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Abstract
The thermal gravimetric analysis (TG) is a common method for the examination of the carbonation progress of cement-based 
materials. Unfortunately, the thermal properties of some components complicate the evaluation of TG results. Various hydrate 
phases, such as ettringite (AFt), C–S–H and AFm, decompose almost simultaneously in the temperature range up to 200 °C. 
Additionally, physically bound water is released in the same temperature range. In the temperature range between 450 °C and 
600 °C, the decomposition of calcium hydroxide and amorphous or weakly bound carbonates takes place simultaneously. 
Carbonates, like calcite, from limestone powder or other additives may be already contained in the noncarbonated sample 
material. For this research, an attempt was made to minimise the influence of these effects. Therefore, differential curves 
from DTG results of noncarbonated areas and areas with various states of carbonation of the same sample material were 
calculated and evaluated. Concretes based on three different types of cement were produced and stored under accelerated 
carbonation conditions (1%  CO2 in air). The required sample material was obtained by cutting slices from various depths 
of previously  CO2-treated specimen and subsequent grinding. During the sample preparation, a special attention was paid 
that no additional carbonation processes took place. As reference method for the determination of the carbonation depth, the 
sprayed application of phenolphthalein solution was carried out. Microscopic analysis was examined to confirm the assump-
tions made previously. Furthermore, the observed effect of encapsulation of calcium hydroxide by carbonates caused by the 
accelerated carbonation conditions was examined more closely.
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Introduction

The different thermal behaviour of the components in 
cementitious materials can be used for the analysis and 
characterisation of the material composition. Moreover, 
these properties allow to monitor temporal changes in the 
composition of the material. The thermogravimetric analy-
sis (TG) is a widely used method for the examination of 
cementitious material. This method allows to determine the 
different hydrates and carbonates. Additionally, supplemen-
tary cementitious materials (SCMs) such as fly ash and blast 
furnace slags can be examined. The measurement princi-
ple is based on the mass loss determination during heating 
sample material under defined environmental conditions. 

Thereby, material-specific reactions such as dihydroxylation, 
decarbonization, decomposition or changes in the crystalline 
structure can be determined. Additionally, the absorption 
and emission of heat from the sample material are recognis-
able by heat flow measurements. In general, the measure-
ment systems can be divided into thermal gravimetric (TG) 
analysis systems for mass loss detection and differential cal-
orimeter systems (differential scanning calorimetry (DSC) 
and differential thermal analysis (DTA)) for detection of the 
heat flow related to the reaction temperatures. The principles 
of these methods are described in reference books [1–3]. 
Quite often, combinations of TG and DTA or rather DSC 
are used for material analysis. By evaluation of the specific 
peak position and peak width, it is possible to distinguish the 
different compounds or rather the decomposition products. 
Most frequently, the release of water  (H2O) and carbon diox-
ide  (CO2) is examined by TG analysis. The decomposition 
temperature ranges of the different hydrates and carbonates 
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are well known. By stoichiometric calculations, the amount 
of the hydrates and carbonates can be determined.

The amount of calcium hydroxide can be calculated (1), 
using the mass loss between 400 °C and 500 °C and the molar 
masses of calcium hydroxide 

(

MCa(OH)2
= 74.092 g∕mol

)

 
and water 

(

MH2O
= 18.015 gmol−1

)

 . In their reference book, 
Lothenbach et al. [4] published further molar masses of 
hydrate and carbonate phases. From these data, the amount 
of C–S–H and ettringite can also be calculated. Neverthe-
less, the precondition for this evaluation is a clear differenti-
ability of the hydrate phases by TG analysis, especially in 
the temperature range up to 200 °C. Therefore, the quanti-
fication of TG results is often limited to calcium hydroxide 
and calcite.

Calcium carbonate decomposes in the temperature 
range between 500 °C and 900 °C to calcium oxide and 
carbon dioxide. By using the mass loss in this tempera-
ture range and the molar masses of calcium carbon-
ate 

(

MCaCO3
= 100.0869 gmol−1

)

 and carbon dioxide 
(

MCO2
= 44.01 gmol−1

)

 , the amount of calcium carbonate 
can be calculated (2). A further subdivision of the different 
carbonate modifications (amorphic carbonates, aragonite 
and vaterite) in the temperature range from 500 °C to 700 °C 
is in principal possible but difficult because of quite similar 
decomposition temperature ranges. In contrast, calcite can 
be determined more easily because of the high decomposi-
tion temperature above 700 °C. An extensive collection of 
material specific data related to different reaction tempera-
tures can be found in the publication of Collier et al. [5]. 
Moreover, Blaine [6] examined calcium sulphate hydrates, 
Borges et al. [7] calcium hydroxide (CH) and calcium sili-
cate hydrate (C–S–H), Chen et al. [8] C–S–H and Dweck 
et al. [9] ettringite phases. Additionally, different types of 
cement paste, mortars and concretes with various supple-
mentary materials were also examined [10–16]. An excel-
lent overview about thermal gravimetric analysis provides 
chapter 5 of the reference book “A Practical Guide to Micro-
structural Analysis of Cementitious Materials”, published by 
Scrivener, Snellings and Lothenbach [4].

Already the sample preparation for thermal analysis of 
cementitious materials provides a major challenge. Par-
ticularly, the hydrate phases are very sensitive to treatment 
by  CO2 and temperature. Since 0.04 percentage of  CO2 is 
contained in ambient air (recent global  CO2) [17], this is 
already problematic. For this reason, the sample preparation 

(1)mCa(OH)2
= Δm400◦C−500◦C ×

MCa(OH)2

MH2O

(2)mCaCO3
= Δm500 ◦C−900 ◦C ×

MCaCO3

MCO2

should be carried out under inert gas atmosphere or rather 
in organic solvents. Furthermore, different drying methods 
for the sample material are available. The common methods 
are the exchange of physically bound water by organic sol-
vents, thermal treatment (evaporation of  H2O due to heat-
ing), storing in vacuum atmosphere (decreasing the boiling 
point and accelerated evaporation of  H2O) and freeze-drying 
(sublimation of the arising ice crystals). However, the pre-
treatment can also affect the phases contained in cementi-
tious materials [4].

The thermogravimetric analysis is a widely used method 
for examination of carbonates in case of cementitious mate-
rials. During the carbonation process, the hydrate phases, 
such as CH (4), C–S–H (5) and ettringite (6), react with  CO2 
or more precisely with carbonic acid (3) [18, 19].

Thereby, the hydrates become transformed into carbon-
ates such as aragonite, vaterite and calcite. The types of the 
resulting carbonates and the reaction velocity are strongly 
dependent on the composition of the hardened cement paste 
and the environmental conditions. A more detailed descrip-
tion of the processes taking place during carbonation can 
be found in [20–28]. However, precise statements for the 
quantities of carbonates based on the released  CO2 prove dif-
ficult and may lead to large variations in the results. Carbon-
ates can already arise during cement production or storage 
due to  CO2 and humidity in the ambient air. Furthermore, 
 CaCO3 is already included in cements containing limestone 
powder or rather aggregates, even without natural or accel-
erated carbonation. According to DIN EN 197-1 [29], up to 
5% of minor additional constituents are permitted. In case 
of Portland limestone cements and CEM II-based systems, 
up to 35% limestone can be contained [29]. Carbonates 
based on limestone decompose in the temperature range 
of 760–1000 °C. Calcite arisen by carbonation of hydrate 
phases already decomposes in a range of 550 °C to 760 °C 
[30]. Additionally, weakly bound or rather amorphous car-
bonates occur. During carbonation of C–S–H, mainly vater-
ite and amorphous and weakly bound carbonates appear 
(approximately 480–700 °C) [31–33]. By long-term  CO2 
treatment, these carbonates become more stable and were 
also transformed into calcite. Thus, the reaction tempera-
ture increases. Mainly, calcite arises during carbonation of 

(3)CO2 + H2O → H2CO3

(4)Ca(OH)2 + H2CO3 → CaCO3 + 2H2O

(5)CxSyHz + x H2CO3 → CaCO3 + SiO2 ⋅ y H2O

(6)
3CaO ⋅ Al2O3 ⋅ 3CaSO4 ⋅ 32H2 O + 3H2CO3 →

3CaCO3 + 2Al(OH)3 + 3CaSO4 ⋅ 2H2 O + 23H2O.
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calcium hydroxide (700–800 °C). The evaluation of thermo-
gravimetric measurements from samples material containing 
hydrate phases and carbonates same time proves difficult, 
especially in the temperature range of 450–600 °C. Within 
this range, dehydration of portlandite and decomposition of 
carbonates take place simultaneously. As both effects are 
linked to mass loss and endothermic reaction, the proper 
separation by TG or DTA/DSC is excluded. Villain et al. 
[30] tried to pass by this problem by combination of TG, 
chemical analysis and gamma densitometry. Chang et al. 
[34] correlated results from TG, X-ray diffraction analysis 
(XRD) and Fourier transform infrared spectroscopy (FTIR). 
In all cases, the effort to perform qualitative or rather quan-
titative analysis is considerably high.

Within this research, the effect of encapsulation of cal-
cium hydroxide by carbonates based on accelerated carbona-
tion conditions was examined more closely. It is assumed 
that the higher amount of  CO2 during accelerated carbona-
tion leads to encapsulation of the unreacted Ca(OH)2 par-
ticles by  CaCO3. The permeability of this “passivation” 
layer is very low. For this reason, the diffusion of  CO2 is 
slowed down. This affects the carbonation rate of Ca(OH)2 
[31, 35–37]. For this research, an approach was made to 
receive clear results only by using TG measurements. Sam-
ples from different concretes based on three types of cement 
were exposed to accelerated carbonation. Based on these 
results, differential curves from carbonated and noncarbon-
ated areas were calculated and changes in the phase compo-
sition determined and quantified. Additionally, the sprayed 
application of phenolphthalein solution, optical microscopic 
investigations and studies with scanning electron micros-
copy (SEM) were performed to confirm the previously made 
assumptions.

Materials and Methods

Three different types of cements (Table 1) were used for 
preparing concrete specimens with sample size 40 × 40 × 160 
mm according to DIN EN 1766 [38]. For the sample prepa-
ration, a water/cement ratio (w/c) of 0.7 and the maximum 
aggregate grain size of 8 mm were used. Then, a notation 
for the sample designation is used that contains the type of 
cement (CEM I, CEM II and CEM III) used by a Roman 

numeral and appended the water/cement ratio used for the 
mixture. Accordingly, a sample with the designation II_70 
was produced from CEM II with a water/cement ratio of 0.7. 
After demoulding, the specimens were cured for 28 days 
under water and stored for another 14 days in 20 °C and 65% 
relative humidity (RH) environment.

The  CO2 treatment was carried out in a climate chamber 
with 1%  CO2 in ambient air, 21 °C and 60% RH.

After 56 days, the samples were removed from the climate 
chamber and fractured as shown in Fig. 1. The specimen part 
“B” (Fig. 1) was embedded in fluorescent resin, sliced and 
polished for microscopic examinations. After each prepara-
tion step, the specimens were stored in a desiccator (20% 
RH) in argon atmosphere. For optical characterisation, the 
stereomicroscope Olympus SZX16 with 500-fold magnifi-
cation was used. By using the motorised linear positioning 
table MT mot 50 × 50 (Märzhäuser Wetzlar), the sample 
surface was scanned. Changes in the microstructure were 
additionally analysed by a scanning electron microscope 
(Zeiss EVO MA10). For this purpose, the sample size had 
to be reduced to 20 × 20 mm, due to the physical dimension 
of the sample holder. The sample segment was chosen to 
capture carbonated and noncarbonated areas simultaneously.

The specimen part “C” (Fig. 1) was prepared for TG anal-
ysis. For these examinations, the samples were cut into slices 
of 2.0 mm thickness. Subsequently, they were ground by 
hand with mortar and pestle. To prevent additional carbona-
tion effects, all preparation steps were performed in isopro-
panol. By using isopropanol for the sample preparation, the 

Table 1  Composition of the 
cement types used, determined 
by using ICP-OES (inductively 
coupled plasma optical emission 
spectroscopy)

* 6–20% of lime stone; **36–65% granulated blast furnace slag (according to DIN EN 197-1)

Cement type Mass%

CaO SiO2 Al2O3 Fe2O3 SO3 MgO K2O Na2O TiO2 Ignition loss

CEM I 42.5 R 64.28 19.62 4.60 2.45 2.59 2.22 0.86 0.20 0.18 2.77
CEM II/A LL 32.5 R* 63.07 18.32 4.33 2.11 2.41 2.00 0.91 0.49 0.28 6.01
CEM III/A 32.5 N** 55.37 25.14 6.22 1.46 2.66 4.46 0.70 0.34 0.53 2.60

1
5

Fig. 1  Sample preparation for the performed examinations: A: initial 
carbonation depth; B: optical microscopic analysis and scanning elec-
tron microscopy (SEM); C: TG, chemical analysis, D: phenolphtha-
lein test
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interaction with the hydrate phases of the sample material 
was much weaker compared to methanol or acetone [4]. Fur-
thermore, the storage time in the organic solvent was limited 
to prevent additional effects. At the end, the liquid phase 
was separated by vacuum filtration and the solid content 
was dried in a desiccator in argon atmosphere at room tem-
perature. For thermal analyses, an STA 449C system from 
Netzsch was used. The sample material was heated from 
35 °C to 1000 °C, with a heating rate of 10 °C  min−1 and 
80 mL  min−1 nitrogen flow. For each measurement, 35 mg 
of the sample material was filled in an  Al2O3 crucible and 
placed in the TG system. Due to the technical equipment 
and the smallest available crucible with a volume of 300 µl, 
it was necessary to use this large sample quantity. The used 
quantity of 35 mg was required to completely enclose the 
thermocouple with sample material. Only in this way, it 
was possible to measure the actual sample temperature and 
not the temperature of the environment. The furnace was 
evacuated and filled with nitrogen to eliminate oxygen and 
to prevent any oxidation process during the measurement. 
For exact analysis of the TG curves and classification of 
reactions, several hydrate and carbonate phases were previ-
ously examined one by one. Therefore, calcium hydroxide 
(Ca(OH)2), calcium sulphate dihydrate  (CaSO4·2H2O) and 
calcium carbonate  (CaCO3) as ground powder were used. 
Furthermore, calcium silicate hydrate (C–S–H) with a cal-
cium/silica ratio of 1.75 was synthesised and carbonated 
subsequently. The synthesis was carried out in accordance 
with the method proposed by Merlin et al. [39]. Additionally, 
pure calcium hydroxide was also carbonated in the climate 
chamber at 1%  CO2 in ambient air, 21 °C and 60% RH.

The fractured surface of the specimen part “D” (Fig. 1) 
was processed by sprayed application of phenolphtha-
lein solution. The test was carried out according to DIN 
EN 13,295:2004-08 [40] in conjunction with DIN EN 
14,630:2007-01 [41]. The fresh fractured surfaces were 
treated with solution of 1% phenolphthalein dissolved in 
ethanol. The carbonation depth was determined after 60 min 
by measuring the distances between the boundary of colour 
change and sample edge for each side of the sample. The 
average of the values represented the carbonation depth for 
each sample. The phenolphthalein test was used as reference 
method for preliminary examinations of the test specimens. 
The results of more extensive indicator tests on the speci-
mens used here can be taken from reference [36].

For the clarification of the encapsulation phenomena, 
Ca(OH)2 was stored under accelerated carbonation condi-
tions at 1%  CO2 in air and 60% RH. After 1d, 2d, 3d, 6d, 9d, 
12d and 28d of treatment, the sample material was examined 
by TG. Since  CaCO3 has a 11.8% higher volume compared 
to Ca(OH)2 [21], the transformation process should be also 
evident by an increase in the particle size distribution. For 
this purpose, the laser granulometric system HELOS from 

Sympatec, with an optical range of 0.1–875 µm, was used. 
The sample material was dispersed with ultrasonic in iso-
propyl alcohol solution. In order to exclude further effects 
caused by the storing conditions and dispersion proper-
ties (hydration shell or hygroscopic properties), Ca(OH)2 
was also stored in a desiccator under argon atmosphere. To 
achieve the necessary relative humidity of approximately 
60% of RH, saturated salt solution of magnesium nitrate 
(Mg(NO3)2) was added to the desiccator.

Results and discussion

TG

To distinguish the different hydrate and carbonate phases, 
the first derivation of the TG curves (i.e. DTG) was calcu-
lated. Figure 2a, b and c represents the results from different 
types of concrete (specimens I_70 (a), II_70 (b) and III_70 
(c)).

The exact assignment of the different curves is shown in 
Fig. 1. Thereby, the number of curves (1–5) corresponds to 
the number of the appropriate sample slices (1–5). Curve (5) 
represents the core area of the examined specimens and is 
not noticeably influenced by carbonation yet. Accordingly, 
each curve represents another state of carbonation. Coinci-
dentally, the carbonation depth can be determined. For all 
three examined types of concrete, the calcium hydroxide 
peak at 450 °C temperature disappears between curve (2) 
and curve (3). Regarding the total depth, each slice has 2 mm 
thickness plus two times 1 mm for the saw thickness. In 
sum, the relevant structural changes based on carbonation 
became evident down to the region of approximately 6 mm. 
The strong decrease of Ca(OH)2 and the associated reduction 
of hydroxide ions inevitably lead to the lowering of the pH 
value in this area. However, the transformation processes 
due to carbonation were already taking place at this point in 
deeper areas of the examined specimens.

Additionally, the carbonation behaviour of the three 
investigated concretes was evaluated by the DTG results. 
In case of CEM I- and CEM II-based systems, mainly cal-
cium hydroxide (450 °C) [5] was formed (Fig. 2a, b). In 
contrast, a lower amount of calcium hydroxide arose in case 
of CEM III-based system. Also, AFm phases (approximately 
140 °C) [5, 42] and C–S–H and ettringite (AFt) (approxi-
mately 120 °C) [5, 42] were verifiable in all three types of 
concrete (Fig. 2a, c).

Unfortunately, physically bound water, and for example 
limestone powder, makes it difficult to analyse the hydra-
tion and carbonation behaviour accurately. For this research, 
the differential curves of DTG results from carbonated and 
noncarbonated areas were calculated. The main goal of this 
approach was to eliminate all artefacts which are not related 
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to the accelerated carbonation. This method provides a sig-
nal which occurs negative for decomposing components and 
positive for emerging components of the hardened cement 
paste based on carbonation. The DTG curves from the core 
area (Fig. 2a, c, curve (5)) were used as reference. By calcu-
lating the differential curve of the reference and the respec-
tive DTG curves (Fig. 2a–c, curves (1)–(4)), the desired 
results are achieved (Fig. 2d–f). It must be considered that 
the initial material composition of the whole specimen was 
assumed as homogeneous before  CO2 treatment. Thus, the 
initial differences of the composition between core area (ref-
erence) and affected areas (carbonated) were estimated as 

low compared to the changes based on carbonation. Curve 
(IV) of samples II_70 and III_70 (Fig. 2e, f) shows an 
increase in the temperature range up to 200 °C. This behav-
iour is not related to hydration or carbonation effects. The 
examined sample material contained a considerable amount 
of aggregates. These aggregates were unevenly distributed to 
the individual samples. Consequently, the share of hydrates 
fluctuated. Effects based on this variation are dominating 
when carbonation has only a minor impact. Consequently, a 
faulty signal was obtained.

A comparison of the results with the previous exam-
ined main phases of hydrates and carbonates allows an 
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appropriate interpretation of the differential curves based 
on the DTG results (Fig. 3).

The release of water took place up to 500 °C, which cor-
responds to the results in the literature [5, 13, 36, 37]. By the 
synthesis of C–S–H according to Merlin et al. [39], a gel-
like substance was obtained. Subsequently, it was dried and 
stored in a desiccator in argon atmosphere at room tempera-
ture. Based on these results, a mass loss in the range of 80 °C 
to 150 °C can be attributed to water release of C–S–H. This 
agrees with results from the literature [5, 42]. Lothenbach 
et al. [4] specify the decomposition range of C–S–H up to 
600 °C. This could not be confirmed during these prelimi-
nary examinations. In case of carbonated C–S–H, the release 
of  CO2 took place between 450 °C and 700 °C. During car-
bonation of Ca(OH)2, carbonates with higher calcination 
temperatures (700–800 °C) arose (Fig. 3). Additionally, it 
became visible that the Ca(OH)2 was not fully transformed 
into  CaCO3 (Fig. 2a, b and Fig. 3). It is assumed that the 
higher amount of  CO2 during accelerated carbonation led to 
encapsulation of the unreacted Ca(OH)2 particles by  CaCO3. 
In case of carbonated Ca(OH)2, it was also recognisable that 

in the temperature range between 450 °C and 550 °C,  H2O 
and  CO2 were released same time [23]. The examination of 
pure  CaCO3 (marble powder), shown in Fig. 3  (CaCO3), led 
to an even higher reaction temperature compared to carbon-
ated Ca(OH)2. Synthesis of ettringite (AFt) and AFm phases 
could not be carried out for this research. Therefore, results 
from the literature were used for evaluation [4, 5, 9].

In the noncarbonated area (Fig. 2a, curve (5)) of the 
CEM I-based concrete, C–S–H, ettringite (AFt) and AFm 
phases (100–180 °C) and portlandite (450 °C) were con-
tained. Simultaneously, only small quantities of carbon-
ates were apparent (> 500 °C). The calculated differential 
curves showed that the carbonation started simultaneously 
on C–S–H, ettringite (AFt), AFm phases and Ca(OH)2. 
Thereby, mainly calcite (approximately 750 °C) and a 
small amount of poorly crystallised carbonates (< 700 °C) 
arose. At the time, when a larger quantity of C–S–H, 
ettringite (AFt) and AFm phases got transformed, par-
ticularly amorphic or poorly crystallised carbonates arose 
(Fig. 2d, curve II).

Fig. 3  The differential curves 
from the core area (noncarbon-
ated) and surface area (fully 
carbonated) of the samples 
I_70 (CEM I), II_70 (CEM II) 
and III_70 (CEM III) com-
bined with the determined 
thermal reactions based on the 
comparative studies (grey value 
distribution)

R
es

ul
ts

 o
f c

om
pa

ra
tiv

e 
st

ud
ie

s

C-S-H

C-S-H carbonated

Ca(OH)2 carbonated

CaCO3 (marble powder)

Ca(OH)2

CaSO4 *H2O

D
TG

 /%
 m

in
-1

G
yp

sm
, h

em
ih

yd
ra

te

Po
rtl

an
di

te

ca
lc

ite

w
el

l c
ry

st
al

liz
ed

ca
lc

ite

Ar
m

op
hi

c 
an

d
po

or
ly

 c
ry

st
al

liz
ed

ca
rb

on
at

es
,

ar
ag

on
ite

 a
nd

 v
at

er
ite

C
-S

-H
, e

ttr
in

gi
te

, A
Fm

in
cr

ea
se

de
cr

ea
se

Temperature/°C

D
TG

 in
iti

al
 [/

%
 m

in
-1
 - 

D
TG

 cu
rre

nt
 /%

 m
in

-1

I_70_(I)

II_70_(I)

III_70_(I)

0
10

0
20

0
30

0
40

0
50

0
60

0
70

0
80

0
90

0
10

00



Description of the concrete carbonation process with adjusted depth-resolved…

1 3

In the CEM II-based concrete, calcite (based on lime-
stone) was already contained in the noncarbonated area 
(Fig. 2b, curve 5). The first clear signs for changes based 
on carbonation were apparent on the decreased amount of 
Ca(OH)2 (Fig. 2e, curves (IV)–(III)). Thereby, calcite and 
poorly crystallised carbonates arose (Fig. 2e, curve III). 
Therefore, it cannot be excluded that C–S–H, ettringite (AFt) 
or AFm phases already started to convert. It is also possible 
that Ca(OH)2 got transformed into calcite via an intermedi-
ate stage of poorly crystallised carbonates. Here too, the 
connection between disappearing C–S–H, ettringite (AFt) 
and AFm phases and the increasing amount of poorly crys-
tallised carbonates (Fig. 2e, curve (II)) was evident.

In the CEM III-based concrete, calcite (temperature range 
690 °C to 780 °C) was already contained in the noncar-

bonated area (Fig. 2f, curve (5)). The Ca(OH)2 transforma-
tion into calcite was not evident at this time. However, the 
calculated mass loss of  CO2 from TG analysis was higher 
compared to the results determined by the loss of ignition 
(Table 1) of the pure cement. As shown in Fig. 2f (curve 
(IV)), the amount of AFm phases, C–S–H and ettringite 
(AFt) was already decreased at this early stage. Conse-
quently, it can be assumed that the contained calcite was 
attributed to an advanced carbonation process of AFm 
phases, C–S–H and ettringite (AFt). Compared to the CEM 
I- and CEM II-based concretes, a higher amount of C–S–H 
(100–150 °C) was available and got transformed into poorly 
crystallised carbonates (450–680 °C). Simultaneously, the 
Ca(OH)2 content and the arisen calcite were considerably 
low compared to the CEM I- and CEM II-based systems. It 
was found that the carbonation of the CEM III-based sam-
ple started on C–S–H and ettringite (AFt). Accordingly, the 
results published by Castellote et al. [43] were confirmed by 
the results of thermogravimetric analysis. At the time, when 
the amount of Ca(OH)2 has started to decrease, the calcite 
peak increases (Fig. 6f, curve (II)). It can be assumed that 
the quick transformation of Ca(OH)2 is attributed to the open 
pore structure caused by disappearing C–S–H and ettring-
ite (AFt) and the resulting carbonation shrinkage. Conse-
quently, a larger amount of  CO2 can penetrate the matrix.

The results indicate that Ca(OH)2 was transformed 
directly or very quickly via an intermediate carbonation 
state into calcite (> 700 °C). The resulting carbonates in the 
range between 450 °C and approximately 700 °C were par-
ticularly based on transformation of C–S–H, ettringite (AFt) 
and AFm. From the literature, it can be assumed that beside 

amorphic- and poorly crystallised carbonates also vaterite 
and aragonite emerged. These carbonates arise especially 
during carbonation of C–S–H due to appropriate calcium-
to-silica ratio [13]. Furthermore, it is assumed that in case of 
the CEM III-based concrete, the formation of aragonite was 
increased by the higher quantity of magnesium compared 
to the investigated CEM I and CEM II systems [36, 37, 39]. 
Both modifications are metastable and become transformed 
into calcite in the later stage of carbonation. In all three 
cases, it was evident that the carbonates change to more 
stable carbonate modifications with increasing carbonation 
time.

By using numerical integration methods to recalculate 
the mass loss from the differential curves, also quantitative 
analysis can be performed. Based on the curve slope, the 
mass loss can be calculated by using the Simpson’s rule (7).

For the application of the Simpson’s rule, the area 
between starting temperature 

(

�start

)

 and final temperature 
(

�end

)

 becomes subdivided into an even number (N) of strips 
with the same width (h). In this case, the value of h corre-
sponds with the sampling rate. The number of the measured 
values is stated by N. The function f (�) corresponds to the 
distance between baseline and the respective differential 
curve values.

For this approach, the calculated area between differential 
curve and zero line corresponds with the mass loss. It should 
be noted that the signal shape for carbonates is positive in 
the case of the calculated differential curves. However, the 
decomposition of carbonates is associated with mass loss. 
Accordingly, all positive differential curve values must be 
reversed (negative algebraic sign). It is also important that 
the determined mass loss is only related to the transforma-
tion caused by the carbonation. Consequently, the results do 
not correspond to the actual amount of hydrates and carbon-
ates in the sample material. The considerable differences 
between the determined TG curves and corrected curves are 
shown in Fig. 4a–f. Moreover, the individual mass loss steps 
of the different hydrate and carbonate phases became more 
apparent.

The DTG curves of the samples I_70 and II_70 indicate 
portlandite even in the apparently fully carbonated areas. 
Accordingly, the Ca(OH)2 was not fully transformed into 
 CaCO3. In contrast, this effect was not detected in case 
of sample III_70. To exclude leaching effects during the 
underwater storage, the total amount of calcium oxide was 
determined. Therefore, untreated (noncarbonated) sample 
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material was ground and examined by ICP-OES. Subse-
quently, the results were compared with the results of the 
used pure cements. However, the comparison showed no 
considerable differences.

The additionally performed experiments for the encap-
sulation effect of calcium hydroxide by carbonates showed 
a significant correlation between emerging carbonates 
and shifting of the particle size distribution. For this pur-
pose, pure calcium hydroxide was exposed to  CO2 and 
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subsequently examined. The results of the simultaneously 
performed experiments under argon atmosphere yielded no 
considerable shift of the particle size distribution (Fig. 5). 
The results of the parameter d50 are slightly scattered but 
unaffected by the storage time. The parameter d50 means 
that 50% of all measured particles are smaller compared to 
this value. The thermogravimetric analysis showed no sig-
nificant changes in the composition of the sample material. 
Consequently, it can be assumed that a hydration shell or 
hygroscopic properties had no influence on the results. The 
examinations of the sample material treated by accelerated 
carbonation exhibit a significant shift of the particle size 
distribution after 1d. In the period between 12 and 28 days, 
an additional shift of the particle size distribution to a higher 
d50 value was determined.

Considerable changes in the TG results (increasing 
quantity of calcite) were only apparent up to three days of 
treatment (Fig. 5). Subsequently, only minor changes in 
the results were recognisable. It can be assumed that cal-
cite crystals already arose during the first 24 h of treatment. 
The size of these crystals already led to a significant shift 
of the particle size distribution. These crystals had not yet 
formed a high dense shell, and  CO2 was able to penetrate. 
Consequently, the carbonation process was further in pro-
gress. After three days, the tightness of the shell reached a 
high level and the transformation from calcium hydroxide 
to calcite was stopped. Up to 12 days, the particle size was 
constant. The considerable increase of the d50 value in the 
period up to 28 days was not attributed to additional trans-
formation of calcium hydroxide. An exact explanation for 

this additional shift in the particle size distribution was not 
possible by the methods used here.

Microstructural examinations

For the microscopic examinations, the samples were embed-
ded in fluorescent resin and subsequently ground and pol-
ished. A correlation between depth of resin penetration and 
carbonation depth was determined during optical micro-
scopic examinations (Fig. 6). The intensity of the UV light 
source was reduced for the examination of the CEM III-
based sample. This was necessary because of a considerable 
outshine of the edge region. Consequently, a direct compari-
son based on the intensity was excluded.

Nevertheless, from Fig. 6c it is apparent that the non-
carbonated area fluoresces more intense than the carbon-
ated edge region of the sample I_70. Due to the progress of 
carbonation, pores and cracks were filled with carbonates. 
This is caused by an 11.8% higher volume of calcium car-
bonate compared to calcium hydroxide [21]. Accordingly, 
the tightness of the hardened cement pastes was increased 
[31, 32]. By this reason, a lower amount of fluorescent resin 
penetrated to the edge region and it appeared darker. The 
reverse effect was observed on the CEM III-based sample. 
The core area of sample III_70 (Fig. 6g) which was noncar-
bonated appeared darker. Accordingly, a higher tightness of 
the noncarbonated hardened cement past can be assumed. 
For the clarification of this effect, the microstructure of the 
hardened cement paste was examined by SEM.

Fig. 5  Changes of the particle 
size distributions in conjunction 
with an increase of the  CaCO3 
content based on carbonation 
effects. Determined by laser 
granulometry. Rectangular sym-
bol: stored in atmosphere with 
1%  CO2. Triangular symbol: 
stored in desiccator in argon 
atmosphere. Treatment time: 1d 
to 28d
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Fig. 6  Imbedded sample material in fluorescent resin, captured by optical microscopy (ultraviolet light source) and samples treated by sprayed 
application of phenolphthalein. a–d I_70 (CEM I, w/b 0.7), e–h III_70 (CEM III, w/b 0.7)

Fig. 7  Overview image of the transition zone between noncarbonated 
and carbonated areas of CEM I-based (a) and CEM III-based (b) sys-
tems generated by SEM
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In both cases, an SEM overview scan at lower magnifica-
tion showed a clear separation between noncarbonated and 
carbonated areas (Fig. 7).

The transition zone was in a scale of a few microme-
tres. Accordingly, there was only narrow range where rec-
ognisable microstructural changes took place. Additionally, 
the crack width before and after treatment with  CO2 was 
determined by means of SEM images. The evaluation of 
the shrinkage cracks showed decreasing crack widths due 
to carbonation. This is regardless of the used type of cement 
(Fig. 8a, b).

The results correspond to the expectations from the lit-
erature [44]. The maximum of the crack width distribution 
curve from the noncarbonated sample III_70 was in the 
region of 0.9 to 1.1 µm. After carbonation, the maximum 
was shifted to 0.1 to 0.3 µm. The distribution curve maxi-
mum of sample I_70 decreased only slightly. Under both 
noncarbonated and carbonated condition, the maximum was 
in the region of 0.3 µm to 0.5 µm. Nevertheless, changes 
in the microstructure based on carbonation were clearly 
apparent.

In Fig. 9, b, the hardened cement past (noncarbonated (a) 
and carbonated (b)) of sample I_70 is shown. As expected, 
the structure became more compact by the arisen  CaCO3. 
In case of sample III_70 (Fig. 9c, d), a clear statement of 
the microstructural behaviour was not possible. Indeed, the 
emerging  CaCO3 led to sealing of shrinkage cracks and air 

voids. Consequently, the crack and pore structure of sam-
ple III_70 was not responsible for the better penetration of 
fluorescent resin. By the hand of this SEM image, it was 
not possible to determine whether the structure of the hard-
ened cement paste becomes rougher at all due to carbonation 
shrinkage.

Fig. 9  Hardened cement paste 
of (a, b) CEM I-based concrete 
(w/b 0.7) and (c, d) CEM III-
based concrete (w/b 0.7) before 
and after carbonation generated 
by SEM analysis

Table 2  Mass loses of the different hydrate and carbonate phases, 
determined by thermogravimetric analysis and subsequent correction 
by the differential curve method

* Mass loss related to released  H2O; **mass loss related to released 
 CO2

Temperature ranges Mass loss

I_70 (CEM I) III_70 (CEM III)

65 °C–115 °C (C–S–H, ettringite) 03%* 01%*
115 °C–170 °C (AFm) 02%* 03%*
400 °C–500 °C (portlandite) 17%* 06%*
500 °C–700 °C (amorphous and 

weakly bound carbonates)
24%** 18%**

700 °C–900 °C (calcite) 32%** 14%**
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Joint consideration of TG results and microscopic 
examinations

Compared to sample I_70, a considerable smaller quan-
tity of Ca(OH)2 was determined by TG analysis for sam-
ple III_70. Accordingly, the quantity of arisen carbonates 
was also lower (Table 2). The SEM analysis of the sam-
ple III_70 yielded a decrease in the shrinkage crack width 
due to carbonation. In contrary, the microscopic examina-
tions showed a correlation between carbonation depth and 
resin penetration depth. As a result, it can be assumed that 
the arisen carbonates were sufficient to refill the shrinkage 
cracks. Simultaneously, the open pore structure based on 
the carbonation shrinkage probably caused the correlation 
of carbonation depth and the penetration of the resin. When 
larger quantities of C–S–H were affected by carbonation, the 
quantity of remaining calcium was too low to form sufficient 
calcium carbonate crystals and refill the open pore structure. 
It was also conceivable that a two-step process takes place 
during carbonation. First, C–S–H, ettringite (AFt) and AFm 
were decomposed and aragonite and vaterite arose. By the 
presence of  H2O, vaterite got solved [33, 45, 46]. Subse-
quently, it got recrystallized as calcite. Whether the higher 
compactness of calcite compared to vaterite and aragonite or 
additional migration effects of the arisen carbonates played 
a role during these processes could not be clarified here.

Conclusions and outlook

For this research, an approach was made to describe the 
progress of carbonation by using thermal gravimetric analy-
sis. Concretes based on CEM I, CEM II and CEM III were 
treated by 1%  CO2 in air atmosphere and examined subse-
quently. For all admixtures, a water–binder ratio of 0.7 was 
chosen. The evaluation of TG results proves difficult because 
of overlapping reactions which are not related to carbona-
tion effects. Mass losses based on physically bound water 
overlap the signals induced by the different hydrate phases. 
Additionally, already available carbonates such as limestone 
powder generate signals which are also not related to car-
bonation effects. During evaluation of TG results, it must 
be noted that signals may vary slightly based on device-
specific fluctuations. For this reason, preliminary TG inves-
tigations of different components from hydrated and car-
bonated concretes were carried out. By the means of these 
results, the evaluation of the examined types of concretes 
was implemented. During these preliminary investigations, 
an effect was examined which was mentioned before but 
not described that precisely. It has been shown that acceler-
ated carbonation (1%  CO2 in air atmosphere) of calcium 
hydroxide leads to encapsulation of the hydrated particle 

by  CaCO3 covering. The progress of the calcium hydroxide 
transformation was clearly evident by TG analysis during the 
first 72 h of  CO2 treatment. The additionally examined par-
ticle size distribution showed an increase in the PSD within 
the first 24 h. Subsequently, the particle size remained on a 
constant level. Based on these results, a two-stage process 
is conceivable. During the first 24 h, individual carbonate 
crystals arose, and the particle size increased noticeable. 
Thereby, the arisen crystals do not form a dense shell of 
carbonates. Accordingly, the carbonation process was fur-
ther in progress. During the next 48 h, more crystals arose, 
and the covering became dense. Simultaneously, the crystals 
achieved a certain size and the hydrate–carbonate particles 
stopped growing for now. After 72 h, the dense of the shell 
reached a certain value and the carbonation was stopped. 
After a period of 12 days, the particle size increased again 
without any additional arose of carbonates. A clarification 
for the additional growing of the particle size was not pos-
sible with the methods used for this research. Finally, the 
encapsulation effect is based on an oversupply of  CO2. Fol-
lowing, the accelerated carbonation already with 1%  CO2 
or higher in air atmosphere leads to effects which are not 
observable during natural carbonation.

The former described encapsulation effect of calcium 
hydroxide was also detected in case of the CEM I- and 
CEM II-based systems. Additionally, it was ascertained that 
microstructural changes have already taken place in areas 
which are supposed as not carbonated by the indicator. Espe-
cially in case of CEM I-based system, these changes became 
apparent. Analysis by optical microscopy and SEM of the 
hardened cement paste showed also microstructural changes. 
During carbonation of CEM I- and CEM II-based systems, 
the structure became denser because of the arisen carbon-
ates. The microscopic examinations on the CEM III-based 
system with UV light on samples imbedded in fluorescents 
resin suggested a lower density in the already carbonated 
area. Primary leaching effects based on the underwater stor-
age of the specimens were excluded by quantification of the 
chemical composition (ICP-OES). Therefore, all changes fed 
back to carbonation. It can be assumed that the amount of 
calcium was not sufficient to create adequate quantities of 
calcium carbonate and refill the open pore structure. Nev-
ertheless, by means of SEM it became apparent that the 
shrinkage cracks were filled by carbonates. Another possible 
cause might be that mainly aragonite and vaterite arose dur-
ing carbonation of C–S–H, ettringite (AFt) and AFm phases. 
These two  CaCO3 modifications are metastable. By the pres-
ence of  H2O, they got solved and became transformed into 
calcite at a later stage. Nevertheless, it was currently dif-
ficult to estimate whether additional transport effects of the 
solved carbonates in the pore solution increase the open pore 
structure finally.
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