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How non-aqueous media direct the reaction of
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Time-resolved structural changes taking place during the reaction of Ca(OH), and CO, forming different
CaCOs polymorphs, in aqueous and non-aqueous environments, were recorded operando using mid-infrared
(mid-IR) and X-ray absorption near-edge structure (XANES) spectroscopy. Results show that Ca(OH), directly
transforms into calcite in a pure water dispersion. In methanolic media with low water content, calcium
di-methylcarbonate (Ca(OCOOCH:s3),) is formed, which is hydrolysed to amorphous calcium carbonate (ACC)
and vaterite in the presence of sufficient water. The addition of toluene shifts the equilibrium composition
further from Ca(OH), to ACC and the crystalline forms of CaCOs, probably by affecting the activity of the
methoxide intermediate. It can facilitate the formation of aragonite. No Ca(OH), conversion was detected in
pure ethanol, isopropanol and toluene dispersions, except for nanoscale Ca(OH), in ethanolic dispersion,
which formed calcium di-ethylcarbonate (Ca(OCOOCH,CHz),). Our findings underline that vaterite formation
is driven by the solution and solid state chemistry related to the reaction via alkoxides and carbonic acid esters
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of the alcohols, rather than the nucleation process in solution. The alcohol in these systems does not just act
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Introduction

The molecular basis for modifying the polymorphic outcome of
reactive calcium carbonate (CaCOs3) crystallisation by choice of
the solvent medium has attracted interest in various research
fields, including nucleation science, biomineralisation, fuel
additives, and conservation science.'” Short-chain alcohols
such as methanol, ethanol, and isopropanol are well known
additives that can influence the polymorphic outcome of
CaCO; formation.® By tuning the reaction conditions in solvent
systems with high alcohol content, any of the common CaCO;
forms can be obtained: amorphous CaCO; (ACC), the meta-
stable polymorphs vaterite and aragonite, and the thermody-
namically stable polymorph calcite.” > A mechanistic study of
CaCO; formation by reaction of CO, with methanolic calcium
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hydroxide (Ca(OH),) dispersions has recently provided mechanistic
insight into the action of alcohols at the molecular level.”® In an
aqueous phase, the formation of calcite from Ca(OH), and CO, is
the dominant reaction pathway. For high methanol contents, it is
kinetically outperformed by the formation of transient methoxide
and carbonate ester salts formed with methanol. The alcohol thus
acts both as a reactant and a solvent/dispersant, forming the key
intermediates calcium hydroxide methoxide, Ca(OH)(OCHy),
and calcium methoxide, Ca(OCHj;),, from Ca(OH),. CO, reacts
with the methoxide ions to form calcium di-methylcarbonate,
Ca(OCOOCH3;),, which transforms into an ACC sol-gel and vaterite
when hydrolysed. It was confirmed that in methanolic (>20 mol%)
systems CaCO; forms via the following reaction pathways:

Ca(OH), + CH;OH = Ca(OH)(OCH;) + H,O (1)
Ca(OH)(OCH3) + CH;0H = Ca(OCHj;), + H,O 2
Ca(OCH3;), + 2CO, — Ca(OCOOCH3;), 3)
Ca(OCOOCH3;), + H,0 — CaCO; + 2CH;0H + CO,  (4)

The formation of the Ca(OCOOCHj;), ester salt from metha-
nol had occasionally been noted in the literature,”* > but its
crucial mechanistic role for directing CaCO; formation in

This journal is © the Owner Societies 2025
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Fig. 1 Roadmap of solvent systems examined in this paper: pure, binary,
and ternary water (W), methanol (M), ethanol (E), isopropanol (), and
toluene (T) systems.

methanolic phase to its metastable forms appears to have been
overlooked. The hydrolysis of Ca(OCOOCH;), followed by
diffusion-limited ACC — vaterite — calcite transformations
was observed after stopping the addition of CO,. Traces of
aragonite were also detected. In the present paper, we will
provide insight into the nature of transient species during the
reactive formation of CaCO; from Ca(OH), and CO, in a ternary
solvent system containing methanol, water and toluene (Fig. 1).

We will also explore how higher alcohols, specifically etha-
nol and isopropanol, influence CaCO; formation. Evidence for
alkoxide formation in these solvents has previously been
reported for nano-sized Ca(OH), particles (‘nanolimes’), which
are used in art and stone conservation.>” These studies identi-
fied the formation of calcium ethoxide and isopropoxide, but
the possibility of carbonic acid ester formation was not
explored. We have therefore examined the reactions in ethanol
and isopropanol systems using both micro- and nano-sized
Ca(OH),.

For all system we monitored the changes in Ca speciation
in situ and/or operando by a combination of mid-infrared
(mid-IR) and X-ray absorption spectroscopy (XAS). XAS was, in
effect, integrated into a scaled down practical reaction platform
as an in-line process analytical technology (PAT) tool.>”*
In situ/operando XAS provides deep mechanistic insight because
it provides quantitative information on the nature and concen-
trations of transient and stable Ca species during reactions.
In-line mid-IR provides complementary information on the
speciation. It discriminates better than XAS between the alk-
oxide and ester intermediates.>®> As we will show, the combi-
nation of both analytical techniques leads to mechanistic
scenarios explaining how alcohols determine the properties
of CaCO; products.

Experimental

Materials

CaCO; was synthesised using Ca(OH), (95%; L’Hoist), ethanol,
and isopropanol nanolimes (Nanorestore Plus; CSGI), CO,
(99.9%; BOC), methanol (99.9%; Fisher Scientific), and deio-
nised water. Nitrogen (99.9%; BOC) and helium (99.9%; Air
Products) were also used to control the environment during
synthesis and X-ray absorption measurements respectively.
Powdered samples of Ca(OCH;), (=99%; Sigma Aldrich),
Ca(OCOOCH3;),, ACC, vaterite, aragonite, and calcite (>99%;
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Sigma Aldrich) were used as references. The Ca(OCOOCH3),,
ACC, vaterite, and aragonite were synthesised using methods
previously described by Kathyola et al.,>® Koga et al.,>® Shiv-

kumara et al.,’® and Kitamura et al.>" respectively.

Reactive crystallisation process

Dispersions were prepared by mixing micro-sized Ca(OH),
(~30 pm; 4.2 g) with 750 ml of solvent. Solvent ratios of the binary
and ternary solvent systems (Fig. 1) were determined based on the
typical synthesis methods for sulphonate-stabilised CaCO;
particles.>*> The commercial nanolimes were pre-mixed with 5 g
of nano-sized Ca(OH), (~170 nm) dispersed in 1 L of ethanol or
isopropanol. Reactions were carried out in a 1 L glass baffled reactor
using a conventional lab-scale setup (Fig. S1, ESIT) under constant
N, (30 ml min ") flow. The temperature and stirrer speed were
maintained at 28 °C and 400 rpm, respectively. Each dispersion was
carbonated for a duration of 20 min using 95 wt% of the required
stoichiometric amount of CO,. The post-carbonation dispersion was
stirred for a further 10 min to allow for reaction completion and
growth of carbonate particles.

Mid-IR

Operando mid-IR spectra were collected with a Bruker Alpha
FTIR spectrometer equipped with a DPR 210 ZnSe ATR probe
(Hellma Analytics) was used (Fig. S1, ESIf). Spectra were
acquired from 64 scans at a resolution of 4 cm™* from 4000
to 650 cm ™. Measurements were controlled and data initially
processed using the OPUS 7.0 software. The resulting spectra
were analysed using Fityk 1.3.1 curve fitting software.>?

XAS

Operando fluorescence yield Ca K-edge X-ray absorption near-edge
structure (XANES) spectra were collected in the photon energy
range from 4000 eV to 4800 eV at beamline B18 of Diamond Light
Source.* Spectra were obtained every minute before (pre-), during
and after (post-) the 20 min carbonation reactions, for a total
duration of 40 min. To monitor real-time chemical state changes of
Ca with XAS with minimal disruption to the synthesis, a sampling
loop with a bespoke multi-modal liquid jet cell was attached to the
baffled reactor (Fig. S1, ESIf).>”*® Aliquots of the polyphasic
dispersions were continuously pumped from the reactor into the
liquid jet cell and back at 320 ml min~*. Data were processed and
analysed using Athena in the Demeter software package.®® Linear
combination fitting (LCF) was performed on the operando spectra
over a range of 4020 to 4090 eV. Ex situ total electron yield spectra
of Ca(OH),, Ca(OCHj3),, Ca(0OCOOCHj3;),, ACC, vaterite, aragonite,
and calcite reference samples were used as standards for the LCF.
All measurements were acquired at room temperature under a
constant He environment.

Results and discussion
Carbonation in pure water and in pure methanol

Operando mid-IR and XAS were simultaneously used to resolve
the changes in Ca speciation during the 20 min carbonation of
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Ca(OH), dispersed in 100 mol% water and methanol. As
expected from our previous study,> the results (Fig. 2) indi-
cated the formation of calcite and the monoester salt
Ca(0OCOOCHj3;), in the water and methanol systems, respec-
tively. In aqueous phase, calcite crystallisation was evidenced
by the distinctive mid-IR absorptions associated with out-of-

1

plane bending (yco) at 871 cm™, asymmetric stretching

(vo,) at 1402 em™, and in-plane bending (6co) at

710 cm ™' (Fig. 3a). These peaks are absent in the methanolic

dispersion (Fig. 2b), which exhibits weak characteristic meth-
oxycarbonyl IR absorptions arising from C—0 and C(=0)-O

vibrational modes at 1641 (vc—o), 1330 (V%%), 1095 (l/SCOz>

and 827 (dc—o) cm ‘. Ex situ mid-IR of the final product
confirmed the formation of Ca(OCOOCH;), (reactions (1)—(3)),
in line with our previous findings reported for systems with
high methanol content.”®

Inspection of the operando XANES spectra (Fig. 2c and d) for
both systems revealed significant changes in the features aris-
ing from 1s — 3d (at ~4040 eV) and 1s — 4p (from 4045 to
4060 eV) electronic transitions. The expected®” conversion of
Ca(OH), to calcite was detected in the aqueous dispersion
(Fig. 2c). Primary indicators for this were the growth of the
post-edge peak at 4060 eV and a shift of about —2.5 eV in the
edge position as a function of time. A similar shift was observed
in the methanolic dispersion (Fig. 2d), but it was coupled with
diminutions in the 1s — 4p features at about 4045 and
4060 eV, resulting in spectra comparable to the reference
Ca(OCOOCHj;), XANES. The post-carbonation product in
methanol (at 35 min) was initially assumed to be ACC, based

View Article Online
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on the 1s — 4p features and the relatively prominent 1s — 3d
peak at 4040 eV. However, this possibility was contradicted by
the presence of the weak broad peak at 4060 eV in the post-
carbonation and Ca(OCOOCHj;), spectra, which is absent in the
spectrum of ACC.>?

The composition of the systems was further elucidated by
linear combination fitting (LCF) of the XANES data. Initial
fitting of the aqueous dispersion XANES (Fig. 2c) using only
Ca(OH), and calcite references resulted in what appeared to be
acceptable fits, but relatively high residuals indicated that the
two reference spectra were not fully accounting for the chemical
speciation in the system. Inclusion of a reference spectrum of
hydrated Ca®" cations (obtained from a calcium chloride
solution) improved the fit significantly.>® It therefore appears
that significant dissolution of Ca(OH), takes place. The effect of
the dissolved Ca** ions on the XANES is less apparent in the
initial 5 min of the reaction due to the low solubility of Ca(OH),
in water. However, Ca(OH), dissolution becomes more notice-
able as the reaction progresses, likely due to acidification
associated with the dissolution of CO,.

LCF analysis confirmed the presence of Ca(OCOOCHj3;), as
the main product of the reaction with methanol. Attempts to
include the aqueous Ca** ion spectrum in the LCF analysis of
the methanolic dispersion XANES (Fig. 2d) indicated that its
contribution was insignificant. Taken together, our results thus
support the proposition that the post-carbonation Ca product
in methanolic phase is an alkoxide and/or carbonic acid methyl
ester salt.>*® Carbonate formation does not occur in the
absence of water because the ester formation between CO,
and methanol is kinetically favoured over the reaction of
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Fig. 3 Operando mid-IR and XANES of Ca(OH), carbonation in binary solvent systems of (a) and (c) water—methanol and (b) and (d) methanol-toluene

— Ca(OCOCHs3), (CDMC) and ACC are formed. The full line XA spectra in
reference spectra shown at the bottom and top of the stacked plots.

dissolved CO, with the solid Ca(OH),, which is limited by mass
transport.

The accuracy of the LCF quantifications is illustrated by
comparing with the expected stoichiometric amounts of calcite
(Fig. 2¢) and Ca(OCOCH;), (Fig. 2d) with respect to the reac-
tants. The extents of Ca(OH), conversion were calculated based
on the reported sequence of carbonation, methoxylation, and
esterification (reactions (1)-(3)).>® The stoichiometry of these
reactions predicts that an equimolar amount of CO, added to
the two systems should result in formation of about 95% calcite
and 48% Ca(OCOOCH3;),. These values are very close to those
observed through the LCF analysis of the operando XANES
spectra, 96(4) and 41(3)%, respectively (Fig. 2). It is important
to note that the absolute standard deviation values are mostly
determined by the noise in the operando XAS data, which is
caused by the mechanical instability of the liquid jet flow in the
X-ray beam.””

Binary water-methanol and methanol-toluene dispersions

As for the pure methanol system, Ca(OCOOCH3;), was found to
be the main product in the mid-IR and XANES spectra for both
binary water-methanol (15:85 mol%) and methanol-toluene
(61:39 mol%) systems (Fig. 3). Significant ACC was detected in
the water-methanol dispersion (yco, at 866 cm ' in Fig. 3a) as
the 15 mol% water hydrolyses Ca(OCOOCH3;), to CaCO; (reac-
tion (4)).>* LCF analysis of the complementary XANES (Fig. 3c)
showed that the final post-carbonation product consisted of
32(7)% Ca(OCOOCH3;), and 30(7)% ACC. Post-synthesis ex situ
mid-IR (Fig. S2, ESI{) revealed that the mixed Ca(OCOOCH3;),/ACC
product converted into vaterite and calcite upon ageing. This is

This journal is © the Owner Societies 2025

(c) and (d) were obtained by LCF of the experimental spectra (dots) with the

similar to the reaction pathway previously observed in 100 and 90
mol% methanol systems, where the sequence Ca(OCOOCHj;), +
water — ACC — vaterite — calcite was found.™

In pure toluene, no significant Ca(OH), conversion takes
place at all (Fig. S3, ESIf), presumably because of the low
solubilities of both CO, and Ca(OH), in toluene, while the
solvent also acts as a barrier to mass transport of CO, to
Ca(OH),. The LCF XANES analysis for the methanol-toluene
dispersion indicated the presence of Ca(OCOOCHS3;), only, with
a final composition of 60(3)% (Fig. 4d). As for pure methanol
phase, no carbonate formation can take place due to the
absence of water. It is sometimes assumed that no reaction at
all takes place in methanol-toluene systems,’” but this is
clearly not supported by our data. Interestingly, both mid-IR
and XANES data suggest that more Ca(OH), is converted to
Ca(OCOOCH;), (~60% vs. ~40% ester salt content) in the
methanol-toluene system (Fig. 3b and d) compared to the pure
methanol dispersion (Fig. 2b and d). It appears that the reac-
tion equilibrium is shifted somewhat towards the ester salt in
the presence of toluene, perhaps because the methoxide ion is
destabilised in less polar media,**?*° or because dissolution or
solubilisation of the ester salt takes place in the resulting
ternary system.

Ternary water-methanol-toluene dispersion

An even higher conversion of Ca(OH),, forming both
Ca(OCOOCH3;), and ACC, was indicated by the mid-IR for the
water-methanol-toluene (10:55:35 mol%) system (Fig. 4).
Analysis of the y¢o, deformation peak area (Fig. 4b) shows that
ACC formed at a faster rate in the ternary dispersant than in the

Phys. Chem. Chem. Phys., 2025, 27, 9668-9675 | 9671
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Fig. 4 Operando mid-IR and XANES of Ca(OH), carbonation in a ternary solvent system of water—methanol-toluene (a) and (c) — Ca(OCOCH3),
(CDMC) and ACC are formed; and time-resolved changes in the composition of carbonated species based on the (b) mid-IR and (d) XANES. The full line
XA spectra in (c) were obtained by LCF of the experimental spectra (dots) with the reference spectra shown at the bottom and top of the stacked plots.
Error bars for the XAS speciation analysis were provided from the correlation matrix of the multiparameter LCF analysis. Increased noise in the data
towards the end of the XAS analysis reflect increasing jet instability due to the formation of Ca(OCOCH5), and ACC particles.

binary water-methanol system. This effect may again be related
to the destabilisation of methoxide ions by the presence of the
non-polar toluene molecules, which results in a higher rate of
ester salt formation and subsequent hydrolysis by the water in
the system (reaction (3) and (4)). The toluene also decreases the
viscosity of the dispersions*® and may promote diffusive mass
transport of CO, to both the methanol and Ca(OH), compo-
nents, increasing the rates further. The dyon peak at 1642 cm™!
(Fig. 4a) revealed that both reactions also resulted in a sig-
nificant increase in water content, above the initial 10 mol%,
pushing the equilibrium further towards the hydrolysis product
ACC (Fig. 3a). These conclusions are also confirmed by the
LCF of the XANES (Fig. 4d) that shows about 50% less
Ca(OCOOCH3;), in the ternary system for the majority of the
reaction.

The time-dependent conversions in water, water-methanol,
and water-methanol-toluene are summarised in Fig. 4b and d.
All of the Ca(OH), in the pure water system converted into
CaCO,, whereas partial conversions (<52%) were achieved in
the presence of non-aqueous solvents. According to the XANES
(Fig. 4d), the final post-carbonation product from the ternary
system consists of about 44% less CaCO; than for the disper-
sion in pure water (Fig. 3c), reflecting the mechanistic shift to
the ester hydrolysis forming ACC (reaction (4)). The Ca(OH),
conversion may also be affected by diffusion-limited precipita-
tion due to the presence of methanol and the associated
densification of the solvent media.*" Ex situ X-ray diffraction
(XRD) analysis (Fig. S4, ESIt) of the post-carbonation product
from a ternary solvent dispersion with 14 times more Ca(OH),
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revealed that the toluene reduced the stability of the amor-
phous sol-gel formed. Peaks due to calcite and vaterite were
present in the initial XRD pattern of the gel (15 min post-
carbonation). This is unlike the water-methanol (10: 90 mol%)
sol-gel from our previous study,”® which was stable in its
amorphous form up to 90 min. Interestingly, both XRD and
mid-IR (Fig. S4 and S5, ESIT) for the ternary system showed that
upon aging (60 hours) the Ca(OCOOCHS3;), and ACC converted
mainly into aragonite. Traces of aragonite were detected pre-
viously in the mid-IR of the aged pure methanol product, but in
the presence of toluene it is the predominant polymorph. The
formation of aragonite and vaterite may be attributed to kinetic
stabilisation induced by solvation/adsorption of toluene.
Kinetic stabilisation due to adsorption of organic compounds,
such as ethanol, has been reported for these two
polymorphs.*®** Additionally, toluene has been shown to
affect the surface structure of Ca(OH),.** Toluene may perhaps
be behaving like Mg”" ions in restricting crystal growth and
preventing the formation of calcite whilst promoting that of
aragonite.*>**

Pure ethanol and isopropanol dispersions

Carbonation in the presence of ethanol and isopropanol was
associated with no significant changes in the mid-IR (Fig. S6,
ESIT) and XANES (Fig. 5) when standard coarse grained
(~30 um particle size) Ca(OH), was carbonated in the presence
of pure ethanol and isopropanol. Compared to methanol,
Ca(OH), has lower solubility in the ethyl and isopropyl alco-
hols, reducing the rate of carbonation reaction.***®
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(d) — Ca(OCOOCH,CHj3), (CDEC) and traces of Ca(OCOOCH,CH,CHz3), (in mid-IR only) are formed.

Nonetheless, the formation of calcium ethoxide and isoprop-
oxide has been reported in alcoholic dispersions of nano-sized
(~170 nm) Ca(OH),.°>”” In analogy to the methanolic systems
discussed above, these alkoxide salts were identified as pre-
cursors for ACC and vaterite. Analysis of the mid-IR (Fig. 5a) for
ethanol solutions of nanolimes shows evidence for the conver-
sion of the nano-sized Ca(OH), to calcium di-ethylcarbonate,
Ca(0OCOOCH,CH3;),. This was determined from the peak
assignments for the previously discussed Ca(OCOOCH3;), ester
and literature data on the ethoxycarbonyl (-COOCH,CHj;)
group.”®*” Some minor changes were observed in the isopro-
panol mid-IR (Fig. 5b), which could be due to the formation of
calcium di-isopropylcarbonate, Ca(OCOOCH,CH,CHj3),.

LCF analysis of the XANES (Fig. 5¢ and d) for the ethanol and
isopropanol systems was not possible due to the lack of
reference spectra for the respective ester intermediates. How-
ever, a qualitative comparison of the pre- and post-carbonation
spectra clearly shows that conversion from Ca(OH), only
occurred in the ethanol nanolimes system. Ultimately, these
results show that increasing the alkyl chain length decreases
the reactivity of the alcohol and that Ca(OH), particle size has a
significant influence on the reaction rate. Formation of carbo-
nated Ca species in the ethanol system is comparable to
methanol only when the Ca(OH), particle size is sufficiently
reduced to overcome the mass transport limitations associated
with the lower ester concentration in the mixtures.

Conclusions

Combined operando mid-IR and XAS studies of multiphase
multicomponent CaCOj; crystallisation from Ca(OH), and CO,

This journal is © the Owner Societies 2025

were carried out. The rates of Ca(OH), conversion to different
CaCO; forms were monitored in real-time in various solvent
systems, including pure and mixed systems of water, methanol,
ethanol, isopropanol, and toluene. Calcite was confirmed to be
the final product in pure water (100 mol% water). In metha-
nolic systems with low water content the formation of the
carbonate ester salt Ca(OCOOCHj;), dominates. It hydrolyses
to ACC and vaterite in the presence of water. The addition of
toluene to methanol/water systems increased reaction rates of
ester formation, indicating destabilisation of the methoxide
intermediate by the non-polar solvent, and facilitated the
crystallisation of aragonite. No conversion of crystalline
Ca(OH), to carbonic acid alkyl ester salts was observed in pure
ethanol and isopropanol dispersions, except when highly dis-
persed (‘nanolime’) Ca(OH), was contacted with the alcohol.
For this case, the formation of Ca(OCOOCH,CH3), and traces of
Ca(OCOOCH,CH,CH3;), were detected. Overall, the results
show that depending on solvent composition the carbonated
ester intermediate can transform into various forms of CaCOj.
The most prevalent polymorphs are ACC, vaterite and calcite,
but aragonite can be accessed by the addition of toluene. The
examination of the nanolimes indicated that ethanol is prob-
ably a viable replacement for methanol only when the Ca(OH),
particle size is reduced to the nano-scale.
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