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Abstract  Reducing the carbon footprint of cement-
based materials is a crucial step for a sustainable 
cement industry. CO2 emissions from the decalci-
fication of lime during Portland cement production 
cannot be avoided. Thus, alternative binders such as 
calcium sulfoaluminate (CSA) cements are becoming 
more relevant, as they contain a reduced amount of 
cement clinker and therefore result in lower emissions 
than Portland cement. In the case of CSA cement, 
ettringite is primarily formed during hydration, which 
is susceptible to carbonation over its lifetime. This 
paper investigates for the first time the carbonation 
behavior of a porous insulation plaster consisting of 
micro hollow glass spheres embedded in a needle-like 
ettringite matrix with an open porosity of approxi-
mately 45%. A series of samples were produced in a 

field trial. On the one hand, the samples were taken 
from a façade that had been exposed to environmental 
conditions for two years. On the other hand, compara-
tive samples were stored for two and four years under 
laboratory conditions. The samples were analyzed for 
their crystal structure and ratio, thermal conductivity 
and carbonation rate. Environmental conditions led 
to 97% carbonation of the ettringite phase after just 
two years, while a controlled atmosphere led to a car-
bonation of 76%. It was shown that effective moisture 
control can significantly slow down the carbonation 
of highly porous ettringite structures.

Keywords  Calcium sulfoaluminate cement · 
Ettringite · CO2 uptake · Insulation plaster

1 � Introduction and background

Insulation materials play an essential role in reducing 
CO2 emissions from the building sector [1, 2]. It is 
estimated that in order to meet the European Union´s 
emission goals, approximately 1% of the EU´s build-
ing stock will need to be renovated each year [3]. 
Renovation can be carried out, for example, with 
polymer-based façade insulation materials such as 
expanded polystyrene, extruded polystyrene or glass 
wool [4]. As an alternative, a sprayable mineral-based 
insulating plaster consisting of hollow glass micro-
spheres and a calcium sulfoaluminate (CSA) cement 
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binder matrix can be used to efficiently insulate old 
buildings [5].

During the production of CSA cement between 
25 and 35% less CO2/kg are emitted than during the 
production of ordinary Portland cement [6]. This is 
due to its decreased lime content, a lower firing tem-
perature during clinker production and lower grind-
ing energy due to its high porosity. In addition to the 
above steps and efforts to reduce CO2 emissions from 

the cement industry, cement has the ability to recap-
ture CO2 released during the decalcination of lime 
over its lifetime. All cement-based materials undergo 
this carbonation process. It is estimated that the total 
CO2 emissions from cement production could be con-
sidered much lower if, for example, life cycle assess-
ments considered the recapture of CO2. Between 
1930 and 2013, approximately 43% of the CO2 emis-
sions from cement production (excluding fossil fuel 
emissions from cement production) were recovered 
through cement carbonation [7].

The carbonation of cement leads to a phase change 
in the cement network depending on the type of 
cement clinker. In CSA cement, ettringite is the dom-
inant hydration reaction product of ye’elimite and 

anhydrite [8]. Ettringite is a calcium aluminum sul-
fate phase that is responsible for the fast setting time 
of CSA cements and their superior mechanical prop-
erties after 7  days compared with those of Portland 
cement [9]. Since ettringite is the dominant phase in 
hydrated CSA cement microstructure, carbonation 
leads to a permanent change in phase composition. 
During the carbonation of ettringite, the following 
decomposition reaction takes place [10]:
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During carbonation, ettringite is decomposed into 
three different phases, namely, amorphous alumina 
hydroxide, crystalline calcium carbonate (calcite) and 
calcium sulfate (gypsum) [10]. Importantly, even if 
water does not appear in the equation, the reaction is 
significantly accelerated in the presence of (adsorbed) 
water due to the dissolution of calcium ions in water 
and the formation of CaOH2 [11]. In parallel, CO2 
from the atmosphere dissolves in water and forms 
carbonic acid. A neutralization reaction then takes 
place in which calcium carbonate is formed [12]. 
Calcium carbonate can crystallize in three different 
polymorphs, namely calcite and the metastable forms 
vaterite and aragonite [13]. The formation of vaterite 
and aragonite initially depends on the temperature but 
will eventually react further to calcite [14]. The rate 

Fig. 1   Schematic illustration of carbonation of ettringite in the presence of water. Left: Carbonation of a dense ettringite phase. 
Right: Carbonation of a porous ettringite phase
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at which ettringite carbonation or calcite formation 
occurs depends therefore on several factors.

In general, carbonation can be significantly accel-
erated with increasing humidity [15]. Figure 1 illus-
trates the process of carbonation of ettringite as either 
a bulk or porous material. For any dense bulk material 
(Fig. 1, left side), the carbonation process is a diffu-
sion-controlled process after the formation of an ini-
tial calcium carbonate (CaCO3) layer. However, when 
considering porous ettringite microstructure (Fig.  1, 
right), carbonation can be significantly accelerated as 
both reactants—gaseous CO2 and moisture—can eas-
ily access the pore system and initiate the carbonation 
reaction of ettringite. Pore spaces can increase the 
reaction area and thus accelerate the carbonation rate.

To date, carbonation rates have been determined 
either for ettringite powder [16] or for a dense bulk 
material [17]. By contrast, the present study inves-
tigates the real-time carbonation behavior of ettrin-
gite needles when utilized in a thermal insulating 
plaster under field conditions for the first time. The 
plaster, consisting of hollow glass microspheres and 
a CSA cement matrix, is highly porous. The hollow 
glass microspheres employed in the process provide 
a high surface area for crystallization. Owing to its 
highly porous, needle-like microstructure, it is to be 
expected that the carbonation of the ettringite matrix 
in the described insulating plaster might be acceler-
ated. The possible change in the needle-like Ettringite 

structure as a result of the carbonation reaction is 
also of interest, as this contributes significantly to 
the strength of the plaster. Consequently, a range of 
samples were analyzed to assess their carbonation 
behavior. The samples were obtained from a façade 
that had been exposed to the elements for a period of 
two years. For the purpose of comparison, insulation 
plaster samples that had been stored for a period of 
between two and four years in a laboratory environ-
ment under controlled conditions were examined. 
Due to the differing moisture content and varying 
storage time, the carbonation rate can be investigated 
as a function of moisture and time.

2 � Materials and methods

2.1 � Materials

The plaster used in this study was a mixture of hol-
low glass microspheres (HGMS) and cement. The 
HGMS are made of borosilicate glass with a diam-
eter of 20–80 µm, a wall thickness of 1–2 µm and a 
density of 0.15 g/cm3 (K15, 3 M, USA). The binder 
was a CSA cement (Next Base Cement gray, Buzzi 
Unicem, Italy). Its chemical composition was ana-
lyzed by X-ray fluorescence analysis (XRF, ZSX Pri-
mus II, Rigaku, Japan) and is provided in Table 1.

Table 1   Oxide composition of CSA cement clinker used in this study determined by X-ray fluorescence analysis

Element CaO Al₂O₃ SO₃ SiO₂ Fe₂O₃ TiO₂ MgO K₂O

Composition [wt.%] 45.7 23.5 19.5 6.3 2.4 1.3 1.0 0.3

Table 2   Overview of the investigated sets of samples of thermal insulation including the way of application, period of use/storage, 
place of use/storage condition and range of environmental conditions

Sample Application Period of use/
storage

Place of use/storage Environmental conditions

28d Wet spraying 28 days Humidity chamber 99% rH, 20 °C
2y_fs Manual plastering 2 years Exterior façade, shaded location, 

N48°54′48.554′′, E13°21′13.964′′
− 18 to 31 °C, 70–86% rH, 

80–160 mm/month (precipitation)2y_fw
2y_is Manual plastering 2 years Interior façade (position see above) 66% rH, 19.5 °C, kept constant
2y_iw
4y_s Mold casting 4 years Indoor 41 ± 3% rH, 20–24 °C
4y_m



	 Materials and Structures (2025) 58:317317  Page 4 of 16

Vol:. (1234567890)

The insulating plaster samples, which were ana-
lyzed for carbonation, were prepared and stored under 
varying conditions. All samples are based on a mix-
ture of 49% CSA cement, 49% HGMS as well as 2% 
additives to modify the viscosity and setting time. A 
powder-to-water ratio of 2.2 was used for all the sam-
ples. Owing to different methods of application, the 
manufacturing varied between the collected samples 
and are specified in Table 2.

The sample “28d” was prepared via wet spraying 
in a laboratory setup. After spraying, the sample was 
stored for 28 days in a humidity chamber at 99% rH 
and 20  °C. The sample was then dried at 40  °C for 
24 h.

Furthermore, samples were taken from real insu-
lating layers that were exposed to adverse climatic 
conditions. Figure  2 provides an overview of the 
locations of those four sets of samples. The material 
was applied to the exterior and interior façades of a 
small test building located in the immediate vicinity 
of a larger building outside direct sunlight on its north 
side but not outside the range of driving rain (loca-
tion: N48°54′48.554′′, E13°21′13.964′′, Spiegelau, 
Germany). The façade insulating layer had a thick-
ness of 50  mm. The exterior façade was subject to 
the seasons and was exposed to temperatures ranging 
from − 18 to 31 °C and a relative humidity ranging 
from 70 to 86% [18]. The interior façade insulation 
layer had a thickness of 40 mm and was exposed to a 
constant temperature of 19.5 °C and a constant rela-
tive humidity of 66%. Both layers were covered with 
a glass fiber textile, a finishing plaster and a top coat. 
The samples were taken from the external (“2y_fx”) 
and internal façades (“2y_ix”), where x indicates 
whether the sample was taken from the surface (“s”) 
or from the side facing the wall (“w”).

The sample stored for 4 years were manufactured 
in a cubic shaped mold (150 × 150 × 150  mm3) and 
deposited under controlled indoor conditions at tem-
peratures ranging from 20–24 °C and an average rela-
tive humidity of 41 ± 3%. One specimen was taken 
from the surface of the cube and labeled “4y_s”, 
another sample was taken from the middle of the 
cube and labeled “4y_m”.

2.2 � Methods

2.2.1 � X‑ray diffraction (XRD)

Phase analysis was performed via X-ray diffractom-
etry (XRD, D8 Discovery A25, Bruker, USA). The 
device was operated at 40 kV and 40 mA with a cop-
per radiation source (1.5406 Å). A Lynxeye detector 
was used to record the diffractograms. The measure-
ment range of 2θ was set from 10° to 90°. The sam-
ples were rotated at 15 rpm during measurement. The 
measurement time per step was set to 0.4  s in 0.02° 
steps. Phase analysis and Rietveld refinement were 
performed via the open source software Profex (ver-
sion 5.2.9) [20].

2.2.2 � Scanning electron microscopy (SEM)

The microstructure was analyzed by scanning elec-
tron microscopy (SEM, FEI Quanta FEG 250, 
Thermo Fisher Scientific, USA). Before analysis, the 
samples were dried at 40 °C for 24 h and then coated 
with a 2  nm platinum layer using a sputter coater 
(208HR, Cressington, England). The analysis was 
performed using an acceleration voltage of 5 kV and 
a secondary electron detector.

2.2.3 � Open porosity measurement

The open porosity and density were measured via 
the Archimedes method. Before measurement, the 
samples were dried at 40 °C for 24 h. The dry mass 
was subsequently determined via a scale (ACS 
200–4, Kern & Sohn GmbH, Germany). Afterwards, 
the samples were placed in a desiccator. A lid with 
holes was placed on top of the samples to prevent 
them from floating at the surface. The desiccator was 
closed and evacuated for 30  min. Then, deionized 
water was added until the samples were completely 
submerged. Following that step, the desiccator was 
evacuated for another 30 min. Afterwards, the lid was 
removed, and the samples were kept under water at 
atmospheric pressure for another 30  min. After the 
process, the wet mass and the buoyancy mass were 
determined. For the determination of the buoyancy 
mass, the same water used for the infiltration was 
used. All steps were carried out at 20 °C. The calcula-
tion of the open porosity was conducted using Eq. 1.
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Fig. 2   Top: Cross-section of the façade structure of the test 
building including the areas where the different samples were 
taken. Both layers of insulation, internal and external, were 

covered with a glass fiber fabric as reinforcement, which 
was removed prior to sampling [19]. Bottom; a: Image of the 
façade insulation; b: Image of the interior wall insulation
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2.2.4 � Thermal conductivity

The thermal conductivity was measured via a sur-
face probe (Isomet 2114, Applied Precision, Slova-
kia). Each sample was dried at 40 °C for 24 h before 
measurement. The measurements were conducted in 
an air-conditioned laboratory at 20 °C. Measurements 
were performed at three different locations on the 
same sample.

2.2.5 � Mechanical testing

A three-point bending test was performed via a uni-
versal testing machine (Inspect duo 10  kN, Hege-
wald & Peschke, Germany). The load roller spac-
ing was set to 50 mm. The traverse speed was set to 
2 mm/min until a preload of 1 N was reached. The 
speed was then set to 1  mm/min until the sample 
broke. A 500 N load cell was used.

2.2.6 � Thermogravimetric analysis

Thermogravimetric analysis (TG) and mass spec-
troscopy of the gaseous compounds were performed 
using a simultaneous thermogravimetry device 
(STA 449C, Netzsch, Germany). The heating rate 
was set to 10  K/min up to 1000  °C. The measure-
ments were conducted in air.

2.2.7 � Calculation of CO2 uptake

To determine the theoretical CO2 binding capac-
ity, the molar mass of ettringite was calculated 
according to its stoichiometry provided in Eq.  1. 
Assuming that the binder consists entirely of CSA 
cement and that the clinker hydrates completely into 
ettringite within four weeks, the molar mass of the 
anhydrous ettringite was then determined, which 
is equated with the molar mass of the CSA cement 
clinker (Eq. 2).

(1)� =
mwet − mdry

mwet − mbuoyancy

(2)MCSA clinker = MEttringite − 32 ⋅MH2O

One mol of ettringite can bind up to three mol 
of CO2 because of the presence of the equivalent 
of three CaO molecules. Taking this into account, 
the CO2 binding capacity of ettringite and the CSA 
cement clinker can be calculated using the mass of 
one mol ettringite and three mol CO2 (Eq. 3).

The achieved CO2 binding capacity of ettringite 
was calculated according to Eq. 4

where w is the amount of ettringite left in the sample 
according to Rietveld refinement. These steps were 
carried out accordingly for the molar mass of the 
CSA cement clinker.

3 � Results

The samples were analyzed regarding their phase 
composition, microstructure, and thermal behavior. 
Lastly, the carbonation rate of all samples was cal-
culated. The X-ray diffractograms of the samples 
stored under controlled indoor conditions are shown 
in Fig. 3. All samples contained the same crystalline 
phases, but each had an individual ratio.

The calculated amount of each phase according 
to Rietveld refinement is provided in Table  3. The 
most recent sample, which was stored for 28  days 
(“28d”), contained ettringite as the main hydration 
phase, calcite and anhydrate. Anhydrate remained 
from the CSA cement clinker. The samples stored for 
four years under controlled indoor conditions (“4y_s” 
or “4y_m”) contained much less ettringite than the 
sample “28d”. Instead, the amount of calcium car-
bonate in the form of calcite, vaterite and aragonite 
increased. Owing to the advanced carbonation of 
the sample taken from the surface of the cube, gyp-
sum formed there. However, carbonation was less 
advanced in the middle of the sample (“4y_m”).

Figure 4 shows the diffractograms of the samples 
taken from the interior (“i”) and exterior façades (“f”) 
of the test building, divided into surface side (“2y_fs” 
and “2y_is”) and wall side (“2y_fw” and “2y_iw”).

The phase compositions calculated from Rietveld 
refinement of the samples taken from internal and 

(3)mCO2maxper kg ettringite =
m3CO2

mettringite

⋅ 1000

(4)mCO2per kg ettringite
= mCO2max ⋅ (100% − w)
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external façade samples are shown in Table 4. After 
two years of exposure, the amount of the ettringite 
phase on the internal façade decreased from 82 to 
46% on the wall side, and 58% on the surface side. At 
the same time, the calcite phase increased to 21% and 
18%, respectively. On the external façade, the amount 
of ettringite decreased to 3% on the surface and 19% 
on the wall-side, whereas the amount of calcite phase 
increased to 28% and 21%, respectively.

To assess the stability of the gypsum phase, which 
formed particularly on the "2y_fs" sample, the sample 

was placed in water at room temperature for 30 days. 
The crystalline phases were then again investigated 
by XRD. The corresponding diffractogram is shown 
in Fig.  5. After storage in water, only calcium car-
bonate phases remained, namely calcite, vaterite and 
aragonite.

The microstructure of sample “28d” in Fig.  6 
showed hollow glass microspheres and needle-like 
structures dominated by ettringite crystals. The 
ettringite crystals were finely dispersed in interstitial 
spaces, linking the hollow glass microspheres with 
the binder matrix.

For comparison, Fig. 7 shows SEM images of the 
aged samples “2y_fs” (a) and “2y_is” (b). Both sam-
ples had very similar needle-like structures to sample 
“28d”. The needle-like entities appeared to be in con-
stant contact with the hollow glass spheres and the 
porous matrix. There was no discernible loss of phase 
cohesion.

The SEM images did not indicate whether the 
porosity of the plaster changed during the storage/
utilization phase. Therefore, the actual density and 
the open porosity were determined via the Archime-
des method. Table  5 shows the measured mean val-
ues for density and open porosity for all the samples. 
All samples exposed to environmental conditions 

Fig. 3   XRD analysis of the 28 days as well as the 4-year-old sample stored under controlled conditions. (A: anhydrate; Ar: arago-
nite; C: calcite; E: ettringite; G: gypsum; Va: vaterite)

Table 3   Phase composition according to Rietveld refinement 
for the 28 days sample as well as the 4-year samples

Goodness of fit: 28d: χ2 = 1.37; 4y_s: χ2 = 1.27, 4y_m: 
χ2 = 1.32

Phase 28 days 4 years

“28d” “4y_s” (surface) “4y_m” (middle)

Anhydrate 1.7 ± 0.2 7.3 ± 0.3 7.5 ± 0.3
Aragonite 1.2 ± 0.5 18.6 ± 0.7 12.5 ± 0.5
Calcite 8.5 ± 0.6 28.1 ± 0.6 15.9 ± 0.6
Ettringite 82.7 ± 0.9 24.0 ± 0.8 54.7 ± 0.7
Gypsum 2.3 ± 0.3 17.9 ± 0.8 4.3 ± 0.5
Vaterite 3.6 ± 0.6 4.1 ± 0.6 5.1 ± 0.6
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presented an increase in the open porosity of approxi-
mately 20%.

In order to assess the influence of the open poros-
ity regarding the insulation behavior, the thermal 
conductivity values of the samples were measured. 
As indicated by the results in Table 6, no significant 
changes were found with respect to measurement 
accuracy.

To assess the mechanical stability of the material 
after carbonation, a three-point bending test was per-
formed to evaluate the flexural strength. Owing to the 

different manufacturing methods (see Sect.  2), only 
the two samples "28d" and "4y_m" were compared. 
As shown in Fig. 8, the flexural strength of the 4-year-
old plaster sample decreased to 0.317 MPa compared 
with that of the sample “28d”, which had a flexural 
strength of 0.57 MPa.

To confirm the chemical binding of CO2 during 
exposure and to assess the possible rate of carbona-
tion, thermogravimetric measurements were carried 
out to assess any mass changes during heating. A 
mass loss would most likely occur due to the release 
of physically and chemically bound water. On the 
other hand, a loss of mass can also be attributed to the 
thermal decomposition of carbonates, which is char-
acterized by the release of CO2 at higher tempera-
tures. For this purpose, samples from the outer façade 
("2y_fs") and inner façade ("2y_is") were compared 
with sample "28d". Figure  9 shows the results of 
the thermogravimetric analysis of the three samples. 
With increasing temperature, the mass loss of sam-
ple “28d” increased to 21%. The samples from the 
outer and inner façade surfaces (“2y_fs” and “2y_is”) 
showed slightly higher mass losses of 28% and 26%, 
respectively. As sample "28d" did not contain many 
carbonates (approximately 13%, see Table  3), the 
increased mass loss of the façade samples indicated 

Fig. 4   XRD-analysis of the façade and interior sample. (A: anhydrate; Ar: aragonite; C: calcite; E: ettringite; G: gypsum; Va: vater-
ite)

Table 4   Phase composition according to Rietveld refinement 
for the inside applied plaster samples

Goodness of fit: 2y_is: χ2 = 1.41; 2y_iw χ2 = 1.31; 2y_fs: 
χ2 = 1.48; 2y_fw χ2 = 1.42

Phase 2y_interior 2y_façade

Surface Wall Surface Wall

Anhydrate 4.1 ± 0.4 2.9 ± 0.3 1.0 ± 0.3 3.5 ± 0.4
Aragonite 9.0 ± 0.6 4.9 ± 0.5 16.8 ± 0.8 2.3 ± 0.5
Calcite 21.5 ± 0.8 18.6 ± 0.7 28.6 ± 0.7 21.8 ± 0.6
Ettringite 46.5 ± 0.9 58.9 ± 0.9 3.2 ± 0.6 19.8 ± 0.7
Gypsum 5.5 ± 0.4 3.0 ± 0.3 36.5 ± 0.8 24.3 ± 0.7
Vaterite 13.4 ± 0.9 11.7 ± 0.8 14.0 ± 0.9 28.3 ± 0.8
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a higher carbonate content in the façade samples, 
especially for the outer façade. Additionally, the tem-
perature ranges with the greatest mass losses were 
identified using the first derivative of the TGA data 
(DTG curves). For all samples, the most significant 

mass loss was observed around 100 °C and between 
650 and 700 °C.

The mass loss rate was not linear over the 
whole temperature range. In particular, there was 
a small step in the curve at approximately 730 °C. 

Fig. 5   X-ray diffraction of “2y_fs” after additional exposure for 30 days under water. The measurement time was set to 0.4 s and 
0,02° per step and a range from 10 to 70°2Θ. (Ar: aragonite; C: calcite; E: ettringite; Va: vaterite)

Fig. 6   The SEM image 
of sample “28d” showed 
smooth, spherical structures 
which are hollow glass 
microspheres as well as 
glass shards due to broken 
hollow glass microspheres, 
and needle-like structures 
between the spheres which 
are ettringite crystals
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According to the gas analysis in Fig.  10, which 
was carried out simultaneously with the thermo-
gravimetric measurement by mass spectrometry 
and recording the signal curve for the molar mass 
M = 44  g/mol, which represents CO2, two release 
peaks for CO2 can be identified for all three sam-
ples: (a) a broad band at 400–500  °C and (b) a 

narrow band at approximately 730 °C, which coin-
cided with the mass loss step observed above.

During its lifetime, ettringite can bind up to 
105.2 g CO2 per kg ettringite. For the CSA cement 
clinker used in this study, the maximum value was 
194.5  g  CO2/kg, which was determined using the 
maximum CO2 binding capacity of ettringite. Using 
the results of the Rietveld refinement, the CO2 
uptake of the samples can be calculated. Table  7 
provides the calculated carbonation rates in com-
parison with the process related CO2 emission dur-
ing CSA clinker production, i.e. from the decalcina-
tion of limestone and other carbonates. Considering 
the 28d sample, a carbonation of 10% of the process 
emissions was calculated. The rate increased to up 
to 58.3% for the “2y_fs” sample, which showed the 
highest carbonation rate of all samples.

4 � Discussion

As expected, carbonation was observed in all 
exposed CSA-based insulation samples tested over 
an extended period of time. All samples tested had an 
increased open porosity of approximately 70%. How-
ever, the rate of carbonation strongly depended on 
the storage conditions of the samples. X-ray diffrac-
tion revealed a general decrease in ettringite, which 
is the main hydration product of CSA cement [21]. 
Rietveld refinement was used to calculate the changes 
in composition. The most recent sample, “28d”, had 
an ettringite content of 82.7%. The plaster showed 
complete hydration after 28  days, as no ye’elimite 
remained in the hydrated sample. There was also a 

Fig. 7   a: SEM image of the sample “2y_fs”. b: SEM image 
of the sample “2y_is”. The smooth, spherical structures are 
hollow glass microspheres. There were also glass shards due 
to broken hollow glass microspheres and needle-like structures 

between the spheres containing calcium carbonate. Both sam-
ples retained a needle like microstructure despite the reduced 
ettringite content

Table 5   Density and open porosity for all samples

The measurement was conducted following the Archimedes 
method (N = 3)

Sample Density [g/cm3] Open porosity [%]

28d 0.20 ± 0.01 49.5 ± 0.1
2y_fs 0.224 ± 0.009 67.3 ± 0.9
2y_fw 0.208 ± 0.002 73.9 ± 1.5
2y_is 0.197 ± 0.002 70.3 ± 0.4
2y_iw 0.199 ± 0.001 71.0 ± 1.0
4y_m 0.175 ± 0.003 74.1 ± 1.7
4y_s 0.179 ± 0.003 77.6 ± 1.5

Table 6   Thermal conductivity for all samples

Each measurement was repeated 5 times on the same spot

Sample Thermal con-
ductivity [W/
mK]

2y_fs 0.049 ± 0.002
2y_is 0.047 ± 0.003
4y_m 0.046 ± 0.001
28d 0.045 ± 0.001
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small amount of anhydrite, which was a remnant of 
the clinker phase. In addition, 13.3% calcium car-
bonate was found in the form of calcite, vaterite and 
aragonite.

For further discussion, we differentiate between 
the different types of exposure. First, we start with 

samples "4y_s" and "4y_m", which were stored for 
four years indoors at a relatively constant humid-
ity of approximately 40% rH and approximately 
20  °C. Near the surface (“4y_s”), the proportion of 
ettringite was reduced to 24%, whereas a fraction of 

Fig. 8   Flexural strength of the samples “28d” and “4y_m”. The measurement was conducted with a 500 N load cell and a measure-
ment speed of 1 mm/min. The samples were taken from the bulk material (“4y_m”, N = 3)

Fig. 9   Thermogravimetric measurement of samples “2y_
fs”, “2y_is” and “28d” with a heating rate of 10  K/min up 
to 1000  °C. The measurements were conducted under air. 
Additionally, the DTG (first derivative of the TGA data) are 

included to identify temperature ranges with the greatest mass 
losses. For the derivative, the TGA curves were smoothed 
using the Savitzky-Golay method (second-order polynomial, 
window size 200 points)
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approximately 55% ettringite can still be detected far 
from the surface (“4y_m”).

Secondly, the changes in the insulating layer after 
two years of use on an exterior (“2y_fx”) and inte-
rior façades (“2y_ix”) are analyzed. The samples 
aged under adverse climatic conditions such as high 
humidity, sun, wind, shadows and were frequently 
exposed to driving rain. For the exterior and interior 
façades, both near-surface (x = “s”) and far-surface 
(wall-near, x = “w”) changes were analyzed. While 
the proportion of ettringite in the interior façade 
was reduced to 46% near the surface and 59% far 
from the surface, the fraction in the exterior façade 
decreased to 3% near the surface and 20% far from 
the surface. The fraction of calcium carbonate on the 
inside increased to 44% near the surface and 35% 
far from the surface. On the outside, the fraction of 

calcium carbonate increased to 59% near the surface 
and 52% far from the surface. In addition, the amount 
of formed gypsum reached 37% and 26%, respec-
tively. The samples from the outer façade therefore 
showed a much higher conversion rate of ettringite 
to carbonates than the samples from the inner façade. 
Compared with the internal samples ("4y_s/m"), 
this higher conversion rate was caused by the higher 
moisture content. In particular, during rain, the exter-
nal façade can experience exceptionally high levels of 
moisture ingress. Although a protective plaster with 
glass fibre reinforcement was applied, it was not suf-
ficiently water repellent to reduce water ingress into 
the insulation layer. The shaded location of the test 
building also resulted in longer drying times, which 
favored accelerated decomposition of ettringite. The 
rate of conversion of ettringite to calcium carbonate 

Fig. 10   Release of gaseous CO2 (M = 44) during thermogravimetric measurement recorded by mass spectroscopy

Table 7   Rate of 
carbonation for all samples

The amount of g CO2 /kg 
CSA-clinker is calculated 
and compared to the process 
related CO2-emissions

Sample Carbonation based on CSA-
clinker [g CO2/kg CSA-
clinker]

Retaken process 
related CO2 emissions 
[%]

CO2 uptake of the process 
related emissions per year 
[%/y]

28d 33.7 10.4 –
2y_fs 188.3 58.3 29.15
2y_fw 156.0 48.3 24.15
2y_is 104.2 32.2 16.1
2y_iw 80.0 24.8 12.4
4y_m 88.1 27.3 6.8
4y_s 147.8 45.8 11.4
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and gypsum was most likely diffusion controlled [22], 
as shown by the comparison of samples near and far 
from the surface. On the other hand, when porous 
insulating plaster was used indoors, the decomposi-
tion of ettringite was less promoted due to reduced 
access to condensed water phase. The average mois-
ture level was 40% rH at 20 °C for “4y_s” and 66% 
at 19 °C for “2y_is”. This emphasizes the important 
role that water plays in carbonation. With respect to 
exposure time the carbonation rate is doubled in sam-
ple “2y_is” (66% rH) compared with sample “4y_s” 
(40% rH). This finding is consistent with previous 
studies, which described a humidity of 60 to 70% for 
fast carbonation [15].

Unlike dense cementitious components, the CSA 
binder used in the insulating plaster exhibits a charac-
teristic crystallization process. Owing to the relatively 
low volume fraction of approximately 10% by volume 
and the large pore space, the ettringite phase forms 
an extensive network of thin, needle-shaped crystals 
between the micro glass spheres (see Fig.  6). As a 
result, the processed plaster had an initial open poros-
ity of approximately 45%. After exposure and carbon-
ation, the open porosity increased to about 74% for 
the sample “4y”. The open porosity of the “2y”-sam-
ples cannot be compared to the “28d”-samples due to 
different manufacturing methods, which influence the 
open porosity. This is attributed to the volume expan-
sion caused by the conversion of ettringite to calcite 
and gypsum [23]. The carbonation process of these 
fine ettringite needles follows the same principle 

as the carbonation of a dense bulk material. How-
ever, owing to its high open porosity, gaseous CO₂ 
and water vapor can easily penetrate the material, 
undermining the otherwise time-determining diffu-
sion process. It is obvious that the rate of carbonation 
greatly accelerated by this particular microstructure. 
The initial carbonate layer also forms on the exist-
ing ettringite crystals, but the depth of the material to 
be penetrated and transformed was considerably less 
than that in dense cement bodies, as the crystals had 
diameters of only approximately 1–3 µm. The process 
is illustrated schematically in Fig. 11.

Another problem associated with the carbonation 
of insulating plaster is the formation of gypsum dur-
ing the decomposition of ettringite. When in contact 
with water, the gypsum phase is soluble [24]. How-
ever, this is unlikely to happen to the insulating layer, 
as it is never exposed to that much condensed water 
phase, except on the surface during heavy rainfall. 
This emphasizes the importance of a water-repellent 
top coat or paint.

Thermogravimetric analysis provides further infor-
mation for assessing the reabsorbed CO2 content. The 
youngest sample ("28d") had a mass loss of approxi-
mately 21%, mainly due to the release of chemically 
bound water from the ettringite crystals [25], with 
some additional mass loss due to decomposition of 
carbonates and gypsum at higher temperatures [26]. 
By contrast, the mass loss of the façade samples 
increased by approximately 5–7%. This additional 
mass loss was most likely caused by decarbonation 

Fig. 11   Schematic illustration of the carbonation process of porous insulating plaster with hollow glass micro spheres (blue spheres) 
and the fine ettringite crystals (black lines) under moist conditions. (Colour figure online)
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of calcium carbonates [27], as simultaneous gas-
phase mass spectrometry can detect CO2 release. 
The first CO2 peak at 400–500 °C might be attributed 
to the combustion of organic components added to 
increased viscosity and water retention. The second 
CO2 peak indicates the decomposition of calcium car-
bonates. Unfortunately, no quantitative comparison 
was possible for the analysis of the mass spectrometer 
data. On the basis of mass loss values and phase anal-
ysis by XRD/Rietveld, the façade samples from the 
test building were clearly exposed to a greater degree 
of carbonation than the indoor samples were.

Despite the decomposition of ettringite, the micro-
structure of the matrix was retained, and the nee-
dle-like structure was still intact even if little to no 
ettringite remained. Fernández-Carrasco et  al. [28] 
reported that calcium carbonate can also form needle-
like crystals, which was likely the reason for retaining 
mechanical stability and thermal insulating proper-
ties. However, notably, the mechanical strength of the 
insulating layer also depends on other factors, such as 
application procedures.

In CSA clinker production a total of 540  g  CO2/
kg emissions is generated. Of these, 323  g  CO2/kg 
are process-related emissions, i.e. from the decalci-
nation of lime stone and other carbonates [29]. Thus, 
in theory, CSA cement can absorb up to 60% of the 
process-related emission during carbonation based on 
the calculated maximum CO2 uptake of 194.5 g CO2/
kg. The highest amount of carbonation could be 
achieved with the façade sample with 58.3% of the 
process-related emissions, which is very close to 
the theoretical maximum. The samples stored at the 
façade faced adverse climate conditions. After four 
years under controlled indoor conditions, 27.3–45.7% 
of the process related emissions could be absorbed 
again. These results indicate that carbonation occurs 
at a highly accelerated rate due to the open porosity 
of the plaster as well as the fine, needle-like ettringite 
structure. This assumption is also supported by sam-
ple “28d”, which exhibited a carbonization of 10.4% 
after 28 days. This carbonation rate was notably faster 
in comparison to the carbonation rates observed in the 
other samples, which were stored for a longer dura-
tion. The rapid initial carbonation observed after only 
28 days can be attributed to the unique microstructure 
of the plaster, which enabled the penetration of gase-
ous CO₂ throughout the entire sample. The finely dis-
persed ettringite crystals result in a high surface area 

subjected to carbonation. It is reasonable to expect 
that the carbonation will slow significantly after the 
initial carbonate layer forms on the ettringite crystals, 
as the carbonation process will then be limited by dif-
fusion. Achieving this level of CO2 binding in just 
two years is very promising, as it further reduces the 
carbon footprint of the CSA-cement and can act as a 
rapid CO2 sink compared with bulk materials.

Compared to previous studies, the carbonation 
rate of fine ettringite crystals were determined as a 
function of moisture content and exposure time. For 
plaster to be applied on the façade of a building, addi-
tional measures must be taken to prevent too much 
water from being absorbed into the plaster. Further 
investigations should focus on the influence of hydro-
phobizing agents on the carbonation rate. This could 
be an effective measure against too rapid carbonation 
of the ettringite phase.

5 � Conclusion

Sprayable insulation based on HGMS and CSA 
binder represents a special feature compared to estab-
lished building insulation systems, whether in terms 
of the application process and material properties, or 
due to its ability to absorb a significant proportion of 
the CO2 emissions caused by the raw materials used 
in the production of CSA cement in a relatively short 
time.

In the present study, fine ettringite crystals were 
studied for the first time to assess their carbonation 
rate as a function of moisture and time under real-
istic climatic conditions in a porous insulting plas-
ter. Samples of the highly porous insulating layers 
stored for one month to 4  years were analyzed via 
Rietveld-refined XRD and thermogravimetric data 
regarding the rate of carbonation depending on their 
individual environmental conditions. Both humid-
ity and duration of storage significantly influence 
the rate of carbonation. The samples that were used 
as the thermal insulation layer for two years on an 
exterior façade of a test building under mostly moist 
conditions presented the highest rate of carbona-
tion, 96.8%, on its surface. With increasing distance 
to the surface, the degree of conversion decreased 
to 80.2%. In contrast, the insulating layer samples 
stored indoors for 4 years at approximately 40% rH 
presented a rate of carbonation of approximately 
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76% on their surface, and approximately 45.3% 
inside the material. It is expected that 90% ettringite 
conversion would be achieved indoors after approx-
imately 10 years. However, the structural and ther-
mal characteristics of the insulating layers are main-
tained, and a decrease of flexural strength cannot be 
avoided. Even when considering that the test build-
ing was exposed to unfavorable environmental con-
ditions to accelerate the aging of the insulation, the 
long-term stability of this type of façade insulation 
likely requires an even more hydrophobic barrier to 
prevent the penetration of water or moisture into the 
insulating layer to dampen the carbonation reaction 
of ettringite. If CO2 emissions from cement produc-
tion are eliminated in the future through CCS or 
CCU processes, this new insulation material would 
represent a CO2 sink with an absorption capacity 
of 22–94 g CO2 per kg of CSA cement clinker and 
year.
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