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Abstract

The effect of reactive magnesium oxide (MgQO) as partial fly ash replacement in alkali-activated
fly ash mortars (0, 10 and 20 %) was studied under two different environments: conventional
climatic chamber and climatic carbonation chamber with 0.04 and 5 % level of CO»
respectively. A complete characterisation of all raw materials was performed. The effect of
replacing fly ash with MgO resulted in a decline of compressive and flexural strength, ultrasonic

pulse velocity and dynamic Young’s modulus mainly due to the formation of weak and



expansive brucite, detected by X-ray diffraction (XRD). Carbonation depth and shrinkage also
were obtained. CO; curing improved the physicomechanical properties, due to the formation of
nesquehonite in samples with MgO. An improvement of CO, absorption of 2 g CO»/kg mixes
with the CO; curing and the substitution of fly ash with MgO was obtained (determined by

thermogravimetric and differential thermal analysis).

Keywords: Alkali-activated cement; Fly Ash; Mortar; Accelerated carbonation; Carbon

capture; Microstructure, Reactive MgO
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1 Introduction

Emissions of carbon dioxide (CO,) into the atmosphere have significantly increased in recent
years (33.1 Gt in 2018), reaching levels of approximately 470 ppm today, leading to global
warming [1-3]. The cement industry produces approximately 5-7% of global CO; emissions;
around 900 kg of CO, is emitted to the atmosphere for producing one ton of cement [4,5].
Furthermore, approximately 50-60% of ordinary Portland cement (OPC) production-related CO,
emissions are released from the calcination (decarbonation) of limestone (Eq. (1)) [6,7].
Naturally, it is not possible to decrease this amount by improving the process’ energy efficiency

and thus it is essential to look for new solutions that reduce the use of OPC [5,8—-11].

CaC0; > CO, + Ca0 (1)

Alkali-activated materials (AAM) are being developed as an alternative to reduce the use of
OPC [8,10,12—-17]. These materials are presented as a component of the current and future suite
of “sustainable cementing binder systems” [18]. These binders can be produced from a wide
range of aluminosilicate precursors from several industrial processes: fly ash (FA), silica fume,
rice husk ash, sugarcane bagasse ash, and ground granulated blast furnace slag (GGBFS),
among others [8,10,19-23]. Sodium hydroxide (NaOH), potassium hydroxide (KOH), sodium
silicate (NazSi0s) or their combination have been used as activators [24]. The process involves
the dissolution of a solid aluminosilicate (precursors) under alkaline conditions (alkaline
activator) under surface hydration of the particles of the precursors followed by coagulation,
gelation and polycondensation to form a gel and subsequently a hardened inorganic polymer
structure [9,25-27]. The following reactions occur during the polymerization (Egs. 2-3) [28—

30]:

(Si,05A1,0,), + H,0 + OH™ - Si(OH), + A[(OH)*  (2)

Si(OH), + Al(OH)*™ - (Si— 0 — Al — 0), + 4H,0  (3)



FA and GGBFS have been considered as the main precursors for AAM products and there is a
lot of research with these precursors [5,8,15,24,29,31-35] even in engineering applications [36—
38]. However, the use of renewable energy sources for energy production [39] and the
preference of electric arc furnaces over blast furnaces due to their higher efficiency in recycling
ferrous metals [5] have led to a withering production of FA and GGBFS, respectively [40].
Therefore, the study of new precursors is warranted to guarantee the viability of future AAM

production.

In recent years, MgO has been identified as one of the important parameters of AAM since it
affects physicochemical changes and microstructural growth [41]. MgO, when used as an
addition in GGBFS-based AAMs, has been found to reduce shrinkage due to the formation of
Mg(OH), gel or hydrotalcite-like phases [42] and to improve the mechanical performance
[43,44]. Ahmad et al. [24] studied the substitution of FA and GGBFS used in conjunction with
different percentages of MgO revealed a significant improvement in long term compressive
strength and water absorption performance. Vo et al. [45] studied the simultaneously effect of
the use of high rice husk ash and MgO to modified alkali-activated slag, caused a negative
effect on the workability but improved the mechanical properties and thermal conductivity. Ke
and Duan [46] checked a composition-strength model (Gaussian processes, GP) predicted a 3 %
optimum Mg content for maximum mechanical performance. Jin [43,44] reported that MgO
accelerated early hydration and significantly reducing the drying shrinkage. The main effect of
MgO in AAM is related to the densification of the microstructure since it increases the reaction
rate and increases the total amount of reaction products [47-52]. The literature review has
shown no studies on relatively high MgO content (> 10%) as FA replacement in alkali-activated

mortars without GGBFS.

The carbonation of reinforced CBM is considered a pathology since it results in the corrosion of
the reinforcement. However, carbonation can be beneficial for non-reinforced CBM as it
favours CO, capture and enhanced mechanical performance. The idea of capturing CO, through

accelerated carbonation is not new in CBM [53] and there have been many studies investigating



the effect of an extensively carbonated matrix. This process increases CaCO3 content, improves
mechanical properties, increases density, decreases the porosity, as may translate in reduced
curing time [2,3,54-63]. Although the carbonation mechanism in AAM is not yet fully
understood, it is expected to be different from that of CBM due to the existence of different
mineralogical phases [64]. Some authors indicate that AAM have a low resistance to
carbonation, so its use in structural elements can lead to a catastrophic result due to the
depassivation of the reinforcement [65,66]. However other authors indicated that AAM have a
fairly acceptable level of resistance to carbonation [67-69]. According to Bernal et al [70],
these different points of view are due to: (i) the different exposure conditions (CO, level); (ii)
few studies examining the carbonation of these materials and (iii) the lack of specific standards
(in the case of CBM, EN 13295 [71] is used). Usually the measure of “carbonation” is merely
decline in pH and not that the material presented higher levels of CO, uptake. The method itself

is at fault. Carbonation studies on AAM can fill this knowledge gap and clarify such questions.

Alkaline activation of high magnesium slag under accelerated carbonation allows a layered
double hydroxide (LDH), which is identified as a hydrotalcite-like phase [72—75]. Hydrotalcites
are brucite-like layered materials with hydroxide groups on their surface [76]. Between the
layers of hydrotalcite there are interlayer anions, such as carbonates [77]. It has already been
shown that hydrotalcite can react and capture CO; [1,3,55]. Bernal et al. [74] showed that as the
content of MgO increases in alkaline slag activation, the depth of carbonation decreased, which
is attributed to the greater formation of LDH [78]. MgO has a high capacity to sequester
significant amounts of CO; [79]. Therefore, the substitution of fly ash by MgO in alkaline-
activated mortars and the curing in CO, atmosphere could increase the carbon capture capacity
of these materials. There are no studies that calculate the amount of CO, fixed by alkali-
activated fly ash mortar with different percentages of FA substitution by MgO under accelerated

carbonation. This research covers this lack of information.

This research aims to study the effect of reactive magnesium oxide in alkali-activated fly ash

mortars cured in a CO,-rich environment. Two main variables were investigated: (i) fly ash



substitution by MgO and (ii) type of curing regime (i.e. normal climatic chamber or accelerated
carbonation chamber). This study can be divided in two sections: (a) characterisation of the raw
materials and (b) characterisation of three types of alkali-activated fly ash mortars with 0, 10
and 20 % of substitution fly ash by MgO. In the first section were used X-ray fluorescence
(XRF), X-ray diffraction (XRD), grain size distribution and thermogravimetric and differential
thermal analysis (TGA/DTA). For the second section, in first place the “macro-behaviour” was
studied: compressive and flexural strength, ultrasonic pulse velocity (UPV), dynamic Young’s
modulus, dry bulk density, accessible porosity for water, shrinkage and depth of carbonation.
After this, the “macro-behaviour” was explained through “micro-behaviour” with: XRD,
TGA/DTA, Scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS)
and backscattered electron (BSE). Also the CO, captured by the different mixtures was
calculated with TGA/DTA. No research has been found that studies the effect of reactive

magnesium oxide in alkali-activated fly ash mortars cured in a CO,-rich environment.

2 Materials and methods
2.1 Materials

Class F coal fly ash (FA) [80], provided by EDP - Gestdo da Producao de Energia, S.A. at the
Sines Power Plant, was used as the primary binder (skeletal density of 2431 kg/m®). The
reactive MgO was supplied by Magnesitas de Rubian (skeletal density of 3400 kg/m®), a Spain
Company. The total amount of MgO according to the manufacturer is 83 %. The aggregates
were composed of fine (0/1 mm) and coarse (0/4 mm) siliceous sand (FS and CS, respectively)
with a skeletal density of 2637 and 2617 kg/m’, respectively, and water absorption of 0.4% and
0.5%, respectively. A Na,SiOs solution (1370 kg/m®) and reactive grade sodium hydroxide
pellets (2130 kg/m®) were used as alkaline activators. The Na,SiO; solution was comprised of
28% Si0,, 8% NaO and 64% H>O by weight. Tap water used in the preparation of the alkaline
activator corresponds to that from the public network of EPAL company, complying with

Directive 98/83/CE. A Sikaplast-717 water reducing admixture was used, consisting of a



combination of synthetic organic naphthalene-based dispersants, with a density of 1.21 + 0.03

kg/dm® and a pH of 10 £ 1.

2.2 Mix design and curing conditions

The mix design followed a similar approach to that proposed in other studies [5,81]. All mixes
presented a mass ratio precursor/aggregate of 1/3, a water/precursor ratio of 0.4, and a
superplasticizer/precursor ratio of 0.002. The total amount of precursor was 450 kg/m®. A
Na,O/precursor ratio of 14% was used. The SiO,/Na,O ratio by mass was 1. Three types of
mixes were studied: 100% FA (MO or reference); 90% FA + 10% MgO (M10); and 80% FA +

20% MgO (M20).

The production of all samples with a standard size of 40 x 40 x 160 mm was carried out as per
EN 196-1 [82], adapted for alkali-activated mortars. The Na,SiO;3 solution, NaOH and water
were mixed 24 hours before mortar production to avoid polymerisation catalysis due to the
activator’s exothermic nature. The moulds containing the specimens were wrapped in plastic
film and subsequently cured for 24 hours at 70 °C. After that, the samples were demoulded and
cured in two different environments (i.e. normal climatic chamber or carbonation chamber) and
tested at three ages (i.e. 7, 14 and 28 days). The conditions of each environment are the

following:

(a) Environmental chamber (EC) - CO, level equivalent to atmospheric concentration
(=0.04%), at 20 °C and 60%RH.
(b) Carbonation chamber (CC): Heraeus Votsch HPS 500 with 5% CO: (supplied by Linde and

with 99.995% purity), 20 °C and 60%RH.

A summary of the quantities used for each mix and specimen coded used are shown in Table .

Fig.1 shows a summary of the sample preparation process (a and b) and different environments

().

Table 1 - Mortar mixes composition (kg/m?) and specimen code



Mortar FA MgO NaOH Water NaySiOs FS CS Superplasticizer

type

MO 450 - 57 42 224 436 1010 0.9
M10 405 45 57 42 224 436 1010 0.9
M20 360 90 57 42 224 436 1010 0.9
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Figure 1 - Summary of the sample preparation process (A) and (B); (B) two different curing

environments

2.1 Test methods

2.1.1 X-ray fluorescence spectrometry analysis
The chemical composition of the solid raw materials was evaluated using a non-corrosive

wavelength dispersive X-ray fluorescence spectrometry analysis (XRF), using a ZSX PRIMUS

IV (Rigaku) equipment with a power of 4 kW.



2.1.2  X-ray diffraction analysis

The solid raw materials and hardened mixes (M0, M10 and M20 at the ages of 7, 14 and 28
days) were characterized via X-ray diffraction (XRD) using a Bruker D8 Discover A25
instrument with Cuka (A=1.54050 A, 40 kV and 30 mA). Diffraction patterns were obtained
with a goniometric scan from 10° to 70° (20) at the speed of 0.016 20-s™'. The hardened samples
were first powdered and quartered. The diffractogram peaks of the crystalline phases were

compared with those of the JCPDS library [83].

2.1.3 Particle size distribution
The particle size distributions of the precursors were in a Mastersizer S. Analyser (Malvern
Instruments) using ethanol as a dispersant. All samples were sonicated for 10 min before the

analysis. The results are shown as the average of three repetitions.

2.1.4 Thermogravimetric analysis and differential thermal analysis

Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) were conducted for
the solid raw materials and hardened mixes (M0, M10 and M20 at the ages of 7, 14 and 28
days). TGA/DTA was carried out in a Setaram Setys Evolution 16/18 apparatus, using alumina
crucibles under airflow and argon. The heating rate was 5°min™' and the temperature range was

approximately 20—1000 °C. The results are shown as the average of two repetitions.

2.1.5 Scanning electron microscopy

The morphology and composition of the precursors were obtained using scanning electron
microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS) and backscattered electron
(BSE) imaging with a JEOL JSM 7800 F. No sputtering was used. Small samples of M0 and
M20 (2 x 2 x 2 cm), cured in both environments for 28 days, were placed in epoxy resin (3 cm
in diameter) and polished with silicon carbide papers after 48 h. To obtain maximum quality, a

gold sputtering was used.



2.1.6  Fresh and physical-mechanical properties

The fresh density of the mixes was evaluated according to EN 1015-6 [84]. The consistence of
fresh mortars was tested following EN 1015-3 [85]. The flexural and compressive strengths of
hardened mixes were tested in accordance with EN 1015-11 [86] after 7, 14 and 28 days for
each of the curing environments (EC and CC). Ultrasonic pulse velocity (UPV) was measured
for these same samples in accordance with EN 12504-4 [87]. The dynamic Young’s modulus
was also measured [88]. The drying shrinkage was measured according to EN-1015-13 [89] and
the dry bulk density was determined according to EN 1015-10 [90]. The carbonation depth was
measured by spraying a freshly split surface with phenolphthalein solution (1 g phenolphthalein,

30 ml demineralized water and 70 mL ethanol) [71].

3 Results and discussions

3.1 Raw materials

Table 2 shows the chemical composition of FA, FS, CS and MgO. For FA, the majority of
oxides were SiO;, Al,Os, and CaO. These components play the most important role during the
alkaline activation of industrial aluminosilicate wastes [22]. For FS and CS, SiO, was the largest
oxide due to the siliceous nature of the natural aggregates. A higher purity, due to the higher
SiO; content was shown in CS. For MgO, the total amount of MgO was exactly as marked by
the manufacturer (83%). Also SiO,, CaO, Fe;O3; and Al,O3; were found in smaller amounts. He

et al [42] found the same value for MgO (83.09).

Table 2. XRF chemical composition of the raw materials

Oxides FA FS CS MgO
Na,O 1.2 0.9 0.1 0.2
MgO 1.8 0.1 0.04 83
ALO; 244 7 3.9 2.1
SiO; 57.5 87.1 92.8 8

P20s 0.4 0.04 0.04 0.2



SO; 0.8 - - 0.1

CL0Os3 - - - 0.02
K>O 2.7 4.0 2.35 0.2
CaO 7.1 0.2 0.2 34
TiO, 1 0.1 0.07 -
MnO; 0.1 - - 0.1
Fe;O; 2.6 0.4 0.5 33
CuO 0.01 - - -
ZnO 0.03 - - -
SrO 0.09 - - -
Zr0; 0.01 - - -
BaO 0.2 - - -
Cr20; 0.03 - - -

The XRD spectra for FA, FS, CS, MgO and NaOH are shown in Figure . The main crystalline
phase of FA was quartz (SiO2) (05-0490) [83]. Other minor phases were also identified: mullite
(3A1,03-2S10,) (02-0431) [83], calcite (CaCOs3) (05-0586) [83] and marwinite (CasMg(SiOa)2)
(35-0591) [83]. The same phases were found by several authors [30,91]. Amorphous content
was found between 15 and 40 2 theta. As expected, the main crystalline phase of FS was quartz
(05-0490) [83]. Albite (NaAlSi;Og) (89-6426) [83] and orthoclase (KAISi30s) (75-1592) [83] -
were also found. For CS, the same phases were found, except for albite. The higher purity of CS
versus FS in XRF has already been discussed. Exactly the same observation with sands of
similar size was found by Suescum-Morales et al [92]. The main phase of MgO was periclase
(04-0829) [83], but there were also other peaks for calcite (05-0586) [83], talc
(Mg3Si4019(OH),) (10-0386) [83] and dolomite (CaMg(CO3),) (11-0078) [83]. The same phases

were found by Gongalves et al [93].
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Figure 2 - XRD patterns for fly ash (FA), fine sand (FS), coarse sand (CS) and MgO

Figure shows the particle size distribution for FA and MgO. The highest peak corresponded to
9.7 um. FA presented the largest distribution peak. FA presented the largest distribution peak at
around 20 um and the smaller and wider peak at around 0.35 pm, indicating an adequate
amount of very fine particles (category N) [94]. MgO showed that most of its particles had a

particle size distribution at around 158 um. Smaller particles between 0.1 um and 1 pm were

also identified.
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Figure 3 - The particle size distributions of FA and MgO

Figure shows the TGA/DTA for FA, FS, CS and MgO. The TGA curve of FA shows a gradual
slight mass loss from 105 °C to 450 °C most likely due to the presence of moisture. A major
mass loss was observed from 450 °C to 730 °C, attributed to oxidation and combustion of
unburnt coal. A small amount of it was also due to the decarbonation of calcite (Figure ). From
730 to 1000 °C the weight loss was negligible. The same stages and observations were obtained
by Haq et al [95]. For FS, a slight weight loss (0.07%) was observed, likely due to the presence
of the albite, which was detected in XRD (Figure ). For CS no weight loss was observed. An
endothermic peak was detected around 570 °C for FS and CS corresponding to the
transformation in the crystal structure of the sand of the phase from quartz a to f [96]. Around
710 °C another common endothermic peak for both types of sand was observed. This could be
attributed to the formation of siloxane bridges from the dehydroxylation of silanol groups on the
internal surface of the sand samples [97]. A similar results were observed by others [92,97,98].

A significant mass loss was observed for MgO at temperatures between 300 °C and 500 °C,



indicating dehydroxylation of Mg(OH),, which suggests partial hydration of the addition [79].
An important mass loss was observed at about 640 °C probably due to the decarbonation of

calcite and dolomite (Fig. 2).
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Figure 4 - TGA (solid lines) and DTA (dotted lines) for FA, FS, CS and MgO

Figure shows SEM micrographs of FA (A) and MgO (B). The spherical structure is the
predominant shape in FA. At higher magnification, it can be seen that most of the spheres have
a diameter of ~10 pm, which is in agreement with the findings of the particle size distribution
analysis (Figure ). There are also unshaped fragments. The EDS mapping indicated that the
main elements were Si, Al and Ca (Fe, Mg, Ti, K and Na among others were also found). This
is in agreement with the XRF and XRD results. MgO particles show a typical irregular shape
[45,99]. The EDS mapping indicated that the main elements were Mg, Si and Ca (Fe and Al

among others).
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Figure 5 - SEM images and EDS mapping for (A) FA and (B) MgO
3.2 Consistence and bulk density of fresh mortars
Consistence decreased as the MgO content increased (M0>M10>M20, see Figure ), and
previously witnessed by others [42,45,52]. This is most likely due to the irregular shape of MgO
particles versus the sphericity of FA (Figure ), which causes greater interparticle friction.
Nevertheless, Ahmad et al. [24] obtained the opposite, as the MgO content increased,
consistence increased. This higher consistence was associated with the rounded shape of the

MgO particles used and the balling effect of round particles. This highlights the importance of



studying the microstructure of the MgO used. The fresh density increased with the MgO content
(MO<M10<M20, see Figure ), which is justified by the higher skeletal density of MgO (3400

kg/m?) with respect to that FA (2431 kg/m®).

190 2285
186 # Consistence (mm)
185 | B ek - 2280
[ Fresh density (kg/m3) 3

180 - 2275
£ s : | 2270 £
3 3 =
8 : >
p= 2261 : £
g 170 167.5 3 - 2265 2
E 3§ 165 5
2 2257 Va =
S 165 - 2260 ©
c i T
§ -
k7
v
S 160 L 2255
|9

155 - 2250

150 2245

M20

Figure 6 - Consistence and fresh density

3.3 Compressive and flexural strength

The compressive strength development of M0, M10 and M20, under EC and CC at the ages of
7, 14 and 28 days, is shown in Figure . Despite the small development between 7 and 14 days,
the compressive strength increased over time in all samples. After 7 days in an EC, the effect of
replacing 10% and 20% FA with MgO resulted in compressive strength decreases of 39.1% and
69.7%, respectively (M0-EC-7 Days vs. M10 and M20-EC-7 Days). These differences lessened
with increasing curing age, with decreases of 21.2% and 52.3%, respectively, after 28 days. The
decline in compressive strength may be due to the formation of excessive hydrotalcite and

brucite, which affects the specimens’ volumetric stability due to expansive reaction products



[42]. Performance decline has been observed by others studying increasing MgO content mainly
due to the formation of mainly hydrotalcite [42,44,75]. Brucite (Mg(OH),), formation according

to Eq. (4), is known to have a weak structure [79,93].

MgO + H,0 - Mg?t + 20H™ - Mg(OH), (4)

Exposing the samples to CO, led to enhanced performance, except for the reference mortar,
wherein the mean values remain comparable for both curing environments (EC vs. CC).Among
other possible causes, this result could be related to the formation of insoluble calcium
carbonate (CaCO3) and the consequent densifying of the mortar microstructure, which can also
occur in fly ash systems activated by calcium-rich alkalis [8,100-102]. Curing in CO, with
respect to a normal curing environment of the samples that replacing 10% FA with MgO (M10-
EC vs. M10-CO,-C) showed increases of 27.6, 18.7 and 17.3 % for the ages of 7, 14 and 28
days, respectively. The substitution of 20% FA by MgO and curing in CO, showed increases
compared to normal curing (M20-EC vs. M20-CC) of 6.7%, 3.9% and 15.8% for the ages of 7,
14 and 28 days respectively. This shows that carbonation of mixtures with MgO improves the
compressive strength. This may be due to the brucite reacting with the CO, from the curing
process leading to the formation of hydrated magnesium carbonates (HMCs), mainly
nesquehonite (MgCOs-3H,0), with a dense formation and needle-like morphology, allowing for

improved strength [79].

The flexural strength development of M0, M10 and M20 under EC and CC at the ages of 7, 14
and 28 days is shown in Figure . A similar trend to that for compressive strength was observed.
The effect of replacing 10% and 20% FA with MgO resulted in flexural strength decreases. The
high flexural strength values obtained, compared to what would occur in a conventional cement
mix, are striking. One of the possible reactions to this result, would be the three-dimensional

structure as a result of the polymerization reactions providing physical strength [103].
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3.4 Ultrasonic pulse velocity and dynamic Young’s modulus

The ultrasonic pulse velocity (UPV) test (Figure ) of MO, M10 and M20 under EC and CC at the
ages of 7, 14 and 28 days is based on the pulse velocity method to provide information
concerning the uniformity, cavities, cracks, and defects of the samples. The UPV values are
consistent with the compressive strength results. The pulse velocity increased with increasing
sample age. However, this increase was very small or almost non-existent between the age of 7
and 14 days, yet high between 14 days and 28 days. It is possible that, aside from the initial
catalysis prompted by the thermal curing stage, the ongoing dissolution and polymerization
reaction may have been more relevant during this period. Additional evaluation is needed to
ascertain this. Furthermore, the UPV values obtained from the reference mixture (M0-EC) were
similar to those obtained by other authors [5,104]. Again, as observed with the compressive and
flexural strength values, the effect of replacing FA with MgO decreased the UPV of mixes

cured in the EC.

Curing in CO; increased the UPV values in all samples studied, which may be related to the
aforementioned densification of the microstructure (CaCOs) [100,101]. The smallest increase
occurred for the reference mixture at the age of 7 and 14 days (MO-EC vs. M0-CC). The mixes
with MgO cured in CO, showed a higher increase in the UPV values than the reference sample
(M10 and M20-EC vs. M10 and M20-CC). This may be related to the formation of the dense
nesquehonite [79]. According to the International Atomic Energy Agency (IAEA) [105], the
quality of all the alkali-activated mortars studied under CO,-C can be classified as “good”

quality (3500-4500 m/s).

The results of the dynamic Young’s modulus are presented in Figure . The trend agrees with the
findings for compressive strength, flexural strength and UPV. The values found for the
reference mixture (M1-EC) were similar to those found by several authors [5,106]. Replacing
FA with MgO resulted in a slight decrease of the dynamic Young’s modulus. This decline is
likely due to the lower compatibility of MgO with conventional AAM precursors (i.e. low

amorphous aluminosilicate phases) and thus the formation of a lower amount of strength-giving



phases (i.e. C-(N)-A-S-H). Naturally, the lower interconnectivity of the microstructure and more

empty spaces led to a decline in the dynamic Young’s modulus.

As expected, curing in CO; increased the dynamic Young’s modulus. This increase was more
relevant for the samples containing MgO than for the reference sample, which could be related

to the formation of the dense nesquehonite [79].

4100

07 Days
4000 A
314 Days

3900 A @28 Days

3800 4

w
~l
(=]
o

3600 -

3500 A

Ultrasons (m/s)

3400 - s | [

3300

3200 A

3100

MO-EC M10-EC M20-EC MO-CC M10-CC M20-CC

t \ J
| {

Environmental Climatic chamber (EC)  CO, climatic chamber (CC)

Figure 9 - Ultrasonic pulse velocity (UPV) of M0, M10 and M20 under EC and CC at the ages
of 7, 14 and 28 days
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3.5 Shrinkage

Figure shows the results of the shrinkage test of M0, M10 and M20 under EC and CC at the ages
of 7, 14 and 28 days. As expected, for mixes cured in an EC, the shrinkage decreased for all
curing age with increasing MgO content, especially at 28 days. This is due to the formation of
expansive hydration products such as brucite (Eq. 4). Some researchers indicate that this
expansion is more likely due to the formation of hydrotalcite, which is more voluminous than C-
S-H gel, since they did not find brucite in their studies [48,107]. This occurs in both AAM
[42,108,109] and CBM [93]. Although this is phenomenon is unwanted for more stable

microstructures, when it occurs in early ages, it offsets part of the deformation due to shrinkage.

Curing in CO; resulted in further shrinkage decrease in all samples. The smallest decrease
occurred for the reference mixture, for all the curing ages studied (M1-EC vs. M1-CO»-C). This
result could be related to the formation of calcium carbonate (CaCOs;, densifying the

microstructure) [110]. Also, when the dynamic Young’s modulus is higher, the shrinkage is



lower. M20-CC (20% MgO) presented an early age expansion at the age of 7 days. This may be
due to the brucite reacting with the CO, from the curing process, leading to the formation of a

dense nesquehonite.
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Figure 11 - Dimensional variation of M0, M10 and M20 under EC and CC at the ages of 7, 14
and 28 days

3.6 Dry bulk density, accessible porosity for water and carbonation depth

Dry bulk density and accessible porosity for water of MO, M10 and M20 under EC and CC at
the ages of 28 days is shown in Figure . In both curing environments, replacing FA by MgO
increased the mean dry bulk density values. This is due to the higher skeletal density of MgO
(3400 kg/m?) with respect to that FA (2431 kg/m?). Curing in CO, further increased the dry bulk
density due to the densification of the microstructure from the reaction of Mg(OH), with CO;

and the resulting precipitation of magnesium carbonates.



Interesting findings were observed for the accessible porosity to water; increasing MgO content
led to lower values of porosity in samples cured in both environments, despite the contradictory
worse mechanical performance. Normally, lower porosity is correlated with improved
mechanical properties, but the opposite is seen here. It is likely that the use of MgO led to the
formation of hydration products capable of filling voids and capillaries thereby reducing
accessibility to water. This was more noticeable for MgO-containing specimens cured in the
CO; chamber. The hydration products of MgO and resulting carbonated ones (i.e. brucite and
nesquehonite) are platelet- and needle-shaped compounds, respectively, with little to no
cohesion with adjacent phases, in comparison with the extensive polymerization products of
AAM (i.e. N-A-S-H). Therefore, despite the void filling ability of MgO’s products, which led to
reduced porosity accessible to water, the lower connection of its products results in poorer

mechanical performance.
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Figure 12 - Dry bulk density and accessible porosity for water of MO, M10 and M20 under EC
and CC at the ages of 28 days



The carbonation depth of MO, M10 and M20 under EC and CC at the ages of 7, 14 and 28 days
is shown in Figure . For specimens cured in the EC and exposed only to atmospheric CO,, as
expected, no carbonation was observed. Specimens cured in the CO, chamber presented notable
depths of carbonation even after 7 days of curing. Nevertheless, it was significantly lower in
specimens with increasing MgO content. Mg(OH), increases the pH of the mixes and places
additional material to become carbonated. This slows down the diffusion and thus carbonation
depth (greater resistence to carbonation). Several authors also obtained an inverse relationship
between natural carbonation depth and MgO content [49,74]. Other reason could be related to
the formation of hydrotalcite [42]. Suescum-Morales et al. [55] have already confirmed the
decrease in carbonation depth when the hydrotalcite is added to CBM. Note that under CC, the
reference sample at the age of 28 days (MO-CC-28 days) did not have a high depth of
carbonation (full carbonation would be at 20 mm). This highlights the higher resistance to

carbonation of alkali-activated fly ash mortars compared to CBM [8].
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3.7 X-ray diffraction analysis

XRD patterns of M0, M10 and M20 cured in the EC and CC at the ages of 7 days are presented
in Figure . The main phases of the reference sample cured in the EC (M1-EC-7 days) were:
quartz (SiO;) (05-0490) [83], mainly from CS and FS. Albite (NaAlSizOs - 89-6426) [83] and
orthoclase (KAISizOg - 75-1592) [83], from FS, were also found. Mullite (3 AlO3-2Si0; - 02-
0431) [83] and calcite (05-0586) [83] also were partially observed in the patterns, coming from
FA. The main reaction product was foshagite CasSi309-(OH), (74-0360) [83], most commonly
known in the literature as calcium silicate hydrate gel (C-S-H). The chemical reaction process in
AAM can be summarized in four steps [29]: (i) ion dissolution and release stage, i.e.,
dissolution of FA with the activator. The sodium (Na") and hydroxide ions (OH’) in the
activator quickly enter the system and attack the particles’ surface, according to Eqs. 2 and 3.
This step is deeply affected by the curing temperatures (high curing temperature catalyses OH
activity); (ii) ion reconstitution stage, the main feature of this stage is the reconstruction and
polycondensation of tetrahedral elements SiO4 and AlOs4. Apart from the curing temperature, the
role of water in the system is also important; (iii) hardening acceleration stage and (iv)
hardening deceleration stage, the main feature of this stage is accelerated hardening. More
macromolecules are condensed to form a gel, as C-S-H, which is in agreement with the findings

in XRD. Several authors also found C-S-H as the main reaction products in AAM [42,75].

For the samples M10 and M20 cured in the EC at the age of 7 days, the same phases as those of
M1 were observed, but brucite (Mg(OH), - 02-1395) [83] was also found. Naturally, the
intensity of brucite was higher for M3 than for M2. In addition, this result is in agreement with
the results obtained in compressive and flexural strength, UPV, dynamic Young’s modulus, dry
bulk density, accessible porosity for water and shrinkage: formation of brucite, which is quite

weak [79,93].

For specimens cured in the CC, at the age of 7 days, the XRD spectra of the reference sample
are similar to the EC ones (M1-EC-7 days vs. M1-CO,-C-7 days). N-A-S-H gel or partially

carbonated C-(N)-A-S-H or CaCO; were not detected [101]. This may be due to the high degree



of crystallinity of the quartz from the sand, which hides these amorphous/nano-crystalline
elements (i.e. N-A-S-H and C-(N)-A-S-H gel). Apart from brucite, nesquehonite (MgCO3-3H,0
- 20-0669) [83] was also found for M10 and M20 specimens. It showed a higher intensity with
increasing MgO content. This phase forms when the brucite, under certain curing conditions,
reacts with CO; to form a range of hydrated magnesium carbonates (HMCs) according to Eq.

(5) [111], and likely to contribute towards strength development [78,79,112].

Hydrotalcite, which was expected to be observed in the spectrum, was not found possibly due to
the high degree of crystallinity of the quartz. Another reason would be that the CaO content in
the precursor (FA) should be about 30 %, and in this case it was around 7 % (see Table 2), as
predicted by Ke and Duan [46]. Lee et al [78] did not find the hydrotalcite phase in XRD,

attributing this fact to the formation of amorphous hydrotalcite instead of crystalline phases.



MO, M10 and M20-EC-7 Days

3000 =
20004 Mo-EC-7Days 17 3200 | Mg(OH),
=T 100
300- ¥
200 -
100 2
pa 0+ S
@ 2100 M10-EC-7Days +—~| |35 Cocer 1 3
Q_— =T Crthoclase 3 T ij
\c_')/ 400_ 3 Lﬂctjsl‘llnt:gieﬁ &_F
gl b T ol g
c - 4 2 3 3 2,5 3 3 4 1J 3 3 ; 1321 3 \1 o
@ _ 1 /
21004 L, W I e 2
1500-3;:20@5@-7 Days 1~ 1 %
O
1 4
250 - . |7l 1 I
4 |,32]|2p,0 1P it A 1 szl A\
oLt ikl iAWY
;(HTMM 2 MT.J '.,,;Jq."mwlw‘ ‘\."m-!?‘..w;uwnw\l L — :‘.itz.ww‘sz-,.,w'. l‘.u.,. - 'A I..< -.m“\-\-'v‘\-v;mhmm" -~
10 20 30 40 50 60 70
2 theta
MO0, M10 and M20- CC- 7 Days
3500
gggg— MO0-CC-7 Days Tt $§§ Mg(OH), 6
- 100 B e
L. ==
- 1 427 428 429 430
4, 137 1 | O
200- 3 4 2 33 ||2]533 , 14(431 4 3 (3 11y g4 3\ )
~ R R IR I mm\‘ g
g2800 :_M1 O-CC-z’Days "" 1 Sltiatre‘z; 22:;.::? 12% tsquehonite 8- J__ §_
3 300 ] ! 83 gﬁ:?i?ec‘:seiesquehonitea 1 23 ~7J><74’/¥7ﬁ g
3 h Foshagite 5 1 135 13,6 13.7 O
@ ?88 ] 8\3 4 2 59 ii%ﬂi 3 11 143if4 3 |3 1 1£ 13;16[% 1\1 >
o 4 { .mN. AL 1 Iijﬁm 1 L !g ¥ t A g[ 3
= 0 o
~ 2000 4 M20-cC-7Days |7 1 g
== J - "6
i 17 83 7 1 'e)
4 8 1 ~
200 ° sy 10 A
] \3 4 2 33 |[f28533 , 1 Wala 3 s g 1 32| 3
IR TR AN
' T T | ! T ! v T
10 20 30 5 t#gta 50 60 70

Figure 14 - XRD patterns of MO, M10 and M20 under EC and CC at the ages of 7 days
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Figure 15 - XRD patterns of MO, M10 and M20 under EC and CC at the ages of 14 days
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Figure 16 - XRD patterns of MO, M10 and M20 under EC and CC at the ages of 28 days



XRD patterns of M0, M10 and M20 under EC and CC at the ages of 14 and 28 days are
presented in Figure 15 and Figure 16, respectively. The same phases as for age 7 days were
found in both cases. Again under EC and CC, a higher amount of brucite was found as the
amount of fly ash substitution for MgO. Under CC atmosphere, nesquehonite formation was
also observed. Note that even at the age of 28 days, there was uncarbonated brucite (non-
carbonated brucite). This is in agreement with the depth of carbonation shown in Fig. 13. The
formation of weak and expansive brucite with the use of MgO justifies the worsening of the
physical-mechanical properties under EC. The formation of nesquehonite with a dense
formation and a needle-shaped morphology improves the physico-mechanical properties under

CC.

3.8 Thermogravimetric analysis and differential thermal analysis

Figure 17 to Figure 19 show the TGA patterns (solid lines) and DTA (dotted lines) for the three
mixes (M0, M10 and M20) under EC (A) and CC (B) at 7, 14 and 28 days of curing. Several
stages were observed: (i) from room temperature to 105 °C, the mass loss was due to the loss of
hygroscopic water [79]; (ii) from 105 to 250 °C, it was attributed mainly to the dehydration of
C-S-H [43,44]; presented as the foshagite phase (C-S-H) in the XRD spectra of all samples.
Some usually combine the two previous stages into a single one and attribute it to the
dehydration of C-S-H and the evaporation of unbound water [32,49,73,76,110]. The
dehydration of nesquehonite (HMCs) in carbonated M2 and M3 samples should also occur in

this stage, according to Eq. (6) [79];

(ii1) from 250 to 500 °C, for 7-day specimens cured in both environments (Figure ), only a peak
in DTA was observed around 460 °C due to the dihydroxylation of brucite, according to Eq. (7).
However, in Figure 18 and Figure 19, a peak at approximately 390 °C was also observed. This
peak was due to the decomposition of a hydrotalcite-like phase formed specimens cured in both

EC and CO;-C. Lee et al. [78], who also detected this phase in TGA/DTA peaks, did not



observe it in the XRD spectrum, attributing this fact to the formation of a non-crystalline

hydrotalcite.

Mg(OH), » MgO + H,0  (7)

(iv) from 500 to 600 °C, the decarbonation of magnesium carbonates to MgO begins according
to Eq. (8) in M10 and M20 samples cured in the CO,-C [79]. In this stage, an endothermic peak
was detected around 570 °C corresponding to the transformation in the crystal structure of the
sand (FS and CS) of the phase from quartz a to B [96]. In this stage, the calcium carbonate
decomposition also begins according to Eq. (1) [2]. (v) from 600 to 1000 °C the decarbonation

of magnesium carbonate to MgO and calcium carbonate decomposition continue [2,79].

MgC0; —» MgO + CO, (8)
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Figure 19 - TGA (solid lines) and DTA (dotted lines) of M0, M10 and M20 under EC and CC at
the ages of 28 days

The CO; stored by the samples can be calculated via the TGA results. Table shows the total
mass loss in TGA/DTA of all samples. The CO; captured by the samples has been calculated as
the loss of mass between 250 and 1000 °C. The range between 250-1000 °C was chosen
because: (i) the decomposition of hydrotalcite between 250-500 °C was observed in some
samples, which can capture CO; [1,55] (ii) between 500-1000 °C the decomposition of
nesquehonite occurred (Eq. 6). Since the decomposition of calcium carbonate also occurred
between 500 and 1000 °C, the CO, captured have been normalized with the reference sample
(M0-CC-7 Days). In this way, two factors were taken into account in the CO; stored by the
samples: (i) the substitution of FA by MgO and (ii) the increase of the CO; level in curing. A

similar procedure has been used by Caslin and White [76].

Naturally, the amount of captured CO; increased with curing time and was higher in specimens
cured in the CO,-C. Also, higher amounts of MgO led to a greater sequestration of CO;
(M3>M2). The increase in mass between due to CO, capture was of 6.91%, 9.39% and 12.26%
at the age of 7, 14 and 28 days, respectively, when compared to mixes cured in the EC vs. CC
(M3-EC vs. M3-CO,-C). Replacing 20% FA with MgO led to the absorption of ~2 g CO./kg of
the specimen after 28 days of CO,-C curing when compared to the reference EC sample with
the same curing age. These results indicate that the increased CO, capture of these materials
relies on two fundamental factors: (i) replacement level of FA by MgO and; (ii) CO; content in
the curing environment. Similar calculations have not been found in alkali activated fly ash

mortars.



Table 3 - Total mass loss in thermogravimetric analysis (TGA/DTA) for the differents mixes and CO; uptake

. A mass (%) o .
Mixes RT-105°C 105250°C  250-500°C  500-600°C  600-1000°C * mass (250-1000°C) - Normalized CO, (wt.%)
MO-EC-7 Days 3,600 11,936 20.877 20.563 20.103 1.543 1.000
M10-EC-7 Days :3.476 -1.974 20.902 -0.533 20.141 1.576 1.021
M20-EC-7 Days 13.326 21397 20.836 -0.446 20.326 1.608 1.042
MO-CC-7 Days 3.037 21,561 20.800 20.484 20.269 1553 1.006
M10-CC-7 Days  -3.084 -1.651 -1.049 20.540 -0.064 1.652 1.070
M20-CC-7 Days ~ -4.058 -1.903 21,071 20.536 -0.113 1.720 1.114
MO-EC-14 Days 21,750 21,575 20.851 20.497 20215 1563 1.013
M10-EC-14 Days ~ -1.919 21,592 20.902 20.533 20.174 1.610 1.043
M20-EC-14 Days ~ -2.020 1571 -0.940 20.539 -0.165 1.645 1.066
MO-CC-14 Days _ -1.639 1912 20.900 20.522 20177 1.599 1.036
M10-CC-14 Days ~ -2.314 22.040 20.904 -0.572 -0.235 1.709 1.107
M20-CC-14 Days ~ -4.058 -1.903 1127 20.558 20.114 1.800 1.166
MO-EC-28 Days 1422 21730 20.941 20.539 20.121 1.601 1.037
M10-EC-28 Days ~ -1.431 -1.542 -1.007 -0.493 20.141 1.640 1.063
M20-EC-28 Days ~ -1.489 -1.391 -1.067 20.502 20.132 1.701 1.102
MO-CC-28 Days _ -1.344 21739 20.935 20.565 20.131 1.631 1.057
M10-CC-28 Days  -1.463 -1.584 -1.047 -0.575 -0.180 1.801 1.167

M20-CC-28 Days -1.600 -1.710 -1.107 -0.610 -0.192 1.909 1.237




3.9 Scanning electron microscopy

Figure shows the SEM micrographs and general EDS mapping of the reference sample cured in
the EC after 28 days. Several zones of interest are immediately observable: micro-cracks; voids;
rounded growths; and unreacted FA particles. The micro-cracks may be attributed to the
evaporation of water during the thermal curing stage at a temperature of 70 °C [113]
Additionally, the ongoing reaction process, leading to the formation of dense products from
initially more voluminous ones, may also lead to the generation of localized stresses that
ultimately cause cracking. In addition to their spherical shape, unreacted FA particles were
detected in SEM-EDS analysis. These particles did not show the presence of Ca, which in
agreement with the low amount of Ca found in XRF (Table 2), XRD (Figure 2) and TGA/DTA
(Figure 4). The presence of the spherical voids is likely due to the removal of unreacted FA
particles during the polishing process. The rounded growths consist of N-A-S-H gel and
partially dissolved FA particles enveloped by it [114]. This phase had not been found in XRD
because it is an amorphous phase, and the high intensity of other crystalline phases may have
masked it. The main elements from FA were Si and Al, and Ca in minor proportions. This result
is in accordance with the FA particles’ EDS mapping (Figure a), chemical composition (Table
2) and XRD results (Figure ). Additional minor elements were detected: Na, C, K and Fe as also

observed in the XRF of the precursor (Table 2).



Figure 20 - SEM images and EDS of M0O-EC-28 days. Mapping with the identification of the
elements Si, Al, Ca, Na, C, K and Fe.

Figure shows the SEM micrographs and general EDS mapping of the reference sample cured in
the CO,-C for 28 days. It corresponds to one edge of the specimen in order to observe the effect
of CO, on the samples’ surface. All samples subjected to CO, presented significant
efflorescence. Excess Na“ becomes more mobile within the pore structure of the alkali-activated
FA mortars, and, when in contact with CO,, it forms white crystals corresponding to sodium
carbonates (efflorescence) [8,24,100]. Micro-cracks, rounded growths and unreacted FA
particles were also observed, although with a lower number that under EC [69]. Practically no
gaps were observed. This result could be related to the formation of insoluble calcium carbonate
and densifying of the microstructure, which can also occur in fly ash systems activated by
calcium-rich alkalis [8,100—102,115]. This densification of the microstructure is in accordance
with the observed decrease in shrinkage (Fig. 11) and the slight improvement in mechanical

properties (Figs. 7-10).
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Figure 21 - SEM images of M0-CC-28 days. Mapping with the identification of the elements Si,
Al, Ca, Na, C, K and Fe.

Figure shows the SEM micrographs and EDS analysis M20-EC after 28 days of curing. Two
main zones were observed: aggregate and binder. The interfacial transition zone (ITZ) was very
sound; no gaps were observed, indicating perfect cohesion. Apart from Mg, the EDS mapping
revealed essentially the same elements as those in the reference sample. This is also in
agreement with the decrease on the mechanical properties (Figs. 7 and 8), UPV (Fig. 9), and
Dynamic Young Modulus (Fig. 10) observed with the use of MgO and with the presence of
brucite (Mg(OH),) found in XRD (Figs. 15-17) which is quite weak [79,93]. Inside the binder,
again the following were observed just some micro-cracks, rounded growths and unreacted fly
ash were observed. There was a perfect fusion between the Mg and the other elements into a
single uniform binding material. The lower amount of micro-cracks observed may be related to
the expansivity of the brucite [42,108,109] and with the lowest shrinkage observed with the use

of MgO (Fig. 11).
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Figure 22 - SEM images of M20-EC-28 days with the identification of micro-cracks, unreacted
fly ash and rounded growth. Mapping with the identification of the elements Si, Al, Ca, Na, C,
K, Fe and MgO.

Figure shows the SEM micrographs and elemental mapping of a M3 sample cured in the CO,-
C for 28 days. It corresponds to the edge of the sample to understand the effect of CO,. At a low
magnification, generally, micro-cracks and unreacted FA particles were difficult to observe, as
most of them had reacted [69]. At a higher magnification, in the Mg-rich area, the formation of
nesquehonite (MgCO3-3H,0) was observed. Two morphologies were detected for this
compound: needle-like morphology (typical elongated habit) [116] and a dense formation more
round that could be a mixture of brucite and nesquehonite [79,117]. This is in agreement with

the phases found in XRD.



Figure 23 - SEM micrographs of M20-CC-28 days. Mapping with the identification of the
elements Si, Al, Ca, Na, C, K, Fe and MgO.

4. Conclusions

This study shows the effect of reactive magnesium oxide as partial replacement of fly ash in
alkali-activated mortars under two different curing environments: normal climatic chamber or
accelerated carbonation chamber. First, a complete characterization of all raw materials had
been carried out. The mortars’ physical-mechanical properties (compressive and flexural
strength, ultrasonic pulse velocity, dynamic Young’s modulus, dry bulk density and accessible
porosity for water) were evaluated. The relationships between these properties were further
explained through other test methods such as carbonation depth, shrinkage, XRD, SEM and

TGA/DTA. The following conclusions were drawn:

e Consistence decreased and the bulk density of fresh mortar increased with increasing
MgO content; FA particles convey a “lubricating” effect for fresh mortars and are less

dense than MgO particles.



Replacing FA with MgO resulted in an overall decline in performance (i.e. compressive
and flexural strengths, ultrasonic pulse velocity, dynamic Young’s modulus) for
specimens cured in both environments. This was mainly due to the formation of
relatively weak and expansive brucite (detected by XRD) and formation of hydrotalcite
(detected by TGA/DTA).

Despite the decline in the performance, the accessible porosity for water and depth of
carbonation decreased. The hydration products of MgO presented a void-filling ability
capable of reducing water movement and slowing down CO, diffusion. Additionally,
the presence of Mg(OH), increased the matrix’s pH level ("lower carbonation depth”
via the phenolphthalein indicator) and the number of compounds that could be
consumed by CO; thereby reducing its progression.

CO; curing resulted in generally enhanced performance. For the reference sample,
without MgO, this was due mainly to formation of insoluble calcium carbonate
(densification of the microstructure in SEM) and for samples with MgO was observed
the formation of hydrated magnesium carbonates (HMCs), mainly nesquehonite
(MgCOs3-3H,0)). For further researches the analysis has to be carried out in terms of the
presence of Si—O bridges due to the desodification of N-A-S-H phases (FTIR).

The hydrotalcite phase was not found in XRD (high degree of crystallinity of the
quartz). Nevertheless, the hydrotalcite was detected with TGA/DTA.

The substitution of 20% FA with MgO under CO; curing resulted in an improvement of
CO; absorption capacity compared to the reference sample cured in a normal climatic
chamber at the same age of curing. The amount of CO, captured was 2 g CO./kg
specimen after 28 days of curing.

SEM revealed the densification of the microstructure of the reference sample with CO,
curing. SEM showed that the effect of replacing FA with MgO and the CO; curing

resulted in a dense formation and needle-like morphology (nesquehonite).



The partial use of reactive MgO in alkali-activated FA mortars cured in CO, is a promising
promote the new circular economy paradigm in the construction sector, act as CO, sinks and

avoid the consumption of ordinary Portland cement.
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Caption of illustrations

Figure 1 - Summary of the sample preparation process (A) and (B); (B) two different curing
environments

Figure 2 - XRD patterns for fly ash (FA), fine sand (FS), coarse sand (CS) and MgO
Figure 3 - The particle size distributions of FA and MgO

Figure 4 - TGA (solid lines) and DTA (dotted lines) for FA, FS, CS and MgO
Figure 5 - SEM images and EDS mapping for (A) FA and (B) MgO

Figure 6 - Consistence and fresh density

Figure 7 - Compressive strength development of M0, M10 and M20 under EC and CC at the
ages of 7, 14 and 28 days

Figure 8 - Flexural strength development of M0, M10 and M20 under EC and CC at the ages of
7, 14 and 28 days

Figure 9 - Ultrasonic pulse velocity (UPV) of MO, M10 and M20 under EC and CC at the ages
of 7, 14 and 28 days

Figure 10 - Dynamic Young’s modulus of M0, M10 and M20 under EC and CC at the ages of
7, 14 and 28 days

Figure 11 - Dimensional variation of M0, M10 and M20 under EC and CC at the ages of 7, 14
and 28 days

Figure 12 - Dry bulk density and accessible porosity for water of MO, M10 and M20 under EC
and CC at the ages of 28 days

Figure 13 - Carbonation depth of M1, M2 and M3 under EC and CO»-C at the ages of 7, 14 and
28 days

Figure 14 - XRD patterns of M0, M10 and M20 under EC and CC at the ages of 7 days
Figure 15 - XRD patterns of M0, M10 and M20 under EC and CC at the ages of 14 days
Figure 16 - XRD patterns of M0, M10 and M20 under EC and CC at the ages of 28 days

Figure 17 - TGA (solid lines) and DTA (dotted lines) of M0, M10 and M20 under EC and CC
at the ages of 7 days

Figure 18 - TGA (solid lines) and DTA (dotted lines) of M0, M10 and M20 under EC and CC
at the ages of 14 days

Figure 19 - TGA (solid lines) and DTA (dotted lines) of M0, M10 and M20 under EC and CC
at the ages of 28 days

Figure 20 - SEM images and EDS of M0-EC-28 days.Mapping with the identification of the
elements Si, Al, Ca, Na, C, K and Fe.



Figure 21 - SEM images of M0-CC-28 days.Mapping with the identification of the elements Si,
Al, Ca, Na, C, K and Fe.

Figure 22 - SEM images of M20-EC-28 days with the identification of micro-cracks, unreacted
fly ash and rounded growth.Mapping with the identification of the elements Si, Al, Ca, Na, C,
K, Fe and MgO.

Figure 23 - SEM micrographs of M20-CC-28 days. Mapping with the identification of the
elements Si, Al, Ca, Na, C, K, Fe and MgO.



