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The synthesis of zircon powders from an aqueous precusor sol has been studied. The starting solution,
prepared by hydrolyzing TEOS in an aqueous solution of zirconyl nitrate, was refluxed then precipitated into
an ammonia solution. The evolution of the precursor sol with reflux time and that of the precursor powder, i.e.
the precipitate dried and ground, with heat treatment has been followed by several characterization techniques,
viz. Raman spectroscopy, 2°Si MAS NMR spectroscopy, X-ray diffraction and DTA-TGA analysis. It was
found that zircon formation begins at 100 °C in the refluxing precursor sol and is carried on into the precursor
powder by reaction between amorphous silica and tetragonal zirconia, formed earlier during the heat treatment
at temperatures above 1000 °C. A procedure for the preparation of zircon powders consisting of dense spherical

particles based on spray-drying of the precipitate, washed and re-dispersed in water after synthesis, is also

described.

I Introduction

Zircon, ZrSiOy, is the only crystalline phase in the binary SiO,—
ZrO, system that is stable under 1676 °C. This oxide exhibits
low thermal expansion, low thermal conductivity, and high
resistance to thermal shock. To take advantage of such
properties, which are very interesting for high temperature
applications, the zircon should be highly pure. Indeed,
impurities such as Al,O3;, Fe,O3;, TiO, and SiO,, found in
natural zircon sand, can lead to a lowering of its decomposition
temperature and alteration of its mechanical properties.

Although difficult, the preparation of high-purity ZrSiO,4 has
already been the subject of a great number of research papers.
Various different synthetic routes have been investigated. The
formation of zircon powders at temperatures as low as 150 °C is
possible under hydrothermal conditions.! ™ Sol-gel processing
has also been used by combining numerous precursors in aque-
ous or organic media, including sols, salts and alkoxides.*'®
In this case, literature data indicate that pure zircon is
produced at high temperatures varying between 1100-
1500°C according to the procedure followed. However,
Mosset et al.®> have shown that partially crystallized zircon
can be formed at 100 °C.

The present paper discusses zircon synthesis by a new
aqueous semi-alkoxide route, combining tetraecthoxysilane
(TEOS) with zirconyl nitrate ZrO(NO3),-xH,O: an aqueous
solution of zirconyl nitrate in which TEOS has been hydrolysed
into silicic acid constitutes a homogeneous zircon precursor. A
procedure for the preparation of spherical ZrSiO,4 particles
from the starting precursor solution is also described, which is
of interest considering that methods for obtaining pure zircon
powders with controlled morphology have scarcely been
mentioned in the literature to date.

II Experimental
II-1 Synthesis

Zircon powders were prepared using as starting precursors,
tetraethoxysilane (TEOS) Si(OC,Hs), (Aldrich; no 33,385-9)

and zirconyl nitrate ZrO(NO3),-xH,0 with x=~6 (Aldrich; no
24,349-3), the exact x value being determined by thermo-
gravimetry for each batch of commercially obtained nitrate.
Zirconyl nitrate was firstly dissolved in water and TEOS added
in a stoichiometric ratio with vigorous stirring. Afterwards,
when the precursor solution became clear, it was treated under
reflux at 100 °C for at least 24 h and then added with stirring to
a dilute aqueous ammonia solution (&~ 1% vol.). A colloidal
precipitate was immediately formed which was filtered off and
washed several times with deionized water in order to eliminate
as much ammonium nitrate resulting from the reaction as
possible. Then, after oven-drying overnight at 100°C and
grinding with an agate mortar and pestle, the precipitate was
transformed into the precursor powder.

Different precursor amounts, corresponding to concentra-
tions in zircon varying from 0.10 to 0.20 mol 1™, were tested
for the preparation of the powders. It was noted that the
temperature for which the full transformation to zircon occurs
depended on the concentration of the starting solution: its
lowest value, about 1150°C, was reached for a precursor
solution corresponding to a concentration of zircon of
0.12mol 1" ! only. Consequently, this solution was chosen to
prepare the zircon powders under study.

II-2 Characterization methods

The reaction mixture was monitored at various stages from the
sol state to the calcined solid using several techniques.

In order to investigate the extent of the hydrolysis—
condensation reaction and the nature of the species formed
during the treatment under reflux, Raman spectroscopy was
used. Raman scattering was excited by the 514 nm radiation of
an Ar% ion laser, and spectra were taken on a Dilor XY
microspectrometer.

The elimination of water and the combustion of residual
species contained in the dried powders were examined by
differential thermal analysis (DTA) coupled with thermogravi-
metric analysis (TGA). DTA-TGA measurements were made
in air at a scan rate of 300°Ch™".

The granulometric distributions of the powders were

J. Mater. Chem., 2000, 10, 365-370 365

This journal is © The Royal Society of Chemistry 2000



obtained using a laser size analyser, their specific surface area
was evaluated by the BET nitrogen adsorption method, and
their morphology was observed by scanning electron micro-
scopy (SEM). The structural evolution was both followed by
X-ray diffraction (XRD) using Cu-Ka radiation, and by *Si
and ?Si-'"H CP MAS NMR spectroscopy on a Bruker DSX
300 operating at 7 T. The 2°Si MAS spectra, recorded with a
10 kHz spinning rate using a single pulse (7/10) excitation, are
the sum of 3600 transients acquired with a recycle delay of 15 s.
It should be noted that the recycle delay and pulse length were
optimised to allow a quantitative NMR analysis. The *’Si-'H
cross polarization (CP) MAS experiments were performed with
a spinning rate of 5 kHz, using a contact time of 5 ms. The 'H
n/2 pulse duration was 5.3 pus and the recycle delay was set to
2s. ¥Si chemical shifts are referenced to tetramethylsilane
(TMS).

The apparent crystallite size, D, was estimated from the
TEM micrographs, and calculated from the XRD data using
the Laue—Scherrer formula:

D=K4i/ficosB

with K=1,"" where 4 is the Cu-Ko wavelength and 6 the
diffraction peak angle. f measured in radians, corresponds to
the half-width of the diffraction peak; it is taken as the
experimental half-linewidth (f.,) and was corrected for
experimental broadening (fi,s:) according to the relation:

ﬁz = (ﬂexp2 - ﬂinstrz)

Pinstr Was determined experimentally on the (101) diffraction
peak of a highly pure quartz sample composed of large
crystallites.

IIT Results and discussion
III-1 Synthesis

Zircon was synthesised from zirconyl nitrate and TEOS
through an aqueous route. The use of TEOS in an aqueous
medium is rather unusual. The use of alcohol as the common
solvent for the nitrate and TEOS is not necessary. Although
TEOS is not directly miscible with water, it is rapidly
hydrolysed under stirring and acid catalysis from the solution
of zirconyl nitrate. This reaction occurs in less than half an
hour and a clear solution is obtained. For an equivalent
concentration of 0.12 mol 17! of zircon, the molar ratio [H,O)/
[TEOS] is high and approximately equal to 450: it is therefore
assumed that TEOS is initially completely hydrolysed into
silicic acid Si(OH)4. Under these conditions, the aqueous route
leads to a reactive precursor solution of zirconyl nitrate and
silicic acid. This approach is very attractive because the silicic
acid is formed in situ and not, for example, from water-soluble
silicates in which metallic ions have been exchanged for H* on
a cation-exchange resin.

Moreover, the fact that the precursor solution treated under
reflux was turning opalescent after a few hours reveals an
evolution. The simplest method found for collecting the species
formed for characterization and thermal treatment was to
precipitate the sol into an ammonia solution. During this step,
the hydrolysis of zirconium is completed and the colloidal
species are condensed. The precipitate may then be easily
filtered off, washed with water and dried.

It is known that colloidal silica is soluble in ammonia
solutions, and more generally in alkaline media, hence no
precipitate is formed when adding a solution of silicic acid
alone [prepared by hydrolysing TEOS at the same concentra-
tion and the same pH (nitric acid)] into an ammonia solution.
On the contrary, in the presence of zirconyl nitrate, all the
siliceous species were precipitated into the ammonia solution,
and this even though the precipitation was carried out before

366 J. Mater. Chem., 2000, 10, 365-370

refluxing: indeed, no trace of silicon was detected in the filtrate
after concentrating and neutralysing, since silica displays
minimal solubility in aqueous solutions at neutral pH.?

III-2 Sol characterization

Because of the high dilution of the starting solution used for
synthesising zircon, it was not possible from IR, Raman and
»Si NMR analyses performed on the sols themselves, to
identify the species formed after refluxing. However, after
evaporation of the sols at 100 °C in order to eliminate water
and ethanol generated in situ during TEOS hydrolysis—
condensation, useful data were obtained. Although the solid
residues obtained in this manner, and studied by Raman
spectroscopy, are not exactly in the same state as in the
colloidal sol, since condensation reactions may occur during
the drying step, the evolution with reflux time observed on the
dried samples should be characteristic of the evolution inside
the sol.

Raman spectra of gels resulting from the evaporation of two
solutions treated, respectively, under reflux for 24 and 48 h are
shown in Fig. la, b.

Analysis of these spectra reveals:

on one hand, the presence of bands due to the zirconium
precursor (Fig. 2); those at 709 and 767 cm ™! are not assigned,
the others at 576, 1052, and 1032 cm~ ! are generated by
vibrational motions involving Zr-O bonds,”?! NO;~
groups,”>* and Zr-OH bonds, respectively. This last assign-
ment is consistent with the fact that the intensity of the Raman
band at 1032cm™ ' increases strongly during the reflux
treatment, then decreases with reaction time.

on the other hand, the appearance of two new bands in the
950-1010 cm™! range, whose intensities increase with the reflux
time. It is obvious that the band at 1006-1007 cm ™' can be
identified with the principal peak detected in the Raman
spectrum of zircon obtained by calcining the precursor powder
at 1300°C (Fig.3). The other band, situated at about
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Fig. 1 Raman spectra of solutions refluxed for 24 h (a) and 48 h (b).
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Fig. 2 Raman spectrum of zirconyl nitrate, ZrO(NOs),-xH,0.
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Fig. 3 Raman spectrum of ZrSiO,4 obtained by calcining the precursor
powder at 1300 °C.

965 cm ™!, is assumed to correspond to Zr-O-Si bonds and/or
Si-OH linkages.?"**

II1-3 Powder characterization

X-Ray and Si MAS NMR characterization of the precursor
powder, obtained after drying (at 100°C) of the precipitate
formed from a solution refluxed for 24 h, confirms the presence
of the zircon network at low temperature. Indeed, the XRD
pattern of this powder (Fig. 4a) reveals that a lot of the zircon is
already partially crystallized.

The same conclusion can be deduced from the >’Si MAS NMR
spectrum of the sample (Fig. 4b); a sharp peak at —82.0 ppm
corresponding to the single Si site in zircon'®2~2 is detected, in
addition to a broad band centered at —91.5 ppm. The latter is
assumed to be the superposition of several signals assigned to
various Si sites, Q,, where x refers to the number of siloxane
bonds surrounding the Si atom.?® These sites could both be
associated with some partly hydroxylated species and chemical
environments such as Si(OSi),(OZr), and Si(OSi)(OZr)s.

The influence of the precursor solution reflux time on the
zircon yield of the resulting precursor powder was followed by
NMR. Both ’Si MAS and ?Si-'H CP MAS spectra were
recorded (Fig. 5). ?Si-'H CP MAS spectra exhibit a better
resolution and can be simulated by two components assuming
Gaussian line shapes. Yet, this ?Si-'H coupling spectroscopy
does not allow a precise quantification of all Si sites, the contact
time being optimum only for Q,. On the contrary, both the
relative amounts of the zircon and siliceous phases were
accurately calculated from ?°Si MAS spectra simulated in the
same way as the 2°Si-'H CP MAS spectra. These data (/) as
well as the chemical shift (6) and the full width at half
maximum (Fwhm) of two peaks observed in the simulated >°Si
MAS spectra are given in Table 1.

Concerning the siliceous phase, the evolution of 6 and Fwhm
suggests an increase in the degree of condensation species with
reflux time. As for zircon, while the variation of the Fwhm is
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Fig. 4 XRD (a) and >’Si MAS NMR (b) spectra of a precursor powder
obtained from a sol refluxed for 24 h. z=zircon.
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Fig. 5 ?°Si MAS (a) and ?Si-'H CP-MAS NMR (b) spectra of

precursor powders obtained from sols refluxed for different lengths of
time.

Table 1 °Si MAS NMR spectra modelling”

Zircon Siliceous phase
Reflux time/days o Fwhm [1(%) o Fwhm 1 (%)
—-82 44 152 -92 18.2 84.8

—81.7 438 19.9
—82 4.7 34.1
—82 4.0 39.3

“540.3 ppm, Fwhm +1 ppm, 7+5%.

-92.6 16.6 80.1
-91.5 135 65.9
—-932 153 60.7

(o e

not significant, its yield in the precursor powder increases with
reflux time and reaches 39% after 6 days. This last result means,
in fact, that the amount of Zr—O-Si species formed in the sols,
although apparently limited, depends on reflux time.

II1-4 Thermal treatment effect

The thermal behaviour of the precursor powder, obtained from
a sol refluxed for 24 h, was studied in an air atmosphere up to
1300 °C by differential thermal and thermogravimetric analyses
(DTA-TGA), X-ray diffraction (XRD), and Raman spectro-
scopy. The DTA-TGA traces, recorded at a scan rate of
300°C h™!, are illustrated in Fig. 6.

The DTA curve shows two endothermic peaks below 200 °C
which correspond to the weight loss in the TGA curve caused
by successive desorption of free and physically adsorbed water.
Beyond 200 °C and up to around 400 °C, a broad exothermic
peak associated with a weight loss is observed. This peak is
assigned to the decomposition of ammonium nitrate still
present in the colloidal precipitate after rinsing with water. At
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Fig. 6 DTA and TGA curves, in an air atmosphere and with a scan
rate of 300°Ch™!, of the precursor powder obtained from a sol
refluxed for 24 h.

higher temperatures, while the weight loss apparently ends at
600 °C, a sharp exothermic peak is observed at about 900 °C in
the DTA curve.

The evolution of the X-ray diffraction patterns of the
precursor powder (Fig. 7), heated at a rate of 300°C h™! to the
desired temperature in the range 600-1300 °C, then cooled to
room temperature by quenching in air, suggests that this
exotherm is due to crystallisation of amorphous zirconia (a-
ZrQ,) into the tetragonal phase (t-ZrO,). Indeed, on heating, a
broadened XRD peak at 20 =30.2°, characteristic of t-ZrO,, is
detected. The peak intensity increases with temperature
indicating an improvement in the crystallinity of the t-ZrO,.
Partially crystallised zircon, detected from 100°C, is always
present at 1300 °C but the intensity of the diffraction peak is
still very low. Yet, under suitable calcining conditions
(Table 2), as determined from the X-ray diffraction patterns
of the precursor powder subjected to isothermal firings in the
temperature range 1150-1300°C, single phase zircon was
obtained.

As shown in Table 2, the duration of the synthesis can be
relatively brief compared with other zircon syntheses found in
the literature: for example, from a sol refluxed for 24 h, the full
synthesis of zircon can be achieved in less than a day, when the
precursor powder is calcined at 1300 °C. It is also noted that the
crystallite size of ZrSiO, does not significantly vary with
calcination temperature. Its value, estimated at around 50 nm,
is confirmed by the TEM micrograph of the zircon obtained by
calcining the precursor powder at 1300 °C (Fig. 8).

The structural evolution of the precursor powder after
calcination at different temperatures for 1 h, followed by both
XRD analysis and ?Si MAS NMR spectroscopy, produces
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Fig. 7 XRD patterns of the precursor powder heated up to various
temperatures in the range 600-1300°C, then cooled to room
temperature by quenching in air. t=tetragonal zirconia; z=zircon.

368 J. Mater. Chem., 2000, 10, 365-370

Fig. 8 TEM micrograph of ZrSiO, obtained by calcining the precursor
powder at 1300 °C.

Table 2 Calcination temperatures and holding times for which only the
zircon phase is obtained

Temperature/°C 1150 1200 1250 1300
Holding time/h 18 4 1Ya Va

evidence that almost all the zircon is formed by the reaction of
tetragonal zirconia with amorphous silica, with a low yield
already being generated under reflux. Indeed, from 1000 °C
onwards the XRD patterns (Fig. 9a) clearly reveal the presence
of tetragonal zirconia, which afterwards disappears at 1300 °C
as a result of its full transformation to zircon. In the same way,
the broad band around —110 ppm due to amorphous silica,?’
observed in the 2°Si MAS NMR spectra (Fig. 9b), is no longer
detected.

It is worth noting that no obvious signal due to zircon
formation is observed at high temperature in the DTA curve
(Fig. 6), which could be explained by the transformation
mechanism propounded by Itoh:'* SiO, dissolution into ZrO,
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Fig. 9 XRD patterns (a) and *Si MAS NMR spectra (b) of the
precursor powder after heating at different temperatures for 1 h.
z=zircon; t=tetragonal zirconia.



to form a solid solution with the crystal structure of t-ZrO,,
which is then converted to ZrSiO,.

II1-5 Particle morphology

SEM examination of the precursor powder prior to calcina-
tion (Fig. 10a) showed both irregularly shaped and differently
sized agglomerates or aggregates. The granulometric analysis
determined a broadened volume particle-size distribution,
varying from 0.1 to 800 pm (Fig. 11a). This curve only exhibits
a slight shift toward the lowest sizes after successive treatment
in a high speed homogenizer (ultra-turrax apparatus) and in an
ultrasonic cell of the precursor powder re-dispersed in water. In
view of this result, the large particles observed are related to
aggregates probably resulting from rinsing with water carried
out in order to eliminate ammonium nitrate formed during sol
precipitation.

Particle size, distribution, and shape being important factors
for the densification of ceramic powders, a method of preparing
zircon powders with controlled morphology has been devel-
oped. In this case, after washing, the colloidal precipitate is
not oven dried at 100 °C, but is re-dispersed in water under
vigorous stirring, then spray-dried. The spray-drying experi-

200 um

Fig. 10 SEM micrographs before (a) and after (b) calcination at
1300 °C of the powder obtained by oven-drying.
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Fig. 11 Particle size distribution before (a) and after (b) calcination at
1300 °C of the powder obtained by oven-drying.

ments were performed under a flow of dry air maintained at
140°C, using a Buchi 190 mini spray drier equipped with a
0.5mm diameter nozzle. This atomizer operates on the
principle of nozzle spraying in parallel flow, i.e. the sprayed
product and the drying air flow in the same direction.

SEM micrographs of the precursor powder produced by
spray-drying (Fig. 12a) show that the particles are spherical in
shape, as expected. Moreover, the particles are unagglomerate
and the largest do not exceed 10 um in size.

The volume particle-size distribution (Fig. 13a) is symme-
trical and not very broad, particle diameters ranging from 0.2
to 10 um. The volume mode diameter, dp,,y, and the volume
median diameter, dso, equal to 1.78 and 1.84 um, respectively,
are practically coincident.

Calcination treatment at 1300 °C does not modify the dried
powder morphology, as shown by SEM micrographs illu-
strated in Fig. 10b and 12b: the particles remain as spheres or
as irregularly shaped aggregates according to the drying
procedure used. On the other hand, the granulometric analysis
indicates bimodal particle size distributions (Fig. 11b and 13b),
as well as a decrease in particle size, which is clearly larger in
the case of previously oven-dried powders. Finally, the drastic

20 pm

Fig. 12 SEM micrographs before (a) and after (b) calcination at
1300 °C of the powder produced by spray-drying.
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Fig. 13 Particle size distribution before (a) and after (b) calcination at
1300 °C of the powder produced by spray-drying.
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Table 3 Specific surface areas of dried and calcined powders

Specific surface area/m> g~ !

Sample Before calcination After calcination
Oven-dried powder 412 ~1
Spray-dried powder 362 ~1

decrease of the BET surface areas observed after calcination
(Table 3) denotes a high densification of the particles.

It is worth noting from Table 3 that the specific surface areas
of the differently dried, uncalcined powders are dissimilar. This
result is probably due to a higher drying temperature in the
spray-dryer than in an oven. The drying procedure does not
seem to influence this variation. Likewise, it does not affect the
structural evolution of dried powders during thermal treat-
ment; pure zircon is always formed, even at relatively low
temperatures.

IV Conclusion

Sol-gel processing via an aqueous semi-alkoxide route,
combining zirconyl nitrate and tetracthoxysilane, has been
found to be an excellent technique for the synthesis of
zircon. Zr-O-Si bonds are formed in situ when the starting
solution is heated to reflux at 100°C. The resulting zircon
yield detected in the colloidal precipitate (obtained by adding
ammonia to the refluxed precursor solution), although
apparently limited, can increase up to 39% for a reflux time
of 6 days.

The structural evolution of the precursor powder, ie. the
precipitate dried then ground, with heat treatment reveals that
the entire transformation to zircon, possible from 1150°C,
proceeds by reaction between unreacted amorphous silica and
tetragonal zirconia. This reaction apparently takes place as
soon as the amorphous zirconia is crystallized into the
tetragonal structure.

Another attractive aspect of the present work is that it has
been shown that zircon powders consisting of dense spherical
particles can be produced by spray-drying and calcination at
high temperature.
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