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ABSTRACT: Vaterite is a metastable polymorph of calc.mm (haditve |

carbonate (CaCO;) that can be controllably transformed into

aragonite or calcite (i.e., stable CaCO; polymorphs) — via a
dissolution—precipitation pathway — thereby enabling cementa-
tion. Despite its potential as a low-carbon cementitious material,
vaterite’s synthesis and stabilization at high yield, particularly when
using alkaline calcium solids and gas-phase carbon dioxide (CO,)
as reactants, remain a challenge. Here, for the first time, we 3 :
demonstrate that isopropanol (IPA) enables the direct utilization of 2 SRt S~
a dilute gas-phase CO, (~S vol %) stream to rapidly and ‘ I
controllably synthesize vaterite using technical hydrated lime
(portlandite: Ca(OH),) as a Ca-source at ambient temperature
and pressure. It appears that, in aqueous solution and in the
presence of monohydric alcohols, a surface tension less than 30
mN/m and a viscosity greater than 2 mPa-s promote the selective precipitation of vaterite. But, this suggestion was unfounded as
these solution properties alone do not explain the exceptional vaterite selectivity (>80 mass %) that was achieved only in IPA-water
mixtures. The findings indicate a pioneering approach for the use of IPA to mediate the continuous synthesis of vaterite using
technical reagents (hydrated lime and CO,) with implications for cement decarbonization, and CO, mineralization and utilization.
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B INTRODUCTION AND BACKGROUND constituents represent crystalline compounds, of which
vaterite, like ACC, is metastable, i.e, it has a tendency to
transform into (generally) calcite.” Thus, the production of
vaterite requires a means to controllably arrest the downhill
cascade such that once formed, vaterite will persist, and not
transform via a dissolution—(re)precipitation process into
calcite.

Over the past decade, there has been growing interest in the
general area of CO, utilization. Herein, it is sought to
carbonate alkaline solids, in the presence of water, by direct
(e.g, exposure to gas-phase CO, of preformed, or fresh
concrete), or indirect (e.g, exposure to dissolved soluble
carbonates) methods.”® The concentration of the CO,
feedstock (e.g, gas-phase, or dissolved species) and the
carbonation conditions (e.g, ambient (p,T) or superambient
conditions such as elevated temperature, and pressure)

Concrete, a mixture of cement (Ordinary Portland Cement,
OPC), sand, stone, and water, forms the basis of our built
environment. While the role of concrete as the most prevalent
construction material is unarguable, the production of
cement—the binding agent in concrete, is associated with an
enormous carbon footprint." Today, the production of ~4.5
billion tonnes of cement annually accounts for nearly 10% of
global carbon dioxide (CO,) emissions.” To address cement’s
enormous CO, footprint, there is increasing interest in
approaches including CCUS (carbon capture, utilization,
storage), and the development of nonsilicate cement
chemistries. Inspired by both considerations, i.e., to enable
CO, utilization, and to (re)create nature’s own structural
cementation solution, i.e., calcium carbonate that makes up the
exoskeleton of numerous marine organisms, this work develops
new approaches for the selective and continuous synthesis of
vaterite. The nonclassical nucleation of calcium carbonate
(CaCO,) in aqueous solution follows a thermodynamic
“downhill” cascade that initiates with the formation of
prenucleation clusters (PNCs), which aggregate in due course
to form, in order of stability: amorphous calcium carbonate
(ACC), vaterite, aragonite, and calcite.>™> The latter
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Figure 1. Experimental setup consisting of: (1) a gas feed preparation section, (2) a vessel to measure the [CO,] of the inlet gas stream, and (3) a

carbonation reactor.

determine the rate of carbonation. In the vast majority of these
cases, no attempt is made to control the nature of the calcium
carbonate reaction product, although depending on the
reaction conditions different polymorphs may be observed.®
Recently, there has been interest in the use of vaterite as a
cementing agent. In particular, Hargis et al. have definitively
shown the ability to exploit the polymorphic (thermodynamic)
transition from vaterite to aragonite (and calcite) to produce
carbonate-bonded composites which show compressive
strengths up to 40 MPa (N.B.: ~90% of all concrete produced
globally features compressive strengths inferior to 40 MPa).”"
While others have shown similar results, for the most part, the
scalable production of vaterite, industrially, remains a
challenge. The one standout example in this regard is the
work of Fortera (Hargis et al, whose lineage derives from
Calera Inc.), which is currently commercializing a proprietary
vaterite-based OPC-clinker extension solution, i.e., whereby
vaterite is used to partially replace cement in the binder
fraction of concrete.

Vaterite presents distinguishing attributes vis-a-vis the other
CaCO; polymorphs including: (i) enhanced flowability on
account of its spherical/raspberry-like morphology,'" (i)
greater reactivity on account of its higher solubility (e.g.,
vaterite is ~3.7 times more soluble than calcite and ~2.5 times
more soluble than aragonite), and (iii) high specific surface
area because vaterite particles consist of agglomerates of
submicron vaterite building blocks.'”'® These attributes are
desirable not only for controlling cementation behavior, but
make vaterite desirable in other applications including: as a
substrate for API (active pharmaceutical ingredient) attach-
ment in pharmaceutical applications, as a mineral filler in
polymer sealants, and for use as a catalyst substrate, etc."”"* In
the context of CO, utilization, the production of vaterite, if
accomplished using Ca(OH), (“CH”) could uptake ~0.59 g of
CO, per g of CH. While this is most desirable when coupled
with a method for making zero-carbon lime (e.g, via the
ZeroCAL process), this approach is attractive since it may be
amenable to the use of dilute CO, sources (i.e., ~3-to-30 vol %
CO,), thereby allowing direct utilization of CO, containing
industrial flue gas streams, without a need for a carbon capture
(i.e., “concentration increase”) step.'®'”
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The most well-developed method for industrial vaterite
production utilizes ammonium salts (e.g, NH,OH and
NH,NO,)."'® In this case, ammonium (NH,*) stabilizes
the (001) hexagonal face to precipitate and stabilize vaterite in
solution.'” Hargis et al. demonstrated the scalability of this
method by carbonating a carbide lime and NH,Cl mixture with
a gas stream containing 11 vol % CO,."" In this process,
NH,OH is often formed during the solubilization of the
alkaline calcium feedstocks (e.g, Ca(OH),, CaO, slag, etc.),
wherein NH,Cl is used to increase the aqueous concentration
of Ca*".'%”"*! The complexity with using ammonium salts
stems from the thermal sensitivity of NH,OH, which is
necessary for enhancing CO, absorption during carbonation.
The sensitivity of NH,OH to temperature stems from its low
boiling point of 38 °C (at 25 mass % NH;). This thermal
sensitivity requires strict control of reaction temperature to
maintain the operating pH and additive concentration and
vaterite selectivity. The difficulty of controlling the process
temperature becomes more challenging with increasing
production scale on account of the heat evolved during
solubilization and subsequent carbonation.”**

To overcome these challenges, this study demonstrates a
unique method to produce vaterite (>80 mass % selectivity
vis-a-vis calcite) using solid Ca(OH), (ie., in lieu of
predissolved ionic precursors) and a dilute CO, gas stream
(5 vol % CO,) at ambient conditions (i.e, T ~ 25 °C and p =
1 atm). The approach ensures vaterite’s formation in the
presence of water-miscible hydroxylated additives (e.g.,
saccharides and alcohols).”*~*° The hydroxyl groups of these
additives are hypothesized to affect the activity of water and
ions in the crystallization domain.”’~3° By doing so, the
additives may not only influence the CaCOj; crystallization
pathway in favor of a downhill energetic sequence that begins
with the formation of an ACC precursor but also impedes the
dissolution-(re) crystallization mechanism that otherwise
transforms vaterite into the more stable CaCO; polymorphs
(i.e, aragonite and calcite).”’' The efficacy of using these
additives in controlling CaCOj; polymorphism even with gas
phase CO, has been demonstrated by previous authors.”>*>**
However, these studies often use pure CO, gas streams, which
may restrict their potential by obviating the direct utilization of
dilute CO, streams (<30 vol % CO,)."” To this end, five
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Figure 2. (Top) Representative traces of the (a) solution conductivity and (b) pH during carbonation of a solution containing S mass % additive.
(Bottom) The corresponding time-dependent evolution of the (d) solution conductivity and (e) pH for solutions with 20 mass % additive. The IR
spectra of the carbonate precipitates from solutions with (c) $ and (f) 20 mass % additive. The characteristic peaks for vaterite (“V”) and calcite
(“C”) are indicated. The curves labeled “N.A.” refers to carbonation carried out without any additive in solution, while “P-200” and “P-20K” refer to

PEG — 200 and PEG — 20000, respectively.

(potential) vaterite formers were considered: 2-propanol
(IPA), glycerol, polyethylene glycol (PEG) 200, sucrose, and
PEG — 20,000. The incorporation of each additive into the
reaction solution at 5 and 20 mass % additive was found to
affect the characteristics of the solution and, consequently,
CaCOj precipitation. Given the hypothesized role of mass
transport and solution thermodynamics on CaCOj trans-
formation, the influence of the solution’s viscosity (7), surface
tension (0), and thermodynamic activity of water (a,) on
vaterite precipitation were examined in the presence of
methanol (MeOH), ethanol (EtOH), n-propanol (n-Pr), 2-
propanol (IPA), and tert-butyl alcohol (tBA).

B MATERIALS AND METHODS

Experimental Details. Carbonation was carried out in semibatch
mode using a 500 mL baffled glass reactor (Wilmad Glass LG —
8079B) under constant stirring (700 rpm, see Figure 1). The inlet gas
stream was split between two sintered ceramic gas spargers (o = 3
cm) that were placed at opposite ends of the reactor’s diameter. Two
electrodes that measure pH (Thermo Scientific 8302BNUMD) and
conductivity (Thermo Scientific 01300SMD) were inserted into the
solution to monitor the pH and ionic conductivity during
carbonation. A 200 g mixture containing ~10 mmol CH/kg of
solution and a prescribed mass of a given additive (as summarized in
Tables S2 and S3) was prepared for each experiment. For the PEG-

20000, a portion of the water was used to dissolve the solid reactant.
The amount of water partitioned was determined based on the
minimum amount required to fully dissolve the mass of Ca(OH),
(i, ~20 mmol/L of water at 25 °C). The reported additive mass
fractions (m;) were calculated using the mass of the additive and water
due to the relatively low mass/solubility of added Ca(OH),. The
water activity (a,,) of the solution mixtures noted in Tables S2 and S3
was either retrieved from the literature or calculated using Van Laars
equations and a modified Raoult’s law (see eqs S1—S4 and Table S4
under the Experimental Details section in the Supporting
Information). Additionally, the surface tension (o) and viscosity (77)
of the monohydric solutions were retrieved from literature and are
summarized in Table S3.

An air/CO, gas mixture consisting of S = 1 vol % CO, was
composed by mixing air with CO, (Medical USP; >99 vol % purity).
Two mass flow controllers (Brooks Instruments: Sho-rate) regulated
the air and CO, flow rates to produce the desired gas mixture with a
total flow rate of 1500 standard cubic centimeters (see Section 1 in
Figure 1). This gas mixture was fed into a separate vessel housing the
CO, sensor (Dracal: DXC220; Section 2 in Figure 1) to equilibrate to
the target CO, concentration. Representative curves of the gas stream
[CO,] (vol %) and the respective average [CO,] are shown in the
Supporting Information (see Figure S2(ab)). Thereafter, the gas
mixture was fed into a carbonation reactor (Section 3 in Figure 1),
wherein the reaction was terminated when the solution pH decayed
from >11.5 to ~ 8. Thereafter, the solution was vacuum filtered
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through a 0.22 ym PTFE membrane filter. The filtered precipitates
were rinsed with ethanol twice and oven-dried at 50 °C for 1 h.

Materials. Calcium hydroxide (dsy ~ 3 pm, >89 mass % purity),
CO, (>99 vol % purity), and distilled water were used. Reagent grade
methanol (>99.8% purity), ethanol (>99.2 mass % purity), n-
propanol (>99.5 mass % purity), 2-propanol (>99.5 mass % purity),
tert-butanol (>9S5 mass % purity), glycerol (>99.5 mass % purity),
sucrose (>99 mass % purity), polyethylene glycol 200 (>95 mass %
purity), and polyethylene glycol 20000 (>9S5 mass % purity) were
purchased from Fisher Scientific and used as received. It is important
here to note that all the additives only serve as reaction mediators, i.e.,
while they may affect or facilitate CaCO4 Erecipitation, they are not
consumed over the course of reactions.’*

Material Characterization. First, Attenuated Total Reflectance
Fourier Transform Infrared Spectroscopy (ATR-FTIR: Spectrum
Two FT-IR Spectrometer, PerkinElmer) was used to identify the
carbonate polymorphs in the precipitates following carbonation.
Using this technique, the collected solids (i.e., prior to oven drying)
can be characterized with minimal sample preparation and delay. After
filtration, the solids were loaded onto a diamond/ZnSe composite
crystal and the absorption spectra over the range of 450—4000 cm™'
were collected. The CaCOj; polymorphs were identified using their
characteristic peaks, signifying symmetric stretching (v,), out-of-plane
bending (v,), in-plane asymmetric stretching (v;), and in-plane
bending (v,) of the carbonate groups (see Table S1). Due to the large
overlap of the absorption bands, the v, vibrational modes (ie.,
characteristic peaks within 700—800 cm™') were used as unique
identifiers for the anhydrous polymorphs, whereas the v, vibrational
mode was used to discern amorphous calcium carbonate (ACC). ¥
Ca(OH), (portlandite) was identified using the ~3640 cm™ peak of
the O—H stretching vibration.

Second, the particulates were characterized using X-ray powder
diffraction (XRD: Panalytical X’Pert Pro X-ray Powder Diffractom-
eter) using Cu—Ka radiation (1.5410 A). The dried samples were
loaded onto a zero-background plate (Si-sample holder) and analyzed
at a scan rate of 38.7350 s/step and a 0.0170° (20) step size over a 20
range of 5—70°. Quantitative “Rietveld” refinement of the X-ray
reflections (QXRD) was performed using Profex.*® The following
mineral phases were identified: portlandite (PDF #04-010-3117),
calcite (PDF #04-008-0788), and vaterite (COD #9015898), when
present.’” Third, the QXRD results were compared with the
thermogravimetric analysis (TGA: STA 8000, PerkinElmer) results.
Around 20 mg of dry powder was placed in a pure aluminum oxide
crucible and heated at a temperature ramp rate of 15 °C/min over a
temperature range of 35—975 °C. The analysis was carried out using
ultrahigh-purity N, as a purge gas at 20 mL/min. The mass loss below
200 °C was attributed to the evaporation of water, while the mass loss
over the temperature range of 360—550 °C and 550—900 °C was
associated with the decomposition of Ca(OH), and CaCO,,
respectively (as shown in Figure $1(a)).* Thermal analysis of the
hydrated lime reactant indicated an impurity of about 5 mass %
CaCO; that was identified as calcite by XRD (see Figure S1(b)).

Finally, the precipitate morphology was assessed using scanning
electron microscopy (SEM: FEI Nova 230). To prepare the sample
for SEM imaging, the dried particulates were suspended in 2-propanol
and sonicated to break apart large aggregates that were formed during
drying and storage. An aliquot (<200 yL) of this suspension was then
drop-casted on to a Si-wafer substrate and gold-coated after vacuum
drying overnight. Imaging was carried out using an Everhart-Thornley
detector (ETD) and a through-the-lens detector (TLD) at high
vacuum at an accelerating voltage of 10 kV and a working distance of
~5 mm. A TLD was used to achieve greater magnifications and
capture high-resolution images of the submicron to micron-sized
particulates.

B RESULTS AND DISCUSSION
The Influence of Additives on CaCO; Polymorphic

Selectivity. Foremost, an experimental control was estab-
lished by the carbonation of a neat Ca(OH), (“CH”) solution.
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The results were compared with thermodynamic simulations
(see: Figure S3 under the Thermodynamic Modeling section
in the Supporting Information) to relate in situ measurements
of pH and conductivity to the chemical speciation during
carbonation. To establish a common link between the
simulation and experimental results, the elapsed time was
converted to the cumulative moles of CO, input, as shown in
Figure S3. Upon introducing CO,, an immediate reduction in
the solution conductivity and a slight reduction in pH were
observed (see Figure 2). These trends align with the
thermodynamic simulations that show a rapid decline in
ionic strength (i.e., due to precipitation) and a smaller change
in the pH (see Figure S3(a-b)) once CO, was added. Despite
the small change in pH, Figure S3(a) shows a continuous
increase in CaCOj; content, indicating that the observed
decline in the solution’s conductivity was caused by the rapid
consumption of mobile ions (i.e., Ca**and OH™) and
precipitation of CaCOj; according to eq 1.

Ca(OH), + CO, — CaCO, + H,0 1)

A continuous reduction in the ionic strength and
conductivity occurs until ~ 10 mmol/L of CO, addition, i..,
which corresponds with the initial 10 mmol/L of Ca(OH),
teedstock. The continued decline of the ionic strength and the
absence of charged carbonate species below 10 mmol/L of
added CO, indicate its mineralization in the form of CaCO,
until the system is depleted of Ca’*. Thereafter, additional CO,
introduced accumulates in the form of dissolved inorganic
carbon (DIC) species according to eqs 2—4 as shown in Figure
S3(c). This speciation is accompanied by proton (H;O%)
generation that reduces the solution pH and marginally
increases the ionic strength. CO, solvation proceeds until the
solution reaches saturation (i.e., equilibrium) at ~15 mmol/L
of CO, addition. Any further additions beyond this point result
in the degassing of CO, as shown in Figure S3(c).

CO, + H,0 — H,CO, )
H,CO, + OH™ — HCO; + H,0 3)
HCO; + H,0 - CO;™ + H,0" (4)

The excellent agreement between the experiments and
thermodynamic simulations confirms that a terminal pH of 8
signals the maximum extent of CaCO; precipitation. Any
additional CO, that is introduced after this point would be
present as DIC species (see Figure S3(c)), which may promote
the transformation of vaterite into aragonite or calcite.
Unsurprisingly, without any additives (denoted as “N.A.”)
present, calcite is the exclusive reaction product as shown in
Figure 2(c).*'~* Previous authors have often attributed this to
the thermodynamically limited absorption of CO, (ie.
dependence on pcg, and temperature) and the uniformity of
its dispersion in bulk solution.® With an air/CO, gas mixture
containing S vol % CO, (i.e., pco, = 0.05 atm or ~50,000 ppm
of CO,), the rapid mineralization of CO, (compared to its
slower absorption, speciation and transport: see eqs 2—4) may
produce a reaction front with a high concentration of DIC
species — at the point of CO, addition — and a depleted bulk
volume solution. Consequently, near the gas sparger, the high
reactant concentration favors CaCO; nucleation, which is
hypothesized to be conducive to vaterite precipitation.®
However, as the metastable CaCO; diffuses away from the
gas source, the reduction in calcium and carbonate
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concentrations (i.e., the decrease in the saturation index, SI,
unitless) along with the increased contact with water promotes
the transformation of more soluble vaterite into calcite.** This
renders the system supersaturated with respect to calcite,
thereby favoring further calcite formation while curtailing
vaterite precipitation. Hence, additives are necessary to
selectively precipitate and stabilize vaterite when it is
precipitated in solution.”

A key challenge with the additive choice is the uncertainty in
the exact mechanism that results in the selective precipitation
of vaterite. The chosen array of additives in this study is
thought to favor the formation of vaterite by regulating the
activity of solvated Ca®* and CO5>~ species. Such interactions
may be achieved through: (i) electrostatic interactions between
an additive and a Ca** cation or CO;*~ anion, and/or (ii)
controlling the polarizability and hydrogen bonding inter-
actions of and with water. The former refers to additive — Ca>*
(CO4* or HCO;™) coordination to influence the nucleation
pathway of CaCOj;, which may be accomplished using either
ionic or nonionic additives.*®"® For nonionic additives, the
preferential solvation of Ca®* or CO, alters the solvation
shell composition around each ion and, consequently, the
associated energy for ion dehydration, and subsequently, the
crystallization pathway of CaCO5.*® Some authors postulate
that these interactions influence the resulting structure of the
so-called prenucleation clusters (PNC), whose imprint
indicates the CaCOj; polymorph that will mature/stabilize/
persist over the course of crystallization.”* Upon precipitation
of the metastable phases, face-specific adsorption of the
additive on evolving CaCOj surfaces can further assist with
stabilization. Another method to promote the formation of
metastable phases in solution is by leveraging the extent of
hydrogen bonding between water and the additive to reduce
the rate of CaCOj transformation, i.e., restrict CaCO; and
water activity to kinetically inhibit the dissolution and
transformation of vaterite.’

These interactions can be observed with sucrose (“Sug”; pK,
12.35) and glycerol (“Glyc”; pK, = 13.70) in solution.*’
Introduction of these additives into the alkaline CH solution
(pH ~ 12.2) is accompanied by a slight reduction of the
solution pH (see Figure 2(b),2(e)) due to the partial
deprotonation of the additive and the formation of solvated
species (i.e, sucrose to sucrate and glycerol to glycero-
late).”**”** The hydroxyl dense anions that are formed
strongly interact with CO,, Ca®*, and the surrounding water
to influence the crystallization of CaCO;. For instance, these
anions catalyze CO, absorption to increase the local saturation
index (SI, unitless. For CaCOs, SI = log,,[({Ca**}{CO,>"})/
Kgp), where { } indicates ion activities, and Kp, is the solubility
product).”” In addition, these anions simultaneously interact
with Ca*" and the surrounding water, which shifts the driving
force of the reaction (i.e., from thermodynamic to kinetic) in
favor of metastable phases.” As such, among the additive array,
sucrose was expected to favor vaterite formation (see Figure
2(c)) on account of its greater anion speciation (see Table S5
under the Thermodynamic calculations section in the
Supporting Information) and hydroxyl density. With seven
hydroxyls per molecule, sucrate anions can greatly suppress the
activity of the surrounding water, which, in turn, can affect the
structure of ACC and the stability of metastable phases,
including ACC and vaterite.”® The marked ability of sucrose in
stabilizing metastable phases even at dilute CO, concentrations
(5 vol %), is exemplified by the observed precipitation of
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vaterite in a S mass % sucrose solution (see Figure 2(c)). In
general, the precipitation of vaterite was observed within 1 min
of carbonation and persisted even after 30 min of continuous
carbonation (see Figure S4(c)). Although calcite remained the
major reaction product, Kim et al. demonstrated that the
reaction can be switched to vaterite-dominant (>90 mass %)
with a concentrated CO, gas stream,”® which increases the
aqueous CO, concentration by 95% (e.g, per Henry’s law
[CO,laq = Peor/Kyy, where p.,, and Ky denotes the partial
pressure of CO, and Henry’s Law constant which takes a value
of 34 mmol/L atm at 25 °C, respectively).

In spite of the promising observation of vaterite formation in
the S mass % sucrose solution, a further increase in sucrose
concentration did not enhance vaterite formation (see Figure
2(f)). Surprisingly, Kim et al. noted a reduction in vaterite
selectivity when sucrose was added at a dosage that resulted in
a stoichiometric excess with respect to Ca?*° Interestingly, an
analysis of sucrate speciation revealed that while the sucrate
concentration in 5 mass % sucrose (34 mM sucrate) was
comparable to the 20 mass % sucrose (39 mM sucrate), the
“free sucrose” concentration increased by nearly 6x (see Table
S5) at the higher dosage. The slightly higher sucrate
concentration indicates greater acidification of the solution
and a lower initial pH (see Figure 2(e)), which influences DIC
speciation and the overall SI. In addition, a greater
concentration of hydroxyl-dense sucrose (i.e., eight hydroxyls
per sucrose molecule) enhances hydrogen bonding (e,
sucrose — sucrose and sucrose — H,0) in the solution,
which leads to an increase in solution viscosity. These results,
in conjunction with the findings reported by Kim et al., suggest
that more than the sucrose speciation, the carbonate
speciation, and the effects of solution hydrodynamics (i.e.,
surface tension, viscosity) may be more relevant.*®

The greater importance of the solution’s hydrodynamics —
on reaction dynamics — is substantiated by the observed
precipitation of vaterite in 20 mass % IPA and the exclusive
formation of calcite in PEG solutions (see Figure 2(f)). In
contrast to sucrose and glycerol, IPA and the PEG additives
maintain their protonated forms in solution (e.g, as evidenced
by the unaltered initial pH in Figure 2(b),2(e)). As such, these
additives influence CaCOj; crystallization through weaker
dipole interactions with Ca®>* and hydrogen bonding with
water.*”*” The larger molecular structure and negatively
charged backbone of the PEG additives enhances interactions
with water molecules resulting in a greater increase in solution
viscosity (e.g., a 4.5X and more than 25X increase with S and
20 mass % of PEG 20,000, respectively).”" Some studies have
suggested that viscous solutions promote the formation of
metastable phases due to the reduced ion and water activities
that are prevalent in these systems.® This may suggest that a
well-mixed viscous solution with a sufficiently high initial SI
may favor ACC formation and prevent vaterite dissolution by
bypassing the traditional ion—ion attachment pathway that is
endemic to classical nucleation processes. In particular, the
favorable increase in vaterite selectivity in a 20 mass % IPA
solution suggests synergistic effect related to an increase in
viscosity (17; 1.54X increase for 20 mass % IPA), and reduction
in surface tension (o; 0.57X decrease for 20 mass %), and
water activity (a,), that are consequent with increasing
additive dosage.

To gain quantitative insight into the reaction kinetics, a
zeroth-order rate constant (k) describing the rate of hydroxyl
consumption (see eqs 5—6) was derived from the change in
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Figure 3. Mass composition of (a) calcite and (b) vaterite in the carbonated particulate product as a function of a,, for each alcohol based on
QXRD results (see Supporting Information: Table S7). Also shown is the mass % of (c) unreacted portlandite based on thermogravimetric analysis
(TGA). As a point of reference, at t = 0 s, the portlandite purity of the reactant is 89.8—95 mass % (see Figure S1(a)).

pH during carbonation. The rate order was identified using the by affecting the water activity (a,,) viscosity (), and surface
integral method for a batch system as detailed under the tension (5). To assess these effects, alcohol-H,O solutions
CaCOj Precipitation: Extracting Rate Constants section in the (i.e., methanol (MeOH), ethanol (EtOH), and IPA)
Supporting Information. For example, Figure S5 shows that the containing 20-t0-90 mass % of an alcohol were prepared as
data sets for 5 and 20 mass % additive were best captured by summarized in Table S3. Similar to IPA, methanol (MeOH)
the zeroth-order rate law, indicating a concentration- and ethanol (EtOH) are short-chain monohydric alcohols that
independent rate constant, as additionally affirmed by the can easily intercalate between water molecules to reduce the
fixed instantaneous rate of [OH™] consumption irrespective of surface tension (6) while only marginally increasing the
[OH™] concentration in Figure S6. This indicates that “k” viscosity (17) of the alcohol—water mixture (see Table S3). The
represents the general influence of a given additive on the rate incorporation of these additives influences the activity of
of acidification of the solution, whether it may be due to mass chemical species (i.e., Ca’*, H,0, CO, (aq.), and CaCO,) and
transport or reaction-limited kinetics the resulting reactant transport and bubble dynamics in the
d([oH]) _ . reactor .Volur;e_ Sgi.e., bubble size and morphology, and gas

— = it permeation).
dt ) Influence of Thermodynamic Activity of Water (a,).

Water is thought to direct the crystallization pathway of ACC
and facilitate the polymorphic transformation of CaCOj; via
dissolution-reprecipitation processes.” Thus, a greater a,, was

[OHT] = [OH],_, — kt (6)

Table S6 shows that the rate constants decreased in the i . R .
order: IPA > PEG-200 > N.A. &~ PEG-20,000, which does not hypothesized to favor calcite precipitation in two possible
follow the scaling of the solution viscosities, which decreased in We%ys\: b}’ pron‘lotlng the dlésolutl(?n of more soluble vaterite
the order: PEG-20,000 > PEG-200 > IPA > N.A.. First, this (vis-3-vis calcite) or by increasing the amount of water
indicates that the solution viscosity alone is not the dominant Incorp or:ated nto ACC. § e.volvmg struécstyre, .WhICh is thought
variable that affects the reaction rates. In particular, with 5 to favor its transformation into calcite.””" Using alcohol—H,0

mass % additive, the rate constants of the IPA and PEG — 200 solutions, a range of water activities, ie, 0.25 < a, < 1.00
systems were found to be 1.75X and 1.48X of the control. (unitless), were investigated. The proposed relationship
However, with 20 mass % additive, a further increase was between a,, and calcite formation is shown in Figure 3(a). In
observed with IPA (2.13x of the control) while PEG — 200 general, a higher calcite content implies a lower vaterite
showed a slight decrease (1.19x of the control). This kinetic content, and calcite is dominant for a,, > 0.90 across the three
enhancement is ascribed to the disruption of the hydrogen alcohol systems, as shown in Figure 3(b). On the other hand,
bonding environment between water molecules by —CH; the observed reduction in vaterite content in the IPA solutions
dense molecules like IPA and PEG — 200 that additionally for a, < 0.90 is related to the reduction in Ca(OH),
accumulate at the liquid—vapor interface. The accumulation at conversion, which implicates a reduced CH dissolution in
the liquid—vapor interface leads to significant reductions in the this system, as shown in Figure 3(c), and as indicated by the
surface tension. For instance, a 20 mass % replacement of low(er) calcite content seen in Figure 3(a).
water with IPA or PEG — 200 results in a 57% or 20% Interestingly, a greater extent of water replacement with
reduction in surface tension, respectively.>>> This reduction alcohol (i.e., decreasing a,,) was also found to stabilize ACC as
in surface tension enhances CO, absorption and the resulting qualitatively shown by the gradual peak broadening in the
SI, which may favor vaterite formation. Additionally, assuming diffraction and IR spectra (see Figures S7 and S8, respectively).
that precipitation initiates at the liquid — vapor interface, this This lower degree of crystallinity at higher alcohol concen-
allows the aggregated IPA molecules on the interface to restrict trations is corroborated by the corresponding TGA data of the
water activity in the vicinity of the precipitating vaterite. This dried particulates. In particular, the precipitates of the 90 mass
suggests a pathway to exert “polymorphic control” of CaCO, % alcohol solutions demonstrate thermal decomposition traces
7554 https://doi.org/10.1021/acssuschemeng.5c01554

ACS Sustainable Chem. Eng. 2025, 13, 7549-7561


https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.5c01554/suppl_file/sc5c01554_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.5c01554/suppl_file/sc5c01554_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.5c01554/suppl_file/sc5c01554_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.5c01554/suppl_file/sc5c01554_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.5c01554/suppl_file/sc5c01554_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.5c01554/suppl_file/sc5c01554_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.5c01554/suppl_file/sc5c01554_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c01554?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c01554?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c01554?fig=fig3&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.5c01554/suppl_file/sc5c01554_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.5c01554/suppl_file/sc5c01554_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c01554?fig=fig3&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.5c01554?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

100 L 100 ' | P | L | L
7 90 mass %
1 v i A — MeOH [
—~ 90— Co — ~ 90— —EtOH |-
S o i S 2 —IPA |
2 80- Lo - 2 80- L -
(1] ' ' 1] 1 '
= i .o | = i . |
5 70 o S 70 L
801 _Eon | 60 .
1—1wPA i i ] i
S S e R A L S e I L
0 200 400 600 800 1000 0 200 400 600 800 1000
Sample Temperature (°C) Sample Temperature (°C)
(a) (b)
140 P I NI IR A \I P 120 P | . ] L | I I
40 mass % : ' 90 mass %
1— MeOH i 1e / i
100  — EtOH - 80 | -
3 — IPA 2
E - E :
3 60- B 3 40 -
T [T} h
207 B 0 ' ' ——MeOH|[
1 L : ' —FEtOH |
. —IPA
-20 T I T l T I T \l |l l T I T -40 T l T I T I T l T I T I T
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
Sample Temperature (°C) Sample Temperature (°C)

(c) (d)

Figure 4. Representative mass loss curves of the precipitates synthesized in (a) 40 mass %, and (b) 90 mass % alcohol solutions. The corresponding
heat flow curves (c, d) were truncated to highlight the exothermic peaks in each sample.
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Figure 5. Mass composition of (a) vaterite and (b) unreacted portlandite in the precipitate as a function of , 6, and a,, for each alcohol type. The
symbol colors and size vary with the composition of a given component (i.e., a higher composition is indicated by a larger symbol size and a darker
color). The lines projected on each plane show the dependence of one parameter as a function of the other (e.g., change in 7 as a function of a,,). A
summary of this data is provided in Tables S7 and S8.
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Figure 6. Representative SEM images of the precipitates formed in (a, d) IPA, (b, e) EtOH, and (c, f) MeOH as additives. Vaterite and calcite
clusters are denoted except in images (a, c) due to the high vaterite content of the sample, as shown in the corresponding IR spectra of the

precipitates (see Figure S9).

that are characteristic of ACC. Generally, ACC is categorized
as a hydrous form of CaCOj hence, its decomposition
proceeds with an initial mass loss below 200 °C (e.g, see
Figure 4b) followed by a sequential exothermic peak at ~300
°C, indicating ACC crystallization (as shown in Figure
4d).>”*® On the other hand, the exothermic peak associated
with the thermally induced transformation of vaterite into
calcite generally occurs above 400 °C without a preceding
mass loss below 200 °C, as shown in Figure 4(a)4(c),
respectively.””*" Although the effect of water activity is as
expected, the differences observed across the alcohol types
suggest that a,, alone is not a suitable marker that is indicative
of vaterite formation. Interestingly, Figure 3(a) shows that a
greater decrease in the calcite content (and portlandite
conversion) for a smaller change in a, (ie., lower additive
concentration) was observed for the larger alcohols. Thus, a
greater inhibition of further dissolution of reactant and calcite
formation was observed for IPA as compared to methanol and
ethanol.

Influence of Viscosity () and Surface Tension (5). An
interesting observation that emerges when # and o are
considered simultaneously is that vaterite’s selectivity sub-
stantially increases when ¢ < 30 mN/m and # > 2 mPa-s as
shown in Figure S(a). To consider the concurrent effects of the
three variables (i.e, a,, #, or 6) on vaterite formation, the
collection of experimental data was analyzed using a response
surface method (RSM). A sequential sum of the squares
method that considers two-factor interactions (e.g, water
activity and viscosity, and surface tension and viscosity) with a
backward regression procedure was used. This regression
removes parameters in the design model (see eq 7) with
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significant p-values, which indicates a greater probability of
occurrence under the null hypothesis that the parameter has no
influence at all. Here, parameters with p-values <0.05 indicate a
very low probability that the null hypothesis is correct. The
interaction between ¢ and 7 (p-value = 0.0094) was identified
as a significant parameter, while ¢ (p-value = 0.079) and the
interaction between a,, and 7 (p-value = 0.062) were somewhat
significant. In contrast, no apparent link between a,, (p-value =
0.45) and the tendency for vaterite formation was determined.
The lack of a clear relationship is on account of a greater
change in # and ¢ with increasing molecular weight of the
alcohol, as shown in Table S3. As a result, for a solution with
20 mass % alcohol, the surface tension at 20 °C is about 48, 39,
and 31 mN/m with MeOH (a,, = 0.89), EtOH (a, = 0.93),
and IPA (a,, = 0.95), respectively.’’ A similar trend is observed
with 7 (see Table S3), for which the 7 of the 20 mass % IPA is
1.6x of the 20 mass % MeOH. Thus, a lower concentration of
IPA induces a greater effect on the solution’s properties than
the other alcohols. This complex and nonlinear relationship
arises on account of the varying clustering behaviors of alcohol
and water, which vary as a function of the alcohol type, the
temperature, and the mass fractions of the alcohol—water
mixture.*>

vaterite (mass %) = 33.37 — 104.02a,, + 2.380 + 15.557
(7)

It should be noted that # and ¢ can also alter bubble
morphology (i.e., size, shape, and swarm size) and gas holdup
times. More specifically, an increase in alcohol concentration
leads to a reduction in ¢ and a slight increase in 7, which

+ 80.46a, — 2.680m
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results in the formation of smaller bubbles (i.e., greater surface
area to volume ratio) with lower rising velocities.”¥**®> This
reduction in bubble size may explain the nanocrystalline habit
of the vaterite formed in IPA (see Figures 6(d) and S11).
Previous studies postulate that the morphology of the
synthesized CaCO; is dictated by the morphology of the
bubble, mass transfer of CO,, and efficiency of mixing in the
reactor, which may imply that nucleation initiates on the
bubble surface.*®” In contrast to the nanoscale precipitates
from the IPA system, larger spindle-shaped vaterite particulates
were formed with 85 mass % EtOH and MeOH additives as
shown in Figure 6(b,c), respectively. The formation of this
particular morphology is correlated with a Ca®" deficient
system with a [CO;*7]/[Ca®*] ratio of ~2 to 3 whereas the
nanocrystalline habit of the precipitated vaterite with IPA
(shown in Figure 6(a),6(d)) was associated with an even more
extreme condition of [CO;*7]/[Ca**] > 10 and rapid
mixing,°*®” These latter conditions may be achieved as water
is replaced with alcohol, such that Ca** species preferentially
interact with alcohol, which raises the relative amount of
carbonate available in solution, per unit of mobile-Ca that is
available.

Assessing the “Solution Properties” Hypothesis. The
experimental results suggest that 7 and ¢ may be leveraged to
control vaterite selectivity. To assess the validity of this
hypothesis, two other alcohols, n-propanol (n-Pr) and tert-
butyl alcohol (tBA), were tested at concentrations summarized
in Table S9. These alcohols were selected due to their
structural similarity (ie., single hydroxyl and short carbon
chain) with the three alcohols that were assessed and full
miscibility in water. As such, the alcohol concentration can be
leveraged to tailor the solution properties to fit the region of
interest. For this comparison, mixtures with ¢ < 30 mN/m and
n > 2 mPas were produced. Despite the similarity in
macroscopic properties of the (solution) mixtures, Figure 7

PR I R R B
n (mPas)
~100 | PO S
X J I —29 L
2 80— {" —23 BA |
2 fl ---25 IPA |
£ 60 i' ---2.3 EtOH|-
= | v L
e o
S 40 a \ o
G o L
[} [
X 20 [ ; -
0 —
800 760 720 680 640 600
v (cm*)

Figure 7. Representative IR spectra of the precipitates as a function of
the solution viscosity (77) of a given alcohol solution. A summary of
the alcohol compositions and the macroscopic properties of the
mixture is provided in Table S9. The unique peaks corresponding to
vaterite (“V”) and calcite (“C”) are denoted.

shows a distinct superiority of IPA in enhancing vaterite
selectivity that renders control of the solution properties as an
insufficient mechanism to explain the selectivity. A possible
explanation for this may be rooted in the difference in
solvation behaviors of the ion species (i.e., Ca®* and CO5*”) in
the solvent mixture (i.e., alcohol and water). More specifically,
the lower electric charge density of CO,*~ (17 C/mm?) is
better solvated in water, whereas electrically charge dense Ca**
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(52 C/mm?) can be solvated in both alcohol and water.***%7°

Previous authors hypothesize that the alcohol in the solvated
layer around Ca’' reduces the desolvation energy for CaCO,
crystallization (i.e., lowering the activation energy of
crystallization), thus favoring the formation of metastable
phases like vaterite.*®”" However, as Xiao et al. demonstrated,
Ca®" — alcohol coordination is also important to producing a
CO;>" rich solution and maximizing vaterite formation.”
Hence, the exclusive precipitation of calcite with weakly polar
tBA (E{N = 0.389 kcal/mol) is likely a function of its lower
coordination with Ca?**.”> On the other hand, the greater
vaterite selectivity with IPA (E;" = 0.546 kcal/mol) despite its
lower polarity than MeOH (E" = 0.762 kcal/mol), EtOH
(ErN = 0.654 kcal/mol), and nPr (E;N = 0.617 kcal/mol)
suggests a balance between Ca**—alcohol coordination and the
ion-desolvation (dehydration) energy.”

The observed nonlinearity in vaterite selectivity as a function
of both alcohol type and composition (see Figure S12)
indicates a complex behavior, which could be related to the
influence of the ion—solvent interactions on the formation of
the amorphous CaCOj precursor, i.e,, the prenucleation cluster
that holds the imprint of the final precipitate, and its
subsequent crystallization.””? Given that a reduction in
crystallinity (i.e., higher ACC content) was observed alongside
greater vaterite formation (see the diffraction pattern and IR
spectra in Figures S7 and S8, respectively), the crystallization
process appears to proceed from the initial formation of an
ACC with a proto-vaterite structure as previous authors have
observed in pure isopropanol systems.”*’* The alcohol in the
solvation layer of Ca®" cations is thought to affect the structure
of these proto-crystalline clusters by restricting the mobility
and incorporation of water into the structure. However, this
structure likely does not have a single form (ie., it may be
nonunique) as the solvation structure around Ca** is known to
vary not only as a function of the alcohol type but also the
concentration of alcohol and ion species (e.g, Ca*, CO,™,
and CI7) in solution.***””* While there are several important
clues that emerge, it should also be recognized that direct
elaboration of the reaction mechanism of vaterite’s stabilization
in IPA-water mixtures remains challenging. For example, at
high alcohol concentrations (>80 mol % alcohol), a reaction
pathway that includes the partial formation of intermediary Ca
— alkoxide species that may favorably form vaterite
emerges.”””” Other authors have also proposed the simulta-
neous occurrence of solid solid transformation and
dissolution and recrystallization during ACC crystallization in
the presence of IPA.”* In addition, Zhang et al. hypothesized
that the aggregation behavior (ie., particle morphology) and
stability of the precigitates were determined by the excess ion
species in solution.”® For instance, in a CO;*"-excess system,
the precipitates will “inherit” the water-rich layer of CO5>". If
the bulk alcohol concentration is high, the large interfacial
energy difference between the water-rich particle surface and
the alcohol-rich bulk will induce directional crystal growth
according to the alcohol structure of the solution.”® In general,
the influence of different alcohols on CaCOj’s polymorphism
and morphology was found to be largely dependent on the
stirring (convection, mixing) conditions and alcohol’s concen-
tration, rather than the alcohol type.”””® This may indicate that
the specific affinity of the alcohol to a given CaCO; polymorph
is a relevant factor to consider, as it determines the formation
and resulting stability of the precipitate in solution. In
particular, for IPA, some authors have hypothesized that
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vaterite precipitation is driven by the greater propensity of IPA
to stabilize the (001) facet of vaterite, while others attribute
this to its stronger interaction with calcite.”>** However, the
exact mechanism that results in the selectivity toward a
particular polymorph in a given alcohol solution remains
unclear.”””® While direct and unambiguous evidence related to
the mechanisms of how IPA affects polymorph selection and
stability of CaCOj; remains unclear, it is reasonable to conclude
that the mechanism(s) are complex and multiphase, ie.,
imposed on and via the solution and the precipitate(s). Better
elaboration of this mechanism(s) remains an important goal —
to build a better understanding of pathways that enable
chemical control of polymorph selection and stability across
mineral compositions and systems.

B SUMMARY AND CONCLUSIONS

This paper has shown that IPA mediates the rapid and
selective synthesis of vaterite in aqueous solution using
Ca(OH), and a dilute CO, stream (S vol %) as reactants.
While several additives, e.g., including methanol, ethanol, and
sucrose, enable vaterite formation, IPA enables the production
of vaterite at exceptional selectivity (>80 mass %) that is
unmatched by any other additive in this study. While it
appeared as though a “Goldilocks region” of solution (i.e.,
alcohol + water) properties, i.e., surface tension (o < 30 mN/
m) and the viscosity (17 > 2 mPa-s), would favor the formation
of vaterite in the presence of monohydric alcohols—this
suggestion was unfounded. For example, the lower vaterite
selectivity in n-propanol and tert-butyl alcohol solutions in the
supposed “Goldilocks region”, as compared to IPA mixtures, is
indicative of a more complex interaction between the ion
species and solvent mixture (i.e., alcohol and water). More
specifically, it is indicated that the solvation behavior of ion
species in the presence of the different alcohols influences ion
and water interactions, including desolvation, and transport
during CaCOj crystallization. The observed formation of ACC
alongside vaterite suggests that the ion — alcohol interaction
influences the proto-crystalline structures of the ACC, and the
subsequent stability of the metastable species formed (i.e.,
ACC, vaterite).

Implications Toward a Continuous Method for
Producing Vaterite. The proposed IPA-mediated vaterite
synthesis approach presents opportunities to use zero-carbon
lime (e.g., produced by the ZeroCal process), and CO, bearing
flue gases to produce vaterite at scale.'® The mediator role of
IPA fulfilled in this system is important in that, since IPA is not
consumed during the reaction, it can be readily recovered and
reused, e.g, by extractive distillation or a hybrid vapor
permeation—distillation method.”” Importantly, given that
the optimal IPA concentration to maximize vaterite’s yield
and selectivity is in the range of 30—60 mass % (IPA), it
suggests that direct recycling of the mixed solution could be
realized—thereby enabling the design of a simple continuous
process. It is also important to highlight that given the dual
role of IPA in the selective precipitation and continued
stabilization of vaterite, synthesized particulates that were
stored at ambient conditions (T: ~ 20 °C, RH: 50—60%)
remain stable even after extensive periods of storage, up to 3
years (as shown in Figure S13). That said, to assess the
feasibility of the approach at scale, and verify the sustainability
of the process. it is important to consider in more lifecycle
detail: the embodied carbon intensity of IPA production (1.85
tcoo/tia), the extent of cyclic reuse and recovery of IPA
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during vaterite production, the energy intensity of the
production process, the grid — mx of electricity that is utilized,
and consequently the extent of net amount of CO, utilization/
reduction that is realized.** In addition, further questions
remain about how and why IPA offers an unmatched ability to
affect the selectivity and yield of vaterite formation, which is
superior to other additives, and a better understanding of these
aspects would further improve our synthesis routes.
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