coordination with hy
droxyl groups. First single-crystal X-ray diffraction evidence for this has
been obtained by Edge and Taylor [37,38]. These authors found that
thaumasite crystallizes in the hexagonal, P63, S.G. (a = 11.04, c = 10.39
Å, Z = 2) and that its structure is “based on columns of empirical
composition [Ca3Si(OH)6.12H2O]4+ running parallel to c, between
which occur the [CO3]2− , [SO4]2− groups and H2O molecules.”
Crystal structure determinations of the same material made later
only elucidate some details, however, confirm in general its arrange
ment. Thus, the crystal structure data of thaumasite reported by
Jacobsen et al. (2003) [38] has been used as a model (data_98394-ICSD)
to draw Fig. 1 and to perform the phase identification in the following
sections.

2. Raw material and methods
2.1. Raw material
This paper investigated thaumasite from the Iglika skarn deposit,
Srednogorie structural metallogenic zone, SE Bulgaria. The formation of
Iglika deposit is associated with the intrusion of the Upper Cretaceous
diorite body in the host andesite, pyroclastic rocks and Triassic marbles,
dolomites and schists. The magnesian (monticellite) and calcic skarns
are developed at the contact with carbonate rocks [31]. The monticellite
skarns are cut by mono-mineral thaumasite veins (rare in association
with xonotlite) with a thickness up to 5–6 cm. The thaumasite is of
parallel- acicular aggregates, yellow in color and white after weathering.
The chemical composition of thaumasite (wt%) is: SiO2 - 9.67 %, CaO –
27.71 %, MgO – 0.10 %, SO3 – 13.36 %, CO2 – 7.57 %, H2O 41.61 %
[32]. The investigated raw sample is bi-mineral – thaumasite and
calcite.

3.2. PXRD analysis
Fig. 2 shows the result of the PXRD analysis, phase composition of
the studied sample – mainly thaumasite (data_98394-ICSD) with some
quantity of calcite.

2.2. Methods
The crystal structure data of thaumasite, reported by Jacobsen et al.
(2003) [33,34], has been used to perform the phase identification in this

Fig. 1. General view of the crystal structure of thaumasite.
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3.4. Thermal analysis
The results from thermal investigations of raw material are presented
in Fig. 4a, b and Table 2.
The thermal decomposition takes place in five stages, well defined
from five temperature ranges at both gas mediums. Such differentiation
is an advantage, as it is easier to calculate the associated mass losses
(ML). The most intense ML have been measured during the 1st stage
(temperature range 345.6 K – 493.8 K in Ar and 341.3 K – 530.8 K in air)
– 38–39 %, related to the intense release of water vapors. In the 2nd
stage (580− 830 K) the CO2, SO2, O2,− and water vapors release have
been measured with ML of 4.09 % in Ar and 4.67 % in air. During the 3rd
stage (900− 1030 K) – the release of CO2 and O2- with ML of 1.51 % in Ar
and 1.11 % in air. In the 4th stage (1180–1320 K) – the release of SO2
and O2- with the ML of 1.88 % in Ar and 1.14 % in air. The 5th stage is
the high temperature (1400–1670 K) with approximately 10 % ML with
the SO2 and O2- evolving.
A comparison of the two gaseous media analyses shows: (i) the
temperature intervals of the five temperature ranges are close. In Ar gas
medium they are approximately 50 K lower; (ii) the ML in Ar gas me
dium are 0.50–2.85 % higher for the individual stages; (iii) at air me
dium, the 5th decomposition stage does not complete at the final heating
temperature, while in Ar medium – thermal decomposition ends during
the 5th stage (the TG the curve passes in a straight line) with approxi
mately 3% higher ML (Table 2).

Fig. 2. PXRD pattern of raw sample (measured at RT).

3.3. FTIR spectroscopy
The results from FTIR spectroscopy are present in Fig. 3 and Table 1.
The FTIR absorption bands are assigned as [CO3]2− , [SO4]2-, [Si
(OH)6]2− and [OH]- anions as well as H2O molecules.
The bands at 2458 and 1394 cm–1 are asymmetric stretching vibra
tion, where at 887 cm–1 is symmetric bending vibration of [CO3]2– [39,
40].
The bands at 1099 and 1066 cm–1 are assigned as asymmetric
stretching vibration of [SO4]2–. Those at 590 and 638 cm–1 – as asym
metric bending vibration [SO4]2– [40].
Most characteristic bands for thaumasite are at 497 cm–1 (Si-O
bending vibration) and 749 cm–1 (Si-O stretching vibration) in [Si
(OH)6]2− – reflected to the octahedral coordination of the silicon cation
[28,39–42].
The peaks at 3469, 3428, 3399, 3050, 3239 and 2861 cm–1 are
assigned as O–H symmetric stretching vibration [41], where 1695 and
1648 cm–1 as O–H symmetric bending vibration of crystal bonded
water.
The bands at 3502 cm–1 and 1648 cm–1 are assigned as symmetric
stretching vibration and symmetric bending vibration, respectively of
structurally bonded O–H. At 647 cm–1 is situated libration mode of
structural bonded OH− [40,41,43,44].
The bands 2327 and 2250 cm–1 are assigned to CO2 from the air [45].

3.5. In-situ PXRD analysis
The in-situ PXRD patterns obtained after sample heating are shown in
Fig. 5. The heating is done at temperatures 393, 673, 773, 873, 973, and
1073 K, following those of the thermal effects registered by simulta
neous TG/DTG-DSC analysis. The identified phases are present in
Table 3.
The platinum strongest reflections at 39.75 (111), 46.23 (200), 67.45
(220), 81.24 (311), and 85.68 (222) 2θ, (◦ ) (data_649490-ICSD) are
present in each PXRD pattern due to the impact of the Pt substrate used
in the experiments (Fig. 5). Besides this, the phase identification gets
even more complicated during the in-situ time-resolved high-tempera
ture investigations due to the thermal extensions affecting differently
the phases involved in the studied process. Typically, this is expressed in
their reflections D-space shifts towards the high 2θ range and is also
accompanied by certain changes of their intensity. Nevertheless, in this
section, an attempt is made to explain the thermal evolution and the
phase transformations of the raw material based on the data of the
presented here PXRD patterns obtained at the selected above mentioned
temperatures.
- The thaumasite crystal structure (data_98394-ICSD) remains intact
up to 373 K.
- At 398 K only the strongest line of the raw thaumasite can be
registered at 13.42 (100) 2θ, (◦ ). This means that a substantial part of
the mineral has undergone thermal decomposition and has turned
into X-ray amorphous substance as evidenced by the halo appearing
within the 24− 35◦ 2θ range. The reflection at 29.50◦ 2θ could be
recognized as being the strongest line of the mineral raw calcite
(data_40113-ICSD). It corresponds to the (104) reflection with d =
3.039 Å and it can readily be detected at the room temperature PXRD
pattern.
- Between 673 K and 773 K the PXRD patterns of the studied material
look much the same as that one collected at 293 K the only difference
being the complete absence of the raw thaumasite and the decrease
of the amorphous halo upon heating indicating certain activation of
this substance preceding the phase growth registered at the next
stages.
- At 873 K the appearance of anhydrite (data_1956-ICSD) is registered
and calcite. The anhydrite phase does not undergo any changes upon

Fig. 3. FTIR spectrum of thaumasite (measured at RT).
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Table 1
FTIR spectrum bands of Thaumasite.
Frequency, (cm− 1)
No
1.
2.
3.
4.
5.
6.

νs (symmetric stretching
vibration)

δs (symmetric bending
vibration)

νas (asymmetric stretching
vibration)

δas (asymmetric bending
vibration)

Associated bonds in Thaumasite Ca3[Si(OH)6]
(SO4.CO3)×12H2O

3502
3469− 3399, 2861− 3239
647
–
–
749

1648
1695− 1648
–
887
–
497

–
–
–
2458, 1394
1066, 1099
–

–
–
–
–
590, 638
–

structural bonded [OH]−
O-H in crystal bonded water
Libration mode of structural bonded [OH]−
C-O in [CO3]2−
S-O in [SO4]2−
Si-O in [Si(OH)6]2−

Fig. 4. a TG/DTG-DSC in Ar gas medium (heating up to 1673 K). b TG/DTG-DSC in air gas medium (heating up to 1673 K).
Table 2
Temperature ranges and ML in Ar and air medium with Evolved gas phases.
Ar gas mеdium

Air gas mеdium

Thermal decomposition stages

Tinfl*
K

Temp. range
K

ML**
%

Tinfl*
K

Temp. range
K

ML**
%

Evolved gas phases

1st
2nd
3rd
4th
5th
all five stages
Interval RT – 1673 K

430.3
698.1
969.4
1267.8
1576.6

345.6− 493.8
626.5− 820.8
908.2− 1030.8
1180.0− 1304.5
1394.1− 1606.8

39.21
4.09
1.51
1.88
10.23
56.92

437.8
707.0
995.8
1269.8
1578.2

341.3− 530.8
580.1− 833.4
918.8− 1033.0
1216.8− 1322.9
1457.6− 1669.1

38.26
4.67
1.11
1.14
9.71
54.89

H2O, O2−
H2O, CO2, SO2, O2−
CO2, O2−
CO2, O2−
SO2, O2−
Summarized ML
Total measured ML

59.71

56.86

Tinfl.* - Temperature in inflection point; ML** - Mass losses.

the further thermal treatment. Simultaneously “a bunch” of calcium
silicate phases starts to grow. At this stage, it has not been possible to
reliably identify and distinguish them so this has been made during
the subsequent stages.
- Between 973 K and 1073 K competitively occurring phase formations
have been registered on the account of the gradually diminishing
amorphous halo that supplies their growth with structural units. The
following phases have been more or less reliably identified in the
PXRD pattern collected at 1073 K: ternesite Ca5(SiO4)2SO4
(data_85123-ICSD); the monoclinic larnite Ca2SiO4 (data_79553ICSD); the orthorhombic polymorph γ-dicalcium silicate Ca2SiO4

(data_18179-ICSD); and the logically appearing at higher tempera
tures hexagonal polymorph α-dicalcium silicate Ca2SiO4
(data_182054-ICSD). Peak overlapping is strongly expressed for the
calcium disilicate polymorph phases and additionally hampers their
precise identification.
Phase identifications of the solid residues left after the thermal
decomposition of the bi-phase sample with predominant thaumasite
content in the two gaseous media have been performed in order to
determine the run-products at 1673 K (Fig. 6). The results are presented
in Table 3 (rows 7, 8) and Fig. 6. The results give evidence for the
4
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formation of various modifications of dicalcium silicate Ca2SiO4
(monoclinic and orthorhombic), CaSiO3 and calcium oxide, all of them
of better crystallinity when heated in air gaseous medium. The reflexes
of wollastonite and calcium oxide overlap with those of larnite, so their
presence in the solid residue of the heating is considered very probably.
4. Discussions
The raw thaumasite begins to decompose immediately, in the 1st
stage of thermal decomposition, as the raw calcite stays stable in this
stage. According to in-situ PXRD analysis, the substantial part of thau
masite has been decomposed and turned into X-Ray amorphous phase

Fig. 6. PXRD patterns of thaumasite after heating up to 1673 K in Ar and Air
gas media.

Fig. 5. In-situ PXRD patterns of thaumasite.

Table 3
Results from the in-situ PXRD phase analyses.
No

Temperature (K)

1.

373

2.

393

3.

673

4.

773

5.

873

6.

973- 1073

7.*

1673 Heating in Ar

8.*

1673 Heating in Air

*

Identified phases
Thaumasite, Ca3Si(OH)6(CO3)(SO4).12H2O, (data_98394-ICSD)
Calcite, CaCO3, (data_40113-ICSD)
Platinum, Pt, (data_649490-ICSD)
Calcite, CaCO3, (47− 1743), (data_40113-ICSD)
Platinum, Pt, (data_649490-ICSD)
Amorphous halo
Calcite, CaCO3, (47− 1743), (data_40113-ICSD)
Platinum, Pt, (data_649490-ICSD)
Amorphous halo
Calcite, CaCO3, (47− 1743), (data_40113-ICSD)
Platinum, Pt, (data_649490-ICSD)
Amorphous halo
Calcite, CaCO3, (data_40113-ICSD)
Platinum, Pt, (data_649490-ICSD)
Anhydrite, CaSO4, (data_1956-ICSD)
Amorphous halo
Platinum, Pt, (data_649490-ICSD)
Anhydrite, CaSO4, (data_1956-ICSD)
Larnite-monoclinic, Ca2SiO4, (data_79553-ICSD)
Larnite-orthorhombic, Ca2SiO4, (data_18179-ICSD)
Larnite-hexagonal, Ca2SiO4, (data_182054-ICSD)
Ternesite, Ca5(SiO4)2(SO4), (data_85123-ICSD)
Larnite-monoclinic, Ca2SiO4, (data_79553-ICSD)
Larnite-orthorhombic, Ca2SiO4, (data_18179-ICSD)
Wollastonite, CaSiO3, (data_26553 -ICSD)
Larnite-monoclinic, Ca2SiO4, (data_79553-ICSD)
Larnite-orthorhombic, Ca2SiO4, (data_18179-ICSD)
Wollastonite, CaSiO3, (data_26553 -ICSD)

Phase identification performed on ex-situ collected PXRD data.
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(Table 3) during the 1st stage. The registered evolved gas phases are
only H2O and O2− (Table 2). These results, and their comparison with
literature, enable to assert that dehydration has been the main thermal
reaction in which almost all crystal water has been released (Eq. 7) [23,
24]. For identification of the registered amorphous phase, and for
clarification the phases, involved in reaction mechanism during this
stage, the thermal analysis are of essential importance. The theoretical
ML from dehydration of thaumasite are a total of 51.12 % (OH-groups
16.40 % and 34.72 % H2O molecules). The measurements show that at
temperature range 340–530 K, occurs 38–39 % ML only (Table 2), i. e.
part of the water stay bonded in solid phases. The measured ML corre
spond to 13.5–14.0 mol bonded water. The registered lower ML in
comparison with theoretical, suggest that part of the water is included in
the newly formed solid phases as calcium hydrogen carbonate Ca
(HCO3)2, calcium hydrogen sulphate Ca(HSO4)2, and probably Ca(OH)2
(equation 7a). Their formation could be accomplished during dehydra
tion in conditions of increasing both, temperature, and partial pressure
of water vapor [23]. Drabik et. al [23]. report the shortening of bonds
lengths between water molecules and carbonate, as well as sulphate ions
during thaumasite thermal decomposition at temperatures up to 580 K.
It is assumed, that at this stage, the thaumasite dehydration, and for
mation of hydrogen salts take place in parallel. The Si4+ remains un
defined in the amorphous phase, probably as SiO2. The theoretical ML of
crystal bonded water from thaumasite with the simultaneous formation
of calcium hydrogen carbonate are 39.06 %. The measurements show
ML of 38.26 % at air medium and 39.21 % at Ar medium, demonstrating
good comparability with the theoretically calculated. During the 2nd
stage of thermal decomposition (580− 830 K), the emission of H2O, CO2
and SO2 has been registered. The ML in this stage are of 4.09%–4.67%,
accompanied by gradually diminishing amorphous halo after in-situ
PXRD. The registered H2O emission marks the release of all crystal
water, i.e. the dehydration occurs (Eq. 8). The solid anhydrous residuum
is represented by CaSiO3.CaCO3.CaSO4 [23,24] or by mechanical
mixture of mentioned above components (Eq. 8a). The CO2 and SO2
emissions are not typical for this temperature range. The obtained re
sults could be explained by simultaneously running the dehydroxylation
process of Ca(HCO3)2, Ca(OH)2, and Ca(HSO4)2; decarbonation of Ca
(HCO3)2; and desulphuration of Ca(HSO4)2 (Eqs. 9–11). The in-situ
PXDR confirms the described processes by registered newly-formed solid
phases – CaSO4, CaCO3, and CaO/CaSiO3. In accordance with
newly-formed phases and the results of mass-spectrometric analysis, 1
mol of CO2 and SO2 remains bounded in CaCO3 and CaSO4, until the
other 1 mol of CO2 and SO2 evolved with the gas phase. Both minerals
are resistant up to significantly higher temperatures and their decom
position occurs in later stages.At 2nd, 3rd and 4th stages, the main
process of temperature decomposition has been associated with CO2
release - decarbonation process with a total low ML. The theoretical ML
from decarbonation are 7.07 %, and the measured are of 7.48 % in Ar
gas medium and 6.92 % in air (Table 2, Fig. 4). The registered low ML
prove the redistribution of components during these stages. The 3rd
stage has been characterized by the emission of CO2 and O2− due to
calcite decarbonation in the temperature range 900–1030 K with 1–1.50
% ML. This temperature range coincide well with the decomposition
temperatures of natural/synthetic calcite from our previous in
vestigations [46–48]. The calcite decarbonation is carried out in
2−
release (Eqs.
accordance with equilibrium CO2−
3 /CO2 with CO2 and O
12–15). The results from simultaneous thermal analysis supposed solid
phases formation : larnite – Ca2SiO4 [18], ternesite – Ca5(SiO4)2(SO4)
[19,49], and spurrite – Ca5(SiO4)2(CO3) [20,50]. Their crystallization
takes place in the thermal heating process, not related to ML. The in-situ
PXRD confirms crystallization of ternesite and three high temperature
polymorphic modifications of larnite (Table 3). Their formation is
possible via unconsumed SiO2 and CaO, obtained by decomposition in
1st stage, and decarbonation in current stage. Confirmation of the
spurrite formation has been obtained from gas analysis in the 4th stage
of thermal decomposition, namely emission of CO2, as it is well known

that calcite is decomposed at this 3rd stage.
During the 4th stage, the high temperature (1180− 1320 K) decar
bonation of spurrite occurs with CO2 and O2− emission (Eqs. 16,17).
This process corresponds to our earlier studies in other systems [50] and
to results by the others [51–53].
During the 5th stage, gas analysis registered both SO2 and SO2
emissions. The identified from in-situ PXRD phases with SO2 are anhy
drite and ternesite. The desulphuration of the latter takes place with 10
% ML which are lower than theoretical (12.86 %) (Eqs. 18–20). This
confirms partly SO2 emission at lower temperature, namely during the
earlier 2nd stage, i.e. Ca(HSO4)-decomposition.
The emission of O2− can be explained by the equilibrium of the
emitting gases and oxygen at temperatures above 620 K for [HCO3]-/
[CO3]2− [54–57] by the equations:
[OH]− /[HCO3]− /[CO3]22[HCO3]− ↔ H2O + 2CO2

(1)

2[OH]− → H2O + O2−

(2)
(3)

[CO3]2− ↔ CO2 + ½O2
2-

Similarly, for [HSO4] /[SO4] [57,58]
−

2[HSO4]− ↔ H2O + 2SO2
[SO4]

2−

↔ SO3 + ½O2

SO3 ↔ SO2 + ½O2

(4)
(5)
(6)

The measured total ML of 59.71 % (Table 2) coincide well with the
theoretical - 60.77 %. This proves the equations described above. In
accordance with the obtained results has been calculated the trans
formation degree of the raw material to the end-phases of decomposi
tion: 98.24 % in Ar, and 93.57 % in air mediums The lower percent of
transformation in air medium is via oxygen emission during Eqs. 2,4 and
5, which shifts the equilibrium to higher temperatures.
Based on the obtained results, and literature data, a complete scheme
of natural thaumasite thermal decomposition is presented:
1st stage - 340− 530 K, Dehydration of thaumasite [23,24]
Ca3Si(OH)6(CO3)(SO4).12H2O → CaSiO3.CaCO3.CaSO4.2H2O + 13H2O (7)
2Ca3Si(OH)6(CO3)(SO4).12H2O→Ca(HCO3)2+Ca(HSO4)2+Ca
(OH)2+2SiO2+3CaO+27H2O(7a)
2nd stage - 580− 830 K, Dehydroxylation, Decarbonation and
Desulphuration of Ca(OH)2, Ca(HCO3)2 and Ca(HSO4)2 [23,24]
CaSiO3.CaCO3.CaSO4.2H2O → CaSiO3.CaCO3.CaSO4 + 2H2O

(8)

or
CaSiO3.CaCO3.CaSO4.2H2O → CaSiO3 + CaCO3 + CaSO4 + 2H2O
Ca(OH)2 → CaO + H2O

(8a)
(9)

Ca(HCO3)2 → CaCO3 + CO2 + H2O

(10)

Ca(HSO4)2 → CaSO4 + SO2 + H2O + ½O2

(11)

3rd stage - 900− 1030 K, Decarbonation of calcite
CaCO3 → CaO + CO2

(12)

CaO + CaSiO3 → Ca2SiO4

(13)

CaCO3 + 2Ca2SiO4 → Ca5(SiO4)2(CO3)

(14)

CaSO4 + 2Ca2SiO4 → Ca5(SiO4)2(SO4)

(15)

4th stage - 1180− 1320 K, Decarbonation of spurrite
Ca5(SiO4)2(CO3) → 2Ca2SiO4 + CaO + CO2

6

(16)
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Ca5(SiO4)2(CO3) → 2CaSiO3 + 3CaO + CO2
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(17)

Acknowledgements

5th stage - 1400− 1670 K, Desulphuration of anhydrite and ternesite
2Ca5(SiO4)2(SO4) → 4Ca2SiO4 + 2CaO + 2SO2 + O2

(18)

2Ca5(SiO4)2(SO4) → 4CaSiO3 + 6CaO + 2SO2 + O2

(19)

2CaSO4 → 2CaO + 2SO2 + O2

(20)
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[24] M. Drábik, Thaumasite: its relevance to sulphate corrosion in concrete,
Nachrichten Aus Der Chemie 59 (5) (2011) VIII–XI, https://doi.org/10.1002/
nadc.201180415.
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