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A Fast and Sustainable Route to Bassanite Nanocrystals

from Gypsum

Marcel Maslyk, Zsolt Dallos, Martha Koziol, Sebastian Seiffert, Tim Hieke,
Katharina Petrovic, Ute Kolb,* Mihail Mondeshki,* and Wolfgang Tremel*

Calcium sulfate is an important construction material. More than 1600 million
square meters of interior surfaces are covered with plasterboards in Europe
each year. Plasterboard is manufactured by transforming mined or recycled
gypsum (CaSO, x 2 H,0) to bassanite (CaSO, X ¥2H,0) in a time- and energy-
consuming heating process. A fast and sustainable way to produce bassanite
by solvent-assisted milling, thereby eliminating the need for energy-intensive
dehydration, is described. The milling reaction is complete after =200 min.
Kinetic studies revealed that gypsum crystals transform to bassanite by shear
forces during milling. "H nuclear magnetic resonance (NMR) spectroscopic
techniques and Fourier-transform infrared spectroscopy (FT-IR) show that the
resulting bassanite nanocrystals are stabilized by surface functionalization with
the auxiliary solvent methanol. Bassanite particles produced over extended
milling times of 990 min form long-term stable dispersions without stabilizers

and other products for the construction
industry are based on this binder.!) In addi-
tion, it is used as a component of cement, 23]
for 3D printing,*! as fertilizer or as food
additive (cleaning of wines, refined sugar,
canned vegetables and animal feed).” Its
biocompatibility allows medical (e.g., plaster
bandages, surgical and dental molds, pro-
duction of toothpaste)”~! or pharmaceutical
(drug delivery) use.%

When gypsum is heated above =150 °C
in the dry state™ (or at 75 °C in methanol-
water solutions),lZl some of the crystal water
is removed and CaSO, x ¥2 H,0O (hemihy-
drate) is formed.™ It is metastable at all
temperatures and occurs in nature as the

and no signs of precipitation. Addition of water to bassanite leads to instant
agglomeration, followed by a phase change to gypsum. The dispersibility in
volatile methanol and the elucidation of the crystallization mechanism allow
also for applications of the bassanite nanocrystals in hybrid materials.

1. Introduction

Gypsum (CaSO, x 2H,0, dihydrate) has been used in construction
since time immemorial. Today, stucco, screed, plasterboard, putty,
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rare mineral bassanite™ and as a biomin-
eral in some deep-sea medusae.™ Calci-
nation of gypsum at higher temperatures
(>800 °C) yields anhydrite (CaSO,), which
is the thermodynamically stable form at
higher temperature, where all water of crys-
tallization is removed.®l The hydration of
anhydrite in water is kinetically hindered below 70 °C.["!®l There-
fore, anhydrite occurs in water-soluble mineral sediments that
are formed by concentration/evaporation from aqueous solutions
(evaporites).'] Anhydrite and bassanite in soils are mainly formed
by dehydration of gypsum. Bassanite—anhydrite successions away
from the gypsum core show that bassanite is an intermediate in
the transformation of gypsum to anhydrite [2°]

Calcium sulfate is one of the most abundant minerals on
earth, and deposits were found even on Mars.l?!l Huge deposits
of gypsum and anhydrite occur in nature, and they are mined
industrially.?2l Although industrially produced calcium sul-
fate is colloquially—but incorrectly—referred to as gypsum, it
occurs in different hydration states with different physical prop-
erties. Chemically, the most common calcium sulfate phase is
CaSO, x ¥2H,0 (hemihydrate), one of the world’s most widely
produced inorganic compounds (worldwide annual consump-
tion =150 million metric tons).¥] Hemihydrate or the so-called
plaster of Paris is produced by calcination of gypsum. With
water it reacts back to gypsum in a rapid exothermic hydra-
tion process,?}l which accounts for the setting and hardening
of plaster and cement materials. Therefore, biological systems
generate hemihydrate far from chemical equilibrium.?4

The steadily increasing demand for calcium sulfate has put
the manufacturing and crystallization processes into the focus of
investigations. There is increasing evidence that mineralization
proceeds via multi-stage pathways including amorphous precursor
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phases”* and/or bassanite intermediates*>-3"33 that convert to
gypsum via oriented attachment of nanocrystals.”?!! Sub-3 nanom-
eter particles have been identified by time-resolved small-angle
X-ray scattering (SAXS) as primary species during crystalliza-
tion,?d and amorphous calcium sulfate, which can be stabilized
by confinement,*® has been shown to precede bassanite forma-
tion.26321 All calcium sulfate polymorphs can be prepared selec-
tively by controlling the ratio of water/organic solvent mixtures.%
The industrial production of bassanite has high added value
for a broad range of applications, most of which are based on the
reversibility of the dehydration-rehydration reactions of gypsum.
From an economic point of view, it is important to achieve dehy-
dration in the shortest possible time with the lowest possible
energy input, because raw material costs are very low and energy
costs account for the lion’s share of this calcination process.’]
The dehydration process is carried out successively during a
period of time and depends on a variety of factors, especially the
type of calcination, the granulation of the pure raw material, the
amount of mineral impurities or other chemical compounds. Cal-
cination temperatures between 100 and 200 °C are employed for
the building industry. If dehydration is carried out in air furnaces
and the energy is produced from fossil fuels, the ecological costs
are particularly high. Using solar energy to produce bassanite
by calcination of gypsum is one way to improve the carbon foot-
print.*l Alternatively, bassanite can be obtained from gypsum
via an autoclave process. In contrast to the large-scale production
process of Sbassanite, the autoclave reaction favors the conversion
of gypsum into orhemihydrate. This is promising in terms of its
material properties and could find industrial applications.*!l To
circumvent the high energy consumption and unfavorable contin-
uous operation of the autoclave process, salt/acid or alcohol/water
solution processes are pursued as alternative “green” approaches,
but they are still operated often only at a laboratory or pilot scale.
We report on a new way to produce bassanite from gypsum by
solvent-assisted grinding, which allows high energy conservation
by bypassing calcination. Depending on grinding time and auxil-
iary solvent, even stable dispersions of bassanite can be produced.
The great advantage of grinding is that scale-up is easily pos-
sible.*) The transformation of gypsum into bassanite was tracked
by Fourier transform infrared spectroscopy (FTIR), powder X-ray
diffraction (PXRD), transmission (TEM) and scanning electron
microscopy (SEM) to gain a mechanistic understanding of the
transformation. The analysis revealed that bassanite formation
proceeds via the reverse pathway to the formation of gypsum
from bassanite in solution. 'H nuclear magnetic resonance spec-
troscopy (‘*H NMR) and dynamic light scattering (DLS) showed
that the stability of the CaSO, dispersions before and after drying
was due to the facile exchange of crystal water against the aux-
iliary agent methanol. The good dispersibility of the product
allowed the preparation of transparent films and thus may open
new avenues for the preparation of CaSO,/polymer composites
since both components can be blended in the organic co-solvent.

2. Results and Discussion

2.1. Ball-Milling Reaction

Solvent-assisted ball milling of gypsum was tested with
cyclohexane and methanol. Full conversion to bassanite was
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achieved with the polar auxiliary solvent methanol (ball-milled
calcium sulfate, BMCS MeOH) as shown by FTIR, PXRD as
well as TEM and SEM. With nonpolar cyclohexane, the conver-
sion was incomplete (ball-milled calcium sulfate cyclohexane,
BMCS-CH) (Figure 1 and Figure S1, Supporting Information).

Gypsum crystals have a plate-like morphology and diameters
in the micrometer range (Figure 1C1,D1). Smaller platelets and
nanocrystals with ill-defined morphologies are produced by ball
milling in cyclohexane (Figure 1C2,D2). Needle-like nanocrys-
tals were obtained in methanol (Figure 1C3,D3). Similar results
have been reported for the precipitation of CaSO, from alco-
holic solution.3143#4

The kinetics of the grinding reaction was studied using
“snapshots” after specific time intervals. Since the kinetics
of the grinding reaction is slow, it could be stopped easily by
quenching the hydration reaction with acetone. The quenched
intermediates were investigated by FTIR spectroscopy and
PXRD. The FTIR spectra show pronounced changes for the
O-H stretching (v,H,0) and bending (v,,H,0) modes of
crystal water. A shoulder at 3604 cm™ in the v; region indicates
the formation of bassanite, in harmony with the X-ray diffrac-
tograms where the 200, 400 and 134 reflections of bassanite
appeared after 30 minutes of milling (Figure 1B,D). The inten-
sity of the O-H stretching modes (v3 3509 cm™, v; 3399 cm™) of
gypsum decreased, whereas the intensity of the O-H stretches
(vs 3604 cm™, v; 3552 cm™) of bassanite increased. A broad
intensity distribution remained between 3500 and 2900 cm™!
(Figure 2A,C) compatible with disordered O-H groups due to
the occlusion of methanol. The X-ray diffractograms showed
a decreasing intensity and a broadening of the 020 and
021 reflections with time due to the decreasing particle size. After
=30 min of milling the first reflections of bassanite appeared,
which broadened slightly after prolonged milling. Only traces
of gypsum remained after =100 min and pure bassanite was
formed after =200 min. Vibrational spectroscopy can detect local
order in the semi-crystalline or even amorphous state. In the
IR spectra, the intensities of the vibrational bands of gypsum
decreased after 100 min, but they were still clearly visible.

The phase gypsum to bassanite transformation was com-
plete after about 3 h (i.e., 200 min). Extending the milling time
further only led to a decrease in particle size and eventually
after 990 min to the formation of a stable dispersion of bas-
sanite nanoparticles.

TEM images show the formation of needle-like nanocrystals
with diameters of a few nm and lengths of =100 nm (Figure 1C).
Different from TEM, which provides static information con-
cerning the structure and aggregation of dry samples, DLS
is an ensemble technique that reveals the dynamic behavior
of nanocrystals in dispersion (Figure 3A,B). DLS revealed the
presence of polydisperse bassanite nanorods with hydrody-
namic radii of Ryy; =165 nm, Ry, =729 nm, and Ry 3 = 3.9 pm
in methanolic dispersion (Figure 3A).

2.2. Solvent Surface Effect

The dispersion of bassanite nanorods obtained by extended
grinding in methanol (990 min) was very stable and showed an
excellent miscibility with organic solvents like ethylene glycol

(Figure S2, Supporting Information) The molecular interactions
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Figure 1. A) Overview FTIR spectra, B) X-ray diffractograms, C) TEM and

D) SEM images of pure gypsum (CaSO, x 2H,0, blue lines and squares),

gypsum ball-milled with cyclohexane (mixture of CaSO4 x 2H,0 and CaSO,4 x 0.5H,0, red lines and squares) and gypsum ball-milled in methanol

(CaSO,4 x 0.5H,0, yellow lines and squares).

responsible for the stability of the dispersion were elucidated by
'H liquid and solid-state NMR spectroscopy.

To gain resolution due to the fast molecular motion resulting
in averaging out of the anisotropic interactions (anisotropy of
the chemical shift, dipole—dipole couplings and quadrupole
couplings) 'H solution NMR methods were used to further
investigate the bassanite nanoparticles.

The 'H ssNMR spectrum of milled gypsum after centrifu-
gation and subsequent drying of the dispersion was com-
pared with that of gypsum (as starting material in the mecha-
nochemical reaction) (Figure 4A). The 'H resonance in the
spectrum of gypsum milled in methanol (BMCS MeOH) was
significantly broadened, whereas the 'H ssNMR spectrum
of non-milled gypsum recorded at 10 kHz MAS showed a
signal at 4.60 ppm with a full width at half-maximum (fwhm)
of 1700 Hz, which is attributed to the structural water. The
spectrum after deconvolution consists of three signals located
at 1.3 ppm (fwhm 2110 Hz), 44 ppm (790 Hz) and 4.8 ppm
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(2670 Hz), which could be assigned to methyl protons as well
as two different hydroxyl protons, respectively. The broader and
more intense hydroxyl resonance is related to structural water
in bassanite (presumably different polymorphs of bassanite
with respect to the water content). The broadening of the res-
onances of methanol molecules at the surface is due to their
lower dynamics owing to stronger dipolar proton-proton cou-
plings which cannot be averaged out by magic angle spinning
at moderate spinning frequencies.

The '"H NMR spectrum of bassanite nanoparticles in meth-
anol showed four signals. Two of them (3.2 and 4.7 ppm,
Figure 4B) correspond to the CH3 and OH resonances of meth-
anol (Figure S3, Supporting Information). The other two reso-
nances at 4.4 ppm (Figure 4B, signals marked by*) are assigned
to water incorporated in the bassanite structure. However, they
might originate as well from solvent molecules functionalizing
the nanoparticle surface in the slow exchange regime. Tem-
perature dependent 'H NMR spectra were recorded, to enhance
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Figure 2. Progression of the milling reaction after different reaction times, monitored by A) FTIR spectroscopy and B) PXRD. Reflections of bassanite
are marked with triangles, reflections of gypsum with stars. The reaction time is coded by the blue color depth. Insets (C, D) show magnified FTIR
spectra of the O-H stretching and bending modes.

the exchange and changes in the chemical shifts of the solvent
hydroxyl group and the signals at 4.4 ppm until they coalesced
(in the fast exchange regime). These experiments did not reveal
a coalescence of the signals at 4.4 and 4.7 ppm. The signals at
4.4 ppm coalesce at higher temperatures due to faster particle
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motion (Figure S4, Supporting Information). This observation
may be explained by an exchange of water molecules. Thus, we
exclude the possibility of the resonance at 4.4 ppm to arise from
surface functionalizing solvent hydroxyl groups and attribute it
to two different water environments in the bassanite structure.

Figure 3. A) Normalized field correlation function g™ (7) of the nanoparticle dispersion in methanol (black open circles) and fit to a tri-exponential
decay (red line). Inset: I',_3 versus g2 reveals at least three diffusing species. B) Tyndall scattering of a laser beam by bassanite nanoneedles in methanol
dispersion. C) TEM image showing bassanite nanoneedles with lengths of =100 nm.
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Figure 4. A) Comparison of the 'H solid state NMR spectrum of gypsum and BMCS MeOH showing a broadened signal in BMCS MeOH. B) 'TH NMR

spectrum of the bassanite dispersion in methanol.

The CaSO,4 x 0.5 H,O nanoparticles were further investigated
by 'H NOESY NMR spectroscopy. This NMR experiment probes
the through space proton dipole-dipole couplings revealing con-
tacts between dipolar coupled proton species in close proximity,
i.e.,, 4-5 A, as off-diagonal peaks. The 'TH NOESY NMR spectrum
recorded with a mixing time of 1 ms (Figure 5A) reveals one
broad diagonal and two off-diagonal signals (Figure 5B). The
broad diagonal signal ranging from 4.3 to 5.1 ppm for the OH
protons of methanol is related to a distribution of environments
and is assumed to arise from the interaction of the hydroxyl
protons with different bassanite surface sites. The two off-diagonal
signals ((4.5 ppm, 4.8 ppm) and (4.4 ppm, 4.7 ppm)) are related
to the water protons confined in the hexagonal channels in
the crystalline structure of bassanite in close proximity to the
nanoparticle surface and thus methanolic hydroxyl groups. To
confirm this assumption diffusion-based NMR experiments
were recorded for pure methanol (Figure 5C, red lines) and
the bassanite dispersion (Figure 5C, black lines) and subse-
quently overlaid. On one hand, the methanol in the dispersion
would diffuse more slowly compared to the pure solvent due to
exchange with the surface-bound methanol. On the other hand,
an equivalent diffusion coefficient for the water in the bassanite
structure and the surface methanol molecules are expected as
the particle movement would be the rate determining step.
Indeed, the recorded spectra (Figure 5C) show a difference
between the D values for pure methanol (79 x 10~) and that
in the bassanite dispersion (1.2 x 10~%). The observed difference
in the diffusion coefficients confirms the functionalization of
the nanoparticles by surface-bound methanol molecules, which
most likely exchange with the surrounding solvent molecules.
This is the reason for the stability of the dispersion in methanol
and other polar solvents. The interaction of methanol with bas-
sanite surfaces results in a slower overall diffusion because the
solvation shell also contributes to the hydrodynamic radius of
the bassanite particles. DOSY experiments (Figure 5D) show
that the signals at 4.4 ppm have the same diffusion coefficient
as some of the methanol molecules. This confirms the presence
of water in the bassanite structure. Incorporation of methanol
in the bassanite pores during the synthesis of the nanoparticles
was not confirmed but cannot be ruled out.

In conclusion, methanol functionalizes the bassanite nanopar-
ticle surfaces thereby stabilizing the nanoparticle dispersion in
polar organic solvents. The surface functionalization is confirmed

Adv. Funct. Mater. 2022, 32, 2111852 2111852 (5 Of'l'l)

by the fact that the ligands have the same diffusion coefficient as
the water molecules incorporated in the bassanite structure. Two
different off-diagonal resonance signals in the NOESY spectrum
may arise from different types of bassanite polymorphs due to
differences in the hydration state of bassanite. Milling in meth-
anol may lead to the formation of sub-hydrates in the calcium
sulfate system or to a partial substitution of water by methanol.

2.3. Thermal Stability and Microstructure

Thermal analysis allows to analyze physical changes with time
and temperature when bassanite nanocrystals are heated or
cooled. The TGA/TGA profile of the bassanite nanocrystals
air-dried from dispersion shows an endothermic mass loss of
=79% at =140 °C (Figure 6A). The transition of CaSO, x ¥2 H,0
— CaSO, corresponds to a mass loss of 6.3%,, for crystal water.
Partial substitution of water by methanol leads to the observed
higher mass loss. Based on the analytical information from 'H
MAS-NMR that =20% of the crystal water is replaced by meth-
anol (corresponding to a composition CaSO, x 0.4 H,0 x 0.1
CH3;0H) a mass loss of 71% is expected for a H,0/CH;O0H
ratio of 4/1, close to the experimental value. PXRD and Rietveld
analysis of the product obtained by milling gypsum in meth-
anol showed the formation of bassanite with cell parameters of
a=12.083 A, b=6.903 A and ¢ = 12.683 A and a crystallite size
of =30 nm (Figure 6B).

This result seems to contradict the broad distribution
obtained with DLS and conventional TEM imaging. However,
one must consider that the particle size distribution in a solid
bulk sample corresponds only to a limited extent to a model
of discrete spherical particles in dispersion (DLS) or individual
particles in electron microscopy (TEM). When gypsum was
ball-milled in cyclohexane, two DTA signals at 110 and 150 °C
with a mass loss of 15% were obtained. Since a mass loss of
20% is expected for pure gypsum, this is compatible with a par-
tial (80%) conversion of gypsum to bassanite (Figure S5, Sup-
porting Information).

Figure 6C1 shows the TEM image of a single bassanite needle
with a length of =500 nm. A magnified view (Figure 6C2) shows
a periodic arrangement of lattice planes in the nanocrystal. The
fast-Fourier transform (FFT) was calculated with the Gatan Dig-
ital Micrograph Software®! (Figure 6C3), and the FFT image

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. A) '"H NOESY NMR spectrum depicting a coupling between the O—H groups of methanol molecules resonating at 4.8 ppm. B) Magnification
of the inset in the 'TH NOESY NMR spectrum revealing coupling of the water signal of bassanite at 4.4 ppm with methanol molecules. C) 'H DOSY
spectra of methanol (red) and bassanite dispersion (black). The slower diffusion of methanol molecules in bassanite dispersions indicates a stabiliza-
tion by surface-bound methanol. D) Magnification of the inset in the 'TH DOSY spectrum of methanol (red) and bassanite dispersion (black), revealing
the diffusion coefficient of bassanite. E) Surface functionalization of a bassanite nanoparticle by weakly bound methanol molecules. The projection
along [001] shows the distinct hexagonal channels filled with water molecules.

was indexed based on the bassanite structure (Figure 6B). Since
the lattice planes were not compatible with a specific zone the
needle must consist of several crystalline domains, forming
a single needle by oriented attachment.? An inverse Fou-
rier transform of the calculated FFT shows dislocations and
contrast changes compatible with a non-uniform d spacing.

Adv. Funct. Mater. 2022, 32, 2111852 2111852 (6 Of11)

Although PXRD and HRTEM show the samples to consist
mainly of bassanite, small amounts of anhydrite were found in
HRTEM, indicating that mechanochemical dehydration is fea-
sible by adjusting the milling conditions. Milling of commer-
cial bassanite in methanol and cyclohexane showed indeed the
formation of anhydrite (Figure S6, Supporting Information).
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image (C2) of the dried bassanite nanocrystals showing the lattice planes, the reduced fast-Fourier transformation (FFT) (C3) and inverse-transformed

Fourier transformation (IFFT) (C4).

2.4. Gypsum to Bassanite Transformation

TEM and SEM “snapshots” were taken at different stages of the
milling and crystallization process. For this purpose, the reac-
tion was stopped, aliquots were taken, centrifuged and washed
with acetone to prevent further phase transformations. The
corresponding samples were then dispersed in acetone and
dropped onto a TEM grid or SEM holder respectively.
Micrometer-sized platelets were present in the TEM and
SEM at the start of the grinding reaction (Figure 7A1,B1). PXRD
showed that bassanite was formed after a short reaction time.
Crystallites with needle-like and plate-like morphologies were
present in TEM and SEM (Figure 7A2, B2, 30 min). This indi-
cates that the platelets are broken up by shear forces and sepa-
rated from each other by surface functionalization with meth-
anol. The crystal structure of gypsum is composed of layers of
tightly bound Ca®" and SO ions, separated by water molecules
stabilized by a network of hydrogen bonds. We assume that
shear forces from the milling process cleave gypsum crystals
parallel to the (010) plane (Figure 7C1). Due to its high polarity,
methanol might adsorb to these surfaces and substitute surface-
bound water molecules thereby weakening the hydrogen-
bonded network. In addition, it plays a fundamental role in

Adv. Funct. Mater. 2022, 32, 2111852 2111852 (7 of11)

stabilizing the bassanite nanoparticles (Figure 7C2). The heat
generated by the collisions can lead to partial dehydration
(i-e., desorption of hydrate-water), where the resulting vacancies
on the surfaces are filled with methanol. The Ca?*/SO;™ blocks
occurring in the different CaSO, polymorphs make a structural
rearrangement feasible. A shift in the layers along [010] and
[001] leads to the formation of hexagonal channels, similar to
those occurring in the bassanite structure. (Figure 7D1-D3)
Other than in methanol, grinding in cyclohexane does not lead
to the formation of specific morphologies and the transformation
to bassanite was incomplete (Figure S7, Supporting Information).
PXRD and FTIR analysis show that gypsum transformed to bas-
sanite completely with increasing grinding time (=200 min). The
corresponding TEM and SEM images show needle-like crystallites
after 200 min (Figure 7A3,B3). A stable dispersion was obtained
for still higher reaction times (=990 min), and the needles had a
different aspect ratio (Figure 7A4,B4). The needles were not stable
in the electron beam. Rapid imaging was required to prevent radi-
ation-induced dehydration (Figure S8, Supporting Information).
Their formation can be explained by a stepwise reduction in par-
ticle size with concomitant stabilization by surface binding of the
auxiliary agent methanol. TEM and SEM analysis show that the
bassanite nanocrystals assemble into needle-like crystallites.

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Comparison

Figure 7. A) TEM and B) SEM images taken after 0, 30 220 and 990 min of milling showing the transformation of plate like structures into fine needles.
C1) Schematic sketch of the effect of methanol assisted ball milling. C2) Sketch of functionalized bassanite nanoparticles, resulting from a cleavage
parallel to (001). D1) View of calcium and sulfur atoms shifted along [100]. D2) A shear force parallel to [010] may lead to the formation of hexagonal
channels (red hexagon). D3) Comparison of the gypsum and bassanite structures along the channels.

2.5. Film Casting

Bassanite nanocrystals prepared by ball-milling form clear and
stable dispersions in methanol (Figure 8A, inset). These dis-
persions are miscible with a variety of organic solvents (e.g.,
acetone, different alcohols and ethylene glycol) without any
signs of precipitation. This allowed to cast dense nanopar-
ticle films on a glass slide, which form transparent films after
drying (Figure 8A). Mixing the dispersion with non-polar sol-
vents such as cyclohexane lead phase separation. Adding a few
drops of water to the dispersion causes an immediate precipi-
tation of needle-like gypsum nanocrystals (=20 um in length,
Figure 8C1, inset).

Adv. Funct. Mater. 2022, 32, 2111852 2111852 (8 Of11)

The stability of the clear dispersions obtained after extended
milling allowed to cast dense films on glass slides, which form
transparent coatings after drying. This might lead to interesting
applications in sensors based on hydration reactions.% To assess
the feasibility of this approach, a glass slide was dip-coated
with the dispersion and examined by laser microscopy after
drying (Figure 8A). A transparent coating was formed without
any perceptible change in the refractive behavior, as shown by
the zoomed image sections in the red/blue boxes. Micro-sized
crystal agglomerates were formed upon contact with water due
to the rapid exchange of methanol surface ligands by water, i.e.,
water leads to rehydration of the methanol-stabilized bassanite
nanocrystals and the ensuing formation of gypsum.

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 8. A) Laser microscopy image of a dense bassanite film on a glass slide, fabricated from a clear and stable dispersion in methanol (inset) The
zoomed image sections (BT, C1) in the red and blue boxes show laser microscopy images of the corresponding areas on the glass slide. Adding a few
drops of water led to immediate precipitation in the dispersion (insets C1 and C2). The non-coated part of the glass slide shows no changes (B2) after

adding water, whereas gypsum crystals form on the coated part (C2).

3. Conclusion

We developed a new energy-saving and sustainable synthesis
for bassanite nanoparticles by solvent-assisted ball milling of
gypsum. The milling reaction is complete after only 3 h. The
kinetics and the mechanism of the milling reaction were elu-
cidated by making “snapshots” of the reaction by stopping the
milling after different time intervals. During milling, gypsum
platelets transform to bassanite needles by shear forces. The
bassanite nanocrystals are polydisperse with a size ranging
from 20 nm to several hundred nm and they are separated
and stabilized by surface complexation with methanol, the
dispersing agent. 'H NMR and FTIR spectroscopy revealed
that surface-bound methanol “passivates” the bassanite par-
ticles with needle-like morphology, thereby preventing aggre-
gation and precipitation. Bassanite nanoparticles prepared
by extended ball milling form long-term stable dispersions
in methanol with no additional stabilizers and no evidence
of precipitation. Methanol is easily recovered because of its
low boiling point. Adding water to bassanite dispersions in
methanol leads to instant agglomeration, followed by a phase
transition to gypsum. The dispersibility in the volatile organic
solvent methanol and the elucidation of the crystallization
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mechanism allow for applications of the bassanite nanocrys-
tals in hybrid materials, e.g., for transparent optical films or
as disposable humidity sensors.

The most important advance is that plasterboards from
gypsum might be made more efficiently in the future. Every
year in Europe, more than 1.5 billion m? of the interior sur-
face is covered with plasterboards,*) which are used for parti-
tion walls and the cladding of walls, ceilings, roofs or floors, or
decorative plaster. To produce plasterboard, manufacturers typi-
cally dehydrate the mined gypsum into bassanite in a very time-
and energy-consuming heating process. Our study describes
a simple and sustainable way to produce bassanite in a short
milling process, thereby eliminating the need for energy-
intensive dehydration. Since grinding is a standard process in
the construction industry, large-scale implementation seems
feasible. Based on the specific properties of a standard ball mill
in a research laboratory (with a capacity of =10 g), we estimate
an energy consumption of about 10 GJ per ton of bassanite,
while the specific thermal energy consumption for stucco is
given as 1 GJ per ton.] Although the energy consumption for
milling appears to be higher at first glance, it should be borne
in mind that this calculation is based on a simple multiplica-
tion on a scale of one-to-one, without any optimization of the
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parameters being taken into account. Even the use of containers
holding one hundred times the quantity (1 kg) would result in
the estimated energy consumption being only one tenth of the
energy consumption required at present.

4. Experimental Section

Materials: Calcium sulfate dihydrate (Sigma-Aldrich), acetone (99.5%,
puriss. p.a., Riedel-de Haén), methanol (HPLC grade, Fisher Chemicals),
cyclohexane (analytical reagent grade, Fisher Chemicals),) and doubly-
deionized water (resistivity > 18 mQ cm).

Synthesis of BMCS MeOH: 500 mg of calcium sulfate dihydrate
(3.6 mmol) was treated with methanol (9 ml) in a planetary ball mill
(pulverisette 7 Classic, Fritsch). The starting materials were transferred
together with 7.5 grams of grinding balls (about 2000 balls, 1 mm diameter,
ZrO,) into ZrO, grinding jars. The mixture was milled for different time
intervals. To avoid overheating 10 min of grinding and a subsequent 10 min
rest phase were used. Therefore, 200 min of milling corresponds to a
reaction time of 400 min. Afterwards, decantation and subsequent washing
by methanol was used to separate the product and ZrO, balls.

Synthesis of BMCS CH: 500 mg of calcium sulfate dihydrate (3.6 mmol)
was treated with cyclohexane (9 ml) in a planetary ball mill (pulverisette
7 Classic, Fritsch). The starting materials were transferred together with
7.5 grams of grinding balls (about 2000 balls, 1 mm diameter, ZrO,) into
ZrO, grinding jars. The mixture was milled for different time intervals.
To avoid overheating 10 min of grinding and a subsequent 10 min rest
phase were used. Therefore 200 min of milling corresponds to a reaction
time of 400 min. Afterwards, decantation and subsequent washing by
methanol was used to separate product and ZrO, balls.

Film Fabrication: Transparent calcium sulfate films were prepared
by depositing the nanoparticle dispersion on a glass slide and quickly
evaporating the solvent in a drying chamber at 80 °C.

Characterization: Samples for transmission electron microscopy were
prepared by drop-casting 20 uL of the respective sample dispersion
on 400 mesh carbon copper grids (Plano GmbH, Wetzlar, Germany).
The samples were measured with a FEI Tecnai Spirit TWIN LaBg at
120 kV equipped with a Gatan US1000 CCD-camera (2048 x 2048 pixels)
and a FEI Tecnai F30 S-TWIN at 300 kV equipped with a Gatan US4000
CCD-camera (4096 x 4096 pixels). A 70 um condenser aperture
and standard illumination settings were used for the TEM images
acquisition. The high-resolution TEM (HRTEM) images were recorded at
a primary magnification of 590 000. The images were hardware-binned
by 2 resulting 2k x 2k images with a physical pixel size of 0.41 A. For data
processing Digital Micrograph software was used.

Dusk-free acetone-rinsed quartz glass cuvettes were filled with pre-
filtered (syringe filter Millex AA, pore size: 800 nm, diameter: 25 mm)
dispersion solutions. All light scattering experiments were performed
on a multi-goniometer ALV-CGS-8F SLS/DLS 5022F, equipped with
a Uniphase He/Ne laser (25 mW, 632.8 nm) and an ALV-7004 multi-7
correlator connected to an ALV/high QE APD avalanche photodiode in
pseudo-cross-correlation mode (ALV-Laser Vertriebsgesellschaft mbH,
Langen, Germany). Temperature control (0.1°C) during measurements
is assured by a Lauda ultrathermostat RKS C6 (Lauda Dr. Wobser
GmbH, Lauda, Kénigshofen, Germany). The experiments and data
acquisition were controlled by an ALV software correlator ALV500/E/
EPP-ALV-60x0-WIN 3.0.3.15. Angular dependent measurements were
performed in the range of 30 °< 6 < 150 ° corresponding to wave vectors
of g = (47 n sin (6/2))/A with the scattering angle 6, the wavelength
A, and the refractive index n = 1.3288 (for methanol at 20 °C). The
recorded intensity correlation functions g (q, t) were converted via
Siegert relation g@(7) — 1= B+ |g" (7)|? into the field correlation function
g (7) with the specific instrument factor . For polydisperse solutions
with diffusing particles of a multitude of sizes, the overall intensity
decay resembles a superposition of several exponential decays. Due
to a broad sample polydispersity, the recorded amplitude correlation
functions gV(7) were fitted to a tri-exponential decay function of the
form g)(g,7) = A + B - exp(-T17) + C - exp(-T,7) + E - (-I'37) with the
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decay rates T, = D,g%, the offset A, and the amplitudes B, C, and E. The
diffusion coefficients D, were converted into hydrodynamic radii using

with the Boltzmann constant

the Stokes—Einstein equation Ry, = 67};1872
n

kg, the temperature T, and the solvent dynamic viscosity 7.

ATR-IR spectroscopy was performed at a Nicolet iS10 Spectrometer
manufactured by Thermo Scientific. The spectra were recorded in a
range from 650 to 4000 cm™ with a resolution of 1.4 cm™ per data point.

The 'H spectra were recorded on a Bruker Advance 400 DSX NMR
spectrometer at a 'H frequency of 399.87 MHz. A commercial 3 channel
4 mm Bruker probe head at 10 kHz magic angle spinning (MAS)
averaging 32 scans was used. The spectra were referenced to external
adamantine at 1.63 ppm as a secondary reference.

For these NMR experiments, the samples were synthesized as
described above. All 'TH NMR experiments were conducted on a Bruker
Avance DRX 400 NMR spectrometer operating at 'H frequency of
400.31 MHz equipped with 5 mm inverse two-channel probe head with
z-gradients. The single pulse excitation experiments were recorded
using a 30° pulse angle with a recycle delay of 1 s averaging 32 scans.
Stimulated echo sequence with bipolar gradient pulses and a longitudinal
eddy current delay was used for the 'H diffusion ordered spectroscopy
(DOSY) experiments. The gradient strength was incremented in 16 steps
from 2% to 95% of the maximum gradient strength. The diffusion time
and the gradient pulse length were 100 ms and 2.0 ms with 2 s recycle
delay, respectively. After Fourier transformation and baseline correction,
the diffusion dimension of the 2D DOSY spectra was processed using
the Bruker Topspin 1.3 software package. The diffusion analysis was
performed using the Topspin T;/T, relaxation package.

X-ray diffractograms were recorded with a STOE Stadi P equipped
with a Mythen 1k detector using monochromatized MoKe radiation.
The sample was attached to polyvinyl acetate films with perfluoroether
(Fomblin Y, Aldrich). The sample was measured in transmission in
0.015° steps (continuous scan, 150 s °') covering a 26 range from 1.5°
to 43°. Rietveld refinement*’! was performed with Topas Academic v6
using the fundamental parameters approach,’® based on a structural
model for bassanite by Ballirano et al.’l Crystalline phases were
identified according to the PDF-2 databasel® using Bruker AXS EVA.1>3

TGA measurements were carried out on a Netzsch STA 409 PC
LUXX in the temperature range from 30 to 400 °C using heating rates of
10 K min~" under air.

Laser microscopy images were taken with a Keyence VK 8710 with a
wavelength of 658 nm.
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