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ABSTRACT

Developing effective solutions to reduce carbon dioxide emissions into the atmosphere is crucial for mitigating climate change.
While various methods for CO, capture and storage exist, many of the proposed approaches are not yet economically viable on
larger scales. Here we introduce a new sustainable strategy for carbon management that relies on the carbonation of calcium
sulfate, an abundant byproduct of various industrial processes. Through in-situ observation tools, we uncover the carbonation
mechanism and demonstrate that phase-pure vaterite (a metastable form of calcium carbonate) can be obtained without additives
via straightforward conversion of gypsum powder in water at ambient conditions. The resulting particles exhibit interesting
properties such as high specific surface area and reactivity. To demonstrate the value of the products for real-life applications,
the obtained vaterite was tested as a raw material for construction. Upon mixing with water, the spherical vaterite particles
transformed into aragonite crystals through a dissolution-reprecipitation pathway, which was accompanied by rapid compressive
strength development on a level comparable to that of conventional cements. Our findings constitute an important first step toward
repurposing gypsum waste as a sink for carbon dioxide and source to produce materials with reduced environmental impact.

1 | Introduction to contain the release of carbon dioxide into the atmosphere.

Over the past years, various methodologies have been proposed

Since the onset of the industrial revolution, carbon dioxide
emissions into the Earth’s atmosphere from fossil fuel utilization
and numerous industrial processes have continuously risen and
reached 37 Gt per year in 2022 [1]. Identified as a primary
driver of contemporary climate change, [2] efforts have been
made to reduce these emissions, for example by the use of
renewable energy sources and the transformation of established
industrial processes into more sustainable operations. Despite
these initiatives, it is anticipated that anthropogenic CO, emis-
sions will continue to escalate over the next 50 to 100 years [3].
Consequently, there is an immediate need for effective solutions

for carbon capture storage (CCS) and/or utilization (CCU)
[4-8]. Concepts for the (permanent) storage of CO, can be clas-
sified into two main categories: deposition into geological sites
in neat form or mineralization as carbonate. While geological
storage is currently about four times cheaper than mineralization,
the potential for leakage poses a significant concern and must
be considered as another cost factor in addition to the required
infrastructure [5]. In both cases, utilization of the captured carbon
dioxide to produce industrially valuable compounds (e.g., green
methanol for chemical synthesis or carbonate minerals as raw
materials for construction) would not only be an important
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contribution to lower the costs but also align with the principles
of a circular economy [9].

The most common material obtained from CO, mineralization
is calcium carbonate, typically in the form of one its anhydrous
crystalline polymorphs, i.e., calcite, aragonite, or vaterite. These
minerals are widely used in the production of paper, cosmetics
and pharmaceuticals [10, 11] as well as in the construction
industry [12]. While calcite and aragonite are abundant in the
Earth’s crust, vaterite is relatively rare in Nature but preferred
for certain applications due to its high specific surface area and
unique morphology [13]. However, the synthesis of phase-pure
vaterite remains a challenging task. Methods described in the
literature include rapid mixing, [14-16] slow carbonation, [17]
CO, injection, [18,19] solvothermal growth, [20] crystallization in
reverse emulsions, [21, 22] and phase transfer precipitation [23].
Most of these approaches rely on the use of organic additives such
as proteins, [24] ethanol, [19, 25, 26] ammonium ions, [14, 16,
19, 27] glycerol, [11, 20] or sodium gluconate [23]. Additive-free
synthesis of vaterite was achieved by mixing highly concentrated
solutions of CaCl, and Na,CO; [10, 28, 29].

The conversion of CO, into CaCO; obviously requires a tangible
source of calcium. Here, the use of waste materials appears
particularly attractive from both a cost and sustainability per-
spective. In this context, calcium sulfate is a very interesting
material, given the large amounts available from construction
waste (e.g., spent wallboards) and as a byproduct of various
industrial processes. Several previous studies have explored the
potential of gypsum (CaSO,-2H,0) as a calcium source for CO,
mineralization [6, 30-32]. In some cases, vaterite was obtained
as a product of carbonation under the influence of additives
[18, 19, 23, 33, 34]. In the present work, we have systemati-
cally studied the carbonation of the three main calcium sulfate
phases, i.e., gypsum, bassanite (CaSO,-0.5H,0) and anhydrite
(anhydrous CaSO,) at ambient conditions in the absence of any
additive. Using advanced in- situ characterization techniques
(such as Raman spectroscopy and potentiometry), we uncover
the carbonation mechanism and identify critical parameters
required for the formation of phase-pure vaterite. Finally, we
discuss the potential of the proposed process for carbon capture
storage and utilization, gypsum waste management, and circular
economy.

2 | Materials and Methods
2.1 | Materials

The following chemicals were used as received: gypsum (C3771,
Sigma-Aldrich), bassanite (38 535 500, Acros Organics), anhydrite
(237 132, Sigma-Aldrich), sodium carbonate (S2127, Sigma-
Aldrich), potassium carbonate (P743.2, Sigma-Aldrich), sodium
hydroxide (S5881, Sigma-Aldrich), potassium hydroxide (P1767,
Sigma-Aldrich, >85%), magnesium chloride (Scharlau, 100%),
strontium chloride (Thermo Scientific Chemicals, 99.5%) and
carbon dioxide (UN1013, Messer). In addition, natural gypsum
rock was obtained from Champ-sur-Drac (Isere, France) and
identified with X-ray diffraction (PDF 33-0311). All solutions
were prepared using deionized water with a resistivity of 18
MQ-cm. To simulate the use of CO, emissions for the carbonation

TABLE 1 | Solutions used for carbonation experiments in the present

work.
Total carbonate
pH Cation concentration [M]
Na,CO, 11.7 Na 0.5
K,CO, 1.9 K 0.5
ACCS-Na 9.4-9.7 Na ~2.2
ACCS-K 9.4-9.7 K ~2.2

of calcium sulfate, two so-called “Alkaline Carbon Capture
Solutions” (ACCS) were generated by bubbling solutions of
4 M NaOH (ACCS-Na) and KOH (ACCS-K) with CO, for 24
h, following a procedure described in the literature [35]. The
composition and pH of the resulting solutions are provided in
Table 1.

2.2 | Carbonation Experiments with In-Situ
Monitoring by Raman Spectroscopy

The carbonation of sulfate minerals was performed at room
temperature in two different setups. First, an autoclave reac-
tor (0.6 L) equipped with a mechanical stirrer and a Raman
probe with a 785 nm infrared laser was used. A comprehensive
description of this custom-built equipment can be found in
Montes-Hernandez and Renard [36]. The reactor was filled with
ACCS or, for comparison, solutions of 0.5 M Na,CO; or K,CO;
(200 mL). After initial characterization by Raman spectroscopy,
11 g solid calcium sulfate powder was added, giving nominal
sulfate concentrations of 0.319, 0.379 and 0.404 M for gypsum,
bassanite and anhydrite, respectively. Then, the reactor was
sealed and stirring at 400 rpm was started. Raman spectra were
acquired continuously until no more changes were observed.
In the case of bassanite as calcium source, the early stages
of the carbonation reaction were additionally characterized by
means of time-resolved Fourier-transform infrared (FTIR) spec-
troscopy in attenuated total reflectance (ATR) mode, using a
Bruker Tensor II spectrometer. For measurement, aliquots of the
reaction solution were collected at various time intervals, and
their infrared spectra were recorded. In separate experiments,
the reaction was stopped after 2 and 80 min by isolation of the
solid phase through vacuum filtration. The recovered products
were characterized by FTIR spectroscopy in transmission mode
on a Perkin Elmer SpectrumOne instrument as well as scan-
ning electron microscopy (SEM) coupled with energy-dispersive
X-ray (EDX) analysis using a Tescan Ambar X microscope
equipped with an ULTIM MAX 100 detector from Oxford
Instruments.

In the second part of the work, the experiments were replicated
in a vessel equipped with sensors to monitor pH (Metrohm, No.
6.0262.100), Ca** potential by means of an ion-selective electrode
(ISE; Metrohm, No. 6.0510.100), and conductivity using a 5-ring
measuring cell (Metrohm, No. 6.0915.100), which were operated
by a Titrando 905 unit from Metrohm. Again, 200 mL of the
respective solution and 11 g of calcium sulfate powder were added
and the resulting suspension was continuously stirred at 400 rpm.
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Finally, some experiments were replicated in polypropylene
bottles (50 mL) to prepare samples for ex- situ characterization,
using 20 mL solution and 1.1 g calcium sulfate powder.

2.3 | Quantitative Evaluation of Raman Data

The spectra obtained from in-situ Raman spectroscopy monitor-
ing were used to determine the time-dependent evolution of the
concentrations of dissolved sulfate, carbonate and bicarbonate
ions as well as the amounts of solid vaterite and calcite present
in the suspension (note that aragonite was not detected in any
of the experiments performed). For this purpose, calibration
curves were generated by measuring Raman spectra of solutions
containing the relevant ions in concentrations ranging from 0.005
to 1 M. Linear regressions were then applied to the data to
correlate the intensity of the Raman peaks of the aqueous phases
with the respective ion concentration. The relative amounts of
vaterite and calcite formed during the carbonation reaction were
determined using the equation proposed by Kontoyannis and
Vagenas [37]:

9.3L50
X, = — 220 100 )
V' Iie + 930500

where X, and X, are, respectively, the fractions of vaterite and
calcite in % (with X, = 100 — Xy), while I,y and I are
the intensities of the peaks at 750 cm™! (vaterite) and 711 cm™
(calcite), respectively. To obtain precise results, the measured
intensity of the vaterite peak at 750 cm™ was corrected for
scattering contributions from the used sapphire window, which
was determined during the first 4 min of the reaction and
remained constant throughout the experiment.

2.4 | Characterization of Solid Products

For ex-situ characterization of the formed particles, the suspen-
sions were vacuum-filtered through 0.45 pm nylon membranes,
then washed with deionized water, and finally rinsed with
ethanol to prevent any further reaction. Mineral phases present in
the products were routinely identified by ATR-FTIR on a Nicolet
iS50 spectrometer from Thermo Scientific and quantified with
powder X-ray diffraction (PXRD) on a Bruker Axs D8 instrument
equipped with Cu and Co sources. The relative amounts of
vaterite and calcite were determined from the PXRD data using
the equation proposed by Kontoyannis and Vagenas [37]:

7.6911,, oy

Xy=———"—""—
v Loac +7.6911,, oy

x 100 ®)

where Xy, and X, are, respectively, the fractions of vaterite and
calcite in % (with X, = 100 — X)), while I, ,y and I,5,c are
the intensities of the (11.0) and (10.4) reflections of vaterite and
calcite, respectively.

The size and morphology of the formed particles were character-
ized by field-emission scanning electron microscopy (FESEM) on
a Gemini SEM 500 microscope from Zeiss. Images were acquired
with an aperture size of 20 um, a working distance of 4.8 mm,
and an accelerating voltage of 3 kV. For sample preparation,

10 mg solid product was mixed with 10 mL ultrapure ethanol and
placed in an ultrasonic bath for 5 min. Two drops of the resulting
suspension were deposited onto aluminium sample holders and
allowed to dry before being placed in the vacuum chamber of
the microscope. In the obtained SEM images, vaterite particles
were identified based on their distinct spherical or star-like mor-
phologies, which were all composed of numerous nanoparticles
with sizes <100 nm. Calcite crystals, when present, exhibited their
characteristic rhombohedral shape. Sizes of vaterite particles
and their constituent subunits were quantified using the FIJI
software [38]. Finally, the specific surface area (Sggr) of the solid
products was determined by nitrogen sorption using a BELSORP
MAX instrument from Microtrac. Prior to analysis, samples were
degassed at 50°C for 12 h This thermal treatment was reported to
not alter the properties of calcium carbonate samples [39]. Sppr
values were derived using the Brunauer-Emmett-Teller (BET)
equation from data in a partial pressure regime of 0.06 < p/p,
< 0.3 with an adsorption cross-section of 16.2 A% for molecular
nitrogen.

2.5 | Preparation and Characterization of
Vaterite-Based Cements

The vaterite material used for compressive strength testing was
synthesized by mixing 700 mL K,CO; solution (0.5 M) with
38.5 g gypsum powder. The resulting suspension was stirred
at 500 rpm for 15 min. Subsequently, the solid phase was
separated by filtration and thoroughly rinsed with ethanol to
remove any residual reactants. The predominant presence of
vaterite in the obtained solid product was confirmed by ATR-
FTIR spectroscopy. To initiate polymorphic transformation into
aragonite, the vaterite powder (8 g) was manually mixed in an
agate mortar with a solution containing 0.1 M of MgCl, and/or
SrCl, at a water-to-vaterite ratio of 0.5. The resulting flowable
paste was cast into silicone molds to produce cubic specimens
measuring 20 x 20 X 20 mm?, which were cured for 24 h at
40 or 80°C and >95% relative humidity (RH). Subsequently, the
(meanwhile solidified) cubes were demolded and submerged in a
MgCl,/SrCl, solution (0.1 M each) at 80°C. After further curing for
either 24 or 48 h, the cubes were removed from the solution and
dried in an oven at 100°C for 4 h. For comparison, reference cubes
were prepared using commercially available Ordinary Portland
Cement (OPC, COSMOS CEM II/L-B 32.5N), which was mixed
with (i) a solution containing 0.1 M each of MgCl, and SrCl,,
and (ii) with deionized water, both at a water-to-cement ratio
of 0.5. Curing conditions were the same as those applied for
the vaterite samples. However, a larger amount (10 g) of the
cement paste was needed to fill the molds. The compressive
strength development of the as-prepared cubes was evaluated
after curing periods of 24 and 48 h. Mechanical properties
were investigated using a Universal Testing Machine (INSTRON,
Model 68TM-30) equipped with a 30 kN load cell and 150 mm
diameter compression plates. The tests were conducted at a
constant compression speed of 1 mm/min. The obtained load-
displacement data were analyzed following ASTM C109 (with
the exception that rigid plates were used) to obtain compressive
strength values. The vaterite and aragonite content of the as-
prepared CaCO; cement was quantified via FTIR spectroscopy in
transmission mode on a Perkin Elmer SpectrumOne instrument,
utilizing a calibration curve derived from binary mixtures of
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FIGURE 1 | In-situ monitoring of the carbonation of synthetic gypsum a-c), bassanite d-f) and anhydrite g-i) by reaction with a 0.5 M solution of

sodium carbonate. a,d,g) 2D representation of time-dependent Raman spectra acquired during the carbonation process, where characteristic signals of

the relevant solid phases and dissolved ions are monitored. b,e,h) Temporal evolution of the concentrations of dissolved sulfate and carbonate ions and

their ratio, as derived from the in- situ Raman experiments. c,f,i) Plots of the calcium potential, pH and conductivity as a function of time during the

carbonation reaction. In (b,e,h), the presence of ACC, vaterite and calcite is indicated by the yellow-, blue- and green-shaded rectangles, respectively.

known polymorphic content. The specific surface area of the
materials was determined by nitrogen sorption using an ASAP
2420 micropore analyzer from Micromeritics after degassing
in vacuum for 12 h at 50°C. Data were evaluated using the
BET model for a partial pressure regime of 0.05 < p/p, < 0.2.
Finally, the microstructure of the hardened cement samples was
characterized by scanning electron microscopy on a Phenom
Pharos G2 tabletop microscope from ThermoFisher Scientific
operated at an acceleration voltage of 10 kV.

3 | Results and Discussion
3.1 | Carbonation of Calcium Sulfate Minerals in
Alkali Metal Carbonate Solutions

To characterize the carbonation reaction of calcium sulfate, the
interaction between a 0.5 M solution of sodium carbonate and
three naturally occurring CaSO, minerals (i.e., gypsum, bassanite
and anhydrite) was initially investigated. Figure 1 provides a
summary of the results obtained by in-situ characterization of
the reaction progress. Upon addition of solid gypsum to the
Na,CO; solution, dissolution began immediately and proceeded
quickly, as evidenced by the time-dependent evolution of the

Raman peak corresponding to gypsum and the concentrations
of aqueous sulfate and calcium ions (Figure la-c). The first new
solid phase to appear was amorphous calcium carbonate, which
was detected in the very first Raman spectra acquired (i.e., at t =
0 min; see Figure S1). The ACC phase rapidly transformed within
a few minutes of reaction, yielding vaterite as the sole phase
observed by Raman spectroscopy (cf. Figure 1a), as confirmed by
the presence of its characteristic double peak at 1090 and 1075
cm™!. During the experiment, the pH of the solution gradually
decreased from ~10.7 to ~10.2 after 30 min (cf. Figure 1c), due to
the partial consumption of the alkaline carbonate ions via CaCO,
mineralization. In parallel, the conductivity of the solution
remained constant during the initial stage of ACC formation and
then showed a slight increase upon conversion to vaterite, likely
as a consequence of the further release of counterions such as
sodium and/or sulfate. Finally, the signal of the calcium ion-
selective electrode (Ca-ISE) increased immediately upon addition
of gypsum (due to dissolution) and reached a maximum after
about 2 min (solubility of ACC), after which it decreased slightly
toward the end of the experiment (solubility of vaterite).

Interestingly, the time-dependent behavior was fundamentally
different when bassanite (Figure 1d-f) or anhydrite (Figure 1g-i)
were used as solid calcium sulfate source. In both cases, the onset
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of the dissolution of the added particles was delayed by several
minutes, as evidenced by the corresponding Raman spectra
(Figure 1d,g), the derived time-dependent profiles of dissolved ion
concentrations (Figure 1le,h), as well as the temporal evolution
of pH and conductivity (Figure 1f;i). Further characterization
of the early stages of the reaction by means of IR spectroscopy
(Figure S2) and scanning electron microscopy combined with
EDX analysis (Figure S3) shows that ACC was formed after
2 min and persisted for about 3 min before conversion into
crystalline polymorphs occurred. These observations indicate
that the initial inhibition of mineral dissolution is due to the
reaction of carbonate with calcium ions at the surface of the added
particles, leading to the formation of a CaCO; layer that acts as a
barrier — a process that might be favored by the higher solubilities
of bassanite and anhydrite as compared to gypsum. The signal
of the Ca-ISE showed a slight increase in the concentration of
dissolved calcium ions immediately after addition of the powders
(Figure 1f,i), which was also reflected in the concentration of
dissolved sulfate ions (Figure le,h). During the initial period
of inhibition, no evidence for the formation of ACC could be
observed in the Raman spectra (cf. Figure S1), in contrast to the
IR data (cf. Figure S2), probably due to the differences in the
sensitivity of the two techniques. Once the barrier to dissolution
had been overcome (which was longer for bassanite than for
anhydrite), carbonation proceeded quickly and yielded calcite
instead of vaterite in both cases as evidenced by both IR (cf. Figure
S2) and Raman spectra (Figure 1d,g), where the characteristic
peak of calcite occurred at 1085 cm™. As for gypsum as calcium
sulfate source, the pH decreased during carbonation while both
the calcium potential and the conductivity increased (Figure 1f,i).
In parallel, the concentration of dissolved carbonate ions showed
a steep decline to reach final levels lower than in the experiment
with gypsum (Figure 1,h); in line with the lower final pH values),
reflecting the lower solubility of calcite as compared to vaterite.

The results presented above allow us to identify the conditions
that favor the formation of vaterite over calcite during the car-
bonation of calcium sulfate. Calcite tends to be the first, and only,
phase to crystallize when an extended induction period occurs
before the onset of rapid dissolution of the CaSO, starting mate-
rial. More specifically, the direct formation of calcite occurred in
solutions with low sulfate and high carbonate concentrations, i.e.,
at SO,27:CO;* ratios below 0.2 (cf. Figure 1le,h). In turn, when
gypsum was used as calcium sulfate source, rapid dissolution
and precipitation of ACC resulted in solution conditions with
S0,%7:CO;%~ ratios higher than 0.2 at the beginning of the
reaction and ~0.9 at the time when vaterite crystallization took
place (cf. Figure 1b). The observed behavior in terms of phase
selection is consistent with previous studies, which reported that
S0,%7:C0O;%~ ratios higher than 1 promote the formation and
persistence of vaterite [40, 41].

In further experiments, the impact of the type of the alkali coun-
terions on the carbonation reaction of gypsum was investigated
by using K,CO; solutions instead of Na,CO;. The obtained time-
dependent profiles for the evolution of dissolved species and
solid phases (Figure S4) were very similar to those discussed
above, i.e., ACC was formed immediately and subsequently
replaced by vaterite, without major differences in the time of the
onset of vaterite crystallization (~7 min) or the corresponding
S0,%7:C0O;*" ratio (~0.8). These findings confirm that the type

of the calcium sulfate source used essentially determines the
polymorphic outcome of the carbonation reaction.

3.2 | Carbonation of Gypsum in Alkaline Carbon
Capture Solutions (ACCS)

In the second part of our work, the methodology described
above for alkali metal carbonates was applied in full analogy to
carbonate-containing solutions obtained through CO, absorption
into solutions of alkali metal hydroxides. When using these so-
called “alkaline carbon capture solutions” (i.e., ACCS-Na and
ACCS-K) with gypsum as calcium sulfate source, the observed
general characteristics of the carbonation process were compa-
rable to the experiments performed with Na,CO; and K,CO,
solutions, as shown in Figure 2 and Figure S5, respectively.
Immediately after the addition of the solid powder, gypsum
dissolved and an amorphous precipitate was formed. Within a few
minutes, crystallization of vaterite occurred and was completed
well before the end of the experiment, with similar timescales
for the transformation process (i.e., 5-10 min) in ACCS and
alkali metal carbonate solutions of both sodium and potassium
(cf. Figure 1, Figure 2; Figures S4, and S5). However, there is
one important difference: in ACCS-Na and ACCS-K, vaterite
was formed at much lower SO,27:CO;2 ratios (ca. 0.4 and
0.2, respectively) and even lower ratios when the total aqueous
carbonate concentration (i.e., Typponate) i considered (ca. 0.2 and
0.1, respectively). Under these conditions, calcite was obtained
with bassanite and anhydrite as starting materials in solutions
of neat sodium carbonate (cf. Figure 1). This means that in
ACCS media, preferential crystallization of vaterite is not driven
by the (relative) amount of sulfate ions in solution. Instead,
the observed (initial) phase selection can likely be ascribed to
two other parameters. First, the pH value during the period of
vaterite formation was significantly lower in ACCS-Na (9.2-9.3)
and ACCS-K (9.4-9.5) than in solutions of Na,CO; and K,CO;
(> 10); indeed, several previous studies have shown that lower
levels of pH (7.5-9.7) are favorable for the precipitation of vaterite
[16, 42, 43]. The second factor influencing phase selection could
be the higher ionic strength (I) in the used ACCS media (>
4 M), which by far exceeds minimum levels of salinity (I >
0.7 M) reported as being beneficial for vaterite formation in
the literature [44]. To test the versatility and robustness of our
approach to produce vaterite via carbonation of calcium sulfate,
we performed additional experiments in which natural gypsum
rocks were used after grinding into a powdered material. In
ACCS-Na, the observed carbonation behavior was very similar to
synthetic gypsum, except for a faster transformation of ACC into
vaterite with the natural starting material (ca. 3 instead of 8 min;
Figure S6). This shows that the kinetics of the carbonation process
depend on various factors that require further investigation.

3.3 | Properties of Vaterite Products

The solid products obtained from carbonation experiments using
gypsum as starting material were further characterized in dry
state (i.e., ex situ after isolation) by means of powder X-ray
diffraction (PXRD), nitrogen sorption, and scanning electron
microscopy (SEM). PXRD patterns confirm the presence of
vaterite as dominant crystalline phase in all products (Figure S7),
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FIGURE 2 | In-situ monitoring of the carbonation of synthetic gyp-
sum in ACCS-Na solution. a) 2D representation of time-dependent Raman
spectra acquired during the carbonation process, where characteristic
signals of the relevant solid phases and dissolved ions are monitored. b)
Temporal evolution of the concentrations of dissolved sulfate, carbonate
and bicarbonate ions and the concentration ratios of sulfate to carbonate
ions (i.e., SO,%>7/C0O;27) and sulfate ions to total carbonate content
(Tearbonates i-€.,» the sum of CO;2~ and HCO;~ ions). The presence of
ACC and vaterite is indicated by the yellow- and blue-shaded rectangles,
respectively. c) Plots of the calcium potential, pH and conductivity as a
function of time during the carbonation reaction.

in good agreement with the in-situ Raman measurements, which
suggest vaterite fractions higher than 95% after 30 min of reaction
based on evaluations according to Equation (1). Quantification
with PXRD of the relative amounts of vaterite obtained after
carbonation for 30 min using Equation (2) yields values exceeding
98% for all samples except for the product formed from natural
gypsum rock, which had a purity of ca. 95%. The remaining

2-5% of crystalline material could be assigned to calcite in all
cases, which most likely originates from partial transformation of
vaterite during isolation from solution (i.e., filtration and drying)
[45]. The results of the PXRD analysis are summarized in Table 2,
which also includes findings made for vaterite synthesized by
precipitation in two previous studies. We note that the purity
of the obtained vaterite indicated by PXRD did not decrease
significantly when the carbonation reaction was conducted for
longer periods of time (i.e., 60 instead of 30 min), and that all
vaterite products remained (meta)stable upon storage in air for
at least six months as demonstrated by IR spectroscopy (Figure
S8).

One important property for the potential utilization of vaterite in
various applications is the specific surface area of the material
[13]. The products of the carbonation experiments performed
with gypsum in the present work showed Sgp; values between
9 and 22 m?/g, whereby the highest and lowest specific surface
areas were obtained using synthetic gypsum and natural rock,
respectively, in ACCS-Na (Table 2). Among previous studies on
the synthesis and characterization of vaterite, only Kim et al.
[44] achieved surface areas on comparably high levels. In their
work, vaterite was prepared by precipitation in artificial seawater
after removal of magnesium from the recipe. In view of practical
applications, this appears more complicated than the simple
procedure used herein and the reported method did not leverage
calcium sulfate as raw material.

The reason for the observed high levels of specific surface area
becomes evident from SEM images of the solid products, as
shown in Figure 3. On the micron scale (upper panels in Figure 3),
particles with rounded shapes were obtained with average sizes
(measured for the longest direction) of (4.2 + 1.3) um, (2.8
+ 0.8) um, (4.5 + 2.0) um, and (2.0 = 0.8) um for synthetic
gypsum in 0.5 M Na,CO;, 0.5 M K,CO;, ACCS-Na and ACCS-K,
respectively, and (3.9 + 0.8) um for natural gypsum in ACCS-
Na. These particles exhibit different degrees of agglomeration
and individual morphologies that seem to depend on the type
of counterion used: while uniform spheres were formed with
potassium, carbonation in the presence of sodium gave various
distorted shapes reminiscent of stars or rugby balls - for reasons
that remain unknown and certainly require further investigation.

Images with higher magnification (lower panels in Figure 3)
reveal that all of these different micron-scale architectures were
actually composed of many nanoparticles with similar sizes
(<75 nm) and shapes. Such poly- or mesocrystalline texture has
been reported for vaterite previously [46, 47] and likely accounts
for the high specific surface areas achieved in the present work.
Vaterite aggregates comprising the largest nanocrystals were
obtained for synthetic gypsum in 0.5 M K,CO; solution ((59.0
+ 14.9) nm), while the smallest primary units were found in
products of carbonation with synthetic gypsum in ACCS-Na
((32.0 + 7.0) nm).

3.4 | Toward Application: Vaterite-Based Cement
as Material for Construction

To explore one potential application of the vaterite material
obtained through carbonation of calcium sulfate, we used the
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TABLE 2 | Vaterite content (Xy) and specific surface area (Sgpy) of solid products obtained by carbonation of synthetic or natural gypsum in
different carbonate-containing solutions. For comparison, values for Xy and Sggr reported for vaterite in previous studies are included. The numbers in

parentheses represent the experimental error of Sggr in %.

Gypsum source Reactant solution Xy (%) Sger (M?/g)

This work Synthetic 0.5 M Na,CO; >98 16 (4)
This work Synthetic 0.5MK,CO;, >99 20 (4)
This work Synthetic ACCS-Na >99 22 (3)
This work Synthetic ACCS-K >99 16 (5)
This work Natural ACCS-Na ~95 9(7)
Vikulina et al. [29] None 0.015 M Na,CO; & 0.069 M CacCl, ~100 3.3-7.5
Kim et al. [44] None Synthetic seawater without Mg 95.8-100 15.8-27.2

FIGURE 3 | FESEM images of solid products obtained by carbonation of synthetic or natural gypsum in different carbonate-containing solutions,

acquired at low (top panels) and high (bottom panels) magnification: a) synthetic gypsum in 0.5 M Na,COs, b) synthetic gypsum in 0.5 M K,CO3, c)
synthetic gypsum in ACCS-Na, d) synthetic gypsum in ACCS-K, and e) natural gypsum in ACCS-Na. Yellow arrows indicate particles with morphologies

reminiscent of rugby balls.

solid product formed with synthetic gypsum in ACCS-Na for a
cementation reaction that solely relies on calcium carbonate (and
thus completely avoids energy- and CO,-intensive sintering of
conventional clinker), as proposed by Hargis et al. [48]. To this
end, the vaterite was mixed with an aqueous solution containing
magnesium and strontium chloride at elevated temperature and
allowed to react for 24 h. After further curing for another 24 or
48 h, the meanwhile solidified material was characterized by IR
spectroscopy, SEM imaging and mechanical testing. Exemplary
results are presented in Figure 4. The core mechanism of
the cementation process involves the dissolution of metastable
vaterite and its subsequent reprecipitation, preferentially in the
form of (likewise metastable) aragonite, which is facilitated by
the elevated temperature and the presence of magnesium and
strontium ions [49]. This polymorphic transformation was shown
to be accompanied by a change of particle morphology from
spheres (or rounded shapes) to needles, which interlock upon
growth and thus generate core strength [48]. In the present work,
the successful transformation of vaterite into aragonite upon
reaction and curing was confirmed by their characteristic peaks
in IR spectra (Figure 4a) [50]. More importantly, the compressive
strength of the final solid bodies was comparable to that of
ordinary Portland cement (OPC) hydrated with deionized water,
whereas OPC mixed with the same solution of magnesium and
strontium chloride as used for vaterite exhibited slower strength
development (Figure 4b).

To identify the parameters that determine the evolution of
compressive strength, we synthesized a series of CaCO; cements
using different reactant solutions and varying the curing temper-
ature. The measured mechanical properties are summarized in
Table 3 and compared to the corresponding values of porosity
(i.e., specific surface area), phase composition (i.e., fraction of
formed aragonite), and particle morphology as derived from SEM
images (Figure S9). The data strongly suggests that degree of
vaterite-to-aragonite transformation (X,) achieved after curing
is the primary factor enabling high compressive strength. When
conversion exceeds 50%, o values above 8 MPa can be achieved
and further increased to 9.3-9.4 MPa in the case of complete trans-
formation. However, such strength levels were only observed for
materials consisting of aragonite crystals with sufficiently high
aspect ratio (i.e., acicular and/or prismatic instead of equant
morphologies). The degree of conversion appears to be mainly
influenced by the curing temperature, whereas the composition
of the reactant solution plays a less significant role. Finally,
the porosity of the material as reflected by the specific surface
area does not directly correlate with compressive strength, but it
notably decreases with increasing degrees of vaterite-to-aragonite
conversion.

Interestingly, the absolute magnitude of compressive strengths
determined in the present tests are rather low compared to
previous work by Hargis et al., [48] who reported ¢ ~ 26 MPa for
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FIGURE 4 | Characterization of solid bodies obtained by cemen-
tation of vaterite. a) IR spectra of the used raw material (blue) and
the product of the cementation reaction (green), demonstrating the
presence of vaterite and aragonite, respectively. b) Compressive strength
values determined for vaterite-based cement (green bars) and ordinary
Portland cement after curing for 1 and 2 d under the same conditions
(i.e., in the presence of Mg?* and Sr?*) and by using deionized water
for hydration. The given values represent averages of at least three
independent determinations with corresponding standard deviations.
Note the large error bar associated with the data after curing the CaCOj
cement for 1 d, which indicates that cementation was not completed at
this time in some samples. ¢) SEM images revealing the microstructure
in the core of a hardened CaCO; cement sample after curing for 2
d. A photograph of the hardened material is shown in the upper
inset.

a CaCO; cement cured in a 0.1 M Mg**/Sr?" solution at 80°C for
24 h. In turn, significantly lower values (o ~ 1 MPa) were found
for curing at 40°C. These differences suggest that subtle details of
the experimental procedures can strongly impact the properties of
the resulting materials and certainly require further investigation
to enhance the robustness of the technology. In any case, the
observations made in the present work still highlight the potential
of vaterite derived from calcium sulfate and carbon dioxide for
use as sustainable (and, in the best case, CO,-negative) building
material. In view of such applications, another interesting feature
of the cemented calcium carbonate samples is their intrinsic
macroporosity, as illustrated by SEM images of the microstructure
in their core (cf. Figure 4c; Figure S9): indeed, polymorphic
transformation left numerous hollow spheres with diameters of
several microns (which do not increase the measured specific
surface area substantially). Arguably, the core initially consisted
of vaterite (cf. inset in Figure S9a) and the shell was mineralized
upon dissolution of vaterite and nearby recrystallization of arag-
onite (cf. inset in Figure S9d). In our opinion, this unique texture
holds promise for a material with acceptable strength and low
specific density compared to conventional cements, which could
be attractive for lightweight construction concepts. The reason
for these interesting characteristics is that the cementation of
calcium carbonate described here does not involve a hydration
process, as in the case OPC. Thus, the added water is not
chemically bound in the forming material but instead evaporates
during curing and leads to the observed voids. On the other
hand, the SEM images also show that distinct acicular aragonite
crystals are only obtained under certain conditions (cf. Figure S9).
These structures are comparable to, though less developed than,
those reported by Hargis et al. [51]. This rationalizes the relatively
low mechanical performance and suggests that significantly
higher compressive strength could be achieved with CaSO,-
derived vaterite if the conditions of the cementation process are
systematically optimized.

3.5 | Implications

The experimental results presented above introduce a new
method for the synthesis of pure vaterite that potentially leverages
waste and emitted carbon dioxide as raw materials. Thus, the
described process could develop into a vital contribution to the
global reduction of CO, emissions and the required transition
of established industrial practices toward more sustainable oper-
ations by repurposing waste materials and thus supporting the
concepts of a circular economy [9]. A scheme illustrating the
envisaged role of calcium sulfate carbonation in a broader and
integrated context is shown in Figure 5.

Today, gypsum occurs in abundant amounts as byproduct of
different industrial processes. In some cases, like flue gas desul-
furization (FGD), the material already finds secondary use and
constitutes a essential part of the supply chain for wallboard
production. This, however, does not apply for potential calcium
sulfate sources that contain critical process-borne contaminants,
most notably the so-called “phosphogypsum”, which is formed
in the production of phosphate fertilizers in global quantities
of up to 300 Mt/a. Another major accumulation of gypsum-
rich materials results from construction and demolition activities,
which leave stockpiles of plasterboard waste on the order of 15
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TABLE 3 | Physical properties of CaCO; cements obtained by mixing vaterite with aqueous solutions containing magnesium and/or strontium
chloride and curing at varying temperatures (T) for different times (f). The resulting compressive strength (o) is compared to the fraction of aragonite
(X,, as determined by IR spectroscopy) formed by polymorphic conversion of vaterite, the specific surface area (Sggr) and the dominant habits of

aragonite crystals observed by SEM (Figure S9) (n.d.: not determined).

Reactant solution T[°C] t [h] o [MPa] Morphology X, [%] Sger [M?/g]
0.1 M Mg*t/Sr** 80 24 6.2 equant/tabular 100 4.8
0.1 M Mg?*/Sr?* 80 24 8.7 acicular 57 6.7
0.1 M Mg**/Sr** 80 48 9.4 acicular 100 5.3
0.1 M Mg** 80 24 9.3 prismatic/tabular 100 4.3
0.1 M Mg** 80 24 2.0 prismatic 14 7.3
0.1 M Sr** 80 24 6.8 equant 48 5.5
0.1 M Mg**/Sr** 40 24 8.6 prismatic 57 n.d.
0.1 M Sr?* 40 24 3.8 acicular 19 8.7
0.1 M Mg** 40 24 1.7 acicular 18 8.8
Gypsum > Vaterite
Phosphogypsum Construction
Spent wallboard Paper
Red gypsum Pharmaceuticals
AR # Carbonate Sulfate q g
solutions solutions
CO,
Industries V~ Fertilizers
~ -y [ —
FIGURE 5 | Scheme of processes to obtain value products (vaterite and sulfate solutions) from waste materials (gypsum and carbon dioxide) via

carbonation of calcium sulfate. Note that “phosphogypsum” and “red gypsum” are byproducts in the phosphate and titanium oxide industry, respectively.

Mt/aworldwide. At the moment, only a minor fraction of the total
gypsum waste (ca. 5% in the European Union) is recovered for
reuse. In this context, a process as depicted by Figure 5 could offer
an additional pathway to improve gypsum waste management
and leverage so far largely untapped resources. In the present
study, we have already shown that the proposed method works
for both synthetic and natural gypsum (without any pretreat-
ment) as well as with two different types of bases, suggesting a
certain degree of broader applicability. However, it is of course
necessary to perform further investigations using other calcium
sulfate sources such as phosphogypsum or spent wallboards to
explore the feasibility of upcycling such waste streams. Indeed,
a techno-economic analysis comprising only direct costs (i.e.,
capital and operational expenditures) and revenues (i.e., product
sales) might result in non-profitability. However, the economic
viability of the process proposed here should be considered in a
wider context with respect to waste management and essentially
relies on cost avoidance rather than direct profit. Specifically,
the process would mitigate the high costs related to CO, cap-
ture and storage as well as the financial and environmental

burden of gypsum waste disposal. Converting these liabilities
into a value product (i.e., vaterite) could thus offer a dual
advantage.

At the end of the carbonation of gypsum as conducted in the
present work, solid vaterite and a fairly concentrated solution
of either sodium or potassium sulfate are obtained. These
components must subsequently be separated through filtration
or centrifugation, followed by drying of the vaterite material.
All these steps may add significant costs and negatively affect
sustainability when applied at larger scales. The synthesized
calcium carbonate is expected to be of interest to various sectors
such as the paper, pharmaceutical and construction industries
[10, 11]. Compared to many commercially available grades (which
consist of thermodynamically stable calcite), the vaterite product
offers two potential advantages: on the one hand, the rounded
morphologies of vaterite particles can lead to better dispersion
and flowability when used for example as a filler (or partial
replacement) of clinker in cement pastes [52]. On the other hand,
as a metastable polymorph, vaterite should be considered as

Advanced Functional Materials, 2026

9 of 12

85UB017 SUOLULIOD SAERID 3|1 idde 3 Aq pausech a1 SopIe YO 98N JO S9N 10} AXe1g 17 8UIIUO AB]IA UO (SUONPUOD-PUR-SLLLBYWID" A8 I ARe1d 1Fou1JUO//SANY) SUORIPUOD PUe SWe L 8U) 89S *[9202/T0/8Z] U0 AriqITauluO A8/ * 80URIL BURILIOD - ZOPUBUIBH SSIION UeweS AQ £266TSZ0Z WJPR/Z00T OT/I0PALI0D" A3]1m-AseIq1jeul U0 peoURApe//SdRY WO PopeOjUMOQ ‘0 ‘8Z0EITIT



a “reactive” form of calcium carbonate, which may transform
into aragonite or calcite under application conditions and could
thus add functionality to formulated products. One example
in this context is the prototype of a pure calcium carbonate
cement, as proposed by Hargis et al. [48, 51]. and confirmed
by the tests performed in the present work. However, there is
also increasing evidence that the “reactive” character of vaterite
may improve the properties of cementitious materials as a
functional filler; for instance, calcined clay cements showed
faster hydration and higher compressive strength when vaterite
was used as supplement instead of calcite [53]. In our opinion,
these are only first indications for the benefits of vaterite in
calcium carbonate-related applications and more use cases will
follow.

Finding a suitable outlet for the second product of the carbon-
ation process (i.e., the aqueous solutions of Na,SO, or K,SO,)
might be more challenging, mainly because of the rapidly increas-
ing amounts of sodium sulfate waste from the battery industry
and the growing difficulties in handling this waste. One possible
solution for this problem could be the conversion of Na,SO,
into K,SO,, which serves as fertilizer in agriculture [54-56]. For
the carbonation of gypsum, this would mean that potassium
hydroxide should be the base of choice and, most likely, that
no evaporation of the liquid product would be needed as K,SO,
fertilizers are applied as aqueous solutions. Other potential use
scenarios for the sulfate solutions include the precipitation of
calcium sulfate hemihydrate (bassanite), [57] which could then be
directly employed as hydraulic binder for plasterboards, stuccos,
mortars or cements without the need for calcination [58, 59].
Alternatively, gypsum could be crystallized and fed back into the
carbonation process in a closed loop (cf. Figure 5). However, in
both of these scenarios, a suitable (and sustainable) source of
calcium ions would have to be found.

The final point to address in terms of implications is the actual
amount of carbon dioxide captured via the carbonation of calcium
sulfate. Speciation calculations in PHREEQC [60] predict that
for the two alkaline carbon capture solutions used in this work
(i.e., ACCS-Na and ACCS-K), ~0.26 kg CO, should be sequestered
per kg of gypsum in equilibrium and when considering the
concurrent precipitation of vaterite. In addition to this direct
capture, the later use of vaterite as a functional binder for (partial)
replacement of conventional (CO,-intense) cements would make
a further substantial contribution to the overall potential of the
technology for carbon management.

4 | Conclusion

In this work, we have shown that high-purity vaterite can
be obtained from gypsum powders through a straightforward
carbonation reaction in aqueous systems at ambient conditions,
which does not require any additives or special precautions.
The preferential formation of the metastable polymorph was
found to be facilitated by rapid dissolution of calcium sulfate
and the intermediate presence of amorphous calcium carbonate,
yielding vaterite within less than 10 min. The process was
successfully conducted using solutions of different types of alkali
metal carbonate as well as the corresponding hydroxides with
carbon dioxide as carbonate source. In turn, thermodynamically

stable calcite was formed with less hydrated calcium phases (i.e.,
bassanite and anhydrite) under the same conditions. The vaterite
generated by carbonation of gypsum showed interesting proper-
ties such as high specific surface area, as a direct consequence
of the nanometric size of the constituting primary particles.
The potential of the as-prepared vaterite for applications in the
construction industry was exemplified in the form of a so-called
calcium carbonate cement, which develops into a material with
good compressive strength and comparatively low weight via
polymorphic transformation into aragonite in water.

The collected data suggests that the carbonation of calcium
sulfate could be leveraged as a process to turn abundant gypsum
waste into a value product, while at the same time capturing car-
bon dioxide and utilizing it for construction and other purposes.
As the formation of vaterite was shown to occur through disso-
lution of gypsum and subsequent reprecipitation, contaminants
present in the used starting material may be removed during
carbonation, such that hitherto untapped resources could become
accessible. Although the concept is preliminary and certainly
requires further evaluation, our results emphasize the potential of
mineralization for carbon capture, storage and utilization, which
would contribute to a more sustainable future especially when
combined with waste recovery and valorization.
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