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LABORATORY INVESTIGATIONS IN SUPPORT OF
FLULD-BED FLUORIDE VOLATILITY PROCESSES

Part XVII. Fluorination of Neptunium(IV)
Fluoride and Neptunium(IV) Oxide

by

L. E. Trevorrow, T. J. Gerding,
and M. J. Steindler

ABSTRACT

Rates of formation of NpF6 by the reactions of NpF4
with BrF3 (6-13 rn/0 in nitrogen) or BrF5 (33-35 m/0 in
nitrogen) or fluorine (100 m/0) were studied at 250-400°C
and were interpreted in terms of a rate law which assumes
that reaction occurs at a centinuously diminishing spherical
interface. The relative rates of reaction of NpF4 with the
fluorinating agents at the given concentrations and at 3500C
were in the following order: fluorine > BrF3 > BrF5· Cor-
relation of the derived rate constants by the Arrhenius
equation yielded activation energies of 20 kcal/mole for the
reaction of NpF4 with fluorine and 26. kcal/mole for the re-
action of NpF4 with BrF5·

Examination of the solid residues from the reac-
tions of NPF4 with BrFS or fluorine by chemical and X-ray-
diffraction powder analyses indicated the presence of no
species other than NpF4·

The fluorination of Np02 by either BrF5 or fluorine
proceeds through the intermediate compound  NpF4·     Thus,
the fluorination of Np02 is analogous to that of Pu02 (which
proceeds through the intermediate compound PuF#), but is
not analogous to the fluorination of U02 (which proceeds
through the intermediate compound UOTF2).

I. INTRODUCTION

237Because  .,Np can be converted to 238Pu, a valuable source of iso-
topic power, the separation of neptunium, as well·as uranium and plutonium,
from spent nuclear fuel by the Fluid·-bed Fluoride Volatility Process, is
under study. The process flowsheeti involves the fluorination of declad,
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oxidized nuclear fuel, first by BrF5 to remove uranium by formation and
volatilization of UF6, and then by fluorine to remove plutonium by forma-
tion and volatilization of PuF6·

To plan for the separation and recovery of neptunium, we must estab-
lish its behavior in the fluorination steps. Other workers have shown that
NpF4 reacts with fluorine to form NpF6, a stable compound with volatility
similar to that of UF6 and PuF6.2-4 The present work was undertaken to
measure the rate of reaction of NpF4 with fluorine, to establish whether
NpF4 is fluorinated by BrF5 or B rF3, and to measure the rates of these
reactions.

II. EXPERIMENTAL DETAILS

A. Materials

1.  NpF4

Neptunium tetrafluoride was prepared from NPO2 obtained237

from Oak Ridge National Laboratory. Chemical analysis of the Np02 showed
that it contained 0.13 w/0 plutonium and 0.04 w/0 uranium. Spectrographic
analysis of the Np02 showed that it contained only minor amounts of other
metallic impurities. To prepare NPF4, the NPO2 was treated at 500°C with
a gaseous mixture of HF (75 v/0,) and oxygen (25 v/o) at a total pressure of
about 1 atm. The weight change during a typical preparation indicated that
the conversion of Np02 to NpF4 was >99% of the theoretical value. Chemi-
cal analysis of the NpF4 (batch 1) yielded the following results:

Results, w/0

Fluorine Neptunium

Calculated for NpF4 24.3 75.7

Observed 24.3 77.2

A gas-adsorpti6n analysis showed that the NPF#, as prepared, had a specific
surface  area  of  0.3  mt/g.     The bulk density  of  the  NpF4  was 3.11 g/cr»3.

2.   BrF5 and BrF3

Both BrF5 and BrF3 were obtained from a commercial supplier.
The BrF3 sample contained some BrF5 as an impurity that was removed by
partially freezing the BrF3 sample and pumping on it. Infrared spectra of
gas samples of the BrF3 taken before and after this procedure showed that
it was effective in purifying small (1- to 5-g) samples.  The BrF5 sample
contained some bromine as an.impurity that was removed by treatment
with  fluorine.
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3.   Fluorine

Fluorine, obtained from a commercial source, was passed
through a bed of sodium fluoride pellets at 100°C to remove HF.

B.' Apparatus

1.      Containment of Alpha Active Materials

Operations involving finely divided neptunium compounds were
237performed in a glovebox5 to contain the alpha hazard of the Np isotnpe.

Operations involving the volatile neptunium compound NpF6 were confined
to a manifold constructed of nickel tubing, Monel diaphragm valves, and
fluorothene traps. The reactor (described in B.5 below) and manifold were
both contained in the glovebox.

2.   Measurement of Specific Surface Area of NpF4

Specific surface areas of samples of powdered NpF4 were mea-
sured by gaseous adsorption using a Perkin-Elmer Sorptometer.*

3.   Measurement of Bulk Density

The bulk densities of samples of NpF4 Powder were measured by
tapping weighed quantities of solids into a calibrated glass cylinder.

4.    Measurement of Absorption Spectra of Gas Phases

The absorption spectra of gas phases in the visible and near-
infrared regions were obtained by expanding the 'gases into a cylindrical
nickel cell with quartz windows6 and performing measurements with a Cary
Model 14 spectrophotometer.** Absorption spectra of gas phases were ob-
tained in the infrared region using the same type of cell with silver chloride
windows and performing measurements with a Beckman IR-4
spectrophotorneter.t

5. Fluorination

The fluorination reactor, connected to a vacuum manifold, was
constructed from a 1-in.-OD nickel tube, closed at both ends by flanges
sealed with Teflon gaskets. A nickel thermocouple well, extending through
one flange, housed a thermocouple to measure the temperature of a hemi-
cylindrical nickel bar on which the  boat containing the solid neptunium(IV)

* Model 212, Perkin-Elmer Corp., Norwalk, Connecticut.
** Applied. Physics Corp., Monrovia, California.
t Beckman Instruments, Inc., Fullerton, California.



8

compound rested during fluorination. The temperature of the bar was mon-
itored by the signal of an Inconel-clad, Chromel-Alumel thermocouple, read
with an automatic potentiometer.* The reactor was heated by a 720-W
cylindrical furnace.** A controlling pyrometert regulated the temperature

of the furnace. Figure 1 is aGLOVEBOX OPEN FRAME HOOD                                                                                       ·

GAGE schematic diagram  of  the  fluo 1
VENT HEATERHEATED  CONTROLLING

rination apparatus.
 1      DRY TRAP LINES -t".'.-v.v...· ,«---"---¥¥M  (Sodc Lime) tril 6.   Manipulation of
-

111    .Low                         Gas Strearns

METERS Br F3 OR Br FS

4     BAGUEROON(7)   1 L.=                   11---8-+--r -la·-1       NITROGEN          

O      fLUOROIHENEM I
11 - --; Gaseous fluorine

|  1  TRAps    Ii-*--E.Jet. _.F'df 'NE    1 was supplied to the fluorina-
1 IMIP tion reactor by expansion (Al:203)

l u.U'    1 11 .9:31
11

PYROMETER from a ballast tank through aT-1 40 BATH                                                                POTENTIOMETER-

'              thermal flowmeter.7 The ex-
, THERMOCOUPLES

VACUUM PUMPS pansion was controlled byCONTROLLING
IN VENTED PYROMETER throttling through Monel dia-ENCLOSURE

phragm valves.
308-1173

Fig. 1; Schematic Diagram of Apparatus Used in Fluo- Gaseous interhal-rination of Neptunium(IV) Compounds
ogens were supplied to the

reactor by heating their coqtainers, located in an open-frame hood, and
expanding the vapors at a pressure of about 1000 mm Hg through heated
nickel tubing to the fluorination reactor in the glovebox. The interhalogen
container vessels, heated by 200-W stainless steel band heaters, werett

buried in a bed of granulated alumina. The power input to the heaters was
controlled by a variable ac transformer.   The gas- supply line incorporated
a controlling Bourdon gage with auxiliary switches and relays, set to open
the heater circuit when the pressure reached 5 psig and to start an audio
signal when the pressure reached 8 psig. Interhalogen vapors were mixed

with nitrogen gas at a junction inside the glovebox. The compositions of
the interhalogen-nitrogen mixtures were deterrhined from the flow rates
of the individual components.  The flow rate of BrF5 was measured with a

$Kel-F flowmeter with a nickel float. The flow rate of BrF3 was measured
by collecting and weighing the condensible materials from the ,reactor ef-
fluent with a correction for the amount of NpF6 as indicated by the weight
loss of NpF4·

*Brown Multipoint Potentiometer-Pyrometer, Minneapolis-Honeywell Regulator Co., Philadelphia,
Pennsylvania.

* * Hevi-Duty Electric Co., Milwaukee, Wisconsin.
t Guardsman Model, West Instrument Corp.; Schiller Park, Illinois.
tt Acrawatt Electric Corp.. Franklin Park, Illinois.
$ Brooks Instrument Co , Hatfield, Pennsylvania.

-                                                                                                                                                                    r
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C. Fluorination Procedure

Fluorination rates were measured by determining weight losses of
solid NpF4 during exposure to a gaseous stream of the fluorinating agent
for a measured time period. The procedure in a typical determination of
reaction rate was as follows: A sample of NpF4 (1-3 g) was weighed into
the nickel boat on a 200-g-capacity analytical balance located in the glove-
box.  The boat was placed in the reactor at room temperature, a stream of
nitrogen gas was started through the reactor, and the furnace tempefratjSre
was then raised to the chosen reaction temperature.  The flow of''fluorinat-
ing agent and an interval timer were started simultaneously....At the,end of
a given period, the reaction was stopped either by purgihg the reactor with
nitrogen gas, or by evacuatirig the reactor. After the reactor had cooled
down,. the boat was removed from the reactor and reweighed to determine
the loss of NpF4·

III.  RESULTS AND DISCUSSION

A.  Volatilization of Neptunium by Fluorinating Agents

Weight-loss determinations clearly showed that neptunium was
volatilized from the boat containing NpF4 when any of the fluorinating agents
(fluorine, BrFs, or BrF3) was passed over the boat containing powdered
NpF4 at 200-500'C.  In a blank test, in which gaseous nitrogen was passed
over NPF4, the weight-loss error caused by mechanical removal of dust
was negligible.

Table I lists the observed data for the reaction of pure fluorine gas
with NpF4 at 250-400°C. Table II lists the observed weights before and after
the reaction of NPF4 with BrFs (33-35 rn/0 in nitrogen) at 300-4000C.
Table III lists the observed weights before and after the-reaction of NpF4
with BrF3 (6-13 rn/0 in nitrogen) at 350°C.

TABLE I. Observed Data for Reaction of NPF4 with Gaseous Floorine

Fluorine pressure: 1.0 atm
Fluorine flow rate: 200 cc/min

Reaction Weight of Weight of Reaction Weight of Weight of
Temp, Time, NPF4 before NpF4 after Temp, Time, NPF4

hpfore Nprd after

Exp No.          °C min Reaction, g Reaction, g . Exp No.           °C min Reaction, g Reaction, g

52--F-57L 250            30 3.68918 3.3200 52 -F-71Rl 300            10 1.0515b 0.9958

52 -F-57R 250            30 3.311/a 3.0412 52 -F-71Rll 300            15
0.9958 

0.9030

52 -F-61 250            15 3.0302a 2.9218 52 -F-72L 300            20 0.9030 0.7814

52 -F-68R 275            10 1.0631b 1.0298 52 -F-72R 325             5 0.7801b 0.7201
b

52 -F-69L 275            20 1.0298b 0.9615 52 -F-72Rl 325 10 0.7201 0.5996

52 -F-69R 275            30 0.9610 0.8422 52 -F-72Rll 325            10       ' 0.5996b 0.4869

52 -F-69Rl 275            30 0.8422b 0.7061 52 -F-72Rlll 325            10 0.4869 0.3716
b

52.-F-62L 300             5 1.2562a 1.1429 52 -F-64R 350             5 1.4437a 1.1789

52 -F-62R 300             5 1.12828 0.9776 52 -F-651. 350             5 1.17248 0.9475

52 -F-63L 300             5 0.9534a 0.8214 52 -F-65R 350            10 1.1325a 0.3966

52 -F-63R 300            10 0.8214a 0.6589 52 -F-66 350             5 0.3966a 0.2268

52 -F-64L 300            15 0.6589a 0.4605 52 -F-67 400             5
2.5062 

1.5752

52 -F-71R 300             5 1.0719) 1.0515 52 -F-681- 400             5 1.5752 0.5039

aBatch No. lof NPFA
bBatch No. 2 of NPF4·
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TABLE 11. Observed Data for Reaction of NFF£1 with Gaseous BrF -Nitrogen Mixtures

Gas composition:   33-35 m/0 BrF5· 67-65 m/0 N2
Total gas pressure: 1.0 atm
Gas flow rate: 180 cc/min

Reaction Weight of Weight of Reaction Weight of Weight of
Temp, Time, NPF4 before NPF4 after Temp, Time, NPF4 before NPF4 after

Exp No.        °C min Reaction, g Reaction, g Exp No. °C min Reaction, g Reaction, g

1810-F-21 300           60 0.47218 0.4587 1810-F-68 350           30 0.2974b 0.2644
b

1810-F-22 300           60 0.4587a 0.4420 1810-F-69 350           30 0.2644 0.2318

1810-F-23 300           60 0.4420a 0.4293 1810-F-70 350           30 0.23181) 0.2008

1810-F-24 300           60            0.4293a      ,
0.4160 1810-F-71 350           24 0.200811 0.1781

1810-F-25 300           60 0.41609 0.4007 1810-F-5 400           15 0.7997a 0.6892

1521-F-99L 325           30 0.4780a 0.4595 1810-F-6 400           30 0.6892a 0.4173

1521-F-99R 325           30 0.45958 0.4424 1810-F-7 400           15 0.4173a 0.2821

1521-F-100 325           15 0.44242 0.4328 1810-F-8 400           15 0.282la 0.1518

1492-F-27 325           30 0.4328a 0.4149 1810-F-9 400           15 0.1473a 0.0746                5
1810-F-12 350           15 0.4952a 0.4761 1810-F-17 400           15 0.7990a 0.6741

1810-F-13         350           gn O,4761a 0.4413 1810-F-18 400           30 0.6741a 0.3665

1810-F-14 350           30 0.4413a U.4049 1810 f 19 1100           15 0.3665a 0.1957

1810-F-15 350           60 0.4049a 0.3114 1810-F-20 400           10 0.195/2 0.1324

1810-F-67 350           30 0.33691) 0.2974

aBatch No. 2 of NPF4·
bBatch No. 3 of NPF4·

TABLE 111. Observed  Data for Reaction  of  NPF4 with B.  Correlation of Observed Results
Gaseous Brb-Nitrogen Mixtures

Gas composition:   10-13 m/0 Brb, 90-87 m/0 N2
, Total gas pressure: 1.0 atm The observed weight.loss

Gas flow rate: 180 cc/min
Batch No. 3 of NpF 1 data have been correlated by the

Reaction Weight of Weight of rate law derived by Anderson.8 This
Temp, Time, NPF4 before NPF4 after rate law is frequently used to express

Exp No.       °C min Reaction, g Reaction, g the kinetics of a reaction between a
1810-F-58 350  - 15 0.6284 0.5357

1810-F-60 350           15 0.5357 0.4533
gas and a solid with the assumption

1810-F-62 350           15 0.4533 0.3230 that the reaction takes place at a
1810-F-63 350          15 0.3230 0.2497

1810-F-64 350 15 0.2497 0.1762 continuously dinninishing spherical
1810-F-65 350 15 0.1762 0.1192 interface. The rate law has tlie form

(1_  F) 1/3     =     1 - k't,                                                       (1)

where

F = fraction of solid reacted,

t = reaction time,

ki = apparent rate constant,

and

k
k' = -,                                       (2)

rop
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where

k = true rate constant,

ro = initial radius of solid particle,

and

p = bulk density of solid.

Thus, fromthe measurements of weight loss of solid samples and from Eq.  1,
a rate constant at a given temperature can be readily obtained ·either ana-
lytically or graphically froiti the linear relation between (1 - F) 1/3 and t.

Figure 2 is a graphical representation, according to Eq. 1, of the
data obtained in the reaction of NpF4 with fluorine.

1.0                                                                                                                                                                                           -

250°C
0.9-

300°C 275°C
0.8-

325°C
0.7 -

300°C
.     0.6 -                                                                                                                           -
\

T  05 -                             I
400°C

04- 350°C ... Np F  BATCH I

03- 0 8 0 0 NPF. BATCH 2

02-

0.1 -

1
1                                                                                                                                1

25 50 75

REACTION TIME , min.

308-1118

Fig. 2. Graphical Representation by Eq. 1 of the Rate of Reaction of NpF4 with Fluorine

The linearity of the graphs in Fig. 3 shows that Eq. 1 can be used
to represent the rate of reaction. of NpF4 with BrF5 at 300,  325,  and 350°C,                -
but that the results obtained at 4000C would be expressed better by some
other rate law.

Figure 4 shows that Eq.  1 represents the rate of reaction of NpF4 with
BrF3 at 350°C.  The tesults of the reaction of Br,F5 with a sample of the
same batch of NpF4 are included in Fig. 4 for comparison of rates at 350°C.
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1.0..Fr.-I _             O                                                          0--325'C 300°C0.9 - ..R:b-        -D350•c
0.8-

0.7 -

50.6-

-.0.5- 400°C    
b40O°c

0.4 -

0.3-

0.2 -

0.1-

0
0 20 40 60 80 100 120 140 160 180

REACTION TIME, min
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Fig. 3. Graphical Representation by Eq. 1 of the Rate

of Reaction of NPF4 with BrFS (33-35 v/o)

C.  Identity of Solid Residues
1.0

0.9-      o The solid residues were
0.8- analyzed to determine whether

Br F·5 (33- 35 v/0 1.
h' - 0.0013 min-1 the rate measurements were0.7 -

9 0.6
- being carried out on the same

2                                            8, F3(6-1300), species throughout a reaction.
10.5 -

2.0.0051 min-1

The solids were examined with
0.4 -

specialattention to any evidence0.3-

of neptunium fluoride species0.2 -
analogousto the internnediate

0.1 - fluorides of uranium (U4F17'O'l l i l l l   lili
0   10   20 30 40      50       60      70      80       90      100     110      120     130     140 150 U2Fg, and UF5)· No evidence

REACTION TIME, min for the existence of such com-
308-886

pounds of neptunium has ever
Fig. 4. Graphical Representation by Eq. 1 of the Rates been presented.

of Reaction at 3500C of NPF4 with BrF:3 and
with BrF5                                           The formation of inter-

mediate fluorides in the fluorin-
ation of UF4 has been widely observed. Labaton and Johnsong found that
intermediate fluorides of uranium were produced in the reaction of fluorine
with UF4 in tray reactors. Steindler and Steidlio also observed the forma-
tion of intermediate fluorides in the reaction of fluorine with UF4· Jarry
and Stockbarll found that intermediate fluorides were formed in the reac-
tion of BrF5 with UF4·

Although plutonium fluoride species analogous to the intermediate
fluorides of uranium have never been isolated and characterized, several

12investigators have presented evidence of their existence. Mandleberg L &1.
interpreted the results of chemical analyses and X-ray-diffraction powder
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analyses as proof of the existence of Pu4F17 in solid residues of the reac-
tion of PuF4 with fluorine. In other work,13,14 a break in the temperature
dependence of the rate constant for reaction of PuF4 with fluorine has been
attributed to a transformation of the solid phase from PuF4 to an interme-
diate fluoride.  On the other hand, the formation of intermediate fluorides
of plutonium in tesidues of the reaction of PuF4 with fluorine was not ob-
served by either Steindler f al. or Vandenbussche.15                          16

1.   Chemical and X-ray-diffraction Powder Analyses of Solid
Residues

At various stages of the reaction of NpF4 with fluorine, small
samples of the solid residues were removed for X-ray-diffraction powder
analyses. The results indicated the presence of no species other than NpF4·

The  capability of X- ray-diffraction powder analysis to distin-
guish between NpF4 and the possible compound, NP4F17' is limited by the
expected similarity of the two structures.  The X-ray pattern of U#F 17 is

-       described17 as that of a "distorted UF4 lattice. " The evidence presented
for the existence of Pu4F17 is based partly on minor lines in X-ray-
diffraction photographs of a solid with a lattice similar to the distorted
UF4 lattice. .

'
TABLE IV. Comparison of Analyses of Solid Residues from Reaction Solid residues of the re-

of NPF4 with Gaseous BrF -Nitrogen Mixtures and Theoretical action of NpF4 with BrF5 were
Compositions of Neptunium Fluorides

r                                                    removed for chemical analysesReaction Conditions and Chemical Analyses of Solids Produced

for neptunium and fluoride and         '5
Reaction Fraction Chemical Analysis for X-ray-diffraction powderTemp, of NpF  Atom Ratio

Exp No. °C Reacted Np, w/0 F, w/0 F/Np    analyses. The X-ray-diffraction       ··:·.
1521-F-93 400 0.89 73.6 20.7 3.51 photographs showed only lines
1521-F-98 325 0.76 73.3 22.6 3.85 attributed to NpF4· The results
1810-F-20 400 0.84 72.6 23.4 4.02

1810-F-25 300 0.15 71.2 23.2 4.06 of chemical analyses of the solid
1521-F-93 400 0.89 74.5 24.5 4.11

1810-F-17 400 0.16 72.7 24.0 4.12 residues (Table IV) show that,
1521-F-98 325 0.76 73.8 24.6 4.16 although the observed values of

Theoretical Compositions of Solids w/0 for neptunium and fluoride
Compound Np, w/0 F, w/0 FINP

are lower than those calculated

NpF  15.7 24.3 4.00 for NPF4, the atom ratio, F/Np,
Npt'F17 74.6 25.4 4.25

found in the solid is essential]y
NP2F9 73.5 26,5 4.50 4, without discernible dependence
NpF  71.4 28.6 5.00 on reaction temperature or the

fraction of NpF4 reacted.

2. Bulk Densities of Solid Residues

Equation 2 shows that the bulk density of the solid must remain
unchanged in the reaction with the fluorinating agent if k' is.to be a con-

' stant.  The bulk densities of the NpF4 were therefore measured before and
after reaction with BrF5 to determine whether the reaction changed the
bulk density of the solid.
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Table V lists the bulk densities of the solid obtained at various
stages of the reaction of NpF4 with BrF5· Although the number of data is

insufficient to permit a
TABLE V. Change of Bulk Density of Solid Phase detailed correlation of

in Reaction of NpF4 with Gaseous BrF5 bulk density with experi-
Gas compbsition:  33-35 rn/0 BrF5 in nitrogen mental conditions, it is
Batch No. 2 of NpF4 apparent that, regardless

of reaction temperature or
Reaction Fraction Bulk fraction reacted, the bulk

Tennp, of NpF4 Density, density of solid residues
Exp No.         °C       Reacted      g/cc of the reaction of NpF4 with

BrF5 is less than that ofNPF4 (initial)        -            -          3.118
1810-F-25 300 0.15 2  355

initial solid NpF4·
1492-F-29 325 0.13 2.338
1810-F-17 350 0.60 1.061 The curvature of
1810-F-20 400 0.84 0.573 the lines representing the

reaction of NpF4 with BrF5
at 400°C (shown in Fig. 3),

corresponding to a progressive increase of k', might therefore be the re-
sult of a progressive decrease in bulk density of the solid and the inverse
dependence of k' on bulk density shown by Eq. 2.

3. Specific Surface Area of Solid Residues

Surface areas of the solid NpF4 were measured before and after
reaction with BrF5 to characterize the physical nature of the solid and to
provide a measure of any changes in the physical nature of the solid caused
by exposure to the fluorin-

ating agent. Although the TABLE VI. Surface Areas of Solid Residues
number of data was insuf- from Reaction of NpF4 with Gaseous BrF5
ficent to permit a detailed
correlation of surface area BrF5 Specific

with experimental condi- Fraction Concentration Reaction Surface

tions, the results listed in of Solid in Nitrogen, Ternp, Area,
Reacted rn/0              "C          mz/gTable VI show that specific

surface areas of solid res-
0                -              -          0.30

idues from the reaction of 0.13 33 325 0.42
BrF5withNpF4werealways 0.76 33 400 3.1

greater than the specific 0.77 33 325-450 1.9

surface area of the initial 0.89          23 325-450 1.0

solid, NpF4·

If it is assumed that the reaction rate should increase with an
increase in the total available surface area of the solid, the curvature of
the graph representing reaction of NpF4 with BrF5 at 400°C (Fig. 3), cor-
responding to a progressive increase of k', might be attributed to a pro-
gressive increase in surface area of the solid. Note; however, that Labaton
and Johnson' were unable to obtain a direct correlation between the rate of
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fluorination of UF4 and the specific surface area of the UF4 measured by
gas adsorption. They explained this lack of correlation by suggesting that
the area measured by gas adsorption includes the areas of pores and chan-
nels which do not participate effectively in the various processes of the
fluorination reaction such as diffusion of reactant to the reaction site or
diffusion of product away from the reaction site.

D. Chemical Species Produced in the Fluorination Reactions

The rate of a reaction may be expressed by the rate law of Eq. 1
without knowledge of the stoichiometry of the reaction. Nevertheless, be-
cause of their importance to planning the spparatioti of IVPF'6, the identities
of the speries produced in the fluorination reactions deserve some
discussion.

The reaction of fluorine with NpF4 results simply in the formation
of NpF6,

NPF4 + Fz - NPF6,                                                           (3)
according to published information.2·-4

The reaction of BrF5 with NPF4, carried out in the present work,
produces NpF6 and bromine. The condensible constituents of the reaction
mixture were initially condensed into a fluorothene trap at - 780C,  and then
partially vaporized at room temperature into a spectrometer cell.  The
presence of NpF6 was proved by comparison of the absorption spectrum in

18the near-infrared region with previous measurements   on pure NpF6, and
the presence of bromine was proved by its absorption spectrum in the visi-
ble region. The identification of NpF6 as a product of the reaction of NpF4
with BrF5 was rendered difficult by a back-reaction between the products
in the collection traps as they warmed from -78°C to room temperature.  In
a different type of experiment, bromine and pure NpF6 were condensed to-
gether at -78'C, then warmed to room temperature; a reaction occurred
before the mixture reached room temperature. Chemical analysis showed
that the solid produced in this experiment was NpF4· The infrared spectrum
of the vapor phase over the reaction mixture indicated that BrF3 was pro-
duced in the reaction. Therefore, it was assumed that the reaction occur-
ring in. the collection traps at temperatures  of 530°C can be represented
by the equation

3NpF6 + Brz -+ 3NpF4 + 2BrF3·                                        (4)

The reaction of BrF3 with NPF* carried out in the present work,
produced bromine, readily identified from its absorption spectrum in the
visible region. The volatile neptunium compound produced in this reaction
was not identified by analysisl' but was assumed to be NpF6·

., .-



16

E.  Derivation of Activation Energies

Activation energies have been derived from the apparent rate con-
stants, k' = k/rop, and the Arrhenius equation,

E /RT
k    =   Ae         a/                                                                                                                                                                        (5)

where

k   true rate constant,

A   a constant, f

Ea activation energy,

R   gas constant,

and

T = Kelvin temperature.

Figure 5 shows the temperature dependence of the apparent rate
constants k' for both the NpF4-fluorine reaction and the NpF4-BrF5 reac-

tion. The slopes of the curves in Fig. 5
/00 are -Ea/R, and the intercepts (not shown)

I                                                                                                   are    A/rop.0 NPFIABotch 11+ F2
A  NpF*(Batch 2)+Fe
0    Np 14 (Batch  2) +B r Fl

F.  Comparisons of Reaction Rates and9 Np FI (Botch 3) + Br Fs

Activation Energies
0

1.   Limitations of ComparisonsI0

-         -                                                    0
M -

Comparison of rates of re-
V -                                     action of different fluorinating agents-

5
with representative samples of a givena

: - solid, using rate constants obtained from
§                                  a,                             Eq. 1 and experimental data, is considered
3 Wr fitting. However, comparison of rates of

reaction of different compounds (or even
  different batches of the same compound)

with a fluorinating agent, using rate con-
stants obtained from Eq. 1 and experi-

TEMPERATURE, t mental data, is subject to reservation.
400 350  · 325 300 275 250

0.1              '
1 1   '1'   11    11    1
15             1.6             1.7             1.8             1.9             2.0

103 Gomes 19 has pointed out that
T;K rate constants and activation energies

308-1009 obtained. for reactions involving solids

Fig. 5. Temperature Dependence of Rate Con- may-,differ from the usual concepts of
stants for the Fluorination of NpF4 rate constant   and,activation energy.
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In the usual sense of the term, the rate constant is the proportionality factor
between the reaction velocity and concentration or pressure of reactant.
The specification of concentration or partial pressure and temperature is
sufficient to fix the reactivity or reaction velocity of a homogeneous, fluid
system, since it can be assumed that the rate depends on an equilibrium
between activated and unactivated molecules expressed by the Boltzmann
law. It is more difficult, however, to specify the reactivity of a solid, and
this difficulty is recognized in comparisons made in this report of apparent
rate constants and activation energies for reactions between gases and
solids.

2.    Comparison of Rates of-Fluori.nation of Actinide(IV) Fluorides
.-

Rate constants for reaction of actinide tetrafluorides at 350°C
for given concentrations of fluorination agents can be compared (as shown
in Table VII) using the results presented for neptunium and the results
presented in the literature for uranium and plutonium. The rates of reac-
tion of NpF4 with the fluorinating agents are in the following order: fluorine
(100 m/0) > BrF3 (6-13 rn/0) > BrF5 (33-35 rn/o). The rates of reaction of
the actinide tetrafluorides with pure fluorine are in the followihg order:
UF4 > NpF4 > PuF4·  The rate of reaction of BrF'5 with UF4 is higher than
the rate of reaction of BrF5 with NpF4·

TABLE VII. Comparison of Rate Constants for Reaction of Actinide
Tetrafluorides with Gaseous Fluorinating Agents at 350°C

Rate Constant,  ki,  min- 1
Reaction with Reaction , Reaction

Fluorine with  B rF3 with BrF5
Compound (100 rn/o) (6-13 m/o) (33-35 m/0)

- bUF4 0.05-0.13d Data unavailable 0.19

NpF4 0.014-0.023c 0.0051c 0.0013c

PuF4 0.0062a No reaction No reaction
0.0032                       )d

aVandenbussche. 16

b                         11Jarry and Stockbar.

dObtained
from experimental data and Eq. 1.

Estimated from data presented by Steindler and Steidl. 20

Since the rate of reaction of BrF3 with NpF4 is higher than the
rate of reaction of BrF5 with NPF4, fluorination with BrF3 might offer
higher rates of removal of uranium from nuclear fuel.  The use of BrF3
would provide selective volatilization of uranium as UF6, leaving plutonium
in the bed as PuF4, which is desirable for the fluid-bed fluoride-volatility
process.
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With respect to the relative rates of reaction with BrF3 and
with B rF5' NpF4 behavior is similar to the behavior of UF4· Jarry and
Stockbarll'found that the rate of reaction of BrF3 with Ufl is higher than
the rate of reaction of BrF5 with UF4·

.

The'relative rates of reaction of NpF4 with BrF3 and BrF5 may
also be an indicatibn of the rate-determining step in the reaction of BrF5
with NpF4· Since the reduction of BrF5 involves breaking several bonds
per molecule, it is assumed that the reaction of BrF5 with NpF4 occurs in
a series of steps, each involving the reduction of a lower bromine fluoride.
The only bromine species stable enough to be observed under the experi-
mental conditions employed, however, are B rF5, BrF3, and possibly BrF.
'I'he reaction of NPF4 with BrF3 has been shown to proceed faster than the
reaction of NpF4 with BrF5· Therefore, if the mer.ha.nism of the reaction
of NpF4 with BrF5 involves the silccessive steps

NPF4 + BrF5 - NPF6 + BrFp                                            (6)

and

3NpF4 + 2BrF3 - 3NpF6 + Br2,                       '                (7)

the first step (Eq. 6) must be the rate-determining one.

3.    Comparisons of Activation Energies

The activation energies for the reactions of three actinide tetra-
fluorides can be compared with fluorine by using the present work on nep-

tunium and literature
TABLE VIII. Activation Energies for Reaction of Actinide values for uranium and

Tetrafluorides with Gaseous Fl'uorinating Agents plutonium as. shown in
Table VIII.Ea' Reaction with Ea' Reaction with

BrFs (33-35 m/o), Pure Fluorine,
Compound kcal/mole kcal/mole The reactivity of

UF4 16.9a 18.1-18.7b         ·    a solid commonly varies
with the preparation or

NpF4          26 20 batch. Labaton and ·
PuF4 No reactionc 15.5b (200-460°C) Johnsong found that the

10.4(1 (170-5000C) activation energy for the
9.97-10.36e (200-370°C) reaction of various sarn-8.70-8.83e (>.370°C)

ples of.UF4 with fluorine
ajarry and Stockbar. varied from about 15.5 to11

b                6Vandenbussche. 19.9 kcal mole. Steindlercjarry and Stockbar.21.
d and Steid115 found that the
Steindler and Steidl.

eGendre. 13 activation energy for re-
action of PuF4 with fluo-

rine varied from about 10.4 to 12.5 kcal/mole, depending on the history of
the sample. of PuF4·  In the reaction of NpF,1 with fluprine, two batches of
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NpF4 exhibited different rates of reaction at a given temperature (as is
evident from Fig. 5), but the change of reaction rate with temperature, and
therefore the activation energy (20 kcal/mole), was about the same for both
batches.

G.  Mechanism of Fluorination of Np02

The intermediate solid species formed in the fluorination of Np02
was studied briefly to compare the fluorination mechanism of Np02 with
literature reports of the fluorination mechanisms of U02 and Pu 2·  The
reaction of Pu02 with fluorine proceeds with the formation of PuF#, which
subsequently reacts with fluorine to form PuF6.14,16 in contrast, the reac-
tiuii of UU2 with fluorine proceeds with the formation of UOZF23 which sub-
sequently reacts with fluorine to form UF6· Also, Jarry and Stockbar 21

found that, in the reaction of U02 with BrFS, UO 2FZ and UF4 are present in
the partially reacted solid residue. Since Ramp*22 has shown that UF6 re-
acts with U02 to produce U02Fz and UF#, this secondary reaction could be
responsible for the formation of U02F2 in the fluorination of UOT·  It is also
possible that U02 is converted to UF6 in simple steps, and that U02F2 is the
intermediate species in the stepwise conversion of U02 to UF6, as suggested
by Vandenbussche16 and by Steindler and Steidl.23

For a study of the fluorination behavior of Np02, a sample of the
powdered solid in a tube reactor was exposed to a flowing stream of pure
fluorine at 1 atm and 310°C.  In a similar experiment, a sample of Np02,
was exposed to a flowing stream bf BrF5 (33 rn/0 in nitrogen) at a total
pressure of 1 atm and 3500C.

The solids resulting from both fluorination treatments were similar.
In each case, a small amount of dark-brown underlayer resembling the ini-
tial Np02 remained, but the major portion had been converted to a green
solid. Both layers were sampled and identified by X-ray-diffraction powder
analysis.  In both experiments, the green layer was NpF4 containing a trace
of Np02, and the brown layer was Np02 containing a trace of NpF4·  In both
experiments, X-ray-diffraction analysis showed no evidence of a compound
with a pattern analogous to that of U02F2 (Ref. 24). Since Np02F2 and U02Fz
would have the same structure and similar unit- cell dimensions, it was25

concluded that NPO2Fz was not present in the solid reaction residues.

Table IX compares the stable species observed in the fluorination
of Np02 and the stable species observed in the fluorination of U02 and Pu02
(described in the chemical literature).  It is concluded that the mechanism
of the fluorination of the Np(IV) oxide is analogous to that of Pu(IV) oxide,
but is not analogous to that of U(IV) oxide.
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TABLE IX. Stable Species Formed in Fluorination
of Actinide(IV) Oxides

Fluorinating Initial Intermediate Final

Agent Species Species Species

Fluorine UOZ UOZFZ UF6
Fluorine NP02 NpF4 NpF6
Fluorine PUOZ PuF4 PuF6

BrF5 UOZ U02Fz UF6
BrF5 Np02 NpF4 NpF6
afFS

--

p,1091 PuF4 PuF4
-

IV...   «SUMMARY

Although the primary  aim  of the fluid-bed fluoride-volatility proces s
is the recovery of uranium and plutonium from irradiated nuclear fuel, the
recovery of neptunium also is desirable because Np is a nuclear parent of237

238PU, a valuable isotopic power source.

Experimental work was performed to determine the behavior of nep-
tunium in two operations.of the process flowsheet: treatment of oxidized
nuclear fuel with gaseous BrF5 at 350°C, and treatment of the resulting
residue with gaseous fluorine at 350-5000C. Other workers had shown that
NpF6 was formed by the reaction of NpF4 with fluorine. The present work
demonstrated that NpF6 and bromine are formed by the reactions of NpF4
at 300-400°C with BrF3 and with BrF5· The reverse reaction between NpF6
and bromine occurs at lower temperatures, 530°C.

Reaction rates were obtained from measurements of weight losses of
powdered NpF4 during exposure to gaseous fluorinating agents for a mea-
sured time period. Apparent rate constants, obtained from correlation of the
experimental data by the rate law which assumes reaction to take place at a
continuously diminishing spherical interface, were in the following order:

fluorine (100 m/o) > BrF3 (6-13 m/0 in nitrogen) > BrFs (33-35 rn/o· in ni-
trogen). The apparent rate constants were correlated by the Arrhenius
equation to yield activation energies of 20 kcal/mole for the reaction of
NpF4 with pure fluorine, and 26 kcal/mole for the reaction of NpF4 with
BrF5 (33-35 rn/0 in nitrogen).

The fluorination of Np02 by either fluorine or BrFS proceeds through
the formation of the intermediate NpF4· The mechanism of fluorination of
Np02, therefore, parallels that of Pu02 (which proceeds through' the inter-
mediate PuF#), but differs from the fluorination of UOz, which proceeds 4

through the intermediate U02F2·
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