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This study presented a detailed investigation of the carbonation of reactive magnesia cement (RMC) and brucite
cement by using Raman spectroscopy and other characterization techniques. Quantification of carbonation at
different depths and formation of various reaction products in each system were demonstrated. Correlations
between Raman peak intensities and carbonation degree were established by Raman mapping. Established
correlations were employed to evaluate the carbonation behaviour of RMC and brucite cement. Results indicated
the higher sensitivity of Raman spectroscopy than XRD in detecting different carbonation products at early
stages. This information can be used to assess the strength and microstructural development of RMC and brucite
cement since different HMCs have distinct properties and performance contributions, and their transformation
plays a key role in microstructural and strength development. This study provided further understanding of the
carbonation mechanisms of Mg-based systems, which could enable carbonation degree and performance pre-

diction via the established correlations.

1. Introduction

Production of ordinary Portland cement (OPC) accounts for around
5-7 % of the global carbon dioxide (CO2) emissions [1,2], which is
mainly associated with the decomposition of limestone and burning of
fuels for calcination [3]. To address this issue, a range of alternative
cementitious materials with potentially lower CO, emissions are being
investigated. One of these is Mg-based cements produced from desali-
nation reject brine, whose potential and technical feasibility as an
alternative cementitious material has been reported in previous studies
[4-7]. Reactive MgO cement (RMC) that can be obtained at the end of
this process can gain strength by reacting with CO, and forming hy-
drated magnesium carbonates (HMCs) [4,8,9] such as needle-like nes-
quehonite (MgCO3-3H0), disk/rosette-like ~ hydromagnesite
(4MgCO3-Mg(OH),-4H20), dypingite (4MgCOs-Mg(OH)2-5H20) and
artinite [10,11]. Considering the importance of carbonation for the
strength development of RMC-based systems, it is critical to understand
their carbonation behaviour in terms of the composition of reaction
products and overall carbonation degree [12,13].

Various carbonation products have been reported for Mg-based
systems in the literature, as summarised in Fig. 1. Generally, the
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formation of different types of HMCs is highly dependent on the curing
conditions (i.e. temperature and CO, concentration) and precursor (i.e.
RMC or brucite). The most common carbonation product for RMC-based
mixes is nesquehonite at temperatures below 100 °C. When the tem-
perature is increased to up to 400 °C, nesquehonite transfers to hydro-
magnesite/artinite. Whilst this trend is generally recognised, there is a
disagreement on the compositions of carbonation products forming at
room temperature (i.e. 25-30 °C) and the transformation of HMCs under
different conditions [14-17]. Under a CO, concentration of 20 % (80 +
5 % humidity and 30 + 1.5 °C), dypingite, hydromagnesite, nesque-
honite and artinite were all reported as the carbonation products of RMC
by [18], whilst artinite was not mentioned by [19], and dypingite was
absent in Dung, Hay, Lesimple, Celik and Unluer [9,20]. These dis-
agreements could be explained by variations in mix design and
carbonation duration. Similar differences in the composition of
carbonated RMC matrices could also be observed under a CO, concen-
tration of 10 % at room temperature [5,9,21]. These differences might
have been caused by other factors, such as variations in curing times and
pressures. When brucite was used as the precursor instead of RMC,
further variations in the carbonation products were observed. Instead of
nesquehonite, hydromagnesite was reported as the most common

Received 24 September 2023; Received in revised form 22 January 2024; Accepted 30 January 2024

Available online 3 February 2024

0008-8846,/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:cise.unluer@manchester.ac.uk
www.sciencedirect.com/science/journal/00088846
https://www.elsevier.com/locate/cemconres
https://doi.org/10.1016/j.cemconres.2024.107454
https://doi.org/10.1016/j.cemconres.2024.107454
https://doi.org/10.1016/j.cemconres.2024.107454
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cemconres.2024.107454&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

T. Mi et al.

Cement and Concrete Research 178 (2024) 107454

i i £} Dypingite {¥ Nesquehonite |
J ek 1 {_} Hydromagnesite {# Artinite !
-~ :B: L e e e = e e o e !
1
25 o
i@
i
< X
= 20{ > @ ® G o)
=
©
]
c
g 15- a o
= : QO (Hayetal., 2021) I
8 1 O (Dung etal., 2021) :
o~ 1 O (Dungetal., 2019) Reactive MaO
(o) | CEAR : 'O (Unluer and Al-Tabbaa, 2013) [~ eactve Mgo 1
o 1 @< RO® 'O (Ruan etal., 2021) :
1 O (Kumaretal., 2021) 1
1 O (Singhetal., 2022) 1
1 [0 (Schaefetal., 2011) !
5 - Q 1 ] (Zhang et al., 2022) ticiis :
ILD (Rausis et al., 2020) J |
O = 1 1 1 I T \\\\ 1
0 50 100 150 200 250 400

Temperature (°C)

Fig. 1. Carbonation products observed within Mg-based systems under different CO, concentrations and temperatures [4,5,9,18-24].

product observed when the CO, concentration was below 20 % [4,22].
Nesquehonite was only detected when brucite was exposed to super-
critical CO4 [23,24]. These variations in the findings of the carbonation
products in RMC- and brucite-based cements can create undesirable
uncertainties during their practical application.

In addition to their composition, the amount of reaction products
after carbonation also plays a significant role in the strength develop-
ment of RMC- and brucite-based cements. Current techniques to quan-
tify the carbonation products include spraying with phenolphthalein
[25,26], acid digestion [27], thermogravimetric analysis (TGA) [28]
and X-ray diffraction (XRD) [29], which have provided valuable infor-
mation towards understanding the carbonation behaviour of these
binder systems [9,18,29-31]. However, each of these techniques present
certain shortcomings. For instance, use of phenolphthalein can under-
estimate carbonation depth since it can only identify pH over/below 9,
whilst the partially carbonated areas may be overlooked [32,33].
Alternatively, acid digestion was found to overestimate the carbonated
content due to the high volatility of the acid, and the heat emitted from
the reaction between carbonates and acid [19]. Moreover, though TGA
can capture the precise mass loss of carbonated products, their chemical
compositions can be hardly differentiated [34]. Additionally, besides the
phenolphthalein spray, all these aforementioned techniques are for bulk
analysis (i.e. involving the assessment of a significant quantity of ma-
terials in powdered form, commonly a destructive procedure). There-
fore, they all fail to continuously monitor the distribution and amount of
HMCs at different depths, which strongly affects the strength develop-
ment of Mg-based systems.

Raman spectroscopy, a backscattering and non-destructive tech-
nique, presents certain advantages in characterising and quantifying the
carbonation of cementitious systems [35,36]. First, Raman spectroscopy
is capable to differentiate various HMCs based on their corresponding
characteristic peaks [9,18,37]. Second, there are almost no re-
quirements for special sample preparation and testing conditions (e.g.
vacuum) for Raman measurements [38], enabling in-situ measurements
without affecting the carbonation processes. Benefiting from these

advantages, Raman spectroscopy has been increasingly used in
providing relevant information on the carbonation of Mg-based systems
[9,18,37]. Moreover, Raman spectroscopy has also been extensively
employed in the literature to quantify the carbonation of OPC, resulting
in invaluable information regarding the carbonation front and distri-
bution with a high spatial resolution [39-44]. However, for Mg-based
systems, Raman spectroscopy has only been employed to identify the
phases observed after the carbonation of certain RMC formulations until
now. Alternatively, the detailed characterization by Raman spectros-
copy and relevant understanding of the formation carbonation products
within a range of Mg-based cements including those involving brucite is
missing in the literature. More importantly, a critical information gap in
the quantification of carbonation products within Mg-based systems by
Raman spectroscopy exists due to the absence of correlations between
the overall carbonation degree and Raman peak intensities.

Building upon the existing knowledge and methodology developed
to quantify the carbonation of OPC [36], this study aims to address these
gaps in the literature and provide a detailed understanding of the
carbonation products within Mg-based systems via their identification
and quantification by Raman spectroscopy. To achieve this, carbonated
RMC- and brucite-based cement samples were prepared, which were
then mixed with uncarbonated counterparts to simulate varying degrees
of carbonation. These samples were then characterized by Raman
spectroscopy to establish correlations between the Raman peak in-
tensities and overall carbonation degree. Finally, the established corre-
lations were successfully used to evaluate the carbonation degree of
various Mg-based systems subjected to different carbonation curing
conditions. The outcome of this work revealed the differences between
the carbonation of RMC- and brucite-based cements. More importantly,
the feasibility of using the established correlations in the evaluation of
the carbonation degree of these systems by Raman spectroscopy was
demonstrated.
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Fig. 2. Schematic representations of sample preparation.
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Fig. 3. XRD patterns of commercial RMC, raw chemical MgO (used for brucite production) and produced brucite cement.

2. Materials and methodology
2.1. Materials

Two types of cement, i.e. RMC- and brucite-based, were employed in
the present work. The RMC used in the present work was obtained by the
calcination of magnesite under 1000 °C from Lingshou Minerals Pro-
cessing Plant in China with a specific surface area (SSA) of 5.8 m?/g. The

brucite cement was produced via the hydration of a chemically syn-
thesized MgO with a very high reactivity with a SSA of 86.9 m?/g, ob-
tained from Shanghai Yuanjiang Chemicals Co. Ltd. in China. Deionised
water was used for sample preparation.

2.2. Sample preparation

The sample preparation procedure followed in this study is
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Table 1
Mix proportions of samples prepared in this study.
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Carbonated RMC (%) Uncarbonated RMC (%)

Carbonated brucite cement (%) Uncarbonated brucite cement (%)

R-CO 0 100 _ -
R-C20 20 80 - -
R-C40 40 60 ~ -
R-C60 60 40 ~ -
R-C80 80 20 - -
R-C100 100 0 B -
o _ - 0 100
B-C20 _ B 2 Lo
B-C40 - ~ o o
B-C60 - B P &0
B-C80 - B o0 o
B-C100 - - 100 0
Nesquehonite
Mg(OH), Ma(OH), ydromagnesite

1
600

1 1 1
800 1000 1200

Wavenumber (cm-1)

Fig. 4. Raman spectra of carbonated RMC after 7 d, 14 d, 28 d and 56 d of carbonation.

illustrated in Fig. 2. Brucite cement was produced via the hydration of
MgO, which was mixed with water at a ratio of 1:10 in a bottle on a
rotation machine to promote the hydration process. After 3 days, the
precipitated brucite was dried at 50 °C for 3 days in an incubator and
ground into powder form (<125 pm). XRD patterns (Fig. 3) were ob-
tained for the commercial RMC, raw chemically synthesized MgO and
the produced brucite cement, indicating the total conversion of MgO to
brucite. The XRD pattern of RMC presented in Fig. 3 highlighted im-
purities of magnesites and nesquehonite. RMC- and brucite-based ce-
ments were used to prepare pastes with w/b ratio of 0.5. Both pastes
were divided into two batches and were ground into powder form
(<425 pm) after 1 d to improve their carbonation under two different
conditions: (i) accelerated carbonation (30 °C, 80 % relative humidity
(RH), and 20 % CO, concentration) and (ii) ambient conditions (30 °C,
80 % RH and 0.04 % CO. concentration).

After 28 d of accelerated carbonation and ambient curing, four
groups of samples were obtained, as shown in Fig. 2. These included
carbonated and uncarbonated RMC, and carbonated and uncarbonated
brucite cement. It should be noted that the term “carbonated” used here
does not imply the complete conversion of all RMC/brucite into HMCs,
but that the extent of carbonation reached its limits under the provided
conditions, as also demonstrated in earlier studies [4,12,20]. These
samples were then mixed at different ratios, as detailed in Table 1. The
content of the carbonated phases (%, by mass) was used in labelling each
sample. For example, sample R-40 contained 40 % carbonated and 60 %
uncarbonated RMC.

Cube samples (20 mm) were also prepared to test the viability of the

established correlations in quantifying the carbonation degree of RMC-
and brucite-based cements under carbonation curing. Both binders were
cast into cubes with a w/b ratio of 0.5, which were then subjected to
accelerated carbonation conditions (30 °C, 80 % RH and 20 % CO-
concentration) for 3 d and 7 d. The cubes were cut in half, and Raman
mapping measurements were performed on their cross-sections to
evaluate the distribution of carbonation products and overall carbon-
ation degree. To address the potential influence of hydration and natural
carbonation during the time interval between sample cutting after
carbonation and the Raman scan, the samples were immersed in acetone
upon cutting, followed by sealing under vacuum conditions.

2.3. Analysis

2.3.1. Raman spectroscopy

Raman Spectroscopy was performed by using a Renishaw inVia
Raman spectrometer equipped with a 738 nm laser and a charge-
coupled device (CCD) detector. The laser with a power of ~6 mW was
focused via a Newport M-5X (N.A. = 0.10) microscope objective lens
into a spot size of ~4 pm in diameter. Raman spectra of the RMC and
brucite cement under carbonation curing were obtained at 7 d, 14 d, 28
d and 56 d to identify the characteristic peaks of different carbonated
phases and ensure that no further carbonation occurred after 28 days.
Each spectrum was recorded with an exposure time of 10 s and two
accumulations. Raman mapping measurements were also performed for
the samples listed in Table 1. Three random regions were selected on
each reference sample with 45 spectra collected from each region,
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Fig. 5. Evolution of the Raman peaks intensities of carbonated RMC at 330, 440, 1100, and 1125 cm™! with time.

forming a matrix of 5 x 9 in a range of 400 x 800 pm. Raman mappings
were also obtained from the cross-section of the cube samples to
investigate the carbonation degree. Raman spectra were collected in a
matrix of 7 x 31 within a range of 3000 pm in depth from the exposure
surface and 600 pm in width at the middle of the cross-section. 7 test
points at the same depth were measured to ensure the obtained results
were representative of each sample. Each spectrum for Raman mappings
was recorded with an exposure time of 5 s and two accumulation times.
The obtained spectra were all processed with multiple peak fitting to
mitigate the influence of the intensity of one mineral on the other. A
demonstration of the multiple peak fitting for the spectra obtained from
carbonated RMC and brucite cement is shown in Fig. S1. To eliminate
the influence of sample preparation, the sample surfaces were thor-
oughly polished until uniform surface conditions were achieved.

2.3.2. X-ray diffraction (XRD)

To monitor the transformation of phases and demonstrate that RMC
and brucite cement were carbonated after 28 d of accelerated carbon-
ation curing, XRD was performed with a Bruker D8 Advance at 7 d, 14 d,
28 d and 56 d. XRD patterns were obtained via Cu Ka radiation (40 kV,
40 mA) at a scanning rate of 0.5°/step, over a range of 10°~70° (20). The
effect of preferred orientation on intensity comparison was considered
to be negligible due to the consistency in the approach followed during
sample preparation and employment of acetone immersion.

2.3.3. Scanning electron microscopy (SEM)

To characterise the microstructure of carbonated RMC and brucite
cement, SEM images was obtained by a Zeiss Evo 50 instrument. Sam-
ples were vacuum dried before analysis and mounted onto the sample
stage by using double-sided adhesive carbon tape. Each sample was
coated with gold under 10 mA for 30 s to reduce the charging phe-
nomenon. All SEM images were recorded with an accelerating voltage of
15 kV and a working distance 5-10 mm.

3. Results
3.1. Preparation of carbonated RMC and brucite cement

3.1.1. Raman spectroscopy results

Fig. 4 shows the spectra of carbonated RMC after 7 d, 14 d, 28 d and
56 d of curing. The Raman peak at around 330 cm™! was only observed
at 7 d, which corresponded to the presence of Ca(OH), [45] as an im-
purity in RMC. Notably, Ca(OH), was not identified using XRD, which
should be attributed to the enhanced sensitivity of Raman spectroscopy
for its detection [46]. The disappearance of this peak at 14 d, 28 d and
56 d should be attributed to the carbonation of Ca(OH),. Generally, 5
Raman peaks at 279, 440, 1087, 1100 and 1125 cm ™! were observed in
all spectra, among which 280 and 440 cm ™! were assigned to the O—H
vibration modes of brucite [20,47]. Although the peak at 1087 em~ ! was
unassigned after a comprehensive evaluation of existing literature and
experimental findings, the intensity variation at 1087 cm ! correlated
closely with changes observed at 280 and 440 cm ™. Furthermore, the
Raman spectrum of brucite in the RRUFF database (Brucite R040077)
exhibited a peak at a similar position, as shown in Fig. S2, suggesting the
peak at 1087 cm ™! could be related to the presence of Mg(OH),, whilst
no relevant vibration mode near the Raman shift of 1087 cm™! was
reported. The peak at ~1100 cm™! corresponded to the symmetric
stretching of the CO3" ion in nesquehonite [48,49], whilst the peak at
~1125 cm™! was related to the symmetric stretching mode of the C—O
bond in hydromagnesite [49]. The intensity of these peaks changed with
carbonation duration, which was associated with the conversion of
brucite into HMCs.

To compare the evolution of chemical compositions with carbon-
ation duration, the intensities of the most intense peaks of each com-
pound, i.e., 330, 440, 1100, and 1125 cm” L, are depicted in Fig. 5. The
amounts of Ca(OH), and Mg(OH); both demonstrated decreasing trends
from 7 d to 28 d, revealing their continuous carbonation. Conversely, the
amount of hydromagnesite, one of the major HMCs, increased during the
same period (7 d to 28 d). However, the amount of nesquehonite
increased from 7 d to 14 d and decreased from 14 d to 28 d. This could be
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Fig. 6. Raman spectra of carbonated brucite cement after 7 d, 14 d, 28 d and
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caused by the transformation of nesquehonite to hydromagnesite, which
was consistent with the findings presented in the literature [17,50-52].
There were no significant changes in the peak intensities between 28
d and 56 d, indicating that the RMC-based binder reached a maximum
carbonation degree at 28 d under the conditions provided. In this
context, “carbonation degree” was defined under the specific conditions
of the current investigation. It is distinct from “carbonation content
(%)”, as the matrix achieving the maximum carbonation degree did not
undergo full conversion, therefore achieving <100 %. Overall, the
carbonation of RMC mainly induced the formation of nesquehonite and
hydromagnesite, with a saturation of carbonation at around 28 d.

The Raman spectra obtained from carbonated brucite cement are
shown in Fig. 6. Three sharp Raman peaks could be observed in all
spectra, including 279, 440 and 1125 cm ™. The first two peaks were
related to the O—H vibration modes of brucite [20,47], whilst the last

Cement and Concrete Research 178 (2024) 107454

peak was associated with the C—O vibration mode of CO%" in hydro-
magnesite [49]. The carbonation product of brucite cement was mainly
hydromagnesite, whilst nesquehonite was absent.

To reveal the evolution of chemical compositions of carbonated
brucite cement, Fig. 7 shows the changes in the intensities of the char-
acteristic Raman peaks of brucite and hydromagnesite at 440 and 1125
cm™, respectively. Overall, brucite demonstrated a constant decreasing
trend up to 28 d, whilst hydromagnesite showed a completely inverse
trend, linked with the carbonation of brucite to form hydromagnesite.
Similar to RMC, the carbonation of brucite reached a maximum degree
at 28 d since with no significant changes in the amounts of brucite and
hydromagnesite observed at 56 d. In summary, further carbonation of
brucite could barely occur after 28 d, whereas the main carbonation
product was hydromagnesite.

3.1.2. X-ray diffraction (XRD) results

Fig. 8 shows the XRD patterns of carbonated RMC at different ages of
carbonation. Presence of unreacted MgO, shown as periclase, even after
56 d of carbonation was observed, with the most intense peaks located at
42.9° and 62.3° (20) [53]. Considering the intensities of these peaks,
periclase remained the predominant compound in the carbonated RMC.
The peaks at 18.1°, 38.0°, 50.8° and 58.6° (20) were assigned to the
brucite [54,55]. The major HMC identified in the XRD patterns of all
samples was nesquehonite, with three peaks located at 13.6°, 23.1° and
29.4° (20) [56]. By comparing the intensities of peaks on the XRD pat-
terns at 7 d and 14 d, a reduction in the brucite and an increase in
nesquehonite peaks were observed. This revealed the carbonation of
brucite to form nesquehonite from 7 d to 14 d, which was generally in
line with the Raman results. However, the peaks for hydromagnesite
could not be observed in Fig. 8, which could be due to the relatively low
crystallization degree [57].

The XRD patterns of carbonated brucite at different ages of carbon-
ation are shown in Fig. 8. The main peaks were located at 18.1°, 38.0°
(20), along with the peaks at 50.8°, 58.6° 62.1° and 68.2° (26), corre-
sponding to the presence of brucite as the major phase [54,55]. The
main HMC was found to be hydromagnesite, evidenced by the peaks at

16000
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=
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Fig. 7. Evolution of the Raman peaks intensities of carbonated brucite cement at 440 and 1125 cm ™! with time.
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Fig. 9. XRD patterns of carbonated brucite after 7 d, 14 d, 28 d and 56 d of carbonation.

15.2°, 21.2° and 30.5° (20) [58]. There was a reduction in the peak
intensities of brucite as carbonation progressed over time, whilst the
peak intensities of hydromagnesite increased constantly until 28 d. The
XRD patterns at 28 d and 56 d were comparable, indicating the absence
of any noticeable changes to carbonation after 28 d.

Overall, the results obtained in XRD revealed the main HMCs as
nesquehonite and hydromagnesite in carbonated RMC and brucite
cement, respectively. The findings also demonstrated the completion of
the carbonation reaction under the conditions provided at 28 d. These
findings were generally consistent with those observed from Raman
results.

3.1.3. Scanning electron microscopy (SEM) results

The SEM images of carbonated RMC and brucite cement are pre-
sented in Fig. 10. The morphology of carbonated RMC mainly consisted
of needle-like nesquehonite [59], along with rosette-like hydro-
magnesite [20], as labelled in Fig. 10 (a)-(c). These observations were
aligned with those reported in the literature [9,20]. Alternatively, the
needle-like nesquehonite was absent in carbonated brucite cement, as
shown in Fig. 10 (d)—(f), where the main HMC phase was identified as
hydromagnesite. The co-existence of the 2 HMCs (nesquehonite and
hydromagnesite) in carbonated RMC was consistent with Raman results.
The observation of hydromagnesite in carbonated brucite cement was
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also in line with the XRD and Raman results.

3.2. Establishing correlations for the quantification of carbonation in
RMC and brucite cements by Raman spectroscopy

Correlations between Raman peak intensities and corresponding
carbonation degrees in different Mg-based systems listed in Table 1 were
established via Raman mapping. Considering that the 2 main HMC
phases observed in these samples were nesquehonite and hydro-
magnesite, the intensities of corresponding Raman peaks at 1100 cm™?
and 1125 cm ™! were selected as the indicators of carbonation degree.
The intensities of these peaks were converted into carbonation degree
(%) as a reference for future evaluation of the carbonation behaviour of
RMC and brucite cements. It is important to highlight that the carbon-
ation degree of both the carbonated RMC and brucite was assumed to be
100 % in present work as explained earlier since subsequent carbonation
was minimally observed under the accelerated carbonation conditions.

The spot size of the laser was approximately 4 pm, which could
encompass a considerable area relative to a single crystal. Though the
crystallinity of the phases had an impact on the Raman peak intensity, it
is impractical to account for the crystallization degree of each individual
crystal. Therefore, the quantification analysis in the present work was
based on the statistical outcomes derived from testing 135 points for
each type of standard sample, irrespective of the crystallization degree
of individual crystals. Substantially, the underlying concept revolved
around predicting the most probable Raman peak intensity associated
with different degrees of carbonation. Overall, the establishment of the
correlation between the Raman peak intensity and carbonation degree
was based on a comprehensive dataset comprising total of 810 test
points, which incorporated statistical analyses of reference samples with
varying carbonation degrees.

3.2.1. Carbonated RMC

Fig. 11 (a) shows the Raman mapping results obtained from RMC
reference samples with different colours indicating the variations in
Raman peak intensities at ~1100 cm ™}, i.e. the characteristic peak of
nesquehonite. When there was an absence of carbonated RMC, i.e.
carbonation degree was 0 %, the maps were all in blue, revealing that
almost no nesquehonite existed. With an increase of carbonate RMC
content, the mapping results initially turned to red and eventually
became dark red when the content was up to 100 %. Intensities higher
than 6000 were depicted in dark red colour.

Based on the variations observed in the mapping results, it can be
derived that the intensity of the Raman peak was correlated to the
carbonation degree of RMC. To establish a clear correlation between the

Raman intensity at 1100 cm™! and carbonation degree (i.e. the content
of carbonated RMC), the Raman peak intensities of every test point were
further plotted as a box chart in Fig. 11 (b). Raman peak intensity had a
linear correlation with the amount of the chemical compounds under the
measurement [36,60]. Based on the data points, a linear relationship
between the carbonation degree and Raman peak intensities at ~1100
cm ™! was illustrated with a red dash line. The obtained fitting line fol-
lowed Eq. (1).

Yra = 324 +465Txz, (> = 0.85; RMSE = 1016) €h)
(where xgn is the carbonation degree based on the Raman peak at
~1100 em™}; Yrn is the intensity of this Raman peak; and RMSE is the
root mean square error.)

Similarly, the Raman mapping results and box chart for the Raman
peak at ~1125 cm™?, the characteristic peak of hydromagnesite, are
shown in Fig. 12. Based on the differences in the mapping results, it was
observed that the intensity of the Raman peak at ~1125 cm ™! increased
with an increase in the carbonation degree, showing a similar trend to
that observed for the Raman peak at ~1100 cm ™. Intensities surpassing
2000 were visualized using a dark green colour. The linear correlation
between the Raman peak intensities at ~1125 cm ™! and the carbonation
degree are established in Fig. 12 (b). By regression analysis of all data
points, the line of best fit was drawn as a dashed red line in the plot with
a formula shown in Eq. (2).

Yrn = 268 + 1535xg; (¥ = 0.81; RMSE = 392) @)
(where xgn is the carbonation degree based on the Raman peak at
~1125 cm™}; ygy is the intensity of this Raman peak; and RMSE is the
root mean square error.)

3.2.2. Carbonated brucite cement

Fig. 13 (a) shows the Raman mapping results of the carbonated
brucite cement samples for the peak at 1125 cm™*. A constant increase
in the peak intensities was observed with an increase of the carbonation
degree from 0 % to 100 %, which was evidenced by the gradual change
in the colour in most areas of the mapping results towards dark blue.
Intensities above 15,000 were depicted in dark blue colour. This was in
line with the earlier findings reporting an increase in the hydro-
magnesite content as carbonation progressed over time. All data points
are plotted as a box chart in Fig. 13 (b). Based on these data points, a
linear correlation between Raman peak intensities at 1125 cm ™! and the
carbonation degree of brucite cement was established. Accordingly, a
fitting line with a formula shown in Eq. (3) was obtained.
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degree of RMC.

yp = 317+13267x, (17 = 0.92; RMSE = 2509) (3)

(where x;, is the carbonation degree of brucite cement; y; is the intensity

of the Raman peak at 1125 cm ™! obtained from carbonated brucite
cement; and RMSE is the root mean square error.)

3.3. Quantification of carbonated RMC and brucite cements based on the
established correlations

The correlations established in Section 3.2 were used in performing

quantitative analysis of carbonated RMC and brucite cements in this
section. A systematic averaging process was employed at each depth to
effectively mitigate the impact of sporadic high intensity occurrences.
The depth of carbonation, also known as the carbonation front [61],
denoted the position where the carbonation degree equalled zero.

3.3.1. Quantification of carbonated RMC

RMC cement exposed to carbonation for 3 d and 7 d was evaluated by
Raman spectroscopy. Fig. 14 (a) shows the Raman mapping results,
which present the distribution of nesquehonite and hydromagnesite and
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their relative amounts in terms of carbonation degree. Generally, both
the fully carbonated (red) and partially carbonated (green) areas
increased significantly from 3 d to 7 d, indicating the constant pene-
tration of COy during carbonation curing at early stages.

To further quantify the carbonation degree of RMC after 3d and 7 d,
the scattering plot of the carbonation degree of RMC at different depths
are provided in Fig. 14 (b) and (c) according to the Raman mapping
results shown in Fig. 14 (a). In general, the carbonation degrees linked
with the presence of nesquehonite and hydromagnesite both increased
with time at all depths. In terms of the carbonation depth, the results
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indicated by nesquehonite and hydromagnesite were comparable,
revealing a depth of ~1.1 mm at 3 d of carbonation and ~3 mm at 7 d.
However, the fully carbonated zone (i.e. referring to the area with a
carbonation degree of 100 %) indicated by hydromagnesite was deeper
than that indicated by nesquehonite, which revealed that hydro-
magnesite formation took place at higher sample depths.

However, as carbonation progressed to higher depths, the trans-
formation dynamics became complex. Several factors such as the reac-
tion kinetics, mineral availability, and the interplay of various factors
during the carbonation process need to be considered. Egs. (4) and (5)
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carbonation degree of brucite cement.

show the formation of nesquehonite and hydromagnesite [4,28], whilst
their transformation is demonstrated in Eq. (6). Accordingly, the for-
mation of nesquehonite/hydromagnesite could result from either the
direct carbonation of Mg(OH); or the transformation of other phases.
Although hydromagnesite was reported to be thermodynamically more
stable [62], the transformation between nesquehonite and hydro-
magnesite is a dynamic process depending on the availability of re-
actants, such as Mg(OH), or HyO. At higher depths, the increased
availability of Mg(OH); may promote the formation of hydromagnesite,
which could explain the results obtained in this study.

11

, and (b) box plot of Raman peak intensities at 1125 cm ! (corresponding to hydromagnesite) against

Mg(OH), + CO, +2H,0—MgCO; e 3H,0 (nesquehonite) (©)]
5Mg(OH), +4C0,—4MgCO; e Mg(OH), ® 4H,0 (hydromagnesite) 5)
4(MgCO; o 3H,0) + Mg(OH), < 4MgCO; » Mg(OH), » 4H,0 + 8H,0

(6)

3.3.2. Quantification of carbonated brucite cement
Fig. 15 shows the Raman mapping results of carbonated brucite
cement after 3 d and 7 d of carbonation curing. According to Fig. 15 (a),
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carbonation degree decreased with an increase in sample depth, which
was attributed to the reduction in the accessibility (i.e. limited diffusion)
of CO, at higher depths. The increase in carbonation depth and degree
from 3 d to 7 d indicated the progress in carbonation reaction over this
period. To clearly quantify the carbonation depth and degree, Fig. 15 (b)
shows the scattering plot of the carbonation degree at different depths
based on the results demonstrated in Fig. 15 (a). Accordingly, the
carbonation degree of brucite cement at the surface was only ~50 % at 3
d, which increased to ~65 % at 7 d. Therefore, the surface of the brucite
cement was not fully carbonated after 7 d of exposure to accelerated
carbonation, which was possibly due to 1) the low dissolution rate of
brucite [63], 2) the surface passivation of brucite owing to precipitation
of HMCs [64], and 3) the limited carbonation duration (i.e. as opposed
to the 28 d of carbonation used earlier in Section 3.1). Accordingly, the
carbonation depth increased from 2.5 mm at 3 d to 3 mm at 7 d as shown
in Fig. 15 (b). When compared to the carbonation depth of RMC shown
in Fig. 14 (b and c), carbonated brucite cement demonstrated a higher
carbonation depth initially at 3 d, reaching comparable values at 7 d.

4. Discussion

The work presented in this study identified the differences in the
carbonation products formed in carbonated RMC and brucite cements,
which was generally in line with those reported in the literature
[4,5,9,18-24]. In RMC systems, reactive MgO was firstly hydrated to
form Mg(OH), which was then carbonated to form HMCs [65]. How-
ever, the hydration degree of RMC was limited due to its low rate of
dissolution and the precipitation of hydration and carbonation products
on the surface of unhydrated MgO particles [12]. Therefore, the amount
of hydrate phase (Mg(OH),) available in RMC was less than that in
brucite cement. As a consequence, owing to the larger amount of Mg
(OH), available, the formation of hydromagnesite was promoted in
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brucite cement.

Alternatively, nesquehonite was found to be the major HMCs in
carbonated RMC, along with hydromagnesite. The crystal structures of
brucite, nesquehonite and hydromagnesite, as shown in Fig. 16, could
further support these findings. Accordingly, in all three structures, the
Mg atom is surrounded by six oxygen atoms to form a MgOg octahedral
structure. Brucite consists of sheets of MgOg octahedra with H atoms at
each apex [66], whilst the Mg atom in nesquehonite is coordinated by
four oxygen atoms from carbonates and two from water molecules [67].
Different from nesquehonite, one of the oxygen atoms from the water
molecule is replaced by a hydroxyl ion in hydromagnesite [68]. There-
fore, the existence of abundant hydroxyl ions could promote the trans-
formation from nesquehonite to hydromagnesite. Similarly, previous
studies reported that a higher pH value, i.e. more hydroxyl ions, could
advance the formation of hydromagnesite from nesquehonite [16,17].
Therefore, the availability of Mg(OH)a, i.e. the amount of hydroxyl ions,
could play a role in the formation of different “dominant” carbonation
products in RMC and brucite cements.

This study also revealed the differences between the findings ob-
tained by two techniques, XRD and Raman spectroscopy. With the same
amount of HMCs in samples, Raman spectra (Figs. 4 and 6) presented
much sharper peaks, i.e. more intense signal, than those shown in the
XRD patterns (Figs. 8 and 9). This difference could be caused by the
variation in the principles of each technique. Raman spectroscopy is
based on the vibration modes of the chemical bonds, where the peak
intensity corresponds to the amount of substrate with certain chemical
bonds [38]. XRD is based on constructive interference of X-rays and a
crystalline sample, whilst the peak intensity of the XRD pattern is
associated with the crystallization degree of the substrate [57]. The
newly formed nesquehonite and hydromagnesite were reported to have
poor crystallinity, especially those forming at early stages [4,71,72],
which are thus likely to induce relatively weak peaks in the XRD
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mapping results.

patterns. Therefore, the peaks for hydromagnesite were not observed in
Fig. 8. Alternatively, the C—O bond in nesquehonite and hydro-
magnesite could be identified easily by Raman spectroscopy, as evi-
denced in Figs. 4 and 6. Therefore, it can be concluded that Raman
spectroscopy is more sensitive to detect different HMCs that form in
carbonated RMC and brucite cements. This becomes particularly
important at early stages of carbonation, at which state a limited amount
of HMCs, with relatively poor crystallinities, form. In these scenarios,
Raman spectroscopy has demonstrated its suitability in the identifica-
tion and further evaluation of the carbonation of different Mg-based
systems.

Pixel counting has proven to be a valuable practice for gaining in-
sights into carbonation, as demonstrated in previous studies [39-42].
However, pixel counting is more suitable in the presence of a substantial
number of test points, as reported in previous studies [42], where
around 241,000 test points were acquired in a Raman mapping mea-
surement. Though this approach could yield high resolution chemical
imaging, its practicality for future engineering applications is ques-
tionable due the long analysis durations. In contrast, the current study
employs a different methodology to quantify carbonation, which
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integrating both pixel counting and pixel intensity.

Compared with solely pixel counting, the present work further
established the carbonation degree and Raman peak intensities by
employing reference samples with fitted carbonation degrees. With a
longer total accumulation time (10 s) compared to the literature's
customary duration (commonly <1 s) [39-42], the sensitivity of the
Raman peak intensity corresponding to the carbonation degree was
significantly enhanced. Consequently, a correlation between the Raman
peak intensity and carbonation degree was established based on the
statistical analyses of the Raman results of the reference samples.

In addition to the Raman intensity, pixel counting was also incor-
porated in the current work. The statistical analyses presented in
Figs. 11-13 involved pixel counting at various intensities, yielding a
correlation between pixel intensity and carbonation degree. However, a
4 pm spot may encompass multiple particles/phases, leading to varia-
tions in intensity. Additionally, the heterogeneity of cement carbon-
ation, as evidenced in prior studies [36,40], enhanced the complexity of
the interpretation of single spot measurements at this spatial scale.
Consequently, they may not precisely reflect the carbonation degree of
the whole sample based on a single spot measurement. Therefore, the
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assessment of carbonation degree at a particular depth involved exam-
ining 7 pixels at a consistent depth, as depicted in the scatter plots of
Figs. 14 (b), (c) and 15 (b). This approach effectively mitigated intensity
variations across diverse locations by utilizing the averaged intensity
value derived from these 7 pixels. Alternatively, the direct translation of
Raman intensity into carbonation degree aimed to represent the local
carbonation condition at a single spot, a measure not directly indicative
of the overall carbonation degree of the entire sample. To evaluate the
carbonation degree of the whole sample, the carbonation degree of all
spots should be considered via the use of both pixel counting and pixel
intensity.

5. Conclusion

The present work demonstrated the use of Raman spectroscopy in the
identification of the different phases that form and quantification of the
carbonation of RMC and brucite-based cements. Correlations between
the Raman peaks and carbonation degree were established based on the
Raman mapping results of reference samples. Furthermore, the feasi-
bility of employing the established correlations was demonstrated. The
main findings emerging from this study were as follows:

e The dominant carbonation products of RMC and brucite-based ce-
ments were nesquehonite and hydromagnesite, respectively. The
carbonation of both systems was completed by 28 days under
accelerated carbonation conditions (30 °C, 80 % RH, and 20 % CO,
concentration) in powder form.

When compared with XRD, Raman spectroscopy revealed a higher
sensitivity in the detection of different carbonation products at early
stages, which was especially evident in RMC samples.

Correlations between the Raman peaks and carbonation degree were
established for both RMC and brucite-based cements, which were all
linear with an R value over 0.9.

The established correlations were successfully employed to evaluate
the carbonation behaviour of RMC and brucite cements under
carbonation curing conditions. Critical information, such as
carbonation depth, carbonation degree and the distribution of
different carbonation products was obtained.

In conclusion, the Raman results not only revealed the degree of
carbonation at different depths but also the distribution of different
carbonation products and their amounts at different durations in the two
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Mg-based binder systems (Figs. 14 and 15). This information can be used
to evaluate the strength and microstructural development of RMC- and
brucite-based cements since (1) different types of HMCs have various
densities and morphologies, inducing different interlocking effects and
performance contributions, (2) a higher carbonation depth is generally
beneficial for strength development, and (3) transformation of different
HMCs from one form to another can influence the overall performance of
the final product.

Building upon this demonstration of using Raman spectroscopy, the
outcome of this present work could not only contribute to advancing the
understanding of the carbonation mechanisms and associated strength
development of different Mg-based systems, but also enable the pre-
diction of the carbonation degree and evaluation of performance within
these samples via the established correlations. Raman spectroscopy
proved instrumental in quantitatively assessing carbonation products,
monitoring their temporal depth and distribution, and establishing
correlations with mechanical properties for the refinement of Mg-based
cements. Moreover, this analytical method can facilitate quality control
and predictive modelling; and foster the development of sustainable
practices involving Mg-based cements.
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