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ABSTRACT

In the present work, a new experimental setup is designed and validated to characterize the CO»-
binding capacity of cementitious materials based on their instantaneous rate of CO. uptake. An
experimental investigation is carried out on synthetized anhydrous (CsS, C.S, CsA) and hydrates
(CH, C-S-H, AFt) exposed to ambient CO, concentration at three different relative humidity (RH)
levels. The BET surface area and the density are determined before and after exposure to natural
carbonation. Results show that the CO- binding capacity and rate increases highly with the RH.
The instantaneous binding rate of the materials ranges from 106 to 5.10° geo2.Qpowder '.5'. The
highest degree of carbonation is found for ettringite powder (DoC=45%). C>S and CsA are only
slightly carbonated (DoC=3%), while significant carbonation of C3S is observed only at 93% RH
(DoC=14%). A good (R?=0.94) agreement between the results determined using the new test
method and thermogravimetric analysis (TGA) is noticed.
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1 INTRODUCTION

Steel bars in reinforced concrete are protected from corrosion by means of a passivation layer,
which forms at high pH values (>12). This high pH environment is obtained from the surrounding
hydrated cement paste. However, once the atmospheric CO> manages to move through the
concrete porous network, it dissolves in the pores’ water, forming carbonate ions (COs?) that

reacts with the reactive calcium content from the calcium-bearing phases in the cement [1][2]. This
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reaction converts Ca®* ions into calcium carbonate (CaCQOg). Carbonation is the term used to
describe this physicochemical process.

The carbonation front is usually determined using a colorimetric method based on a pH indicator
solution, such as phenolphthalein [3]. This method provides only an approximate measurement of
the real carbonation depth in terms of pH values and does not give an estimation of the
carbonation extent at any depth [4][5][6].

The carbonation depth and rate are controlled by the diffusion process of gaseous CO. and the
CO2-binding capacity [7], which is the quantity of CO. bound per mass of binder. Test methods that
determine the gas diffusivity of cementitious materials can be found in the literature, e.g.
[8][9][10][11]. Although gas diffusion is in many situations the slowest mechanism of the overall
process [12], an accurate quantification of the CO»-binding capacity is of critical importance for
understanding and modeling the carbonation behavior of cementitious materials [13][14]. So far, to
the authors’ knowledge, there is no standardized test method that allows determining these two
properties. To address this issue, it is very important to develop reliable, accurate, cost-effective
and time-saving test methods to determine the gas transport property of cementitious materials
and their CO2-binding capacity and rate separately.

One way to evaluate the CO2-binding capacity is applying the thermogravimetric analysis
technique (TGA) to measure the weight loss resulting from the thermal decomposition of different
phases in the cementitious materials. The temperature of decarbonation is defined separately for
each mineral. Usually, the weight loss peak between 530°C to 950°C is caused by the
decomposition of CaCOs; and the consequent release of CO: [15]. This technique is destructive,
allows a rough quantification of the CO»-binding capacity in an uncontinous way and gives an
average value of its cumulative rate. TGA is sometimes coupled with XRD-Rietveld that helps
quantifying the amounts of CO2 bound in the crystalline phases only. Major limitations of these
techniques are that the CO: contained in the amorphous carbonated pastes is not considered by
XRD and the CO> mass loss due to some carbonates (e.g. MgCOs) has a temperature range that

may overlap the portlandite’s and the bound water in the C-S-H gel pores in TGA results [16].



Fourier transform infrared spectroscopy (FTIR) is also shown to be a suitable technique to monitor
the formation of carbonates in cement [17][18]. The latter relies on the vibration modes of
characteristic groups in a compound, and not on the crystallinity of the sample [18].

Other techniques in the literature have been developed to examine the COz-binding capacity and
rate. Van Balen et al. [19] developed an experimental setup to continuously measure the carbon
dioxide uptake of lime samples. It consists of a closed loop in which a mixture of air and carbon
dioxide (15-50% CO:2 concentration) is introduced at a certain RH (at 20°C). From the analysis of
the CO:2 concentration vs. time, the uptake rate (derivative), maximum and average speed of
carbon dioxide uptake are calculated. These authors found that the carbonation reaction is zeroth
order within the CO concentration range of their study (as also reported by Shih-Min Shih et al.
[20] ). A good reliability of the test method (10-20%) is reported, but the test method results do not
agree with the TGA results.

El-Turki el al [21] developed a micro-balance technique to measure the mass variation of samples
of mortars, cement and lime pastes during carbonation at 100% CO2 concentration by volume and
a RH between 65% and 97%. Analysis of the mass-variation data provides direct determination of
the carbonation rates. However, using this method, it is challenging to distinguish between the
mass change due to water vapor absorption and the mass gain due to carbonation. The weight
gain technique induces a lot of errors for evaluating the carbonation extent [22].

Little information on the carbonation kinetics and mechanisms of the anhydrous and hydrates can
be found in the research involving carbonation of cementitious materials. The present work seeks
to address this gap through an investigation of the carbonation kinetics and mechanisms of the
main hydrates (CH, AFt, and C-S-H) and anhydrous phases (CsS, C.S, and CsA) present in
concrete. First, a simple and affordable test method is developed and validated. This method
allows determining the CO-binding capacity and rate of cementitious materials by monitoring their
CO2 uptake during the exposure to ambient CO2 concentration in a RH and temperature-controlled
environment. Direct measurements of carbon dioxide uptake should avoid possible errors using
weight gain as a measure for the carbonation process, as has been shown by Aono [23]. A range

of complementary analytical techniques, including thermogravimetric analysis (TGA), Brunauer-



Emmett-Teller (BET), density, and scanning electron microscopy (SEM) are used to help the further
understanding of the carbonation behavior of the tested materials.

2 MATERIALS AND METHODS

2.1 Synthetic minerals preparation

In order to enhance the understanding of the carbonation kinetics of the anhydrous phases of
cement paste, triclinic tricalcium silicate (CsS), dicalcium silicate (B-C2S) and cubic tricalcium
aluminate (CsA), which are the three main anhydrous phases present in the clinker, are prepared.
The synthesis of these pure materials was carried out following a modified Pechini process, as
described in [24]. The advantage of this method is that pure B-C.S can be formed with no
stabilizing impurities. Phases are produced, respecting the stoichiometric amounts of the oxide
components of the anhydrous phases. The heating temperature for CsS, C2S and CsA are: 1600°C,
1550°C, and 1350°C, respectively. These materials are grinded and sieved to 63 pum.

The main hydrated phases present in Portland cement were also prepared: portlandite (CH),
calcium silica hydrates (C-S-H), and ettringite (AFt). The synthesis of ettringite is achieved by
mixing tricalcium aluminate and gypsum using a wet process and then dried at 50°C. Pure
portlandite was prepared by calcite decarbonation at 1000°C, cooling it down to ambient
temperature and adding water. Calcium silicate hydrate with a Ca/Si = 0.9 was synthesized using
CaO obtained from the calcination of Ca(OH). for 4h at 1100°C, SiO2 comes from hydrophilic silica
fume Aerosil 90®. The water-per-solid ratio was 49. The mix was agitated for a month and then the
solid phases were separated from the solution by centrifugation for 2 min at 12000 rpm, to be
finally oven dried at 45°C under vacuum. Note that the Ca/Si ratio of C-S-H usually ranges
between 0.8 and 1.6 [25] .C-S-H with low Ca/Si ratio is typical of cement paste with mineral
additions, such as blast furnace slag (BFS). The carbonation of the latter was less studied in
literature than carbonation of OPC pastes. Our experiments were carried out with C-S-H with Ca/Si
of 0.9 to provide some data for a better understanding of the carbonation of materials with BFS.
The quality of the synthesis was controlled by means of a qualitative XRD test. Even though the
preparation of the materials was done in a CO2-free environment using boiled water cooled down
to ambient temperature, and all the synthesized minerals were stored in closed bottles inside a

chamber under vacuum with soda lime, traces of calcite were present in the XRD results and were



quantified using the thermogravimetric analysis (TGA) technique. After preparation of the samples,
their density was measured using the helium pycnometer technique. The initial densities were
found to agree with the results found by Balonis et al. [26]. The carbonation reactions of the

studied phases are recalled in Table 1.

Cement phase Reaction with CO2

CsS CasSiOs+ y H20 + (3- x)CO2 - (Ca0),SiO2(H20)y + (3-x) CaCOs

C2S CazSiOs+ y H20 + (2- x)CO2 - (Ca0)xSiO2(H20)y + (2-x) CaCOs

CsA CasAl206 + 6H20 + 3CO. - 3CaCOs + 2A|(OH)3 + 3H20

CH Ca(OH)2 + CO2 — CaCOs + H20

C-S-H (Ca0)x(SiO2)y(H20); + (x-x)CO2 — (CaO)x(SiO2)yHz + (x-x")CaCOs + (z-
Z)H:0

AFt 3Ca0.Alx03.3CaS04.32H0 + 3CO2 — 3 CaCOs + AlO3.xHO +

3CaS04.2H20 + (26-x)H20

Table 1: Carbonation reactions of the main cement phases [27][28][12][29]
It is worth noting that the presence of dissolved CO. may affect the stability of ettringite. In the
previous work of Plank et al [30], it has been shown that ettringite is rather stable on air at ambient
temperature, but it quickly decomposes under pressurized COso.
2.2 Solid analysis
A Brunauer—-Emmett—Teller (BET) measurement was conducted on all the tested samples before
and after the CO»-binding capacity test. This technique uses an inert gas that does not react with
the materials surfaces as an adsorbate to quantify the specific surface area [31]. In our case, the
sample was first outgassed in a vacuum oven at 0.04 atm and 45°C.
The density of the tested samples is measured applying the helium pycnometer method [32] using
the ACCUPYC 2 1340 MICROMERITICS pycnometer. A powdered specimen of about 5g was
compacted and placed inside a cell of a known volume pressurized with helium.
TGA tests were conducted in order to determine the bound CO: caused by the preparation of the
samples before we began our tests, and the overall CO. binding capacity of the material
afterwards. The TGA measurements were made under nitrogen flow at a heating rate of 10°C/min
until 1000°C using a powdered sample of around 30 mg sieved at 63 pm.
The amount of bound CO: is calculated based on Equation 1, where mco. is the mass of CO-
present in the sample and given by the TGA results, my corresponds to the mass of the sample at

1000°C.



Mco2
my

CBC =

Equation 1

The XRD technique was mainly used after the synthesis of the materials to evaluate their purity
qualitatively and investigate the type of carbonates formed upon carbonation. Around 1 g of the
powdered material (sieved at 63 ym), was introduced in a Philips/PANalytical X’Pert Pro-MPD
diffractometer with an X’Celerator detector of an incident CuKa radiation beam by 40 kV and
40 mA to a rotation sample. The specimens were scanned for 40 minutes from 26 = 5 to 65° by a
step of 0.25° without protection from air COzand in a dry environment (RH~40%).

Parallel to these experiments, scanning electron microscopy SEM [33] technique was used in order
to observe the morphological changes in some powders upon carbonation. The powders were
placed on a carbon adhesive sample holder and coated using gold-palladium as conductive
material. The observations were made with a MEB-FEG FEI Quanta 400 device in the secondary
electrons mode at an accelerated voltage of 15 KeV.

2.3 Carbonation exposure conditions and equipment

In order to perform a CO»-binding capacity test, 1 g of the tested powder (with a maximum grain
diameter of 63 ['m) was evenly and thinly distributed over a PVC sample holder (Figure 1 (a)) of
110 mm diameter for exposure in the carbonation chamber in a room at 20 + 2°C (Figure 1 (b)).
The thickness of the powder sample on the holder is estimated to be lower than 63 ym, i.e. around
the maximum grain diameter. Thus, each grain is assumed to be exposed to CO, what makes the
homogeneization of the powder not necessary during the test. The RH inside the climate chamber
was controlled by means of saturated salt solutions. The saturated salt solutions used to
equilibrate the relative humidity inside the chambers are: 33% (MgCl.), 55% (Mg(NO3)2), 93%
(KNO3). The relative humidity level and the CO, concentration were monitored by means of

sensors placed inside the chambers.
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Figure 1: (a) A tested powder sample on the sample holder; (b) climate chamber during the natural

carbonation of the powder specimen
In order to maintain the CO, concentration constant inside the climate chamber, an air pump of
300L/h flow rate was used to pass the ambient air through a bubbler filled with a saturated salt
solution to regulate it at a certain RH and circulate it inside the climate chamber. This way, the RH,
temperature and CO. concentration (450 + 100 ppm) were kept constant inside the climate
chamber. The volume of the chamber (40L) was well-ventilated thanks to a ventilator that ensured
homogenization of the humid air at ambient CO, concentration.
2.4 Instantaneous rate measurements
2.4.1  Principle and apparatus
A new experimental device able to directly determine the CO, uptake of powdered samples was
designed. The principle is to place over a short time interval a given mass of reactive powder in a
closed cell where the initial CO2 concentration is known. During this short period, the CO, depletion
in the gas phase due to the uptake by the powder is measured by a sensor inside the cell. During
all a carbonation period (1 month), the instantaneous CO- uptake is measured occasionally in the

closed cell. For this purpose, the sample holder containing the powdered material (Figure 1 (a)) is



put inside the cell shown in Figure 2. After the CO, uptake measurement which lasts less than 30
min, the sample is returned in the climate chamber. The frequency of the CO; uptake

measurements is twice a day for the first three days of carbonation and once a day afterwards.

Outlet

Powder Sample holder Joint

Piston

Hand-grip

Figure 2 : Sketch (a) and photo (b) of the carbonation cell

The cell is a cylinder having an outside and inside diameter of 140 mm and 120 mm, respectively.
The cell cover incorporates the infrared IR CO2 gas sensor. An O-ring with a round cross-section is
placed around the cover in order to seal the interface between the cover and the cell body. The cell

closure is done manually by means of four stainless steel lockable clips. The total measurement



time of the CO. uptake by the sample must be negligible with regards to the overall carbonation
period. Therefore, the cell body contains a 140 mm diameter piston of an adjustable height to vary
the inside volume of the chamber. The latter can vary from 10 to 285 mL. The tests were carried
out at ambient temperature (20°C) and pressure (1 atm). Note also that the carbonation cell is
placed inside a climate chamber in order to regulate the relative humidity before introducing the
sample holder and measuring the CO: uptake of the tested powder. However, during the
measurement, the RH is not controlled inside the cell. It is assumed that the RH does not change
during this period because of its brevity.

2.4.2  Analysis of the rates (from experimental data)

The collected experimental data are CO2 depletion curves in the cell described previously over the
carbonation exposure period. Figure 3 gives examples of CO- depletion in the gas phase over time
in the case of ettringite powder after 1, 5 and 30 days of exposure to ambient CO» concentration in
a climate chamber regulated at 93% RH. CO- depletion in the gas correspond to CO- uptake by
the solid: we refer only to CO. uptake curves later in the document. The measurement period was
around 30 min long. Each curve allows defining a rate of carbon dioxide uptake, which is
proportional to its initial slope. It is noticed from Figure 3 that ettringite’s reaction rate decreases as
the carbonation reaction proceeds to drop sharply after 30 days of carbonation when the detection

limit is reached.

500
450
400 -
350 -
300 -
250 -
200 -
150 -
100 -
50 -
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430_days

CO, concentration (ppm)
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Figure 3: CO2-uptake curves of ettringite powder at different carbonation periods: 1 day (gas

volume = 123 mL), 5 and 30 days (gas volume = 10 mL)



By considering the CO-uptake curves, the instantaneous binding rate (/BR), the bound-CO:
(B coz), and the degree of carbonation (DoC) are determined.

First, the initial slope (S) of each CO.-uptake curve was determined automatically by maximizing
the R-squared and minimizing the mean squared error using a statistical software (JMP). This
slope is given in ppm.s™' where ppm are moles mol CO2/mol air.

The instantaneous binding rate is then calculated according to Equation 2, where IBR (gcoz g™ powder
s™") is the instantaneous CO.-binding rate, S (ppm.s™) is the CO.-uptake initial slope, P (Pa) the
ambient pressure, R (m3-Pa-K-"-mol-") the ideal gas constant, T (K) the ambient temperature, V,
(m?3) the inside volume of the carbonation cell, Mcoz (g) the molar mass of carbon dioxide, and mo
(g) is the mass of the material with neither unbound CO- nor water. This mass was calculated from
the mass of the tested powder corrected by the mass loss results from TGA before carbonation of
the sample (at 1000°C).

S*PxMco, xVg

IBR = :
R*T *mg Equation 2
T

B coz = f IBR dt Equation 3

t=0
CBC Equation 4

Dot =11sc
M .
MBC = z %Ca0 * —C9% — 04,503 % —C92 Equation 5
CaoO 503

The bound-CO: (B coz) is deduced from the IBR by the trapezoidal integration of the /IBR values
between two CO.-uptake measurements (from t=0 to T the time of the CO. uptake measurement)
(Equation 3). The total CO»-binding capacity (CBC) of the tested powder is the maximum value of
the B coz at the end of the carbonation period.

Note that the B co- is expressed as the mass of CO. bound per mass of the powder (my). The
degree of carbonation is calculated following Equation 4, where the maximum binding capacity
(MBC) is calculated from the chemical composition of the tested material assuming that all CaO

will be transformed into CaCOs except the one that reacts with SO3; to form CaSOs4. The oxides
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molar ratio is given from the stoichiometry of the chemical formulas of each synthesized material.
Msos, Mcoz, Mcao (9/mol) are the molar masses of trioxide sulfur, carbon dioxide and calcium oxide,
respectively.

2.4.3  Analysis of the reaction order

The analysis of the CO.-uptake curves determined using our experimental setup allows for the
determination of the reaction order and the rate constant ki (see Equations 6, 7 and 8). The
analysis of the reaction order is of relevance regarding the measured instantaneous binding rates
(see Equation 2) that are corrected according to the reaction rate.

The order of the reaction was determined by analyzing the slope of the linear graph obtained,

whether with [CO2], In ([CO-]) or 1/[COz], versus time and the linear fit quality (R-squared).

Zero order [CO,1(t) = —ko xt + [CO,], Equation 6
First order In([CO,](t)) = —ky *t + In([CO,]p) Equation 7
Second order 1 1 Equation 8
= —ky ¥t +——
[CO,]1(®) 2 [CO:]o

The order of reaction of a reactant indicates how much the rate of reaction changes if the
concentration of the reactant is changed. The CO: concentration has no effect on the reaction rate
of zeroth order reactions, while for first-order reactions, the rate of reaction changes directly with
the concentration of the corresponding reactant. For second-order reactions, the rate of reaction
changes as the square of the reactant concentration.

2.4.4  Test method and detection limit

In this work, six carbonation cells were used in parallel. Cells leakage rates were determined by
performing blank tests: the cells were first flushed with nitrogen (from the inlet as shown on Figure
1), then the CO- concentration inside the cell was measured for 48 hours. Note that the blank tests
were performed on all the cells at their maximum (285 mL) and minimum (10 mL) volumes. The
collected data (CO2 concentration vs. over time) were analyzed to calculate an equivalent CO»-
binding rate that sets the lower detection limit of the test method. Figure 4 (a) gives an example of

leakage tests on a given cell (cell3). The minimum /BR that can be measured using our
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experimental setup depends on the mass of the tested powder. Figure 4 (b) shows the decrease of
the minimum /BR with the mass of the sample. However, experiments are conducted using 1 g of
the powder in order to minimize the thickness of the grains layer and thus avoid mass diffusion
during the carbonation exposure time. Therefore, the detection limit of the cell taken as an example

|S Set at 58X1 0-10 gCOZ.gpowder-1.S-1.

300 -
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o
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(b)

Figure 4: (a) example of a leakage test performed on a closed cell (cell3), (b) the minimum IBR that
can be detected as a function of the sample mass

Note that the highest IBR (1.1x10® gcoz2.gpowaer .S') determined with our test method corresponds

to the value of the most reactive material (portlandite powder) tested during the first day of

exposure to carbonation at the highest RH (93%).
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3 Results

3.1 TGA and XRD results

3.1.1 TGA results of the materials after carbonation at 93% RH

Figure 5 shows an example of TGA results of the tested powders after carbonation at 93% RH.
The TGA results are shown after carbonation at this RH only because the highest degree of
carbonation is obtained at 93% RH. A peak is observed from 550°C to 950°C after carbonation of
the materials. This result corresponds well to the temperature range of the decomposition of
calcium carbonate reported in the literature [15]. Note that the interval between 550°C and 950°C
is composed of multiple peaks for C-S-H and C»S whereas a single peakfor CH. The composed
peaks could be due to the overlapping of the thermal decomposition temperature of different
phases [15]. After carbonation of C»S and CsS at 93% RH, TGA results show a certain amount of
bound water (temperature range [150-250°C]), which could be due to the formation of C-S-H
during the preconditioning with soda lime in the climate chamber prior the carbonation tests.

The TGA results of carbonated ettringite and CsA show a peak around 280-300°C, which
corresponds to the decomposition of aluminum hydroxide and/or Katoite. According to Collier [15],
the thermal decomposition of aluminum hydroxide occurs within the same temperature range, and

the thermal decomposition of katoite occurs between 200-250°C [28].

Temperature (°C)

0 200 400 600 800 1000
0 —
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Figure 5: TGA results of CsS, C»S, Cs3A, AFt, CH and C-S-H after carbonation at 93% RH
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3.1.2  COs-binding capacity of the tested materials

The bound-CO: of the synthetic materials was determined using TGA, just before the conditioning
at different RH levels with soda lime. Table 2 (column TGA initial in 102 gco2 9 'powder) Shows that
some carbonation of the powdered samples could not be avoided, even if great care was taken to
fill the climate chamber with soda lime (the COz concentration inside the chamber was found to be
less than 10 ppm). The maximum initial bound CO: is reached for portlandite powder (4.1 * 102
gcoz 9 ' powder, DOC = 6.8%).

The bound CO- was also determined by TGA at the end of the carbonation period corresponding to
the durations given in Table 2. Note that the initial bound CO: is deduced from these results. The
CO2-binding capacity of all the systems under all conditions is determined using Equation 1. Table
2 shows that the CO.-binding capacity of all materials increases with the RH of exposure. The

degree of carbonation varies between 1% and 45%, which highlights the incomplete carbonation of

the materials, inspite of the very low rate at the end of the ageing period.

. B co2in 102 gcoz
nggiﬁ’[tlj(r:r?l g 'poucer before the RH | co, | Ageing |B cozin 102 gco2.9 " powder
Material bindi . carbonation test o 2 | period |after the carbonation test
inding capacity (degree of (%) | (ppm) (days) | (degree of carbonation)
102 dcoz g_1powder 9 : y g
carbonation)
93 ~450 14 23 (39%)
CH 59.5 4.1 (7%) 55 ~450 15 13.8 (23%)
33 ~450 25 7.0 (12%)
93 ~450 27 11.0 (31%)
C-S-H 35.9 2.9 (8%) 55 ~450 27 5.4 (15%)
33 ~450 27 2.2 (6%)
93 ~450 35 17 6 (45%)
Ettringite 38.9 2.1 (5%) 55 ~450 11 5 (9%)
33 ~450 29 5 (4%)
~1 0 %
) 9 50 :132 E ;;
C2S 51.2 0.1 (0.1%) 55 450 13 8 (2%)
33 ~450 13 4 (1%)
93 ~10 32 2.1 (1.2%)
~450 14 8.0 (14%
CsS 57.9 0.1 (0.1%) 55 <450 12 (( %))
33 ~450 15 6 (1%)
~1 0 %
93 450 :132 (2(1;;
CsA 48.9 0.6 (1.2%) 55 <450 13 1 (2%)
33 ~450 13 0.3 (1%)

Table 2: B co2 before and after the carbonation test at three RH levels: TGA results
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In order to investigate the possible carbonation and hydrate formation by anhydrous materials
during the preconditioning at 33%, 55% and 93% RH, the powders were stored inside climate
chambers regulated at these RH for 32 days. Soda lime was added inside the climate chamber to
avoid carbonation during this preconditioning period (CO2=10ppm). The TGA raw data reveal only
two peaks: [100-250°C] and [550-950°C]. The first corresponds to bound water, which could be a
result of the formation of C-S-H for CsS and C2S, and the formation of aluminum hydroxide for C3A
powders [15]. Table 2 shows that the degree of carbonation after the preconditioning without soda
lime of anhydrous minerals at 93% RH varies between 0.1% and 1.2%.

3.1.3  XRD results

XRD tests were carried out before the exposure of the materials to carbonation, after carbonation
at 93% RH, and also after preconditioning of the anhydrous powders (CsS, C.S and CsA) at
93%RH with soda lime for 32 days (CO> = 10 ppm) in order to investigate any possible formation of
hydrates. Note that only the 93% RH exposure was tested for anhydrous minerals preconditioned
without CO2 and all materials carbonated at 93% RH, since the amount of bound CO: was the
highest at this RH level. Indeed, Flatt et al. [34] suggest that alite stops hydrating below 80% RH.
Qualitative XRD results are summarized in Table 3. All the powders did not carbonate fully, since a

trace of the pure mineral in the powder is confirmed by XRD results (Table 3).

Material State Calcite | Aragonite | Vaterite | Gypsum | C3S | AFt | CH | C2S | C3A
CH ++ - i i i i + i i
C-S-H ++ + + i i i i i i
AFt After + t ) t ) + ) ) )
carbonation
CsS | ateswmrH | ** ' * S A R R A I
C.S + i i i i i i ++ -
CsA + i i i i i i ++
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After

C.S i i i i i i i ++
conditioning

CsS | 4t 93%RH ) ] i i L
with soda

CsA i i i i - i i i ++
lime.

Table 3: results of qualitative XRD on synthetic materials after carbonation at 93% RH (++: phase

highly present, +: phase present in lower quantity, -: phase not detected)

Results show that the only carbonate formed after the carbonation period of pure portlandite is
calcite, which agrees with several findings in the literature [35][36]. Calcite is also the primary
polymorph produced during the carbonation of C-S-H coexisting with small amounts of aragonite
and vaterite, which could be linked to the Ca/Si ratio of the tested C-S-H (0.9). Indeed, Black et al.
[37][38] studied the carbonation of synthetic C-S-H in which the initial Ca/Si ratio appeared to
influence the crystalline carbonate species formed. For Ca/Si ratios greater than 0.67, principally
calcite and vaterite were observed, whereas for ratios below 0.50, aragonite was most prevalent.
Ettringite carbonation is expected to form gypsum and amorphous aluminum hydroxide [39], which
were not detected by XRD analysis (Table 3). However, the TGA results in Figure 5 for carbonated
ettringite at 93% RH show a peak around 280-300°C, which corresponds to the decomposition of
aluminum hydroxide according to Collier [15]. In agreement with our results, Nishikawa [29] and
Zhou [40] reported that the carbonation of synthetic ettringite is accompanied by increasing
formation of vaterite or aragonite, alumina gel and gypsum. However, Zhou and Glasser [40]
observed only vaterite as the carbonate product formed, while Nishikawa et al. [29] described
vaterite forming initially but aragonite being predominant at later stages.

The XRD analysis of the carbonated C3S powder shows the formation of calcite as the main
carbonation product with a trace of vaterite, while the analysis of the C3A and B-C2S powders after
14 days of natural carbonation at 93% RH only revealed small traces of calcite.

The XRD analysis of the CsA and B-C2S powders after 14 days of natural carbonation at 93% RH
only revealed small traces of calcite. This result is due to the small B coz of B-C2S and CsA and

could be also a consequence of the formation of an amorphous calcium silicate hydrocarbonate
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phase that is also shown by several researchers [41][42][43]. It is worth noting that no calcium
hydroxide is detected by the XRD analysis after carbonation of C3S. XRD results show no trace of
calcite even though the degree of carbonation of anhydrous materials reached up to 1.2% (cf.
Table 2). This could be explained by the formation of amorphous calcium carbonate. Indeed, in the
previous work of Ashraf et al [44], it has been observed that during the carbonation of CsS and
C>S, higher proportions of metastable CaCOs polymorphs are formed (i.e., aragonite, vaterite, and
amorphous calcium carbonate (ACC)).

Research conducted by Seishi et al. [41] on the morphology of the carbonates formed after the
reaction of pure CsS with 5% CO: concentration under saturated humidity at room temperature
revealed that calcite was the main product, coexisting with vaterite and aragonite. However,
aragonite is recognized as the main carbonate for B-C2S coexisting with traces of calcite and
vaterite. Our differing results may be due to the fact that CO> concentrations differ. Han et al. [45]
showed that CsS and C.S carbonation reaction results in the formation of CaCO3 and silica gel.

3.2 Microstructure results (BET, SEM)

The BET surface area and density of anhydrous minerals CH and ettringite were determined
before the beginning of the carbonation test and after carbonation at the three levels of RH. Figure
6 (b) shows that the BET surface area increased by a maximum factor of 1.7 when the anhydrous
minerals and ettringite are carbonated at 33% and 55% RH, while it increased significantly (by a
factor of 7) when these materials are carbonated at 93% RH. Nevertheless, for portlandite powder,
the BET surface area decreases with the RH under which the carbonation test was carried out (by
a factor of 6 at 93% RH). Regarding the density variation upon carbonation (Figure 6 (a)), an
opposite trend is noticed: the density of the anhydrous phases decreased with the RH (by almost
1g/cm® and the density of portlandite and ettringite increased significantly with the RH of
carbonation. The BET surface area of C-S-H powder was only tested after carbonation at 93% RH
and the density was not determined for practical reasons. A high decrease in the BET surface area
was noticed on this powder (from 190 m?/g to 88 m?/g), which could be due to the precipitation of

carbonates on the surface of the grains.
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m Before carbonation

m Carbonation at 33% RH
m Carbonation at 55% RH
m Carbonation at 93% RH
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Figure 6 : The density (a) and BET surface area (b) of the materials before and after carbonation at

different RH

Figure 7 shows the SEM images of CsS, CH and AFt before carbonation and after carbonation at
93% RH. These images allow for the observation of the morphological evolution of the grains upon
carbonation. Figure 7 (b) and (d) show an increase in the amount of carbonation products on the
surface of CsS and CH after carbonation. As for ettringite powder, carbonation is known to result in
the formation of carbonates (vaterite and aragonite), alumina gel and gibbsite [36]. Figure 7 (f)

shows the formation of carbonate crystals between the needles of ettringite with a shape that



resemble to vaterite (hexagonal) and calcite (orthorhombic) [46]. Indeed, XRD results (Table 3)

confirm the formation of these two carbonates.

(e) Non-carbonated ettrinite " Ettringite carbonated at 93% RH
Figure 7 : Morphological evolution of C3S, CH and AFt powders before carbonation and after
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exposure to carbonation at 93% RH

3.3 Reaction order analysis
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Figure 8: Reaction order analysis of portlandite after 6 hours and 15 days of exposure to
carbonation. Order 0 (a), order 1 (b), order 2 (c)
Figure 8 shows an example of the reaction order analysis of portlandite powder carbonated at 33%
RH. The analysis of Figure 8 reveals that the best linear fit for the considered timescale is obtained
for the zeroth order (cf. Table 4). Consequently, the carbonation reaction kinetics (hence the CO»
binding capacity) are independent of the CO, concentration within the concentration range of our
experiments (450 = 100 ppm). In agreement with these results, Van Balen et al. [47] and Shih et al.
[20] suggest that the carbonation reaction of lime and portlandite powders at 7 - 17% CO. and

3.15-12.6% of COg, respectively, are of order 0.

Material RH (%) Expos(L(eraey)p eriod order 0 order 1 order 2
1 0.98 0.97 0.86
93 8 0.69 0.62 0.68
cH 55 2 0.98 0.98 0.80
13 0.88 0.80 0.81
13 8 hours 0.99 0.96 0.96
15 0.85 0.81 0.82
93 6 hours 0.99 0.99 0.98
7 0.92 0.91 0.91
C-S-H 55 5 hours 0.99 0.99 0.98
22 0.82 0.81 0.82
33 1 0.99 0.99 0.98
22 0.54 0.51 0.53
93 1 0.99 0.97 0.96
AFt 28 0.91 0.89 0.87
55 8 hours 0.96 0.95 0.94
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17 0.91 0.92 0.89
8 hours 0.97 0.83 0.83

33 10 0.67 0.29 0.29

4 hours 0.95 0.94 0.93

93 9 0.99 0.99 0.97

1 0.99 0.98 0.98

CsS o5 12 0.78 0.78 0.79
33 6 hours 0.96 0.95 0.94

6 0.42 0.41 0.36

o 1 0.96 0.96 0.96

11 0.96 0.97 0.97

0 0.96 0.96 0.97

25 55 11 0.92 0.92 0.91
2 0.92 0.92 0.92

33 10 0.84 0.83 0.84

2 0.97 0.97 0.91

93 10 0.95 0.89 0.96

A o5 0 0.97 0.96 0.97
9 0.57 0.56 0.56

5 0 0.85 0.85 0.85

10 0.19 0.20 0.21

Table 4: R-square values for the reaction order analysis

Table 4 gives a summary of the reaction order analysis of the tested materials at different RH
levels, and the R-squared of the linear fit analysis of the reaction orders. From analyzing the CO»-
uptake curves, it is noticed that the carbonation reaction during the first week of exposure is zeroth
order in most cases. However, for anhydrous powders, a good fit is obtained for all orders. This
result could be due to the carbonation reaction of more than one reactant. Still, Table 4 shows very
comparable results of the fit quality of the CO»-uptake curves for order 0, 1 and 2.

3.4 CO:-binding capacity of anhydrous minerals from IBR

For each tested anhydrous material, Figure 9 and Figure 10 give the /BR and B .,, respectively.
The IBR of anhydrous materials decreases with the exposure time. Note that since the /BR values
are higher than the detection limit of the setup (5.8x107"° gco2.gpowaer '.8"), these results refer to the
properties of the materials rather than to any cell leakage. The IBR depends on the RH: the higher
the RH, the higher the COz-binding rate. The /IBR varies from [108to 101°], [10® to 10°], and [10”
to 10°] geo2-gpowaer .S When the carbonation tests are carried out at 33% RH, 55% RH, and 93%
RH, respectively. It is known that the controlling factor in the carbonation reaction rate is the

dissolution of CaO and gaseous CO.. At high RH, there is more water present to dissolve CaO and
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CO., which increases the rate of the reaction. After 14 days of exposure to ambient CO: in climate
chambers with constant RH levels (33, 55 and 93%), no anhydrous material reached the maximum
binding capacity MBC, which was theoretically calculated (Table 2).

A slight carbonation of C>S and CsA powders was observed. The highest CBC was observed for
CsS powders carbonated at 93% RH. Furthermore, Figure 9.b shows that, after 14 days of
exposure, the amount of bound CO- at 93% RH of the C>S powder continued to increase but at a

very slow rate (2x10°° gcoz.gpowder.S™') While this rate was 10 times higher for CsS powder.
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Figure 10: the amount of bound CO: at different
Figure 9: IBR of anhydrous phases
carbonation periods of anhydrous phases

3.5 CO2-binding capacity of hydrates from IBR
For each tested hydrate, Figure 11 and Figure 12 give the IBR and B coz, respectively. Figure 11
(a) shows that the IBR of ettringite powder decreased by one order of magnitude only after 2 days
of carbonation at 33% and 55% RH. At 55%, the IBR only slightly changed afterwards even after
29 days of carbonation, while the detection limit of the experimental setup was reached after 8
days of carbonation at 33% RH. Therefore, the experiments at these two RH levels were stopped
after 11 and 28 days. Ettringite powder only slightly carbonates at 33% and 55% RH: CBC are
0.1.102 and 2.102 geo2.Opowder ', respectively. On the other hand, at 93% RH, ettringite carbonated
with a high /BR until 28 days of exposure, to reach a B coz of 16.102 geo2.gpowder | that slightly varied
afterwards. The present results confirm that the role of water in the carbonation of ettringite is
highly important. It was also reported by Robl et al. [48] that ettringite only carbonates at 400 ppm
CO2 when ambient RH is higher than 60%.
Figure 11(b) shows that the /IBR of portlandite decreased by 3 orders of magnitudes after 10 days
of exposure to ambient CO2 concentration at 93% and 55% RH. Consequently, Figure 12(b) shows
that the B coz increased significantly during the first 10 days of exposure to carbonation to reach a

plateau that corresponds to its CBC afterwards (19.102 and 16.102 gco2.gpowder ' at 93 and 55% RH

23



respectively). When carbonated at 33% RH, portlandite’s /BR only decreased significantly after 16

days of carbonation to reach a CBC of 10.1072 gco2.Gpowder -
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Figure 11: IBR of hydrates phases Figure 12: the amount of bound CO- at

different carbonation periods of hydrates
As shown in Figure 11 (c), the IBR of the C-S-H powder decreased by almost one order of
magnitude after two days of carbonation at 93% and 55% RH, 2 orders of magnitude at 33% RH
after 9 days and only slightly varied afterwards. At three RH levels, the CBC of C-S-H powder was
not reached, as observed in Figure 12 (c): the B co2 continues increasing even after 28 days of
exposure to ambient carbon dioxide.
4 Discussion
4.1 Reaction vs. mass diffusion
In an attempt to identify the mass transport effect and the reactivity of the tested powders on a
powder layer scale, the dimensionless Thiele modulus (®2,) was used to compare the transport
and the reaction timescales. ¢2 is an important dimensionless number within the dual lens
approach reaction, it appears in the mass balance, after introducing the dimensionless spatial

variable [49].

d)z _ Tdiffusion _ d* ko *p
" Treaction De,COZ * [COZ]O

Equation 9

The Thiele modulus is defined as the ratio of the diffusion time (Tamusion) 10 the reaction time
(Treaction)- De,coz is the COz-effective diffusion coefficient in air (1.6x10° m2/s), [COxJo (gcoz/m®) is the

CO:2 concentration at the surface of the grain, d(m) is the powder layer thickness, ko is the reaction
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kinetic constant (gcoz.9 'powder.8™') and p (gpowde/m°) is the powder density. Low values of the Thiele
modulus indicate surface reaction control and a significant amount of the CO: diffusing well into the
grains’ interior without reacting. High values of the Thiele modulus indicate that the surface
reaction is rapid and that the reactant is consumed very close to the external surface so only very

little penetrates into the interior of the grain [49].

Highest reaction kinetic constant | Lowest reaction kinetic constant
(1 0-6 gCOZ-g_1pOWder-S-1 ) (1 0_10 9002.9_1 powd(-}r.s_1 )
Powder Igyer thickness 3 350
(din mm)

Table 5: The critical powder layer thickness at the lowest and highest values of the kintetic constant
(Thiele modulus = 1)

The critical thickness of the powder layer is determined for a ¢2 = 1 and the kinetic rate constant
varies between 107'° and 10 gco2.g'powder.s™ (lowest and highest values determined from our
experiments). For a powder layer of a thickness lower than 3 mm (which is the case in our study),
the Thiele modulus is largely lower than 1. This result shows that the diffusion of CO: into the
pores water is fast; so that the limiting factor is the CO: uptake by the solids.

4.2 From instantaneous rate to “cumulative” CO- uptake

The reliability of our test method results was investigated by comparing to the CBC values at the
end of the carbonation period of each material obtained by both TGA and our method (cf. Table 2).
Figure 13 shows that the CBC from TGA analysis and the CBC calculated based on our test
method are in agreement. The difference between TGA and the developed test method are found
to be evenly distributed along the mean trend: no evidence of an offset related with the mineral
type, relative humidity or CBC range is observed. Nevertheless, it is worth noting that these values
are not an average of repeated experiments, the latters were only performed once. Comparing
average values would be more representative. These results are very promising regarding the
accuracy and reliability of the new test method because they show that the analysis of the CO»-
uptake curves corresponds well to the carbonation reaction, since TGA data are hard evidence that

the uptake of carbon dioxide is due to carbonation [19].
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Figure 13: TGA CO2-binding capacity vs. the carbonation cell CO»-binding capacity (JMP)

The difference between TGA and the carbonation cell results could be a consequence of a slight
carbonation during the preconditioning of the powders in the climate chamber even though soda
lime was added. Moreover, the nature of these test methods is different: the CBC from TGA is
determined purely on the basis of changes in the mass with respect to temperature and in
correspondence with the amount of volatile matter and moisture content, and the carbonation cell
test method is based on the measurement of the instantaneous CO: binding rate determined
punctually during the carbonation period.

Note that the amount of bound CO: determined by the developed test method is dependent on the
frequency of the CO»-uptake measurements, especially during the first three days of exposure to
ambient CO. concentration. The results reliability also depend on the response time and precision
of the CO: gas sensor, especially for highly reactive phases.

The method developed to determine the CO- binding capacity and rate is simple, safe, reliable and
cost-effective compared to thermogravimetric analysis. Results from this test method allow for the
determination of the amount of bound CO: under different relative humidity levels, rather than
predicting this value from C-S-H and CH content in the paste or CaO content in the cement.
Moreover, the carbonation reaction kinetics can be determined at different periods of carbonation
which is of high interest in the modeling of the carbonation front progress. The method is
timesaving comparing to TGA as the latter requires approximately 2 hours depending on the

heating rate, while a single COz-uptake measurement doesn’t exceed 20 min. Nevertheless, TGA
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analysis are important for this test method to determine the degree of carbonation after the
preconditioning period in order to investigate the absolute total CO2 content of the tested material.
The test method can be improved by using a CO2 sensor with lower response time, performing
more measurements, which results in the improvement of integration method accuracy, and
controlling the CO2 concentration inside the room, especially for first and second order reactions.
Nevertheless, the agreement between the results obtained from the two techniques is quite
promising (Figure 13), since they differ by no more than 38% for the range of the conditions and
materials tested.

4.3 Reaction mechanisms

4.3.1  Anhydrous carbonation

Regarding the carbonation of anhydrous materials, the CBC of C2S and CsA powders didn’t exceed
2.102 gcoa.g ' powder. However, C3S powder carbonated significantly at 93% RH only (DoC = 14%).
The previous work of Galan et al [13] also suggests that the minimum humidity needed to start the
carbonation process is greater than 33% is needed.

Figure 6 shows a decrease in the density and a significant increase in the BET surface area of CsS
and C»S powders due to carbonation, which can be explained by the formation of a thin layer of C-
S-H on the surface of the grains [50][51]. Indeed, Houst et al. [52] reported that the carbonation of
B-C2S and CsS results in the formation of aragonite, silica gel and a small amount of C-S-H, no
trace of calcium hydroxide is observed during the carbonation [52].

The same result is observed for CsA powder, which could be due to the formation of aluminum
hydroxide since Figure 5 shows that the TGA results of CsA powder after exposure to carbonation
reveal a peak around 280-300°C, which corresponds to the decomposition of aluminum hydroxide.
The fact that only CsS powder reacted at 93% RH could be explained by the high reactivity of CsS
with water, giving rise to the formation of calcium hydroxide and a number of different amorphous
or poorly crystalline calcium silicate hydrates phases that would carbonate rapidly. These results
are generally consistent with previous studies, which show that even though CsA is much more
water reactive than CsS and C»S [12], it only carbonates slowly.

4.3.2  Hydrates carbonation
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The amount of bound CO: of both anhydrous and hydrates increased with the RH level where
water is more available for the dissolution of CO2 and CaO.

Although portlandite powder carbonated significantly at the three RH levels, the CBC is reached
only after 7 days of carbonation. Images of portlandite powder shown in Figure 7 could explain the
rapid decrease of the IBR, which would be due to the fact that the carbonation takes place on the
surface of the grains, and its rate of proceeding inwards is very slow. Hence, when the surface is
covered with CaCOs, the carbonation is practically ceased. The same observation is drawn by
Ashraf et al [14] regarding the accelerated carbonation of calcium silicate phases that occurs in two
distinct stages: the first one is associated with a very rapid rate of carbonation, and the second is
controlled by the diffusion in the carbonation products layer.

This is also facilitated by the relatively small surface areas of portlandite crystals in comparison
with calcium silicate hydrates. This phenomenon is similar to the one addressed by Sohn and
Szekeley [53] for porous solid pellets, where intragrain diffusion resistance may become so large
that it will control the progress of the reaction process.

Moreover, Galan et al. [54] investigated the permeability of the CaCOs layer on the surface of
portlandite and reported that this layer provides significant protection against diffusion of Ca?* and
OH- ions, which hinders further carbonation. However, in the case of ettringite, which is a fibrous-
form material, the carbonates could form between its needles (see Figure 7) which would not
hinder the CO. diffusion nor the CaO dissolution. Indeed, Figure 12 shows that the CBC of
ettringite is reached 18 days after portlandite’s and the /BR remains constant for 20 days when
ettringite is carbonated at 93% RH.

The carbonation of C-S-H is found to occur at a slower initial rate than the carbonation of CH
because of the more rapid dissolution of CH [55][56]. This behavior reverses when the formation of
microcrystalline CaCOs around reacting CH crystals inhibits further accessibility and slows down
the portlandite dissolution, while the carbonation rate of C-S-H remains almost constant (very slow
variation) even after 27 days of carbonation.

TGA and carbonation cell results show that the pure hydrates did not carbonate completely, their
degree of carbonation did not exceed 45% in the present study (Table 2). In agreement with our

results concerning portlandite’s carbonation, Grandet [57] reported that the degree of carbonation
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of portlandite is limited to 50-60%. Concerning the carbonation of pure ettringite, Castellote [58]
found that ettringite carbonates up to 50% under 0.03% CO. and 3% CO2, and carbonates
completely at 10% CO..

4.4 Application of the results of this work

Results from this work would help to enhance the understanding of the kinetics of carbonation at
high RH on the reactivity of clinker phases (CsS, CsA, C4AF) during storage in silos or bags for long
periods under different RH levels, which is an important issue for the industrial field.

The developed test method could be used to compare the CO: binding capacity of existing or
innovative binders to assess their actual environmental benefits of CO. uptake by carbonation and
investigate the life cycle assessment of cementitious materials after their preparation (in the case
of precast concrete), during their service life, and after the end of the service life (recycled
concrete) [59]. The NF P19-839, NF EN 16757 standards [59] state that the degree of carbonation
of concrete strucures varies between 40% and 85% in a dry climate and under exposure to rain,
respectively. However, our results in Table 2 reveal that even at 93% RH, the portlandite’s degree
of carbonation reached 39% only and the IBR varied very slightly after 7 days of carbonation. This
suggests that higher RH or water content in addition to wetting drying cycle should be further
investigated in terms of rate and maximum CO- uptake.

The results of this work could also improve the modeling of carbonation kinetics and the prediction
of the shape of the carbonation front when the diffusion coefficient is also assessed. Since our
results show that the CO»-binding capacity of hydrates is reached after only 6 days (CH) or over 28
days (C-S-H) of exposure to carbonation, this means that the carbonation reaction could continue
behind the carbonation depth determined by means of a pH indicator results, which means that the
carbonation front shape is not completely sharp [5][55][60].

Carbonation is a physicochemical process controlled by the CO: binding capacity of the hardened
cement paste and the diffusive transport of gaseous CO: through the cementitious materials’
porous network. In order to study this phenomenon at the buiding product scale, results from the
test method developed in this work should be completed with data on the gaseous CO- diffusion
coefficient [8]

5 CONCLUSIONS
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In the present work, a new test method is developed to determine the carbonation kinetics of the

main synthetic phases present in the cement. Results allow us to draw the following conclusions:

An original experimental setup was developed in order to measure the instantaneous CO:2
binding rate (IBR) and determine the amount of bound CO> during all periods of carbonation.
The test method is advantageous because of its simplicity and cost-efficiency. Results from this
test method agree with TGA results, which is promising regarding the accuracy and reliability of
the test method. However, the test method could be improved by using sensors with lower
response time and by increasing the frequency of the CO»-uptake measurements to minimize
the errors of the integration step.

The controlling factor of the amount of bound CO: is the surface water-adsorbed, since the CO2
binding capacity is found to increase with the RH under which carbonation tests were
undertaken.

Portlandite carbonates significantly compared to other hydrates, even at low RH, and the only
carbonate formed is calcite. Ettringite carbonates remarkably at 93% RH (DoC=45%) and only
slightly at 55% and 33% RH. Even though the carbonation rate of C-S-H is initially lower than
that of portlandite, its carbonation continues with a constant rate even after 28 days of
exposure, especially at 93% RH.

No significant carbonation of the anhydrous materials was noticed. The actual amount of bound
CO2 was found to be lower than the theoretical maximum binding capacity calculated for all
powders. Only at 93% RH, C3S powders were carbonated (DoC=14%), which could be due to
the formation of C-S-H as intermediate reaction product at this high RH level.

The maximum degree of carbonation (DoC = 45%) was observed for ettringite powder, followed
by portlandite (DoC = 38%) carbonated at 93% RH, which highlights the important contribution
of these two hydrates in the carbonation performance of aluminous cements and Portland

cements, respectively.
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