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Abstract

The carboreduction of UOj; into UO, has been studied with an excess of carbon (C/U = 3 mole ratio). The results of
thermogravimetric (TG) studies, X-ray diffraction (XRD) and SEM reveal that the carboreduction depends upon the
texture and the physical mixture of the precursors UO; and carbon. Indeed, optimal carboreduction was obtained with
an improvement of UO; and carbon grains contacts during the reduction. The preparation of the mixture (UO; + 3C)
has been optimised by a slight manual grinding. © 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

Uranium dioxide is currently used as an intermediate
step for nuclear combustible fabrication. Uranium diox-
ide is usually obtained by hydrogen reduction, or some-
times by carbon monoxide reduction of uranium
trioxide. Reduction was found to take place in two dis-
tinct steps [1-3]: (i) the calcination of UO; to U;O0g at
923 K, (ii) the reduction of U305 to UO, by hydrogen
at 793 K or at 100 K less by carbon monoxide.

Uranium dioxide can be also obtained by reduction
with carbon [4]. But, the control of uranium oxide stoi-
chiometry is difficult during the conversion of
(UO; + C) to (UO, + C). Indeed, parasite reactions oc-
cur during the reduction of uranium trioxide, like oxida-
tion of carbon and a mixture of CO and CO, is evolved
[5]. Recently, Mukerjee et al. [6] have studied the carbo-
reduction of (UO; + C) microspheres. These authors
proposed to overcome this problem by reducing the
UQO, at temperatures below 973 K, for which the pro-
duced gas is mainly CO,. This reaction depends upon
the experimental conditions such as temperature, sample
size, geometry and partial pressure of carbon monoxide.
In order to get information on the texture and the phys-
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ical mixture effect for the carboreduction, we have stud-
ied in this work, two mixtures of (UO; + 3C): a
standard sample and a ground sample.

2. Experimental
2.1. Sample preparation and characterization

Two mixtures of (UO; + 3C) were prepared using
B-UO; phase and carbon. The B-UO; is obtained from
thermal decomposition of ammonium diuranate. It con-
tains less than 1% of nitrates and presents a specific sur-
face area of 24.6 m?/g, as measured by the BET method,
after outgassing the sample during 2 h at 373 K. The car-
bon was heated during 24 h at 373 K, and its specific sur-
face area is equal to 98.5 m?/g.

For the first (UO; + 3C) preparation, the UO; is
mixed during 2 h with the carbon in a C/U =3 mole ra-
tio and is stocked under argon. After outgassing during
2 h at 373 K the mixture exhibits a specific surface area
of 32.2 m?/g.

The second mixture, (UO; + 3C) was prepared start-
ing from the previous mixture (UO; + 3C) by a slight
manual grinding. The manual grinding is realized in a
mortar until a homogeneous black color was obtained
for all of the mixture. This mixture notated (UO3 + 3C)*,
presents the same specific surface area as the unground
sample (31.8 m?/g) after outgassing during 2 h at
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Table 1
Results of specific surface area and porosity

Specific surface area (m?/g)

Diameter of particule (nm) *

Pore volume (cm?®/g) Pore diameter (nm)

C 98.5 27
U0, 24.6 31
(UO; + 3C) 322 -
(UO; + 30) 31.8 -

0.36 10-100
0.054 3.8-6.0
0.1 3.8-6.0-35
0.18 3.5-6.0-60

2 Results deduced from relation (1).

373 K. The results of the texture of these samples are
summarized in Table 1.

The specific area and pore volumes were determined
from isotherm adsorption and desorption measured on a
micromeritics ASAP2000 apparatus. X-ray powder dif-
fraction spectra were recorded at room temperature on
a Siemens D5000 diffractometer using nickel filtered
Cu-Ka radiation. Microphotographs were obtained on
a scanning electron microscope Jeol JSM 840.

2.2. Thermal analysis

Thermogravimetric (TG) studies were carried out on
the Setaram TAG 24 thermal analyzer equipped with a
mass spectrometer. The sensitivity of the balance was
10 pg. The temperature of the sample was measured by
a Pt/Pt + Rh thermocouple. The weight loss (TG), rate
of weight loss (DTG) and temperature plots were record-
ed. The reactions were performed under flowing helium
(21/h) with a 5 K/min heating rate up to 1173 K. The sam-
ple size in each experiment was 28 mg. At intermediate
steps and at the end of the reaction, samples were ana-
lyzed by X-ray diffraction method (XRD).

3. Results and discussion
3.1. Structural and textural characterization

The XRD pattern of the UO; precursor used in the
mixture presents the characteristic peaks of UOs 3 phase
(Fig. 1). The carbon precursor was proved to be amor-
phous by XRD (Fig. 2). On the XRD patterns of both
mixtures of UO; and carbon, only the B-UQO; phase is
detected (Fig. 3), which was expected since only crystal-
line compounds can be identified.

Specific surface areas and pore volumes are reported
in Table 1. The porosity distribution is measured from
the desorption isotherm using the BJH method. Adsorp-
tion desorption isotherms of all the samples C, UQO;,
(UO; + 3C) and (UO; + 3C)* are given in Fig. 4(a)—(d).

An important specific surface area is observed for
carbon, 98.5 m?/g, to which corresponds a particle diam-
eter, D, equal to 27 nm as calculated from the following
relation (assuming spherical particles):
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Fig. 1. The XRD pattern of UO;.
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Fig. 2. The XRD pattern of carbon.

6

D:p7S (1)

in which p is the density (2.25 g/cm?® for carbon) and S
the specific surface area.

The pore size distribution of carbon shown in
Fig. 5(a) presents a wide peak from 10 to 100 nm, whose
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Fig. 3. The XRD pattern of UQO;, (UO; +3C) and
(UO; + 30)".

maximum intensity is about 0.5 cm?*/g at 40 nm. This in-
dicates the presence of a large mesopore population with
a cumulative specific pore volume equal to 0.36 cm?/g.

For B-UO;, the specific surface area is equal to
24.6 m?/g which leads (using relation (1)) to a mean par-
ticle diameter of 31 nm, assuming spherical particles and
density of 8 g/cm?. The pore size distribution (Fig. 5(b))
presents two peaks centered at about 3.8 and 6.0 nm
which corresponds to an intensity lower than that found
with carbon. The cumulative specific pore volume is
found to be equal to 0.054 cm?/g.

In the case of the two mixtures, the specific surface
area is equal to 32 * 2 m?/g (which agrees with the value
32.6 m?/g calculated from the specific surface areas of
the two UO; and C powders), but the pore size distribu-
tions are quite different (Fig. 5(c) and (d)). The pore size
distribution found for (UO; + 3C) is similar to that of
the UO; compound, since the mass of carbon used in
the mixture gives a contribution of only 12%. However,
if we take into account the cumulative pore volumes rel-
ative to each compound, we obtain a calculated cumula-
tive pore volume for the mixture equal to 0.09 cm?®/g,
which is in very good agreement with the measured
one (0.1 cm¥/g).

For the ground mixture, we observe, besides the bi-
modal porosity due to UQ;, the appearance of a large
peak centered at about 60 nm. This is clearly illustrated
in Fig. 6, in which the UO; and carbon pore size distri-
butions have been reploted using a specific volume scale
related to that of the corresponding amount in the mix-
ture, which allows a direct comparison of the various
peak intensities. These new pores cannot be attributed
to the carbon, because the peak intensity is too high
and the pore size is too large compared to what can be
expected from Fig. 5(a). In order to understand the ori-
gin of this new porosity, the two mixtures were observed
by SEM.

The mixtures observed at the same magnification
(x50) and shown in Figs. 7 and 8 present different sizes
of particles. On one hand, for the standard (UO; + 3C)
mixture (Fig. 7), we observed only few particles in
200 pum size of diameter. On the other hand, for the
ground mixture (UO; + 3C)* many particles inferior to
100 pm size of diameter are observed in Fig. 8. If we
compare the two mixtures at higher magnification
(x1000) in Figs. 9 and 10, we can see only the surface
of an agglomerate for the unground mixture (UO; + 3C)
(Fig. 9). We can see black and white particles. A micro-
analysis X in these regions confirms the presence of car-
bon for dark particles and uranium for white particles. In
the ground mixture (UO; + 3C)*, Fig. 10, we can ob-
serve entire particle, whose size is 10-40 um in diameter.

So, according to the BET and porosity results and
these observations, we can represent the two mixtures
by the schemes given in Figs. 11 and 12. The mixture
(UO; + 3C) represented in Fig. 11 shows large agglom-
erates (200 um diameter) of smaller aggregates (10 um
diameter) of UO; elementary particles (0.03 um diame-
ter), all of them being overlapped by carbon grains.

Such a description accounts for the pore size distribu-
tion, cumulative pore volumes, and specific surface area
of the powder, all the elementary particles are accessible
to the nitrogen during adsorption measurement.

The ground mixture (UO; + 3C)* is represented in
Fig. 12 by new agglomerates (30-40 pm diameter) of
the previous aggregates (10 um diameter) of UOj; parti-
cles, however this time carbon grains are located inside
the agglomerates, directly in contact with the UO; ag-
gregates. These new contacts between carbon and urani-
um trioxide aggregates created by the grinding is
certainly at the origin of the formation of the porosity
observed at 60 nm (Fig. 5(d)).

In conclusion, the grinding of the mixture
(UO; + 3C) has broken the large agglomerates of urani-
um trioxide aggregates and has enabled the penetration
of the carbon inside the agglomerates, and finally has in-
creased the number of contacts between carbon grains
and uranium oxide aggregates. Nevertheless, this rear-
rangement has not changed the surface accessible to
the gas (same specific surface area for both samples) be-
cause the manual grinding does not modify the size of
the elementary particles.

3.2. Thermal analysis

3.2.1. Thermal reduction of p-UO;

Fig. 13 presents the weight loss (TG) and rate of
weight loss (DTG) curves during f-UOj; heating. An ini-
tial weight loss (less than 1 wt%) around 373 K is ob-
served, accompanied by an evolution of water as
indicated by the appearance of mass 18 at the mass spec-
trometer. This is due to the desorption of water con-
tained in the sample. We can also see an important
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Fig. 4. Adsorption desorption isotherms of (a) carbon, (b) uranium trioxide, (c) (UO; + 3C) and (d) (UO;5 + 3C)* ground mixture.

weight loss (1.86 wt%) with a DTG peak at 823 K ac-
companied by an important emission of oxygen (appear-
ance of mass 32 to the mass spectrometer). This weight
loss corresponds exactly to the theoretical weight loss
according to the thermal decomposition of UQOj; into
U;04 following the reaction (2):

1
3UO; — U308 + 502 (2)
The X-ray powder pattern taken on a heated sample
confirmed the formation of Us;Og compound. Conse-
quently, the DTG peak at 823 K is attributed to the
transformation of UO; into U;0Og by thermal decompo-
sition.

3.2.2. Carboreduction of (UO5 + 3C) and (UO; + 3C)*
ground

The TG and DTG curves for the two mixtures of
UO; and carbon, unground and ground, during heating
up to 1200 K are presented respectively in Figs. 14 and
15.

Four DTG peaks are observed for the undground
mixture at 373, 713, 823 and 863 instead of three DTG
peaks at 373, 713 and 863 K for the ground mixture.
The first one at 373 K, is observed for both mixtures,
with a weight loss inferior to 1% and accompanied to
an emission of water, which can be attributed to the loss
of adsorbed water, as for the B-UO; compound. All the
other DTG peaks observed for the two mixtures are
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Fig. 8. SEM photograph of (UO; + 3C)* ground mixture; mag-
nification x 50.

Fig. 9. SEM photograph of (UO; + 3C); magnification x 1000.

accompanied by evolution of carbon dioxide and nitro-
gen dioxide (with appearance respectively of mass 44

carbon grains

Fig. 10. SEM photograph of (UO; + 3C)* ground mixture;
magnification x 1000.

and 46 to the mass spectrometer). The emission of nitro-
gen dioxide for each maximum is two orders of magni-
tude less in intensity than that of carbon dioxide, it
does not contribute to the weight loss. The evolution
of nitrogen dioxide during heating is probably due to
the preparation method of uranium trioxide.

The DTG peak found at 823 K for the unground
mixture (Fig. 14) presents the same maximum of tem-
perature and weight loss (wt 1.8%) of the compound
B-UOs; (Fig. 13). So, this peak is attributed to the ther-
mal decomposition of UO; into U;Og. Nevertheless, this
DTG peak at 823 K found for the unground mixture
disappears after grinding (Fig. 15) with higher weight
losses at 713 and 863 K, respectively (2.3% instead of
0.6% for 713 K and 4.6% instead of 0.8% for 863 K).
Moreover, we can notice for the (UO; + 3C)* ground
mixture (Fig. 15) that the transformation is really com-
pleted at 1073 K with no more emission of carbon diox-
ide, whereas the unground mixture is not completely
transformed even at 1173 K.

UO, aggregate
(10 pm diameter)

elementary particule of UO,
 (0.03 um diameter)

UO, agglomerate (200 pm diameter)

Fig. 11. Scheme of (UO; + 3C) unground mixture.
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carbon grains in contact

with UO, aggregates —»

UO, aggregates

&{:\1’\\(10 um diameter)

UO, elementary
particle
(0.03 pm diameter)

agglomerates of UO, aggregates and C

Fig. 12. Scheme of (UO; + 3C)* ground mixture.

The experimental weight loss (2.3%) observed for the
ground mixture at 713 K is equivalent to the theoretical
weight loss calculated for the reduction of UO; into
U304 by carbon according to the reaction (3):

1 17
3(UO; + 3C) — U305 + ECOZ —+ ?C. (3)
And the 4.6% weight loss observed at 863 K for the
ground mixture is similar to the theoretical value ob-
tained for the reduction of U;0g into UO, by carbon ac-
cording to the reaction (4):

U504 + 177C — 3U0, + CO, + gC. (4)

Besides, the XRD patterns of the products obtained
at intermediate steps exhibit for the ground mixture
(Fig. 16) only the peak of the U;Og phase at 823 K
and that of the UO, phase at 1173 K. Whereas, XRD
patterns of the (UO; + 3C) mixture given in Fig. 17, re-
veal the presence of two phases at 723 K, B-UO; and
U;04. We can observe only the U;Og phase alone, after
heating at 843 K. At 923 K, the UO, phase begins to ap-

pear but the U;Og phase remains. At 1173 K the final
product found is the UO, phase.

Consequently, from the results above we can interp-
ret the TG and DTG curves of Figs. 14 and 15 as fol-
lows: reduction of UO; into U;Og by carbon at 713 K,
thermal decomposition of UO; into U;Og at 823 K
and carboreduction of U;Og into UO, at 863 K.

These results are in agreement with the observation
made by Mukerjee et al. [6]. Indeed, the temperature
range of UO; thermal decomposition and UO; carbore-
duction into U304 are quite similar to those found by
these authors under vacuum, with a temperature of car-
boreduction (UO; — U;0g) always 100 K inferior to
those required for thermal decomposition.

4. Discussion

For the carboreduction of U;Og into UQO,, (the max-
imum of the DTG peak at 863 K) different mechanisms
can be involved:

1. Diffusion of oxygen O from U;Og to the surface car-
bon grains.
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Fig. 16. The XRD patterns of the products obtained for the (UO; + 3C)* ground mixture at 273, 713, and 1123 K.
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Fig. 17. The XRD patterns of the products obtained for the (UO; + 3C) unground mixture at 273, 723, 843, 923, and 1123 K.

2. Diffusion of carbon to the surface of the U;Og parti-
cles.
3. Reduction by gaseous CO intermediate.

The fact that the reduction is completed at 1073 K for
the ground mixture and uncompleted for the unground
mixture, means that the contact between uranium oxides
and carbon grains must be favored. Moreover, we have
never detected CO during the carboreduction, although
at temperatures higher than 1073 K it is possible to form
CO gas according to the Boudouard equilibrium (5):

CO, +C=2CO (5)

So, we can consider that the U;Og carboreduction in-
volves a diffusion step (cases 1 and 2). The diffusion co-
efficients of oxygen or carbon are such that in the case of
the unground mixture, only UQj; particles nearest to car-
bon grains are first reduced.

Nevertheless, to decide about which of the oxygen or
carbon is the diffusing species, it is necessary to complete
this work by a kinetic study. Indeed, the absolute rate of
conversion depends on the surface where the rate deter-
mining step occurs. This is being studied and will be
dealt with in a forthcoming paper.

5. Conclusion

We have shown by SEM that the grinding increases
the number of contacts between uranium trioxide aggre-
gates and carbon by penetration of carbon grains inside
new smaller agglomerates, formed during grinding. The
consequence of the improvement of the contacts be-
tween the two reactants leads to a better behavior of
the mixture during carboreduction, as clearly demon-
strated by the TG study. Indeed, for the unground mix-
ture the transformation of UOj; into U3Oy is essentially
realized by thermal decomposition (about 823 K). Only
a few carbon grains participate in the reduction of UO;
to U3Og which certainly are the carbon grains surround-
ing the agglomerates, since only the carbon grains
around the large agglomerates are in direct contact with
the uranium oxides aggregates. Consequently, for the
same reason, only a small proportion of U;Og can be re-
duced to UO, by carbon at 863 K in this mixture.
Whereas for the ground mixture, it is clear that all the
UO; particles are reduced to U;Og by carbon at 713
K, and the U;Og particles formed are reduced to UO,
at about 863 K by carbon. Contrary to the unground
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mixture, the carboreduction of uranium trioxide to ura- [3] RM. Dell, V.J. Wheeler, Trans. Faraday Soc. 58 (1962)
nium dioxide is completed at 1073 K. 1590.

[4] J.J. Katz, E. Rabinowitch, The Chemistry of Uranium, Part

1. Element, its Binary and Related Compounds, McGraw

References Hill, New York, 1951.
[5] J.J. Lawrence, D.J. O’Connor, J. Nucl. Mater 4 (1961)
[11 L. Morrow, S.A. Graves, S. Tomlinson, Trans. Faraday 79.
Soc. 57 (1961) 1400. [6] S.K. Mukerjee, G.A.R. Rao, J.V. Dehadraya, V.N.
[2] Tomlinson, Morrow, Graves, Trans. Faraday Soc. 57 (1961) Vaidya, V. Venugopal, D.D. Sood, J. Nucl. Mater. 199

1008. (1993) 247.



