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Bassanite is a metastable but industrially important form of calcium
sulfate, which is commonly produced by heating of gypsum. Here
we show that pure bassanite can also be obtained at ambient
conditions by quenching aqueous CaSO, solutions in ethanol. This
highlights that organic solvents can actually induce the formation
of metastable phases rather than freezing precipitation processes.

Calcium sulfate occurs in considerable amounts as geological
deposits in the form of gypsum (CaSO,-2H,0) and anhydrite
(anhydrous CaSO,)." Both of these minerals are used for the
large-scale production of plasters, fertilisers, and cements.>
The third crystalline polymorph of calcium sulfate, the hemi-
hydrate (CaSO,-0.5H,0O, also known as bassanite), is much
less abundant in Nature, but still represents one of the most
extensively produced inorganic materials worldwide, mainly
due to its broad application for construction purposes.® Usu-
ally, bassanite is obtained by heating of gypsum at tempera-
tures between 100 and 150 °C in dry state™® or at 75 °C in
methanol-water solutions,” leading to partial release of hydra-
tion water. Upon subsequent addition of water, it transforms
back into gypsum in a rapid exothermic hydration pro-
cess,”® which accounts for the setting and hardening of
plaster and cement materials.

The crystallisation of calcium sulfate from aqueous solu-
tions has been studied in detail over the past decades, mostly
assuming classical concepts of nucleation and growth, ie.
direct formation of the thermodynamically stable phase
(which is gypsum under ambient conditions).>'*"** In recent
years, there is increasing evidence that mineralisation can
also proceed through alternative reaction channels, which
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may involve metastable polymorphs as temporary intermedi-
ates and rely on nanoparticle- or cluster-based mecha-
nisms."®'* Indeed, related observations were made for the
calcium sulfate system in a number of very recent studies,
where multi-stage precipitation pathways including amorphous
precursor phases'”™® and/or bassanite intermediates>**>°
were identified. In the latter case, the transformation into
stable gypsum was found to occur via oriented attachment
and subsequent merging of bassanite nanoparticles into
micron-sized gypsum needles,>*>" a process consistent with
the notion of mesocrystals and general models of non-
classical crystallisation."®> We note, however, that these con-
clusions were drawn based on data obtained by a quenching
process using organic solvents, which was supposed to arrest
any ongoing processes during crystallisation.">**?° Inspired
by these findings and in light of the industrial importance of
bassanite, we have developed a new strategy to synthesise
well-defined bassanite nanorods of uniform shape and size
via a scalable solution-based process at room temperature.
This was achieved by quenching supersaturated solutions of
CaSO, in an excess of ethanol. In addition to devising a
promising alternative route for the production of pure
bassanite, our results strongly suggest that quenching of
crystallising aqueous solutions with solvents like ethanol is a
highly critical step, as it may actually induce the formation
and/or stabilisation of metastable phases (like bassanite in
the present case), rather than simply freezing the situation in
solution, as often assumed.

In a typical experiment, equal volumes (25 mL) of aqueous
CaCl, and Na,SO, solutions (both 50 mM)>* were mixed and,
after brief shaking, poured into 500 mL ethanol (see section
S1 in the ESIf for experimental details). This led to an instant
clouding of the initially translucent samples, indicating
immediate formation of CaSO, particles upon this drastic
change in solvent composition. The dispersed particles were
isolated by centrifugation and, after drying in vacuum,
analysed by a number of different techniques. Corresponding
results are compiled in Fig. 1. Infrared (IR) spectroscopy and
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X-ray diffraction (XRD) patterns demonstrate that the formed
material is virtually phase-pure bassanite,'® with no signs for
traces of gypsum being discernible (Fig. 1a-b). Transmission
(TEM) and scanning electron microscopy (SEM) images show
a quite uniform population of rod-like nanoparticles with
lengths between 50 and 200 nm and typical widths of 25-40 nm
(Fig. 1c, e, f), which were further confirmed to be bassanite
by means of electron diffraction (ED; Fig. 1d). A closer look
at individual particles reveals a porous texture, with voids of
20-25 nm in diameter (cf inset in Fig. 1c and f). The size and
morphology of these particles, as well as their porosity, are
widely identical to what has been described for bassanite
nanorods that were observed during CaSO, crystallisation
from purely aqueous solutions and claimed to be stable
precursors of the final gypsum phase.’>'®2° Moreover,
Yang et al. obtained similar nanoparticles when precipitating
calcium sulfate from water/ethanol mixtures at elevated tem-
perature, but could not demonstrate the formation of pure
bassanite via this strategy.>?

Overall, these experiments demonstrate that addition of
50 mL 25 mM CaSO, solution to an initial volume of 500 mL
ethanol results in the formation of 100% bassanite in fairly
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Fig. 1 Characterisation of solid products obtained by quenching
25 mM CaSO4 solution into an excess of ethanol at final water
contents of 16-27 wt%. (a) IR spectrum of the precipitates, showing
typical bands of bassanite (the dashed line marks the position of a
characteristic peak appearing only in the presence of gypsum). (b) XRD
pattern of the product, wherein reflections belonging to bassanite are
highlighted with red asterisks and dashed lines indicate the most
intense peaks expected for gypsum. (c) TEM image of the precipitates,
revealing uniform rod-like nanoparticles that occasionally exhibit
pronounced porosity (inset). (d) Corresponding electron diffraction
pattern, displaying reflections that can all be indexed to bassanite.
(e-f) SEM images of the bassanite particles at different magnifications.
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large amounts (ca. 0.2 g), while no gypsum is obtained as a
by-product. Therefore, this protocol was used as a starting
point to study the reaction in more detail and further opti-
mise the yield of bassanite in the syntheses. To that end, dif-
ferent experimental parameters were systematically varied,
primarily the concentration of the added CaSO, solution and
the water content in the final solvent mixture. Results of
these experiments are summarised in Fig. 2, which shows a
3D plot illustrating the amount of bassanite detected in the
product (z-axis, in wt% relative to gypsum) as a function of
the water content (x-axis, in wt% relative to ethanol in the
final solvent mixture), and the concentration of the CaSO,
solution (y-axis, in mM before quenching into ethanol). The
yield of bassanite was determined from IR spectra of the
obtained solids by using the intensity of the v; band at
1684 cm™, which only occurs for gypsum.'”'® Intensity
values were correlated with bassanite/gypsum mass ratios by
measuring a series of defined mixtures of the two poly-
morphs. It was found that the intensity of the v; peak
decreases exponentially with increasing bassanite content, so
that a corresponding fit of the data could be used as calibra-
tion curve (see Fig. S1 in the ESI}). The error associated with
this procedure is estimated to ca. +10%.

Essentially, the main product obtained for final water con-
tents ranging from 16 to 33 wt% was bassanite, regardless of
the CaSO, concentration. In all these cases, the apparent
yield was >90%, which corresponds to a virtually phase-pure
material with regard to the limits of experimental error.
When the water content was further increased to 41 wt%, the
bassanite fraction decreased to ca. 60% for 75 mM CaSOy(ag),
and to less than 20 and 10% for 50 and 25 mM, respectively.
However, for CaSO, concentrations of 100 and 150 mM,
bassanite was still the main phase obtained, although certain
amounts of gypsum crystals could be detected in these
samples. Starting from 43 wt% water in the final dispersions,
the bassanite yield was progressively lowered at all CaSO,
concentrations investigated, although the trend of higher
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Fig. 2 Bassanite content of precipitates formed upon addition of
aqueous calcium sulfate solutions (with variable concentrations) into

ethanol/water mixtures at different final water contents.
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bassanite fractions in samples containing more CaSO, is still
apparent. At 54 wt% water, the measured bassanite/gypsum
ratios were below 20% at all CaSO, contents. Analyses of iso-
lated solids confirmed that gypsum was the dominant poly-
morph in these samples, while bassanite was hardly detect-
able in most cases (see Fig. S2 in the ESI{). Taken together,
these data show that quenching of aqueous calcium sulfate
solutions into ethanol yields pure bassanite as long as the
total water content in the final dispersions does not exceed a
certain limit. According to the present results, this threshold
lies between 33 and 41 wt%. This suggests that ethanol plays
a crucial role in stabilising formed bassanite nanoparticles.
On the other hand, as the initial aqueous CaSO, solutions
were all clear and transparent with no sign of turbidity, etha-
nol obviously induces the precipitation of bassanite from
solution,** while subsequently protecting it against transfor-
mation to gypsum. In any case, from a technical point of
view, our data indicate that syntheses of bassanite via the
developed protocol should be conducted at 150 mM CaSOy(aq)
and 41 wt% water, as this requires the lowest amount of
organic solvent and affords the highest possible absolute
yield of pure bassanite.

Replacing ethanol as the organic solvent by methanol, iso-
propanol, or acetone did not affect the yield of bassanite at a
final water content of 16 wt%, as confirmed by IR analyses
(see Fig. S3 in the ESIf). By contrast, when tetrahydrofuran
(THF) was used as solvent, the obtained solids contained
about 67% gypsum. This means either that THF is less capa-
ble of inhibiting the bassanite-to-gypsum transformation, or
that it favours the kinetic formation of bassanite over gypsum
to a lower extent than the other solvents studied. At 33 wt%
water, still 100% bassanite was obtained with methanol (as
for ethanol, c¢f. Fig. 2). In the case of isopropanol and ace-
tone, however, the yield of bassanite was markedly reduced
under these conditions, leading to measured bassanite frac-
tions of 55% (isopropanol) and 75% (acetone). Interestingly,
the observed trend in efficiency of the different solvents to
generate and/or stabilise bassanite directly correlates with
their polarity, as demonstrated by the following order of the
solvents according to their suitability for bassanite synthesis:
methanol (¢ = 33.0) = ethanol (¢ = 25.3) > acetone (¢ = 21.0) >
isopropanol (& = 20.8) > THF (¢ = 7.5), where ¢ is the dielectric
constant of the solvent® at 25 °C (¢ = 80.1 for water). Fig. 3
shows a plot of the bassanite yield as a function of the solvent
polarity.

In other words, the better the miscibility of the solvent
with water (or respectively the higher its mixing enthalpy
with water), the more effective will the solvent be in terms of
bassanite formation. This behaviour can be understood when
considering that bassanite contains less hydration water
than gypsum and, hence, that more water has to be removed
from any solution (or amorphous solid) precursors to form
bassanite. Consequently, solvents that are more prone to
withdraw water (i.e. more polar ones) should be more suit-
able for the preparation of bassanite via the applied method-
ology, in line with what is observed experimentally. Such a
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Fig. 3 Correlation between the bassanite fraction in the product and
the dielectric constant of the used organic solvent. Note that the plot
was constructed with data from batches with different water contents
(cf. Fig. S3 in the ESI{).

dehydration-based scenario could furthermore explain the
porosity of the bassanite nanoparticles, as the voids in the
rods may result from rapid removal of water from calcium
sulfate species precipitating under Kkinetically controlled,
non-equilibrium conditions. In this regard, it seems as if the
primary role of the organic solvents is to favour the
crystallisation of bassanite over that of gypsum. The fact that
this effect already occurs at water contents far beyond the
stoichiometry of the minerals (30-40 wt% H,O at <0.02 wt%
CaS0,) underlines the importance of kinetics in these sys-
tems and suggests that nucleation and/or growth of gypsum
is actively inhibited in the alcohol-containing media (as in
principle more than enough water would be present for gyp-
sum, the actually stable phase, to be formed).

Interestingly, early studies on the precipitation of CaSO,
in pure alcohol (MeOH in this case) reported the formation
of solvate adducts with a crystal structure akin to that of
bassanite, but containing methanol molecules instead of
water in the lattice.>® This, however, was not observed in
the present work even at low final water contents, again
suggesting that dehydration of water-rich solute (or solid)
CaSO, precursors is a key step in the formation of bassanite
in excess organic solvent.

Given that bassanite is metastable with respect to gyp-
sum,” we have tested the temporal stability of the bassanite
nanoparticles obtained at low water contents. In dry state,
there was no noticeable transformation into gypsum over a
period of 3 weeks (see Fig. S4 in the ESI}). In dispersion, the
bassanite particles proved to be stable for about 4 weeks at
50 MM CaSOy(aq) and 16 wt% H,O (see Fig. S5a in the ESIt) -
in the absence of any stabilising additives and despite contin-
uous stirring. By contrast, progressive transformation of
bassanite into gypsum could be observed when the CaSO,
concentration was increased or longer ageing times were cho-
sen (see Fig. S5b in the ESIf). In order to study the mecha-
nism of bassanite-to-gypsum transformation in more detail,
the synthesis parameters were tuned such that conversion to
gypsum occurred within a reasonable frame of time, allowing
for convenient sampling of the process. This was found to be
possible at a CaSO, concentration of 50 mM and a final water

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Transformation of bassanite nanoparticles into micron-sized
gypsum crystals. (a) Fraction of bassanite detected by IR as a function
of ageing time in an ethanolic dispersion with a water content of
33 wt%. (b-d) TEM images showing the supposedly crucial step in the
transformation process, i.e. oriented attachment of bassanite nanorods
leading to crystallographically aligned particle assemblies that later
merge to yield crystalline gypsum.

content of 33 wt%. Here, it took approximately 3 hours for
transformation to be completed, as indicated by time-
dependent bassanite fraction, which show a roughly linear
decrease from 100 to ~0 wt% (Fig. 4a). On the other hand,
TEM micrographs of samples collected during the transfor-
mation process clearly show that the initially present
bassanite nanorods convert into gypsum via an aggregation-
based process, in which individual particles first assemble
and align parallel to the long axes of the rods (Fig. 4b-d), to
subsequently merge in a common crystallographic register
and collectively transform into gypsum. In this regard, our
data directly confirm the notion that gypsum crystals are
formed from bassanite nanorods via particle aggregation and
oriented attachment, as observed in previous studies.*’ How-
ever, while this mechanism appears to be the preferential
reaction pathway for the formation of gypsum starting from
an existing population of bassanite nanoparticles, it does not
necessarily apply for gypsum crystallisation from purely aque-
ous media in general. Our experiments provide clear evidence
that the formation of bassanite is induced, or at least
favoured, by organic solvents. In fact, the same solvents
(especially ethanol) have been used in previous studies to
supposedly “quench” calcium sulfate precipitation in aque-
ous systems,"”'®° however without explicitly assessing
direct effects of the solvents on polymorph selection and
other structural or morphological properties of the resulting
particles. In light of the present work, data obtained by such
quenching techniques should be considered with care in
order to exclude possible preparation artefacts.

In summary, we have introduced a new method for the
synthesis of phase-pure bassanite via a straightforward

This journal is © The Royal Society of Chemistry 2015
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solution-based process at room temperature. Specifically, the
rapid change in solvent polarity caused by pouring aqueous
CaSO, solutions into an excess of ethanol was found to pro-
duce crystalline bassanite nanorods with quite uniform sizes.
This approach might serve as a promising green alternative
to the commonly applied process of heating gypsum, which
requires considerable energy input and moreover affords a
rather ill-defined micron-sized material (see Fig. S6 in the
ESIT). The bassanite nanoparticles prepared by the new pro-
cedure are expected to exhibit higher effective surface areas
and thus take up water more efficiently during hydration.
This should lead to quicker hardening of corresponding plas-
ters, and might be useful for certain construction applica-
tions. Moreover, the results of the present study have clearly
shown that organic solvents can have substantial impact on
CaSO, polymorph selection and affect precipitation kinetics.
This is an important finding as it suggests that the use of
these solvents in the isolation of transient crystallisation
intermediates can in fact cause the formation of these pre-
sumed intermediates, rather than freezing the actual pro-
cesses occurring in aqueous solution, as desired. This is of
course critical to data interpretation and highlights the draw-
backs of quenching techniques in the study of crystallisation
mechanisms, be it for calcium sulfate or any other mineral
system.
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