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PRODUCTION OF HIGH-VALUE FLUORIDE GAS FROM URANIUM
TETRAFLUORIDE USING A ROTARY CALCINER
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ABSTRACT

Starmet Corporation has developed a process to extract the fluorine value from uranium
tetrafluoride (DUF4) produced from depleted uranium hexafluoride (DUFs) reduction and
produce a stable uranium oxide (1). The process involves mixing low cogt slica(SO2) with
near-stoichiometric amounts of UF4 and roasting the mixture in arotary caciner a temperatures
above 500°C. The two react to form silicon tetrafluoride (SF4) and ether uranium dioxide
(UO2) or triuranium octaoxide (U3Og), depending on atmosphere used. The SiF,4 product gasis
filtered to remove uranium particulates. The product gasis substantidly pure and free of
uranium contamination as produced, without extensive purification. The gas may be then
captured via compression and condensation prior to packaging. The gas so produced is
sgnificantly higher vaued than the equivaent amount of HF, if produced from UF4, while the
production costs are roughly equd.

INTRODUCTION

Over the past 50 years the US Department of Energy (DOE) and its predecessors have stockpiled
more than 560,000 metric tons of depleted uranium hexafluoride (DUFe) at facilitiesin Oak
Ridge, TN, Paducah, KY, and Portsmouth, OH. Depleted UF is the residue from the enrichment
process used to make nuclear grade enriched uranium for reactors and weapons. There is
currently no use for this materid, and DOE is now planning to convert the UFg into amore stable
form such as UF,4 or an oxide of uranium. If this action occurs, DOE would be forced to pay for
disposa of their entire DUF inventory (2). Disposa costs have been estimated at $1.4 billion,
however, more redlistic cost projections based on current technology and capabilities are in the
range of $3-4 billion. To reduce the cost of managing the DUF inventory, Starmet Corporation
has been working to develop dternative approaches for producing uranium and recovering
fluorine from uranium hexafluoride.

Silicon tetrafluoride (SF4) is used by members of the microdectronics industry for severd
goplications, including ion implantation, plasma etching, and deposition of fluorinated silicaand
dlicon nitride films. New markets are dso growing, usng SF, as a dopant gas for fiber-optic
cables and as a feed for the enrichment of Silicon-28 (?°Si) for chip manufacture. The price of
SF, isvery sengtive to the amounts of pecific impurities such as arsenic, phosphorus, and
aulfur, in addition to the overdl levd of purity.

Starmet Corporation has developed a process to extract the fluorine value from uranium
tetrafluoride (UF4) produced from depleted uranium hexafluoride (DUFg) reduction and produce
SF,4 and agable uranium oxide. The process involves mixing low cost slica (SO2) with near-
gtoichiometric amounts of UF,4 and roasting the mixture in arotary caciner at temperatures
above 500°C, according to the following chemica equetions:



WM’ 01 Conference, February 25-Mar ch 1, 2001, Tucson, AZ

UF; + SO, + O2(g) ® U3Og + SF4(Q) (Eg. 1)
UF; + SO, ® UO, + SF,4 (g) (Eq 2)

As shown, the uranium oxide produced can be ether UO, or U3Og depending on the atmosphere
used. The SF,4 product gasisfiltered to remove uranium particulates. The product gasis
subgtantialy pure and free of uranium contamination as produced. In addition, since the Sarting
materias are free of arsenic, phosphorus, and sulfur, these contaminants are not introduced into
the product (3).

EXPERIMENTAL SETUP AND PROCEDURE
Equipment

The experimenta setup condsted of adrum rotator, a flexible screw conveyor, a volumetric
feeder, the caciner, the bottling station, asmall ‘product’ scrubber, plus a ventilation system that
included a large scrubber and HEPA filtration system. The system setup isillugtrated in Fig. 1.

The primary piece of equipment is the Bartlett-Snow Laboratory Rotary Calciner (4). This
caciner isan indirect-fired, electricdlg heated unit. The caciner is6Y%’ interna diameter, with

an overdl caciner tube length of 76 °/g”. The heated zoneis 28” long, with awater spray
cooling section atached. The seals consst of graphite Sationary sedl rings ingaled onto the
bellows, purged with ar or nitrogen during operation. The calciner was aso equipped with
knocking hammers riding on cams on the outside of the tube, which were used to knock any
materid that accumulated on the interior of the tube walls during operation off the wal. Two
hammers ride on cams on the outside of the calciner, driking the caciner every haf rotation on
each Sde. The hammers were opposed so that every quarter rotation a hammer would fall, either
on the front or the rear consecutively.

The reactant mixture typicaly conssted of gpproximately 80 kg of UF, combined in adrum with
a 2% stoichiometric excess of diatomaceous earth poal filter aid(5). The drum was then sedled
and placed on adrum rotator to mix overnight. A Convert-a-Cone® (6) flange was attached to
the drum and then entire drum tipped onto the conveyor hopper. The mixture was then alowed
to flow into the conveyor hopper. From the hopper the feeder was filled with about 150 kg
(rdative, including some feeder weight) to about 200 kg relative, as needed. Feed rate was not
varied during the course of the experiments.

The solid products were removed from the system viaan airlock and collected in adrum. The
drum lid and connection to the airlock was gastight, to alow the solids to be safely collected
during an experiment. The solid products were andyzed by x-ray diffraction (XRD) and
scanning eectron microscopy (SEM) for composition and microstructure.
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Fig. 1: Cdciner sysem schemétic

The product gas exited the calciner and was filtered using polypropylene spun-wound depth
cartridgesin againless sted housing. The gas was then passed directly to the product scrubber
to make derivative slicon fluoride sdts. A smdl dipsiream of the gas was taken into a Fourier
Trandform-Infrared (FT-1R) spectrometer by vacuum eductor in order to monitor the quaity and
quantity of gas produced during the reaction. Samples of the gas could be taken by cryogenically
coaling the incoming gas using liquid nitrogen, followed by adlowing the product gasto flash

into a second cylinder. This method was expedient, however, any standard bottling technique
could be used.

Experiment matrix

Table below gives the experimenta setup used for each experiment. The mgor variables
examined were:

Atmosphere (dry ar vs. nitrogen)

Temperature (550 °C, 600 °C, 700 °C, 800 °C)
Rotationa speed (0.96-2.3 rpm)

Purge gas flow direction (Co-current vs. counter current)
Use of hammers (with and without)

Feed time (5min —4 hrs)
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The gas used to provide the atmosphere was used both in the calciner tube and to purge the
vented sedls. Gas flow was a a minimum of 5 cfh/sed. Temperature refers to the setpoint on the
caciner itsdlf, which trandates to the temperature of the caciner furnace. Theinterior of the
caciner tube was at least 50 °C lower. Rotational speed values were chosen to be roughly ‘dow’,
‘medium’, and ‘fast’. Gas flow direction refers to whether the purge gas and the product gas
were exiting at the same end as the oxide (co-current) or at the opposite end of the calciner
(counter-current). Counter current flow had the effect of passing the gas stream back over the
heated oxide and unreacted UF4/SO, mixture. The length of time that the feeder was turned on
and feeding materid was aso varied until the time to reach steady state was determined. Calciner
pitch, stoichiometric mix, and feed rate were not varied. The configuration and chemidtry of the
product scrubber was adjusted in response to plugging and other difficulties, but were not
sysemdicdly varied. The gas qudity was monitored using in line FT-IR gtarting during the
experiment on 1/26/00 and used in al subsequent experiments.

The matrix of experiments can be divided into experiments performed in ar and experiments
performed in nitrogen. Theinitial series of experiments at 600 °C were performed to determine
the basdine operating conditions of the system. The god of adjusting the feed time wasto
determine the minimum amount of time to achieve Steady State a each temperature/rotationa
speed combination. The aim was to be able to sample gas quantity at steedy state while reducing
the source term. Once the minimum time for steady State was established at a rotationa speed of
1.82 rpm in counter-current mode, the rotationa speed was varied at the same temperature. The
temperature was then changed and a series of experiments at different rotationa speeds were
performed at various temperatures. During the first experiment at 800 °C, it was observed that
the materid was sticking to the wals of the calciner tube. Consequently the hammers were
inserted and were used for al subsequent experiments. Finaly, 700 °C was chosen a a
temperature that produced a reasonable yield in areasonable time, and the flow direction was
changed to co-current. Fewer experiments were required in a nitrogen atmosphere, as the need
for hammers and the optimum feed time had been established. The firgt three experiments were
performed in co-current mode with varying rotational speeds. The next three experiments were
performed using smilar rotationa speeds in counter-current mode. The last three experiments
were used for gas bottling.

The gas bottling experiments were performed using parameters determined during the previous
series of experimentsto provide a reasonably clean gas and ardliable steady state. When
bottling was initiated after steady-state conditions through the calciner were achieved, the
amount of input material was limited to ensure the sample bottle couldn’t be over-filled with
condensed gas. Thisled to shorter total feed times for these experiments.

Data from the experiments took several forms. The temperature, pressure, HF sensor readings,
and pH data for the system were gathered using LabView™™ software and a Data Acquisition
System. The oxide samples were examined using x-ray diffraction (XRD) and scanning eectron
microscopy with energy dispersive spectroscopy (SEM/EDS). In addition, samples of the oxide
were dissolved in 15% nitric acid solution, filtered, and andyzed using inductively coupled
plasma spectroscopy (ICP). Thefiltrate was dso dissolved in anitric acid/boric acid solution and
andyzed vialCP. The purpose of the ICP analyss was to determine quantitatively the amount of
UF,4 remaining in the oxide as ameasure of completeness of reaction. As mentioned, gas qudity
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was monitored continuoudy during the experiments using aMidac M-series FT-IR with azinc
selenide (ZnSe) beam splitter and a 2-cm heated gas cdll with zinc sdenide (ZnSe) windows. The
bottled gas was sampled and sent to Voltaix, Inc. for impurity andysis for H,O, HF, Oz, N2, and
other gaseous impurities. The andysis a Voltaix was performed by gas chromatography (GC),

gas chromatography coupled with mass spectrometry (GC-MS), and FT-IR. In addition, asample
of gas was hydrolyzed in aknown scrubber solution and aso andyzed for uranium viakinetic

laser phosphorescence analysis (KPA).

Tablel: Matrix of caciner experiments

Date Temp | Speed GasDirection |Hammers Atmosphere |Feed time
°C (rpm) hr:min:sec
12/3/99 |600 (1.82 Counter current  |No Dry Air 0:05:00
12/8/99 |600 |1.82 Counter current  |No Dry Air 0:05:00
12/13/99 |600 [1.82 Counter current  |No Dry Air 0:30:00
12/14/99 |600 |1.82 Counter current  |No Dry Air 1:00:00
12/20/99 1600 |1.82 Counter current  |No Dry Air 0:36:00
12/22/99 |600 (1.82 Counter current  |No Dry Air 1:00:00
1/4/00 |600 (1.82 Counter current  |No Dry Air 0:31:00
1/5/00 |600 |1.82 Counter current  |No Dry Air 0:16:00
1/11/00 |600 (1.82 Counter current  |No Dry Air 1:00:00
1/14/00 |600 |1.82 Counter current  |No Dry Air 1:18:52
1/15/00 |600 (1.82 Counter current  |No Dry Air 0:45:00
1/18/00 |600 |1.82 Counter current  |No Dry Air 2:23.00
1/19/00 |600 |1.82 Counter current  |No Dry Air 4:46:00
1/20/00 {600 [2.63 Counter current  |No Dry Air 2:33:00
1/21/00 {600 [1.28 Counter current  |No Dry Air 4:11:00
1/26/00 |700 (1.78 Counter current  |No Dry Air 4:00:00
1/27/00 {700 |2.48 Counter current  |No Dry Air 2:20:00
1/31/00 |700 |1.31 Counter current  |No Dry Air 3:55:.00
2/3/00 |550 |1.31 Counter current  |No Dry Air 4:00:00
2/4/00 |550 |0.96 Counter current  |No Dry Air 4:05:00
2/7/00 1600 |0.96 Counter current  |No Dry Air 4:00:00
2/8/00 |700 |0.96 Counter current  |No Dry Air 4:00:00
2/9/00 |800 |[0.96 Counter current | Inserted Dry Air 4:00:00
during
experiment
2/11/00 |800 |0.96 Counter current | yes Dry Air 4:00:00
2/16/00 |700 |0.96 Co-current yes Dry Air 4:00:00
2/17/00 |700 |1.82 Co-current yes Dry Air 3:00:00
2/18/00 |700 |2.48 Co-current yes Dry Air 3:00:00
2/22/00 [700 |2.48 Co-current Ves Nitrooer 2:10:00
2/23/00 (700 |1.77 Co-current VEs Nitrooer 3:00:00
2/28/00 [700 [0.96 Co-current VEs Nitrooer 3:01:00
3/9/00  [700 ]0.98 Counter current | ves Nitrooer 3:33:.00
3/21/00 [700 ]1.88 Counter current | ves Nitrooer 3:00:00
3/22/00 [700 12.38 Counter current | ves Nitrooer 2:30:00
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4/24/00 [700 [1.83 Counter current | ves Nitrogen 0:50:00

4/27/00 [700 [1.83 Counter current | ves Nitrogen 1:38:00

4/28/00 [700 [1.83 Counter current | ves Nitrogen 1:42:00
RESULTS

Theyidds from severd of the experiments are given in Table 2. It was found that temperature
sgnificantly affected yield of product and converson of UF4 to oxide. It was found that
temperatures below 600°C caused the reaction to proceed very dowly, resulting in long
residence times to achieve at least 50% conversion. At 700 and 800°C, residence times of less
than 40 minutes were sufficient to produce yields of better than 97%. It was found that choice of
atmosphere had little impact on the yield of gas, dthough it did affect the oxide form produced.
Use of dry air as the ambient atmosphere produced UsOg while an inert (nitrogen) atmosphere
produced a mixture of UO, and UsOg. The direction of gas flow (counter-current or co-current)
may make adight differencein gas purity, but no conclusions can be drawn presently.

Tablell: Yidd from sdlected experiments

Temp (°C) Rotation (rpm) Gas Direction Gas Yidd (%)
600 1.82 Counter-current Dry ar 92
600 2.63 Counter-current Dry ar 55
600 1.28 Counter-current Dry ar 73
700 1.78 Counter-current Dry ar 96
700 2.48 Counter-current Dry ar 88
700 1.31 Counter-current Dry ar 97
550 131 Counter-current Dry ar 45
550 0.96 Counter-current Dry ar 37
600 0.96 Counter-current Dry ar 57
700 0.96 Counter-current Dry ar 73
800 0.96 Counter-current Dry ar 96
800 0.96 Counter-current Dry ar >99
700 0.96 Co-current Dry ar 98
700 1.82 Co-current Dry ar 97
700 2.48 Co-current Dry ar 94
700 2.48 Co-current Nitrogen 95
700 1.77 Co-current Nitrogen 97
700 0.96 Co-current Nitrogen 98
700 0.98 Counter-current Nitrogen 98
700 1.88 Counter-current Nitrogen 98
700 2.38 Counter-current Nitrogen 97

The experiments performed focused on residence time, atmosphere used, temperature, and
direction of gasflow. It wasfound thet temperature sgnificantly affected yield of product and
converson of UF, to oxide. It was found that temperatures below 600°C caused the reaction to
proceed very dowly, resulting in long residence times to achieve a least 50% converson. At
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700 and 800°C, residence times of less than 40 minutes were sufficient to produce yields of
better than 97%. It was found that choice of atmosphere had little impact on the yield of gas,
athough it did effect the oxide form produced. Use of dry air as the ambient atmosphere
produced UsOg while an inert (nitrogen) atmosphere produced a mixture of UO, and U3Og. The
direction of gas flow (counter-current or co-current) may make a dight difference in gas purity,
but no conclusions can be drawn presently. Uranium concentration was found to be lessthan 1
ppb viaKPA analysis of scrubber solution. Infrared andlysis of the gas confirmed the presence
of the mgor and minor pesks associated with SF4. Therewas asmdl amount of
hexafluorodisiloxane ((SF3)20) present inthe product gas. Thisisatypica impurity found in
commercid SF4. Comparison of gas produced with severd commercidly available sources
showed impurity levels a or below commercia grade S, for IR active compounds. It was
determined that rdative quantity of (SF3).0 was effected by atmosphere.

DISCUSSION

The overdl reaction was extremely robust, as had been noted in the bench scae experiments. In
some of the initid experiments, the air flow was lower than planned. Neverthdess, the gas
flowed out of the calciner, the reaction was to alarge extent complete, and the product gas was
reasonably pure. Another interesting observation was that the UF4 required no specia treatment.
The UF, was used as received from CMI, with no drying, Szing or screening. Although some
dag was found in the product oxide, the reaction kinetics and completion did not seem to be
affected. The reaction took about 30 minutes from the time the reactants entered the hot zone to
the time the oxide entered the cooling zone. Resdencetimeisgiven as

T, -_L (Eq. 3)

" 2QDp

where L is heated length, Q isrotationa speed, D is diameter and p is pitch. The pitchis 0.0212
infinch, Q variesfrom 0.96 to 2.36 rpm, D is6.5" and the effective L is 23", based on Equation

3. Theresdence time then was varied from 35 to 87 minutes. Generdly, the yidd data shows
that at 700° and 800°C, the reaction goes to completion as expected. The graph shownin Fig. 2
asthat the average amount of UF,4 unreacted at 700°C decays exponentidly with rotationa speed
(or the inverse of the resdencetime). The faster the rotational speed, the lower theyidd, as
expected. The averages follow a reasonable peusdo-first order kineticsmode: an expected
result.

Thisisin very good agreement with the bench scae results, despite the larger volume of the
materia and the moving vs. Satic sample conditions (7). No substantia difference in reaction
was noted between experimentsin air and in nitrogen. Decreasing the temperature decreased the
amount of gas produced, below 700°C furnace temperature. In genera, the amount of time spent
in the hot zone, once above 600 °C, had the most effect on the outcome, but otherwise the
reaction was largdly unaffected by changesin variables. 1t should be noted that the difference
between 700 and 800°C was smdll, but the intermediate temperatures should be investigated
further.
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Fig. 2. Yield of Reaction with Rotational Speed

Gas produced is of good quality. A typica FT-IR result isshown in Fig. 3. Thisspectraisan
expanded spectrathat shows area of interest for gas andlyss. The spectra shown are as-produced
from the caciner a 700° C udng inert gas (nitrogen), a representative HF spectra (atypica
impurity), a spectrum taken from a batch experiment from the bench, and findly the bottom
gpectrum isthat of 10% of 99.99% SF 4 mixed in high purity nitrogen purchased from Matheson
Gas. Themgjor peaks of SF, al compare wel while little or no HF is seen in the gas produced
by calciner. Carbon dioxide (at approximately 2300 cmi? is absent (as seen by the negative

peek), an artifact of the amosphere used to purge the instrument.
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Fig. 3. Expanded Spectra of Gas produced Compared to Other Spectra

Anaysds of the gas for the hexafluorodisloxane ((SF3)20), by comparing the mgor (SF3).0
pesk height to SIF4 peak height was performed. Theresults are in arbitrary units, asthereisno
standard for the impurity. However, based on the work of Reents, et d (8), the totd (SiF3).0
content of the worst materid islessthan 2%. The best materid iswell below 1000 ppm (0.1%).
Typica (SF3)20 contents are between 0.1 and 1%. Interestingly, it was found that the
atmosphere makes a large difference. Fig. 4 showsthat inert gas produceslittle or no (SF3),0
while dry air produces a significant amount at high concentrations of SiIF4. This phenomenon is
interesting because production of the disiloxane is thought to be a hydrolys's reaction; reaction of
water with SF4 to make HF and (SiF3)20. The figure shows & least atendency to curve
upwards with increased concentration of SiF 4, which may indicate an equilibrium with

something in the dry air (either water or the oxygen in the air) or smply that the dry ar has some
amount of water present that the nitrogen doesn’'t have. This phenomenon does show that gas
subgtantialy free of the oxide impurity can be made easily by diminating the source of oxygen.
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Fig. 4. Hexafluorodisiloxane Content versus Atmosphere

CONCLUSIONS

The process successfully produced SIF4 gas of good purity, and uranium oxide. The process was
robust, and was not affected greetly by changing variables such as temperature (over some
threshold above 600 °C outside temperature), rotational speed, gas flow direction, and
atmosphere. The reaction is not limited by heet transfer in this type of equipment, and no
preparation of the reagentsis needed to achieve agood reaction. It was additionally
demonstrated that increased yields are a function of residence time a temperatures so that more
complete converson to oxide requires longer time at temperature.

Andysis of the oxide resdue showed few impurities, other than unreacted diatomaceous earth.
The solid products did contain dag, due to the fact that the UF4 raw material was not screened or
szed. Thisissue will have to be addressed in future scale-up. In addition, andysis of the solids
produced in the scrubber showed pure K2SFg or Na,SFe. This shows that contamination from
upstream processes are not an issue. In addition, this shows that one could easily make these
solid fluoride products for sdleif desired.

The gas produced was very pure. Theimpurities detected by FT-1R were smal amounts of HF
and water. One of the difficulties with the FT-IR data was the fact thet it isimpossble to tell the
difference between water in the gas stream and water present in the atmosphere that was drawvn
into the chamber. Because of this, supplementd andysis of the gas was performed at Voltaix, Inc
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using gas chromatography coupled with a quadruple mass spectrometer. Results showed small
amounts of impurities, incduding CO,, mogt likely aresult of C contamination in the

diatomaceous earth and (SiF3)>0, which isacommon impurity in SF4. Invedtigation of (SF3),0
production showed that use of inert gas decreases final concentration of that impurity to
indggnificant levels. Further anadlyss of the gas product was accomplished by analyzing the
Product Scrubber solution via KPA to determine uranium uptake. The results show that very
little, if any, uranium is present in the gas stream and the uranium concentration in the gasis
probably well below one part per hillion.

The process to produce SiF4 from UF, isrobust. It was found that the smal caciner system was
very easy to operate and automate. It is expected that scale up will be straightforward.

Economic analyss shows the processis viable. Outstanding issues that require further
investigation are scale-up of gas collection equipment, investigation of intermediate temperatures
between 700 and 800 °C and feed rate optimization.
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