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Abstract

This study investigated the strength and microstructural development of MgO and
MgO-microsilica (MS) systems under sealed and carbonated conditions. The influence
of hydromagnesite seeds on the performance of each system was also evaluated. The
hydration mechanisms were studied via isothermal calorimetry. A correlation between
the strength development and formation of different phases was established. XRD,
TG/DTG, FTIR and SEM were used for the identification and quantification of different
hydrate and carbonate phases. MgO systems relied on the conversion of brucite into
carbonate phases for their strength development, whereas M-S-H was the main
source of strength in MgO-MS systems. The effect of seeding was evident in MgO-MS
systems, where the extra space provided by the seeds increased the rate and degree
of hydration. The formation of M-S-H was responsible for strength development and
denser microstructures, which could be further improved via the increased utilization
of unreacted MgO and MS.
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1. Introduction

Reactive magnesium oxide (MgO)-based binders have obtained significant
attention due to their potential to be an alternative to ordinary Portland cement
(OPC) in certain applications [1]. The major benefits of MgO cement in comparison
to OPC are the relatively lower calcination temperatures used during its production
(i.e. 700-900 vs. 1450 °C) and its ability to gain strength by sequestering carbon
dioxide (COz2) in the form of stable products [2, 3].

Hydration of MgO, which results in the formation of brucite, provides very limited
strength in formulations, where MgO is used as the main binder [4]. One
methodology that significantly improves the mechanical performance of MgO-
based binders is the introduction of carbonation curing, which gives rise to the
formation of hydrated magnesium carbonates (HMCs) subsequent to MgO
hydration, as shown in Equations 1-5 [5]. The significance of HMCs in providing
strength relies on the reduction in porosity associated with the volume expansion
during their formation and the interlocking network they provide throughout the
microstructure [3, 6]. A significant portion of the strength gain observed in MgO-
based samples is generally completed within a few days of CO:2 curing [7]. Due to
the need to use accelerated carbonation curing involving elevated levels of CO2

for rapid strength gain, these samples can be more suitable for precast

applications.

MgO + H20 — Mg(OH)z (Brucite) (1)
Mg(OH)2 + CO2 + 2H20 — MgCO3-3H20 (Nesquehonite) (2)
2Mg(OH)2 + CO2 + 2H20 —Mg2CO3(OH)2-3H20 (Artinite) (3)
5Mg(OH)2 + 4CO2 — Mgs(CO3)4(OH)2:4H20 (Hydromagnesite) (4)
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5Mg(OH)2 + 4CO2 + H20 — Mgs(CO3)4(OH)2:5H20 (Dypingite) (5)

Another alternative use of MgO as a binder is along with SiO2 in the initial mix
composition. In the presence of water, the MgO-SiO2 system results in the
formation magnesium silicate hydrate (M-S-H), which provides a significant
strength gain. M-S-H formation takes place via the reaction between a magnesium
source (e.g. Mg?*, Mg(OH)2) and the dissolved silica ions (SO«), in which the
commonly used superplasticizer, sodium hexametaphosphate (SHMP), plays a
crucial role by leading to the formation of hydration products at lower water
contents [8]. MgO-SiO2 based binders can be effectively utilized in refractory
castables [9] and other applications, where relatively lower pH values (i.e. ~10.5-
11.0) are required, such as waste encapsulation [10, 11] and cementitious
materials incorporating biodegradable fibers [12, 13]. Furthermore, MgO-SiO2
based binders have the potential to be used as a cementitious binder in building

applications due to their satisfactory fresh and hardened properties [14, 15].

Hydration of MgO is a dissolution-precipitation based process, leading to the
formation of brucite, which can further react with the dissolved silica or carbonates,
depending on their availability [16, 17]. Under ambient conditions, MgO hydration
is limited to ~80% due to the precipitation of Mg(OH)2 on the unhydrated MgO
particles, which prohibits further contact with water [18-20]. With the incorporation
of carbonation curing, precipitation of HMCs over brucite particles also inhibits the
continuation of hydration and carbonation [6, 7]. Hence, both the carbonation and
hydration reactions could cease before the raw materials are fully utilized, which

results in an inefficient use of the binder.

In order to enhance the formation of both hydration and carbonation products,
nucleation seeds can be introduced into the mix design. Seeds provide extra
nucleation sites within the pore solution, which increases the available surface
area for the precipitation of hydration and carbonation products. Previous studies

have shown that the inclusion of calcium silicate hydrate (C-S-H) seeds can
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improve early hydration within PC and alkali-activated slag systems [21, 22].
Recent studies [7, 23] that incorporated up to 1% of hydromagnesite seeds within
carbonated MgO samples demonstrated enhanced carbonate formation, leading
to 33% higher 28-day compressive strengths in comparison to unseeded samples.
Although these initial studies reported the potential benefits of seeding on the
performance of carbonated MgO systems, a comprehensive study focusing on the
significance of seeding on both MgO and MgO-SiO: systems under carbonated

and ambient curing conditions has not been reported yet.

The fast strength development of carbonated MgO samples necessitates the use
of elevated CO2z conditions, while the formation of M-S-H solely relies on the
hydration reaction and does not require any special curing arrangements. As the
formation of both HMC phases and M-S-H involve the same precursor (i.e. MgO)
and initiate with the hydration of MgO, the two systems (i.e. carbonated MgO and
MgO-SiO2) indicate similarities in reaction patterns. In this respect, their
combination in a single formulation can be beneficial in terms of mechanical
performance and microstructural development. The synergy of these systems was
previously investigated, in which the coexistence of the final products of both
systems (HMCs and M-S-H) was reported [17]. Accordingly, the incorporation of
COz2 curing in the MgO-SiO2 system resulted in improved strength development,
which was more significant at early ages (i.e. 3 days), leading to ~60% increase in
compressive strength. However, this study did not include the incorporation of
nucleation seeding to improve the reaction mechanisms and the associated
formation of hydration/carbonation products and did not provide a comparison with
OPC-based mixes.

Therefore, the combination of these two systems (i.e. carbonated MgO and MgO-
SiO2) and their effect on the performance and microstructural development of
concrete samples in the presence of nucleation seeding is worth further
investigation. As a part of this approach, the link between the formation of different

phases and strength gain in MgO and MgO-SiO2 systems needs to be established.
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In line with this goal, this study aims to investigate the properties of MgO and MgO-
SiO2 based binder systems with and without the inclusion of seeds. The influence
of seeding was evaluated via a detailed analysis of MgO and MgO-SiO:2 based
binder systems under carbonated and ambient curing conditions, which were also

compared to OPC-based samples to provide a benchmark.

As a part of the experimental work, the mechanical performance of the concrete
samples was examined via compressive strength testing at different durations up
to 28 days. The progress of hydration reaction was initially evaluated via isothermal
calorimetry. The link between the formation of different phases and strength
development was established via a detailed microstructural analysis involving
various qualitative and quantitative techniques. The quantification of the contents
of hydrate and carbonate phases was performed via X-ray diffraction (XRD) and
thermogravimetric/derivative  thermogravimetric analysis (TG/DTG). The
morphology of the selected samples was observed by field emission scanning
electron microscopy (FESEM). Fourier-transform infrared spectroscopy (FTIR)
was used to identify the chemical bonds within each sample to improve the
understanding of the effect of carbonation curing and seeding on MgO and MgO-

SiO2 systems.

2. Materials and Methodology

Reactive MgO supplied by Richard Baker Harrison (UK) and micro silica (MS)
obtained from Elkem (Singapore) were used as the main raw materials to produce
the binder. The chemical and physical properties of these materials are listed in
Table 1. Reagent grade (> 98%) hydromagnesite (HM) seeds supplied by Fisher
Scientific (UK) with a surface area of 43.5 m?/g were used to provide additional
nucleation sites within the prepared mixes. Coarse aggregates with a particle size
of 4.7-9.5 mm were used in the preparation of concrete samples. Fine aggregates
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were omitted from the mix design to avoid any quartz contamination during the

guantification of phases.

The particle size distributions of MgO, MS and hydromagnesite seeds are shown
in Fig. 1. It can be seen that MgO and hydromagnesite seeds had relatively
comparable particle size distributions, whereas MS revealed higher particle sizes
when compared to the others. The calculated different size fractions of these

materials are listed in Table 2.

Two sets of binders were prepared consisting of (i) MgO and (ii)) MgO-MS at a ratio
of 1:1 (i.e. by mass). Hydromagnesite seed was added at a content of 1% (i.e. by
mass) of the total binder content to assess the effect of seeding in comparison to
mixes that did not include any seed addition. The detailed binder compositions
used in the preparation of samples are listed in Table 3. Along with these, an OPC-
based mix was prepared for comparison purposes. A water to binder (w/b) ratio of
0.46 was used in all mixes. Sodium hexametaphosphate (SHMP), was included at
an amount of 1.2% (i.e. by mass) of the total binder content to improve the fluidity
of Mg-based mixes, in line with the findings of previous research [17, 24].

Concrete samples consisting of 40% binder and 60% aggregates by mass were
prepared by mixing the dry ingredients in a pan mixer first, followed by the gradual
addition of water. Prior to the mixing process, the aggregates were washed several
times and dried at room temperature to remove all impurities. Mixing was carried
out until a homogenous mix was obtained. The prepared mix was placed into
50x50x50 mm cubic moulds, which were placed under two different curing
conditions under a constant temperature of 30+1 °C and relative humidity of
95+1%: (i) sealed curing at atmospheric CO2 concentration and (ii) accelerated

curing at 10% CO2 concentration.

Compressive strength development was evaluated at 3, 7 and 28 days. To obtain

each data point, five samples were tested and their average was reported, for
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which the deviation was lower than 1.5 MPa. Fragments obtained from the 3-day
(i.e. representing “early” strength) and 28-day (i.e. representing “late” strength)
cubic specimens after strength testing were used for microstructural analysis.
Coarse aggregates were separated from the binder portion to avoid any quartz
contamination in the quantification of phases. Since carbonation is a diffusive
process, 50% of the fragments were collected from the core of the samples,
whereas the rest were obtained from the sample surfaces, thereby providing a
representative selection of the entire carbonation profile. The collected fragments
were submerged in isopropanol to stop hydration, followed by drying in a vacuum
chamber. Selected fragments were used in FESEM analysis, whereas the rest was
ground to pass a sieve size of 75 um to be used in XRD, TG/DTG and FTIR

analyses.

Magnesium silicate hydrate (M-S-H) gel was synthesized for comparison purposes
[8]. Sodium metasilicate pentahydrate and magnesium chloride were mixed in
deionized water at a Mg:Si molar ratio of 3:2. The solution was stirred for 45
minutes before being put aside for the gel to settle. Excess water was then
removed and the extracted gel was placed in a test tube to undergo washing with
deionized water for the removal of dissolved ions. The centrifuging and washing
processes were repeated 6 times, after which the obtained M-S-H gel was filtered

and vacuum dried.

Heat flow associated with the hydration reaction was measured by using an I-Cal
8000 High Precision Calorimeter at a temperature of 26 °C. The paste samples
corresponding to each mix design, as listed in Table 3, were prepared and placed
into individual chambers within 30 seconds to measure the heat of hydration.

XRD measurements were performed on powder samples using a Bruker D8
Advance instrument, consisting of a LynxEye super positioned detector with Cu-
Ka-radiation. The scanned range was set between 10° and 70° 26, at a step size

of 0.02° 26 and increments of 90 seconds/step. The X-ray tube generator was
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operated at 40 kV and 40 mA. The crystalline phases were identified using the
Powder Diffraction File-2. The external standard method was used for the
guantification of both crystalline and amorphous phases [26-28]. During this
process, corundum was used as the external standard. Rietveld quantitative phase
analysis was performed using TOPAS 5 software. Crystal structures of known
phases were taken from the Inorganic Crystal Structure Database (ICSD). Pseudo
Voigt was used to fit the crystalline and amorphous phases. Chebyshev polynomial
combined with a 1/28 term was used to fit the background intensity. The goodness
of the fit was judged by viewing the observed and calculated patterns and using
the difference curve [29]. The bound water content, determined by the mass loss
at 50-600 °C, was included in the calculation of hydrated phases and the mass

absorption coefficient of hydrated samples.

A Perkin Elmer TGA 4000 instrument with a heating rate of 10 °/min from 30 to 900
°C was used under nitrogen flow to determine the thermal decomposition patterns
in the prepared samples. The IR spectrum was measured via a Perkin Elmer
spectrometer using ATR mode. The scans were obtained by taking the average of
16 scans within a wavelength range of 650 to 4000 cm, with a step size of 1.9
cm?. The morphologies of the formed hydrate and carbonate phases were
observed via FESEM using a JEOL JSM-7600F microscope. The fragments
obtained from each sample were attached to a carbon tape, followed by coating
their surfaces with gold before analysis.

3. Results and Discussion

3.1 Characterization of raw materials

The typical XRD spectra of MgO, MS and hydromagnesite seeds are shown in Fig.

2, whereas the phase quantification values obtained by Rietveld refinement are

listed in Table 4. Different crystalline phases were observed in the MgO sample in
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Fig. 2(a), which were mainly identified as periclase (PDF-01-077-2364) and
magnesite (PDF-01-086-0175). MS revealed a broad amorphous hump over a 26
range of 15-35°, as shown in Fig. 2(b). This broad hump represented the glassy
portion of the sample. Pawley intensity profile was used to fit the total amorphous
portion of MS. The peak position of SiO2-rich glass was at ~22° 20 [30], whereas
there were not any SiO2-based crystalline phases present in the system. The main
SiO2 phase was in the form of reactive SiO2, whose content and total glassy portion
are listed in Table 4. The hydromagnesite seed consisted of mainly
hydromagnesite (PDF-01-070-0361) with almost no impurities present in the
system, as shown in Fig. 2(c). In addition to the raw materials used in the
preparation of samples, the XRD pattern of the synthesized M-S-H is shown in Fig.
2(d). The presence of M-S-H was observed via the amorphous portion over a 26
angle range between 20-30°, 33-40° and 58-62°, which was in line with the findings
of previous studies [13, 15, 31, 32]. Pawley intensity refinement performed on MS
and M-S-H revealed the peak positions listed in Table 5, which showed that some
of the unreacted silica was not fully converted to M-S-H during its synthesis. This
led to the appearance of two humps within the 15-30° 26 region. The first peak
was associated with the presence of the unreacted SiO2, whereas the second
hump was due to the formation of M-S-H. Similar observations were reported by
previous studies [9, 13, 31], where the locations of the three main humps allocated
to M-S-H were defined in the 208 range of 15-30°, 33-40° and 58-62° [9, 13, 31].

The typical SEM images of MgO, MS and hydromagnesite seed are shown in Fig.
3. MgO revealed a uniform distribution of particles with uneven shapes and
different sizes (Fig. 3(a)). Alternatively, MS was composed of spheres of different
sizes with well-defined boundaries (Fig. 3(b)). The morphology of hydromagnesite
seeds differed from the others as it contained dense agglomerations of disk-like

structures (Fig. 3(c)).
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3.2 Analysis of samples

3.2.1 Isothermal calorimetry

The heat flow curves of all paste samples are shown in Fig. 4(a). The dissolution
of particles occurred in the first few hours, followed by the precipitation of hydrate
phases. The acceleration period showed variations depending on the binder
component. The OPC mix hydrated earlier than all MgO-based mixes, which was
associated with the slower reaction of MgO as a binder. When compared to the
sole use of MgO, MgO-MS mixes led to higher peaks in the acceleration period.
The addition of hydromagnesite seed had a positive effect on the reaction
mechanism, which was revealed by the earlier appearance of the hydration peak
in both systems. The effect of seeding was more obvious in the MgO-MS system,
where a higher and earlier (i.e. 38 hours) hydration peak was observed when
compared to the unseeded mix (i.e. 50 hours). These findings were in line with the
results reported by earlier studies [21, 23], where the role of seeds in accelerating

the hydration reaction in different systems was reported.

The cumulative heat curves of MgO, MgO-MS and OPC mixes over a period of 72
hours are shown in Fig. 4(b). All mixes showed a gradual increase in their heat of
hydration over time, whereas the slope corresponding to the main peak was earlier
and higher for the OPC mix. Although the OPC mix had revealed a shorter
induction period accompanied with a higher main hydration peak during the first
24 hours, its cumulative heat after 48 hours was lower than MgO-MS mixes. As
observed earlier in the heat flow patterns, the heat released by MgO-MS mixes
was significantly higher than MgO mixes, which could be due to the formation of
M-S-H in addition to brucite in the former system. While the addition of seeds had
a clear effect on the extent of hydration in both systems, it was more influential in
the MgO-MS system. Accordingly, the use of seeds in these systems not only led
to an earlier increase in the cumulative heat, but also increased the rate of heat

release, thereby resulting in a higher heat of hydration from 24 hours onwards.
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3.2.2 Compressive strength

The effect of seeding on the strength development of MgO and MgO-MS systems
in comparison with the OPC mix under sealed conditions is shown in Fig. 5(a). A
steady increase in strength was observed in all mixes with age, during which the
OPC mix reached a 28-day strength of 36 MPa. MgO-based mixes, with and
without the inclusion of seeds, revealed lower strengths than the other mixes,
which was associated with the limited formation of brucite under sealed conditions.
While the early (i.e. 3-day) strength of the MgO-MS mix was similar to that of the
OPC mix at 16 MPa, this system achieved a higher strength than the OPC mix
from 7 days onwards. Accordingly, MgO-MS mixes reached 28-day strengths of
55 and 44 MPa with and without the inclusion of seeds, respectively. The positive
effect of seeds in the strength development of MgO-MS mixes was obvious from
3 days onwards, which led to ~25% increase in the overall 28-day strength in
comparison to unseeded MgO-MS samples. Alternatively, seeding did not have
any obvious influence on the strength of MgO-based mixes cured under the same
conditions, whose strength development was hindered by the limited dissolution of

MgO and the associated formation of brucite.

A different scenario was observed when carbonation curing was introduced in the
prepared mixes with and without the inclusion of seeds. A comparison of all Mg-
based samples with OPC mixes is shown in Fig. 5(b). A steady increase in strength
was observed in all mixes with age, although carbonation slowed down after the
first 7 days of curing, which was in line with the observations of earlier studies [7].
The use of carbonation curing had the highest influence on MgO and MgO-HM
mixes, which experienced a 197-163% increase in their 28-day strengths via the
use of 10% CO:2 during the curing process. Alternatively, carbonation was less
influential in the strength development of MgO-MS and OPC mixes, whose

performance was mainly dependent on the formation of hydrate phases such as
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M-S-H and C-S-H, respectively. Within these samples, a very little difference in
early and 28-day strength was observed under both curing conditions. On the other
hand, carbonated MgO samples (MgO-C) achieved a very rapid increase in
strength at early ages (i.e. 3 days), which was further enhanced with the inclusion
of seeds in samples MgO-HM-C. Accordingly, this translated into 288% increase
in the 3-day strength of MgO-C when compared to uncarbonated MgO samples
(31 vs. 8 MPa); and 320% increase in the corresponding strength of MgO-HM-C
when compared to uncarbonated MgO-HM samples (42 vs. 10 MPa). A similar
trend was observed in the longer period at 28 days of curing, during which these
samples revealed strengths of up to 56-60 MPa, in comparison to 19-22 MPa
observed in the corresponding samples cured under uncarbonated/sealed

conditions.

Overall, these results highlighted the important role of carbonation curing in the
strength development of MgO-based mixes; whereas the influence of seeds had a
larger role in MgO-MS mixes. The reason for the increase in strength in the former
case could be associated with the formation of hydrated magnesium carbonate
(HMC) phases, which were identified as the main source of strength in carbonated
MgO systems [3, 4, 6]. Alternatively, MgO-MS mixes achieved strength via the
formation of M-S-H, whose formation could be enhanced with the provision of
additional nucleation sites under the presence of seeds provided within the MgO-
MS-HM sample. When compared to OPC samples cured under sealed and
carbonated conditions, samples MgO-MS-HM (i.e. cured under sealed or
carbonated conditions), MgO-C and MgO-HM-C achieved higher strengths. This
could be an indication for the potential use of Mg-based binders in certain
applications, where similar or higher strengths than OPC-based formulations can

be provided.

3.2.3 X-ray diffraction
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The XRD spectra of MgO powder as well as MgO-based samples with and without
the addition of seeds cured under sealed and carbonated conditions for 3 and 28
days are shown in Fig. 6(a). The MgO power primarily consisted of periclase and
magnesite as its major phases, along with illite (PDF-00-002-0050) as a minor
phase. Samples cured under sealed conditions revealed the presence of brucite
(PDF-01-076-0667), periclase (PDF-01-077-2364) and magnesite (PDF-01-086-
0175). Samples subjected to carbonation contained HMC phases such as
hydromagnesite (PDF-01-070-0361), along with nesquehonite (PDF-00-001-
0130), artinite (PDF-01-072-1320) and dypingite (PDF-00-029-0857). These
observations were in agreement with the phases reported in previous studies [4,
5, 7, 26], where brucite was reported as the main hydrate phase under sealed

conditions, along with the formation of HMCs under carbonation conditions.

The representative refined spectra of a selected MgO-HM sample subjected to
carbonation curing for 3 days are shown in Fig. 6(b) to serve as an example of how
phase quantification was performed on each sample. The obtained phase
guantities within each sample are listed in Table 6. A reduction in the periclase
content over time was an indication of the continuation of hydration/carbonation
within the prepared samples. This was accompanied with an increase in the brucite
content with curing duration, under both curing conditions. The use of carbonation
curing led to a lower periclase content in MgO samples, which could be partially
ascribed to the formation of carbonate phases over time. The relatively fixed
magnesite content in all samples was an indication of its presence as
undecomposed parent material within the original MgO powder, as indicated
earlier in Table 4. The addition of seed did not have a major influence on the
utilization of MgO, as the periclase contents in seeded and unseeded samples
were comparable; whereas it led to a very slight increase in the formation of brucite
and carbonate phases. The negligible effect of seeds in the measured contents of
reaction products could be partially due to issues associated with sample
preparation. Accordingly, a blend of powders taken from the inner core (i.e. least

carbonated) and the outside exterior (i.e. most carbonated) sections were used for



400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430

the preparation of samples that were representative of the entire sample cross-
section for XRD analysis. This approach could have led to an underestimation of
the carbonate phases, which could be more pronounced depending on the

proportion of powders taken from the inner core.

The XRD spectra of MgO-MS samples cured under sealed and carbonated
conditions for 3 and 28 days, as well as those of MS and synthesized M-S-H are
shown in Fig. 7(a). In all samples, broad amorphous humps were observed in the
20 range between 15-30°, 33-40° and 58-62°, which were associated with the
presence of M-S-H [9, 13]; along with various crystalline phases. Crystalline
phases mainly consisted of periclase, magnesite, dypingite, nesquehonite and
brucite. The formation of M-S-H took place via the hydration of MgO in the
presence of SiO2 supplied by MS. Accordingly, the amorphous hump observed in
the XRD spectra of the analyzed samples was a combination of the glassy portion
of MS and M-S-H. These observations were in line with the findings reported in
previous studies [15, 17]. A portion of the 26 angle ranging from 15° to 30° was
attributed to the unreacted glassy phases within MS, which overlapped with the
formation of M-S-H [9, 13, 15, 32-36].

The representative refined spectra of a selected MgO-MS-HM sample subjected
to sealed conditions for 3 days are shown in Fig. 7(b). Phase quantification was
performed on all mixes, during which the amorphous phases (i.e. fitted using
Pawley intensity profile) were calculated along with the crystalline ones. A peak fit
algorithm, which used unconstrained non-linear optimization, was employed to
decompose the broad x-ray diffraction pattern in the 15-30° 20 range. The
regression coefficient (r?) varied between 0.999 and 0.998 using PV fit. The
intensity contribution of each component to the total intensity pattern of the
amorphous phase was obtained by the decomposition of the total intensity
signature as a sum of fundamental underlying PV peak shapes. Two PV peaks
were fitted to the intensity profile in this region using the peak fit algorithm. The

use of additional peaks did not result in any improvements to the overall fit. A
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similar approach in the quantification of amorphous phases was reported in earlier
studies [37, 38]. The deconvolution of the amorphous portion in the 15-30° 26
range is shown in Fig. 7(c). Results obtained from the decomposition of the total
amorphous phase into component PV peaks clearly indicated the presence of two
distinct peaks. The peak at the lower 20 angle was associated with the glassy
portion of MS and the second peak at the higher 26 angle was produced by M-S-
H. Accordingly, one peak was obtained between 21 and 22° 26 and the second
peak was centered between 25 and 26° 26. These peak positions were in perfect
alignment with the actual profiles listed earlier in the Table 5. The glassy content
in the system was determined using the area under the unreacted glass with
respect to the total area of the spectrum. The total M-S-H content was determined
via a calculation of the total area under the M-S-H profile with respect to the total
area of the spectrum. The total M-S-H area was calculated as the sum of areas
under each M-S-H hump (as seen in Fig. 7(b)) and M-S-H profile (as seen in Fig.

7(c)).

The obtained phase quantities within each MgO-MS sample are listed in Table 7.
When compared to MgO samples (Table 6), lower periclase contents were
observed in MgO-MS samples, which was associated with the increased
hydration/carbonation reactions, as well as the lower initial MgO content of the
latter. A steady decline in the periclase content with age in all the mixes was a
representation of the progress of hydration (i.e. under sealed conditions) and
carbonation (i.e. under carbonated conditions). This was accompanied with an
increase in the brucite content from 3 to 28 days in all the mixes, albeit at much
lower amounts than those observed earlier in MgO samples. Minor formations of
HMC phases such as hydromagnesite, dypingite and nesquehonite was observed
in carbonated samples, which may have contributed to the strength development
of MgO-MS samples over time. The decline in the unreacted glassy content was
accompanied with an increase in the amount of M-S-H with age under both curing
conditions, which was an indication of the progress of hydration. Unlike the MgO

samples, the addition of seeds had an influence in the formation of M-S-H within
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MgO-MS samples. This was particularly observed at 28 days, during which a clear
reduction in the amount of unreacted glass content and an increase in M-S-H
content was revealed with the introduction of seeds. This contribution of seeds to
the reaction mechanisms within MgO-MS samples was also observed earlier in the
isothermal calorimetry and strength results, where it was shown that the presence
of seeds improved the reaction mechanism, which led to increased strength gain.
These findings were a clear indication of the role of M-S-H in providing strength,
as well as the positive influence of seeds in increasing the surface area for the
enhanced formation of M-S-H in MgO-MS systems. Nevertheless, a considerable
amount of unreacted glass and periclase was present in these samples even after
28 days, indicating that the continued progress of hydration enabled via the
availability of these phases could result in an even better performance in the longer

term.

3.2.4 Thermogravimetric analysis

The representative TG/DTG curves of MgO and MgO-MS samples cured under
carbonated conditions for 28 days are shown in Fig. 8. Four major predominant
endothermic peaks were observed on the DTG curves over the temperature
ranges of 50-340, 340-480, 480-600 and 600-700 °C. Each of these endothermic
peaks represented the decomposition of the hydrate and carbonate phases within
these systems. The mass loss corresponding to the 50-340 °C range was
associated with the dehydration of M-S-H in MgO-MS samples [39-42]. The loss
between 340-480 °C was attributed to the dehydration of brucite and HMCs [41-
44]. This was followed by the changes in the 480-600 °C region, which were due
to the dehydroxylation of HMCs such as hydromagnesite and dypingite [42, 44].
Finally, the mass loss in the temperature range of 600-700 °C was mainly because
of the decarbonation of magnesite and HMCs that formed during carbonation
curing [45, 46].
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The mass loss values corresponding to each of these different temperature ranges
in all samples subjected to sealed and carbonated curing for 3 and 28 days are
listed in Table 8. An increase in the mass loss was observed over time in all
samples, which was associated with the continuation of the hydration and
carbonation reactions from 3 to 28 days. In the temperature range of 50-340 °C, a
higher mass loss was revealed by the MgO-MS samples when compared with the
MgO samples. This increased mass loss was attributed to the formation of M-S-H
in the MgO-MS system. Carbonated samples generally showed slightly higher
mass loss values than those cured under sealed conditions, which was due to the
formation of HMCs. In line with the trends observed in their strength development,
MgO samples did not reveal a significant increase in mass loss over time except
for the 340-480 °C range, which was an indication of the increased formation of
brucite, explaining the Ilimited strength development of these samples.
Alternatively, MgO-MS samples indicated a steady increase in mass loss over
time, especially within the 50-340 °C range, which was associated with the
decomposition of M-S-H. The introduction of carbonation curing led to an increase
in the lass loss values observed within the 600-700 °C range, referring to the
decarbonation of strength providing carbonate phases.

A comparison of the brucite contents obtained from TGA and XRD-based Rietveld
analysis is displayed in Table 9. In the case of TGA, the mass loss occurring within
the 340-480 °C range was associated with the dehydration of brucite (i.e.
considering the minor loss associated with the dehydration of the limited formation
of HMCs). While variations in the values obtained by each approach was observed
due to the different calculation methods, the trends revealed were the same in
each method. The values corresponding to the brucite content within MgO samples
were comparable with little difference across the two methods. Alternatively, those
within MgO-MS samples showed variations, in which the values obtained by TGA
were higher than those obtained via Rietveld analysis. The higher values revealed
by TGA could be attributed to the decomposition of HMCs as well as the patrtial

contribution of M-S-H dehydration in this temperature range, reflecting the
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suitability and drawbacks of each method in the quantification of hydrate phases
within MgO systems.

3.2.5 FTIR analysis

The FTIR spectra of MgO powder and MgO samples cured under sealed and
carbonated conditions for 28 days are shown in Fig. 9(a). A wide range of bands
were observed in the MgO power, which were also apparent in the prepared
samples, along with additional bands. The band at ~3700 cm! was associated with
the anti-symmetrical stretching of O-H bonds, referring to the formation of brucite
[47-49]. Similarly, the presence of brucite was also linked with the small band at
~3650 cm?, which was attributed to the free O-H vibration [47-50]. Furthermore,
the band at ~1650 cm™ was due to the bending vibration of O-H [51, 52]. A few
small bands were observed in the region from 1380 to 1450 cm-*, which could be
ascribed to the formation of different carbonate phases. The peak profile and band
width between this region could show variations, depending on the type of
carbonates [47-50]. The band at ~1120 cm* was due to the symmetrical stretching
of the CO3s? ion [47, 53, 54], whereas the band at ~1015 cm occurred due to the
symmetrical stretching of CO3? in the form of magnesium carbonate [47]. The band
near 880 cm was associated with COs? bending vibrations. These bands referred
to the presence of partially crystalline phases, which were present in small

guantities in the studied systems.

The FTIR spectra of MS powder, synthesized M-S-H and MgO-MS samples cured
under sealed and carbonated conditions for 28 days are shown in Fig. 9(b).
Different band widths were observed in the synthesized M-S-H and MS. For
instance, a wide band at 800-1200 cm™ was observed in M-S-H, whereas the
corresponding band was at 900-1300 cm™ in the case of MS. Another band at
~800 cm™ in MS was revealed due to the Si-O-Si internal vibrations. The small

band near 3695 cm was related to the anti-symmetrical stretching of O-H bonds,
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which was an indication of the formation of brucite. The band at ~1625 cm™ was
attributed to the H-O-H bending vibration in the form of H20 [31]. The band (i.e.
shoulder) at 3690 cm™ was assigned to Mg-OH stretching vibrations in M-S-H [55,
56]. Bands located at ~2975, 1420 and 815 cm represented the presence of
carbonates, via the occurrence of CO3? bending vibrations [31].

Further detailed investigations were conducted in the wavelength range of 800-
1300 cm? to identify the different bands in MS, synthesized M-S-H and MgO-MS
samples. A non-liner fit algorithm was used to locate the different bands in this
region. The deconvoluted portions of MS and synthesized M-S-H involved the
fitting of three bands, as seen in Fig. 10(a) and (b), respectively. Additional fitting
of phases did not result in any improvement to the overall fit. The locations of the
observed bands are listed in Table 10. The bands observed in MS were attributed
to Si-O-Si internal vibrations [31]. In the case of synthesized M-S-H, the bands
were due to Si-O-Si bending vibrations [31, 57]. The deconvolution of a
representative MgO-MS sample cured under sealed conditions for 28 days, shown
in Fig. 10(c), revealed the presence of five different bands within the broad band.
These bands, attributed to Si-O-Si internal and bending vibrations, were within the
wavelength ranges observed in MS and synthesized M-S-H, as listed in Table 10.
Therefore, it could be concluded that the broad portion observed in MgO-MS
samples is a combination of M-S-H and unreacted SiO2 glass. While the position
of the band could slightly vary depending on the Si coordination level, Mg/Si atomic

ratio and curing conditions, similar bands were observed in all MgO-MS samples.

3.2.6 SEM analysis

SEM analysis was carried out on selected MgO and MgO-MS samples to assess
the differences in their microstructures. Evaluation of their performance and
microstructural development revealed the positive influence of seeding in the MgO-

MS system, whereas the use of seeds was not very effective in the MgO system.
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Alternatively, the introduction of carbonation curing led to strength gain via the
formation of HMCs within MgO samples, which was not as critical in MgO-MS
samples as their strength development was mainly dependent on the formation of
M-S-H.

In line with these findings, the SEM images of MgO samples cured under sealed
and carbonated conditions for 28 days are shown in Fig. 11. A clear difference in
sample microstructure was observed, depending on the curing condition utilized.
Accordingly, samples cured under sealed conditions mainly consisted of
unhydrated MgO particles along with some hydrated particles. These partially
reacted particles formed a sponge-like structure that resembled brucite, around
the unreacted particles. These observations were in agreement with the results
obtained via XRD analysis, where the dominating presence of brucite in MgO
systems cured under sealed conditions was reported. The introduction of
carbonation curing to these samples led to a much denser microstructure
composed of a mixture of different phases, as seen in Fig. 11(b). Along with
unhydrated MgO particles and uncarbonated brucite, major HMC phases such as
the needle-like nesquehonite and rosette-like hydromagnesite/dypingite

formations were observed [7, 17], which were in line with the XRD results.

Another parameter assessed was the effect of seeding in the microstructure of
MgO-MS systems. This was evaluated via a comparison of the SEM images of
MgO-MS and MgO-MS-HM samples, as shown in Fig. 12. While a dense
microstructure was observed in both scenarios, the presence of unreacted MgO
and MS could still be identified even after 28 days of curing, as also highlighted
earlier by the quantification of phases via XRD analysis. Along with these particles,
the wide presence of brucite was detected in unseeded samples, whereas the
continuous network associated with the gel-like structure of M-S-H could easily be
seen in seeded samples shown in Fig.12(b). The enhanced formation of M-S-H via
the increased space provided by the presence of seeds led to a denser structure

by filling in the available pores in MgO-MS samples. This improvement in
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microstructure was in line with the higher strengths of these samples, which could
explain the active role of seeds in enhancing the hydration and thereby the

performance of MgO-MS systems.

4. Conclusions

The study investigated the performance and microstructural development of MgO
and MgO-MS systems with and without the inclusion of nucleation seeds, under
two different curing conditions. The use of carbonation curing led to the formation
of carbonate phases, along with the major hydrate phases observed under sealed
conditions. MgO systems mainly relied on the conversion of brucite into HMCs
such as hydromagnesite and nesquehonite for strength development, while the
formation of M-S-H was the main source of strength in MgO-MS systems. The
effect of seeding was much more significant in MgO-MS samples, in which the
presence of seeds increased the rate and degree of hydration by providing extra
space for the enhanced formation of M-S-H. This not only led to an increase in the
mechanical performance of the samples, but also enabled the formation of denser
microstructures. The results indicated a direct link between strength development
and M-S-H content in these samples, whereas the unreacted silica and periclase
contents were revealed to be inversely proportional to performance. Overall, this
study has highlighted the need to identify the right curing conditions within MgO
systems, depending on the binder composition. In order to improve the use of MgO
as a binder, further research should focus on the optimization of the parameters
that will enable the complete utilization of MgO, thereby increasing the efficiency
of the binder component and enhancing performance.
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Table 1 Chemical compositions and physical properties of MgO and MS (i.e. % by

mass).
Compounds MgO MS
Composition (%)

SiO2 0.49 86.28
Al203 0 1.95
CaO 1.11 2.94

Fe203 0.37 0
MgO 91.24 2.09
SOs3 1.17 2.34
P20s 0.98 0.89
Na20 4.13 1.67
K20 0.39 1.68
Specific surface area (m?/g) 36.7 16.9

LOI (%) 6.3 2.2




Table 2 Different size fractions of MgO, MS and hydromagnesite seeds.

_ Size (um)
Material
dio dso doo
MgO 1.05 13.65 50.48
MS 17.28 87.61 273.12

Hydromagnesite seed 6.53 17.89 66.28




Table 3 The binder compositions (i.e. % by mass) used in the preparation of samples.

Mix MgO (%) MS (%) Seed (%)
MgO 100 0 0
MgO-HM 99 0 1
MgO-MS 50 50 0
MgO-MS-HM 49.5 49.5 1
OPC 100 0 0




Table 4 Quantification of phases within MgO, MS and hydromagnesite seed.

_ ) _ _ Glassy
) Periclase Magnesite Hydromagnesite Reactive _
Material ) portion
(%) (%) (%) SiO2 (%)
(%)
MgO 96.5 3.5 - - -
MS - - - 84.3 99.9
Hydromagnesite
Y J - - 100 - -

seed




Table 5 Peak positions of the glassy portions of MS and synthesized M-S-H.

Material Peak position-1 (°) Peak position-Il (°) Peak position-I11 (°)

MS 21.72 +0.23 - -
M-S-H 25.20+0.18 35.77 +£0.20 60.13 +0.17




Table 6 Quantification of phases (%) within MgO samples cured under sealed and

carbonated conditions for 3 and 28 days. The standard deviation results were shown

in () next to each value.

Sealed Carbonated

Composition (%) MgO MgO-HM MgO MgO-HM
3 days 28 days 3 days 28 days 3 days 28 days 3 days 28 days
Periclase 40.8(1.1) 14.3(1.9) 39.1(1.7) 13.4(2.1) 30.6(1.9) 11.3(2.7) 29.3(2.4) 10.0(1.7)
Magnesite 1.7(0.3) 1.8(0.4) 1.7(0.2) 1.7(0.4) 1.9(0.8) 2.2(0.7) 1.9(0.3) 2.3(0.7)
Brucite 56.7(1.8) 83.5(1.7) 58.0(2.1) 83.4(1.6) 65.7(2.0) 84.1(1.7) 67.1(1.8) 85.2(1.9)
Artinite 0.0 0.0 0.0 0.0 0.7(0.2) 0.8(0.3) 0.9(0.4) 0.9(0.2)
Dypingite 0.0 0.0 0.0 0.0 0.4(0.2) 1.1(0.5) 0.4(0.1) 1.1(0.3)
Hydromagnesite 0.0 0.0 0.6(0.2) 1.0(0.4) 0.5(0.2) 0.3(0.2) 0.5(0.2) 0.4(0.1)
Nesquehonite 0.0 0.0 0.0 0.0 0.1(0.1) 0.2(0.1) 0.2(0.1) 0.3(0.1)




Table 7 Quantification of phases (%) within MgO-MS samples cured under sealed and
carbonated conditions for 3 and 28 days. The standard deviation results were shown

in () next to each value.

Composition Sealed Carbonated

(%) MgO-MS MgO-MS-HM MgO-MS MgO-MS-HM

3 days 28 days 3 days 28 days 3 days 28 days 3 days 28 days

Periclase 16.7(1.4) 7.8(1.2) 16.2(0.9) 6.8(0.8) 16.0(1.4) 59(0.4) 159(1.8) 6.4(1.2)
Magnesite 0.8(0.2) 1.6(0.9) 15(05) 1.7(0.4) 0.7(0.4) 1.5(0.7) 1.1(0.6) 1.3(0.7)

Brucite 0.9(0.1) 2.9(0.7) 1.3(0.4) 1.50.7) 0.8(0.2) 2.7(0.8) 1.7(0.4) 2.5(1.1)

Hydromagnesite 0.0 0.0 0.2(0.1)  0.4(0.1) 0.7(0.2) 0.9(0.3) 1.4(0.7) 1.8(0.5)

Dypingite 0.0 0.0 0.0 0.0 0.0 0.2(0.1)  0.5(0.1) 0.8(0.2)
Nesguehonite 0.0 0.0 0.0 0.0 0.0 1.0(0.7) 0.0 0.0

Unreacted silica 37.0(1.8) 24.5(2.3) 36.0(1.9) 19.5(2.2) 36.8(1.7) 21.8(25) 32.3(1.9) 14.1(2.1)
M-S-H 445(1.8) 63.02.3) 44.8(1.9) 70.0(2.2) 45.0(1.7) 66.7(2.5) 46.8(1.9) 73.9(2.1)




Table 8 Mass loss values observed in all samples by using TGA.

Mass loss (%)

Curing Vi 50-340 °C 340-480 °C 480-600 °C 600-700 °C
iX

condition 3 28 3 28 3 28 3 28
days days days days days days days days

MgO 1.7 2.0 17.1 25.3 1.0 1.2 1.0 11

MgO-HM 2.3 2.5 181 25.6 1.3 1.4 14 1.6

Sealed

MgO-MS 9.8 11.8 3.5 4.2 2.1 2.7 0.5 0.8

MgO-MS-HM 9.5 11.2 3.6 4.3 2.5 2.6 0.6 0.9

MgO 1.6 2.4 216  26.9 2.3 2.8 1.4 15

MgO-HM 2.5 2.7 219 271 2.0 2.1 15 2.0

Carbonated

MgO-MS 10.9 12.5 3.3 4.2 2.0 2.5 1.4 1.7
MgO-MS-HM  10.7 12.4 3.4 4.3 2.0 2.5 1.3 1.9




Table 9 Comparison of brucite contents obtained via TGA and XRD-Rietveld

refinement.
Brucite content (%)
Curing . : :
N Mix TGA Rietveld analysis
condition
3 days 28 days 3 days 28 days
MgO 55.4 82.0 56.7 83.5
MgO-HM 58.7 82.9 58 83.4
Sealed
MgO-MS 11.3 13.6 0.9 2.9
MgO-MS-HM 11.7 13.9 1.3 15
MgO 69.9 87.1 65.7 84.1
MgO-HM 70.9 87.6 67.1 85.2
Carbonated
MgO-MS 10.7 13.6 0.8 2.7

MgO-MS-HM 11.0 13.9 1.7 2.5




Table 10 Band locations of MS, synthesized M-S-H and hydrated MgO-MS sample.

Sample

Wavelength (cm)

MS
Synthesized M-S-H
MgO-MS sample

1040420, 1105+20, 1180+10
890410, 980+15, 1015+15
900+10, 990+10, 1060+15, 1120+10, 1160+15
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Fig. 1. Particle size distributions of MgO, MS and hydromagnesite seed.
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Fig. 2. XRD patterns* of (a) MgO, (b) MS, (c) hydromagnesite seed and (d)
synthesized M-S-H.
* The refined phases are also shown in each figure.



Fig. 3. SEM images of (a) MgO, (b) MS and (c) hydromagnesite seed.
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under (a) sealed and (b) carbonation curing.
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Fig. 8. Typical TG/DTG curves of (a) MgO and (b) MgO-MS samples cured under
carbonated conditions for 28 days.
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Fig. 9. FTIR spectra of (a) MgO and (b) MgO-MS samples with and without the

addition of seeds, cured under sealed and carbonated conditions for 28 days.
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Fig. 10. Deconvoluted band positions of (a) MS, (b) synthesized M-S-H and (c)

MgO-MS sample cured under sealed conditions for 28 days.
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Fig. 11. SEM images of MgO samples cured under (a) sealed and (b) carbonated

conditions for 28 days.



Fig. 12. SEM images of (a) MgO-MS and (b) MgO-MS-HM samples cured under

sealed conditions for 28 days.
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