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Abstract

Nanocrystalline thoria–ceria (Th1�xCex)Oy powders in a ratio of x = 0.05�0.5 mol% were prepared by a co-precipi-
tation process, which employs thorium and cerium nitrate as thorium and cerium source material, deionized water as
solvent and ammonia gas as precipitant. Cerium was used as a simulator for plutonium and the other actinides with
a +4 valency. After co-precipitation the aqueous (Th1�xCex)(OH)y Æ nH2O cakes had been dried at 110 �C, these powders
were separately milled in acetone, carbon tetrachloride, n-dodecane, isopropanol and water before and/or after calcina-
tion at different temperatures (300–600 �C). DTA-TG, XRD, TEM and BET analyses were performed to characterize the
produced powders. Characterization results revealed that the materials were not crystallized, even the temperature
reached up to 600 �C. The crystallization of (Th1�xCex)Oy began at about 600 �C. The crystal growth took place between
the temperatures 600 �C and 1200 �C. The powders have a range average crystallite sizes from 5 to 115 nm, with a spe-
cific surface area from 6 to 111 m2/g depending on the calcination temperature and Ce mol%. In this way the crystallized
nano (Th1�xCex)O2 powder with a higher specific surface area is able to be produced to obtain the pellets in very high
density.
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

The minor actinides especially Pu, Np and Am,
which occur as decay products in nuclear reactors,
are the most important nuclides determining the
long-time risk of final disposal. Therefore after sep-
aration from the fission products the minor actini-
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des must be deposited of in a safe environment or
they must be further processed as fuel.

Various investigations for many kinds of materi-
als, ceramic as the most important of them well-
known for its characteristic properties, have been
already realized for the final disposal of plutonium
and the other minor actinides both excess from dis-
mantled nuclear weapons. Some of these studies
concerning different types of ceramic materials can
be found in literature [1–5].

Thorium dioxide ceramic is an important mate-
rial for immobilizing of tetravalent long-lived actin-
ides and transmutation of fission products, due to
.
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its interesting properties. Crystallized thoria is
known to be very insoluble in aqueous media [6].
Thoria has a face-centered cubic (fcc) fluorite-type
crystal structure that is isomorphic with that of tet-
ravalent actinides dioxides (UO2, PuO2 and NpO2)
[7,8]. There has been a considerable interest in
studying the feasibility of thorium-based fuel reac-
tors, in order to decrease production of radionuc-
lides and especially that of minor actinides and
plutonium [9]. As a matter of fact ThO2 is an impor-
tant refractory material with a high fusion tempera-
ture (3360 �C) for high temperature application and
exhibits a good resistance to irradiation [7,8].

CeO2 has been used as a surrogate material to
simulate of PuO2 or the other actinides with a +4
valency [10–12]. ThO2 and CeO2 form almost an
ideal solid solution in the complete homogeneity
and composition range [10–13]. CeO2 and PuO2

have quite similar physico-chemical properties,
namely, ionic sizes in octahedral and cubic coordi-
nation, melting points, standard enthalpy of forma-
tion and specific heat. The dissolution behaviour of
them into the crystalline assemblage are generally
coincided and the overall shrinkage under the base-
line sintering conditions is essentially identical. Thus
the plutonium chemistry can be well simulated using
CeO2 in place of highly active PuO2 [12,14,15]. The
thermo-physical properties, the bulk and lattice
thermal expansion behaviour of thorium-based sys-
tems with PuO2 and the oxides of the some fission
products have been investigated by several groups
[10,11,16,17]. Tyagi and Mathews [16] have used
CeO2 as a surrogate material in place of PuO2 to
simulate the thermal expansion behavior of
Th1�xPuxO2 (x = 0.04 and 0.08). In this perspective,
they have also studied the bulk thermal expansion
behaviour and thermodynamic properties of
Th1�xCexO2 in the complete solid solution range
[16,17].

There are many ways to synthesize the mixed
oxide powders of (Th1�xCex)Oy. Sol–gel, co-precip-
itation and thermal treatment (heating of precursor
materials) are well-known production methods.
Haas [18] has produced thoria powdered samples
by converting a thorium nitrate solution into a sin-
terable powder using a sol–gel process. Whitfield
et al. [19] have prepared two series of mixed oxides
of (ThCe)O2 and (ThCe)O2�x by hydrogen reduc-
tion in the temperature range of 973–1673 K. Tho-
ria–ceria ceramic materials, in which ThO2 powder
was blended with (Th0.87Ce0.13)O2 coprecipitated
powder, have been produced to get the sintered pel-
lets with the mean composition of (Th0.94Ce0.06)O2

[20]. Crystallized thoria powder have been obtained
also by heating various precursors such as thorium
nitrate, oxalate or hydroxide at various tempera-
tures ranging from 700 �C up to 1600 �C [21,22].
Hubert et al. [7] have prepared ThO2 powder by
heat treatment of thorium oxalate and by precipita-
tion of hydroxide to study the influence of the pre-
cursor and the calcination temperature on the
dissolution of thorium dioxide.

In this work, the nanocrystalline (Th1�xCex)Oy

powders were synthesized and characterized to
finally dispose of the minor actinides (Pu and the
other with a +4 valence) as a stable solid solution
in ThO2-based ceramic materials. In the experimen-
tal studies, co-precipitation method was used to syn-
thesize the nanocrystalline (Th1�xCex)Oy powders,
utilizing cerium as a simulator for these actinides.
The powder characteristics like decomposition,
crystallization, crystallite size and specific surface
area were investigated depending on the ratio of
Ce (5–50 mol%), the calcination temperature and
the grinding solution.
2. Experimental procedures

2.1. Chemicals

Th(NO3)4 Æ 5H2O with a purity of 99 wt% from
Merck and Ce(NO3)3 Æ 6H2O with a purity of
99.5 wt% from Alfa Aesar, ammonia gas (99.98%)
as a precipitator and distilled water as a solvent
were used to prepare (Th1�xCex)(OH)y powders.
2.2. Preparation of (Th1�xCex)Oy powders

Precipitation process was performed on a mag-
netic stirrer at the room temperature. Th(NO3)4 Æ
5H2O and Ce(NO3)3 Æ 6H2O were dissolved in dis-
tilled water in a ratio of Ce (5–50 mol%). During
the mixing of nitrate solution, ammonia gas was
given slowly in a maximum flow rate of 6 l/min.
The precipitates were formed in 20 min for 2.5 l
solution. The samples were filtered by a suction
funnel filter with the help of vacuum pump, washed
several times simultaneously with distilled water
and dried for 3 days at 110 �C in dryer furnace.
After than (Th1�xCex)(OH)y powders were calcined
at different temperatures (300, 420 and 600 �C)
before and/or after grinding of the powder
materials.
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Fig. 1. DTA-TG analysis of Th(OH)4 and (Th1�xCex)(OH)4
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268 Ö. Yildiz / Journal of Nuclear Materials 366 (2007) 266–271
2.3. Powder characterization

The dried and calcined powders were character-
ized before and after calcinations using several tech-
niques. Differential thermal analysis with
thermogravimeter (DTA-TG), X-ray powder dif-
fraction (XRD) and transmission electron micro-
scope (TEM) were used to examine crystallization
and morphology. The specific surface area of pow-
ders was determined by using BET method.

In order to determine the thermal behaviour of
powders during heating ranging from room tempera-
ture to 1400 �C, differential thermal analysis (DTA)
and thermogravimetric analysis (TG) were carried
out by using a DTA-TG system, Model STA 449C
from NETZSCH with a heating rate of 5 K/min in air.

XRD was used to observe the crystal structure
and the influence of the temperature on the crystalli-
zation. The X-ray diffraction patterns were recorded
on a STOE & Cie STADI P Diffractometer using
Co–Ka1 radiation with characteristic wavelength
k = 1.78897 Å (2h = 5–85�) at room temperature.

TEM was used to examine the crystallization,
morphology and grain sizes of the calcined and grin-
ded powders. The diffraction pattern and TEM
images were taken with an instrument from Philips
CM30 type at ‘Institut für Gesteinshüttenkunde
der RWTH Aachen’.

The specific surface area was measured with a
Quantasorb type apparatus from Quanta Chrome
using the BET method (adsorption of nitrogen).
The powders were prepared from the calcined and
uncalcined hydroxide and the samples were dried
at 120 �C for 3 h, and than measurements were car-
ried out. Here, the influences of heat treatment on
the specific surface area of powders were studied.

3. Results and discussion

After dried, the Th(OH)4 sample had a white col-
our and the other (Th1�xCex)(OH)y samples had a
yellowish colour. That was dependent on the weight
percentage of cerium in mixing. In other words the
cerium oxide has a yellow colour if cerium oxide is
in a CeO2 form. Therefore, the precipitates can be
called as (Th1�xCex)(OH)4.

3.1. Thermal behaviour of the (Th1�xCex)(OH)4

powders

The thermal behaviour of the dried
(Th1�xCex)(OH)4 powders were characterized by
differential thermal analysis with thermogravimeter
(DTA-TG). According to the DTA-TG analysis,
draining began at �110 �C in all samples and the
mass loss continued until �600 �C (Figs. 1 and 2).
During heating of the samples from 110 to 600 �C
a mass loss ca. 8 wt% was revealed; but, after
600 �C no significant mass loss was observed.
Among all samples Th(OH)4 had the highest
mass loss (Fig. 2), while the (Th0.85Ce0.15) (OH)4

sample had a lowest mass loss, although the
(Th1�xCex)(OH)4 samples had a similar TG-curve.

Ranging from 150 to 800 �C, there were two
main temperature fields (150–300 �C and 400–
500 �C), where the highest mass loss and endother-
mic reactions were arisen. One exothermic peak
was expected to occur at 350–400 �C for CeO2 [23]
and the crystallization of ThO2 to take place about
700 �C [24]. However, as seen from the Fig. 2, this
did not turn out and the nested complex endother-
mic and exothermic effects could not be clearly
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Fig. 5. Electron diffraction pattern obtained using TEM from
(Th0.95Ce0.05)O2 powders heated at 1200 �C.
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identified. Since ThO2’s and CeO2’s endothermic
and exothermic peaks mutually affect each other.

The influence of temperature and mol% of Ce on
the crystallization of mixture can be better identified
by XRD analysis (Figs. 3 and 4) than DTA. The
samples with more mol% of Ce have a stronger
intensity of the XRD peaks than those of the other
samples with less mol% of Ce. The influence of this
effect in mixture was shown in Fig. 3. The sharpness
of the XRD peaks was identified in the samples
heated at high temperatures (>800 �C) (Fig. 3). All
the powder materials were crystallized at 100 per-
cent at about 1200 �C (Figs. 3 and 4). The influence
of heat treatment on the crystallization can be
revealed in electron diffraction patterns using
TEM as well (Fig. 5).
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Fig. 6. The influence of the calcination temperature and grinding
solution on the specific surface area of the (Th0.95Ce0.05)(OH)4

powders.
3.2. Physical behaviour of the (Th1�xCex)(OH)4

powders

According to the DTA-TG analysis, the powder
samples were calcined at different temperatures
(300–600 �C) before and/or after grinding. The
grinding of one sample was realized in different
solvents (acetone, carbon tetrachloride, n-dodecane,
isopropanol and water) to compare the influence of
the grinding solution on the specific surface area of
powders. As shown in Fig. 6, all of these solvents,
acetone is the best to grind of these powder materi-
als. Carbon tetrachloride and acetone have similar
effects on the specific surface area but carbon tetra-
chloride has a higher evaporation temperature and
higher toxicity than those of acetone. Furthermore,
carbon tetrachloride has a carcinogenic characteris-
tic and the recycling of acetone is easer than that of
carbon tetrachloride.

Therefore the powder materials were grinded in a
ball mill for 6 h using Al2O3 ball in acetone solution
to investigate the influence of mol% of Ce in mixture
on the specific surface area of powder materials. The
results showed that as the Ce mol% increased, the
specific surface area of powder materials decreased
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(Fig. 7). When the Ce mol% is risen from 20 to 50, it
caused much slower decrease in the specific surface
area than that of between 5 and 20. The specific sur-
face area of (Th1�xCex)(OH)4 was positively influ-
enced by the heat treatment approximately until
300 �C, and it declined after 300 �C (Figs. 6 and 7).

The average crystallite sizes of these (Th1�x-
Cex)(OH)4 powders ranging from 5 to 115 nm were
calculated from specific surface area (6–111 m2/g in
Fig. 7) depending on the content of cerium in
mixture and on the calcination temperature. The
TEM picture showed the morphology and crystal-
lite size of the (Th0.95Ce0.05)O2 nanoparticles
(agglomerate powders) heated at 1200 �C (Fig. 8).

The effects of grinding solution, calcining temper-
ature and Ce mol% on the microstructure, particle
size and specific surface area of powders were easily
adjusted in the preparation of powder materials
(Figs. 3, 4, 6 and 7). The grinding solutions (ace-
Fig. 8. TEM image of (Th0.95Ce0.05)O2 powder materials
(agglomerate) heated at 1200 �C.
tone, carbon tetrachloride, n-dodecane, isopropanol
and water) had some different effects on the prop-
erty of powder materials depending on the calcining
temperature (Figs. 6 and 7). Although the calcina-
tion had a positive influence on the specific surface
area until 300 �C, the specific surface area of powder
materials went down by calcining at high tempera-
tures (>300 �C) (Figs. 6 and 7). Therefore, the calci-
nation of (Th1�xCex)(OH)4 powders at high
temperatures was not appropriate to produce the
ultra fine powder materials. In addition, the impu-
rity arose from grinding ball by distribution of
agglomerate in powder, when the powder was cal-
cined at high temperatures (>300 �C especially
>600 �C). When the powders were first grinded after
calcined at 300 �C (or < 300 �C) and then calcined
between 600 and 800 �C, these powders had the best
property (high specific surface area, low particle size
and good particle size distribution) for compaction.
Thus, the determination of the suitable calcination
temperature before grinding was very crucial. The
experimental work showed that any chances in the
preparation parameters of powders (precipitation,
drying, calcining and grinding conditions) had a
great influence on the powder characteristics.
Hence, the powders with desired characteristic can
be easily produced and used for all purpose by some
little change or modification of these parameters.

4. Conclusions

Nanocrystalline (Th1�xCex)O2 powders were eas-
ily synthesized using co-precipitation process. The
produced powders had a property such as high
specific surface area, low particle size and suitable
particle size distribution for compaction. It is well
known that the crystallite size (the dimension of spe-
cific surface area), especially the particle size distri-
butions and agglomerate form of powders are very
important for the compactibility. In this work it
was brought about that the heat treatment of pow-
ders had a linear relation with the specific surface
area until 300 �C. But, the specific surface area of
powders was gone down by calcining at high tem-
peratures (>300 �C). When the powders were cal-
cined at high temperatures (>600 �C), the grinding
of powders was problematic because the heat treat-
ment at high temperatures led to occur the hardened
agglomerate, giving rise to arising the impurities
from grinding ball. According to the TG analyses,
the mass losses in hydroxide powders were contin-
ued until ca. 800 �C. Therefore, the heat treatment
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of powders must be performed before grinding at
300 �C (max. 500 �C) and after grinding at 600 �C
(max. 800 �C). Among the solvents used in this
work, acetone was the most suitable for grinding
of powders. Given those aforementioned results,
the produced powders had a high specific surface
area (6–111 m2/g) depending on the ratio of Ce
(5–50 mol%) to obtain the pellets in very high den-
sity. The compactibility and sintering behaviour of
nanocrystalline (Th1�xCex)O2 powders will be pre-
sented for future work.
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