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a b s t r a c t

Liquid fueled molten salt reactors (MSRs) have seen renewed interest because of their inherent safety
features, higher thermal efficiency and potential for efficient thorium utilisation for power generation.
Thorium fluoride is one of the salts used in liquid fueled MSRs employing TheU cycle. In the present
study, ThF4 was prepared by hydro-fluorination of ThO2 using anhydrous HF gas. Process parameters viz.
bed depth, hydrofluorination time and hydrofluorination temperature, were optimized for the prepa-
ration of ThF4 in a static bed reactor setup. The products were characterized with X-Ray diffraction and
experimental conditions for complete conversion to ThF4 were established which also corroborated with
the yield values. Hydrofluorination of ThO2 at 450 �C for half an hour at a bed depth of 6 mm gave the
best result, with a yield of about 99.36% ThF4. No unconverted oxide or any other impurity was observed.
Rietveld refinement was performed on the XRD data of this ThF4, and Chi2 value of 3.54 indicated good
agreement between observed and calculated profiles.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Molten salt reactors (MSRs) have re-emerged as an important
arena of nuclear research since the last two decades, marked by
their inclusion as one of the six Gen IV reactor types since 2002
[1e7]. Molten salt reactors are a class of nuclear fission reactors in
which the primary coolant or even the fuel itself is a molten salt
mixture, and are divided into two subclasses: (a) liquid fueled
MSRs; and (b) solid fueled MSRs, also called Fluoride salt-cooled
High-temperature Reactors (FHR) [1]. In liquid fueled MSRs, the
nuclear fuel is dissolved in the molten fluoride salt coolant as fissile
elements such as UF4, PuF3, minor actinides fluorides and/or fertile
elements as ThF4 depending on the desired application (breeder
reactor, actinide burner, etc) [1]. In solid fueled MSRs, the molten
salt serves as the low pressure coolant to a coated particle fueled
core similar to that employed in High-Temperature Reactors (HTRs)
[1]. MSRs run at much higher temperatures (up to 700e750 �C)
than light water reactors (LWR) and operate at near atmospheric
pressure. The high volumetric heat capacities and high boiling
by Elsevier Korea LLC. This is an
points of molten salts make them an attractive candidate for use as
coolants [1].

The original concept of MSR was developed at Oak Ridge Na-
tional Laboratories (ORNL), where intensive research was carried
out in the 1960s on power reactor designs as either simple con-
verters or breeder reactors utilising the 232The233U cycle [1e7].
Although any fissile material may be used in liquid fueledMSRs, the
use of abundant thorium as fertile element makes breeding
possible with a thermal spectrum, and thus TheU fuel cycle is often
considered as more convenient than the UePu fuel cycle in order to
minimize the generation of highly radiotoxic transuranic elements
[8].

Liquid fueled MSRs have numerous advantages; only a low
pressure vessel is needed as the salts run near atmospheric pres-
sure as opposed to the thick walled vessels needed for LWR or
PBMR. Higher breeding ratios and shorter doubling times com-
bined with online reprocessing of fuel, avoidance of the expense of
transport and fabrication of new fuel elements and high thermal
efficiency (44%) make liquid fueled MSRs a potential candidate for
economical power generation with efficient fuel utilisation and
safety characteristics [1,7].

Thorium fluoride is one of the salts used in liquid fueled MSRs
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employing TheU cycle [1,9,10]. Preparation of UF4 is well estab-
lished at plant scale and copious amount of literature is available on
UF4 production. In contrast to this, fewer literatures are available on
ThF4 preparation; owing to shift in focus from initial MSR work in
ORNL to liquid metal fast-breeder reactor (LMFBR) [1]. The world-
wide interest on molten salt reactors renewed only recently [1e7].
A relatively newMSR concept, which is being studied intensively in
Europe is Molten Salt Fast Reactor (MSFR) [9e12]. It is based on a
non-moderated epi-thermal neutron spectrumwith initial fuel salt
composed of LiF, ThF4 and UF4 [9,10]. The liquid fueled MSR design
being pursued in India is the Indian Molten Salt Breeder Reactor
(IMSBR), which is expected to be a self-sustaining thorium-based
molten salt fueled reactor. It comprises of molten salt mixtures of
LiF-ThF4-UF4/LiFeThF4 as fuel/blanket [13].

The present study is aimed at preparation of thorium fluoride by
hydrofluorination of ThO2 using anhydrous HF and to identify the
optimum process parameters. The objective was to achieve an
optimum with respect to space utilisation in the reactor as well as
efficient interaction between oxide powder and the HF gas; so that
the batch size could be increased in the same setup under similar
experimental conditions during scale-up of the process. Increasing
the bed depth would mean creating free space in the same reactor
for more powder loading in the same batch during scale up. Hence
batch size could be increased. However, for the same batch size, if
bed depth is higher, the exposed area would be smaller which
would reduce the effective interaction between HF gas and powder.
So the effect of various process parameters on yield needs to be
systematically studied and optimized for the efficient utilisation of
reactor space, quantity of HF and energy consumption for the
preparation of ThF4.

The effect of the various process parameters on the conversion,
plays an important role in establishing the boundary conditions
and the scale up studies as well.

2. Literature survey on ThF4 synthesis

Anhydrous thorium fluoride (or ThF4) can be prepared by re-
action of the elemental thorium and fluorine; or by reaction of
fluorine or HF with other halides of thorium, thorium hydride or
thorium carbide [14,15]. Hydrofluorination of thorium oxide, hy-
droxide, oxycarbonate or oxalate can also be used to produce ThF4
[14,16]. Precipitation of ThF4 from aqueous Th4þ containing solu-
tions (such as thorium chloride or nitrate) leads to hydrates of ThF4
that are, however not easily dehydrated due to the formation of
hydroxide or oxide fluorides [14]. Ammonium bi-fluoride is also a
fluorinating agent and is much easier to handle than HF. The
disadvantage is that an eight fold excess of ammonium bi-fluoride
is required. So, it may be a suitable method for small lab scale
studies but is not suitable for larger scale [14].

Previous studies report that production of anhydrous thorium
fluoride from aqueous solutions is difficult [17e20]. Same is the
case with uranium fluoride and some other rare earth fluorides
prepared from aqueous solutions [21]. A reason for this problem is
that while adsorbed water can be removed from thorium fluoride
by oven drying at 125e225 �C, chemically bonded water is much
more difficult to remove [17]. The last half molecule of water of
hydration is only slowly removed by heat alone even at a temper-
ature of 300 �C. While a number of inorganic salts are readily and
reversibly dried, the behaviour of the thorium fluoride hydrates is
relatively complex as shown by studies reported in the literature
[17e20]. Asker et al. [18] found that small amount of water (less
than 2%), closely held by this salt, are removed thermally only at
temperatures at which the salt gradually decomposes. D'Eye et al.
[19] state that the behaviour of the water in this hydrate is perhaps
analogous to that in AlF3.3.5H2O which also loses water in stages
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and whose last half molecule of water is removed only at red hot
condition. The authors state that all the molecules of water of hy-
dration are not structurally equivalent; some molecules can be
desorbed and absorbed easily, while others are more strongly
bonded. Anhydrous ThF4 was prepared by Zachariasen by con-
tacting a saturated aqueous solution of thorium nitrate with an
aqueous solution consisting of hydrofluoric acid and water and
having a concentration of approximately 45e50% by weight of
hydrogen fluoride at a temperature range of 90e95 �C, whereby
anhydrous thorium fluoride precipitates [20]. The temperature
range is critical, as just below 70 �C, the product was contaminated
with monohydrate ThF4.H2O [20]. Research works have been car-
ried out to establish a method of completely dehydrating the hy-
drates of ThF4, but critical temperature control is a must to avoid
decomposition of the salt. Perhaps, the best way to avoid these
problems is to start with reagents which eliminate the possibility of
hydrate formation. This forms the line of our study, where hydro-
fluorination of ThO2 is carried out using anhydrous HF gas.
Thorium oxide is converted to anhydrous thorium tetrafluoride by
contacting it with a flow of anhydrous hydrogen fluoride (AHF) at
approximately 550 �C. The reaction given by Equation (1), is
exothermic and liberates approximately 42.7 kcal/mol of heat
[15,16].

ThO2 þ 4HF / ThF4 þ2H2O (1)

Thorium fluoride has been prepared by this method in the past,
by Correa et al. where the objective was to establish the type of
oxide which is best suited in terms of giving the maximum yield on
hydrofluorination [16]. Oxides were obtained from different routes
viz. by calcining thorium oxalate at 400, 600 and 800 �C; and by
calcining hydroxides of two different origins. One hydroxide was
prepared by urea precipitation at 90 �C of a thorium nitrate solution
in the presence of formic acid, whereas the other was obtained
under the same conditions in the presence of ammonium sulphate.
The batch size was approximately 5 g of ThO2 and it was concluded
that ThO2 which was prepared by calcining the oxalate in air at
800 �C was the best starting material among all, and gave highest
conversion of 98.1% on hydrofluorination [16]. Thorium fluoride
was also prepared in a recent study by Sou�cek et al. by the same
method, however the experimental setup was specially designed
for small scale preparation (few grams), as their objective was to
prepare high purity actinide fluorides for further thermodynamic
and electrochemical characterization [9].

3. Materials and methods

ThO2 used for the present study was obtained from M/s Indian
Rare Earths Limited.ThO2 powder was preheated at 800 �C to
remove moisture and other impurities. The pre-heated ThO2
powder was characterized for phase, morphology and particle size
using XRD, SEM and laser diffraction particle size analyzer
respectively. A flow diagram of the hydrofluorination setup is
shown in Fig. 1. The ThO2 powder was filled in a tray to a uniform
depth and charged in the batch reactor. Grafoil (with SS insert) was
used as gasket. The reactor has inlet and outlet for argon/anhydrous
HF at opposite ends. The AHF inlet is at a lower height than the
outlet and a positive AHF pressure of 100 mmWC is maintained, so
as to ensure a homogeneous envelope of AHF over the entire tray
area during the reaction. Photographs of the hydrofluorination
reactor and the powder tray, and a schematic of the reactor are
depicted in Fig. 2(a), (b) and (c). The quantity of the ThO2 powder
was kept constant for all the experiments. The different powder
bed depths (with same quantity of powder) were obtained by
varying the area of spread of the powder. The same quantity of



Fig. 1. Flow diagram for the hydrofluorination setup.
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powder could be arranged in the tray in three different ways as
shown in Fig. 2(d), (e) and (f); corresponding to bed depths 3 mm,
6 mm and 12 mm respectively (tray area full, half and quarter
respectively), such that the density of the powder bed remains the
same.

The reactor assembly and all the pipelines were pressurized to
3 kg/cm2 and soap bubble was applied to check for any leakage of
AHF. No leakage of AHF occurred through the reactor and pipelines
and all associated valves. Reactor and pipelines were always leak
tested after ThO2 charging and before fluorination for all the ex-
periments. The leak tested reactor assembly was then loaded inside
the furnace. Hydrofluorination temperatures of 450 �C, 550 �C and
650 �C were kept in various experiments as described in Section
4.3. The heating rate was set as 4.5 �C/min from the beginning up to
the set temperature and then the system was held at this temper-
ature for varying hydrofluorination times viz. 15 min, 30 min,
45 min and 1 h. Inert atmosphere of argon was maintained in the
reactor till the furnace temperature reached the set value (the
hydrofluorination temperature). After the furnace temperature
reached the set value, argon gas purging was stopped and the AHF
valve was opened slowly and AHF was passed in the reactor
through the inlet. To develop the requisite pressure in the AHF
cylinder, it was heated up to 40 �C with a SLSR (Self Limiting Self
Regulating) type jacket heater. The AHF carrying pipeline was also
heated in order to avoid any condensation of HF. The outlet of the
reactor was passed through a KOH solution bubbler and scrubbed
through wet scrubbers. After completion of the experiment, the
AHF cylinder valve was closed and the furnace was turned off. The
system was then thoroughly flushed with nitrogen gas to remove
any residual AHF from the transfer pipelines and reactor. AHF flow
rate of 8 g/min was kept constant in all the experiments, so as to
ensure sufficient excess of HF (>100%) even for the shortest dura-
tion i.e. 15 min. The fluoride thus obtained was taken for expulsion
at 100 �C under vacuum to remove moisture and any residual HF.

Since color of ThF4 is also white, it was not possible to visually
find out the extent of conversion. The powder sample from the
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reactor was then analyzed using X-Ray Diffraction (XRD). XRD
characterizations were done with M/s INEL, Model: Equinox 3000
XRD with curved position sensitive detector at 40kV and 30mA
with Cu Ka (1.54056 Å) radiation. Particle size analysis of the
starting oxide (ThO2) and a representative product sample of ThF4
were carried out by laser diffraction technique using Cilas1180
Laser Particle Size Analyzer. Scanning electron microscope (SEM)
having secondary electron detector (SE, Everhart Thornley) and
back scattered electron detector (BSE) was used for electron mi-
croscopy. The accelerating voltage was 30 kV.

4. Results & discussion

4.1. Characteristics of the raw material

The chemical analysis of ThO2 is presented in Table 1. The XRD,
SEM and particle size analysis results of calcined (or pre-heated)
ThO2 are reported in Fig. 3. The XRD plot (Fig. 3(a)) confirmed to
that of cubic thorium oxide [00-042-1462] (space group
Fm3m(225), a ¼ 5.5970 Å) of PDF-2 database with absence of any
other peak.

The particles of ThO2 are flaky in nature as seen in the SEM
micrograph (Fig. 3(b)). The ThO2 used in the present study was
found to have a unimodal particle size distribution (as shown in
Fig. 3(c)) and the mean particle size of ThO2 was found to be
3.45 mm.

4.2. Thermodynamic assessment of the hydrofluorination reaction

Gibbs free energy change (DG) as a function of the reaction
temperature (T) for the reaction ThO2 þ 4HF / ThF4 þ2H2O was
determined using Fact-Web suite of interactive programs, in the
temperature range 473e1173 K (200e900 �C) [22]. The corre-
sponding plot is shown in Fig. 4. DG for the reaction increases with
hydrofluorination temperature and was found to become positive
at 1173 K (900 �C). Sou�cek et al. have calculated the equilibrium



Fig. 2. (a) Photograph of the reactor. (b) Photograph of the tray (that is placed into the reactor shown in 2(a)). (c) Schematic of the reactor with the tray inside. (d), (e) and (f)
represent the powder spread inside the tray so as to get bed depths of 3 mm, 6 and 12 mm respectively. [The quantity of ThO2 powder is same in (d), (e) and (f)].

Table 1
Chemical analysis of the thorium oxide used for the present study.

Element/Impurity Fe Al Ca Mg B Ni Cr C

Concentration (ppm) 15.9 35.6 69.3 89.2 0.5 0.3 5.0 100.0
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composition of the products for fluorination of ThO2 by pure HF gas
as a function of the temperature and determined that formation of
ThOF2 and ThO2 in equilibrium with ThF4 occurs above 1100 K
(827 �C) and 1300 K (1027 �C) respectively [9].

4.3. Phase analysis and determination of reaction yield

As per stoichiometry of the reaction, the theoretical weight of
ThF4 (molecular weight 308.03 u) produced is 204.16 g (Wo) from
175 g of ThO2 (molecular weight 264.04 u). The yield was calculated
as (Wx100/Wo) where W is the actual weight of ThF4 obtained and
Wo is the weight of ThF4 as per the stoichiometry.

Experiments were carried out to study the effect of process
parameters viz. bed depth and hydrofluorination time (t) on the
hydrofluorination yield at fixed hydrofluorination temperature of
550 �C. Experiments were first done at varying bed depths, viz.
1563
3 mm, 6 mm and 12 mm (tray area full, half and one-fourth
respectively) at a hydrofluorination time of 1 h at 550 �C. Nearly
complete conversion was obtained at all the bed depths. The
respective yields are reported in Table 2 and the combined XRD plot
for the same is shown in Fig. 5. The XRD plots matched with the
calculated ThF4 pattern corresponding to the entry [00-023-1426]
of the reference database PDF-2, with no other impurity. In all
the figures from Figs. 5e7, for any phase other than ThF4 [00-023-
1426], viz. ThO2, ThOF2, etc. only the distinct peaks of the partic-
ular phase which do not overlap with the peaks corresponding to
ThF4 are marked.

To be able to increase powder loading in the same setup during
scale-up as well as to establish the limiting conditions, bed depths
higher than 3 mm were studied. Thus, it was decided to carry out
the reaction with varying duration of hydrofluorination at bed
depths of 6 mm and 12 mm with an aim to reduce the hydro-
fluorination time. From Table 3 and Fig. 6(a), it is clear that the XRD
patterns corresponding to hydrofluorination times of 60, 45 and
30 min at bed depth of 6 mm confirm the presence of ThF4 with no
other peak of any appreciable intensity, and yields above 98% are
achieved. But when the hydrofluorination time was kept to be
15 min at 6 mm bed depth, peaks corresponding to ThO2 were also
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Fig. 4. Free energy plotted as a function of temperature for the reaction ThO2 þ 4HF/
ThF4 þ2H2O.

Table 2
Hydrofluorination experiments for 1 h (809% excess HF) at 550 �C at different bed
depths.

Bed depth (mm) ThF4 wt. (gm) % Conversion Phases present in product

3 203.40 99.63 ThF4
6 202.50 99.19 ThF4
12 202.00 98.94 ThF4

Fig. 5. XRD patterns of hydrofluorination carried out at various bed depths at 550 �C
and 1 h (refer Table 2).
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observed along with ThF4. This was also confirmed with the rela-
tively lower yield of 97.47% in this case (refer Table 3), indicating
that the time of 15 min was insufficient for complete conversion of
oxide to fluoride. Hence, hydrofluorination time was not further
lowered in this case.

At 12 mm bed depth, complete conversion did not occur when
hydrofluorination times were fixed as 45 min and 30 min as is
evident from Table 4. Lower yield values in these cases are also
corroborated by the XRD results shown in Fig. 6(b), where presence
of unconverted ThO2 is confirmed along with ThF4. These experi-
ments, where bed depth was fixed at 12 mm, indicate that effective



Table 3
Hydrofluorination experiments at bed depth of 6 mm at 550 �C for different hydrofluorination times.

Bed Depth ¼ 6 mm and T ¼ 550 �C

Time (min) Excess HF (%) ThF4 wt. (gm) % Conversion Phases present in product

60 809% 202.50 99.19 ThF4
45 582% 201.80 98.84 ThF4
30 355% 201.00 98.45 ThF4
15 127% 199.00 97.47 ThF4,ThO2

Fig. 6. XRD patterns of hydrofluorination carried out at 550 �C for different hydrofluorination times at bed depths of (a) 6 mm (b) 12 mm (refer Tables 3 and 4 respectively).

Fig. 7. XRD patterns of experiments carried out at optimized bed depth of 6 mm for
30 min at different temperatures (refer Table 5).

Table 4
Hydrofluorination experiments at bed depth of 12 mm at 550 �C for different hydrofluor

Bed Depth ¼ 12 mm and T ¼ 550 �C

Time (min) Excess HF (%) ThF4 wt. (gm)

60 809% 202.00
45 582% 187.30
30 355% 185.40

R. Kumar, S. Gupta, S. Wajhal et al. Nuclear Engineering and Technology 54 (2022) 1560e1569
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interaction between ThO2 and HF did not occur due to reduced
exposed area of ThO2 powder bed.

Hence, it was observed from the experiments conducted above
that, the optimum bed depth and hydrofluorination time are 6 mm
and 30 min respectively. At this optimum bed depth and hydro-
fluorination time, it was decided to study the effect of temperature.
The results are reported in Table 5 and Fig. 7. The experiment done
at 450 �C at bed depth of 6 mm and hydrofluorination time 30 min
gave slightly better yield (99.38%) compared to the yield at 550 �C
(98.45%) keeping the other parameters fixed. XRD plots of ThF4
obtained at both these temperatures matched completely with the
reference pattern [00-023-1426] of PDF-2 database with the
absence of any other peak. However, about 98.21% conversion was
obtained at 650 �C. The XRD plot of ThF4 prepared at 650 �C con-
tained, in addition to ThF4, peaks corresponding to ThOF2 along
with some peaks which matched with a deleted ThF4 entry [00-
015-0413] in the PDF-2 database. The information on the crystal
structure and other details of this deleted entry is not available. The
presence of ThOF2 indicates incomplete conversion, and hence
some amount of ThO2 may also be present in addition to ThF4 and
ThOF2. However, no ThO2 peaks were detected in XRD because its
concentration might be below the detection limit of XRD (~1.5 wt
ination times.

% Conversion Phases present in product

98.94 ThF4
91.74 ThF4,ThO2

90.81 ThF4,ThO2



Table 5
Hydrofluorination experiments at optimized bed depth of 6 mm for 30 min at different temperatures.

Bed depth ¼ 6 mm and time ¼ 30 min (355% excess HF)

Temp. (�C) ThF4 wt. (gm) % Conversion Phases present in product

450 202.90 99.38 ThF4
550 201.00 98.45 ThF4
650 200.50 98.21 ThF4, ThOF2
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%). Sou�cek et al. have reported that, the detection limit of XRD
depends on many parameters like acquisition time, crystallinity or
symmetry of the phases and amount of the sample [9]. The
detection limit of the XRD used in the present study for the oxide
phases was observed to be ~1.5 wt%. Although the occurrence of the
reverse reaction was reported to be above 900 �C from Fact-Web
calculations reported in Section 4.2, the free energy change be-
comes progressively higher with increase in temperature, indi-
cating that the reverse reaction is favoured at higher temperatures.
This is consistent with the observations of Bahri et al., who have
reported that heating of ammonium thorium fluoride at 650 �C
resulted in formation of ThOF2, due to recombination of the
decomposition products ThF4 and H2O [23]. As discussed in Section
4.2, Sou�cek et al. have determined the equilibrium compositions of
the products for fluorination of UO2 and ThO2 as a function of
temperature [9]. They reported that though the main expected
products were UF4 and ThF4 respectively, the recombination of the
formed water with the fluoride at higher temperatures would lead
to formation of oxyfluorides, and even oxides at yet higher tem-
peratures [9]. Through their studies, formation of ThOF2 and ThO2
in equilibrium with ThF4 was observed above 1100 K (827 �C) and
1300 K (1027 �C) respectively.

Moreover, at higher temperatures, there is a possibility of re-
action between ThF4 (s) and ThO2 (s) to form ThOF2 (s) and Gibbs
energy of this reaction at 800 K (i.e. 527 �C) was determined by
Mukherjee et al. to be �34 kJ mol�1 [24]. This also explains a
slightly better yield at lower temperature i.e. 450 �C as compared to
550 �C.

The lower hydrofluorination temperature of 450 �C is also
beneficial in terms of handling of anhydrous HF. Anhydrous HF is
highly corrosive and can deteriorate the material of construction,
and poses handling problems at higher temperatures. Hence, as
lower a hydrofluorination temperature (with favourable reaction
kinetics) as feasible, is desired.
4.4. Rietveld refinement and determination of structural data

To obtain structural model, Rietveld refinement [25] of the X-ray
diffraction data was carried out using FullProf Suite software [26].
Rietveld refinementwas carried out for ThF4 prepared at (6mmbed
depth, 450 �C, 30 min) as these were found to be the optimum
parameters. For comparison, XRD data of ThF4 prepared at 550 �C
with the same bed depth and reaction time was also refined.
Pseudo-Voigt function was used to generate the profile shape. The
background in the data was fitted by Chebychev polynomial func-
tion. Instrumental resolution function has been modelled using the
Caglioti equation H2 ¼ U*tan2q þ V*tanq þ W. Lattice parameters,
sample displacement error along with zero shift in the 2qo value
were refined iteratively to match the peak positions. Agreement
between the observed and calculated profiles were measured by
means of difference plot as well as the reliability factors (R-val-
ues).The fitted profiles for the two samples are presented in Fig. 8.
The refinement was performed over the entire 2q range; however
the fitted profile has been zoomed over the range 10� to 70� for
better clarity.
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4.4.1. ThF4 e 450 �C
The structural data for the sample obtained after Rietveld

refinement is presented in Tables 6 and 7. The details are as follows:
Rp: 12.3; Rwp: 15.8; Rexp: 8.41; Chi2: 3.54.

4.4.2. ThF4 e 550 �C
The structural data for the sample obtained after Rietveld

refinement is presented in Tables 8 and 9. The details are as follows:
Rp: 13.3 Rwp: 17.7 Rexp: 7.98 Chi2: 4.94.

The crystalline structure of ThF4 as obtained by refinement is
presented in Fig. 9. The lattice parameter values of ThF4 prepared in
the present study are similar in range with the literature values, a
comparison is reported in Table 10. However, the slightly lower
values of the lattice parameters a, b and c as compared to ICSD data
might be attributed to impurities in the starting thorium oxide.

4.5. Characteristics of the product

A representative sample of ThF4 was analyzed by laser diffrac-
tion technique for particle size determination. Fig. 10 shows the
typical particle size distribution of the ThF4. The particle size dis-
tribution was found to be unimodal in nature, and the mean par-
ticle size of ThF4 was found to be 5.82 mm.

The density of ThO2 is 10.001 g/cc [15] and that of ThF4 is 6.3 g/cc
[29,30]. The density of the resultant ThF4 is lower than that of ThO2,
so there will be volume increase and thus the particle size will also
increase upon conversion to ThF4. Equations (2) and (3) show the
relation between volume, particle size/diameter and density.

VThO2

VThF4
¼ ðdThO2

Þ3
ðdThF4 Þ3

¼ rThF4
rThO2

¼ 6:3
10:001

¼ 0:63 (2)

dThO2

dThF4
¼ð0:63Þ1=3 ¼ 0:86 (3)

where V, d and r represent the volume of the powder particles,
particle size/diameter and density of the material.

If dThO2
¼ 3:45 mm, then by equation (3), dThF4 should be

4.02 mm, which is the expected particle size of ThF4 due to decrease
in density. However, the mean particle size of ThF4 as determined by
laser diffractionmethod is 5.82 mm. This suggests that the increase in
the particle size of ThF4 is more than that caused by volume increase
and so possibly agglomeration of particles may be occurring to some
extent during the hydrofluorination. This might be due to the higher
surface area of the flaky ThO2 particles as was discussed in Section
4.1, Fig. 3(b). However, the exact reason could not be understood, as
themorphology of ThF4 could not be examined under SEM. Fluorides
are very corrosive in nature, and the available characterization
equipments were not equipped to handle this corrosive action.

5. Summary of the results

(1) The above study focuses on the preparation of anhydrous
thorium tetrafluoride suitable for use as a fuel salt in liquid



Fig. 8. Rietveld refinement fit of ThF4 sample (a) ThF4 - 450 �C (b) ThF4 - 550 �C.

Table 6
Space group and lattice constants of ThF4 prepared at 450 �C, 30 min at 6 mm bed depth obtained by Rietveld refinement.

Space group A (Å) B (Å) C (Å) Angles

C 1 2/c 1 12.8457 ± 0.0009 10.8589 ± 0.0008 8.4135 ± 0.0007 a ¼ g ¼ 90�; b ¼ 126.303(5)�

Table 7
Atom positions and occupancies for ThF4 prepared at 450 �C, 30 min, 6 mm.

Atom x y z Occupancy

Th1 0.20308 0.42821 0.33197 1.00
Th2 0.00000 0.78565 0.25000 0.50
F1 0.50000 0.86613 0.25000 1.00
F2 0.11114 0.65794 0.24344 1.00
F3 0.09528 0.86857 0.12295 1.00
F4 0.25000 0.75000 0.00000 0.500
F5 0.86364 0.93404 0.00610 1.00
F6 0.91155 0.71515 0.91641 1.00
F7 0.20848 0.62382 0.13907 1.00

Table 9
Atom positions and occupancies for ThF4 prepared at 550 �C, 30 min, 6 mm.

Atom x y z Occupancy

Th1 0.20180 0.42594 0.32736 1.00
Th2 0.00000 0.78650 0.25000 0.50
F1 0.50000 0.87348 0.25000 1.00
F2 0.15074 0.65741 0.33866 1.00
F3 0.10888 0.85652 0.11991 1.00
F4 0.25000 0.75000 0.00000 0.500
F5 0.86796 0.93374 �0.00089 1.00
F6 0.93242 0.71321 0.93097 1.00
F7 0.36526 0.59020 0.16508 1.00

Fig. 9. Visualization of the crystalline structure of ThF4 prepared in the present study.
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fueled MSRs employing TheU cycle, by hydrofluorination of
thorium oxide. This process eliminates the need for expen-
sive drying procedures, which were needed earlier to obtain
anhydrous ThF4 from its hydrated forms in case of wet route
preparation.

(2) The products formed were analyzed through XRD and
corroborated by yield calculations based on theoretical mo-
lecular weight of ThF4 (as per stoichiometry).

(3) The mean particle size of the starting ThO2 was observed to
be 3.45 mm and the particle morphology was flaky in nature
as seen in SEM. The mean particle size of ThF4 was observed
to be 5.82 mm, which is more than that caused by volume
increase (due to phase change) suggesting a possible
agglomeration of particles to some extent during the
hydrofluorination.

(4) The highest yield of 99.63% was obtained with a bed depth of
3 mm, at 550 �C temperature and reaction time of 1 h (~800%
excess HF), but this condition will not result in the efficient
utilisation of reactor space, quantity of HF and energy.

(5) With increase in temperature from 450 to 650 �C, a decrease
in yield was observed due to increase in tendency of for-
mation of oxyfluorides and oxides at higher temperatures.
Table 8
Space group and lattice constants of ThF4 prepared at 550 �C, 30 min at 6 mm bed depth obtained by Rietveld refinement.

Space group A (Å) B (Å) C (Å) Angles

C 1 2/c 1 12.8887 ± 0.0008 10.8934 ± 0.0007 8.4438 ± 0.0006 a ¼ g ¼ 90�; b ¼ 126.324(5)�

(B-axis points into the page.)
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Table 10
Lattice parameters of ThF4 prepared in the present study, compared with literature values.

Lattice Parameter (Å) Experimental ICSD code 760128 [27] [00-023-1426] PDF-2 Reference [28]

ThF4 - 450 �C ThF4 - 550 �C

a 12.85 12.89 13.043(2) 13.10 10.54503
b 10.86 10.89 11.010(2) 11.10 11.01475
c 8.41 8.44 8.534(2) 8.60 8.53555
b 126.303 126.324 126.31(1) 126.31 94.4194

Fig. 10. Particle size distribution of ThF4.
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ThOF2 was detected in ThF4 formed at 650 �C. Thermody-
namic calculations also suggest an increase in DG with
increasing temperature.

(6) The optimum process parameters for the efficient utilisation
of reactor space, quantity of HF and energy consumption for
the preparation of ThF4 in a static bed hydrofluorination set
up was found to be a bed depth of 6 mm at 450 �C with
30 min of hydrofluorination time. A yield of ~99.36% was
obtained with these parameters.

(7) Hydrofluorination at lower temperature of 450 �C is benefi-
cial in terms of material of construction, handling of the
highly corrosive HF and overall economy of the process.

(8) Rietveld refinement was performed on the XRD data of ThF4
prepared at 450 �C (at 6 mm bed depth, time 30 min) to
assess the purity and evaluate the structural data. Chi2 value
of 3.54 was obtained; which indicate good agreement be-
tween the observed and calculated profiles.

(9) It is suggested that residual oxygen analysis through
methods like IR spectroscopy, or Knudsen cell effusion mass
spectroscopy (KEMS) and SEMmay be carried out in future to
assess the purity of ThF4 with higher degree of accuracy and
its morphology respectively. However, for the various char-
acterization and analytical techniques, the equipments must
be well equipped to handle the corrosive effect of the fluo-
ride samples.
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