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changes that take place in the phase composition of cement pastes during
accelerated carbonation (100% CO2) for different binders, has been carried out, by taking Neutron Diffraction
patterns in parallel with the carbonation experiments. The variation of the intensity of chosen reflections for
each phase along the experiment has been used to monitor concentration changes and has supplied data, in
real time, for fractional conversion of different phases (Portlandite, Ettringite and CSH gel) of the hydrated
cement pastes. Fitting of these results has allowed to make a qualitative approach to the kinetics of the
carbonation of the different phases and extracting conclusions on the microstructural changes that takes
place during the carbonation of cement pastes.

© 2008 Elsevier Ltd. All rights reserved.
1. Introduction

One of the most important depassivation mechanisms of steel
reinforcement in concrete is that caused by the neutralisation of the
cement matrix. For this reason, the carbonation of concrete, as
consequence of its interaction with the atmospheric CO2, has been
considered for years a subject of interest in researches of cement
chemistry [1]. The process known as carbonation, is a complex
physicochemical process that slowly modifies the structure of the
concrete in the course of time and induces changes into its chemical
[2–14] and physical [15–21] properties.

In spite of this large number of studies, there are still not answered
questions, which are of crucial importance for the sake of modelling the
process [22–30]. For example, although it has been shown that porosity
decreases in OPC pastes, due to the production of calcium carbonate, it
has not beenquantified this decrease and it has not beendetermined the
controlling parameters of this effect. On the other hand, it is known that
not only Portlandite gets carbonated during the process [3,4,26,31].
However there is a lack of knowledge on the relative fractional
conversion of the different phases as the process goes on. Therefore,
techniques which are able to give results enabling access to this kind of
questions are of great importance for the progression of the under-
standing of the carbonation process. One of these advanced techniques,
giving thorough information, is the neutron diffraction technique, as
neutrons penetrate deep into the matter providing information about
the bulk of the sample, what makes them a very useful tool to
understand how the material changes and degrades. They are able to
.

l rights reserved.
give information on the crystalline phases of the matrixes, and by
indirect deductions, also about amorphous phases.

Present paper reports on the phase analysis and microstructure
changes recorded by in situ, (that is, while the reaction is progressing)
by simultaneous acquisition of neutron diffraction during experi-
ments of accelerated carbonation of cement pastes. Although the CO2

gas concentration used has been of 100% and it might be claimed that
it modifies the carbonation rate, carbonation at lower concentration
does not allow to record the microstructural changes in the lapse of
several hours, that is the reasonable allowable time for neutron
experiments. Concentrations of CO2 of 5% or lower would take days to
produce carbonation even in a few mm at the surface of any
monolithic specimen and therefore, making unpractical the study
in-situ of the carbonation process. In addition to the samples cast with
deuterated water and carbonated during the Neutron Diffraction
experiments, other set of samples was cast with ordinary water and
also fully carbonated with CO2 gas at 100% in carbonation chambers.
This second set was used for complementary tests.

2. Experimental procedures

2.1. Materials and preparation of specimens

Two different series of specimens were prepared:
Series a) For the in-situ carbonation experiments. Cement pastes

(with three different types of binder)were prepared by handmixing the
cements with deuterated water from 99.95% purity to aw/c ratio of 0.5.

Series b) For obtaining the complementary data, equivalent
samples to those of the point a) were cast with ordinary water, at
the same w/c ratio, and were similarly carbonated in carbonation
chambers at the laboratory.
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Table 1
Chemical analysis of the cement, fly ash and micro-silica used

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Cl− Na2O K2O free CaO

Cement 20.2 2.37 4.1 65.84 1.85 3.8 0.02 0.11 0.65 1.5
Fly ash 48.71 25.18 5.18 12.09 1.61 0.43 – 0.61 3.28 0.15
Micro-Silica 96.32 0.00 – 0.67 0.49 – – 0.15 0.39 0.04

Fig. 2. Experimental set up for the laboratory carbonation experiments in a chamber at
the 100% CO2 concentration for specimens of series b).
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Series a) and b) consisted of pastes with three different types of
binders. The first binder was plain OPC cement type CEM I 42.5 R
sulphate-resistant, having a 5% of addition of lime. The second one,
mix OPC-FA, was prepared using the same cement substituted in a 35%
by fly ash. For the third type, mix OPC-MS, was used again the same
cement with a substitution of a 10% by micro-silica. The chemical
analyses of the Cement, Fly Ash and Micro-Silica, are given in Table 1.

These paste specimens were cast in cylindrical plastic moulds,
which were sealed, in order to avoid carbonation, and allowed to cure
for 28 days at room temperature (22 °C) in a humid chamber at a
relative humidity, RH, higher than 95%. The resulting specimens were
cylindrical, 9 mm ϕ and 32 mm height.

2.2. Techniques and procedures

2.2.1. Series a)
After curing and demoulding, the deuterated specimens of every

mix were kept sealed, in order to avoid carbonation, until the in-situ
experimental trials, that took place 130 days after casting them.

The experimental set up for the in situ experiments is shown in
Fig. 1, where a scheme and a photo of the test device are given. A
glassed mini-carbonation-chamber was designed, consisting in a
cylindrical body with a tube and a valve in its bottom. It has a
perforated glass separating the body of the device and the valve that
allows filling in the bottom part with the » 65% RH regulation solution
(saturated solution of NaNO3) keeping it separated from the specimen.
The device has a hermetic cap, where the samplewas suspended, with
three inlets (inlet of CO2, outlet of CO2 and aeration). The CO2 gas was
delivered at a concentration of 100%, through a tube, covered by a
sheet of cadmium (for avoiding interferences of the plastic tube with
the neutrons), at the bottom of the cylindrical device, in order to
assure the right circulation of the gas through the sample (see Fig. 1).

The in-situ carbonation was followed on line by simultaneous
acquisition of diffraction patterns at the D20 instrument of the Institute
Max von Laue – Paul Langevin (ILL), in Grenoble, France. The neutron
Fig. 1. Experimental set up for the in situ carbonation experimen
diffraction data were collected by continuously storing the detector
counts, every 300 s, exploring an angular domain in 2θ from 10° to 150°.
The neutron beam had a rectangular section of 10 mm width×30 mm
height, covering all the perimeter of the sample. To calibrate the
wavelength used, a powder of Si furnished by the NBS (National Bureau
of Standards) was used. The diffraction pattern of this standard was
refined by Rietveld analysis and awavelength of 1.321 Åwas found. This
wavelength was used in the subsequent measurements.

The powder diffraction patterns have been analysed by a standard
procedure. Crystalline phases were identified by a search–match
manual procedure and selected peaks for Portlandite, Calcite,
Ettringite and a Calcium silicate hydrate were fitted to Gaussian
curves for the whole series. The variation of intensity of a chosen
reflection for a particular phase along the experiment (related with
the concentration) has been used to monitor concentration changes.

2.2.2. Series b)
Paste specimens prepared with ordinary water, for the three

binders, were introduced in a 100% CO2 concentration chamber
(Fig. 2). In this chamber, the specimens were allowed to equilibrate at
a relative humidity RH of about a 65% and 22 °C by means of a
saturated solution of NaNO3 and they were submitted to accelerated
carbonation during 103 days. After this time, the state of carbonation
was analysed according to the phenolphthalein tests. For this series,
ts, at the 100% CO2 concentration for specimens of series a).



Table 2
Summary of the samples cast and the test performed with the different mixes

Series Mix Casting
Watera

Experimentb % CO2 Time of
carbonation
(days)

Final
statec

Commentsd

a) OPC D IS–ND 100 0.375 PC Fractional
conversion
data

OPC-FA 0.382
OPC-MS 0.538

b) OPC O – – – NC Phen MIP TG
OPC-FA
OPC-MS
OPC O LC 100 103 CC Phen MIP TG
OPC-FA
OPC-MS

a D: Deuterated water; O: Ordinary water.
b IS-ND: in situ Neutron Diffraction, LC: Laboratory chamber.
c NC: No Carbonated; PC: Partially Carbonated; CC: Completely Carbonated.
d Phen: phenolphthalein tests; MIP: Mercury Intrusion Porosimetry, TG:

Thermogravimetry.
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samples of every mix, before and after the carbonation treatment,
were characterised by Thermogravimetry (TG) and Mercury Intrusion
Porosimetry (MIP).

A summary of the samples cast and the test performed for the
different mixes is presented in Table 2.

3. Results

3.1. Series a) Neutron diffraction patterns

In Fig. 3, as an example of the diagrams obtained, the neutron
diffraction patterns of the accelerated carbonation experiment for the
OPC sample, covering the interval from 21°–35° in 2θ, are presented.
Fig. 3-a shows the diffraction patterns in the form of a tri-dimensional
surface plot. In Fig. 3-b, the contour map for the diffraction data is
sketched, where data are displayed as the projection (in the 2θ-time
plane) of a pseudo three-dimensional map obtained after sequentially
connecting the diffraction patterns. Both types of plots allow the
observation of the major features of the whole experiments, i.e., the
phases existence domains and their growing and decaying.
Fig. 3. Neutron diffraction patterns of the accelerated carbonation experiment for the OP
The analysis of the neutron diffraction patterns, in the range from
10° to 150° 2θ, has allowed the identification of 4 main crystal phases:
Portlandite, Calcite, Ettringite, and a form of crystalline Calcium
Silicate Hydrated (CSH gel). No anhydrous cementwas clearly resolved
as some peaks are overlapped with that of other phases, mainly
Calcite, and for that not overlapped, not clear peaks were detected. In
Fig. 4, for the sake of clarity, only a section of the diffraction patterns is
depicted and selected peaks of these phases, chosen by their isolation
and intensity, are marked for the initial and final pattern for the three
mixes.

These peaks have been fitted to Gaussian curves for the whole
series. This was done with procedures written in IDL code using the
Marquart algorithm. The variation of intensity of a chosen reflection
for a particular phase along the experiment (related with the con-
centration) was used to monitor concentration changes. Fig. 5 (a–d),
shows the evolution of the normalised intensity as a function of the
time of carbonation for the three different mixes and the four
crystalline phases analysed. In Fig. 5, it can be seen that carbonation
implies the simultaneous reduction of the Portlandite, Ettringite and
CSH gel while Calcite increases progressively (note that the initial
normalised intensity for Calcite is not zero due to an initial amount of
lime in the cement).

It has to be pointed out that the biggest peaks, corresponding to
Portlandite and Calcite, present a very small bias in the fit (the error
bars in Fig. 5 represent the 95% confidence limits) while the peaks
corresponding to Ettringite presents higher dispersion, reaching a
point in which the resolution of the peaks do not allows fitting them.
This is the case for the peak corresponding to the CSH gel, which is
very close to the biggest peak of Calcite. That is why it has been only
possible to fit it, in some extent, for the OPC mix.

In a diffraction experiment, we can distinguish two kinds of
contributions to the differential cross section: the coherent and
incoherent terms. The former is proportional to the structure factor
(which is Q-dependent and contains the information about the
structure of the sample) and to the coherent scattering cross section.
The latter is proportional to the incoherent scattering cross section
and is independent of the momentum transfer. It means that a
diffraction spectrum is composed of two terms, the one containing the
Bragg peaks plus a constant term due to the incoherent scattering. The
C sample, covering the interval from 21°–35° in 2θ. a) Surface plot, b) Contour map.



Fig. 4. (a–c): Section of the initial and final diffraction patterns for the three mixes (the
selected peaks of the different phases have beenmarked). a) OPC, b) OPC-FA, c) OPC-MS.
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coherent and incoherent scattering cross sections are intrinsic properties
of the nuclei and their values are tabulated [32]. In the particular case
of the hydrogen the incoherent and coherent cross sections are
80.26 barns and 1.7568 barns, respectively (1 barn=10−24 cm2).
These numbers are to be compared with usual values for other nuclei:
∼1 barn and ∼7 barns for incoherent and coherent contribution.
Therefore, in comparison with other systems, the hydrogen gives a
huge constant incoherent signal (seen as background in a diffraction
experiment) and a small coherent signal [33].

Therefore, the background can be related to the hydrogen amount,
so to the water fraction in the sample, not only free water, but also
combined water in the hydrates. The integration of a fraction of the
diffraction patterns backgrounds as a function of the time of
carbonation (normalised intensity to unity at the low 2θ region,
where no peaks appear), is presented in Fig. 6. In Fig. 6 it can be
observed that the background decreases during the carbonation
experiment, following the same trend that the carbonation of the
different phases (see Figs. 4 and 5) which implies a loss of water
during the experiment that is removed from the system due to the
control in the RH with the NaNO3 solution. In the case of the sample
OPC-FA, there is a point in the experiment in which there is a
stabilisation of the background, which has been attributed to the
higher initial rate of carbonation for this sample, with formation of
morewater and reaching amoment inwhich the rate of carbonation is
more or less the rate of evacuation of the formedwater. More research
is carrying out in order to clarify this point.

3.2. Series b)

3.2.1. Thermogravimetry analysis
The results obtained from Thermogravimetry Analysis, TG, for the

initial samples and for the specimens submitted to complete
carbonation at 100% CO2 are presented in Fig. 7, where, as expected,
differences between the different samples, mainly for the amount of
Portlandite can be observed. In addition, it can be seen that the total
loss of weight becomes higher in the carbonated samples due to the
uptake of CO2, that it is later released during the TG test.

The loss of weight at specified temperatures allows the quantifica-
tion of the amounts of Portlandite and Calcite in each sample. Loss of
bound water (105 °C∼425 °C), which derives mainly from calcium
silicate hydrate but includes contributions from aluminate and
ferroaluminate hydrates [1,31,34] has also been quantified. The
calculated values are given in Table 3, where the percentages are
referred to the initial weight of the paste. According to the data in
Table 3, there is not any trace of Portlandite in any of the carbonated
samples and, as expected, the amount of combined water decreases
significantly when carbonating. It is worth pointing out again that the
values of percentage of Calcite in the reference samples are due to
inclusion of a 5% of limestone in the cement, as they kept carefully
sealed, in order to avoid carbonation.

In agreement with this data, the phenolphthalein test after
carbonation showed all the samples fully carbonated.

3.2.2. Mercury Intrusion Porosimetry
The results obtained from Mercury Intrusion Porosimetry for the

initial samples (before carbonation) and for the specimens carbonated
completely in the laboratory chamber, using 100% CO2 during
103 days, are presented in Fig. 8 (a–b), where the total porosity
(percent in volume) and the bulk density of the matrixes, are given. In
Fig. 8, it can be seen that, as already known, the carbonation treatment
induces, in all the samples, a decrease in the total porosity, and
therefore, denser samples. The percentages of reduction for each
sample are also given in Fig. 8-a, where it can be deduced that the
higher reduction has taken place for the samplewith addition of micro
silica, OPC-MS, and the smaller one for the OPC-FA sample.

A more detailed analysis can be made by looking at the differential
pore size distributions for the different samples, as presented in Fig. 9.

Fig. 9 shows that the pore size distribution is a bit different for the
different types of pastes. Before the process of carbonation, all of them
present two maxima, being the smallest one at about 0.3 µm and the
biggest one around 0.05 µm. For the pores smaller than 0.05 µm, the
lower values of pores are in the sample OPC-MS while OPC-FA
presents the higher values of pores. After carbonation, the maxima of



Fig. 5. (a–d). Evolution of the normalised intensity as a function of the time of carbonation for the three different mixes and the four crystalline phases analysed. (The error bars
represent the 95% confidence limits).

1369M. Castellote et al. / Cement and Concrete Research 38 (2008) 1365–1373
about 0.3 µm disappear for every sample, and that at 0.05 get shifted
towards lower sizes en the case of OPC and OPC-MS and towards
higher ones for OPC-FA, presenting, in every case, smaller absolute
values.

4. Discussion

In the carbonation process, the CO2 gas penetrates through the
empty spaces of the concrete pore network and dissolves in the pore
solutionwhere reacts with the Ca2+/OH− ions to precipitate CaCO3 that
has a very low solubility product. As Ca2+/OH− ions are removed from
Fig. 6. Evolution of the background, at low 2θ, during the carbonation experiments.
the solution by carbonation, precipitated Portlandite is progressively
dissolved, inducing a buffering action. However, carbonation implies
not only the reduction of Portlandite but also of other phases of the
cement paste, as Ettringite and CSH gel, while Calcite increases
progressively. The simultaneous carbonation of Portlandite and CSH
had been reported elsewhere [3,31,34], and here it is clearly noticed,
as depicted in Fig. 10, where the fractional conversion of the different
phases is given, (taking out the error bars, for the sake of clarity) for
the different mixes analysed. The experimental data have been fitted
empirically (solid lines in Fig. 10), allowing to make a qualitative
approach to the kinetics of the carbonation of the different phases. The
corresponding relationships are given in Table 4.

From Table 4 it can be seen that all the phases that are consumed
by the carbonation process (Portlandite, Ettringite and CSH) disappear
according to an exponential decay of first order, while formation of
Calcite follows the trend of a sigmoidal shape given by a Boltzman
function, being the rate of change of each phase different.

This can be clearly seen by looking carefully at the constants t1,
from the fitting equations, that represent the temporal decay
parameters, being slower the process as higher is the constant.
These constants have been depicted in Fig. 11 for the different phases,
consumed in the process, and mixes. From them, it can be deduced
that even though for the same mix, the rate for the different phases is
different, there is more or less the same proportionality between each
phase in the different samples. So, Ettringite is the phase that
consumes quicker then, the CSH gel, at least the crystalline fraction,
being the consumption of Portlandite, as long as the different phases
are concerned, the slowest process. Therefore, considering that car-
bonation is a continuous process and that the definition of carbonated
region is arbitrary, it is suggested the definition as the region without
Portlandite, as used in [31], as quite reliable.



Fig. 8. (a–b): MIP microstructure parameters before and after full carbonation at 100%
CO2. a) Total porosity (percent in volume); the percentages of reduction for each sample
are also given. b) Bulk density.

Fig. 7. (a–b). Thermogravimetry Analysis (TG) of the samples. a) before and b) after full
carbonation at 100% CO2.
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On the other hand, concerning the different mixes, the slowest
process takes place for the paste including micro-silica in their com-
position, and that of fly ashes is the quickest one, which cannot be
related to the porosity of the samples, neither before nor after full
carbonation at 100% CO2 (see Fig. 8).

In addition, new formed Calcite due to the carbonation process
presents some differences with the Calcite initially present in the
samples. For analysing them, from the in-situ data, on one hand, the
evolution in the volume of the unit cell of Calcite has been calculated.
Provided that Calcite crystallises in the trigonal system (Space Group
R-3C [35], at least two independent reflections corresponding to a
different family of planes are necessary [36] for making the cal-
culations (in this case (1 1 3) and (0 0 6) have been used).

On the other hand, the full width at half maximum (FWHM) of the
fitted Gaussians has also been determined. This parameter can be
Table 3
Percentages of bound water, Portlandite and Calcite in the different samples before and
after carbonation at 100% CO2

(%) OPC OPC-FA OPC-MS

Before After Before After Before After

Bound water 7.3 4.0 6.4 3.6 8.0 1.9
Porlandite 14.7 0.0 8.7 0.0 9.4 0.0
Calcite 11.2 51.8 10.9 43.4 13.8 49.6
related to crystal size: the smaller the FWHM of the peaks, the larger
are the crystallites of the phase, or better the crystallinity degree. The
results are given in Fig. 12 (a–b) respectively, where it has been
deduced that the new formed Calcite increases the size of the unit cell
(see also the shifts of the position in the peaks of Calcite towards lower
angles in Fig. 4 in about a 0.4%, and is less crystalline than the original
one, especially in the case of the cement with additions.

Concerning the decrease in the porosity due to carbonation, cal-
culations have been made with the different volumes of the unit cells
for the different phases, taking into account the corresponding num-
ber of formula units per unit cell for each phase, corresponding to their
specific crystal system group. These calculations have allowed to
deduce that the conversion of Portlandite to Calcite implies an in-
crease of a 12% in the volume of the solid phases.

Concerning Ettringite and the crystalline phase of CSH detected,
taking into account only Calcite as the solid product formed, would
imply a decrease of solid phases of about a 68% and 40% respectively.
However, Ettringite and CSH not only give as solid product of car-
bonation Calcite, but also, SiO2, Al2O3, …, that contribute also to the
decrease of porosity. In addition, there is the amorphous CSH, for
which these calculations are not possible.

Therefore, a direct relationship between the initial amount of
Portlandite in the sample and the reduction in the porosity (% vol) due
to carbonationwas not found, as can be deduced fromFig.13. However,
it has been found another controlling parameter of the degree of
carbonation: the “bound” water determined by TG analysis. Thus, in
Fig. 13, it is shown that a good linear relationship has been found
between the decrease inporosity and the percentage of boundwater in
the sample, which implies a strong relation between the initial CSH gel
content and the carbonation degree.

5. Conclusions

In this paper, in-situ monitoring of the changes that take place in
the phase composition of cement pastes during accelerated carbona-
tion (100% CO2) for different binders has been carried out, by taking



Fig. 10. (a–c): Fractional conversion of the different phases for the different mixes
carbonated. a) OPC, b) OPC-FA, c) OPC-MS. (As solid lines, fitting of the data to the
equations given in Table 4).

Fig. 9. (a–b). Pore size distribution in the samples. a) before and b) after complete
carbonation at 100% CO2.
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simultaneous Neutron Diffraction patterns. The conclusions that can
be drawn up are:

1) The ND technique has allowed themonitoring of themajor features
of the carbonation reactions, i.e., the phases existence domains and
their growing and decaying: carbonation implies the simultaneous
reduction of the Portlandite, Ettringite and CSH gel while Calcite
increases progressively.

2) The variation of the intensity of a chosen reflection for a particular
phase along the experiment (related with the concentration) has
been used to monitor concentration changes and has allowed
obtaining data, in real time, for fractional conversion of different
phases of the reactants. Fitting of these curves has allowed making
a qualitative approach to the kinetics of the carbonation of the
different phases, deducing that all the phases consumed by the
carbonation process disappear according to an exponential decay
of first order, while formation of Calcite follows the trend of a
sigmoidal shape given by a Boltzman function.

3) The rate of decrease of each phase is different for the different
mixes. For the same mix, the rate for the different phases is
different, but maintaining the same proportionality between each
phase in the different samples. Ettringite is the phase that reacts
quicker, then, the crystalline fraction analysed of the CSH gel, being
the consumption of Portlandite, the slowest persistent process.
4) The slowest process takes place for the paste includingmicro-silica
in their composition, and that of fly ashes is the quickest one,
which is not related to the porosity of the samples, neither before
and nor after full carbonation at 100% CO2.

5) The new formed Calcite, due to carbonation, increases the size of its
unit cell and is less crystalline than the original one, especially in
the case of the cement with additions.

6) As expected, after full carbonation, all the samples are denser. From
calculations related to the volume of the crystal phases and the
relationship found between the percentages of reduction of
porosity for each sample and the percentage of bound water in



Table 4
Fitting of the fractional conversion of the different phases during the in-situ
carbonation experiments

OPC OPC-FA OPC-MS

PORTLANDITE: Exponential decay
y=y0+A1 exp(−x/t1)

y0 0.71 0.60 0.72
A1 0.29 0.37 0.27
t1 427.73 197.44 673.15
R2 0.985 0.969 0.966

ETTRINGITE: Exponential decay
y=y0+A1 exp(−x/t1)

y0 0.389 0.07 0.410
A1 0.521 0.899 0.548
t1 209.77 130.68 417.84
R2 0.611 0.966 0.712

CSH: Exponential decay
y=y0+A1 exp(−x/t1)

y0 0.63 – –

A1 0.35 – –

t1 259.72 – –

R2 0.443 – –

CALCITE: Boltzman Function (Sigmoidal shape)
y=A2+((A1−A2)/(1+exp((x−x0)/t1)))

A1 −5.17 −14.44 −5.30
A2 1.072 1.000 1.33
x0 −525.57 −323.24 −1126
t1 249.29 113.06 675.11
R2 0.990 0.994 0.984

Equations, parameters and correlation coefficients. (Graphical presentation in Fig. 10).

Fig. 12. (a–b). Evolution of the a) volume of the unit cell of calcite and b) FWHM as the
carbonation treatment goes on.
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the sample, the main reduction in porosity has been attributed to
the amorphous fraction of CSH gel.
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