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Abstract

The role that NaF plays in the preparation of Pr-
doped zircon pigments was studied through the ana-
lysis of the nature and localisation of the Pr cations
into the zircon matrix in samples prepared in the
absence and in the presence of NaF. As previously
observed, the addition of NaF caused a decrease of
the minimum temperature required for zircon for-
mation from 1400 to 1100°C, and an increase of the
yellow colour intensity. In the absence of NaF, the
Pr cations mainly presented a threefold oxidation
state, being located out of the zircon lattice as
Pry,Zr;0;, whereas in the presence of this flux, most
of the Pr cations showed a fourfold valence and
formed a solid solution with the zircon lattice, which
was then the main responsible for the stronger yellow
colour observed in this case. After heating this pig-
ment at 1400°C, we detected an exsolution of the Pr
(1V) cations as PrgSisO,4 which was accompanied
by a decrease of the yellow colour intensity. There-
fore, it was concluded that the main role of NaF in
the preparation of yellow Pr-zircon pigments is to
decrease the temperature of zircon formation to the
range in which the chromophore responsible for the
bright yellow colour, i.e. the Pr (IV)-zircon solid
solution, is stable. © 1999 Elsevier Science Limited.
All rights reserved
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1 Introduction

The need for clean and bright yellow colours in the
ceramic pigments field led to the development of
praseodymium-doped zircon (Pr-ZrSiO,4) in the
late 1950s."! The yellow colour of this pigment is
developed when an equimolecular mixture of SiO,
and ZrO, containing a source of praseodymium
(usually PrgOq;) is calcined up to zircon forma-
tion.> The commercial production of Pr-ZrSiO,4
also includes the addition of a certain amount of
fluxes (normally NaF) to the starting oxides mix-
ture since it was observed that a much stronger and
brighter colour resulted under these conditions.!™
As expected, such an addition also produced a
decrease of the temperature required for zircon
crystallization.*>

In spite of the technological importance of Pr—
ZrSi0y4, only a few papers have dealt with the role
that NaF play in the formation of this pigment.®
In general, these works have been focused on
kinetic aspects concluding that the acceleration of
zircon crystallisation produced by NaF takes place
through the formation of SiF,; which volatilises
thus favouring the transport of Si** ions to the
zirconia phase.® However, up to our acknowledge,
no experimental data have been reported to justify
the differences in colour properties detected
between samples prepared in the absence or the
presence of NaF.

The aim of this work is to study the effects of the
addition of NaF on the nature and localisation of the
Pr species in the zircon matrix of Pr-doped zircon
powders and therefore, on theirs colour properties.
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For such a purpose, the Pr—ZrSiO,4 samples were
prepared by the hydrolysis of liquid aerosols,
which as it has been recently reported for other
zircon pigments, may produce stronger colours
than the traditional ceramic or sol-gel methods.’
The thermal evolution of these Pr—ZrSiO4 powders
as prepared and after the addition of NaF, was
studied in detail in order to optimise the colour
properties of the resulting pigments.

2 Experimental

2.1 Samples preparation
The preparation of the praseodymium-doped zir-
con powders was carried out by hydrolysis of
liquid aerosols, using a procedure similar to that
previously reported to obtain several ceramic pig-
ments.””'? Essentially, it involves the generation
and further hydrolysis of a liquid aerosol consist-
ing of an equimolecular mixture of silicon ethoxide
(TEOS, Fluka, 98%) and zirconium propoxide
(Aldrich, technical grade) to which an aliquot of a
solution of PrCl;-6H,O (Aldrich, 99-9%) in etha-
nol was added before aerosol generation. Owing to
the much lower hydrolysis rate of TEOS when
compared to zirconium propoxide, in order to
obtain the zircon stoichiometry (Zr/Si=1), the
mixture of the two alkoxides was partially hydro-
lysed for 24h at 20°C in an atmosphere of 60%
relative humidity!? before the addition of the pra-
seodymium salt. The final liquid mixture was neb-
ulised and hydrolysed at room temperature as
previously described,’ and the resulting powders
were collected by using nylon sieves. The Pr/Zr
mole ratio selected for this work was 0-09 (Table 1)
since the use of higher values is not expected to
produce stronger colour.!

The Pr—ZrSiO,4 samples as prepared or after the
addition of NaF (NaF/ZrSiO4 mole ratio = 0-2)
were heated for 8 h at the desired temperatures in

platinum crucibles at a heating rate of 10°C min—!.

2.2 Characterisation
The particle size and shape of the powders were
examined by scanning (SEM, JEOL JSM5400)

Table 1. Composition (Si/Zr and Pr/Zr atomic ratios) mea-

sured by ICP for the Pr-doped zircon sample as prepared and

after heating at different temperatures in the presence or the

absence of NaF. The Pr/Zr ratio obtained from the XPS spec-
tra of the heated samples is also included

Sample (Si/Zr)  (Pr/Zr) (Pr|Zr)
(atomic) (atomic) (atomic)
Icp XPS
As prepared 0-94 0-091 —
Heated at 1400°C 0-96 0-092 3-8
Heated at 1100°C/NaF 0-82 0-075 20-5

electron microscopy.

The composition of the solids (Zr/Si ratio and Pr
content) was determined by plasma emission (ICP,
Perkin Elmer, Model 5500). For this purpose,
100 mg of sample were first fused at 1100°C with a
NaKCO;5:Na,B,40; mixture and then extracted with
a HCl solution. The presence or absence of chlorine
in the samples was assessed by EDX (Link ISIS).

The different phases present in the solids were
identified by X-ray diffraction (Siemens D501). The
unit cell parameters of the powders were measured
by Rietveld analysis of the X-ray diffraction data
following the procedure described in Ref. 14. In all
experiments a silicon standard (20% by weight)
was mechanically mixed with the pigment. The
crystallographic data for zircon and silicon were
taken from Ref. 15 and 16, respectively.

Differential thermal (DTA) and thermogravi-
metric (TGA) analyses (Setaram 92-16-18) were
carried out in air at a heating rate of 10°C min—!.

The electron paramagnetic resonance (EPR)
measurements were performed in a Bruker ESP-
300E spectrometer, in the X-band. The samples
were cooled in a flowing helium cryostat and the
measurements performed between 4-2 and 10K.
The microwave frequency was measured with a
HP-5350B frequency counter. XPS spectra were
obtained with a VG Escalab 220 model using the
MgK,, excitation source. Calibration of the spectra
was done at the Cls peak of surface contamination
taken at 284-6eV. Atomic percentages of the ele-
ments were calculated from the peaks areas after
background subtraction (Shirley background).
The areas were referred to the sensitivity factors
of the elements as supplied by the instrument
manufacturers.

In order to analyse the XANES spectra, Pr (III)
acetate and PrqO;; were used as reference com-
pounds for the trivalent and tetravalent state of Pr,
respectively. Notice that in the latter, two different
oxidation states of Pr (3+ and 4+) are actually
present, although it contains a higher amount
(~67%) of Pr**. XANES spectra were collected at
the LURE synchrotron facility in Orsay, using
synchrotron radiation from the DCI storage ring
running at 1-85GeV with an average current of
250mA. The XANES data were taken at room
temperature in the transmission mode using two
ion chambers containing a He—Ne mixture as
detectors. Monochromatization of the light was
done with a double-crystal monochromator
[Si(111)]. For measurements, the Pr-doped zircon
sample and the references, Pr (III) acetate and
PrgO;1, were dispersed in boron nitride in order to
optimise the absorptions. Three-four scans were
collected for each sample and averaged. The spec-
tra were analysed with the software package
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developed by Bonin et al.'”

The colour of the pigments was determined
according to the Commission Internationale de
I’Eclairage (CIE) thorough L*a*b* parameters.'®
In this system, L* is the colour lightness (L* =0 for
black and L*=100 for white), a* is the green (—)-
red (+) axis, and b* is the blue (—)-yellow (+)
axis. These parameters were measured for an illu-
minant D 65, using a Dr Lange, LUCI 100 colori-
meter and a white tile ceramic having chromaticity
coordinates (x=0-315, y=0-335) as standard
reference. For measurements, 40mg of pigment
were dispersed in doubly distilled water and filtered
through 0-22 um Millipore filters, resulting in a
thin layer with a density of 6émgcm~!. This
amount was sufficient to avoid substrate effects on
colour measurements.

3 Results and Discussion

3.1 Preparation of pigments

The as prepared Pr-ZrSiO4 powders consisted of
spherical (0-1-5um) particles [Fig. 1(A)] which
were amorphous to X-ray diffraction. The DTA
curve obtained for this sample (Fig. 2) showed an
endothermic effect centred at 125°C accompanied
by a weight loss of 24% (between 25 and 400°C) as
detected by TGA (Fig. 1), which is due to the des-
orption of water and adsorbed alcohols produced
as by-products of the alkoxides hydrolysis.'* Two
exothermic peaks were also observed at 780 and
880°C, respectively. The first one can be attributed
to the crystallisation of metastable tetragonal zir-
conia (t-ZrQ,) as indicated by the X-ray diffraction
pattern of the sample heated at 800°C (Fig. 3). It
should be noted that this process takes place at
lower temperature in this sample than in undoped
zircon powders prepared by a similar procedure.!?
As it has been suggested for Fe-doped zircon,'*
such a kinetic effect could be explained by the for-
mation of a solid solution between the Pr cations
and the zirconia lattice, as expected from the
behaviour previously reported for some other rare
earth,'” and indicated by a shift of the X-ray dif-
fraction peaks of the heated sample to lower d-
spacing values respect to those corresponding to
undoped tetragonal zirconia.?® The last exothermic
effect at 880°C can be ascribed to the release of
chlorine coming from the Pr salt, as confirmed by
EDX analyses of the sample. The weight loss of
2:2% detected by TGA at the same temperature is
in agreement with this interpretation. No addi-
tional effects were detected by thermal analysis up
to 1500°C, however, X-ray diffraction (Fig. 3)
revealed some other structural changes in the sam-
ple on calcination at >1100°C. Thus, the onset of

Fig. 1. Scanning electron micrographs of the Pr-doped zircon
powders as prepared (A) and after heating at 1400°C in the
absence of NaF (B) and at 1100°C in the presence of NaF (C).

zircon formation was detected at 1200°C, being
accompanied by a partial phase transformation
from tetragonal to monoclinic (m-ZrO,) zirconia,
which must be produced during the cooling pro-
cess.”! The fraction of crystallised zircon increased
at increasing temperature being maximum at
1400°C. At this temperature, some weak peaks
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Fig. 2. Differential thermal and thermogravimetric curves
obtained for the Pr-doped zircon sample.
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Fig. 3. X-ray diffraction patterns of the Pr-doped zircon sam-

ple heated at different temperatures in the absence of NaF.

Symbol designating the most intense reflections of the different

phases: ZS=zircon, M =monoclinic zirconia and T =tetra-
gonal zirconia.

1100°C

800°C

corresponding to unreacted t-ZrO, and m-ZrO,
still remained in the pattern as expected from the
little excess of Zr (Si/Zr=0-94) present in the sam-
ple (Table 1). Several additional weak peaks were
also detected at d-spacing values of 3-36, 3-09
2:67A (Fig. 3), which can be more clearly observed
in the magnified pattern shown in Fig. 4. Whereas
the two latter peaks could be associated to some of
the most intense reflections of Pr,Zr,0,°* the first
one (d=3-36A) could not be assigned to any
known Pr compound. No further changes were
observed by X-ray diffraction in the sample heated
up to 1500°C. It should be noted that after zircon
formation (>1400°C) the particles sintered losing
their spherical shape [Fig. 1(b)].

The L*a*b* parameters of the sample heated at
1400°C (L*=82, a*=-3-5 and b*=20 corre-
sponded to a weak yellow colour and remained
unchanged after heating at 1500° (Table 2).

As shown by X-ray diffraction Fig. 5) the addi-
tion of NaF to the starting amorphous Pr-ZrSiO4
powders considerably lowered the minimum tem-
perature required for zircon formation (1100°C)
respect to the corresponding one in the absence of
this flux (1400°C), in agreement with the kinetic
effect of the latter previously reported.*”. How-
ever, the amount of unreacted zirconia detected
after this treatment increased (Fig. 3 and Fig. 5),
which could be associated to the decrease detected
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Fig. 4. Magnified X-ray diffraction patterns of the Pr-doped

zircon sample heated at: (a) 1400°C in the absence of NaF, (b)

1100°C in the presence of NaF and (c) the same as in (b) fol-

lowed by an additional heating at 1400°C. The peaks ascribed
to PryZr,07 (PZ) and PrySicO,4 (PS) have been marked.
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Fig. 5. X-ray diffraction patterns of the Pr-doped zircon sam-

ple heated at different temperatures in the presence of NaF: (a)

1100°C and (b) the same as in (a) followed by an additional

heating at 1400°C. Symbols designating the most intense

reflections of the different phases: ZS =zircon, H=monoclinic
zirconia, T =tetragonal zirconia.

for the Si/Sr ratio (0-82) (Table 1), probably due to
a partial volatilisation of Si. This observation is
also in favour of the mechanism previously pro-
posed for zircon crystallisation in the presence of
NaF, according to which a volatile Si compound
(SiF,) is formed as an intermediate step.® It should
be noted that under these conditions the amount of
Pr contained in the sample slightly decreased (Pr/
Zr=0-076) (Table 1) upon calcination. This beha-
viour, which was not observed in the absence of
NaF (Table 1), seems to indicate the formation of a
certain volatile Pr compound during calcination as
previously suggested.”® Finally, the weak reflection
with d spacing at 3-36 A and most of the additional
peaks corresponding to Pr,Zr,O; could not be
detected in the X-ray diffraction pattern of the
sample heated at 1100°C in the presence of NaF,
except the one at d=3-09 A, which showed lower
intensity than in the absence of the flux (Fig. 4). As
expected, the addition of the flux agent resulted in

Table 2. L"a"h" parameters of the Pr-doped zircon sample
heated at different temperatures in the absence or the presence

of NaF
Temperature L* a* b*
1400°C 82:0 —35 20
1500°C 821 34 20
1100°C/NaF 80-0 —1.0 54
1100°C/NaF + 1400°C 830 3.5 35

the formation of irregular particles after calcina-
tion [Fig. 1(C)].

In agreement with previous observations, the
yellow colour of the sample heated at 1100°C after
the addition of NaF was stronger and brighter
than that resulting in the absence of the flux, as
clearly manifested by the much higher value of b*
(54) showed by the former (Table 2). To explain
such colour differences, the oxidation state and the
localisation of the Pr cations in the pigments NaF
were investigated.

3.2 Origin of colours

The ESR spectra of the Pr-doped zircon powders
heated in the absence and the presence of NaF
were measured to analyse the oxidation state of the
Pr species in both samples. The spectra taken at
10 K with minimum microwave power (Fig. 6) dis-
played in both cases six main lines, which are due to
Pr** (I=5/2), as revealed by the good agreement
with the line positions calculated using the para-
meters reported for Pr** in a ZrSiO, single crystal
(g||=1-0038,g-=1-0384, A|=0-060 45cm~! and
A1 =0-06386cm~!).23 Although the spectrum of
the sample heated in the absence of NaF showed
some degree of saturation, a comparative estima-
tion of the amount of Pr** in both samples could
be made. Thus, it was found that the amount of
this cation in the sample heated in the absence of
NaF was much lower (between 10 and 20%) than
that contained in the sample heated in the presence
of this flux. This suggests the presence in the for-
mer sample of an important amount of Pr with a
different oxidation state, since the total Pr content
in both samples was similar (Table 1). In agreement,
the Pr,Zr,0 phase detected by X-ray diffraction in
the sample heated in the absence of the flux (Figs 3
and 4) indicates the presence of Pr? ™ which is a non-
Kramers ion and it was not detected by ESR.

It must be noted that the broadening of the ESR
lines in our samples was much higher than that
previously reported for Pr-ZrSiOy single crystals.?
This finding suggests a strong dipolar interaction
between paramagnetic centres (Pr**) in the pig-
ments probably as a consequence of agglomeration
of the Pr cations within the zircon matrix. This
suggestion agrees with the Pr/Zr mole ratio
obtained from the XPS spectra of the samples,
which was much higher than that corresponding to
the bulk material (Table 1) indicating an important
enrichment of Pr in the particle outer layers.

In order to gain additional information on the
nature of the Pr species incorporated into the Pr-
doped zircon powders, we also analysed their Ly
edge XANES spectrum (Fig. 7), which, as pre-
viously shown,?*?° can be qualitatively used as a
fingerprint of the oxidation state of Pr cations.
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Thus, as observed in the spectrum of the Pr (III)
acetate reference (Fig. 7), the Pr3* valence is
characterised by a single white line maximum at
5954¢eV (A) due to the 2p—6d transition in Pr3* 24
On the other hand, the spectrum of Pr** displays
two white lines at 5954 and 5965eV as a result of
the configuration interaction due to a large mixing
between localised 4f levels of Pr and more deloca-
lised O 2p levels.?*?> Such features (B and C) can be
observed in the spectrum of PrgOq; also included in
Fig. 7 as a reference. Notice that in this oxide,
~33% of the total Pr content corresponds to Pr3+.
Therefore, the line at 5954 €V has contribution from
the Pr** ions as well as from the Pr3* ions, whereas
the line at 5965¢V is only due to Pr*™.

In our case, the spectrum of the sample heated in
the absence of NaF is similar to that of Pr (III)
acetate, indicating that most of the Pr cations in
this sample are in a trivalent state, which would be
in agreement with the low amount of Pr** detected
by ESR (Fig. 6) and the presence of Pr,Zr,O; sug-
gested by X-ray diffraction (Figs 3 and 4). How-
ever, the spectrum of the sample heated in the
presence of NaF showed two white lines as PrgOq1,
manifesting the presence of Pr**. It should be
noted that although the intensity of the two white
lines of Pr*" also depend on the metal-ligand
bonding, the lower relative intensity of the line at

PrL

Pr(lll)-acetate

1400°C

Normalized Absorption

1100°C/NaF

5900 5920 5940 5960 5980 6000 6020 6040

Energy(eV)

Fig. 7. Pr Li-edge XANES spectra of the Pr-doped zircon

sample heated at 1400°C in the absence of NaF and at 1100°C

in the presence of NaF. The spectra of Pr (III) acetate and
PrgOq; used as references are also included.
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Fig. 6. EPR spectra measured at 10K for the Pr-doped zircon samples: (a) heated at 1100°C in the presence of NaF and (b) heated
at 1400°C in the absence of NaF. On the upper part of the plot, the parallel (continuous line) and perpendicular (dashed line)
resonant positions calculated with the parameters given in Ref. 21 are also included.
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5954eV in the spectrum of the Pr-doped zircon
powder heated in the presence of NaF, when com-
pared to that of PrgOy, suggests that this sample also
contain a certain amount of Pr3* . The latter could be
related to a very small amount of the Pr,Zr,O; phase
associated to the very weak peak at d=3-09 A detec-
ted by X-ray diffraction (Figs 4 and 5).

The unit cell parameters of zircon for the sample
heated at 1400°C in the absence of NaF and at
1100°C in the presence of this flux were measured
(Table 3) to gain information on the localisation of
the Pr species in the zircon matrix. In the first case,
the obtained parameters were found to be similar
to those of undoped zircon, whereas in the pre-
sence of NaF, an increase of the unit cell volume
was observed. These findings indicate the forma-
tion of a solid solution between Pr (IV) cations and
the zircon lattice, which are only appreciably pre-
sent in the sample when the firing is carried out in
the presence of NaF. Such a solid solution must be
then the main responsible of the strong yellow col-
our observed for the Pr doped zircon powders
heated in the presence of fluxes, as it has been pre-
viously shown for commercial pigments.>>

It should be noted that when the sample calcined
at 1100°C in the presence of NaF was heated again
at 1400°C, a significant decrease of the yellow col-
our intensity was observed as revealed by the
important decrease of the »* parameter from 54 at
1100°C to 35 at 1400°C (Table 2). This behaviour
was accompanied by the almost complete dis-
appearance of the Pr (IV) band (5965¢eV) in the
XANES spectrum of the sample (data not shown),
which was similar to that of Pr (III) acetate (Fig. 7).
This finding reveals an important decrease of the
Pr (IV) content in the sample, which under these
conditions show similar unit cell parameters to
those of undoped zircon (Table 3). In addition,
several weak peaks appeared in the X-ray diffrac-
tion pattern of the sample (Fig. 4), which can be
attributed to PrgSig0,4.2® These results strongly
suggest that the Pr (IV)-zircon solid solution

Table 3. Unit cell parameters (a,c) and unit cell volume (V)
measured for the Pr-doped zircon sample heated at different
temperatures in the absence or the presence of NaF, and for a
zircon blank. Parameters measured for a silicon standard
added to the samples are also included. Errors are given in

parentheses

Sample a(Ad) c(d) V(4%

Zircon 6-6046(6)  5-9798(5) 260-84(7)
5-4308(3)¢

1400°C 6-6045(3)  5-9801(4) 260-85(4)
54311(3)

1100°C/NaF 6-612(1)  5983(1) 261-6(1)
5-4313(6)

1100°C/NaF + 1400°C 6-6045(6)  5.9790(8) 260-80(8)

“Data referred to the silicon standard having an a parameter
for 5-4309.

becomes unstable at 1400°C. Therefore, we can
conclude that the main role of NaF in the pre-
paration of yellow Pr-zircon pigments is to
decrease the temperature of zircon formation to
the range in which the chromophore responsible
for the bright yellow colour, i.e. the Pr (IV)-zircon
solid solution, is stable.

4 Summary

The role that NaF plays in the preparation of Pr-
doped zircon pigments was studied through the
analysis of the nature and localisation of the Pr
cations into the zircon matrix. The Pr-doped zircon
powders were prepared by hydrolysis of liquid
aerosols generated from metal alkoxides and PrCls.
This procedure generates amorphous particles,
which were calcined up to zircon formation in the
absence and in the presence of NaF. In the first
case, the complete formation of zircon took place
after heating at 1400°C, at which temperature, a
weak yellow colour resulted and the Pr cations
mainly presented a threefold oxidation state being
located out of the zircon lattice as Pr,Zr,0O-. In the
presence of NaF, the minimum temperature
required for zircon formation decreased to 1100°C.
Under these conditions, most of the Pr cations
showed a fourfold valence and formed a solid
solution with the zircon lattice, which was respon-
sible for the stronger yellow colour observed in this
case. After heating this pigment at 1400°C, we
detected an exsolution of the Pr (IV) cations as
PrgSis0,4 which was accompanied by a decrease of
the yellow colour intensity. Therefore, it is con-
cluded that the main role of NaF in the preparation
of yellow Pr-zircon pigments is to decrease the tem-
perature of zircon formation to the range in which
the chromophore responsible for the bright yellow
colour, i.e. the Pr (IV)-zircon solid solution, is stable.
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