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Abstract. The studies of the synthesis of uranium carbide from uranyl-ascorbate gels using the complex sol-gel
process (CSGP) have been carried out. The synthesis of uranyl-ascorbate mixture as liquid sol from uranium
trioxide and ascorbic acid and solid gel by extraction of water from sol were carefully examined. Ascorbic acid
was used as a complexing agent in complex sol-gel process and as a carbon source. The crucial step to obtain
final uranium carbides from the aforementioned substrates is the carbonization process. The thermal behavior
of ascorbic acid and uranyl-ascorbate gels in a nitrogen atmosphere in the temperature range of 25-900°C were
investigated using TG-DTG. Furthermore, the products of the carbonization of uranyl-ascorbate gels in nitro-
gen, argon and vacuum atmosphere were identified by X-ray diffraction. TG-DTG was used also as a method
for determining of carbon residues in the samples.
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Introduction

The development of the new reactors’ generation
- generation-IV fast-neutron reactors — points the
way to new research. These systems offer significant
progress in sustainability, safety and reliability, eco-
nomics, proliferation resistance (depending on the
perspective) and physical protection. Fast neutron
nuclear reactors deployment requires the closure
of the nuclear fuel cycle to optimize the consump-
tion of natural resources (typically multiplying
energy production up to 100 for the same quantity
of uranium) and to minimize high-level wastes. The
further R&D activities focuses on the development
of extraction methods for the uranium recovery from
low grade raw materials, closed fuel cycle chemistry,
mixed oxide fuels (MOX) manufacturing, but also
for carbide and nitride fuel chemistry [1].

Carbide fuels have many advantages compared to

M. Brykala, M. Rogowski™, T. Olczak currently used MOX fuels, e.g. several times higher
Centre for Radiochemistry and Nuclear Chemistry, thermal conductivity, high thermal resistance (no
Institute of Nuclear Chemistry and Technology, significant creep behavior up to 1000°C), low neutron
16 Dorodna Str., 03-195 Warsaw, Poland, cross section, high density (UC approx. 13.6 g/cm?),
Tel.: +48 22 504 1054, Fax: +48 22 811 1917, high resistance during irradiation to high burn-up
E-mail: m.rogowski@ichtj.waw.pl and high corrosion resistance. These properties

permit an increase in the operating parameters of
Received: 18 June 2015 the core. Moreover, carbon in the compound is easily

Accepted: 5 September 2015 handled in its subsequent chemical processing [2-5].



922

M. Brykala, M. Rogowski, T. Olczak

The production of uranium carbide fuels is a
very difficult process. Uranium carbide is formed
by direct reduction of uranium oxides with carbon
in a carbothermic reaction under strict conditions
(Egs. (1), (2)). Moreover, uranium carbide can be
obtained by reaction of metallic uranium with car-
bon or methane (Egs. (3), (4)).

(1) UO,+3C—>UC+2CO T =1600°C

(2) Us03 +11C - 3UC + 8CO T = 1600°C

(3) U+C->UC T = 2100°C

(4) U+ CH, » UC + 2H;, T = 625-900°C

In this paper, an alternative method of uranium
carbide synthesis is proposed. The powder-free
complex sol-gel process (CSGP) for the synthesis
of advanced ceramic materials has been applied.
The CSGP process is an original variant of a sol-gel
method, which it has been elaborated in the Institute
of Nuclear Chemistry and Technology (Polish Patent
[6]). The main aim of this method is to use ascorbic
acid as a complexing agent to obtain stable aque-
ous sols with a high degree of amorphization and a
homogenous distribution of the components. CSGP
has been used to synthesize a variety of advanced
ceramic materials e.g. high temperature conduc-
tors [7], hydroxyapatite [8], Li,TiOs [9], uranium
dioxide [6, 10-12], etc.

Ascorbic acid (CsHgOg) is a well-known natural
antioxidant and vitamin (vitamin C) which is widely
distributed in nature. Structurally, ascorbic acid is a
sugar, a y-lactone, and enediol. It is unstable and is
rapidly oxidized (according to Eq. (5)) to dehydro-
ascorbic acid (DHA-C¢H¢Os) due to the presence of
two hydroxyl groups in its structure. These oxidation
reactions can be induced by increased temperatures,
higher pH, light, and presence of oxygen or various
metals ions that have suitable redox potentials [13].
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In the literature, it is possible to find examples
of the use of ascorbic acid as a carbon source, e.g.
in synthesis of Li;V,(PQO,)s/C [14] and Li,FeSiO,/C
[15] as cathode materials for lithium ion batteries
or for the synthesis of carbon coated PbTe [16] and
CdTe [17] nanowires. However, information about
the application of ascorbic acid as a carbon source to
synthesize carbide fuels is lacking in the literature.

Ascorbic acid has a single pair of electrons on
oxygen of hydroxyl groups and it forms a coordina-
tion bond with a uranyl ion. The addition of the
uranyl ion to ascorbic acid with a molar ratio of 1:1
produces brown complex [UO,A]*, where A-is ascor-
bate monoanion (CsH;Og)~ [18, 19]. The complex
formation may be presented by reaction (Eq. (6)).

(6) mMeO3* + nHAS [(MeO,),, A,]*"" + nH*

Ascorbic acid is totally decomposed during
thermal treatment conducted in air atmosphere
in the CSGP. The authors propose to use ascorbic
acid also as a carbon source for the synthesis of
uranium carbide. The presented results focus on
the first step of the thermal treatment - i.e. the
carbonization process, which was carried out in
the free-oxygen atmosphere to provide a mixture of
carbon and uranium oxides. The N,, Ar atmospheres
and vacuum atmospheres for decomposition of the
uranyl-ascorbate complex to the mixture of uranium
dioxide with carbon were investigated.

Experiment
Materials

The following reagents were used: uranium trioxide
(The British Drug Mouse LTD, B.D.H. Laboratory
Chemicals Division), ascorbic acid (ASC) (pharma-
ceutical grade, Takeda Europe GmBH). The purity
of used analytical nitrogen and argon gaseous were
99.9999%. The rest of the reagents were also used
as analytical pure grade.

Synthesis of uranyl-ascorbate gel

Uranyl-ascorbate sols were prepared by the addition
of uranium trioxide to a 1 M ascorbic acid aqueous
solution. The preparation of the homogenous solu-
tion of the sol with MR ASC/U = 1 is a key issue.
The plain flowchart of uranyl-ascorbate gel produc-
tion by the CSGP with subsequent steps of uranium
carbide synthesis is shown in Fig. 1. More details
about the CSGP and the IChT] gelation method to
obtain spherical particles are presented by Deptula
[10] and Brykala [11].

The carbonization process, presented in Fig. 1
was carried out in a chamber furnace (Nabertherm
VHT 08/18 GR, 8 dm’® volume) in nitrogen and
argon atmospheres at a flow rate of 150 L/h and in
vacuum (0.05 mbar), as initial conditions. The ura-
nyl-ascorbate gels with size of particles 50-100 um

uranium trioxide mixing  =—— ascorbic acid (aq.)

uranyl — ascorbate sol

J

gelation of sol
by water evaporation

I

uranyl — ascorbate gel

(irregular particles)

|

carbonization

oxygen-free atmosphere

1
|
[ vacuum

‘ carbothermic reaction

uc
Fig. 1. Flowchart of uranium carbide preparation in the
CSGP.
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Fig. 2. Flowchart of carbonization process of uranyl-
-ascorbate gels.

were carbonized using the furnace program showed
in Fig. 2. The conditions of the thermal treatment
were determined on the basis of TG-DTG results in
a nitrogen atmosphere.

Sample characterization

The thermal behavior of ascorbic acid and uranyl-
-ascorbate gel during the carbonization process in
nitrogen was investigated by thermogravimetric
analysis (TG-DTG - SDT Q600, TA Instruments).
The samples were heated from 25°C to 900°C at a
heating rate of 10°C-min~!. The experiments were
carried out in a nitrogen atmosphere at the flow
rate of 100 mL-min™. The sample was placed in an
alumina crucible while an empty alumina crucible
of the same size was utilized as a reference. The
carbon content was also calculated from the mass
loss in air atmosphere (700-900°C) from samples
(with size 30-70 um) that were carbonized earlier
in the inert atmosphere.

The characterization of the carbonization prod-
ucts was carried out using X-ray diffraction (XRD)
on a Siemens D500 powder diffractometer equipped
with a high-resolution semiconductor Si:Li detector
using KaCu radiation A = 1.5418 A. The diffraction
patterns were collected in a 6/26 scanning Bragg-
-Brentano mode, with a step of 0.05°, counting time
of 4 s/step and in the 20 range of 10°-80°. The ex-
perimental data were analyzed using the XRAYAN
phase analysis software and ICDD PDF4+ 2012
diffraction standards database.

Results and discussion

The TG-DTG plots of the behavior of ascorbic acid
and uranyl-ascorbate gel in a nitrogen atmosphere
are shown in Figs. 3 and 4.

The data obtained from the TG analysis of
ascorbic acid (in nitrogen) show three main stages
of decomposition. Solid ascorbic acid is stable up
to ca. 180°C, then it starts to decompose with the
maximum rate of decomposition at 231°C. The first
stage of decomposition occurs at 180-260°C and
the mass loss is 36.3% which is equivalent to the
release of H,O and CO,, little HCOOH and CO. At
that moment the decarboxylation and dehydration
process occurs. The second mass loss — 30.5% at
260-470°C of equivalent of CO, and CO (decar-
boxylation and decarbonylation process). At the

final stage of the decomposition of ascorbic acid at
470-800°C - a slow carbonization and slow mass
loss is observed. At the third stage, CO and CH, are
released. The total mass loss is about 75% and the rest
is the equivalent of carbon residue. It is known that
the decomposition of ascorbic acid is very complex
and over 200 different products of the degradation
have been reported [20-24].

The TG-DTG analysis of uranyl-ascorbate gel in
nitrogen (Fig. 4) shows the three maxima. The gel
is stable to ca. 130°C, because the mass loss before
100°C is connected to the gel drying. The maximum
rate of the decomposition for first maximum occurs
at ca. 160°C and represents the release of ca. 19.5%
i.e. molecular H,O and CO,. The second mass loss
- 10% at 180-270°C, is equivalent to CO, and CO.
During the last maximum of the decomposition of
uranyl-ascorbate gel at 270-490°C CO, and CO are
still released, but additionally a homogenous mixture
of uranium oxides with carbon is formed. The slow
carbonization and slow mass loss is observed above
490°C. The total mass loss in nitrogen is about 49%.

The results of the ascorbic acid decomposition
are crucial to calculate ASC quantity which should
be used to obtain the desired quantity of carbon.
The calculation is based on the experimental analy-
sis. An amount of 15.2 = 0.1 mmol C have been
obtained from 4.0 mmol ASC, therefore generally
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Fig. 3. Thermogravimetric curves of ascorbic acid
(11.3280 mg) annealed in nitrogen (heating rate:
10°C-min™, gas flow: 100 mL-min™).
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Fig. 4. Thermogravimetric curves of uranyl-ascorbate
gel (MR ASC/U = 1, 11.6260 mg) annealed in nitrogen
(heating rate: 10°C-min™', gas flow: 100 mL-min").
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Fig. 5. XRD pattern of the carbonized uranyl-ascorbate
gel in argon atmosphere.

whole synthesis (with carbonization and carboth-
ermic reduction) can be presented by Egs. (7) and
(8). Carbothermic reduction requires an adequate
C:UQO, molar ratio. In order to synthesize UC, C:UO,
molar ratio 3:1 is needed.

(7) UO,-ASC—ATA ,JQ,-C—ATAL 10 L (jo .C

AT, Ar or vacuum UC

(8) 8.7 mmol ASC + 10 mmol UO; — 10 mmol UC
+ 20 mmol CO (+ CH,, H,)

The X-ray diffraction patterns of the carbonized
samples of uranyl-ascorbate gel in nitrogen, argon
and vacuum atmospheres confirmed that the main
products are UO, and carbon. Carbon does not ap-
pear in the XRD, which may indicate its amorphous
form. XRD patterns for all samples look very similar
to this in Fig. 5. The unspecified form of carbon
or graphite which is present in samples will be the
carbon source for carbothermic reduction.

In order to analyze the carbon content in the
samples after the carbonization of uranyl-ascorbate
gel in different oxygen-free atmospheres, the spe-
cific TG analysis was performed. The samples were
heated in nitrogen from 25°C to 700°C and then the
atmosphere changed to air and was heated to 900°C.
The samples were annealed with a heating rate of
20°C-min™ and at a flow rate of gases 100 mL-min™".
It was possible to calculate the amount of carbon
from the difference of mass loss between 700-900°C.
TG curves for the carbonized samples of UO,-C
treated in nitrogen (20.3240 mg, green line), in argon
(26.9340 mg, red line) and in vacuum (20.4940 mg,
black line) are presented in Fig. 6.

The results of the TG analysis for all of the car-
bonized samples (Fig. 6) show that the mass loss in
the temperature 700-900°C in air is (respectively)
16.55, 11.02 and 17.61%, which is an equivalent

Table 1. Calculation of molar ratio U/C
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Fig. 6. Carbon TG analysis of the UO,-C samples carbon-
ized in various atmospheres (heating rate: 10°C-min!, gas
flow: 100 mL-min™).

to the amount of carbon after this step. In Table 1
calculations of molar ratio U/C based on the mass
loss (Fig. 6) are presented.

The preliminary calculations show that the molar
ratio of U to C in the samples after the carbonization
is 1:4.6 (N,), 1:3.1 (Ar) and 1:5 (vacuum). That
means that the output amount of ASC in uranyl-
-ascorbate gel with MR ASC/U = 1 was sufficient to
obtain an adequate amount of carbon. Therefore, it
is necessary to decrease the amount of ascorbic acid
in uranyl-ascorbate gel because a higher amount of
carbon (than U/C = 1:3) in the mixture with UO,
favors the formation of UC, during a carbothermic
reduction. Nevertheless, under these conditions of
treatment, especially Ar provides the ratio U/C equal
1:3, which is necessary to synthesis of homogeneous
UC. Other atmospheres (N, and vacuum) provide
higher molar ratios, what enforces decrease of starting
molar ratio ASC/U.

Conclusion

The results of study show that various oxygen-free
atmospheres for the carbonization process are very
important, because they control the amount of
formed carbon. The thermal behavior during the
carbonization process of uranyl-ascorbate gel and
ascorbic acid in nitrogen were similar: ascorbic acid
begins to decompose at 180°C and solid uranyl-
-ascorbate gel at 130°C. In both cases, H,O, CO,,
CO, HCOOH and CH, were released during the
decomposition process. Additionally, in the case of
the carbonization of gel, formation of a homogenous
mixture of uranium oxides with carbon residue at
T = 310-510°C was observed. The amount of carbon
residues depends on the protective atmospheres and
was as high as — 16.55% (in N,), 11.00% (in Ar)
and 17.62% (in vacuum), so that the molar ratio

L Mass loss Carbon amount Uranium amount
Carbonization atmosphere
[mg] [mmol] [mmol]?
N, 3.363 0.28 0.06
Ar 2.969 0.25 0.08
Vacuum 3.610 0.30 0.06

" Calculations based on the assumption that UO,; is the only residue.



Carbonization of solid uranyl-ascorbate gel as an indirect step of uranium carbide synthesis 925

of U to C in the samples after the process is 1:4.6
(N2), 1:3.1 (Ar) and 1:5 (vacuum). It means that
the yield from ASC is sufficient to obtain adequate
amounts of carbon which acts as a reactant in the
carbothermic reduction. It is therefore necessary
to decrease the amount of ascorbic acid in uranyl-
-ascorbate gel because a higher amount of carbon in
the mixture with UQ, favors the formation of UC,
during carbothermic reduction. Nevertheless, under
these conditions Ar provide the 3:1 ratio C: U,
which is necessary to synthesis of UC.

The idea to apply the powder-free CSGP with
ascorbic acid as a complexing agent and as a carbon
source to synthesize uranium carbide shortens the
time of the solid state reaction, eliminates work with
incorporation of dusty carbon black and improves
the homogenous distribution of carbon in the whole
volume of the samples.
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