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1 Introduction

Characterization of hydrated magnesium
carbonate materials with synchrotron
radiation-based scanning transmission X-ray
spectromicroscopy
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Formation of hydrated magnesium carbonate (HMC) cement phases from the carbonation of brucite has
been investigated using synchrotron radiation (SR) based scanning transmission X-ray microscopy (STXM)
at Mg and O K-edges. HMC is formed from the reaction of brucite and sodium bicarbonate in water. The
introduction of magnesium acetate as a ligand influences the characteristics of the resulting precipitates
in an aqueous setting. Particularly, significant morphological development of HMC phases and the
complete carbonation of brucite with the longest reaction time are observed. The analysis successfully
distinguishes various HMC phases, including nesquehonite, dypingite, giorgiosite, and an undefined
phase, shedding light on the structural and chemical differences of formed HMCs. Notably, there is a
transformation in HMC formation when magnesium acetate is introduced, leading to the creation of
agglomerates that weave together into an interconnected network with a dense microstructure, a key
factor in enhancing cohesive performance for HMC cement. We demonstrate here that, owing to
simultaneous microscopic and X-ray absorption near edge structure (XANES) spectroscopic observations
with STXM-XANES, different HMC phases can be resolved and a comprehensive investigation of their
interconnections studied, proving STXM-XANES to be a powerful tool for studies of cementitious
materials. We observed a strong orientation effect, where the relative angle between the crystal axis and
polarization vector of X-rays affects the observed XANES spectrum. The report also discusses the
challenges and future prospects of synchrotron radiation-based STXM-XANES in studying HMC materials
and their pivotal role in the carbonation process of Mg-based cements, paving the way for innovative and
sustainable construction materials.

range of applications makes PC a dominant choice in construction
industry." However, PC contributes approximately 5-8%? of global

Global construction materials industry heavily relies on Port-
land cement (PC) for infrastructures. The low production costs,
availability of raw materials and the durability across a wide
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CO, emissions. The search for an alternative low carbon cement
material to replace PC is ongoing with the consensus that no
single solution can address this critical issue.* A promising alter-
native to PC identified to reach negative carbon footprint is
carbonated cement based on MgO. Mineral carbonation is one
of the promising ways of reducing CO,.

Portland cement is a calcium based binder® that requires
high calcination temperatures® during its production, and
releases high amounts of unavoidable CO, due to the calcite
feedstock which is calcined releasing carbon dioxide gas
through the chemical reaction [CaCO; — CaO (solid) + CO,
(gas)]. In contrast, MgO cement can be sourced from CO,-free
magnesium silicate minerals or from desalination brines with-
out raw-material-related CO, emissions. Besides, the enhanced
durability due to high resistance to aggressive environments of
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some magnesia-based cements® and the ability of permanently
storing CO,” in magnesite motivates the development of MgO-
based cements and concretes.

Brucite [Mg(OH),] is a hydration product of MgO and known
as a significant intermediate material phase prior to its
carbonation.* Hydrated magnesium carbonates (HMCs, approx-
imate linear formula xMgCO;-yMg(OH),-zH,0) can be formed
from the reaction of brucite with a carbonate source in aqueous
solution. The carbonate source can be for example sodium
bicarbonate. The brucite is present as micron-sized particles,
and the yield of reaction is significantly lowered by a surface
passivating nesquehonite (MgCOs-3H,0) layer that precipitates
on the surface of Mg(OH), and thus blocks further reaction of the
raw materials.*” One way to make the reaction more efficient is
to add magnesium acetate into the suspension, as it prevents the
formation of the surface passivating layer due to a synergistic
effect between Mg-acetate and carbonates. Several studies show
that Mg-acetate can contribute significantly to enhanced carbo-
nation of brucite and the structural development of HMCs. Dung
et al.® discovered an improved structure of 10 pm nesquehonite
crystals in presence of Mg-acetate ligand, alongside an increased
carbonation degrees of brucite, as evidenced by employment of
lab-based X-Ray Diffraction (XRD), Thermogravimetric Analysis
(TGA) and Scanning Electron Microscopy (SEM). Mg-acetate can
also enhance the hydration of MgO leading to the formation of
low-crystalline Mg(OH),.*° A recent study on HMC materials
carried out by Nguyen et al® revealed that Mg-acetate can
increase the kinetics of brucite carbonation and alter the for-
mation of HMC phases. The HMC precipitates agglomerate
leading to the formation of an interconnected network which
improves the binding properties and strength of HMC cement.”
However, the mechanism of these phenomena and the inter-
action of Mg-acetate ligand with HMCs needs to be understood
better in order to optimise conditions for durable and strong
products.

A number of studies®®° i

investigated the crystallization and
transformation behavior of HMC materials in various aqueous
environments, mostly performed with lab-based methods. It is
possible to differentiate the chemical species with traditional
methods such as infrared spectroscopy and nuclear magnetic
resonance but their spatial resolution is constrained to the
scale of millimeter."" Synchrotron radiation (SR) based meth-
ods, to that end, are more rarely used. Availability of SR
facilities and highly competitive measurement time is certainly
one of the most important limiting factors. However, new and
upgraded facilities with suitable experimental end-stations for
cement research have been coming up in recent years, and it is
expected that use of SR facilities will become more and more
common in cement and concrete research. A recent review by
Quku et al summarises the current status of cementitious
systems research using lab and SR-based techniques.'? In our
study of HMCs, we implemented SR-based Scanning Transmis-
sion X-ray microscopy (STXM) which is valuable due to its high
spatial resolution, chemical sensitivity, and elemental specifi-
city. Its ability to operate in the soft X-ray region enables non-
destructive analysis of particles with micrometer thicknesses,
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providing crucial insights into the formation processes and
structural characteristics of these compounds. Use of SR-based
STXM offers the advantage of continuous tunability over a very
wide energy range (in this case 500-1500 eV). In STXM mea-
surements, an X-ray absorption near edge structure (XANES)
spectra can be recorded at each pixel of the image. Depending
on the chemical environment of an element, the X-ray absorp-
tion cross-section varies rapidly as a function of photon energy
close to the core level absorption edge of that element. Thus,
the chemistry of heterogeneous samples can be mapped with
high spatial resolution (down to <10 nm).">**

STXM-XANES has been used to study various cementitious
materials earlier, in majority Ca-based systems for example
calcium silicates,"° ancient concrete specimens®' and Lime-
stone Calcined Clay Cement (LC3)."* One of the advantages of
STXM is the possibility to study wet samples. Monteiro et al.
have conducted a comprehensive work on green cements, and
they have for example carried out soft X-ray imaging of aqueous
cementitious solutions, following in situ formation of different
phases.'® They also utilized Ca L-edge and C and Si K-edge
STXM-XANES to study the properties of calcium silicate hydrate
(C-S-H) particles when exposed to ambient air. Magnesium K-
edge XANES has been extensively reported in various Mg-based
minerals and carbonates.*>>® Although Mg K-edge XANES is
very sensitive to the chemical environment and coordination of
the absorbing Mg atom, the current available literature is
limited when it comes to STXM-XANES studies. As for MgO-
based binders, the formation of MgO from the dehydration of
Mg(OH), was studied by Yoshida et al.?* using Mg K-edge
XANES at the UVSOR synchrotron in Japan. Their analysis
based on the simulation of XANES spectra was able to evaluate
the composition of both MgO and Mg(OH), which revealed that
MgO crystallites start to form at the surface and then propagate
to the inside.

In our study we demonstrate how HMC materials can be
studied with STXM combined with recording of soft X-ray
XANES spectra. We provide a brief account on this powerful
combination of STXM and XANES, STXM-XANES or soft X-ray
spectromicroscopy, and how it can be utilized to explore the
formation of multiple HMC phases and tracking their transfor-
mations across different time intervals. A comparative analysis
in terms of the presence and absence of Mg-acetate ligand in
the reaction is presented.

2 Materials and methods
2.1 Synthesis of hydrated magnesium carbonates

The synthesis of hydrated magnesium carbonates is described
in detail by Nguyen et al.* and only a short description is given
here. The raw materials and their quantities used during
reaction are summarized in Table 1. Brucite (VWR Finland,
purity 99.9%, CAS number: 1309-42-8) and NaHCO; (Sigma-
Aldrich, purity >99.5%, CAS number: 144-55-8) were mixed in
dry condition at a fixed molar ratio of 1 and subsequently
dissolved in deionized water. Magnesium acetate solution of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The mix recipes of suspension with and without the presence of
magnesium acetate

Sample names Brucite (g) NaHCO; (g) Water (ml) 1 M Mg-acetate (ml)

Water 2.9 4.2 50 —
Mg-acetate — 50

1 M was prepared by dissolving Mg-acetate tetrahydrate
[(CH;C00),Mg-4H,0; Sigma-Aldrich, purity >99%, CAS number:
16674-78-5] in deionized water. The solution was equilibrated at
ambient condition for 24 hours prior to its use. The ratio of liquid
to solid was set at 7:1 to ensure adequate dissolution and
carbonation of brucite. The suspension was then sealed within
plastic containers and a magnetic capsule was used for stirring
the solution at a speed of 150-200 rpm for half an hour. The
samples were collected after 1, 7, and 28 days of reaction through
a vacuum filtration process using a 10-um filter while hydration
was stopped using isopropanol. Diethyl ether was used to wash
isopropanol from the samples. Solid samples were then dried at
40 °C for 2 hours and then ca. 24 hours at room temperature to
remove any leftover solvent and then preserved in plastic contain-
ers for further analysis.

2.2 STXM-XANES experiments

STXM experiments were conducted at SoftiMAX beamline®® at
MAX IV SR facility, Sweden. The experiment was carried out in
room-temperature and in vacuum environment, but in principle
the STXM chamber of SoftiMAX can also be back-filled with gases
and host different sample environments. Horizontally polarized
synchrotron radiation produced by an elliptically polarising
APPLE-I type undulator was monochromatised with a plane
grating monochromator and focused on the sample with a
Fresnel zone plate. X-ray photons transmitted through the sam-
ples were converted to visible photons by a phosphor (P43) which
were then detected in single event counting mode by a photo-
multiplier tube (Hamamatsu H3164-10, Hamamatsu Photonics,
Japan). The zone plate focused spot, and thus the spatial resolu-
tion, was approximately 50 nm in diameter.

The STXM-XANES experiment involves acquiring an x-y
raster-scanned image of the sample at several different photon
energies. A set of raster scanned images across a certain core
level edge form an energy stack. In this work, we collected
energy stacks at Mg K-edge, with an energy range of 1297-
1342 eV and at O K-edge covering a range of 527-559 eV. The
spectral energy resolution of the beamline is around 0.05 eV for
O K-edge, but for the Mg K-edge, it is closer to 0.1 eV. We used a
varying energy step size across the energy range, utilising the
smallest step size of 0.25 eV (O K-edge) and 0.5 eV (Mg K-edge),
in the range of main spectral features. The signal collected
from X-rays transmitted through sample particles I is converted
to optical density (OD) using the Beer-Lambert law, OD = —In(I/
I,), where I, is the signal recorded in an empty area devoid of
sample, but including the membrane which supported the
sample. All the XANES spectra presented in result section have
been transformed to optical density, but for easier comparison
they have been occasionally offset with respect to each other,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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thus the intensity of the spectrum does not reflect e.g. thickness
variations of the samples. Energy calibration between STXM
recordings has been carried out using the brucite spectrum,
using its strongest and well-defined absorption peak which has
been set at 1313.1 eV. This energy position has been obtained
by linear interpolation between energy calibrations performed
for metallic Cu Ls-edge (933.7 €V*’) and Al K-edge of corun-
drum (1567.4 €V>®). The obtained value for brucite is in line
with previously reported spectrum by Yoshida et al.** The O K-
edge spectral energy scales were calibrated by setting the signal
in the I, spectrum (measured through the Siz;N, window) to
530.8 eV, the O 1s — n* peak of 0,(g),>® since O, is leaked into
the first mirror tank to reduce carbon build-up on the optics.
We note this results in a position of the first peak in the O 1s
spectrum of brucite occurring at 533.5 eV, as opposed to the
value of 532.1 eV reported from electron energy loss near edge
spectra measured in a transmission electron microscope.*®

For STXM measurements, synthesized HMC powder sam-
ples were mounted on the 100 nm thick Siz;N, membranes in
two different ways: (1) drop-casting a diethyl ether suspension
and (2) sprinkling solid powder directly on the membranes,
right before the experiment to prevent the exposure to CO, in
air. These two methods were tested in order to find out if one or
the other technique would make the particles stick better on
the membrane, as they easily pinged off during the measure-
ment. There was no significant difference between the applied
methods. The majority of the measurements were done on
powder directly applied on membrane.

3 Data analysis

aXis2000 software®' was used for data visualization and analy-
sis. The energy stacks were aligned using an algorithm written
for aXis2000 by Jacobsen and converted to optical density using
transmitted intensity I, from the area devoid of sample of the
SizN, membrane. There were occasional problems with the
scanning stage of the STXM setup where the fine motors did
not move properly, which generated lines of constant intensity
across the image. These were removed by replacing the invalid
line with the average of the two neighboring lines. Additionally,
certain cases exhibited a ‘“shaking” problem associated with
the scanner, leading to images where very fine needle-like
crystals appear to have a curly shape. These images are indi-
cated in the following sections and no attempt was made to
correct them by any image analysis. We present X-ray absorp-
tion spectra of different regions of interest which were extracted
from the recorded STXM energy stacks. In order to highlight
different HMC phases present in the samples, color composites
were generated from phase component maps derived by fitting
reference spectra to each pixel of the image using the singular
value decomposition (SVD) approach. Red, green and blue color
was assigned to each pixel according to the weight of the
reference spectra in the fit. In case where only two components
were fitted, we opted to use red color for brucite-type of
spectrum and light blue color (combination of blue and green)

Mater. Adv,, 2024, 5, 5167-5178 | 5169
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to indicate HMC phase. This provided a clearer contrast and
avoided the use of red-green color combination to ensure better
accessibility. The peak fitting of XANES spectra were performed
using OriginPro 2022b software (OriginLab, MA, USA). The non-
linear peak fitting, which involved the use of a peak analyser
with subsequent baseline correction, was carried through a
second derivative (zeros) method that fixed the anchor points
and baseline. A Lorentzian peak fitting function was used to fit
the peak while opting for local maximum methods during peak
findings. The fitting parameters were fixed and released for an
automatic parameters initialization and the iteration was per-
formed continuously until the fit converged.

4 Results

This section describes a detailed analysis of STXM imaging
conducted on HMC powder samples. Magnesium K-edge XANES
spectroscopy was used to track the different phases of HMCs
because of its strong dependency on the local environment of
absorbing atom via multiple scattering (MS) effects and sensitiv-
ity to electronegativity.>> Mg K-edge XANES spectra, following the
principles of MS theory, can be divided into a full multiple
scattering (FMS) region with an energy range of 15 eV (1306 eV
to 1321 eV)** above the first near edge peak and an intermediate
multiple scattering (IMS) region, that covers an extended range of
energy from FMS till the post edge region (1360 eV or larger).**
The prominent spectral features in the near edge region are
mainly determined by the local structure of Mg, and thus we
concentrate on this spectral region in our study.

4.1 Brucite reference XANES at Mg and O K-edges

Fig. 1(a) and (b) present the XANES spectra of pure brucite at
the O and Mg K-edges, respectively. The region of interest (ROI)
from which the spectra have been extracted can be found in the
ESL Fig. S1. The O K-edge XANES spectrum of brucite has been
studied in detail both experimentally and theoretically by van
Aken et al.*® They used crystal orientation dependent electron
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Fig. 1 The reference spectra of pure brucite measured with (a) O K-edge
and (b) Mg K-edge XANES. The spectra presented with a black line with
dots are from the area of the sample where the crystal axis ¢ is mostly
parallel to the polarization vector E. The corresponding perpendicular
orientation spectrum is presented with a red line with crosses. A spectrum
over a large ensemble of crystals with many different orientations is
depicted with a blue line.
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energy loss spectroscopy (EELS) in low scattering angles to be
sensitive only to dipole transitions and interpreted the results
using XANES calculations. Since our sample consists of fine
powder with small crystals located at random orientations,
depending on the ROI selected from the measured energy stack,
we probe different angles between the crystallographic ¢ axis and
the polarization vector of linearly polarised light E. This is high-
lighted in Fig. 1(a), where spectra selected from two different ROIs
match with the orientation-dependent spectra by van Aken et al.,
having the momentum transfer g either parallel or perpendicular
to ¢. The labelling of spectral features (A-G) follow the labelling by
van Aken et al’® The peaks originate from the transitions to
excited states with O p symmetry mixed with Mg 3s and 3p
and H 1s orbitals. Our spectrum also shows a similar tiny peak
at ~525 eV which van Aken et al. found at 524 eV and assigned as
minor chemical impurity. The origin of the peak remains unclear.

In brucite structure, the OH-groups are aligned parallel to c,
and opposing OH-groups separate the octahedral sheets. Thus,
the parallel orientation of E vector wrt. ¢ can emphasize their
spectral contributions, and it has been shown that these groups
contribute especially for features D and F.*°

The same regions were recorded at the Mg K-edge. Orienta-
tion dependent spectra are presented in Fig. 1(b) together with an
average spectrum, obtained by averaging the spectrum over a
large area (approximately 3 x 2 um?) of crystals. The Mg K-edge
spectrum shows a strong absorption peak labelled as b at
1313.1 eV photon energy in near edge region alongside two
smaller absorption peaks a and c, at 1308.9 and 1316.9 eV,
respectively, as found from Lorentzian fitting. This triplet feature
is common for samples with 6-fold coordinated Mg.>**3> The
strongest middle peak b of the triplet has been associated with
scattering from the first oxygen shell, the others mainly resulting
from multiple scattering and higher distances.>* Peak a and its
shoulder towards the lower photon energies are especially
marked in the parallel orientation spectrum, whereas peak c is
much stronger in the spectrum with perpendicular orientation.
Vespa et al.>* compared XANES spectra of Mg-containing miner-
als and reported feature d, at 1321.7 eV from post edge region,
present only in brucite and talc [Mg;Si,0,0(0OH),]. They per-
formed ab initio XANES modelling for talc, but were not able to
reproduce this feature by calculations extending to 10 A cluster
size, indicating that it might be due to the multiple scattering at
higher distances. Although, the parallel spectrum of brucite is
noisier than the perpendicular spectrum, peak d seems to be
stronger when E is parallel to ¢ than in the perpendicular
condition. A broad peak e at post edge region has also been
observed in many other Mg based minerals, and seems to reflect
multiple scattering in intermediate distances.***®

The strong orientational dependence of the relative inten-
sities of XANES features of brucite highlights that one needs to
take care when interpreting the STXM-XANES results. Ideally, in
order to avoid confusion between different crystal phases or
different orientations of the same phase, the polarization of the
SR light should be changed or the sample can be rotated and
the spectromicroscopy performed with two different relative
orientations.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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4.2 HMC formation after 1-day reaction time in water

Fig. 2(a) presents a color composite map of two component
maps derived from an SVD fit of a Mg K-edge stack recorded
from the precipitates formed after one day reaction time in
water. The specimen shows two intertwined components: thin
elongated structures (light blue) interpreted as HMC and small
grains (red) which are brucite. The magnesium K-edge XANES
spectra which were used to fit HMC and brucite areas in
Fig. 2(a) are shown in Fig. 2(b). The fitted spectra are averages
of several positions within the precipitates to avoid orientation
dependency. The red spectrum clearly resembles that of pure
brucite (Fig. 1(b)). The previous XRD study by Nguyen et al.*
indicated that reaction time of 24 hours leaves some of the
brucite unreacted, so the interpretation is straightforward. The
HMC spectrum (light blue with diamonds in Fig. 2(b)) is clearly
different from brucite, and it exhibits two prominent peaks in
the near edge region: a stronger one at 1310.4 eV followed by a
less intense peak at 1313.6 eV. There is a shoulder around
1317 eV within the post absorption feature. The XRD results®
showed presence of two phases of HMC after reaction time of
1 day, nesquehonite and dypingite [4MgCO;-Mg(OH),-5H,0%"].

Based on the morphology of HMC, which is in agreement
with small platelets observed using SEM,*°® we interpret the
HMC in this precipitate to be in the form of dypingite. Our SEM
imaging of this sample (shown in Fig. S2 of ESI}) resembling
thin flakes. The XANES spectrum does not fully agree with the
dypingite spectrum reported previously by Farges et al.,>® as the
relative intensity of the first peak at 1310.4 eV is stronger than
reported by them. However, in both cases, the near edge region
seems to consist of two peaks with a shoulder towards higher
energies, which is stronger in the spectrum reported by Farges
et al. compared to ours. The energy difference between the
main absorption feature and the far post-edge peak at around
1328 eV is similar in both cases. The reason for the difference
between the dypingite spectrum reported here and by Farges
et al. remains elusive, but we note that Farges et al. recorded the
spectra using Mg Ko fluorescence yield while our spectra are
recorded in transmission mode. Also, the origin of the sample
(e.g- synthesis) might affect the results, however, we do not have
information about the origin of the sample by Farges et al. It is
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Fig. 2 (a) Color composite map of precipitates formed after 1 day of
reaction in water. (b) Extracted XANES spectra used to fit red (brucite) and
light blue (HMC) colors area to the STXM stack. Scale bar 3 um.
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Fig. 3 (a) Average STXM image of energies 533-534.8 eV and (b) O K-
edge XANES spectrum of HMC precipitate formed after 1 day reaction time
in water. Scale bar 800 nm.

interesting to note that our spectrum reflects more the hydro-
magnesite spectrum recorded also by Farges et al.** Hydromag-
nesite spectrum has also been studied with a lower energy
resolution by Finch et al*® Dypingite is considered to have
similar or identical short-range order as hydromagnesite, which
also has platelet-like morphology.***° Thus, it can be expected
that the XANES spectra of these phases are also very similar.

It is important to note that even if the analysis by SEM and
XRD on similarly prepared sample* found large nesquehonite
crystals to be present among the precipitates, we were only able to
locate dypingite-type of particles (three particles were imaged in
total). This underlines the necessity of complementary techni-
ques like SEM, XRD or e.g. infrared-based spectroscopic techni-
ques to characterise the average (bulk) properties of the samples.

We also studied an HMC precipitate after 1 day reaction
time at O K-edge, and the results are presented in Fig. 3. Since
the X-ray absorption is strong at O K-edge, a small precipitate
was selected for this recording. Still, the center of this precipi-
tate showed a saturated spectrum (i.e. no transmission through
that part of sample), and the O K-edge XANES spectrum shown
in Fig. 3(b) is from the thinner part at the bottom edge of the
precipitate shown in Fig. 3(a). Spectra recorded across the
particle varied in terms of relative intensity of the spectral
features, which we correlate to thickness effect. Thus the
spectrum presented in Fig. 3(b) is believed to be representative
of dypingite and clearly different from the brucite spectrum
shown in Fig. 1(a). The spectrum resembles O K-edge XANES
reported for carbonates with a typical sharp O 1s — w* reso-
nance at 533.7 eV and a broad post edge O 1s — o* feature
starting from 535 eV.'' There is also a small pre-edge peak
around 531 eV, whose origin is unknown. STXM measurements
of this same particle were also performed at Mg K-edge before
and after O K-edge recording. Both the spectra and morphology
of the particle remain unchanged between the measurements,
which indicates that the effects of radiation damage are small.

4.3 Improved HMC morphology after 1 day reaction with Mg-
acetate

When compared to the reaction in water, the addition of Mg-
acetate ligand significantly changes the morphology of HMC as
realized from the STXM imaging of two long crystals (length
~20 um and diameter 1-2 pm), presented in Fig. 4(a). These
two HMC crystals have different orientations wrt. SR polariza-
tion, and they thus have different spectra as shown in Fig. 4(b).
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Fig. 4 (a) Color composite map of STXM recording at Mg K-edge of
precipitates formed after 1 day reaction time in presence of Mg-acetate.
HMC crystals are shown in blue and green and residual brucite in red. (b)
Corresponding XANES spectra of selected regions of unreacted brucite
(red line with crosses), vertical crystal (blue line with diamonds), and 25°
tilted crystal (green line with spheres). Scale bar 5 pm.

The crystal depicted in green in Fig. 4(a) has an angle of approx.
25° wrt. E vector. Some residues of unreacted brucite are still
present in the sample, shown in red in Fig. 4(a), and identified
based on its typical spectrum shown with a red line with crosses
in Fig. 4(b). The long crystals are nesquehonite (MgCO;-3H,0);
similar needle like crystals were also reported in earlier
studies.*®

The spectra of HMC crystals in Fig. 4(b) are in line with the
nesquehonite XANES spectrum reported by Farges et al**
Compared to dypingite spectrum, now the first peak at
1309.4 eV is less intense and the second peak at 1313.4 eV is
strongest. There are small differences in the positions of those
peaks and their relative intensity depending on the crystal
orientation. In the post edge region, the crystal with the vertical
orientation (blue spectrum with diamonds) has a clear peak at
around 1324 eV which was also observed by Farges et al.
However, this feature is missing from the spectrum of the tilted
crystal (green line with spheres). The same characteristic is
absent in another recorded crystal, which has an angle of
approximately 60° wrt. the E vector (shown in Fig. S3 of ESIY).
The absence of the broad peak serves as a reminder of how the
XANES spectrum is influenced by the crystal’s orientation, even
when dealing with crystals of identical phases.

STXM spectromicroscopy of the same area as in Fig. 4(a) was
also performed at O K-edge, as shown in Fig. 5. Here, the long
crystals are too thick for a proper spectroscopic analysis since at
energies of highest absorption the spectra are saturated, but
the RGB spectral fitting algorithm was nevertheless able to
separate the differently oriented crystals and brucite residues,
as seen in Fig. 5(a).

A third elongated but thinner crystal becomes now evident
in the left upper corner of the image, colored with green in the
color composite map. We were able to extract non-saturated
HMC spectra from the tip of this crystal and from a thin small
precipitate on the right side of the long vertical crystal colored
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Fig. 5 (a) Color composite map of STXM recording at O K-edge of
precipitates formed after 1 day reaction time in presence of Mg-acetate.
HMC crystals are shown in blue and green and residual brucite in red. (b)
XANES spectra of unreacted brucite (red line with crosses) and thin HMC
agglomerate (blue line with diamonds). Regions from which spectra were
extracted are shown with dashed rectangles in (a) (average of two loca-
tions for brucite). Scale bar is 3 pm.

with blue. These regions are indicated with dashed rectangles
in Fig. 5(a), and their spectra are presented Fig. 5(b) with green
line with spheres (tilted crystal) and blue line with diamonds
(small precipitate). Both HMC spectra are clearly different from
brucite spectrum (red line with crosses) extracted from upper
part of the image. There is an indication of the orientation
dependence in the HMC spectra also here, as the first peak at
around 533.7 eV is suppressed in the tilted crystal. We tenta-
tively assign these HMC spectra to be orientation dependent
spectra of nesquehonite. They differ from the dypingite spec-
trum shown in Fig. 3(b) as the small feature around 531 eV is
now absent. The interpretation is not definitive since the ROI
selected around the small blue precipitate is not from the well-
defined long crystal typical for nesquehonite. The same region
at Mg K-edge also showed a nesquehonite - type of spectrum,
but indicated a mixture of orientations.

4.4 7 days of reaction time in water environment

Fig. 6 presents a color composite map (a) and respective XANES
spectra (b) of brucite and HMC derived from a Mg K-edge STXM
stack of a precipitate formed after 7 days of reaction time in
water. The formation of dypingite-type HMC is continued and
brucite is still not fully reacted. Compared to 1 day reaction
time (Fig. 2(a)), dypingite seems to be now in the form of larger
flake like particles even though the morphology of dypingite is
not that clear in this precipitate. This could be due to a higher
degree of agglomeration making it difficult to identify the edges
of each individual flake. The XANES analysis (Fig. 6(b)) reveals
an intense first peak and a less intense second peak at
1310.2 eV and 1313.2 eV, respectively. The energy separation
of 3 eV agrees fully with the fit of dypingite XANES in 1 day
reaction time sample. Analysis of two more precipitates of this
sample are presented in Fig. S4 of ESLt In one of the pre-
cipitates, we were able to observe the edges of dypingite

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Color composite map of STXM recording at Mg K-edge of
precipitates formed after 7-day reaction time in water. HMC crystals are
shown in light blue and residual brucite in red. (b) Extracted XANES spectra
used to fit the color composite map shown in (a): unreacted brucite (red line
with crosses) and HMC (light blue line with diamonds). Scale bar is 2 pm.

platelets. The intensity ratio of the XANES of first two peaks
may slightly differ, but their energy difference remains always
at about 3 eV and is clearly smaller than the peak separation in
nesquehonite XANES spectrum (~4 €eV).

STXM recording at O K-edge was carried out for another
precipitate of 7 days reaction time sample as presented in Fig. 7.
Similar agglomerate of dypingite-like HMC flakes (light blue)
with some residual brucite (red) is observed in color composite
map in Fig. 7(a). Here, the unfortunate ‘“waviness” of the edges
of the crystals is due to instabilities of the scanning stage in
early commissioning beamtime. The XANES spectra presented
in Fig. 7(b) matches with the spectra of brucite in Fig. 1(a) and
dypingite in 1-day reaction time [Fig. 3(b)] samples. However,
now the brucite sample also shows a pre edge peak at 531 eV,
which could be due to the fact that it is difficult to avoid an
overlap with HMC region when extracting the spectra. The Mg
K-edge of the same precipitate is presented in Fig. S4 of ESL.¥

4.5 HMC formation after 7 days reaction time with Mg-acetate

Fig. 8 presents the results of an agglomerate of precipitate
collected after 7-day of reaction in presence of Mg-acetate. The

201 ——Brucite

~~HMC 7d

Optical density

530
Photon energy (eV)

540 550

Fig. 7 (a) Color composite map of STXM recording at O K-edge of
precipitates formed after 7-day reaction time in water. HMC crystals are
shown in light blue and residual brucite in red. (b) Extracted XANES spectra
used to fit the color composite map shown in (a): unreacted brucite (red
line with crosses) and HMC (light blue line with diamonds). Scale bar 1 pm.
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Fig. 8 Color composite map of STXM recording at Mg K-edge of pre-
cipitates formed after 7-day reaction time with Mg-acetate. Brucite is
shown in red and two HMC phases with blue and green. (b) Extracted
XANES spectra used to fit the color composite map shown in (a):
unreacted brucite (red line with crosses) and HMC phases 1 and 2 (blue
line with diamonds and green line with spheres). Scale bar 1 pm.

color composite map in Fig. 8(a) presents three identified compo-
nents: unreacted brucite (red areas) and two HMC phases (green
and blue). The longer needle like morphology and the XANES
spectrum (as presented in Fig. 8(b) with blue line with diamonds)
of the elongated crystal indicates the presence of nesquehonite.
Also here, the instabilities of the scanning stage might have
affected the observed morphology. The corresponding XANES fit
indicates an energy difference of 3.8 eV (first less intense peak at
1309.5 eV and the intense second peak at 1313.3 eV), close to the 4
eV energy difference in the spectrum of nesquehonite crystals of 1-
day reaction time sample with Mg-acetate (Fig. 4). We note that the
post edge feature at around 1324 €V is very weak, in line with the
earlier observation for tilted crystal.

Another HMC phase alongside nesquehonite is present in
this sample. The spectrum of the phase depicted with green
color in Fig. 8(a) somewhat resembles dypingite, but there are
some significant differences which make us believe that it can
be a different new phase. The XANES spectral fit locates the two
strong absorption features at around 1310.4 and 1313.9 €V, so
that the 3.5 eV energy difference between the peaks matches
neither with dypingite (3 eV) nor nesquehonite (4 eV). Further-
more, there is no flank after the second strong peak in contrast
to dypingite, but a broad feature at around 1322 eV. Based on
XRD and SEM data, Nguyen et al.* reported the presence of
giorgiosite phase in their sample after reaction time of 7 days
with Mg-acetate. The phase was also observed by Ilango et al.® in
the acetate-containing brucite as the carbonate phase formed in
this system. It is assumed that nesquehonite starts to convert to
giorgiosite, which has been reported to form very thin needle-
like crystals.* However, this morphology is not evident in our
studied precipitate, and prevents us to be conclusive about the
phase of HMC in this sample. The XANES fit of this material
phase has similarities with the HMC phase of 28 days Mg-
acetate sample that will be discussed in Section 4.7.

4.6 HMC formation after 28-day reaction time in water

Results for a precipitate formed after 28-day of reaction in water
are presented in Fig. 9. Some unreacted brucite is still present
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Fig. 9 (a) Color composite map of precipitates formed after 28-day of
reaction in water. Brucite areas are depicted in red, and two HMC phases in
green and blue. (b) Corresponding Mg K-edge XANES spectra extracted
from the measured precipitate agglomerate showing brucite with a red
line with crosses, a dypingite-like HMC phase with a green line with
spheres and an undefined HMC phase with a blue line with diamonds.
Scale bar 2 um.

in low amount as marked with red color in Fig. 9(a), identified
by its familiar triplet XANES spectrum presented with red line
with crosses in Fig. 9(b). HMC is in two different forms with
green and blue color in the composite map displayed in
Fig. 9(a). The morphology of phase colored with green suggests
flakes with some clear edges and the corresponding XANES
absorption features match with dypingite spectrum in 1- and 7-
day reaction time samples. The other phase (blue) seems to be
in form of smaller grains, intertwined with dypingite. The
XANES spectrum of this precipitate [blue line with diamonds
in Fig. 9(b)] shows two broad, asymmetric peaks with a separa-
tion of approximately 6 eV. There is also a clear third feature at
around 1328 eV, 17 eV above the main absorption feature.
Another precipitate (see Fig. S5 of ESIf) also showed this
phase. We have not been able to find a XANES spectrum of
HMCs from previous literature which would match this spec-
trum. We have considered if the XANES spectrum would be just
from a dypingite crystal with a different orientation wrt. polar-
ization vector, but this does not seem like a plausible explana-
tion. In previous precipitates of 1- and 7-days reaction time,
selecting different parts of dypingite region seems to affect the
relative intensity of the main absorption peaks but no new peak
at 1317 eV appears. Thus, this is considered as a separate HMC
phase. It should be noted that a dypingite like phase with
formula of [Mgs(CO;)4(OH),-8H,0] has been reported,** and it
is still unclear at which conditions this phase forms. It can also
be an amorphous transition phase, which would have been
impossible to observe in previous work which utilised XRD.*

4.7 HMC formation after 28-day reaction time with Mg-
acetate

Mg K-edge STXM results for precipitates collected after the 28-day of
reaction time in presence with Mg-acetate are shown in Fig. 10. The
color composite map in Fig. 10(a) unveils a completely different
morphology of the carbonated phase, very thin needles (light blue)
embedded in a continuouslooking matrix (red). The color
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Fig. 10 (a) Color composite map of STXM recording at Mg K-edge of
precipitates formed after 28-day reaction time with Mg-acetate. Slightly
absorbing matrix is shown in red and HMC needles with light blue. (b)
XANES spectra used to fit the color composite map extracted from regions
shown with dashed rectangles in (a): matrix (red line with spheres) and
HMC (light blue line with diamonds). Scale bar 2 um.

composite map is made by fitting a spectrum taken from matrix
with very low absorption and a spectrum extracted from the bundle
of needle-like structures so that thin needles are emphasized. The
corresponding XANES spectrum of needles [light blue line with
diamonds in Fig. 10(b)] is very similar to the HMC phase shown
earlier with green color in 7 days reaction time precipitate in Fig. 8.

The overall shape of the XANES spectrum of matrix is similar
to the needles. Morphology of the HMC phase here, rod-like
thin needles, strongly indicates that it is in the form of
giorgiosite, a conclusion supported by the similarity of these
smaller needles to those reported in prior research.*® The fits
of the XANES spectra of thin needles give energies of 1310.4
and 1313.9 eV for the first two absorption peaks. There is no
clear third peak in the far post-edge region. Overall, the spectra
are in line with giorgiosite phase reported by Farges et al.>?
Another set of precipitates consisting of thin needles with
similar spectra is presented in the ESIt (see Fig. S6).

5 Discussion

Formation of hydrated magnesium carbonate is one of the
promising ways of capturing CO,. In our study, HMCs are formed
from the carbonation of brucite in water. Magnesium acetate was
also added as hydration agent to increase the reaction rate. This
addition potentially helps to block the formation of a surface
passivating layer on brucite which hinders the reactivity of
brucite. The implementation of advanced SR-based spectromi-
croscopic STXM-XANES method can contribute significantly in
the development of carbonated magnesium cement by character-
izing chemistry and morphology of starting and intermediate
reaction materials to the end products.'® The final performance
of end products or HMCs depend largely on the morphology,
instead of their amount, as reported in several studies.®**™> Both
the micro and nanostructure of HMC crystals with various
morphologies can provide physical strength to cement paste
due to their strong fibrous or elongated nature.’

5.1 XANES spectroscopy

Our STXM-XANES analysis successfully distinguished the
remaining precursor (brucite) and several HMC phases such
as nesquehonite, dypingite and giorgiosite in the precipitates

© 2024 The Author(s). Published by the Royal Society of Chemistry
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collected through a vacuum filtration process after 1, 7, and 28
days of reaction. Collection of observed Mg K-edge XANES
spectra is presented in Fig. 11, where to improve statistics,
HMC spectra are sums of same type of spectra from different
measurements. This also reduces the orientational effects, as
we showed using brucite (Fig. 1) and nesquehonite (Fig. 4 and
5) crystals that the relative angle between the crystal and light
polarization axes can drastically change the observed spectrum.
The unidentified phase observed in precipitates collected after
28-day reaction time in water is also presented Fig. 11. The
interpretation of HMC XANES spectra is not straightforward,
and a detailed analysis would require FMS simulations due to
Mg K-edge XANES being very sensitive to electronegativity of
the neighborhood of absorbing atom and its local coordination
but also requiring a proper knowledge of longer range order
(large cluster size in simulations).**® However, these very
same properties makes XANES a powerful tool to differentiate
HMC phases.

A qualitative description of the spectra presented in Fig. 11
can be given using spectral features a-e observed for brucite as a
reference. In nesquehonite, dypingite and giorgiosite phases, the
main absorption feature clearly exhibits only two peaks, but
dypingite has a clearer flank towards the feature c. The more
hydrated HMCs, giorgiosite and dypingite, seems to have stron-
ger peak a than peak b. FMS simulations by Cabaret et al. for
monoclinic Mg-bearing mineral diopside showed that all the
peaks from a-c as well as e are related to medium range order.
Among HMCs, the feature d is only clearly visible in nesqueho-
nite, especially in its spectrum with 90° angle between crystal axis
and polarisation vector (Fig. 4(b)). The differences in nesqueho-
nite in comparison to dypingite and giorgiosite can be under-
stood from their different repeating units. Nesquehonite has a
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Fig. 11 XANES spectra of brucite and different HMC phases observed in
this study.
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basis of MgCO; units with 3 water molecules of hydration, while
giorgiosite and dypingite have the structure [Mgs(CO3),-(OH),]
with 5-6 water molecules of hydration. Nesquehonite exhibits a
simple crystal structure***® where Mg ions are coordinated by six
oxygen atoms to form infinite ribbons of MgOg octahedra along
the crystallographic b axis. These octahedra are connected to
three CO; groups, oriented along crystal axis ¢. The ribbons are
interconnected by water molecules in a hydrogen bonding
network.*® The information on crystal structure of giorgiosite
and dypingite is scarce, which hinders e.g. FMS simulations.
However, based on similarity of pair distribution functions,
Yamamoto et al. concluded® that dypingite has a similar crystal
structure as hydromagnesite, which does not have network of
hydrogen bonded water molecules in contrast to nesquehonite.**

In the unidentified phase, there seems to be a strong pre-
peak before the feature a, and the peak b is clearly less intense
than in other phases. However, the peak c is again stronger, as
well as the feature e. The broad features can be an indication of
a mixed or distorted transition phase.

As a general note, it is shown that Mg K-edge XANES is very
sensitive to both the local structure of absorbing atom and
crystal orientation. Thus, care has to be taken in the interpreta-
tion of phases based on small ROIs. As the photon beam can be
focused down to tens of nanometers, and a spectrum acquired
from such small regions, the deformations from ideal crystal
structure and e.g. vacancies can significantly change the spec-
tra. This can be again seen as a strength of the technique, being
able to study local structures e.g. at interfaces, but when
identifying sample phases in a larger scale, care has to be taken
to select representative ROIs. Here, the presented spectra are
averages of various locations on the sample.

At the O K-edge, brucite and HMCs can be clearly differ-
entiated based on their XANES spectra, but identification of
different HMCs phases was more challenging here due to
strong absorption which leads to saturated spectral signals.
Carbon K-edge XANES could bring additional insights for these
samples, but thinner samples would be needed for satisfactory
O K-edge and C K-edge measurements.

5.2 Spectromicroscopy

The phase, size, and morphology of these HMCs depends largely
on the presence of Mg-acetate ligand and the duration of reac-
tion. Dypingite is the most likely phase to crystallize in water.
Agglomerates of platelet shape precipitates were observed in all of
the studied samples without acetate addition (1, 7, and 28 days of
reaction). Brucite, the source material, was also present in all the
samples, but its amount seemed to decrease as a function of
time, as also observed for the bulk samples.* In a 1-day reaction
time sample, brucite was strongly embedded into the agglomer-
ate whereas longer reaction times showed smaller relative extent
of brucite leading to more interconnected dypingite. Earlier
studies have demonstrated that in an aqueous environment,
the nesquehonite phase precipitates first, and converted to
dypingite in time scale of hours.****’ Tanaka et al'® also
observed a solvent-mediated transformation of nesquehonite to
dypingite, the solubility difference between them being the
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driving force behind this transformation (dypingite being less
soluble than nesquehonite). Several comprehensive studies allow
the anticipation of the long-term stability of dypingite in liquid
environment.'®***” It has a hydromagnesite like structure which
is considered as the most stable phase of HMC.>* From our
sample collected after 28-day reaction time, a new type of phase
with submicron deposits without clear morphology was detected.
Interestingly, previous XRD studies of a sample with identical
preparation showed only dypingite as an HMC phase.* It is
possible that the phase is some amorphous transition phase
without clear long-range order.

The addition of magnesium acetate leads to a different trend
in precipitates after 1, 7, and 28 days of reaction time compared
to the reaction carried out in pure water. Particularly, we
noticed a significant structural development in HMC crystals
of 1 day Mg-acetate sample. Besides, some unreacted brucite
deposits, long and wide nesquehonite crystals of varying size,
even longer than 10 um, were observed in the 1 day Mg-acetate
sample. Similar type of crystals were also identified by Nguyen
et al.* and Dung et al.® using SEM. They pointed out that these
long crystals are favorable to build up an interconnected net-
work. This network can help in binding the other HMC crystals
to a more dense cluster like microstructure which can play an
important role in defining the mechanical performance of
magnesium cement.

The nucleation of longer crystals continues in acetate
solution, and elongated crystals of nesquehonite were identified
in the 7 days Mg-acetate sample. The agglomerate of precipi-
tates of same sample in Fig. 8(a) also suggests the formation of
an additional phase. The morphology of the phase was not very
clear since it was intertwined with the agglomerate, but the
spectroscopic analysis found similarities in the spectrum and
peak energies with the identified HMC phase of 28 days Mg-
acetate sample, which was giorgiosite. It is possible that the
giorgiosite phase started to form on the nesquehonite surface
first without clear needle-like morphology which is typical for
giorgiosite. Some unreacted brucite was also observed.

The regularly formed long nesquehonite crystals of Mg-
acetate sample, completely turned into rod like very thin
giorgiosite needles after 28 days of reaction as also observed
and reported in.»® Giorgiosite is a relatively new phase which is
not yet well-described but its characterisation is critical for
further studies. Our assumption is that the nesquehonite
detected after 1 and 7 days reaction with Mg-acetate may be
completely transformed to giorgiosite during 1 month of reac-
tion due to a ligand mediated transformation, in contrast to
converting to dypingite as is the case in pure water. Several
studies®®*® have reported that the decomposition of nesque-
honite forms hydromagnesite, another HMC phase. However,
this formation is unlikely to follow a single simple sequential
reaction pathway. Instead, several intermediate hydrated
phases are formed, giorgiosite being one of them. Upon addi-
tion of Mg-acetate ligand, eventually complete dissolution of
brucite can happen, leading to higher degree of reaction. That
is why we did not find brucite in the sample with 28-day
reaction time with Mg-acetate, in line with previous XRD
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results.” The identification of magnesium carbonate phase at
different time intervals are crucial since they differ not only by
crystal morphology but also have different stability. The under-
standing of the effect of Mg-acetate ligand is also important in
alternative concrete production as it reduces the conversion of
HMC phases.

6 Conclusions

This paper presents a comprehensive investigation of hydrated
magnesium carbonates using synchrotron radiation based scan-
ning transmission soft X-ray spectromicroscopy. STXM-XANES
integrates both spectroscopy and microscopy which helps to
gain insight to the overall morphology of formed precipitates as
well as their chemical structure. In addition to chemical sensi-
tivity, lower radiation damage compared to electron microscopy,
no need for conductive coating, and high spatial resolution
makes STXM a good choice. Hydrated magnesium carbonates
are promising materials for CO,-capturing cements. The model
systems we have studied are formed in an aqueous environment
from brucite with sodium bicarbonate as the carbonate source.
Addition of magnesium acetate as a ligand to the reaction
solution makes a drastic change to the formed precipitates. In
acetate added reactions, HMCs form agglomerates leading to an
interconnected network with a dense microstructure, which is
important for the mechanical performance of the material. We
have demonstrated that STXM-XANES has the potential in
characterising such intertwined systems, since it does not rely
only on different morphologies of particles, but combines it
with spectral information, which is sensitive to subtle changes
in bonding and coordination of the absorbing element, as well
as the orientation of the particle relative to the incident E-vector.

Nesquehonite is kinetically fast and formed initially during
the reaction in presence of acetate ligand. Giorgiosite, which is a
relatively poorly known phase, was often observed in the presence
of acetate whereas dypingite favors to crystallize in water. SR-
based techniques in ambient conditions such as wet cell STXM or
very surface sensitive ambient pressure X-ray photoelectron
spectroscopy could shed further light on the interaction between
HMCs and acetate, and provide more in-depth understanding of
the MgO-CO,-organic ligand-H,O system.

We presented XANES spectra at Mg K-edge for nesqueho-
nite, dypingite, giorgiosite and for an undefined HMC phase. In
case of nesquehonite and brucite, we also presented angularly
resolved XANES, pointing out how the relative orientation of
polarisation vector and crystal orientation affect the spectro-
scopic features. At O K-edge, we were able to differentiate
nesquehonite and dypingite HMC phases from brucite, but a
limitation regarding investigations of thick particles is evident:
due to a large X-ray absorption cross-section and oxygen rich
samples, the spectromicroscopy at O K-edge would require
thinner samples.

The STXM-XANES technique is still evolving and a lot of
progress is foreseen regarding e.g., sample preparation techni-
ques and sample environments, including for example

© 2024 The Author(s). Published by the Royal Society of Chemistry
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microfluidic devices which could be beneficial for in situ pre-
cipitation studies. Only a limited number of particles can be
studied during a usual STXM-XANES campaign, and it is
important to complement the studies with for example Raman
spectroscopy or XRD for quantitative analysis. This synchrotron
radiation-based STXM study on HMC materials serves as an
effective basis for future studies inspecting the carbonation of
Mg-based cements. It can develop as an important tool for
qualitative and quantitative analysis of the precipitation of
HMC phases, even in a time-resolved manner.
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