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Abstract

The purpose of this article is to investigate the carbonation mechanism of CH and C-S-H within type-I cement-based
materials in terms of kinetics, microstructure changes and water released from hydrates during carbonation. Carbonation
tests were performed under accelerated conditions (10% COs, 25°C and 65+ 5% RH). Carbonation profiles were assessed
by destructive and non-destructive methods such as phenolphthalein spray test, thermogravimetric analysis, and mercury
intrusion porosimetry (destructive), as well as gamma-ray attenuation (non-destructive). Carbonation penetration was
carried out at different ages from 1 to 16 weeks of COy exposure on cement pastes of 0.45 and 0.6 w/c, as well as on
mortar specimens (w/c = 0.50 and s/c¢ = 2). Combining experimental results allowed us to improve the understanding
of C-S-H and CH carbonation mechanism. The variation of molar volume of C-S-H during carbonation was identified and

a quantification of the amount of water released during CH and C-S-H carbonation was performed.
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1. Introduction

Reaction of gaseous CO2 with calcium-bearing phases
in concrete infrastructure components is known to cause a
lowering of alkalinity, leading to depassivation and corro-
sion of rebars. The hydration products which are involved
in carbonation are mainly CH! and C-S-H. The carbona-
tion mechanism is quite well understood from a physico-
chemical point of view according to the COgy concentra-
tion (especially, in the case of materials made of CEM I
cement [1, 2, 3, 4]). Carbonation of CH and C-S-H seems
to occur simultaneously [5, 6] although from a thermody-
namical point of view carbonation of CH has priority over
C-S-H carbonation [7]. The polymorphism of formed CC
(calcite, vaterite, aragonite, and even amorphous calcium
carbonate [8, 9, 10, 11]) has been analyzed according to
CO2 concentration [12, 13, 1, 14] and to the g ratio of
the initial C-S-H [29] (vaterite, and aragonite in particular,
are formed when C-S-H of low g is exposed to COz). Ad-
ditionally, Black et al. [29] observed amorphous calcium
carbonate as the first carbonation products.

The impact of carbonation on the microstructure, as
well as on the moisture and transfer properties, is still a
subject of research, and even debate. Carbonation may
engender important changes of microstructure (porosity,
pore size distribution, connectivity, specific surface area,
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11t is recalled that, according to cement notations, C=CaO,
H=H50, S=SiO5 and C=COx.
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etc.) and moisture properties (carbonation certainly re-
sults in water release), and hence significant changes of the
transport properties, including water permeability, capil-
lary retention, diffusion of ions and gases (such as COs),
etc.

It is acknowledged that carbonation leads to a reduc-
tion in porosity which is ascribed to the positive difference
of molar volume between the hydration products and the
formed calcium carbonate CC. Several previous investi-
gations have highlighted the reduction in porosity after
carbonation of CEM I cement-based materials, either on
site [15, 16, 17] or under accelerated exposure conditions
[18, 19, 20, 21]. This reduction in porosity results in an
increase of strength [22, 23, 24, 25].

Nevertheless, it is obvious that the observed decrease in
porosity cannot only be due to CH carbonation. As a mat-
ter of fact, C-S-H carbonation may significantly contribute
to this evolution. C-S-H carbonation has been studied by
many authors [13; 26, 27, 28, 29]. All agree on a complex
decalcification-polymerisation process of the C-S-H and the
formation of amorphous silica gel according to the follow-
ing reaction:

CySyH, + 2C — 2CC + ySH; + (2 — yt)H (1)

The exact stoichiometric coefficients of the previous re-
action are not clearly defined. For instance, the amount
of water inside the silica gel SH; is unknown, as well as
the exact kind of calcium carbonate which forms (calcite,
vaterite or aragonite). That is why, the change in the vol-
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ume of solid phases is unknown and explains the difficulty
to quantify with enough accuracy the evolution of poros-
ity induced by C-S-H carbonation. As an illustration, it
is possible to imagine that if silica gel becomes very dry
(low value of the stoichiometric parameter ¢ in Eq. 1), the
amount of released free water increases per mole of formed
CC from C-S-H (z — yt goes up). This feature related to the
hydration level of SH; could support the idea of the in-
crease in porosity which has already been observed in the
case of cementitious systems made of fly ash or silica fume
where pozzolanic C-S-H of low C/8 is present [30, 31, 32, 2].

Concerning the influence of carbonation on the pore
size distribution of cement-based materials, the limited
data which were published in the scientific literature do not
show a real consensus. Pihlajavaara [15, 16] was the first
to point out that carbonation affects the capillary pores
of diameter between 10 and 100 nm by globally reduc-
ing their volume in the case of CEM I cement pastes (w/c
ranging from 0.3 to 0.6). Matsusato et al. [24] observed the
same trend on CEM I mortars whose porosity in the range
20-300 nm is reduced by carbonation. In spite of a system-
atic reduction in total bulk porosity, Houst [33] observed
by mercury intrusion porosimetry, carried out on CEM I
cement pastes of high water-to-cement ratio (w/c = 0.8),
a shift of the porosity towards greater pore radii during
carbonation. Recently, Miragliotta [20] and Thiery et al.
[34, 35, 36, 37] came to the same conclusion for low grade
CEM T concretes. Bier et al. [30] investigated the effect
of carbonation on the pore size distribution of cementi-
tious materials which were manufactured with different
types of blended cement. It was found that for cement
manufactured with a high clinker level, carbonation led
to a considerable reduction in the capillary pore volume,
whereas, for cement blended with slag, a coarser capillary
porosity was formed in the course of carbonation progress.
Moreover, it is worth mentioning the studies about the
cementation by carbonation of air lime mortars. Studies
[10, 38] show an increase of pore volume around 100 nm
which is ascribed to the transformation of CH macrocrys-
tals to CC microcrystals. Moreover, the authors generally
note a monotonic increase in the volumes of pores with
diameters below 30 nm which is attributed to the attach-
ment of CC crystals at the surface of aggregate particles
and/or at the surface of CH macrocrystals.

Regarding moisture changes, carbonation of CH releases
free water which was originally combined in CH, as it is
shown in the following reaction:

CH+C—CC+H (2)

This supply of water is likely to reduce the space avail-
able for the diffusion of COs through the porous network
of the cementitious matrix. It can also be involved in
moisture transport and in delayed hydration reactions of
non-hydrated cement grains. The mentioned supply of wa-
ter was experimentally observed by Pihlajavaara [15] and
Delmi et al. [21]. However, as far as the authors of the

present article are aware, the amount of released water
has never been really quantified and correlated with the
degree of carbonation of CH. Furthermore, one can wonder
if the stoichiometry in Eq. (2) is respected, i.e., if the mole
of water which is produced when one mole of CH is car-
bonated corresponds to condensate capillary or adsorbed
water. What is also essential to know is whether the car-
bonation reaction of C-S-H is likely to release physical water
within the porosity (see Eq. 1) .

The aim of this work is to provide further evidence
and improved understanding of the effects of carbonation
on the microstructure (porosity and pore size distribu-
tion), and moisture properties (liquid-water content) on
the basis of mercury intrusion porosimetry and gamma-
ray attenuation results. By correlating investigations of
the microstructure changes with measurements of the de-
gree of carbonation of the hydration products performed
by thermogravimetric analysis, analytical relationships to
be implemented in models are proposed to explicitly link
the decrease in porosity and the amount of released wa-
ter to the carbonation level of CH and C-S-H. The arti-
cle discusses results in the case of CEM I cement pastes
and mortars. By working on specimens submitted to on-
going carbonation and by providing carbonation profiles
(porosity, amounts of CH and CC, moisture content, etc.),
the originality of the research is to propose a large num-
ber of results in the fields of chemistry and microstructure
properties and to correlate them in order to obtain reliable
analytical relations representing the behaviour of a CEM I
cement-based material exposed to carbonation.

2. Materials

2.1. Formulation and fabrication

An ordinary CEM I cement (CEM I 52,5 N CE PM-ES
CP2 NF) was used in order to prepare two cement pastes
and a mortar. The Bogue composition is provided in Ta-
ble 1 by using Bogue’s formula. This cement has a low
content in C3A and a high content in C4AF which is much
less reactive than the other clinker phases. As a conse-
quence, we will consider in the following that carbonation
of the hydration products resulting from C3zA and C,AF
(mainly AFt and AFm) can be disregarded. The main hy-
dration products able to carbonate are thus CH and C-S-H.
The sand used in the mortar is silicious (size 0/4 mm).

[Table 1 about here.]

In order to avoid any early drying, sealed plastic bottles
were used as moulds for the preparation of cement pastes
and mortars. The plastic bottles were filled in 3 steps and
air was removed by vibrating the samples between each
step before the bottles were closed. The bottles had been
sealed and then put in an anti-segregation rotating system
for 24 hours. Finally, a sealed curing was performed for 6
months at 20°C before using the samples for carbonation
purpose.



Concerning cement pastes, two different water-to-cement
ratio w/c were studied: 0.45 (called CN paste) and 0.6
(called CP paste). The mix-design of the mortar was char-
acterized by w/c = 0.5 and s/c = 2 (sand-to-cement ratio).

2.2. Pretreatment

After a 6-month sealed curing period, plastic bottles
were cut in two pieces in order to obtain two cylinders
(height ~ 60 mm, ¢ =70 mm, as shown in Fig. 1). The
samples were preconditioned in order to dry them and al-
low faster carbonation penetration. To do so, the speci-
mens were first recovered with a self-adhesive aluminium
foil over the lateral face and bottom faces, so that all
transport phenomena can be considered as unidimensional.
Then, the specimens were put for 56 days in an oven con-
trolling temperature at 45°C. Finally, the specimens were
kept 56 days in a RH-controlled desiccator at 62+ 5% and
20°C by means of a saturated salt solution of NH4NO3.
The first purpose of such pretreatment was to accelerate
the carbonation mechanism by controlling the moisture
content of the specimens as close as possible to the opti-
mum RH in the range 40%-70% [39, 40, 18, 35, 4]. The
pretreatment also aimed at obtaining a moisture profile
in the specimen as uniform as possible. The homogene-
ity of the moisture profile was controlled by gamma-ray
attenuation (see section 6).

[Figure 1 about here.]
2.8. Accelerated carbonation test. Choice of a relevant
CO5 concentration.

Accelerated carbonation was performed using an incu-
bator (Sanyo MCO5-AC) able to control temperature T
and COs concentration [COs]. The relative humidity was
fixed by a saturated salt solution. 7" and RH, as well as
[CO2], were monitored by using HM70 and GM70 probes
(Vaisala), respectively.

Usually, accelerated carbonation tests are performed
at CO2 = 50% in France [41, 42] in order to test car-
bonation resistance of cementitious matrices in a reason-
able limit of time. Nevertheless, some other countries use
lower concentration (1 to 10%) fearing that phenomena
would be different from natural carbonation. Indeed, a few
comparative studies have shown that the chemical compo-
sition and the microstructure of cement-based materials
carbonated using a high COq concentration was different
from that of air-carbonated systems in natural conditions
[43, 2, 3]. Tt has particularly been observed that C-S-H
decalcification-polymerisation is more pronounced at high
COg concentration, and even that C-S-H can be completely
decalcified for COy > 10% [3]. Note that thermodynami-
cally C-S-H can even decalcify at natural concentration of
CO2 [7]. Moreover, ettringite can still be observed for
moderate COz concentration [3] whereas it seem to disap-
pear if CO2 > 10% [3, 14]. All the three CC polymorphs
are generally observed in carbonated samples, i.e., calcite,
aragonite, and vaterite, but the formation of aragonite and

vaterite seems related to the presence of highly decalcified
C-S-H, and hence to a high COy concentration. Since CC
polymorphs have different molar volume, different varia-
tions of porosity according to the carbonation conditions
are expected. The difference between air-carbonation and
accelerated carbonation conditions is even higher if min-
eral admixtures are added in the cement [30, 31, 44]. Re-
garding microstructure aspects, results of the literature
suggest that accelerated carbonation at high COg leads to
a preferential formation of CC crystals on the surface of CH
particles, and thereby inhibits further dissolution of this
phase [45]. Note that this feature could also be related
to the moisture content of the material since the drier the
material is, the more the formation of CC occurs around the
surface of CH crystals due to a lack of liquid-water inside
the pores to allow aqueous species mobility [46].

In the present research, a COs concentration of 10%
was chosen in order to accelerate the carbonation test in
a reasonable limit of time without leading to a dramat-
ically different microstructure, in terms of global poros-
ity at least. As a matter of fact, it has been observed
by Thiery et al. [36, 37, 47] and by Hyvert et al. [14]
that 10% COy seems to represent a threshold value be-
low which the porosity evolution related to the forma-
tion of CC is representative of on-site conditions in the
case of CEM T systems. This observation is relevant at a
macroscopic-enough level of observation corresponding to
global porosity measurements by mercury intrusion for in-
stance. Nonetheless, the CO5 concentration which would
preserve the nanostructure of C-S-H gel (observed by sorp-
tion of gases or by NMR for instance) in comparison with
natural conditions is probably lower, i.e., around 3% ac-
cording to Castellote et al. [2].

During the carbonation test performed in the present
research, the temperature was fixed at 25°C and RH was
controlled by means of a saturated salt solution of NH4;NOj3
which is able to fix RH = 624+ 5%. The temperature
and the COs concentration were kept constant inside the
incubator, as shown in Fig. 2. The openings of the car-
bonation chamber does not seem to disturb too much the
CO; concentration and temperature since these parame-
ters are rapidly reset to the fixed values after each open-
ing step. However, it is more difficult to maintain RH
constant around 62+ 5% even if the saturated salt solu-
tion of NH4NO3 was regularly checked (presence of solid
salts). RH shows fluctuations around 59%. In spite of this
discrepancy, RH remains close to the optimum RH range
40%-70%.

[Figure 2 about here.]

3. Techniques of carbonation monitoring

Monitoring experiments were performed at different
ages from 1 to 16 weeks of exposure of the specimens inside
the CO4 incubator. The purpose is to provide relevant in-
formation about the shape of the carbonation front related



to each hydration product, and to assess key parameters
related to microstructure changes.

3.1. Phenolphtalein spray test

Phenolphthalein is a pH indicator which is pink-fuchsia
if the pH value is above 10 and colourless under 8.3. The
specimens dedicated to the phenolphtalein test were split
in two half-cylinders. Phenolphthalein was sprayed upon
both exposed fresh surfaces. The carbonation depth was
determined at each test age in six points along the 6 cm
diameter exposed surface (indeed, a measurement is car-
ried out each centimetre by avoiding the edges of the fresh
exposed surface). The median result is used to define the
carbonation depth X¢ (The median is the numerical value
separating the higher half of X< data from the lower half.
This statistics parameter is more relevant than the mean
value when the data are very dispersed as it is the case
generally for X¢).

Fig. 3 shows the time evolution of X¢ for both studied
cement pastes CN and CP. As expected, CN (w/c = 0.45)
is more resistant to carbonation than CP (w/c = 0.60). A
square root of time relation passing through the origin has
been used to fit X< data.

The phenolphthalein spray test is quite easy to use,
and allows a fast diagnosis, but it remains a destructive
method. It provides only one main information, i.e., the
depth which coincides with a given drop of the pH value.
Because of the subjective choice of colour and the irreg-
ular shape of the front of color change due to the pres-
ence of aggregates in the case of concrete, the use of phe-
nolphthalein is likely to imprecise readings. Moreover,
this method does not indicate the real shape of the car-
bonation front. Actually, the COy can have reacted at
greater depths than the one indicated by the phenolph-
thalein test, causing a decrease in the pH beyond the car-
bonation depth determined by spraying phenolphthalein.
CC formation beyond the phenolphthalein-pink border has
been demonstrated by means of thermoanalytical meth-
ods [48, 49, 6], infrared spectroscopy [50], and gamma-
ray attenuation [51, 52, 46]. In addition, the drawback
of the phenolphthalein test can be related to the forma-
tion of calcite surrounding portlandite crystals, and limit-
ing thus their accessibility and their capacity in buffering
the pore solution. Thus, the phenolphthalein color can
change from pink to incolor whereas some portlandite is
still present. Since phenolphthalein test does not show the
real changes which may occur in a partially-carbonated
material, depth-profiles are required. These profiles can be
provided by gamma-ray attenuation in a non-destructive
way, or by thermogravimetric analysis in a destructive way.

[Figure 3 about here.]

3.2. Gamma-ray attenuation method (GRAM)

The Gamma-Ray Attenuation Method (abbreviated here
as GRAM) is a non-destructive test able to determine den-
sity profiles in building materials. GRAM has commonly

been used to quantify porosity and water content profiles
within concrete [54, 55, 52]. Moreover, by making rea-
sonable assumptions (no significant water transfer occurs
by drying in the short run of an accelerated carbonation
test), GRAM can also be used to assess carbonation pro-
files within concrete by measuring the local density in-
crease due to carbonation (i.e., CO4 binding) [52].

GRAM is based on the absorption of gamma-rays emit-
ted by a radioactive source of Cesium Cs'7. Absorption
follows the usual Beer-Lambert law:

N = Nyexp(—ppl) (3)

where Nj represents the number of incident photons in
the air and N the number of photons having crossed the
sample of thickness [. The density of the material is p
(kg.m~3). pu (m?.kg~1!) corresponds to the gamma-ray ab-
sorption coefficient of the material. Like p, the coefficient
1 depends on the moisture content and carbonation degree
of the material.

The gamma-ray absorption A is defined as In(N;/N).
A depends on the depth of the specimen which is crossed
by the gamma-ray beam, as well as on the time of moni-
toring (after the drying pretreatment or after a given age
of accelerated carbonation). Note that the apparatus used
in this study [52, 6] allows a cylindrical specimen to be
auscultated at different heights by a robot that moves it
vertically through the gamma radiation beam. The spec-
imen is placed in the middle of a tray rotating around its
axis. The measurement thus corresponds to the average
over a section of material whose height is equal to the di-
ameter of the gamma-ray beam, namely 6 mm.

The variation of absorption AA between to (a date
of carbonation) and to (time of the end of pretreatment
period) can be inferred from GRAM according to Eq. (4).

N N
AA=Ay—Ac =In <T100> —In <ﬁ> = (popo—pcpc)l
(4)

If one considers that there is no significant drying in
the course of the carbonation test (the assumption will be
checked a posteriori in section 4.1), the gamma-ray ab-
sorption variation AA is only tied to CO2 binding [51, 52,
6]. In this way, the density variation related to carbona-
tion can be assessed according to Eq. (5), as well as the
molar content of CC which is formed (per unit volume of
porous medium) (see Eq. 6). Moreover, it is perfectly le-
gitimate to consider that there is no additional hydration
during GRAM testing in view of the duration of the sealed
curing period (6 months, see section 2.1). This assumption
will be confirmed in section 5.1.

AA
lico,

(5)

pC — Po =

where pco, = 0.0772 m2.kg~!.

nco, = ng = (pc — po)/Mco, (6)



where Mco, stands for the molar weight of COy. ngg is
the molar content of formed CC (mol.L=! per unit volume
of porous material) and nco, of bound COy (mol.L~! per
unit volume of porous material).

Moreover, GRAM makes it possible to have access to
porosity profiles (¢) and to liquid-water saturation profile
(S) [52, 6]. The assessment of S profiles is provided by per-
forming a GRAM test on a specimen whose distribution
of water content is unknown. Gamma-ray absorption A is
monitored at each depth of the specimen. Then, the speci-
men is saturated under vacuum according to the same pro-
tocol as the one used to measure concrete porosity by hy-
drostatic weighing [56]. Another GRAM test is performed
on the saturated sample (the corresponding absorption is
denominated by Ags,t). Finally, the specimen is dried at
105°C until mass stabilization (the measured absorption
is denoted Ap). 105°C has been chosen to shorten the
period necessary to get porosity profiles. Moreover, the
samples are previously saturated under vacuum before be-
ing dried at 105°C. Consequently, the shorter is this stage
of drying, the less re-hydration of cement grains and dis-
solution of solid phases (calcium carbonate) are possible
after the saturation of the specimens.

The porosity profile can be calculated according to
Eq. (7) and the saturation (S) is obtained according to
Eq. (8). In the previous equations, p,, is the mass density
of the liquid-water and j, = 0.0857 cm?.g~! denotes the
mass absorption coeflicient of liquid-water.

-Asat - -AD

= Tt 77D 7
0 Lpw b )
A Ap
5 = Asat - AD (8)

3.3. Mercury intrusion porosimetry (MIP)

MIP was performed with a Micromeritics Autopore IV
which determines pore sizes in the range of 3 nm to 500 ym
(corresponding to a 0.0035 MPa-400 MPa range of applied
pressure). At different times of accelerated carbonation,
cylindrical specimens of mortar or cement paste were sawn
under water using a wheel saw. Slices of approximately
0.5 cm thick were taken along the length of the specimen.

MIP requires complete removal of water from the sam-
ple before mercury intrusion. Moreover, in order to avoid
re-hydration of the cementitious system due to the moist-
ening of the samples during the sawing step, the slices
have to be dried just after having been sawn. The effect of
drying methods (oven-drying under vacuum or not, freeze-
drying or organic solvent-water exchange) was investigated
in [60, 61, 62]. The results suggest that the freeze-drying
method is the less damaging one for the investigation of
the pore structure of cement-based materials. As a result,
it has been chosen to prepare the samples by freeze-drying.

3.4. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) is a method used
to determine the composition of cementitious materials in
terms of CH and CC by detecting the sample mass loss dur-
ing heating from 20°C to 1100°C. The same preparation
(freeze-drying) as the one for MIP measurements was used
(see section 3.3). Moreover, the samples were ground in
a ring roll mill and sieved at 315 um. TGA experiments
were carried out in a dry nitrogen atmosphere with a Net-
zsch STA 449 F1 Jupiter coupled with a mass spectrometer
(MS) Netzsch QMS 403 C Quadrupole.

During TGA, the powder samples were heated at 10°C/min

from 20°C up to 1150°C in argon. The mass loss of HoO
related to CH decomposition usually occurs in the range
450-550°C. The escape of CO3 from CC resulting from car-
bonation can start just after CH decomposition peak (550-
600°C) and is generally prolonged until 900-950°C [63]. In
the present research, a MS is coupled with the TGA device
in order to identify with more accuracy the temperature
range related to the emissions of HoO or COs.

The derivative of the mass loss during heating (DTG),
coupled here with MS, shows different peaks associated
with the emission of HyO or COs. The first peak in the
range 20°C-400°C is commonly related to the dehydration
of C-S-H, AFm and AFt phases, as well as to the emission
of physically-bound water (see Fig. 4). It is very easy to
detect the DTG/MS peak related to the dehydration of CH
around 450-550°C. Beyond this temperature range, the de-
carbonation of CC is observed with a pronounced emission
of CO4 detected by MS even if residual water can still be
emitted between 500 and 700°C. As already illustrated in
the literature [64, 65, 46, 66, 47], the decomposition of CC
is characterized by the presence of three DTG/MS peaks
(see Figs. 4 and 5, see section 4.2).

[Figure 4 about here.]
[Figure 5 about here.]

The principle of TGA quantification of CH and CC con-
sists in tracing DTG and MS diagrams related to HoO and
COa, respectively, finding the beginning and the end of
each peak, and measuring the corresponding weight loss
which represents a percentage of the mass of the freeze-
dried samples. The tangential method is generally used
for TGA assessment of CH in order to take into account
the C-S-H dehydration in the same temperature range as
CH decomposition [85]. However, this technique is less sat-
isfactory for the quantification of CC, especially if many
modes of CC decomposition are observed. That is why, a
coupled method associating TGA and MS has been used
to assess with enough accuracy the amounts of CH and CC.
Thanks to an auto-calibration of MS data, this method is
particularly relevant to distinguish the emitted gases, CO,
or Hy0O, when CC of low thermal stability (amorphous CC
for instance) decomposes in the same temperature range
as CH.



Furthermore, MIP provides the bulk density of each
sample. It makes it possible to express TGA results as
amounts of CH or CC per unit volume of the studied ma-
terial. Considering that CC mainly comes from CH and
C-S-H carbonation (see section 2.1), a subtraction with
the non-carbonated state allows the determination of the
carbonation level of CH and C-S-H according to the follow-
ing equations:

ngg = Non — N (9)

Nge = Nag — Ngg = Ngg — (ngH — nCH) (10)

where ndy, neg and ng represent the CH content in the
initial state (noncarbonated) and in the carbonated state,
and the content of CC attributed to carbonation. Note
that the initial amount of CC present in the noncarbonated
sample is subtracted from the assessed amount of CC for a
given carbonation state in order to take into account the
formation of CC during the preparation of the sample for
TGA measurements, as well as the amount of CC which can
be initially present in the cement. In Eqs. (9) and (10),
neg and nZ! refer to the molar contents of CC coming from
CH and C-S-H carbonation.

3.5. X-day diffraction

X-ray diffraction (XRD) was performed on powder of
cement paste (ground and sieved at 80 pm). Data were
collected using a PHILIPS PW3830 diffractometer in a
6 — 6 configuration employing CuK,, radiation (A =1.54
A with a fixed divergence slit size 0.5°C and a rotating
sample stage). The samples were scanned between 4 and
76°C with a scan speed of 0.01°C.s™!.

4. Carbonation mechanism: chemical aspects

4.1. GRAM profiles

Figs. 6 illustrate density profiles from 1 to 16 weeks of
carbonation on both cement pastes CN (w/c = 0.45) and
CP (w/c = 0.6). The increase of density pc — pp between
the reference state (before exposure to CO4 or, equally,
after the drying pretreatment) and a given age of carbona-
tion is calculated. Note that each profile of density increase
is the average of four profiles obtained at the same time of
gamma-ray monitoring on different specimens. The error
bars take into account uncertainties related to the statis-
tical dispersion (standard deviation) of the four measured
profiles at each time of gamma-ray monitoring. In the case
of CP, other ages are illustrated until 16 weeks of exposure
to COQ

The density evolution can be attributed to either COq
fixation as solid CC, or moisture transfers. In the course
of the carbonation test until 16 weeks, it is shown that no
significant density variation is detectable from the surface
to a given depth (10-15 mm for CN and 25 mm for CP).
The fact that the density profile remains stable supports

the hypothesis that moisture transfers are not disturb-
ing gamma-ray attenuation measurements and that the
increase of density which is monitored is mainly related to
COg binding by carbonation. Neither water still in excess
in the cement paste after pretreatment, nor water released
by carbonation of the hydration products, moves towards
outside or inside the sample by drying in the course of
the accelerated carbonation test. Note that for ages above
16 weeks, gamma-ray monitoring shows for CP a decrease
of density all along the specimen which suggests a non-
negligible contribution of transfers of liquid-water released
by carbonation from the specimen to the atmosphere (note
that spraying phenolphtalein, it has been observed that
the specimen was almost fully carbonated). This peculiar
behaviour is related to the high w/c of CP which leads
to a higher porosity and permeability to liquid-water than
CN. The idea assuming that moisture transfers can be ne-
glected in the course of a carbonation test was also made
in the case of concrete specimens [52, 6].

In order to validate GRAM measurements, each pro-
file of density increase along the height of the specimen has
been integrated (see Eq. 11 where A stands for the cross
section of the specimen and h represents its height). This
calculation gives access to a GRAM estimation of the mass
evolution of the specimen as a whole. This global GRAM
assessment is compared to the mass variations of the spec-
imen which have simply been measured with a weighing
scale (see Fig. 7-a).

h
am =4 [ o= m)(@)a (11)

Since the first point investigated by the gamma-ray
beam is placed 4 mm away from the exposed surface, an
assumption has to be made to perform the calculation
by integration of the GRAM profile. One considers that
the density variation is the same at the specimen surface
(x = 0) as the value measured at the first point distant of
4 mm from the surface (x = 4 mm). A similar assump-
tion is used at the bottom of the specimen (x = h). In
Figs. 7, a good agreement between GRAM measurements
and simple weighing is noticed. It validates the use of
GRAM to investigate the local density increase which is
related to CO2 binding onto the cementitious matrix by
carbonation.

The analysis of Figs. 6 can be done in the light of
two aspects: the penetration depth of carbonation and
the maximum amount of COy which can be bound onto
the matrix.

This latter is related to the density increase which is
measured by GRAM and is observed in the vicinity of the
surface where carbonation seems stabilized. The observa-
tion of this part of the GRAM curves reflects that CN has
a lower degree of carbonation than CP even through CN
has a higher initial amount of CH and C-S-H which represent
the major amout of carbonatable hydration products (see
Tab. 2). From this observation, it can be deduced that the



maximum carbonation level which can be reached within
a cementitious matrix depends not only on the content of
CH and C-S-H, but also on the accessibility of the hydration
products which is certainly lower in CN due to a denser ce-
mentitious matrix. Indeed, CH macrocristals contained in
CN are embedded in a denser matrix than in CP where CH
formation can occur in a more abundant capillary poros-
ity. To go deeper in this analysis, a way to make the
difference between the carbonation levels of CH and C-S-H
would be necessary in order to investigate the real part of
CO3 which react with both hydration products. TGA-MS
has provided a way to do it in this article (see section 4.2).

[Table 2 about here.]

In terms of carbonation penetration depth, the car-
bonation front is not sharp for both materials CN and CP.
This supports the fact that the chemical reactions occur-
ring during carbonation are not instantaneous with respect
to COs diffusion through the porous network. This is in
agreement with Thiery et al. [46].

Carbonation of CP leads to profiles which penetrate
deeper than those observed for CN at the same ages of
accelerated carbonation. This result is logically related to
a higher porosity for CP, and thus a higher CO4 diffusion
coefficient. Furthermore, CP shows a water vapor desorp-
tion isotherm which is located below the one of CN [67].
Thus, for the fixed value of relative humidity of 65+ 5%
imposed during the pretreatment and the accelerated car-
bonation test, the liquid-water saturation is 0.60 for CN
and 0.38 for CP. As a result, it leads to a higher volume
of gas in CP than in CN which facilitates COq diffusion.

Fig. 8 illustrates GRAM profiles for the mortars speci-
mens. Unlike cement paste samples (see Figs. 6), the den-
sity increase does not seem stabilized in the vicinity of the
specimen surface. It shows that a fully-carbonated state
has not yet been reached after a 8-week period of exposure
to COs. Moreover, regardless of these kinetic aspects, it
is essential to recall that the CO4 binding capacity of the
mortar remains below the one of the cement pastes (the-
oretically around 2 times less than CN and CP given the
w/c = 0.5 and the s/c = 2 of the mortar specimen).

[Figure 6 about here.]
[Figure 7 about here.]

[Figure 8 about here.]

4.2. TGA-DTG-MS and XRD characterization

Figs. 9 show diagrams of thermal analysis (TGA and
mass spectrometry MS) performed on samples sawn from
the surface to the core of a CN specimen after a 8-week
period of accelerated carbonation. In this way, the dia-
grams illustrate results for different levels of carbonation
from an almost fully-carbonated state (near the surface)
to a non-carbonated state (at the core of the specimen).

Fig. 9a represents derivatives of mass loss during heating
(DTG).

For the non-carbonated sample (core of the specimen),
4 peaks can be distinguished: C-S-H + calcium sulfate
phases (from 100°C to 300°C), Mg(OH) (brucite) (around
350-450°C), CH (from 450°C to 550°C) and CC (around
750°C). The peak related to CC decomposition is very small
and the justification of its presence is based either on ini-
tial CC in cement and mixing water, or on a slight carbon-
ation of CH and C-S-H during the grinding of the samples
(315 pm).

As expected, the more the slice is sawn close to the
surface exposed to COs, the smaller is the peak related
to portlandite decomposition. If the degree of carbona-
tion is high (near the surface), three peaks are observed
between 500°C and 900°C. The closer the slice is to the
surface, the clearer is the differenciation between these 3
peaks. Note that Fig. 9b (MS patterns) makes it possible
to confirm that the observed DTG peaks between 500°C
and 900°C correspond to an emission of COs related to a
decomposition of CC.

The shape of the DTG diagrams in the temperature
range 500°C-900°C is consistent with data from the liter-
ature in the case of accelerated conditions of carbonation
[12, 8, 5, 68, 46, 69, 4, 47]. Sauman [13] attributes the
first peak (750°C-900°C) to the decomposition of calcite.
According to the same author, allotropic forms of calcite
(vaterite and aragonite) turn into calcite at 500°C dur-
ing heating. However, these metastable calcium carbonate
forms are less stable and decompose in a lower tempera-
ture range (650°C-750°C) which corresponds to the second
peak of CC decomposition observed in DTG and MS dia-
grams.

Figs. 9 show that the presence of polymorphs of CC
becomes more significant if the carbonation level is high,
which corresponds to the vicinity of the exposed surface.
As a matter of fact, many researchs in the field of chem-
istry of calcium carbonate confirm that the formation of
CC polymorphs depend on the pH of the pore solution. Tai
et al. [70, 71, 72] show that at 20°C precipitation of calcite
is observed if pH is above 11 while for lower values vaterite
and aragonite form. Moreover, there are researches in the
literature which show that metastable phases of CC evolve
to calcite according to a dissolution-reprecipitation process
[73].

DTG diagrams show that a shoulder effect, and even
a peak, is observed just behind CH decomposition (500°C-
650°C) if the carbonation level is high. MS patterns con-
firm that CO; is emitted in this temperature range (see
Fig. 9b). Many authors have pointed out the presence of
amorphous CC by comparing TGA and XRD data [12, 74,
10]. Stepkowska et al. [64, 75] have described the presence
of complex compounds of amorphous forms of carbonate
hydroxide hydrates (crypto-nano-cristalline forms) whose
decomposition happens in such low temperature range.
Brecevic [11] indicates that the formation of amorphous
CC compounds occurs if the pH value of the pore solution



is low (below 9) which is certainly the case for our mate-
rials when the carbonation level becomes high and for a
high CO2 concentration. According to the same author,
amorphous CC progressively evolves to calcite according
to a dissolution- reprecipitation process, in the same way
metastable vaterite and aragonite can evolve to calcite.

It is noteworthy that in a recent study [76] authors
have investigated the effect of water vapor and COg2 on
portlandite by Raman Spectroscopy and have shown the
presence of amorphous CC if RH < 20%, metastable va-
terite and aragonite if 20% < RH < 80% and calcite for
higher RH-values.

The DTG diagrams of each slice sawn from the mor-
tar specimen exposed to CO2 during 8 weeks are shown in
Fig. 10. The shape of the DTG diagrams for the carbon-
ated mortar samples are similar to those obtained for CN
cement paste. Moreover, one notes the presence of 3 modes
of CC decomposition. The DTG peak around 900°C, which
is observed regardless of the carbonation degree of the sam-
ple, can be attributed to the presence of well-crystallized
calcite in the sand.

Few data in the scientific literature illustrate the pres-
ence of these 3 DTG-MS modes related to CC decompo-
sition in the case of natural carbonation. This would
mainly be due to the fact that the degree of carbonation
is generally not high enough to observe the formation of
metastable forms of CC and amorphous CC. Note that Hi-
dalgo et al. [44] have verified similar TGA patterns with
three peaks above 550°C for naturally-carbonated cement
pastes made of CEM I. In the present research, cement
paste CN has been exposed to natural carbonation during
6 months in an air-conditioned laboratory at RH =55%+
5% and the corresponding DTG diagram is compared in
Fig. 11 to the DTG diagrams obtained for CN exposed to
10% CO9 and for non-carbonated CN. It is obvious that
the DTG patterns are similar for both natural and accel-
erated conditions. Furthermore, XRD diagrams confirm
the presence of metastable forms of CC (aragonite and va-
terite) in samples which were either naturally-carbonated
or carbonated under accelerated conditions. Note that
polymorphs of CC are detected in the non-carbonated sam-
ple as well. It may be due to an unavoidable carbonation
of the ground powder during XRD measurement.

Concerning the evolution of CH as carbonation pro-
gresses, one remarks for CN, CP and the mortar the pres-
ence of CH remaining in the vicinity of the specimen surface
where an intense carbonation level would be expected and
where it has been observed by GRAM that carbonation is
stabilized. This phenomenon has already been highlighted
in the literature [45, 5, 68]. It would be related to a reduc-
tion of accessibility of CH cristals due to the formation of a
coating of CC which would hinder CH dissolution. This be-
havior is facilitated if the material has a low water content
since in that case the formation of CC crystals preferentially
occurs near the solid surface.

[Figure 9 about here.]

[Figure 10 about here.]
[Figure 11 about here.]

[Figure 12 about here.]

4.3. Carbonation profiles determined by TGA compared
with GRAM profiles

Carbonation profiles are illustrated in Figs. 13 and 14.
They correspond to contents of total CC or CC only related
to C-S-H carbonation, and to contents of CH wvs. depth.
They are obtained by TGA-MS (coupled with MIP) ac-
cording to descriptions provided in section 3.4.

Observing CH content profiles, one notes that there
is still a residue of CH on the specimen’s edge, regard-
less of the formulation (CN or CP) and the carbonation
time. It seems that this residual portlandite is either
non-carbonatable, or its carbonation is drastically slowed
down. There are two possible explanations for this behav-
ior:

e It is known that the profile of gaseous COs is not ho-
mogeneous in the sample: in fact, the concentration
is high (around 10%) for z = 0, decreasing to 0% in
the vicinity of the carbonation front. Thus, the first
few millimetres of the sample are exposed to a high
concentration of COq, unlike the core of the sample.
One can imagine that we observe here the effect of
accessibility reduction due to an intense formation of
calcite around of CH crystals related to a high COq
concentration. Moreover, the low liquid-water sat-
uration degree prevailing in this region due to the
drying pretreatment would be responsible to a pref-
erential formation of CC directly around CH crystals
since the diffusion of ions remains difficult.

e One can mention that the liquid-water saturation de-
gree at the edge of the specimen must be very low
in the first 5 mm due to the drying pretreatment, so
that the dissolution of COs5 would be slowed down
from a kinetic point of view, and thus the carbona-
tion rate of CH decreased. Note that this explanation
would be also responsible for a slowing in C-S-H car-
bonation kinetics.

Making a decision about these two possible reasons, in
fact both related to a slower carbonation rate, is tricky.
However, by observing in details the CC content profiles
for CN and CP (see Figs. 13 and 14), one notes that for
CN, CC content is higher at the edge (for ¢ > 4 weeks),
whereas for CP, CC content at the edge of the specimen is
slightly lower than the slice just behind the surface layer
(i.e., x = 10 mm) for the three carbonation ages (4, 8
and 16 weeks). Let’s remark that these profiles are never
obtained on the same specimen since TGA-MS determine
carbonation profiles in a destructive way. These observa-
tions are leading us to the conslusion that in the CN case
the accessibility reduction of CH is mainly responsible for



the residual portlandite at the edge because the C-S-H car-
bonation continues to produce CC. On the contrary, one
notes on CP profiles that all the carbonation process is
slowed down, including C-S-H carbonation kinetics. The
edge of the sample seems in that case too dry to allow
normal CO4 dissolution and this lack of water may be de-
laying the carbonation reaction.

In Figs. 13 and 14, one notices that C-S-H and CH car-
bonate simultaneously since there are several points where
both carbonation of CH and C-S-H occur. While thermody-
namics [77, 78] predict that all CH has to dissolve before
C-S-H begin to carbonate, it is confirmed here that the
chemical kinetics of dissolution and precipitation must be
taken into account if one wants to describe accurately the
behavior of CEM I systems submitted to carbonation.

[Figure 13 about here.]
[Figure 14 about here.]

Results obtained from TGA-MS and GRAM can be
combined in order to compare these two ways to assess
carbonation profiles. Results are presented in Fig. 15 for
CN and CP pastes, and in Fig. 17a for the mortar under
study. The molar content ngé is obtained from Eq. (6)
for GRAM. It represents the fixed CO5 upon the cement
matrix. TGA-MS and GRAM work well together, with the
exception of the edge of the sample for CN where TGA
seems to slightly overestimate the amount of fixed COq
compared to GRAM. The explanation may rely on the
fact that GRAM is not able to investigate the first layer
whereas TGA-MS gives access to it.

Another way to compare TGA-MS and GRAM results
is to directly represent in a same plot ngé assessed by
GRAM wvs. ngéGA assessed by TGA-MS, as it is illustrated
in Fig. 16. It is observed that both methods are consistent.
This figure also confirms that TGA-MS leads to an overes-
timation in the range of high values of ng corresponding
to the edge of the sample. Besides the fact that GRAM
is not able to investigate the first millimetres of the speci-
men, this discrepancy could be explained by the fact that
after a long period of accelerated carbonation, our samples
have begun to dry and the edge of the sample is likely to
suffer a lack of water which is interpreted with GRAM by
a decrease of bound CO4 according to the hypothesis de-
veloped in section 6. One will discuss more in details this
assumption in section 6.

[Figure 15 about here.]
[Figure 16 about here.]
[Figure 17 about here.]

5. Carbonation mechanism : microstructure as-

pects

Carbonation leads to big changes in microstructure.
Fig. 18aillustrates the differences between a non-carbonated

and a carbonated cement paste, in terms of accessible-to-
water porosity (obtained by GRAM) and MIP, for both
CN and CP. It shows that water accesses a larger range
of pores than mercury, thus leading to higher porosity val-
ues. The porosity decrease is displayed by both methods
of measurement, MIP showing a lower porosity variation
(Apry < A¢py) (see Fig. 18b). As shown above, CH and
C-S-H dissolve simultaneously as COq diffuses through the
cement. These changes are leading to a porosity clogging
for CEM I cement pastes. One said before that this clog-
ging is partially due to CH carbonation and the fact that
the molar volume of the final product (CC) is higher than
the one of CH, i.e. Vg — Vew ~ 35— 33 = 2 cm®.mol~!. But
if one wants to have a real description of the microstruc-
trural evolution during carbonation, one needs to take into
account the C-S-H contribution, as shown in Fig. 18b where
it is obviously observed that the majority of the porosity
decrease is due to other hydrates than CH carbonation,
that is to say here mainly C-S-H. Furthermore, looking at
the uncertainities (see Fig. 18b), one can conclude that
the order of magnitude is the same for both methods ,
which means that the C-S-H nanostructure seems relatively
unaffected since MIP do not give access to the finest mi-
crostructure of the C-S-H. It seems to justify that a 10%
COz concentration within the incubator is acceptable (see
section 2.3).

5.1. Porosity profiles

In order to illustrate this clogging, it has been plotted
porosity profiles obtained by GRAM for both CN and CP
in Fig. 19 (see Eq. 7). One reminds here that CO4 diffuses
from left to right in our experiments. A control sample
(NC) has been used for CN and for CP in order to check
any microstuctural change which would not be due to car-
bonation. It has been kept under the same temperature
and RH conditions, as the one in accelerated carbonation,
but without CO2. No significant changes is seen after 16
weeks for the control sample dedicated to CN, neither after
1 year for the control sample corresponding to CP.

The initial porosity can be considered as homogeneous,
which means that our fabrication protocol has avoided
any segregation of cement particles (see section 2.1). One
clearly observes, after 8 and 16 weeks of carbonation (C),
a porosity drop along the profile for both CN and CP.
Between 8 and 16 weeks, the carbonation front is mov-
ing forward through the sample in CN, which is not very
surprising. However, one can notice that the edge of the
sample for CP suffers a lower decrease in the porosity. It
is necessary to link this observation with the previous one
made on CP showing a lower carbonation degree for CP
at the edge of the sample (z = 0) than for > 7 mm (see
Fig. 14 and section 4.3).

[Figure 18 about here.]

[Figure 19 about here.]



5.2. Pore size microstructure changes

In Figs. 20, one clearly sees that the pore size dis-
tribution (PSD) is significantly affected by carbonation.

Fig. 20a presents a clear difference between the non-carbonated

(blue curves) and carbonated (black curves) PSD for CN
(various samples are illustrated). It is important to notice
that all the pores from 1 ym to 4 nm clog up. Fig. 20b
shows PSD characterized of partially carbonated materials
from NC to C state for the same specimen, sawn at vari-
ous depths. Various carbonation stages are thus illustrated
(slice 0-3 mm is fully carbonated while slice 27-33 mm is
non-carbonated). Consequently, the clogging of the whole
range of pores accessible to MIP is clearly illustrated.

[Figure 20 about here.]

5.8. Proposals of equations linking chemistry and microstruc-

ture changes

If one goes deeper in the investigation, combining MIP,
GRAM and TGA allows us to determine the origin of the
porosity variation during carbonation. Note that the study
will be led at a macroscopic scale in order to identify the
links between the changes of the chemical composition of
the material related to carbonation (degree of carbonation
of each hydration compound, amount of formed calcium
carbonate, etc.) and the evolution of global porosity.

If one considers that the porosity variation is only due
to CH and C-S-H (here it is reminded that neither AFm nor
AFt carbonation are taken into account, due to a low CzA
content in the used cement), this variation can be written
as proposed in Eq. (12) where VC%H = 37 cm®.mol ! stands
for the molar volume of the calcium carbonate formed by
CH carbonation (mainly calcite here, see section 1), and
Vew = 33 cm®.mol ™! is the CH molar volume.

A¢ = Apey + Adesy = ng%(VC%H — Veu) + Agesa (12)

To understand what happens in C-S-H during carbon-
ation, it is needed to develop what lies behind Adcsy.
Eq. (13) shows this variation of porosity related to C-S-H
carbonation where VEH is the molar volume of the calcium
carbonate formed by C-S-H carbonation. C4S;H, is chosen
as the stoichiometry of the C-S-H. The formed silica gel
corresponds to C-S-H with £ ratio (C over S molar ratio)
equals to zero. It can be considered that the amount of
solid silicon is held constant over time, i.e., nesu(to) =
nsi(to) =~ nsi(t) from an initially non-carbonated state
(to) to a given age of carbonation (¢). This assumption
is mainly based on the fact that the amount of dissolved
silica in the pore solution remains negligible in compari-
son with the solid amount of silicon in C-S-H. In Eq. (13),
Vesu(to) represents the initial molar volume of C-S-H and
Vesu(t) is the C-S-H molar volume corresponding to a given
age of carbonation.
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Adosr = ng VEH + nesu(to) (Vesn(t) — Vesu(to))  (13)

In Fig. 21a, each contribution to the porosity evolution
Adg is illustrated. On one hand, CH dissolution (represented
by —Veungy, see Eq. 12) and C-S-H decalcification (repre-
sented by nesu(to)(Vesa(t) — Vesu(to))) contribute to open
the porosity. On the other hand, calcium carbonate for-
mation related either to CH (VZ'nZ) or to C-S-H (VEF"n ")
decreases the porosity. VC%SH is the molar volume of CC pro-
duced by C-S-H carbonation, chosen here as calcite. The in-
fluence of the choice for VZ* (calcite, vaterite or aragonite)
will be studied in Fig. 22b, but we can already say that it
remains negligible. Fig. 21b illustrates the sole contribu-
tion of porosity variation from C-S-H (A¢ — Ay = Adesy
calculated thanks to Eq. 12) as a function of nZs". This
curve clearly shows that C-S-H carbonation is the main con-
tribution to porosity clogging. Nevertheless, A¢csy does
not appear as an a linear function of nZ".

[Figure 21 about here.]

An interesting way to evaluate C-S-H carbonation is to
calculate the decalcification level of the C-8-H through C/S
evolution. For that purpose, the € according to Eq. (14) is
illustrated. In agreement with [79], the initial ratio is cho-
sen to be C/S(tp) = 1.7 which represents a common value
for non-carbonated C-S-H. The initial Ca content in C-S-H
n&i(ty) = @ X nesu(to) is calculated by means of Powers’
theory [81]. Indeed, the degree of hydration of our sys-
tems is known (see Table 2) thanks to the CH content used
here as a tracer of hydration [82] (it is recalled that 23 g
of CH is formed for 100 g of hydrated cement according to
Bogue’s composition of our cement, see Table 1). More-
over, in the same way, since 75 g of C-S-H is formed for 100
g of hydrated cement, the C-S-H content can be inferred
for our studied materials (see Table 2). Then, Eq. ( refeq-
css-ncsh) provides an expression of the amount of calcium

carbonate coming from C-S-H carbonation (n°!) only as

cc
a function of . Finally, Eq. (16) allows us to clarify the
variation of porosity related to C-S-H carbonation as a func-

tion of n3* and §. As previously expected, Adcsy is not a

linear function of nggﬂ
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Thanks to Eq. (16), and to the knowledge of §, nZ"
and Adgesy for each point represented in Fig. 21b, the vari-
ation of molar volume of C-S-H (Vesu(t) — Vesu(to)) can be
calculated. Results are illustrated in Fig. 22 which is very
important in order to dispose of a relevant description of
C-S-H behaviour during carbonation, especially for a mod-
elling purpose. In a purely mathematical way, the ex-
perimental data are framed by two linear functions (see
Fig. 22a). It can be observed that the Y-intercept is be-
tween 20 to 40 cm®.mol~!. This value corresponds to the
difference between the molar volume of a non-carbonated
C-S-H and amorphous silica. If one considers data from
literature, a great variability is found for the molar vol-
ume of amorphous silica according to Wolery [83]: from
12 to 34 cm®.mol~!. A great variability is also found for
the molar volume of C-S-H. For example, Tennis and Jen-
nings [84] give a value between 105 and 126 cm3.mol~! for
a similar C-S-H as the one chosen here (C;7S1H; 5). These
data lead at least to 70 to 114 cm®.mol~! for the molar
volume variation between silica gel and non-carbonated
C-S-H which is at least two times higher than the values
inferred from Fig. 22a. However, this reading of Fig. 22a
by considering very low values of g tending to O loses its
relevance since the minimum value of g ratio which has
been observed for our cementitious systems exposed to
10% COg is 0.4. Furthermore, the molar volume varia-
tion (Vosu(t) — Vesu(to)) could clearly increase much more
than with the linear trend depicted in Fig. 22a for C/S
ranging from 0 to 0.4.

In Fig. 22b, the influence of the chosen molar volume
for calcium carbonate coming from C-S-H carbonation is
studied. One highlights the fact that if Vi varies from 34
to 38 cm®.mol~! (aragonite and vaterite, respectively), the
difference in the assessment of (Vesu(t) — Vesu(to)) is quite
negligible compared to the error bars shown in Fig. 22a.

It is essential to keep in mind that the assessment of the
g provided in case of non-carbonated and fully-carbonated
systems is based on a molar balance of calcium and sil-
icon, and not on a Q'/Q? investigation by 2°Si Magic
Angle Spinning-Nuclear Magnetic Resonance (?9Si MAS-
NMR) which generally leads to higher values of g For
instance, Castellote et al. [3] obtained 1.79 by a molar
balance method instead of 1.87 by 2°Si MAS-NMR for a
non-carbonated system. Furthermore, the provided assess-
ment of g remains global given that decalcified C-S-H (rep-
resented by Q' and Q? peaks in 2°Si MAS-NMR diagrams)
is not distinguished here from Ca modified silica gel whose
g can be lower than 0.67 which corresponds to the allowed
minimum value for decalcified tobermorite (represented by
Q? and Q* peaks in 29Si MAS-NMR diagrams according
to [68]). As a result, this global way to quantify the g
of our cementitious systems justifies the possibility to get
g below 0.67. Furthermore, the high heterogeneity of the
carbonated cementitious systems studied here (presence of
both decalcified C-S-H and silica gel) is in agreement with
the fact that the applied CO4 concentration of 10%, which
is quite high, can lead according to Castellote et al. [3] to

11

full decalcification of C-S-H and a presence of silica gel.
Finally, it is important to recall the main assumptions
which underlie the construction of Fig. 22a:

e Two distinct specimens are used, one to get porosity
information by GRAM and another to obtain infor-
mation by TGA concerning the carbonation degree
of CH and C-S-H. The assumption is thus made that
the investigation of carbonation progress is repeat-
able between two different samples, as it has been
illustrated in Figs. 6 and 15;

e The amount of C-S-H (stoichiometry C,S;H,) is as-
sessed by using a simple hydration model based on
Powers’ theory which is quite satisfactory for systems
made of CEM T after a long time of hydration;

e It has been considered that the carbonatable hydra-
tion products are only CH and C-S-H, and that car-
bonation of aluminate phases remains negligible for
the used cement which haves a low CzA content.

[Figure 22 about here.]

6. Carbonation mechanism: moisture aspects

Using GRAM and Eq. (8) gives us the possibility to
know the liquid water saturation (S) and thus water con-
tent in our cement paste (see section ). One mole of CH re-
leases one mole of HoO during its carbonation, but we do
not really know if C-S-H is loosing physical water or not
when it is carbonated. The aim is also to validate the hy-
pothesis which was made before, stating that there is no
drying in the course of the carbonation test.

Figs. 23 illustrates the evolution of S by GRAM pro-
files in time for CN and CP. A control sample has been
kept (until 16 weeks for CN and 56 weeks for CP) at the
same temperature and RH as the ones put in the CO3 in-
cubator. Carbonation clearly releases water as seen on the
blue and green curves (two different ages of carbonation for
CN, 8 and 16 weeks, whereas just 16 weeks is illustrated for
CP). It is also observed some drying between 56 and 112
days and between the initial and the final non-carbonated
state. This drying could confirm that GRAM can under-
estimate CC content compared to TGA, particularly at the
edge of the sample where drying is more important (see
section 4.3).

[Figure 23 about here.]

In Fig. 24, the carbonated CH molar content Angy is
linked to the molar content of water released in the porous
media Ang,o.

There are four zones in this figure:

e Anp,0 > Ancy: given Egs. (1) and (2), this can
only mean that physical water is released by C-S-H
carbonation.



o Anm,0 = Ancy: the released water comes from CH
carbonation.

e Anpg,0 < Ancy: the released water comes from CH
carbonation, but the sample suffers some drying,
more important closer to the fourth zone. It can be
infered that water is released from C-S-H but drying
is too important to observe it.

o Anp,o < 0: drying is so important during our accel-
erated carbonation tests that there is a lack of water
in the sample.

It clearly shows that after 8 weeks, the total amount
of physical water released by carbonation is equal to the
carbonated amount of CH for CN. After 16 weeks of expo-
sure to COq, one tends to observe a lack of water for CN,
and a clear drying is affecting CP after such a long du-
ration of carbonation. Nevertheless, these results clearly
show that C-S-H do not release physical water during their
carbonation. Consequently, in light of these results, C-S-
H carbonation, for CEM I cement paste, consists only in
decalcification.

[Figure 24 about here.]

7. Conclusion

The purpose of this study was to understand the C-
S-H and CH behaviours during carbonation for modelling
purpose, in terms of chemical mechanism, microstructural
and moisture changes. Experiments were performed by
using destructive (phenolphtalein-spray test, MIP, TGA)
and non-destructive methods (GRAM) upon two formula-
tions of CEM I cement paste and one mortar. GRAM and
TGA results are in good agreement.

TGA was used in order to identify the distribution
between CC from CH and CC from C-S-H. In light of the
obtained results, CH and C-S-H carbonate simultaneously.
The initial rate of carbonation is quite similar, but while
C-S-H are still carbonating, CH carbonation slows down and
stops. This is due to the fact that CH becomes less and less
accessible for carbonation.

Carbonation effects upon microstructure clearly lead to
a porosity reduction. When C-S-H is submitted to CO3, a
decalcification occurs. Calcium ions are released in the
porous media, leading to a C-S-H with a molar volume
smaller than a non-carbonated C-S-H and to a smaller C/S.
As for CH, this volume loss is compensated by CC pre-
cipitation. Combining TGA and GRAM porosity profile,
the presented experiments have allowed to obtain an state
equation providing the variation of molar volume of C-S-
H according to g, AVgsy = f(C/S), with a validity range
from 0.4 to 1.7 in C/S (see Eq. 17). The definition of £ is
global and represents the calcification level of the mixture
of calcium silicate hydrates and Ca modified silica gel.
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c
g(t)
Vesn(to) — Vesu(t) =8| 1 — T (17)
g(to)
0.02< <004 (Lmol™h)
S(to) =17

The moisture behavior has also been investigated, con-
firming that only portlandite releases physical water dur-
ing carbonation (adsorbed or capillary condensate water)
and that C-S-H does not release physical water during car-
bonation, leading to a highly hydrated silica gel.

No significant drying happens before 56 days of car-
bonation at CO3=10% for both studied cement pastes
(w/c = 0.45 and 0.6). It validates the hypothesis made
at the beginning of our study according to which the den-
sity changes related to carbonation are only due to carbon
dioxide binding for short carbonation ages.

These results can be summarized with Egs. (18) and
(19):

Cy.7SH, + 1.7C —» SH, + 1.7CC (18)

CH+C— CC+H (19)

Combining together thermogravimetric analysis, mer-
cury intrusion porosimetry and gammadensitometry to in-
vestigate carbonation has provided quantitative informa-
tion about the mechanism of carbonation. All the obtained
results are very important for works about modelling of
carbonation, especially if one adds a new difficulty which
is the presence of pozzolanic C-S-H.
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Figure 3: Carbonation depth determined by the phenolphthalein spray test on both CN (w/c=0.45) and CP (w/c=0.6)
cement paste after 112 days of carbonation vs. square root of time.
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Figure 4: Mass spectrometry (MS) results for a highly carbonated sample of cement paste w/c = 0.45. Comparison with
the derivative of the mass loss during heating (DTG) peaks.
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Figure 5: a/ Mass loss during a TGA experiment on fully carbonated (C), partially carbonated (PC) and non-carbonated
(NC) samples (cement paste w/c = 0.45). b/ Derivative of the mass loss vs. temperature (DTG) in the temperature
range corresponding to the decomposition of CH and CC.
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Figure 6: GRAM profiles on both CN (w/c=0.45, a) and CP (w/c¢=0.6, b) cement pastes. This figure shows the increase
of density measured after 1, 2, 4, 8 and 16 weeks of exposure inside the incubator.
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Figure 7: Two ways to assess the variation of the global mass of the specimen: integration of GRAM profiles and simple
weighing of the mass gain from GRAM. Fig. (a) shows Am from both methods and GRAM profile integration vs. time
while Fig. (b) shows that both methods perfectly match in a y = x representation.
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Figure 8: GRAM profiles for the mortar specimen (w/c = 0.50 and s/c = 2).
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Figure 9: Diagrams of thermal analysis of samples sawn from the surface exposed to CO; to the core of a CN specimen
exposed to 10% CO2 during 8 weeks. (a) DTG diagrams and (b) mass spectroscopy diagrams.
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Figure 10: DTG diagrams of the slices sawn from the mortar specimen exposed to 10% COs during 6 weeks.
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Figure 11: Comparison of DTG diagrams between non-carbonated and carbonated CN (10% COs or natural carbona-
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Figure 12: Comparison of XRD patterns for non-carbonated and carbonated (natural conditions and CO2=10%) CN

samples. A for aragonite, V for vaterite, C for calcite and P for portlandite.
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Figure 13: Carbonation profiles assessed by TGA-MS. Illustration of contents of CH and CC (for CC, total content and

content only related to C-S-H carbonation are illustrated) after 4, 8 et 16 weeks of exposure to CO5. Case of CN paste.
For the case of 8 weeks of exposure, the profiles for two different specimens are shown.
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Figure 14: Carbonation profiles assessed by TGA-MS. Tllustration of contents of CH and CC (for CC, total content and
content only related to C-S-H carbonation are illustrated) after 4, 8 et 16 weeks of exposure to CO2. Case of CP paste.
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Figure 16: Comparison between ng obtained by TGA-MS and by GRAM.
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Figure 17: (a) Content of the COy fixed to the cement matrix as CC are represented for the studied mortar (CEM I
cement, w/c=0.5 and s/c=2). TGA results are represented by coloured boxes while GRAM are represented as coloured
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Figure 18: Fig. (a) represents total porosity measured by MIP ¢, total porosity measured by GRAM ¢,,, for carbonated
(C) and non-carbonated (NC) cement pastes is presented. Fig. (b) represents the variation of porosity between a non-
carbonated state and a totally carbonated state for both MIP and GRAM. While the porosity is different, the porosity
variation is equivalent. It is also presented the porosity variation only due to CH carbonation (see Eq. 12).
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Figure 19: Porosity profile for both CN (a) and CP (b) at the initial state, after 56 and 112 days of carbonation (56d-C
and 112d-C, resp), and after 112 days of drying (112d-NC).
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Figure 20: In Fig. (a), MIP allows us to characterize the pore size distribution in carbonated (C) and in non-carbonated
(NC) samples for CN. The variability of the results is presented for various specimen. The PSD is plotted in Fig. (b)
for one specimen saw at various depths which represents different carbonation stages.
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Figure 21: Fig. (a) shows each contribution for each chemical: mechanism, mainly calcium carbonate formation (chosen
here as calcite), CH dissolution and C-S-H decalcification. In Fig. (b), the porosity variation for C-S-H is illustrated as a
function of calcium carbonate coming from C-S-H decalcification.
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Liquid water saturation

Figure 23: Water saturation profile obtained by GRAM for both CN and CP at the initial state, after 8 and 16 weeks
of carbonation (8w-C and 16w-C, resp.). The profiles for the control specimens are illustrated (16 weeks for CN and 52

weeks for CP).
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Figure 24: Molar content of water released along the profile (GRAM) after 56 and 112 days of carbonation has been
extracted, and is linked to the carbonated amount of CH determined by TGA.
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Bogue’s phase (%)

Cs3S 59
CsS 19
C3A 2
C4AF 14
gypsum 5

Table 1: Bogue’s composition of the studied cement (CEM I 52,5 N CE PM-ES CP2 NF).
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Characteristics Units CN CP Mortar

Porosity (MIP) %] 192+£07 3l0+f21 120L13
Porosity (water) [%)] 424 +£08 503+1.8 20.1+25
Degree of hydration (mod.) [] 0.80 0.92 -
Degree of hydration (TGA) [] 0.86 £ 0.02 0.84 +0.04 0.97 + 0.04
CH content (TGA) molL~1] 4.46 + 0.12 3.69 + 0.16 0.94 = 0.05
C-S-H content (model) [mol.L 7] 4.59 3.75 -

Table 2: Main physical and chemical characteristics of the studied cement pastes CN and CP after a sealed curing period
of 6 months. The assessment of CH content and degree of hydration are performed by TGA. Porosity is measured either
by MIP or by hydrostatic weighing [56]. A simple hydration model based on Powers’ theory [81] is used to assess the
degree of hydration, as well as C-S-H content. The stoichiometry of C-S-H is fixed here at C; 7S1H;y 5.
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