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Abstract

The involvement of amorphous calcium sulfate (ACS) as a precursor to calcium sulfate
crystallization remains an important but poorly understood phenomenon, especially the
mechanism by which ACS evolves to the crystalline phase. Here we captured the ACS
nanoparticles as a precursor to calcium sulfate crystallization in a concentrated CaCl, solution at
90 °C and observed several stages of its evolution. The ACS nanoparticles grew by simultaneous
fusion and internal structural evolution. Aggregation of the ACS nanoparticles gave birth to the
bulk ACS particle within which nanocrystalline domains sprout and developed into the
crystalline gypsum. This work deepens the understanding of the evolution of ACS nanoparticles

and its role in multistage crystallization of calcium sulfate.
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Introduction

Crystallization is of considerable importance in the generation of materials and it is well
accepted that many properties of an emerging solid phase have already been determined at the
onset of crystallization.!** A profound understanding of the crystallization process will contribute
to controlling or regulating the progress of crystallization in certain desired directions.>’ In
contrast to what has been described in the classical nucleation theory, the birth of crystals via
multistage crystallization pathways is a hot topic in materials sciences and an increasing number
of studies have observed the formation of amorphous precursors before crystallization of the solid
phase.?-12 As for the transformation of amorphous precursors to crystalline phase, the mechanism
of solid-state transformation!3-1® as well as dissolution-reprecipitation!”!° has been proposed.
However less information is available on the details about the structural evolution within the
amorphous precursors.

Calcium sulfate, as a naturally abundant and industrially important mineral with three distinct
crystalline phases differing in the degree of hydration: gypsum (CaSO,4-2H,0), bassanite
(CaS04:0.5H,0) and anhydrite (CaSO,), has attracted much attention of the geologists and
mineralogists.?> 2! In the past few years, the laboratory synthesis of various calcium sulfate
phases have provided a better understanding of its origin and behavior in natural environments as
well as the basis of its applications in industry.?>>® A growing body of evidence supports the
notion of multistage processes governing the formation of gypsum from aqueous solutions at

room temperature, and an amorphous calcium sulfate (ACS) precursor prior to the final
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crystalline gypsum phase has been observed.?’”-?* However, still much remains undiscovered
concerning the role of ACS as a precursor to calcium sulfate crystallization and the mechanism
by which the ACS precursor evolves to the crystalline phase.

Here in this work we tried to investigate the early stages of the crystallization pathway of
calcium sulfate phases in a low calcium sulfate concentration so as to prolong the crystal
nucleation rate and therefore to have enough time to obtain the amorphous precursors in the
initial stages. The vacuum / solvent filtration sample quenching method and cryogenic sample
quenching method, together with the high-resolution (cryo)-TEM (HRTEM) and low-dose
selected area electron diffraction (SAED) techniques were applied to obtain the morphological

and structural information.

Experimental section

Synthesis of calcium sulfate nanoparticles

The required analytical reagent grade CaCl,-2H,0, Na,SO,4 and ethanol were purchased from
Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. The precursor solutions of 3.00 M
CaCl, and 50.00 mM Na,SO,4 were prepared by dissolving the certain amounts of CaCl,-2H,0
and Na,SO, into certain volumes of deionized water. Since the dissolution of CaCl,-2H,0 was
exothermic, the 3.00 M CacCl, solution was dilute to certain volume until the solution temperature
was cooled down to room temperature. Then the two precursor solutions were filtered with 0.22

um membrane twice to remove the possible insoluble substances. The 0.22 ym membrane was
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purchased from Shanghai Xingya purification material Factory, China. The batch experiments
were performed in a 150 mL Teflon reactor with constant magnetic stirring at 90 °C (with a
deviation of + 0.5 °C). In a typical prodedure, 115.0 mL of CaCl, solution and 10.0 mL of
Na,SO, solution were preheated to 90 °C separately, and then the Na,SO,4 solution was added into
the CaCl, solution immediately to obtain the final calcium sulfate concentrations of 4.00 mM. At
the selected time intervals (from 1 min to 40 min), 1.0 mL of solution was taken from the reactor
and rapidly vacuum filtered onto the carbon coated Cu-TEM grids that were purchased from
Beijing Zhongjing Keyi Instrument Technology Co. LTD, China, and then 1.0 mL of ethanol was
added immediately to rinse the sample for removal of the possible residual ions.?* 39 After that
the grids were irradiated under the infrared lamp for seconds to vaporize the residual ethanol. The
prepared samples were stored in a vacuum desiccator for use.

In order to demonstrate that the vacuum / solvent filtration sample quenching method does not
affect the crystallization pathway, a cryogenic sample quenching method was applied using a
fully automated vitrification robot (FEI Vitrobot Mark III) equipped with humidity and
temperature controlled glove box.!3 31-33 The cryo-TEM grids (R2/2 Quantifoil Jena Grids),
which were 200 mesh copper grids covered by a carbon film that contained a regular pattern of 2
um holes in the carbon layer, were purchased from the Quantifoil Micro Tools GmbH. After the
surface plasma treatment using a Cressington 208 carbon coater, the grids were assembled in the
automated vitrification robot prior to the vitrification procedure. After reaction for 1 min, small

aliquots (3.0 pL) of solution was taken from the reactor and immediatly deposited onto the
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cryo-TEM grids. The automated vitrification robot removed the excess liquid and produced a thin
liquid layer of around 100 nm thick containing the calcium sulfate nanoparticles. Thereafter, the
cryo-TEM grids were plunged into the liquid ethane which was prior cooled down by the liquid
nitrogen to ~ -170 °C. The frozen cryo-TEM grids were re-equilibrated in a liquid nitrogen dewar
for use.

Sample characterization

The samples were subjected to the high-resolution transmission electron microscopy (HRTEM)
using a Tecnai G2 F20 S-TWIN field emission gun microscope operating at 200 kV and fitted
with a Gatan Orius SC600A CCD camera to obtain the images of TEM, HRTEM, selected area
electron diffraction (SAED) and the data of energy dispersive X-ray (TEM-EDX) analysis.
During all analyses, the microscope was operated in a low dose mode and the sample exposure
time was controlled to avoid beam damages on the observed particles. The cryo-TEM
experiments were performed on a FEI Talos F200C which was equipped with a LaB6 filament
operating at 200 kV and the images were recorded using a 4k x 4k Ceta CCD (charge-coupled

device) camera. A Gatan cryo-holder operating at ~ -170 °C was used to hold the samples.

Results and discussion
Formation and aggregation of ACS nanoparticles
Upon mixing of the preheated Na,SO, solution (90 °C) into the preheated concentrated CaCl,

solution (90 °C), a chain of spheroidal nanoparticles with diameters of 20 — 50 nm were observed
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in 1 min (Fig. 1a). The low-dose SAED pattern (Fig. 1a, inset) with diffuse rings indicated that
the spheroidal nanoparticles were in the amorphous phase. The cryo-TEM analysis further
identified that the spheroidal amorphous nanoparticles were not sample quenching artefacts,
because the spheroidal amorphous nanoparticles with identical dimension and diffuse SAED
pattern to that of the amorphous nanoparticles in Figure la were captured using the cryogenic
quenching method (Fig. 1b). The Energy dispersive X-ray (EDX) analysis with obvious Ca, S
and O signals showed that the amorphous nanoparticles were composed of CaSO,, and no Na or
Cl was detected, confirming that the sample quenching method worked well to achieve a quick

solid-liquid separation and to acquire the ACS nanoparticles without CaCl, or Na,SO, residuals

(Fig. 2).

-
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Fig. 1 Formation of ACS nanoparticles in 1 minute after the mixing of precursor solutions of
CaCl, and Na,SO,. (a) TEM and (b) cryo-TEM images and low-dose SAED patterns (inset) of
the spheroidal nanoparticles obtained by vacuum / solvent filtration and cryogenic quenching

method respectively.
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Fig. 2 TEM-EDX spectrum of the formed ACS nanoparticles. The strong Ca, S and O signals
correspond to the composition of calcium sulfate. The C, Cu and Si signals stem from the carbon
coated Cu-TEM grid and the sample holder.

The existence of ACS as a precursor to calcium sulfate crystallization has been in doubt for
decades. Here we captured the ACS nanoparticles as a precursor to calcium sulfate crystallization
in the condition of 4.00 mM CaSQO, solution at 90 °C, which is supersaturated with respect to
gypsum (saturation index Slgy, = + 1.013), bassanite (Slg,s = + 1.254) and anhydrite (SIan, = +
1.610) (see Supporting Information for more detail). Moreover, the ACS nanoparticles were
obtained in sufficient temporal and spatial resolution, and presented a distinct dimension and
morphology.

The ACS nanoparticles were short-lived in solution and prone to aggregate into large ACS
particles as shown by the ACS particles obtained at 10 min in Fig. 3a. The HRTEM image in Fig.
3c showed that the aggregated large ACS particles presented a compact morphology. After 20
min of reaction, the spheroidal ACS particles grew to a dimension of 80 — 150 nm (Fig. 3b). The

low-dose SAED pattern (Fig. 3b, inset) and HRTEM image (Fig. 3d) showed that the growing
8
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ACS particles maintained its amorphous character. This evolution infers that ACS may

experience a series of amorphous states.

100 nm

Fig. 3 Aggregation and growth of the ACS nanoparticles. (a, b) TEM images and low-dose
SAED patterns (inset) of the ACS particles obtained at 10 min and 20 min. (¢, d) HRTEM images
of the amorphous (nano)particles in (a) and (b). The white square in (a) indexed to the area for

HRTEM analysis.

Nanocrystalline domains development within bulk ACS

After the appearance of the more compact morphology, bulk ACS particles with irregular
morphology were generated at 30 min, which coexisted with a population of spheroidal
nanoparticles attached on the surface (Fig. 4a). SAED analysis showed that these attached
nanoparticles were amorphous (Fig. S1), whereas some of the aggregates presented weak

diffraction spots (Fig. 4b-1, 2) which indicated the onset of crystallization within the bulk ACS
9
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particle (Fig. 4c). The formation of an arbitrary number of randomly distributed nanocrystalline
domains with diameters of 2 - 5 nm as outlined by the white dashed circles in Fig. 4c revealed
that the crystallization of ACS occurred randomly within the ACS particle. Further fusion and
growth yielded a more compact structure (Fig. 4a, arca 3) and a prevalent growth of
nanocrystalline domains with multiple crystallographic orientations, which were confirmed by
the concentric diffraction rings (Fig. 4b — 3, marked in blue) and the randomly oriented lattice

fringes (Fig. 4d; Fig. S2) that were assigned to gypsum (PDF2 33-311).

T 4‘:\(1 50)
i (151)
2 1/nm (080)

Fig. 4 Formation of nanocrystalline domains within the ACS particles. (a) Bulk ACS particles

coexisting with individual ACS nanoparticles (30 min). (b) Diffraction patterns of the areas 1 - 3,
10
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showing the development of crystallinity. The diffraction rings (marked in blue in b-3) index to
the plane of (150), (151) and (080) of gypsum (PDF2 33-311). (c, d) HRTEM images of the areas
1 and 3 with marked lattice spacings corresponding to gypsum (3.1 A, 2.8 A and 2.4 A). Several
randomly distributed nanocrystalline domains were outlined by white dashed circles in (c).
Thereafter, micron-sized and well-faceted gypsum crystals were generated at 40 min with
remnants of the aggregated particles attached on the surface (Fig. 5a); these particles may serve
as the feedstock for gypsum crystal growth by a dissolution-reprecipitation mechanism.3* The
SAED pattern (Fig. 5a, inset) and HRTEM image (Fig. 5b) identified the concomitant growth and
orientation of the crystalline domains within the ACS particles to form the monocrystalline
gypsum domains with roughly identical orientations of lattice fringes. The monocrystalline
gypsum domains grow by further addition of ions from solution or from the dissolution of the

attached ACS nanoparticles on the surface.?*

# el
(040)™

.2 1/nm

Fig. 5 Formation of crystalline gypsum phase. (a) Gypsum with aggregated particles attached on

the surface (40 min). (b) HRTEM image of the area outlined by the red circle in (a) with marked

11
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lattice spacings corresponding to gypsum (3.1 A, 2.8 A and 2.4 A).

Mechanism of ACS Crystallization
This time-resolved observation showed that the ACS nanoparticles were precipitated from
solution during the crystallization of calcium sulfate and transformed into the kinetically most
accessible gypsum phase in the later stage. Previous studies have reported the similar
crystallization pathway of calcium sulfate, which demonstrates that although anhydrite is the
thermodynamically most stable phase at elevated temperatures in certain concentrated solutions,
gypsum is nucleated prior to anhydrite.33-37

Moreover, this work makes a clear profile for the structural development of the
aggregation-based transformation of the ACS nanoparticles into the crystalline gypsum phase.
Aggregation and fusion of the ACS nanoparticles may derive from the development of
short-range to medium-range order of the growing ACS particles. Development of the lattice
structure and the multiple nanocrystalline domains inside the ACS material suggest a seemingly
solution-like character of the amorphous material that allows for lattice ions transport from one
domain to the other and thus facilitates numerous isolated nucleation events to take place. The
growth of nanocrystalline domains and the internal structural orientation to yield monocrystalline
gypsum domains require the reorganization of lattice ions and therefore the mass transport within
the ACS material.*% 3

Based on the experimental observations, we outline five distinct stages of the evolution of

ACS nanoparticles into the crystalline gypsum phase as shown in Fig.6. The first stage is the
12
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formation of spheroidal ACS nanoparticles in a highly disordered structure (stage 1). The ACS
nanoparticles grow into larger particles and the simultaneous fusion and internal structural
evolution generate a compact morphology (stage 2 and 3). Aggregation of the ACS particles
initiates the growth of the bulk ACS particle, and then nanocrystalline domains with multiple
crystallographic orientations are formed randomly inside the bulk ACS particle (stage 4). Growth
and orientation of the nanocrystalline domains generate the monocrystalline gypsum domains
that evolve from polycrystal to monocrystal (stage 5). Further growth of the monocrystalline
gypsum domains by ions addition from solution or from the dissolution of the attached ACS

nanoparticles generates the micron-sized gypsum crystals (stage 6).

‘ Amorphous Phase ‘ Formation of Crystalline Domains | Growth of Gypsum

Tons Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6

Fig.6 Schematic illustration of the evolution of the ACS nanoparticles to the crystalline gypsum
phase. Stage 1: formation of ACS nanoparticles. Stage 2: aggregation and fusion of the ACS
nanoparticles. Stage 3: growth of the fused ACS nanoparticles to form the ACS particles. Stage
4: random formation of nanocrystalline domains inside the bulk ACS particle. Stage 5: prevalent
growth and orientation of the crystalline gypsum domains. Stage 6: growth of the micron-sized

gypsum crystals by ions addition.
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Conclusions

The crystallization of calcium sulfate begins with the formation of ACS nanoparticles that present
a spectrum of morphologies developing from a relatively loose form to a compact one.
Aggregation of the ACS nanoparticles forms the bulk ACS particle within which separate
nanocrystalline domains develop and evolve from multiple crystallographic orientations to the
monocrystalline gypsum domains. This study characterizes several stages of the structural
evolution within the amorphous precursors that provides an insight into the evolution of the ACS
precursor into the crystalline gypsum phase that appears central to the understanding of

multistage crystallization in natural environments and in industrial applications.
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