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Abstract

The use of ettringite-based materials for thermochemical heat energy storage has attracted
researchers’ attention in recent years since ettringite has advantages like low material cost and
high energy storage density (~ 500 kWh/m®). However, carbonation, which modifies its
structure and reduces the capacity of energy storage, is an important hindrance to real
applications. To address this issue, the present study focuses on the carbonation kinetics of
three ettringite-based and corresponding meta-ettringite-based materials (dehydrated samples)
exposed to different relative humidity (RH) and CO> concentrations. A mixture of 80 wt.%
pre-blended Calcium Aluminate Cement / 20 wt.% OPC (C80P20) proved to be the most
resistant against CO,. The hydrated and dehydrated C80P20 grains carbonated slowly at 50 %
RH and 1 vol.% COz, consuming little ettringite after 28 days. At 90 % RH, carbonation was
accelerated such that all ettringite and meta-ettringite materials were depleted at 11 days with
vaterite and aragonite as the main calcium carbonates. The produced CaSO4 hydrates were
found as hemihydrate at 70 % RH and gypsum at 90 % RH. Finally, the thermal energy
storage capacity (TESC) of the material was systematically quantified as essentially

decreasing with the carbonation degree of ettringite-based materials.

Key words: Carbonation durability, Ettringite-based materials, Meta-ettringite, Thermal

energy storage
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Cement chemist notation

A Alumina (Al2O3)
C Lime (CaO)
C Carbon dioxide (CO»)
H Water (H20)
M Periclase (MgO)
S Silica (SiO»)
S Sulphur trioxide (SO3)
Nomenclature

Weight percentage (%)
d Mean diameter of pores (um)

CO, binding quantity (g CO> / g anhydrous mixture)
Io Initial CO» binding quantity (g CO> / g anhydrous mixture)
Imax CO2 binding capacity (g CO2 / g anhydrous mixture)
I; Absolute CO2 binding quantity (g CO2 / g anhydrous mixture)
I Instant CO; binding quantity (g CO; / g anhydrous mixture)
ko Surface carbonation reaction rate constant
M Molar mass (g / mol)
m Weight (g)
Pco2 Partial pressure of CO» (Pa)
Ph2o Partial pressure of water vapour (Pa)
p Porosity (vol. %)
R Ideal gas constant
Si Liquid saturation degree (%)
T Temperature (K)
t Time (h)
X Recalculated percentage of components in XRD (%)
XXRD Original component weight percentage from XRD analysis (%)
X Carbonation degree (%)

Mass density (g / cm?)
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Abbreviation

BCSAF Pre-blend of Belite-Calcium Sulphoaluminate-Ferrite Cement and anhydrite
p-CAC Pre-blend of Calcium Aluminate Cement and calcium sulphate

CSA Calcium Sulphoaluminate Cement

CSH Calcium Silicate Hydrate

DSC Differential scanning calorimetry

Deh Dehydrated

Hc Hemicarboaluminate

Hy Hydrated

MIP Mercury Intrusion Porosimetry

Monosulfate Monosulfoaluminate

OPC Ordinary Portland Cement

RH Relative humidity (%)

TESC Thermal energy storage capacity

TGA Thermo-gravimetric analysis

w/c Water to cement weight ratio

w/s Water to solid ratio

wc.% Weight fraction recalculated based on anhydrous cement mixture for XRD
XRD X-ray diffraction analysis

XRF X-ray fluorescence analysis
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1. Introduction

Calcium trisulphoaluminate hydrate, also known as ettringite, is a promising thermal
energy storage material due to its high energy density (~ 500 kWh/m?), low working
temperature (~ 60 °C), and wide availability as a cement hydration product [1-5]. Other
cementitious materials, like gypsum (99 kJ/mol, ~ 200 °C) [6] and portlandite (104 kJ/mol, ~
420 °C) [7], are limited by their low enthalpies and high working temperatures for energy
storage. Recent reports on Calcium Sulfoaluminate Cement (CSA) show potential for
application in thermal energy storage (4, 8—10] using their intrinsic high content of ettringite
after hydration. One of the most important obstacles to application is its poor carbonation
resistance [2], as being alkaline after the hydration of cement, these ettringite-based materials
can even react with atmospheric CO> (~ 0.04 vol.%). Beside CO> concentration, the testified
essential factors on carbonation durability include water to cement weight ratio (w/c), curing,

cement dosage, type of cement, relative humidity (RH), temperature etc. [ 11-14].

Most investigations of carbonation kinetics concern Ordinary Portland Cement (OPC)
based materials. Papadakis et al. [15] indicated that the carbonation of hydrated OPC
decreases the pH of pore solution from more than 12.5 to below 9 (as low as 8.3). This
neutralised solution then accelerates the dissolution of calcium and hydroxide ions from solid
phases, thereby leading to mineralogical and microstructural modifications [11]. Likewise,
carbonation processes tend to not only modify the porosity and microstructure of the samples,
but also their mechanical performances and durability [ 12]. Carbonation reactions of the main

minerals from hydrated OPC are listed in Table 1.

Table 1. Carbonation reactions of main minerals in hydrated OPC cement adapted from [12]

Components Chemical formula Carbonation reaction
Portlandite Ca(OH), Ca(OH), + CO; — CaCOs + H,O
Calcium silicate (Ca0)x(Si02)y(H20)z + xCO, — xCaCOs3 + ySiO,- tH,O
(Ca0)x(Si02)y(H20)z
hydrate + (z—t) HO
Tricalcium silicate 3Ca0-Si0O, 3Ca0-SiO; + 3CO; + nH,0 — 3CaCOs + SiO; + nH,O
Dicalcium silicate 2Ca0-Si0; 2Ca0-Si0O; + 2CO; + nH,0 — 2CaCOs; + SiO; + nH,0

3Ca0- Al;,03-3CaS04-32H,0 + 3CO, —3CaCO3+3

Ettringite 3Ca0- Al,03-3CaS04-32H,0
CaSO4~ 2H20 +A1203-XH20 + (26 — X)Hzo

3Ca0- Al,03-CaS04-12H,0 + 3CO; —3CaCOs+
CaSO4~ 2H20 +A1203-XH20 + (10 — X)Hzo

Monosulfoaluminate | 3CaO-Al,Os- CaSOy4-12H,0
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Nishikawa et al. [16] and Grounds et al. [17] proposed carbonation kinetics models for
ettringite based on powder samples at RH superior to 95 % with 5 vol.%, and atmospheric
CO,, respectively. Although they hold different opinions, both agree that the diffusion of CO>
in the particles plays a significant role during carbonation. Detailed numerical work from
Chen et al. [18] pointed out the influence of temperature, water vapour pressure, and CO>
pressure on the carbonation of ettringite powder through Eq. 1, where x is the degree of
carbonation (%), ko is the surface carbonation reaction rate constant, Pmo (Pa) and Pcoz (Pa)
are partial pressure of water vapour and CO», respectively. Moreover, the process of

dissolution of gaseous CO> into water was defined as the rate limiting step [ 18].

d
v= d_f = koe3%%7/RT . Pyuro - Peor (Eq.1)

Zhou and Glasser [19] investigated the carbonation on ettringite powders and pellets (~
2.5 mm thick) compacted to 80 % theoretical density, to determine the effect of form. They
confirmed the impact of temperature and RH as reported in [18]. Monosulfoaluminate
(monosulfate) was found inside pellets since the insides retain water, leading to
recrystallisation [19]. Besides, hemihydrate (CaSO4-0.5H20) and gypsum (CaSOs-2H>0)
were both detected as calcium sulphate hydrates after the carbonation of ettringite pellets [ 19].
The calcium carbonate polymorphs are vaterite [16,19] and aragonite [16]. According to
Pajares et al. [20], Ca(OH); is able to delay ettringite carbonation process because of its

higher reaction rate with COs,.

Instead of using pure ettringite, Ndiaye et al. [4] investigated the carbonation effects of
ettringite-enriched CSA cement paste powder under 4 vol.% CO» and 65 % RH at 25 °C. The
researchers observed hemihydrate instead of gypsum, aragonite and vaterite as carbonate
phases, but no monosulfate. Mechling et al. [ 13] found that the calcium sulphate was gypsum
and depths of carbonation increased when the w/c ratio was raised, which is consistent with
[21]. Furthermore, carbonation kinetics seems closely related to the porosity controlled by the
w/c ratio |13]. Ioannou et al. [22,23] added that the dense microstructure of blended CSA
cement did not largely impact carbonation resistance. However, additives like slag, fly ash
[21], and polymers [24] could decrease carbonation rates. Hargis et al. [ 14] concluded that the
rise of anhydrite content could lead to faster ye’elimite hydration, thereby increasing
carbonation resistance. Zhang and Glasser [25] assumed that a partially carbonate-substituted

ettringite persisted near the surface of CSA cement based concrete after natural carbonation of
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16 years. This compound could be part of the CO3-SOs- ettringite solid solution series as

reported in [26-28].

However, to the authors’ knowledge, there is no data available on carbonation of meta-
ettringite and meta-ettringite-based materials. Therefore, new investigations are necessary to
evaluate the carbonation kinetics of ettringite- and meta-ettringite-based materials,
particularly if they are used in energy storage system with circulation of air. Except the more
severe carbonation issue [22.23.29], CSA cement is inferred to be an alternative to OPC,
owing to similar mechanical performance but lower CO2 emission for production [30]. Thus,
a blended mixture composed of OPC and Calcium Aluminate cement blended with calcium
sulphate is an interesting possibility for improving mechanical properties of hydrated cement
paste, while possessing high ettringite content. In this study, and with the specific aim at
analysing the use of industrial cements, three blended cements were used to investigate the
carbonation kinetics of ettringite and meta-ettringite that are supposed to be the major phases
in hydrated and dehydrated cement pastes, respectively—i) Two made from the mixture of
OPC and pre-blended Calcium Aluminate Cement containing calcium sulphate (p-CAC), and
i1) A pre-blended Belite-Calcium Sulfoaluminate-Ferrite Cement containing anhydrite
(BCSAF). The experiments were completed under ambient conditions (20 °C, 50 % RH, 0.04
vol.% CO3y) and accelerated carbonation (1 vol.% CO;) with various RH at 20 °C. After the
experiments, all samples were analysed using Thermo-gravimetric analysis (TGA) and X-ray

diffraction (XRD) to quantify bound CO2 and evolution of mineral components.

2. Materials and methods
2.1. Materials

High calcium aluminate cements containing additional calcium sulphate (p-CAC and
BCSAF) were used to obtain pastes rich in ettringite. To produce pastes with different
ettringite contents, some p-CAC was mixed with OPC (CEM I 52.5 N), improving
mechanical properties and decreasing the risk of self-breakage due to significant shrinkage.
The BCSAF was light brown cement with high ye’elimite content. Chemical compositions
and mineralogical phases of the three cements were analysed by X-ray fluorescence (XRF)
and XRD, and are shown in Table 2. Minor oxides and mineralogical phases were not listed,

resulting in total values less than 100 %.

Table 2. Percentages (wt.%) of chemical and mineralogical compositions of cements used

OPC | p-CAC | BCSAF OPC | p-CAC | BCSAF
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Si0, | 2025 | 1.87 12.42 (N 70.7 - -
ALO; | 544 | 2343 16.87 (N 7.3 - 30.9
Fe O3 | 2.48 0.47 6.25 C,AF 7.4 - 16.4

CaO | 6425 | 43.17 | 47.33 GA 8.5 - -
MgO | 1.17 0.26 1.44 CSHos 32 - 3.7

KO | 022 | 0.14 0.67 CSH, 2.6 - 1.2
NaO | 0.18 0.05 0.09 CS - 52.5 10.7

SO; 3.33 | 28.78 9.94 Ci2As - 35 -

TiO, | 0.15 1.12 0.88 CsA5S - - 31.1
Mn;O3 | 0.10 | <0.05 0.06 MgO - - 0.5

P,0s 0.26 0.05 0.06 Ferro-perovskite - - 3.6
Cr;03 | <0.05 | <0.05 <0.05 Ettringite - - 1.5

ZrO; | <0.05 | <0.05 <0.05 Monosulfate - - 0.3

SrO 0.06 | <0.05 0.13 Amorphous phase - 44.0 -
Total | 97.99 | 99.54 | 96.24 99.7 | 100.0 99.9

2.2 Preparation of samples

The p-CAC was manually mixed with 20 wt.% and 40 wt.% of OPC in order to prepare
samples with different levels of ettringite. The BCSAF was prepared without any other
cement. To obtain high porosities [31], demineralised water was used with water to solid ratio
(w/s) of 1.1 to hydrate three binders by a VMI/Rayneri mixer at 700 r/min for 3 minutes, then
at 1000 r/min for 10 minutes. Before the addition of the blend into demineralised water, a
small quantity (0.05 wt.% of blend) of Chryso® Premia 162 was pre-introduced to the water to
assure good workability retention. After the addition of cement mixtures, a certain amount of
Kelco-Crete® DG-F (0.1 wt.% of water) was added slowly to prevent agglomeration. The
used formulas for the different mixtures are summarised in Table 3. The cementitious pastes
were then poured into polystyrene moulds (4 x 4 x 16 cm®) and covered by a glass plate
sealed with rubber for 24 h. After that, the samples were demoulded and stored in sealed bags
for hydration of 28 days (1 day in moulds and 27 days in sealed plastic bags) at ~ 22°C. In
parallel with the preparation of prisms for grains, the same mixtures (3 prisms for each) were
also cast for compression strength test.

Table 3. Mixture designs for different pastes preparation of 800 cm?

Samples Main cement OPC Chryso® Premia 162 Kelco-Crete® DG-F Demineralised water
® (® (® (® (2

BCSAF | 563.3 (BCSAF) / 1.14 0.620 618.8

C80P20 | 451.0 (p-CAC) 112.8 1.14 0.620 619.3
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C60P40 | 342.2 (p-CAC) 2232 1.14 0.622 621.3

After 28 days of curing, the prisms were ground in a porcelain mortar with a pestle and
passed through sieves of different sizes to collect 1-2 and 2—4 mm grains. Grains were then
sealed in vacuumed plastic bags for later experiments. The hydration of samples was not

stopped by organic solutions, to approximate a real-world scenario for energy storage.
2.3. Accelerated and natural carbonation methods

Approximately 150 g of paste of each grain size was oven-dehydrated at 90 °C for 2 days
to obtain meta-ettringite-based materials. Approximately 4 g of sample per study case was
tiled as a monolayer in an 8 cm aluminium dish. The dehydrated samples as well as
corresponding original hydrated cement samples (1-2 and 2-4 mm) made of the three
mixtures listed in Table 3 were then carbonated in a CO> chamber (Pharma 600 of
Weisstechnik®) at 20 °C, 1 vol.% CO., and respective RH (50 %, 70 %, and 90 %) for
different periods from several hours to 28 days. The particle sizes and RH were set with
respect to the internal conditions of an energy storage system. The effect of RH was studied
for each case using non-hydration-stopped samples. As a reference, the same prepared
samples sustained natural carbonation in an environmentally controlled chamber (50 % RH,

20 °C, and ~ 0.04 vol.% CO,) for 0, 11 days, 1, 2, 3, and 6 months.
2.4. Characterisation methods

Before experiments on carbonation, compression strength tests (RP 12/50/300 FCC of
3R®) were executed on 3 prims (4 x 4 x 16 cm?) for each hydrated binder after 7 and 28 days
of curing. Mercury Intrusion Porosimetry (MIP), granulometry, and isotherm absorption were
also performed on small pieces and grains of materials at 28 days. After each interval of
carbonation, the specimens were ground to a powder (< 100 pum) and characterised by TGA

and XRD.
2.4.1. Thermal characterisation

TGA (Mettler TGA-DSC 3*) was principally used to quantify the carbonates. An
approximately 40 mg sample was added to the device and heated from 30 to 1000 °C at
10 °C/min under a nitrogen flow of 20 mL/min. For cement pastes hydrated by a high w/c
ratio, there existed an overlap between weight loss of combined water and CO; at 450-550 °C
[32]. The range of decarbonisation temperature was thus defined between 550 and 1000 °C.

The error in the TGA measurement was approximately 1 %. Due to the bound water release

8
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into gas phase as water vapour and weight loss of samples through carbonation experiments,
the indicator of carbonation was calculated by normalizing the CO; mass gain by the

anhydrous content (Eq. 2):

[ = mcoz _ MinitialeTcA*(@550 °c=@1000 °C) (Eq. 2)
Manhydrous blend Minitiale TGA*%1000 °C
Where I is the CO> binding quantity (g CO; per g anhydrous mixture), m (mg) is the
weight from TGA, and a (%) is the weight percentage from TGA.

When preparing the samples, carbonation was hard to avoid. The absolute CO> binding
quantity (I;) during experiments was then defined as the difference between the CO; binding

quantities at each carbonation date (I) and at time zero (Ip) in Eq. 3:
L. =1, —1, (Eq.3)

To determine thermal energy storage capacity (TESC), the carbonated grain samples were
powdered and characterised by TGA-DSC (Sensys Evo TG-DSC), which provided thermal
analysis simultaneous with the loss of weight. Approximately 10 mg of specimen was heated
at 80 °C for 5 h with a speed of 10 °C / min from 25 to 80 °C, while the sample was protected
by a nitrogen flow of 50 mL / min. Thermal analysis data were acquired by Calisto
Acquisition and processed by Calisto Processing (both software) to give loss of weight and

enthalpies. The systematic uncertainty in enthalpy measurement was approximately 1 %.
2.4.2. XRD

The XRD method used was a semi-quantitative analysis, for not only the mineralogical
variation but also mass fraction changes during carbonation. The XRD device used a
Philips/PANalytical X’Pert Pro-MPD Powder Diffractometer with an X’Celerator detector of
incident CuKa radiation beam by 40 kV and 40 mA to a rotation sample. The specimens were
scanned for 40 minutes from 26 = [5-65 °] by a step of 0.25 ° without protection from CO,.
For dehydrated specimens, the quantity of meta-ettringite was calculated with a nora 35 rutile
standard using the external standard method for BCSAF cases and nora 35 for the other two
mixtures. Although the semi-quantitative analysis of amorphous meta-ettringite and CSH
phases was not accurate for the amounts but the trends of quantity evolution could still be

traced.



192
193
194

195

196
197
198
199

200
201
202
203
204
205

206

207
208

209
210
211
212
213
214

215
216
217
218
219
220

For the variation of mass caused by water loss during carbonation, the semi-quantitative
results were deemed not comparative for different carbonated samples. Hence, the analytical

results were recalculated with TGA results (Eq. 4).

XXRD*Miniti XXRD*Miniti XXRD
X — initial TGA X 100 % — initial TGA X 100 % — X 100 % (Eq- 4)
Manhydrous blend Minitial TGA*21000°C Qa1000°C

Where X (wc.%) is the recalculated percentage of components relating to the mass of
anhydrous blend, Xxrp (%) the original component weight percentage from XRD analysis, m
(mg) and a (%) are the weight and weight percentage from TGA, respectively. X can exceed

100 % for several components of high content.

2.4.3. Theoretical CO: binding capacity by XRF

According to [ 14], the theoretical CO; binding capacity (Imax, g bound CO; / g anhydrous
cement) of an anhydrous cement could be approximately inferred from the quantity of its
main carbonatable oxides from XRF results (see Eq. 5) with two assumptions. 1) The
sulphate ion only exists in calcium sulphate after a total carbonation of cement pastes, and 2)

CaO and MgO are the main carbonated phases.

acao AMgo _ _asps )
Mco2 (M(CaO) + M(Mg0)  M(S03) *Mcement*M(CO2)
Inax = = (Eq. 5)
Manhydrous mixture Manhydrous mixture

Where m (mg) is the weight from TGA, a (%) is the weight percentage in XRF, and M is the molar

mass.

2.4.4. Granulometry

Granulometry was executed on collected grains by stereoscopic magnifier STEMI SV 11
with a Zeiss electronic fibre optic lighting KL 1500. The 1-2 and 2—4 mm particles were
randomly picked for optical observation. After observation of each sample, the Olympus
Image Analysis Software carried out measurement for each grain. The approximate maximum

and minimum values of 10-30 grains were used to calculate the mean diameter.

2.4.5. MIP

MIP tests were carried out on small pieces from prims of hardened pastes of 28 days (4 x
4 x 16 cm?) using an Autopore IV (Micromeritics, USA). Before testing, samples were dried
in an oven at 45 °C overnight. The suggested contact angle for ordinary cement pastes [31]
was presumed to be 130 °. On this basis, the pressures used enabled a pore diameter coverage

of approximately 3 nm—360 um.

10
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2.4.6. Water isotherm absorption

Six samples of 10 g each from the three binders’ grains of both sizes were oven dried at
40 °C to extract pore water with soda lime protection for 10 days. Then, each dried sample
was separated to 3 samples of approximately 2 g (18 samples in total) and exposed in
hermetic chambers at 20 °C under soda lime protection. The RH in chambers were controlled
by saturated salts solutions and an internal air circulation, typically Mg(NOs3)2 for 55 % RH,
NaCl for 75 % RH, and KNOs for 95 % RH [33]. The variation of weight was recorded every
week until stable (< 0.1 wt.%). Therefore, liquid saturation degree (Si) in per gram dry sample
is expressed as Eq. 6:

S, = ZPdrysample o 100 % (Eq. 6)

P'Pwater

Where, m is absorbed water mass (g per g dry hydrated sample), pary sampie 15 the dry

material density (g-cm™), p is the porosity (vol. %), and p,,q¢eris the liquid water density.
3. Results

3.1. Characterisation of reference materials before carbonation

The physical characteristics of the hardened mixtures are summarised in Table 4 using
methods like theoretical CO binding capacity, water vapour isothermal absorption, MIP, and
compressive strength. The grains of different mixtures were generally in the 1-2 mm and 24
mm ranges. For C80P20, the mean size was 1.04 mm for 1-2 mm, while it was 2.07 mm for
2-4 mm. Similarly, it was 0.98 mm and 2.50 mm for 1-2 mm and 2—4 mm of C60P40,
respectively, 1.13 mm and 2.11 mm for BCSAF. The compressive strengths generally
increase with curing time and are the order C80P20 > C60P40 > BCSAF. According to Eq. 5,
theoretical CO; binding capacities are approximately 0.25, 0.32, and 0.29 for anhydrous
mixtures C80P20, C60P40, and BCSAF, respectively. For each hydrated binder, the quantity
of absorbed water vapour at 20 °C increases with the rise of RH. Grains of size 2-4 mm get a
higher content of absorbed water vapour than those of 1-2 mm. However, the total absorbed
water content for all grains is not significant. Because of their high w/c ratios, the hydrated
binders possess porosities 34 %, 38 %, and 54 % for C80P20, C60P40 and BCSAF,
respectively. For hydrated mixtures, most pores are in the 0.03—1 um range and they get less
porosity from micro-pores with diameters smaller than 0.01 um, or pores with diameters
larger than 1 pm (Fig. 1). No significant pore volume having a mean diameter greater than 0.3

um is observed. However, BCSAF has the most significant pore volume with a diameter less

11
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than 0.1 um, followed by C60P40, and very few for C80P20. After being dried at 90 °C for

two days, the total porosities of C80P20 and C60P40 go up, but the volume of pores of each

range also gets bigger. The pore volume for dehydrated C80P20 increases to 41 % and is
mainly impacted by pores < 0.03 um and 0.1 < d < 0.3 um. Dehydrated C60P40 and BCSAF

have pore volume rise in all size ranges of pores and they hold similar general pore volume of

approximately 55 %. Table 5 gives the original mineralogical compositions in the samples

before carbonation experiments (measurements done by XRD).

Table 4. Physical characteristics for three hardened mixtures*

Experimental conditions C80P20 | C60P40 | BCSAF
Theoretical CO; binding capacity
Calculation 0.25 0.32 0.29
[g CO» / g anhydrous mixture]
1-2 mm 0.27 0.34 0.54
55 (5) % RH
2-4 mm 0.59 1.02 0.76
Water vapour absorption 1-2 mm 0.48 0.67 0.88
75 (5) % RH
[wt.% by dry hydrated sample] 2-4 mm 0.83 1.23 1.05
1-2 mm 2.50 3.88 2.40
95 (5) % RH
2-4 mm 2.54 3.71 2.68
Total porosity at 28 days (using Hydrated (ettringite-based) 34 38 54
MIP) Dehydrated (meta-ettringite-
44 54 54
[vol.%] based)
14.9 10.2 7.1
Hydrated pastes at 7 days
(0.8) (0.6) (0.3)
Compressive strength [MPa]
15.8 12.0 9.0
Hydrated pastes at 28 days
(1.0 0.6) 0.6)

* The values in parentheses present uncertainty of measurements.
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Figure 1. Cumulative pore volume of each hydrated and dehydrated pastes, measured by MIP

Table 5 Original mineralogical compositions in XRD of hydrated and dehydrated samples
basing on three binders used before carbonation test*

C80P20 C60P40 BCSAF
Hydrated | Dehydrated | Hydrated | Dehydrated | Hydrated | Dehydrated
G.S 0.9 1.5 0.8 0.5 5.1 2.3
Monosulfate (12 0.3 1.2 5.8 2.2 3.1 1
H,0)
Ettringite 75.3 / 67.6 / 45.6 /
Stritlingite 19.3 24 / / 12.3 7.5
Katoite / / / 11.3 14.3
Iron rich / / 9.8 6.1 18.6 21.3
siliceous
hydrogarnet
Monocarbonate / / / / 0.5 154
Hc 0.4 7.6 8.9 18.1 0.8 7.5
Calcite / / 1.6 0.2 2.8 0.9
Gypsum / / 2.7 3.1 / /
AH; 3.7 94 / 13.7 0.2 2.4
Amorphous / 56.2 / 56.3 / 29.8
phase

* The components less than 1 % could be neglected in this study.

3.2.

Carbonation results of three binders by TGA

Fig. 2 shows accelerated carbonation results at 70 % RH and 1 vol.% CO2 by TGA for the

three mixtures of 2—4 mm in different hydration states. Note that t = 0 is noted as t = 0.01 [h]

in the graphs with a logarithmic scale. For hydrated samples (Fig. 2 a), the slope break points
of curves are at 6 h for BCSAF and 24 h for C60P40, while for dehydrated samples (Fig. 2 b)
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they are at 6 h for BCSAF and 2 h for C60P40 with respect to 24 h for C80P20 in both cases.
Here, the slope break point of carbonation is defined as the point at which the slope of the
curve changes significantly in a logarithmic scale plot. The hydrated samples demonstrate a
generally larger CO; binding quantity and carbonation rate before 24 h than those of
dehydrated grains. Specifically, the carbonation rates of dehydrated samples are so small that
there is no difference for three binders during the first 2 h, and then the increase of rate is in
the order of C60P40 > BCSAF > C80P20. Among them, the carbonation rate of dehydrated
C60P40 exceeds even that of the hydrated samples. In fact, almost no water remains in the
pores after dehydration. Therefore, it takes some time to absorb enough water and CO» to start
carbonation. Generally, no obvious difference of CO: binding quantity between hydrated and
dehydrated samples is observed. For all three samples, carbonation rate during 11 ~ 28 days
reduced significantly even if the slope of the curve in logarithmic scale does not change with
time. Especially for C60P40, the variation of carbonation degree is very small (~ 0.01).
Differing from the other two binders, dehydrated C80P20 presents a high rate of carbonation
after 11 days. At 11 days, carbonation degrees of hydrated samples reach values of 38 %,
60 %, and 52 % for C80P20, C60P40, and BCSAF, respectively, while for dehydrated
samples, the corresponding values are 25 %, 60 %, and 56 %, respectively. Therefore,
C80P20 possesses a higher resistance against CO> than the other two binders. Given this fact,

only the results of C80P20 will be measured and discussed.
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Figure 2. Absolute CO; binding quantity of hydrated a) and dehydrated b) cement pastes of
C80P20, C60P40, and BCSAF of 2—4 mm, as a function of carbonation time at 70 % RH and 1
vol. %.

3.3. Detailed carbonation results of CB0P20 by TGA

Fig. 3 shows the CO; binding quantity of hydrated and dehydrated C80P20 for both sizes
of particles at different RH and CO- concentrations by TGA. Under 50 % and 90 % RH, the
particle size effect is not visible for both states for each duration of carbonation. Under 70 %
RH, the difference is more significant after 11 days of accelerated carbonation for both

ettringite (~ 0.03) and meta-ettringite (~ 0.05) based cases.
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Figure 3. Absolute CO; binding quantity of a) hydrated and b) dehydrated C80P20 grains of 1-2
and 2-4 mm over carbonation time under natural conditions and accelerated conditions (at
various RH and 1 vol.% CO»)

For hydrated samples (Fig. 3 a), low RH appears to delay the carbonation. The accelerated
carbonation of hydrated C80P20 at 50 % RH is very slow. After 11 days, the quantity of
bounded COs; is approximately 0.02 g per g of anhydrous mixture. Moreover, under 50 % RH,
the effect of CO; concentration on carbonation of the hydrated samples is not significant. The
values of CO; binding quantity are 0.03 and 0.01 for accelerated and natural carbonation at 28

days, respectively. When RH increases to 70 %, the slope break point of the degree of
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carbonation occurs at 24 h, when the quantity accumulation of absorbed CO; is very steep. At
28 days, the CO; binding quantities are almost the same (0.14 and 0.13) for both hydrated and
dehydrated samples. Under 90 % RH, the slope break point advances to 6 h and the CO>

binding quantity reaches 0.17 after 28 days of carbonation.

For dehydrated pastes (Fig. 3 b), the values of CO» binding capacity at 50 % RH are only
0.005 for accelerated carbonation and 0.003 for natural carbonation at 28 days, which are
much smaller than those of hydrated specimens. Compared to hydrated samples, the
dehydrated samples demonstrate the following approximate capacities for capturing CO; at 28
days—0.13-0.15 at 70 % RH and 0.17 at 90 % RH for both sizes of grains. Note that for the
accelerated carbonation at 1 day under 90 % RH, the dehydrated samples of both sizes
indicate a higher CO; binding quantity (0.072) than hydrated ones (0.044).

To summarise, a high CO> concentration has very little carbonation effect on dehydrated
C80P20 samples under 50 % RH but has a more significant effect on hydrated ones. The
carbonation rate increases steeply with RH going up. At 90 % RH, the curve profiles of the

hydrated and dehydrated samples are alike, and show no effect of gain size.

3.4. Carbonation results of CBOP20 by XRD
34.1. Accelerated carbonation at 50 % RH

Fig. 4 presents the evolution of phase assemblage by XRD as a function of carbonation
time for the 2—4 mm C80P20 samples of different hydration states. In the following XRD
results, the CaCO3 and CaSO4 XH>O present the total fraction of polymorphs of CaCO3 and
CaS04- XH>0, respectively. The evolution of carbonate components is very slight for the
grains in four cases. For hydrated C80P20 (Fig. 4 a), the quantity of ettringite decreases
slightly, while some monosulfate forms at the very beginning with minor change as time
progresses. Besides, a small amount of calcium hemicarboaluminate (Hc, C4ACosHpo) is
evidenced at an early stage of carbonation. During carbonation at 50 % RH, calcium

carbonates are not visible.

For dehydrated samples (Fig. 4 b), Hc is formed after oven drying in the presence of fresh
air flow and keeps a relatively high level, approximately 8 wc.%, over the experiments and
tends to increase at 28 days. Calcium carbonates and calcium sulphate hydrates are not
measurable in XRD even after 28 days of accelerated carbonation at 50 % RH. The

reformation of ettringite progresses gradually to 14 wc.% at 28 days, while monosulfate
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Figure 4. Calculated mineralogical contents in a) hydrated and b) dehydrated C80P20 of 2-4
mm after different periods of accelerated carbonation under 50 % RH and 1 vol. %

3.4.2. Accelerated carbonation at 70 % RH

According to TGA results (Fig. 3), accelerated carbonation under 70 % RH is significantly
greater than it is under 50 % RH. For hydrated samples (Fig. 5 a)), the content of ettringite
does not change during the first 24 h, but monosulfate rises to 11 wc.%. Ettringite is then
substantially carbonated (55 % of total ettringite) during the following 10 days, accompanied
by the depletion of all formed monosulfate. The carbonation process during this period
produces 40 wc.% of CaCO3 polymorph, which agrees well with the steep growth of CO»
binding quantity in TGA at 11 days. All ettringite in the sample is consumed at 28 days,
yielding approximately 54 wc.% of calcium sulphate hydrates. Stritlingite is not carbonated

over carbonation time and tends to increase.

For dehydrated samples (Fig. 5 b), the presence of Hc after being dried in the oven is the
same as in the 50 % RH case, before entirely carbonating after 24 h. The reformation of
ettringite is more rapid than 50 % RH owing to more water vapour available under 70 % RH.
However, the quantity of reformed ettringite only reaches 17 wc.% at 24 h. Afterwards,

abundant CaCOs vaterite and aragonite are detected, while monosulfate and ettringite get
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partly carbonated. Calcium sulphate, being proved as hemihydrate, grows sharply from 24 h.

Given the small variation in quantity during the investigation, strétlingite is hardly carbonated.

Besides, an increasing trend of strétlingite is found at 28 days of carbonation.

Hydrated Dehydrated
0
= 120 A1 40 A > @
S Pas {
L <R 0 8 111 A A O A A el ’
= 1 1 01 1 T 1 A S ol 7
o Tttt ettt L k441 t) ..'.'
: ﬁ —k— Ettringite 30 - ¥ L i."
cs - Monosulfate A+ Ettringite ‘-"
80 807 - stratiingite @ Monosulfate i
g'u —— CaS04-XH,0 -4 Stratlingite @
L E 60 - —@- CaCOs3 20 1 " CaS04-XH,0 :
'_E £ Hc ° Eico3 A 4
Qe 40- Ll L IR ]
.E (=] . A“ .,.-‘., s
M 10 A N B el el
= -g 20 [ ™ A
© Jg=F il
2 [ Xl ¢ %
0 ;__....;——'—(._!-'— : =i 0 ; ....... u.”"““x:‘::‘:::f i ‘:'
1072 107! 10° 10! 102 10° 102 107! 10° 10' 102 10°

Carbonation time (h)

Figure 5. Calculated mineralogical contents in a) hydrated and b) dehydrated C80P20 of 2-4
mm after different periods of accelerated carbonation under 70 % RH and 1 vol. %

3.4.3. Accelerated carbonation under 90 % RH

Similar to the 70 % RH results for hydrated samples, there is a small amount (7 wc.%) of
monosulfate formed during the first 6 h, which is then totally reacted at 24 h for hydrated
specimens (Fig. 6 a)). However, ettringite is carbonated at the very beginning since a little
vaterite and a reduction in ettringite are visible at 2 h. After 11 days of exposure, all the
ettringite is depleted. The CaCO3 polymorph and gypsum are essentially produced between 1
and 11 days. Stritlingite starts to react between 11 and 28 days, with no apparent change
during the first 11 days of carbonation. An increase of Hc and monosulfate is identified at 11

and 28 days.

In the dehydrated samples (Fig. 6 b), ettringite reforms maximally around 15 wc.% and 8
wc.% for monosulfate. These two minerals are then totally depleted at 11 days. The pre-
formed Hc is progressively consumed to 0 at 24 h. However, some Hc reforms after 11 and 28
days. Unlike in the hydrated samples, a steep decrease of stritlingite occurs at 11 days and a
smaller depletion rate at 28 days. The total amounts of CaCOs and CaSOs in dehydrated

samples are bigger than those in hydrated ones at 24 h, but being smaller at 11 days while no
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384  difference is evident at 28 days. CaCOs; appeared mainly at 24 h, while ettringite was
385 detectable at the very beginning of experiments (2 h). This demonstrates that the rehydration

386  of ettringite is faster than carbonation.
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389 Figure 6. Calculated mineralogical contents in a) hydrated, and b) dehydrated C80P20 of 2-4
390 mm after different periods of accelerated carbonation under 90 % RH and 1 vol. %
391 3.5. Carbonation effect on TESC
392 Since C80P20 was the most resistant to CO> among the three binders, its TESC was

393 investigated by TGA through samples with various quantities of bound CO; during
394  accelerated carbonation at 70 % RH (Fig. 7). With reference to the fact that carbon can
395  decompose ettringite irreversibly, it is expected that carbonation yields a decrease of TESC by
396 depleting ettringite. Indeed, in this investigation, the TESC of the 1-2 mm samples reduces
397  with carbonation underway. However, the initial growth of CO2 binding quantity does not
398  significantly reduce TESC when the CO; binding capacity is in the 0-0.075 range. The values
399  stabilise at 880 ~ 890 J/g of anhydrous mixture, after which the TESC drops with an increase
400  in the amount of bound CO,. For carbonated 2—4 mm samples, the TESC was consistent with

401  the 1-2 mm sample results.

19



402

403
404

405

406
407
408
409
410
411
412

413
414
415
416
417
418
419
420
421
422
423

1200

o —0- 1-2mm
2 11001 ¢ 2-4mm
b 8
o _ .
231000 -,
o5 %
%,fé 900 - Ng— . T —
S v 800 ..
a3 N
> | \
E\'g 700 <
g€ N
o5 6007 <.
R N\,
€= 500 A A
o N\,
£ 400 - N,
et
300 T T T T
0.00 0.05 0.10 0.15 0.20 0.25

CO; binding quantity (g CO,/ g anhydrous mixture)

Figure 7. Thermal energy storage capacity of C80P20 as a function of CO; binding quantity at
70 % RH and 1 vol.% CO,

4. Discussion

This work studies the carbonation of cement-based materials rich in ettringite/meta-
ettringite for potential thermal energy storage use. The evolution of ettringite and carbonate
content is discussed, with a comparison of two other materials with high ettringite content.
Although ettringite is a dominant phase in these materials, other hydrates like monosulfate,
stritlingite, and calcium aluminate hydrates contribute against carbonation to protect ettringite.

The influence of CO> on the capacity of energy storage is also examined.

4.1. Pore size distribution vs. carbonation

Pores with diameters less than 0.1 um behave like water containers during carbonation.
The behaviour of pores as water containers strongly relies on environmental RH, which will
be discussed in Section 4.4. Furthermore, more than 60 % of the pores in the samples are
larger than 0.1 pm in diameter (Fig. 1), which ensures an efficient mass transfer of gaseous
species via diffusion. For high-ettringite cement pastes of big w/c, the total porosities increase
after carbonation and pores, especially with diameters < 0.1 um, become more coarse [ 14].
According to [34], ettringite crystals tend to grow (directed or non-directed) in a direction less
limited by solid pores, like into or around the pores rather than within the intrinsic solid
matrix. This growth of crystals in solid pores can significantly decrease the diameter of micro

pores but have less size influence for pores > 0.05 um. This may explain how the increase of
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ettringite content in cement pastes could reduce not only the size but also the volume of pores.
Besides, ettringite crystals experienced a considerable change of a and c lattice parameters,
which led to a decrease in crystal volume after dehydration [2]. Thus, the size and volume of
ettringite-containing pores could be enlarged. Once the ettringite in the pores (d < 0.05 um) is
carbonated, the pores are going to be enlarged. However, the microstructure could be
influenced by pre-treatments in a complex way, like during hydration, drying, or pre-
carbonation [35]. Finally, MIP cannot quantify all types of pores, which leads to the

implication that total porosity is higher.

4.2, Comparison of carbonation resistance for three binders

Among the three hydrated cement pastes that sustained accelerated carbonation, C60P40
seemed to be the least resistant against CO2. This may be somewhat explained by the high
calcium silicates’ (C3S and C»S) content in anhydrous cement yielding C-S-H, which is more
reactive to CO, than ettringite. Because of similar quantities of calcium silicates, the
carbonation rate of BCSAF sample is comparable with that of C60P40 at an early stage of
carbonation. The higher content of ettringite (hydrated) and meta-ettringite (dehydrated) in
the C60P40 sample than the BCSAF makes C60P40 bind more CO> at 11 days. However, the
BCSAF sample yields a higher theoretical CO» binding capacity than the C60P40 sample. The
reduction of carbonation rate is therefore not as significant as in C60P40. Even the CO-
binding quantity of BCSAF keeps approximately the same slope from 1 to 28 days, due to the
logarithmic scale of time axis in Fig. 2, while the carbonation rate decreases. The same
explanation is applicable for the C80P20 case. Additionally, C80P20 seems to present a lower
CO; binding quantity and carbonation rate than the other two binders in both hydration states.
It was thus the most resistant against CO>, while C60P40 was the most easily carbonated in

this investigation.

4.3. Effect of grain size on carbonation

As demonstrated in Fig. 3, at an appropriate RH (70 %), the small size leads to a higher
carbonation degree after 24 h of carbonation. However, the visible differences in results
between the samples of different sizes occur at 70 % RH. The influence of size is not
observed for low RH (50 %) and high RH (90 %), which may be due to the lack of water
supply at 50 % RH, bringing about a too-slow reaction. On the contrary, 90 % RH has a very
high carbonation rate. This indicates that the effect of particle size may be controlled by RH
and CO» concentrations, which could influence the dissolution rate of CO». At high RH and

low RH, the process of equilibrium of water absorption has little influence on carbonation.
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However, at 70 % RH, the process of water exchange between pore solution and humid air is
significant. Note that the effect of size is more pronounced for dehydrated samples, the largest
grain being slower to carbonate at an intermediate age, because achieving water sorption
equilibrium needs more time for larger sized grains. Therefore, the carbonation is more

significant at this RH.

4.4. Influence of RH

Carbonation of cementitious materials essentially depends on environmental RH [36.37].
Galan et al. [38] indicated that carbonation was affected by condensation of water in pores for
OPC. 1) Firstly, the lack of water in pores at low humidity to dissolve reactants makes
carbonation very slow, and 2) At intermediate RH, i.e., 50-70 % RH, there is enough water
and diffusion space for CO> to accelerate carbonation, while a higher RH reduces carbonation
speed because water saturation in pores slows it down. This saturation phenomenon may only
be suitable for pores of small scale, where saturation of water can block the diffusion of COa.
In this work, the carbonation of hydrated C80P20 grains (very porous) demonstrates that the
higher the RH percentage, the higher the indicator of carbonation. This could be explained by
the large porosity contributed by pores with diameters greater than 0.1 pm in samples. With a
porosity of 34 % and the presence of pores > 0.1 um, the transmission of water vapour and

CO, is assumed to be too fast for the typical diffusion-controlled phenomenon.

Water content is key for determining the rate with a constant CO2 concentration. At 50 %
RH, the lack of pore solution limits the dissolution of CO», while at 90 % RH, a sufficient
water content makes the CO> concentration the decisive factor of carbonation. When RH
keeps at adequate values of 70 %, the equilibrium of water sorption makes the size effect on
carbonation visible. This process needs time (the induction period was typically several hours
in this study) to achieve the formation of ettringite-saturated pore solution and dissolution
equilibrium of CO,. Typically, the CO; binding quantities of hydrated C80P20 at 70 % RH
are almost 5 times larger than the ones in samples of the same period at 50 % RH. At 90 %
RH, the CO» binding quantities are bigger than those at 70 % RH, although the filling rate of
pore solution is higher at 90 % RH (Table 5). Moreover, the generally low pore-filling rate as
well as the high fraction of large pores can ensure good transport of CO». The large pore
volume contributed by pores > 0.1 pum in C80P20 samples of both hydration states could still
lead to an intense carbonation reaction with abundant water supply. Additionally, the average
carbonation rate of dehydrated C80P20 between 6 and 24 h is found to be higher than that of
the hydrated one at 90 % RH. This is due to carbonation being reinforced along with the
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reformation of ettringite under high RH. It should be noted that in general, carbonation rate
reduces with time. Between 11 and 28 days, the carbonation degree increases significantly
more slowly than before, and tends to flatten for both 70 % and 90 % RH.

Table 6 Liquid saturation degree of pores by absorbed water for dry hydrated C80P20 using Eq.
6

RH (%) 55+£5|75+£5(195+5
1-2 mm 1.0 1.8 9.2
2-4mm | 2.2 3.1 9.3

Liquid saturation degree (%)

4.5. Influence of CO; concentration

The accelerated carbonation under 50 % RH with 1 vol.% CO. for hydrated 1-2 mm
C80P20 (Fig. 3 a) is indeed more rapid than natural carbonation for each period because of
the CO2 concentration being 25 times greater. The hydrated samples are carbonated 5 times
faster than dehydrated ones with 1 vol.%, while the difference is not significant for natural
carbonation. Besides, the carbonation time of hydrated samples to bind with the same amount
of CO2 is approximately 45 times shorter under accelerated carbonation than natural
carbonation. However, the difference of carbonation time is only approximately three times
shorter for dehydrated samples. Considering the results in Fig. 3, the storage of C80P20
materials under ambient conditions (20 °C and 50 % RH) makes C80P20 materials of both
hydration states reach less than 1 % carbonation degree for 6 months, which will not cause a

significant carbonation problem.

4.6. Phase assemblage and reaction path

4.6.1. 50 % RH results

The general outline of TGA results are consistent with the evolution of components
clarified by XRD. At 50 % RH, the very slight changes in quantity of carbonates in XRD
proved the small increase of TGA curves. Due to the lack of water in dehydrated C80P20
samples, Hc exists during the entire investigation. Besides, the continuous slight increase of
CO; bonding quantity in TGA cannot be directly confirmed by the increase of carbonation
products in XRD. The explanation may be that, on the one hand the detection limit of XRD is
not able to indicate the other carbonates, while on the other hand, some CO3>~ substituted
minerals exist in relatively low carbonated samples, which are not indistinguishable by XRD,

like partially COs>~ substituted ettringite [2,39.40]. Moreover, the miscibility of CO3>~in SO4-
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ettrignite could be up to 60 % in the ettringite solid solution [26,27]. According to the
independent thermodynamic models in [1.41], ettringite may decompose to monosulfate (12-
hydrate) at low humidity because of a shift of equilibrium with water activity. This may
explain the reformation of monosulfate containing 12 H»>O in hydrated and dehydrated

C80P20 samples.

It is worth noting that the reformed “ettringite” in dehydrated samples may be a low-
hydrate ettringite with less than 30 H,O, which is given by its wide peak of low intensity in
XRD patterns for 50 % RH cases in Fig. 8. According to [1], the reformed ettringite at
approximately 60 % RH presented wide and low counts peaks, which meant the minerals had
short-range order, and were not real crystals with long-range order. Thus, it could be a higher
hydration degree hydrate (12-hydrate meta-ettringite [1]) with respect to the initial meta-

ettringite.

Ettringite Hc —— 50% RH_Deh_1d
MW}
- Monosulfate 50% RH_Deh_28d
3
z
>
L
e Stratlingite —— 70% RH_Deh_1d
3 W
£
Gypsum —— 90% RH_Deh_1d
WM
8 10 12 14 16 18 20
20 (°)

Figure 8. XRD patterns of formed ettringite in dehydrated C80P20 grains of 2-4 mm at different
dates of carbonation in 1 % CO:

4.6.2. 70 % RH results

When RH increases to 70 %, carbonation is significantly accelerated. Comparing TGA

(Fig. 3) with XRD (Fig. 5) results, all the slope break points correspond to the beginning of
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carbonation of ettringite in hydrated samples and reformed ettringite in dehydrated samples,
yielding carbonates and calcium sulphate hydrates. The oven-drying preparation with air
circulation carbonates the samples and capture some CO», resulting in Hc in the dehydrated

samples.

A certain amount of gypsum (CaSO4-2H>0) is produced at 11 days for hydrated samples,
while major hemihydrate (CaSOs-0.5H>O) and trace gypsum is present after 28 days of
carbonation. Ndiaye et al. [4] found hemihydrate instead of gypsum in an accelerated
carbonation of 28 days at 65 % RH for an ettringite-based material. However, the survey [19]
on accelerated carbonation (pure CO; gas) of a pure ettringite pellet at 68 % RH demonstrated
the co-existence of these two calcium sulphate hydrates. Given that the direct transformation
from CaSO4-2H>0 to CaSO4-0.5H>0 strictly needs high temperature and low RH [42], the
authors assume that the carbonation leads a nucleation and crystallisation of hemihydrate
from a saturated solution due to a local pH and water environment change. Carbonation has
actually been reported to increase not only the porosity but also the size of pores [43],
especially for gel pores (0.5-10 nm) and capillary pores (10 nm—10 um). At an early age,
water in micro pores (non-evaporable) plays a role in providing a very humid local
environment to ensure producing a calcium sulphate di-hydrate. As carbonation proceeds, the
collapse of ettringite crystal increases the amount and size of pores and porosity, making the
water in pores evaporable. The exchange of water between materials and the environment is
important, and the formed oversaturated pore solution forces crystallisation of lower hydrate
degree minerals as hemihydrate with respect to gypsum. In the case of dehydrated samples,
the lack of water caused by the hydration of dehydrated minerals makes that hemihydrate the

only hydrate of calcium sulphate.

From TGA, it is seen that the binding of CO» at 70 % RH was more important than it was
under 50 % RH. However, the effective diffusivity of CO; (0.8 ~ 1.8 vol.%) has no apparent
change for high w/c hydrated cement paste at 47-78 % RH [35]. It is then rational to presume
that on the one hand, a higher RH makes more water condensed in pores to dissolve COa,
while on the other hand, the bigger consumption of carbonate ions in the solution at 70 % RH

promotes local CO; dissolution in water.
4.6.3. 90 % RH results

At 90 % RH, carbonation is still accelerated compared to the results at 70 % RH. High

water supplies and large porosity contributed by pores with diameters greater than 1 um
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favour the binding of CO> in the samples. Thus, the slope break point is advanced to 6 h (Fig.
3), and the ettringite and reformed ettringite in samples are totally consumed at 11 d. The
reformed ettringite in dehydrated samples exhibiting a narrow and high counts peak in Fig. 7
suggests a good crystal structure and a higher rate of hydration than carbonation. According to
[ 1], meta-ettringite could be hydrated to a 30-hydrate ettringite at 90 % RH. Therefore, the
carbonation of meta-ettringite is actually acting on the reformed ettringite rather than on meta-
ettringite with sufficient water supplies. Moreover, the carbonation rate of dehydrated samples
younger than one day is indeed higher than the one of hydrated samples, which can be
ascribed to the promotion effect by water. It can result in a higher rate of carbonation for
dehydrated samples. At 11 days, the quantity of calcium sulphate hydrates in dehydrated
samples is smaller than it is in hydrated samples. This indicates that a part of meta-ettringite is
still somehow not carbonated. This meta-ettringite may lead to a local high pH solution once
it is hydrated. Moreover, Hc was formed during the conversion of ettringite with reactive
carbonates. Note that the final calcium sulphate in samples of both hydration states is proved
to be gypsum, which is also indicated in [16.17] at RH superior than 90 %. Meantime
aragonite and vaterite are the observed calcium carbonate polymorphs rather than calcite as
reported in most investigations [16—18]| on carbonation of pure ettringite. Stritlingite is
supposed to get carbonated after the disappearance of ettringite and yield vaterite and

aragonite as calcium carbonate polymorphs.

4.7. TESC vs. CO; binding quantity

The first decrease of TESC samples is due to ettringite not being dominant in getting
carbonated. This protection may come from not only other hydrates in the samples like
monosulfate and CSH, which are carbonated at higher rate than the one of ettringite, but also
the possible formation of partial carbonate substituted ettringite. The miscibility of carbonate
and sulphate ions could be up to 60 % without influence the number of water molecule [26—
28]. Once ettringite begins to get carbonated, the reduction of TESC is assumed to be
proportional to the increase of the quantity of bound CO,. Specially, when the CO; binding
quantity is greater than 0.13, the TESC decreased approximately 5000 J/g bound CO; (slope
of curve) per gram of anhydrous C80P20 mixture. Moreover, no effect of grain size is
observed during carbonation. For samples of different sizes with a CO2 binding quantity of
approximately 0.22, the TESCs are approximately 320 J/g of anhydrous mixture. Although
the CO» binding quantity approaches the maximal value of 0.25, the rest of non-carbonated

minerals and absorbed water are expected to contribute a certain capacity of storing energy. In
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order to adapt to a real-world scale of application for storing thermal energy, the carbonation

kinetics of meta-ettringite enriched materials during usage cycles of hydration by cold humid

air and dehydration by hot dry air need to be further examined in a fixed bed reactor for

C80P20 samples [44]. Besides, with respect to the value of 1581 J/g 3ca0.-A1203-3casos adapted

from [ 1] for pure ettringite, the TESC of C80P20 (1054 J/g of anhydrous mixture) is indeed

lower due to relatively low ettringite content in composite material and carbonation influence.

5. Conclusion

This study significantly advances the understanding of natural and accelerated carbonation

of ettringite and meta-ettringite-based material. The current results of carbonation

experimentations typically conducted by TGA and XRD lead to the following conclusions.

1.

Relative humidity is the key controlling factor of carbonation, whatever the grain size
(1 to 4 mm) of ettringite and meta-ettringite-based materials. Both the instantaneous
rate of carbonation and the maximum degree of carbonation (up to 80 %) are
monotonic functions of relative humidity (up to 90 %).

Among the three mixtures investigated, C80P20 possesses a better carbonation
resistance than C60P40 and BCSAF thanks to a relatively lower porosity and high
ettringite content.

The ettringite-based material (hydrated C80P20) undergoes carbonation relatively
slowly at 50 % RH, while higher RH can accelerate carbonation. As for meta-
ettringite-based materials (dehydrated C80P20), carbonation occurs after hydration,
even if it is a low-hydrate ettringite of less than 30 H>O at low RH. Conversely, 90 %
RH hydrates meta-ettringite into crystal ettringite and carbonates as fast as ettringite,
given that the hydration process of meta-ettringite is very fast under such RH.

For all samples of C80P20 in a natural environment (50 % RH), carbonation is a very
slow process. After exposure of 6 months, the hydrated and dehydrated C80P20
materials are carbonated to approximately 6 %. In contrast, the significant CO;
binding quantity at 90 % RH and 1 vol.% CO> of C80P20 samples at 28 days indicates
that after release of heat via hydration by humid air, there is strong indication for the
material to be stored at low RH (< 50 % RH) or CO; free environment aiming at

avoiding the carbonation of ettringite and extending service life.

. The CaCOs3 polymorphs formed after carbonation of ettringite and meta-ettringite are

confirmed as vaterite and aragonite, while the final polymorph of CaSOs is

hemihydrate at 70 % RH and gypsum at 90 % RH.
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6. The reduction of ettringite content caused by carbonation indeed decreases the thermal
energy storage capacity of C80P20. When the CO; binding quantity is 0.035-0.075, it
could store approximately 890 J/g of anhydrous material. Further loss of energy

storage capacity is observed with deepening of the carbonation of C80P20.
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