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AbstractrThis report describes the chemical aspects of a thorium-based fuel cycle.
It is part of a series devoted to the study of thorium-based fuel as a means
to achieve a considerable reduction of the radiotoxicity of the waste from
nuclear power production. Therefore special emphasis is placed on fuel
(re-)fabrication and fuel reprocessing in the present work. i
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1. INTRODUCTION

The major part of the nuclear power is being generated in reactors which
are operated in the uranium cycle, where 235U is the fissile material and
238U is the matrix. A major disadvantage of the use of •uranium fuel is
the production of transuranium elements through neutron capture in 238U
and in the products of this process. These elements, in particular pluto-
nium, neptunium and americium, contribute significantly to the long-term
radiotoxicity of the high-level waste for which underground burial is being
considered in most countries. Presently, partitioning and transmutation of
the above mentioned transuranium elements is attracting much attention as
it might be a means to achieve a considerable reduction of the radiotoxicity
of the waste from nuclear power production.

A different approach to this waste problem is the use of thorium-based fuel
as reactors operated in a thorium fuel cycle will produce much less transura-
nium elements per unit of fission energy. However, the alpha-toxicity of
the waste from thorium-fueled reactors is still above the level of the ore
of which the fuel is fabricated, as non-natural long-lived uranium isotopes
(232U, 233U, 234U) are formed in significant amounts during irradiation.

Because natural thorium, 232Th, is not a fissile nuclide, an external start-
up material has to be added to a thorium-based fuel. This can be natural
uranium, enriched in 235U, or plutonium from reprocessing of LWR fuel.
During irradiation of thorium fuel 233U is formed as a result of neutron
capture in 232Th. This 233U is a highly fissile nuclide which significantly
contributes to the power production, like 239Pu in the uranium cycle. It can

make-up material

fuel fabrication

reprocessing Reactor

mining
waste

ore geological disposal

Figure 1.1 Schematic diagram of a thorium-based fuel cycle which includes repro-
cessing
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be recovered through reprocessing of thorium fuel and can subsequently be
used as an internal start-up material. If there is a net production of 233U
at the end of the cycle, the amount of the external start-up material to be
added to the fresh fuel levels off to an equilibrium value after a number of
cycles. In the ideal case, addition of external material is not necessary as
the discharged fuel contains sufficient 233U for a subsequent fuel loading,
and one speaks of a self-sustaining equilibrium thorium cycle. In such
equilibrium scenario's reprocessing and (re)fabrication of mixed thorium-
uranium oxide fuels are important issues.

The present report describes the chemical aspects of thorium dioxide fuel
relevant to the thorium-based fuel cycle. The objective is to give an
overview of the present status and to identify the areas where further re-
search is needed. Not taken into account are fuel cycles based on molten
salt technology, for example the thermal Th/U breeder concept proposed
by workers from CERN.

This work is part of a series of reports describing the potentiality of the tho-
rium fuel cycle for reducing the radiotoxicity of the nuclear waste generated
by nuclear power production.

ECN-R-95-007



2. OCCURRENCE

In nature thorium is present in accessory minerals in (late) magmatic rocks
such as leucocratic granites, pegmatites, carbonatites and hydrothennal
veins. In these rocks it occurs as a major component in minerals like
thorite (ThSiO^) and thorianite (TI1O2)) which can also contain significant
amounts of uranium. However, the principal thorium ore that is currently
used, is the rare-earths phosphate monazite (L11PO4) which normaly con-
tains 5-30% ThO2- As these minerals are moderately resistant to weather-
ing, they are often concentrated as detritial minerals in stream and beach
sands. Especially unconsolidated coastal beach deposits are well known
for their high enrichment in monazite. For example, the beach placers in
the state of Kerala (India) have been one of the world's major sources of
monazite since the beginning of this century.

Thorium ores are found in many countries. A compilation of the thorium
resources [1] in the WOCA countries (World Outside Centrally Planned
Economies Area) is given in Table 2.1. No reliable data are available for
Eastern Europe, USSR and People's Republic of China. Large "reason-
ably assured resources" (RAR) are present in Brazil, India, Turkey and
USA. These are deposits of known size, grade and configuration so that the
amount of thorium that is recoverable by current methods, can be speci-
fied. Large "estimated additional resources" (EAR) are reported for Brazil
and, on a smaller scale, in Turkey, Egypt, Canada and the USA. Monazite

Table 2.1 Resources of thorium in some WOCA countries (as Th)

Country

Argentina
Australia
Brazil
Canada
Egypt
Finland
Greenland
India
Iran
Korea
Liberia
Norway
Madagascar
Malaysia
Malawi
South Africa
Turkey
Uruguay
USA

total

Reasonably assured
(109 g)

1
19

606
45
15
-
54

319
—
6
1

132
2

18
—
18

380
1

137

1754

Estimated additional
(109 g)

-
—

700
128
280
60
32
—

30
—
—

132
20
-
9

—
500

2
295

2188
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has also been found to be an important constituent of the beach sands of
the North Sea in northern part of the Netherlands [2]. On the basis of
radiometric research, the total amount of thorium is estimated to be about
200 106 g [3], which is small compared to the world resources.

In the earth's crust thorium is estimated to be at least three times more
abundant than uranium. However, the total WOCA uranium resources are
much larger than the thorium resources given in table 2.1: RAR are 4412
109 g and EAR are 2182 109 g [4]. This difference is is mainly due to the
fact that systematic exploration of thorium resources has seldomly been
performed. In most cases the discoveries are a by-product of the uranium
exploration.

ECN-R-9S-007



3. ORE PROCESSING

The ore processing of monazite is well established and is quite similar to
the ore processing of uranium. The first step in the process is the concen-
tration of the ore. This is done by passing the ore over an electromagnetic
separator, using monazite's paramagnetic properties, to obtain a product
which contains more than 95% monazite. Next, the concentrated monazite
can be dissolved in either sulphuric acid or caustic soda.

In the acid processing the monazite sand is treated with concentrated (93
%) H2SO4 at a temperature of 155 to 230 °C. Next ammonium hydroxide
is added to the acid solution to about pH = 1 to obtain a precepitate of
thorium phosphate hydrate, which only contains small amounts of the rare
earths and uranium. This precipitate is subsequently treated with an alkali
hydroxide which removes the phosphate (and sulphate) anions to yield tho-
rium hydroxide. Further purification may be achieved by solvent extraction
of thorium with tributyl phosphate (TBP) in kerosene after dissolution of
the thorium hydroxide in nitric acid.

In the alkaline processing the monazite sand is treated with NaOH at a
temperature of 140 °C to obtain a hydrous metal oxide cake which con-
tains thorium, uranium and the rare earths. This cake is then dissolved in
an acid (HC1, HNO3, H2SO4) before further purification. Again selective
precipitation is applied, followed by solvent extraction. The disadvantage
of the alkaline processing is the critical dependence of the solubility of tho-
rium on temperature and process time. Inadequate process conditions will
lead to a large fraction of insoluble thorium oxide in the hydrous cake.

The solution obtained from the solvent extraction process is converted into
oxide powder, in general, by addition of oxalic acid to form a precipitate of
thorium oxalate, followed by thermal decomposition of the oxalate to give
thorium dioxide.

Presently, the thorium production is limited. It is primarily a by-product
of the exploitation of heavy-metal ores (titanium, rare earths, zirconium).
Indian Rare Earth Ltd. is the major producer of commercially available (re-
fined) thorium, primarily for non-nuclear industrial purposes. In the US a
large quantity of thorium oxide is in stock from early research programmes,
but this is not available on the free market.

ECN-R-95-007



4. RADIOTOXICITY

According to the EURATOM classification of nuclides, natural thorium
'belongs to the high-radiotoxity group (group 2). This implies that special
facilities such as glove-boxes are required for the preparation and handling
of thorium compounds in large quantities (e.g. fuel fabrication).

Thorium obtained from ores consists almost entirely of 232Th with less
than 0.1 ppb of 228Th. The latter isotope is produced by the decay of
232Th [5]. As a result, one Bq of natural thorium corresponds to 0.5 alpha
desintegration of 232Th and 0.5 alpha desintegration of 228Th. The ICRP
recommendations [6] for the annual limits on intake (ALI) for both 232Th
and 228Th are given Table 4.1. These values are based on an effective dose
E(50) of 0.02 Sv.

Table 4.1 The radiotoxicity of thorium isotopes

nuclide

232T h

half-life (y)

1.910
1.410 1O10

activity

3.039
4.046

(Bq/g)

10 ia

103

ALI
ingestion

3 105

5 104

(Bq)
inhalation

500
90

10 ECN-R-95-007



5. PHYSICO-CHEMICAL PROPERTIES

The performance of a nuclear fuel is highly dependent on the physico-
chemical properties of the fuel material, especially their variation with tem-
perature and burn-up. For example, the fuel temperature is determined by
the thermal conductivity of the fuel material. A poor thermal conductiv-
ity leads to a large temperature gradient across the fuel pellet and a high
central temperature of the fuel pin. The properties such as the thermal con-
ductivity are not constant during the irradiation period in the reactor but
vary with the burn-up, i.e. the increasing amount of fission products affects
their magnitude as changes in the fuel microstructure occur. Some fission
products will dissolve in the fuel matrix, but others can form gas-bubbles
or precipitates as separate phases, depending on the oxygen potential. In
the extreme case, the formation of gas bubbles and precipitates may lead
to considerable swelling of the fuel, and, in the worst case, failure of the
fuel pin thus affecting the safety of the reactor.

In this chapter a review of the relevant physico-chemical properties of the
thoria as well as the thoria-urania solid solution are given. It is intended as a
review of the available literature, and in some cases as a critical assessment.
Moreover, a comparison with the properties of uranium dioxide is made.

5.1 ThO2

Crystal structure and melting point

TI1O2 has a face-centered cubic crystal structure (space group Fm3m) from
room temperature up to the melting point. At room temperature the lattice
parameter is 0.55970(3) run [7] from which the density can be calculated as
10.001 g-cm"3.

The melting point of TI1O2 has been measured by several authors, as sum-
marized in Table 5.1. The reported values vary from 3323 to 3808 K, but
the more recent ones agree about a melting temperature around 3600 K.
We here consider the value measured at the Institute for Transuranium
Elements (ITU), (3640 ± 20) K, as the most accurate as it was determined
on a well-defined sample and with well-defined technique.

Table 5.1 The melting temperature of ThOi

authors
Ruff et al. [8]
Wartenberg and Reusch [9]
Geach and Harper [10]
Lambertson et al. [11]
Benz et al. [12]
Chikalle et al. [13]
ITU [14]

selected value:

year
1929
1932
1953
1953
1969
1972
1992

T/u s /K
3323
3803
3323 ± 25
3573 ± 100
3663 ± 100
3573
3640 ± 20

3640 ± 20

ECN-R-95-007 11
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00
N

00

0 500 1000 1500 2000 2500 3000 3500

T/K

Figure 5.1 The reduced enthalpy increment of TA02; O< Jaeger and Veenstra; A,
Southard; O, Hoch and Johnston; O, Victor and Douglas; Vi Fischer
et al.; ©, Springer et al.; •, Osborne and V/estum.

Enthalpy of formation

The CODATA Key Value [15] for the enthalpy of formation of thorium
dioxide

" 1A/H°(298.15 K) = -(1226.4 ± 3.5) kJ-mol

is based on the enthalpy-of-combustion measurements by Huber et al. [16].
Earlier measurements by Roth and Becker [17] gave -(1226 ± 5)
which is in good agreement with the selected value.

Heat capacity

The low-temperature heat capacity of TI1O2 has been measured by Osborne
and Westrum [18]. These measurements were used in the CODATA Key
Values selection [15] to obtain:

S°(298.15 K) = (65.23 ± 0.20) J-mol^-K"1

The high-temperature enthalpy increment of TI1O2 has been measured by
Jaeger and Veensta [19], Southard [20], Hoch and Johnston [21], Victor and
Douglas [22], Springer et al. [23,24] and Fischer et al. [25]. The data cover
the temperature range 500 to 3400 K, as shown in Figure 5.1 in a plot of
the reduced enthalpy increment. Up to about 2500 K the results are in fair
agreement, except in the low-temperature region where the data of Victor
and Douglas and of Springer et al.1 deviate significantly.

Above ~2500 K, ThO2 exhibits an excess enthalpy, like many high-melting
refractory oxides (e.g. TJO2, PuO2 and ZrO2). This can be explained by

data listed by Spingei et al. have been collected for typographical errors.
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Physico-chemical properties

disordered or ordered anion displacements (Frenkel defects). The sugges-
tions by Fischer et al. that this is due to a phase transition at about 2950
K has been rejected here.

For the recommended values the results of Southard, Hoch and Jonhston
and Fischer et al. have been combined and fitted to the equation:

{H°(T)-H°(298.15 K)}/J-mor1= 55.9620(T/K) + 25.62895 10"3(T/K)2

- 12.2674 10-6(T/K)3 + 2.30613 10~9(T/K)4 + 5.740310 lO^T/K)"1

- 20581.7

constrained to C° = 61.76 J-mol^-K"1, as derived from the low-temperature
heat capacity measurements by Osborne and Westum [18], and {H°(T)-
H°(298.15 K)} = 0 J-mol"1 at 298.15 K.

No experimental data are available for liquid thorium dioxide.

Vapour pressure

The vapour pressure of TI1O2 has been measured by several authors, as
summarized in Table 5.2. Except for the studies by Hoch and Johnston [27]
and Alexander et al. (1967), the studies are in reasonable agreement: the
third-law enthalpies of sublimation range from 759 to 773 kJ-mol"1. The
thermodynamic data for ThO2(g) that have been used in this analysis, are
calculated from the molecular parameters discussed in Appendix B. For the
Knudsen effusion studies it has been assumed that the vapour above TI1O2
consist entirely of TI1O2 molecules, which is not true as mass-spectrometric
study also reveal the presence of ThO(g). This was discussed in detail by
Ackermann and Rauh [32] and Belov and Semenov [33]. Ackermann and
Rauh corrected the "effective" vapour pressure from the earlier Knudsen
study by the same authors (Ackermann et al. [29]) to a partial pressure
of ThOz(g). This was done with a ThO(g) pressure over TI1O2 calculated
from the enthalpy of formation of ThO(g). After this correction, the third-
law enthalpy of sublimation changes from 764.9 to 771.0 kJ-mol"1. The
latter value is selected here with an estimated uncertainty of 10 kJ-mol"1.

Thermal conductivity

The thermal conductivity of TI1O2 up to 2000 K is reasonably well estab-
lished, although the literature sources are not easy accessible. Most of the

Table 5.2 The enthalpy of sublimation of ThO2 at 298.15 K

authors
Shapiro [26]
Hoch and Johnston [27]
Darnell and McCollum
Ackermann et al. [29]

Alexander et al. [30]
Cears et al. [31]

selected value:
a K = Knudsen effusion,

year i
1952
1954

[28]1961
1963

1967
1980

M = mass

method"
W
K
K
K
K
T
M

T/K
2060-2250
2398-2676
2268-2593
2544-2871
2180-2661
2380-2900
2057-2421

773.0
711.9
766.5
764.9
763.7
791.2
759.0

771
spectrometry, W = weigth loss

kJ

±
±
±
±
±

±

•mo!

3.0
2.3
3.0
3.0
4.2

10

ECN-R-95-007 13
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Table 5.3 Thermal conductivity measurements for TAO2

authors
Koenig [35]
Kingery et al. [36]
Adams [37]
ARF [38]
DeBosky [39]
Pears [40]
Wechsler and Glaser [41]
Moore et al. [42]
McElroy et al. [43]
McEwan and Stoute [44]
Murabayashi [45,46]
Berman et al. [47]
Weilbacher [48]
Rodriguez et al. [49]

year
1953
1954
1954
1957
1962
1963
1963
1967
1968
1969
1969
1972
1972
1981

density/g-cm 3

9.58
?

8.07
9.37
9.20
9.69

?

9.53
9.31
9.53
9.43

10.00
9.76

T/K
304-379

373-1273
538-1593
527-824

400-1366
1331-1821
1219-2009

303,393
200-1400

333

495-1229
400-2550
773,1773

data have been derived from thermal difFusivity measurement but have not
been recalculated with the heat capacity data selected here. The studies
listed in Table 5.3 are in fair agreement as shown in Figure 5.2. Not shown
in Figure 5.2 are the data by Wechsler and Glaser [41] which are excep-
tionally low. The solid line shows the recommended thermal conductivity
for 95 % dense ThO2 as derived by Berman et al. [47] for (Th,U)O2 (see
below).

The low thermal conductivity as measured by Pears [40] is probably due

200 1000 1400 1800 2200

Temperature (K)

Figure 5.2 The thermal conductivity of ThO2; O» Pears; A, ARF; • , Adams;
O, Koenig; V» Kingery et al.; ©, Murabayashi, 0 , Moore et al.; 0 ,
McEwan; ®, Rodriguez; curve 1, DeBoskey; curve 2, McElroy et al.;
curve 3, Berman et al.; curve 4, Weilbacher.
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Physico-chemical properties

S

s
a
o
.2

i

-0.50 "—l

500 1000 1500 2000 2500

Temperature (K)

Figure 5.3 The thermal linear expansion of TAO2 and UO2

to a poor sample quality. According to Touloukian et al. [34] the sample
of Pears has a poorly bonded structure and it was found broken on post
inspection. These data can thus be discarded. From Figure 5.2 can be
concluded that the assessment of Berman, that took only the measurements
described in [23,24,50-53] into account, is in good agreement with the other
measurements. The curve of Berman [47] can be used as a recommended
value.

At the normal operation temperatures of nuclear fuel (600-2000 K) the
thermal conductivity of TI1O2 is slightly higher than that of UO2. Above
2000 K the thermal conductivity of UO2 increases again due to an electronic
contribution, which is not present in TI1O2. In addition, the oxygen content
of TJO2 is of great influence on its thermal conductivity. It has been shown
that for higher 0/U ratio's the thermal conductivity of UO2 decreases
significantly. This effect will not occur in ThO2-

Thermal expansion

The thermal linear expansion of ThOo, which is isotropic for a fluorite-
type structure, is well established: Touloukian et al. [54] list more than 30
different experimetal determinations which are in exellent agreement. It is
beyond the scope of this report to discuss all these measuiements in detail
and therefore we adopt the equation recommended by Touloukian (150 to
2000 K):

AL/Lo = -0.179 + 5.097 10~4(T/K) + 3.732 10-7(T/üQ2 -
7.594 l0~n (TjK)3

where the thermal linear expansion AL/LQ in in %.

The values for TI1O2 are close to those for stoichiometric UO2, as shown in
Figure 5.3.

ECN-R-95-007 15
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5.2 (Th,U)O2

The ThO2-UO2 binary system

Slowinski and Elliot [55] as well as Lambertson et al. [11] showed that
TI1O2 and UO2 form an ideal solid solution in the whole composition range.
The lattice parameter of this cubic (fluorite-type) solution was found to
decrease linearily from 100% TI1O2 to 100% UO2 in both studies, as shown
hi Figure 5.4. The absolute values from both studies differ somewhat but
the results of Lambertson et al. were confirmed by Kanno et al. [56]. The
results by Trzebiatowski and Selwood [57] and Christensen [58] deviate from
the linear relation suggesting some departure from ideality.

The theoretical density of the solid solution can be calculated from the
equation [59]:

where M\ and M2 are the molecular weights of UO2 and ThC"2, respectively,
y is the molar fraction of UO2 and a\ and a2 are the lattice parameters of
UO2 and TI1O2, respectively.

The fluorite structure of the solid solution remains intact in air for solutions
containing more than 22 mol% TI1O2 and in more oxidising conditions for
solutions containing more than 50 mol% ThO2 [60]. This means that oxygen
entering the lattice is retained on interstitial positions without destroying
the structure. The oxidation can be described by the following simplified
reaction:

O2(g) + 4U4+ = 2[O] + 4U5+

Willis [61] has investigated the mechanism for this process thoroughly for
XJO2+1. He has shown that there are three types of defects in the oxy-
gen sublattice, namely interstitial oxygens (O° and Oj) at two different
sites and normal oxygen vacancies (Vo). These defects are not distributed
randomly in the structure but form clusters. Matsui and Naito [62] have de-
rived from oxygen potential measurements that for (Th,U)O2+i that in the
region close to stoichiometry (x < 0.001) the defect complex (20?0*2Vo)
predominates, in the region for large x (> 0.008) the complex 2(O?O^Vo)m

and in between the complex (2O?O;2Vo)m.

Phase diagram studies of the TI1O2-UO2 system have been reported by
several authors. Lambertson et al. [11] used a quench technique, Chris-
tensen [58] a tungsten filament technique, whereas Latta et al. [63] applied
a thermal arrest method. The results of the phase diagram measurements
are shown in Figure 5.5. The phase diagram shows a continuous series
of solid solutions between TJO2 and TI1O2. This is supported by the fact
that deviations from Vegard's law are within the uncertainties of the lattice
parameter measurements.

Heat capacity

The heat capacity of the (Th,U)O2 solid solution have been measured indi-
rectly by enthalpy drop calorimetry by Springer et al. [23] from 573 to 2173
K for samples containing 10 and 20 weight% UO2 and by Fischer et al [64]
from 2300 to 3400 K for the compositions Tho.70U0.30O2, Tho.s5Uo.15O2

Iê ECN-R-95-007
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0.560

& 0.555 -

I
COaoo
o
"I 0.550

0.545
20 40 60 80 100

Composition (mol % UO2)

Figure 5.4 The lattice parameter of the (Th,U)O2 solid solution; Q, Slowinski
and Elliott; A, Trzebiaiowaki and Selwood; a , Lambertson et al.; O,
Kanno et al.

3700

3600 -

3500 -

3400 "

3300 -

3200 -

3100
20 40 60 80 100

mol% ThO,

Figuie 5.5 The phase diagram of the ThO^-VOi solid solution.

and Tho.92Uo.08O2. The only composition for which the two data sets can
be compared is about Tho.9Uo.1O2- For this composition the results from
both studies are in good agreement. However, the data by Springer et al.
are somewhat too high at lower temperatures, as are their data for the pure
ThO2.

The results by Fischer et al. show that the enthalpies of the compositions
Tho.70Uo.30O2» Tho.85Uo.15O2 are almost identical with the mole avarages of
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the pure compounds, whereas the enthalpy of the composition Tho.9Uo.1O2
is somewhat lower that that of pure ThO2-

Vapour pressure

The vapour pressure of (Th,U)02 has been measured by Alexander et
al. [30] for two different compositions (7.97 w% and 20.3 w% UO2). The
activity of TI1O2 was found to be nearly unity and an ideal behaviour was
observed.

Oxygen potential

The oxygen potential, the partial molar Gibbs energy of oxygen per mole
of O2 in a condensed phase, is defined as:

AGQ 2 = RT hi po2

The oxygen potential of the mixed (Th,U)-oxide has been measured by
various authors for a wide range of compositions, as summarized in Ta-
ble 5.4. As an example, the results by Ugajin et al. for the composition
(Tho.so,Uo.2o)02+x are shown in figure 5.6. The figure shows that:

• the oxygen potential changes abruptly near the stoichiometric composi-
tion and rapidly increases with increasing x in (Th,U)O2+x, similar to
pure U02+x,

• the oxygen potential increases with inceasing temperature.

The change in oxygen potential with composition of (Th,U)O2 can primar-
ily be explained by a change of the uranium valency, as discussed above.
As UO2+X shows a quite similar behaviour, it might be concluded that tho-
rium behaves more or less inert in the solution. However, the variation of
the oxygen potential of UO2+X can be explained adequately by a U 4 + /U 5 +

valency model, but this cannot account for the fact the variation of oxy-
gen potentials of UO2+X and (Th,U)O2+x as a function of mean uranium
valence differs [62].

Thermal conductivity

In Table 5.6 a collection is made of the thermal conductivity measurements
on Thi_yUyO2," the main data sets are shown in Figure 5.7. A detailed

Table 5.4 Oxygen potential measurements for (Thi-y, I

authors
Anderson et al. [65]
Roberts et al. [66]
Aronson and Clayton [67]
Tanaka et al. [68]
Ugajin [69]
Ugajin et al. [70]
Matsui and Naito [62]

y
0.03-0.244
0.005-0.06
0.29-0.90
0.05-0.3
0.05-0.20
0.20
0.2-0.4

method0

TGA/V

EMF
EMF
TGA
TGA
TGA

T/K
1000-1200
1123
1250
1250
1273-1473
1273-1473
1282-1373

a EMF = electromotive force measurements; TGA = thermogravimetric
analysis; V = gas volumetric method
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Figure 5.6 The oxygen potential of (Tho.ao, UQ.2O)02+X at various temperatures;
O, 1273 K; A, 1373 K; D, 1^73 K

analysis of the thermal conductivity of Thi_yUu02 solid solutions has been
made by Springer et al. [23,24], Jacobs [50,51], Matolich and Storhok [52]
and by Belle et al. [53]. These measurements were assessed by Berman et
al. [47], who gave the following recommended value for the thermal con-
ductivity of fully dense Thi-yUyC^:

\ = Ao + A^T/K) + A2(T/K)2 + (Bo + BlV + B2y
2)(T/K)

where y is the mole fraction of UO2 in Thx-yUyC^, T is the absolute
temperature in K. The numerical values of the A and B variables are shown
in Table 5.5.

Most authors observed that the thermal conductivity decreases with TJO2
content.

Table 5.5 Coefficients in the thermal conductivity expression for (Thi-yUy)O2

Coefficient 0 < V < 0.1 O.K y < 0.3 0.3 < y < 1.0
^0

x̂
A2
Bo
Bi
Bi

0.93137
20.830
-281.018
0.018220
0.034136
0.10432

6.5219
-78.628
213.518
0.011585
0.14715
-0.38054

5.6964
-33.6132
30.5555
0.013103
0.074567
-0.067423
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Table 5.6 Thermal conductivity measurements for

authors
Kingery [71]
DeBoskey [39]
Rao [72]
Harbinson and Walker [73]
Moore et. al. [42]
MacEwan and Stoute [44]
Murabayashi et al. [45]
Murabayashi [46]
Ferro et al. [74]
KWU [59]
Rodriguez and Sundaram [49]
Basak et al. [75]

year
1959
1962
1963
1966
1967
1969
1969
1972
1972
1979
1981
1989

x-values(%)
0, 10, 26, 31, 100
0, 8, 10
5, 9,14, 19
10, 100
4.7, 6.1, 6.3
0, 1.3
0, 1, 5, 10
0, 1, 3, 5,10
6,10
5
0, 20,100
2

T/K
373-1070
570-1100

power to melt
1073-2073
293-423

333
293-773
298-1073
923-2973
370-1673
773,1773
800-2100

Thermal expansion

The thermal linear expansion of the solid solution has been studied in much
less detail than that of the pure compounds. In reference [59] results from
from 8 studies [23,76-82] on (Thi_vUu)O2 have been fitted to the equation:

A i / I o = (8.1635 10~4 + 3.8325 lQ~4y + 5.2423 lQ-4y2)(T/K - 298.15) +
(1.2144 10-7 + 1.4936 lQ~8y + 1.5633 10"ry2){T/K - 298.15)2

where the thermal linear expansion AL/L0 in in %, and y is the molar
fraction of UO2. Note that the equation in reference [59] has been corrected
for an typographical error.

US

a

3
•a
5

ë
200 1000 1400 1800 2200

Temperature (K)

Figure 5.7 The thermal conductivity of Thi-yUyO2- The experimental data are
from Murabayashi, O, x = 0; O, 0.01; V, 0.03; O, 0.05; A, 0.10.
The upper 5 curves are from Berman [47] for x = 0, 0.05, 0.10, 0.20,
0.30, the lower curve is from reference [59] for x = 0.05.
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5.3 (Th,Pu)O2

The ThO2-PuÖ2 binary system

Preshley and Mattys [60] have shown that TI1O2 and PuO2 form a ideal
solid solution in the whole composition range, like TI1O2 and UO2. The
lattice parameter of this cubic (fluorite-type) solution was found to decrease
regularily from 0.5586 nm for ThO2 to 0.5396 nm for PuO2.

Data for the thermal properties of this solid solution are, however, not
available.

Thermal conductivity

Very few thermal conductivity measurements were made on Th i_ I Pu I 02 [75,
83,84]. The accuracy of these measurements seems to be rather low.
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6. FUEL FABRICATION

In the various reactor types, different amounts of fissile material (FM) are
needed as start-up or make-up material in the thorium fuel: heavy-water
reactor (HWR) fuel containing about 1 wt% FM, light-water reactor (LWR)
fuel containing about 3 wt% FM, and high-temperature gas-cooled reactor
(HTGR) fuel containing about 10 wt% FM. Furthermore, the type of fissile
material (233U, 235U or 239Pu), the enrichment of uranium (low, medium
or high) and the chemical composition of the fuel (metal, oxide, nitride or
carbide) are additional parameters. Thus, a large variety of fuel materials
is possible, all having their specific needs in the fabrication process.

Some experience only exists in the fabrication of thoria and mixed thoria-
urania pellets for water-cooled reactors and of thoria coated particles for
high-temperature gas-cooled reactors. A summary of these fuels will be
given below.

6.1 Thoria and mixed thoria/urania for LWRs
Much of the technology for fabricating thoria and thoria/urania fuel pel-
lets comes from the light-water breeder reactor (LWBR) programme in the
USA. In-pile irradiation tests indicated that a high density and high in-
tegrity of the fuel pellets are required to obtain, among others, a good
thermal conductivity, to minimize gas-release and in-pile fuel dimensional
changes and to reduce fuel-cladding interaction. This was supported by
more recent work by Smith et al. [85] who studied the effect of the pellet
microstructure on the fuel performance. From in-reactor measurements of
the central operating temperatures in TI1O2-IJO2 fuels, they found that the
thermal conductivity is affected by the microstructure of the fuel: higher
temperatures occur in fuels with a granular structure than in fuel with a
uniformly dense structure.

For the LWBR programme a process was developed for the fabrication
of high-density, high-integrity thoria-based fuel pellets from oxide pow-
ders [86]. This fabrication process is also suited for remote control or total
containment (glove-boxes).

The fabrication process consists of the following steps:
1. Powder blending, the dry mixing of thorium oxide and uranium oxide.
2. Micronization, fluid energy milling of the powder to activate the powder

and homogenize the urania and thoria.
3. Liquid/solid agglomeration to add binder to the powder.
4. Lubricant addition.
5. Compaction, pressing of pellets.
6. Calcination, removal of binder and lubricant by heating the pellets in a

furnace under a CO2 flow.
7. Sintering at 1790 ± 20 °C in a H2/N2 gas-flow.

However, the pellets produced in this way did not always meet the required
quality due to variations in the thoria starting material (purity, microstruc-
ture) and futher optimization is required.

In addition to the above powder process, a sol-gel process was developed
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at ORNL for the production of thoria-urania micro-spheres, the so-called
SOLEX process [87]. The major advantages of this process are its simplic-
ity, which makes it excellently suited for remote operation, and the minimal
production of dust, which is the major concern in radiation protection (due
to the low ALI on inhalation). The SOLEX process can be divided in the
following steps:
1. Production of a sol by amine extraction of nitrate from an aqueous

solution of thorium and uranium nitrate.
2. Formation of gel microspheres of TI1O2-UO3 by extraction of water from

the sol.
3. Heating of the microspheres in air to remove carbon.
4. Reduction of U03 to U02 in (4% H2)/Ar at 1150 °C.

Next the spheres will be used for the production of fuel. For LWR fuel this
can be done by "sphere-pac" process in which a fuel element is filled with
microspheres of at least three different sizes by vibratory compacting. An
alternative is the use of the microspheres as press feed material of which
the advantages are, again, reduction of dust, more homogeneous pellets and
a lower sintering temperature. A second alternative is the extrusion and
sintering of sol-gel clays to produce fuel rods.

6.2 Thoria coated particles for HTGRs
The fuel of the HTGRs generally consists of coated microspheres of uranium
oxide or uranium oxicarbide, but thorium-based fuels have been considered
also both in the US and in Germany (see for example [88]).

The microspheres for the HTGR fuel are produced from thorium nitrate
and/or uranium nitrate solutions to which an organic agent (THFA, tetrahy-
dro furfuryl alcohol) and a neutralising ammonia solution are added. By

outer pyrolytic carbon

silicon carbide

inner pyrolytic carbon

porous carbon buffer

fuel kernel
Figure 6.1 Schematic drawing of TRISO-coated fuel
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letting the solution flow through oscillating nozzles, it is transformed into
droplets. These droplets fall through a gaseous ammonia atmosphere in
which they form a tenacious surface before dropping into a aqueous ammo-
nia solution. In this solution the droplets solidify by forming a hydrated
ammonium uranate or hydrated thorium hydroxide. This process is fol-
lowed by ageing, drying, calcining, reduction in H2 in case of (Th,U)O2
and sintering to yield microspheres of a high density. Next the micro-
spheres are coated with several protective layers in a fluidized bed reactor.
In case of the currently used TRISO (TRistructural ISOtropic coated) fuel
the coating consists of four layers as shown in Figure 6.1:
1. a porous inner pyrolitic carbon layer for storage of the fission gases,
2. a dense pyrolitic carbon layer for retention of the fission gases,
3. a silicon carbide (SiC) layer which gives additional integrity and serves

as an extra barrier for fission product transport,
4. a dense outer layer for mechanical strength to withstand external and

internal forces.

This production process is excellenty suited for remote operation.
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7. IRRADIATION PERFORMANCE

There are not many irradiation data available for thoria fuel-, only a lim-
ited number of experimental fuel-test programmes have been performed, as
summarized in Table 7.1. The majority of the data comes from the USA
where thoria fuels for LWRs have been tested in the past in the LWBR pro-
gramme. Hart et al. reviewed the irradiation performance of thoria-based
fuels [89] for LWRs and HWRs and came to the following conclusions:
• The magnitude of release of fission gases from (Th,U)C>2 is comparable

to that of UO2 fuels within the range of 3 to 6 at% burnup and 25 to 45
kW/m heating rating. Increasing the UO2 content has little or no effect.

• Very little irradiation-induced swelling occurs in (Th,U)02 UP to 4 at%
burnup. In general the volume change is less than 1% for each at%
burnup, up to 10 at%.

• The thermal conductivity of (Th,U)O2 remains relatively unchanged at
low burnup. At high burn-up the effect of especially the fission products
will lead to lowering of the thermal conductivity, similar to regular UO2
fuel.

• The thermal expansion of UO2 and (Th,U)O2 are essentially the same.
• The structural changes in (Th,U)C-2 fuel are minimal for the burnup

range 0.1 to 3 at% and UO2 content 2 to 9 wt.%. At similar power ratings
and fuel temperatures, (Th,U)C>2 fuel shows less structural changes and
fission gas relocation than UO2 fuel.

To summarise, the available information on the irradiation behaviour of
ThO2-based fuels leads to the conclusion that (Th,XJ)O2 is comparable to,
and in some respects superior to UO2. However, it should be pointed out
that the majority of the experiments were performed with low TJO2 content
(<10%) and low burnup. More work remains to be done to demonstrate
the capability of this fuel type, particularly under off normal conditions.

The irradiation performance of HTGR fuel has been tested extensively [88,
90], but mainly with coated particles containing uranium fuel. The major
concern for the irradiation performance of HTGR fuel is, however, the
integrity of the coating which is relatively independent of the fuel type,
thoria or urania. Coating failure can be induced either by mechanical or
chemical processes. Mechanical failure is mainly caused pressure build up
of fission gasses or of carbon oxides (CO, CO2) formed as a results of
oxidation of the inner coating by the oxygen liberated during the fission
process. Chemical failure is generally induced by the reaction of fission
products with the silicon carbide layer. Especially palladium is known to
react with SiC, forming PdïSi and thus leading to serious loss of integrity.
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Table 7.1 Summary of irradiation experience with TI1O2-UO2 fuels.

Country

USA

Canada

India

Italy
Germany

Reactor name(s)

Borax IV
Elk River
MTR, ETR, NRX
Indian Point
ETR, ATR, NRX
Fort St. Vrain
NRU
NRX
Dhruva
MAPS-I
emus
Halden
FRJ-2
AVR
THTR

Reactor type

LWR
LWR
LWR
LWR
LWR
HTGR
HWR
HWR
LWR
LWR
HWR
LWR
LWR
HTGR
HTGR

Fuel composition
(wt% U02)
6
3
3 to 5
0 to 9
2 to 30
20
1.3
9

0.1 and 1
3 to 10
5
20
10

Cladding type

Al-1 wt% Ni
304 SS
304 SS, Zircaloy-2
304 SS
Zircaloy-4
coated particles
Zircaloy-2

Al
Zircaloy

Zircaloy-2
Zircaloy-4
coated particles
coated particles

Burnup
(at%)
0.7 to 3.7
0.15
1.5 to 15.8
4.0
0.01 to 1.4

4.0 to 6.0
0.4

0.2
a

0.2 to 3.6
0.1 to 1.1

Thermal neutron flux of 1013 n/cm2.s for 10-15 min for the ThO2-0.1 wt% UO2 fuel, and 0.02 at% for the ThO2-l wt% UO2 fuel.

M
O
SS



8. FUEL REPROCESSING, THE THOREX
PROCESS

For reprocessing of thorium-based spent fuel, the THOREX process has
been designed, especially for separating thorium and uranium from oxide
fuel. This process is, like the PUREX process for uranium-based spent
fuel, a hydrochemical method based on solvent extraction techniques using
a solution of TBP in dodecane. The most important differences bet wen the
two processes are:
1. A fluoride catalyst is needed in the dissolution step of thorium fuel, as

(Th,U)02 with thorium oxide concentration greater than 60 % is poorly
soluble in pure nitric acid [91]. As a result, feed preparations may cause
extra problems compared to the PUREX concept.

2. In the THOREX process uranium forms the minor constituent, whereas
in the PUREX process, the uranium is the major component. Thus, if
thoria fuel is reprocessed in a conventional PUREX process, the process
is overdhnensioned.

3. Thorium/uranium partitioning by changing the valency of thorium is
not possible, in contrast to the uranium/plutonium partitioning.

Due to the limited application of thorium fuel in nuclear reactors, the
THOREX process is technically less advanced than the PUREX process.
Only a few THOREX variants have been developed in the past, and there
is little experience on an industrial scale. Below, various aspects of the
THOREX process will be described in detail.

8.1 Head-end treatment and dissolution of the fuel
In order to recover Th and U from irradiated thorium fuel, a suitable means
must be used to prepare an aqueous feed solution containing Th(NOa)4 and
UO2(NO3)2. There are three different types of Th fuels from which Th and
U have been solubilized for subsequent THOREX process operation:
• TI1O2-UO2 spent fuel in stainless steel or Zircaloy claddings which are

mechanically removed.
• Spent fuel from HTGR's, which consists of coated particles of TI1O2 (or

ThC2) and UO2 (or UC2) embedded in a graphite matrix. The particles
are crushed and the carbon is burned off. Problems might occur if too
much carbon is left in the fuel. During fuel dissolution different oxidation
products of carbon may be formed, for instance oxalic acid. Plutonium
can be complexed by oxalic acid leading to less extraction of plutonium
into the organic phase. A second point to consider is Cs losses due to
the capturing into the insoluble SiC coating [92].

• Th or TI1O2 in an aluminium cladding. This fuel can be dissolved with
or without cladding.

After the head-end treatment the fuel has to be prepared for the sofrest
extraction process. Thorium metal, TI1O2 or (Th,U)Ü2 do not easily dis-
solve in pure HNO3. The dissolution rate strongly decreases with increasing
thorium concentration in the solution. In the THOREX process, a mixture
of HNOa(aq) and HF(aq) is used as solvent where the F~ ion acts as a
catalyst. However, HF is very corrosive, particularly towards stainless steel
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which is generally used as vessel material because of its resistance towards
HNO3. Therefore A1(NO3)3 is being added as a complexing agent for the
fluoride ion. The recommended composition of the solvent is (13 M HNO3
+ 0.05 M HF + 0.1 M Al(N03)3).

During the dissolution process, thorium and uranium form aqueous ions. In
case of oxide fuel, thorium will react to give Th4+(aq) and uranium will be
oxidised fromU(IV) to U(VI) to give UO^aq) . During the latter reaction,
gaseous nitrous oxides such as NO and NO2 are formed which will escape
from the solution together with the fission gases (Kr, Xe, I2) and volatile
fission products compounds (e.g. B.UO4). Any suspended solids remaining
after dissolution must be removed prior to solvent extraction. Undissolved
Th fines were removed by centrifugation in THOREX process campaigns at
Savannah River and Hanford sites [93]. M11O2 was added to remove 233Pa
by precipitation followed by centrifugation.

Different methods are utilized to adjust the composition of the clarified
dissolver solution, depending on whether acid feeds or acid-deficient feeds
are employed in the solvent extraction separations. For acid feeds, the
clarified dissolver product can simply be diluted to the desired concentra-
tions. Preparation of acid-deficient feed requires the use of solution-boiling
or steam-stripping methods to partially hydrolyse the Pa and the readily
hydrolysable fission products (Zr, Nb, and Ru), which become then less
extractable [94],

8.2 The extraction of uranium and/or thorium
The extraction of uranium and/or thorium from the aqueous phase is done
with a solution of tri-n-butyl phosphate (TBP) in kerosene. The chemical
factors of importance to the THOREX process are (1) the extractability
of Th, U, Pa, and the fission-product elements from HNO3 solutions, (2)
the loading capacity of the TBP-diluent phase for Th, and (3) the stability
of the extractant phase to process chemicals and irradiation. These three
factors are described below.

Extractability of key actinides and fission products

In the THOREX process, ions are specifically concentrated in the organic
phase or in the aqueous phase, depending upon their complex formation
with the TBP. The following reaction will occur for uranium and thorium,
respectively:

UOl+(aq) + 2 NOj(aq) + 2 TBP(org) = U02(N03)2(TBP)2(org)

Th4+(aq) + 4 NOJ(aq) + 2 TBP(org) = Th(N03)4(TBP)2(org)

At low TBP concentrations (about 5 %) only the uranium is extracted
selectively from the aqueous solution into the organic, and thorium will
be concentrated together with the fission products in the aqueous waste
stream. This concept is applied in the pilot plant Trombay in India [95].
At higher TBP concentration (~ 30 %) both uranium and thorium are
extracted into the organic stream.

In general, the concentration ratio of an element in the organic and aqueous
phase is denoted with a distribution coefficient The distribution coefficients
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Figuic 8.1 Distribution of thorium, key actinides and fission products between a
30 % TBP solution and aqueous HN03

of actinides and fission products of key importance in the THOREX process
are shown in figure 8.1. The relative magnitude of the distribution ratios
of U and Th to Pa and fission products between TBP and HNO3 solutions
is the basis for separation of U and Th relative to the fission products. As
in the PUREX process, the principal troublesome fission products are Zr
and Ru. Tc will become of considerable concern if higher burnup U-Th
fuels are to be processed. Proper choice and sequence of scrub-solution
acidities and salting strengths are required to attain the desired Zr and Ru
decontaminations.

Attention should also be given to 233Pa, a precursor of 233U formed through
bleeding. If the fuel is cooled for a short period, 233Pa will not have decayed
to 233U (half-life 233Pa = 27 days) and will be concentrated in the aqueous
waste. In the present-day approach however, this problem is overcome by
allowing a suitable decay period (200 days or more) prior to processing [93,
94]. However, a disadvantage of long cooling is the production of intense
7-emitting daughter nuclides by decay of 232U.

Extractant capacity

The low distribution-coefficient of Th(N0a)4 compared to that of uranium
and plutonium nitrates in TBP, is a considerable drawback of the THOREX
process. Thus, the capacity of the process is limited by the solubility of
TBP-Th(NO3)4 complex in the TBP-diluent phase. When the solvent solu-
bility is exceeded, two organic phases are formed ('third' phase formation)
which coexist in equilibrium with the aqueous phase. Regions of third-
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phase formation must be avoided in solvent extraction processes because of
the difficulties in operations when more than two liquid phases are present.
To avoid third-phase formation, relatively high organic/aqueous flow-ratios
must be maintained.

Solvent degradation

Degradation of TBP solvents must be controlled at acceptable levels to
maintain good decontamination from fission products, and to avoid precip-
itation of thorium with degradation products (crud) [93,96]. Degradation
products of TBP are dibutyl phosphate (HDBP), monobutyl phosphate
(H2MBP) and, finally, phosphoric acid (H3PO4). Fission products (e.g. zir-
conium) but also thorium can form precipitates with these species. Rathvon
and coworkers noticed the formation of Th(DBP)4 precipitate, if uranium
and thorium were jointly reextracted [96]. Crud formation becomes more
important with increasing exposure of TBP to radioactivity and can lead,
eventually, to blocking of pipes in the separation equipment.

Crud formation can be prevented in the first place by the removal of finely
divided solids (dissolution residues or corrosion products) from the feed
solution of the process. Secondly, the formation of degradation products
can be reduced by a reduction of the contact time between the organic and
aqueous phase. Hydrolysis and radiolysis of TBP is then reduced. For the
contactor types typically employed, centrifugal contactors have the shortest
contact time, whereas mixer-settlers have the longest. Pulse columns have
intermediate contacts times. Generally, acceptable solvent quality can be
maintained by keeping solvent dose rates <0.3Whr/l [93]. Thirdly, the
formation of Th(DBP)4 can be avoided if the HNO3 concentration of the
strip solution is increased to 0.5 M.

Chemical degradation of TBP by HNO3 limits the extraction temperatures
that may be employed, because the hydrolysis rapidly increases with tem-
perature. Also the residence time of the organic phases that contain HNO3
in intermediate holdup tanks, influences the chemical degradation.

To remove the radiolytic or chemical decomposition products of TBP, the
solvent is scrubbed with an aqueous Na2CC"3 solution.

8.3 Separation of thorium and uranium
A thorium/uranium partitioning by changing the valency of thorium, is not
possible, in contrast to the uranium/plutonium partitioning in the PUREX
process. Thorium is separated from uranium by contacting the loaded or-
ganic phase with an aqueous phase containing 0.5 M HNO3. At this con-
dition the distribution coefficients for U(VI) and Th(IV) are much higher
and lower than 1, respectively (see figure 8.1). Thus, thorium is selectively
re-extracted to the aqueous phase. By using multiple separation steps more
than 99.99% of thorium is separated from the uranium stream. In order to
recover the uranium, the organic phase is subsequently multiple contacted
with a 0.01 M HNO3 solution. Mass transfer of uranium to the aqueous
phase occurs and more than 99.99% of uranium is recovered.

In the case that also an appreciable amount of plutonium is present in
the U/Th mixture, all the Pu is coextracted as Pu(IV) with U and Th
in the extraction step. Plutonium can be separated selectively from this
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solution by the addition of a reducing agent. Pu 4 + is reduced to Pu 3 + and
is reextracted to the aqueous phase. Thorium can be stripped in the next
step, and after that the uranium [98]. Finally, the uranium and thorium
and/or plutonium streams can be purified if needed by ion exchange.

If small amounts of minor actinides (Am, Np, Cm) are present in the thoria
fuel, the Am and Cm concentrate in the aqueous waste stream, whereas
Np accompanies the U product. In order to recover the Am and Cm, the
aqueous waste can be treated in the TRUEX or DIAMEX process [101].

8.4 Development and status
The early development of the THOREX process was essentially done at
Oak Ridge National Laboratory (ORNL) in the USA. The first technical-
scale separation of irradiated thorium-uranium fuel was achieved in 1952
with the so-called THOREX No. 2 process. On this basis, a pilot plant
was constructed in which 1.3 ton irradiated TI1O2 was reprocessed. In the
THOREX No. 2 process aluminum nitrate was used as salting agent, lead-
ing to a significant amount of waste. To overcome this drawback, ORNL
subsequently developed the so-called single-cycle-acid THOREX process in
which most of the aluminum nitrate is substituted by nitric acid. This
process uses an acid-deficient feed solution in order to obtain high decon-
tamination from the fission products. The recovery yields were higher than
99.9 %.

In addition to the work at ORNL, military programmes to produce 1.2
tons of 233TJ were carried out at the US Savannah River and Hanford
sites [93]. Here the 233U was recovered from low-burnup fuels by the single-
cycle THOREX process using existing PUREX facilities. The recoveries
for U and Th at the Hanford site were better than 99.9% and the purity of
the products steams was satisfactory, as shown in Table 8.1.

In Germany attempts were made to develop a two-cycle THOREX process,
especially for the reprocessing of high burnup fuel from HTGRs. In the first
cycle, in which uranium and thorium are co-extracted, an acid feed solution
was used. For the second cycle, this solution was made acid-deficient to
obtain extra decontamination. The uranium/thorium recoveries were close
to 99.99 % and decontamition factors in the order of 104 were obtained
(Table 8.2). However, crud formation occurred during the co-stripping of
uranium and thorium in the first cycle. This problem can be prevented
by increasing the nitric acidity in the strip solution to 0.5 M, but at this
acidity co-stripping of uranium and thorium is difficult (see Figure 8.1).

Table 8.1 Decontamination factors obtained in the one-cycle THOREX process
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element

233U

Th
Pa
9SZr/95Nb
106Ru/106Rh

2 3 3 u

8.0 106

3.5 106

3.3 107

6.1 10s

Decontamination factor
Th

1.8 102

1.8 102

5.3 103

1.1 106
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Table 8.2 Decontamination factors for the two-cycle THOREX process.

element Decontamination factor
Th

Ta 2 104 TW
9 5Zr >6 106 6 105

1 0 6Ru 5 104 5 104

In view of the difficulties encoutered in the two-cycle concept and the fact
that reprocessed uranium and thorium can only be handled with heavy 7-
shielding, the German researchers considered the single-cycle process with
acid feed solution sufficient to attain the necessary decontamination factors.
An immediate separation of thorium and uranium appeared advisable in
view of process feasibility. However, the recommended flowsheet (Table 8.3)
has not been tested on pilot plant scale using real waste.

In the eighties, German together with Brazilian researchers investigated
the use of (Th,U)O2 and (Th,Pu)O2 fuel in PWRs [92,99]. Considerations
about the radioactivity of reprocessed 233U on the one side, and the expe-
rience gained so far with the THOREX process variants on the other side,
lead also here to the proposal of a single-cycle acid THOREX process. The
results of the program show that the reprocessing of (Th,U)02 fuel that
was contained in a Zircaloy cladding, is feasible using this scheme.

In India flowsheets have been developed for the selective recovery of ura-
nium from irradiated thoria fuel. As extractant 1-5% TBP in kerosene
type diluents is used for the preferential extraction of 233U. The 233U in the
organic phase is subsequently scrubbed with nitric acid to remove traces
of co-extracted thorium followed by stripping from the organic phase with
water. Because the uranium product still contains significant amounts of
thorium as impurity, additional purification steps are needed. In the pi-
lot plant at Trombay, the purification is done by anion exchange in lead-
shielded glove boxes. The thorium contamination in the uranium amounts
to 50-150 ppm [95].

Table 8.3 Recommended THOREX flow sheet for high burnup fuel

Extraction

Partitioning

U-stripping

feed
scrub
salting acid
solvent
feed
strip
scrub
strip

0.1 M Th; 1.0 M HN0 3

0.1 M HNO3
13.0 M HNO3
30% TBP in dodecane
0.15 M Th; 0.2 M HNO3

0.35 M HNO3
30% TBP in dodecane
0.01 M HNO3
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9. FUEL REPROCESSING, PYROCHEMICAL
TECHNIQUES

In the past, efforts have been made to replace the aqueous extraction pro-
cess by nonaqueous reprocessing methods. For instance, uranium can also
be separated from thorium by fluoride vaporization due to their different
volatility. U forms UF6 (sublimation point 56 °C) by fluorination, whereas
Th forms the nonvolatile TI1F4. Moreover, only a few fission products form
volatile fluorides. Most of them remain in concentrated form in the solid
residue. The advantages of the process are:
• compact construction of the equipment,
• exclusion of water, which acts as a moderator,
• direct yield of the radioactive waste as solid,
• UF6 is obtained as a product and can directly be processed in the isotope

enrichment plant,
• high decontamination factors are attained for the uranium, after addi-

tional purification. Values of 106 to 107 were obtained on the laboratory
scale.

Besides the advantages mentioned above, the fluoride volatility process has
also serious disadvantages. The main ones are the unsolved material prob-
lems due to corrosion, and the poor recovery yields of uranium. It was
attempted to overcome this difficulty by operating at higher reaction tem-
peratures, up to about 700 °C, but the U yields remained poor, whereas
the extent of the corrosion became unacceptable [94].

For reprocessing of spent fuel, also electrochemical molten salt processes
have been studied. In these processes, spent fuel is anodically dissolved in
an electrolyte, and a cation (or groups of cations) is cathodically deposited
dependent on the external voltage applied. However, only the refining of
U or Pu has achieved some technological significance. No data has been
published in the literature concerning the preparation of pure Th metal [94].
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10. FUEL REFABRICATION

The 233U obtained from the reprocessing of thorium fuel always contains
some small amount of 232U. This isotope produces some very intense 7-
emitting daughter nuclides among which 2O8T1 is notable (E7 = 2.6 MeV).
Similary, the reprocessed thorium contains significant amounts of 228Th,
a decay product of 232U, leading again to the intense gamma-radiation
of 2O8T1. This problem can be overcome by immediate refabriaction af-
ter reprocessing or additional chemical separation prior to refabrication.
In practice, however, refabrication using reprocessed uranium or thorium
should be done in gamma-shielded hot-cell laboratories.
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11. WASTE MANAGEMENT

At present little is known about the treatment of waste from thorium-
based fuel cycles. In general, the waste treatment can be considered to be
similar to that of the uranium cycle but the following points need some
attention [100]:
• As in the refabrication, the presence of very intense 7-emitting daughter

nuclides of 232U requires different handling procedures and may cause
more radiation damage in the storage medium.

• The presence of sulphates, phosphates and fluoride ions in the raffinates
from the THOREX proces influence the vitrification proces in a negative
way. Especially corrosion is more intense due to the formation of volatile
metal fluorides during solidification.

• The glass volume of wastes from the THOREX process is estimated to
be considerably larger (~70%) compared to wastes from a comparable
PUREX proces.

For a once-through cycle only the first point is of relevance.
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12. CONCLUSIONS AND
RECOMMENDATIONS

In this report the chemical aspects of the thorium fuel cycle have been
described. It is clear that all aspects, from mining to reprocessing, have
been studied in the past. However, the technology for fuel fabrication and
fuel reprocessing for LWRs and HWRs is much less advanced compared to
uranium oxide fuel or even mixed oxide fuel.

It is therefore concluded that:
• A comprehensive database of the characteristics of (Th,U)02 fuel should

be generated.
• Fuel behaviour has to be tested at higher burn-ups, requiring new irra-

diation tests.
• The single-cycle THOREX process seems well-suited for the reprocessing

of (Th,U)02 fuel but it has to be realised that the most recent flow-sheet
has not been tested on real waste but only by cold laboratory tests.

• The vitrification of waste streams from the reprocessing of thorium-based
fuel should be investigated more thoroughly.

Moreover, it should be noted that nowadays modern PUREX variants are
being developed for the reprocessing of uranium fuel, based on mono-amides
as extractants instead of TBP [101]. This new technology should also be
explored for the reprocessing of thorium-based fuel.

In addition to technological data, basic data for mixed thorium-uranium
oxides also need attention. It is concluded that:
• The thermal conductivity of TI1O2 and (Th,U)O2+x should be evaluated

thoroughly, including th effects of irradiation.
• A compilation and modelling of the oxygen potential measurements of

(Th,U)C>2-fx is required.
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APPENDIX A. ABREVIATIONS AND
DEFINITIONS

A.I Abreviations
ALI Annual Limit on Intake
EAR Estimated Additional Resources
HLW High Level Waste
HTGR High-Temperature Gas-cooled Reactor
HWR Heavy-Water Reactor
LWR Light-Water Reactor
ORNL Oak Ridge National Laboratory (USA)
PUREX Plutonium Uranium Extraction
RAR Reasonably Assured Resources
THOREX Thorium Extraction
TPB Tri-n-butyl-phosphate
TRISO Tristructural isotropic (coated)
WOCA World Outside Centrally Planned Economies Area

A.2 Definitions
Extractant:

Extraction:

Recovery:

Scrubbing:

Stripping:

DF:

Sx/y:

organic molecule which forms complexes with nuclides in the
aqueous phase and is extracted into the organic phase.

mass transfer of a solute from the aqueous phase to the
organic phase when both phases are contacted.

the ratio of the final concentration of a certain nuclide in the
purified effluent to the initial concentration in the effluent.

washing of the loaded organic phase to remove impurities.

re-extraction of solutes from the organic phase into the aque-
ous phase.
The decontamination factor DF is defined as:

r\ p \X\lecd y [']product
~ \Alproduct \Y\jtcd

where Y is a solute of interest and X a contaminant. The
decontamination factor thus expresses the increase of the
ratio of a solute and a contaminant in the feed relative to
this ratio in the product. It is a measure for the purity of
the separated product relative to to the contaminant. A DF
of 10 is low and 106 to 108 is high. However, in some cases
the decontamination factor is defined as the initial activity
of a nuclide to the final activity in the effluent. Here it is
identical to the recovery yield and expresses a separation
efficiency and not a purity.

The distribution coefficient Dx is defined as the total concen-
tration of solute x in the organic phase divided by the total
concentration of solute x in the aqueous phase, measured at
equilibrium between the organic and aqueous phase.

Separation factor Sx/V is defined as Dx/Dw.
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APPENDIX B. THE THERMAL PROPERTIES
OF THO2(G)

The thermal functions of ThO2 are calculated from the following molecular
parameters:

bent molecule (C2U symmetry), <r = 2
r(Th-O) = 0.182 ± 0.006 mn, Z(O-Th-O) = 122.5 °
vibrational frequencies (degeneracy): 787, 220(2), 735 cm"1

IAIBIC = 8.282 lO"115 g3-cm6

ground state only, go = 1

The bent stucture of the ThO2 molecule has been derived from matrix-
isolation by Gabelnick et al. [1] and Linevsky [2] and from molecular beam
deflection studies by Kaufman et al. [3]. The bond angles derived from
the matrix-solation data are 122.5° and 106°, respectively, the former value
being considered the most accurate due to the higher resolution of the
spectral data. The stretching frequencies from the two matrix-isolation
studies are in excellent agreement, the bending frequency has not been
observed and has been estimated.
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