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Abstract: This study provides an insight into possible recycling processes for autoclaved aerated
concrete (AAC) at low temperatures (<1000 ◦C). Belite binders were synthesized from wastes of
AAC by the addition of CaCO3 and adaption of the molar CaO/SiO2 (C/S ratio) in the range of 2 to
2.5. An in situ XRD study performed during heating up to 1000 ◦C and subsequent quenching to
room temperature evidenced the formation of ternesite besides C2S in sulfate-containing systems.
Several factors influencing the reaction kinetics and the evolution of the phase composition were
investigated thoroughly. Increased sulfate content and dwelling time during heating increase the
ternesite content and promote the formation of highly crystalline α’H-C2S. The C/S-ratio of the
starting materials has to be adjusted to the sulfate content in order to prevent the formation of
ternesite at the expense of C2S. Ternesite remains stable during quenching to room temperature or
even increases in amount, except in cases of very low cooling rates or high residual quartz contents
(C/S-ratio ≤ 2). Temperature and range of α’H-C2S to β-C2S phase transition on quenching strongly
depend on the cooling rate. The onset temperature for β-C2S formation varies between 540 ◦C (slow
quench) and 450 ◦C (fast quench). Thermal expansion coefficients of ternesite are calculated showing
similarity with C2S. The incorporation of CaSO4 modules in the structure switches the direction of
maximum compression.

Keywords: ternesite; dicalcium silicate; in situ; X-ray diffraction; high-temperature

1. Introduction

Chemical recycling of cementitious wastes, i.e., their use as secondary raw materials
for the production of C2S-based (C2S = Ca2SiO4 according to the Cement nomenclature,
i.e., C = CaO, S = SiO2, S = SO3, H = H2O) binders, is a promising approach to reduce the
environmental impact of the cement industry in several aspects. Firstly, cement production
is at a very high level, with increasing usage. In 2018, 3.99 Gt cement were produced
from primary raw materials SiO2 and CaCO3 [1]. As a result, the CO2 emissions from the
cement industry amount to 8% of the global CO2 emissions [2]. These emissions include
the “process emissions”, due to the calcination of CaCO3, and the “energy emissions” from
the firing process at 1450 ◦C. Secondly, even though the wastes from mineralogical building
materials have a high recycling rate, the recycling possibilities are limited essentially to
the production of aggregates that are only suitable for addition, e.g., in asphalt production.
There is hardly any application for the fines and the use of recycled material as secondary
raw materials for the production of a high-quality recycling product to replace the binder
is still demanding. In particular, autoclaved aerated concrete (AAC) has a comparably low
recycling rate. For example, German production of ACC in 2016 was 2.5 Mt [3], and the
recycling rate was less than 40%.

The recirculation of these wastes in the production of C2S-cements not only saves pri-
mary raw materials but also saves energy and reduces the CO2 emissions in the production
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process. C2S dominated cement types contain less calcium than ordinary Portland cement
(OPC). Compared to the main binding phase in OPC which is C3S (alite), the synthesis of
C2S (belite) reduces the CO2 “process emissions” by 12%. Additionally, C2S crystallizes
kinetically faster at much lower temperatures, which opens up the possibility to produce a
recycled cement at low firing temperatures of 800–1200 ◦C.

Belite rich cement types have been studied for more than three decades [4–6]. How-
ever, the hydraulic reactivity of belite is comparably slow and it does not contribute
significantly to strength in the first 28 days of hydration. Due to the low mechanical
strength of belite clinkers at early ages, numerous studies focus on the activation of C2S.
One approach is the stabilization of highly reactive modifications of C2S for example by
synthesis of α’H-C2S at low annealing temperatures and long residence times [7], doping
with alkaline oxides [8] or hydraulic activation with sulfate anions [9]. Another approach
is to bridge the slow strength development of C2S by adding fast-reacting phases like
ye’elimite (Ca4Al6O12(SO4)) or ternesite (Ca5(SiO4)2SO4). Calciumsulfoaluminate (CSA)
cements based on the reactivity of ye’elimite were investigated since about 1960 and even
achieved industrial application in China [10]. To improve the technology, particularly
its need for high purity raw materials with its associated costs, the application of belite-
calciumsulfoaluminate (CSAB, [11]) cement was investigated up to the industrial kiln trial
level. The cement contains belite as the main phase and ye’elimite to achieve early strength.
Simultaneously, cementitious properties for ternesite have been proven [12]. In the presence
of aluminum hydroxide, ternesite forms ettringite, AFm phases like strätlingite and C-S-H.
Therewith, belite-calciumsulfoaluminate-ternesite (BCT) technology was developed as a
new low-carbon-emission clinker processing possibility [13–16]. However, these clinkers
are still produced at relatively high temperatures above 1200 ◦C compared to the fact that
ternesite and C2S formation take place at 930 ◦C [17] and 600 ◦C, respectively, in chemically
recycled cementitious materials [18].

With the use of AAC as a raw material for the synthesis of a C2S binder at temperatures
below 1000 ◦C, sulfate reaction enables the formation of ternesite besides C2S. AAC usually
contains CaSO4 added for achieving an initial strength of the green body and, further,
recycled AAC contains additional CaSO4 due to inevitable contamination with masonry.
Therefore, no addition of sulfate to the raw material feed is required. In the calcination
process, ternesite fixes the sulfur oxides released by the reaction of anhydrite and quartz to
calcium silicates, which starts at temperatures of about 900 ◦C, depending on the quartz
content [19]. Such C2S binders from wastes of AAC could be directly recirculated in
the hydrothermal process of AAC production or they could be used as feedstock for
hydrothermal based binders, e.g., Celitement [20–23].

The ternesite structure, as well as the formation and hydration characteristics of
phases in the CaO-SiO2-CaSO4 system, were subject to several studies [24–27]. Ternesite, a
calcium-silicate-sulfate is isostructural with silicocarnotite [28,29] and is built up of isolated
SiO4 and SO4 tetrahedra connected via calcium atoms that are 6- or 7-fold coordinated.
Ternesite can accommodate various chemical partners in its structure and is stable under
a wide range of thermal conditions. High-temperature investigations by in situ Raman
spectroscopy proved the transformation of natural ternesite to the high-temperature poly-
morph of dicalcium silicate between 730 ◦C and 1120 ◦C [17]. In the system CaO, SiO2,
and CaSO4 ternesite formation was observed at 930 ◦C. The phase transition to C2S took
place at higher temperatures between 1020 ◦C and 1100 ◦C where ternesite and C2S coexist.
This study also includes a semi-quantitative analysis of the phase contents. However,
quantitative data from Raman spectroscopy is strongly influenced by factors like the crystal
orientation, grain sizes, and the temperature dependence of peak positions and widths.
Whereas hyperspectral Raman imaging provides high-resolved information about the
crystal growths and lateral phase distribution, exact quantification is restrained due to
these factors and due to the small sample volume probed (100 µm × 100 µm).

In the present study, sample mixtures of autoclaved aerated concrete with CaCO3
were heated to 950–1000 ◦C. The reactions were monitored in situ by X-ray diffraction.
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This allows the determination of the quantitative crystalline phase content, crystallite sizes,
and lattice parameters during the high-temperature-solid state reactions. Linear thermal
expansion coefficients for ternesite were calculated. In addition, the influence of heating
and cooling rate, as well as the effect of changes in C/S-ratio on the growth and stability of
C2S and ternesite, was investigated.

2. Materials and Methods
2.1. Raw Material Analysis

Four samples of industrial waste materials with different sulfate contents were chosen
for the high-temperature experiments. Three samples were demolition wastes from the
solid waste management company Otto Dörner (secondary material SM(D1,D2,D3)) and
one sample was residue from the production process of autoclaved aerated concrete
provided by Xella (SM(P)). All raw material samples were dried at 260 ◦C. Chemical
analyses were performed by X-ray fluorescence analysis (XRF) (AXS S8 Tiger, Bruker,
Mannheim, Germany). Two beads per sample were prepared by mixing sample material
200 mg and 400 mg, respectively, with 6 g Li-borate salt. These mixtures were melted in
a Claisse M4 fluxer. Due to different concentration in the samples two calibration curves
according to the concentration range of the samples were prepared. Eight calibration beads
per calibration curve were produced by mixing and melting ultraclean substances, mainly
oxides, with Li-borate salt.

The quantitative phase content of the raw materials was determined by X-ray diffrac-
tion. Approximately 1.2 g of the samples were measured using an Empyrean diffractometer
(Malvern-PANalytical, Almelo, Netherlands) equipped with a multistrip PIXcel3D detector
(255 channels, simultaneously covering 3.347◦ 2θ), CuKα-radiation, and Bragg-Brentano
optics. Measurements were conducted in the range of 5◦ to 120◦ 2θ with slits of 0.125◦,
Soller slits of 0.04 rad (2.3◦) and sample spinning. Kβ-radiation was eliminated by Bragg-
Brentano HD optics. Phase identification was performed with the software packages
Highscore-Plus V. 4.9 (PANalytical) and Diffrac-Plus (Bruker-AXS, Karlsruhe, Germany)
using PDF 2004 (ICDD) and COD 2019 databases. Bulk quantitative phase analyses of the
four samples mixed with an internal standard (20 wt.% α-Al2O3) were performed with
the Rietveld method following the fundamental parameters approach implemented in
TOPAS V4.2 (Bruker-AXS) to determine crystalline and amorphous contents. The struc-
ture models and additional parameters used for the Rietveld refinement are listed in the
Supplementary Material Table S1.

For comparison, thermal analysis (TA) was performed in Al2O3 crucibles from ambient
temperature to 1400 ◦C with a heating rate of 10 ◦C per minute under nitrogen flux (DSC-
TG; STA 449 F3 Jupiter, Netzsch, Selb, Hanau, Germany).

2.2. High-Temperature XRD

For the in situ experiments up to 1000 ◦C the Empyrean diffractometer (see Section 2.1)
was equipped with a high-temperature chamber HTK1200N (Anton Paar). The raw material
samples SM(P) and SM(D1,D2,D3) were homogenized with CaCO3 (Merck) to receive a
C/S-ratio of 2 for the starting mixtures (P, D1, D2 and D3). For comparison of different C/S-
ratios, another sample was prepared with SM(D3) and CaCO3 in a C/S-ratio of 2.5 (D3_2.5).
Since the reaction rate of sulfates depends strongly on the sample composition, crystallinity,
and heating rate, all phases were assumed to be potentially reactive at 1000 ◦C. Specific
surface area (SSA) was measured at the raw material mixtures using a Quantachrome
Nova 4000e (Quantachrome Instruments, Boynton Beach, FL, USA) with Nitrogen as probe
and liquid nitrogen as coolant. All samples were dried under vacuum at 105 ◦C prior to
analysis. Subsequently, fitting was performed according to the BET theory [30]. Surface
areas are 6.5, 5.8, 6.2, and 7.2 m2/g for the samples P, D1, D2, and D3, respectively.

Approximately 0.2 g of the sample was compressed in an aluminum oxide sample
holder. After measurement of the starting mixture at 25 ◦C (4–70◦ 2θ in 18 min), all samples
were heated to 550 ◦C with 50 ◦C/min. The highest possible heating rate was chosen
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in our standard experiments (step50) to keep comparability with the rotary kilns that
would be used for large-scale recycling. Between 550 ◦C and 1000 ◦C, the heating rate
is 50 ◦C/4 min. Powder patterns were recorded every 50 ◦C (20–50◦ 2θ in 9 min). After
20 min dwell time at 1000 ◦C and one measurement (5–70◦ 2θ in 18 min) the cooling process
to room temperature was monitored accordingly. Since the high-temperature chamber is
only cooled by water, the quench rate decelerates with lower temperatures (20 min for
100–50 ◦C). Another experiment with a lower heating rate was conducted on sample D3
(step10). After heating to 150 ◦C in 22 min, the heating rate was reduced to 50 ◦C/7 min
and data were collected every 50 ◦C (20–50◦ 2θ in 9 min). Between 600 ◦C and 950 ◦C, the
heating rate was decelerated once more to 50 ◦C/10 min and data were collected every
10 ◦C (5–70◦ 2θ in 18 min). After a dwell time of 4 days at 950 ◦C, the cooling process to
150 ◦C was monitored in 10 ◦C steps accordingly.

Quantitative contents of the crystalline phases were refined by the Rietveld method
(see Section 2.1) at every temperature step that was measured in the in situ experiments.
Since there is no sample spinning possible in the high-temperature experiments texture
and orientation effects have to be accounted for. The effects of preferred orientation are
included by expanding the orientation distribution in spherical harmonics (4th order)
for α’H-C2S, quartz, wollastonite, ternesite, and anhydrite. As the quantitative result for
β-C2S is strongly influenced by the correction of preferred orientation, it was included
in the refinement only in the case of phase contents > 40 wt.%. For the high-temperature
experiments, no standard was added to avoid reactions of the sample with Al2O3. In order
to determine the amorphous content of the synthesized products, additional XRD measure-
ments with standard were performed at room temperature under the same conditions as
described for the starting materials.

3. Results
3.1. Raw Material Composition

The results from chemical analyses are presented in Table 1. The sulfate content of
the individual samples varies between 1 and 11 wt.% with the highest values for SM(D2)
and SM(D3). Amounts of SiO2 vary between 43 and 56 wt.% and for CaO between 25 and
31 wt.%, respectively. The molar C/S-ratio ranges from 0.47 to 0.68.

Table 1. Chemical composition of the raw materials determined by XRF. Loss of ignition = LoI.
Additional phase content of TiO2 < 0.2 wt.%. Samples were dried at 105 ◦C prior to analysis.

Sample LoI
(wt.%)

SiO2
(wt.%)

CaO
(wt.%)

SO3
(wt.%)

Al2O3
(wt.%)

Fe2O3
(wt.%)

MgO
(wt.%)

K2O
(wt.%)

Na2O
(wt.%)

SM(P) 6.68 49.2 31.4 4.20 3.14 1.29 0.96 0.75 0.75
SM(D1) 11.6 56.1 24.7 1.44 2.00 0.63 0.40 0.60 0.60
SM(D2) 9.90 47.0 26.3 10.7 2.28 0.84 0.48 0.58 0.58
SM(D3) 14.3 43.3 25.7 9.42 2.84 1.12 0.57 0.60 0.60

Table 2 shows the results from Rietveld refinements. All samples contain the crystalline
phases 11 Å tobermorite, quartz, calcite, vaterite, aragonite, feldspars, and the sulfates
bassanite and anhydrite. Corresponding to XRF and thermal analysis data the highest
sulfate contents were observed for samples SM(D2) and SM(D3). The amorphous contents
according to the XRD data vary between 52 and 65 wt.%. The amorphous component
consists essentially of the binding phase C-S-H, but also contains low-crystalline carbonate
and sulfates.
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Table 2. Quantitative phase contents determined by XRD analysis of the raw materials. The e.s.d.’s. are shown in parentheses
(Toberm. = 11 Å tobermorite).

Sample Amorphous
(wt.%)

Quartz
(wt.%)

Calcite
(wt.%)

Vaterite
(wt.%)

Aragonite
(wt.%)

Toberm.
(wt.%)

Feldspars
(wt.%)

Anhydrite
(wt.%)

Bassanite
(wt.%)

SM(P) 64.7(1.0) 13.2(2) 3.20(16) 1.16(11) 0.21(6) 13.3(3) 0.5(3) 2.38(14) 1.36(13)
SM(D1) 52.0(6) 25.9(2) 3.95(11) 2.82(11) 4.97(17) 5.33(17) 2.7(4) 0.48(10) 1.87(12)
SM(D2) 60.5(6) 22.2(2) 4.25(13) 2.30(13) 1.80(14) 2.4(2) 5.00(13) 1.59(16)
SM(D3) 60.4(6) 19.64(2) 4.01(12) 2.64(12) 2.69(14) 3.5(2) 3.37(12) 3.75(15)

Selected weight losses determined by thermal analysis are given in Table 3. The weight
loss between 30 ◦C and 950 ◦C and the weight loss between 830 ◦C and 1400 ◦C correlate
with the loss of ignition (LoI) and the sulfate content, respectively. Discrepancies between
LoI and TA results are due to differences in the heating rates. The content of amorphous
CaCO3 and CaSO4 was calculated from the difference between thermal analysis and CO2
and SO3 in crystalline phases determined by XRD. Large amounts of amorphous carbonate
were found in the waste materials, whereas amorphous sulfate increases with the total
sulfate content. The residual amorphous phase varies between 35 and 59 wt.% and can be
ascribed to the C-S-H binding phase.

Table 3. Results from thermal analysis of the raw materials. Weight losses between 30 ◦C and 450 ◦C, 450 ◦C and 830 ◦C,
and 830 ◦C and 1400 ◦C are assumed to be representative for the weight losses due to the release of H2O, CO2, and SO3

with errors of ±0.5 wt.% that result from overlap in the ranges 450 ◦C to 500 ◦C and 830 ◦C to 900 ◦C. Amorphous CaCO3,
CaSO4, and C-S-H were calculated from the results of TG and XRD.

Sample
Weight Loss

30–950 ◦C
(wt.%)

H2O
30–450 ◦C

(wt.%)

CO2
450–830 ◦C

(wt.%)

SO3
830–1400 ◦C

(wt.%)

Amorphous
CaCO3
(wt.%)

Amorphous
CaSO4
(wt.%)

Amorphous
C-S-H
(wt.%)

SM(P) 6.3 2.9 2.4 4.9 1.4 5.6 59.1
SM(D1) 13.9 3.7 9.7 1.6 9.0 1.4 41.2
SM(D2) 10.2 2.0 7.6 10.9 8.6 12.5 39.6
SM(D3) 15.9 2.5 9.9 11.3 11.8 13.3 34.9

3.2. Qualitative Phase Contents In Situ at 1000 ◦C and 25 ◦C after Heating Experiments

Figure 1 shows the powder patterns of sample D3 at 1000 ◦C and 25 ◦C after the
heating experiment (step50). The measurement at 1000 ◦C proves the formation of C2S.
According to the literature [31–33], the formation of x- or α’L-structure of C2S (P21/a) was
expected at 1000 ◦C. However, the split-model structure of α’H-C2S fits the observed
intensities much better. Since the use of low-crystalline calcium silicate hydrate, instead of
clinker raw materials, promotes the formation of α’H-C2S at lower temperatures [7], this
structure was used in the refinements. It consists of two distinct domains with a space
group P21/a, which are interconnected by a mirror plane orthogonal to b [34]. The high
sulfate content of sample D3 results in residual amounts of anhydrite besides ternesite. In
addition, minor residues of raw materials like quartz and lime were observed. The sample
is almost free of ye‘elimite (phase content < 2 wt.% in all samples). Comparison to the
powder pattern measured at 25 ◦C shows the appearance of a characteristic β-C2S peak at
34.4◦ 2θ proving the transformation of α’H-C2S into β-C2S during cooling [35].

Figure 2 depicts the variation in peak intensities and positions with temperature
(step10) and reveals the formation of low-crystalline α’H-C2S around 700 ◦C. At tempera-
tures above 850 ◦C ternesite formation starts and C2S emerges as high-crystalline α’H-C2S.
During cooling of the sample from 1000 ◦C to room temperature, there is no change in the
ternesite peak intensities visible. Between 400 ◦C and 350 ◦C, the appearance of the peak at
34◦ 2θ denotes the beginning of the transformation from α’H-C2S to β-C2S.
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3.3. In Situ Measurements during Heating

Variations of selected phase contents and crystallite sizes as a function of temperature
are shown in Figure 3. Selected quantitative results from Rietveld refinements are summa-
rized in Table 4 (detailed data in steps of 100 ◦C is listed in the Supplementary Material
Table S2). All samples show a decrease in calcite content accompanied by first signs of C2S
formation starting at 650 ◦C (Figure 3a,b). At 800 ◦C there is almost no calcite left. The
slowest decrease in calcite content was observed for sample D1. In all samples, the C2S
content increases between 650 ◦C and 1000 ◦C. However, between 650 ◦C and 900 ◦C, the
crystallite sizes calculated by Rietveld, i.e., the sizes of the coherent scattering domains of
C2S are below 50 nm. This confirms the growth of C2S with extremely low crystallinity
at the beginning and implies the risk of overestimation. The formation of the crystalline
structure of α’H-C2S is not observed unequivocally before 950 ◦C. The highest content in
α’H-C2S of almost 90 wt.% was found for sample P followed by samples D2 and D3 with
contents around 73% at 1000 ◦C. The low-sulfate sample D1 shows the lowest value of
64%. Comparison between the crystallite sizes of α’H-C2S at 1000 ◦C indicates high values
of about 150 nm for the high sulfate samples, D2 and D3, and values below 100 nm for
samples with lower sulfate content, P and D1.
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Figure 3c depicts the variation of quartz, lime, and wollastonite contents for samples
P and D1. The sulfate contents are low in these samples resulting in lower amounts of
anhydrite and ternesite, respectively (<4 wt.%). Whereas the content of quartz decreases
continuously, both lime and wollastonite form between 750 ◦C and 800 ◦C. Comparison to
Figure 3a reveals the coincidence of this range with a deceleration of the α’H-C2S formation.
In particular, sample D1 shows high lime and wollastonite contents of 40 wt.% and 10 wt.%
at 800 ◦C, respectively. In the three samples P, D2, and D3 (Figure 3d) only about 25 wt.%
lime is formed, and samples D2 and D3 show almost no wollastonite (<3 wt.% in the whole
temperature range). At temperatures above 800 ◦C, both lime and wollastonite decompose
to form C2S. In accordance with their higher sulfate content, samples D2 and D3 contain
anhydrite and ternesite at 950 ◦C. The anhydrite content decreases from 10 wt.% at 550 ◦C
to 7 and 5 wt.% at 1000 ◦C in samples D2 and D3, respectively. Hence, only a part of the
Ca-sulfate has transformed to ternesite. Maximum ternesite contents are 8 and 9 wt.% in
D2 and D3, respectively.
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Table 4. Selected crystalline phase contents determined in situ and quantitative analysis with standard at room temperature (Std). Anh. = anhydrite and Wollast. = wollastonite. Additional
minor phase contents in all samples are <4 wt.% spurrite and gehlenite, <3 wt.% browmillerite and microcline, <2 wt.% ye’elimite, åkermanite, and albite. D3_step10: experiment with
slow heating rate (additional 5.3(4) and 8.6(4) wt.% åkermanite-gehlenite at 950 ◦C and 25 ◦C, respectively). D3_2.5: experiment with C/S-ratio of 2.5.

Sample and Temperature (◦C) Amorph α’H-C2S β-C2S Ternesite Quartz Calcite Lime Anh. Wollast.

P 600 18.0(8) 75.7(1.2) 2.7(4)
P 700 37.0(1.0) 13.4(6) 44.4(1.1) 2.8(3)
P 800 55.2(1.0) 7.1(4) 0.6(2) 24.4(5) 1.84(15) 9.2(4)

P 1000 89.9(8) 2.2(4) 1.6(2) 0.03(2) 1.5(3)
P 600 95.6(7) 1.5(3) 0.25(9)
P 500 93.6(1.0) 2.3(8) 1.4(3) 0.26(10)
P 400 75.2(1.0) 21.6(8) 0.8(2) 0.32(15) 0.5(3)
P 25 1.7(9) 87.4(1.3) 0.5(3) 1.3(2) 1.1(3) 1.0(3)

(P)Std - 90.0(6) 0.44(13) 2.52(7) 0.63(11) 0.14(5)

D1 600 18.8(6) 79.1(7) 0.52(16)
D1 700 16.1(7) 17.5(2) 63.4(9) 0.9(2) 0.42(14)
D1 800 38.2(6) 14.6(4) 1.0(2) 38.0(5) 0.25(8) 4.6(4)

D1 1000 64.4(5) 1.9(2) 7.9(2) 16.26(17) 0.21(6) 4.6(2)
D1 600 67.6(7) 2.7(2) 8.3(3) 4.02(13) 11.44(17) 2.09(19)
D1 500 63.6(7) 3.1(4) 1.9(2) 9.8(5) 3.9(2) 10.28(17) 2.3(3)
D1 400 58.4(7) 7.4(6) 1.40(17) 10.0(4) 4.3(2) 10.59(18) 2.5(2)
D1 25 14.6(8) 46.7(1.6) 1.95(18) 9.4(4) 6.7(3) 12.0(4) 0.52(14) 2.46(19)

(D1)Std 10.2(1.7) 4.2(3) 47.2(9) 1.17(11) 8.76(16) 7.02(15) 12.07(17) 4.32(12)

D2 600 20.3(6) 65.9(1.0) 10.6(9)
D2 700 20.0(1.0) 18.2(6) 47.0(1.1) 0.6(2) 11.6(9)
D2 800 51.8(1.0) 11.7(4) 26.7(6) 5.9(4) 2.9(4)

D2 1000 72.5(7) 8.1(2) 5.1(3) 1.93(6) 6.90(17) 1.13(14)
D2 600 72.5(6) 9.8(3) 4.87(18) 0.37(10) 5.1(2) 0.44(17)
D2 500 73.0(7) 0.8(3) 9.9(2) 4.4(4) 0.65(6) 4.7(2) 0.57(17)
D2 400 50.3(6) 22.8(5) 10.4(3) 4.9(4) 0.3(2) 0.66(6) 5.0(2) 0.6(2)
D2 25 5.9(5) 65.2(9) 11.0(3) 3.7(2) 0.84(16) 1.10(7) 4.47(17) 0.86(18)

(D2)Std 4.8(1.3) 1.08(1.7) 62.6(6) 11.36(17) 5.62(12) 1.49(11) 2.52(5) 4.50(9) 0.64(10)

D3 600 20.2(6) 65.0(1.0) 11.2(9)
D3 700 30.8(9) 15.3(5) 37.4(1.0) 0.7(2) 13.3(8)
D3 800 55(2) 11.8(6) 22.3(9) 7.3(5) 1.9(5)

D3 1000 74.2(6) 9.2(3) 4.9(2) 0.90(10) 5.1(2) 1.2(2)
D3 600 73.2(7) 10.6(3) 4.7(3) 0.25(5) 3.8(2) 0.7(3)
D3 500 74.8(8) 0.9(3) 10.2(3) 3.0(4) 0.25(6) 3.6(29 0.74(19)
D3 400 53.9(7) 20.3(5) 10.6(3) 3.2(4) 1.0(3) 0.23(6) 3.6(2) 0.9(3)
D3 25 5.6(5) 64.7(1.0) 11.1(3) 4.1(2) 0.77(16) 0.50(7) 4.00(17) 1.06(18)

(D3)Std - 1.35(18) 65.4(6) 8.31(16) 5.57(13) 1.23(12) 1.84(5) 7.46(11) 0.99(11)
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Table 4. Cont.

Sample and Temperature (◦C) Amorph α’H-C2S β-C2S Ternesite Quartz Calcite Lime Anh. Wollast.

D3_step10 950 65.9(5) 19.0(2) 1.71(9) 0.04(2) 0.18(7) 4.7(3)
D3_step10 25 1.1(2) 67.3(5) 14.10(15) 0.45(10) 0.41(9) 0.16(7) 4.43(10)

D3_2.5 950 62.9(5) 4.5(3) 6.0(2) 15.6(2) 6.2(2) 0.9(2)
D3_2.5 1000 66.7(5) 11.8(2) 3.14(18) 6.77(9) 5.61(15) 1.17(18)

D3_2.5 25 10.2(5) 49.9(1.1) 18.6(5) 1.6(29 1.83(15) 4.68(12) 4.23(15) 0.90(17)
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3.4. In Situ Measurements during Cooling

Figure 4a,b show the variation in phase content of ternesite and C2S during cooling
from 1000 ◦C to room temperature. The ternesite content shows no variation in the
whole temperature range whereas the content of α’H-C2S starts to decrease at 450 ◦C.
Simultaneously the formation of β-C2S starts. Between 300 ◦C and 350 ◦C, the contents
of α’H-C2S and β-C2S are similar in all samples followed by a further increase in β-C2S
content towards room temperature where there are only minor amounts of α’H-C2S left.
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As observed during heating, the crystallite sizes of α’H-C2S are much smaller in the
sulfate-poor samples P and D1 (Figure 4c,d). Between 1000 ◦C and 500 ◦C the values range
around 76, 98, 168, and 152 nm for P, D1, D2, and D3, respectively. At 500 ◦C low crystalline
β-C2S starts to form, therewith the crystallite sizes of α’H-C2S in D1, D2 and D3 start to
decrease and approach the ones of β-C2S that are below 60 and 100 nm for D1 and D2/D3,
respectively. There is a further decrease in crystallinity of β-C2S towards room temperature,
which results in crystallite sizes below 50 nm for P and D1 and below 80 nm for D2 and D3.

The results from comparative measurements with added standard at room temper-
ature (Table 4; (P,D1,D2,D3)Std) show that the amorphous content varies from 0 wt.%
in (P)Std and (D3)Std to about 10 wt.% in sample (D1)Std. The phase contents differ in
some aspects from the in situ measurements. The content of α’H-C2S is much smaller in
all standard measurements. In addition, there are minor non-systematic differences in
β-C2S, anhydrite, quartz, ternesite, and wollastonite contents in individual samples. These
deviations can be ascribed to different aspects. First of all, due to the low crystallinity
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of β-C2S differentiation between amorphous and C2S is not unambiguous. Secondly, the
sample was removed from the sample holder and was ground with the standard prior to
the second measurement. Therefore, sample inhomogeneities could account for differences
in measurements. Finally, since all samples show lower contents in α’H-C2S in the second
measurement, further conversion of α’H- to β-C2S during repeated XRD measurement
is conceivable.

3.5. Influence of Heating Rate/Residence Time

Figure 5a shows a comparison between C2S and ternesite formation in sample D3
during low and high heating rates. The sample was measured every 10 ◦C and 20 min
(step10) and every 50 ◦C and 12 min (step50), respectively. Whereas the influence of the
heating rate on the phase content of α’H-C2S is small, it has a strong impact on the formation
of ternesite. At a low heating rate, ternesite starts to form at 850 ◦C instead of 950 ◦C as
observed with a high heating rate. In addition, the total amount of ternesite is much higher.
The sample measured at 940 ◦C with a low heating rate already contains more than 10 wt.%
ternesite. After a residence time of 4 days at 950 ◦C, the sample contains almost 20 wt.%
ternesite. However, this growth is at the expense of α’H-C2S. Whereas between 700 ◦C
and 850 ◦C the content in α’H-C2S is slightly higher in the samples heated with the low
heating rate the formation of ternesite consumes calcium at temperatures exceeding 850 ◦C
and less α’H-C2S is found in these samples. Instead of α’H-C2S, calcium-poor phases like
wollastonite (Figure 5b) and åkermanite-gehlenite (Table 4) are formed. The raw materials,
quartz, anhydrite, calcite/lime are consumed almost completely. Although the contents
of α’H-C2S show only a minor response to the heating rate, the crystal sizes shown in
Figure 5c indicate that there is an influence of the heating rate on the α’H-C2S-formation.
A high heating rate produces low-crystalline α’H-C2S with crystallite sizes below 50 nm up
to temperatures of 900 ◦C. With the low heating rate, crystallites are larger than 100 nm at
these temperatures. Crystallite sizes of ternesite show similar high-temperature behavior
as these of α’H-C2S at temperatures above 880 ◦C although the values are slightly smaller.
Below 880 ◦C (step10) and below 950 ◦C (step50) the phase contents of ternesite range
below 5 wt.% and, therefore, the crystallite sizes were restrained to the minimum of 50 nm.

The changes in phase contents of C2S and ternesite during fast and slow cooling are
shown in Figure 5d. As observed in the previous experiments, there is no change in the
ternesite amount with temperature decrease down to 150 ◦C. However, in contrast to all
other experiments the room temperature measurement after slow heating and cooling
(Table 4) shows a drop in ternesite content between 150 ◦C and 25 ◦C where ternesite
reacts with small amounts of residual quartz to β-C2S. The phase transition from α’H-C2S
to β-C2S depends on the cooling rate. It starts at 550 ◦C for the sample cooled slowly,
compared to 470 ◦C for the rapidly cooled sample, respectively. At 470 ◦C, the slowly
cooled sample already shows almost equal contents of α’H-C2S and β-C2S. At 150 ◦C the
contents of β-C2S are similar in both samples, but the content of residual α’H-C2S decreases
with decreasing cooling rate.

3.6. Increase in C/S-Ratio

Since ternesite formation consumes calcium and silicon in a ratio higher than 2, its
formation promotes phases with low C/S-ratio at the expense of C2S-phases. Therefore,
another experiment with a C/S = 2.5 (high heating rate) was performed in order to investi-
gate if an increase in C/S would lead to higher contents in C2S besides ternesite (Table 4).
Whereas the ternesite content at 1000 ◦C is slightly higher compared to the sample with
C/S = 2 (high heating rate), the content of α’H-C2S is significantly lower. Instead, this
sample contains with 7 wt.% a large amount of unreacted lime. During cooling to room tem-
perature, even more ternesite forms at the expense of C2S. This underlines the importance
of the sulfate content as a limiting factor for ternesite and C2S formation.
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3.7. Lattice Parameters

High-temperature lattice parameters of α’H-C2S and β-C2S were refined for samples
D1, D2 and D3. Values for a-, b-, and c-axes and the β-angle in β-C2S are shown in
Figure 6a–d. For exact correction of the values for sample height, the lattice parameters of
quartz were fixed to those corresponding to high-temperature literature data during the
refinements. Between 1000 ◦C and 550 ◦C the high-quartz structure [36] was used. Data
between 550 ◦C and 25 ◦C were fitted with the low-quartz structure [37]. The temperature-
dependent lattice parameters from high-temperature X-ray studies of quartz [38] were
fixed for each temperature step. Based on these assumptions the orthorhombic unit cell
of α’H-C2S and the monoclinic cell of β-C2S were refined for phase contents exceeding
20 wt.%. Due to the low quartz contents in sample P, no lattice parameters could be refined
for this sample.

All lattice parameters decrease with decreasing temperature. Within the range of
high- to low-quartz transition (~575 ◦C) a slight discontinuity was determined in all
lattice parameters. This is ascribed to deviations between literature data and real lattice
parameters of quartz related to the transition. In addition, these deviations are in the range
of maximum errors determined in the Rietveld refinement, which are 0.003, 0.003, and
0.004Å for axes a, b, and c, respectively. These comparably high values are due to the
coexistence of both phases over a wide temperature range.
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The α’H-C2S to β-C2S transition between 500 ◦C and 150 ◦C is characterized by distinct
discontinuities in unit cell axes and an increase in β-angle from 90◦ in the orthorhombic
structure to almost 94◦ in the monoclinic structure. Common to all structures of C2S
modifications is the framework of interconnected M(1) and M(2) Ca polyhedra with isolated
(SiO4) tetrahedra [41]. The mechanisms of the transition from high- to low-temperature
C2S can be described in terms of distorted heterogeneous close-packed layers of these
polyhedra [42]. In both structures layers of M(1) eight-vertex polyhedra are threaded by a
framework of M(2) polyhedra. With the transition from α’H-C2S to β-C2S, the deformation
of these close-packed layers increases as the size of the coordination spheres around Ca and
the number of shared polyhedral edges decrease. In addition, the transition from α’H-C2S
to β-C2S causes a change in the setting of the unit cell. The structural relationship between
the Pnma (orthorhombic) α’H-C2S and the P121/n1 (monoclinic) β-C2S, which does not
involve change of Z, could be represented as a(α’H) = b(β), b(α’H) = a(β), c(α’H) = c(β),
in terms of unit cell parameters. Comparison of the a-axis for α’H-C2S to the b-axis for
β-C2S shows an almost continuous decrease with temperature even in the range of the
phase transition, but the a-axis in β-C2S is much shorter than the b-axis in α’H-C2S. As the
M(2) polyhedra form zigzag columns along the a-axis of β-C2S this reflects the decrease
in the number of nearest neighbors of Ca in the M(2) position from eight to seven. The
c-axis shows only a small step to higher values with the transition from orthorhombic to
the monoclinic structure. The main difference between the structures is the increase in
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β-angle that indicates the symmetry reduction. This results from the changes in the type of
connection of M polyhedra and the associated rotation of Si tetrahedra. As the temperature
decreases from 400 ◦C to 25 ◦C, the β-angle increases further from 93.8◦ to 94.4◦ in D2 and
D3. The values for the low-sulfate sample D1 are slightly smaller although all other lattice
parameters are similar to the high-sulfate samples.

The lattice parameters determined during the experiment with slow cooling rate
(step10) show smaller values especially for the unit cell of α’H-C2S. This indicates a stronger
influence of the residence time on the adaption of lattice parameters to the temperature
conditions. As this slow heating and cooling experiment contains about 20 wt.% ternesite,
it also enables the determination of crystallite sizes (Figure 5) and lattice parameters
for ternesite (Figure 7). Crystallite size is 198 ± 16 nm and remains constant within
the error during cooling. Lattice parameters for the orthorhombic unit cell of ternesite
were refined for each temperature step. In order to eliminate the discontinuity around
α-β-quartz transition, which leaves a distinct imprint on the linear behavior of ternesite
lattice parameters, the data between 600 ◦C and 300 ◦C were re-refined with fixed lattice
parameters of gehlenite. The sample contains about 5 wt.% gehlenite and a linear evolution
of melilite lattice parameters was demonstrated in previous experiments [43]. Therefore,
the temperature-dependent unit-cell parameters from a linear fit to gehlenite data could
be used for the correction of the ternesite lattice parameters. Figure 7 shows the unit-cell
parameters of ternesite normalized to the parameters at room temperature. All of the
lattice parameters decrease linearly at temperatures between 950 ◦C and 150 ◦C. However,
the room temperature measurement indicates deviation from linear thermal expansion
behavior between 150 ◦C and 25 ◦C as measured room temperature lattice parameters are
6.8426(4), 15.3852(7), 10.1711(5) Å for the a-, b-, and c-axis, respectively. As expected the
thermal expansion is anisotropic with higher expansion for the b-axis compared to the a-
and c-axis.
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4. Discussion

Our in situ heating experiments on mixtures of wastes from autoclaved aerated
concrete with calcite were aimed at the synthesis of a low-temperature C2S binder with
only minor amounts of ternesite for a better early age strength. Therefore, we limited the
temperature range in our experiments to the maximum temperature of 1000 ◦C and chose a
C/S-ratio of 2 for the most of the experiments. For a comprehensive overview, we discuss
our results in the context of the Raman spectroscopic study of Böhme et al. within the pure
CaSO4-SiO2-CaO system and C/S of 2.5 [17].
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4.1. Formation Mechanisms of C2S and Ternesite

X-ray diffraction data evidences the formation of C2S together with the decomposition
of CaCO3 at temperatures below 700 ◦C. This is consistent with Raman spectroscopic
observations and confirms that the availability of free lime enables the formation of C2S
at lower temperatures compared to experiments with anhydrite as the CaO source only.
Raman images show the first growth of C2S as rims at the interface between quartz and
lime. Our quantitative results show a rapidly starting formation of C2S at 650 ◦C, the rate
of which slows significantly between 750 ◦C and 800 ◦C. This can be explained by the fact
that such C2S rims form barriers between the reactants that restrain further diffusion of
Ca2+ ions [44,45]. Instead, significant amounts of the low-calcium phase wollastonite form
besides residual lime. C2S formation is merely enabled by small quartz grains embedded in
the CaO matrix. This C2S is of very low crystallinity. At higher firing temperatures, around
850 ◦C, the decomposition of anhydrite starts, and the diffusion of Ca2+ through the barrier
is facilitated. High crystalline C2S forms by wollastonite transformation with Ca2+ besides
C2S from the further reaction of quartz with lime. This causes another increase in the C2S
formation rate with temperature. The positive effect of longer dwell times on the formation
of C2S was found for temperatures below 900 ◦C only. At higher temperatures, ternesite
formation starts at the expense of C2S. The influence of dwell times on ternesite formation
is much more significant.

We observed the first ternesite formation from C2S and anhydrite in the high sulfate
samples D2 and D3 during slow heating at 850 ◦C and during fast heating at 950 ◦C. Given
the temperature steps that are 50 ◦C in most of the experiments, this is in accordance
with the results obtained by Raman spectroscopy where first signs of ternesite were found
around 880 ◦C and 930 ◦C in experiments with low and high heating rate. However,
the C/S-ratio and heating rates in Raman spectroscopic experiments differ considerably
from ours as they reach a temperature of 950 ◦C in 29 and 6 h compared to 12 and 2 h in
our experiments. This shows that the onset temperature of ternesite formation depends
strongly on the heating rate but is additionally limited to the anhydrite decomposition
temperature. This temperature in turn depends on the quartz content of the sample, which
would explain the lowest ternesite formation temperature in our slow heating experiments
with low C/S-ratio. However, data at 850 ◦C is lacking in Raman spectroscopic experiments.
In addition, there is probably an influence of differences in gas fugacities arising from the
different sample and sulfate amounts and different geometries of the devices for Raman
and XRD experiments.

Since there is a continuous increase in the amount of ternesite as long as SO3 is
available, no recrystallization of ternesite to C2S was obtained in our experiments, neither
at 1000 ◦C nor after a dwell time of 4 days at 950 ◦C. This confirms the data from in situ
Raman measurements [17], which show that the decomposition of ternesite to C2S does
not take place below 1016 ◦C.

4.2. Quantitative Results: Influence of Heating Rate, C/S-Ratio, and Sulfate Content

Comparison of the quantitative results from Raman and X-ray diffraction studies
with different heating rates and different C/S-ratios proves that a maximum amount of
ternesite forms in samples with high C/S-ratio or after very long dwell times. In our
experiments, after 4 days at 950 ◦C maximum ternesite amounts of about 20 wt.% were
found. These values are similar to Raman spectroscopic data with a higher C/S-ratio of
2.5. As mentioned above, the decomposition of anhydrite and the availability of SO3 in the
vicinity of C2S particles, i.e., the diffusion of SO3 are the limiting factors for the formation
of ternesite in both experiments. Therefore, longer dwell times lead not only to ternesite
formation at lower temperatures, but also to an increase in total ternesite amount. This
results in the complete consumption of anhydrite in our long-time experiment whereas
in all other samples with C/S-ratio of 2 and 2.5 residual anhydrite was observed. As
Raman spectroscopic data evidence the formation of ternesite as a reaction product of
C2S with anhydrite, the observed decrease in the C2S content after complete consumption



Minerals 2021, 11, 789 16 of 22

of the raw materials is expected. The increase in low-calcium phases, wollastonite, and
åkermanite-gehlenite besides the complete consumption of all raw materials after 4 days
dwell time, indicates that the C/S-ratio should be adapted to the desired ternesite content.

However, our experiments showed that whereas a similar ternesite amount is observed
in both samples with C/S-ratio of 2.5 and 2.0 at the same heating rate, less C2S is formed
in the former. Large amounts of lime remain unreacted in the high-calcium sample that
certainly would inhibit the formation of low Ca silicates like wollastonite upon ternesite
conversion from C2S and CaSO4 at longer dwell times, but at the same time, further C2S
formation is also limited by the low quartz content. This illustrates the importance of
precise adaption of the C/S-ratio to the aimed C2S and ternesite amounts.

As expected from the C/S-ratios, the amount of C2S is comparably high in our ex-
periments. Quantification of Raman spectroscopic data yield only phase contents below
40 wt.% C2S, besides comparably large amounts of residual raw materials in all sam-
ples [17]. In our experiments, we determined β-C2S phase contents between 47 wt.%
(sample D1) and 87 wt.% (sample P). As our raw materials differ predominantly in the
amount of sulfate, we could evidence the positive effect of its content on the formation of
β-C2S. The largest amount of β-C2S was found for sample P with intermediate SO3 content
of 4 wt.%. Nevertheless, the powder pattern of this sample shows a merely weak indication
for ternesite formation of low crystallinity. The samples with higher SO3 contents of about
10 wt.% show besides high C2S amounts also ternesite contents of 10–20 wt.%. In addi-
tion, the sulfate content shows a positive correlation to the crystallite size of C2S. Larger
quantities of raw material residues remain only in the SO3 poor sample where significant
amounts of CaO and SiO2 together with wollastonite were observed. Since the wollastonite
to C2S transition is strongly bound to the local CaO content [46], this shows differences in
the availability of Ca2+ ions depending on whether they are bound in calcite or anhydrite.

4.3. Foreign Ion Incorporation in C2S

None of the samples shows the formation of γ-C2S that takes place in the pure SiO2-
CaO system during cooling. This evidences the stabilization of the high temperature
modifications α’H- and β-C2S by incorporation of foreign ions in the C2S structure. In
general, the substitution of Ca2+ by larger cations and Si4+ by smaller cations leads to
stabilization of high temperature structures [47]. Substitution of Ca2+ by K+ and Na+ was
shown to stabilize the β-C2S [48] and even the α’H-C2S modification [49]. However, the
amounts of Na2O and K2O are comparably low in our samples (0.58–0.75 wt.%) and K+ and
Na2+ are bound with Al3+ in the feldspar structure. There is also evidence for stabilization
of β-C2S by incorporation of Al3+, Mg+, or Fe3+ in the literature [49–51]. The content of
MgO is below 1 wt.% in all samples and Mg+ is bound in åkermanite. A potentially positive
effect of the iron content on the formation of α’H-C2S could be deduced from the fact that
samples P and D3 with Fe2O3 contents of more than 1 wt.% show fast growth of α’H-C2S
compared to D1 and D2 with Fe2O3 contents below 1wt.%. However, the amount of α’H-
C2S at 1000 ◦C and the variation in phase contents with decreasing temperature are similar
in samples D2 and D3. In addition, our samples contain up to 3 wt.% brownmillerite.
Therefore, at most, a stabilizing effect on the β-C2S structure by coupled substitution,
including Fe2O3 in combination with other components, like Na2O and Al2O3 [52,53], is
conceivable, but the effect of SO3 contents between 1.4 and 10.7 wt.% is expected to be
much more significant.

Comparison of crystallite sizes and lattice parameters of C2S show slight differences
between samples with high and low sulfate contents that could be indicative for partial
substitution of SiO4

4− by SO4
2−. Prior investigations disclosed the substitution of SiO4

4−

groups by joint replacement with AlO4
5− and SO4

2− with overcharge compensation by
vacancies or by involving the calcium ions [9]. In addition, further investigations of the
coupled substitution of Si4+ by S6+ and Al3+ in C2S [49,54] revealed the stabilization of
the β-C2S, or rather, the high-temperature α’H-C2S modification with increasing sulfate
content. Our investigations of lattice parameters show slightly higher values for the b-axis
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of α’H-C2S and the beta angle in β-C2S for the high-sulfate samples D2 and D3 compared
to the low-sulfate sample D1 (Figure 6). All other parameters are similar within the range
of errors. This could be an indication for a coupled substitution with Al3+ involved.
Incorporation of S6+ only would decrease the size of tetrahedra and result in a decrease
in lattice parameters. Comparison to literature data of Mumme et al. [35,39] and Jost
et al. [40] shows that all room temperature lattice parameters of β-C2S lie in the range of
the observed values. In the case of α’H-C2S, we observe higher values for the a- and b-unit
cell parameters regardless of whether they are compared to the high-temperature data
of α’H-C2S or α’L-C2S. Since literature data for α’H-C2S were collected at much higher
temperatures, a comparison was only possible by extrapolation of our data. However,
indication for an increase in unit cell volume of α’H-C2S with the incorporation of Al3+ and
S6− was already observed before [49]. For comparison we determined the unit cell volumes
of α’H-C2S for samples with phase contents >5 wt.% at room temperature. The values are
346.13(12) Å3, 346.75(12) Å3, and 346.67(13) Å3 for samples D1,D2 and D3, respectively.
Considering the sulfate and aluminum contents of these samples, the unit cell volume of
α’H-C2S is slightly larger for the samples with high sulfate and high aluminum content
(D2 + 3). This is in accordance with literature and strong evidence for the incorporation of
sulfate and alumina. The unit cell volumes of β-C2S at room temperature are 344.98(6) Å3,
344.97(3) Å3, 345.12(3) Å3 for samples D1, D2 and D3 with aluminum contents below 3 wt.%
and only 344.31(9) Å3 for sample P with more than 3 wt.% aluminum. This rather indicates
the incorporation of sulfur in the sample with high aluminum content. However, for that
matter literature data are inconsistent. Pöhler [49] observed just slightly larger unit cell
volumes compared to our data, with values around 345.4Å3 for β-C2S that decrease with
increasing sulfate content. Stanĕk et al. [9] found much higher unit cell volume (348.7Å) for
β-C2S with sulfur and aluminum incorporation. In addition, in the former study, negative
correlation between alumina content and sulfate incorporation was shown, whereas in
the latter positive correlation between the content of sulfur and aluminum was evidenced.
Further studies are necessary to clear this contradiction.

4.4. Influence of Cooling Rate and Reaction Progress on Quench Product

Raman spectroscopic data [17] evidenced that the reaction progress determines whether
ternesite remains during quenching or C2S forms. In our experiments with a C/S-ratio
of 2 and a high heating rate, ternesite amounts of about 10 wt.% remained stable during
cooling to room temperature. Moreover, our experiment with a C/S-ratio of 2.5 prove
the growth of ternesite during temperature decrease from 12 wt.% at 1000 ◦C to 19 wt.%
at room temperature (Table 4). This is contrary to the results from Böhme et al., where
ternesite crystallization during cooling occurred only in samples heated to temperatures
exceeding 1100 ◦C. It was suggested that ternesite crystallization during cooling occurs only
as recrystallization in samples where high-temperature α’H-C2S-formation from ternesite
already started. In all other Raman experiments, ternesite was not stable during quenching.
Our results prove that the formation of ternesite by consumption of CaO, SiO2, and CaSO4
during cooling is also possible as we observed ternesite formation during quenching in
experiments of samples heated up to 1000 ◦C, i.e., below the decomposition temperature of
ternesite. These discrepancies in results underline the strong influence of other factors like
differences in gas fugacity. The sulfate content in our experiments was low compared to
the Raman spectroscopic experiments and the sample chamber volume in the HTK1200N
is larger compared to the LINKAM heating stage used for Raman spectroscopy. Therefore,
SO2 partial pressure is assumed to be smaller in our experiments. Only in the experiment
with low heating and cooling rate and a very long dwell time at 950 ◦C we observed that
ternesite is not stable in the cooling process. This is the sample with the highest reaction
progress where almost all raw material has been consumed. However, during the very slow
cooling procedure (from 950 ◦C to 25 ◦C in 30 h) minor amounts of quartz are sufficient for
the partial reaction of ternesite to C2S and gehlenite. Of the 19 wt.% ternesite determined
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at 950 ◦C only 14 wt.% remained stable at room temperature, i.e., in such low-calcium
systems, high amounts of ternesite are not stable besides quartz during slow quenching.

The phase transition from high-temperature α’H-C2S to low-temperature β-C2S was
observed in all samples and depends strongly on the heating and cooling rate. Significant
reduction in both caused a shift in the onset temperature of the transformation from 450 ◦C
to 540 ◦C. However, both transition temperatures are lower compared to literature data [49]
where the transition takes place at 600 ◦C. In our study, both phases were found to coexist
over a wide temperature range, which also depends on the cooling rate. Slow cooling
increased the reaction progress for the temperatures below the transition temperature.
Whereas in the sample with a low heating rate at 350 ◦C most of the α’H-C2S transformed
into β-C2S, the phase contents are not even equal in the samples with a fast heating rate.
Phase contents of residual α’H-C2S in room temperature measurements with standard
vary between 0 and 4 wt.%. This is consistent with literature data [7] on quenched samples,
where the contents of α’H-C2S were below 10 wt.% in samples heated to temperatures
above 860 ◦C. Similar to our observations on samples D1, D2 and D3, the authors found
a negative correlation between the high surface area of the low crystalline α’H-C2S and
its transformation to β-C2S at low temperatures. However, sample P fits not in this trend.
Moreover, the influence of the sulfate content on the transformation can be deduced from
the fact that the highest α’H-C2S/β-C2S-ratio of 0.3 was found in the sample with almost no
sulfate. This indicates that the formation of high crystalline α’H-C2S is favored in samples
with high sulfate contents but also low crystalline α’H-C2S transforms completely to β-C2S
during cooling if the sample contains smaller amount of sulfate. Since our experiments with
different cooling rates (D3_step10 and step50) both started from high crystalline α’H-C2S
(>150 nm), the shift of transition temperature is a direct response to the change in cooling
rate. It was shown that the formation of ternesite occurs in the same temperature range
where high crystalline α’H-C2S starts to form. Therefore, a decrease in residence time or
temperature to retain low crystalline α’H-C2S would be at the expense of ternesite amount.
Therefore, the synthesis of low crystalline α’H-C2S besides ternesite was not pursued in
this study.

4.5. Thermal Expansion of Ternesite

The thermal expansion of ternesite has been measured over a range of temperatures
from 150 ◦C to 950 ◦C (Figure 7). The temperature-induced changes are larger for the
normalized lattice parameter b/b0 than for a/a0 or c/c0. This reflects the layered arrangement
of the ternesite structure. The calcium-silicate-sulfate is built of double layers of isolated
silicate tetrahedra that alternate along the b-axis with single layers of sulfate tetrahedra
both connected via 6- and 7-fold coordinated calcium polyhedra [24]. The silicate layers
are similar to the layers in α’H-C2S. However, as they are inter-sliced by CaSO4 modules,
the direction of maximum expansion switches from the c-axis in α’H-C2S to the stacking
direction, i.e., the b-axis in ternesite.

All x/x0-plots are linear within the range of experimental errors in the temperature
range between 150 ◦C and 950 ◦C. Thus, the thermal expansion coefficients for all lattice
parameters (αx) can be expressed as the mean coefficient of linear expansion for this
temperature range:

αx =
x950 − x150

x25(950 ◦C− 150 ◦C)

where x950 and x150 represent the lattice parameters (a,b,c, and the unit cell volume) at
950 ◦C and 150 ◦C, respectively. x25 corresponds to the measured lattice parameters at
the reference temperature 25 ◦C. The expansion coefficient for the unit cell volume is
45.7(9)×10−6/◦C. This is only slightly larger than literature data for the volumetric thermal
expansion coefficient of pure larnite, which was determined as 39.6–42.8×10−6/◦C in the
temperature range 25 ◦C to 720 ◦C [41,55–57] or the one obtained for high-temperature α’H-
C2S which is 40.0×10−6/◦C [55]. However, unlike in C2S, the thermal expansion coefficient
of ternesite is not temperature-dependent between 150 ◦C and 950 ◦C. Only the room
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temperature measurement deviates from the linear trend, which indicates temperature
dependency of thermal expansion below 150 ◦C.

Linear thermal expansion coefficients calculated accordingly are 13.8(3), 17.9(4), and
13.3(3)×10−6/◦C for the a-, b-, and c-axis, respectively. These values indicate anisotropic
expansion and are also similar to literature data of larnite. However, in the larnite structure,
the highest value of 17.9×10−6/◦C was observed in the c-direction with slightly smaller
expansion in the a- and b-direction [55]. In C2S phases this anisotropy is explained by
much higher expansion for the Ca-polyhedra compared to the rigid Si-tetrahedra. In the
ternesite structure, the incorporation of the comparably expansive CaSO4 modules in the
layering changes the direction of maximum expansion from diagonal to parallel stacking
of these layers.

5. Conclusions

The high-temperature in situ XRD study gave insights into the possibilities in the
recycling of wastes from autoclaved aerated concrete as a low-heat C2S binder. The
experiments up to the maximum temperature of 1000 ◦C evidenced the formation of
ternesite besides C2S in sulfate-containing systems. Different factors that influence the
phase evolution were obtained:

1. Increased residence time during heating increases the ternesite content but promotes
also the formation of high crystalline α’H-C2S;

2. The sulfate content has a positive effect on the formation of α’H-C2S (phase content
and crystallinity);

3. The C/S-ratio has to be adapted carefully to the sulfate content, otherwise the forma-
tion of ternesite takes place at the expense of C2S;

4. The ternesite stability during quench depends on the C/S-ratio and cooling rate:
Ternesite stays stable or even increases in amount in experiments with residual quartz
and lime. In the case of a low C/S-ratio where only residual quartz is present, a
decrease in ternesite amount during very slow cooling was observed;

5. The temperature and range of the α’H-C2S→β-C2S transformation depend strongly
on the cooling rate. The first formation of β-C2S was observed at 540 ◦C (slow quench)
and 450 ◦C (fast quench);

6. Thermal expansion coefficients of ternesite are similar to literature data of larnite.
However, the incorporation of CaSO4 modules in the structure switches the direction
of maximum compression.

As ternesite can be hydraulically activated with alumina, such low-temperature
ternesite-C2S binders are highly suitable for recirculation in a subsequent hydrothermal
process. However, this study focuses on the recycling of concrete wastes with high lime and
silica contents in combination with sulfate. Further experiments are required to determine
the influence of increasing contamination.
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9. Stanĕk, T.; Sulovský, P. Active low-energy belite cement. Cem. Concr. Res. 2015, 68, 203–210. [CrossRef]
10. Sorensen, A.; Thomas, R.; Maguire, M.; Quezada, I. Calcium Sulfoaluminate (CSA) Cement: Benefits and Applications. Concr. Int.

2018, 40, 65–69.
11. Hanein, T.; Galan, I.; Elhoweris, A.; Khare, S. Production of belite calcium sulphoaluminate cement using sulfur as a fuel and as a

source of clinker sulfur trioxide: Pilot kiln trial. Adv. Cem. Res. 2016, 28, 643–653. [CrossRef]
12. Dienemann, W.; Schmitt, D.; Bullerjahn, F.; Haha, M.B. Belite-Calciumsulfoaluminate-Ternesite (BCT)—A new low-carbon clinker

Technology. Cem. Int. 2013, 11, 100–109.
13. Hanein, T.; Galan, I.; Glasser, F.P.; Skalamprinos, S.; Elhoweris, A.; Imabi, M.S.; Bannermann, M.N. Stability of ternesite and the

production at scale of ternesite-based clinkers. Cem. Concr. Res. 2017, 98, 91–100. [CrossRef]
14. Bullerjahn, F.; Schmitt, D.; Haha, M.B. Effect of raw mix design and of clinkering process on the formation and mineralogical

composition of (ternesite) belite calcium sulphoaluminate ferrite clinker. Cem. Concr. Res. 2014, 59, 87–95. [CrossRef]
15. Bullerjahn, F.; Schmitt, D.; Haha, M.B. CSA raw mix design: Effect on clinker formation and reactivity. Mater. Struct. 2015, 48,

3895–3911. [CrossRef]
16. Haha, M.B.; Bullerjahn, F.; Zajac, M. On the reactivity of ternesite. In Proceedings of the 14th International Congress on the

Chemistry of Cement, Beijing, China, 13–16 October 2015.
17. Böhme, N.; Hauke, K.; Neuroth, M.; Geisler, T. In Situ Hyperspectral Raman Imaging of Ternesite Formation and Decomposition

at High Temperatures. Minerals 2020, 10, 287. [CrossRef]
18. Serpell, R.; Lopez, M. Properties of mortars with reactivated cementitious materials. Cem. Concr. Res. 2015, 64, 16–26. [CrossRef]
19. Böhme, N.; Hauke, K.; Neuroth, M.; Geisler, T. In Situ Raman imaging of high-temperature solid-state reactions in the CaSO4-SiO2

system. Int. J. Coal Sci. Technol. 2019, 6, 247–259. [CrossRef]
20. Garbev, K.; Beuchle, G.; Schweike, U.; Merz, D.; Dregert, O.; Stemmermann, P. Preparation of a Novel Cementitious Material

from Hydrothermally Synthesized C-S-H Phases. J. Am. Ceram. Soc. 2014, 97, 2298–2307. [CrossRef]
21. Stemmermann, P.; Schweike, U.; Garbev, K.; Beuchle, G.; Möller, H. Celitement—A sustainable prospect fort the cement industry.

Cem. Int. 2010, 8, 52–67.
22. Beuchle, G.; Stemmermann, P.; Schweike, U.; Garbev, K. Single-Phase Hydraulic Binder, Methods for the Production Thereof and

Structural Material Produced Therewith. U.S. Patent 8,382,892, 26 February 2013; U.S. Patent 8,226,763, 24 July 2012; U.S. Patent
8,226,764, 24 July 2012.

23. Hunsinger, H.; Beuchle, G.; Stemmermann, P.; Schweike, U.; Giziewicz, K.; Garbev, K. Method for Producing Dicalcium Silicate.
U.S. Patent 975,177,1B2, 5 September 2017.

24. Irran, E.; Tillmanns, E.; Hentschel, G. Ternesite, Ca5(SiO4)2SO4, a new mineral from the Ettringer Bellerberg/Eifel, Germany.
Mineral. Petrol. 1997, 60, 121–132. [CrossRef]

25. Skalamprinos, S.; Galan, I.; Hanein, T.; Glasser, F. Enthalpy of formation of ye’elimite and ternesite. J. Therm. Anal. Calor. 2018,
313, 2345–2359. [CrossRef]

26. Blanco-Varela, M.T.; Carmona-Quiroga, P.M. Ternesite as a component of sulfobelitic cements. MATEC Web Conf. 2018, 149, 01011.
[CrossRef]

https://cembureau.eu/media/clkdda45/activity-report-2019.pdf
https://innovative-produktkreislaeufe.de/Projekte/REPOST/_/REPOST_Vortrag_ReziProK_Kick-off.pdf
https://innovative-produktkreislaeufe.de/Projekte/REPOST/_/REPOST_Vortrag_ReziProK_Kick-off.pdf
http://doi.org/10.1016/0008-8846(96)00099-3
http://doi.org/10.1016/0008-8846(96)00100-7
http://doi.org/10.1016/j.cemconres.2017.08.001
http://doi.org/10.1016/j.cemconres.2009.06.017
http://doi.org/10.1016/j.cemconres.2014.11.004
http://doi.org/10.1680/jadcr.16.00018
http://doi.org/10.1016/j.cemconres.2017.04.010
http://doi.org/10.1016/j.cemconres.2014.02.004
http://doi.org/10.1617/s11527-014-0451-z
http://doi.org/10.3390/min10030287
http://doi.org/10.1016/j.cemconcomp.2015.08.003
http://doi.org/10.1007/s40789-019-0252-7
http://doi.org/10.1111/jace.12920
http://doi.org/10.1007/BF01163138
http://doi.org/10.1007/s10973-017-6751-0
http://doi.org/10.1051/matecconf/201814901011


Minerals 2021, 11, 789 21 of 22

27. Galuskin, E.; Galuskina, I.O.; Gfeller, F.; Krüger, B.; Kusz, J.; Vapnik, Y.; Dulski, M.; Dzierżanowski, P. Silicocarnotite,
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