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(57) Abstract

A compound MF,,, where M is a metal and n is the valency of the metal and has a value between 1 and 6, is injected
through injection parts (2, 3, 4), and subjected to a thermal plasma (7) at a temperature in excess of 3000 K to dissociate it
into the metal and fluorine. Also present in the reactor is an added reactant that will react with the metal or the fluorine to
prevent their recombination so that there is formed fluorine gas or a fluoride other than the fluoride of the metal M.
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GENERATION OF FLUORINE VIA THERMAL PLASMA
DECOMPOSITION OF METAL FLUORIDE

The present invention relates to a process for
converting a fluoride of a metal to free fluorine gas or to
a fluoride of an element other than the metal.

BACKGROUND OF THE INVENTION
Fluorine occurs in nature in various minerals and

industrially fluorine is obtained from the mineral fluor-
spar, CaF2. Finely ground fluorspar is reacted with con-
centrated sulfuric acid to yield hydrogen fluoride. This
is dried and then reacted with potassium fluoride to form
potassium hydrogen fluoride, KF.nHF, where n has a value
from 1 to 3. Anhydrous potassium hydrogen fluoride is
subjected to electrolysis and fluorine gas is obtained at
the anode. At present fluorine is an expensive chemical,
particularly when purchased in small quantities. The
market for fluorine is large and growing. Fluorine is
used, for instance, in the nuclear industry for the manu-
facture of UFg, and SFg is now being used as a dielectric
in transformers, in place of chlorinated biphenyls.

Magnesium fluoride does not appear in nature, but
large quantities of fluorine are present in uranium-
contaminated magnesium fluoride that is obtained from re-
duction of UFy to uranium metal by the thermite reaction.
At present this uranium-contaminated magnesium fluoride is
stockpiled, at considerable expense.

Another source of fluorine is UFg, particularly
tails from a uranium-enrichment process in the nuclear
industry. Naturally occurring uranium is composed mostly
of 238y, with about 0.71 % of the radioactive isotope 235y,
For use in the nuclear industry the content of radioactive
235y must be increased to give enriched uranium. Enrich-
ment is achieved for instance by gaseous diffusion of UFg.
In addition to the desired enriched product, the enrichment
process yields a large quantity of UFg that is depleted in
content of 235y. An economical process for converting the

depleted UFg into uranium metal and fluorine would be of
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considerable value. The fluorine could be recycled to the
formation of undepleted UFg for subjection to the

enrichment process. The depleted uranium metal has uses,

for instance, in shielding reactors and in military armour

and projectiles.
A letter to the edit
(1987) 103-107 discloses that a small amount

een obtained by subjecting UO3 or UFg

ors of the Journal of Nuclear

Materials 149
of uranium metal has b

to the effect of an argon plasma.
SUMMARY OF THE INVENTION

The present invention provides a process for pro-

g free fluorine gas or a fluoride which comprises sub-

where M is a metal and n is the

jecting a compound MFp,
6 inclu-

valency of the metal and has a value of from 1 to

sive, to the effect of a thermal plasma at a temperature of

at least 3000 K to cause MF, to separate into its comstitu-

ents, the reaction being carried out in the presence of an

added reactant that reacts with the metal M and/or the
fluorine to prevent their recombination, so that there is

formed free fluorine and/or a fluoride that is other than

MFp .
It is desirable that recombination of the metal M
with fluorine shall be prevented to as great an extent as
but it is not essential that all recombination
Processes in accordance with the in-
ven when some

possible,
shall be prevented.
vention can display attractive econiomics e

recombination OCCUIS.
DESCRIPTION OF THE PREFERRED EMBODIMENTS

In one preferred embodiment of the invention the
and one suitable source of calcium is
The invention provides a pProcess

metal M is calcium,

the mineral fluorspar.

that can yield free fluorine gas or a desired fluoride from

fluorspar without necessity for conversion of the fluorspar

to hydrogen fluoride,

hydrogen fluoride and electrolysis.
fluorine can be obtained from fluorspar by the process of

subsequent conversion to potassium
It is estimated that
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the invention at a cost that is significantly less than
that of the conventional route.

In another preferred embodiment the metal M is
magnesium and use is made of the uranium-contaminated MgF,
that is mentioned above. This has the advantages as a
source of fluorine that are mentioned with respect to cal-
cium in the preceding paragraph. An important additional
advantage is that an expensively stockpiled, contaminated
material is disposed of. 1In the course of reaction in the
plasma the uranium contaminant present in the magnesium
fluoride feed will react with fluorine, to form UFg. This
compound is required by the nuclear industry. Hence the
stockpiled material can be disposed of by conversion to
valuable products.

Stored UFg that is depleted in 235y and is a by-
product of a uranium-enrichment process is another source
of fluorine. Rare earths are sometimes available as fluo-
rides, so the metal M can be a rare earth. Mention is made
particularly of neodymium and gadolinium, which can be con-
verted from their fluorides to the free metal by the pro-
cess of the invention. The free metals are useful in high
powered magnets.

According to the invention there is added to the
reaction in the plasma flame a reactant that will combine
with the metal M and/or with the fluorine present in the
flame and thereby prevent recombination of metal M and
fluorine to reform MF,. The added reactant can be any
reactant that will remove fluorine from the reaction mix-
ture before the fluorine can recombine with the metal M, or
any reactant that will remove the metal M before the metal
M can recombine with the fluorine. Factors affecting re-
moval of the fluorine, or removal of the metal M, include
the kinetics of the reaction between the fluorine, or the
metal M, and the added reactant, the volatility of the
species formed in the reaction, the rate of quenching, etc.
Reactants that will remove fluorine include, but are not
limited to, hydrogen, sulfur, silicon, silica (which can be
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in the form of sand), alumina and uranium. Reactants that

will remove the metal M include oxygen, nitrogen, sulfur

and chlorine.
When oxygen is used as the added reactant it can

be present as molecular oxygen, 0Oy, or it can be present as

an oxide of a metal. If oxygen is present as molecular
oxygen it is conveniently supplied as air. If it is pre-
sent as an oxide of a metal there will be formed a fluoride
If the metal whose oxide is added is cap-

1 fiuorides then some or all of the
For instance, if oxygen

of that metal.
able of forming severa
possible fluorides may be formed.
is added in the form of an oxide of uranium there will be

Also oxyfluorides have been found in

formed UFy and UFg.
These

the products when oxides of uranium have been used.

oxyfluorides can be recycled to the reaction, if desired.

In some cases the added reactant is one chemical

compound that provides two reactants, one reactant to
remove fluorine and one reactant to remove the metal M.

For instance, an oxide of uranium will provide uranium for

the removal of fluorine and oxygen for the removal of the

metal M as an oxide.

If chlorine is used it can be supplied as mole-
cular chlorine, Clp, or as a metal chloride. If it is
s a chloride there will be formed a chloride of

present a
In fact it is contemplated that chlorine and

that metal.
chlorides will not be used for economic, not technical,

reasons.
The reaction is carried out in a plasma at a

in excess of

temperature in excess of 3000 X, preferably
Good

4000 K and most preferably in excess of 5000 K.

results have been obtained at temperatures of about 5500 K

to 5800 K, and higher temperatures favour higher efficiency
Temperatures can be considerably higher,

of conversion.
s 20,000 K or higher, but using these higher

even as high a
temperatures 1s expensive of power and may not be economi-

cally justified.
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There are various types of thermal DC and AC
plasma heaters, e.g. d.c. plasma torches of the hot or cold
cathode type, radio frequency, inductively coupled plasma
torches, and d.c. or a.c. transferred arc plasma furnaces.
These different types all have their particular advantages
and disadvantages and all can be used in the process of the
invention.

From a technical point of view, the plasma itself
can be, for example, an air, argon, nitrogen, argon/-
hydrogen or argon/nitrogen plasma. If an alr plasma is
used the molecular oxygen present in the air will also
serve aé the added reactant to prevent recombination, form-
ing an oxide of the metal M. If a hydrogen-containing
plasma is used, the hydrogen will also serve as the added
reactant to prevent recombination of the metal M with fluo-
rine. There will result formation of hydrogen fluoride.

Hydrogen is particularly effective as the added
reactant for preventing recombination of the metal M and
fluorine, but use of hydrogen results in formation of hy-
drogen fluoride. If it is desired to produce free fluorine
or a fluoride other than hydrogen fluoride there should be
used a plasma and a reaction system that are both free from
hydrogen and hydrogen-containing compounds. For instance,
if the starting material is uranium-contaminated magnesium
fluoride and it is desired to form UFg using the uranium as
the reactant to prevent recombination of magnesium and
fluorine, the plasma and reaction system used should be
free of hydrogen and hydrogen-containing compounds so that
there is formed UFg, not HF.

It is possible to supply the added reactant to
the reaction in various ways. In some cases a component of
the plasma gas serves as the added reactant. 1In other
cases an auxiliary gas is injected into the plasma. The
products of the reaction will be affected by the plasma
used and also by any auxiliary gases fed to the plasma.

For instance if magnesium fluoride is dissociated in a
plasma to which water vapour is fed as an auxiliary gas
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there will be obtained magnesium oxide and hydrogen fluo-

If a hydrogen-containing plasma or a hydrogen-

ride.
be obtained

containing auxiliary gas 1s used there will
magnesium metal and hydrogen fluoride. These products are
available cheaply via other synthetic routes,
tions except in special circum-

If the metal

SO economics

will not favour these reacC
stances that create a compensating advantage.

M is obtained as such, the metal may be in the form of a

finely divided powder and this could be a compensating ad-

vantage depending upon the metal.
The reactant MF, can be fed to the plasma as a

The powder particles should be fed into a zone of

powder.
issoci-

the plasma flame where effective vapourization and d

ation will occur, i.e., a hot zone of the plasma flame.

The particles can be fed directly into the plasma torch,
i.e., along the axis of the plasma flame, oOr externally to

the plasma torch. From the point of view of theoretical

efficiency of the process the former is to be preferred,
but it may cause corrosion, erosion of electrodes and other
The powder, which 1is suitably fed from
For ease of flow
all

practical problems.
a hopper, is preferably finely divided.
from the hopper it should be monodispersed, i.e.,
particles should be of substantially the same size.

In an alternative embodiment the MFp powder 1is

suspended in a fluidized bed and fed from the fluidized bed

with an inert carrier gas such as argon to the injection

nozzle. In yet another embodiment the plasma flame can be
directed into a fluidized bed of the powder MF,.
With a powder injection system some of the parti-

cles may not have sufficient residence time within the

plasma to acquire enough heat for vapourization and dis-
sociation. Unreacted powder can be recycled. Unreacted

MF, from one plasma can be fed to a second plasma for fur-
Thus it is possible to have a

but this is not pre-

ther reaction, and so om.

number of plasma heaters 1in series,

ferred. Factors such as powder particle size, feed rate,
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geometry and location of feed nozzle can be varied to opti-
mise operation.

In other embodiments the reactant MF, is contain-
ed in a crucible, suitably of graphite, and the plasma
flame impinges on the surface of the sample, or the MFp
powder is blended with a binder to form a solid of shape
suitable for feeding to the plasma.

The reactant MF, can be melted and fed as a fluid
to the plasma in which the dissociation reaction occurs.
This can be done in a preheating step, suitably in another
plasma. Depending upon the metal M the molten MF, may be

viscous and may possibly form a plug. Furthermore, contact

between molten MF, and electrodes could lead to electrode
erosion problems, so this embodiment is not normally pre-
ferred.

In one embodiment of the invention magnesium
fluoride is dissociated in an air plasma using an oxide of
uranium to prevent recombination of magnesium atoms and
fluoride atoms. The oxide of uranium can be for example,
UO,, UO3 or UzOg and chemical reactions that can occur are
illustrated with reference to UO3 as follows

3MgFy + UO3 > 3MgO + UFg
For this purpose the oxide of uranium can be unpurified
yellowcake. As one product there is obtained UFg, an
important intermediate in the preparation of enriched
uranium dioxide for nuclear fuel. The magnesium oxide can
be obtained in a finely divided, highly pure form that is
of considerable value in the electronics industry.

In another embodiment fluorine gas from a plasma
is fed, while still hot from the plasma, into a fluidized
bed of oxide of uranium where reaction occurs to form UFg.

In experiments carried out in examples described
below, magnesium fluoride powder of about 14 um particle
size was fed to an air plasma. After reaction solid ma-
terial that had deposited on a collector plate downstream
of the plasma flame was collected and its particle size
distribution was determined. It was found that the
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distribution showed two peaks, one at about 0.2 pm mean

particle size and one at about 42 HUm mean particle size.
of each size were examined by scanning electron

(SEM). The larger particles were also examined
Tt was not possible to examine

Particles

microscope
by X-ray diffraction (XRD) .
the smaller particles by XRD as the particles were amor-

phous, not crystalline.
Oon the basis of observations it is hypothesized
that the larger particles were formed when magnesium fluo-

ride particles fed into the plasma did not enter the hot-
r a sufficient

and did
How-

test part of the plasma, or did not remain fo
length of time in the hottest part of the plasma,
not acquire enough heat to vapourize and dissociate.

ever, the particles did acquire enough heat to sinter,
Hence some of the particles of
Other of

or

to melt, and agglomerate.
14 pm became aggregated to form 42 Um particles.

the 14 um particles may have become molten and droplets may

have broken up and then solidified to form particles less

than 14 pm but greater than 0.2 pm. The observations of

the 42 um particles by the scanning electron miCroscope and

by X-ray diffraction are consistent with this hypothesis,
s consistent with sintering and with

as the morphology 1
It is hypothesized that the

melting and agglomeration.
amorphous particles were formed from magnesium
or to

smaller,
fluoride that did acquire enough heat to vapourize,

vapourize and dissociate, and the particles are formed by
on of some of the dissociated magnesium fluo-

recombinati
ride, followed by condensation, and also by condensation of
vapourized magnesium fluoride that did not dissociate.

This hypothesis is consistent with the reduction in parti-
cle size from about 14 um to about 0.2 um and also con-
sistent with the observations by SEM and the amorphous

structure.
It will be appreciated that when calculating the

theoretical efficiency of the reaction the calculation
should not include that amount of the magnesium fluoride

feed that did not acquire sufficient heat to vapourize and
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dissociate, and was consequently unable to participate in

the reaction. In the particular experimental arrangement

the amount of MgF, that did not acquire sufficient heat to

react was about 70%, so this amount was deducted from the

5 amount of MgF, fed before the efficiency of conversion was

calculated.
By optimisation it should be possible to reduce

that amount of the fed MgF, that does not acquire suffi-

cient heat to react.
10 DESCRIPTION OF THE DRAWINGS

The invention will be further illustrated with

reference to the accompanying drawings and the following

examples. Of the drawings,
Figure 1 schematically illustrates the plasma

15 reactor that was used in Examples 1 and 2;
Figure 2 shows the plasma torch section of the
plasma reactor of Figure 1 in greater detail;
Figure 3 is a schematic illustration of apparatus
used in Example 3; and
20 Figure 4 is a graph showing the efficiency of
conversion of MgF, as a function of plasma temperature
(specific enthalpy); and
Figure 5 is a graph showing a mass spectrometry
analysis of gases resulting from plasma melting of pure
25 MgF, and absorption of the products of reaction, as ex-
plained in greater detail in Example 3 below.
Referring to Figure 1, there is shown a plasma
torch 1, injections ports 2, 3 and 4 and a viewing port 5.
Reaction commences in a plasma flame section 7, from which
30 gases exit into a reaction and collection chamber 8. From
this chamber gases pass via conduit 9 into a scrubber tank
10, being scrubbed with water from a water spray nozzle 11
as they pass through conduit 9 on their way to scrubber
tank 10. A sampling outlet 12 is provided in the scrubber
35 tank. From the scrubber tank gases are exhausted from the
top and liquid is exhausted from the bottom for draining or

recycling. Letters A, B, C and D indicate regions from
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which, in the examples described below, solid material

including magnesium fluoride was collected after runs.
Figure 2 shows parts of the apparatus of Figure 1
in greater detail. The same numbers are used in Figure 2

Figure 2 also shows an injection nozzle 13

as in Figure 1.
powder can be fed, for example from a hopper

from which MFp
Also shown in Figure 2 is the plasma flame

the point of the plasma flame into
ried by selection of the

(not shown) .
14. As can be seen,

which the powder is fed can be va

injection nozzle 2, 3 or 4. The plasma torch can also be

so that the horizontal distance & and the radial

displaced,
oint of powder injection from the plasma

distance b of the p

torch can be varied.
Although not shown in Figures 1 and 2,

sible to include cooled baffles in the apparatus, Jjust
downstream of the plasma flame to cause precipitation of
The metal can be obtained as a finely divided

it is pos-

metal M.

powder by this means.
Figure 3 shows a small scale, 10-20 kW experi-

for use in a batch process. In zone

mental plasma reactor,
30 mm in

A of the apparatus, a small cylindrical pellet 20,
diameter and 10 to 30 mm high, is located in a supported

graphite crucible 21, where it can be heated by means of a

plasma jet 22.
In use,

pellet melts and vapourizes.
(zone B), where any entrained solid or liquid is col-
gra-

as the temperature rises material of the
Vapour passes through a hot

trap
lected, and emerges through a central channel 23 of

phite support into a cooling zone C, which has a tubular

A cold finger 24 is also provided
s to a collection zone

followed by a

water-cooled condenser.
in zone C. From zone C vapour passe
D that contains a porous metal filter 25,

further cold trap 26 (dry ice and acetone).
Gas from the cooling zone C was sent, on-line,

for gas analysis using a VG-Micromass PC-300 spectrometer,

not shown.
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Material from zones C and D was collected and
subjected to various analyses. It was found that the
materials from zones C & D were very similar in composi-
tion, although different from the starting material.
Example 1

Magnesium fluoride, 98% pure and of about 14 um
particle size (100 mesh), was fed externally into the plas-
ma torch of a 150 kW non-transferred arc plasma reactor as
illustrated in Figures 1 and 2.

The plasma gas was dry air that was fed at a rate
of 311 litres/minute (STP). The plasma torch was operated
at an arc current of 300 Amps and gave a total arc power of
about 140 kW. The duration of runs was from 10 to 20
minutes. Runs were carried out at average gas temperatures
that varied between 4650 K and 5800 K. The magnesium fluo-
ride was fed from a fluidized bed with argon as a carrier
gas at 15 SCFM to improve and even the flow.

The powdered magnesium fluoride entered the re-
actor from a water-cooled nozzle of Inconel 600, which is
resistant to corrosive fluorine. Nozzles with two dif-
ferent diameters and two different angles of injection were
used. Runs 1, 2 and 3 were carried out with a 6.3 mm dia-
meter nozzle and an angle of injection of 09, so that the
powder was fed at an angle of 90° to the plasma flame.

Runs 4 to 11 were carried out with a 5 mm diameter nozzle.
Runs 4 to 7, 10 and 11 used a nozzle with an angle of in-
jection of 0°, so that the powder was fed at an angle of
90° to the plasma flame. Runs 8 and 9 used a nozzle with
an angle of injection of 209, so that the powder was fed at
an angle of 70° to the plasma flame. In run 3 the powder
was fed horizontally into the plasma flame. In all other
runs it was fed vertically downwards into the flame. The
time during which magnesium fluoride was actually fed, the
rate of feed of magnesium fluoride, the total amount of
magnesium fluoride fed, the rate of feed of scrubbing
water, the total amount of scrubbing water fed and the
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location of the injection nozzle, as indicated by the

values of a and b, are given in Table 1.

TABLE 1
Scrub
Feed Feed Flow Total Total
Plasma  Time Rate Rate MgF, H,O0 a b
Run min. g/min. Lpm g L mm mm
1 6.0 43.0 3.4 258.0 20.4 2.5 6.1
2 8.3 25.6 3.4 212.5 28.2 2.5 6.1
3 10.0  19.4 3.4 194.0 34.0 5.8 6.1
4 8.6 27.3 3.4 234.7 29.2 2.5 6.1
5 4.0 31.5 3.4 126.0 13.6 2.5 6.1
6 10.0 33.2 3.4 332.0 34.0 3.8 6.1
7 10.0 30.7 3.4 307.0 34.0 3.8 6.1
8 18.0 23.0 6.1 414.0 109.8 3.8 6.1
9 10.0 16.8 6.1 168.0 61.0 3.8 2.5
10 10.0 26.1 6.1 261.0 61.0 1.0 1.9
11 10.0 18.1 6.1 318.0 61.0 1.0 1.3
The amount of fluoride ion in the scrubbing water
was determined after each run. Fluorine is very reactive
and does react with water to form HF and other products.
The rate of this reaction is slow and it is believed that
not all the fluorine formed in the reaction was captured by
the simple scrubber used in this example; only a portion of
the fluorine formed in the reaction was present as fluoride
ion in the scrubbing water, some of it having passed

through the scrubber and escaped detection.

in the scrubbing water.
dissolved magnesium fluoride.

There are three possible sources for fluoride ion
One possible source is unreacted
Magnesium fluoride is only

very sparingly soluble and its solubility data are well

known.

Tt was assumed that the scrubbing water contained

the maximum amount of magnesium fluoride that it could
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dissolve, i.e., that at the end of the run the scrubbing
water was saturated and contained 0.07 g/L of magnesium
fluoride. A second possible source of fluoride ion is from
hydrogen fluoride formed during the reaction. The plasma
gas was dry air that contained no hydrogen nor hydrogen-
containing compounds but the possibility exists that a
small amount of water vapour could travel back from the
scrubber to the plasma reactor. Having regard to the high
velocity of gases flowing from the plasma reactor, very
little water vapour could reach the plasma. For the pur-
pose of calculation, it was assumed that 100 ppm of water
reached the plasma but it is believed that the amount would
in fact be less than this. A third source of fluoride ion
is from fluorine gas formed in the plasma by the reaction
2MgFy + O3 ————>NMg0 + 2F)

From the total amount of fluoride ion detected in
the scrubbing water there were subtracted that amount of
fluoride ion that could be due to dissolved MgF,; and that
amount that could be due to hydrogen fluoride formed from
the 100 ppm of water in the reaction

MgFy + HyO0 —————>MgO + HF
The remainder must be due to the formation in the

plasma of fluorine gas Fy. The results are given in Table

2.
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TABLE 2
F Due to F Due toO
Dissolu- Dissolu-
Total tion of tion of Excess F
5 Plasma F F in MgFy in HF in in Hp
Run mg/L H»0O HyO g HO g
1 386.0 7.9 0.9 0.3 6.7
2 281.0 7.9 1.3 0.4 6.2
3 238.0 8.1 1.6 0.5 6.0
10 4 286.0 8.3 1.3 0.5 6.5
5 192.0 2.6 0.6 0.3 1.7
6 291.0 9.9 1.6 0.5 7.8
7 268.0 9.1 1.6 0.5 7.0
8 136.0 14.9 5.1 1.0 8.8
15 9 142.0 8.7 2.8 0.5 5.4
10 220.0 13.4 2.8 0.5 10.1
11 147.0 9.0 2.8 0.5 5.7

20

25

30

As indicated above, it is believed that the
amount of fluoride ion due to HF 1is overstated, from which
it follows that the amount due to formation of Fp is under-
stated.

Solid material collected from regions A, B, C and
D of Figure 1 was collected and particle sizes were deter-
mined using Micromeritics Sedigraph 5000D or 5100D.

Solid material was also subjected to XRD using an

ENRAF NONIUS DELFT DIFFRACTIS 582. The percentages of MgO

in samples from region C of the reactor of Figure 1 were

determined by chemical analysis and results from runs 4, 6

and 8 are given in Table 3. Runs 4, 6 and 8 were selected

for further consideration because they were carried out at
different temperatures but otherwise under fairly similar

conditions.
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TABLE 3
Chemical Analyses of Solids
Run % MgF, $ MgO
4 79.9 20.1
6 86.4 13.6
8 83.1 16.9

Formation of MgO is a further indication that

there has occurred the required reaction
2MgFy + 02 ——————> Mg0 + 2F)

The particle size distribution of the collected
solids was determined by sedimentation technique using a
Micromeritics Sedigraph 5000D or 5100D instrument. Table 4
gives the weight percentage of solids recovered in runs 4,
6 and 8 that had a diameter of less than 0.3 pm.

TABLE 4
Run Weight % Solids < 0.3 um diameter
4 22
6 20
8 23

Examination of the collected solids by SEM re-
vealed that only the particles with mean particle diameter
less than 0.3 pum were amorphous. It was assumed that the
remainder of the solids did not acquire enough heat to
dissociate and have opportunity to participate in the re-
action. On the basis of the information given in Tables 3
and 4, the true conversions of MgF, to MgO in the thermal
plasma were calculated. Thus, as shown in Table 4, in run
4 only 22% of the solids acquired sufficient heat to parti-
cipate in the reaction. As shown in Table 3, 20.1% of MgO
was obtained. The efficiency of conversion was therefore

20.1 x 100 = 91%
22
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The efficiencies of conversion of the runs 6 and
8 were calculated in a similar manner and are given in

Table 5, together with the temperatures.

TABLE 5
Efficiency of
Gas Temperature Conversion to
Run K MgO
4 5800 91
6 5500 66
8 5650 73

These results are shown graphically in Figure 4

and clearly demonstrate that efficiency of conversion in-

creases with temperature.

In another set of experiments an intimate mixture

of MgF, and an oxide of uranium (U30g) was heated in a
graphite crucible using a 35kW nitrogen/argon plasma torch.

Tt was estimated that the temperature was in excess of 4000

K and probably in excess of 5000 K. The products of the

reaction were collected in a water trap. after quenching

out MgO, and analyzed. Table 6 gives the experimental con-

ditions and the results obtained.
TABLE 6

Results of Heating of a Mixture of U30Og
and MgF,_in a Plasma Torch -

Unit
MgF,/U30g Reactants Products F/U
Run Ratio Mg F U Mg F U Molar
Ratio
12 90 33.6 42.6 11.1 1.8 30.3 57.2 6.0
13 18 22.1 34.5 36.4 2.0 23.1 54.0 4.6
14 9 15.4 24.1 51.0 2.8 24.4 54.9 4.5

It can be seen from Table 6 that U30g originally

present in the reaction mixture was recovered in the form

of uranium fluoride, with only a small amount of magnesium
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It was assumed that all
The amount of fluo-

impurity present in the product.
Mg in the product was present as MgF,.
rine in the product that would be present as MgF, was de-
ducted from the amount of fluorine in the product. The
remainder of the fluorine in the product was assumed to be
present as a fluoride of uranium and that remainder was
used in the calculation of the molar ratio of F:U. It is
of interest to note that in the case of large excess of
MgFy (run 12), the molar ratio of fluorine to uranium in
the final product is 6, indicating the formation of UFg.
At present UFg is produced only in a complicated multi-

stage process.

Example 3
In yet another set of experiments magnesium fluo-

ride alone was heated in a graphite crucible by a 35 kW
plasma torch in a nitrogen plasma at a temperature esti-
mated to be in excess of 4000 K and probably in excess of
5000 K. The off gases from the reaction were passed
through silica gel and the product was analyzed by a mass
spectrometer. 'The results in Figure 5 show the presence of
SiF*, SiFy*, SiF,* and, as the major component, SiF3*. This
confirms that fluoriné was generated, since only fluorine
reacting with SiOj could have resulted in the presence of
SiFt*, SiFy*, SiF3* and SiF,* in the mass spectrometer. MgO
was also recovered.

Example 4
A stoichiometric mixture of MgF, and SiOy (ini-

tial mass 416.4 g) was subjected to a plasma of 15.1 kW
power, the plasma gas being a 50/50 mixture of argon and
nitrogen, for a period of 6 minutes. It was estimated that
the temperature was in excess of 4000 K and probably in ex-
cess of 5000 K. Gas from the reaction was examined by a
mass spectrometer and showed a peak in the spectrum that
indicated the presence of silicon tetrafluoride.

Gas from the reaction was collected in a scrubber
containing a 10% KOH solution and subjected to chemical
analysis for fluoride ion. Average of two analyses gave
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approximately 22 grams of fluoride ion. Also present in

the scrubber was silica gel. These results clearly indi-

cate that there has occurred the reaction:
2 MgFy + S10p > SiF, + 2MgO
The silica tetrafluoride hydrolyses immediately
er to yield the

in the water 10% KOH solution of the scrubb

observed fluoride ions and silica gel, which was also ob-

served.
It was estimated that, on average, SiFys consti-

tuted approximately 4% by volume of the off gas.

Example 5
A 50/50 weight mixture of calcium fluoride and

was subjected to a plasma of

alumina (initial mass 261.4 g)
for a period

15.0 kW power, the plasma gas being nitrogen,

of 4 minutes, at a temperature estimated to exceed 4000 K

and probably in excess of 5000 K.
Gas from the reaction was collected in a scrubber

and subjected to analysis for fluoride ion. Approximately

180 mg of fluoride ion was detected in the scrubber solu-
tion (10% KOH), indicating that there had occurred the re-

action:

6CaFy + 221503 > 4AlF3 + 6Ca0
A substantial quantity of condensate built up in

the reactor and it is believed that this condensate con-

tained a significant amount of AlF3. The chemical analysis

to which the scrubber water was subjected detects fluoride

ions but does not detect undissolved AlF3, so any undis-

solved AlF3 would have been undetected. For these two

reasons, it is hypothesized that the amount of fluorine
present in AlF3 is considerably higher than the 180 mg

observed in the scrubber water.

Example 6
A stoichiometric mixture of CaFy and 510y (ini-

tial mass 218.6 g) was subjected to a plasma of 15.1 kW
power, the plasma gas being a 50/50 mixture argon and
nitrogen, for a period of 6 minutes, at a temperature
estimated to be in excess of 4000 K and probably in excess
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of 5000 K. Gas from the reaction was examined by a mass
spectrometer and showed a peak in the spectrum that indica-
ted the presence of silicon tetrafluoride.

Gas from the reaction was collected in a scrubber
containing a 10% KOH solution and subjected to chemical
analysis for fluoride ion. Average of two analyses gave
approximately 14 g of fluoride ion. Also present in the
scrubber was silica gel. These results clearly indicate
that there has occurred the reaction:

2CaFy + Si0; > SiFy + 2Ca0
The silica tetrafluoride hydrolyses immediately

in the scrubber solution to yield the observed fluoride

ions and silica gel.
It was estimated that, on average, SiF, constitu-

ted approximately 3% by volume of the off gas.

This example was repeated using 236.3 g of the
stoichiometric mixture of CaFy and SiOp. Average of two
analyses indicated that approximately 16 g of fluoride ion

were present in the scrubber.
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CLAIMS:
1. A process for producing free fluorine gas or a

10

15

20

25

fluoride which comprises subjecting a compound MFp where M
is a metal and n is the valency of the metal and has a
value from 1 to 6 inclusive, to the effect of a thermal
plasma at a temperature of at least 3000 K to cause MFp to

separate into its constituents, the reaction being carried

out in the presence of an added reactant that reacts with

the metal and/or the fluorine to prevent their recombina-

tion so that there is formed free fluorine and/or a fluo-

ride that is other than MFp.

2. A process according to claim 1 wherein the metal

M is calcium.

3. A process according to claim 1 wherein the com-

pound MF, is fluorspar.

4. A process according to claim 1 wherein the com-

pound MF, is MgFj.

5. A process according to claim 1 wherein the com-

pound MF, is MgFp that 1is contaminated with uranium and is

obtained from reduction of UF, to uranium metal by the
thermite process.

A process accerding to claim 1 wherein the com-

6.
£ 235y,

pound MF, is UFg in which the uranium is depleted o

7. A process according to claim 1 wherein the temperature

is in excess of 5000 K.

8. A process according to claim 1 wherein the added

reactant is oxygen or an oxide.

9. A process according to claim 1 wherein the added re-

actant is an oxide of uranium.
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10. 2 process according to claim 1 wherein the added
reactant is an oxide of uranium, the metal MFp is CaFp or
MgF, and the products of the reaction include UFg.

11. A process according to claim 10 wherein the plas-
ma is a nitrogen or argon plasma and the plasma temperature

is in excess of 5000 K.

12. A process according to claim 1 wherein the added

reactant is silica and there is formed SiF4.

13. A process according to claim 1 wherein the

added reactant is alumina and there is formed AlF3

SUBSTITUTE SHEET



PCT/CA92/00352

WO 93/03997

1/4

30A03Y HO
Nivda OL

}

=

ol —1—

=

\-’:
v
~



PCT/CA92/00352

WO 93/03997

2/4

¢ Old

I 2 L L L2220

4

A WA WY




PCT/CA92/00352

WO 93/03997

3/4

\ N
M 2

O

_,u,/.,,/ NN
— ™
/,
7VV K
| VAV A A AAvAeyd
< rk—\(lw
\]_\
¢ 1
|/ L/
A %
1 _L\
/ ¢
g
L/
¢ %
Q . :
g ) 2 t

T

NN

////;

7

N

FIG. 3



PCT/CA92/00352

WO 93/03997
_ 4/4
100-
90
P
S 80
s
70-
60 ' : r r
5500 5600 5700 5800
MEAN GAS TEMPERATURE °K
1200 -
» siFt —o—
5 1000 SiF3" —o—
= SiF5~ —o—
< 800 SIF ~——
Ll_x_J 4
=4
w 600"
2>
}-.
Lij 400
(1'e
200 4
o D'fg\'

0O 50 100 150 200 250 300
TIME (SEC)

FIG.5



INTERNATIONAL SEARCH REPORT

International Application No

PCT/CA 92/00352

1. CLASSIFICATION OF SUBJECT MATTER  (if several classification symbols apply, indicate all)6

According to Internationai Patent Classification (IPC) or to both National Classification and IPC

Int.C1. 5 CO1B7/20; €01B9/08; C01G43/06; C01B33/107
C01B13/28; CO1F7/50; B01J12/00
1I. FIELDS SEARCHED
Minimum Documentation Searched?
Classification System Classification Symbols
Int.C1. 5 CO1B ; C01G ; COIF ; BO1J

Documentation Searched other than Minimum Documentation
to the Extent that such Documents are Inciuded in the Fields Searched?

M. DOCUMENTS CONSIDERED TO BE RELEVANT?

Category ° Citation of Document, 1 with indication, where appropriate, of the relevant passages 2 Relevant to Claim Nol3
X FR,A,1 472 501 (FARBENFABRIKEN BAYER 1,7,8
AKTIENGESELLSCHAFT)

10 March 1967

see page 1, column 1, Tine 1 - 1ine 16
see page 4, column 1, Tine 33 - column 2,
line 35

see claims

A JOURNAL OF NUCLEAR MATERIALS 1,6
vol. 149, no. 1, June 1987, AMSTERDAM NL
pages 103 - 104

R.C.BURK ‘producing of uranium metal using
a thermal plasma’

cited in the application

see the whole document

° Special categories of cited documents : 10 “T* later docurent published after the international filing date
“A* document defining the general state of the art which is not gtg;' :: ?;xg:rstu ’anng a’oet ;&g{},‘,‘;‘,ﬁ,‘{‘;‘;‘,‘f“ﬁ;‘ﬂﬁ;‘g“&“ t
considered to be of particular relevance invention
“E" earlier document but published on or after the internationai vX* document of particular relevance; the claimed invention
filing date cannot be considered novel or cannot be considered to
"L dzcu‘l‘nem wl:ich may tlhr:w ;Ioubtsl on prio:ity cll’?im(s) or involve an inventive step
which is cited to establish the publication date of another “Y” document of particular relevance; the claimed invention
citation or ather special reason (as specified) cannot he eogsidaed to involve an inventive step when the
“0* document referring to an oral disclosure, use, exhibition or document is combined with one or more other such docu-
other means ments, such combination being obvious to 2 person skilled
*P* document published prior to the international filing date but in the art.
later than the priority date claimed “&" document member of the same patent family
IV. CERTIFICATION
Date of the Actual Completion of the International Search Date of Mailing of this International Search Report
29 OCTOBER 1992 -5, 11. 92
International Searching Authority Signature of Authorized Officer
EUROPEAN PATENT OFFICE VAN DER POEL W.

Form PCT/ISA/210 (second sheet) (Janusry 1985)°



PCT/CA 92/00352

Internationzl Application No

[I. DOCUMENTS CONSIDERED TO BE RELEVANT (CONTINUED FROM THE SECOND SHEET)
Category ° Citation of Document, with indication, where appropriate, of the relevant passages Relevant to Claim No.
A GB,A,2 229 172 (BRITISH NUCLEAR FUELS PLC) 1,8-10

19 September 1990

see page 1, line 10 - line 23

see page 2, line 23 - page 3, line 27
see claims 1,8,15

Form PCT/ISA/210 (exira sheet) (Janmary 1935)



ANNEX TO THE INTERNATIONAL SEARCH REPORT

ON INTERNATIONAL PATENT APPLICATION NO. gﬁ 920025203

This annex lists the patent family members relating to the patent documents cited in the above-mentioned internationai search report.
The members are as contained in the European Patent Office EDP file on
The European Patent Office is in no way liable for these particulars which are merely given for the purpose of information. 29/10/92

Patent document Publication Patent family Publication
cited in search report date member(s) date
FR-A-1472501 BE-A- 678283 23-09-66

CH-A- 489588 30~04-70
DE-B- 1249226
GB-A- 1143637
NL-A- 6603891 26-09-66
Us-A- 3481703 02-12-69

GB-A-2229172 19-09-90 FR-A- 2644447 21-09-90
JP-A~ 2283620 21-11-90

For more details about this annex : see Official Journal of the European Patent Office, No. 12/82



	Abstract
	Bibliographic
	Description
	Claims
	Drawings
	Search_Report

