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Summary

This report summarizes the studies of fluorination of uranium compounds by gaseous BrF;
and a Bry-F; mixture, which were carried out in Fluorine Chemistry Laboratory of JAERI in
connection with the reprocessing method of nuclear fuels.

Although thermodynamically more stable than Fz, BrFs has higher reactivity at relatively
low temperatures: fluorination of uranium compounds can be carried out at 100° ~ 200°C by
using gaseous BrFs.  This fluorination temperature is lower than those of F2, BrFs, CIF and
SF4, and close to that of CIFs.

The usage of BrF3 has however the drawbacks that it requires additional devices to heat
the corrosive liquid and to remove Brz produced as a byproduct. In order to eliminate the diffi-
culties indicated, a new method of fluorination was developed——the use of a Br;-F» mixture.
Addition of small amounts of Br; to the fluorine flow (about 6% in relation to the fluorine

concentration) gives marked effects on the rate of fluorination.
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1. Introduction

The fluoride-volatility process is one of the reprocessing methods for nuclear fuels, which
utilizes the volatilities of UFg and PuFs. Since most fission products (except Sb, Nb, Mo, Te,
Ru, Te, I and Np) form non-volatile fluorides, U and Pu in spent fuels can be separated from
them by fluorination. Fluorine Chemistry Laboratory of JAERI started research on the process
in 1958. In this, the present author has studied fluorination of nuclear fuels with the two
purposes.

(i) Development of an appropriate method of the fluorination. The fluorination process must
meet the following requirements. Since the fluorinating agents and the fluorination products
are very corrosive and toxic, it is desirable to carry out the fluorination under as mild condi-
tions as possible. On the other hand, rapid fluorination would be necessary from the standpoint
of economy ; long period of the fluorination results in loss of PuFs due to its radiolysis.  And,
the fluorinating agent must facilitate recovery and purification of U and Pu.

(ii) Contribution to fluorine chemistry. Because of corrosive and toxic properties of the
fluorinating agents, very few laboratories can treat these materials. Consequently, the fluorina-
tion is a relatively unknown branch of chemical reactions. Through the study, the author
intended to provide other workers with the information.

Fluorine Chemistry Laboratory took up two fluorinating agents of different types——a
gaseous fluorinating agent F» and a liquid one BrFs. In the early stage, the present author
attempted to use liquid BrF; for fluorination of uranium compounds by diluting it with liquid
bromine. However, it was difficult to treat quantitatively this corrosive and toxic liquid, and
little data were obtained from these experiments. In the course of studies, the author found
that the fluorination could be carried out more easily with gaseous BrF3 than with the liquid form.
Since then, the fluorination by gaseous BrF3 has been studied in order to see whether or not
there are any possibilities of its application to the fluoride-volatility process. Interesting results
have been obtained. Recently, this method has been modified into a new method of the fluori-
nation using a Br,-F» mixture.

In the present report, the author intends to clarify characteristics of the two fluorinating
agents (BrFs and a Bry-F, mixture), and also to discuss their application to the fluoride-volatility
process. References are also made to reactivities of other fluorinating agents. The fluoride-
volatility process is outlined later in this chapter. Chapter 2 deals with the fluorination of
uranium compounds by gaseous BrFs. The experimental procedure and the kinetics of reactions
are described. In chapter 3, on the basis of the experimental results, the reactivity of BrFs is
compared with those of some other fluorinating agents. The difference in reactivity between
BrF; and F; is interesting from a chemical point of view; it is therefore discussed in detail.
The usage of BrF; is however accompanied by some technical difficulties. In order to eliminate
these drawbacks, the fluorination by a Bry-F, mixture has been developed ; chapter 4 describes
this new method of fluorination. Finally, chapter 5 summarizes the studies made to this day.

The fluorination of uraniun compounds is important in the field of nuclear engineering.
Although the present study was carried out for fuel reprocessing, the results obtained may
apply to other aspects in fluorination of uranium compounds and other inorganic substances.
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Introductory remarks for the fluoride-volatility process

This process may be classified into the two alternative methods, depending upon the fluori-
nating agent used (see Fig. 1).

(A) Elemental Fluorine (F2)

UO,-PuO. inati UFe,PuFe |Thermal decomposition| PuFs
—= 2 Fluorination by or Selective reduction——>
F.P. Fa V-F.P. of PuFe

UFg | V-F.P.

NV-F.P, l
Purification of UFg

UFe

(B) Halogen fluoride (CIFs CIF, BrFs or BrFs)

UO,-PuO,| Fluorination by UFs Purification of | UFe
——m , e
F.P. |[Halogen fluoride| V-F.P. UFg¢
Fal| NV-F.P.
PuFal V-ER
inati PuF Thermal decomposition| PuF,
Flttl’onp;_hon FT’ or selective reductionf———>
y T2 V-F.P. of PuFs
NV-F.P. V-F.P.
F.P. ----- Fission products.

V-F.P.---- Volatile fluorides of fission products.
NV-F.P---Non-volatile fluorides of fission products.

Fig. 1 Flowsheet of the fluoride-volatility process. The fluorinating agent
used is F, in (A) and a halogen fluoride in (B)

(i) In the case of F2 being the fluorinating agent, both U and Pu are fluorinated into
UFs and PuFs, respectively. The separation of UFs from PuFs is done by either thermal decom-
position or selective reduction of PuFs into non-volatile PuF4 (see Fig. 1(A)).

(ii) When such a halogen fluoride as ClF;, BrFs or BrFs is used, the separation of U
from Pu is achieved in the step of fluorination, because only U volatilizes as UFs and Pu
remains in the reactor as non-volatile PuF,; (see Fig. 1(B)).

One of the earliest methods of the fluoride-volatility process used liquid BrFs, because the
liquid was considered to be suitable for removal of the heat of reaction. Brookhaven National
Laboratory (U. S. A.) carried out engineering-scale experiments with this liquid in the 1950’sD,
However, this process was soon discarded, possibly because the fluorination by liquid BrFs was
too vigorous to control. Following this effort, the method of fluorination has been developed
along a different line——the use of gaseous fluorinating agents in combination with fluidization
techniques. Argonne National Laboratory (U. S. A.) carried out extensive experiments with F3
and gaseous BrF; in 1958~1969%. Centre d’Etude de I’Energie Nucléaire, Mol (Belgium)
studied the fluorination by ClF3 in 1960~1969®. Then, JAERI and Centre d’Etude Nucléaire
de Fontenay-aux-Roses (France) are still continuing the engineering-scale experiments using
F99,
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The most important problems encountered in these methods are (i) to increase Pu recovery

and (ii) to prevent contamination of Pu by Ru.

been reviewed frequently in the literature®.

Details of the fluoride-volatility process have
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2. Results of the Kinetic Study of Fluorination Using Gaseous BrF;

Fluorination of uranium compounds by gaseous bromine trifluoride is one of the gas-solid

reactions in which the products are entirely gaseous, e. g.
U30s(s) +6BrFs(g) =3UFs(g) +402(g) +~3Br2(g),
UF4(s) +2/3 BrF3(g) =UFs(g) +1/3 Bra(g)-

Therefore, a reaction rate can be obtained by tracing the weight change of the solid during the
reaction. An experimental apparatus was devised, and the kinetics of these reactions was
studied.

2. 1 Experimental Apparatus and Procedure

Fig. 2 shows the apparatus used for the study of fluorination by gaseous BrFs. It consists

s= Carrier gas

to vac.

to air

< 16

17
Fig. 2 An experimental apparatus for the fluorination by gaseous BrF,.
1. Molecular sieve
2. Rotameter
3. Hg manometer
4. Vessel for liquid BrF,
5. Thermostat
6. Spring column (Kel-F or Teflon)
7. Nickel spring
8. Differential transformer
9. Ferrite core sealed with Teflon-100X tube
10. Nickel chain
11. Jacket for cooling water
12. Electric furnace
13. Reaction tube (Monel)
14. Nickel pan for the sample
15. Thermocouple well
16. Chemical trap charged with active carbon
17. Chemical trap charged with”soda lime
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of a vessel for liqg-BrF3, a spiral tube immersed in a thermostat, a thermobalance, and chemical
traps. The lig-BrF3, 70~80 mm deep in the vessel, should be purified in advance by distilation?.
Gaseous BrF3; with a constant partial pressure was supplied to the reaction tube in the following
manner. The lig-BrF3 in the vessel was bubbled with the stream of an inert gas (N2 Ar or
He) with a fixed flow rate less than 15 1/hr. The gas containing BrF3 vapor was then passed
through the thermostat ; during the passage through it the stream was saturated with BrF;
vapor because the thermostat was maintained at a temperature 15~20°C lower than the tem-
perature of the lig-BrF3 vessel. Thus, the gas containing a constant amount of BrF3; was
supplied to the reaction tube at a fixed flow rate. The connecting line must be heated moder-
ately to prevent condensation of BrFs.

The thermobalance corrosion-resistant to BrF3 was devised in our laboratory by Tsujimura,
Fujisawa and Takahashi®. Its spring column was made of a Kel-F or Teflon tube and the
sensing element was a nickel spring whose extension was measured with a differential trans-
former and recorded automatically. In an expefimental run, 70~100 mg of the solid sample was
mounted in the nickel pan. The spring column must be maintained at a temperature higher
than that of the thermostat by means of a thermostated air-bath in order to avoid the influence
of change in ambient temperature on the spring sensitivity and also to prevent condensation of
gaseous BrFs.

Besides the thermobalance, all valves and connecting lines in contact with BrF3; were made
of corrosion-resistant materials such as Monel, nickel, Kel-F or Teflon. The chemical traps
were charged with soda-lime and active carbon ; the latter was necessary for removing free

bromine.

2. 2 Rate of the Reaction

In the case of the gas—solid reaction in which the products are entirely gaseous, the dimin-

T T T T

O H o)l o] ~
(@] (@] o o (@)

loss of the solid {mg)

Wt
o
Q

10

1 L 1 i

0 5 10 15 20

Time (min)

Fig. 3 An example of the “weight change vs. time” curve in
the UF,-BrF, reaction. Initial weight of UF,=77mg,
temperature=110°C, BrF, partial pressure=15mmHg,
carrier gas=Ar, and linear gas velocity=1cm/sec
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ishing sphere model can be used for analysis of the results®~12, The final equation derived
from this kinetic model is

(1—F)3=1—Ft, (1)

where F is the fraction of reaction that takes place in time ¢ and % a rate constant. The
“weight change vs. time” curve as shown in Fig. 3 gives the fraction of reaction expressed as

F=(Wo—W)/W,, (2

where Wy and W are the weights of the solid at time O and #, respectively. When this model
applies, &/ is obtained from the slope of a straight line in the plot of (1—F)¥3 vs. time.

However, in the present case, the plot of (1—F) but not (1—F)/3 vs. time fits in a linear
relationship as Fig. 4 shows!®. This fact means that weight of sample decreases at a nearly
constant rate with time, i. e.

080 [

070

/3

(1-F) and (1-F)

060 t-

050

040+

030 +

T

020

0.10

Time , min

Fig. 4 Plots of (1—F) and (1—-F)"* vs. time for the
“weight change vs. time” curve in Fig. 3'®,

—dW /dt=K(=const.), (3)
for integration of eq. (3) leads to the following relation :1®
(A-F)=1-(K/Wy)t. (4)

Deviation of the plot of (1—F)!/3 vs. time from a straight line is ascribable to the situation
that the powdered sample bed in the pan is considerably deep in comparison with particle sizes
of the powder. It seems likely that UFg is produced in a relatively thin layer at the surface
of the bed. As this reaction zone proceeds downward through the bed the rate of reaction
appears linear with time. This situation holds also for other uranium compounds. Therefore,
K in eqs. (3) and (4) was used as a reaction rate in the present study.
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In Fig. 4, the initial and final portions of the plot of (1—F) vs. time deviate from the
straight line. Of these, the initial deviation is attributed to the facts that it takes 1~2 min for
the gaseous reactant to reach its fixed concentration in the reaction tube and that the fluorina-
tion of uranium compounds is a consecutive reaction. ~UF,; and UO, are fluorinated into UFs
through the following steps, respectively :13 14

UF4 (S) —>U4F17 (S) and/or Ung (S) —>UF5 (S) -—>UF6 (g) ,
UOz(s)—UO:F:2(s)—UFe(g).

In the former reaction, the weight of the sample is kept almost constant for 1~2 min before it
begins to decrease, while in the latter case the weight increases slightly before it decreases'®.
On the other hand, the deviation at the end of reaction may be caused by a number of varia-
bles, one of which is a small amount of the sample remaining. Chemisorption of BrF; on the
surface of the remaining solid may contribute significantly to the final weight of the sample
thereby biasing the results.

2. 3 Factors Influencing the Reaction Rate

2. 3. 1 Diffusion rate

In most of the literature treating the kinetics of fluorination of uranium compounds, it has
been postulated that the diffusion of the reactant gas onto the solid surface does not limit the
reaction any way, for diffusion in the gaseous state would be fast involving little or no activa-
tion energy®-10,

However, the present author found that the change of the carrier gas of BrFs from Ar or
N: to He brought about the reaction rate twice as high (see TABLE 1)-1%,  This finding indi-
cates that the transport of BrFs to the solid surface influences the reaction rate. Transport of
UFs away from the surface is not attributed to this phenomenon, because vapor pressure of UFs
is very high (3X10*mmHg at 100°C)!® and the reaction rate depends upon BrFj; partial pressure
as described later!”.  Calculation with Gilliland’s formula leads to the following relationships
between diffusion coeflicients for the binary systems of BrF3 and its carrier gases :!®

TaBle 1 Dependence of the reaction rate K upon the carrier gas of BrF,

some | PR |mpinitco) Kagimiy,

uo, He 209 5.5
” Ar ” 2.7
U,0, He 110 3.4
” ” ” 3.1
i N, ” 1.7
7 Ar ” 1.6
UF, He ” 12.5
” ” o 12.2
i ” ” 12.7
” N, ” 6.0

” ” ” ”
” Ar ” 6.1
” ” ” 5.7

Initial weight of the sample 81+ 1mg. BrF, partial pressure 15mmHg.
Linear gas velocity 66 cm/min.
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Dye/Dar=2.7, Dye/Dn,=2.5 and Dy,/Da,=1.1,

where Dy, Dn, and Dj, denote the diffusion coefficients for He-BrF3, Nz-BrF3; and Ar-BrFs
systems, respectively. These values are close to those of the corresponding ratio of the reac-
tion rate as shown in TABLE 1.

2. 3. 2 Gas flow rate

Fig. 5 shows a typical example of gas flow rate dependence of the reaction rate. The
reaction rate increases with an increase in linear gas velocity up to about 1cm/sec, and then
becomes nearly independent of it thereafter for the three carrier gases. Doubling the gas
velocity only increases the reaction rate by 425 at most. This phenomenon arises from the
fact that the sample is mounted in a pan and the gas is stagnant in it. When the linear gas
velocity is increased to the extent of obliterating the BrF; concentration gradient outside the
pan, the reaction rate would not be further changed by additional increase of the gas velocity,
and it would be controlled by the diffusion rate of BrF3 through the stagnant gas layer in the
pan.

150

100

ol T

Linear velocity, cm/sec

05 1.0 1.5 20

205 0 15 20 25 30 35 40

Flow rate, ¥hr

Reaction rate, K(g/min)xlO3

Fig. 5 Effect of gas velocity on the reaction rate'®.
Initial weight of UF,=80+1mg, reaction temperature=110°C, BrF, partial
pressure=15 mmHg. Carrier gas used: O, He; @, N,; A, Ar.

If a sample spherical in shape is placed in a stream of reactant gas with a velocity V and

the rate determining step is gas diffusion in the boundary layer, the reaction rate is proportional
to V05,18

2. 3. 3 Partial pressure of the reactant gas
The reaction rate was proportional to 0.8th power of BrFj partial pressure in its range of
7 to 45 mmHg!®:1®.  This partial pressure dependence may be explained as follows. As the
partial pressure of BrFj increases, that of UFg also increases in the stagnant gas layer in the
pan. This increase of UFs concentration causes the decrease of diffusion rate of BrFj3, because
of the large difference in molecular weight of the carrier gas and UF¢”. As a result, the rate

of increase of the reaction rate decreases as the partial pressure of BrF; increases.



JAERI 1243 2. Results of the Kinetic Study of Fluorination Using Gaseous BrF; 9

2. 3. 4 Temperature

Fluorination by gaseous BrFs; proceeds even at room temperature, and the temperature
dependence of its rate is very small: the apparent activation energy, calculated from the Arrhe-
nius plot, is of the order of 1kcal/mol, irrespective of the carrier gas used!®~19.19),

Since the fluorination temperature by BrF; is considerably low in comparison with that by Fa,
an anomalous temperature-dependence of the reaction rate appears in the case of UF,BrFs
reaction. Fig. 6 (a) shows the relation between the reaction rate K and temperature : K
increases slightly with increasing temperature up to 185°C, falls to a minimum at 220°C, and

then remains almost constant thereafter. On the other hand, when the average rate of weight

loss—— (initial weight of UF4)/(the time required for the reaction to complete) is plotted
against temperature, no anomaly is observed as Fig. 6 (b) shows. These facts indicate the
presence of concurrent reactions, viz. the reaction of UFs with the remaining UF; to produce

such intermediate fluorides as UFs, UF45 and UFy4 25 :19

T T 1 T 1
'?.2 10 (a) Reaction rate K
»
<
£
XY
<
Q
°
5§ 8r
©
2
o 4 1 I 1 1 1
o 100 150 200 250 300
9 ] 1 T i 1)
X
€ 8r (b) Average rate of wt. loss
N
K=
8
= °r
E [ ] ®
© [ ) . ® ° [
[}
5 41 i
(]
g
L 2 ] I ] ] )
< 100 150 200 250 300

Temperature, °C
Temperature-dependence of (a) the reaction rate K
and (b) the average rate of weight loss*.

Initial weight of UF,=77 mg, BrF, partial pressure
=15 mmHg, carrier gas=Ar, and linear gas velocity
=1cm/sec.
* (Initial weight of UF,)/(the time required for the
reaction to complete)

n
@
o

UFs(g) +7UF(s) =8UF 4 25(s), 4F3s=—19. 6 kcal/mol,
UFs(g) +6UF4 25(s) =7UF4 5(s), 4Fs=—19.1kcal/mol,
UFe(g) +2UF, 5(s) =3UF;5(s), 4F5s=—"7.0 kcal/mol,

where AF3g is the free energy increase by each reaction at 25°C. Since these reactions proceed
favorably at low temperatures'®, an induction period appears on the “weight change vs. time”
curve obtaned in the runs at temperatures below 200°C'. This induction period causes the
anomalous temperature-dependence of the reaction rate K.
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The small temperature-dependence of the reaction rate and its dependence on the diffusion
coefficient of gas phase indicate that the rate controlling step of BrFj reactions is the transport
of BrF; onto the solid surface!®. Similar relationship between temperature and the reaction
rate is observed in the fluorination of fission-product oxides by gaseous BrFs?.
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3. Comparison of BrF; with Some Other Fluorinating Agents

Besides BrFs, such a reagent as Fs, CIF;, CIF, BrFs, or SF4 can be used for fluorination
of nuclear fuels. Their reactivities are compared here with that of gaseous BrFs.

3. 1 Elemental Fluorine

Fluorine is the only fluorinating agent that can fluorinate plutonium and its compounds
into PuFs. Unlike BrFs, F2 itself does not form by-products in the fluorination. Further, such
reaction products as UFs and PuFg can easily be separated from the excess Fs.  Consequently,
the use of Fz may reduce the number of the unit processes in the fluoride-volatility process.
Both BrF; and F; fluorinate uranium compounds into UFs, e. g.

UOz(S) + 3F2 (g) :UFG (g) + Oz (g) s AFEggZ —244.5 kcal/mol,
UOq(s) +2BrF3(g) =UFe(g) + 02(g) +Bra(g), 4F5s=—134.7 kcal/mol,

where 4F3%g is a free energy increase by each reaction at 298°K2»2. The change of the
carrier gas from He to Ar or N: reduces the rates of both reactions!®.

20

Reaction rate, K(9/min) x 10°

0 L ! L 1 2 ! " L |
0 100 200 300 400 500

Temperature, °C

Fig. 7 Temperature-dependence of the rates of UO,-F, and UO,-BrF, reaction.
Initial weight of UO,=100 mg, BrF, partial pressure=15mmHg, F,
partial pressure=152 mmHg, carrier gas=He, and linear gas velocity
=1cm/sec.

However, there are marked differences in reaction rate between the two fluorinating agents.
Fig. 7 shows the temperature-dependence of the rates of UO:-F2 and UO:BrF3 reaction. Al-
though the BrF3 partial pressure is 1/10 as high as that of F2, the reaction by BrF3 proceeds
even at 40°C ; however, its rate increases only slightly with increasing temperature. In contrast
with this, the reaction by F2 is not observable up to 390°C; its rate however increases marke-
dly with temperature above this temperature and exceeds that of the UO,-BrFs reaction beyond
480°C. Similar relations have been obtained for fluorinations of other uranium compounds and
also MoOs?®. These facts indicate that the reactivity of BrF; is greater than that of F; in a
relatively low temperature region and, further that the two fluorinating agents act in different
way on these materials. Since BrF3; molecules have a dipole moment (#=1.0D)%®, this polarity

is considered to play an important role in their reactions. The present author has reported
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elsewhere that gaseous BrF; is sorbed by such ionic crystals as NaF under the same partial
pressure as used in the present study??, i.e. P/P,<0.02, where P, is the saturation vapor
pressure of BrFs. This process is a non-activated one and heating is necessary for the desorp-
tion of BrFs; therefore, the adsorption of BrFs has a feature of “weak” chemisorption®. The
use of potential energy curves may permit the following interpretaion of the reactivities of BrFs
and F..

Fig. 8 (a) and (b) show the potential energy curves for the adsorption of Fz and BrFs,
respectively, which were inferred from the experimental results. In both (a) and (b), curve I
gives the potential energy for physical adsorption and curve II that for chemisorption as a
function of the distance from the surface to the adsorbed unit. Since physical adsorption is
related to the process of liquefaction, it only occurs to an appreciable extent at pressures and
temperatures close to those required for liquefaction. Physical adsorption of Fz may take place
at temperatures in the vicinity of —188°C (its boiling point) ; this temperature is very low in
comparison with the reaction temperature shown in Fig. 7. Therefore, the reaction of F2 does
not involve its physical adsorption ; it proceeds through activated and dissociative adsorption of
F.. In this case, the two potential curves cross each other after the van der Waals force already
changed repulsive, as Fig. 8 (a) shows. An activation energy, E, is necessary for physically
adsorbed molecules to switch from curve I to II.  Actually, physically adsorbed molecules are
unlikely to pass over to the chemisorbed state in this case, because the molecules rather desorb

when they gain enough translational energy to escape from the potential well of curve I%.

(a) Fz adsorption

I M+2F
>
o
2 _E_“— .
@ E | Distance frclm surface
K] q
& e

(b) BrFz adsorption

I M+3F + 12 Bry
>
o
1]
5
S Distance from surface
= A
k5 T dp M+BrFs
& a,

Fig. 8 Potential energy curves for the adsorption of (a) F, and (b) BrF,
as a function of the distance from surface to adsorbed unit. In both
(a) and (b), curve I represents the potential energy curve for
physical adsorption and curve II that for chemisorption.
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The F; molecules in gas phase are directly chemisorbed, and for this they must gain in advance
translational energies greater than E. The heating, necessary for the initiation of F, reactions,
may be attributed to this energy of stretching the interatomic distance of Fy molecules so as to
match the distances between metal ion sites on the solid surface. Since the number of the
energetic Fy molecules increases exponentially with increasing temperature?”, a rise in reaction
temperature results in an exponential increase in the reaction rate (see Fig. 7).

On the other hand, the temperature range of BrF; reactions involves temperatures at which
the physical adsorption of BrF3 can take place, i.e. temperatures in the vicinity of its boiling
point (126°C). BrF; molecules are attracted to the solid surface by an electrostatic force ex-
erted between their dipoles and the surface ions of solids. They can approach closer to the surface

<

than F2 molecules, because their physical adsorption combines “weak” chemisorption. Hence, in
the case of BrF;, the two curves are considered to cross before the van der Waals force changes
repulsive, as Fig. 8 (b) shows. The point p’ in the figure corresponds to a transition state, in
which a Br-Br bond is formed between the two neighboring BrF; molecules adsorbed and,
simultaneously, acceptor bonds are formed between the surface and the fluorine atoms of each
molecule. Little activation energy will be anticipated for the BrFs molecules adsorbed to switch
from curve I to II, and therefore BrFs reactions can proceed even at room temperature.

On the consideration that the physical adsorption of BrFs functions as the precursor to its
chemisorption, the small temperature-dependence of the rate of BrF; reactions may be explained
as follows. Of the BrF; molecules in the gas phase, only a fraction with total translational
energies less than the heat of adsorption, g,/ erg, is attracted to the solid surface by the elec-
trostatic force. On the assumption that the BrF; molecules in the inert gas behave as an ideal
gas, such a fraction, f(¢,’, T), as described above is given as®

f (@', T)=Erf((g'/kT)"*) —2/n'*(qo' /kT)?exp(—q' / kT, (5)

where £ is the Boltzmann’s constant, 7' temperature in °K and Erf(x) the error function. The
rate of a gas—solid reaction is proportional to Dy2(Cp,—Cs), where Dig is the diffusion coefficient
of binary gas system, and C, and C; are the concentration of the reactant gas in the main gas
stream and that in the gas phase at the solid surface, respectively®. In the present case, Ci

can be taken as Cp(1—f(qy,T)). In theoretical equations, Dj» is related to temperature as

T T T T T 20
25

F(T)x107
- p—y N
© o O
Reaction rate®, (g/min) x10°

&}

O L L L 1 1
0] 100 200 300 400 500
Temperature , °C
Fig. 9 Comparison of the temperature-dependence of the
F(T) function for g,">0.5Xx10""*erg with those of
the rates of BrF,-UO, and BrF,-UF, reaction.
* The average rate of weight loss in Fig. 6 (b) is
used here as the rate of BrF,-UF, reaction, and K
in Fig. 7 is used as that of BrF,-UO, reaction.
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T3/229 Therefore, the temperature-function of the reaction rate, F(T), is expressed as

F(T)y=T¥f (¢, T). (6)

Since f(g,,T) decreases with increasing temperature, F(T) increases slightly or decreases,
depending upon the value of g/, when temperatue increases.

Some F(T) curves for ¢,’>>0.5X10-!3 erg are shown in Fig. 9, together with temperature-
dependence curves of the rates of BrF3-UQ: and BrF3;-UF, reaction. The rate of BrF3-UO;
reaction in this figure is the K (see Fig. 7), and that of BrFs-UF, reaction is represented by
the average rate of weight loss shown in Fig. 6 (b), because the K for the BrFs-UF, reaction
involves the rate of the concurrent reaction (see Fig. 6 (a)). The shape of the F(T) curve
for g/=2.0x10"13 erg is similar to the temperature-dependence' curve for the BrFs-UQ; reaction.
The values of f(g,/, T) for g/=2.0xX10-13 erg are 0.94 at 400°K, 0.82 at 600°K and 0.70 at
800°K. More detailed expression for the temperature-dependence of BrF3; reaction rate remains

undetermined.

3. 2 Chlorine Trifluoride

Reactivity of CIF; with uranium compounds is similar to that of BrFs. Labaton studied
the reaction of CIF; with UF; in the temperature range of 17° to 193°C®. This reaction proceeds
even at 17°C and its rate shows an anomalous temperature-dependence——the rate passes
through a maximum at 105°C, falls to minimum at 148°C and then rises again. The apparent
activation energy was 5.6 kcal/mol in the range 15°~58°C and 3.4 kcal/mol in the range 156°
~194°C. These values and the shape of the temperature-dependence curve are similar to those
of BrF3-UF, reaction (see Fig. 6 (a)). In addition, Schmetz et al. reported that CIF; fluorinated
Us0z and UQO; into UFs at temperatures as low as 50°C®.

However, the fluorination method using CIF; has the drawback that, from temperatures of
250°C, a part of plutonium contained in the fuels is volatilized as PuFs, so that it is practically
impossible to obtain quantitative separation of the uranium and plutonium. According to
Schmetz et al., the rate of PuFs volatilization in CIFs-PuF, reaction, V(mg cm~2:-h-1), is ex-

pressed as

log V=—(3846/T) +6. 8845, (7)

in the temperature range of 200° to 375°C®. This volatilization of PuFs occurs because ClFs
partly dissociates into CIF and F. with increasing temperature and the latter fluorinates PuF,
into PuFs:

CliF3(g) =ClIF(g)+F2(g), 4Fss=+15.95kcal/mol3D,
PuF(s) +F2(g) =PuFs(g), 4F3s=+6.5 kcal/mol®?,

where AFs%g denotes the free energy increase by each step at 298°K.  The addition of Cl; or
CIF to ClIF; is effective to inhibit formation of free fluorine : the former reacts with fluorine to
produce CIF and the latter shifts the equilibrium of CIF; dissociation towards the formation of
CIFs. On the other hand, no experimental data have been presented as to the dissociation of
BrF3 below 500°C.

Particular attention should be given to disposal operation of ClF3s because this material
may produce explosive chlorine oxides through its reaction with water, moist surfaces or reac-
tive oxides®. (The presence of fluorine makes it possible to destroy the dangerous Cl;O and

ClO; compounds®.)  On the contrary, the instability of bromine oxides at temperatures above
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0°C makes their presence highly improbable3®.

3. 3 Chlorine Monofluoride

CIF can be regarded as a fluorinating agent selective for uranium :
PuF, into PuFs even at 550°C®,
an operation temperature far higher than that required for the fluorination by CIF; or BrFs.

it does not fluorinates
However, owing to the low reactivity, its use would require

The use of CIF is thus very limited from the viewpoint of the corrosion of the apparatus at
the higher operation temperature.

On the other hand, the use of CIF has the merit that the surplus CIF can be easily recyc-
led to continue its reaction with nuclear fuels, because it does not condense with UFs in the
process®,

3. 4 Bromine Pentafluoride

BrFs does not fluorinate plutonium into PuFs at least up to 400°C3 and is therefore used
for the selective fluorination of uranium in nuclear fuels (see Fig. 1). Fluorination of uranium
compounds by BrFs proceeds at lower temperatures than that by F2, however, at higher tempe-

ratures than those by CIF; and by BrFs.
um compounds by BrFs in the temperature range 175°~300°C12.

Jarry and Steindler studied the fluorination of urani-

They represented the tempe-
rature and BrFs partial pressure dependence of these reactions in the form of

log ¥ = A log Pgr, (torr)—B/T(°K)+C, (8)

where k' is the rate constant in eq. (1). The values of A, B and C for each reaction are

given in TABLE 2.

TABLE 2 Values of A, B and C in eq. (8)'?

Sample A B C
UF, 0.38 3690 4,286
UOQO,F, 0.71 1810 0
U,0, 0.90 2000 —0.220
Uo, 0.84 1630 —0.270
U0, 1.05 1680 —0.767
TABLE 3 Comparison of the fluorination by BrF, with that by BrF,'?
BrF, reaction BrF, reaction
Reaction l
Sample | temperature| BrF, partia BrF, partial
) pressure }z/a Ee ¢ o_ngt. préssure %?g‘n?oﬂs)t'
(torr) min (torr) mn
UF, 200 198 0.00235 105 0.0145
U,0, 200 18 0. 0006 18 0.025

TABLE 3 compares the reactivity of BrFs with that of BrFs.
pressure in the fluorination of UFy is nearly half as high as that of BrFs, the rate constant of the
former reaction is about 50 times as great as that of the latter.

fluorination by BrF; proceeds much more rapidly than the other.

Although the BrF3 partial

Also in the case of U3zQOs, the
These experimental data
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show that BrF; is more reactive than BrFs.

However, the handling of BrFs is easier than that of BrF3 because of the higher volatility
Of BrFs.

3. 5 Sulfur Tetrafluoride

Johnson et al. studied the reaction of SF; with various fluorides, oxyfluorides and oxides of
uranium and plutonium!®:3_  Its reactions with some uranium compounds are expressed as

follows :

UOs+3SF - UFs+3SOF,

UO,Fy+2SF e UF e+ 2SOF,

UsOs+8SF 22 2UFs+UF,+8SOF,,

UOs+2SF 2 UF 1+ 2SOF;.

In all of these reactions, the only gaseous sulfur product is thionyl fluoride. Since SF4 does not
act as an oxidizing agent, UFs is formed only when hexavalent uranium compounds are used as
the starting material. This is the most important difference between the reactivities of SF,
and BrFs. The reaction-temperature of SF, is considerably higher than that of BrF3; and close
to that of Fo. Reactions of SFy4 with plutonium are similar to those of BrFs; for PuFs is not
formed :3®

PuO;+2SF, - PuF s+ 2SOF,.

Important characteristic of SF4 lies in that it is a fluorinating agent that does not need

fluorine for its preparation 3%

3SCly+4NaF—— " S, +S,Cly-+4NaCl,

in acetonitrile

SClo+Clo+4 NaF 2, SF,+4NaCl.

Some works on the fluorination of uranium compounds are listed in Appendix.
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4. Improvement of the Fluorination Method Using Gaseous BrF;

The foregoing results show that the fluorination by gaseous BrF3 proceeds under milder
experimental conditions than that by F2 (see 3. 1). However, the use of BrFs brings about the
following drawbacks : it requires an additional device to remove considerable amounts of bromine
produced as a reaction byproduct, and heating of the connecting line is necessary to prevent
condensation of BrFs; therein. In order to reduce these drawbacks, the present author has
developed a new fluorination method using a Br:-F2 mixture. This improved method is de-
scribed here as applied to fluorination of UQ;®.

4. 1 Effect of Bromine

Fig. 10 shows the experimental apparatus used. F» and Brs, diluted with Na, are introduced
directly into the reaction tube through the separate inlets. The proceeding of fluorination was
traced continuously with a thermobalance, or by direct weighing of the reaction residue at
regular time intervals when a horizontal reaction tube was used. The horizontal reaction tube,
100 cm long, consists of four flanged Monel pipes (2.4cm i.d.) so that an infrared absorption
cell can be inserted between the flanges, as Fig. 10 (b) shows. The fluorine-to-bromine ratio in
the reaction tube is varied by controlling the flow rates of F2 and the two nitrogen flows.

Fig. 11 shows the change in weight of the sample with time at 200°C. In the case of F3
alone, unaccompanied by Brz, no weight decrease is observed, no UFs being formed in this case
(the dotted line A in the figure). Upon addition of Brs to the fluorine flow, the weight starts
to decrease immediately (the full line in the figure). Turning off the bromine flow in the midst
of reaction, e.g. at the point p, stops the fluorination. =~ Thus, it is evident that the addition of
bromine induces the fluorination. Infrared analysis confirmed that the main component of the

(a)

| __Thermobalance

Cooling-water
BratNz  N»

K
i e “electic  \Liq-Br
gas "K furnace at O°C

Thermocouple

(b)

Br,tN, Ct}oling -water Off-gas

Fig. 10 Apparatus for the fluorination by a fluorine-bromine
mixture. (a) Outline of the apparatus including a
thermobalance. (b) A horizontal tubular reactor,
100 cm long, including an infrared absorption cell.
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Fig. 11 Effect of Br, on the fluorination of UQO, at 200°C.

Fluorination by F, alone dose not occur at this temperature (A). Upon addi-
tion of Br, to the F, flow, the weight begins to decrease immediately due
to volatilization of UF, (the full line). Turning off the Br, at the point p
stops the fluorination (B).
Initial weight of UO,=91 mg, F, partial pressure¥*=118 mmHg, Br, partial
pressure*=14 mmHg, and linear gas velocity=1cm/sec.

* The presumed partial pressure which would be exerted in the reaction tube
if no interaction took place between F, and Br,.
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Fig. 12 Change of the mole fractions of UQ,, UO,F, and
UF, during the reaction at 210°C.

Initial weight of UO,=100mg, P¥,=118 mmHg,

P, =14 mmHg, and linear gas velocity=1. 7cm/sec.
The mixed gas takes 3 sec to reach the sample.

(P%, and Pj, are the presumed partial pressures
of F, and Br,, respectively, which would be exerted
in the reaction tube if no interaction took place
between them.)

reactant gas was BrFs. Hence, the fluorination by a Bry-F; mixture can be divided into two

steps——rapid reaction of Br; with F2 to produce bromine fluorides, and their reaction with
the solid :4®

(Step D Bry+2F»—2BrFy,
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(Step II)  2BrFi+ (2/3)UO2—(2/3) UFs+ (x/3) O2+ Bry,
where z=3 or 5.

Chemical analysis of the solid phase shows that its bromine content is negligible, i.e. less
than 10 ug, and UO.F; is formed as an intermediate. Fig. 12 shows the change in mole fraction
of UO,;, UOsF; and UFs during the reaction carried out at 210°C.

4. 2 Factors Influencing the Reaction Rate

Fig. 13 shows the influence of the fluorine—to-bromine ratio on the reaction rate. The
symbols P%, and Ph., in the figure represent the presumed partial pressure of Fz and Bry,
respectively, which would prevail in the reaction tube if there were no interaction between
them. Under a constant P%.,(=14 mmHg), the reaction rate K increases markedly with P¥%,.
On the other hand, when P%,, is varied under a constant P%,(=118 mmHg), the reaction rate
acquires its greatest value at a fluorine-to-bromine ratio around 17. The rate declines with
either the increase or decrease of bromine concentration from this maximum point. This is
because the excess fluorine contributes to the reaction rate much more significantly than the
concentration of bromine fiuorides themselves.  (The increase of Pﬁr, brings about that of the
concentration of bromine fluorides and, conversely, the decrease of excess fluorine.) These findings
would indicate that the addition of bromine corresponding to about 625 of the fluorine concent-

ration should suffice to enhance the fluorination.

50
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g{i 40 .
et Pg,#14mmHg
x 30
2
€20
— *
5 __..\\\/Er'z"'__e""‘”‘-
..L_) ‘ \\
S 10 ~
& e
1 1 1 1 1 L
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Fluorine ~to- bromine ratio, (F2)/(Bra)

Fig. 13 Influence of fluorine-to-bromine ratio on the reaction
rate.

Initial weight of UO, 90mg, P}, =118 mmHg, Pk,
=14 mmHg, and linear gas velocity=1cm/sec.

* Presumed partial pressure which would be exerted
if no interaction took place between F, and Br, in
the reaction tube.

Fig. 14 shows the temperature-dependence of the reaction rate in the range of 100° to
500°C. The reaction proceeds even at 100°C, and its rate increases gradually with temperature
up to 400°C ; beyond which point, the further increase of temperature no longer accelerates the
reaction.

The horizontal reaction tube was used to examine the dependence of the reaction rate on
the time taken by the mixed gas to reach the solid sample. As a result, it was found that
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Fig. 14 Temperature-dependence of the reaction rate K.

Initial weight of UO,: 89mg. F, partial
pressure*: 118 mmHg. Br, partial pressure*:
14 mmHg. Carrier gas : N,  Linear gas
velocity : 1cm/sec.

* The presumed partial pressure which would
be exerted if no interaction took place between
F, and Br, in the reactor.

greater reaction rates were obtained when the mixed gas was held for 3~20 sec before arriving
at the sample. Further increase of the time causes a decrease of the reaction rate, because the

BrF3 produced is subsequently fluorinated into less reactive BrF; as the time elapses'®.

4. 3 Comparison of the Present Fluorination with That by Gaseous BrF,

TABLE 4 compares the rate of the present reaction with that by gaseous BrFs. The symbol
Pi.r, means the partial pressure of bromine fluorides formed in the reaction tube by direct
combination of the F2 and the Bry added. While the P#.r, is indicated to be almost equal to
the Ppg.r, (BrF; partial pressure in the UO,-BrF; reaction), the reaction by a Bry-Fs mixture
proceeds much more rapidly than the UOzBrF; reaction ; the reaction rate K is 17. 1 mg/min for
the former and only 2.7 mg/min for the latter reaction. The resulting actual effect of bromine
hence becomes much greater than would result from Pp.r,. This indicates that a part of the
bromine produced in the “Step II” takes part again in the fluorination of the solid through its
rapid reaction with excess fluorine : bromine acts as if it were a catalyst of fluorination.

TaeLte 4 Comparison of the fluorination by a Br,-F, mixture with that by BrF,

Fluorinating | Pl pressuce of | we of somple| Temperarure | Resction
agent (mmHg) UO, (mg) cC) (mg’/min)
BrF, Pgr,=15 81.5 200 2.7
Br,-F, Phr,=14 91.5 200 17.1
mixture Pi, =118
2
tror

Linear gas velocity 1cm/sec. Carrier gas N,. PH:F, is the partial pressure of bromine fluorides
produced by direct combination of F; and Br; in the reaction tube. PF, and Pj:, are the presu-
med partial pressures of F, and Br,, respectively, which would be exerted if no interaction took

place between them in the reaction tube.
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4. 4 Comparison of the Present Method with Those Using F,-halogen
Fluoride Mixtures

Holmes et al. have reported*® that UO; and UsOg can be fluorinated to UFs by the action
of F» with catalytic amounts of halogen fluoride at temperatures of about 200°C. The halogen
fluoride used is BrFs, BrFs; ClF; or IF;, and its concentration is less than 15 volume percent in
relation to fluorine concentration. Similarly, Pierni et al. have proposed a fluorination method
using the mixture of F; and ClF33

These methods are essentially the same as that using a Bry-F; mixture, because chlorine or
iodine of the halogen fluoride added acts as if it were a catalyst of the fluorination. However,
no use of toxic and corrosive halogen fluorides makes the present method more favorable from
a technical point of view.
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5. Significance of the Present Study

The present study is the first attempt to use gaseous BrF; as a fluorinating agent for
nuclear fuels. It revealed kinetics and mechanism of the reactions in some degree and also the
differences in reactivity between BrFs and some other fluorinating agents. Though thermodynam-
ically more stable than F,, BrF3; was found to have higher reactivity with uranium compounds
at relatively low temperatures. The fluorination could be carried out at temperatures as low
as 100°~200°C by using gaseous BrFs. A low concentration of this reactant gas was sufficient
to give moderate rate of the fluorination. These findings indicate that the polarity of the
reactant gas plays an important role in the fluorination; this may be interesting in chemistry.
On the other hand, low fluorination temperature is technically favorable because it makes the
operation easier and also it might increase the Pu recovery in the process. The usage of gaseous
BrFs has however the following drawbacks in the fluoride-volatility process: (i) a facility for
disposing of the bromine (byproduct) is necessary; (ii) the connecting lines of the apparatus
must be warmed to prevent condensation of the BrF3; and (iii) heating of the very corrosive
liquid is necessary to obtain high concentration of the reactant gas.

Use of the bromine—fluorine mixture, instead of gaseous BrFs; eliminates significantly the
difficulties indicated, because the amount of bromine added to the fluorine flow is very small.
It is concluded that the fluorination by a Bry—F; mixture is technically advantageous over that
by gaseous BrFi;. It is desired to develop a fluorinating reactor in which a small amount of
Br; is recycled and made to act as the catalyst in fluorination. When the Br;-F; mixture is
applied practically in reprocessing of nuclear fuels, the fluorination will be carried out in two
steps: (1) the first fluorination by a Bry-F: mixture at 200°~300°C for volatilizing U and
some fission products (Ru, Nb, I, etc.) as UFs and their volatile fluorides, respectively, and (ii)
the second fluorination by F2 alone at temperatures over 350°C for volatilizing Pu as PuFs. In
the future, it must be clarified how the use of a Bry-F; mixture influences the recovery of Pu
and its contamination by Ru. This is because both are the most important aspects to be solved
in the development of the fluoride-volatility process.
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Appendix: Some Kinetic Studies on the Fluorination of Uranium Compounds
Urior, | T e (L Workers RIS
mHg)
UO, (powder) F,, 85~340 300~430 29.4, 33.1 Yahata, Iwasaki 11
” ” ” 152 350~500 26.0 Sakurai 14
” ” BrF,, 15 40~500 1.0 ” ”
Vs ” BrF,, 74~369 225~375 7.5 Jarry, Steindler 12
” ” CIF,, 76~380 71~165 11.1 Schmetz et al. 3
U,0,(powder) | F,, 80~360 350~440 | 21.3 Iwasaki 1
” ” BrF,, 7~23 50~300 0.9(50~200°C) | Iwasaki, Sakurai 19
” ” BrF,, 89~ 369 225~350 9.2 Jarry, Steindler 12
” ” CIF,, 76 50~300 1.6 Schmetz et al. 3
U0, (powder) F,, 80~360 350~440 22.0 Iwasaki 11
” ” BrF,, 90~227 225~300 7.7 Jarry, Steindler 12
” ” SF,, 152~760 255~370 6.0 Johnson, Fischer 10
UO,F, (powder)| BrF,, 130~370 175~300 8.3 Jarry, Steindler 12
” ” SF,, 152~760 255~370 32.0 Johnson, Fischer 10
UF, (powder)| F,, 70~760 265~348 15.5, 19.1, 19.9 | Labaton, Johnson 9
” ” BrF,, 6~45 30~300 1.0(90~190°C) | Sakurai, Iwasaki 13
” ” BrF,, 130~370 175~300 16.9 Jarry, Steindler 12
” ” CIF,, 39~74 17~193 | 5.6( 17~ 58°C)| Labaton 30
3.4(156~194°C)
UC (powder) F,, 34~135 240~300 22.4 Iwasaki, Sakurai. *
Ishikawa
UC, (powder) F,, 38~114 220~300 19.5 Iwasaki, Sakurai. Hok
Ishikawa
UO, (pellet) F,, 76~304 300~540 14 (360~400°C) | Iwasaki Fokok
23 (460~540°C)
” ” BrF,, 10~33 100~250 3.9 Iwasaki, Sakurai Hdokok
U,0; (pellet) ” ” % 0.95 Iwasaki, Sakurai Fookk

* Twasaki M., Sakurai T. and Ishikawa N.: J. Nucl. Sci. Technol., 2, 432 (1965)

** Jwasaki M.

, Sakurai T. and Ishikawa N.:

ibid., 4,

x#* Twasaki M.: J. Nuclear Materials, 25, 216 (1968)
sk Twasaki M. and Sakurai T.: J. Inorg. Nucl. Chem., 34, 2189 (1972)
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