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Abstract

The preparation of calcium sulfate by flame synthesis resulted in the continuous production of anhydrite
nanoparticles of 20-50 nm size. After compaction and hardening by the addition of water, the anhydrite
nanoparticles reacted to nano-gypsum which was confirmed by X-ray diffraction, diffuse reflectance IR
spectroscopy and thermal analysis. Mechanical properties were investigated in terms of Vickers hardness
and revealed an up to three times higher hardness of nano-gypsum if compared to conventional micron-
sized construction material. The improved mechanical properties of nano-gypsum could in part be due to
the presence of calcium sulfate nano-needles in the nano-gypsum as showed by electron microscopy.

Introduction

Gypsum as one of the oldest known construction
materials (Coquard et al.,, 1994) today accounts
for a worldwide production of an estimated
100 mio. metric tons of calcium sulfate for renders,
plasters, indoor finishings, retardants for cement,
ceramics and medical supplements or implants
(Karni & Karni, 1995; Arikan & Sobolev, 2002;
Harris et al., 2004; Melo et al., 2005; Papageor-
giou et al., 2005; Peters et al., 2005; Sievert et al.,
2005). It is prepared by heating ground gypsum
rock (selenite, alabaster or satin-spar) that results
in the loss of crystal water (Olsen, 2004) and yields
the active form of gypsum, anhydrite or hemihy-
drate. Depending on the amount of water added to
the activated calcium sulfate, gypsum plasters of
different hardness are obtained. The initially

formed slurry or paste rapidly sets with only small
dimensional changes (Hand, 1997), enabling
application as dental plaster where hardening time
and final hardness are of major importance
(Luebke & Chan, 1985). The reactivity of the
anhydrite could be considerably enhanced by
grinding of the starting material or the addition of
activators (Coquard et al., 1994). These observa-
tions indicated that the mechanical stability of
gypsum or other cement materials could be sig-
nificantly improved by using extremely fine parti-
cles. Preliminary investigations by Song et al.
(2003) have yielded a colorful variety of particle
morphologies using precipitation of calcium sul-
fate in organic media. Similarly, Kuang et al.
(2002) and Rees et al. (1999) produced nano-sized
calcium sulfate in water-in-oil microemulsions and
obtained spherical nanoparticles of 10-50 nm,
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nanowires or short nanorods but did not investigate
the mechanical properties or hardening process of
such gypsum material. Since possible applications
of nano-anhydrite as a source for nano-gypsum are
expected to rapidly require large volume produc-
tion, we have investigated a suitable modification of
the existing aerosol process (Stark and Pratsinis,
2002) for the manufacturing of silica, titania and
soot (10 mio. tons/year) to access nano-anhydrite
or gypsum. More specifically, CaSO4 nanoparticles
were prepared by flame spray synthesis (Madler
et al., 2002a; Stark et al., 2002; Johannessen et al.,
2004; Stark et al., 2004) and characterized by X-ray
diffraction, scanning electron microscopy, thermal
analysis and nitrogen adsorption. The mechanical
properties of gypsum derived from nano-anhydrite
were investigated in terms of Vickers hardness using
a microhardness testing device. Electron micros-
copy of hardened nano-anhydrite revealed the
presence of gypsum nano-needles which may
account for the increased hardness of such nano-
structured construction materials if compared to
conventional gypsum.

Experimental
Powder synthesis

Nano-anhydrite was synthesized by flame spray
synthesis using a precursor containing corre-
sponding calcium and sulfur comprising organic
derivatives. Ca(OH), (Riedel-Haen, p.a.) was dis-
solved in 2-ethylhexanoic acid (Soctec, tech.,
Romania) by heating to 140°C for 3 h resulting in
the removal of reaction water and formation of a
clear light-yellow 0.5 M calcium 2-ethylhexanoate
solution. Prior to synthesis, the liquid was mixed
with dimethyl sulfoxide (Acros, 99.7%) as a sulfur
source at a molar ratio of 9:11 and diluted with 50
vol% xylene. The liquid mixture was fed through a
capillary (diameter 0.4 mm) and sprayed into a
methane (1.13 1 min~', Pan Gas, tech)/oxygen
(2.4 1 min~', Pan Gas, tech) flame using a gear-
ring pump (HNP Mikrosysteme) at a rate of
5 ml min~'. Oxygen (5 1 min~', Pan Gas, tech) was
used to disperse the liquid leaving the capillary. A
stable combustion was achieved by applying a
sheath gas (oxygen, 230 1h™', Pan Gas, tech)
through a concentric sinter metal ring. Calibrated
mass flow controllers (Brooks) were used to

monitor gas flows. The as-formed particles were
collected on a glass fibre filter (Whatmann GF/A,
25.7 cm in diameter), placed on a cylinder moun-
ted above the flame, by the aid of a vacuum pump
(Busch). The filtration equipment was preheated to
150°C before starting the synthesis of nano-anhy-
drite in order to avoid condensation of humidity
onto the moisture sensitive product (Grass &
Stark, 2005).

Powder analysis

Transmission electron micrographs (LEO 1530
Gemini, Accelerating voltage 10 kV) were
recorded to investigate the morphology of as-
synthesized materials. The specific surface area of
nano-anhydrite before hardening and nano-gyp-
sum after reaction was measured using nitrogen
adsorption on a Tristar (Micromeritics Instru-
ments) at 77 K according to the BET method. The
mean particle diameter dggt (Table 1) was calcu-
lated from the specific surface arca (SSAggT) and
the material bulk density (p) using the following
correlation (Madler et al., 2002b):
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The formation of different crystal phases was
confirmed by X-ray powder diffraction (XRD,
Stoe STADI-P2, Ge monochromator, CuK,,
PSD detector) and diffuse reflectance Fourier-
transformed Infrared spectroscopy measurements
(Pike, Diffuse IR unit; Bruker, Tensor 27). The
thermal evolution and subsequent crystallization
of partially amorphous calcium sulfate was fol-
lowed quantitatively in a thermo-balance (Linseis
TG/STA-PT1600, 25-500°C, 10°C/min, air)

Table 1. Physical properties of nano-anhydrite and refer-
ence gypsum powders

Sample Specific surface Mean particle
area"‘/ng"l diameter dBETb/nm
CaSQy, flame, (7/3) 102 20
CaSOy, flame, (5/5) 84 24
CaSOy, flame, (3/7) 56 36
Alabaster, ref. 6 340
Gypsum, ref. 5 380
Nano-gypsum, (3/7) 47 43

4 Error + 3%.
® Calculated according to Eq. (1), error: + 10%.



Table 2. Different types of gypsum

Type of gypsum Water to powder ratio

Type I: Impression plaster 0.5
Type 1I: Model plaster 0.5
Type III: Stone 0.3
Type 1V: High-strength stone 0.22

coupled to a mass spectrometer (Thermostar,
Balzers) for analysis of evolving gases.

Setting of nano gypsum and Vickers hardness

Prior to hardness measurements, both reference
and as-prepared materials were pressed uniaxial to
pills of 12.5 mm diameter by applying 120 MPa
during 5 min. The materials were hardened by
mixing or soaking with corresponding amounts of
water (Table 2) producing different types of plas-
ters that were further analyzed by XRD for phase
composition and scanning electron microscopy to
assess the morphology. As a reference material,
common alabaster (modelling plaster, Boesner,
Switzerland) was used. The hardness of materials
before or after the hardening reaction was deter-
mined by a Vickers micro-hardness test (Wolpert
MTX-o) and evaluated using the following rela-
tion:

VHN = 1.854P/d (2)

where P denotes the load applied in kg and d is the
indentation diagonal in mm. Further details are
given in Kumareson & Devanarayanan (1992).

Results

In order to compare conventional alabaster
(CaS0O40.15 H,O as shown by X-ray diffraction)
to nano-gypsum derived from anhydrite nano-
particles (Figure 1), the preparation of suitable
calcium sulfate nanoparticles was investigated
using a series of process conditions during flame
spray synthesis. Using relatively slow gas flow
rates, i.e. low sheer rates during flame spray syn-
thesis (high liquid to gas flow rate in the spray,
Figure 2, (7/3)), resulted in comparably hot flames
with slow cool-down (Stark et al., 2001; Madler
et al., 2002a; Stark et al., 2002). As a consequence,
predominantly calcium oxide was produced
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(Figure 2, top trace). Decreasing the liquid to gas
ratio during preparation promoted higher sheer
rate, faster cool-down, less calcium oxide and
resulted in the formation of calcium sulfate anhy-
drite IITI (PDF No. 37-184, Figure 2, bottom trace,
(3/7); Bushuew et al., 1983). In contrast to earlier
detailed investigations of Madler et al. (2002a) on
ceria, the specific surface areca decreased with the
liquid to gas ratio and resulted in smaller primary
particles (Table 1). This observation correlates
well to the different melting points of CaO
(T, = 2900°C) and CaSO, (T, = 1450°C).
Scanning electron micrographs (Figure 1) showed
highly agglomerated nanoparticles of 20-50 nm
diameter which was consistent with the surface
area equivalent diameter dggt (Table 2) calculated
according to Eq. (1).

The phase purity of the as-prepared calcium
sulfate was investigated by X-ray diffraction and
FTIR-spectroscopy (Figures 3 and 4) that con-
firmed the formation of calcium sulfate and
revealed the presence of some carbonate species
(Figure 4). The carbonate content was further
analyzed quantitatively by differential thermal
analysis and resulted in a typical endothermic peak
at 700°C indicating the decomposition of calcium
carbonate as found in earlier preparation on nano-
limestone (Huber et al., 2005). A detailed com-
parison in terms of thermal decomposition of ref-
erence materials (alabaster) and as-prepared
CaSOQy is shown in Figure 5. In agreement with
stoichiometry, alabaster looses more water upon
heating while the nano-anhydrite only contained
2-3 wt% of physisorbed water (Figure 5, mass
loss at 100-200°C; negative DSC peak; m/z = 18
mass spectrometer signal for water H,O). Both
materials contained minor amounts of carbonate
as quantitatively measured by the small mass loss
around 700°C and evolution of some carbon
dioxide (MS trace, m/z = 44; Huber et al., 2005).

The hardness of gypsum derived from the as-
prepared nano-anhydrite or conventional alabas-
ter was compared for increasing water to powder
ratios (Figure 6). At high water content (type I
gypsum), the nanostructured gypsum was about
twice as hard as the reference material. At low
water content (hard stone gypsum, type IV), a very
pronounced increase in hardness of about a factor
of three could be observed. We therefore investi-
gated the morphology of these two most different
materials using scanning electron microscopy
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Figure 1. Comparison of alabaster (left as powder and middle after hardening, water to powder ratio: 0.22) and CaSO,

anhydrite nanoparticles after preparation (right).

(Figures 1 and 7). Alabaster consisted of micron-
sized irregular pieces of calcium sulfate with a
relatively small specific surface area (Table 1). The
hardening process induced the formation of sub-
micron sized needles upon hardening (Figure 1)
while the specific surface area remained largely
unaffected (Table 1). Most interestingly, the high
specific surface of nano-anhydrite was similarly
constant after hardening to nanostructured gyp-
sum (Table 1) while the morphology had drasti-
cally changed. Figure 7 shows a fracture surface of
hardened nano-anhydrite where the calcium sul-
fate obviously formed nano-needles with a high
aspect ratio.

Discussion

Traditionally, CaSO,4 anhydrite has been prepared
by prolonged heating of gypsum rock. The crystal

longer flame

Intensity / a.u.

2 Theta /°

Figure 2. The effects of liquid to gas ratio during produc-
tion of CaSO, (diamonds) as shown by X-ray diffraction.
Higher temperatures (top trace) promoted the formation of
CaO as an impurity.

phase anhydrite III (Figure 3) can be obtained by
hydrothermal treatment of gypsum at 180°C for
24 h (Bushuew et al., 1983). Alternatively, using a
high temperature process and extremely small
particles, the resulting diffusion paths become
extremely short and material preparation by flame
synthesis can take place in a few milliseconds
(Grass et al., 2006). The sensitivity of the calcium
sulfate preparation to the synthesis conditions
(liquid to gas ratio, Table 1, Figure 2) illustrates
how sulfur oxides and carbon dioxide are com-
peting for the reaction with the basic calcium oxide
in the off-gas of the flame. The use of very hot and
relatively slow flames even promoted the forma-
tion of larger calcium oxide rich nanoparticles
(Figure 2, top trace). The particles (Table 1, dggt:
36 nm) formed under these conditions were too
large to allow full reaction to calcium sulfate
(CaO + SO; = CaSO,) and X-ray diffraction
confirmed that mainly CaO was formed. In con-
trast, faster and shorter flames promoted smaller
partially amorphous particles (Table 1, dggr:

Alabaster
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Mm
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Figure 3. X-ray diffraction pattern of reference alabaster
and nano-CaSO, before and after setting.
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Figure 4. Diffuse reflectance IR spectroscopy of reference
alabaster (top), as prepared anhydrite nanoparticles (mid-
dle) and CaCOj reference (bottom). The formation of some
carbonate species is evident from signals around 1500 cm™".

20 nm) that had sufficient time to react with sulfur
oxides in the off-gas during the cool-down process.
Still, the surface of the anhydrite was covered by
carbonate species. Latter was confirmed by surface
sensitive FTIR spectroscopy (Figure 4). In terms
of mass, the carbonate content was still small and
in the range of the carbonate content of the ref-
erence alabaster (Figure 5). In order to better
illustrate the thermodynamics during anhydrite
nanoparticle formation in the flame, a simple

N
E
232
25
c ~
Q
= 5
©
<
fa)
2
2, 0
& 51 Nemeooooo__ 10 Nano gypsum
o = 17 N S TTTTTTTTT=-- —
3 -10
S 5 Alabaster
200 400 600 800

Temperature / °C

Figure 5. Differential thermal analysis and mass spectros-
copy of evolving gases for reference alabaster and CaSOy
nanoparticles upon heating to 800°C. The release of water
(m/z = 18) or small amounts of carbon dioxide (m/z = 44)
stays in agreement with stoichiometry.
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Figure 6. Vickers hardness of nano-gypsum and reference

alabaster. Depending on the water to powder ratio, the
nanostructured material is up to three times harder.

thermodynamic calculation has been included
(Figure 8). The model uses typical temperature
profiles in such flame sprays (Arabi-Katbi et al.,
2002; Madler et al., 2002a) and the second Ulrich
approximation (Sandler, 1999) for the calculation
of free energy values. It plots the residence time of
the particles in the flame vs. the Gibbs free energy

SR

Figure 7. Scanning electron micrograph of nano-gypsum
after setting; insert: pressed nano-gypsum pill. The hard-
ening of nano-anhydrite results in the formation of calcium
sulfate nano-needles.
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Figure 8. Gibbs free enthalpy of CaO, CaSO, and CaCO;
vs. time and temperature gradient in the flame.

of the possible reaction products. Calcium oxide
(CaO) is the most stable form at temperatures
above 1900°C. During cooling, CaSO4 and CaCO;
become more favorable and therefore CaO reacts
to the corresponding salts. Below 800°C, calcium
carbonate can be produced, this range of stability
agrees with the decomposition profile of CaCO;
(Figure 5, TG pattern). Since sulfur trioxide is a
stronger acid than CO,, calcium oxide preferable
reacts with SO; to anhydrite. At very low
remaining SO; concentration, however, the pres-
ence of large concentrations of carbon dioxide in
the off-gas allow some competition of SO; and
CO, for the calcium oxide. As a consequence,
some carbonate is found on top of the anhydrite as
evidenced by the FTIR spectra (Figure 4).

While the most useful properties of anhydrite
and gypsum have been applied for a long time,
relatively few has been known on the mechanisms
inducing specific mechanical properties in these
omnipresent materials. The strength of an anhy-
drite binder depends on the degree of drying and
hydration (Sievert et al., 2005). El Hajjouji and
Murat (1987) considered pore size as a major
factor determining materials properties and cor-
related the size of the resulting pores to the size of
the gypsum crystals in the hardened material.
Since the present investigation has used identical
preparation procedures and setting on both
micron sized reference alabaster and nano-anhy-
drite, our results are in line with latter study.
Similarly, the development of nanocrystalline
metals has revealed the favorable influence of
small grain size on product hardness (Gleiter,
1989; Meyers et al., 2006). A number of detailed
studies on ceramics has corroborated the possible
improvement of materials properties by applying

nanostructured ceramics (Xu, 2005; Zhan &
Mukherjee, 2005). The present observation of 2-3
times higher Vickers hardness of nano-gypsum if
compared to conventional gypsum extends these
observation to one of the most frequently used
construction materials. While it may only be
speculated about the detailed mechanism of this
improvement, some suggestions may be given on
possible mechanisms. The nano-needle structures
observed on the surface of gypsum prepared from
nano-anhydrite may be responsible for a stronger
entanglement of fibrous gypsum crystallites in this
material. Latter would obviously increase the
hardness of the bulk material. Similarly, the spe-
cific geometry of agglomerated anhydrite nano-
particles with some carbonate impurities may have
a pronounced influence on the crystallization of

gypsum.

Conclusion

The present study has shown how the mechanical
properties of a construction material may be sig-
nificantly improved using nanostructured materi-
als. Since nano-anhydrite as a starting material has
been difficult to prepare by classical wet-phase
chemistry for its high reactivity with water, we
have investigated the use of a high-temperature
preparation method as an alternative. Application
of a suitable flame spray process delivered 20—
50 nm sized anhydrite particles. After compaction
and hardening, the resulting gypsum consisted of
nano-needles displayed a 2-3 times higher Vickers
hardness if compared to conventional micron-
sized gypsum.
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