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Dry Process Fluorination of Uranium Oxides using Ammonium Bifluoride
by
Charles Burnett Yeamans

Submitted to the Department of Nuclear Engineering as Partial Fulfillment of the
Requirements for the Degree of Master of Science in Nuclear Engineering

ABSTRACT

An experimental study was conducted to determine the practicality of various unit operations for
fluorination of uranium dioxide. The objective was to prepare ammonium uranium fluoride double
salts from uranium dioxide and ammonium bifluoride, then decompose these salts to uranium
tetrafluoride through heating to temperatures near 425 °C in either a fluidized bed or a stirred bed.
Fluorination in the stirred bed was attempted without pretreatment of the reagents. For the fluidized
bed experiments, reagents were ball-milled prior to being heated in the bed. Experiments were
conducted in either argon or 4% hydrogen in argon.

The ball mill appeared to be an effective technique for fluorinating uranium dioxide with ammonium
bifluoride. Samples changed color from brown to bright green, and no oxides could be detected in the
x-ray diffraction pattern of the product.

It was found that stainless steel is a suitable material of construction for reaction vessels, whereas mild
steel parts corroded quickly. Only a small degree of fluidization provided adequate mixing in
fluidized beds, but a paddle mixing the stirred beds left an unmixed region around the bed perimeter.

Results from the stirred beds showed the initial fluorination reaction completed only when the reagents
were heated to 110 °C for at least three hours under argon. Decomposition took place under argon
with a temperature ramp up to 425 °C. The product UF, contained less than 1% oxide as an impurity,
and the decomposition appeared to be complete.

Fluidized beds were run with both argon and 4% hydrogen in argon as carrier gases. Experiments
with 4% hydrogen in argon produced uranium tetrafluoride, with ammonium uranium pentafluoride
and uranium dioxide as impurties. Experiments in argon produced uranium tetrafluoride, with uranyl
difluoride, ammonium diuranyl pentafluoride and triuranium octoxide as impurities. Minimum
temperatures and times needed to decompose the double salt in the fluidized beds were 200 minutes at
115 °C, a 500-minute ramp to 425 °C, and 200 minutes at 425 °C. The intermediate double salt
produced at 110 °C appeared to be triammonium uranium septafluoride.

Thesis Supervisor:  Kenneth R. Czerwinski
Associate Professor, Department of Nuclear Engineering

Thesis Reader: John R. FitzPatrick
Technical Staff Member, Los Alamos National Laboratory
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Chapter 1: Introduction

1.1  Motivation

Ammonium bifluoride (NH4HF,, also known as ammonium hydrogen fluoride) has
been shown to fluorinate uranium dioxide (UO,), and has been used successfully in the
preparation of both tetravalent uranium fluoride salts and ammonium uranium fluoride double
salts. Uranium dioxide can be converted to uranium tetrafluoride (known as “green salt” in the
nuclear power industry) by a number of industrially accepted methods. The commonly
deployed industrial processes use powerful fluorinating agents such as hydrogen fluoride at
temperatures above 600 °C [1]. Since ammonium bifluoride is much less toxic than hydrogen
fluoride, and the temperatures involved would be below 460 °C, it may prove a better
industrial fluorinating agent. Equipment could be constructed from less exotic engineering
materials; 300-series stainless steel is compatible with ammonium bifluoride whereas nickel
or Monel is required to handle the more powerful fluorinating agents [2]. Uranium
tetrafluoride can be reduced to uranium metal with calcium metal and iodine [3] and is also an
intermediate in the production of uranium hexafluoride, used for isotopic enrichment of
uranium by gaseous diffusion, through the Fluorox process reaction with air at 800 °C [4]:

2UF, + O, — UOsF; + UF¢

This work attempts to demonstrate, on a small scale, the feasibility of operating a
fluidized bed process for the production of uranium tetrafluoride. Fluidized beds represent
one of the most studied chemical engineering unit operations, but since the primary focus
herein is on the applicability of this technology and not its optimization, very little effort has
been devoted to fluidized bed performance relative to the ammonium uranium fluoride system
thermochemistry. After finishing work with the stirred bed apparatus, it became apparent that
a better method for keeping reagents well mixed while removing decomposition products
would be necessary in order to develop an effective chemical process. The fluidized bed
presents itself as the logical option since a carrier gas provides a means of agitation and heat
transfer to reactants, while at the same time removing the more volatile decomposition
products and excess reagents. A fluidized bed has a distinct advantage over a rotating drum,
also commonly employed for processes involving solid-solid chemistry, in that it has no

moving mechanical parts. Mechanical simplicity, from which reliability usually follows,
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constitute the foundation of any practical chemical engineering process, and constitutes the

primary motivation for use of a fluidized bed.

1.2 Experimental Overview

Uranium dioxide will be converted to uranium tetrafluoride by fluorination with
ammonium bifluoride to form the intermediate double salt tetra-ammonium uranium
octafluoride dehydrate, (NH;)sUFg-:2H,O. This double salt will then be thermally
decomposed, yielding uranium tetrafluoride and ammonium fluoride.

The first objective of this project was to investigate the chemistry of the ammonium
uranium fluoride system in a somewhat practical setting: the stirred bed reactor. Samples of
reaction products were taken after both the initial fluorination and after decomposition of the
double salt. At the intermediate stage, the primary impurity is oxygen remaining from
incomplete fluorination of UQ,. Excess ammonium bifluoride reagent and ammonium
fluoride may also be present. After the vessel was heated above 400 °C, decomposition
should be complete, with partially decomposed ammonium uranium fluoride salts and
uranium oxides as the primary impurities. Although a stirred bed demonstrated the chemistry,
it fell short in enough practical areas to warrant development of a better unit operation.

The second, more practically applicable objective was to demonstrate this process in a
fluidized bed reactor. The fluidized bed concept attempts to affect the same chemistry as the
stirred bed, with analysis focused on the same points; however, it was necessary to first
determine the proper operating conditions, in particular the gas flow rate, before an apparatus
could be finalized. By first running a small sample in a glass chromatography column, visual
observation confirmed proper bed fluidization. A full-scale glass column provided an exact
analog for the final apparatus: a stainless steel column contained within a tube furnace to
provide the full range of desired temperatures. The stainless steel column attempts to
demonstrate effectiveness of the fluidized bed process for uranium fluorination, the materials
compatibility of stainless steel with this process, and the suitability of pure argon or hydrogen

in argon as a carrier gas.
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Chapter 2: Background
2.1  Physical and Chemical Properties of Uranium Compounds

2.1.1 Oxides

Uranium dioxide is a brown or black solid with a cubic structure, melting at 2878 °C,
and having a bulk density between 2.0 and 5.0 grams per cubic centimeter [5]. Finely divided
uranium dioxide appears brown, whereas coarser-grained material appears black. Even small
amounts of oxidation to higher oxides (UO,,s) will also cause UO; to appear black.
Non-stoichiometric oxides of uranium, UO,,,, where x is a continuous variable between 0 and
1, form spontaneously from the stoichiometric dioxide in the presence of oxygen (Figure 2.1).
Tetrauranium nonoxide (U409, or UO37s5), a black solid, constitutes a genuine phase in the
phase diagram of uranium oxide. It forms slowly at 20 °C from uranium dioxide in the
presence of oxygen. Uranium dioxide is most easily prepared from higher oxides by
reduction with hydrogen at 300-600 °C. U3Ogs is generally the most stable oxide of uranium
in air. Even under conditions where U3Os is not the stable phase, it is often formed since the

reaction of UO, with oxygen is rapid compared to the reaction of U3Og with oxygen.
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Figure 2.1 — Phase Diagram of the Uranium Oxide System: from Galkin NP, Sudarikov BN, et.
al., Technology of Uranium, translated from Russian by USAEC, Springdfield, Va : available from the
U.S. Dept. of Commerce, Clearinghouse for Federal Scientific and Technical information, 1966, p 18.
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2.1.2 Fluorides and Ammonium Fluorides

Uranium tetrafluoride is a green solid with a slightly distorted square antiprismatic
structure (eight-fold uranium-fluorine coordination, Figure 2.2). It melts at 960 °C and has a
negligible vapor pressure at ambient temperature. Bulk density of the tetrafluoride is between
2.0 and 4.5 g/cc, depending on the method of preparation. UFy is stable in air up to at least
600 °C. The hydrated octafluoride double salt is a bright lime-green solid. Other ammonium

uranium salts are light green.

UFg4

Square Antiprism

Figure 2.2 — Structure of Uranium Tetrafluoride

Uranyl difluoride (UO,F,) is light yellow. It is stable in air up to 300 °C, after which
it begins to decompose to Us0g. Above 110 °C, hydrated forms lose water to form anhydrous
uranyl difluoride. It is highly soluble in water (65.6 weight % at 25 °C). Preparation is
easiest from UO;3 and gaseous hydrogen fluoride at 300 °C, and can also be prepared with

greater difficulty from aqueous solutions of UO3 and hydrofluoric acid [6].

2.2 Chemical Behavior of the Ammonium-Uranium-Fluoride System

Uranium (IV) oxide and 10% excess ammonium bifluoride will react at 80-125 °C in
an argon atmosphere to yield the dehydrated ammonium-uranium fluoride double salt
(NH4);sUFg [7]. Ammonium bifluoride sublimes at 126 °C [8]. Although there is some debate
as to the actual behavior of the chemical system, current knowledge indicates it behaves as

described by Wani, Patwe, et. al. [9].
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Fluorination:

1) UO; + 4 NH4-HF, — (NH,4),UFg-2H,0O }
80-125 °C

2) (NH4)4UF3-2H,0 — (NH4)4,UFg + 2H,0

Decomposition:
3) (NH4)4UFs — (NH4)3UF7 + NH4F
4) (NH4);UF; — (NH4),UFs + NH4F
5) (NH4),UFs — NH4UFs + NH4F
6) NH,UFs — UF; + NH4F

125-425 °C

Some older literature reports only NH4UFs in the decomposing system, although the
conditions described most likely lead to the formation of (NH4),UFg. Benz, Douglass, et al.,
[10] prepared samples of ammonium uranium fluoride compounds using a thermogravametric
analyzer to control both temperature and atmosphere. Any sample that could be removed
from the apparatus, remaining chemically and thermally stable, was considered a stationary
arrest. Compounds inferred from their weight, but not actually removed and analyzed, were
considered non-stationary arrests. Stationary arrests of (NH4),UFs, NH,UFs, and NH4F-3UF;4
as well as a non-stationary arrest of (NH4)4UFg were reported. Some experiments were done
under argon, others under vacuum, but the decomposition was always reported to complete
near 425 °C. The tetrafluoride is sufficiently stable to preclude decomposition of the
tetrafluoride to the trifluoride [11].

Previous TGA studies of compounds in the ammonium uranium fluoride system
suggest the existence of a large number of stable and metastable uranium tetrafluoride-
ammonium fluoride compounds. Three polymorphic species were found for NHsUFs, while
four were found for (NH;),UFs [12]. The decomposition of ammonium uranium
pentafluoride contains two discrete steps [13].  The heavier compounds, between
(NH4);,UFg2H,0 and (NH4),UFs, are somewhat difficult to identify by TGA alone because
one ammonium fluoride molecule has mass similar to two water molecules. Decomposition
of the double salt can easily be confused with the loss of hydrate water from
(NH4);UF3-2H,0O. Modern literature sites crystallographic evidence that the system does
contain the doubly hydrated octafluoride, and decomposition is sequential starting with the

hydrate water and continuing to ammonium fluoride from the dehydrated compounds.
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Powder x-ray diffraction patterns are known for most compound in the ammonium
uranium fluoride system, with the most identifiable being the four phases of (NH4),UFs
(Figure 2.3). The distinct low 20 peak may be used to identify this intermediate species, as 1o
other ammonium uranium (IV) fluoride or uranium oxide has this peak. Ammonium uranyl

fluoride compounds have their most intense peak between 11° and 13°.
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Figure 2.3 - X-ray Diffraction Patterns of (NH4);UFs Phases: The peak just below 15°
distinguishes these compounds from any other in the system of interest.
from Penneman RA, Kruse FH, et. al., Inorganic Chemistry, 3 #3 (1964), 309-315.

The use of ammonium bifluoride does raise the issue of solid-solid surface chemistry,
but reaction kinetics are sufficiently fast if the reactants are finely ground and the bed is
agitated during the reaction [14]. As a fluorinating agent, ammonium bifluoride is sufficient
to fluorinate the tetravalent oxide, but will not, by itself, fluorinate tetravalent uranium to UFs.
As a reducing agent, no evidence is given for ammonium bifluoride reducing uranium oxides.
Uranyl difluoride (UO;F;) will form when uranium dioxide reacts with ammonium bifluoride
in the presence of oxygen in the range of 25-180 °C [15]. Uranyl difluoride also forms from

the reaction of UzOg and ammonium bifluoride in an inert atmosphere.
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2.3 Common Methods for Preparation of Uranium Tetrafluoride

Uranium tetrafluoride can be prepared through the decomposition of ammonium
uranium pentafluoride, NH,UFs, which is commonly prepared by precipitation from aqueous
uranium solutions. Ammonium diuranate, (NH4);U,O;, when reduced with zinc in
hydrochloric acid, forms uranium tetrachloride dissolved in aqueous ammonium chloride.
Upon treatment with aqueous hydrofluoric acid, ammonium uranium pentafluoride
precipitates. This can then be filtered and dried [16]. In another aqueous process, ammonium
uranium fluoride is precipitated directly from an aqueous uranium (IV) solution with aqueous
ammonium bifluoride [17]. Mixtures of ammonium bifluoride and hydrazine fluoride have
also been used to produce ammonium uranium pentafluoride [18]. The decomposition of
ammonium uranium pentafluoride has been studied both on a laboratory scale, [19,20,21] and
an industrial scale (see section 2.4). In the ammonium uranium (VI) fluoride system, double
salts of ammonium fluoride and uranyl difluoride can be reduced to uranium tetrafluoride

using a stream of Freon-12 (dichlorodifluoromethane) at 450-500 °C. [22]

2.4  Fluidized Bed Technology in Uranium Processing

A successful fluidized bed plant for the decomposition of ammonium uranium
pentafluoride was built and operated in South Africa in the early 1960’s. Feedstock was
obtained from aqueous precipitation. Nitrogen was used to fluidize beds of approximately
500 kg of ammonium uranium pentafluoride per batch. Twenty six such batches were treated

to produce UF, with less than 20 ppm nitrogen [23].

2.5 Fluidized Bed Behavior

Fluidized beds are common as unit operations in chemical processes involving
solid-solid chemical reactions. A carrier gas is forced upward through a vertical bed of small
solid particles, expanding and agitating the bed, giving it many properties of a liquid. In this
state, powders can be made to flow through valves and piping, so fluidization is a common
method of powder transport in the absence of a chemical reaction. When a reaction is desired,
a fluidized bed provides the degree of homogenization required for high yields in a

mechanically simple way compared to rotating blades or drums. Preheating the carrier gas
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provides a simple method of temperature control within the bed, and due to the high degree of
mixing, heat and mass gradients within the bed are virtually non-existent.

The degree and nature of bed fluidization depend largely on the properties of both the
powder and carrier gas. The Archimedes number. Ar, Equation (2.1), is a representation of
particle size.

e ) e

A descriptive nondimensional fluid velocity is given by Equation (2.2).

1

2 3
U*=U'|:—p J 2.2)
Ap-g-u
where
U = actual upward superficial fluid velocity, volumetric flow per total
cross-sectional area
p = fluid density
Ap = difference between fluid density and particle theoretical density
U = fluid viscosity
d, = mean particle diameter
g = gravitational constant

Grace [24] gives a map describing bed operation within a wide parameter space of d* and U*.
Particles are grouped based upon mean size and density. Uranium dioxide is generally in the
form of Geldart Group B particles [25].

For spherical particles, the terminal fluid velocity, alternately interpreted as the
velocity at which particles are entrained in the carrier gas stream and carried out of the bed, is
approximately fifty times the minimum flow needed to fluidize the bed [26]. This gives a
great deal of leeway in the operating parameters of a fluidized bed.

Different fluidization regimes (Figure 2.4) are characterized by an increasing bed void
fraction as upward gas flow is increased. In the aggregative fluidization regime, individual
particles remain largely in contact with one another, ideal for a bed in which a chemical
reaction between two components is desired. A freeboard distance must be given above the
top of the bed to allow for particles thrown up by normal spouting action to fall back into the

bed without being carried out of the system. This can be estimated as the transport
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disengagement height (TDH). For columns on the order of 0.01 m in diameter, the theoretical

TDH is less than 0.1 m at all gas flows where aggregative fluidization occurs [27].

™

=1 - “s putt
FIRED BED BUBRL 3 LG FLOW TURBLILEMNT FAST ENEUMATIC
iR | REGIME REGIME i FLMDIZATION CONVEYING
BUBBLING AGGREGATIVE  FLUIMZATION

HCREASING U, ¢

Figure 2.4 — Flow Regimes for Upward Flow of Gas through a Particle Bed: The aggregative
flow regimes are ideal for bed in which a surface chemical reaction is desired.
(from Grace JR, Canadian Journal of Chemical Engineering, 64 (1986), 353-363.)
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Chapter 3: Experimental Equipment and Procedures

3.1 General Considerations

The decomposition of the ammonium-uranium fluoride system has been shown to take
place at temperatures in the range of 425 °C. After all of the uranium oxide reacts to form the
double salt, the temperature is ramped to ~425 °C to decompose the tetra-ammonium uranium
octafluoride to produce an intermediate ammonium-uranium fluoride salt and ammonium
fluoride. The bed is maintained at an elevated temperature to complete the decomposition of

the salt to pure uranium tetrafluoride.

3.2  Experimental Descriptions

At ambient lab temperature (~20 °C), uranium dioxide and ammonium bifluoride were
mixed both manually and mechanically. Heating of the reactants was carried out in both
stirred and fluidized beds. Any experiment involving decomposition of ammonium fluoride
double salts was done in a fume hood. Uranium oxide used in the stirred bed trial and the
manually agitated ambient temperature trial was fairly coarse, thus the black color. For all
other trials, the uranium dioxide used was Alfa-Aesar Lot #K22M 14, 99.8% metal basis UO,,
finely divided (30 pm), brown in appearance. Ammonium bifluoride was supplied by Aldrich
Chemical: 99.999%, Batch #14207AB. Both pure argon and 4% hydrogen in argon were
supplied by BOC Gases.

3.2.1 Ambient Temperature Fluorination

3.2.1.1 Unagitated Reactants
At ambient temperatures (~20 °C), reactants can be mixed in Pyrex beakers because
etching of glass by ammonium bifluoride is slow at these temperatures. Ammonium

bifluoride rapidly etches glass at higher temperatures.

21



3.2.1.2 Manually Agitated Reactants

44.8 g of finely ground ammonium bifluoride was mixed with 52.4 g uranium dioxide.
A small borosilicate glass beaker placed in a fume hood contained the reactants. Contents of
the beaker were blended with a scoop once daily until the color was homogeneous throughout

the mixture. Progress was monitored visually for a period of 17 days.

3.2.1.3 Mechanically Agitated Reactants

14.60 g uranium dioxide and 12.98 g ammonium bifluoride were placed in a ball mill
(Spex Certiprep 8000M mixer/mill) for twenty minutes. The ball mill shakes the material
contained in the vessel with several small stainless steel balls. The final product is finely

divided but compacted, which was then ground by hand in an agate mortar to free the powder.

3.2.2 Stirred Bed

The reaction was attempted in a stainless steel stirred bed vessel (Figure 3.1) with a
diameter of six inches surrounded by a tube furnace capable of producing temperatures up to
600 °C. The entire apparatus was contained within a ventilation hood to prevent personnel
exposure to radioactive material and hazardous chemicals. A programmable electronic
controller connected to a thermocouple maintained the furnace tube temperature within 10 °C
of the setpoint. A separate thermocouple measured the temperature inside the reaction vessel.
Finely ground ammonium bifluoride (88.2 g) was mixed with of uranium dioxide (100 g). An
argon flow rate of 0.05 standard cubic feet per hour maintained an inert atmosphere within the
reaction vessel. The temperature ramp began after loading material into the crucible, which
was located near the bottom of the vessel. A Dayton 47435 gear motor, providing 26.2 in-lbs
of torque at 7 rpm, turned a paddle with 14” of clearance from the inside of the crucible. Mild
steel shimstock (0.005”) was added to the outside of the paddle blades in an attempt to

eliminate the gap between the paddle blades and the crucible wall.
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Figure 3.1 — Stirred Bed Apparatus: A crucible sat within the reactor vessel (left) and reactants
were stirred by a paddle (right). The coating of rust visible in these pictures was the result of corrosion
of mild steel shimstock that had been attached to the paddle to aid in complete mixing. Very little

corrosion of stainless steel parts was seen.

Four different heating schedules were considered (Figure 3.2).

temperature(°C)

— ; | I el — J 0 i I Lil
0 100 200 300 400 0 100 200 300 400
time (minutes)

Figure 3.2 — Heating Schedules for Mechanically Agitated Reactants: These trials are
characterized by the lower plateau temperature and duration, and the maximum temperature and

duration.



Trials 1 and 2 held the sample at ~80 °C while trials 3 and 4 held the sample near
120 °C. Trial 3 held the sample above 400 °C for two hours whereas trial 4 allowed the
temperature to drop below 400 °C for most of the upper temperature plateau. Samples from

trials 1 and 2 were not analyzed due to distinctly black UO, visible in the final product.

3.2.3 Fluidized Beds
3.23.1 Small Glass Column

An 8.6 mm glass disposable chromatography column fitted with an argon flow line
was loaded with 1.5 g UO, and 1.25 g NH;HF,. Argon was forced upward through the
column frit at flows sufficient to fluidize the bed. The column was run in this manner at
ambient temperature for ten days. Initial observations on the smaller column showed a

significant variation between the calculated and actual bed properties.

3.2.3.2 Large Glass Column

A full scale, unheated apparatus (Figure 3.3) was made from a pesticide
chromatography column (Kimble-Kontes 420600-0000, 22 mm ID) loaded with 6.08 g of
ball-milled material. Heating was not available in this setup as NH4HF, rapidly etches
borosilicate glass at elevated temperatures; however, this setup enabled the determination of
appropriate argon flow ranges, eliminating much of the experimental uncertainty in bed

fluidization since it could be verified visually in this setup (Figure 3.4).
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Figure 3.3 — Full Scale Glass Column: Argon flow is regulated and measured by
the flowmeter at right, and flows upwards through the column at left. A water bubbler
(at center) retains any uranium powder that may escape the system.

Figure 3.4 — Detail of Full Scale Glass Column During Operation:
Fluidization is evident from the appearance of the bed.



3233 Full-Scale Stainless Steel Column

3.2.3.3.1 Experimental Apparatus

The final setup constructed from stainless steel allowed for heating to achieve the full
range of required temperatures. See Appendix A for detailed engineering drawings. The full-
scale column consisted of a one-inch diameter 304 stainless steel pipe (Figure 3.5), mounted
vertically and fitted with a 20 um mesh disk (Figure 3.6) to support the bed. Fifteen inches of
freeboard provided particle arresting, as did an expansion to two-inch diameter just upstream
of the gas outlet. Carrier gas flowed through copper tubing wound around the outside of the
main tube as a pre-heater before passing through the bed. The tube was supported in the
center of a two-inch tube furnace (Barnstead/Thermolyne 21100), which kept the bed at a
controlled temperature (Figure 3.7). Thermocouples inserted below the bed and at the top of
the freeboard section measured temperature, recorded by a digital thermometer (VWR Double

Thermometer with Computer Output #23226-656) fitted with Type K thermocouples.

Figure 3.5 — Main Column Piece: Copper tube was wound around the column to act as a
pre-heater for the inlet argon stream. The bed is located at the bottom of the column, which is on the

far right side of this photo.

Figure 3.6 — Frit Disk
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Figure 3.7 — Full Scale Steel Column: The entire setup was contained in a fume hood.

3.2.3.3.2  Temperature Monitoring and Control

Rigid Type K thermocouples were mounted at both ends of the column. The primary
thermocouple sat about 1/8” below the bed, vertically in the gas stream. A secondary
thermocouple measured temperature near the column outlet, just above the top column flange.
Temperature was controlled by the built-in controller (Eurotherm 2116) on the furnace.
Furnace tube temperature could be set, as well as ramp rates and dwell times. Since the
temperature difference between the furnace tube and the bed varied slightly between trials,

furnace setpoints were adjusted accordingly to maintain proper bed temperature.

3.2.3.3.3  Temperature Cycles

Heating cycles were designed to heat the bed to a lower plateau temperature within
five degrees of 115 °C. Upper plateaus were designed to hold the bed within five degrees of
425 °C. Hold times are given for the actual measured values, not set dwell times. and are
reported based on the time for which the measured temperature was within two degrees of the
given bed temperature value. The outlet temperature responded much more slowly to changes
in furnace tube temperature, thus the actual outlet temperature hold times were less than those

for the bed temperature. Table 3.1 contains important parameters for heating cycles used.

Figure 3.8 plots a typical heating cycle.



lower plateau

upper plateau

sample time (min) bed temp outlet temp time (min) bed temp outlet temp

CBY-01 112 81 68 132 427 257
CBY-02 64 101 n/a 156 439 183
CBY-03 186 108 80 116 437 185
CBY-04 172 111 73 n/a n/a n/a
CBY-05 245 120 75 238 428 179
CBY-06 190 114 91 262 426 215

00 ——mM

temperature (°C)

Table 3.1 — Important Values from Temperature Cycles

T

|

time (min)

1200

—— bed temperature

upper temperature

Figure 3.8 — Measured Temperatures versus Time for Sample CBY-05

3.2.3.34

bifluoride by weight. Sample CBY-01 was prepared from a similar feedstock that had not

been ball-milled.
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Most fluidized bed samples (CBY-02 through CBY-06) were prepared using a ball-

milled mixture of ammonium bifluoride and uranium dioxide with 2.37% excess ammonium



Chapter 4: Analytical Methods

4.1 General Comments

Different analytical methods were used to analyze stirred bed samples than were used
to analyze fluidized bed samples. This chapter describes all methods used, and to which
samples they apply. In general, the method used was selected based on availability. The
thermogravametric analyzer was not purchased until after the stirred bed experiments were
completed, nor was the x-ray diffraction equipment available at that point. For this reason,
the samples from the fluidized bed experiments received significantly better analytical

treatment than those from the stirred bed.

4.2  Uranium Mass Fraction

For samples prepared in the stirred bed reactor, uranium mass fractions were
determined by liquid scintillation counting.

For those prepared in fluidized beds, a small sample, in the range of 10mg, was
removed and dissolved in 10mL concentrated nitric acid. The dissolved sample was diluted
with de-ionized water to 25 mL in a volumetric flask. This solution was transferred to a
scintillation vial from which 1mL of solution was pipetted to a separate vial with 7mL of
dionized water. This brought the uranium and acid concentration into a proper range for
inductively-coupled plasma atomic emission spectroscopy (ICP-AES), usually 0.01 to 0.05
grams uranium per liter. The ICP-AES instrument used was a SpectroFlame PMC FMD-07
(SN 4605/92). Calibration curves were obtained for each session from standard samples

prepared by dilution of a PlasmaCAL 1000 pg/mL uranium standard (Lot SC223591).

4.3  Soluble Uranyl Fluoride Content

To exploit the solubility difference between uranium (IV) and uranium (VI)
compounds, water dissolution was performed to determine the fraction of uranium in water
soluble species. 25 mg samples were dissolved in dionized water. After nine hours, these

samples were diluted to 25 mL and the uranium concentration measured using ICP-AES.
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44 Oxygen Content

Material prepared in the stirred bed were analyzed for oxygen content by heating
samples in a graphite crucible to 1000 °C under an inert atmosphere. The CO concentration
was then measured, and the oxygen content of the sample interpolated using a calibration

curve.

4.5 Nitrogen Content
Samples prepared in the stirred bed were analyzed for total nitrogen content by ion
chromatography. Free NH; and soluble NH,* was determined by water dissolution, followed

by ion chromatography.

4.6 Thermogravametric Analysis

Thermogravametric analysis was performed on a Perkin Elmer, Pyris 1 TGA using
sample sizes between 5 and 40 mg. There was no offgas analysis. Details of heating cycles
are provided with each data set in the lower part of all TGA data figures. Argon was used as

both a blanket gas and pneumatic gas. There was no oxygen removal system on the gas inlet.

4.7  X-Ray Diffraction

X-ray diffraction patterns were obtained with a Rigaku RU200 x-ray tube with a
rotating copper anode. The copper Ky line was used for the analysis in a 185 mm
diffractometer. Samples were run ﬁsing the maximum power available from the tube: 18 kW,
operating at 60 kV and 300 mA. Sample scans covered a 2-theta range from ten to one
hundred degrees, and patterns were analyzed using JADE (version 5.0) software. This
software removed amorphous background peaks and K lines from the raw pattern. Output
is a list of possible matches to known compounds based on the observed pattern. This
software contained powder diffraction files for most uranium compounds, but these files were
listed as “questionable.” Data analysis takes on a much more heuristic character with the
apparent lack of reliable data, as patterns from unknown samples could be compared to those
obtained with standard uranium compound samples. Similar peak locations and sizes can be

compared, but no quantitative analysis can be performed with this method.
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Corundum (Al,O3) was added to samples in order to calibrate the 20 axis. Corundum
lines are present in all XRD patterns. The stronger lines contained in the JADE powder

diffraction file are shown in Table 4.1.

20 N
25.578 0.45
35.152 1.00
37.776 0.21
43.355 0.66
52.549 0.34
57.496 0.89
61.298 0.14
66.519 0.23
68.212 0.27
76.869 0.29
77.224 0.12

Table 4.1 — Strong X-ray Diffraction Peaks of Corundum
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Chapter 5: Results

5.1  Fluorination of Uranium Dioxide

5.1.1 Unagitated Reactants
Experiments at ambient temperature (~20 °C) demonstrated that fluorination of UO, to
(NH4)4UFs-2H,O progresses slowly: visible amounts of unreacted UQO, and NH4-HF,

remained after 17 days (Figure 5.1). When heated to near 125 °C, this reaction proceeds

quickly.

0 days 2 days 10 days 14 days 17 days

Figure 5.1 — Ambient Temperature Fluorination: The reaction between ammonium bifluoride and
uranium dioxide progressed slowly at room temperature, evident by the slow change from black
uranium dioxide to the green ammonium fluoride double salt.

5.1.2 Mechanically Mixed Reactants
5.1.2:1 Stirred Bed

Because no samples from the stirred bed were taken before the heating cycle began,
any conclusions about the effectiveness of fluorination must be made based upon samples
from intermediate decomposition stages. Oxides in the intermediate may be left over from
incomplete fluorination or come from oxygen in the cover gas. Based on the visible presence
of uranium oxides in stirred bed trials 1 and 2 (Figure 5.2), and the lack of visible oxides in
trials three and four, it appears that three hours at 80 °C is not sufficient to allow the

fluorination reaction to go to completion if the reactants are not finely ground.
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Trial #1 Trial #2

Figure 5.2 — Product After Incomplete Fluorination in Stirred Bed.: Black
UO, powder is visible in green UF,. The fluorination reaction is slow at 80°C.

3:1.2.1 Ball Mill

After being ground for twenty minutes in the ball mill, the mixture of finely divided
uranium dioxide and ammonium bifluoride turned the color of hydrated ammonium uranium
octafluoride (Figure 5.3). A ball-milled mixture with larger-grained uranium dioxide showed
no color change initially (Figure 5.4); however, after being left for 24 hours, the color of the

mixture was similar to that of the product from the experiment with finer uranium dioxide.

Figure 5.3 — Ambient Temperature Fluorination, Fine UQ;: When the brown reagents (left)
were ground in a ball mill for twenty minutes, a pronounced color change to bright green (center)
occurred. After the powder was fluidized in argon for two days, the color was slightly lighter (right).
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Figure 5.4 — Ambient Temperature Fluorination, Coarse UO;: When black UO, and NH,HF
(left) were ground in a ball mill for twenty minutes, no color change occurred initially (right). After
twenty four hours, the color was similar to that of the product from finer-grained uranium dioxide. The
larger particle size slows the fluorinations reaction, but not so severely as to impede actual processing.

Samples prepared using the ball mill from both coarse and fine UO, were analyzed

using TGA (Figure 5.5 and Figure 5.6). The analysis of Benz, Douglass, et. al., used TGA

run times near 1000 hours, but since this amount of time was not available, shorter runs were

used. Different heating cycles were used in an attempt to economize time expenditure, and

since later analysis revealed both ball-milled samples to be the same material, TGA data was

interpreted assuming analysis of one sample could be applied to the other. The first heating

cycle used appeared to be too fast to allow for the decomposition steps to complete in a

discrete and identifiable manner, so a slower heating cycle was used. Theoretical weight

fraction values for TGA of (NH4)4UF3-2H,0 are shown in Table 5.1.

composition

species molecular fraction of

U F NH. H.O 0 weight initial wt.
(NH4):UFg2H,0 1 8 4 2 0 498.2 =1.000
(NH)UFg 1 8 4 0 0 462.1 0.928
(NH)UF, 1 7 3 0 0 425.1 0.853
(NH4),UFs 1 6 2 0 0 388.1 0.779
NHUFs 1 5 1 0 0 351.0 0.705
UF, 1 4 0 0 0 314.0 0.630
Uuo, 1 0 0 0 2 270.0 0.542

Table 5.1 — Theoretical Weight Loss Values for Compounds in the Ammonium
Uranium Fluoride Double Salt System: These values correspond to the blue
dashed lines drawn on subsequent TGA plots.
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A loss of what was most likely hydrate water and some ammonium fluoride occurred
below 80 °C, and further loss of ammonium fluoride continued up to 110 °C. At 110 °C, the
product weight matched that calculated for (NH,);UF;. Another distinct loss step began near
150 °C with a final weight matching that of (NH4),UFs. All weight loss steps above 200 °C
did not lead to a weight corresponding to any compound observed in the ammonium uranium
fluoride system. The sharpest weight loss occurred at 278 °C, with one additional distinct

step starting just above 300°C.
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Figure 5.5 — TGA Curve of Ball-Milled Sample: (upper) Dashed lines show theoretical plateau
values for various intermediate compounds in the ammonium uranium fluoride system. The curve
starts above a mass fraction of one to account for removal of excess ammonium bifluoride. The lower
plot shows the heating cycle used.
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Figure 5.6 — TGA Weight Loss Rate Curves of Ball-Milled Samples: Rate of weight
loss is plotted versus temperature. Five distinct weight loss steps are observed.

Since no powder diffraction file existed for the hydrated double salt, these samples
could only be analyzed for the presence of uranium oxides. It was assumed interference from
the pattern of (NH4)4UFs-2H,O would not be strong enough to preclude the observation of
uranium oxides, and that a pattern in which no uranium oxides were detected was sufficient
evidence for complete fluorination. No uranium oxides could be identified in the XRD

spectra of the ball-milled products.

5.1.2.3 Small Fluidized Bed

Samples produced in the small fluidized bed were light green in color and showed no
visible signs of dark UO,. XRD analysis did not identify the compound formed, but
identified excess NH;HF,, and did not identify the presence of UO, (Table 5.2). No powder
diffraction file existed for the hydrated double salt, (NH4)sUFs:2H,0, therefore it is possible

for the compound to be present without being identified.

pattern match figure of merit comment
Corundum, Al;O; 6.3 standard used for 20 calibration
NH,HF, 259 excess reagent
Al(OH); 324 spurious match
AlgO3Ny 43.6 spurious match
Aluminum Oxide, Al,O4 308 likely from corundum standard

Table 5.2 — Search Match List for Small Column Samples: Only excess ammonium bifluoride
and corundum were identified in the small column sample. No uranium oxides were matched,
demonstrating the completeness of the fluorination reaction after one week without any mechanical
grinding of the reagents.

37



TGA curves from small column samples (Figure 5.7) showed at least three distinct

weight loss steps, but weight loss exceeded expected values.
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Figure 5.7 — TGA Curves of Small Column Samples: At least three distinct weight loss steps are

evident. The second trial, CBY-smcol2-2, was an attempt to gain greater resolution in the higher
temperature region by slowing the ramp rate. Weight loss exceeds expected values.
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5.2 Decomposition of the Double Salt
5.2.1 Stirred Bed Reactor

Samples from trials 3 and 4 were taken after the lower heating plateau and from the
final product. These samples were dried at 120 °C to remove atmospheric water and analyzed

for oxygen and nitrogen impurities, and for overall uranium content (Tables 5.3 and 5.4).

sample uranium (g/g) oxygen (ppm)*
intermediate run #3 0.5155 270
intermediate run #4 0.5187 1700

pure (NH,),UFs 0.5149 0
99% (NH,4);UFg with
UO, as the impurity 0.5171 1000

* assuming UQ; is the only impurity present at this stage

Table 5.3 — Impurity Analysis on Intermediate Products from Stirred Bed Experiments

uranium oxygen Nitrogen (1g/g)
sample (g/9) (ppm) Total NHi/NH;*
product run #3 0.7480 640 3900 530
product run #4 0.7207 910 15100 3700
pure UF, 0.7580 0
Paducah UF, ~1000

Table 5.4 — Impurity Analysis on Final Products from Stirred Bed Experiments
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5.2.2 Fluidized Bed

52.2.1 Intermediate Product

Samples removed from the column after a dwell time of 172 minute at 110 °C were
analyzed to determine the chemical speciation at this temperature and to detect signs of
uranium oxides. UQO; produces a simple x-ray diffraction pattern (Figure 5.8), with the most
intense peak at 28.2°, and is easily identified by JADE (Table 5.5). Scans were run over a 20

range from 10° to 100°.
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Figure 5.8 — X-Ray Diffraction Pattern of UQ; with Corundum Standard, Intensity versus 26.

This pattern was obtained from UQ, used as a starting material. Although this scan begins at 26=20°,
no significant peaks exist below 20° in the pattern of UO,.

pattern match figure of merit comment
U0, 1.7 likely species
Corundum, Al,O; 6.0 standard used for 20 calibration

Table 5.5 — Search Match List for UO; Sample: UO; and the corundum
standard were the only likely species identified by x-ray diffraction.
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TGA curves of the intermediate product (Figure 5.9) yield no useful information on
the composition of the intermediate. Since no oxygen trap was installed in the inlet line to the
TGA, oxidation of the sample may have occurred, and would explain the constant weight loss

slope apparently superimposed over the discrete steps of the double salt decomposition.

(NH4)_3UF7
(X e — .
| \ . : (NH,),UF

R e M g o (NH,)UF_

fraction of original weight
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‘ uF,
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temperature (°C)
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Figure 5.9 — TGA Curve of Intermediate Product Sample, Removed at 110 °C: This sample

was removed from the column after the dwell period at 110 °C. Product is expected to be an
ammonium uranium fluoride double salt close in stoichiometry to (NH,)sUF-.
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By comparing the rate of weight loss from an intermediate sample to that of a
ball-milled sample, it is possible to determine if the intermediate decomposes through the
same steps as the starting material once the starting material has been brought to the
temperature at which the intermediate was made. Figure 5.10 shows such a plot; however, the
ramp rates for the two samples were different. This means the plots cannot easily be directly
compared. It can be seen that the plots do have similar features, with those for the
intermediate being more spread out along the temperature axis. This follows from the

intermediate analysis being done at a faster ramp rate than for the starting material.
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Figure 5.10 — TGA Weight Loss Rate Curve of Intermediate Product: Rate of weight loss is
plotted versus temperature. Features appear similar to those in the plot for the ball-milled samples,
but since ramp rates and sample sizes were different (2 °C per minute for the intermediate versus one
°C per minute for the bal milled sample), the two plots cannot be directly compared.
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5222 Final Product: UF,

After the full heating cycle, samples were typically light green in color with a visible
coating of darker material on the outside of particles and clumps of particles. Interior areas of
larger particle clumps contained no brown or black uranium oxides, indicating the oxygen
source was most likely external to the bed. For samples prepared in argon, the darker color
was black. The sample prepared in 4% hydrogen had a brown coating. Yields were above
97.8% once carrier gas flow (Appendix E) was lowered to the channelized fluidization

regime.

Table 5.6 — Masses and Yields of Fluidized Bed Samples

sample initial mass theoretical UF, yield actual final mass gross yield

g g g
CBY-01 2.8042 1.7248 1.2749 73.9%
CBY-02* 2.7958 1.7196 1.3508 78.6%
CBY-03 2.857 1.7573 1.5275 86.9%
CBY-04' 2.8018 2.3333 2.3036 98.7%
CBY-05 2.8218 1.7356 1.6982 97.8%
CBY-06 2.814 1.7308 1.72282 99.5%

* Since the high argon flow rate carried a large amount of the sample onto the top flange of the column, the
number given here is the sum of both samples CBY-02a (top flange) and CBY-02b (bed).

* This sample was an attempt to decompose the sample to its intermediate product at 110 °C. Based on TGA
analysis, the intermediate product appears to be (NH4);UF;, so this value was used instead of that for
UF, in calculating theoretical yield.

Final product samples from beds fluidized by both argon and 4% hydrogen in argon
were analyzed with a simple TGA heating ramp. Pure UF, should show only a slight weight

loss at elevated temperatures due to sublimation of pure UF, (Figure 5.11).
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Figure 5.11 — TGA Curves of Final Product Samples: Samples prepared in the fluidized bed
were compared against a UF, standard.  The sample prepared in 4% hydrogen showed a 0.7%
weight loss over the standard while a sample prepared in argon showed a 1.6% loss.

X-ray diffraction analysis looked for the primary pattern of UFy, trace patterns of UO,
and U;Og, ammonium uranyl fluoride compounds, and ammonium uranium fluoride
compounds. The measured x-ray diffraction pattern of UF, is given in Figure 5.12, and

search match results in Table 5.7. UF; is clearly identified.

20 0 60 80 9 100
Figure 5.12 — X-ray Diffraction Pattern of UF, with Corundum Standard, Intensity versus 2 6.

This pattern was obtained from UF, prepared by aqueous precipitation. Even pure UF, produces a
relatively complicated pattern compared to UO,.
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pattern match figure of merit comment

UF, 12.2 likely species
Corundum, Al,O; 18.2 standard used for 20 calibration
Aluminum Oxide, Al,O5 39.8 likely from corundum standard

Table 5.7 — X-ray Diffraction Pattern Match for Sample UF . UF, and the
corundum standard were the only likely species identified by x-ray diffraction.

Based on the x-ray diffraction pattern of the product (Figure 5.13), 4% hydrogen as a
carrier gas appears to produce a mixture of UO, and UF, (Table 5.8), the actual ratio of which
must be determined by chemical analysis. The most intense peak of UO; (measured at
20=28.2°) is clearly visible in the pattern, with the two next most intense peaks (46.95° and
55.7°) also appearing, but somewhat obscured by peaks from UF,;. Since the relative intensity
of the 26=28.2° UO, signal is only 30.0% of the maximum intensity in the pattern, the less

intense UO, peaks may be difficult to resolve from those of UF,.
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Figure 5.13 — X-ray Diffraction Patterns of UO, UFy, and Sample Prepared in 4% H>: The
pattern most closely resembles UF,, with the largest UO, peak also visible at 26=28.2°.
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pattern match figure of merit comment

UF, 16.8 likely species
Corundum, Al,O; 17.2 standard used for 20 calibration
AlO(OH) 25.0 spurious match
uo, 36.3 likely species
N;sH; 40.5 spurious match
Uz0; 42.7 possible, but no solid evidence
UO;-H,O 43.0 possible, but unlikely in H,
Aluminum Oxide, Al,O4 44.0 likely from corundum standard
UO; 442 possible, but unlikely in H;,
AlF; 45.0 spurious match
(NH,4),UFg 47.4 possible incomplete decomp.
H,U;09 49 .8 possible, but unlikely in H,

Table 5.8 — Search Match List for Final Product Prepared in 4% Hydrogen:
UF,, UO,, and the corundum standard were the only likely species identified by x-ray
diffraction. Small amounts of (NH,),UFs may also be present, as well as NH;UF;,
which may not have been identifiable by JADE.

Theoretical values for chemical analysis of compounds of interest are presented in

Table 5.9.

species composition molecular  weight
U F NH, H,O O weight fractionU
(NHz),UFg2H,O0 1 8 4 2 0 498.2 0.478
(NH,),UFg 1 8 4 0 0 462.1 0.515
(NHg)sUF; 1 7 3 0 0 425.1 0.560
(NHg):UFs 1 6 2 0 0 388.1 0.613
NH,UFs 1 5 1 0 0 351.0 0.678
UF, 1 4 0 0 0 314.0 0.758
uo, 1+ 0 0 0 2 270.0 0.881
UsOg 3 O 0 0 8 842.0 0.848

Table 5.9 — Theoretical Chemical Analysis Values

Results of chemical analysis required some post-collection interpretation, as the
numbers returned showed the nitric acid dissolution analysis technique was not properly
executed. Results for UO; standards came out well below theoretical values. This difference
is most likely the result of dissolution kinetics. Samples were dissolved for a period of two

days, but since the dissolution kinetics of uranium (IV) compounds are quite slow, even in
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concentrated nitric acid, the dissolution may not have been complete. Given this, normalizing
the data by using the known composition of the UO; standard was considered as a valid
correction. Results are shown in Table 5.10. Results of the water dissolution are shown on

Table 5.11.

sample mass U gU/g normalized
mg gL gU/g
CBY-Iggcol-1 10.6 0.0177 0.335 0.521
CBY-bm-2 10.1 0.0163  0.323 0.504
CBY-01 11.7 0.0267  0.456 0.710
CBY-02a 11.6 0.0262  0.452 0.704
CBY-02b 14.0 0.0327  0.468 0.728
CBY-03 10.8 0.0258  0.478 0.745
CBY-05 11.3 0.0270  0.477 0.743
CBY-06 10.1 0.0255  0.504 0.785
CBY-04 14.6 0.0282  0.386 0.601
U0, 15.7 0.0444  0.566 0.881
UF, 10.0 0.0119*  0.476 0.742

*diluted to 50 mL

Table 5.10 — Chemical Analysis Results: Results are normalized to the
theoretical value for UO, to account for incomplete dissolution of samples.

Figure 5.14 shows graphically the results of nitric acid dissolution chemical analysis.
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Figure 5.14 — Results of Nitric Acid Dissolution Analysis: Blue dashed lines are drawn at
uranium mass fraction values for the theoretical compounds. Points represent actual samples
analyzed, normalized to the experimental value obtained for UO,.
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sample mass volume [U] soluble gU/g
mg mL g/L

CBY-bm-2 24.0 25 0.092 0.096
CBY-01 16.0 25 0.095 0.149
CBY-02a 225 25 0.372 0.413
CBY-02b 20.2 25 0.184 0.227
CBY-03 255 25 0.309 0.303
CBY-05 27.6 25 0.361 0.327
CBY-06 249 25 0.225 0.226
CBY-04 25.3 25 0.168 0.166
uo2 51.4 25 0.007 0.003
UF4 33.5 25 0.100 0.075

Table 5.11 - Results of Water Dissolution: Uranium (V1) compounds formed are readily soluble in
water. The most likely uranium (V1) compound is uranyl fluoride (UO,F,) and its associated
ammonium fluoride double salts.

The data in Table 5.11 can be modified to account for the presence of uranium oxides
and UF; in the final samples. By subtracting the concentration of soluble uranium obtained
for the UF, standard, the contribution from other soluble uranium compounds can be obtained
(Table 5.12 and Figure 5.15). Based on the assumption that UO; and UsOs behave similarly
in terms of water solubility and dissolution kinetics, the result for UO; can applied to samples

in which U;Og was a more likely species.

sample  soluble gU/g

adjusted
CBY-01 0.071
CBY-02a 0.335
CBY-02b 0.149
CBY-03 0.225
CBY-05 0.249
CBY-06 0.148
CBY-04 0.088

Table 5.12 — Adjusted Water Dissolution Results: These values were
adjusted to account for the dissolution of UF, and uranium oxides.
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Figure 5.15 — Results of Water Dissolution: This plot shows values of
soluble uranium mass fraction. Values have been adjusted by subtracting
measured values for uranium tetrafluoride and uranium dioxide.

Dividing the adjusted soluble uranium content by the total uranium content gives the
fraction of soluble uranium that cannot be attributed to uranium oxides or uranium
tetrafluoride. Soluble uranium is most likely in the form of uranyl difluoride or partially

decomposed ammonium uranyl fluoride double salts.

sample soluble gU/g normalized not UF; or UO,

adjusted gU/g (likely uranyl difluoride)
CBY-01 0.071 0.710 9.96%
CBY-02a 0.335 0.704 47.53%
CBY-02b 0.149 0.728 20.50%
CBY-03 0.225 0.745 30.18%
CBY-05 0.249 0.743 33.50%
CBY-06 0.148 0.785 18.80%
CBY-04 0.088 0.601 14.63%

Table 5.13 - Soluble Uranium not Attributable to Uranium Tetrafluoride or Uranium Oxides
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5.3  Materials Durability and Structural Integrity

Very little corrosion appeared on stainless steel surfaces within the column. Even
after ten cycles at elevated temperatures, the 20um mesh maintained its structural integrity,
and was able to support the bed with no loss of material. At higher argon flows, much of the
bed was carried into the upper part of the column, where it settled for lack of a particle arrest
and return mechanism. By removing the top column piece, finer particles could be recovered.
Larger conglomerations of particles were retained on top of the mesh in the lower part of the
column. At lower argon flows, the majority of the sample was retained in the bed at the

bottom of the column.

5.4 Bed Fluidization

Fluidization could be observed in the full-scale glass column at a variety of gas flow
rates. Partial channelized fluidization at lower flow rates did not fully agitate the bed,
although individual particles appeared to move through regions of fluidization. Based on this
observation, it was decided that this fluidization regime could provide adequate agitation to
the bed. After fluidizing samples of ball-milled material in this bed with argon for three days
at 20 °C, the powder was light green in color, showing no visible signs of the darker-colored

uranium oxides.
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Chapter 6: Conclusions

6.1 Effectiveness of Ball Mill Technique for Fluorination
The larger particle size slowed the fluorination reaction by at least a factor of ten: from
less then twenty minutes to on the order of one day; no difference in the fluorinated double

salt products formed could be observed from X-ray diffraction (Figure 6.1).
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Figure 6.1 — Samples Prepared from UQO; with Different Particle Size: These two samples are
essentially the same, differing only by the amount of corundum standard.

Based on the visual color change and x-ray diffraction data, the ball mill appeared to
be a viable method of preparing ammonium uranium fluoride double salts from uranium

dioxide and ammonium bifluoride.



6.2 Effects of Plateau Temperatures

6.2.1 Lower Plateau Temperature

The lower plateau temperature effect can most easily be investigated in the stirred bed
samples. In these, since the reactants were not finely ground, the lower plateau temperature
was that at which the fluorination took place. At 80 °C, the fluorination reaction did not
proceed sufficiently fast to complete the reaction in 4 hrs, but at 110 °C, the reaction was
complete in 2.5 hours.

Trials with the ball milled reagents were less useful in determining what effect the
lower hold temperature has on the overall process, only that the conditions used were
sufficient to begin decomposition. The presence of U3Os in the intermediate sample
(Table 6.1 and Figure 6.2) indicates the reformation of uranium oxides at 110 °C. The most
probable oxidizing agent was molecular oxygen as a contaminant in the carrier gas, since
oxidation appeared to take place preferentially on the outside of larger clumps of particles.
No ammonium uranyl fluorides were found in this sample, indicating that either they form at
temperatures higher than 110 °C, or there was no sufficiently complete powder diffraction file

to identify them.

pattern match figure of merit comment
Corundum, Al,O4 3.0 standard used for 26 calibration
Aluminum Oxide, Al,Os 39.2 likely from corundum standard
U304 39.7 probable species
U,N; 45.2 possible, but unlikely to form
UN» 46.1 from ammonia at 110 °C
(NH,4),UF; 48.0 trace amounts

Table 6.1 — Search Match List for Intermediate Product Sample: UzOg was identified in the
sample, although the bulk of the sample was most likely (NH,);UFg and (NH,);UF;, which would not
have been identified by the JADE pattern match program.
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Figure 6.2 — X-ray Diffraction Pattern of Intermediate Product: UsOg appears in the pattern of
the intermediate product, which was removed after a hold at 110 °C.

6.2.2 Upper Plateau Temperature

Although not in the original experimental design, by looking at the difference between
samples CBY-02a and CBY-02b, the decomposition temperature of (NH4)>UF, and
(NH4)2(UO»):F¢-3H,0 can be inferred. CBY-02a was removed from the top of the column,
on the flange just below the outlet, while CBY-02b was removed from the bottom of the
column on top of the mesh support. Since temperature was being measured in both locations
(Figure 6.3) and conditions were otherwise identical, the presence and size of several low-26
peaks (Figure 6.4) gave some hints as to the temperature speciation of the material in the
column. (NH4)2(UO,)2Fs-3H,0 and NH4(UQO»):Fs-3H,>0 account for the larger peaks at 12° in
the pattern of the sample from the top of the column. The presence of the 15° peak indicated
a much larger fraction of (NH4),UF; in the top of the column than in the bottom. Based on

this, these compounds appear to decompose above 180 °C.
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Figure 6.3 — Temperature Measurements for Samples CBY-02a and CBY-02b: Since samples
were collected from both the bed (CBY-02b) and the top column flange near the upper thermocouple
(CBY-02a), analysis of the samples essentially analyzed these two temperature cycles.

top of column

bottom of column

Figure 6.4 — X-ray Diffraction Patterns of Samples CBY-02a and CBY-02b: Except for
decomposition temperature, conditions for these two samples were identical. The strong peaks from
(NH4)o(UO,),F5:3H,0 and NH4(UO;),Fs4H,0O are clearly visible in the top column samples, but is
much less prevalent in the bottom sample.
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6.3 Effects of Hold Times
6.3.1 Lower Hold Time

The lower temperature serves two different purposes depending on preparation of the
reagents. The mechanically ground reagents were fully fluorinated, so the lower temperature
plateau was solely to affect the first decomposition steps of the double salt. Based on the
difference between samples made in the stirred bed, a hold time of at least three hours is
necessary for ammonium bifluoride to fluorinate uranium dioxide when the reagents are still

somewhat coarse.

6.3.2 Upper Hold Time

The final decomposition steps took place at temperatures near 425 °C. Based on
analysis of samples CBY-03 and CBY-05, the upper hold time had little impact on the
chemical composition of the final products. These samples were prepared under similar
conditions, except that the overall temperature cycle for CBY-05 was twice as long as that of
CBY-03. Given this, since both chemical and XRD analysis failed to distinguish a difference
between the samples, any partially decomposed double salt remaining in the sample is more

likely attributable to plateau temperature, not hold time.

6.4 Effects of carrier gas

Samples CBY-05 and CBY-06 were prepared under similar conditions, except carrier
gas. CBY-06, prepared in 4% hydrogen in argon, had 15% less soluble uranium than CBY-
05, as well as showing no traces of uranyl difluoride or its associated double salts in its XRD
pattern.

A reducing environment is necessary to avoid the formation of uranyl difluoride and
U30g impurities. Depending on the subsequent use of the product UF,, this may or may not
be important. If UF4 is being made as feedstock for a Fluorox process, UOyF, is an
unimportant impurity as it is a product of the Fluorox process anyway, and the subsequent
separation of UFs from UO,F; is easily accomplished utilizing the high volatility of UFe. In
this case, it would not be necessary to maintain reducing conditions during the fluorination

and decomposition process.
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If UF, is being made to use in a calcium reduction of UF, to uranium metal, any
oxygen impurities will react highly exothermically with calcium metal, making it difficult to
maintain the physical integrity of the reacting UF; and calcium metal. Instead of obtaining an
ingot of uranium metal topped with calcium fluoride slag, the heat of reaction with oxygen
compounds tends to disperse the uranium metal. For this application, a reducing environment
would lower the overall oxygen content of the UF,, thus making it better suited for calcium

reduction.

6.5 Suitability of Construction Materials

Based on visual inspection of the stainless steel fluidized bed apparatus, stainless steel
is a suitable material of construction for this type of process equipment. Even the
bed-supporting mesh, with its high surface area, was not corroded by the reagents and
temperatures used. In the stirred bed trials, mild steel components corroded quickly, reducing
their functionality as mechanical parts and likely adding iron oxide as an impurity to the

material in the bed.

6.6 Fluidized Bed versus Stirred Bed
6.6.1 Advantages of the Stirred Bed

With the stirred bed, it was not necessary to preheat the incoming gas stream, as the
flow was low enough to allow the temperature to be controlled in the bed without
necessitating preheating of the inlet gas. As the extensive amount of copper tubing used in
the preheater was a likely source of oxygen contamination in the fluidized bed apparatus, the
lack of a preheater is a significant simplification that eliminates this problem. Oxygen

impurity levels were most likely lower in the stirred bed than the fluidized bed.

6.6.2 Advantages of the Fluidized Bed

The fluidized bed is a much simpler mechanical device, and this advantage became
apparent in the difficulty in fully mixing the stirred bed. In an attempt to fully mix the vessel,
mild steel shimstock attached to the paddle corroded and was orﬂy marginally effective in

closing the gap between the paddle and crucible wall.
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Even with a lower flow rate than is needed for full fluidization, channelized
fluidization provided adequate mixing. With the variation in particle size inherent in
commercial UOg, it would be impractical to specify a particle size consistent enough to design
a fluidized bed with a particle arresting and return system, as was absent in this fluidized bed
apparatus. A tapered shim to cover the flat flange at the top of the column could serve as a
rudimentary particle return system, thus allowing for fluidization with less loss of material. In
addition, oxygen impurity levels could be lowered by installing an oxygen getter near the inlet

to the bed.
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Appendix A - Engineering Drawings for Stainless Steel Column
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Figure A.1 — Bottom Column Part. The bed is supported on the top
flange, which mates to the bottom of Part 2.
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Appendix B X-ray Diffraction Patterns and Search Match Lists
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Figure B.1 — Search Match List and X-ray Diffraction Pattern for UO> Sample
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Figure B.2 — Search Match List and X-ray Diffraction Pattern for U;Og Sample
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3y Oedumn CECalculated, D=Diffractometer, F=Densdometer VeFilm/\visual, X=0ther/Unknown

# | 40 Hits Sortad on Figura-Of-Merit FOM 1%  27(0) did{0 PCF# J D Density
| UF4 - Uranium Fluonde 122 8% 0000 1000 329400 7 D D560

2 |l Corundum, syn - ARO3 182 3 0060 1000 10-0173 + D 4050

3 AR2O3 - Alumirum Oxeds 368 43 0060 1000 501498 + X 3397

- ; : I o
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X

v

(1

—

©

©

o

o

m LY

O 10 20 30 40 50 60 70 80 9 100

20

Figure B.3 — Search Match List and X-ray Diffraction Pattern for UF4 Sample

| [Z00438 RAW] SMCOL-1 S/M Hit Listing
|
|SCAN 20 /80,010 050 08(sec), Gy, I{maxj=807, 03/17/03 17:08

‘NOTE: Intensify = Counts, 2T{0)=0 0("), S‘M Defaull Search_Maich (Use Chemistry Filter)
I J-Column [+] CommoniGood Palteras, [7] Unsommon/Non-Ambient Pattemns, [ ] Intermediate Patterns, [D] Deleted

| D-Cotumn: C=Calculated, D=Difraciomeler, F=Densitometer. V=Film/Visual. X=0thedUnknown

| # | 120 Hits Sorted on Figure-Of-Merit FOM 1%  2T(0) didi0) POF# J D

1 | vl Conundum, sym - AlZO3 63 75 -0120 1.000 461212 + O

2 CINHHFZ - Ammomum Hydmgen Fluedide 250 31 -0120 1000 120302 + F

3 AHOMYE - Aluminum Hydraxide 3z4 37 0060 1000 371377 + D

4 CAKOING - Alurninum Ciede Nitride 436 28 0120 1000 481578 + WV

5 AIZO3 - Aduminum Oxwxde 442 10 Q080 1000 461215 + V
a . e ;
C |
> !
1] 1
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Figure B.4 — Search Match List and X-ray Diffraction Pattern for Small Column Sample



|[Z 14760.RAW] CBY-LGGCOL-1
éscum 10.00100.0/0.05/1.75(sec), Cu, {max)=2214, 07/23/03 22:52

|NOTE: Intensity = Counts, 2T(0)=0.0("), S/M: Default Search Match (Use Chemistry Filter)
J-Colummn: [+] Common/Good Patterns, [?] Uncommon/Non-Ambient Patterns, [ | Intermediate Pat...
D-Column: C=Calculated, D=Diffractometer, FEDensitometer, V=Film/Visual, X=0ther/Unknown

# | 40 Hits Sorted on Figure-Of-Merit FOM 1%  2T(0) dfd(0) PDF# J4 D
1 |7 Corundum, sya - AI203 56 58 0000 1.000 461212 + D
2 | AIH3 - Aluminum Hydride 143 70  0.420 1.000 230761 + F
'3 | AIF3 - Aluminum Fluoride 333 63 0120 1.000 471659 + D
4 | 203 - Aluminum Oxide 34.4 25 0060 1.000 520803 + D
s || AIF3 - Aluminum Fluoride 366 27 00860 1.000 44-0231 + D
6 || | (NH4)2UF6 - Ammonium Uranium Fluoride 38.2 80 0.000 1.000 160750 7 v
7 || | AIBO3INT - Aluminum Oxide Nitride 391 64  0.120 1.000 481582 + V
8 | | AISOBN - Aluminsm Oxide Nitride 443 64 0120 1.000 480686 + D
9 | AKBO3INA - Aluminum Oxide Nitride 47.7 20 0.120 1.000 481578 + V
10! | UHOHFSNHZ - Uranium Hydroxylamine H... 48.0 23 0060 1000 230711 7 V
11| | {NZHS)3UFT - Hydrazine Uranium Fluoride 48.5 21 0000 1.000 230165 7 V¥
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Figure B.5 - Search Match List and X-ray Diffraction Pattern for
Ball-Milled Sample Prepared from Coarse UO;
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[Z147T61. RAW] CBY-BM-2
SCAN: 10.0/100.000.05/1.75(sec), Cu, {max}=2451, 07/23/03 23:04
NOTE: Intensity = Counts, 27(0}=0.0{"), 8/M: Default Search Match {(Use Chemistry Fifter)

J-Column: [+] Common/Good Patterns, [?] Uncommeon/Non-Ambient Patterns, [ ] intermediate Pat. 4

D-Column: C=Calculated, D=Diffractometer, F=Densitometer, V=Film/Visual, X=0ther/Unknown

# | 40 Hits Sorted on Figure-Of-Merit FOM 1% 2T(0) did(0) PDF-& J D

1 |corundum, syn - 1203 1.2 93 0000 1.000 461212 + D

2 | A3 - Aluminum Hydride 1.2 47 0420 1.000 23-0761 + F

3 | AISOBN - Aluminum Oxide Nitride 17.5 47 0060 1.000 48-0686 + D

4 | A903NT - Aluminum Oxide Nitride 18,6 47 0.060 1.000 481582 + V

5 | AIF3 - Aluminum Fluoride 266 38 0080 1.000 47-1859 + D

6 | A1203 - Aluminum Oxide 28,5 46 0120 1.000 520803 + D

7 [ {NMIOHJAIFIH20 - Hydroxylammonium f... 31.2 21 0.000 1.000 481086 7 V

8 U205 - Uraniem Oxide 31.3 28 0120 1.000 10-0099 ? X

9% U308 - Uranium Oxide 31.4 23 0.060 1.000 31-1425 ? C

10 | UNZ - Uranium Nitride 369 29 0.080 1.000 652973 ? C

11 AIGO3N4 . Aluminum Oxide Nitride 39.8 18 0.060 1.000 481878 + V

12 Uraninite, syn - U02 41,6 47 0.080 1.000 650286 ? C

13 NH4ANO3I - Ammonium Nitrate 42.3 a6 0.060 1.000 470866 ? D

14 | (NH4)2UF6 - Ammonium Uranium Fluoride 43.5 31 0.000 1.000 160750 ? V

15 UHOHFSNH2 - Uranium Hydroxylamine H... 43.7 46 0120 1.000 2340719 7 V

16 | U2F9 - Uranium Fluoride 45.2 20 -0.080 1.000 04-0860 ? X

17 | 2UDINHAIIH20 - Uranium Oxide Ammon... 48.0 46 0.000 1.000 31.4427 7 V

48! H1.17U03 . Uranium Hydrogen Oxide 48.9 23 0120 1.000 380039 7 V
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Figure B.6 — Search Match List and X-ray Diffraction Pattern for
Ball-Milled Sample Prepared from Fine UO;



[214577 RAW] CBY-01 S/M Hit Listing |
SCAN: 10.0/100.0/0.05/1.75(s6¢), Cu, Hmax)=2720, 07(1103 15 02

NOTE: Intensity = Counts, 2T{0y=0.0("}, /M. Default Search_Match (Use Chemistry Filber)
J-Colwmn: [+] Commean'Good Pattemns. 7] UncommoniNon-Ambeent Fattemns, [ | Intermadiate Pattemns, [Df Daletaa
D-Column: C=Calculated, D=Diffractometer, F=Densitornedar, V=Film/Visual. X=Cihed Unknown

# 80 Hits Sorted on Figure-Of-Meri FOM 1%  2T(0) didi0) POF# J D Density
1 | AIZO3 - Aluswnum Dxide 127 15 0060 1000 50-1496 + X 3397
2 | Unmnamed mineral {NR} - UO3-H20 209 15 Q080 1000 150569 7 X
3 | (NH4)UOZJ2ESI4H20 - Ammonium Ursmyl Fluorid 246 74 0060 1000 260008 ? D 4130 |
4 | Corundum. syn - AI203 256 14 008D 1000 100173 + O 4050 |
5 | (NH#2(UO2)ZFSIIH20 - Ammonium Uranyl Fluor 299 15 0080 1000 250046 » O 4280 |
| & | UF4 - Uranium Fluoride 338 23 00680 1000 32140t ? D 0580
7 || |(NH3OH)AIF4IH2O - Hydroxplammonium fluoroahs 442 25 0120 1000 46-1086 ? W 0403
8 || |UO2(OM2 - Urany Hydroxide 442 7 0000 1000 30-4403 ? X 5820
8 || | NZM4UF4 - Uranium Flaoride Hydrazine 450 15 0000 1000 26-1404 7 V
10 || AIF3 - Aluminum Fluonde 489 3 0000 1000 430435 + V2815
11| | Diaspore - AIKOH} 404 18 0080 100D 050386 + O 3440
N : _______ - - A
(@] | 1 | : I | l
3 | : | : !
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Figure B.7 — Search Match List and X-ray Diffraction Pattern for Sample CBY-01
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(214578 RAW] CBY-024 | 5M Hit Listing
SCAM. 10,0100 0/0 0511 T5(sec), Cu, Kmax)=1196, OT11:03 1511

NOTE Infensity = Counts, 2T(01=0 00"}, 5/M: Defaull Search_Match (Lise Chemisiry Fister)
I-Calumn: [*] Common/Good Pattems, [?] UncommoniMon-ambient Patierns, [ | Intermediate Patierns, [D] Delated
D-Column, CeCalcutated, D=Diffraciometer, F=Densitormetsr. V=Film!/\iswal, X=0thar/Unknown

# 40 Hits Sorted on Figure-Of-Mert FOM % 27T{0) o{0) PDF# J D Density

1 | {NHAUO2]2ES14H20 - Ammonium Uranyl Fluorid 136 85 0060 1000 260085 7 O 4130

2 | Unnamed mineral [NR] - LO3-H20 150 40 0120 1000 51-1483 ? D

3 | UF4 - Uranium Fluoride 152 & 0000 1000 32-140% ? D 0560

4 | UOZ{OH)2 - Uramyl Mydsoxsde 188 23 0060 1000 30-1403 ? X 5820

5 (NHA2(UO2)2F 51 3120 - Ammonium Unsnyl Fluor 200 40 0060 1000 250048 ? D 4280

8 Corundum, syn - AI203 290 M 0000 1000 100173 + D 4.050

7 Diaspore - A{OH) 300 33 0000 1000 050355 + D 3440

L] H2U3010 - Hydrogen Uranium Oxide 302 682 0080 1000 270201 ? C 6851

9 NSHS - Hydrazing Azide 308 30 0080 1000 280751 + ¥V 1.400
o UQ2F2'1 5H20 - Uramyl Fluande Hydrate 321 57 0080 1000 241154 7 ¥V 4720

1" NZHA4UFA - Uransum Fluoride Hydrazine 335 28 0120 1000 281404 ? V

12 Al2O3 - Alumnum Dxide 336 58 0120 1000 310026 D

13 [MHZOH)AIFAIH20 - Hydroxylammonium fluceoaly. 361 67 0080 1000 46-1086 7 V 0403

14 UG2 87 - Uramum Oxida 71 6B 0120 1000 46-0048 7 X 11342

15 {NH4 )+ 2{PxO3x+1) - Ammonium polyphosphate 417 11 0050 1.000 440739 7 X

16 O3 - Uranium Cxide 444 10 008D 1.000 460852 T X 11351

17 AIF3 - Aluminum Fluoride 45.0 7 00680 1000 43-0435 + ¥ 2815

18 LORF212H20 - Urarnyl Fluonde Hydrate 455 43 0120 1000 470577 ? D Q20

18 lanthinie - USOT{OH)20 455 9 0080 1000 120272 7 V5160

20 (UFS{NH3OH) - Uranium Ammine Fluonde Hydrox . 456 12 0060 1000 1790287 7 V

21 ANOZYIIGH2O - Aluminum Nitrale Hydrate 461 31 0080 1000 01-0435 X

22 La08a - Urarium Qxide 450 41 0080 1.000 431418 ? W 15900

CBY-02a-XRD

Figure B.8 — Search Match List and X-ray Diffraction Pattern for Sample
CBY-02a: This sample was removed from the top flange of the column.




[Z14579 RAW] CBY-028

SCAN 10.0/100.0:/0 05/1.75({sec), Cu, I(max)=1356, 07/11/03 15 22

NGTE: intensity = Counts, 2T{0)20 0("), /M Defaull Search_Match (Use Chemasiry Filter}
J-Column. [+] Common/Good Paflems, [?] UncomnsoniMNon-Ambierd Patterns, | | Intermediate Pattems, [D] Deleted
D-Cofumn. C=Calculated, D=Diffractometer, F=Densidometar, V=Film/Visual, X=0Other!Unknown

# | 40 Hits Sorted on Figure-Of-Mexit

1 |iv] UF4 - Uranium Flucnde

2 |I~] Corundum, syn - AR203

3 || |Diaspore - AID{OH)

4 | v|Unnamed mineral [NR] - UC3-H20

5 | | AIF3 - Aluminum Fluoride

6 | |UD3 - Uranium Oxide

7 | |tanthinite - UBOF(OH)Z0

& | UO3IZNHIXH2O - Ammonia Uraniuem Oside Hydr
9 |UOZIOH)2 - Uranyl Hydroxide

10 | AIRCS - Aluminum Chade

11 | NSHS . Hydrazine Azide

12 {NHAZ(VO2)ZF5I3HZ0 - Ammonium Uranyl Fiuor
13 H2ZO-Ice

14 NHEHF2 - Ammonium Hydrogen Fluonde

15 H2UIO10 - Hydrogen Uranium Chide

16 U308 - Uranium Oxide

17 U2 8611 5H20 - Uranium Oxide Hydrale
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did(o)  PDF-#

1000 12-070
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t 000 05-0358
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1000 18-9429
1.000 12-0272
1000 14-0340
1.000 30-1403
1.000 50-1496
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Figure B.9 — Search Match List and X-ray Diffraction Pattern for Sample
CBY-02b: This sample was removed from the bed.
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[Z14580 RAW] CBY-03 - | 8/M Hit Listing |
SCAN 10.0/100 00 D511 T5(sec), Cu, imax)=1880, 0711103 1520 !

NOTE . Intensiy = Counts, 27{0)=0.0("), S/M: Default Search_Match (Use Cheansiry Filter)
JCotumn [+] Common(Good Patterns, [?] Uncommon/MNon- Ambiesd Pattams, | | Intermediate Paiterns, [D] Deleted
Codumn Ce=Calculated, DeDiffractometer, F=Densitometer, VaFilm/\isual, X=0ther'Unknown |

# | 40 Hits Sorted on Figure-Ot-Merit FOM 1% 2T(0) d«d{0) PDF# J D Densiy
1 | v| Corundum, syn - ARO3 121 34 0080 1000 100173 + D 4050
2 | ~1UF4 - Uranium Fluoride 146 &8 0080 1000 32-1401 ? D 0560
3| |Diaspore - AIO[OH) 285 47 0000 1000 D50355 + D 3440
4| |A2O3 - Aluminum Osde 322 31 0060 1000 501496 + X 3397
5 | Unnamed mineral [NR] - UO3-H20 357 14 0060 1000 15058 7 X

& |ianthinite - UGO7(OH)20 382 7 0060 1000 120272 ? V 5160
T {H2U3O10 - Hydeogen Uranium Oxide 423 8 0000 1000 270200 7 C 6851
£ UDIHZO - Uranium Osde Hydrate 28 31 0080 1000 110326 ? V

9 UCR2(OM)Z - Uranyl Hydrousde 449 9 0060 1000 30-1403 ? X 5820
&
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Figure B.10 — Search Match List and X-ray Diffraction Pattern for Sample CBY-03



[214759.RAW) CBY-04 S Mit Listing
SCAN: 10.0/100.0/0.05/1.75(sec), Cu, I{max)=3290, 07/23/03 22:40

NOTE: Intensity = Counts, 2T(0)=0.0("), 8/M: Default Search Match (Use Chemistry Filter)
J-Column: [+] Common/Good Patterns, [?] Uncommon/Non-Ambient Patterns, [ ] Intermediate Pat._,
D-Column: C=Calculated, D=Diffractometer, FaDensitometer, VaFilmvVisual, X=0ther/Unknown

# 40 Hits Sorted on Figure-Of-Merit FOM 1% 2T(0) d/d{0) PDF# J D
1 | Corundum, syn - AI203 3.0 50 0.000 1.000 461212 + D
2 |AIF3 - Alaminum Fluoride 221 25 0.060 1.000 44-0231 + D
3 | AISO8N - Aluminum Oxide Nitride 249 33 0120 1.000 48-0686 + D
4 | AIBO3N4 - Aluminum Oxide Nitride 281 12 0.060 1.000 481578 + V
5 |AISO3INT - Aluminum Oxide Nitride 28.6 33 0120 1.000 481582 + V
6 | AITO3NS - Aluminum Oxide Nitride 35.7 12 0.000 1.000 481580 + V
7 | AI203 - Aluminum Oxide 39.2 15 0.000 1.000 500741 + V
| 8 ' U308 - Uranium Oxide 39.7 33 0.000 1.000 431419 ? ¥
9 |  AMS60288NA4 - Aluminum Oxide Nitride 41.6 18 0.060 1.000 200043 X
10 | U2N3 - Uranium Nitride 452 17  0.000 1.000 150426 ? D
11 | UNZ2 - Uranium Nitride 46.1 20 0.0860 1.000 852973 ? C
12 | (NH4)J2UF6 - Ammonium Urenium Fluoride 48.0 23  0.000 1.000 160750 7 V
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Figure B.11 - Search Match List and X-ray Diffraction Pattern for Sample CBY-04




[214552_“\'\!]_ GBY-OSB_L S/M Hit Listing
SCAN 10041100 000 051 75{sec), Cu, Kmax)=2008, 071103 15:45

NOTE Intensity = Counts, 2T{0}=0.0{"}, S/M' Default Search_Match {Lse Chemistry Filter)
sColumn [+] Common/Good Pattems, [7] UncammoniNoo-Amibsent Patterns, [ | Intermediate Patterns, [ Deleted
0-Column: C=Calculated, D=Diffractometer. F=Densitometes, Y=Film/Visual, X=Cihen'Unknown

| # 40 Hits Sorled on Figure-Of-Ment FOM 1% 2T(0) did(0) POF# J D Density
1 |~ UF4 - Uranium Fluoride 166 B6 0080 1000 321401 7 D 0.560
2 | Corundum. syn- Al203 234 31 D000 1000 O0173 + D 4050
3 | Diaspore - AIO(OH) 243 456 -0120 1000 050355 + D 3440
4 || 1AI203 - Algsmnum Oxide 206 40 -00B0 1000 501496 + X 3367
5 (| 1H20 - lca 382 41 -0120 1000 421141 ? C 0917
6 || IH2U30M0 - Hydrogen Uranium Cmde 400 65 00pSC 1000 27-0201 7 C 6851
7 1l LAIF3 - Aluminum Fiuonde 44 4 § 0060 1000 43-0435 « V2815
8 |-iu03 - Uremum Oxde 455 69 0120 41000 181429 7 Vv 8540
g || INSHS - Hydrazine Azide 467 P8 -0D0BD 1000 260781 + W 1400
10 || 1UOF4 - Uranium Oxide Fluoride 488 43 00B0 1000 311429 ? WV 5700
111 TUO3HZO0 - Uranium Oxide Hydrate 496 31 D060 1.000 1140325 ? W

Figure B.12 — Search Match List and X-ray Diffraction Pattern for Sample CBY-05bl: This
sample was selectively picked from CBY-05 to try to get a majority of the black powder from the
sample while avoiding the green powder.
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[Z14581 RAW] CBY-05GR | BIM Hit Listing
SCAN. 10.0/100.0v0.05/1.75(sec), Cu, [(max)=1747, 07111403 1537

NOTE: Intensdy = Counts, 2T{0)=0 0(*), &/M Default Search_Match (Use Chemisiry Filter}
J-Column: [+] CommoniGeod Paltems. [?] Uncommon!Non-Ambient Pattems, [ ] Intermediate Patterns, (D] Defeted
D-Column: C=Calculated, D=Diffractometer, F=Densitometer, V=Film/Visual, X=0Other!Unknown

# | 40 Hits Sorted on Figure-Of-Merit FOM 1%  2T(0) o0} PDF# J D Densily

1| TUF4 - Uranium Fluoride 99 86 0060 1000 321401 ? D 0580

2 | Unnamed mineral [NR] - UO3-H20 06 20 0000 1000 150569 7 X

3| | (NH2(UO2)2EEI3HR0 - Ammonium Uranyl Fluor . 344 18 0000 1000 26.0046 7 D 4280

4 | |Diaspore - AIO{OH) 401 31 0060 1000 050355 + D 3440

S | | lanthinite - UBOT{OH)20 414 7 0000 1000 12:0272 7V 5160

6 | UOZFZ-x{OHxIZH20 - Uranyl Fluoride Hydroxide 474 10 0000 1000 281411 7 0 3800

7 | Corundum, syn - Al203 450 35 0060 1000 10-0173 + D 4080
I | | ]

o | | | | |
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Figure B.13 — Search Match List and X-ray Diffraction Pattern for Sample CBY-05gr: This
sample was selectively picked from CBY-05 to try to get a majority of the green powder from the
sample while avoiding the black powder.



(214584 RAW] CBY-08 S/M Hit Listing
SCAM- 10 V100 0/0 051 75(sec), Cu, lima=1971, D71 103 16 S8

NOTE Intensity = Counts, 2T{0}=0.0("), M Default Search_Match {Lise Chemistry Filter)
J-Catumn 1+) Commen'Good Patterns [7] Uncommon/Non-Ambient Patterns. | | Intermedsate Pattems, (D] Deleted
[rColumn C=Calculated, D=Diffractometer, F=Densifometer, V=FilmVisual, X=OthenLUnknown

# 40 Hits Sorted on Figure-Df-Ment FOM 1% 2T(0) did0) POF# 4 D Density
1 | UF4 - Uraniom Fluoride 168 84 0060 1000 321401 7 D 0.560
2 || Comndum, syn - AI203 472 21 0000 1000 100173 + D 4.060
3 || | Diaspore - AIO{OH) 950 S0 0060 1000 0503556 + D 3.440
4 |1 Uraninits, syn - UO2 "3 21 0060 1000 650285 7 C 10.853
5 | |NBHS - Mydranne Azide 405 36 0060 1000 260781 + W 1400
8 |Unaninite-Q, syn - USO7 427 20 00680 1000 150004 T ¥ 11375
|7 1UO3IH2O - Uranium Oxide Hydrate 430 20 0000 1000 181437 7 D 5560
18 AIZD3 - Aluminum Cxide 440 25 0060 1000 501486 + X 3347
{a . UGS - Uranium Oxide 442 70 D120 1000 450857 7 W 8548
110 AF3 - Aluminum Fluoride 450 7 0060 100D 43.0435 + V 2815
11 (NHE2UFS - Ammonium Uranum Fluonde s74 7 0060 1000 160750 W
‘ 1000 270201 7 C B85

Figure B.14 — Search Match List and X-ray Diffraction Pattern for Sample CBY-06



Appendix C ICP-AES Data

C-1 Total Uranium

background gross rate net rate

uranium concentration (cps) (cps) (cps)
sample g/L mol/L L * o uw * o L * o
std_0.005* 0.005 2.10E-05 22231 78.0 31144 10.33 8913 78.68
std_0.01 0.01 4.20E-05 22375 203.1 73373 319.8 50998 378.8
std_0.01-end’"  0.01 4.20E-05 22314 216.6 72904 3146 50590 382
std_0.02 0.02 8.40E-05 22335 190.1 105805 955 83470 973.7
std_0.02-end’"  0.02 8.40E-05 22275 60.9 104817 1022 82542 1024
std_0.05 0.05 2.10E-04 22187 174.4 278156 1620 255969 1629
std_0.05-end"  0.05 2.10E-04 22433 169.1 277140 2760 254707 2765
std_0.1* 0.1 4.20E-04 22262 156.9 442737 2301 420475 2306

* not used in calibration since these points fell well outside expected concentration values

T these standards were run after the unknown samples to check calibration

Table C.1 - Calibration Standard Data for Total Uranium Dissolution Analysis

Calibration Curve
cps=[U]*1251840052-10532
[U] [=] mol U/L

R?=99.09%
uranium
sample background gross counts net counts concentration
ICP-AES # ID L £ o uw * o L * o g/L

1d-2  CBY-lggcol-1 22453 63.8 105185 629 82732 6322 0.0177 = 0.0026
2d-2 CBY-bm-2 22257 137.2 97628 249 75371 284.6 0.0163 * 0.0023
3d-2 CBY-01 22241 60.6 151928 1485 129687 1486 0.0267 + 0.0038
4d-2 CBY-02a 22242 2252 149723 708 127481 743  0.0262 = 0.0038
5d-2 CBY-02b 22254 221.2 183847 840 161593 868.6 0.0327 = 0.0047
6d-2 CBY-03 22060 63.5 147393 495 125333 499.3 0.0258 + 0.0037
7d-2 CBY-05 22046 107.2 153311 272 131265 2925 0.0270 = 0.0039
8d-2 CBY-06 22216 165.3 145553 802 123337 818.9 0.0255 + 0.0037
9d-2 CBY-04 22335 747 160095 1882 137760 1883 0.0282 + 0.0041
10d-2 U0, 22415 209.8 245636 2777 223221 2785 0.0444 =+ 0.0064
11x-3 UF, 22511 56.9 74618 571 52107 573.8 0.0119 =+ 0.0017

Table C.2 — Unknown Sample Data for Total Uranium Dissolution Analysis

77



C-2  Water Soluble Uranium

sample (U] background (cps) gross rate (cps) net rate (cps)
g/L U + o L + o p ot o
std_0.5 0.5 22906 =+ 474 1706000 + 14034 1683094 + 14042
std_0.1 0.1 22672 =+ 433.5 459118 + 4154 436446 =+ 4176.558
std_0.05 0.05 21557 =+ 1401 270049 + 1401 248492 =+ 1981.313

+

st_0.005 0.005 21542 67.8 29962 + 87.9 8420 =+ 111.0101
Table C.3 - Calibration Standard Data for Water-Soluble Uranium Dissolution Analysis

The calibration curve was done by linear interpolation between bracketing points.

for values between 0.1 and 0.5 g/L
slope: 3116620
intercept: 124784

for values between 0.05 and 0.1 g/L
slope: 3759080
intercept: 60538

for values between 0.005 and 0.05 g/L

slope: 5334933
intercept: -18254.7
sample background (cps) gross cpm net cpm [U] g/
2f CBY-bm-2 20766 =+ 80.2 426392 =+ 4186 405626 =+ 4187 0.0918
3f CBY-01 21425 + 129.6 439653 =+ 1998 418228 =+ 2002 0.0952
4f CBY-02a 23205 =+ 133.8 1306000 + 18593 1282795 + 18593 0.3716
5f CBY-02b 22276 =+ 93.7 719307 + 10129 697031 =+ 10129 0.1836
6f CBY-03 22421 + 712 1109900 + 4343 1087479 =+ 4401 0.3089
7f CBY-05 21344 =+ 4867 1271000 + 11054 1249656 + 11054 0.3609
8f CBY-06 21570 =+ 147.2 846461 = 6474 824891 =+ 6476 0.2246
of CBY-04 21511 += 599 669818 =+ 7455 648307 =+ 7455 0.1680
10f uo, 21411 = 150.9 41024 =+ 572 19613 = 592  0.0071
11f-1 UF, 21636 =+ 11.03 457836 =+ 6749 436200 =+ 6749 0.0999
11f-2* UF, 21629 =+ 107.8 447726 + 565 426097 + 575 0.0972

Table C.4 — Unknown Sample Data for Water-Soluble Uranium Dissolution Analysis

78



Appendix D
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Figure D.1 - CBY-01 Heating Cycle

200 400 600 800 1000 1200

ti min
IFAEmiE bed temperature

upper temperature
Figure D.2 — CBY-02 Heating Cycle
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Figure D.5 — CBY-05 Heating Cycle
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Appendix E Carrier Gas Flow Data

Gas flow was measured with a Bel-Art Riteflow® 150mm size 4 flowmeter (part number
H40407-0215). Values given are the flowmeter reading for the stainless steel float.

sample gas flow

CBY-01 100
CBY-02 30
CBY-03 20
CBY-04 20
CBY-05 20
CBY-06 15

Table E.1 — Carrier Gas Flow Values

flowmeter reading air flow
stainless float mL/min
150 17430
140 16287
130 16194
120 14057
110 12944
100 11814
90 10607
80 9462
70 8307
60 7156
50 5977
40 4732
30 3464
20 2225
10 959

Table E.2 — Calibration of Flowmeter for Air at 1 atm, 70 °F
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Appendix F — Sample Masses and Run Yields

Sample CBY-lggcol-01 was used as feedstock for all fluidized bed samples except CBY-01.
CBY-01 used CBY-lggcol-4, which had not been ball milled, as feedstock.

Composition of sample CBY-Iggcol-01:
19.8940 g UO,
17.6848 g NH HF,
> 2.37 weight percent excess NH4sHF,

Table F.1 — Masses and Yields of Fluidized Bed Samples

sample initial mass theoretical UF, yield actual final mass gross yield

9 g g
CBY-01 2.8042 1.7248 1.2749 73.9%
cBY-02* 2.7958 1.7196 1.3508 78.6%
CBY-03. 2.857 1.7573 1.5275 86.9%
CBY-04' 2.8018 2.3333 2.3036 98.7%
CBY-05 2.8218 1.7356 1.6982 97.8%
CBY-06 2.814 1.7308 1.72282 99.5%

* Since the high argon flow rate carried a large amount of the sample onto the top flange of the
column, the number given here is the sum of both samples CBY-02a (top flange) and CBY-02b (bed).

" This sample was an attempt to decompose the sample to its intermediate product at 110 °C. Based

on TGA analysis, the intermediate product appears to be (NH,);UF;, so this value was used instead of
that for UF, in calculating theoretical yield.
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