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� Mg(OH)2 surface-layers limit the further hydration of reactive MgO cement (RMC).
� Use of magnesium acetate (MA), hydromagnesite (H) and magnesite (M) improved RMC hydration.
� MA and M enhanced the morphology of hydration products.
� Simultaneous use of MA and M improved the compressive strength by 240%.
� Low-crystallinity Mg(OH)2 with a bird nest-like structure was observed in RMC-H samples.
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a b s t r a c t

Hydration of reactive magnesia cement (RMC) is limited by the formation of a Mg(OH)2 surface-layer on
unreacted MgO particles. This study improved RMC hydration by using magnesium acetate (MA), along
with hydromagnesite (H) and magnesite (M) as RMC replacements. While MA accelerated hydration and
resulted in the formation of needle-like artinite, inclusion of M led to rosette-like crystals. The accumu-
lated nucleation and growth of low-crystallinity Mg(OH)2 on H particles in a bird nest-like arrangement
was observed for the first time in literature. This low-crystallinity Mg(OH)2 could be prone to carbona-
tion. The replacement of up to 40% RMCwith M in the presence of MA improved the compressive strength
of RMC samples by 240%. This performance enhancement was supported by microstructure densification
via the compact formation of hydrate and carbonate phases, defining M as a feasible partial RMC
substitute.
� 2021 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

When compared to Portland cement (PC), reactive MgO cement
(RMC) presents lower calcination temperatures and ability to be
fully recycled [1–4]. While a ton of RMC results in the emission
of 1100 kg of CO2 (in comparison to 866 kg of CO2 per ton of PC)
[5], its ability to absorb CO2 permanently could reduce RMC’s net
emissions and enable it to be considered as a sustainable binder
[6–8]. The sequestration of CO2 within hydrated RMC formulations
leads to hydrated magnesium carbonates (HMCs) that provide a
dense microstructure and establish a binding network, leading to
strength development [9–11]. Some of the common HMCs in
RMC formulations are nesquehonite (MgCO3�3H2O), artinite
(Mg2CO3(OH)2�3H2O) and hydromagnesite (Mg5(CO3)4�(OH)2�
4H2O) [12,13]. The hydration of RMC, influenced by factors such
as the crystal size and surface area of RMC that determine its
reactivity, is a critical process in the formation of HMCs. Accord-
ingly, the use of lower temperatures (~750–900 �C) for the calcina-
tion of magnesite (MgCO3) leads to the production of RMC with a
small crystal size and high surface area, thereby enabling the final
product to maintain a high reactivity [2,14].

The reaction between water and anhydrous MgO in RMC forms
a Mg(OH)2 surface-layer on the unreacted MgO particles, in addi-
tion to the nucleation of Mg(OH)2 (brucite) in the pore space.
Because of its linkage with the underlying unhydrated MgO, the
structure of Mg(OH)2 forming the surface-layer is different from
the precipitated brucite [15]. Accordingly, the Mg(OH)2 surface-
layer has a higher solubility than the precipitated brucite. When
excess water is available, the Mg(OH)2 surface-layer can dissolve
in the free water and precipitate to form brucite away from the
underlying MgO, allowing the further hydration of unhydrated
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MgO. However, the hydration degree of RMC is very low (i.e. ~20–
40% at ambient temperatures) [2,16,17] and is limited by the solu-
bility of the Mg(OH)2 surface-layer, which inhibits the continuous
hydration of unreacted MgO particles [15,18].

Previous studies reported improvements in the hydration of
RMC by using hydration agents and/or high-temperature curing
conditions [16,17,19–21]. The most commonly used hydration
agents to enhance the hydration of RMCwere HCl, MgCl2 and (CH3-
COO)2Mg [19,20]. The use of HCl decreased the alkalinity of the
solution, which improved the solubility of MgO and Mg(OH)2
surface-layer, thereby enabling the precipitation of brucite away
from the original particles. This improved mechanism provided a
higher contact surface area between water and unhydrated MgO
grains for the further dissolution of MgO and thus enhanced the
hydration degree of RMC. Alternatively, in the presence of (CH3-
COO)2Mg or MgCl2, the CH3COOMg+ or Cl- ions enabled the dis-
solved Mg2+ on the surface layer to migrate away from their
original particles and precipitate in the bulk solution to form bru-
cite with a porous structure, as presented in Equations 1–4 [19,22].
This improved mechanism increased the hydration degree of RMC
by ~ 54% after 3 days of hydration [17]. On the other hand, the
inclusion of (CH3COO)2Mg, coupled with the use of high-
temperature curing at 60 �C, increased the hydration degree of
RMC by ~52% just after 1 day [16].

Dissociation of (CH3COO)2Mg:

CH3COOð Þ2MgðaqÞ $ 2CH3COO
�
ðaqÞ þ Mg2þ

ðaqÞ ð1Þ
Dissolution of MgO:

MgOðsÞ þ CH3COO
�
ðaqÞ þ H2OðlÞ $ CH3COOMgþ

ðaqÞ þ 2OH�
ðaqÞ ð2Þ

Dissociation of acetate and magnesium ions:

CH3COOMgþ
ðaqÞ ! CH3COO

�
ðaqÞ þ Mg2þ

ðaqÞ ð3Þ
Precipitation of Mg(OH)2 due to supersaturation:

Mg2þ
ðaqÞ þ 2OH�

ðaqÞ ! Mg OHð Þ2ðsÞ ð4Þ
In addition to the use of hydration agents, another attempt to

facilitate the conversion of MgO to Mg(OH)2(aq,s) involved the
inclusion of the nucleation sites within the mixture. Previous stud-
ies introduced 0.5–1% (i.e. wt% of binder) hydromagnesite (H) as
nucleation seeds within the pore space, which enabled the precip-
itation of the Mg(OH)2 surface-layer on the seed surfaces as well as
the surfaces of MgO particles [23]. This alternative mechanism
resulted in a higher content of hydrate phases dispersed through-
out the bulk solution instead of precipitating on the original MgO
particles. The improvement in the hydration of RMC translated into
higher CO2 absorption within RMC-based formulations [23–25].

Another approach focused on blending RMC with H to improve
the hydration degree of RMC and reduce the amount of RMC used
[26]. The inclusion of 10–30% H within RMC paste samples signif-
icantly accelerated the hydration of RMC at early stages and
resulted in a noticeable strength gain (i.e. >24 MPa after 28 days)
[15]. This significant increase in strength was attributed to the
higher content of hydrate phases with improved morphologies
within RMC-H blends. However, the use of commercial H with a
high specific surface area led to a high water demand within these
RMC-H blends, which significantly lowered their compressive
strength (i.e. 28-day compressive strength of ~5 MPa at a water/
binder ratio of 1.2) [27].

On the other hand, magnesite (M) has several benefits when
compared to many other Mg-carbonate minerals as it does not only
have abundant natural resources, but can also be produced via the
carbonation of magnesium-based minerals such as serpentine
(Mg3Si2O5(OH)4) and forsterite (Mg2SiO4) [28–33], making it a
much more cost-effective and viable additive than H. Moreover,
2

the production of M via the carbonation of magnesium silicates
can significantly reduce the amount of anthropogenic CO2 [34].
Despite of its many advantages, the combination of M with RMC
to improve the hydration degree and reduce the amount of RMC
needed for strength development has not been widely reported
in the literature.

The introduction of H in RMC mixes was reported to influence
the crystallinity and morphology of brucite, resulting in an
improvement in the compressive strength of RMC-H blends [15].
However, a further understanding of the change in the properties
of brucite and the role of H within these blends is needed. Further-
more, the enhancement of hydration in the presence of a hydration
agent and associated improvements in the hydration, and
microstructural and mechanical development of RMC-H (i.e. RMC
with hydromagnesite) and RMC-M (i.e. RMC with magnesite)
blends have not been studied until now. These could be further
supported via a detailed study presenting the changes in the pH
of the pore solution, phase formations and microstructure of
RMC blends, which is yet to be reported.

In line with this gap in the literature, this study aims to improve
the hydration of RMC and reduce the CO2 emissions associated
with its incorporation in cementitious blends through the com-
bined use of a hydration agent with different Mg-carbonates. To
achieve this, magnesium acetate tetrahydrate (MA, (CH3COO)2-
Mg�4H2O) was used as a hydration agent; whereas H and M were
introduced as carbonate sources. A comprehensive investigation
on the effects of these additives on the hydration, strength gain
and associated microstructural properties of RMC blends was per-
formed. The hydration kinetics of RMC in the presence of H/M (i.e.
with and without MA) were assessed via pH and isothermal
calorimetry measurements. The performance of RMC-H and
RMC-M pastes with and without MA was evaluated via the mea-
surement of their compressive strengths at different durations.
The reaction products of RMC-H and RMC-M blends with and with-
out MA were investigated by x-ray diffraction (XRD), thermo-
gravimetry (TG) - differential thermogravimetry (DTG) and
Fourier Transform infrared (FT-IR) spectroscopy analyses. The
influence of each additive on the formation of various hydrate
and carbonate phases was analysed using scanning electron micro-
scopy (SEM), backscattered electron (BSE), and energy dispersive
x-ray (EDX).
2. Materials and Methodology

2.1. Materials

All the raw materials used in the prepared mix designs were
chosen from commercial sources to demonstrate their availability
and the feasibility of using the developed formulations in practical
applications. Accordingly, commercially available RMC (Richard
Baker Harrison - UK), with the chemical composition and physical
properties given in Table 1, was used as the main binder. Commer-
cial H and M (Fisher Scientific - UK), used as partial replacements
of RMC in the prepared blends, had specific surface areas of 43.5
and 2.3 m2/g, respectively. The particle size distribution and the
morphology of RMC, H and M are shown in Figs. 1 and 2, respec-
tively. MA, with a purity of �99% (VWR - Singapore), was
employed as a hydration agent to improve the hydration degree
of RMC. The XRD patterns of RMC, H and M are presented in Fig. 3.
2.2. Sample preparation and methodology

Paste samples were prepared to study the influence of H and M
on the hydration mechanism of RMC with and without MA. The
details of the compositions of these paste samples are provided



Table 1
Chemical composition and physical properties of RMC.

Chemical composition (%) Physical properties

MgO SiO2 CaO R2O3 K2O Na2O LOI Specific gravity (g/cm3) Specific surface area (m2/g)
RMC >91.5 2.0 1.6 1.0 – – 4.0 3.0 16.3

Fig. 1. Particle size distribution of RMC, H and M.

N.T. Dung and C. Unluer Construction and Building Materials 294 (2021) 123573
in Table 2. The first set was composed of five samples that did not
include any MA. Accordingly, the control sample (CS), whose bin-
der contained 100% RMC, involved a water/binder (w/b) mass ratio
of 0.6. Replacement of 20% of RMC with H in sample 20H led to an
increase in the w/b ratio to 1.4 due to the high surface area of H,
with the goal of achieving a similar workability level as the control
sample. These relatively high w/b ratios were in line with those
used in the preparation of RMC-H blends in a previous study
[27]. The use of any superplasticizers that could potentially reduce
the w/b ratio was omitted to avoid any alterations in the hydration
of RMC [35], which could interfere with the evaluation of the influ-
ence of MA and H on the hydration of RMC-H blends. Alternatively,
samples 20 M, 40 M and 60 M, involving the replacement of 20%,
3

40% and 60% of RMC with M, included lower w/b ratios of 0.6,
0.55 and 0.5, respectively. The differences in the specific surface
areas of H and M used in the developed mixes led to variations
in the amount of water needed to achieve RMC-H and RMC-M sam-
ples with comparable consistencies. The second set involved five
samples with the same binder compositions as the first set, the
only difference being the use of MA (0.05 M) to accelerate the
hydration of RMC.

To prepare the paste samples, the binder was pre-mixed with
H/M by using a Kenwood KM 040 mixer prior to introducing the
deionized water or MA solution for three minutes. The MA solution
was prepared by dissolving MA in deionized water. The prepared
pastes were then cast into 5 cm cube moulds, consolidated by a



Fig. 2. SEM images of (a) RMC, (b) H and (c) M.
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vibration table for ~10 s and surface finished by a trowel. After-
wards, the 5 cm cube samples were cured under ambient condi-
tions (i.e. ~30 �C and ~80% RH) for 28 days.

2.2.1. pH test
The pH values of the pore solution were determined via the

assessment of the diluted pore solution, as suggested by previous
studies [36–38]. The hardened pastes were crushed and ground
down to pass through a 75 lm sieve. Then, the ground pastes were
mixed with distilled water at a water/paste ratio of 5, shaken for
4

2 min, followed by vacuum filtration. The obtained solution was
measured for its pH value by a Mettler Toledo pH meter. The
changes in the pH values of each sample were recorded during
the first 72 h of hydration.

2.2.2. Isothermal calorimetry
The influence of MA, H and M on the hydration of RMC was

demonstrated by the heat flow released by each sample, which
was measured at 30 �C according to ASTM C1702 � 15a [39]. To
obtain the same conditions as those used during the curing pro-
cess, the water/MA solution and binders were heated to reach a
temperature of 30 �C for 24 h prior to mixing. After mixing, the
paste samples were placed in an I-Cal 8000 High Precision
Calorimeter to reveal the heat of hydration during the first 24 h.

2.2.3. Compressive strength
The compressive strengths of 5 cm cube samples were tested by

a Toni Technik Baustoffprüfsysteme machine with a loading rate of
22 MPa/min on [40]. Three samples were used for each
measurement.

2.2.4. Microstructural analysis
Paste specimens intended for microstructural analysis were

extracted from cube samples after strength testing, then stored
in isopropanol for 24 h, followed by drying under vacuum as sug-
gested by previous studies [41], and ground for XRD and TG-DTG
analyses [17].

XRD was operated from 5� to 70� 2h by a Philips PW 1800 spec-
trometer using Cu Ka radiation with a scanning rate of 0.04� 2h/
step.

A Perkin Elmer TGA 4000 was linked to a Perkin Elmer FT-IR
spectrometer via a TG-IR TL 8000 interface to perform TG-IR mea-
surement as described in [42]. TG was operated from 30 �C to
920 �C at a heating rate of 10 �C/min and under N2 at a flow rate
of 20 ml/min.

A Zeiss Evo 50 microscope was used to obtain SEM images of
the reaction products of RMC-H and RMC-M pastes. The elemental
distributions were obtained by EDX with an accelerating voltage of
15 kV and a working distance of 15 mm. BSE imaging was also per-
formed to investigate the sample microstructure and the formed
phases within the prepared samples. The details of sample prepa-
ration for BSE analysis were presented in [43].
3. Results and discussion

3.1. pH

The pH values of the diluted pore solution in hydrated pastes
measured over a period of 72 h are shown in Fig. 4. The pH of addi-
tional pastes only containing H and M were also presented to
investigate the isolated influence of H and M on the hydration of
RMC. The pH values of almost all samples reached stable levels
after the first 24 h of hydration. The presence of impurities in H
and M (e.g. brucite and/or MgO) resulted in an increase in the pH
of H (from 10.15 to 10.19) and M (from 9.45 to 9.71) pastes after
a few hours of mixing. This was followed by a decline in their
pH, which stabilised at ~10.0 and ~9.25 in H and M pastes,
respectively.

When the CS was investigated, the initial increase in its pH from
11.54 to 11.64 after 1 h was followed by the gradual precipitation
of brucite that reduced the pH to 11.20 after 72 h. The inclusion of
H and M, which were expected to accelerate the nucleation and
precipitation of brucite, revealed a slight decrease in the pH values
in sample 20H (from 10.75 to 10.72) and sample 20 M (from 11.42
to 11.33) after 1 h of mixing. On the other hand, the use of MA led



Fig. 3. XRD patterns of RMC, H and M.
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to an obvious reduction in the pH values of all samples. For
example, a comparison of CS and CS. MA samples highlighted the
differences in the pH values of these samples (11.2–11.6 vs.
5

10.75–11.01), which was attributed to the higher dissolution of
MgO in the presence of MA. Accordingly, the combination of MA
and H or M resulted in lower pH values in samples 20H.MA



Table 2
Mixture compositions of paste samples.

Mix Mixture proportion (kg/m3)

Solution/binder RMC H M Water MA

CS 0.6 1050 0 0 630 0
20H 1.4 472 118 0 826 0
20 M 0.6 840 0 210 630 0
40 M 0.55 666 0 444 610.5 0
60 M 0.5 472 0 708 590 0
CS.MA 0.6 1050 0 0 623.3 6.7
20H.MA 1.4 472 118 0 817.2 8.8
20 M.MA 0.6 840 0 210 623.3 6.7
40 M.MA 0.55 666 0 444 604 6.5
60 M.MA 0.5 472 0 708 583.7 6.3

Fig. 4. pH values of the pore solutions of all samples.
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(10.11–10.46) and 20 M.MA (10.22–10.82) than the individual use
of H or M in samples 20H (10.31–10.75) and 20 M (10.35–11.42).
This further decline in the pH of these samples incorporating MA
and H or M could be a reflection of the combined effect of both
additives on the hydration mechanisms of RMC pastes.
6

3.2. Isothermal calorimetry

Fig. 5 shows the heat flow released during the first 24 h of
hydration in all samples. The exothermic peak, observed after mix-
ing, was an indication of the immediate dissolution of MgO within



Fig. 5. Heat flow of samples (a) without MA and (b) with MA.
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all samples. When compared with the CS, samples including H or
M produced higher main peaks, suggesting the acceleration of
the hydration of RMC within these samples (Fig. 5(a)). Amongst
the first set of samples that did not contain any MA, a direct corre-
lation between the M content and peak intensity and steepness
was observed. Accordingly, samples containing higher amounts
of M revealed a stronger acceleration in their hydration rates.
The higher contents of M could facilitate the dispersion of RMC
and provide more nucleation sites for the precipitation of brucite
in the pore space, leading to enhanced contact between unhy-
drated MgO and water, and thereby stimulating the further hydra-
tion of RMC [23]. However, regardless of the M content, the most
pronounced acceleration in the hydration of RMC was observed
in sample 20H. Overall, the inclusion of H or M in RMC blends
reduced the dormant period and enabled the appearance of the
main peak at an earlier time (i.e. ~3.5 h in sample 20H and
~4.5 h in sample 40 M vs. ~6 h in CS), resulting in an obvious
enhancement of the hydration reaction.

The second set of samples containing MA (Fig. 5(b)) revealed
hydration peaks with higher intensities than corresponding sam-
Fig. 6. Compressive strength of sample

7

ples without MA (Fig. 5(a)). This difference confirmed the role of
MA in stimulating the dissolution of MgO, which was in agreement
with the findings of previous studies [16,17]. However, when com-
pared with sample CS.MA, the use of 20% H or 20% M in samples
20H.MA and 20 M.MA had a relatively small accelerating effect
on the hydration of RMC. Differing from the first set, increasing
the M content from 20% to 40–60% did not have any notable effect
on the hydration of RMC in samples 40 M.MA and 60 M.MA. These
results highlighted the prevailing role of MA in enhancing the
hydration of RMC binders, irrespective of the presence of other car-
bonate additives.
3.3. Compressive strength

Fig. 6 presents the compressive strengths of samples over
28 days of hydration. The CS (Fig. 6(a)) produced very low com-
pressive strengths (5 MPa after 28 days of hydration). When com-
pared with the CS, the use of M in samples 20 M (12MPa) and 40 M
(8 MPa) led to higher 28-day compressive strengths. However,
increasing the M content to 60% in sample 60 M resulted in similar
s (a) without MA and (b) with MA.
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strengths to those of the CS. Despite its obvious effect in accelerat-
ing the hydration of RMC (Fig. 5(a)), the use of H in sample 20H
revealed comparable strengths with those of the CS. This inconsis-
Fig. 7. XRD patterns of

8

tency in the strength results could be associated with the higher w/
b ratio of this sample, which may have increased its porosity,
thereby leading to lower strengths.
samples at 7 days.
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In line with the trends observed in isothermal calorimetry, the
use of MA enhanced the hydration process and significantly
improved the compressive strengths of all samples, resulting in
higher strengths than corresponding samples without any MA
(Fig. 6(b)). While MA had an obvious influence in increasing the
strength, a similar trend as the one observed in the first set (i.e.
Fig. 8. XRD patterns of s

9

without any MA) was revealed by the second set (i.e. with MA)
of samples in terms of the roles of M and H. Accordingly, among
samples containing MA, sample 20H.MA produced the lowest com-
pressive strength (7 MPa after 28 days). Since it had revealed the
highest hydration peak in Fig. 5(b), the low performance of this
sample could be linked with its high water content. The influence
amples at 28 days.
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of MA on enhancing the mechanical performance of RMC-H sam-
ples was highlighted by the higher strengths of sample 20H.MA
than those reported in the literature for comparable RMC-H blends
(7 vs. 5 MPa at 28 days), despite its higher w/b ratio (1.4 vs. 1.2)
[27]. Alternatively, samples 20 M.MA and 40 M.MA achieved the
highest strengths amongst all samples, both reaching 17 MPa at
Fig. 9. TG-IR results after 7 days of hydration of samples (a) CS,

10
28 days. Amongst these two samples, 20 M.MA revealed a higher
early (2-day) strength than 40 M.MA (13 vs. 9 MPa), which could
be due to the higher brucite content within the former. The lower
w/b ratio of sample 40 M.MA led to equivalent strengths with sam-
ple 20 M.MA, despite the lower RMC content of the former.
Increasing the M content to 60% in sample 60 M.HA did not result
(b) 20H, (c) 20 M, (d) CS.MA, (e) 20H.MA and (f) 20 M.MA.
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in any improvements and revealed a similar compressive strength
as sample CS.MA (~11 MPa at 28 days), despite its lowest w/b ratio.
These observations could be attributed to the lower initial RMC
content within sample 60 M.HA in comparison to samples 20 M.
MA and 40 M.MA.

Overall, the strength results highlighted the effectiveness of MA
in enhancing the performance of the prepared formulations, which
resulted in 140% increase in the 28-day strength. When coupled
with the use of 20–40% M in samples 20 M.MA and 40 M.MA,
the strength further went up, producing 240% higher 28-day
strength results than the CS.

3.4. Xrd

The XRD data of selected samples after 7 and 28 days of hydra-
tion are shown in Figs. 7 and 8, respectively. Unhydrated periclase
Fig. 10. DTG results after 7 days of hydration of

11
(MgO, 42.9� 2h) was observed in all samples. A comparison of the
residual periclase peaks amongst different samples, with reference
to the internal standard, CaF2 (28.2� 2h) [44], indicated the lower
intensity of unhydrated periclase in the presence of MA. This
reduction in periclase content indicated the role of MA in acceler-
ating the hydration of RMC. A further decrease in the intensity of
unhydrated periclase over time indicated the progress of hydration
as curing proceeded from 7 to 28 days. The main reaction products
of the CS included brucite (Mg(OH)2, 18.6�, 38.1� and 50.9� 2h),
artinite (Mg2CO3(OH)2�3H2O, 32.8� 2h) and calcite (CaCO3, 29.7�
2h). The formation of brucite, artinite and calcite within the CS
was associated with the hydration of MgO (and other impurities
such as CaO) within RMC and subsequent carbonation reaction
involving atmospheric CO2, as demonstrated in Eqs. (5)–(8).

The hydration of MgO to form brucite:
samples (a) without MA and (b) with MA.
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MgO þ 2H2O ! Mg OHð Þ2 ð5Þ
The carbonation of brucite to form artinite:

2Mg OHð Þ2 þ CO2 þ 2H2O ! MgCO3 �Mg OHð Þ2 � 3H2O ð6Þ
The carbonation of CaO (present as an impurity in RMC) to form

calcite:
Fig. 11. TG and DTG results after 28 days of hydrati

12
CaO þ H2O ! Ca OHð Þ2 ð7Þ
Ca OHð Þ2 þ CO2 ! CaCO3 þ H2O ð8Þ
Despite enhancing the hydration reaction, the inclusion of MA

or M in RMC formulations did not change the composition of the
hydration products. Alternatively, the use of H influenced the
on of samples (a) without MA and (b) with MA.
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hydrate and carbonate phases within samples 20H and 20H.MA. In
addition to the phases observed in the CS, hydromagnesite
(4MgCO3�Mg(OH)2�4H2O, 15.2� 2h) and nesquehonite (MgCO3�3H2-
O, 13.7� and 34.4� 2h) were observed in samples 20H and 20H.MA.
XRD patterns of RMC-based samples usually reveal HMC peaks
with low intensities, especially under ambient conditions [45]. Fur-
thermore, the artinite peak at 32.8� 2hwas more obvious in sample
20H.MA than it was in sample 20H. A shift in the brucite peak, orig-
inally at 18.6� 2h, to 19.4� 2h, was observed in sample 20H;
whereas the broadening of the same peak at ~ 19� 2h was seen in
sample 20H.MA after 7 days of hydration.

Another obvious change within the phase formations facilitated
by the inclusion of H was the transformation of brucite peaks from
their originally crystalline structure into a broader peak at 38.1� 2h
and a hump at 50.9� 2h. In line with previous research [15], these
poorly crystalline phases of brucite revealed by sample 20H at
7 days became sharper at 28 days. Differing from the low crys-
tallinity brucite, the use of MA enhanced the hydration process,
resulting in brucite with a higher crystallinity in sample 20H.MA
when compared to 20H. As the decomposition of H and its reaction
with hydrated MgO is not likely to result in nesquehonite, the for-
mation of these carbonates could be attributed to the carbonation
of hydrated MgO under ambient conditions. Within these systems,
the low crystallinity Mg(OH)2 observed in samples incorporating H
could be more prone to carbonation than brucite crystals. These
findings differed from those presented in previous studies
[15,27], where the formation of nesquehonite was not observed
in RMC-H blends. While this could be due to lack of carbonation
under the sealed conditions used in these studies, the formation
of nesquehonite under ambient conditions was reported earlier
[17], where the hydration of RMC samples was accelerated by
using hydration agents (i.e. HCl and MgCl2).
3.5. TG-IR & Dtg

The TG-IR curves of selected samples after 7 days of hydration
are shown in Fig. 9. The main mass loss observed in the CS took
place at ~ 420 �C, corresponding to the dehydroxylation of brucite
and decomposition (i.e. dehydroxylation and decarbonation) of
some HMCs. This was followed by the decarbonation of the
remaining carbonate phases at ~ 580 �C and ~ 680 �C. The inclusion
of H in sample 20H revealed an additional mass loss due to dehy-
dration at < 300 �C and a shift in the main mass loss from ~ 420 �C
to ~ 480 �C. Alternatively, while the inclusion of M in sample 20 M
did not result in the dehydration observed in sample 20H
at < 300 �C, a strong mass loss due to decarbonation was observed
at ~ 580 �C. This mass loss was mainly associated with the decom-
position of MgCO3.
Table 3
Mass loss of paste samples after 7 and 28 days of curing, measured by TG-DTG.

Duration Mix Mass loss (wt.%)

Dehydration

7 days CS 1.1
20H 5.2
20 M 1.0
CS.MA 1.4
20H.MA 5.3
20 M.MA 1.4

28 days CS 1.0
20H 5.5
20 M 1.3
CS.MA 1.6
20H.MA 5.7
20 M.MA 1.6
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The incorporation of MA in sample CS.MA resulted in a higher
mass loss at ~ 410 �C than CS due to dehydroxylation. This
increased mass loss was an indication of the enhanced hydration
of RMC and the associated conversion of MgO into brucite, without
changing the general decomposition pattern. However, the simul-
taneous inclusion of MA with H or M resulted in similar decompo-
sition patterns within samples 20H.MA and 20H; and samples
20 M.MA and 20 M.

The DTG results of the same samples after 7 days of hydration
are shown in Fig. 10, whereas their combined TG-DTG curves after
28 days of hydration are shown in Fig. 11. According to the IR
results, the endothermic peaks at < 300 �C, 300–400 �C
and > 400 �C corresponded to the dehydration, dehydroxylation
and decarbonation processes, respectively. In line with previous
research [27], two obvious mass loss steps corresponding to dehy-
dration, whose peaks were located at ~ 90 �C and ~ 250 �C, were
observed in sample 20H (Fig. 10(a) and Fig. 11(a)). Since the dehy-
dration of pure H occurred at ~ 250 �C [46,47] and the hydration of
pure RMC (i.e. CS) did not result in any obvious dehydration peaks,
the dehydration peak at ~ 90 �C observed in sample 20H could
correspond to the bonding water, which was associated with the
improved microstructure and compressive strength in RMC-H
samples reported in a previous study [15]. Another study [27]
hypothesised that this additional bonding water represented the
poorly crystalline phases in RMC-H blends. The absence of poorly
crystalline phases and the dehydration peak at ~ 90 �C in sample
20 M strengthened this hypothesis. The appearance of these two
mass loss steps in sample 20H.MA (Fig. 10(b) and Fig. 11(b)) sug-
gested that the use of MA did not alter the bonding water of
hydrate phases in the RMC-H blends.

The decomposition of all hydrate/carbonate phases led to a
certain mass loss, which was calculated by the areas obtained
by the deconvolution of DTG results, as shown in Table 3. The
dehydroxylation of brucite and HMCs was responsible for the
highest proportion of mass loss. While the value for dehydroxy-
lation within the CS was 22.1% after 7 days of hydration, this
value was lower for 20H (19.3%) and 20 M (19.8%) samples. Con-
sidering these samples involved lower RMC contents than the CS
(80% vs. 100% RMC) as 20% of RMC was replaced by H or M,
even lower mass losses (17.8% for 20H and 17.1% for 20 M)
would be expected if the hydration process was not enhanced
in the presence of these additives.

The use of MA increased the mass loss due to dehydration
and dehydroxylation within samples CS.MA, 20H.MA and 20 M.
MA when compared with the corresponding samples CS, 20H
and 20 M, respectively. These enhancements in mass loss were
consistent with findings of isothermal calorimetry, which
revealed a rise in the heat evolved in the presence of these
Dehydroxylation Decarbonation Total

22.1 6.3 29.5
19.3 9.4 34.0
19.8 12.0 32.8
22.5 7.6 31.5
19.5 9.4 34.1
20.9 11.8 34.0
21.9 6.8 29.6
19.0 10.0 34.5
20.0 12.3 33.6
21.5 7.9 31.1
20.5 10.3 36.5
21.1 12.1 34.8
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additives. The slight but consistent increase in the mass loss
results from 7 to 28 days indicated the continuous progress in
hydration/carbonation with time, albeit at a slower rate after
the first 7 days. Amongst these, mass loss due to dehydroxyla-
tion remained relatively constant. Alternatively, the rise in car-
bonation over time was revealed by the increase in the mass
loss due to decarbonation in all samples, indicating the gradual
carbonation of Mg-phases. The combination of the improvements
in the hydration reaction, along with the progressive formation
of carbonate phases, were responsible for the increase in the
compressive strength results over time.
Fig. 12. SEM images after 7 days of hydration of samples (a) CS,
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3.6. Microstructure

Fig. 12 shows the microstructures of selected samples after
7 days of hydration. The CS (Fig. 12(a)) revealed a sparsely
hydrated microstructure, in which the scarce presence of very
small (~0.3 lm) disk-like crystals was observed. When compared
with the CS, the combination of RMC and H in sample 20H
(Fig. 12(b)) resulted in crystal formations with improved mor-
phologies, as revealed by the agglomeration of disk-like crystals
(diameter of ~ 1–1.5 lm). Alternatively, the use of M in sample
20 M (Fig. 12(c)) resulted in the dense formation of carbonate
(b) 20H, (c) 20 M, (d) CS.MA, (e) 20H.MA and (f) 20 M.MA.
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agglomerates with various morphologies, including artinite with a
length of ~ 1 lm.

The sole incorporation of MA in sample CS.MA (Fig. 12(d)) led to
a very notable change in the sample microstructure, in which the
formation of needle-like artinite crystals with a length of ~ 2–
3 lm was observed. This was followed by the simultaneous inclu-
sion of MA and H or M in samples 20H.MA (Fig. 12(e)) and 20 M.
MA (Fig. 12(f)), where the improvement of hydration via the use
of these additives revealed the formation of dense microstructures
composed of various reaction products. When compared to the
Fig. 13. SEM images after 28 days of hydration of samples (a) CS
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other samples analysed after 7 days of hydration, sample 20 M.
MA produced the densest microstructure occupied by rosette-like
hydrate and carbonate phases, which could explain its higher
strengths than others.

Fig. 13 shows the microstructures of selected samples after
28 days of hydration. An obvious shift in the microstructure of
samples was observed with an increase in curing time (7 vs.
28 days). Accordingly, the microstructure of the CS (Fig. 13(a))
shifted from its previously uneventful composition (i.e. at 7 days)
to one in which the growth of large rosette-like crystals (i.e. bru-
, (b) 20H, (c) 20 M, (d) CS.MA, (e) 20H.MA and (f) 20 M.MA.



Fig. 14. Microstructure of sample 20H at 28 days.

Fig. 15. Microstructure of sample 20H.MA at 28 days.
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cite) with a diameter of ~ 2–3 lm was spotted. These formations
were associated with the continuous hydration of RMC. The use
of H in sample 20H (Fig. 13(b)) revealed the growth of agglomer-
ated disk-like crystals within a porous microstructure. When com-
pared with the CS, the inclusion of M in sample 20 M (Fig. 13(c))
improved the morphology of the reaction products via the forma-
tion of large rosette-like crystals containing sharp edges, with a
diameter of up to ~ 5 lm.

The use of MA in sample CS.MA (Fig. 13(d)) resulted in a notable
transition in sample microstructure from a composition of rosette-
or disk-like crystal agglomerates to microstructures involving the
combination of various phases, including the appearance of
needle-like crystals with a length of ~ 6 lm. These needle struc-
tures were surrounded by agglomerated disk-like crystals. Alterna-
tively, the incorporation of H in sample 20H.MA (Fig. 13(e))
resulted in the formation of needle-like crystals indicating the
presence of nesquehonite with a length of ~ 1.5 lm, albeit in a por-
ous microstructure, which could be linked with the high amount of
water used in this mix. Differing from the other samples, the
simultaneous inclusion of MA and M in sample 20 M.MA (Fig. 13
(f)) produced a denser microstructure composed of disk-like crys-
tals with a diameter of ~ 2–3 lm and needle-like artinite with a
length of up to ~ 3 lm, which was in line with the outstanding
mechanical performance of this sample (Fig. 6).
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A further investigation of the microstructures of samples 20H
(Fig. 14) and 20H.MA (Fig. 15) at 28 days revealed the formation
of a bird nest-like arrangement, where the disk-like crystals sur-
rounded the round H seeds. This unique formation, reported for
the first time in literature within the context of RMC formulations,
was composed of hydrated MgO and carbonates, as seen in the ele-
mental analysis results (Fig. 16). It was speculated that the addi-
tional bonding water, with a thermal dehydration at ~ 90 �C,
could have enabled the bond between brucite and H to form this
novel structure. Accordingly, unlike the highly crystalline phases
observed in other samples, the use of H within RMC formulations
provided additional nucleation sites, around which brucite and H
bonded together to form a bird nest-like structure under ambient
conditions, thereby changing the crystallinity of brucite. Another
potential cause for the formation of this structure could be associ-
ated with the removal of excess water used in RMC-H blends,
which would lead to a porous structure. Thermodynamic calcula-
tions on similar blends suggested the formation of an intermediate
phase between hydromagnesite ((Mg5(CO3)4�(OH)2�4H2O)) and
brucite (Mg(OH)2) [15]. Fig. 16 indicates the different distribution
of C within this structure, showing the variations in the chemical
composition of the bird nest-like structure. These alterations could
explain the changes in the peak structures revealed by the XRD
patterns.



Fig. 16. Microstructural analysis of the bird nest-like structure: (a) SEM image; and EDX results showing (b) distribution of Mg, (c) distribution of O, and (d) distribution of C.
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4. Conclusions

The hydration of RMC is limited by the initial formation of Mg
(OH)2 on the surface layer of MgO particles. This limitation results
in a low hydration degree and limited strength gain within RMC
formulations. The main goal of this study was to enhance the reac-
tion and associated mechanical and microstructural properties of
RMC blends by incorporating MA (i.e. hydration agent) and H
and M (i.e. RMC replacements). The individual influences of each
of these additives, along with the simultaneous incorporation of
MA with H or M on the reaction mechanisms, phase formations
and performance of RMC blends were investigated via the assess-
ment of hydration kinetics and microstructural and mechanical
analyses.

The obtained findings revealed the lower pH values of mixes
containing H or M, indicating the acceleration of MgO dissolution
and precipitation of hydrate phases. The larger surface area of H
enabled a more pronounced acceleration of reaction kinetics,
which resulted in the enhancement of the hydration of RMC, as
also shown by the heat released during isothermal calorimetry.
The inclusion of MA also led to reductions in the pH of sample solu-
tion. When coupled with the ability of acetate groups to enable the
increased precipitation of brucite away from the MgO grains in the
17
pore solution, RMC formulations involving MA demonstrated sig-
nificantly improved hydration and associated mechanical
performance.

While their individual uses also revealed enhancements in reac-
tion mechanisms and strength development, the simultaneous
inclusion of MA and M in RMC formulations enabled the accelera-
tion of the hydration reaction, along with improvements in the
morphologies of the reaction products. Accordingly, while the
inclusion of M stimulated the formation of rosette-like crystals,
the use of MA led to the wide-spread formation of needle-like arti-
nite, a commonly observed Mg-carbonate phase within RMC
blends. The densification of the microstructure in the presence of
lower w/b ratios and the compact agglomeration of various
hydrate and carbonate phases translated into a 240% increase in
the strength of these samples after 7 days of curing under ambient
conditions. Overall, the obtained findings revealed the benefits of
partially replacing RMC with M, which enhanced the reactions
and associated performance, and resulted in more sustainable
mixes considering the abundant resources and lack of any CO2

emissions associated with the production of M when compared
with RMC.

Another key finding was the formation of a novel bird nest-like
structure, and the presence of brucite with a low crystallinity,
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along with other Mg-carbonate phases within mixes involving the
use of H cured under ambient conditions. These formations were
not expected as (i) previous findings usually report the formation
of brucite upon the hydration of RMC and (ii) these samples were
not subjected to any notable carbonation conditions to facilitate
the formation of Mg-carbonates within the short curing durations
used in this study. Accordingly, a potential bond between H and
brucite could have changed the crystallinity of brucite and form
a bird nest-like arrangement surrounding the H seeds. This unique
arrangement, which has not been reported in the prior literature
within the context of RMC formulations, could highlight the role
of different additives in altering the formation of reaction products
that enhanced the carbonation reaction and the associated forma-
tion of Mg-carbonates. Furthermore, the use of MA accelerated the
hydration of RMC and the formation of needle-like crystals, as well
as stimulating the formation of brucite with a higher crystallinity
in RMC-H samples.
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