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ARTICLE INFO ABSTRACT

Keywords: Reactive MgO cement (RMC) is a promising alternative cementitious material benefiting from a relatively low
Reactive MgO-Based cement calcination temperature during its production and strength development in concrete formulations linked with its
MgO . CO,, sequestering capacity. One of the main challenges with RMC is the variations in its performance in line with
E?,r;rzrtlf:;m the significant differences observed in the properties of the main phase, MgO. To identify and analyze the effects

of these properties on the performance of RMC, this study presents a detailed characterization of 9 commercial
RMC powders from different sources and precursors and an investigation of their performance in terms of re-
action mechanisms and strength development. The results showed that the progress of hydration was highly
dependent on the reactivity of RMC, whilst the early stages of the reaction were influenced by the purity.
Additionally, agglomeration ratio revealed a strong correlation with the strength after 7 days of carbonation
curing and 28 days of hydration. Finally, a regression analysis was employed to propose a model for the pre-
diction of strength based on the initial properties of the RMC powder. The results emerging from this study can

Compressive strength
Pearson correlation coefficient

serve as a guideline for the selection of most suitable RMC-based binders for various building applications.

1. Introduction

Reactive MgO cement (RMC) is investigated as an alternative binder
due to its several technical advantages over ordinary Portland cement
(OPC) such as its capability of gaining strength by reacting with CO,, as
well as the relatively low calcination temperatures required during its
production [1-3]. MgO is mainly sourced from natural minerals and is
classified as light-burnt/reactive (700-1000 °C), hard-burnt
(1000-1400 °C) and dead-burnt (1400-2000 °C), based on the calci-
nation temperature. Among those, the light-burnt MgO is the most
reactive, which is the main phase present in RMC.

One of the main challenges with the use of RMC is the significant
variations in the physical and chemical properties of commercial MgO,
which is mainly attributed to the differences in the precursors (i.e.
composition and physical properties) and production processes (i.e.
calcination conditions) [4-6]. In particular, the discrepancies in the
major properties of MgO powders, such as chemical composition,
reactivity and specific surface area (SSA), can have considerable effects
on the performance of RMC as a binder [7,8]. As can be seen in Fig. 1,
notable differences in the strength of RMC-based paste and concrete
samples were reported in the literature. Although variations in strength
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could have been caused by the other factors, such as aggregate ratio and
curing conditions (i.e. in most cases involving carbonation), differences
can still be observed even with comparable mix designs and curing
conditions [9,10]. To employ RMC as binder in different building
components, selection of suitable MgO powders is necessary. This be-
comes even more crucial when a high mechanical performance is
required. Therefore, there is a need to understand the parameters con-
trolling the performance of MgO and establish correlations between
different parameters to optimize the use of this binder in an efficient
manner.

Based on their reactivity, commercial MgO powders can be classified
as high, medium, and low reactivity [4]. Previous studies reported that
the SSA and reactivity could determine the hydration rate of RMC [11].
However, there is a gap in the literature on the effect of reactivity and
SSA of RMC on strength development. Apart from SSA and reactivity, the
purity of RMC was also reported to affect its hydration and performance
[12]. In relation with purity, the amount of MgO available for reaction is
one of the main factors that determine the degree of reaction. Alterna-
tively, the chemical reactivity and other physical properties such as SSA
and agglomeration degree play a key role in the reaction rate [13].
Although differences in the performance of RMC mixes prepared and
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cured under similar conditions are speculated to be associated with the
properties of RMC powders, the correlation between these properties
and strength development has not been clearly established until now.

Similar to other binder systems, factors like mix design and curing
conditions are influential in the performance of RMC-based mixes and
need to be kept constant in order to isolate the influence of RMC prop-
erties on reaction mechanisms and performance. For example, while the
results reported in data sets 2-4 (Fig. 1 (a)) were obtained under the
same curing conditions (10% CO-) as well as water (w/b = 0.60) and
binder (MgO content = 92%) contents, the use of different proportions
of aggregates in these formulations contributed to the variations in
strength. Therefore, the variations in these key parameters across
different studies make it challenging to isolate the effect of the proper-
ties of RMC on the performance of RMC-based mixes by only relying on
the results presented in the literature.

Identification of the properties of RMC that lead to enhanced per-
formance and their optimization play a key role in the large-scale use of
RMC as a binder in different building applications. While various studies
reported the strength of RMC-based samples at different ages [10,
14-18], a detailed characterization of the binder was not presented.
Alternatively, studies that performed some characterization of RMC did
not look into the strength development of these powders [4]. Therefore,
this study aims to fill this gap and establish a link between RMC prop-
erties and mechanical performance to enable the widespread use of
RMC. With this goal in mind, this study involves a detailed investigation
of the effects of various binder properties including MgO content, SSA,
chemical reactivity and agglomeration ratio, on the performance of RMC
via the assessment of its hydration mechanism and strength develop-
ment at different ages.

To enable their direct comparison, 9 commercial RMC powders with
different precursor and production conditions were characterized and
investigated. To facilitate a fair comparison, the properties of these RMC
powders were evaluated under the exact same conditions, without any
variations in experimental conditions. In addition to the characteriza-
tion of their properties, each RMC powder was used as a binder in the
preparation concrete samples for further evaluation. The obtained re-
sults revealed the roles different RMC properties played in reaction
mechanisms and performance and enabled the establishment of corre-
lations between the binder properties and sample performance. Corre-
sponding equations were proposed to predict the strength of RMC
concrete samples based on the properties of RMC. The outcomes of this
study can provide a guideline for researchers and practitioners inter-
ested in using RMC as a binder within the built environment.
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2. Materials and methodology
2.1. Materials

Nine commercial RMCs were investigated in the current study.
Among them, seven were produced through the dry-route via calcina-
tion and the other two were chemically synthesized through the wet-
route. Their sources and chemical compositions are summarized in
Table 1, and the corresponding appearance are presented in Fig. S1. The
information regarding the chemical composition and loss of ignition
(LOI) was obtained from the suppliers for reference purposes only. Due
to the differences in various batches as well as storage conditions and
duration, the actual properties of these nine commercial RMCs may vary
from those presented in Table 1. In particular, agglomeration of MgO
powders supplied from Australia (AU-97 and AU-90) was observed,
potentially due to improper packaging and storage. These two RMCs
were included in the study to investigate the effect of moisture and
carbonation damage as these materials have been stored in different
environments until analysis. Additionally, the chemically synthesized
RMCs investigated in this study, CNSH-99 and CNSD-99, were selected
due to their extremely high purity (i.e. potentially resulting in better
performance) and comparable cost to the other RMCs, as listed in
Table 1. Saturated surface dry (SSD) gravel with a particle size of
6.3-9.5 mm was used to form the aggregate profile in the preparation of
RMC-based concrete specimens.

2.2. Properties

2.2.1. Purity

The purity of the RMCs was determined by X-ray diffraction (XRD),
and the results were verified by Thermogravimetric analysis (TGA). XRD
was recorded by Bruker D8 Advance using Cu-K, radiation (40 kV, 40
mA) with a scanning rate of 0.04° 20/step from 5° to 80° (20). Phase
quantification was performed via the Rietveld refinement software
TOPAS 5.0, with fundamental parameter approach [20]. This analysis
involved only the crystalline phases for ease of calculation. TGA was
performed by a PerkinElmer TGA 4000 equipment from 30 to 900 °C,
with a heating rate of 10 °C/min under nitrogen flow. To quantify the
amount of mass loss at each decomposition process, derivative ther-
mogravimetric (DTG) curves were deconvoluted according to the
Gaussian area deconvolution method using Origin, which revealed the
range corresponding to the decomposition process.

2.2.2. Specific surface area (SSA)

The SSA was calculated by using the Brunauer, Emmett and Teller
(BET) approach. A BET Surface Area and Pore Size Analyzer,

80
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Fig. 1. Strength values of RMC-based (a) concrete and (b) pastes reported in the literature [9,10,14-19].
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Table 1
The source and chemical compositions of nine commercial RMCs.
No. Label Supplier Mining source Chemical composition (%) LOI () Price
MgO (=) Ca0 () Fe;03 (<) 8105 (<) Al,03 () (SGD/kg)
Calcination of magnesite 1 UKCN-90 RBH, UK CN 90.7 1.9 0.6 4.4 0.4 2.0 10
2 UKNK-92 RBH, UK NK 92.7 1.8 0.8 2.3 - 21 10
3 AU-97 IS, SG AU 97.0 1.3 0.2 1.3 0.2 2.5 5
4 AU-90 IS, SG AU 90.0 5.0 0.7 5.0 0.7 15.0 4
5 CNSD-92 LCTM, CN SD, CN 92.7 1.7 0.8 2.3 - 2.5 1.6
6 CNLN-92 LCTM, CN LN, CN 92.5 1.8 0.4 3.2 - - 0.4
7 CNSH-85 SYCC, CN LN, CN 85.0 1.5 - - - - 3.2
Chemical synthesis 8 CNSH-99 SYCC, CN - 99.0 0.5 - - - - 4
9 CNSD-99 SYCC, CN - 99.2 0.1 0.0 0.1 - - 5.2

UK: United Kingdom; CN: China; SG: Singapore; NK: North Korea; AU: Australia; SD: Shandong province in China; LN: Liaoning province in China; SH: Shanghai,
China; RBH: Richard Baker Harrison Ltd; IS: International Scientific (Pte) Ltd; SYCC: Shanghai Yuanjiang Chemicals Co. Ltd; LCTM: Lingshou County Teyuan Minerals

Processing Plant; LOI: Loss on Ignition.

Note: The label of each RMC represents the location of its factory, source of raw materials and minimum purity provided by the supplier (i.e. factory and raw materials

of AU-97 and AU-90 are both in Australia, whereas IS (SG) is only a reseller).

manufactured by QUADRASORB evo™, was employed to measure the
quantity of nitrogen gas absorbed onto and desorbed from the RMC
powders. Prior to each measurement, the gases were removed in a
vacuum condition at 80 °C. After degassing for 24 h, nitrogen gas was
injected and the SSA was calculated.

2.2.3. Chemical reactivity

To determine the reactivity of each RMC in line with the chemical
reaction shown in Equation (1), the time required for 1.5 g of RMC to
neutralize 60 ml of 0.25 M acetic acid was recorded by observing the
change in color. Phenolphthalein solution (1% in ethanol) was used as a
pH indicator.

2H' + MgO = Mg®* + H,0 €Y)

2.2.4. Agglomeration ratio (AR)

Agglomeration ratio (AR) is the ratio between the primary particle
size and crystallite size, which can be calculated based on the BET and
XRD results, respectively. To estimate the crystallite size (Gxgrp),
Scherrer equation was employed, as shown in Equation (2), where k is a
constant (0.94 in this case), A is the wavelength of x-ray radiation (Cu-Ky
= 0.1541 nm), B is the full width at half maximum (FWHM) of the most
intense peak at 42.93° and 6 is the Bragg’s or diffraction angle [7].

Gxrp =kA/f @ cos 0 )

The primary particle size (Gpgr) of each powder was calculated by
following Equation (3), where F is a particle-size factor, p is the theo-
retical density of MgO (3.595 g/cm3) [4,21] and S is the specific surface
area [4]. As MgO is generally composed of cubic particles, F was
assumed as 6, in line with the approach adopted in Jin and Al-Tabbaa
[4] and Itatani et al. [21].

Gger = 1000F/pS )

Consequently, AR was derived by calculating Gggr/Gxrp- As a pri-
mary particle may consist of several crystallites, the value of AR repre-
sents the degree of particle agglomeration.

2.2.5. Microstructure

The microstructure of the reactive MgO were characterized by Zeiss
Evo 50 microscope. Energy-dispersive X-ray (EDX) was employed to
identify the elemental distribution with a resolution of 256 x 192 pixels.
To eliminate the charging phenomenon, the samples were coated with
gold under 10 mA for 30s. Vacuum dried samples were mounted onto
sample stage by using double-sided adhesive carbon tape.

2.3. Performance

2.3.1. Heat of hydration

The heat of hydration of each RMC was investigated by an I-Cal 8000
high precision calorimeter, in accordance with ASTM C1702-15a [22].
40 g RMC powder and 20 g deionized water (increased to 24 g water for
CNSH-85 and 40 g water for CNSH-99 to match their water demands)
were heated at 30 °C for 24 h to ensure that all materials started with the
same initial temperature. Afterwards, the RMC powders and water were
mixed for around 15 s and immediately placed into the isothermal
calorimeter channel for analysis.

2.3.2. Compressive strength

The compressive strength of RMC-based concrete specimens was
assessed via the assessment of 50 mm cubes in triplicates at 3, 7 and 28
days, in accordance with ASTM C109 [23]. A Toni Technik Baustoff-
priifsysteme machine was employed with a loading rate of 55 kN/min.
The prepared concrete mixes were composed of 40% binder and 60%
aggregates with a water-to-binder (w/b) ratio of 0.5, apart from
CNSH-85 (w/b = 0.6) and CNSH-99 (w/b = 1), whose water contents
had to be increased to achieve a comparable workability with the other
RMC mixes. The prepared concrete specimens were subjected to two
different curing regimes: (i) Carbonation curing (28 + 2 °C, 80 + 5%
relative humidity (RH) and 10% CO,) and (ii) ambient curing (28 +
2 °C, 80 + 5% RH and ambient CO»), for up to 28 days.

3. Results and discussion
3.1. Properties

3.1.1. MgO contents

The TGA -DTG results of the nine RMC samples are shown in Fig. 2.
Three major decomposition stages were determined as: (i) 50-200 °C for
the dehydration of water bonded to hydrated magnesium carbonates
(HMCs), (ii) 200-450 °C for the dehydration of HMCs and decomposi-
tion of brucite (MgOH>) [18,24]; (iii) > 450 °C for the decarbonation of
carbonate phases (e.g. HMCs and MgCOs) [18,25]. The mass loss
recorded at each of these three stages was plotted in Fig. 3. It can be seen
that the mass loss in the 50-200 °C range was less than 1% for almost all
samples. In particular, there was almost no mass loss for CNLN-92 and
CNSD-99. In the range from 200 °C to 450 °C, AU-97 and AU-90 samples
exhibited a significant mass loss of 16.73% and 14.32%, respectively.
This indicates a high amount of brucite formation within these samples,
probably due to the improper storage conditions, leading to the hydra-
tion of MgO when exposed to the moisture in the air [4,26]. Other RMC
samples exhibited a mass loss of 5% or less. At temperatures >450 °C,
CNSD-92 revealed a high mass loss (22%), indicating its high carbonate
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Fig. 2. TGA and DTG curves of the nine commercial RMCs.

content, which was partially attributed to the low calcination temper-
ature (750 °C) used during its production [27]. Samples AU-97 and
AU-90 also resulted in high mass losses at this temperature range
(14.72% and 16.98%, respectively), suggesting their potential carbon-
ation due to improper storage and the incomplete decomposition of the
parent material. Overall, the TGA results revealed significant differences
in the compositions of RMC samples.

XRD patterns of the RMC samples are shown in Fig. 4. As can be seen,

Cement and Concrete Composites 138 (2023) 104984

strong peaks at 42.8° and 62.2° 26, indicating the presence of MgO as the
major compound [9,28], were observed in all RMC samples. Further-
more, peaks at 32.7° and 53.8° 20, referring to magnesite, were also
observed in all RMC samples, demonstrating the incomplete decompo-
sition of the parent minerals [9]. The chemically synthesized RMC
samples (CNSH-99 and CNSD-99) also contained magnesite, which
might be sourced from the synthesis process [29]. The XRD patterns of
AU-97 and AU-90 presented strong peaks at 18.4° 20, implying the ex-
istence of large amounts of brucite [30], consistent with the TGA results.
Additionally, the peaks at 9.4°, 26.6° and 31.0° 20 in CNSD-92 sample
suggested the presence of hydromagnesite [9], whilst the peak at 23.1°
26 in CNLN-92 could be assigned to nesquehonite [16,31,32], which was
different from the amorphous SiO, hump observed in CNSH-85,
CNSH-99 and CNSD-99.

Fig. 5 lists the quantities of minerals in the nine commercial RMC
samples. As can be seen, MgO was the major phase in most samples with
a content of 90% and above, apart from AU-97, AU-90 and CNSD-92,
which was in agreement with the TGA results. AU-97 and AU90 had
the highest brucite contents of 42.6% and 33.1%, respectively; while
others contained much less brucite (<6%). In terms of carbonates, AU-
97, AU-90 and CNSD-92 showed relatively high contents of carbonate
compounds (e.g. magnesite, hydromagnesite and nesquehonite),
measured as 37.5%, 42.7% and 57.8%, respectively. Alternatively,
CNSD-92 and CNLN-92 revealed hydromagnesite and nesquehonite
contents of 13.9% and 3.5%, respectively. The presence of brucite and
HMC phases were an indication that RMC samples experienced different
degrees of hydration and carbonation, even before the analysis. These
findings clearly highlighted the need for the proper storage for RMC
powders under controlled humidity and CO3 conditions.

3.1.2. Specific surface area (SSA)

The SSA results, determined by BET, are shown in Fig. 6. Generally,
the SSA of the nine RMC samples was within the range reported in the
literature [4]. CNSH-99 revealed the largest SSA of 86.9 mz/g, followed
by CNSH-85 (33.5 m?/g). Others had SSAs in the range of 4-20 m?/g,
amongst which, CNLN-92 and CNSD-99 demonstrated the lowest values
of 5.8 and 4.4 m?/g, respectively. The low SSA of CNLN-92 could be
attributed to the relatively high calcination temperature used during its
production [6]. Considering that SSA indicates the available surface of
particles to reactants, samples with higher SSA values could be expected
to have higher reactivities [33]. In the current study, CNSH-99 and
CNSH-85 had the largest SSA, potentially suggesting high reaction rates.
In contrast, CNLN-92 and CNSD-99 were expected to have lower reac-
tion rates due to their relatively low SSA values.

3.1.3. Chemical reactivity
The reactivities of all RMC samples, measured by the time required to
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Fig. 3. Mass loss observed in the nine commercial RMCs.
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Fig. 4. XRD patterns of the nine commercial RMCs.

neutralize acetic acid solution, are depicted in Fig. 7. The time consumed
by different samples varied significantly, ranging from 9 s (i.e. highest
reactivity) to 101.7 s (i.e. lowest reactivity). The relatively small stan-
dard deviations suggested the reliability and repeatability of the results.
CNSH-99 exhibited the highest reactivity, which could be attributed to
its very high SSA, as shown in Fig. 6. The lowest reactivity (101.7 s) was
observed for CNLN-92, which possessed the second lowest SSA (5.8 m?/
g). CNSD-99, RMC with the lowest SSA (4.4 mz/g), only took 63 s to
achieve neutralization. This phenomenon was partially caused by the
slightly higher MgO content of CNSD-99, as reported in Fig. 5.
Furthermore, the variations in the microstructures of these RMC pow-
ders could also play a role in their reactivities [34].

On the other hand, while CNSD-92 and AU-90 had comparable SSAs
(Fig. 6) and similar MgO contents (Fig. 5), the time required for the
neutralization of CNSD-92 was around two times that of AU-90. This
may be attributed to the high Mg(OH), content in AU-90, which

Cement and Concrete Composites 138 (2023) 104984

dissolves and releases OH™, thereby shortening the neutralize time. As a
result, the results generated by the acid in evaluating the reactivity of
RMC may not be very meaningful in the presence of relatively high Mg
(OH), contents in RMCs.

3.1.4. Agglomeration ratio (AR)

The primary particle size (Gggr) and crystallite size (Gxgrp), calcu-
lated based on the BET and XRD results, are listed in Table 2. The
agglomeration ratios (AR), derived by Gpgr/Gxrp, indicate the amount
of crystallites contained in a primary particle [21]. Among the RMCs
produced via the dry-route, CNLN-92 showed a relatively highest
agglomeration degree with an AR of 7.2, but the lowest SSA and reac-
tivity (Figs. 6 and 7). In contrast, CNSH-85 possessed the lowest AR of 2,
accompanied with the highest SSA and reactivity. These findings were in
line with those reported in the literature [4], suggesting a direct corre-
lation amongst AR, SSA and reactivity.

AR of chemically synthesized CNSH-99 was 1.6, which was compa-
rable to that reported in the literature [4]. However, chemically syn-
thesized CNSD-99 revealed a very high AR value of 12.7, which could be
highly related to its production process, usually observed in the absence
of anti-agglomeration treatment [35]. As agglomeration was usually
caused by capillary pressure or surface tension, anti-agglomeration
treatment involved minimizing these effects (e.g. increased surface
wetting by organic groups) [35]. Overall, the agglomeration degree of
the nine commercial RMCs varied significantly, revealing clear differ-
ences depending on the production process of the RMCs.

3.1.5. Microstructure

The microstructures of the nine commercial RMCs are shown in
Fig. 8. Each sample revealed significantly different microstructures in
line with the variations in their particle size, shape and homogeneity,
which can affect their performance as a binder. In particular, the vari-
ations in the density and agglomeration of RMCs were highlighted in
Fig. 8.

Samples UKCN-90 and UKNK-92 were mainly composed of dense
MgO particles with grain size less than 100 nm, based on their SEM
images [28]. On the contrary, extensive Mg(OH), was observed in
AU-97 and AU-90 [36,37], which is consistent with their TGA and XRD
results. Two distinct morphologies were observed in CNSD-92 and
CNLN-92, both dominated by MgO particles with a grain size of around
100-200 nm and a secondary carbonate phase [18,38,39], in line with
the XRD results. The morphologies of CNSH-85 and CNSH-99 were more
homogenous, consisting of evenly distributed MgO particles. CNSH-85
and CNSH-99 possessed looser microstructures when compared to
UKCN-90 and UKNK-92, which could have contributed to their higher
SSA. It is worth noting that a certain degree of agglomeration was
observed in CNSH-85, resulting in a lower SSA than CNSH-99. Among
the nine RMCs, CNSD-99 revealed a microstructure composed of parti-
cles that agglomerated into larger volumes. Due to the unique
morphology of CNSD-99, EDX was used to evaluate its chemical
composition locally. The composition of this sample confirmed by EDX
results shown in Fig. S2, mainly included Mg and O. The unique
morphology of MgO present within this sample could explain its high AR
value.

Some samples experienced mild charging, as can be seen in some
images in Fig. 8, which was attributed to their less conductive nature
[40]. Though samples were coated by conductive gold, the variation of
the properties of RMCs still induced different degrees of charging.

3.2. Correlation among different properties

Fig. 9 shows a strong linear correlation between the chemical reac-
tivity (i.e. the time consumed for neutralization) and SSA of each sam-
ple. Reactivity was expressed as reciprocal of as it is inversely related to
the neutralization time. The results revealed a direct linear relationship
between reactivity and SSA, with an r? value of 0.88.



T. Mi et al.

100%

:] Periclase |:]Brucite |:] Magnesite -Hydromagnesite - Nesquehonite
J L) Ll L} + + L)

80%

60% -

40%

20% -

4. 2%

=

Cement and Concrete Composites 138 (2023) 104984

6. 4% o1 2% 6. 2% 24. 1% 95. 5%

0 424 5% BY. 5% 9. 9%
UKCN 90 UKNK 92 AU 97

AU-QO CNSD 92 CNLN 92 CNSH-85 CNSH 99 CNSD 99

Fig. 5. Periclase (MgO), brucite (Mg(OH),) and carbonate contents of the nine commercial RMCs.

120 —————1——

SSA (m?/g) N
A O @ O
o © o© o
1 1 1 1

N
o
1

134

o

86.9

335

UKCN-90 UKNK-92 AU-97

T
AU-90 CNSD-92 CNLN-92 CNSH-85 CNSH-99 CNSD-99

Fig. 6. SSA of the nine commercial RMCs.

120 T T T T

100

(o]
o
1

Reactivity (s)
[}
o
1

37.0

H
o
1

293

233
19.0 7

/7"‘

N
o
1

o

101.7

7 i

63.0 1
_

13.7 y

2 v

T T T T T
UKCN-90 UKNK-92 AU-97

AU 90 CNSD-92 CNLN-92 CNSH-85 CNSH—99 CNSD-BQ

Fig. 7. Chemical reactivities of the nine commercial RMCs.

Fig. 10 presents the correlation of AR with SSA and reactivity. It was
reported that the lower the AR value, the higher the reactivity of MgO
powder was since the less agglomerated MgO would need to break apart
for hydration [4]. While the relationship between SSA and AR of MgO
has not been discussed in the literature in detail until now, both SSA and
reactivity illustrated inverse proportionality with AR in Fig. 10, showing
a considerable drop in SSA and reactivity with an increase in AR when it
was below 4. Alternatively, when the AR value was above 4, SSA and
reactivity gradually decreased with the further increase of AR, albeit ata
significantly lower rate. The coefficients of the inverse curves for each
relationship were determined by inverse curve fitting, as presented in

Fig. 10. On the other hand, no obvious relationships were observed
between the purity (i.e. MgO content) of each sample against the other
properties.

3.3. Performance

3.3.1. Heat of hydration

Heat release is linked with the dissolution and hydration of the MgO
via its reaction with water to form Mg(OH), [41]. The rate of this re-
action is dependent on the reactivity of the RMC [34]. Fig. 11 shows the
heat flow of the nine RMC samples during the first 72 h of hydration. All
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Table 2
Textural properties and crystallite sizes of the nine commercial RMCs.

Label SSA (m%/g) Gggr FWHM (B) Gxrp AR, Gpgr/Gxrp
UKCN-90 13.437 124.2 0.22916 37.2 3.3

UKNK-92 19.776 84.4 0.31199 27.4 3.1

AU-97 17.098 97.6 0.25296 33.7 2.9

AU-90 11.311 147.6 0.26433 32.3 4.6

CNSD-92 11.058 150.9 0.24787 34.4 4.4

CNLN-92 5.754 290.1 0.21109 40.4 7.2

CNSH-85 33.451 49.9 0.33755 25.3 2.0

CNSH-99 86.945 19.2 0.72444 11.8 1.6

CNSD-99 4.404 379.0 0.28707 29.7 12.7

samples revealed their first peaks within 2 h, corresponding to the initial
dissolution of MgO. However, the heat flow rate at the initial stage of the
nine RMCs was very different, ranging from 1.1 to 162.8 mW/g.
CNSH-85 and CNSH-99 showed rapid initial heat flow rates, aligned
with their relatively high reactivities. In contrast, CNLN-92 exhibited
the lowest heat flow rate of 1.1 mW/g, in line with its lowest reactivity.
The heat flow curves of CNSD-92 and CNSD-99 possessed boarder peaks,
which could be attributed to their similarly low reactivities and SSAs. A
similar observation was reported in the literature, showing that
decreased hydration rate could be reflected as a broad hydration peak,
which was in alignment with lower reactivity and SSAs in MgO samples
[42,43].

After the first peak, the heat flow of most RMC samples started to

UKCN-90

'UKNK-92
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decline due to the initial precipitation of hydrates on the unreacted MgO
surfaces, which prevented further dissolution and therefore slowed
down the hydration reaction [42,44]. CNSH-85, CNSH-99, UKNK-92
and AU-97 samples revealed single sharp hydration peaks, which
could be related to their relatively high reactivities [43]. In contrast,
CNSD-92 and CNSD-99 samples demonstrated single board peaks, owing
to their low reactivities [43]. The other three samples exhibited a second
hydration peak between 5.1 and 28.5 h, which was labeled in red in
Fig. 11. When all the samples were compared, the role of reactivity in
the hydration mechanism of RMC samples was observed, revealing three
types of hydration behavior: (i) A single sharp hydration peak; (ii) a
single board peak; and (iii) two separate peaks.

Fig. S3 illustrates the cumulative heat of the nine RMC samples
during the first 72 h. CNSH-85 and CNSH-99 samples released more heat
in the initial stage, in line with their high reactivities. As hydration
proceeded, CNSH-85 maintained the highest heat released until 64.5 h,
which was then surpassed by CNSD-99. On the contrary, CNLN-92
exhibited the lowest cumulative heat initially, aligned with its lowest
reactivity. This was followed by an almost linear increase until the end
of 72 h, indicating the constant hydration rate of CNLN-92. The linear
increase of cumulative heat observed in CNSD-99 and CNLN-92 samples
was an indication of the continuation of the hydration reaction within
the first three days. When compared with the others, these samples had
the lowest reactivities, slowing down the initial reaction and the asso-
ciated formation of the hydroxide film. Both AU-97 and AU-90 samples
revealed a low heat release at all times, which was correlated with their

AU-97

Brucité
~A

Fig. 8. Microstructures of the nine commercial RMCs.
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high Mg(OH), and relatively low MgO contents.

Fig. S4 displays a comparison of the cumulative heats of all samples
at different stages of hydration. Samples with high reactivities, such as
CNSH-85 and CNSH-99, revealed high heat accumulation during the
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first 6 h; whilst CNLN-92 and CNSD-99 showed limited cumulative heat
initially, followed by a major heat release in the second day. All samples
indicated lower heat accumulations on the third day than second day,
indicating that the hydration rate gradually decreased after 2 days.
Notably, AU-90 and AU-97 had the lowest cumulative heat during the
first 3 days, which could be attributed to their relatively low MgO pu-
rities (Fig. 5). Alternatively, UKCN-90 and UKNK-92 demonstrated a
similar cumulative heat after 3 days. Although the latter contained
slightly less MgO (Fig. 5), its higher reactivity promoted its hydration
during the first 6 h, resulting in a similar accumulative heat at the end of
3 days, in comparison with UKCN-90 (Fig. S4) [43]. For CNSD-99 and
CNSH-85, which showed similar purities at ~95% (Fig. 5), their final
cumulative heats were comparable, whereas the development of their
cumulative heat differed. Accordingly, CNSH-85 released almost half of
the heat during the first 6 h, while CNSD-99 mainly released heat after 6
h, linked with the variations in their reactivities [43].

3.3.2. Strength development

The compressive strength of RMC concrete specimens subjected to
ambient curing for 28 days is presented in Fig. 12. Most samples
revealed strengths below 5 MPa, which was due to the limited contri-
bution of hydration to strength development, in line with the findings of
previous studies [14,42]. However, CNLN-92 and CNSD-99 samples
developed considerably high strengths of 10.7 MPa and 14.2 MPa,
respectively, with slightly larger standard deviations, due to the varia-
tion of the strength developed in different samples. Considering the low
reactivities of these samples, these higher strengths were unexpected.
Previous studies reported that the final hydration degree of MgO sam-
ples was comparable, independent of their reactivity [45]. In this study,
RMC samples with high reactivities exhibited very high initial hydration
rates. Considering that the hydration of MgO results in volume expan-
sion [46], the rapid progress of hydration in samples with high re-
activities could initially lead to expansion, forming a porous structure
and induce cracks, as shown in Fig. 12. Furthermore, the rapid formed
reaction products may cover unreacted MgO particles [26], limiting
further hydration and strength development. In contrast, samples with
lower reactivities, such as CNLN-92 and CNSD-99, represented a con-
stant hydration rate over time, inducing a denser structure.

The strengths of RMC-based concrete specimens subjected to
carbonation curing up to 28 days are shown in Fig. 13. Generally, all
samples revealed higher strengths than their counterparts cured under
ambient conditions due to the formation of HMCs under carbonation
conditions [9,17]. CNSD-99 achieved the highest strength at all ages,
revealing a maximum strength of ~70 MPa at 7 days. Although CNSD-99
demonstrated a low SSA and reactivity, its strength development was
linked with the progress of hydration and carbonation reactions
observed in this sample. Accordingly, CNSD-99 showed a linear increase
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Fig. 11. Heat flow diagrams of the nine commercial RMCs.
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Fig. 13. Compressive strength of RMC concrete samples under carbonation curing.

in cumulative heat and surpassed others until the end of 3 days (Fig. S3).
This consistent progress in hydration could reduce rapid volume
expansion [46] and thermal cracking [47], resulting in the stable pre-
cipitation of Mg(OH),. As the carbonation of Mg(OH), could be more
favorable than MgO [48], the constant progress of hydration did not
only provide enough Mg(OH), for carbonation, but also facilitated a
continuous carbonation reaction, thereby resulting in a denser structure
[3] and contributing to strength development [15,49]. In contrast,
although the more reactive samples such as CNSH-99, produced more
Mg(OH); at the beginning, the rapid precipitation of reaction products
could form a surface layer on unreacted MgO particles, thereby limiting
further hydration and carbonation, as well as strength development [9].

Therefore, for a uniform reaction pattern, RMC samples shall be
neither too reactive (e.g. CNSH-99) to induce rapid hydration and cracks
initially, nor too unreactive (e.g. CNLN-92) to demonstrate limited hy-
dration for strength development. Alternatively, RMC samples with an
optimized reactivity (e.g. CNSD-99), which exhibit a constant progress
of hydration should be targeted. Such hydration behavior can be

considered as a key feature of a promising RMC source.

Three types of strength development trends were identified: (i)
Continuous increase; (ii) decrease followed by an increase; and (iii) in-
crease followed by a decrease. Accordingly, UKCN-92, UKNK-90, AU-97
and CNSH-99 samples were in the 1st category, achieving a constant
increase in strength over time for up to 28 days, which was in line with
most results reported in the literature [14,15,17,50]. AU-90, CNSD-92
and CNSH-85 samples showed a decrease in strength from 3 to 7 days,
followed by an increase from 7 to 28 days, corresponding to type (ii).
CNLN-92 and CNSD-99 presented an increase in strength from 3 to 7
days and a decrease from 7 to 28 days, corresponding to type (iii), in line
with the trend previously reported by Hay and Celik [10]. The variations
in strength development trends were essentially related to the differ-
ences in the properties of RMCs. For instance, CNLN-92 and CNSD-99,
categorized as type (iii), demonstrated the lowest reactivity. Within
these samples, the reduction of the strength from 7 to 28 days was
attributed to internal hydrostatic pressure induced by the absorption of
water for the further hydration of unreacted MgO [10]. However, the



T. Mi et al.

variations in strength development trends corresponding to RMC types
(i) and (ii) were more influenced by the combined effects of purity, SSA,
reactivity and AR value instead of a simple link to the reactivity.
Amongst type (ii), both chemical compositions and reactivities of sam-
ples AU-90, CNSD-92 and CNSH-85 varied significantly. Overall, the
strengths results demonstrated that concrete specimens made from
different RMCs revealed different strength development behaviors,
indicating the room for variability in performance, although all samples
were categorized as “reactive”.

3.4. Correlation between different properties and performance

In this study, the chemical and physical properties, hydration heat
and strength development of different commercial RMC samples were
investigated and compared. Furthermore, Pearson correlation coeffi-
cient was used to establish correlations between different factors. The
results are presented in Fig. 14, where IND1-12 represent all the factors
considered. All the factors were selected strategically to establish cor-
relations between the properties of RMC samples and their performance.
For example, IND5 represents the heat flow at the first peak, revealing
the maximum hydration rate that RMC samples can achieve, which is
critical for their strength development, especially at early stages.
Additionally, IND7 accounts for the accumulative heat during the first 6
h, which plays a key role in revealing hydration kinetics (Fig. S4) and its
associated effect (Figs. 12 and 13). The asterisk represents the ones with
p values lower than 0.05, indicating a significant difference exists be-
tween those two factors [51]. All factors could be divided into three
groups, depending on their link with the properties, hydration and
strength development of the RMC samples, as labeled in Fig. 14.

In terms of hydration, among IND5-8, IND5 (heat flow at the 1st peak
(mW/g)) exhibited a strong positive correlation with IND7 (accumula-
tive heat (6 h) (J/g)). Such correlation is reasonable since the

IND1: MgO purity (%)

IND3: SSA (m2/qg)
IND4: Agglomeration ratio (AR)

IND5: Heat flow at the 15! peak (mW/g)
IND2: Reactivity (reciprocal of time, s©) IND6: Time of the first peak (h)

IND7: Accumulative heat (6h) (J/g)
IND8: Accumulative heat (3d) (J/g)
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accumulative heat during the first 6 h is highly dependent on the heat
flow rate at the 1st peak, which occurred before 6 h for all MgO samples.
When the properties (IND1-4) and hydration (IND5-8) (green rectangle)
were investigated, IND5 indicated positive correlations with IND2
(reactivity (reciprocal of time, s 1)) and IND3 (SSA (mz/g), which
revealed that RMC powders with a greater reactivity and larger SSA
could always be expected to result in a higher heat flow rate at the 1st
peak. Another significant positive correlation was observed between
IND2 and IND7, showing that the reactivity of RMC samples played an
important role in the cumulative heat during the first 6 h. In contrary,
the cumulative heat up to 3 days was more influenced by the purity and
AR of RMC, as revealed by the Pearson coefficients of IND8 against IND1
and IND4. The other element, IND6 (time of the first peak (h)), exhibited
non-significant correlations with the other properties of RMC samples.

In terms of strength (IND9-12), the strengths obtained at different
ages and curing conditions all displayed positive correlations with each
other. In particular, IND9 (strength after 3 d carbonation (MPa)) showed
strong positive correlations (r > 0.8) with IND10 (strength after 7
d carbonation (MPa)) and IND11 (strength after 28 d carbonation
(MPa)), demonstrating that RMC samples with a greater strength after 3
days of carbonation were likely to achieve higher strengths after 7 and
28 days. Additionally, there was a positive correlation between IND10
and IND12 (strength after 28 d hydration (MPa)), revealing that RMC
samples that revealed higher strengths after 7 days of carbonation also
performed better under ambient curing conditions, during which
strength development was purely reliant on hydration.

A comparison of factors associated with hydration (IND5-8) and
strength (IND9-12) (red rectangle) revealed only two significant corre-
lations. Accordingly, the relationship of IND8 (accumulative heat (3 d)
(J/g)) with IND10 (strength after 7 d carbonation (MPa)) and IND12
(strength after 28 d hydration (MPa)) led to coefficient values of 0.74
and 0.95, respectively. The strong correlation between the IND8 and

IND9: Strength after 3d carbonation (MPa)
IND10: Strength after 7d carbonation (MPa)
IND11: Strength after 28d carbonation (MPa)
IND12: Strength after 28d hydration (MPa)
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IND12 highlighted a clear link between the cumulative heat after 3 days
and strength of RMC samples after 28 days of hydration. A comparison
of factors associated with RMC properties (IND1-4) and strength (IND9-
12) (blue rectangle) revealed large variations in the correlation between
different factors, with values ranging from —0.05 to 0.88. Among these
factors, only IND4 (agglomeration ratio (AR)) showed significant cor-
relations with IND10 and IND12, indicating the link between AR value
and strength of RMC samples after 7 days of carbonation and 28 days of
hydration.

Based on the information presented in Fig. 14, the purity and AR
showed positive linear correlation with the strength of RMC mixes
subjected to different curing conditions, while the reactivity and SSA of
RMC demonstrated negative correlations with strength. However, the
correlation of AR against the 28-day strength under ambient curing
conditions and 7-day strength under carbonation conditions were most
significant. Since higher purity of a sample directly corresponds to the
amount of MgO available for reaction, it is natural that this component
benefits the hydration of RMC and improves strength consequently.
However, the positive correlation between AR and strength is rarely
discussed, though agglomeration was reported to reduce the reactivity
of RMC [13]. It can be seen that RMC powders with high AR values, such
as CNLN-92 and CNSD-99, exhibited relatively more stable hydration
rates, which regulated the associated volume expansion [46] and ther-
mal cracking due to hydration heat [47]. Alternatively, the hydration
degrees of RMC samples were comparable as reactivity did not play a
significant role after 28 days [45]. Considering that the strength
development of RMC-based samples depends on the hydration and
subsequent carbonation of MgO [17,49], limiting volume expansion and
thermal cracking throughout this process via the use of RMCs with
higher AR values could present benefits.

Another interesting finding was the negative correlation of strength
with reactivity and SSA. In general, RMC powders with high reactivities
are preferred as a binder as they could react at a faster rate and to a
higher degree than those with lower reactivities [52]. This approach
does not seem to align with the results presented in this study, especially
for the strength developed after 28 days of ambient curing. However, the
relatively low correlation coefficients ranging from —0.05 to —0.53 do
not present a strong relationship between strength and SSA. Previous
studies have shown that hard/dead-burnt MgO with a much lower
reactivity exhibited a lower hydration rate than reactive MgO [53],
leading to limited strength development [54]. However, when a range of
reactive MgO samples were compared amongst each other, those with
very high reactivities were reported to potentially cause expansion [46]
and form a porous structure. In addition to expansion, a rapid formation
of reaction products on the surface layer of unreacted MgO particles can
limit further hydration and strength development [26]. A similar phe-
nomenon was reported as a part of the hydration mechanism of trical-
cium silicate in PC [55]. Consequently, an “optimum” reactivity, rather
than the highest one, should be used for building applications. This
outcome is also supported by the cumulative heat results, where the
most reactive sample CNSH-99 demonstrated a much lower cumulative
heat at 3 days than that of CNSD-99, whilst both samples presented
similar purities. It is also worth noting that a lower reactivity RMC could
be favored for MgO-SiO2-H50 system to avoid the rapid formation of
Mg(OH); [56].

Generally, the strength of RMC-based samples is mainly linked with
the degree of hydration and subsequent carbonation [17,49,57,58].
When compared to carbonation, hydration provides limited strength
development under natural conditions, via the reaction shown in
Equation (4), which involves the dissolution of MgO, followed by the
precipitation of Mg(OH), [53]. During the dissolution of MgO, hydra-
tion is directly affected by the reaction rate, which in turn, is governed
by the purity and reactivity of MgO. However, the formation of a
surface-layer over unreacted MgO and the agglomeration of hydration
products limit further hydration [9,59]. Consequently, hydration rate is
also affected by physical properties including AR and SSA. Therefore,
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these properties influence the formation of Mg(OH),, which would
subsequently carbonate to provide strength in RMC-based formulations.
On the other hand, different reaction rates and physical properties
induce various pore structures, which in turn affect the diffusion and
penetration of CO», and finally impact strength development.

MgO +H,0 -»Mg(OH), (€))

The Pearson coefficient values in Fig. 14 can only indicate a linear
correlation and provide a general justification of the relationship be-
tween two factors only. To integrate all RMC properties and determine
their influence on sample performance, a regression analysis was used.
The regression models are shown in Equations (5)-(8), which were
calculated at a 95% confidence level. To validate the models, the cor-
relation coefficients (R?) were listed after equations, where the predic-
tion of IND9, IND10 and IND12 was within an acceptable range from
0.76 to 0.99 [60]. However, the prediction of IND11 (strength after 28
days of carbonation) was not straightforward as it did not present a high
correlation coefficient (R2 = 0.38). For 3-day and 7-day strengths under
carbonation conditions and 28-day strength under natural conditions,
strength development was dominated by hydration and RMC properties
that determined reaction mechanisms. However, for strength develop-
ment after 28 days under carbonation conditions, the penetration and
dissolution of CO5 and formation of carbonated products became critical
for the mechanical performance of RMC-based samples [61]. In this
case, the pore structure and microstructural development of these
samples also need to be considered [2].

Based on the proposed equations, both purity and AR of RMC
demonstrated a positive correlation with strength developed under
natural and carbonation curing. High purities corresponded to higher
MgO contents available as a reactant for hydration and subsequent
carbonation to contribute to the strength gain [1,62]. Alternatively,
strength development under ambient curing showed negative correla-
tions with SSA and positive correlations with reactivity. However,
strength developed under carbonation curing was positively correlated
to SSA and negatively correlated to reactivity. These variations in the
relationship between performance and SSA/reactivity under different
curing conditions are an indication of the complicated nature of using
RMC as a binder. To simply this process, the linear correlation between
SSA and reactivity as established in Section 3.2 (Equation (9)) was
employed to simplify Equations (5)—(8) into Equations (10)-(13). It can
be seen that the strength developed under carbonation curing is posi-
tively correlated to reactivity, which reversed to negative under ambient
curing. These variations in the effects of reactivity should be attributed
to the different mechanism of strength development of RMC under
natural and carbonation curing conditions. It was reported that RMC
with an extremely high reactivity could achieve a majority of its hy-
dration within 1 day [4]. The rapid precipitation of the hydration
product, Mg(OH),, forms a surface layer on unreacted particles, pre-
venting further hydration [9,44]. Furthermore, the excessive expansion
and possible thermal cracking would potentially limit the strength
development of RMC under ambient conditions [46,47].

IND9 = — 18.18 4 4.25 IND1 + 513.56 IND2 — 0.46 IND3 + 2.99 IND4 R*
=0.76

(5)
INDIO= — 27.91 +20.61 IND1 + 317.46 IND2 — 0.27 IND3
+5.34 IND4 R?
=0.85 (6)

IND11=8.86 + 8.11 IND1 + 268.70 IND2 — 0.38 IND3 + 1.48 IND4 R’
=0.38
@
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INDI2= — 1.15 4 6.59 IND1 — 63.90 IND2 + 0.04 IND3 + 0.79 IND4 R?
=0.99

®
IND2 =0.012 IND3 + 0.001 R* = 0.88 ©)
IND9 = — 18.18 +4.25 IND1 + 5.70 IND3 + 2.99 IND4 (10)
IND10= —27.91 4 20.61 INDI + 3.54 IND3 + 5.34 IND4 1)
IND11=28.86 + 8.11 INDI + 2.84 IND3 + 1.48 IND4 12)
INDI12= — 1.15 4 6.59 IND1 — 0.73 IND3 + 0.79 IND4 13)

4. Conclusions

This study presented a detailed characterization of 9 commercially
available RMC samples obtained from different sources and production
methods, leading to a discussion on mechanical performance. Correla-
tions between the properties of different RMC powders and their
strength development under hydration and carbonation conditions were
established. Finally, regression models were proposed to predict the
strength of RMC-based samples. The main findings are concluded as
follows.

e A strong linear correlation was found between the reactivity and
SSA, along with an inverse proportionality correlation of AR with
reactivity and SSA.

The heat flow behavior was highly associated with reactivity. A
positive correlation between the cumulative heat during the first 6 h
and reactivity was revealed, whereas the correlation between cu-
mulative heat during the first 3 days and reactivity was not clear.
RMC samples with the highest reactivities led to the highest amount
of heat release within the first 6 h, while the least reactive RMC
samples demonstrated a relatively constant heat release rate up to 3
days.

The investigated samples revealed distinct strength development
trends that were categorized under 3 groups. The strength values
obtained under both ambient and carbonation conditions were all
positively correlated with the cumulative heat released during the
first three days of hydration.

Out of all properties, purity and AR both indicated positive correla-
tions with strength. Reactivity of RMC showed a positive correlation
with strength under carbonation conditions and a negative correla-
tion under ambient curing conditions.

Overall, the outcome of this work has presented clear links with the
properties of different RMC powders and their mechanical performance
as a binder. It was concluded that reactivity should not be regarded as
the only critical parameter involved in the decision-making process
when determining the suitability of RMC as a binder. Other properties
such as purity, SSA and AR, also play key roles in strength development.
To incorporate the effects of all these properties, the models proposed in
this study can be used as a guideline for researchers and practitioners,
who are interested in using RMC as a binder.
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