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a b s t r a c t

This work shows the technical feasibility to obtain uranium tetrafluoride through an electrochemical
mercury cell. This technique represents a custom scaling-up methodology from our previous studies to
obtain UF4 using the dropping mercury electrode cell. The UF4 products were obtained from natural UF6
gas, which was hydrolyzed to obtain a 50 g/L UO2F2 solution. The electrolysis cell was made using a
mercury reservoir, to reach UF4 production rates of 1 Kg UF4/day. This custom design allowed a stable UF4
production thanks to the mercury cathode, which do not permit the accumulation of solid products in its
surface. The cell was tested using current densities from 5.000 to 17.500 A/m2 and temperatures from 25
to 65 �C. The maximum current efficiency achieved under these conditions was 80%. The UF4 powders
possessed spherical morphology, with diameters between 20 and 80 mm. Compared to the SnCl2 pre-
cipitation, this process did not allow preferential growth of the precipitates. This improved the
compaction of the UF4 e Mg powders mixtures, with densities between 3.0 and 3.5 g/cm3. The purity of
the UF4 products was over 98%.
© 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

1.1. Radiopharmaceuticals

The Chilean Nuclear Energy Commission, CCHEN, produces in its
Materials Testing Reactor (MTR) RECH-1, radioisotopes of use in
nuclear medicine, such as 99mTc and 131I. The radioisotope for
medical use technetiume99 metastable (99mTc), a product of the
radioactive decay chain of 99Mo, is the radioisotope with the
highest use in nuclear medicine in the world. This radioisotope is
used in medical diagnostic procedures of various pathologies,
concentrating around 80% of all the images obtained by gamma
cameras of the nuclear medicine, corresponding to more than 25
million studies per year. In Chile, it is applied in more than 90% of
nuclear medicine studies (about 200,000 patients). In Santiago,
99mTc is produced by neutron activation of molybdenum. Outside
from Santiago, 99mTc is imported from external generators [1,2]. To
use uranium for radiopharmaceuticals manufacturing, uranium
concentrates must be converted to suitable compounds by further
purification and forming processes steps in the fuel cycle. Fig. 1
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presents the conventional refining and conversion route to obtain
UF6 using aqueous processes, usually known as the “wet route”
[3,4].

Uranium metal is required to produce uranium fuels based on
intermetallic compounds, such as UAl3, U3Si2; which are then used
to fabricate LEU (Low Enriched Uranium) fuels. Uranium metal is
also required to produce LEU fuels-based irradiation targets for
99Mo radioisotope production, for radiopharmaceutical
manufacturing. LEU poses restrictions on its quantity due to criti-
cality considerations, and hence its preparation (commonly by
metallothermic reduction of UF4) needs to be carried out at small
scale [5]. This work proposes an alternative method to increase the
production of UF4 powders, based on a mercury cell.

Mercury can be used as catalyzer to obtain metallic species of
low reduction potential in aqueous solutions [6e9]. Unfortunately,
the electrodes based on this metal are not scalable to use for
electrochemical reactions for mass production, commonly because
of environmental issues [10]. Therefore, the development of elec-
trochemical cells, keeping the features of Hg, is required for prac-
tical applications [11]. Uranium tetrafluoride has been normally
obtained in our facilities by chemical precipitation, introducing in a
stirred reactor 20 lt. of an uranyl fluoride (UO2F2) solution, con-
taining 1.250 g U, plus dissolved SnCl2 as reducing agent and hy-
drofluoric acid, HF, according to reaction (1) [12]:
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Fig. 1. Stages in conventional (wet route) UF6 refining-conversion process.

Fig. 3. Hydrolyzer system for UO2F2 production.
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UO2F2 þ SnCl2*2H2Oþ 4HF/UF4*H2Oþ SnCl2F2 þ 3H2O (1)

The electrochemical reduction process have several advantages
over the chemical precipitation reactions: the production rate and
the grain size of the products can be controlled through tempera-
ture and the current density. Besides, this process does not use
additional reagents for the chemical reaction. For these reasons,
this method can improve the performance of all the subsequent
uranium purification stages, either to obtain uranium-based fuel
plates for research reactors or uranium pellets for power reactors
[13]. This study will describe this alternative procedure to obtain
UF4 using a mercury cathode-based process.
2. Experimental development

Fig. 3 shows the experimental process to obtain natural UO2F2
solutions using a hydrolyzer equipment. At room temperature, UF6
is solid and requires raising the temperature above 56 �C to
Fig. 2. UF4 precipitation reactor.
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sublimate it. The increase in pressure in the container drives it out
and conduct it through Monel 400 ducts, using N2 as gas drag, until
entering the hydrolyzer, where it is contacted with H2O in the form
of a fine drizzle reacting with fast kinetic, according to equation (2):

UF6 þH2O ¼ UO2F2 þ HF (2)

Due to the toxicity risks of UF6 and the HF formation in contact
with environmental humidity, it is necessary the confinement of
the equipment and in depression, so a cabin with constant
extractionwas designed and built in order to ensure a depression of
5e10 mm of water column with an external gas scrubber system.
This process generated UO2F2 solutions with a concentration of
50 g/l of uranium and pH 1.0e1.5 were prepared.

The Hg was placed at the bottom of the cell and the electrical
connection to the negative terminal was made of iron covered with
acrylic to protect it from the UO2F2 corrosion. A bridgewas installed
with two Pt electrodes connected to the positive terminal. The
solution was heated to temperatures between 25 and 65 �C. The
temperature of the system must not exceed 65 �C, because of the
increase in HF evaporation rate. Under these conditions, the HF
evaporation rate was estimated using the method described by
Kawamura and Mackay [14], giving a rate of 0.0882 g/min. How-
ever, to decrease this effect, the surface of the solution was covered
with polystyrene balls. These balls reduced the effective evapora-
tion area to 21.5% of the original value, giving an effective evapo-
ration rate of 0.0189 g/min.

To prevent mercury evaporation, the cell was sealed inside a
Lexan box and a sulphide carbon trap for mercury adsorption. This
prevented any possible mercury leaking from the cell. Although the
vapor pressure of mercury is low (0.002 mm Hg) at 24 �C, an at-
mosphere fully saturated with mercury vapor contains approxi-
mately 18 mg/m3, which can be dangerous to health. Table 1 shows
the chemical analysis of the UO2F2 solution. These impurities come
from the previous chemical purification processes. It is important to
trace them, because they also undergo neutron activation, which
decreases the radiopharmaceutical production efficiency. The
chemical analyses were done using the ICP-mass spectrometry.

All the experiments were carried out using a KXN-15100D DC
Table 1
Chemical analysis of the main impurities of the UO2F2 solution.

Impurities Al B Cd C Cu Fe Mn Si

ppm 15 18 21 5 15 23 24 11
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power supply, in galvanostatic mode. The custom mercury cell of
Fig. 4 can operate continuously and with low mercury volumes.
This made the cell easy to control, scalable and safer than the
methods used in analytical chemistry, and the conventional mer-
cury cell. The mercury compartment at the bottom decreases the
need of high volumes for this element. The mercury - UO2F2 solu-
tion served as the cathode of the cell. The cathodic reaction was
according to reaction (3):

UO2þ
2 þ4Hþ þ 4F� þ 2e�/UF4 þ 2H2O (3)

The current efficiency of each experiment was calculated ac-
cording to equation (4):

Current efficiency¼ Faraday�s law
Mass of UF4 product

¼
I*t*MWUF4

n*F
Mass of UF4

(4)

where I is the current intensity, t is time,MWUF4 is themolar weight
of UF4, n is the change of oxidation number, and F is the faraday
number. The anodic connection for water oxidation was made
through Pt wires, and hermetically insulated to avoid corrosion on
the upper section of the wire, equation (5):

H2O/
1
2
O2 þ 2Hþ þ 2e� (5)

Hydrogen evolution took place as a secondary reaction in the
mercury cathode, equation (6):

Hþ þ e�/
1
2
H2 (6)

This configuration allowed obtaining 5 Kg of UF4 continuously
per week. After every day, the mercury was drained using vacuum
pumps and filtered to recover the UF4 obtained. The UO2F2 solution
was restored to its original composition by adding UO3 and HF for
every test. The UF4 powders obtained were separated from the
mercury using a peristaltic pump and filtrating, and it was washed
using deionized water. Subsequently, it was dried at 70e80 �C in an
air-nitrogen atmosphere, then it was dehydrated in an inert at-
mosphere, obtaining a product with a water content of less than
Fig. 4. Custom mercury cell used, measures in mm.
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0.1%. The dehydrated product was weighed and stored in poly-
carbonate jars. The products obtained was characterized through
XRD and chemical analysis of impurities using ICP-Mass Spec-
trometry. The grain size of the UF4 powder samples obtained was
measured by laser diffraction using a Particle Size Analyzer for
powder materials Mastersizer 3000E Hydro EV, with a measure-
ment range of 0.1e1000 mm.

An important aspect of any mercury cell system is its stability in
time. Theoretically, there is no mercury consumption during the
electrolysis process. However, the mercury electrode tends to
oxidize to HgO, according to equation (7) [15]:

HgðlÞ þ
1
2
O2/HgOðsÞ (7)

For this reason, any kind of mercury cell needs careful control of
Hg flow and possible Hg oxidation. This reaction can take place any
time when the mercury losses contact with the cathodic connec-
tion, because of themercury flow in the process. However, since the
mercury was stagnant in the proposed system and the mercury
itself was confined into a small compartment (Fig. 4), the mercury
loss by this mechanism were minimal.

3. Results and discussions

Fig. 5 shows the influence of the cathodic current density and
temperature over the current efficiency of the process. Both pa-
rameters have important consequences over the current efficiency.
Although the temperature improves the current efficiency in all
cases because of the reduction in the ohmic resistance of the HF
solution, it is not safe to increase it over 65 �C. The system canwork
at higher temperatures, but it is not recommendable due to the
effect of HF evaporation. The reason for the loss of current efficiency
was the protons reduction to hydrogen, reaction (6). This was
verified in the final pH value of the UO2

2þ solution, which ranged
from 2.5 to 4.0. Since this parameter can lead to uranium precipi-
tation, HF acid and UO2F2 were replenished after every 24 h test.

Fig. 6 illustrates the effect of the cathodic current density and
temperature over the grain size of the UF4 samples. Although high
current densities and temperatures decrease the cell efficiency,
these conditions also decrease the grain size of the UF4 samples.
Low grain sizes of UF4 powders allows reaching UF4 e Mg (or Ca)
mixtures with densities between 3.0 and 3.5 g/cm3. This benefits
the subsequent metallothermy process to obtain uranium ingots
free of porosities.

According to the electro-crystallization theory, the formation of
precipitates can also be studied using the classical nucleation and
grow mechanisms. Equation (8) shows the Gibbs free energy for
Fig. 5. Current efficiency v/s cathodic current density.



Fig. 6. UF4 powders P80 size v/s cathodic current density.

Fig. 7. X-ray diffraction profile of UF4 sample, showing the characteristic UF4 peaks,
identified according to 01-082-2317 anhydrous pattern (X'Pert Highscore software).

Table 2
Chemical analysis of the main impurities in UF4 powders.

Impurities Al B Cd C Cu Fe Mn Si UF4

ppm 10 12 15 0.5 13 19 18 5 >98%

Fig. 8. SEM image of a UF4 sample.

Fig. 9. UF4 sample obtained, using SnCl2 as reducing agent.

M. Dides, J. Hern�andez and L. Olivares Nuclear Engineering and Technology 54 (2022) 1909e1913
nucleation [16,17]:

DGnucl ¼ � 4
3
pr3ð�DGV Þ þ 4pr2q (8)

where DGnucl is the free energy for nucleation, r is the size of the
initial nucleus, DGV is the is the Gibbs free energy change when a
soluble specie is adsorbed to the surface, compared to being in the
supersaturated electrolyte, and q is the interfacial area. However, in
the case of an electrochemical system, DGV is related to the elec-
trochemical system, equation (9):

DGV ¼ � nFjhj (9)

where h is the cathodic overpotential of the cell. Therefore, the
critical radius rcrit will be:

rcrit ¼
2q

nFjhj (10)

Equation (10) shows that, high overpotentials, caused by high
currents applied using the DC power source, decrease the critical
radius of the UF4 precipitation, giving as result, fine powders of the
precipitate. Accordingly, the temperature influences the over-
potential, given by equation (11):

h¼ E � E0 ¼ kT
ze

lnðaads
a0ads

Þ (11)
1912
where a0ads is the activity of the ad-layer formed on the foreign
substrate at the equilibrium potential, E0. In other words, temper-
ature contributes directly to decrease the overpotential required to
reach a determined current density. For this reason, temperature
has the opposite effect of the current intensity, increasing the grain
size of the UF4 samples, and therefore, decreasing its bulk density.

Fig. 7 shows the XRD of a UF4 sample. The X-ray diffraction
analysis shows anhydrous UF4 as the main product. Table 2 shows
the chemical composition of the UF4 sample.

Figs.8 and 9 show different UF4 samples, obtained both from the
proposed mercury cell electrode and the conventional SnCl2 pre-
cipitation. It was found that the shape of the particles obtained
using the mercury cell were essentially spherical. Fig. 9 shows a UF4
sample obtained by conventional chemical reduction, using the
SnCl2 chemical process from Fig. 2. This UF4 particles possessed a
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cubic shape morphology, which denotes a homogeneous growth
[18e20], because of the creation of new surfaces during the pre-
cipitation reaction during the nucleation and growth mechanisms.
The spherical shape of the UF4 samples obtained by the proposed
mercury cell allowed producing an additional mass of 10e15% in
the magnesiothermy reactor, by decreasing the presence of po-
rosities inside the powders.

4. Conclusions

The main conclusions for this work were the followings:

➢ The proposed mercury cell allowed obtaining UF4 powders from
UO2F2 solutions by controlling the cathodic current density and
the temperature of the system.

➢ Although mercury can be toxic for human health, the design of
the proposedmercury cell allows the production of UF4 powders
using a minimum volume of mercury in the reservoir at the
bottom of the cell.

➢ The proposed mercury cell allowed working continuously dur-
ing 24 h, with an acid make-up after every test and avoiding the
mercury oxidation to HgO.

➢ The up-to-date UF4 precipitation using SnCl2 requires a size
reduction stage to achieve the desired grain size for the UF4
powders. This mercury cell process obtained UF4 in a single
stage to the later metallothermic reduction for the manufacture
of uranium fuels, by controlling the temperature and current
density.
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