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Abstract

The preparation and characterization of a series of praseodymium-zircon solid solution (Pr,—ZrSiO,4) materials with increasing nominal
amounts of Pr is reported. Pr-doped zircon gels were prepared by gelling mixtures of zirconium n-propoxide, praseodymium acetylacetonate and
tetraethylorthosilicate, and annealed over the range of temperature up to the formation of Pr—zircon solid solutions. The reaction sequence was
followed by X-ray powder diffraction (XRD), ultraviolet—visible diffuse reflectance (DR) and infrared spectroscopy (IR). The first crystalline
phase detected on annealing gels was a tetragonal praseodymium-containing ZrO, phase (t-Pr—ZrO,). On further annealing, the subsequent
transformation to the monoclinic form (m-Pr—ZrO,) took place. The formation of final Pr—ZrSiO, solid solutions occurred by the reaction between
m-Pr—ZrO, and amorphous silica phase. The mechanism of solid solution formation inferred from energy dispersive X-ray microanalysis (SEM/
EDX) data, variation of lattice parameters and DR of final Pr—ZrSiOy solid solutions involved the replacement of Zr** by Pr** in dodecahedral sites
of the zircon structure. DR revealed that a relatively small amount of Pr** was still present in final Pr-containing ZrSiOy products. The estimated
solubility of praseodymium in the zircon was around 0.067 mol of praseodymium per mol of zircon (~11.5 wt% as Pr,03). This study opens new
perspectives to the development of more ecological zircon-based ceramic pigmenting systems by using mineralizer-free sol-gel synthetic

techniques.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Pigmenting systems based on the zircon structure have been
used industrially for, at least, five decades ago. These materials
accomplish the requirements (or properties) regarding with
chemical stability at high temperatures in corrosive glasses (or
glazes) and high tinctorial strength. One of such pigments is the
so-called yellow praseodymium zircon, in which the praseo-
dymium cation gives rise to the yellow colour [1].

Since the first studies on this pigmenting system in the
1960s, several authors have been concerned with technical
aspects in order to improve its industrial manufacture [2,3].
Regarding with fundamental knowledge of this pigmenting
system, it is assumed that its yellow colour is due to the
formation of a zircon-based solid solution, in which the
praseodymium cation occupy structural sites in the zircon
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lattice [4]. Recently several authors have searched different
points concerning structural and chemical features of this
pigmenting system. Ocafia et al. studied the valence and
localization of the praseodymium chemical species in the
zircon matrix of a composition of Pr-doped zircon powder
obtained by conventional reaction of the metal oxides and
mineralizers or fluxing agents. From XRD and XAS (XANES
and EXAFS) spectroscopy results, they concluded that Pr
cation was in tetravalent state (Pr4+) in the formed Pr-ZrSiOy4
solid solution replacing Zr** cations in triangular dodecahedral
sites [5,6]. Badenes et al. prepared Pr—zircon specimens by
using different synthetic procedures with and without
mineralizer [7]. Their results concluded that final Pr—ZrSiO,
seems to have a mixed nature of solid solution and encapsulated
pigment, coexisting Pr** and Pr** in each one of the final
pigmenting components. Del Nero et al. prepared Pr—zircon
specimens by sol-gel techniques and containing different
mineralizers [8]. The study of samples by visible-near infrared
diffuse reflectance spectroscopy evidenced the presence of Pr*
in final Pr—ZrSiOy. Kar et al. in a recent study on the processing
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and characterization of this pigmenting system stated that the
intense yellow coloration obtained from specimens prepared
with mineralizer by solid state synthesis method, was due to the
presence of Pr’* in dodecahedral sites in the zircon lattice [9].

Despite the results reported in the literature, it is evident that
some controversial on many fundamental characteristics of Pr—
zircon system still remain and more fundamental knowledge on
the nature of this pigmenting system is required, in order not
only to improve its technical manufacturing without using
mineralizers but also to contribute to enlighten some
fundamental aspects of Pr—ZrSiO, solid solution particulated
materials. Thus, some of the particular characteristics that
should be searched in this pigmenting system would be: (a) to
demonstrate its nature as solid solution by proving the lattice
parameter variation on increasing the praseodymium content
inside the zircon lattice in a series of samples; (b) to estimate
the limit of solubility of Pr in the zircon host lattice, and; (c) to
elucidate both the site distribution and the oxidation state of Pr
cations in the zircon structure. In order to obtain more
conclusive results on those features of Pr—ZrSiO,4, synthetic
procedures allowing the control of the reaction kinetics at the
different stages over the temperature range up to formation of
zircon must be used.

It is to note that fundamental knowledge of these
monophasic Pr—zircon materials could allow extending their
potential applications to other industry fields, such as chemical
sensing, as it has been proved recently in V—zircon pigmenting
system [10,11].

The advantages of sol-gel synthesis of transient metastable
and/or final monophasic solid products have been demonstrated
for years ago. Thus, in a previous study on V-zircon pigmenting
system [12,13], these techniques allowed the preparation of
monophasic final products from a series of mineralizer-free gel
precursors, with increasing amounts of vanadium as dopant,
carefully annealed at different temperatures.

The main objective of the present contribution is therefore to
gain fundamental knowledge on the praseodymium-zircon
solid solution system. The annealing of mineralizer-free gel
precursors, with nominal compositions Pr,—ZrSiO4
(0 <x<0.15), over the range of temperature up to the
zircon-based solid solution formation, will allow both the
control of reactivity and to elucidate the structural and chemical
changes through the whole process leading to Pr—ZrSiO,
materials. Also, the distribution and the chemical state of the
praseodymium cation at the different steps will be investigated.

2. Experimental procedure
2.1. Preparation of gel samples

Precursor gels with compositions Pr,—ZrSiO,, with x =0,
0.01, 0.02, 0.04, 0.05, 0.06, 0.07, 0.08, 0.1 and 0.15, were
prepared by the following procedure:

The required amount of zirconium n-propoxide (ZnP,
Zr(OC3H;)4) from Merck & Co.), to prepare around 2 grams
of final doped zircon, was dissolved in a solution of 1-propanol
(n-PrOH), and acetylacetone (acac, CsHgO,, Merck & Co.).

The role of the acac was to slow down the hydrolysis and
condensation processes. This first step in the preparation of Pr-
doped zircon gels was carried out in a dry atmosphere. Then,
the proper amount of Pr, as praseodymium acetylacetonate
(Pr(acac)s;, PrC,sH,404, Merck & Co.) was added to the
zirconium-containing solution. Subsequently, the stoichio-
metric contents of tetraethylorthosilicate (TEOS, Si(OC,Hs)4
from Merck & Co.) and H,O were added to the solution. The
final mixture was put into a closed polyethylene bottle and kept
at 60 °C for 24 h. Yellowness gels were obtained for all
compositions. The ZnP:n-PrOH:acac:TEOS:H,O molar ratios
were 1:8:1:1:5.5 for all the prepared gels.

The homogeneous gels were dried first at room temperature
for 2 days and finally at 110 °C for 24 h. Dried gel precursors
were annealed over the range of temperatures between 400 °C
and 1600 °C for different times.

2.2. Characterization of samples

Chemical and structural evolutions of dried gels and
crystalline specimens were examined using several techniques.

Infrared absorption spectra (Model 320 Avatar, Nicolet)
were obtained in the range 2000-400 cm ' using the KBr pellet
method.

X-ray diffraction analysis (Model AXS D-5005, Bruker)
was performed using a graphite monochromatic CukK,
radiation. The diffractometer had two 1° divergence slits, the
scatter and receiving slits being 1° and 0.05°, respectively. The
diffractograms were run with a step size of 0.02 26° and a
counting time of 10 s. The determination of the lattice constants
of zircon was made using the DICVOL indexing program.

Energy-dispersive X-ray analysis was performed using a
scanning electron microscope (Model XL30 ESEM, Philips)
operated at 20 kV. This instrument is equipped with an energy
dispersive X-ray spectrometer (Model XL30 132-2.5, EDAX).
Two types of analysis were performed. The first type intended to
obtain the overall analysis of the whole sample in annealed gels at
1600 °C. These analyses were obtained by scanning the electron
beam across a large area of the specimens (100 pm x 100 pwm),
giving the averaged composition of the area displayed. The
second type of analysis involved the determination of the
composition of final praseodymium~-zircon solid solution phases.
It was carried out by spot analysis, in which the electron beam was
stopped and positioned on the point to be analyzed, as selected on
the scanning electron microscope screen. Quantitative analyses
of specimens were made using the EDAX GENESIS program
with ZAF correction procedures and the default standards.

UV-vis diffuse reflectance (DR) spectra of the specimens
(Model V-670, Jasco) were obtained using the diffuse
reflectance technique in the range of 200-2500 nm. L*a*b*
parameters of representative specimens were measured using
the above Jasco spectrophotometer using a standard lighting C,
following the CIE-L*a*b* colorimetric method recommended
by the CIE (Commision Internationale de IEclairage). In this
colour system, L* is the colour lightness (L* = 0 for black and
100 for white), a* is the green (—)/red (+) axis, and b* is blue
(—)/yellow (+) axis.
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3. Results and discussion
3.1. Formation of Pr—ZrSiO, solid solutions

In this point we intend to know the structural transformations
and the experimental conditions required to obtain Pr,—ZrSiO,
solid solutions from mineralizer-free gels with different
praseodymium loadings. Also, is aimed to obtain information
on the praseodymium location and chemical state at the different
steps in the whole process of Pr—zircon solid solution formation.

3.1.1. Structure of gel precursors

The infrared spectra of the dried gels Pr,—ZrSiO, for
compositions x=0 and 0.1, shown as representatives, are
displayed in Fig. 1. Bands at around 1150 and 1050 cm ™" are
attributed to asymmetric stretching vibrations of Si—O-Si
bonds [14-16]. Also associated with Si—O bonds appear bands
at 870 and 460 cm ™!, ascribed to bending modes of O-Si-O
and Si—O-Si bonds [15,16]. Other bands at 1630, 1410 and
620 cm ™' associated with OH groups, C—H bonds and Zr—O
bonds in the ZrOg group, respectively, are also observed in the
dried gel spectra series [17,18]. According to IR results, there is
not evidence of formation of a three-dimensional Si—O—Zr
network in these gel precursors but both silica and zirconia
components are separated forming individual domains in a
diphasic system.

3.1.2. Structural changes from gels to Pr-ZrO, solid
solutions

The evolution of crystalline phases in Pr,—ZrSiO, as a
function of the annealing temperature in gels with increasing
praseodymium content is summarized in Table 1. As can be
seen, three main crystalline phases can be distinguished during
the evolution from gels: the first one is a phase with structure of
tetragonal ZrO,; the second is a monoclinic ZrO, phase brought
out by phase transformation of the tetragonal; and finally the Pr-
containing zircon yielded by reaction between monoclinic ZrO,
and amorphous silica. The formation of metastable transient
tetragonal and monoclinic ZrO, crystalline phases on annealing
gels, with increasing praseodymium nominal loadings, at
different temperatures, is shown in Figs. 2 and 3, respectively.
As can be seen those materials based either on tetragonal or
monoclinic Pr-containing zirconia in presence of an amorphous
silica network can be quasi-selectively prepared in the ternary
system Pr,O3-Zr0O,-Si0O,.
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Fig. 1. Infrared spectra of dried gels Pr,—ZrSiOy,: (a) x =0; (b) x=0.1.

As can be inferred from Table 1, the temperature of zircon-
based solid solution formation is slightly dependent on the
nominal amount of praseodymium. The required temperature
for complete zircon development goes down over the range of
compositions from undoped ZrSiOy4, ie. x=0, to Pryg—
ZrSiQ,. For higher loadings of praseodymium than x = 0.7 the
temperature raise with increasing the amount of Pr. This
behaviour is different to the one reported for vanadium as
dopant of zircon, in which the temperature of zircon formation
experiences a large reduction as the vanadium content goes up
[12]. In general, for all Pr-containing gels, the formation of
tetragonal ZrO, takes place at around 1000 °C and the
transformation to the monoclinic form starts at around
1250 °C. On contrast the temperature of reaction between

Table 1
Evolution of crystalline phases in Pr—ZrSiO, system at different temperatures.
X Temperature/holding time
1100 °C/3 h 1200 °C/3 h 1400 °C/3 h 1600 °C/24 h
0 t-ZrO, t-ZrO, + m-ZrO,(vw) ZrSiO4(vw) + t-ZrO»(w) + m-ZrO,(s) ZrSi0y4 + t-ZrO,(vw)
0.02 t-ZrO, t-ZrO; + m-ZrO,(vw) m-ZrO,(vw) + t-ZrO»(w) + ZrSiO4(s) ZrSiOy + t-ZrO,(vw)
0.05 t-ZrO, m-ZrO; + t-ZrO5(s) m-ZrO,(m) + t-ZrO,(m) + ZrSiO4(s) ZrSi0y4 + t-ZrO,(vw) + m-ZrO,(vw)
0.07 t-ZrO, m-ZrO; + t-ZrOy(s) m-ZrO,(m) + t-ZrO,(m) + ZrSiOy4(s) ZrSiOy + t-ZrO,(vw) + m-ZrO,(vw)
0.1 t-ZrO, m-ZrO, + t-ZrO5(s) ZrSi04(m) + t-ZrO,(w) + m-ZrO,(s) 7ZrSi0y4 + PrySirO5(vw) + t-ZrOs(vw)

vw, very weak; w, weak; m, medium; s, strong.
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Fig. 2. X-ray diffraction patterns of dried gels Pr,~ZrSiO,4 annealed at 1100 °C
or 1200 °C (4 is monoclinic zirconia and e is tetragonal zirconia).

monoclinic ZrO, and amorphous silica phases to yield zircon
crystalline phase increases on raising the amount of nominal Pr
over x = 0.07 in the starting gels. Thus, while for specimen with
x=0.02 the formation of Pr—ZrSiO, is almost complete at
1400 °C for x = 0.1 are required even higher temperatures than
1500 °C.

An interesting point to be considered before the formation of
crystalline phase with zircon structure is to evaluate both the
chemical state and the structural location of silicon and
praseodymium at the first reaction stage, i.e. on annealing gels
at low temperatures. As at temperatures below the crystal-
lization of tetragonal zirconia is not detected the formation of
any crystalline phase containing silicon, it can be inferred that
the silica component is present at this stage as amorphous silica.
With regard to the praseodymium location and chemical state at
low temperature, it is difficult to search because it is a minor
component. However, it is possible to obtain information on
these interesting issues from X-ray powder diffraction and UV—
vis diffuse reflectance results. The first significant structural
change on annealing gels is the crystallization of a phase with
structure of tetragonal zirconia. At this stage, it seems obvious
that the praseodymium cations must be associated with either
the zirconia crystalline phase or the amorphous silica. In order
to check the second hypothesis, i.e. the possible dissolution of
praseodymium in the amorphous silica, a mixture of composi-
tion 0.07 Pr(acac);-TEOS was hydrolysed and after drying,
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Fig. 3. X-ray diffraction patterns of dried gels Pr,~ZrSiO,4 annealed at 1300 °C/
3 h (@ is monoclinic zirconia and e is tetragonal zirconia).

thermally treated at 1000 °C for 3 h. As can be seen in Fig. 4, in
which the DR spectra of the specimens Prg ¢,—ZrSiOy, Prg gs—
ZxSi0y, Prg o7—Z1Si0y, Pry 1—ZrSi04 and Prg ¢7;—SiO; heated at
1100 °C/3 h are displayed, the spectra of those specimens,
which are made up of tetragonal zirconia—amorphous silica
composite, are quite different to the one corresponding to Pr—

A (arb. units)

Prg g7-5i05

T T T T T T T T T T T T 1
300 600 900 1200 1500 1800 2100
wavelenght (nm)

Fig. 4. DR spectra of gels Pr,—ZrSiO4 and Prj(;—SiO, annealed for 3 h at
1100 °C.
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amorphous silica. The DR spectra of crystalline tetragonal
zirconia—amorphous silica specimens display a narrow and
strong band peaked at around 330 nm together with a strong
absorption in the range between 350 and 590 nm and several
weak bands centred at around 1500 and 1900 nm. In addition,
three weak shoulders peaked at around 440, 470 and 485 nm
and one additional weak band at around 600, are also detected.
There are some recent reports on the reflectance spectra of Pr,—
ZrO, specimens prepared by the crystallization technique from
nitrate salts, in which these bands have also been detected [19].
On the other hand, the spectrum of the Pr-containing silica is
quite different, appearing a strong and wide band centred at
around 380 nm and a series of absorption peaks, either single or
set of peaks, in the regions of 440-510, 600, 1000, 1400-1500
and 1850-1950 nm, which have been attributed to the presence
of Pr** cation [20,21].

From the above results it can be assumed that the location of
Pr cation is associated with the zirconia phase, and even can be
suggested that this incorporation of Pr occurred at the beginning
of crystallization, i.e. at the stage in which nucleation of
tetragonal ZrO, occurred during gel formation. Regarding to
the oxidation state of Pr in the zirconia host lattice our results
reveal that though in the spectra of samples with increasing
amounts of praseodymium are detected very weak bands
associated to the presence of Pr’* it cannot be discarded the
stabilization of Pr*" in the zirconia host lattice probably
associated with the wide absorption in the range between
around 350 and 590 nm, shown as shaded in Fig. 4.

3.1.3. Structural changes from tetragonal Pr-ZrO, to Pr—
ZrSi0Oy solid solutions

The transformation of Pr-ZrO,(t) — Pr—ZrO,(m) is a
previous step to zircon formation in this pigmenting system.
It is to note that the beginning of the zircon formation is always
observed when that transformation is detected by XRD. The Pr
location in the crystalline phase with monoclinic structure of
ZrO, must be similar to the one in the prior tetragonal structure

~— x=0.0
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T T ¥ 1 T
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Fig. 5. DR spectra of gels Pr,—ZrSiO, annealed for 3 h at 1300 °C.

as evidenced by the DR spectra of specimens Prg p,—ZrSiOy,
PI'()_()5-ZTSiO4, Pr0.07—ZrSiO4 and Proll—ZrSiO4 annealed at
1300 °C/3 h, shown in Fig. 5. As shown in Fig. 3, the main
crystalline phase present in those specimens display the
monoclinic ZrO, structure. Both series of DR spectra of Pr—
ZrSiO,4 specimens in Figs. 4 and 5 resemble similar appearance.
From those results we can draw that monoclinic Pr—ZrO,—
amorphous silica composite can be quasi-selectively obtained
by annealing Pr,—ZrSiO, gel precursor at the required
temperatures.

In Figs. 6 and 7 are shown the XRD patterns of gels annealed
at 1450 °C for 3 h and 1600 °C for 24 h, respectively. It can be
seen that as high temperature as 1450 °C, small amounts of both
tetragonal and monoclinic Pr—ZrO, still remain unreacted for
all compositions. The higher the nominal amount of Pr in the
specimens the higher amount of unreacted Pr—ZrO,_ As it can
be seen in Fig. 7 the formation of Pr-doped zircon final products
can be considered to be complete at 1600 °C. However, very
weak peaks corresponding to tetragonal Pr—ZrO, or monoclinic
phases still remain in diffractograms. Also in specimens Pr,—
ZrSiOy, with x > 0.07, can be detected Pr,Si,O, as secondary
phase. The peak intensities of the silicate of praseodymium
(Pr,Si,04, JCPD-732329) increases in the XRD patterns of
specimens at 1600 °C on raising the nominal praseodymium
loading.

It is interesting in this point some comments comparing the
evolution from gels to zircon in Pr-ZrSiO, and V-ZrSiO,

®,

5

(U: (]
3 L l o by .o
>
>
7 x =0.05
[
(0]
5
I=
*
x=0.02
*
* *
*
LuML ok
T T T T [ T T T T
20 30 40 50 60

20 (degree)

Fig. 6. X-ray diffraction patterns of gels Pr,—ZrSiO, annealed at 1450 °C for
3 h (@ is monoclinic zirconia, e is tetragonal zirconia and * is zircon).
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Fig. 7. X-ray diffraction patterns of gels Pr,—ZrSiO,4 annealed at 1600 °C for
24 h (4 is monoclinic zirconia, e is tetragonal zirconia, * is zircon and o is
Przsi207).

systems [12,13]. The whole process of zircon formation in both
cases occurs through three steps. However, the stability on
increasing the temperature of tetragonal and monoclinic V-
ZrO, phases is very dependent on the vanadium nominal
content in the V-zircon system. On increasing the vanadium
loading the stability of both zirconia-based phases decreases,
i.e. transform and/or react at lower temperatures. For Pr—zircon
the stability of both phases based on polymorphs of ZrO, also
depends on the Pr nominal amount but in the opposite direction.
Thus, on increasing Pr content the Pr—ZrO, phases transform
and/or react at higher temperatures.

3.2. Characterization of Pr-ZrSiO, solid solutions

In this section we intend to study some characteristics of the
monophasic Pr—zircon solid solution products obtained at higher
temperatures than 1400 °C. Thus, by establishing the relation-
ship between lattice parameters and amount of Pr incorporated
into the zircon phase in the series of annealed gels at 1600 °C, the
simplest mechanism of solid solution formation and the limit of
solubility can be inferred. Other outstanding features as the
relative content of different oxidation states of Pr, specifically the
3+ and 4+, in the zircon structure will be also addressed.

N. Montoya et al./Ceramics International 37 (2011) 3609-3616

Table 2

Lattice parameters of samples Pr,—ZrSiO,, annealed at 1600 °C/24 h.

x ¢ (A) V (A%

0 5.9802(1) 260.710(1)
0.02 5.9794(1) 260.750(1)
0.05 5.9794(1) 260.780(1)
0.07 5.97971(1) 260.805(1)
0.1 5.9797(1) 260.810(1)
0.125 5.9793(1) 260.790(1)

3.2.1. Lattice parameters variation of Pr.—ZrSiO, solid
solutions

In order to determine changes in the unit cell of final Pr—
zircon particulate products as a function of the Pr content inside
the structure, the lattice parameters and the amount of Pr (as
Pr,O; wt%) incorporated into the zircon phase were
experimentally determined. The lattice parameters and the
composition (in wt%) for all specimens annealed at 1600 °C are
shown in Tables 2 and 3, respectively. The differences in the
content of praseodymium between both the whole and spot
analysis are quite important for specimens with the higher
praseodymium content. These results indicate the formation of
a secondary phase rich in Pr (Pr,Si,07), already identified by
XRD pattern. Furthermore, the above results also mean that for
sample Py o1—ZrSiOy, the limit of solubility of praseodymium in
zircon has been exceeded.

The variation in unit cell volume as a function of the
praseodymium content entered into the zircon structure for
specimens annealed at 1600 °C for 24 h is shown in Fig. 8. It
can be seen (Table 2) that with increasing the Pr amount inside
the phase with zircon structure, the parameters a and b rise and
the parameter ¢ keeps almost constant. The above changes in
lattice volume bring about an expansion of the unit cell. This
trend in lattice volume as the praseodymium content increases
can be understood assuming the formation of a solid solution
and is consistent with a simple mechanism of formation, by
which the expansion of the unit cell is due to the replacement of
a structural ion in the lattice by a larger one [22]. The zircon
structure is described as chains of alternating edge-sharing
tetrahedra SiO,4 and triangular dodecahedra ZrOg parallel to the
c-axis which are joined laterally by edge-sharing dodecahedra
[23]. The increase in lattice parameters a and b and also in
lattice volume can be understood assuming that Pr is replacing
Zr cations in dodecahedral sites of zircon structure. The

Table 3
SEM/EDX microanalysis results (wt%)* for samples annealed for 24 h at
1600 °C overall analysis spot analysis.

Sample Si0, ZrO, Pr;05 SiO, ZrO, Pr,03
0 32.6(1)  67.3(1) 0.0 343(1)  65.7(1) 0.0
0.02 31.9(1)  65.1(1) 3.03(1)  327(1)  64.7(1) 2.5(5)
0.05 32.8(1)  62.9(1) 4.2(3) 319(2)  63.6(2) 4.4(5)
0.07 31.9(1)  60.9(1) 7.16(3)  32.1(2)  58.5(3) 9.3(5)
0.1 30.4(1)  57.7(1) 11.9(3) 324(1)  56.4(3) 11.5(4)
0.125 30.9(1)  55.7(1) 13.4(1) 344(2)  55.9(1) 11.2(5)

? Averaged at least over six analysis.
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Fig. 8. Lattice volumes for Pr,—ZrSiO, solid solutions as a function of
praseodymium content.

alternative mechanism involving the replacement of Si** by Pr
in tetrahedral sites would also increase the lattice volume.
However, that mechanism seems less probable because the
difference in sizes of Pr (Pr** or Pr’*) and Si*' cations in
tetrahedral coordination must be too large and the doped zircon
phase would have low stability [22]. Thus, it can be assumed
that the progressive increase of lattice volume on raising the
amount of Pr inside the zircon structure is associated to the
formation of solid solution phases with increasing amount of Pr
replacing to Zr** cation. From the lattice volume changes it can
be found the greater amount of Pr cation inside the zircon
structure, i.e. the limit of solubility. From our results in Fig. 8, it
can be seen the increase in the Pr-doped zircon lattice volume
up to x ~ 0.067, which means that the solubility of Pr in the
zircon structure is around 0.067 Pr mol per mol of zircon
(~11.5 wt% as Pr,05).

3.2.2. DR spectroscopy of Pr-ZrSiO, solid solutions

Diffuse reflectance spectra of Pr—zircon specimens with
increasing contents of Pr annealed at 1600 °C for 24 h are
shown in Fig. 9. In general, all spectra in the series of Pr-
containing zircon samples are similar. As it can be seen single
bands appear at 250, 440, 470, 485 and 600 nm as well as three
sets of weak bands centred at around 1000, 1500 and 1950 nm.
All these bands are associated with the presence of Pr’* in
oxidic lattices [19]. The strong band centred at around 250 nm
shown by all specimens, including the undoped zircon, can be
attributed to charge transfer transitions in the zircon lattice.
However, recently Kempe et al. attributed this band to Pr**—O
charge transfer [24].

Interestingly, an additional wide absorption between 330
and around 590 nm can also be seen in all the Pr,—ZrSiO,
samples. This absorption has been associated with the presence
of Pr** in Mg- and Pr-codoped yttrium aluminium garnets,
Y;Al50q, [25]. It is to note at this point the structural relation
between the garnet and zircon structures [23]. The arrangement
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Fig. 9. Reflectance spectra of Pr**—ZrSiO, solid solutions heated at 1600 °C/
24 h.

of tetrahedral and dodecahedral polyhedral are similar, being
the main difference between both structures that octahedral
sites in zircon are empty. This assignation is also supported by
the similarity of absorption spectra of oxidic compounds
containing either Ce** or Pr4+, since both cations are
isoelectronic, with electronic configuration f!. Thus, results
reported by Hamilton et al. on the absorption spectra of Ce™*-
doped yttrium aluminium garnet showed a set of 4f — 5d
transitions over the range 460-520 nm [26].

From the above experimental spectra can be assumed that
even though the most part of the nominal amount of Pr is in the
oxidation state (IV), a certain amount of Pr** is also present in
the series of Pr-ZrSiO, solid solutions.

The evolution with praseodymium content of the L*a*b*
parameters of samples heated at 1600 °C for 24 h in the series
of samples, is shown in Table 4. Also, for the shake of
comparison the colorimetric parameters of both a commercial
praseodymium-zircon pigment and an undoped zircon are
included.

In all Pr-doped zircon, those parameters correspond to a
yellowish colour, the intensity of which increased on raising the
praseodymium content up to the specimen Prg os—ZrSiO,. For

Table 4
L*a*b* parameters obtained for samples Pr,—ZrSiO, annealed at 1600 °C
temperatures for 24 h.

Sample L* a* b
Commercial praseodymium-zircon 83.09 —0.14 51.75
ZrSiOy 86.87 —0.43 0.2

Pro.02~ZrSiO4 89.14 —3.17 12.09
Pro 04—Z1SiO4 83.91 —5.50 18.74
Pro 05=ZrSiO4 87.82 —4.26 16.26
Pro 06~ZrSiOy 84.90 —7.03 25.03
Pro.7~ZrSiO4 85.94 -3.99 16.82
Pro 05—ZrSiOy 88.40 —6.29 18.57
Pro ;—ZrSiO4 81.42 —3.91 16.43
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larger praseodymium contents than x = 0.06, the parameter b*
lowers. An opposite trend was observed for the parameter a*,
whose minimum value was obtained for specimen Prggs—
ZrSi0y.

4. Conclusions

Praseodymium—zircon gels obtained by chemical processing
mixtures of zirconium n-propoxide, praseodymium acetylace-
tonate and tetraethylorthosilicate, were annealed at different
temperatures up to the formation of zircon. The study by
different experimental techniques allowed determining both the
reaction sequence leading to Pr—zircon solid solutions and some
structural and spectroscopic features of the reaction products.
The results can be summarized as follows.

(a) Two transient crystalline phases, the first with tetragonal
zirconia structure and the second with monoclinic one, both
containing some amount of Pr are formed on heating gel
precursors. The temperature of formation of tetragonal Pr—
71O, solid solutions was independent on the amount of
praseodymium in the starting gel. As the praseodymium
oxide loading increased the Pr—ZrO, phases transformed or
reacted at higher temperatures.

(b) The formation of Pr-ZrSiO, solid solution occurred by the
reaction between the monoclinic form of Pr-ZrO, solid
solution and the amorphous silica phase.

(c) The cell parameter variation as a function of praseodymium
dissolved in ZrSiO,4 was consistent with the replacement of
Zr by Pr in the zircon structure. The solubility of Pr into the
ZrSiOy lattice was about 0.067 mol of Pr per mol of zircon
(~11.5 wt% as Pr,05).

(d) DR spectroscopy revealed that the main oxidation state of
Pr in zircon was (IV) but a relatively small amount of pr**
was also present in all specimens.

(e) This study opens new perspectives to the development of
more ecological zircon-based ceramic pigmenting systems
by using mineralizer-free sol—gel techniques.
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