Open Access Article. Published on 05 December 2024. Downloaded on 5/11/2026 11:17:05 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials
Advances

‘ W) Check for updates ‘

Cite this: Mater. Adv., 2025,

6, 552 .
Nirrupama Kamala Ilango,

Received 19th September 2024, Frank Winnefeld

Accepted 3rd December 2024
DOI: 10.1039/d4ma00947a

rsc.li/materials-advances

Nesquehonite (MgCOz-3H,0) is of interest as a carbon sink for mineral
carbonation as its formation is kinetically favored at ambient tempera-
tures and pressures and offers the highest CO,: MgO ratio compared to
most other hydrated magnesium carbonates (HMCs). However, the
phase tends to convert to more stable HMCs depending on the environ-
ment and time leading to long-term instability. Here, we report a
successful attempt to stabilize nesquehonite using a phosphate-based
pH 7 buffer, while controlling the equilibrium of aqueous carbonate
species did not stabilize the phase. Phosphate interacts with nesqueho-
nite to form a Mg-phosphate phase on nesquehonite’s surface. We
suggest that a protective layer is formed, which prevents further trans-
formation of nesquehonite.

Introduction

Mineral carbonation of Ca/Mg-rich rocks has been considered a
safe and promising method to capture CO, in solid form."* The
estimated availability of ultramafic magnesium silicates includ-
ing serpentine ((Mg,Fe);Si,05(0OH),) and olivine ((Mg,Fe),SiO,)
accounts for over 10 000 billion tons worldwide® offering great
potential for a permanent carbon sink as magnesium carbo-
nates. To sequestrate all of the anthropogenic CO, emissions
for the next 1000 years, considering an emission of about
50 billion tons per year, a fraction of these deposits would be
sufficient. As the economic viability of such processes for
large-scale carbon capture utilization and storage (CCUS) is
dependent on waste-free processes and extra revenue from
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selling their output, viable utilization of these carbonated
phases is essential to enable the scalability of CCUS.

Magnesite (MgCOj3) is the most stable magnesium carbonate
in the MgO-CO,-H,0O system and is an ideal carbon sink;
however, it requires elevated temperatures and pressures to
precipitate. However, a range of metastable hydrated magne-
sium carbonates (HMCs) are formed depending on the reaction
conditions.” For instance, nesquehonite (MgCO;-3H,0) readily
forms by the addition of MgCl, solution to an aqueous solution
of Na,CO; at ambient conditions of 25 °C and 1 bar Pgo , while
it takes about 5-15 hours at 120 °C and 3 bar P¢o, for magnesite
precipitation with hydromagnesite (Mgs(COs),(OH),-4H,0) as
an intermediate.® This makes nesquehonite an attractive pro-
duct of several CCUS processes.””® Furthermore, it finds appli-
cation in the production of low-CO, construction materials
such as gypsum-like products® and thermal energy storage.’
Hydrated magnesium carbonates also have great potential as
an alternative to conventional cement.'*

The bottleneck in using nesquehonite in such applications
is the stability of the phase as it transforms to thermodynami-
cally more stable HMCs with a change in temperature, pH, CO,
concentration, water saturation, and/or aging.”'>** This phase
transformation is accompanied by a large decrease in volume™*
leading to structural instability and some loss of CO,. The
transformation pathways of nesquehonite with temperature
have been studied extensively. At 0 K, the free energy of
formation of nesquehonite (—245.46 k] mol " from oxides) is
much lower than for hydromagnesite (—139.33 kJ mol ) and
magnesite (—114.14 k] mol ') indicating high stability; how-
ever, the phase becomes less stable with increase in
temperature.'® Early studies have shown that in an aqueous
medium, the phase starts decomposing at around 50 °C to
hydromagnesite through various intermediates, such as amor-
phous magnesium carbonates and dypingite (Mgs(CO3)4(OH),-
5-8H,0).>'>'® However, recent calculations from thermody-
namic data show that the transition occurs at much lower
temperatures (see Fig. S1 in the ESIT)."” To date, there are not
many attempts to stabilize nesquehonite reported in the
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literature, and the mechanism and pathway to stabilize the
phase remain unclear."®

The chemical formula of nesquehonite has been a subject of
open debate in the literature, some favoring the presence of
bicarbonate Mg(HCO,;)(OH)-2H,0" in contrast to carbonate
MgCO;-3H,0°**" in the structure. Here, we do not intend to
contribute to this debate, but consider the possibility of the
existence of either bicarbonate (HCO; ) or carbonate (CO5>")
ions in the crystal. Therefore, the equation, HCO;~ < CO3;™ +
H' may play a vital role in regulating the stability of nesque-
honite. The equilibrium of the solution shifts towards carbo-
nate with the increase in temperature and pH (Fig. S2 in ESIT).
Furthermore, the transformation of nesquehonite to dypingite
and/or hydromagnesite, both these minerals host carbon in the
form of carbonates in the structure, is accelerated with increase
in temperature and is accompanied by a shift in the solution
equilibrium from bicarbonate to carbonate, which is known to
be a temperature-dependent relation.>”> Here, we hypothesize
that the stability of nesquehonite is connected to the solution
equilibrium between bicarbonate and carbonate ions, which
drives the conversion of nesquehonite to other HMCs via e.g.,
temperature increase. In that case, nesquehonite could be
stabilized by regulating the equilibrium between bicarbonates
and carbonates. Thus, to test this hypothesis, we experimen-
tally validate whether nesquehonite is stabilized at elevated
temperatures by shifting the solution equilibrium towards
bicarbonate through three approaches:

1. By increasing the carbonate ion concentration with the
addition of sodium carbonate solutions of different molar
concentrations.

2. By protonation; adding hydrochloric acid as the source of H'.

3. Using a pH 7 buffer solution to maintain the pH of the
solution at 7 to have mainly bicarbonate speciation.

The precipitates were collected after several days and were
analyzed for phase composition using various analytical tech-
niques (see Methods in the ESIt). In further experiments, we
investigated the effect of several pH buffers with different
compositions on the stability of nesquehonite to further inves-
tigate the mechanisms of nesquehonite stabilization.

Methodology

Na,CO; solutions of three different concentrations (0.01 M,
0.05 M, and 0.1 M), and 0.1 M HCl solution were prepared using
Milli-Q water and were left to equilibrate for 24 hours.
A commercially available phosphate-based buffer of pH
7.00 £ 0.02 (20 °C) was used for the study (referred to as pH
7 (CB)). Two different pH 7 buffers, one based on potas-
sium dihydrogen phosphate (KH,PO,) and sodium hydroxide
(NaOH) referred to as pH 7-phosphate and the other based on
tris(hydroxymethyl)aminomethane ((HOCH,);CNH,) and hy
drochloric acid (HC]) referred to as pH 7-amine, were prepared
in the laboratory (for more details see Methods in the ESIY).
The buffer solutions were left to equilibrate for 24 hours before
the experiments. The pH values, as measured using a Hach pH
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electrode, of the phosphate-based and amine-based buffers
were 7.10 and 7.11, respectively. The accuracy in the pH
measurement was <0.1 pH units. Nesquehonite was synthe-
sized in the laboratory by bubbling CO, into an aqueous
Mg(OH), solution (see Fig. S3, Methods in ESIt). For the first
test series, 1 g of the synthesized nesquehonite was added to
10 ml of the prepared solutions of Na,COs, HCl and pH 7 (CB).
The mix was left to equilibrate at 50 °C for 10 days. The
temperature was chosen to accelerate the phase transformation
of nesquehonite. Afterwards, the solids were gained by vacuum
filtration, washed with isopropanol followed by diethyl ether,
and dried at 40 °C for 30 min. Before further analysis, the
precipitates were ground gently with a mortar and pestle and
passed through a 63 pm sieve. For the second test series,
nesquehonite (1 g) was added to 10 ml of the lab-made and
commercial pH 7 buffers. A reference of nesquehonite mixed in
Milli-Q water was also prepared for comparison. All suspen-
sions were kept at 50 °C for 7 and 28 days, after which the
filtration was done as previously described.

The role of solution equilibrium
between the carbonate species

The synthesized nesquehonite exhibits the typical prismatic
needle-like shape (Fig. 1a). The morphologies of the precipi-
tates aged in pH 7 buffer (CB), 0.1 M hydrochloric acid, and
0.1 M sodium carbonate are shown in Fig. 1b-d, respectively. In
the pH 7 buffer (CB), precipitation of a phase on the nesque-
honite surface can be observed. However, in the hydrochloric
acid and sodium carbonate solutions, a house of card texture
forming at the expense of nesquehonite indicates the presence
of a dypingite-like phase.'® In these two samples, the conver-
sion of nesquehonite to dypingite is confirmed by the X-ray
diffraction patterns of the precipitates (Fig. 2). Reflections
at 6.60° (15.53 A), 10.04° (10.22 A), 16.03° (6.41 A) and 17.63°
(5.83 A) 20 CoKa are observed indicating the presence of
dypingite in 0.1 M HCI and Na,CO; solutions. Similar results

v

precipitate

Fig. 1 (a) Needle-like morphology of nesquehonite, (b)-(d) morphology
of the precipitates after 10 days at 50 °C: (b) in pH 7 buffer solution CB, (c)
in 0.1 M HCl and (d) in 0.1 M sodium carbonate. NQ = nesquehonite.
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Fig. 2 X-ray diffraction pattern of the nesquehonite (NQ) precursor and
the precipitates formed after 10 days at 50 °C. The diffraction patterns of
nesquehonite and dypingite (D,) from the ICDD database are plotted for
reference. Nesquehonite is indicated as e and dypingite as A.

are observed for lower concentrations of sodium carbonate
(Fig. S4 in ESIY).

The characteristic reflections of nesquehonite at 15.80°
(6.50 A), 21.01° (4.90 A), 26.86° (3.85 A), 32.16° (3.22 A) 20 CoKa
are present in the sample stored in the pH 7 buffer solution
(CB). A broad hump between 25-42° 20 CoKu is also observed
and could indicate the presence of amorphous phases. From
the results, it is evident that in the pH 7 buffer solution (CB),
nesquehonite remains stable even after 10 days at 50 °C, while
it transforms to dypingite in the case of sodium carbonate or
hydrochloric acid. The pH of the solutions after 10 days is

pH 7- amine

pH 7-phosphate
aiPH 7 (CB)
water (ref)

1L0{E

10
20 CoKa /°
(a)

Fig. 3
is indicated as e or NQ and dypingite as A or Dy.
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measured to be 9.21, 8.30 and 9.52 in pH 7 (CB), 0.1 M HCl and
0.1 M Na,COg;, respectively. It can be observed that the phase
transformation occurs at a pH of 8.30 and 9.52, but not at the
intermediate pH of 9.21, suggesting that there should be other
potential reason for the observed phenomenon. Thus, we
postulate that the phosphate in the commercial buffer could
be the reason and not the pH of the solution. To confirm the
effect of the anion in stabilizing nesquehonite, further experi-
ments were conducted with pH 7 buffers prepared with (pH-7
(CB) and phosphate) and without phosphate (pH 7-amine).

The interaction of phosphate with
nesquehonite

Fig. 3a shows the diffraction patterns of nesquehonite in Milli-
Q water and in the buffer solutions with and without phosphate
after 28 days at 50 °C. Similar results are observed after 7 days
and are shown in Fig. S5 in the ESL{ The transformation of
nesquehonite to dypingite is observed in the reference system
(Milli-Q water) as expected. In the case of phosphate-based pH
7 buffers, both commercial and lab-made, nesquehonite is still
present after 28 days of reaction. The hump between 25-42°
20 CoKo as observed previously after 10 days is also present.
However, this is not the case for the pH 7 buffer prepared with
tris(hydroxymethyl)aminomethane and hydrochloric acid. No
reflections of nesquehonite are observed due to the transforma-
tion to dypingite.

The thermal decomposition of the precipitates (Fig. 3b) as
measured by thermogravimetry also confirms these findings.
The mass losses at 110, 160 and 220 °C of the solids stored in
pH 7 (CB) and pH 7-phosphate samples indicate the dehydra-
tion of nesquehonite. The decarbonation occurs at 440
and 485 °C, similar to results reported elsewhere.”® For the

—— Water (ref)
——pH 7 (CB)

—— pH 7- phosphate
—— pH 7- amine

30 i 7 ?‘
20 \[/) —
NQ y i

] dehydration

0.5

DTG (%/K)

HMCs decarbonation

T T T T T T T T T
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(a) X-ray diffraction pattern and (b) thermogravimetry of nesquehonite stored in water and pH buffer solutions at 50 °C for 28 days. Nesquehonite

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ma00947a

Open Access Article. Published on 05 December 2024. Downloaded on 5/11/2026 11:17:05 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Communication

reference and pH 7-amine samples dehydration occurs around
250 °C, dehydroxylation at about 300 °C and decarbonation at
450 °C and 415 °C, respectively. The total mass losses of 58.7%
and 59.7% for the reference and pH 7-amine, respectively, are
close to the theoretical mass loss of dypingite (58.5%).>* The
amount of nesquehonite after 28 days is quantified considering
the mass loss around 350-600 °C due to the decarbonation of
nesquehonite (see Methods in ESIt). About 80% and 86% of
nesquehonite remained after 28 days in pH 7(CB) and pH
7-phosphate, respectively, which is similar to the values after
7 days. This indicates that the phase is stable at 50 °C up to
28 days. In conclusion, the effect of pH is not the primary factor
that prevents the phase transformation, but the interaction
between the phosphate-based buffer and nesquehonite result-
ing in the formation of a precipitate on the surface of nesque-
honite (see Fig. S6 in the ESIt), potentially inhibiting further
reaction.

Fig. 4a shows the EDS mapping done on precipitates
after 28 days in pH 7-phosphate. The nesquehonite mineral is
surrounded by phosphate and potassium rich phases.
From thermodynamic calculations using GEMS, bobierrite
(Mg3(PO,),-8H,0) is predicted to be the stable magnesium
phosphate that formed in this system (Fig. S7 in ESI{); this
phase might be similar in bulk composition to the phase
observed experimentally via SEM on the surface of nesqueho-
nite. The broad hump in XRD between 25-42° 20 CoKa (Fig. 3a)
may indicate the presence of an amorphous magnesium potas-
sium phosphate (MKP) phase. Experimental evidence has
shown that the crystallization of MKP phases from MgO occurs
from the formation of intermediate amorphous phases.>®
Furthermore, the dehydration of MKP phases occurs around
70-250 °C and strongly overlaps with that of nesquehonite.
However, the mass losses around 65, 110 and 150 °C, see
Fig. 3b, possibly corresponding to the dehydration of
Mg,KH(PO,),-15H,0, K-struvite and bobierrite, respectively,?®

Fig. 4
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tentatively indicate the presence of more than one MKP phase.
Also, from the ternary diagram obtained from the EDS map
(Fig. 4b), a strong intermixing between nesquehonite and the
MKP phases close to the compositions of Mg,KH(PO,),-15H,0
and MgKPO,-6H,0 (K-struvite) can be seen. This is a further
indication that they form on the nesquehonite surface. There-
fore, the results suggest that the tendency of the magnesium
ions to complex with both phosphate and carbonate ions at the
relevant pH of about 9.2 (as calculated by GEMS, see Fig. S8 in
the ESIT) results in the formation of magnesium phosphate
phases on the surface.

Conclusions

In an attempt to stabilize nesquehonite and prevent its conver-
sion to other HMCs such as dypingite or hydromagnesite, the
solution equilibrium was tuned to favor the formation of
bicarbonate ions. It was observed that a phosphate-based pH
7 buffer was successful in preventing the phase transformation,
but other ways to increase bicarbonate concentration with the
addition of Na,CO; and HCI failed. Moreover, we hypothesize
that the pH might not be the reason for the stability of the
phase; instead, the type of ligand matters. To confirm this, the
experiments were repeated using two custom-made pH 7 buf-
fers, one containing phosphate, and one without phosphate.
The results indicated that the interaction between the phos-
phate and magnesium forms a magnesium potassium phos-
phate (MKP) phase on the surface of the nesquehonite crystals,
which may act as a protective layer hindering further reaction.
This MKP phase is X-ray amorphous with a bulk chemical
composition in between various MKP phases such as bobier-
rite, K-struvite and Mg,KH(PO,),-15H,0.

The findings reported here show a possible way to stabilize
nesquehonite for safe use in various CCUS processes where
poor stability of the phase has been a major hurdle for its
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(a) SEM-BSE image and EDS mapping of nesquehonite in lab-made phosphate buffer after 28 days. (b) Atomic ratio plots from EDS mapping for

the ternary diagram Mg-K-P along with the theoretical atomic ratios of nesquehonite and various MKP phases.
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utilization. For instance, considering its application as a con-
struction material, the phase conversion from nesquehonite to
dypingite would result in a 40% decrease in the solid volume as
calculated from the molar volume of both phases*® and some
loss in CO,. This could lead to cracks and destabilization in the
long-term posing serious issues in structural applications.
Here, we show that the use of phosphate effectively prevents
nesquehonite conversion by about 80-85% under the investi-
gated conditions. Further investigations are required to
maximize the efficiency of the system by optimizing the Mg/P
ratio, thereby preventing the loss of CO,. The effect of higher
temperatures and longer curing time needs to be looked at
along with alternatives to phosphate, given its application as a
fertilizer.
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