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a b s t r a c t

The present study aims to investigate the fluorination of thorium oxide (ThO2) by ammonium hydrogen
difluoride (NH4HF2). Fluorination was performed at room temperature by mixing ThO2 and NH4HF2 at
different molar ratios, which was then left to react for 20 days. Next, the mixtures were analyzed using X-
ray diffraction (XRD) at the intervals of 5, 10, 15, and 20 days, followed by the heating of the mixtures at
450e750 �C with argon gas flow. The characterization of ThF4 was established using X-ray diffraction
(XRD) and scanning electron microscopyedispersion X-ray spectroscopy (SEMeEDX). In this study,
ammonium thorium fluoride was synthesized through the fluorination of ThO2 at room temperature. The
optimum molar ratio in synthesizing ammonium thorium fluoride was 1.0:5.5 (ThO2:NH4HF2) with 5
days reaction time. In addition, the heating of ammonium thorium fluoride at 450 �C was sufficient to
produce ThF4. Overall, this study proved that NH4HF2 is one of the fluorination agents that is capable of
synthesizing ThF4.
© 2018 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

Thorium has been widely acknowledged as an interesting
resource since the beginning of the nuclear era due to its potential
application as nuclear fuel. The theoretical advantages of thorium
are: it is sustainable, reducing radiotoxicity and proliferation risk
[1]. The abundant thorium in the earth's crust has more potential
for energy generation than both uranium and fossil fuel reserves
combined [2]. In addition to that, the conventional uranium re-
sources are expected to last for about 80 years based on the current
uranium consumption [3]. Liquid fluoride thorium reactor (LFTR)
[4] is one of the Generation-IV nuclear reactors, that was derived
from the molten salt reactor (MSR) concept developed in 1946 by
the Oak Ridge National Laboratory (ORNL) [5].

Thorium is a fertile material used to produce the fissile isotope
of uranium-233 (233U). Thus, the utilization of thorium fuels will
complement uranium, ensuring the long-term sustainability of
nuclear power. One of the thorium compounds that suitable for
nuclear fuel application is thorium oxide (ThO2). However, ThO2 is
known to be very insoluble in aqueous media [6]. Therefore, ThF4

has been considered as the nuclear fuel for LFTR and is the pref-
erable option because it can be dissolved in molten salt fluoride [7].

ThF4 can be produced using various techniques such as precip-
itation from aqueous Th4þ or reaction of ThO2 with hydrogen
fluoride gas (HF), aqueous hydrofluoric acid (HF), ammonium
fluoride (NH4F), or ammonium hydrogen fluoride (NH4HF2) [8e11].
Precipitation from an aqueous solution containing Th4þ produces
hydrates of ThF4. However, the formation of hydroxide or oxide
fluoride makes it difficult to dehydrate [12]. Another method to
avoid aqueous media is the reaction of thoriummetal with F2 gas as
given in Eq. (1) [13]. But, the most convenient method for the
production of ThF4 is the heating of thorium dioxide in excess
anhydrous hydrogen fluoride at the temperature of 400e600 �C
[8,9]. However, hydrogen fluoride (HF) is corrosive and poisonous
at the operating temperature, thusmaking it very difficult to handle
[14]. The chemical reaction of ThO2 and HF is presented in Eq. (2).

Th þ 2F2 / ThF4 (1)

ThO2 þ 4HF / ThF4 þ 2H2O (2)

NH4F reacts with ThO2 to yield a tetravalent fluoro-complex
NH4ThF6, which decomposes to tetrafluoride at temperatures
above 350 �C [15]. NH4F is highly hygroscopic and there is a
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possibility for oxygen contamination to occur due to the pyrohy-
drolysis of fluoride [16]. To prepare a pure fluoride product without
oxide contamination, it is necessary to use a large quantity of NH4F
[17]. Therefore, the use of NH4HF2 as fluorination agent is consid-
ered as an appropriate method. NH4HF2 is a stable compound at
room temperature with the melting point of 126 �C, and when
heated at temperature greater than 239.5 �C it is then dissociated
into HF, H2, and N2, respectively [18].

The reaction between NH4HF2 and ThO2 at room temperature
can transform thorium dioxide into a complex compound of
ammonium thorium fluoride (Eq. (3)) [19]. The solid-state for the
above mentioned reaction usually last for 22 days to form the
complex compound of (NH4)4ThF8 [19,20]. However, the increase in
the molar ratio of the reactant can decrease the reaction period due
to chemical kinetics [21]. Therefore, the aim of this study is to
determine the synthesis of ammonium thorium fluoride using the
reaction of ThO2 and NH4HF2 at different molar ratios, including the
minimum heating temperature required to produce ThF4.

ThO2 þ NH4HF2 / (NH4)4ThF8$2H2O (3)

2. Experimental

2.1. Chemicals and instrument

The chemicals and reagents used in this study were analytical
grade purity and no further purification was performed unless
otherwise stated. ThO2 (99.7% purity) and NH4HF2 (99.5% purity)
were obtained from BDH Chemicals and RC Chemical, respectively.
The heating process was performed in a quartz tube furnace at
450e750 �C with the argon gas at the flow rate of 10 �C/min. The X-
ray diffraction (XRD, Philips PANalytical X'Pert Pro) characteriza-
tion was performed at 40 mA current and 40 kV tension. The
scanning electron microscopyedispersion X-ray spectroscopy
(SEMeEDX, ZEISS EVO MA) with an acceleration voltage of 15 kV
was used for sample morphological characterization.

2.2. Reaction of ThO2 and NH4HF2 at room temperature

Ammonium thorium fluoride (NH4)4ThF8 or (NH4)3ThF7 was
synthesized at room temperature through the reaction of ThO2 and
NH4HF2 at different molar ratio. The reaction was performed by
mixing ThO2 with NH4HF2. The required mass of NH4HF2 was
determined based on the molar ratio parameter. The molar ratio of
NH4HF2 was investigated in the range of 4.0e6.0 mol at the interval
of 0.5. ThO2 and NH4HF2 powders weremixed using an agate pastel
andmortar for 10e15min (until homogenized) in a fume hood. The
mixture was then sealed in 20 ml glass vial and placed in a vacuum
desiccator. A small amount of sample was taken and characterized
using XRD on days 5, 10, 15 and 20 with a view to investigate the
formation of thorium compound. A similar approach was reported
by Mukherjee at al [16]. to synthesize ammoniummetal fluoride at
room temperature.

2.3. Process for synthesis of thorium tetrafluoride (ThF4)

ThF4 was synthesized by heating the previously produced
ammonium thorium fluoride from the reaction of ThO2 and
NH4HF2. The ammonium thorium fluoride was transferred to an
alumina crucible and inserted into a quartz-glass tube furnace that
was closed on both ends. Argon gas with a flow rate of 50 ml/min
was flushed into the tube for 5 min prior to the experiment to
ensure that the tube is filled with argon gas. The samples were

heated at 450e750 �C for 2 h at the increment of 10 �C/minwith the
continuous flow of argon gas before it cooled down to room tem-
perature, and ready for analysis. The formation of ThF4 was verified
through XRD analysis while the morphology and elemental distri-
bution were observed by SEM-EDX analysis. The flowchart of the
experimental procedure is shown in Fig. 1.

2.4. X-ray powder diffraction

The thorium phases were identified and quantified through
Rietveld refining technique using X'Pert HighScore Plus software.
The analysis was performed by comparing and matching the ob-
tained diffraction peaks of the sample with the ICSD (Inorganic
Crystal Structure Database) as a reference to verify the thorium
phases. In addition to that, the Rietveld refining techniquewas used
to separate the overlapping and to determine the lattice parameter,
allowing for verification of the structure.

3. Results and discussions

3.1. Reaction at room temperature

The synthesis of ammonium thorium fluoride was performed
via a solid-state reaction between ThO2 and NH4HF2. The formation
of ammonium thorium fluoride was verified using XRD analysis.
There are two chemical formulas for ammonium thorium fluoride,
which are (NH4)4ThF8 and (NH4)3ThF7 with triclinic and ortho-
rhombic unit cells respectively.

The mixtures of ThO2 and NH4HF2 at the stoichiometry molar
ratio 1.0:4.0 were analyzed using XRD on the following days: 5, 10,
15, and 20 as shown in Fig. 2. Three diffraction peaks of ThO2,
(NH4)4ThF8, and (NH4)3ThF7 were detected in the sample on day 5.
The diffraction peaks of (NH4)4ThF8 detected at the angle of 10.9,
12.7, 15.5, 17.2 and 22.1� 2qwere observed until 20 days of reaction.
The subsequent analysis on day 10 found that the ThO2 diffraction
peaks were not detected at the angles of 72.4 and 74.2� 2q. Further
analysis on day 15 showed another disappearance of ThO2
diffraction peak at the angle of 46.1� 2q. In addition to that, the XRD
analysis indicates that ThO2 diffraction peaks were diminished by
time and completely disappears after 20 days of reaction time. The
Rietveld analysis has verified the formation of (NH4)4ThF8 on day
20, which is consistent with the reference patterns in the ICSD (no.
01-071-1190). The Rietveld analysis of (NH4)4ThF8 is shown in
Fig. 3. The refined triclinic unit cell parameters of (NH4)4ThF8 after
applying the Rietveld technique were a ¼ 8.504, b ¼ 8.381, and
c ¼ 7.337 Å, respectively.

A few diffraction peaks of (NH4)3ThF7 were detected to overlap
with (NH4)4ThF8 peaks at the angle of 25.3, 25.5, 25.7, 26.2, and
26.5� 2q (red circle) as shown in Fig. 2. The formation of (NH4)3ThF7
is considered as an intermediate phase in this reaction because the
detected diffraction peak at the angle of 12.6� 2q was found to
disappear after 20 days. The previous study [19,20] reported a
similar finding where (NH4)3ThF7 diffraction peaks were detected
after 2 days of reaction, followed by its disappearance after 5 days
of reaction. This indicates that the (NH4)3ThF7 phase exists as an
intermediate phase at different reaction times.

In addition to that, the choice of room temperature (25 �C) for
the reaction process was to ensure that the ThO2 was completely
transformed into (NH4)4ThF8 or (NH4)4ThF7, avoiding the formation
of thorium oxide fluoride (ThOF/ThOF2) due to the heating process
[9,22]. And the reaction with excess NH4HF2 was investigated in
order to speed up the conversion of ThO2 to (NH4)4ThF8 or
(NH4)3ThF7.

The chemical reaction that occurs in this study (on day 20) is
given in Eq. (3), similar to the reaction reported earlier by Wani
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et al. [19] except it was achieved only after 22 days. Other previous
researches such as Silva [20] and Silva et al. [21] were succeeded in
determining the formation of (NH4)4ThF8 after 22 days using the
same molar ratio of ThO2 and NH4HF2 as reported herein [20,21].
The disparity between the present study and the previous studies
may be associated with difference technique adopted for sample
preparation. The techniques used by Silva [20] and Silva et al. [21]
directly mixed ThO2 and NH4HF2 with a spatula for 10 min, while,

Wani et al. [19] mechanically mixed the mixture without providing
any further details. It was also reported that the particle size plays
an important role in determining the reaction time [19e21].

3.2. Excess NH4HF2

The changes of ThO2 weight percentage based on the reaction
time at the different moles of NH4HF2 are shown in Table 1. The

Fig. 1. Flowchart of the fluorination process of ThO2 by NH4HF2.

Fig. 2. XRD pattern mixture of ThO2 and 4NH4HF2 at room temperature for 5, 10, 15, and 20 days. The peak that is marked in red rectangular shows the overlapping peak of
(NH4)4ThF8 and (NH4)3ThF7. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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increase of the molar ratios of NH4HF decreased the reaction time
for the elimination of ThO2. The least reaction time for the elimi-
nation of ThO2 was achieved at 5 days with the molar ratio (ThO2 to
NH4HF2) of 1.0:5.5 and 1.0:6.0, respectively. To verify the findings,
the mixture was characterized with XRD analysis after 4 days of
reaction and the results indicated that ThO2 peak was still
observable at the angle of 27.5� 2q. In addition to that, ThO2 was
found to gradually depleted as it forms (NH4)4ThF8 or (NH4)3ThF7.

The XRD diffraction peak analysis for 5, 10, 15, and 20 days of
ThO2 and NH4HF2 reactions at different molar ratio are shown in
Fig. 4, Fig. 5, Fig. 6 and Fig. 7, respectively. Whereas, the identified
chemical phase exists in the mixture of ThO2 and NH4HF2 at the
different molar ratio for 5, 10, 15 and 20 days of reaction are sum-
marized in Table 2. Three thorium compounds of ThO2, (NH4)4ThF8,
and (NH4)3ThF7 were detected after 5 days of reaction time at
4.0e5.0 moles of NH4HF2 as shown in Fig. 4. On the contrary, the
reaction of ThO2 with higher moles of NH4HF2 (5.5 and 6.0 moles)
for 5 days of reaction time produced (NH4)3ThF7, NH4HF2 and NH4F.
The use of excess NH4HF2 produced NH4F as a by-product. The
previous study [19] did not report the presence of NH4HF2 and
NH4F as the by-product after the reaction with 10% of excess
NH4HF2. Meanwhile, the other study [23] has reported the exis-
tence of NH4HF2 in the reaction of 4.3 NH4HF2 and UO2 after 55
days of reaction.

After 10 days, the reaction of ThO2 and NH4HF2 at the molar
ratio of 1.0:4.5 shows that the overlapping diffraction peaks were
diminished with the presence of new diffraction peaks at the angle
of 14.1, 16.9, and 17.9� 2q (Fig. 5), which referred as (NH4)3ThF7. On
the other hand, the diffraction peak of (NH4)4ThF8 is still observable

Fig. 3. Rietveld analysis of (NH4)4ThF8 with the black line representing the sample, and the blue line referring to the calculated ICSD reference code number 01-071-1190. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 1
Theweight percentage of ThO2 (%) content in themixture of ThO2 and NH4HF2 at the
different molar ratio and reaction time.

Molar ratio of ThO2: NH4HF2 Weight percentage of ThO2 (%) analysis
on a different day

5 10 15 20

1.0:4.0 13.9 6.3 3.0 0.0
1.0:4.5 5.6 2.9 0.9 0.0
1.0:5.0 4.0 0.0 0.0 0.0
1.0:5.5 0.0 0.0 0.0 0.0
1.0:6.0 0.0 0.0 0.0 0.0

Fig. 4. XRD spectrum analysis on day 5 reaction of ThO2 and NH4HF2 at the different molar ratio.
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even after 10 days of reaction at themolar ratio of 1.0:5.0. While the
NH4F diffraction peak was not detected after 10 days of reaction for
the mixture of ThO2 and NH4HF2 at the molar ratio of 1.0:6.0. NH4F
was not stable in the presence of ThO2 and the following reaction
may as follow (Eq. (5)) [16]:

7NH4F þ ThO2 / (NH4)3ThF7$2H2O þ 4NH3 (5)

The disappearance of NH4HF2 and NH4F (for the mole ratio of
1.0:5.5) diffraction peaks after 10 days was expected due to the
releases of NH3 and HF gas during the reaction as given in Eqs. (6)
and (7). Mukherjee et al. [16] reported that NH3 gas was released
during Y2O3 reaction with NH4HF2 at room temperature. However,
there is a possibility that NH4F remained undetected in the sample
after 10 days of reaction. The thorium compound usually produced
high intensity diffraction peak compared with other compounds
due to the high atomic number, thus the NH4HF2 and NH4F
diffraction peaks might not be observable at this stage [15,24].

ThO2 þ 5.5NH4HF2 / (NH4)3ThF7$2H2O þ 1.5NH4HF2 þ NH4F (6)

(NH4)3ThF7$2H2O þ 1.5NH4HF2 þ NH4F /

(NH4)3ThF7$2H2O þ 2.5NH3 þ 4HF (7)

The reaction of ThO2 and NH4HF2 at the different molar ratios
was further characterized on 15 and 20 days after the reaction as
(Figs. 6 and 7). The analysis indicated that ThO2 for the reaction at
the molar ratio of 1.0:4.5 were fully transformed into two chemical
phases ((NH4)4ThF8 and (NH4)3ThF7) after 15 days. However, only
(NH4)3ThF7 was detected after 15 days for the reaction of ThO2 and
NH4HF2 at the higher molar ratio. The observed diffraction peak of
(NH4)3ThF7 was verified using Rietveld analysis and the data
matched with the ICSD database (no. 01-071-1954). The calculated
lattice parameters for (NH4)3ThF7 from the Rietveld analysis were
a¼ 13.944, b¼ 7.931, and c¼ 7.047 Å, respectively. The comparison
of (NH4)3ThF7 lattice parameter obtained in this study with the
ICSD database is shown in Table 3.

Fig. 5. XRD analysis after 10 days reaction of ThO2 and NH4HF2 at the different molar ratio.

Fig. 6. XRD analysis after 15 days reaction of ThO2 and NH4HF2 at the different molar ratio.
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In general, the mixture of ThO2 and xNH4HF2 are supposed to
synthesize (NH4)4ThF8 or (NH4)3ThF7 at room temperature,
depending on the molar ratio of the reactants. The findings indicate
that the reaction with an excess amount of NH4HF2 will synthesize
(NH4)3ThF7 at the equilibrium phase, whereas (NH4)4ThF8 is ex-
pected to form at stoichiometry state after 20 days of reaction.
Therefore, based on the findings, it can be concluded that the op-
timum reaction time for converting ThO2 to (NH4)3ThF7 is 5 days, by
using 5.5 moles of NH4HF2.

3.3. Formation of ThF4

This study reported the synthesis of ThF4 through heating of
(NH4)3ThF7 at 450 �C in the presence of argon gas, contrary to the
study reported by Cardearelli [13] the synthesis of ThF4 from the
heating of (NH4)4ThF8 at 800 �C with the flow of NH3 gas. The
synthesized ThF4 was characterized with XRD for verification. The
finding showed that the XRD diffraction peaks and lattice param-
eter (a¼ 13.05, b¼ 11.12 and c¼ 8.54) matched with ICSD database
(Ref no. 00-023-1426). The XRD diffraction peak for the synthesized

ThF4 is shown in Fig. 8. The red and blue lines in the figure indicate
the sample peak and the Rietveld analysis, respectively. The com-
parison of ThF4 lattice parameter obtained in this study with the
ICSD database and other research is shown in Table 4. The reactions
equations for the formation of ThF4 are given in Eqs (8) and (9).

(NH4)3ThF7$2H2O / (NH4)3ThF7 þ 2H2O (8)

(NH4)3ThF7 / ThF4 þ 3NH4F (9)

The effect of temperature on the formation of ThF4 through the
heating of (NH4)3ThF7 was also investigated as shown in Fig. 9. Two
new diffraction peaks were observed at the angle of 22.09 and
28.39� 2q when (NH4)3ThF7 was heated at 650 �C. The new
diffraction peaks were verified using the ICSD database as ThF4 and
thorium oxide fluoride (ThOF2), respectively. The formation of
ThOF2 can occur with the presence of oxygen during the heating
process or through the partial elimination of ThO2 for the reaction
at the room temperature [8]. The formation of ThOF2 is not ex-
pected considering that the heating process was performed in an

Fig. 7. XRD analysis after 20 days reaction of ThO2 and NH4HF2 at the different molar ratio.

Table 2
The phase identified by XRD in the mixture of ThO2 and NH4HF2 when kept at room temperature for 5e20 days.

Mole ratio Phase identified by XRD at different reaction time

ThO2 NH4HF2 5 days 10 days 15 days 20 days

1.0 4.0 ThO2, (NH4)4ThF8, (NH4)3ThF7 ThO2, (NH4)4ThF8, (NH4)3ThF7 ThO2, (NH4)4ThF8, (NH4)3ThF7 (NH4)4ThF8
1.0 4.5 ThO2, (NH4)4ThF8, (NH4)3ThF7 ThO2, (NH4)4ThF8, (NH4)3ThF7 (NH4)4ThF8, (NH4)3ThF7 (NH4)4ThF8, (NH4)3ThF7
1.0 5.0 ThO2, (NH4)4ThF8, (NH4)3ThF7 (NH4)4ThF8, (NH4)3ThF7 (NH4)3ThF7 (NH4)3ThF7
1.0 5.5 (NH4)3ThF7, NH4HF2, NH4F (NH4)3ThF7 (NH4)3ThF7 (NH4)3ThF7
1.0 6.0 (NH4)3ThF7, NH4HF2, NH4F (NH4)3ThF7, NH4HF2 (NH4)3ThF7 (NH4)3ThF7

Table 3
The comparison of lattice parameters determined in this study and other references.

Lattice Parameter (Å) (NH4)4ThF8 (NH4)3ThF7

Experimental ICSD 01-071-1190 Experimental ICSD 01-071-1954

a 8.504 8.477 13.949 13.944
b 8.381 8.364 7.931 7.928
c 7.337 7.308 7.047 7.041

C.N.A. Che Zainul Bahri et al. / Nuclear Engineering and Technology 51 (2019) 792e799 797



inert condition with the flow of argon gas. However, the study re-
ported by Soucek [8] stated that there is still a possibility that
recombination of H2O can occur at high temperature (800 �C)
which may lead to the formation of ThOF2. In addition to that, it is
also valid to assume the experimental procedure utilizing the
quartz tube furnace with argon gas without removal of the formed
by-products as described in section 2.3.

Fig. 8. XRD pattern with Rietveld analysis for ThF4 heating at the temperature of 450 �C.

Table 4
The comparison of the lattice parameter of ThF4 determined in this study with other
references.

Lattice Parameter (Å) Experimental ICSD 00-023-1426 Reference [3]

a 13.05 13.10 12.90
b 11.12 11.10 10.93
c 8.54 8.60 8.58

Fig. 9. XRD pattern heating of ammonium thorium fluoride at different temperature.

Fig. 10. (a): SEM morphology of ThF4 (b): EDS analysis of ThF4.
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The synthesized ThF4 (at 450 �C) was further characterized with
SEM-EDS. The morphology image and spectrum of the ThF4 are
shown in Fig. 10(a) and Fig. 10(b), respectively. The EDS analysis
revealed the presence of Th, U and F at the weight percentage of
87.17, 9.36, and 3.04%, respectively. The presence of U peak in EDS
analysis was due to the impurities in the ThO2 used to synthesized
ThF4, while Au peak was due to the coating material.

4. Conclusion

This study reports the synthesized process of ThF4 from the
reaction of ThO2 and NH4HF2. The finding showed that the fluori-
nation of thorium oxide has been achieved through the synthesis of
two elements of ammonium thorium fluoride, namely (NH4)4ThF8
and (NH4)3ThF7, at room temperature. The formation of (NH4)4ThF8
or (NH4)3ThF7 has been determined by different molar ratios of
reactants. The (NH4)4ThF8 has been synthesized at the molar ratio
of 1.0:4.0 for ThO2:NH4HF2, while (NH4)3ThF7 was formed when
excess NH4HF2 was used.

The optimummolar ratio of ThO2 to NH4HF2 for the synthesis of
(NH4)3ThF7 was 1.0:5.5 with 5 days reaction time. In addition, the
heating of (NH4)3ThF7 at temperature 450e550 �C in the presence
of argon gas resulted in the formation of ThF4. Further heating at
650 �C has led to the formation of ThOF2.
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