Lo

ANL-7385

LABORATORY INVESTIGATIONS iiN SUPPORT OF
._\}@/ FLUID- BED FLUORIDE VOLATILITY PROCESSES

Part XVII Fluormahon of Neptunium(lV)
Fluoride and Neptunium(lV) Oxide

by

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

DISTRBUREN OF THIS QOCUMERIE & UNLIMITED




DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



The facilities of Argonne National Laboratory are owned by the United States Govern-
ment, Under the terms of a contract (W-31-109-Eng-38) between the U. S. Atomic Energy
Commission, Argonne Universities Association and The University of Chicago, the University
employs the staff and operates the Laboratory in accordance with policies and programs formu-
lated, approved and reviewed by the Association.

MEMBERS OF ARGONNE UNIVERSITIES ASSOCIATION

The University of Arizona

Carnegie Institute of Technology

Case Institute of Technology
The University of Chicago
University of Cincinnati

Illinois Institute of Technology

University of Illinois
Indiana University
Iowa State University

The University of Iowa
Kansas State University
The University of Kansas
Loyola University
Marquette University
Michigan State University
The University of Michigan
University of Minnesota
University of Missouri

of the Commission:

in this report.

Northwestern University
University of Notre Dame
The Ohio State University
Purdue University

Saint Louis University
Washington University
Wayne State University

The University of Wisconsin

LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on behalf

A. Makes any warranty or representation, expressed or implied, with re-
spect to the accuracy, completeness, or usefulness of the information contained
in this report, or that the use of any information, apparatus, method, or process
disclosed in this report may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages re-
sulting from the use of any information, apparatus, method, or process disclosed

As used in the above, "person acting on behalf of the Commission" in-

cludes any employee or contractor of the Commission, or employee of such
contractor, to the extent that such employee or contractor of the Commission,
or employee of such contractor prepares, disseminates, or provides access to,
any information pursuant to his employment or contract with the Commission,
or his employment with such contractor.

Printed in the United States of America
Available from
Clearinghouse for Federal Scientific and Technical Information
National Bureau of Standards, U. S. Department of Commerce
Springfield, Virginia 22151
Price: Printed Copy $3.00; Microfiche $0.65




ANI.-7385
- Chemical Separations
L r X - Processes for Plutonium
o | and Uranitm (TID-4500)
P e , , ‘ AEC Research and
: Development R'eport

ARGONNE NATIONAL LABORATORY
9700 South Cass Avenue
" Argonne, Illinois 60439

LABORATORY INVESTIGATIONS IN SUPPORT OF
FLUID-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

Chemical Engineering Division

April 1968

LEGAL NOTICE
This report was prepared as an account of Government spansored work. Neithor the United |
States, nor the Commission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with respect to the accu- |
racy, 1 or ful of the information contained in this report, or that the use '
of any information, apparatus, method, or process disclosed in this report may not infringe

privately owned rights; or
b B. Assumes any liabilities with respect to the use of, or for damages resulting from the
" use of any information, apparatus, method, or process disclosed in this report.

As used in the above, ‘‘person acting on behaif of the Commission’ includes any em-
ployee or contractor of the Commission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee of such contractor prepares,
disseminates, or provides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor. !

DISTRIUTQN QF TS QQCUMENS & UNLNIED




Other reports in this series are:

Part. 1.

Part II.

Part III.

Part IV.
Part V.,

Part VI,

Part VII.

Part VIII,

Part IX.

Part X.

Part XI.

' Part XII.
Part XIII.

Part XIV.

Part XV.

Part XVI..

The Fluorination of Uranium Dioxide-Plutonium Dioxide Solid

. Solutions (ANL-6742).

‘The Properties of Plutonium Hexafluoride (ANL-6753).

Separation of Gaseous Mixtures of Uranium Hexafluoride and
Plutonium Hexafluoride by Thermal Decomposition (ANL-6762).

The Fluid-bed Fluorination of U304 (ANL-6763).

. The Radiation Chemistry of Plutonium Hexafluoride (ANL-6812).

A. The Absorption Spectrum of Plutonium Hexafluoride, and

B. Analysis of Mixtures of Plutonium Hexafluoride and Uranium
Hexafluoride by Absorption Spectrometry (ANL-6817).

The Decorhposition of Gaseous Plutonium Hexafluoride by Alpha

- Radiation (ANL-7013).

Analysis of an Accidental Multigram Release of Plutonium
Hexafluoride in a Glovebox (ANL-7068).

The Fluid-bed Fluorination of Plutonium-containing Simulated
Oxidic Nuclear Fuel in a l%—inch-diameter Reactor (ANL-7077).

A Literature Survey on the Properties of Tellurium, Its Oxygen

- and Fluorine Compounds (ANL-7142).

Vapor-Liquid Equilibria in the System Uranium Hexafluoride-
Plutonium Hexafluoride (ANL—718\'6).

. The Melting-point Diagram for the System Uranium Hexafluoride-

Plutonium Hexafluoride (ANL-7234).

Condensed-phase Equilibria in the System Molybdenum
Hexafluoride-Uranium Hexafluoride (ANL- 7_240).

‘The"Corrosion of Nickel and Nickel Alloys. by Fluorine, Uranium

Hexafluoride, and Selected Volatile Fission Product Fluorides at

500°C (ANL-7241).

Estimation of Rates of Thermal Decomposition of Plutonium
Hexafluoride in Process Streams (ANL-7347). ’

The Fluorination of UO,-PuO,-Fission-product Oxide Pellets

with Fluorine in a 2-inch-diameter Fluid-bed Reactor (ANL-7372).




TABLE OF CONTENTS

Page
ABSTRACT . .. e e e e e e e e e 5
I INTRODUCTION. . .. .\ i\t e e el 5
II. EXPERIMENTAL DETAILS . . . . . . vttt it it i oo e oo 6
A. Materials. . . . .. ... L e e e e e 6
O 6
2. BrFgand BrFs; . . . o0 0 i i i e e 6
3. Fluorine . . . . . . . . i i i e e e e e e 7
B. Apparatus . .. ... ...t e e e e e e e e 7
1. Containment of Alpha Active Materials. .. ... ... ... 7
2. Measurement of Specific Surface Area of NpFy,. . ... .. 7
3. Measurement of Bulk Density . . . . . . .. . v v v v ... 7
4. Measurement of Absorption Spectra of Gas Phases 7
5. Fluorination. . . . ., .. ....... P 7
6. Manipulation of Gas Streams. . . . ... ... ......... 8
C. Fluorination Procedure ... ... e e e e e e 9
III. RESULTS AND DISCUSSION. . ., ..... [ e 9
A. Volatilization of Neptunium by Fluorinating Agents e e e 9
B. Correlatlon of Observed Results .. ................ 10
C. Identlty of Solld Residues . . . ...... e e e e e - 12
1. Chemical and X-ray-diffraction Powder Analyses of
Solid Residues . . . ... .. .. .. .......... e e 13
2. Bulk Densities of Solid Residues . . . ... .......... 13
3. Specific Surface Area of Solid Residues ., .. .. ... IR 14
D. Chemical Species Produced in the Fluorination Reactions. . 15
E. Der1vat1on of Activation Energles ........... e .. 16
F. Comparisons of Reaction Rates and Activation Energies. . . 16
1. Limitations of Comparisons . . . ..., .. .......... 16
2. Comparisons of Rates of Fluorlnatlon of Art1n1de(IV)
Fluorides . .. .. ........... T .. 17
3. . Comparisons of Activation Energies. . . . e e e 18
G. Mechanlsm of Fluorination of NpOz ...... SPRI P 19
IV. SUMMARY .......... e J e 20

- ACKNOWLEDGMENTS .. ...... B 21

REFERENCES. . .. ... B 22



III.

Iv.

VI.
VIL.
- VIIL:

IX.

LIST OF FIGURES

Title

Schematic Diagram of Apparatus Used in Fluorination of
Neptumum(IV) Compounds. . ... e e e e e e e e e e e Ce e e

Graphical Rep1 esentation by Eq 1 of the Rate of Reaction of
NpF4 with Fluorine . . .. .. .. ... ..... e e e e e e

.- Graphical Representatmn by Eq. 1 of the Rate of Reactlon of

NpF4 with BrEg. . . . ... ... .. e e e e e e

Graphical Representatien by Eq. 1 of the Kates of Reaction of
NpF4 with BrF; and with BrFg. . . .. .. ... ... .... e e e e e

Temperature Dependence of Rate Constants for the - :
Fluorination of NpF4 . . . . . . . . oo o oo oo oot iii oo

LIST OF TABLES

. Title

Observed Data for Reactlon of NpF4 with Gaseous Fluor1ne ..

Observed Data for Reaction of NpFy with Gas eous BrFi;-

- Nitrogen Mixtures . . . .. .. .. . vttt v

Observed Data for Reaction of NpF, with Gaseous BrF3- ‘
. Nitrogen Mixtures. . ... ... ... ........ e e

Comparison of Analyses of Solid Residues from Reaction of
NpF, with Gaseous BrFg-Nitrogen Mixtures and Theoretical
Compositions of Neptunium Fluorides .. ........... e

Change of Bulk Density of Solid Phase in React1on of NpF4
with Gaseous BrFs ............... e e e e e e e e e

Surface Areas of Solid Residues from Reactlon of NpF,4 with
Gaseous BrFg .. .. .. ... e e e e e e e e e e e e e e e e e e e

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

Activation Energies for Reaction of. Actinide Tetrafluorides |
w1th Gaseous Fluor1nat1ng Agents . . ... .. L e e e

Stable Spec1es Formed in Fluor1nat10n of Act1n1de(IV)

Oxides . .. .v .l v oo

11
12
12

16

Page

10

10

13
14
14
17
18

. 20

at




LABORATORY INVESTIGATIONS IN SUPPORT OF
FLUID-BED FLUORIDE VOLATILITY PROCESSES

Part XVII. Fluorination of Neptun1um(IV)
- Fluorlde and Neptumum(IV) Oxide '

by

" L. E. Trevorrow, T. J. Gerdlng,
o “and M. J. Steindler

- ABSTRACT

Rates of formation of NpF¢ by the reactions of NpF,
with BrF; (6-13 m/o in nitrogen) or BrFs (33-35 m/o. in
nitrogen) or fluorine (100 m/o were studied at 250-400°C
and were interpreted. in terms of a rate law which assumes.
that reaction occurs at a continuously diminishing spherical
interface. The relative rates of reaction of NpF, with. the
fluorinating agents at the given concentrations and at 350°C
were in the following order: fluorine > BrF; > BrF,. Cor-
relation of the derived rate constants by the Arrhenius
equation yielded activation energies of 20 kcal/mole for the
reaction of NpF, with fluorine and 26 kca.l/mole for the re-
action of NpF, with BrFs,

Examination of the solid residues from the reac-
‘tions of NpF, with BrF; or fluorine by chemical and X-ray-
diffraction powder analyses indicated the presenée of no
species other than NpF,.

The fluorination of NpO, by either BrFj; or fluorine
proceeds through the intermediate compound NpF,. Thus,
the fluorination of NpQO, is analogous to that of PuO, (which
proceeds through the intermediate compound PuF,), but is
‘not analogous to the fluorination of UO, (which procceds
through the intermediate compound UO,F,).

I. INTRODUCTION |
Because Z37Np can be converted to 2:"BPu, a valuable source of iso-
topic power, the separation of neptunium, as well-as uranium and plutomum,
from spent nuclear fuel by the Fluid-bed Fluoride Volatility Process, is
under study. The process flowsheet! involves the fluorination of declad,



oxidized nuclear fuel, first by BrF; to remove uranium by formation and
volatilization of UF, and then by fluorine to remove plutomum by forma-
tion and volatilization of PuFy.

"I"oplan for the separation and recovery of neptunium, we must estab-
lish its behavior in the fluorination steps. Other workers have shown that
NpF, reacts with fluorine to form NpF,, a stable compound with volatility
similar to that of UF, and PuF,.2"* The present work was undertaken to
measure the rate of reaction of NpF, with fluorine, to establish whether
NpF, is fluorinated by BrF; or BrF;, and to measure the rates of these
reactions. '

II. EXPERIMENTAL DETAILS
A. Materials
1, ‘NpF4

- Neptunium tetrafluoride was prepared from 237N pO, obtained
from Oak Ridge National Laboratory. Chemical analysis of the NpO, showed
that it contained 0.13 w/o plutonium and 0.04 W/o uranium. Spectrographic
analysis of the NpO, showed that it contained only minor amounts of other
metallic impurities. To prepare NpF, the NpO, was treated at 500°C with
a gaseous mixture of HF (75 v/o) 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 NpO, to NpF, was >99% of the theoretical value. Chemi-
cal analysis of the NpFy (batch 1) yielded the following results:

Results, w/o

Fluorine Neptunium
Calculated for NpF, 24.3 - 75.7

Observed : 24.3 77.2

A gas-adsorption analysis showed that the NpF,, as prepared, had a specific
surface area of 0.3 mz/g The bulk density of the NpF, was 3.11 g/cm

2. BrFs and BrF3

S

Both BrF; and BrF; were obtained from a commercial supplier.
The BrF; sample contained some BrF; as an impurity that was removed by
partially freezing the BrF; sample and pumping on it. Infrared spectra of
gas samples of the BrF; taken before and after this procedure showed that
it was effective-in purifying small (1- to 5-g) samples. The BrFs sample
contained soime bromine as an 1mpur1ty that was removed by treatment -
with fluorine.



-3, Fluoriné“

’

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
performed in a glovebox® to contain the alpha hazard of the **'Np isatape.
Operations involving the wvolatile neptunium compound NpF¢ were confined
to a manifold constructed of nickel tubing, Monel diaphraigm 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 NpF,

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

3. Measurement of Bulk Density

The bulk densities of samples of NpF, 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 windows® 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 pérforming measurements with a Beckman IR-4
spectrophotometer."’

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, Coﬁnecticut.
*k Applied Physics Corp., Monrovia, California,
Beckman Instruments, Inc., Fullerton, California.
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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 pyrometerTL regulated the temperature
of the furnace. Figure ]l is a

GLOVEBOX OPEN FRAME HOOO . .
Gace schematic diagram of the fluo-
eareR ; :
VENT
fgfggD\ ] rination apparatus.
e
ORY TRAP 3
{Soda Lime) . .
oo [ 6. Manipulation of
METERs | BrFsORBIF ' Gas Streams
e o
i _ - . Gaseous ﬂuo'rme
T was supplied to the fluorina-
B80AT . " .
| ] tion reactor by expansion
l_‘_—;_w‘_‘ POTENTIOMETER- - :
~ %oLp 8aTH [[ Wi BAR PYROETER from a ballast tank through a
o8 oo : .
]_A‘ thermal flowmeter.” The ex-
> THERMOCOQUPLES . .
- oL pansion was controlled by
ENCLOSURE PYROMETER throttling through Monel dia-

hragm valves. .
308-1173 p g

Fig. 1. Schematic Diagram of Apparatus Used in Fluo-

rination of Neptunium(IV) Compounds Gaseous interhal-

ogens were supplied to the
reactor by hea.tlng their containers, 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, ™t were
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 rﬁixtures were determined from the flow rates
of the individual components. The flow rate of BrFs was measured with a
Kel-F flowmeter with a nickel float.¥ The flow rate of BrF; was measured
by collecting and weighing the condensible materials from the reactor ef-
fluent with a correction for the amount of NpFy as indicated by the weight
loss of NpFy.

*Brown Multipoint Potennometer-Pyrometer Minneapolis-Honeywell Regulator Co. Phlladelphla
Pennsylvania,
** Heyi- -Duty Elecuic Co., Milwaukee, Wisconsin.
T Guardsman Model, West Instrument Corp., Schiller Park, Illinois.
1 Acrawatt Electric Corp., Franklin Park, Illinois.
¥Brooks Instrument Co,, Hatfield, Pennsylvania.



C. Fluorination Pfocedure

Fluorination rates were measured by determining weight losses of
solid NpF, 'during exposure to a gaseous stream of the fluorinating agent
for a measured time period. The procedure in a typ1cal 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
was then raised to the chosen reaction temperature. The flow of fluorlnat-
ing agent and an interval timer were started 51mu1taneously At the end of
a given period, the reaction was stopped either by -purging: the reactor with
nitrogen gas, or by evacuating the reactor. After the reactor had cooled
down,. the boat was removed from the reactor and reweighed to determine
_the loss of NpFy.

III. RESULTS AND DISCUSSION

A. Volatilization of Neptunium by Fluorinating Agents’

Weight-loss determinations clearly showed that neptunium was
volatilized from the boat containing NpF, when any of the fluorinating agents
(fluorine, BrF;, or BrF;) was passed over the boat containing powdered
NpF, at 200-500°C. In a blank test, in which gaseous nitrogen was passed
over NpFy,, 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 NpF, at 250-400°C. Table II lists the observed weights before and after
the reaction of NpF, with BrFs (33-35 m/o in nitrogen) at 300-400°C.

Table III lists the observed weights before and after the reaction of NpF,
with BrF; (6-13 m/o in nitrogeén) at 350°C. )}

TABLE I. Observed Data for Reaction of NpFg with Gaseous Fluorine

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

Reaction Weight of Weight of Reaction Weight of Weight of

Temp, Time, NpF, before NpF,4 after Temp, Time, NpFy hefore Npry after

Exp No. °C min Reaction, g Reaction, g . Exp No. ¥ min Reaction, g Reaction, g
1521-F-571 250 30 3.68912 3.3200 1521-F-71R; . 300 10 1.05158 0.9958
1521-F-57R 250 30 33172 3.0412 1521-F-71Ry 300 15 0.99582 0.9030
1521-F-61 250 15 303022 2.9218 1521-F-72L 300 20 0.9030 0.7814
1521-F-68R 215 10 1.0631° 1.0298 1521-F-72R 325 5 0.78012 0.7201
1521-F-69L 215 20 1.0298P 0.9615 1521-F-72R) 325 10 0.7201° 0.5996
1521-F-69R 215 30 0.96152 0.8422 1521-F-72R}) 325 10 Lt 0.59960 0.4869
1521-F-69Ry 2715 30 0.8422 0.7061 1521-F-72Ry11 325 10 _ 0.4869° X 0.3716
1521-F-62L 300 5 1.25628 1.1429 1521-F-64R 350 5 . 1.4437° 1.1789
1521-F-62R 300 5 1.12822 0.9776 1521-F-65L 350 5 1.1724% 0.9475
1521-F-63L 300 5 0.95342 0.8214 1521-F-65R 350 10 1.1325 0.3966
1521-F-63R 300 10 0.8214 © 0.6589 1521-F-66 350 5 0.39662 0.2268
1521-F-64L 300 15 0.658%9 0.4605 1521-F-67 400 5 2.5062 1.5752
1521-F-71R- 300 5 107122 1.0515 © o 1521-F-68L 400 5 15752 0.5039

agatch No. 1 of NpFy.
bBatch No. 2 of NpFy.




TABLE Il Observed Data for Reaction of NpF4 with Gaseous BrFs-Nitrogen Mixtures

Gas composition:  33-35 mjo BrFs, 67-65 mio Ny
Total gas pressure: 1.0 atm :

Gas flow rate: 180 c¢/min
Reaction Weight of Weight of Reaction Weight of Weight of
Temp, Time, NpF4 before NpFq after Temp, Time, NpFy before NpFy4 aiter
Exp No. °C min Reaction, g Reaction, g Exp No. °C - min Reaction, g Reaction, g

1810-F-21 300 60 0.4721° 0.4587 1810-F-68 350 30 0.2974D 0.2644
1810-F-22 300 60 0.45872 0.4420 1810-F-69 350 30 0.26440 0.2318
1810-F-23 300 60 0.44202 0.4293 1810-F-70 350 30 0.23180 0.2008
1810-F-24 300 60 0.4293° , 04160 1810-F-71 350 24 0.2008Y 0.1781
1810-F-25 300 60 0.41603 0.4007 1810-F-5 400 15 0.79973 0.6892
1521-F-99L 325 30 0.47808 0.4595 1810-F-6 400 30 - 0.68922 0.4173
1521-F-99R 325 30 0.4595% 0.4424 1810-F-7 400 15 0.4173 0.2821
1521-F-100 325 15 0.44242 0.4328 1810-F-8 400 15 0.28218 0.1518
1492-F-27 325 30 0.4328° 0.4149 1810-F-9 400 15 0.1473° 0.0746
1810-F-12 350 15 0.4952° . 0.4761 1810-F-17 400 15 0.799%7 0.6741
181U-F-13 350 n 0.4761° 0.4413 1810-F-18 400 30 0.6741° 0.3665
1810-F-14 350 30 0.4413 0,40 1810 F 19 ann H 0.36659 . 0.1957
1810-F-15 350 60 0.4049 0.3114 1810-F-20 400 10 0.19512 0.1324
1810-F-67 350 30 0.3369° 0.2974

3Batch No. 2 of NpfFy.

bBatch No. 3 of NpFy.

TABLE Il. Observed Data for Reaction of NpFs with B. Correlation of Observed Results

Gaseous BrF3-Nitrogen Mixtures
Gas composition:  10-13 mfo Brfs, 90-87 m/o N

. Total gas pressure: 1.0 atm The observed weight-loss
Gas flow rate: 180 cc/min
Batch No. 3 of Npfy : . data have been correlated by the
. 8 .
Reaction Weight of Weight of rate law derived by Anderson.” This
Temp, Time, NpFq before NpFyq after rate law is frequently used ex
Exp No. °C min Reaction, g Reaction, g ] . q y ) A to press
the kinetics of a reaction between a
1810-F-58 350 - 5. 0.6284 - 0.5357 . . ]
1310-F-60 350 5 0.5357 0.4533 gas and a solid with the assumption
1810-F-62 350 15 0.4533 03230 . h :
1810-F-63 350 15 0.3230 0.2497 that .the react19n .ta.lfes. place at.a
1810-F-64 350 15 0.2097 0.1762 continuously diminishing spherical
1810-F-65 350 15 0.1762 0.1192 .
v interface. The rate law has the form
(1-F)3 = 1.k, | (1)
where
F = fraction of solid reacted,
t = reaction time,
k' = apparent rate constant,
and
k
K o= —, (2)
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where

k = true rate constaht, |

ro = initial radius of solid particle,.
and

p = bulk density of solid.

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

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

173

- {(1-F)

04r- 350°C OB ¥ NpF, BATCH | .
o3| _ 4 OOD OO NpF, BATCH2
02r 4
orf .
| 1 ’ B |
25 50 75

REACTION TIME , min.
308-1118 '

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

The linearity of the graphs in Fig. 3 shows that Eq. 1 can be used.
to represent the rate of reaction. of NpF, with BrF; at 300, 325, and 350°C, -
but that the results obtained at 400°C would be expressed better by some ‘
other rate law,

Figure 4 shows that Eq.. 1 represents the rate of react1on of NpF4 with
BrF3 at 350°C. The results of the reaction of BrF; with a sample of the
same batch of NpF, are included in Fig. 4 for comparison of rates at 350°C.
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.0 | | I l I l | . ] |
o 20 a0 60 80 100 120 130 160 180
REACTION TIME, min

308-425

Fig. 3. Graphical Representation by Eq. 1 of the Rate -
of Reaction of NpF, with BrFg (33-35 v/0)

— T T T T T C. Identity of Solid Residues

— The solid residues were
brrgsasons, | analyzed to determine whether
wwooo3mn?  _| the rate measurements were

- being carried out on the same

A BrF3(6-13 v/a), _| species throughout a reaction.

: K'= 0.0051 min~! : . . . ]

0.0 | The solids were examined with
ok _| special attention to any evidence

of neptunium fluoride species
-analogous to the intermediate
| T A A A B A R fluorides of uranium (UuF 4,

o {0 20 30 40 50 60 70 80 90 100 |10 120 130 140 150 U2F9, and UFS). 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 350°C of NpF, with BrF5 and
with BrF

5 The formation of inter-

mediate fluorides in the fluorin-
ation of UF, has been widely observed. Labaton and Johnson? found that
intermediate fluorides of uranium were produced in the reaction of fluorine
with UF, in tray reactors. Steindler and Steidl'® also observed the forma-
tion of intermediate fluorides in the reaction of fluorine with UF,. Jarry
and Stockbar!! found that intermediate fluorides were formed in the reac- '
tion of Br¥g with UF,.

Although plutonium fluoride species analogous to the intermediate
fluorides of uranium have never been isolated and characterized, several
investigators have presente‘d evidence of their existence. Mandleberg et a_l.12
interpreted the results of chemical analyses and X-ray-diffraction powder




analyses as proof of the existence of PuyF;; in solid residues of the reac-
tion of PuF, with fluorine. In other work, 1314 5 break in the température
dependence of the rate constant for reaction of PuF, with fluorine has been
attributed to a transformation of the solid phase from PuF, to an interme-
diate fluoride. On the other hand, the formation of intermediate fluorides
of plutonium in residues of the.reaction of PuF, with fluorine was not ob-
served by either Steindler et al.!’® or Vandenbussche.®

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

Residues

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

The capability of X-ray-diffraction powder analysis to distin-
guish between NpF4 and the possible compound, Np,F,;, is limited by the
expected similarity of the two structures. The X-ray pattern of U,F,; is
described!” as that of a "distorted UF, lattice." The evidence presented
for the existence of Pu,F'; is based partly on minor lines in X-ray-
diffraction photographs of a solid with a lattice similar to the distorted
UF, lattice.

TABLE IV. Comparison of Analyses of Solid Residues from Reaction Solid residues of the re-
of NpF4 with Gaseous BrFs-Nitrogen Mixtures and Theoretical . action of NpF4 with BrF5 were

Compositions of Neptunium Fluorides . .
removed for chemical analyses
for neptunium and fluoride and

Reaction_Conditions and Chemical Analyses of Solids Produced

Chemical Analysis

Reaction Fraction f - -di i W
Temp, of NpFg “atm Rate 10T X-ray-diffraction po der '
Exp No. °C Reacted Np, wfo F, wlo five + analyses. The X-ray-diffraction
1521-F-3 400 0.89 736 207 351~ photographs showed only lines
1521--98 325 0.76 73.3 26 3.85 ttri to h 5
1810-F-20 400 0.84 72.6 3.4 4.02 att butgd NpF,. The re ult§
1810-F-25 300 0.15 712 B2 4.06 of chemical analyses of the solid
1521-F-93 400 0.89 745 2.5 411 .
1810-F-17 400 0.16 727 2.0 ¢z  residues (Table IV) show that,
1521-F-98 3% 0.76 38 2.6 4.1 although the observed values of
Theoretical Compositions of Solids ) W/o for neptunium and fluoride
Compound No, wlo . wlo FiNo ‘ are lower than those calculated
for NpF,, the atom ratio, F/N
NpFy 75.7 2.3 4,00 p dp' 4’h i | ’ / “p’
NogFy7 0.6 254 4% oun. int e‘so 1 .1s essentially
NoF 735 %5 .50 4, without discernible dependence
NpFs 714 28.6 5.00 on reaction temperature or the

fraction of NpF, 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 NpF, were therefore measured before and
after reaction with BrF; to determine whether the reaction changed the
bulk density of the solid.

13




.Table V lists the bulk densities of the solid obtained at various
stages of the reaction of NpF, with BrF;. 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 NpF, with Gaseous BrF; bulk density with experi-
Gas composition: 33-35 m/o BrF; in nitrogen mental conditions, it is
Batch No. 2 of NpF, apparent that, regardless
' of reaction temperature or
Reaction Fraction Bulk fraction reacted, the bulk
Timp’ of NpFy Density,  gensity of solid residues
Exp No. c Reacted g/cc of the reaction of NpF, with
MpF, (initial) ' ) ; 311, BrFs is le.ss than that of
1810-F-25 300 0.15 7 35,  initial solid NpFy.
1492-F-29 325 0.13 2335 ,
1810-F-17 350 0.60 1.06, The curvature of
1810-F-20 400 0.84 - 0.57, the lines representing the

reaction.of NpF, with BrFy
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 NpF, were measured before and after
reaction with BrFj 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 BrF
ficent to permit a detailed '

correlation of surface area BrFy Specific
with experimental condi- Fraction Concentration Reaction Surface
tions, the results listed in of Solid in Nitrogen, Temp, Arzea,
Table VIshow that specific Reacted m/o °C ) m /g
surface areas of solid res- j ) 0.30
idues from the reaction of 0.13 33 325 0.42
BrF;withNpF, werealways 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, NpFy,.

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 NpF, with BrFjy 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 correlatlon between the rate of




fluorination of UF, and thc specific surface area of the UF, measured by
gas adsorption. They explained this lack of correlation by suggesting that
the area measured by gas adsbrption 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 separatiou of NpF'y, the identities
of the specries produced in the fluorination reactions deserve some
discussion. '

- The reaction of fluorine with NpF, results simply in the formation
of NpFl, ’

NpF, + F, — NpF,, . : (3)

according to published information.?™*

The reaction of BrFy with NpFy, carried out in the present work,
produces NpFy and bromine. ' Theé condensible constituents of the reaction
mixture were initially condensed into a fluorothene trap at -78°C, and then
partially vaporized at room temperature into a spectrometer cell. The
presence of NpFy was proved by comparison of the absorption spectrum in
the near-infrared region with previous measu._rements18 on pure NpF¢, and
the presence of bromine was proved by its absorption spectrum in the visi-

- ble region. The identification of NpFg as a product of the reaction of NpFy
with BrFs 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 NpF¢ were condensed to-
gether at -78°C, then warmed to room temperaturc; a reaction occurred
before the mixture reached room temperature. Chemical analysis showed
that the solid produced in this experiment was NpFy4. 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 =30°C can be represented

by the equation : ' ‘ ‘

3NpF¢ + Br, - 3NpF, + 2BrF;. (4)

The reaction of BrF; with NpFy, 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 analysis)" but was assumed to be NpFg. '
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E. Derivation of Activation Energies

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

k
where ‘
k
N
Ea
R
and
T

= Ae

-E,/RT

a constant, [

gas constant,

activation energy,

true rate constant,

Kelvin temperature,

(5)

Figure 5 shows the temperature dependence of the apparent rate
constants k' for both the NpF,-fluorine reaction and the NpF,-BrF; reac-

100 T v
B O Np Fy(Batch N+ Fy T
I A NpF,(Batch 2)+F,
r O NpF, (Batch 2)+ BrFy
- V' NpF, {Batch 3) +Brfy -1
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™
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TEMPERATURE, °C
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Fig. 5. Temperature Dependence of Rate Con-
stants for the Fluorination of NpF, -

tion. The slopes of the curves in Fig. 5

are -E,/R, and the intercepts (not shown)
are A/rop

F. Comparisons of Reaction Rates and
Activation Energies

1. Limitations of Comparisons

Comparison of rates of re-
action of different fluorinating agents

- with representative samples of a given

solid, using rate constants obtained from
Eq. 1 and experimental data, is considered
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-
mental data, is subject to reservation.

Gomes!? has pomted out that
rate constants and activation energies
obtained for reactions involving solids
may::d’iffe"‘f from the usual concepts of
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. Cémparison of Rates of Fluorination 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/o) >BrF, (6-13 m/o) > BrFg (33-35 m/o). The rates of reaction of
the actinide tetrafluorides with pure fluorine are in the following order:
UF4 > NpFy > PuF,. The rate of reaction of BrFg with UF, is higher than
the rate of reaction of BrFjs with NpFy.

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

Rate C.onstant,v k', min~}

Reaction with Reaction | Reaction
Fluorine’ with BrF, with BrFg
Compound ~ (loo m/o). (6-13 m/o)_ (33-35 m/o) '
UF, ' 0.05-0.13% Data unavailable O.l9b ' |
NpF, 0.014-0.023€ 0.0051¢ 0.0013€
PuF, 0.0062% No reaction _ No reaction
0.00329 »

aVandenbussche.!®
bJa.rry and Stockbar.!!
€Obtained from experimental data and Eq. 1.
Estimated from data presented by Steindler and Steidl.?°

Since the rate of reaction of BrF; with NpF, is higher than the
rate of reaction of BrFy with NpF,, fluorination with BrF; might offer
higher rates of removal of uranium from nuclear fuel. The use of BrF,
would provide selective volatilization of uranium as UFy, leaving p'lutonium
in the bed as PuF,, which is desirable for the fluid-bed fluoride-volatility

process.




With respect to the relative rates of reaction with BrF; and

- with BrFs, Nplky behavior is similar to the behavior of UF,. Jarry and

Stockbar!! found that the rate of reaction of BrF; with UF4 is hlgher ‘than
the rate of reactlon of BrF5 with UF4

The relative rates of reaction of NpF, with BrF; and BrF; may
also be an indication of the rate- determining step in the reaction of BrF;
with NpF,. Since the reduction of BrF; involves breaking 'several bonds
per molecule, it is assumed that the reaction of BrF; with NpF, 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 BrF;, BrFj;, and possibly BrF.
The reaction of Np¥Fy with BrF; has been shown to proceed faster than the
reaction of NpF, with BrF5. Theretotre, il thec mechanism of the reaction
of NpF, with BrFj; involves the successive steps ‘

NpF, + BrFs - NpF¢ + BrF,, (6)

and

3NpF, + 2BrF; = 3NpF¢ + Bry, ' (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.uorlr}atmg Agents plutonium as.shown in

E,, Reaction with E,, Reaction with Table ,VHI‘
BrF; (33-35 m/o), Pure Fluorine,
Compound kcal/mole kcal/mole The reactivity of
. a solid commonly varies
UF, 16.92 18.1-18.7° . Y
. with the preparation or
NpF, 26 . 20 batch. Labaton and

PuF, No reaction® 15.5° (200-460°C) Johnson’ found that the
10.4% (170-500°C)

- activation ener for th
9.97-10.36% (200-370°C) gy tor the

8.70-8.83% (>370°C) reaction of various sam-

- ples of UF, with fluorine

:J’arry and Stockbar.!! varied from about 15.5 to
}’;:f;r;i\;s;f::kbar 19.9 kcal/mole. Steindler

Agsoindler and Sraidl 2 4 and Steidl'® found that the

€Gendre. 13 _ - - . activation energy for re-

action of PuF, with fluo-
rine var1ed from about 10.4 to 12 5 kcal/mole, depend1ng on the history of
the sample of PuF,. In the reaction of NpF, w1th fluorme, two batches of
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NpF, exhibited different rates of reaction at a given temperatire (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 NpO,

~ The intermediate solid species formed in the {luorination of NpO,
was studied briefly to compare.the fluorination mechanism of NpO, with
. literature reports of the fluorination mechanisms of UO,; and PuO,. The
reaction of PuO, with fluorine proceeds with the formation of PuF,, which
subsequently reacts with fluorine to form I‘uF.;,.”"'16 In contrast, the reac-
tion of UU, with fluorine proceeds with the formation of UO,F,, which sub-
sequently reacts with fluorine to form UF,. Also, Jarry and Stockbar?!
found that, in the reaction of UO, with BrF; UO,F, and UF, are present in
the partially reacted solid residue. Since Rampy?? has shown that UFg re-
acts with UQO, to produce UO,F, and UF,, this secondary reaction could be
responsible for the formation of UO,F, in the fluorination of UO,. It is also
possible that UQ; is converted to UFy in simple steps, and that UO,F, is the
intermediate species in the stepwise conversion of UO, to UFy, as suggested
by Vandenbussche!® and by Steindler and Steidl.??

For a study of the fluorination behavior of NpO,, 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 NpO, .
was expovsed to a flowing stream of BrFj (33 m/o in nitrogen) at a total v
pressure of 1 atm and 350°C.

The solids resulting from both fluorination treatments were similar.
In each case, a small amount of dark-brown underlayer resembling the ini-
tial NpO, 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 NpF, containing a trace
of NpO,, and the brown layer was NpO, contdining a trace of NpF4. In both
experiments, X-ray-diffraction analysis showed no evidence of a compound
with a pattern analogous to that of UO,F, (Ref. 24). Since NpO,F, and UO,F,
would have the same structure and similar unit-cell dimensions,?® it was
concluded that NpO,F, was not present in the solid reaction residues.

Table IX compares the stable species observed in the fluorination
of NpO, and the stable species observed in the fluorination of UO, and PuO,
(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 Spec1es Formed in Fluorination
of Actinide(IV) Oxides

Fluorinating Initial Intermediate ~ Final
Agent o Species Species ‘ Species
Fluorine Uo, UO,F, UF,
Fluorine NpO, - NpF4 c NpFy
. Fluorine - - PuO, PuF, ) PuFy
. BrF5 UOZ UOzFZ R UF6
BrFs . NpOz NPF4 NPF6
 BrF, PnQ);, PuF, - - PuF,

IV~ SUMMARY

Although the primary aim of the fluid-bed fluoride-volatility process

. is the recovery of uranium and plutonium from irradiated nuclear fuel, the

recovery of neptunium also is desirable because 27Np 1s a nuclear parent of

'238py, a valuable isotopic power source.

Experimental work was performed to determine the behavior of nep-
tunium in two operétions..of the process flowsheet: treatment of oxidized
nuclear fuel with gaseous BrFj at 350°C, and treatment of the resulting
residue with gaseous fluorine at 350-500°C. Other workers had shown that
NpFg was formed by the reaction of NpF, with fluorine. The present work
demonstrated that NpF¢ and bromine are formed by the reactions of NpF,
at 300-400°C with BrF; and with BrF;. The reverse reaction between NpFy
and bromine occurs at lower temperatures, =30°C.

Reaction rates were obtained from measurements of weight losses of
powdered NpF, 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/0) > BrF; (6-13 m/o in nitrogen) > BrF; (33-35 m/o in ni-

. trogen). The apparent rate constants were correlated by the Arrhenius

equation to yield activation energies of 20 kca.l/mole for the reaction of
NpF, with pure fluorine, and 26 kcal/mole for the reaction of NpF, with
BrF; (33-35 m/o in n1trogen)

The fluorination of NpO, by either fluorine or BrF, proceeds through
the formation of the intermediate NpF,. The mechanism of fluorination of
NpO,, therefore, parallels that of PuO, (which proceeds through'the inter-
mediate PuF,), but differs from the fluorination of UO,, which proceeds

through the intermediate UO,F,.



21

"ACKNOWLEDGMENTS

We gratefully acknowledge the work of L, E. Ross and R. P. Larsen
.. in supervising the chemical analyses, and the work of R. V. Schablaske and
- B. S..Tani in performing and interpreting the X-ray-diffraction powder
analyses.




22

10.
11,
12.
13.
14,

15.

REFERENCES.

: Chemical Engineering Division Research Htghlzghts, May 1966- Aprzl 1967,

ANL-7350, pp. 21-22 (1967).
Florin, -A. E., USAEC memorandum MUC-GTS-2165 (Jan. 23, 1946).

Malm, J. G., Weinstock, B., and Weaver, E. E., The Preparation and
Properties of NpFg; A Comparison with PuFg, J. Phys. Chem. 62, 1506
(1958) . ,

Seaborg, G. T., and Brown, H. S., Preparation of Neptunium
Hexafluoride, U.S. Patent No. 2,982,604 (May 2, 1961).

Malecha, R. F., Smith, H, 0., Schraidt, J. H., Natale, J. V.,
Ross, N, E., and Brown, H. L., Jr., "Low Cost Glove Boxes,"
Proceedings of the Eighth Conference on Hot Laboratories and
Equipment, TID-7599, pp. 485-493 (1960).

Steindler, M. J., and Gunther, W. H., Laboratory Investigations in
Support of Fluid-bed Fluoride Volatility Processes, Part VI. A. The
Absorption Spectrum of Plutonium Hexafluoride. B. Analysis of Miz-
tures of Plutonium Hexafluoride and Uranium Hexafluoride by Absorptzon
Spectrometry, ANL-6817 (Jan 1964).

Kessie, R. W., The Design and Construction of Thermal FZowmeters,
ANL-6531 (March 1962).

Anderson, J. S., Recent Work on the Chemistry of the Oxides of
Uraniwm, Bull. Soc. Chim. 20, 781 (1953).

Labaton, V. Y., and Johnson, K. D. B., The Fluorides of Uraniwm-III,
Kinetic Studies of the Fluorination of Uraniwn Tetrafluoride by
Fluorine, J. Inorg. Nucl. Chem. 10, 74 (1959).

Steindler, M, J., and Steidl, D. V., "Plutonium Fluoride Studies,"
Chemical Engineering Division Summary Report, April, May, and
June 1958, ANL-5896, pp. 27-32 (Oct 1958§.

Jarry, R. L., -and Stockbar, J., "The Reactions of Bromine
Pentafluoride," Chemical Engineering Division Semiannual Report,
January-June 1966, ANL—7225 p. 82 (Nov 1966).

Mandleberg, C. J., Rae, H. K., Hurst, R., Long, G., Davies, D., and
Francis, K. E., Plutonium Hexafluoride, J. Inorg. Nucl. Chem. 2,

358 (1956).

Gendre, R., Preparation of Plutonium Hexafluoride, Recovery of
Plutonium from Waste Dross, Commissariat a 1'Energie Atomique,
France, CEA-2161, Centre d'Etudes Nucleaires de Saclay (1962).

Centre de 1'Energie Nucleaire, "Reprocessing of Irradiated Fuels,"
Quarterly Report No. 25, April 1 to June 30, 1966, EURAEC-1785, p. 11
(1967). i

Steindler, M. J., Steidl, D. V., and Steunenberg, R. K., The Fluorin-
ation of Plutonium Tetrafluoride and Plutonium Dioxide by Fluorine,
Nucl. Sci. Eng. 6, 333 (1959).

3



16.

17.

18.
19,
200

21,

22,

23‘
240

25,

23

Vandenbussche, G., Kznetzc Study of the Fluorination by Fluorine
of Seme Uranbum and Plutonium Compounds, Commissariat a.l' Energie
Atomique, France, CEA-R-2859, Fontenay-aux-Roses Centre d" Etudes
Nuclealres (Dec 1964) .- ’

Agron,ﬁPo, Grenall, .A. Kunln, R., and Weller, S., The Intermediate
Uranium Fluoride C’ompounds, in Chemistry of Uranium. Collected
Papers, TID-5290, p. 652 (1958).

Stelndler M. J., and Gerding, T. J., The Absorption Spectrum of
Neptuntum Hexafluoride, Spectrochlm Acta 22, 1197 (1966)

Gomes, W.y Definition of Rate Constant and Aetivation Energy in Solid
State Reactions, Nature 192, 865 (1961).

Steindler, M. J., and Steidl, D. V., "The Processing of Uranium-
Plutonium Fuels; The Rate of Fluorination of Plutonium Tetrafluoride,"
Chemical Engineering Division Summary Report, April, May, and

June 1957, ANL-5759, p. 34 (Oct 1957).

Jafry, R. L., and Stockbar, J., '""Reactions of Bromine Pentafluoride,"
Chemical Engineering Division Semiannual Report, July-December 1965,
ANL-7125, pp. 66-73 (May 1966). '

Rampy, G. A., The Reaction of Uranium Dioxide with Uranium
Hexafluoride, GAT-265 (June 1959).

Steindler, M. J.,, and Steidl, D. V., "The Fluerination of Uranium
Dioxide," Chemical Engineering Division Summary Report, July, August,
and September 1968, ANL-5924, p. 32 (Dec 1958).

Zachariasen, W. H., Crystal Chemical Studies of the 5f-Series of
Elements. III. A Study of the Disorder in the Crystal Structure of
Anhydrous Uranyl Fluoride, Acta Cryst. 1, 277 (1948).

Zachariasen, W, H., Crystal Chemical Studies of the 5f-Series of
Elements, XII., New Compounds Representing Known Structure Types,
Acta Cryst., 2, 388 (1949).




