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ARTICLE INFO ABSTRACT

Keywords: This study presented an insight into the mechanical and microstructural properties of carbonated composites
Slag produced using slag, wollastonite, and magnesia. Paste batches containing various dosages of slag, wollastonite,
Wollastonite and magnesia were subjected to carbonation curing regime at a concentration of 20% CO,, 50 °C temperature,
?;iiens:ion and 80% relative humidity. The microstructure of the samples was evaluated using scanning electron microscopy
MgCOs, CaCOs, hydromagnesite, nesquehonite (SEM), dynamic vapor sorption (DVS), thermogravimetric analysis (TGA) coupled with mass spectroscopy (MS),
Fourier transformed infrared spectroscopy (FTIR), and X-ray diffraction (XRD). It was observed that the for-
mation of hydrated magnesium carbonates (HMCs) i.e., needle shape nesquehonite, Rosset-like hydromagnesite
have increased the carbonated matrix density due to its expansive nature and by forming an interconnected
network. The change in total and critical pore size distribution was observed with the addition of magnesia. The
compressive strengths were also observed to increase by 44% and 126% when 25% magnesia was incorporated
into wollastonite and slag composites, respectively. Furthermore, it was observed that under carbonation curing

non-hydraulic wollastonite system performed better when compared to semi-hydraulic slag system.

1. Introduction

Ground granulated blast furnace slag (hereby referred as slag) have
attracted attention due to latent hydraulic properties and its widespread
availability. Furthermore, slag based cement composites have shown
superior durability as represented by good resistance against chemical
attacks, including chloride penetration [1-3]. On the other hand,
wollastonite is a naturally occurring mineral which can be grounded
into fine powder. Similar to slag, wollastonite (CaSiO3) with its unique
chemical and physical properties is also gaining recognition as potential
cementitious material under carbonation curing [4-8]. Magnesia
cement (hereby referred as magnesia) due to its relatively lower calci-
nation temperature (650-800 °C) has been identified as a green cement
[9-12]. Moreover, the CO5 sequestration capacity of magnesia has also
been recognized as a potential application sector [11,13-16]. Few
studies have shown that incorporating magnesia in slag improves the
hydration reaction and increases the CO; sequestration [3,17,18]. The
increasing amount of magnesia in slag increases the formation of C-S-H
gel in the hydrated system and increases the compressive strength [19].

Carbonation curing is a different curing system where prepared
samples are kept in a COy-rich environment. During this carbonation

curing process, Ca and Si-rich materials will react with CO3 in the
presence of moisture and produce CaCO3 and Ca-modified silica gel.
Those two reaction products are the main binding phases in this curing
system. This study investigated the effects of magnesia in slag and
wollastonite systems under CO curing through numerous techniques.
The carbonation of magnesia is also another way to strengthen the
matrix. Carbonation is preceded by hydration, during which the disso-
lution of magnesia is associated with an increase in the pH of the pore
solution, which promotes the dissolution of CO5 for the subsequent
carbonation process. The dissolved CO reacts with Mg(OH);, to form
hydrated magnesium carbonates (HMCs) during carbonation. The for-
mation of HMCs is associated with their expansive formation that re-
duces the porosity and establishes an interconnected network to provide
binding ability, thereby strength gain of these binders. The most com-
mon HMCs in carbonated MgO are rosette-like hydro-magnesite
(Mgs(CO3)4.(OH)2-4H30)), needle-like nesquehonite (MgCO3-3H20),
and dypingite (Mgs(CO3)0.4(0OH)2-5H20)) [20]. Several studies were
performed on the carbonation of MgO and its effects on mechanical and
microstructural performances [21-25]. Unluer and Al-Tabbaa used
carbonation curing of reactive MgO to produce porous blocks [13]. It
was reported that even 5% CO; curing for 24 h was sufficient to achieve
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the required strength of cement blocks. Zhang et al. developed a
carbonated binder system containing Portland cement and reactive MgO
[14]. The authors concluded that nesquehonite is formed only when
MgO content is higher than 60% [14]. For a hydrated binder system
containing around 50% MgO, hydrated Mg carbonate was formed. Wu
et al. produced a carbonation cured composite containing reactive MgO
and fly ash [26]. The carbonation curing for 1 day was deemed sufficient
to enhance the engineering properties of composites containing 50% fly
ash. Marmol et al. reported that using cellulose pulp in reactive MgO mix
under carbonation curing enhances the formation of nesquehonite,
which reduces the porosity of the mix [20]. Wang et al. used Portland
cement and reactive MgO to develop a binary binder under carbonation
curing [27]. It was reported that up to 29% gain in compressive strength
can be achieved by curing at 10% CO2 concentration for 7 days [27].
The present study focuses on the comparative analysis between the
effects of magnesia in the semi-hydraulic system, i.e., slag, and non-
hydraulic system, i.e., wollastonite, to determine the effects of
magnesia in carbonates formations and CO5 sequestration in both semi-
hydraulic and non-hydraulic cementitious systems. Furthermore, com-
parison between slag (semi-hydraulic) system and wollastonite (non-
hydraulic) was selected to draw proper understanding on how carbon-
ation and incorporation of magnesia affects the physical properties of
final product. The objectives of this study are to investigate: (i) the
formation of carbonated products in the presence of magnesia, (ii) the
effects of pore size distribution, and (iii) mechanical performances.

2. Materials and methods
2.1. Materials

Mortar and paste samples were prepared using ground granulated
blast furnace slag (referred to as “slag”), wollastonite (CaSiOs),
magnesia (Mg0), and ASTM standard sand. Cemex (CA, USA) provided
the slag, while Nico Minerals (NY, USA) provided the wollastonite. MgO
was purchased from VWR. Table 1 summarizes the chemical composi-
tion of slag and wollastonite.

2.2. Sample preparation

Two types of samples (i.e., paste and mortar) were prepared for this
study. For mechanical performance and length change measurements,
mortar samples were prepared using water to binder ratio of 0.60. The
higher water to binder ratio was considered to produce workable mix.
Furthermore, no treatment was carried out to the samples as they were
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Higher relative humidity provides the required moisture in the
carbonation reaction [3,17,28,29], and for wollastonite carbonation
minimum of 50 °C is needed for the reaction to happen [5,6,30-32].The
disks were demolded after 24 h of casting and were again placed in the
CO, incubator for further carbonation curing. The samples were
collected after 14, 28, and 56 days and soaked in isopropanol for 24 h
before being kept in a vacuum desiccator for 36 h to avoid further hy-
dration/carbonation reactions. The samples were then investigated by
various techniques to check for microstructural changes.

For mortar samples, binders were mixed with the water for 2 min at a
speed of 140 revolutions/min in a commercially available Hobart rota-
tory mixture. The ASTM standard sand was added, and the mixing was
maintained for another 1 min. Following a 30-second rest, the samples
were mixed for 1 min at a speed of 285 revolutions/min. The combined
mortar samples were used to cast 25 mm x 25 mm x 285 mm prisms and
50 mm cubes. Immediately after casting, the prism and beam samples
were exposed to CO, environment. The carbonation environment was
identical to that of paste samples. Similar to paste samples, after 24 h of
carbonation, the mortar samples were demolded and carbonated in the
same environment as before. Compressive strength tests were performed
on cube samples obtained from the carbonation chamber after 14, 28,
and 56 days. Table 2 includes details on the sample mixes and tests
carried out in this study.

2.3. Test methods

2.3.1. Mechanical performances

The compressive strength of 50 mm cube was measured after 14, 28,
and 56 days of carbonation curing. The compressive strength was
measured via the MTS Landmark servo-hydraulic test system using a
displacement rate of 0.02 mm/sec.

2.3.2. Length change

The length change was measured according to the ASTM C157
standard [33]. Mortar prisms of dimensions 25 mm x 25 mm x 285 mm
prism were produced. Following the standard, those prisms were pre-
pared into three layers. Immediately after casting, the samples were
placed inside the carbonation chamber with the mold. After 48 h, the
samples were demolded, and the length changes were monitored for 50
days. The length changes were calculated using the following equation
in accordance with ASTM C157 [33].

Table 2
immediately moved to carbonation curing after casting. For micro- Mix details of the samples.
structural investigation, disk samples were prepared using paste mixes
. 8 j p P P §P . Sample Name Binders Standard
with the same water to binder ratio as considered for mortar mixes. sand,/binder
Seven sample batches were prepared for evaluation. These batches f:/a)g z;‘;llasmn“e I(Y)I/af“es‘a
are 100% slag, 100% magnesia, 100% wollastonite, 75% slag-25% i > i
magnesia, 50% slag-50% magnesia, 75% wollastonite-25% magnesia, Slag ' 100 0 0 2.75
and 50% wollastonite-50% magnesia. The content of magnesia was fixed x:::z::lte g (1)00 (1) 00 3;:
at 50% as higher amount of magnesia results in formation of expansive 75% wollastonite- 0 75 25 275
nesquehonite. First, powdered samples were dry mixed for 30 s and then 25% magnesia
combined with water at a ratio of 0.60 w/b for all batches, and then 75% slag-25% 75 0 25 2.75
mixed for an additional 2 min at 400 rpm using a 'Renfert Twister magnesia
. . s .. 50% wollastonite- 0 50 50 2.75
Evolution mixer.” After mixing, the paste samples were put on a 20 mm 50% magnesia
disk molds. Immediately after casting, those disk samples were stored in 50% slag-50% 50 0 50 2.75
a commercially available “VWR air jacket CO, incubator” where 80% magnesia
RH, 20% CO concentration, and 50 °C environment was maintained.
Table 1
Composition of slag and wollastonite.
Si0, Ca0 Al,03 Fe,03 MgO SO3 MnO TiO,
Slag (weight %) 29.6 36.4 15.6 0.37 9.69 5.19 0.49 1.47
Wollastonite (weight %) 55.0 43.6 0.463 0.261 0.457 0.05 0.04 0.01
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CRD; — CRD;
Length chnage (%) = fZT X

100 (€))
where CRD = difference between the comparator reading of the spec-
imen and the reference bar at any age.

2.3.3. Thermogravimetric analysis (TGA)

A commercially available instrument (TA instrument, TGA 550) was
used for the TGA experiment. The paste samples were collected from the
disk samples in section 2.2. The collected samples were ground using a
mortar pestle to obtain a fine powder. Approximately 35 mg of
powdered sample was loaded into the platinum pan and kept under
isothermal conditions for 5 min at 25 °C. The chamber temperature was
then raised until 980 °C with an increment of 15 °C per minute. Nitrogen
gas was purged to ensure an inert environment. Initially, three replicate
samples were tested through TGA for a few batches to validate for any
deviation in carbonation across samples. The test result deviations were
less than 2% by weight of total carbonated samples. Due to the low
variation, TGA was performed only with one sample for the remainder of
the batches.

2.3.4. Thermogravimetric analysis with mass spectroscopy (TGA-MS)

For a few sample analysis, TGA coupled with a mass spectrometer
(MS) was used. This coupled TGA-MS system enabled the separation and
identification of any volatile elements coming off the sample during the
heating process. In this case, TGA was performed using a Netzsch STA
449 F3 Jupiter Simultaneous Thermal Analysis (STA) instrument. All
samples were measured under ultra-high purity helium gas (flow of 50
ml/min). The temperature was increased at a rate of 10 °C/min, and
gases were transferred to the GC/MS instrumentation via a heated
(250 °C) transfer line. An Agilent Technologies 7890A GC system
equipped with a non-polar capillary column (Agilent J&B HP-5 packed
with [5%-Phenyl-methylpolysiloxane]) coupled with a 5975 MSD
spectrometer was used for the analyses of the gases released from the
samples. A gas injection was triggered every minute (60 sec) from the
beginning of the heating cycle, and 0.25 ml of gas was sampled from the
gases released by the compound and carrier gas (He).

2.3.5. Fourier transformed infrared (FTIR)

The powered disk samples were used for FTIR measurement. The
commercially available Nicolet iS50 FTIR from Thermo Scientific was
used for this test. The spectra were collected using the Attenuated Total
Reflection (ATR) mode with 4 cm~! resolution and 32 scans per sample.

2.3.6. X-ray diffraction (XRD)

X-ray diffraction patterns of samples were collected via Bruker D-500
spectrometer using a Cu Ka radiation (40 kV, 30 mA). The diffraction
patterns were obtained for the 20 range of 5° to 80° using a step size of
0.02 (20) per second.

XRD analysis was performed using commercially available software
(Match! Phase Analysis using Powder Diffraction). The used PDF card
numbers were PDF #96-900-1298, PDF #96-901-5894, PDF #96-900-
2349, PDF #96-900-7621, PDF #96-901-2402, PDF #96-900-2821, PDF
#96-101-1118, and PDF #96-900-5779 for calcite, aragonite, brucite,
hydro-magnesite, nesquehonite, magnesite, MgO, and wollastonite
respectively.

2.3.7. Dynamic vapor sorption (DVS)

Commercially available DVS equipment (TA instrument, Q5000) was
used to obtain adsorption-sorption isotherm of carbonated samples. The
samples were soaked in DI water for 48 h before testing to ensure full
saturation. After soaking, approximately 15 ~ 20 mg of sample was
loaded in a quartz pan. The sample was first equilibrated at 97.5% RH
for 5760 s. After this point, the RH was gradually reduced (with 5 ~ 10%
RH steps) to obtain the desorption isotherm. After reaching 0% RH, the
RH was gradually increased (with 5 to 10% RH steps) up to 97.5% to
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obtain adsorption isotherms. Mass equilibrium was reached at each RH
when the mass fluctuation was less than 0.001% for 15 min. Throughout
the experiment, the temperature was kept constant at 23 °C. During the
experiment, Ny gas was purged.

2.3.8. Scanning electron microscope (SEM)

The microstructures of 14 days and 56 days carbonated cured sam-
ples were evaluated using Hitachi 3000 N SEM. The instrument was
operated in high vacuum mode with a 30 kV accelerated voltage and a
working distance of about 10 mm. The cement paste sample was coated
with Platinum (Pt) before capturing the SEM images.

3. Results and discussion
3.1. Mechanical performances

Fig. 1 shows the compressive strength of wollastonite and slag with
differing proportions of magnesia for different curing conditions. It can
be observed that the addition of magnesia to the wollastonite and slag
systems increases the compressive strength significantly. The effects of
magnesia on wollastonite after various curing durations are shown in
Fig. 1(a). It can be seen that for wollastonite mixes, 25% magnesia
incorporation increases the compressive strength by 44%, 19%, and
20% after 14 days, 28 days, and 56 days of the carbonation period,
respectively. Fig. 1(b) illustrates the effects of magnesia on slag
carbonation. For slag-based mixes, adding 25% magnesia results in an
increment of compressive strength by 126%, 121%, and 121%, respec-
tively, for 14 days, 28 days, and 56 days of carbonation curing. Two
interesting observations can be drawn from the duration of carbonation
curing. Firstly, for early age (14 days) and standard age (28 days)
carbonation, it can be observed that the gain in compressive strength is
quite rapid and enhanced. In case of wollastonite samples, the addition
of 25% magnesia resulted an increase of 37% in compressive strength
(14 days to 28 days). Similarly, slag samples with 25% magnesia
resulted an increase of 14% in compressive strength (14 days to 28
days). On the other hand, the extended age (56 days) of carbonation
curing does not result in a noticeable gain in compressive strength. In
case of wollastonite samples, the addition of 25% magnesia resulted an
increase of 5% in compressive strength (28 days to 56 days). Similarly,
slag samples with 25% magnesia resulted in an increase of 1% in
compressive strength (28 days to 56 days). As a result, it can be stated
that the maximum gain in compressive strength can be achieved at 28
days of carbonation curing.

The addition of magnesia in a wollastonite and slag system shows an
almost similar pattern of compressive strength. It can be seen that 25%
incorporation of magnesia results in a gain of compressive strength. On
the other hand, incorporation of 50% magnesia results in loss of
compressive strength. Magnesia stimulates the production of nesque-
honite and hydro-magnesite in wollastonite and slag systems [34]. The
formation of nesquehonite and hydro-magnesite can result in the
densification of the binder matrix as well as a well-connected network of
carbonation products leading to higher load-carrying capacity.
Furthermore, a previous study has demonstrated that the elongated
morphologies of these magnesium carbonates create a robust inter-
locking mechanism that enables the development of strength [34].
Moreover, the difference of strength between wollastonite and slag
based mixes can be due to different chemical compositions. The higher
content of CaO in wollastonite can lead to a slightly higher formation of
calcite, causing a denser matrix. On the other hand, it has been reasoned
that the continued formation of magnesium carbonates results in the
continued expansion of volume, causing rising internal stress. The in-
ternal stress leads to macrocrack formation, causing reduced load car-
rying capacity (Fig. 2).
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Fig. 1. Compressive strength: Carbonated (a) wollastonite, and (b) slag with different magnesia content.

(2)

(b)

Fig. 2. Macrocracking observed on samples (a) 50% wollastonite- 50% magnesia, and (b) 50% slag-50% magnesia.

3.2. Dimensional stability

Fig. 3 depicts the effects of magnesia on the dimensional change of
slag and wollastonite carbonated systems according to the ASTM C157
[33]. It can be observed that introducing magnesia to the carbonated
wollastonite and slag system considerably enhances the expansion of
length. This is due to the formation of hydrated magnesium carbonate
(HMC) during the carbonation in the presence of magnesia. Under
carbonation curing, the conversion of Ca(OH); to CaCOj3 results in an
11.4% increase in solid volume [3]. Whereas, conversion of MgO to Mg
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(OH), and MgCO3-3H0 results in an increase of solid volume by
131.4% and 614.3%, respectively [3].

Based on the type of binder, distinct observations can be made from
Fig. 3. Fig. 3(a) shows that 25% magnesia addition in carbonated
wollastonite system increased length change by 0.025% after 50 days of
carbonation curing. However, 50% magnesia addition caused 0.13%
length change which is higher than previously reported results [35-37].
On the other hand, 3(b) illustrates 0.06% and 0.12% length expansion
for 25% and 50% magnesia addition in carbonated slag composites,
respectively. The formation of HMCs have a critical role in the length

(®)
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Fig. 3. Length changes with carbonation duration, (a) wollastonite blended with magnesia, (b) slag blended with magnesia. Here Woll represents wollastonite.
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change characteristics of carbonated mixes. In case of wollastonite based
mixes, on incorporation of 25% magnesia, the length change is lower
than that of 100% wollastonite. It can be due to the interlocking of
calcite and HMCs, which can provide dimensional stability and restrict
the change in length. However, this phenomenon may not exist in slag
based mixes due to the lower formation of calcite and higher presence of
HMCs. Moreover, in both cases of binder containing 50% magnesia, the
higher formation of HMCs occurs. The HMCs have a higher surface area
than that of calcite which can lead to increased stress within a closed
solid volume. This stress can lead to dimensional instability manifesting
in the form of length change. Moreover, as discussed in section 3.1 this
dimensional instability coupled with the formation of macro cracks re-
sults in reduced strengths.

3.3. Microstructural analysis of carbonated matrix using thermal
techniques

Wollastonite and slag react with CO5 in the presence of water during
the carbonation process, producing CaCO3; and Ca-modified silica gel.
These two carbonated products contribute towards enhancing me-
chanical performance and microstructural densification. In case of
carbonation of magnesia, the strength gain depends upon the progres-
sion of hydration and subsequent carbonation. Magnesia hydrates into
brucite [Mg(OH),], which is then carbonated, resulting in the formation
of HMCs [34]. Most observed HMCs are nesquehonite (MgCO3-3H30),
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hydro-magnesite [4MgCO3-Mg(OH)2-4H,01, and dypingite
[4MgCO3-Mg(OH)2-5H20]. The solid and fibrous structures of HMCs
results in interlocking between the phases that decreases the initial
porosity and provide mechanical strength to the cement-based
composites.

Chemically bound water decomposes at temperatures ranging from
100 to 600 °C [38-40]. Ca(OH), decomposes to CaO and H,0 at around
450 °C [38,40,41]. CaCO3 decomposes to CaO and CO5 at 600 ~ 800 °C
[38,40]. The evaporation of physically absorbed water and bonded
water from HMCs can be attributed to the weight loss from 100 to
300 °C. The sharp peaks around 370 °C and 390 °C correspond to Mg
(OH), dihydroxylation and HMCs decarbonization, respectively
[14,15,27,41]. The gradual mass drop from 500 to 600 °C is associated
with the decomposition of metastable Ca, Mg-carbonates. Metastable
Ca-Mg carbonates are intermediate phases with different ordering pat-
terns such as Cag75Mgp.23C0s, Cage7Mgo.33COs [42].The peak at
around 600 °C is due to the decomposition of well-crystallized stable
MgCOs3 [15,41,43].

Fig. 4 shows the TGA-MS plots of 14 and 56 days carbonated mixes.
Fig. 5 shows the DTG curves of carbonated mixes. It can be seen that
increasing the curing time results in increased formation of carbonates
in all the binder mixes. This is due to the well established fact that a
longer duration of carbonation curing leads to higher CO, diffusion. This
causes amplification in the formation of carbonation products.
Furthermore, it should be noted that the effect of carbonation duration is

(a) (b) Fig. 4. TGA-MS plots showing the release of H,O and
i CO, gases from 14 days carbonated matrixes (solid
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Fig. 5. Derivatives thermogravimetric (DTG) plot, (a) 14 days, (b) 56 days carbonation curing. Here Woll and Mag represent wollastonite and magnesia, respectively.

quite noticeable for 100% magnesia mix. When compared to 14 days the
56 days 100% magnesia mix presents an interesting scenario. For 100%
magnesia mixes the longer carbonation curing results in higher forma-
tion of HMCs as well magnesium carbonate. This particular phenome-
non results in densification of binder matrix. In the case of wollastonite,
slag, and magnesia, weight loss below 200 °C is attributed to chemically
bound water and physically absorbed water. Wang et al. showed that
HMCs were also dehydrated at around 250 °C [15,27]. As illustrated in
Fig. 4(c), there was not significant loss of water in case of carbonated
magnesia at around 250 °C, which indicates that the HMCs were not
dehydrated or were not present in that region. As illustrated in Fig. 4(e),
the same thing happened in the slag-magnesia carbonated system. In the
slag-magnesia system, HMCs endured very little dehydration, or the
presence of HMCs was negligible. However, the higher amount of H,O
has evaporated in wollastonite-magnesia, as seen in Fig. 4(d), indicating
the formation of HMCs. There was a gradual weight loss from 400 to
600 °C due to H20 and COq, showing the development of metastable Ca
and Mg-carbonates. Fig. 4(a-b) depicts significant weight loss due to CO,
evaporation at around 750 °C. This weight loss was due to the decom-
position of calcite (CaCOs3). As MgCO3 decomposes before 600 °C, there
was no weight loss in the case of carbonated 100% magnesia at this
temperature. The gradual weight loss of slag-magnesia and wollastonite-
magnesia from 600 to 750 °C was noticed, which denotes the decom-
position of metastable CaCO3 (mCaCOs3) [44].

According to the TGA-MS and DTG plots, metastable CaCO3 along
with MgCOs and HMCs were generated when magnesia was incorpo-
rated into slag and wollastonite. In a COy-cured environment, these
metastable carbonates and HMCs provides better mechanical properties
[20,43]. Furthermore, another important aspect that needs to be dis-
cussed here is that a non-hydraulic system wollastonite, when cured
under carbonation, can provide a higher amounts of carbonates when
compared to a slag mix which is a semi-hydraulic system. Therefore, it
can be stated that the classical concept of achieve superior performance
and reactivity from semi-hydraulic system compared to that of non-
hydraulic system is not true or applicable when carbonation curing of
samples is done.

3.4. COg sequestration

Carbonated activated binders, such as slag, wollastonite, and
magnesia, are low-carbon cementitious materials due to their ability to
sequester CO» and improve binding characteristics [27]. Magnesia has a
CO sequestration capability of 92.8 wt%, which is more than that of
ordinary Portland cement (50.4 wt%) [27]. The present study calculated
the carbonated matrix’s COy sequestration using thermogravimetric
analysis (coupled with mass spectroscopy). Since Ca(OH),, Mg(OH)a,
and MgCOs decompose within a relatively narrow temperature range,
calculating CO5 sequestration from TGA was challenging. As a result,
TGA was utilized in conjunction with MS (mass spectroscopy) to identify
and quantify the CO5 gas released from the carbonated matrix.

Fig. 6 illustrates the COy sequestration after 14 and 56 days of
carbonation curing. Wollastonite, slag, and magnesia sequester 16%,
13%, and 88% (per gram of sample) of CO, after 14 days of carbonation
curing, respectively. Moreover, the wollastonite-magnesia and slag-
magnesia resulted in 60% and 50% CO2 sequestration, respectively. It
can be seen that wollastonite-magnesia sequestered more CO, than slag-
magnesia. The possibility was that the wollastonite-magnesia system
produced more HMCs than the slag-magnesia system (as discussed in
section 3.3). After 56 days of carbonation, wollastonite, slag, magnesia,
wollastonite-magnesia, and slag-magnesia sequestered 45%, 116%, 7%,
8%, and 5% more CO» than after 14 days of carbonation, respectively.

As expected, the 100% magnesia mix presented the highest CO,
sequestration capacity among all the mixes. However, 100% wollas-
tonite and slag mixes presented an interesting observation. For 14 days
of carbonation curing 100% wollastonite mix presented higher CO5
sequestration when compared with 100% slag mix. On the other hand,
for 56 days of carbonation curing 100% slag mix presented higher CO,
sequestration. It can be due to the formation of carbonates in wollas-
tonite at 14 days which enhances the microstructure but restricts the
diffusion of CO, into the matrix. For 100% slag the low amount of cal-
cium oxide can lead to slow formation of carbonates causing higher CO4
sequestration at later ages. Moreover, the hybrid mixes of wollastonite
and slag with magnesia show that incorporating magnesia results in
enhanced CO; sequestration. Based on these findings, it is possible to
conclude that incorporating magnesia into a non-hydraulic system result
in more significant CO, sequestration than a semi-hydraulic system.

3.5. Identifying different minerals formed during carbonation reaction
using FTIR

From the thermal analysis, CaCO3, HMCs were detected. Distinct
HMCs and different polymorphs of CaCOgs in the carbonated system
could not be distinguished using thermal analysis. The absorbance at
around 1420 cm ™! and 872 cm ™! is due to asymmetric stretching vi-
bration (v3 mode) and out-of-plane bending (v;) of CO%’ [43], respec-
tively. The broad peak or split peaks at 1420 cm ! denote amorphous
calcium carbonates (ACC), and on the other hand, sharp peaks at 1420
and 872 cm~! denote more stable CaCOg, i.e., calcite. Fig. 7 shows the
FTIR spectra after 14 days and 56 days of carbonation. In Fig. 7(a),
wollastonite shows a broad peak at around 1420 cm ™!, which becomes
sharper after 56 days of carbonation (Fig. 7(b)). This demonstrates the
conversion of ACC to calcite in wollastonite batch due to the prolonged
carbonation period. However, peak at 872 em ! was present in both
cases, indicating calcite formation. An extra aragonite v, bending peak
at around 850 cm ! absorbances was observed for slag after 14 days of
carbonation curing. For 14 days of carbonation and 56 days of carbon-
ation, the spectra of slag did not showed any significant changes. As a
result, it can be stated that no mineralogical change occurred after 14
days of carbonation in the case of slag.

The absorbance peaks at 1423 and 1484 cm™! are attributed to
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antisymmetric stretching vibration (v3 mode) of hydro-magnesite
[15,24,45,46], whereas the shoulder at 1517 cm ! is due to nesque-
honite [15,24]. The low-intensity band at 850 and 880 cm! correspond
to the bending vibration of COs, represents the formation of hydro-
magnesites [43,46]. Fourteen days of carbonated magnesia contains
1423, 1484, 850, 879 cm ! peaks of hydro-magnesite. The 1517 cm !
peak for nesquehonite was only present for 56 days of carbonated
magnesia.

It can be seen that the duration of carbonation curing has a minor
role in the formation of polymorphs. The only variable having a sig-
nificant influence on carbonation products is the amount of magnesia in
hybrid mixes. The incorporation of magnesia shows aragonite and
hydro-magnesite absorbance peaks at 850 cm ™. In a carbonated envi-
ronment, the coexistence of wollastonite and magnesia may result in the
formation of aragonite or hydro-magnesite. The 850 cm™! peak was of
quite lower intensity in the slag-magnesia carbonated system than in the
carbonated slag system. Furthermore, 1484 cm ™! hydro-magnesite peak
was prominent for the wollastonite-magnesia system but was absent or
merged with CaCO3 peaks for the slag-magnesia carbonated system. This
shows that little or no hydro-magnesite was present in the slag-magnesia
system. The 1517 cm ™' absorbance peak of nesquehonite was absent in
the slag-magnesia and wollastonite-magnesia system after 56 days of
carbonation. It is worth noting that after 56 days of carbonation, the
absorbance peak at 879 cm ™! merges with the calcite peak and form the
peak at 876 em™?

It should be noted that the 100% wollastonite and slag both have
different forms carbonates. As seen in Fig. 7 the calcite peak is observed
in wollastonite mix, whereas slag mix spectra show aragonite peak. On
the other hand, when magnesia is introduced into the slag system, the
peak shift shows the formation of calcite. Moreover, the wollastonite
and magnesia mix shows the presence of both calcite and aragonite. As
discussed previously, it is possible to conclude that the generation of
hydro-magnesite is more significant in non-hydraulic carbonated sys-
tems than in semi-hydraulic systems.

Wavenumber (cm™)

. FTIR spectra of (a) 14 days, (b) 56 days of carbonation cured samples. Here Woll and Mag represent wollastonite and magnesia, respectively.

3.6. X-ray diffraction analysis

Fig. 8 illustrates the XRD pattern of 14 days and 56 days of
carbonated wollastonite, slag, magnesia, wollastonite-magnesia, slag-
magnesia, respectively. Carbonated wollastonite mostly has unreacted
wollastonite and calcite phases. Carbonated slag mostly has aragonite
and calcite in the system. Formation of vaterite was also seen in slag mix
system. Carbonated magnesia has mostly brucite (Mg(OH)2) and
magnesite (MgCOs). Hydro-magnesite and nesquehonite with minimal
intensity were also observed.

When magnesia and wollastonite were combined, the formation of
calcite and magnesite drastically decreased. Polymorphs of calcite
namely, aragonite and vaterite were found in the carbonated
wollastonite-magnesia mix. In the case of the slag-magnesia carbonated
system, the formation of calcite reduced significantly. Magnesite was
also formed in the slag-magnesia mix.

An interesting observation is the consumption of brucite in the
wollastonite and slag mixes. Although the amount of magnesia (25%) is
quite reduced in the wollastonite and slag based mixes. The brucite was
consumed to form HMCs in the wollastonite and slag mixes. It should be
noted that magnesia was included into both slag and wollastonite,
however, the carbonation products in both the binder matrix differ
widely from each other. In case of slag-magnesia system magnesite was
the dominating phase whereas in case of wollastonite-magnesia system
presented hydro-magnesite phase along with calcite. It can be stated that
both semi and non-hydraulic binder have different behavior when
magnesia is introduced into the matrix.

3.7. Pore structure analysis using dynamic vapor sorption

Vapor sorption analysis is usually performed to characterize gel
phases (C-S-H or Ca-modified silica gel). Due to the smaller molecule
size of water compared to that of nitrogen or mercury, vapor sorption
analysis is more beneficial to analyze the nano porosity than other
traditional techniques (i.e., MIP or nitrogen sorption)[32]. A typical plot
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of the hysteresis loop of desorption and adsorption isotherm is shown in
Fig. 9(a). The hysteresis loop between adsorption and desorption is
found in all the matrixes, and they contribute to the complex nature of
pore connectivity [47,48]. The matrixes’ specific surface area was
determined using the BET method [49]. Pore size distribution was
determined using the BJH (Barrett, Joyner, and Halenda) model incor-
porating the statical water layer thickness proposed by Hagymassy
[50,51].

The specific surface area of the carbonated matrix is shown in Fig. 9
(b). It can be observed that carbonated wollastonite has a higher surface
area (85.3 mz/g) than carbonated slag (33.4 mz/g) and magnesia (44.7
m?/g). However, the inclusion of magnesia in slag and wollastonite
yielded 74 m?/g and 84.1 m?/g specific surface area, respectively. This
indicates that higher crystalline carbonated products were formed when
magnesia was added to the slag and wollastonite systems.

Fig. 10 shows the pore size distribution of the carbonated matrixes.
Carbonated wollastonite and slag show a significant peak before 1 nm
and another at around 1.5 nm. On the other hand, carbonated magnesia
shows three peaks, i.e., before 1 nm, 1.5 nm, and 3 nm. However, when
magnesia was added with wollastonite or slag, all the peaks merged into
one prominent peak before 1 nm. This shows that when magnesia was
added with slag and wollastonite, the higher formation of carbonated
products reduces the large pore size.

Based on the previous study, the pores in the carbonated matrix can
be divided in the following groups (based on the pore diameter), (i)
inter-cluster spaces (diameter: less than 2 nm), (ii) gel pores (diameter:
2-10 nm), (iii) capillary pores (diameter: 10-41 nm) [32,52]. The pore
diameter below 2 nm is assumed to contain physiosorbed and
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chemisorbed water within an outer layer of Ca-modified silica gel
clusters [32]. From Fig. 11, it can be observed that carbonated wollas-
tonite has a minimum volume of capillary pores, and carbonated
magnesia has a maximum volume of capillary pores. Carbonated
wollastonite-magnesia contains the highest volume of inter-particle
porosity, and carbonated magnesia has a minimum volume of inter-
particle porosity.

From the pore structure investigation, it can be observed that the
incorporation of magnesia leads to a pore size refinement. This can be
attributed to the formation of HMCs along with carbonated products
which can lead to densification of matrix. However, as seen in Fig. 11 the
pore volume of hybrid mixes in both wollastonite and slag mixes are
higher than that of 100% wollastonite and slag mix.

3.8. Carbonate morphologies

Fig. 12 and Fig. 13 reveal the microstructures of wollastonite, slag,
and magnesia subjected to carbonation curing for 14 and 56 days. As
shown in Fig. 12(a-d) calcite was observed in both carbonated wollas-
tonite and slag. The abundance of calcite in the wollastonite mix (Fig. 12
(a-b)) illustrates the higher reactivity of wollastonite to carbonation
when compared to slag. However, it should be noted that when
comparing the 14 days carbonated slag, the wollastonite mix showed a
denser microstructure. This phenomenon can lead to difficulty of CO,
penetration at later ages of curing which was also discussed in section
3.4. Furthermore, the wollastonite matrix contained no mCaCO3 which
shows its higher carbonation reactivity. Aragonite with its distinct
morphology was also observed in slag mixes at 14 days which later gets
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Fig. 9. (a) A typical plot of vapor desorption and adsorption curves for wollastonite-magnesia carbonated matrix, (b) specific surface area (Sger) of 14 days of
carbonated matrixes. Here Woll and Mag represent wollastonite and magnesia, respectively.
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Fig. 11. Pore size distribution of 14 days of carbonated matrixes. Here Woll and Mag represent wollastonite and magnesia, respectively.

transformed to stable calcite crystal. For carbonation cured magnesia,
mostly magnesite was found. Since the entire area is covered with
magnesite at both the ages of curing it can be stated that the formation of
magnesite can lead to densification of microstructure.

The hybrid mixes of wollastonite and slag showed the presence of
hydro-magnesite. However, a stark difference in both the mixes
morphology can also be observed. For wollastonite-magnesia mixes at
14 and 56 days, the wollastonite was covered in metastable CaCOs.
Moreover, the formation of hydro-magnesite was also enhanced when
the curing duration was increased from 14 to 56 days. This can lead to
the macrocracking of the surface, causing lower compressive strength.
On the contrary, slag-magnesia based mixes showed amorphous CaCO3
along with hydro-magnesite. This morphology will also lead to matrix
densification but will have a reduced effect on macrocracking. The
morphology of hybrid mixes further concurs the fact that wollastonite, a
non-hydraulic system, has higher reaction activity to carbonation than
slag, a semi-hydraulic system.

4. Conclusion

In this study, carbonation products of wollastonite, slag and
magnesia mixes were investigated by various techniques, including
compressive strength, TGA-MS, XRD, FTIR, DVS and SEM. The following
concluding points can be drawn from the findings,

(i) The addition of magnesia in carbonated calcium silicates (either
slag or wollastonite) increases the composites’ compressive
strength by more than 44% for wollastonite, and 126% for slag,
respectively (for 14 days of curing). Such a drastic increase in the
mechanical performances of the composites was attributed to the
pore size refinement due to the addition of magnesia.

(i) The magnesia dosage can significantly affect the carbonate pha-
ses formed in the CO, cured cementitious composites. Specif-
ically, it was found that the addition of 25% magnesia to
carbonated wollastonite and slag composites enhanced the
development of HMCs while also modified the CaCOj3 poly-
morphs in the wollastonite carbonated system.
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Fig. 12. SEM images of carbonated matrixes, (a-b) wollastonite, (c-d) slag, (e-f) magnesia.

(iii) Formation of HMCs in carbonated composites was found to refine cured calcium silicate composites, while the addition of magnesia offers
the pore size distribution by reducing the critical pore diameter. a potential pathway to significantly improve the performance of both
The relative amounts of nano-porosity were also higher in slag- semi-hydraulic and non-hydraulic systems, the benefits were more
magnesia and wollastonite-magnesia binary systems compared pronounced in the case of non-hydraulic system.
to those present in a single type of binder.

(iv) The addition of magnesia was observed to increase the expansion CRediT authorship contribution statement
of the carbonated composites produced using either slag or
wollastonite. The increase in the dosage of magnesia also Rakibul I. Khan: Conceptualization, Data curation, Formal analysis,
increased the expansion. Such expansion of the composites was Investigation, Writing — original draft. Salman Siddique: Conceptuali-
expected due to the formation of expansive HMCs in these ma- zation, Investigation, Writing — review & editing. Warda Ashraf:
trixes. The maximum expansion of the samples remained below Conceptualization, Formal analysis, Investigation, Funding acquisition,
0.1% for the tested duration for 25% magnesia addition. Supervision, Writing — review & editing.

The most interesting finding of this study is that for carbonation
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