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5 INTRODUCTION 

The US DOE is responsible for managing over 700,000 metric tons of depleted uranium 
hexafluoride (DW6). This material represents the so-called “tails” from the several gaseous 
diffusion enrichment plants located in Paducah, KY, Portsmouth, OH and Oak Ridge, TN. This 
material, stored as a solid in carbon steel cylinders, has accumulated over a period of 50 years. 
Originally, it was thought that the tails would be used as a feed material for the fast breeder 
reactor fuel cycle. However, with the national policy abandoning that use, this material has 
grown to be the largest amount of nuclear material in DOE inventory without significant 
application. Legislation enacted by Congress has led to the development of a Depleted Uranium 
Hexafluoride Materials Use Roadmap’ which details potential pathways in which the DUF6 
resource may be converted to useful products in the future. 

DOE has evaluated numerous management options for the DUF6 inventory in their 
Programmatic Environmental Impact Statement (PEIS)2. The strategy, based on the published 
Record of Decision for Long-Term Management and Use of Depleted Uranium Hexafluoride3, is 
to extract as much value as possible through beneficial re-use in order to reduce the costs of 
managing the DUF6 surplus and ultimately convert the uranium into uranium oxide, uranium 
metal or a combination of both. This strategy also includes converting the 225,000 metric tons 
of fluorine contained in the DUF6 stockpile into valuable fluorine products and using the 
uranium oxide by-product in applications such as radiation shielding4. 

into uranium oxide (U308) and recovery of hydrogen fluoride (HF) as an anhydrous gas or 
aqueous mixture. This technology, while well known, produces a commodity chemical which 
has a market value of $0.40-$0.50/lb2 for 70% aqueous HF and $0.70-$0.90/1b2 for anhydrous 
hydrogen fluoride Consequently, while such “salvage value” will reduce the cost of conversion 
to the DOE, it has a minor impact. 

fluorine in DUF6 into high-value, semiconductor specialty gases such as SiF4, BF3, GeF4, SF6 
and WF6. These specialty gases are used extensively in the electronics industry. Detailed sales 
volumes of such gases are held proprietary by existing vendors. However, some indication of 
the market potential for these gases can be deduced from the data in Figure 1. 

Several companies5 have demonstrated various hydrolysis methods for converting DUF6 

This body of work presented here describes a new technology that can convert the 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ERS2894. 1 
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Phase I1 Final Report 

PRODUCTION OF HIGH VALUE FLUORINE GASES FOR THE 
SEMICONDUCTOR INDUSTRY 

1 EXECUTIVE SUMMARY 

industry using Starmet's new fluorine extraction technology has been developed. Production of 
GeF4 was established using a tube-style reactor system constructed of nickel 200 alloy in which 
conversion yields as high as 98.1% were attained. Collection of the fluoride gas improved to 
97.7% when the reactor sweep gas contained a small fraction of dry air (10-12 ~01%) along with 
helium. The quality of fluoride gas produced throughout the program was analyzed by FT-IR 
spectroscopy. The (UF4+Ge02) reaction was shown to begin above 400°C. The lab-synthesized 
product was shown to contain the lease amount of infrared-active and elemental impurities when 
analyzed at contracted and independent analytical laboratories and compared with a reference 
material certified at 99.99% purity. Analysis of the "as-produced" gas using ICP-MS showed 
that uranium could not be detected at a detection limit of 0.019ppm-wt. Argonne National 
Laboratory was subcontracted to develop two new methods to detect trace uranium in GeF4. 
Samples of lab-synthesized gas were analyzed by ultraviolet optical absorption spectroscopy for 
determining the level of U as UF6 in GeF4. In two separate trials, no absorbance due to UF6 
could be detected in either the unfiltered or the filtered batch of fluoride at their respective 
detection limits of 0.75 and 0.64ppm-vol. The second analytical technique for trace uranium 
determination involved laser-induced photoluminescence spectroscopy. Trials to detect 
luminescence of uranyl species in glassy Ge02 were unsuccessful due to the formation of 
impurity species whose luminescence decay overlapped that of the uranyl ions in the glassy 
matrix. Alternative techniques involving the conversion of hydrolyzed Ge02 to GeC14 were 
unsuccessful in producing a residue containing U02C12 species for quantitative analysis by laser 
induced phosphorescence. Finally, conceptual drawings of a production-scale reaction system 
were made for generating up to 2kg of GeF4 per day using six tube-style reaction stations. 
Construction of the production apparatus was postponed to a later date as a result of a global 
slump in the electronics and semiconductor sectors over the previous 18 months. 

Development of a process to make W F 6  from WOF4 was also pursued during the later 
half of the SBIR program. Results from milligram-scale reactions showed that the oxyfluoride 
compound could be made using either W02 or W03 in reaction with U F 4  in the 700"C-800"C 
temperature range. When conducted in a bench-sized nickel tube reaction system, capture 
efficiency for the white crystalline residue ranged from 48.5% to 67.1% of the theoretical yield. 
After determining suitable reactants and conditions, focus shifted to probing the reactivity of 
WOF4. The oxyfluoride intermediate did not appear to react with either UF4 or Si02 up to a 
temperature of 196"C, contrary to prediction by thermodynamic calculations of the spontaneous 
Gibbs free energy change. When WOF4 was reacted with TiF4, there were some indications of a 
gaseous product being released. Investigation was broadened to study the reaction between WO2 
and TiF4. When staged in a bench-top apparatus, gaseous reaction products released around 
185°C showed a component whose infrared absorbance bands emerging at frequencies consistent 
with those for WF6. Further experimentation is required to determine if the (W02+TiF4) 
pathway is feasible for producing W F 6  of high purity. 

The chemistry to manufacture high purity GeF4 and WF6 for use in the semiconductor 
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Figure 1. Market Data on Semiconductor Specialty Gases (EMCON 98). 

These gases are used for ion-implantation, chemical vapor deposition (CVD), cleaning, and as 
starting materials for some other processes including the production of high purity silicon. Retail 
prices for some of the gases from ROC Edwards are shown in Table 1. Purchase price for such 
gases from producers was stated to be about 25% to 30% of retail values. 

Table 1. 
Retail Pricing of Specialty Gases from BOC Edwards (2003). 

I 1 VLSI 1 99.996 1 100 1 2,030 1 20.30 1 

In addition to considering higher value products than HF, it is also important to develop 
technology that can produce a number of different high value fluorine gases. For example, if all 
of the DUF6 were converted to SiF4, this would produce about 32 million pounds per year based 
on a 20-year conversion campaign. This quantity far exceeds known demand. Consequently, any 
successful conversion effort for fluorine products other than HF, must use the DUF6 to produce a 
variety of end products in quantities consistent with market demands. 

These SBIR data are furnished with SBIli rights under Grant No. DE-FG02-99ER82894. 2 



Traditionally, the problem with extracting fluorine using hydrolysis reactions from DUF6 
(a gas at temperatures above about 56°C) is that uranium will readily carry over to the product, 
lowering value and limiting commercial usage. Consequently, to minimize the uranium 
carryover, an alternate approach using DUF4 - a nonvolatile solid -has been developed and 
higher valued fluorine products have been identified. Depleted uranium hexafluoride is readily 
converted to DUF4 in a hydrogen reduction process operated by Starmet Corporation at its South 
Carolina site. The advanced technology presented in this report reacts crystalline DUF4 
(T, =960”C) with a solid metal oxide (such as GeO;! or WO2) in a high temperature fusion 
process above 700°C to form a gaseous product (such as GeF4 or WF6) that readily separates as a 
high purity gas and leaves a uranium oxide residue. Starmet has used this same technology to 
produce SiF4 from Si0z6 in a pilot-scale demonstration plant as well as high-purity BF3 from 
B203 in laboratory production trials. 

Current cost estimates from the DOE u F 6  PELS2 project the cost of conversion Of u F 6  

using hydrolysis technology at $3.00 per kg-UF6. The total cost to the DOE for the inventory 
conversion is near $2 billion with credits for aqueous or anhydrous HF sale. Starmet has 
estimated that by converting the UF6 to higher value fluorine products, a reduction in conversion 
cost to DOE of $1.5 to $2.00 per kg-UF6 is possible. Thus, a cost savings for DOE of over 
$1 billion for conversion of the UF6 inventory is possible7. 

A traditional process for manufacturing either GeF4 or W F 6  involves the direct 
fluorination of the respective base metal with fluorine gas. This method is expensive due to the 
cost of fluorine gas and requires special safety and handling considerations due to the extreme 
reactivity of this reagent. In the case of GeF4, it has also been manufactured by several 
alternative p r o c e ~ s e s ~ ’ ~ ’ ~ ~ ’ ~ ~  including the reaction of a finely powdered suspension of Ge02 in 
sulfuric acid with UF612. 

fluorine. Here the metal is first obtained by reduction of WO2, which also adds to the 
downstream production costs of the fluoride. Typical impurities in the tungsten oxide can 
include uranium and thorium oxides that are easily fluorinated and carry over as gaseous 
contaminants requiring additional purification steps to insure their concentrations remain below 
the 50ppb and 1 Oppb limits (respectively) often specified by the semiconductor industry. 
In comparison, the new Starmet process has the advantage that WF6 is formed by a fusion 
reaction where all uranium and thorium (if present) remain as stable oxides. If needed, the w F 6  
gas may be subjected to another purifying step that involves another phase change, hrther 
ensuring excellent gas purity. For the electronics industry, process gas purity of 99.9% to 
99.995% is generally required. 

As mentioned above, the traditional process for producing WF6 reacts the metal with 

The new technology being developed by Starmet will 
0 demonstrate a relatively simple and robust process for producing high purity 

fluoride gases, 
utilize a highly refined source of fluorine, UF4, which can be recovered from 
the immense inventory Of UF6 S U ~ ~ ~ U S  

virtually eliminate the potential for uranium carryover into the gas phase by 
reacting two solids to produce the desired high-value gaseous fluoride 
products and 

0 

0 
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0 provide more downstream economic value and beneficial reuse of the fluorine 
bound to uranium compared to commodity grade HF and uranium oxide. 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 4 



6 OBJECTIVES OF THE PHASE I1 PROGRAM 

The primary objectives of the Phase I1 SBIR program for producing high purity fluorine 
gases for use by the semiconductor industry are shown below. 
The objectives for GeF4 are: 

to develop a production process including reactor design and processes for 
generation, capture and purification to the point that the end product is market-ready 
for existing semiconductor applications at the completion of PhaseII; 
to develop higher purity GeF4 than is currently available on the market, tailored for 
photovoltaic applications. 

0 

The objectives for WF6 are: 

0 to develop and scale-up the process for manufacturing WF6 from the reaction between 
DUF4 and W02; 
to design and develop a reactor system for producing w F 6  via a two-stage reaction 
wherein the suitable mixing, contact and control of the second stage reaction between 
the tungsten oxyfluoride intermediate (WOF4) and DUF4 can be achieved. 

7 PHASE I1 WORK PLAN 

The work plan to accomplish the Phase I1 objectives was structured in two subdivisions 
consisting of separate plans for GeF4 and WF6 due to the inherent differences in the chemistry 
and process requirements for making each gas. The scope of work associated with GeF4 was 
divided into nine tasks whereas the effort on WF6 was parceled among four tasks. The list of 
tasks for each product is shown in Table 2. The plan was carried out by focusing first on the 
development of a marketable GeF4 product during the first year of the program followed by the 
pursuit of a pathway to WFs during the second year. 

Table 2. 

Task structure for the Phase I1 Program. 

Task structure for producing GeF4. 
Task 1 : Reactor design for producing GeF4 
Task 2: Materials of construction for production of GeF4 
Task 3: Optimization of product yield 
Task 4: Development of analytical technology for identifying trace U in GeFd 
Task 5 :  Particulate filtration 
Task 6: Process scale-up 
Task 7: Gas ultrapurification 
Task 8: Product qualification 
Task 9: Design and construction of low production rate equipment 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 5 



Task structure for producing WF6. 
Task 1: Bench-scale process development for WF6 from WOF4 
Task 2: Selection of suitable materials of construction for producing WF6 
Task 3: Reactor design 
Task 4: WFs product characterization 

A summary of each task as it was performed for each of the fluoride gases is presented below. 

7.1 Tasks for Producing GeF4. 

Task 1: Reactor design for producing GeF4. 

Production of GeF4 was studied using two different reactor designs in a batch operation. 
Experiments conducted in the crucible reactor showed high reaction conversions (-95%) 
between DUF4 and GeO2 but raised issues concerning product purity. Trials conducted using a 
tube reactor yielded even better performance (>98% conversion) especially when suitable 
materials were found from which to fabricate the reaction hardware and favorable reactions 
conditions established. 

Task 2: Materials of construction for production of GeF4. 

A search for suitable materials from which to fabricate a production scale reactor was 
undertaken. A range of materials including a Haynes HR160@ alloy and nickel were subjected to 
gaseous reaction products and reaction mixtures under simulated and actual reaction conditions 
and examined in detail using scanning electron microscopy (SEM) and x-ray diffraction (XRD) 
to follow the formation of corrosion products. Several materials were found that offer greater 
resistance to attack by GeF4 when pretreated first and could be used to build a reaction system to 
manufacture the gas. 

Task 3: Optimization of product yield. 

Experimentation focused on producing larger quantities of fluoride gas in each batch 
reaction. Reaction hardware was fabricated to hold larger amounts of DUFdGe02 mixtures and 
gas collection hardware was modified to achieve greater capture efficiency. Issues concerning 
liberation of moisture in the product stream led to exploration of an alternative pathway for 
producing GeF4 using powdered germanium metal. Further testing at the milligram scale using 
the thermogravimetric analyzer was performed to better define the onset of reaction in order that 
moisture adsorbed on the reagents not compromise the purity of the final GeF4 product. 

Task 4: Development of analytical technology for identifying trace U in GeF4. 

Routine analysis of GeF4 produced by the reaction between DUF4 and Ge02 using 
standard indirect analytical techniques such as inductively coupled plasma (ICP) and kinetic 
phosphorescence analysis (KPA) has shown no evidence of uranium carryover into the final 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 6 



product beyond background levels. However, direct analysis for U in the fluoride gas is 
necessary in order to demonstrate what can be achieved using the new process technology and to 
qualify the material for use in semiconductor applications. A program to explore the 
applicability of two analytical methods involving laser-induced photoluminescence and optical 
absorption spectroscopy was established in collaboration with Dr. James V. Beitz at Argonne 
National Laboratory (Argonne, IL). Samples of GeF4 produced in lab-scale trials were analyzed 
using these techniques. Quantitative determination of uranyl species in glassy Ge02 using 
photoluminescence was found to be unsuitable for ultratrace analysis due to interferences 
introduced during the formation of the glassy GeO;? matrix. An alternative technique to convert 
hydrolyzed GeF4 to volatile GeC14 that is removed before measuring the luminescence of uranyl 
species was also found to be ineffective due to the formation of unreactive hexagonal GeOz 
during the hydrolysis step that was resistant to chlorination. Luminescence measurements 
performed on hydrolyzed Ge02 particulate dissolved in HF solution were also compromised due 
the presence of impurities leached from the walls of the fluoropolymer container used to contain 
the dissolved material. Analysis of lab synthesized GeF4 by ultraviolet absorption spectroscopy 
for the presence of DUF6 was also performed at ANL. No absorbance attributable to DUF6 gas 
was detected. 

Task 5: Particulate filtration. 

Although no evidence of uranium carryover in the gas phase was observed, 
contamination by solid phase uranium particulate created during formation and release of GeF4 
from the reaction zone, was of potential concern. For laboratory trials, a 0 . 4 5 ~  stacked PTFE@ 
membrane filter enclosed in a polypropylene shell (Osmonics, Westborough, MA) was 
incorporated into the line at the entrance to each gas cylinder to remove any entrained 
particulate. Information about gas filtration technology was also supplied by Starmet's 
development partner, Voltaix, Inc. , regarding the filtering devices they use for removing 
particulate from other semiconductor grade materials they sell. 

Task 6: Process scale-up. 

Based on what was learned during the bench-scale trials to produce GeF4, a multi-station 
reaction manifold and gas collection station were designed with capacity to process multi- 
kilogram quantities of reagents per batch. A prototype of the closed-end, vertical tube reactor 
was fabricated and tested. The gas collection station consisted of a pass-through condensation 
cylinder for cryogenically trapping GeF4 prior to final packaging. Both the reactor and gas 
collection segments of the production apparatus were redesigned using results gathered from the 
prototype reactor trial and technical recommendations made by Yoltaix for improving gas 
production and handling. 

Task 7: Gas ultrapurification. 

As part of the collaborative effort to develop and market germanium tetrafluoride, Voltaix 
was subcontracted to characterize the purity of the 'as-produced' gas. Material produced in 
laboratory trials was subjected to analyses by Fourier transform infrared spectroscopy (FT-IR) to 
determine IR-acitve impurities such as HF, CO2, H20, SiF4 and gaseous organic species and by 
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ICP-MS to measure the concentration of 37 elemental impurities including uranium. Similar 
tests were performed on a purchased material with certified purity of 99.99%, providing a 
standard to which the Starmet product could be compared. The gas produced by the new fusion 
chemistry was found to contain less elemental impurities than the reference and no uranium 
could be detected at the detection limit of 19ppb-wt. From all the analytical testing performed 
on laboratory synthesized GeF4, the quality of the 'as-produced' gas was of sufficient purity to 
qualify for use in the semiconductor industry. 

Task 8: Product qualification. 

Laboratory trials have shown that GeF4 can be produced at a purity sufficient to meet 
current market specifications. As development moves forward to production, the quality of gas 
produced in the production-scale equipment must also be verified that it also meets or exceeds 
current specifications for entry into the marketplace. 

Task 9: Design and construction of low production rate equipment. 

A process flow diagram for the GeF4 production process was drawn and costs based on 
making 100kg/yr were calculated. Designs of a multi-station gas manifold and gas collection 
station were completed as part of Task 6 above. However, due to the weak economic 
performance and stalled growth seen in both the electronic and semiconductor markets over the 
last 18 months, the demand for fabrication materials has fallen off, forcing a delay in 
construction of the production-scale reaction system. 

7.2 Tasks for Producing WF6. 

Task 1: Bench-scale process development for WF6 from WOF4. 

Investigation into the chemistry to produce WF6 froin WOF4 started with milligram-scale 
experiments to determine effective reaction parameters such as temperature, reagent 
stoichiometry and form of tungsten oxide reactant. The same solid by-product, UOzF2, was 
produced using either WO2 or WO3 in the fusion reactions at temperatures in the range between 
700°C-800°C. Bench trials were conducted using a nickel tube reactor where larger samples of 
WOF4 were collected. Several two-stage reactions were performed to explore the reactivity of 
WOF4 with probe molecules such as UF4, Si02 and TiF4. A new pathway to w F 6  was explored 
encompassing the reaction of TiF4 with WO2, first using milligram quantities followed by 
reactions involving gram quantities in a 100ml-benchtop reaction vessel. Analysis of the product 
from this reaction by FT-IR spectroscopy showed the first indication of wF6 formation. 

Task 2: Selection of suitable materials of construction for producing WF6. 

Much of the bench-scale experimentation performed to develop a pathway to WF6 was 
accomplished using a 1 " diameter tube made of nickel as well as a nickel boat to hold the 
reactants. After observing large pieces of debris on the surfaces of reaction by-products and the 
progressive deterioration of the boat itself after many trials, an investigation into the corrosion 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ERS2894. 8 
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occurring with nickel was conducted. It was determined that the surface of nickel was first 
oxidized to nickel oxide in the high temperature fusion environment followed by reaction of the 
fluoride intermediate, WOF4, and NiO to produce NiF2 and NiW04. Passivation of the Ni 
surface with fluorine to form a tightly bound layer of unreactive NiF2 for guarding against 
oxidation was recommended. With this pretreatment, nickel could be an effective material from 
which to build the production system for WF6. 

Task 3: Reactor design. 

Design of a reaction system to accommodate the two-step conversion involving the 
evolution of WOF4.and subsequent transformation to WF6 was not completed since the 
investigation into determining a suitable fluorinating agent was not completed. 

Task 4: WFs Product characterization. 

All issues dealing with the purity of WF6 could not be addressed since collection of useable 
quantities of material was not synthesized amongst the bench-scale trials performed during this 
investigation. 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 9 



8 GeF4 PRODUCTION 

8.1 Experimental Procedures - GeF4. 

8.1.1 Reactor design for producing GeF4. 

Production of GeF4 was studied using two different reactor designs in a batch-type 
process for manufacturing material of exceptional purity. Due to the low volume (in the range of 
100-200kglyr) and high value ($3-$5 per gram) of the product, a batch process was pursued since 
it is best suited for controlling reaction yield and product quality. The two system configurations 
examined in detail involved a crucible reactor and a tube reactor. Each design offered certain 
distinct advantages, which were examined as Task 1 was accomplished. 

This design provided for easy material transfer and accommodated sufficient reagent volume to 
produce up to 1 kg of gas per batch. Characteristics of this design such as the large freeboard 
(internal void volume) above the heated zone and large internal surface area within the reaction 
chamber were issues of concern. 

A schematic of the crucible reactor system used to produce GeF4 is shown in Figure 2. 

T 

---+I carrier gas 
inlet 

crucible reactor 
with programmable 

temperature 
controller 

I n  L= 

to vent 
II 

bypass 
vent 

, 
gas collection cylinder inside 

liquid N2 dewar 

Figure 2. Schematic of crucible reactor setup with gas cylinder attached to collect GeF4. 

These SBIR data are furnished with SBIR. rights under Grant No. DE-FG02-99ER82894. 10 



Five experiments were performed using the crucible reactor setup in order to assess the 
performance of this design with respect to conversion yield and gas capture efficiency. The list 
of trials is shown in Table 3, showing reaction time, temperature and reagent make-up. 

GeFusn-20 
GeFusn-21 
GeFusn-22 
GeFusn-23 

Table 3. 

Ni beaker 875 2 30.842 23.977 
Ni beaker 925 2 28.691 23.946 

Cu cup 925 2 3 1.065 23.979 
Ni beaker 925 3 32.444 23.999 

Experiments Performed in the Crucible Reactor Setup. 

Reaction Reaction Reagent 
Expy-ment 1 ::fe;t 1 Tem7fx-hu-e 1 ::; 1 y;z,ht 1 Fraction zt 1 
GeFusn-19 Ni beaker 875 30.284 25.45 1 

For each experiment, the reagent mixture of U F 4  and GeO2 was contained in a 250 ml beaker 
made of nickel. For the GeFusn-22 trial, the reagent container was switched to a copper cup 
along with a copper tube insert in an attempt to direct the gas product out of the reactor faster. 
This was done to reduce the effects that the large internal volume (freeboard) and surface area 
may have (Le. possible side reactions) on the GeF4 produced in the hot zone of the reaction 
chamber. A schematic of the copper cup/’chimney’ insert is shown in Figure 3. 

such that there was a slight molar excess (-5wt%) of UF4 over Ge02 in order to promote 
complete reaction of all germania to gaseous product. The reaction parameters for each 
experiment are listed in Table 3. ‘The approach was to find a set of conditions which maximized 
both conversion yield and capture efficiency. Chromatographic grade helium (specified as grade 
5.5 from AirGas East, Salem, NH) was used as the motive gas to convey the GeF4 out of the 
reaction vessel and through a small gas sample cylinder (1 50cc internal volume) used as the 
collection vessel. Each cylinder was made of type 3 16 stainless steel and was equipped with 2 
valve closures and an outage tube to deliver the gas stream to about the midpoint of the cylinder 
interior. A partially filled dewar of liquid nitrogen was used to cool the cylinders for trapping 
the GeF4 within the cylinder volume. Prior to each experiment, the collection vessel was heated 
and out-gassed under vacuum to remove adsorbed moisture to prepare the sample cylinder to 
receive GeF4. It was weighed prior to and after collection to record the amount of volatile 
product captured. In addition to the weight change of the vessel, the weight of the container 
holding the reagents was recorded prior to and after reaction. 

example of the experimental process. The procedure started with the preparation of a fresh 
mixture of constituents for each experiment. Once prepared, the mixture was placed in the 
nickel beaker which was lowered to the bottom of the HR160@ alloy reactor (internal volume -4 
liters). The reaction chamber was sealed at the top flange opening using a teflon@ gasket and a 

Except for the first experiment, GeFusn- 19, the composition of the reactant mixture was 

A step by step description of the procedure followed is included here as a representative 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 11 
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copper cup 
holding reactants 

source of high purity helium connected via gas-tight compression fittings. To effectively purge 
the atmosphere of air inside the vessel, a vacuum was carefully established using a mechanical 
pump followed by back-filling with helium to ambient pressure. After completing three 
vacuudbackfill cycles, the flow of helium carrier was established at the desired rate. The gas 
stream exiting the reactor was sent through a tee where one branch led to the collection vessel 
and the other to a vent line. The crucible furnace (Blue 1WLindberg) was connected to a 16- 
segment programmable controller. The heating profile followed is shown in Table 4. After 
maintaining the reaction for the desired period, the flow of gas from the reactor was allowed to 
continue through the collection vessel for 30 minutes following the start of the cooling segment 
to allow for collection of product entrained inside the reactor’s freeboard. Once gas collection 
was terminated and the sample cylinder closed to flow, the gas stream was redirected through the 
vent line while the reactor cooled to ambient under a flow of helium. After cooling to ambient, 
the reaction vessel was opened to retrieve the nickel beaker containing reaction residue. In each 
case, the beaker was weighed and solid residue recovered. 

I O O C  

b 

reactor outflow to gas 
collection cylinder 

gas inlet 

Figure 3. Schematic of crucible reactor with copper cup and ‘chimney’ insert used in 
GeFusn-22. 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 12 



Table 4. 

Segment 
Ambient -+ 400°C 

Dwell @ 400°C 
Ramp 400°C -+ 800°C 

Heating Profile for the Crucible Reactor Experiments. 

"C/minute 
15 

60 min 
15 

Dwell (@ 800°C 
Ramp 800°C + 875OCor925"C 

~ 

-1 5 min to chill cylinder 
15 

Dwell at reaction temperature 
Ramp 875°C + 25°C 

120 or 180 min 
10 

The second type of reactor that was investigated for synthesizing GeF4 in a batch process 
was a tube reactor. The tube reactor offers a higher heat transfer rate in the high temperature 
zone and reduced freeboard downstream of the generation point. The first tube reactor 
constructed to evaluate this configuration was made of type 304L stainless steel and consisted of 
a 27" section of 2.75" OD pipe welded to an 1 1 section of 1 I' OD tube. The reduction in tube 
diameter was used to reduce void volume outside the heated reaction zone and convey the 
product gas out of the tube faster. The 2.75" diameter of the pipe allowed for larger amounts of 
reactants per batch. The tube furnace was a 3" diameter, single zone unit (Lindbevg) possessing 
a 10"-12" heated bed length. This reaction tube was used for only one experiment, GeFusn-24. 
In this trial, a high-density alumina boat was used to shuttle a mixture of U F 4  and GeOz to the 
center of the hot zone prior to heating. A 150cc gas cylinder was fixed to the reactor effluent 
stream similar to the setup used to collect gas in the crucible reactor experiments. A schematic 
of the tube reactor configuration is shown in Figure 4. 

An additional eight experiments were performed in a second tube reactor constructed of 
nickel 200 alloy. The Ni tube reactor consisted of a 1 I' OD section of tube 43" in length. The 
selection of a relatively small diameter tube for these experiments was made since it was readily 
available from various vendors, did not require additional fabrication techniques (welding, etc.) 
and used only standard compression fittings (SwageZok@') for connecting to the gas collection 
vessel. The complete list of experiments performed in the tube reactor configuration is compiled 
in Table 5.  Reaction parameters and reagent specifications are listed here for each trial. In all 
experiments the stoichiometry of the UF4/GeO2 starting mixtures contained a slight excess of 
green salt. For the 1" OD Ni tube experiments, a small 4" long nickel boat was used to shuttle 
reagents into the central reaction zone. Output from the reactor was either diverted through a 
vent line or through a 3 16 stainless steel cylinder chilled using a partially filled dewar of liquid 
nitrogen. Starting with experiment GeFusn-28, type-K thermocouples were attached to the 
external surface of each collection cylinder to monitor its temperature in an effort to prevent 
stoppage of flow caused by GeF4 condensing in the 0.25" diameter outage tube rather than in the 
cylinder interior. 

air) and flow rate of carrier gas. With the exception of the first two experiments (GeFusn-25 
Parameters investigated included temperature, reaction atmosphere (helium or helium + 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 13 
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Figure 4. Schematic of the Ni tube reactor setup with gas cylinder attached to collect GeF4. 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 14 



Table 5. 

Experiment 
ID 

GeFusn - 

Experiments Performed in the Tube Reactor Setup. 

Reaction Motive Gas 
Conditions Flow Rate Weight of Weight 

Reagents Fraction 
Atm/Temp/Time cc/min Ge02 
gas / "C / hr (He/air)=Total (wt%) 

and -26), a reaction period of five hours was employed. Three experiments were performed 
where a small flow of dry air was added to the helium stream (for GeFusn-28,-29 and -32) after 
the furnace temperature reached the desired mark. The heating profile was slightly different than 
that listed in Table 4. The temperature of the furnace was raised to 500°C at 15"C/minute and 
maintained for 60 minutes to allow removal of adsorbed moisture from the reagents before 
ramping to the final reaction temperature at a rapid rate of -100"C/minute. Upon conclusion of 
the reaction, the furnace temperature was lowered at 1 O"C/minute but the actual temperature 
drop tailed off after 10-1 5 minutes from the programmed rate to a slower pace set by heat loss 
from the furnace. Passage of gas through the cylinder was continued for 30 minutes following 
the start of cooling to harvest residual GeF4 from the gas stream during the cool down. Data 
collection from the experiments was the same as that described for the crucible experiments. 

and tube reactor trials, characterization of the synthesized reaction products was also done. The 
powder materials recovered from the nickel beaker and boat were analyzed by x-ray powder 
diffraction (XRD) to qualitatively document final composition and investigate possible reaction 
intermediates in the cases where conversion was incomplete. The XRD analyses were performed 
on a Shirnadzu XRD-6000 diffractometer equipped with a copper radiation source. Data were 
collected over the range of 10"-150" 2-theta. The experimental data were compared to the 
library of reference patterns contained in the Powder Diffraction File of the International Center 
for Diffraction Data, Volumes 1-47, Release 1997 (Newtown Square, PA)13. 

The gaseous product captured in the 150cc collection cylinders was analyzed by Fourier 
transform infrared spectroscopy (FT-IR) to verify the gas was indeed GeF4 and also to evaluate 

Besides the gravimetric measurements collected after each reaction in both the crucible 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 15 
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Material 
Ni sheet 
Monel 
Inconel 600 @ 

purity with respect to other foreign species such as HF and H20 which may have been liberated 
during the reaction. The measurements were made using a Nicolet Magna-IR 560 optical bench 
situated with a KBr beamsplitter and DTGS detector. Gas samples were contained in a gas-tight 
1 Ocm cell (CIC Photonics, Inc. , Albuquerque, NM) outfitted with zinc selenide windows and a 
programmable heater for maintaining the cell at 125°C to displace adsorbed moisture prior to 
data collection. 

Composition 
100 YO Ni 
70Ni-30Cu 
72Ni- 14Cr-6Fe-0.15C- 1Mn-0.0 15S-OSOSi-0.5OCu 

8.1.2 Materials of construction for production of GeF4. 

Haynes 242@ 
Havnes HR-160 @ 

Fluoride gases, especially at elevated temperatures, can be very corrosive. Therefore it 
was necessary that the materials of construction used in building a production system be as inert 
and unreactive toward GeF4 as possible when placed in demanding conditions including high 
temperature and strong oxidizing environments such as hydrogen fluoride vapor. Corrosion 
testing was performed on a number of metals and metal alloys compiled in Table 6 below. 
Table 6 also lists the constituents of the materials and their relative proportions. In the Phase II 
proposal task outline, Haynes Alloy N@ was also selected as a potential candidate, however this 
alloy is being phased out by Haynes in favor of Alloy 242. Thus Haynes Alloy N@ was not 
studied, as this alloy is now difficult to obtain. In place of Haynes Alloy N@, copper was tested 
for resistance to attack by GeF4 since some of the crucible reactor experiments used a Cu 
chimney over the reactor cup to minimize the freeboard within the reactor. One of the copper 
chimney inserts was dissected and studied for corrosion products. Monel was also included in 
the study since earlier work had shown that Monel reacted extensively with the product gases. 
Finally, 304 stainless steel (SS) was substituted for 3 16 SS since 304 SS was used for the tubing 
of the system. 

6 5Ni-25Mo-8Cr-2.5 Co-2Fe-O.8Mn-0.8Si-0.5A1-0.5Cu-0.03 C-0.006B 
37Ni-29Co-28Cr-2.75Si-2Fe-0.5Mi-0.05C 

Table 6. 

304 Stainless Steel 
Cu tubing 

Metals and Alloys Used in the Corrosion Studies. 

Fe-18Cr-8Ni-2Mn-lSi-0.08C-0.045P-0.03S 
99% c u  

The metal samples were prepared by removing rough edges and polishing with 600 grit 
Sic paper. Two major experiments were conducted. In the first, the metal samples were 
exposed to pure GeF4 gas from a commercial supplier in a tube furnace. In the second, metal 
samples were exposed to both the reaction mixture and the product gas produced in the crucible 
reactor. In addition to these experiments, materials used in other reactions that could be spared 
were examined. Analysis primarily consisted of scanning electron microscopy coupled with 
energy dispersive spectroscopy ( S E m D S ) .  In addition, x-ray diffraction (XRD) was used on 
some samples. 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 16 
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Corrosion Experiment 1 

section of Monel tube as the chamber. Samples tested in this experiment included 304SS, 
Inconel 600, Hnynes 242, and Cu. The procedure for the experiment was as follows: 
1. Purge system with dry argon for ?4 hour 
2. Shut off argon, and close off valves to argon side of assembly. 
3. Open GeF4 tank. Allow to flow until bubbles seen in trap. 
4. Close GeF4 tank, followed by closing each end of the reaction tube. 
5 .  Begin heating to 900 "C at 50 "C/min. 
6. Hold 1 hour 
7. Cool to 300 "C. Shut off furnace 
8. Open ends of reaction tube 
9. Purge system for 2 hours with dry argon as it continues to cool. 
10. Shut off argon. 
1 1. Open furnace. Disconnect tube at both ends at 1" Swagelok' fitting. 
12. Tilt tube to slide corrosion coupons out into beaker 
13. Test coupons for pH. Wash in water, test again. Neutralize with lime solution if necessary. 
14. Proceed once neutralized with metallography/microscopy. 

This experiment was performed in a Mini Mite furnace (Blue MLindberg), using an 18" 

Some difficulties were encountered during the experiment. A leak occurred at the valve after the 
check valve, leading to a leak at the regulator connection, which was then tightened. At the end 
of the experiment, when the ball valve nearest the water trap was opened, water was sucked into 
the reaction tube. The system was at around 200°C when this occurred. The system was purged 
with argon overnight to try to dry the system. The coupons needed to be neutralized as they 
were highly acidic. 

Corrosion Experiment 2 
This reaction was performed in the Lindbevg crucible furnace used in previous 

experiments. A reaction mixture consisting of 194.6 g U F 4  and 67.5 g Ge02 was made, and 
172.lg of this mixture was placed into an alumina crucible. Coupons of all six metals were 
embedded in the reaction mixture. Additional coupons were placed in the outflow tube of the 
reactor. In this way, the performance of the materials in question could be studied 
simultaneously with exposure to the gas phase and in contact with the solids. The furnace was 
heated at 15"C/min to 400"C, held for 1 hour, ramped at 20"C/min to 925"C, held for 2 hours, 
and then cooled to room temperature. The gas produced was scrubbed out with water in a large 
Erlenmeyer flask. 

8.1.3. Optimization of product yield. 

A group of experiments was performed as part of the reactor design study in Task 1 
which explored reaction parameters that directly affected the yield of GeF4. The parametric 
study included aspects such as reaction temperature, reaction atmosphere and length of reaction. 
As part of Task 3, several additional experiments were done to find conditions for maximizing 
both conversion and yield of GeF4. There was also a need to increase the amount of fluoride 
produced per batch reaction to make sufficient quantity for analytical characterization. In order 
to produce more gas from each experiment using the 1 ' I  OD tube reactor setup, a larger reagent 

These SBIR data are fiunished with SBIR rights under Grant No. DE-FG02-99ER82894. 17 
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vessel was fabricated in-house using an 8'' section of 1" OD nickel 200 alloy tube. The tube was 
cut lengthwise, in half, and curled so that it would slide into the 0.834" internal diameter reaction 
tube opening. End pieces of nickel were welded to the ends of the curled section, forming a boat 
with a capacity of about 50 grams of combined reactants. 

The first experiment to use the larger reagent boat, GeFusn-33, also incorporated a 
change to the gas collection hardware as recommended by Yoltaix, Inc. personnel. The revised 
gas collection configuration is shown in Figure 5. It was suggested that the GeF4 laden gas 
stream enter the cylinder through the top port and be vented through the outage tube which 
should be shortened to protrude into the vessel to a depth of -2 inches. In previous trials, the 
outage tube delivered the incoming gas flow to the midpoint of the 9" cylinder before venting 
through the top port. The new gas flow pathway was instituted to reduce the likelihood of 
freeze-up and blockage caused by condensed product in the Yt" outage tube. It was 
recommended that the coolant level remain 1-2" below the tip of the outage tube opening. 

GeF4 flow into the - Gas flow exit 
to vent cylinder 

f 
Shortened outage tube Ir- 

Coolant level 1-2" 
below outage tube 

opening 

Figure 5. New cylinder configuration and gas flow pathway used in collecting GeF4. 

After completing GeFusn-33, in which the reaction temperature was in the range between 
7OO0-775"C and total reaction time approached 7 hours, a significant fraction on the residue 
remaining in the 8" boat was green in color, indicative of unreacted green salt. As a result, a 
probe of the internal temperature inside the nickel reaction tube was conducted. The 1 ' I  tube was 

These SBIR data are fUmished with SBIR rights under Grant No. DE-FG02-99ERS2894. 1s 
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1" hex nut at inlet I 
at lO8C with I 

outfitted with a thermocouple to probe the internal temperature over the 12" section of heated 
area. A schematic of the temperature probe setup is shown in Figure 6 depicting the four points 
(A, B, C, and D) along the center axis where the measurements were taken. Temperature data 
were recorded at five furnace set,-points without the 8" boat or reagents in the reactor. 

I I I 
4" left of ctr 4" right of ctr I 1" hex nut at 

I exit at 163C 

Thermocouple probe 

I I 11 I I 

- furnace at 850C I I 
I I l -  midpoint 
I 
1 

6" left of ctr 

I with furnace at 
I 850C 

sticks out-1.5" 

I 
sticks out -4" ' I 

Figure 6. Schematic representation of the temperature probe within the Ni tube reactor. 

A second experiment, GeFusn-35, was performed in the 1" tube reactor where the GeF4 
product stream was analyzed directly by in-line FT-IR spectroscopy using the 1 Ocm gas cell 
maintained at 130°C. Multiple aliquots of gas captured at various points along the reaction 
timeline were examined to catalog the quality of GeF4 with respect to moisture content and onset 
of gas evolution. 

From the start of the experimental program, the primary germanium source to produce 
GeF4 was high purity Ge02 (99.999%). After developing the cost model for producing the gas, it 
became evident that there may be a competitive economic advantage to derive GeF4 using Ge" 
metal as an alternative source. The alternative reaction pathway is given in equation (8.1) 

3UF4 + 3Ge" + 402(g) --+ 3GeF4(g) + U@S (8.1). 

This new chemistry is based on the in-situ oxidation of Ge" to GeOz and is analogous to the 
chemistry developed at Starmet for producing silicon tetrafluoride from the reaction between 
silicon metal, UF4 and oxygen as practiced in U.S. patent 5,901,338. 

To test the feasibility of the chemistry shown in equation (l), two milligram-scale 
experiments were performed using the TA Instruments model 2960 Simultaneous TGA/DTA 
(ThermoGravimetric Analyzer/DijFferential Thermal Analyzer). In the first trial, a small sample 
of Ge" metal was heated to 1000°C in a stream of dry air. In the second experiment, a mixture of 
UF4 and powdered Ge" metal was heated to 850°C at lO"C/min in a stream of dry air. In each 
trial the sample weight was measured as a function of time and temperature. 

larger scale using the 1" OD Ni tube reactor setup. In this trial, identified as GeFusn-39, 2.0558 
grams of 99.9% pure Ge" metal powder was combined with U F 4  and reacted at temperatures in 
the range between 600"C-700"C. The output from the reactor was connected to the gas-sampling 

After completing the milligram-scale experiments, the same reaction was carried out on a 

These SBIR data are furnished with SBIP. rights under Grant No. DE-FG02-99ER82894. 19 
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cell and multiple aliquots of reactor offgas were analyzed by FT-IR spectroscopy to characterize 
the purity of the product. The post-reaction solid residues were analyzed by x-ray powder 
diffraction. 

Finally, one micro-scale experiment was performed in order to better define the 
temperature at which the fluoride gas was first liberated. Experiments from the reactor design 
trials have shown that the reaction between green salt and germanium oxide is well underway at 
a temperature of 650°C. A more refined determination of the reaction onset temperature is 
expected to impact both the purity and yield of the final product. Using the TGA instrument, a 
mixture of reagents was heated to1 500°C at 1 S°C/min in a stream of air or argon. The change in 
the weight of the mixture was monitored during three successive heating cycles. 

8.1.4. Development of analytical methodology for identifying trace uranium in GeF4. 

Analysis for uranium species, which may have carried into the GeF4 produced by solid state 
reaction between U F 4  and Ge02, was investigated previously in the Phase I SBIR program using 
indirect methods such as kinetic phosphorescence (KPA) involving aqueous scrubber solutions. 
Those results showed U content at background levels measuring in the single digit parts-per- 
billion (ppb) range. However, more sensitive measurements were sought employing direct 
methods to determine the U concentration at levels called out in specifications of other important 
semiconductor gases such as tungsten hexafluoride, m 6 .  The value specified for uranium 
impurity in w F 6  offered by Matheson Electronic Products Group /Semi.Gas Systems is listed at 
0.05 ppbwt. The goal of this task was to develop the methods and procedures that have the 
sensitivity to measure uranium in the range that is appropriate for products intended for use in 
the semiconductor industry. 

James Beitz at Argonne National Laboratory ('NL) to explore the applicability of using two new 
techniques, optical absorption spectroscopy and laser-induced photoluminescence, to measure 
the very low levels of U in GeF4. The work carried out at ANL is compiled in four quarterly 
progress reports that are included iin Appendix A of this report. Details of the experimental 
program and results are included there. 

Two samples of GeF4 produced at Starmet were sent to ANL for characterization by the 
new techniques. The first sample was made as part of the GeFusn-36 trial and contained 5.3 
grams of gas in a 300cc Monel gas cylinder equipped with a shortened outage tube made from 
1/4" nickel tube. The reaction conditions for this run are compiled in Table 7. The gas 
produced in this trial was collected without passing it through a filter and was considered as the 
most 'crude' form (worst case scenario) with regard to possible U contamination. 

To assist with meeting that challenge, a collaborative effort was undertaken with Dr. 

These SBIR data are fimished with SBIR rights under Grant No. DE-FG02-99ERS2894. 20 
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Experiment ID: (1180201-GeFusn-36 
System : 
Weight of reagents (gm) 34.1057 wt% Ge02: 24.9847 
Sweep gas: 
Pre-reaction drying period: 

Reaction Temperature ("C) 750 
Cylinder ID: 

Collection method: 
Filter: none 

1 ' I  OD nickel tube reactor with 8'' Ni boat 

Helium (62) + air (10) = total flow at 72 (cc/min) 
2 hours at 5OO0C in helium 

Total reaction time (hr): 5 

# A l ,  300cc Monel, double port, shortened Ni outage tube and 
Monel plug. 
n-propyl alcohol/liquid N2 bath at -62 to -72°C 

Table 7. 

R.eaction Profile for GeFusn-36. 

Experiment ID: 
Reaction: 
System : 
Weight of reagents (gm): , 

Sweep gas: 

011102-GeFusn-40 
3W4 + %e02 + 02(g) = 3GeF4 + U308 

1 'I OD Nickel tube reactor with 8" nickel boat (Includmg NI foli spacer) 

Helium (62) + air (20) = total flow at 82 (cc/min) 
36.4229 1 wt% GeO2 : 23.4819% 

A second sample of GeF4 was prepared as part of GeFusn-40. In this experiment, the gas 
stream leaving the 1" tube reactor was passed through a 0 . 4 5 ~  stacked PTFE@ membrane filter 
(Osmonics, Inc., Westborough, MA) before collection in the 300cc Monel cylinder. Reaction 
conditions for GeFusn-40 are given in Table 8. By making slight changes to the pre-reaction 
drying period and reaction temperature profile, 8.3 grams of gas was captured for shipment to 
ANL . 

0.33 
0.50 

Table 8. 

725 
750 

Reaction profile for GeFusn-40. 

Collection method: 
Filter: 

~~ 

n-propyl alcohol/liquid N2 bath at -85°C to -80°C 
Osmonics 0.45 p stacked PTFE@ membrane / polypropylene shell 

IPre-reaction drying period: 11 hour at 450°C in helium 

Time (hr) I at T ("C) I 

I I I 3.33 I 775 I 

loutage tube. 

These SBIR data are M s h e d  with SBIR rights under Grant No. DE-FG02-99ER82894. 21 
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The post-reaction solids from both GeFusn-36 and -40 were recovered and weighed to 
determine both reaction yield and conversion and then analyzed by x-ray powder diffraction to 
characterize the composition of the leftover materials. 

8.1.5. Particulate filtration. 

During the reactor design trials, conducted as part of Task 1, filtering of the gas leaving 
the reactor was not done in order to maximize the total amount of product captured. However, 
when samples of GeF4 were made as part of the characterization of gas purity at facilities outside 
of Starmet, the gas was filtered through a 0 . 4 5 ~  stacked PTFE@ membrane filter enclosed in a 
polypropylene shell (Osmonics, h c .  , Westborough, MA). This included the material sent to 
Argonne National Laboratory and Voltaix, Inc.. 

regarding what they used for removing particulate from other semiconductor grade materials 
they manufacture. One filter they have experience with and recommend is the Wafergard II F-6 
In-Line Gas Filter manufactured by Millipore Corporation (Bedford, MA). This unit features a 
teflon@ membrane module rated fix particulate removal of 20.003p. This type of modular filter 
can be placed directly in-line withiin a short distance of the gas cylinder inlet. Another filter, 
equivalent to the unit used by Volfaix, Inc., was purchased for use when the GeF4 production- 
scale reaction system was built. The filter, model # TEM-81 1-P, was manufactured by the 
T.E.M. Filter Company (Santa Clara, CA) and purchased from Air Products (Allentown, PA). 

Information about gas filtration technology was also passed along from Voltaix, Inc. 

8.1.6 Process scale-up. 

Using what has been learned from reactor design and optimization trials (Tasks 1 and 3), 
production of GeF4 was demonstrated at high conversion levels and reasonably good capture 
efficiencies. Design of a productilon-scale apparatus was started and conceptual drawings of a 
multi-station reaction manifold and gas collection station were made. The two segments of the 
system are depicted in Figures 7 and 8. The reaction hardware consisted of six individual 
stations linked to a common manifold for conveying GeF4 to the collection station. The multiple 
reactor setup was adopted over a larger capacity single reactor apparatus to accommodate: 

improved heat transfer to the reactant bed by keeping bed dimensions to a minimum; 
adding production capacity as needed over time; 
greater control over batch purity and avoidance of lost production time; 
lower cost and time to fabricatle reaction hardware; 
ease of handling reaction hardware by operators. 

Each station joined to the manifold was designed to hold a reactant charge of -1kg and 
produce -0.33kg of GeF4. With all stations in operation at once, the system would deliver -2kg 
of fluoride gas per day. Pertaining to operation, the gas produced by heating each reaction tube 
is carried into a central manifold b,y introducing a sweep stream of helium (or helium+air) above 
the reactor charge. The GeF4-ladein stream is filtered using an in-line sintered metal (nickel) disc 
for snagging entrained particulate leaving the reaction zone. The combined gas flow is then 
directed to the collection apparatus, shown in Figure 8, where GeF4 is condensed into a large 
volume cylinder surrounded by an appropriate coolant bath such as dry ice/alcohol. Once the 

These SBIR data are -shed with SBIR rights under Grant No. DE-FG02-99ER82894. 22 
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Figure 7. Multi-Station Reaction System for Producing GeF4. 
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capture of GeF4 is complete, the gas quality can be upgraded using fractional distillation 
procedures when transferring the product into transportable 1 -liter (or larger) cylinders. It is 
possible to automate the transfer from the collection cylinder to the final package vessel but the 
automation hardware is costly and is not justified for a low production process such as this. 
In an effort to increase the amount of GeF4 produced per batch and also test the merits of the 
reactor design put forth in Figure 7, a small-scale prototype of the closed-end tube reactor was 
constructed from a 9” section of 1 ”OD nickel tube to hold the reactant mixture. The sweep gas 
was introduced via a ?4” tube inserted through the wall of the 90” union elbow used to cap the 
closed-end tube. The 1” elbow orifice was stepped down in size to a 1/” tube connection and 
ultimately joined to a 300cc sample cylinder which had two ports and no outage tube. The 
cylinder was setup as a ‘flow-through’ condenser to capture GeF4 from the gas phase as the 
stream exiting the reactor passed through. The details of the reaction are given in Table 9 and 
the trial was identified as GeFusn-34. In this experiment, 87.84 grams of combined UF4 and 
GeO2 were loaded into the vertically oriented tube. A 6”OD x 6”long ceramic heater, controlled 
manually by variable potentiostat, was used to heat the tube. The ‘flow-through’ cylinder was 
positioned about 12” to the side of the reaction tube and was outfitted with a container to hold 
bulk dry ice pellets around the circumference of the cylinder body. 

Table 9. 

Reaction profile for GeFusn-34. 

[Experiment ID: 1051501-GeFusn-34 
I System: /Closed-end 1” OD nickel tube reactor - 1  
I (6” OD x 6” long ceramic heater (with manual control) ~ 1 

~ 

Weight of reagents (gm): 87.84 1 wt% Ge02: 24.1689 
Sweep gas: 

Reaction temperature profile Time&) 1 at T(OC) 

Helium flow at 70 (cc/min) 
Total reaction time (hr) 5 

2 735-755 
1 775 

I 1 : 2 800 
Cylinder ID: 
Collection method: 

#11, 300cc volume, Monel, double port, no outage tube 
dry ice bath, neat 

These SBIR data are M s h e d  with SBIR rights under Grant No. DE-FG02-99ERS2894. 25 
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8.1.7 Gas ultrapurification. 

As part of the Phase I1 program to harvest GeF4 from processing of uranium tetrafluoride, 
Voltaix, Inc. (North Branch, NJ) .was subcontracted by Starmet to perform analytical testing of 
the gas to establish the purity of the "as-produced" material. Voltaix, Inc. agreed to partner with 
Starmet to assist with the development and commercialization of GeF4 since they currently 
market this material for ion implantation applications. The material produced by the FEPTM 
technology requires in-depth characterization to establish what must be done at either the crude 
production stage or with additional purification steps to insure that this gas will be pure enough 
to meet or exceed the current specifications. 

Under the subcontract agrleement with Voltaix, Inc. germanium tetrafluoride produced at 
Starmet was to be characterized using three techniques, FT-IR spectroscopy (FT-IR), gas 
chromatography-mass spectrometry (GC-MS) and inductively coupled plasma-mass 
spectrometry (ICP-MS). Infrared spectra were collected using a Nicolet Instruments MagnalR- 
560 optical bench, similar to the instrumentation at Starmet. Analysis of gas samples by GC-MS 
was attempted but abandoned after experiencing problems with identifying an acceptable 
separatory column that did not react with GeF4. ICP-MS analysis of Starmet material was 
accomplished at an independent laboratory, Applied Analytical Inc. (Austin, TX). For this 
evaluation, GeF4, produced in laboratory trials (GeFusn-37 and -3S), was first hydrolyzed in 
deionized water at Voltaix, Inc. and the resultant solution, along with a similarly prepared 
reference sample and 'blank' specimen, were forwarded on to Applied Analytical Inc.. The 
source of the reference sample was derived using a purchased source of GeF4 claimed to have a 
purity of 99.99% (vendor certified). The 'blank' sample was prepared by bubbling a known 
amount of nitrogen ballast gas through a set volume of deionized water. 

and GeFusn-38. The material collected in both trials totaled 15.61 grams. The reaction profile 
for each experiment is given in Table 10 and Table 11 showing reaction time and temperature 
information. 

The GeF4 submitted for purity analysis was generated from two experiments, GeFusn-37 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 26 



Table 10. 

Reaction Profile for GeFusn-37. 

Experiment ID: 
System: 
Weight of reagents (gm) 
Sweep gas: 
Pre-reaction drying period: 
Total reaction time (hr): 
Reaction temperature profile 

1 

081601-GeFusn-37 
1 'I OD nickel tube reactor with 8" Ni boat (including Ni foil spacer) 

35.1592 I wt% Ge02: 24.9847 (stoichiometric mixture) 
Helium (62) + air (20) = total flow at 82 (cc/min) 
1 hr at 300°C in helium 

5.25 
Time (hr) at T ("C) 

0.25 700 

I 

Cylinder ID: 

Collection method: 
Filter: 

I 

2.75 775 
1.25 800 

#8., 150cc stainless steel 304, single port with shortened 
outage tube. 
n-propyl alcohol/dry ice bath at -72°C 
Osmonics 0.45 p stacked PTFE@ membrane/polypropylene shell 

I 
I 
I 

Experiment ID: 
System: 
Weight of reagents (gm) 
Sweep gas: 
Pre-reaction drying period: 

Reaction temperature profile 
Total reaction time (hr): 

Cylinder ID: 

08:2101-GeFusn-38 
1 I t  OD nickel tube reactor with 8" Ni boat (including Ni foil spacer) 

34.0237 1 wt% Ge02: 24.9847 (stoichiometric mixture) 
Helium (62) + air (20) = total flow at 82 (cc/min) 
1 hr at 4OO0C in helium 

3.75 
Time (hr) at T ("C) 

0.75 650-800 
3 800 

#8, 150cc stainless steel 304, single port with shortened outage 
tube containing GeF4 collected in 08160 1-GeFusn-37. 

Table 11. 

Reaction Profile for GeFusn-38. 

I Collection method: In-propyl alcohol/dry ice bath at -77OC I 
IFilter: I Osinonics 0.45 LL stacked PTFE@ membrane / DolvDroDvlene shell 1 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ERS2894. 27 



In brief, both reactions were carrjed out using a heliudair mixture as the sweep gas through the 
reactor. The material produced in both reactions was filtered using a 0 . 4 5 ~  stacked PTFE@ 
membrane filter (Osrnonics, Wes tborough, MA) before condensation in the cylinder. FT-IR 
analysis of the gas stream exiting the 150cc collection cylinder was done during the GeFusn-3 8 
trial to monitor how much product gas was escaping from the condensation zone while the 
cylinder was submerged in the coolant bath at -77°C. After concluding GeFusn-38, the 
heliudair residual was removed by vacuum processing before shipping the sample to Voltaix, 
Inc. Follow-up analysis of the reaction solids left behind after each trial was also performed 
using x-ray powder diffraction. 

8.1.8 Product qualification. 

Germanium tetrafluoride produced in laboratory trials was analyzed by several different 
techniques described in Tasks 4 and 7. The crude product was determined to be equivalent in 
purity to the reference material with certified purity of 99.99% (UHP grade). Additional 
analytical testing is required to quantify the level of impurities specifically called out in the 
Voltaix, h e .  specification for U H P  grade GeF4 such as CF4, COY C02, SO2, N2, Ar+O2 and HF. 
Many if not all of these impurities can be measured by GC-MS, the one technique that presented 
the greatest challenge in obtaining useable data during the Phase I1 program. 

However, the need for a miaterial with higher purity than the current specification has not 
been established. No work was done to pursue what the next generation of 
electronic/semiconductor products may require with regard to material specifications. 

8.1.9 Design and construction of low production rate equipment. 

Due to the weak economic performance and global slump in the electronic and 
semiconductor sectors over the past 18 months, the decision to erect a production-scale plant for 
producing GeF4 was postponed. However, conceptual drawings of a multi-station reaction 
system and gas collection station were made and described in Task 6. This system was 
configured to deliver up to 2kg of fluoride gas per day when operated at full capacity, making it 
well suited to meet the projected 1 OOkg production plateau as forecasted by Voltaix, Inc. 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 28 



8.2 Experimental Results for GeF4. 

8.2.1 Reactor design for producing GeF4. 

Two designs for a batch-t,ype reaction system were tested for producing GeF4 with good 
reaction yield and capture efficiency. Five experiments were performed using a crucible reactor 
while nine experiments were carried out using several tube reactor systems. The experimental 
setups and procedures were given in detail in section 8.1.1. Results for these two reactor 
configurations are arranged into two groups to help facilitate comparison of their performance as 
indicated by reaction conversion and capture efficiency values. After presenting the reaction 
data, results for the analyses of the reaction products (both solids and gas) by x-ray diffraction 
and FT-IR spectroscopy are also included. 

Results for the five experiments in the crucible reactor setup are given in Table 12. In 
this table, both theoretical (calculated) and experimental (observed) values were used in deriving 
the "Reaction Conversion" and "Capture Efficiency" parameters. Calculations were based on 
gravimetric measurements collected for gaseous product and residues remaining after reaction. 
"Calculated" values in the table were based on 100% reaction conversion. The "Reaction 
Conversion" was calculated as a ratio of "Observed weight loss of reagents" to the "Calculated 
weight loss of reagents" expected upon complete reaction (x 100%). The "Capture Efficiency" 
of GeF4 was compiled as the "Observed weight gain in cylinder" divided by the "Observed 
weight loss of reagents'' (x lOO%j. Among the five trials, the Reaction Conversion ranged from 
a low of 84.9% (for GeFusn-20) to 95.2% (for GeFusn-23) while the Capture Efficiency ranged 
from 20.9% (for GeFusn-19) to a high of 38.3% (for GeFusn-21). 

The reaction parameters, i.e. reaction temperature, time and flow rate of carrier gas, were 
varied in order to find a set of conditions which maximized both conversion and capture 
efficiency in this reactor configur,ation. As expected, when the reaction temperature was 
increased from 875°C to 925"C, a. corresponding increase in conversion was noted. An increase 
in reaction time from 2 to 3 hours also helped to further conversion. It was anticipated that a 
faster flow of helium carrier gas would shorten the residence time of GeF4 in the reaction zone 
and result in higher capture efficiency. However, this scenario was not the case when results for 
GeFusn-21 are compared to those of GeFusn-23. What is clearly evident from the five trials is 
the poor collection efficiency experienced in all experiments. Although a majority of the 
reaction was completed and volatile product made, it did not wind up as desired product. The 
use of a copper container and 'chimney' in GeFusn-22 did not result in increased recovery by 
minimizing effects of reactor fieelboard and residence time. 

It is apparent that several factors contributed to the low recovery of GeF4. They include: 

1. corrosive attack of the GeF4 laden atmosphere on the reactor material 
2. formation of Ni2Ge04 on the nickel beaker walls 
3. less than 100% reaction conversion 
4. formation of crystalline condensate (GeF2) on cooler section of the reaction system 
5 .  small condensing zone provided by the 150cc gas sample cylinder interior. 

A more detailed explanation of factors 1-4 is provided below and is based on direct observations 
of similar fmdings during and after the disassembly of the reaction system following each 
experiment. 

These SBIR data are hnished  with SBIR rights under Grant No. DE-FG02-99ER82894. 29 



Table 12. 

Experiments performed in the crucible reactor setup. 

Observed Helium 
Flow 
Rate 

Calculated 
wt. GeF4 
expecteda 

Calculated 
residue wt. 
expecteda 

Calculated Observed 
wt. loss of wt. gain Ge02 

Content 
Reagent 
Weight rea ents' in c dndr + 

- cclmin wt% gm gm gm 

19.60 1 30.284 0.25451 10.682 120 

20.336 120 30.842 0.23977 10.506 

I 

9.761 I 3.380 75 I 28.691 I 0.23946 I 9.761 18.930 
I I I 
I I 

65-80 I 31.065 I 0.23979 I 10.583 
I 

10.583 I 2.700 22 I 92512 
2opper cupichiiimey 

I 
20.482 

I I I - - . ~ i  10.537 21.907 23 1 925/3  21.382 11.062 I 3.650 150 32.444 0.23999 11.062 

a assumes 100% reaction conversion 
b Reaction Conversion = Observed wt loss of reagentslcalculated wt loss of reagents x 100% 
c Capture Efficiency = Observed wt gain in cylinderiobserved wt loss of reagents x 100% 
d Residue weight reclaimed = Weight of boat+residue after reaction - initial weight of empty boat 
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Factor 1 : The inside surfaces of i:he reactor walls exposed to the heat of the furnace and GeF4 
atmosphere were aqua blue-green in color with formation of peeling scale. Analysis of this scale 
by x-ray powder diffraction showed a combination of mixed metal oxides of Ni-Cr, Cr-Co and 
possible oxyfluoride compounds. It was clear the HR160@ alloy was being attacked at the 
reaction temperature in the presence of GeF4. 

Factor 2: The interior wall of the nickel beaker above the solid residue was coated with a thin, 
flaky, light green skin which was removed easily with scraping. The light green substance was 
examined by both x-ray powder diffraction and energy dispersive x-ray analysis techniques in 
the scanning electron microscope (EDS/SEM). It was identified as NizGe04 which obviously 
was produced by consuming som'e of the GeF4 in the surrounding atmosphere. The weight of the 
empty nickel beaker at the start of each experiment was progressively higher (by as much as 0.5 
gram) compared to the trial coming immediately before it. The continued formation of this skin 
over the course of the trials may account for the steady weight increase but it is believed the loss 
of GeF4 from this interaction with1 the beaker represented only a small fraction of the amount not 
captured in the collection vessel. 

Factor 3 : The surface of the powder in the center of the container was varying shades of dark 
green and not h l ly  blackened. The solid closer to the beaker walls was notably darker in 
appearance than at the center, indicative of how heat was penetrating to the vessel's core. The 
temperature in Table 12 for each experiment was the furnace set point temperature. Actual 
temperatures inside the 4.5" diameter reactor were not profiled but were estimated to be some 
60"-75"C lower than the set point temperature. The presence of color gradients in the residues is 
consistent with the gradients in heat transfer from the outside wall of the reactor to the center of 
the nickel beaker. 

Factor 4: A deposit of white crystalline residue was found in varying amounts on the underside 
of the reaction vessel lid and sections of pipe downstream from the reaction chamber. Upon 
exposure to air, the solid residue bsecame wet and eventually turned completely to liquid. A 
quick test of the liquid with pH test paper showed it to be extremely acidic at pH<1. Because of 
the nature of this material to rapidly hydrolyze in air, efforts were made to quantify the amount 
of condensed residue by washing off reactor hardware with distilled water. When placed in 
water immediately following exposure to air, the surface layer turned bright yellow-orange. 
Over the course of 48 hours the residue was completely dissolved in water. Solutions containing 
dissolved residue collected after each experiment were analyzed by inductively coupled plasma 
(ICP) techniques to measure the amount of Ge distributed on the reactor hardware not in the 
form of GeF4. The amount of Ge lost to the buildup of this residue is summarized in Table 13. 
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Table 13. 

Results showing analyses for Ge by ICP for aqueous wash solutions 
collected during recovery of GeF2 residue from reactor hardware. 

GeFusn-20 550 3000 1.650 0.0227 2.377 
GeFusn-2 1 355 3000 1.065 0.0147 1.534 
GeFusn-22 357 3000 1.071 0.0148 1.543 

- 

1 
Ge content 

Total soln. 

nll 

equivalent 
amt. GeOz 

1 GeFusn-23 lid 1 ::: I 3030 1 0.942 1 0.0130 I 1.357 

- exit tube 0.0275 0.0004 0.040 

I 

YO gm I 
7.3949 I 32.1 
6.8704 
7.4491 
7.7865 1 17.4 

0.5 

The identity of the condensed crystalline residue (before exposure to moisture and water 
recovery) is not certain due to the lack of direct analysis. It is believed to be GeF2 based on 
properties of the difluoride being a low melting solid which is rapidly hydrolyzed by moisture. 
Further work is required to specifically isolate the residue where it can be handled without 
compromising its integrity during the analytical characterization process. As shown in Table 13, 
and estimated 32.1% of the Ge content put into the reactor as GeO2 for GeFusn-20 was collected 
from the deposited residue on the reactor hardware. This is a conservative estimate since much 
of the cooler surface area beyond the reactor lid not easily accessible to washing, may have 
contained a thin coating of residue which was not recovered. This is a very significant fraction 
of Ge that does not get captured as GeF4. A clear understanding of how the condensed residue is 
formed, whether it be directly by parallel side reaction or by secondary reaction which consumes 
GeF4, is lacking and requires further investigation. Additional discussion concerning a possible 
mechanism will be included later jn the discussion section of this report. 

By far, it is the formation of the GeF2 condensate that contributes the most to the low 
capture yield of GeF4. To help understand the origin of this unwanted residue, one qualitative 
experiment was performed involving gaseous GeF4. Germanium tetrafluoride gas burchased 
from Advanced Research Chemicals, Inc. , Catoosa, OK) was added to a stream of helium and 
passed through the HR160@ alloy reactor heated at 925°C for a two-hour period. The reaction 
vessel contained the empty nickel beaker used in previous experiments and the same heating 
profile shown in Table 4 (page 13) was used. The GeF4/He stream was introduced into the 
reaction zone after the reaction temperature was reached. A preweighed gas sample cylinder 
chilled with a liquid nitrogen bath was used to recover GeF4 from the reactor exit stream. After 
completing the experiment, the cylinder contained 1.13 grams of condensed gas. Upon opening 
the reactor, the lid had the same cr,ystalline residue deposited on the side exposed to the reactor 
interior. The residue became quickly hydrolyzed in the presence of air. Submerging the lid in a 
bath of distilled water produced the same yellow-orange colored solution. The inside walls of 
the reactor exposed to the high temperature had blue-green scale covering the surface. It is 
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evident from these observations that the condensed GeF2 deposit is formed as a result of GeF4 
interaction with the HR160@ alloy or nickel beaker. Additional discussion will be presented later 
after detailing experiments performed in the alternate reactor configuration, namely the tube 
reactor. 

Investigation of the tube reactor configuration was performed by conducting nine 
experiments, the first using a 304.L stainless steel reaction tube and eight using a nickel 200 alloy 
tube reactor. Results for the nine trials are given in Table 14, showing reaction parameters as 
well as ''calculated'' and experimental ''observed'' values. Again, the "Reaction Conversion" and 
"Capture Efficiency" values were: calculated in a similar fashion to those reported for the crucible 
reactor experiments, thereby mak.ing it possible to compare the performance of the two reactor 
designs directly. 

These SBIR data are furnished with SBIR. rights under Grant No. DE-FG02-99ER82894. 33 



Table 14. 

Reaction carried out in the tube reactor setup. 

GeFusn Atm/T/Time 
Expt No. gas / "C / hr 

Flow Rate 
motive gas 

cc/min 
I - . .  . ~ 

Reagent 
Weight 

bxpenment performed in the 304L stainless steel tu  

GeOz 
Content 

wt% 

; reactor. 

Moles 
GeOz 

Calculated 
wt. GeF4 
expecteda 

Calculated Calculated 
residue wt wt loss of 
expecteda reagentsa 

Observed 
wt. loss of 
reagents 
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The first experiment carried out in a tube reactor was GeFusn-24. The reaction tube was 
constructed of type 304L stainless steel with a tube diameter of 2.75". The reaction parameters 
for this trial are given in Table 14. Upon concluding the run, the same set of gravimetric 
measurements was recorded as done in previous experiments. The residue left in the alumina 
boat was totally black in color indicative of a high degree of conversion. However, the weight of 
the boat was dramatically altered (1.8 164 gram increase) by the growth of unremoveable scale 
on the bottom exterior surface where the boat came into contact with the stainless steel tube. 
Values for the "Observed weight loss of reagents" and the "residue weight reclaimed" include 
this artifact which compromised the accuracy of these data. Nonetheless, it is clearly evident 
that most of the volatile product created by the reaction never made it to the collection vessel, 
culminating in a capture efficiency of only 6%. Upon disassembling the reactor sections 
downstream from the furnace, there was clear evidence of hydrolyzed GeF2 residue distributed 
on tube wall surfaces leading to the collection cylinder. From visual inspection of the heated 
section of the tube, most of the generated GeF4 reacted with the 304L stainless steel. No further 
experimentation was performed in this apparatus due to the poor result. 

from nickel 200 alloy. Results for those trials are also posted in Table 14. In those trials, the 
reaction conversion ranged from a high of 98.1% (for GeFusn-25 and -31) to a low of 54.8% (for 
GeFusn-27). Likewise, the capture efficiency spanned a broad range from 97.7% (for GeFusn- 
28) down to 57.5% (for GeFusn-25). Influence of various reaction parameters can also be seen 
amongst the eight experiments. The influence of reaction temperature can be followed by 
comparing GeFusn trials 27,30 and 3 1, which showed a significant increase in reaction 
conversion as the temperature was stepped up from 700°C (GeFusn-27) to 775°C (GeFusn-3 1) in 
a helium atmosphere. More importantly, a significant increase in capture efficiency of more than 
20% was seen when the reaction atmosphere was changed from pure helium to one containing a 
mixture of helium and air (for GeFusn-28, -29 and -32). The GeFusn-28 trial posted the highest 
capture efficiency at 97.7% combined with an 89.4% reaction conversion. It is of interest to note 
that in the trials where air was introduced to the carrier stream (GeFusn-28,-29 and -32) it 
appears that the reaction conversion reached an upper limit around 89%, regardless of 
temperature. Additional results concerning the selection of optimum reaction parameters is 
included in a later section 8.2.3 dealing with optimization of product yield. 

Overall, reactions conducted in the tube configuration yielded higher levels of conversion 
and capture efficiency. More importantly, the collection of GeF4 increased significantly with the 
use of nickel 200 alloy to fabricate the reaction tube. The better performance observed during 
the tube trials is supported further by several key observations seen routinely across the series of 
eight reactions. They include: 

A larger group of experiments was carried out using a 1 'I OD reaction tube constructed 

1. onset of gas evolution 
2. formation of crystalline condensate (GeF2). 

In brief: 
1. Evolution of GeF4 was confirmed by observing~a stream of white vapor leaving the exit line 
from the reactor at a furnace temperature of 700°C. Prior to the use of the nickel tube, the 
reaction between UF4 and GeOz was not seen until the reaction temperature eclipsed the 775°C 
threshold. The ability to carry out the reaction at lower temperatures will reduce the corrosive 
attack of the reaction atmosphere on reactor hardware and decrease the loss of GeF4 through 
destructive side reactions. In all re,actions prior to using the nickel material, the GeF4 being 
produced (at temperatures between 775"-925°C) most likely was consumed by reacting within 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ERS2894. 35 
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recovered 

0.4873 
0.8800 

the immediate vicinity of the hot zone with the vessel material. There is evidence of a fine, light 
green substance coating the interior surface of the nickel tube in the area of the intense heat. 
This is believed to be a coating of Ni2Ge04 generated by the reaction of GeF4 with nickel oxide 
that is present as a result of moisture desorbing before and during the reaction. 
2. The deposition of a white, crystalline residue at the end of the tube, just outside the body of 
the furnace, was seen to some extent in all eight experiments. It appeared that the residue 
condensed to liquid first before solidifying since most of the deposit was situated along the tube 
floor especially in the area where the tube diameter was reduced to %”, then to !A” via SwugeZok@ 
reducing unions. Upon exposure to air, the same hydroscopic behavior was observed where the 
solid quickly became wetted. In two experiments an attempt was made to estimate how much 
residue collected in the area where the tube diameter narrowed. Almost all the residue was 
deposited on the surfaces of the reducing unions so they were quickly submerged in distilled 
water after dismantling the reactor after each reaction. The parts were washed clean of deposits 
and the resultant solutions dried tco recover hydrolyzed material. Those results are shown in 
Table 15. The identity of the hydrolyzed residue was confirmed as Ge02 by x-ray powder 
diffraction analysis. 

Table 15. 

Fraction (%) of initial charge of 
Ge02 used in the reaction 

12.7 
23.2 

Recovery of GeF2 deposits from reactor hardware. 

As found earlier in the crucible reactor study, a significant fraction on the order of 23.2% 
of the Ge02 put in as reactant for the GeFusn-3 1 trial was lost to the condensed GeF2 residue 
instead of being captured as GeF4. Quantitative results were not collected for all the reactions 
but two trends stand out. First, reactions carried out at lower temperature produced lesser 
amounts of residue downstream from the reactor hot zone. Secondly, reactions where air was 
included in the carrier gas stream tended to deposit lesser amounts of residue. It is clear that the 
formation of the Ge rich deposits is not exclusive to either of the reactor designs being evaluated. 
However, using suitable reaction parameters the amount of unwanted residue can be controlled 
and minimized. 

also done. The solid residues were examined using x-ray diffraction techniques while the reactor 
off-gas was analyzed by FT-IR spectroscopy. Results of the x-ray diffraction analyses are 
presented first followed by FT-IR analysis of the material collected in the 150cc gas sample 
cylinders. 

Characterization of the reaction products synthesized during the reactor design trials was 

X-ray Diffraction Analyses of Reaction Residues. 

X-ray diffraction patterns fix each of the residues recovered during the crucible reactor 
investigation (GeFusn-19, -20, -21:, -22 and -23) are compiled in Figure 9. Reference patterns 
for U F 4  (pd# 32-1401), UGe04 (pd# 13-0588) and UO2 (pd# 41-1422) are included above the 
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Figure 9. XRD pattern for materials recovered from crucible reactor experiments 
GeFusn-19, -20, -21, -22 and -23 and reference patterns for UF4 (pdf# 32-1401), 

UGe04 (pdf# 13-0588) and UOz (pdf# 41-1422). 
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experimental patterns. The predominant phase in each of the patterns matched well with the 
reference for U02. Evidence for lunreacted U F 4  and the presence of UGe04 were detected in 
differing amounts among the group. Patterns for residues from GeFusn-21 and -23, which were 
run at the 925°C temperature, showed only a trace of U F 4  in GeFusn-21 or none at all as in 
GeFusn-23 where the conversion was 95.2%. At the lower temperature of 875"C, lower 
conversion was confirmed by the appearance of more UF4 and the formation of UGe04 that was 
apparently formed by a reaction between U02 and Ge02. 

Analysis of the material recovered from the stainless steel tube apparatus, GeFusn-24, is 
shown in Figure 10. At 850°C it is clear the reaction went essentially to completion since no 
other phases could be identified other than UOz. The listed conversion of 86.2% (see Table 14) 
is remarkably low when taking into consideration the XRD result which has a limit of detection 
(LOD) on the order of 1-3 wt% fix UF4. 

The XRD results collected for the materials coming out of the nickel tube setup are 
sectioned into three groups. Analyses of samples collected from GeFusn-25 and -26 are shown 
in Figure 11. The patterns for each solid left in the reaction container matched well to U02. No 
other phases could be detected indicating the reaction was essentially done after 2.5 hours at 
800°C. 

Residues reclaimed from the reactions carried out using only helium as the sweep gas are 
shown in Figure 12 for GeFusn-27, -30 and -3 1. Included in the figure are reference patterns for 
UF4, UGe04 and U02 above those of the individual solids. It is clear that the pattern recorded 
for the GeFusn-3 1 residue showed only one phase present, namely U02, which reinforces the 
observed conversion value of 98.1%. Reactions carried out at lower temperature (700°C and 
750°C) revealed the presence of unreacted UF4 and UGe04 in addition to U02. The most 
predominant product identified in the GeFusn-27 material was not U02 but rather UGe04. This 
is significant since although the clonversion was only slightly greater than 50%, there was no 
evidence of any GeO2 present. This observation indicates the reaction that produces GeF4 is no 
longer between U F 4  and GeO;! but instead controlled by 

UF4 + UGe04 d GeF4(g) + 2U02. (8.2). 

Lastly, the XRD patterns for the materials produced from the reactions where air was 
introduced into the helium carrier., i.e. GeFusn-28, -29 and -32, are shown in Figure 13. The 
multi-plot contains reference patterns for the two most abundant phases found, U308 and U02Fz. 
Although the conversions determined from the gravimetric results were on the order of 88.0- 
89.4%, no evidence of unreacted 1 3 4  was seen. Instead, the presence of air in the reaction 
atmosphere resulted in the formation of U3O8 as the dominant uranium oxide phase. The other 
phase identified in all three post reaction residues was U02F2. The presence of this compound 
provides evidence to support the synthesis of GeF4 may occur by a second reaction pathway 
given by 

2UF4 + Ge02 + (32(g) - GeF& + 2U02Fz (8.3). 

The Gibbs free energy14 for this re:action at 700°C is -19.496 kcal/mol. It is also interesting to 
note that no UGe04 was found in (any of the post-reaction solids when air was included in the 
reactor sweep gas, irrespective of reaction temperature. 

These SBIR data are furnished with SBIF: rights under Grant No. DE-FG02-99ER82894. 38 
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Figure 11. X-ray diffraction patterns for the solids recovered from GeFusn-25 and -26 and the 
reference pattern for UQz (pdf# 41-1422). 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 40 
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Figure 12. X-ray diffraction patterns for the residues recovered from GeFusn-27, -30 and -31 
and reference patterns for UF4 (pdf# 32-1401), UGeQ4 (pdf# 13-0588) and UQZ (pdf# 41-1422). 
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Figure 13. X-ray diffraction patterns for the residues recovered from GeFusn-28, -29 and -32 and reference patterns for 
U3Os (pd# 47-1493) and UO2F2 (pdf# 25-1115). 
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FT-IR Analyses of Reaction Product Collected in the Gas Cylinder. 

Infrared analysis of the gas phase product produced in the crucible and tube reactor 
experiments was done to verify the gas was indeed GeF4 and also to comment on purity with 
respect to other foreign species such as HF and H20 which may have been liberated during the 
reaction. The measurements were made using a Nicolet Magna-IR 560 optical bench situated 
with a KBr beamsplitter and DTGS detector. Gas samples were contained in a gas-tight 1 Ocm 
cell outfitted with zinc selenide windows and a programmable heater for maintaining the cell at 
125°C to displace adsorbed moisture prior to data collection. 

Infrared spectra of the gases collected from three of the five reactions performed in the 
crucible reactor are shown in Figure 14 along with reference spectra for GeF4 and SiF4 to help 
with identification of constituent (absorption bands. The infrared spectra for the GeFusn- 19 
sample and two reference materials were collected at Voltnix (High Springs, FL) using similar 
instrumentation. The data for the three trials shows that GeF4 was produced by the reaction 
between UF4 and GeO2. However, the gas leaving the reactor also contained a significant 
amount of SiF4 that was trapped i n  the gas cylinder. For the GeFusn-23 sample, the fraction of 
SiF4 may be greater then 50% of the gas mixture based on the ratio of intensities of each 
compound's major absorption band after diluting the cell contents with nitrogen to bring them 
onto the same absorbance scale. Figure 15 depicts a magnified view of the absorbance scale 
over the wavelength region between 4000-2200 cm'l for the three gas samples. From this view it 
is evident the gases also contained small amounts of substances such as HF and other unknowns 
(see the C-H stretch @2970 cm-I). The peaks located between 3740-3570 cm-l belonged to C02 
which was present as part of the ambient atmosphere inside the instrument chamber during data 
collection and not as a component of the gas coming from the cylinder. 

be traced back to the corrosion and scaling problem observed after each trial. Haynes HR160@ 
material contains up to 2.75 wt% silicon, which is evidently unstable in the GeF4 at the reaction 
temperatures employed. A reaction between the Si component and GeF4 to produce SiF4 can be 
written as 

The presence of SiF4 in all the gas generated using the HR160@ alloy crucible reactor can 

(8.4). 

Thermodynamic  calculation^^^, using elemental Si as a first approximation of reaction energetics 
in equation (3), show that the reaction at 900°C is notably spontaneous (AG = -98.913 kcal/mol). 

The other elements making up the alloy (37Ni, 30Co,28Cr, 3.5Fe) with the exception of 
nickel, all show similar spontaneous reaction (-AG values) when contacted with GeF4(g) at such 
high temperatures. The HR160@ alloy is degraded during production of GeF4 and the purity of 
the gas liberated was diminished by unwanted SiF4. For these reasons, it is not feasible to 
construct the production scale reactor from this material. 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 43 
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Figure 14. Infrared spectra of gas samples produced in GeFusn-19, -20 and 23 and reference spectra for GeF4, SiF4 and BF3. 
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Figure 15. Enhanced view of the spectral region between 4000-2200cm-' for samples collected in GeFusn-19, -20 and -23 and 
reference spectrum for GeF4. 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 45 



Analysis of the gaseous product collected from the GeFusn-24 trial using the type 304L 
stainless steel tube reactor is shown in Figure 16. As evidenced by the poor collection 
efficiency, most of the condensed gas from the reactor was SiF4 with only a small amount of 
GeF4. A trace amount of BF3 was also identified along with HF and C02. The synthesis of SiF4 
was a result of the destructive attack of the GeF4 on the tube material thereby ending any further 
use of the apparatus in additional experiments. 

similar to how the XRD results were presented. Spectra of the samples drawn from GeFusn-25 
and -26 trials are shown in Figure 17 along with references for GeF4, SiF4 and BF3. The quality 
of the GeF4 was vastly improved compared to material collected in previous experiments. The 
trace amounts of both SiF4 and BF3 seen in either run may be due to desorption of these 
substances from the interior walls of the 1/S” tube leading to the gas cell which ran about five 
feet from the cylinder to the instrument. Figure 18 represents a magnified view of the region 
showing absorption bands for residual HF which were also present in the reference spectrum of 
GeF4 collected at Yoltaix, Inc. Multiple bands caused by C02 present in the ambient atmosphere 
inside the spectrometer were also marked. 

The second group of spectra representing gases collected where helium was used 
exclusively as the carrier, are illustrated in Figure 19 for experiments GeFusn-27, -30, and -3 1. 
Reference spectra for BF3 and GeF4 collected at YoZtaix are included below those for the three 
synthesized samples. Only a small amount of BF3 impurity can be identified in the GeFusn-27 
and -30 materials. The reaction product from GeFusn-3 1, which was analyzed at Yoltaix (High 
Springs, FL), is essentially identical to the reference spectrum for GeF4. A view of the 
magnified scale over the 4000-2200 cm-1 region, drawn in Figure 20, shows that HF is also a 
trace impurity in all spectra except for the GeFusn-3 1 run. It is not clear why this spectrum 
shows only bands due to H20 and none for HF. 

GeFusn-28, -29 and -32, are displayed in Figure 21. Germanium tetrafluoride produced in all 
three trials was essentially pure when compared to the reference spectrum supplied by Voltaix. 
A small trace of BF3 was again observed in the GeFusn-29 specimen and was attributed to the 
desorption off the surfaces of the sections of tubing bringing gas to the gas cell. The presence of 
air in the reaction environment did not alter the gas phase product made when U F 4  was reacted 
with Ge02. The introduction of air was extremely beneficial to improved collection efficiency, 
which was due in part to less GeF;! being created. A magnified view of the 4000-2200 cm-1 
region is shown in Figure 22. There was a small amount of HF in each of the GeF4 spectra 
including the reference spectrum. Its origin in the samples made by the reactions performed here 
was most likely a consequence of residual adsorbed moisture being liberated during the reaction 
period. Using fully dehydrated u I ; 4  and Ge02 reactants may help to further decrease the level of 
HF seen here. 

The FT-IR analyses of the gases produced in the nickel tube are grouped in a manner 

Spectra from experiments where air was also included in the reaction atmosphere, i.e. 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 46 
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8.2.2 Materials of constructioln for production of GeF4. 

Results for all of the corrosion studies carried out in this program are presented next. 
These findings are arranged by the name of the metal or alloy tested. 

Nickel 

The Ni coupons were tested in Corrosion Experiment 2. The sample placed in the outlet 
was covered with a white residue, which liquefied on contact with air. When this was rinsed off, 
some scale was visible. EDS analysis showed that Ni, Ge, and 0 were all present on the surface 
of the outlet sample. Some Ca was also present, due to the lime used to neutralize the white 
residue. 

showed large numbers of AI-F cr;ystals that were quite adherent. Several smooth areas proved to 
be high in U. Other areas, which showed up gray in the SEM photos, proved to be Ni-Ge-0 with 
a range of grain sizes. The scale ‘was also examined by x-ray diffraction and matches reasonably 
well with both NizGe04 and NiF2. Unreacted U F 4  was also found clinging tenaciously to the Ni, 
which was unexpected. It is not dear why the reaction was incomplete. 

A Ni boat exposed to the product gas stream in a Ni reaction tube developed green 
residue. The SEM/EDS data shows that there are areas of Ni, Ge, and 0 as illustrated in Figure 
23, and areas of Ni and F as seen in Figure 24 and that these areas are separate. That is, there is 
no Ge where there is Ni and F, indicating the possibility of a protective NiF2 scale. This occurs 
on the outside of the boat as well ,as the inside, indicating that the reaction is also occurring in the 
gas phase. 

The crucible sample had xale  with varying degrees of adherence. SEM/EDS analysis 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 54 
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Figure 24. EDS paittern from the outside surface of the Ni boat. 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 56 



Monel 

A Monel coupon was tested in the second experiment. The sample that had been 
embedded in the reaction mixture had a noticeable green scale. A fairly good match was made 
with NiGe04 in the x-ray diffraction pattern, but a Cu-Ni-Ge oxide was also a possible match. 
The scale was complex with a range of morphology, as seen in Figure 25. Small cubic crystals 
that appeared white in the backscattered image contained A1 and F. Some regions were very 
smooth, containing large amounts of U, but no significant amount of any other elements. The Ni 
peak was surprisingly small in much of the area, although Ge, 0, and U were present in large 
amounts. Some small crystals contained Ni, Ge, and 0. The large amount of 0 was difficult to 
explain, since the primary source for oxygen was the Ge02 starting material. 

Figure 25. Backscattei-ed image of Monel coupon after being embedded 
in the reaction mixture. 

The sample placed in the outlet tube had obvious scale when viewed in the SEM. A scan 
of the entire area showed Ni, Cu, 0 and Ge. The Ge peak was definite, but slightly smaller than 
the crucible sample. There were also some areas containing Mn, Si, and Fe, most likely from the 
HR160@ reactor. The backscattered image had black, white, and gray areas. About 40% of the 
surface was black and contained Ni, Cu, a large amount of 0, and a definite Ge peak along with 
some Si and Cr. The gray areas contained Ni, Cu, 0 and slightly less Ge than the black regions. 
The white regions contained Ni, Cu, 0, Mn, Fe, and just a trace of Ge. 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 57 



Inconel 600 

Coupons of Inconel 600 were tested both in Corrosion Experiment 1 and Corrosion 
Experiment 2. Information from the manufacturer indicated that the material should be 
acceptable at temperatures up to 1195"C, but may suffer from poor resistance to HF vapor at 
48% concentration at 75°C. The coupon from Corrosion Experiment 1, which had been exposed 
to dry GeF4 had fairly obvious scale. Dark regions in the backscattered image contained large 
amounts of F and 0, and nearly equal amounts of Cr, Fe, and Ni. White regions in the image 
contained more Cr, 0 and F than € e  and Ni. No Ge was found anywhere on the coupon, and a 
small amount of A1 was visible in one region. These results are consistent with the starting 
material and indicate some oxidation and fluoridation, but no gross corrosion. 

The sample placed in the outlet of the crucible reactor did not look outwardly changed 
from the starting material and no clbvious scale was visible. One small spot had a trace of Ge. 
The rest of the sample did not look different from the starting material except for some 
oxidation. 

in Figure 26. Many A1-F containing crystals were present on the surface. The backscattered 
image contained white and gray regions. Gray areas contained Ni and Ge in large quantities 
along with some 0. The white regions, which were highly adherent, contained large quantities 
of U and Ge along with Cr, Ni, Fe., 0 and Al. The Cr, Ni, Fe, and 0 were in similar ratios as in 
the outlet sample, but with U and Ge present as well. In addition, there was some unreacted 
green salt underneath some of the (coupons in the crucible, which was not the case in other 
similar experiments without the corrosion coupons. 

The sample exposed to the reaction mixture in the crucible had an obvious scale, as seen 

Figure 26. Backscattered image of Inconel 600 coupon after exposure 
to the reaction mixture. 

These SBIR data are furnished with SBLR rights under Grant No. DE-FG02-99ER82894. 58 
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Hayes 242 

The sample exposed to dry GeF4 had light and dark regions in the backcattered image 
that appeared almost like striations in the SEM. An EDS scan of the entire surface showed Ni, F, 
Cr, 0, and smaller amounts of Fe, Al, and Mo. Dark areas of the image seem to be high in Ni 
and F, but have a slightly larger Mo peak. White regions had Ni, F, high Cr and 0 peaks, but no 
Mo. As the starting material is 25'% Mo, it is significant that many surface areas contained no 
Mo, suggesting that volatile MoF6 may have been formed. Because of the suggestive surface 
results, the sample was sectioned a.nd the cross section examined, as shown in Figure 27. The 
surface scale was 3-4 microns thic'k, and contained primarily Ni and F, with some Cu and 0 
(spots 1 and 2). Directly underneath the scale were some spots that were very high in Mo (spot 
3). By 8.5 microns into the material, the composition was that of the base material (spots 4-6). 
Several more spots with excess Mo were found at a depth of 13 microns (spots 7 and 10). Some 
Ge was found slightly beneath the surface scale (spot 3), suggesting that some Ni-Ge compound 
may have formed before the Ni-F scale was finished forming. However, no Ge was found at the 
surface, indicating that the scale was protective, and did not react with the GeF4 product gas. 

Figure 27. Cross section of Huynes 242 coupon exposed to dry GeF4. 

The sample tested in the crucible furnace outlet had Ni, Mo, and Cr in the expected 
proportions. There was also a small1 but significant Ge peak, along with 0. Some scale was 
present, but in reasonably small amounts. 

The sample embedded in the reaction mixture appeared to have a fine scale when viewed 
in the SEM. Backscattered image:; showed white, gray, and black regions. The white region was 
high in U, followed by 0, Cr, Fe, and a slight trace of Ge. The gray area was high in Ni and Ge, 

These SBIR data are furnished with SBIF: rights under Grant No. DE-FG02-99ER82894. 59 
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with a small amount of 0. The black region had Cr as the primary constituent, accompanied by 
Fe, 0, Ni, and Ge. Again, Mo was not visible on the surface, which perhaps indicates that this 
alloy must be pretreated before use to form a protective scale and volatilize any MoF6 that is 
likely to form. 

Haynes HR160@ 

Coupons of this alloy were tested in Corrosion Experiment 2. In addition, the crucible 
reactor itself was made of HRl60@, and some scale from the hot zone was also examined. The 
saniple placed in the outlet tube showed significant scale. In addition, the grain boundaries were 
highly visible, and the surface was pitted. The backscattered image again showed black, gray, 
and white regions. The black areas contained a large amount of Si, along with Ge and 0. The 
gray areas contained Cry Ni, Coy Si, C, 0 and a trace of Ge. The white area contained the same 
elements, also with a trace of Ge. 

SEM/EDS unit. The reactor surface was blue-green in color, and contained Cry Co, F, U, and 
some Ni and Fe. The side of the scale that was originally not in contact with the reaction was 
brown. This side contained Cr, Coy F, 0, Ge, Ni, and a minor Fe peak. There was less Ni than 
Cr or Co present. Earlier results showed Ge on both surfaces of the scale, along with Ni 
depletion. 

was a large amount of scale, some of which was adherent. The scale was very porous, as seen in 
Figure 28. A scan of the entire scale showed Co, Ni, 0, a significant amount of Ge, U, Cr, and a 
trace amount of Fe. Some regions; looked very angular in the backscattered image, and those 
areas were high in U, with Co, Ge, and 0 also present. The flat gray areas in the image were 
higher in Ni than other areas, with nearly equal amounts of Ge, Co, and Cr. There was an area 
lacking obvious scale, and this region had high Ni, high Ge, and 0, with small amounts of U, Cr, 
and Co. There was also a thicker looking scale on the edge of the sample that contained Co, Cr, 
U, significant Ge, and 0. 

Scale from the hot zone of the reactor was examined by Dr. Nancy Levoy using the 

The sample that had been in contact with the reaction mixture was much affected. There 

These SBIR data are M s h e d  with SBIR rights under Grant No. DE-FG02-99ER82894. 60 
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Figure 28. Huynes HR160@ coupon exposed to the reaction mixture. 

Type 304 Stainless Steel 

Samples of 304 stainless steel were tested in both corrosion experiments. The sample 
exposed to dry GeF4 had a fine scale over the whole sample, with some smaller surface crystals. 
A scan of the whole scale showed high amounts of Fe and Ge, along with Ni, Cr, 0, F, and a 
trace of Si. One bright surface spot consisted of Cr, Si, C1, and trace Ge. In general it seemed 
that even dry GeF4 reacted substantially with 304SS. 

of scale, but definitely had some scale, and that scale was not particularly adherent. The most 
prevalent phase, which appeared gray in the backscattered image, contained Fe, Cr, a large 
amount of Ge, 0, and Ni. There were also black chunks that were high in Ca, Fe, Ge, and 0, 
with some Al. The white areas contained Fe, Cr, Ni, 0, Ge, and a small amount of F. 

The crucible samples were heavily encrusted with gray scale, including some relatively 
large (20 micron) crystals. The area scan showed Fe, Cr, Ni, F, 0 and a small but significant Ge 
peak. The white area in the backscattered image, shown in Figure 29, had high Ni, Fe, high Ge, 
and a small amount of F. The gray area (the primary phase) had Fe, Cr, high F, some 0, nothing 
else. The dark area had Fe, Cr, hig,h F, moderate 0, trace U, and trace Ge. It seems that the Ge 
is in reasonably large particles on the surface. In general, this material behaved very poorly in 
these environments. 

The sample placed in the outlet of the crucible reactor did not have an enormous amount 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 61 
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Figure 29. Type 304 Stainless Steel coupon after being embedded in the reaction mixture. 

Copper 

The sample exposed to dry GeF4 in the tube reactor had very clearly visible grain 
boundaries and surface pits. An EDS scan of the entire area showed Cu, Ni, Ge, and 0 in large 
quantities. Some small specks on the surface contained Mg, F, and Ca, but may be from the 
neutralization treatment. 

A copper tube assembly had been used inside the existing crucible reactor (for GeFusn- 
22) in order to create a chimney that would reduce the excessive internal volume of the reactor. 
At the conclusion of that reaction, the copper tube was sectioned for microscopy. Figure 30 and 
Figure 31 summarize the results of the EDS and visual examination of the tube sections. The 
inside of the tube contained large amounts of Ge everywhere but near the top, where a Ti-F-0 
phase was found. On the outside of the tube, Cu, Ge, and 0 were found, along with U in one 
location. Ge was always associated with Cu and 0, wherever it was found. 

These SBIR data are furnished with SBIF: rights under Grant No. DE-FG02-99ER82894. 62 
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Top, near reactor top 
Color: Gray to brown 
Grain size: -3 pm or less 
EDS results: Ti, F, 0, smallel- 
amount of Cu, almost no Ge 

Middle, below heat shield 
Color: Shiny tan 
Grain size: -10-50 pm 
EDS results: Cu, Ge, 0 

Middle, above heat shield 
Color: Blue 
Grain size: -2-10 pm 
EDS results: Cu, Ge, 0 
Some AI, trace P, 

Bottom, near cup 
Color: Gold-blue 
irridescent/copper 
Grain size:-50-200 pm 
EDS results: Cu, Ge, 0 
Fair amount of A1 in some 
areas, trace P 

Figure 30. Summary of the examination of the internal surface of the Copper chimney 
tube used in GeFusn-22. 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 63 
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Middle, above heat shield 
~ Color: Blue 
, Grain slze: -5-15 pm 
EDS results: Cu, Ge, 0 
Some Si, P in some areas; 
white surface specks with Ca, 
Fe, Si, C1, Al; one area high 
in Ca and P 

Top, near reactor top 
Color: Silver-gray 
Grain size: -2-5 pm 
EDS results: Cu, Ge, 0 
No  F,  small amount of Si in 
one region 

- 
Middle, below heat shield 
Color: Dull taniolive 
Grain size:-5-15 pm 
EDS results: Cn,  Ge, 0 
Less 0 than before, small All 
peak, small but noticeable 
amount of U,  Co, and Cr 

Bottom, near cup 
Color: Light copper color 
Grain size: -10-40 pm 
EDS results: Cu, Ge, 0 
Small amounts  of Cr and Co;  
one white spot with high U ,  Ca, 
Cr, Co,  no F, other spot high in 
Cr, Co 

Figure 31. Summary of the examination of the external surface of the Copper chimney 
tube used in GeFusn-22. 

The sample located in the outlet tube of the crucible reactor had a fair amount of obvious 
scale. As before, the EDS showed Cu, Ge, and 0, with about equal amounts of 0 and Ge. 
Multiple phases were visible in the backscattered electron image, shown in Figure 32. The gray 
region contained Cu, nearly as much Ge as Cu, along with 0 and some Ca. The black BE1 phase 
contained mostly Cu, with smaller Ge and 0 peaks. The white phase in the backscattered image 
was almost completely Cu, with trace amounts of Ge and 0. 
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Figure 32. Copper coupam exposed to GeF4 gas in the crucible reactor outlet. 

The sample that had been exposed to the reaction mixture had very large grains and some 
scale, along with larger adherent particles. The outside of the sample had some areas that were 
copper colored and some that had a silver cast, similar to the outside of some of the copper tube 
sections. The copper colored area contained mostly Cu, some C, trace Ni, and a very small trace 
of Ge. The silvery area contained a lot of Ni, a large amount of Cu, trace U, and a small amount 
of Cr. X-ray diffraction showed a good match with CuGe, however, this compound was very 
difficult to distinguish from pure Clu using x-ray diffraction. 

In order to be an effective material of construction for fabricating a reactor, the alloy 
must be able to be structurally sound at the temperatures involved, not form extensive 
compounds with Ge, and not contribute gaseous impurities to the product. Although none of the 
materials were completely satisfactory, nickel, Inconel 600, and Huynes 242 performed the best 
according to these criteria. 

limit of the useful range for Cu, and consequently excessive grain growth was observed. Copper 
and germanium formed intermetallic compounds, and although visually unchanged, the Cu 
samples picked up large quantities of Ge. The formation of Cu-Ge intermetallics was seen 
repeatedly, both in EDS and XRD analyses. In addition, literature sources indicate that Cu is 
highly undesirable in fluorine and fluorine containing gases”. 

In this study, HR160@ has been shown repeatedly to suffer from scale formation when 
exposed to GeF4. This is supported by the literature, which shows that alloys high in Cr and Co 
perform badly in fluorine environments due to the formation of Cr and Co fluorides16. In 
addition to the EDS data presented here, earlier work at Sturmet showed that mixed Cr, Ni, and 
Co fluorides were formed after extlensive exposure under reaction conditions. Monel also 

Copper was not acceptable for several reasons. The reaction temperatures are near the 
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showed extensive scaling and reaction between Cu in the alloy and Ge. Type 304 stainless steel, 
even when not visibly attacked, reacted extensively to form fluorides, and picked up a large 
amount of Ge on its surface. Again, the literature concurs that Fe based alloys are not effective 
for high temperature fluorine  environment^'^. 

material. However, even these alloys seem to develop some Ni-Ge-0 compounds in certain 
situations. To limit fluorine attack, it is standard practice to passivate Ni components by 
exposure to fluorine gas or €€F in order to form NiF2 in a protective layer". This NiF2 film has 
been shown to have strong resistance to both F containing gases and gas plasmas and is 
specifically recommended for semiconductor gases". Examination of the Haynes 242 coupon 
indicated that a layer of NiF2 formed after exposure to the dry GeF4. Although Haynes 242 
formed MoF6 on exposure to GeF4, which would introduce a gaseous contaminant, the alloy can 
be passivated by forming a protective NiF2 layer. In addition, Mo is thought to improve the 
resistance of Ni alloys to fluoride attack15. Inconel and pure Ni, when properly passivated, 
would also form protective fluoride coatings. Evidence for this was seen when the Ni reaction 
boat was examined, showing no Ge present in areas high in NiF2. 

0 

0 

Evidence suggests that Ni or a Ni-based alloy will be the best choice for a construction 

In brief: 
Copper, type 304 stainless steel, Monel, and HEU60@ are not acceptable materials of 
construction; 
Nickel, inconel 600, and Hayizes 242 could be used if properly passivated; 
All materials should be passivated prior to use with GeF4. 
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8.2.3 Optimization of product yield. 

In this task, several changes to the reaction system were made to improve the yield of 
GeF4. A larger reagent vessel made of nickel 200 alloy was put into service and the gas 
collection hardware was reconfigured by using a shorter outage tube in each cylinder. The first 
reaction to incorporate these changes was GeFusn-33. Results for this trial are presented in 
Table 16. Here, the reaction conversion was only 61.3% after 7 hours in the range between 
7OO0C-775"C and capture efficiency for GeF4 was 80.8%. 

Table 16. 

R.eaction Profile for GeFusn-33. 

/Experiment ID: 1042501-GeFusn-33 
I System: I1 "OD nickel tube reactor and 8" Ni boat - 1  
Weight of reagents (gm) 41.643 wt% GeO2: 24.1689 ~ 

Sweep gas: 
Pre-reaction drying period: 
Total reaction time (hr): 7 
Reaction temperature profile Time (hr) at T ('c) 1 

Helium flow at 67 (cc/min) 

0.5 hour at 5OO0C in helium 

I 2 I 700 1 
2 725 
2 750 
1 775 

Cylinder ID: 

Collection method: liquid N2 bath 
Calculated weight of GeF4 expected (gm) 14.2983 
Observed weight loss of reagents (gm) 8.769 
Observed weight gain in the cylinder (gm) 7.09 

#lo, 150cc volume, 304 stainless steel, single port 
with shortened outage tube 

~ 

- , .- - -  
!Reaction conversion (YO) 61.3 
[GeF4 capture efficiency (%) 80.8 

In GeFusn-33 a stepwise increase in temperature was followed in order to start the 
reaction off slowly without much disturbance to the near-capacity reagent bed. Ending the 
reaction period at the 775°C plateau was believed to be sufficient to react the UF4 and GeO2 
completely but it was not the case. A significant fraction of the residue remaining in the boat 
was green in color indicative of wlreacted green salt. X-ray diffraction analysis of the residue 
showed it to be a mixture of UO2, unreacted U F 4  and UGe04, as shown in Figure 33. Reference 
patterns for the three matching phases are also included. 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 67 
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Figure 33. X-ray diffraction pattern for the residue recovered from GeFusn-33 and reference patterns for UF4, 
UOz (pdf# 41-1422) and UGe04 (pdf# 13-0588). 
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Analysis of the GeF4 collected in cylinder #10 was accomplished using FT-IR 
spectroscopy. A spectrum of the gas produced in the reaction is shown in Figure 34 along with 
a reference spectrum of GeF4 supplied by Yoltaix, Inc. Comparing the Starmet material to the 
reference, the amount of HF impurity is greater in the synthesized product made by the solid 
state reaction. Additional in-depth analytical characterization is required to determine if the 
larger amount of HF is indeed a result of the reaction or an artifact of in-situ hydrolysis caused 
by moisture adsorbed on the walls of the line carrying the gas from the cylinder to the infrared 
spectrometer. As part of the routine reaction profile at the beginning of each trial, the reagent 
mixture is heated at a temperature just below the onset of reaction, typically 500"C, for about an 
hour to liberate any moisture adsorbed on the U F 4  or Ge02 reactants. Typically, a heat gun is 
used to heat trace the line leaving; the reactor up to the vent valve to expel any vapor from the 
system. 

After observing the poor results obtained in the GeFusn-33 trial, where the conversion 
was only 6 1.3% after 7 hours, a probe into the temperature profile of the tube fiirnace was started 
since leftover residue at one end of the 8" boat was black while the other end contained green, 
essentially unreacted powder. Using an empty tube outfitted a thermocouple (see Figure 6), 
temperature data were recorded at four points along the length of the tube. Those measurements 
are compiled in Table 17, showing the spread in temperatures at five different furnace set points. 

Table 17. 

Internal temperature profile in the nickel tube reactor. 
~ 

Furnace Temperature at Indicated Points ("C; 
Set-point Temp "C B C D 

22 
250 295 298 28 1 

297 280 
535 538 520 
535 537 518 
724 727 71 1 
723 726 710 
795 798 7 82 
795 798 782 

~ - 

850 862 870 874 858 
870 872 857 

858 869 87 1 856 
867 869 

In general, within 4 inches of the midpoint of the hot zone (between points B and D) the 
measured temperatures were always above the furnace set-point temperatures by notable margins 
of 15"-25°C. Measurements were made without the 8" boat or reagents in the reactor. At all the 
furnace set-points investigated, there was a measurable difference between temperatures at points 
B and D which did correlate to the approximate length of the larger nickel boat. At the 700°C 
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plateau and above, the margin was 13°C. This could help to explain why the left side of the boat 
(position B) contained fully reacted residue while the right side (position D) only partially 
reacted materials. 

Following the probe into the temperature profile of the tube furnace, another experiment 
was performed in order to document two important aspects about the fusion reaction. In 
GeFusn-3 5 ,  the gas produced by the solid-state reaction was not collected but analyzed directly 
by FT-IR spectroscopy at various stages during the reaction. The specific conditions for the trial 
are summarized in Table 18. 

Table 18. 

Reaction profile for GeFusn-35. 

Experiment ID: 072601-GeFusn-35 
System: 1 OD nickel tube reactor with 8" Ni boat 
[Wei'ght of reagents (gm): 1 -22 I . Wt% GeOz: 24.9847 (stoichiometric mixture) I 
/Sweep gas: (Helium Flow at 68 (cc/min) I 
Pre-reaction drying period: 
Total reaction time (hr): 5.5 
Reaction temperature profile 

1 hour at 350°C in helium 

Time (hr) at T ("C) 1 
650 
700 

I / 2.75 I 725 I I 
~~~~~ 

none 
none 

FT-IR spectroscopy using 1 Ocm gas cell at 130°C. 
(Multiple samples of gas were analyzed by FT-IR spectroscopy 1 

ICalculated weight of GeF4 expected (gm) 1 -7.5 1 

Throughout the 5.5 hours of reaction the temperature was raised from 650°C to 700°C 
and finally to 725°C where it was maintained for 2.75 hours. First, the release of water vapor by 
the reagents during the pre-reaction drying period was cataloged. Representative spectra at 
temperatures between ambient and 350°C were recorded and presented in Figure 35. Compared 
to the baseline spectrum for heliurn, the liberation of moisture into the sweep gas passing over 
the reagent mixture can be seen beginning with the first analysis taken at room temperature. The 
broad bands characteristic of moisture grow steadily as the 350°C plateau is reached. After 
maintaining that temperature for 55 minutes, the uppermost spectrum in Figure 35 shows the 
sweep stream to be free of moisture vapor. It is clear that the pre-reaction period is important in 
clearing out adsorbed moisture from the reaction system and reactants prior to GeF4 being 
generated. 

These SBIR data are fimushed with SBIR. rights under Grant No. DE-FG02-99ER82894. 71 
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Figure 35. Infrared spectra of gas samples taken during GeFusn-35 at various temperatures between ambient and 350°C. 
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The second observation to come out of the infrared data concerned the onset of reaction 
between UF4 and Ge02. The liberation of GeF4 was clearly evident at temperatures well below 
700°C as seen by the group of spectra compiled in Figure 36. At a furnace temperature of 
650°C (the actual internal temperature based on the thermal profile measurements shown in 
Table 17 would be closer to 675"C), the concentration of GeF4 in the gas stream is significant. 
At the 700°C and 725°C plateaus the amount of GeF4 in the helium sweep stream was estimated 
to be 30 torr and 40 torr, respectively, as determined by peak area integration of numerous 
reference samples compiled at Kdtaix, Inc. As seen in earlier experiments, lower reaction 
temperature resulted in less GeF2 by-product formation, which is very desirable. 

Upon removal of the boat from the reactor only a small portion of the residue was again 
blackened and a majority of the solid was varying shades of green. The 5.5-hour duration at the 
temperatures attained resulted in a small amount of conversion to GeF4. The reaction residue 
was analyzed by x-ray powder diffraction and the recorded diffiaction pattern is shown in 
Figure 37 along with reference patterns for U F 4 ,  U02 and UGe04. It is most interesting to note 
that diffraction peaks for Ge02 were not found and the most intense peaks matched those for the 
uranium germanium oxide compound. It appears at this point in the reaction scheme, the 
reaction dynamic is between U F 4  and UGe04 as shown in equation (8.5), 

U F 4  + UGe04 -- 2U02 + GeF4(g) (8.5). 

Formation of the UGe04 compound can be expressed by the reaction given in equation (8.6), 

Ge02 + UO2 ---+ UGe04 (8.6). 

These SBIR data are furnished with SBIR. rights under Grant No. DE-FG02-99ER82894. 73 
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Figure 37. X-ray diffraction pattern for reaction residue from GeFusn-35 and reference patterns 
for UF4, U02 (pdf# 41-1422) and UGe04 (pd# 13-0588). 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 75 



After performing many experiments to produce GeF4 using Ge02 (99.999%) as the co- 
reagent with U F 4 ,  an alternative pathway was explored using Ge" metal. The new reaction 
scheme is shown in equation (8.7), 

3UF4 + 3Ge" + 402(g) ---+ 3GeF4(g) + U308 (8.7). 

The new chemistry is based on the in-situ oxidation of Ge" to Ge02 on route to forming GeF4. 
There was also a potential for this pathway to deliver a higher purity of fluoride since the 
metallic reagent does not contain the level of adsorbed moisture that is liberated when GeO;! is 
reacted with green salt, as seen in GeFusn-35. Less moisture should result in a product 
containing less HF impurity. 

the thennogravimentric analyzer (TGA) where milligram quantities of material were treated. 
First, the oxidation of Ge" metal was investigated by heating a small sample of powder to 
1000°C in a stream of dry air. As illustrated in Figure 38, the sample weight increased more 
than 11 milligrams over the course of the heating period, providing strong indication that the 
metal was converted to oxide. 

at 1 O"C/min in a stream of air. Results displayed in Figure 39 showed the significant weight 
loss incurred as the temperature exceeded the 600°C range. The loss in weight is attributed to 
the volatilization of germanium and fluorine from the reaction mixture. Upon completion of the 
TGA run, the residue remaining in the TGA cup was analyzed by x-ray diffraction. Those 
results are given in Figure 40, showing that the post-reaction solid consisted of uranium oxide 
(U308) and a small amount of Ge" metal. These findings bolster the support for the pathway 
given in equation (8.7). 

For testing the pathway given in equation (8.7), two experiments were performed using 

In a second experiment, a mixture of U F 4  and powdered Ge" metal was heated to 850°C 

These SBIR data are M s h e d  with SBIR rights under Grant No. DE-FG02-99ERX2894. 76 



Sample: Germanium 
Size: 38.6212 mg 
Method: Ramp to 1000 
Comment: metal oxidation in dry air 
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Figure 38. TGA result showing the weight gain when Ge" metal was heated to 1000°C in dry air. 
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Sample: Germanium 
Size: 27.8128 mg 
Method: Ramp to 1000 
Comment: fusion reaction in dry air 
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Figure 39. TGA result showing the weight loss when a mixture of UF4 and Ge" metal was heated to 850°C in dry air. 
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Figure 40. X-ray diffraction pattern for residue recovered from the TGA reaction performed at 850°C and 
reference patterns for U 3 0 ~  (pdf## 47-1493) and Ge" metal (pdf# 04-0545). 
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Total reaction time (hr): 
Reaction temperature profile 

After establishing that the combination of UF4 with germanium metal successfully 
liberated GeF4, the reaction was carried out on a larger scale using the l"OD nickel tube reactor 
setup. The experiment was identified as GeFusn-39 and the details are given in Table 19. The 
source of metal was taken from a stock of 99.9% pure Ge lump which was broken up and ground 
to a fine powder using a mortar and pestle. The gas flow from the reactor was connected to the 
input of the gas-sampling cell within the FT-IR spectrometer and multiple spectra were recorded 
as the reaction progressed. Representative spectra recorded at 600°C and 700°C are shown in 
Figure 41. The first spectrum to show peaks for GeF4 was taken as the reactor temperature 
reached 601°C. Peaks due to HF and SiF4 impurities were also apparent. The reactor 
temperature was raised to 700°C and after 20 minutes, the gas flow to the gas cell ceased so the 
reaction was terminated. Upon disassembly of the reaction system, the 1/8"OD tube to the 
infrared cell was completely blocked with a white solid which over a short period of time 
became a tacky, wet slurry when exposed to air. The substance causing the blockage was 
believed to be GeF2, displaying similar characteristics to the white, hydroscopic solid produced 
in previous fusion reactions. After 30 minutes of reaction, conversion was estimated to be about 
60.8% based on the weight loss of the reactants in the boat. Although the distribution of volatile 
fluoride between GeF4 and GeF2 was not measured, a significant fraction of the product appeared 
to be GeF2. Review of the literature has indicated that the difluoride compound is synthesized by 
passing GeF4 over germanium metal 
occurring in this experiment. As ,such, further experimentation using Ge" metal as the reagent 
was curtailed. 

20,21,22 , which in this case, is the most likely scenario 

Table 19. 

0.5 
Time (hr) at T ("C) I 

Reaction profile for GeFusn-39. 

Reaction Conversion (%) 

1 Experiment ID : 1083001-GeFusn-39 - - 1  

60.8 detined as observ'd wt lost/calc'd NT lost 

/Reaction: (3TJF4 + 3Ge0 powder + 40&) = 3GeF4(g) + u308 ~ - 1  
tube reactor with 4" nickel boat 

wt% Ge" : 18.73 
I I I 

Sweep gas: I air flow at 8 6 (cc/min) 

I 

none 
none 

Analytical method: In-line FT-IR spectroscopy using lOcm gas cell at 13OoC. 
(Multiple samples of gas were analyzed by FT-IR spectroscopy 1 

ICalculated weight of GeF4 expected (gm) 1 1.40281 
/Calculated weight loss of reagents (gm) I 3.00281 
/Observed weight loss of reagents (,Ern) 1 1.82641 I 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 80 
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Figure 41. Infrared spectra of gas samples generated in GeFusn-39 taken at a temperature of 600°C and 700OC. 
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The last experiment conducted for optimizing the GeF4 reaction concerned the 
determination of the reaction onset temperature (ROT). Earlier results showed that heating the 
reactants to 350°C was essential for sweeping away adsorbed moisture from the reaction 
environment before the fluoride gas was made. At 650°C the reaction was well underway. It 
became necessary to identify the temperature at which point the reaction commenced in earnest, 
yielding high quality product. To accomplish this, the TGA instrument was used in performing 
one experiment where a mixture of UF4 and GeO;! was heated to 500°C (at 15"C/min) in streams 
of air and argon. The weight loss curves for three successive heating cycles are displayed in 
Figure 42. The first two cycles where air was used as the sweep gas showed significant weight 
loss commencing about 400°C. likewise, the third cycle, where argon was the sweep gas, the 
same trend was seen. As the temperature reached the 500°C plateau, the loss of weight became 
steady at rates in the range of 0.7'% - 1 .O% per hour. 
In previous experiments where GeF4 was collected in sample cylinders, the temperatures 
employed during the pre-reaction drying period have varied from 300°C to 500°C. From the 
TGA results in Figure 42, the production of fluoride gas was well underway at 500°C. In order 
to prevent significant amounts of reactants from being converted to product during the drying 
period, the dehydration temperature was set at 450°C when GeF4 was collected for purity 
evaluation. 

These SBIR data are furnished with SBIR. rights under Grant No. DE-FG02-99ER82894. 82 
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Figure 42. TGA results showing the temperature at which the reaction between UF4 and GeOz starts producing GeF4. 

Universal V2.5H TA Instruments 
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8.2.4. Development of analytical technology for identifying trace U in GeF4. 

Two samples of GeF4, synthesized in laboratory trials, were sent to Argonne National 
Laboratory (ANL) for analysis using the two new techniques undergoing development by Dr. 
Beitz. The first multi-gram sample of fluoride material was made in the 1 I' Ni tube reactor and 
was packaged in a 300cc Monel gas cylinder equipped with a shortened outage tube made from 
%" nickel tube. Details of the reaction are given in Table 20 for GeFusn-36. 

Table 20. 

Reaction profile for GeFusn-36. 

'Experiment ID: 080201-GeFusn-36 
System: 
Weight of reagents (gm) 314.1057 wt% Ge02: 24.9847 
Sweep gas: 
Pre-reaction drying period: 

Reaction Temperature ("C) 750 

1 I' OD nickel tube reactor with 8" Ni boat 

Helium (62) + air (10) = total flow at 72 (cc/min) 
2. hours at 500°C in helium 

Total reaction time (hr): 5 

Cylinder ID: 

Collection method: 
Filter: none 

#Al, 300cc Monel, double port, shortened Ni outage tube and 
Monel plug. 
n-propyl alcoholAiquid Nz bath at -62°C to -72°C 

Calculated weight of GeF4 expected (gm) 
Calculated weight loss of reagents (gm) 
Observed weight loss of reagents (gm) 

Observed weight gain in the cylinder (gm) 

12.1056 
1 1.2066 
9.1413 

6.46 
1 

Reaction conversion (YO) 
GeF4 capture efficiency (%) :- 8 1.6 defined as observ'd wt lost/calc'd \vt lost 

defined as observ'd WT gain in cj,linder / 
(rxn conversion) x wt GeF4 expected 

65.4 

For this reaction, the sweep gas through the reactor contained a mixture of helium and air, the 
pre-reaction drying period was extended to 2 hours at 500°C and the reaction temperature was 
maintained at 750°C for 5 hours. Under these conditions the reaction reached 8 1.6% conversion 
and 6.46 grams of GeF4 was recovered in the sample cylinder. After completing the experiment, 
the residual heliudair atmosphere in the cylinder was removed using a mechanical vacuum 
pump while the cylinder was chilled at -70°C in an n-propyl alcohoVliquid N2 bath. After the 
vacuum treatment, the cylinder contained 5.3 grams of GeF4. The gas produced in GeFusn-36 
was collected without passing it through a filter and was considered as the most 'crude' form 
(worst case scenario) with regard to possible U contamination. 

The contents of the boat were predominantly black across the length of the boat except for a 
small portion at one end, which was green. Samples of the black and green materials were 
analyzed and their diffraction patterns are shown in Figure 43. The black solid was clearly a 
match with the U308 reference pattern while the green sample contained unreacted UF4 and 

The residue produced in GeFusn-3 6 was again characterized by x-ray powder diffraction. 

These SBIR data are furnished with SBIF, rights under Grant No. DE-FG02-99ER82894. 84 



I 
i 
1 
i 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 

v) n. " 
1 

- ,  

10 20 30 4 0  60 70 € 

H 

rn 
PI 
V 

H 

- 

- 
rA 
ci4 
V 
v 

H 

10 20 30 40 50 60 70 80 
Theta-2Theta (deg) 

Figure 43. X-ray diffraction patterns for the black and green residues from GeFusn-36 
and reference patterns for UOZ, (pdtW 41-14221, e7308 (pdf# 47-1493), 

U&04 (pdM 13-0588) and IJF4. 

H 
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peaks matching well with both LJGe04 and U02 patterns. The composition of the partially 
reacted green solid has been consistent with diffraction results from previous experiments in that 
both U02 and UGe04 have been detected. Since air was added to the sweep gas in this reaction, 
the presence of U02 in the product was not expected but rather U3O8. This would indicate that 
the gas passing over the reactant bed was deficient in oxygen when the reaction was stopped 
after 5 hours. 

reaction system and gas collecticln hardware were used in preparing the second sample. The 
reaction profile for this operation is given in Table 21. Reaction conditions for this trial were 
slightly different than those for GeFusn-36. 

The second batch-production of GeF4 was made as part of GeFusn-40. The same 

Table 21. 

FLeaction profile for GeFusn-40. 

Experiment ID: 01 1102-GeFusn-40 
Reaction: 
System: 
Weight of reagents (gm): 36.4229 1 wt% Ge02 : 23.4819% 
Sweep gas: 
Pre-reaction drying period: 

3UF4 + 3Ge02 + 02(g) = 3GeF4 + U308 
1 I '  OD Nickel tube reactor with 8" nickel boat (mcludmg NI foli spacer) 

Helium (62) + air (20) = total flow at 82 (cc/min) 
1 hour at 450°C in helium 

Total reaction time (hr): 
Reaction temperature profile Time (hr) at T ("C) a5.33 0.33 0.50 '77iii 

I I 3.33 I 775 I I I 
800 I 

Cylinder ID: #AL2, 300cc Monel, double port, Monel plug and shortened Ni 
outage tube. 
n-propyl alcohol/liquid N2 bath at -85°C to -80°C Collection method: 

Filter: 
Calculated weight of GeF4 expected (gm) 
Calculated weight loss of reagents (gm) 
Observed weight loss of reagents (gm) 
Observed weight gain in cylinder (am) 

lOsrno~ics 0.45 p stacked PTFE@ membrane / polypropylene shell 
12.1505 
1 1.2782 
9.9823 

8.33 
Reaction Conversion (%) 
GeF4 capture efficiency (%) G- 88.5 

77.5 
defined as observ'd wt lost/calc'd wt lost 
defined as observ'd wt gain in cylinder / (rxn 
conversion) x wt GeF4 expected 

Notably, the pre-reaction drying period was changed to 1 hour at 450°C while the reaction 
temperature was ramped in steps over the range between 725"C-8OO0C during the 5.33 hour 
reaction period. Using this profile, reaction conversion was 88.5% and 8.3 grams of GeF4 was 
captured in the sample cylinder after removing the residual helium/air carrier gas with vacuum 
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pump. In contrast to the first sample of gas sent to ANL, during the preparation of this sample, 
the gas was passed through a 0 . 4 5 ~  stacked PTFE@ membrane filter (Osmonics, Inc., 
Westborough, MA) before collection in the 3 OOcc Monel cylinder. The post-reaction residue 
from GeFusn-40 was not analyzed by x-ray diffraction but visual inspection showed a small 
portion of the material had the chLaracteristic green color of unreacted green salt at one end of the 
reagent boat. 

uranium in GeF4 produced by the: new fluoride extraction technology are contained in four 
interim progress reports provided. by Dr. Beitz at ANL. Those reports describe the methods, 
equipment, procedures and results learned during that investigation and are included at the end of 
this report in APPENDIX A. Included below are the abstracts and/or summary for the interim 
reports highlighting the accomplishments of the program in chronological order. 

Detailed results from the program to develop analytical methodology to measure trace 

March 12,2001 Progress Report (J.V. Beitz and C.W. Williams) 

tetrafluoride (GeF4) gas. Both methods are designed primarily for determination of uranium 
based on its most probable volatile chemical compound, namely uranium hexafluoride (m6). 

The first method relies on detection and measurement of u F 6  via its characteristic and very 
strong ultraviolet optical absorptilon spectrum. The scientific basis for this method is well 
established, although it is technically challenging to implement. Most of our work to date has 
been carried out to establish the scientific basis for our second method, which relies on laser- 
induced fluorescence of uranyl ions in glassy germanium dioxide (GeO2). Hydrolysis of GeF4 
that contains u F 6  and subsequent treatment with ammonium hydroxide is expected to generate 
hydrated germanium dioxide (Ge02) that contains uranyl hydroxo complexes. Thermal fk ion  of 
this material and rapid cooling should produce glassy Ge02 that contains uranyl ions. Although 
this is a plausible scheme for ultratrace determination of uranium in GeF4, it rests on the 
presumption that uranyl ions are chemically stable in molten GeO2. We now have carried out 
studies on uranyl-doped glassy GeO2 that have shown that 1) uranyl ions are stable for hours in 
molten Ge02,2) uranyl ions in glassy GeO2 at ambient temperature are strongly luminescent, 
and 3) the likely limit of detection for uranium in GeF4 using this method is 50 ppt (parts per 
trillion), or better, on a weight basis. Using our present non-optimized apparatus, we have 
achieved signal-to-noise ratios for uranyl ion luminescence in glassy Ge02 that are equivalent to 
a limit of detection of 500 ppt. 

We are developing two methods for ultratrace determination of uranium in germanium 

October 23,2001 Progress Report (J.V. Beitz and C.W. Williams) 
One approach that we are investigating to improve analytical methods for quantifying 

uranium hexafluoride (m6) in germanium tetrafluoride (GeF4) is hydrolysis of impure GeF4 gas 
to generate GeOz and uranyl fluoride. Subsequent heating produces uranyl ions embedded in 
glassy Ge02. In our earlier work, we showed that laser-induced fluorescence analysis for uranyl 
ion had the potential to detect less than 0.5 parts per billion of uranium in glassy Ge02. We also 
noted difficulty in reproducibly crleating visually clear, bubble-free glassy Ge02 on the one gram 
scale. Bubble-free Ge02 is required to achieve reproducible measurement of luminescence 
intensity. Such reproducibility is essential for quantitative measurement of uranium impurity 
content in analyzed samples via the standard addition method. 

visually clear, bubble-free glassy GeO2 on the gram scale. However, this method creates an 
Based on a parametric study, we now have identified a simple means of producing 
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impurity that, following excitation at 355nm, luminesces such that its emission spectrum and 
luminescence decay overlap those of uranyl ion in glassy Ge02. The impurity species likely is 
the result of thermal reduction of' some tetravalent Ge in Ge02 to divalent Ge. The impurity 
species grows in with increased sample residence time in the high temperature zone of the 
furnace. This impurity interference is present to varying degrees in all other methods that we 
investigated to minimize the pres,ence of small bubbles in Ge02 glass produced by melt 
processing in air. Given difficulties in producing glassy Ge02 of acceptable quality for 
quantitative uranyl luminescence analysis, we began a search for alternate, but related methods 
of achieving our goal of improved ultratrace analysis for U F 6  in GeF4 gas. We have identified a 
promising method that does not require high temperature processing and so is likely to be more 
easily and economically implemented in a quality assurance laboratory. 

Our new approach retains the same initial step, namely, hydrolysis of GeF4 gas in water 
to generate Ge02, H2GeF6, and HF, and the same second processing step, namely sub-boiling 
point distillation of volatile species. Our new approach then dissolves the resulting non-volatile 
residue (Ge02 and uranyl fluoride, if any UF6 was present in the GeF4) in concentrated 
hydrochloric acid. This converts Ge02 to volatile GeC14 that is removed, along with excess 
hydrochloric acid, by a second sub-boiling point distillation. The residue (uranyl chloride and 
trace amounts of GeO2) is taken up in dilute phosphoric acid solution. The uranium content of 
the resulting solution is quantified by laser-induced fluorescence and the standard addition 
method. This new approach will permit use of 266 nm excitation which has the advantage of 
being more strongly absorbed by uranyl in dilute phosphoric acid than is light at 337nm 
(nitrogen laser) or 355nm (tripled Nd:YAG laser). In consequence, limits of detection for uranyl 
comparable to the best reported in the literature (1 to 40 ppt) are expected. The primary 
interference that we anticipate in our germanium chloride volatilization process is luminescence 
from trace level organic contaminants leached from the perfluoropolymer distillation vessel. We 
expect to eliminate such interference by 185nm photolysis that should photochemically destroy 
such contaminants. In our initial studies of this new approach, we have hydrolyzed GeF4 gas and 
verified volatilization of the resulting GeO2 from concentrated hydrochloric acid. 

Using a 9.3cm path length nickel-bodied, elastomer-free cell equipped with single crystal 
aluminum oxide windows, we have recorded the ultraviolet absorption spectrum of Starmet- 
produced GeF4 gas. Based on those spectra and literature va lues  for the molar absorptivity of 
uranium hexafluoride gas, Starmel.-produced GeF4 contains less than 0.75 parts per million (by 
volume) Of u F 6 .  Based on an observed small decreases in pressure upon contact of Starmet- 
produced GeF4 gas with a clean, passivated vacuum system and subsequent FT-IR analysis of 
that GeF4 gas using our nickel-bodied cell, we have concluded that the sample of Starmet- 
produced GeF4 that we analyzed contains approximately 0.8% hydrogen fluoride (HF) gas by 
volume. 

May 11,2002 Progress Report (Jr.V. Beitz and C.W. Williams) 
In lieu of a formal abstract for this report, a brief summary of the results is outlined 

below. 
Work began on the alternative approach to determine U (as m6) in GeF4, termed 

'chloride volatility'. In testing the new approach, a sample of fluoride was hydrolyzed in a small 
volume of water, contacted with concentrated HCl and subjected to a sub-boiling point 
distillation treatment. Solid residue recovered from the distillation treatment was analyzed by 
FT-IR spectroscopy using CsI powder to make a transparent pellet. The infrared spectrum of the 

These SBIR data are fiunished with SBIR rights under Grant No. DE-FGOZ-99ER82894. 88 



1 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 

solid showed bands consistent with Ge02 and bands correlating to CsGeF6 produced by 
interaction of H2GeF6 and CsI. Further steam hydrolysis treatments were successful in 
converting the H2GeF6 fraction to GeO2. However, in subsequent steam hydrolysis trials, it took 
a total of 400ml of water and approximately 80 hours of contact with steam at slightly above 
100°C to completely hydrolyze the combined Ge02/H2GeFc; solids to GeO2. The steam 
hydrolysis apparatus was modified to enable vapor phase hydrochlorination of GeO2 produced 
by the steam hydrolysis procedure. After three hours of reflux at 115°C the hydrochloric acid 
vapor treatment was not effective in converting GeO2 to volatile GeC14. 

March 17,2003 Progress Report (J.V. Beitz) 

analysis of the uranium content of hydrolyzed GeF4 gas. The basis of this process is detailed in 
our May 1 1,2002 progress report. The process requires conversion of “particulate Ge02“ into 
volatile germanium tetrachloride (GeC14). The “particulate Ge02” of interest is that which arises 
from repeated steam hydrolysis of the solids that result from reaction (hydrolysis) of GeF4 with 
water. As noted in our May 11, ;!002 report, the Ge02 of interest is of the hexagonal structure 
type based on its infrared absorption spectrum. Standard reviews of germanium chemistry state 
that hexagonal Ge02 reacts with concentrated hydrochloric acid to form GeC14. We carried out 
extensive tests of the reactivity of our particulate Ge02 with hydrochloric acid solutions. Our 
particulate GeO2 failed to react with concentrated (analytical reagent grade) hydrochloric acid 
(HC1) solution at ambient temperature over a period of several months contact. It did not react at 
temperatures up to and including the boiling point of concentrated HC1. Particulate Ge02 was 
held in the refluxing vapor above constant boiling point hydrochloric acid and in the refluxing 
vapor above concentrated hydrochloric acid. Portions of the refluxing vapor were collected for 
analysis and no evidence of GeC14 was found. To maximize the solution acidity, dry hydrogen 
chloride gas was passed through it stirred slurry of particulate Ge02 and concentrated HCI at 
ambient temperature. No formation of liquid GeC14 was observed in the slurry container. The 
vapor exiting the reaction vessel was passed through a trap held at 273°K. Analysis of the trap 
contents did not reveal any GeC14. We conclude that our particulate Ge02, although of the 
hexagonal structure type, exhibits a negligible reaction rate with hydrochloric acid under our 
experimental test conditions. For this reason, our proposed “chloride volatility” process is not 
suitable for high sensitivity analysis for the presence of uranium in hydrolyzed GeF4 gas. 
Reaction of particulate Ge02 with dry HCI gas at moderately high temperature (e.g., 400°C) was 
not attempted due to concern about chemical reduction (due to the presence of small amounts of 
hydrogen gas in HCI). Such reduction of trace levels of uranyl would result in lower valent 
uranium chlorides whose volatility likely would compromise analytical accuracy. 

particulate Ge02 with 22% hydrofluoric acid solution and found that the particulate Ge02 readily 
dissolved to give a clear, colorless solution. This solution was transferred to a single crystal 
aluminum oxide cell that consisted of a single crystal aluminum oxide rod into which a hole that 
had been drilled coaxial with the cylinder axis of the rod to create a flat-bottomed “test tube” 
shape. A polished disk of single crystal aluminum oxide capped the cavity in the rod and 
prevented escape of significant amounts of HF vapor from the contained solution. Laser-induced 
fluorescence analysis of the solution in this cell was carried out using 355nm excitation with the 
apparatus described in our March 12,2001 progress report. Luminescence from the solution was 
observed throughout the visible spectral range and exhibited complex, non-exponential decay. 

Our primary focus was evaluation of our proposed “chloride volatility” process for 

In a final effort to quantify uranium in hydrolyzed GeF4 gas, we contacted an aliquot of 
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The luminescence initially peaked in the blue. With increasing time following an excitation 
pulse, the peak luminescence intensity wavelength shifted to longer wavelength. An aliquot of a 
solution of uranyl ion in dilute nitric acid was added to the solution in the cell in an amount 
sufficient to give approximately 6 parts per million of uranyl on a weight basis. The 
characteristic luminescence emission bands of uranyl ion could not be discerned in the recorded 
emission spectra due to the much more intense broadband, complex luminescence of the 
solution. This interfering luminescence likely arises from low molecular weight polymers that 
had leached from the Kel-F and perfluoroalkoxy (PFA) Teflon@ containers that we used to 
generate the particulate GeOz. Such luminescence was not observed from our HF stock solution 
nor was it present in solutions of commercial GeOz dissolved in our HF stock solution. We 
conclude that the sensitivity of luminescence analysis for uranyl in hydrofluoric acid solutions of 
particulate GeOZ is significantly hindered by the presence of interfering luminescing species that 
likely are low molecular weight polymers that leached from the walls of Kel-F@ and Teflon@ 
containers. 

Absorbance Analyses of GeF4Gas using ultraviolet absorption spectroscopy 

Number “GeFusn-40” (Starmet preparation date 1 / I  1 /02) underwent analysis by ultraviolet 
absorption spectroscopy for the presence of uranium hexafluoride gas (UF6).  This analysis and 
an infrared analysis were carried out using the methods, equipment, and procedures noted in our 
October 23,2001 progress report to Starmet with one exception. That exception was the 
averaging together of ten spectral scans, which resulted in slightly improved sensitivity. No 
absorbance attributable to UF6 gas was observed. If one uses three times the observed standard 
deviation of the measurement as the “limit of detection” criterion, then the sample of Starmet- 
produced GeF4 gas contained less than 0.64 parts per million of U F 6  gas on a volume basis 
relative to GeF4. The sample also underwent infrared absorbance analysis in the 2000 to 5000 
wavenumber (cm-’) spectral region in the same sample cell used for ultraviolet absorption 
analysis. The characteristic fundamental vibration-rotation bands of hydrogen fluoride gas (HF) 
were observed in the 3700 to 4200cm-’ spectral range with nearly the same optical density as was 
the case for our previous analysis of an aliquot of GeF4 from Starmet Sample Reference Number 
“GeFusn-36” (Starmet preparation date 8/06/0). In addition, weak absorption bands (peak 
absorbance: 0.002 absorbance units) of the v3 fundamental absorption bands of carbon dioxide 
gas (CO2) were observed in the 23 10 to 2375cm-’ spectral range. 

An aliquot of germanium tetrafluoride (GeF4) gas from Starmet Sample Reference 

8.2.5 Particulate filtration. 

Information concerning effective gas filtration technology for semiconductor grade 
materials was supplied by Voltaix, Inc. It was recommended that a Wafergard II F-6 Inline Gas 
Filter (Millipore Corporation, Bedford, MA) or equivalent be used when processing and 
packaging the final fluoride product. The Wafergard product featured a teflon@ membrane 
module rated for particulate removal of 20.003p. An equivalent filter, model # TEM-8 1 1 -P 
manufactured by T.E.M. Filter Company (Santa Clara, CA), was purchased from Air Products 
(Allentown, PA) and was to be integrated into the production-scale reaction system when built. 
A description of the mM-800 Series Gas Filter is included in Figure 44 along with a picture and 
schematic diagram of the flow rating. 
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TEM-800 Series Gas FilUers 
99..9999999% Efficient 0 0.003 Microns 
PTFE@ Membrane 
0.5 square foot Effective Filtration Area 
3 l6L, lORa finish, electro-polished stainless steel housing 
750 psig operation pressure at 250°F 
Helium leak tested to 1 X 10 -9 cc/sec 
Available with Compression, Face Seal, and N.P.T. fittings 
Interchangeable with all Pall and Millipore Filters 
Compatible with all Semiconductor Grade Gases 

TEM-800 Series filters are specifically designed for filtration of critical semiconductor gases 
where flow rates of more than 201 liters per minute are required. The filters use a PTFE@ 
membrane in a small pleated cartridge form to provide .003 micron absolute filtration. The 
teflon@ membrane cartridge is encapsulated in a 316L stainless steel housing that is electro- 
polished and totally welded. The: final assembly is purged at a high flow rate with filtered 
nitrogen for initial cleanliness. 

PRESSURE DROP VS. FLOW RATE 

Figure 44. Description and illustration of the TEM- 800 Series Gas Filter. 
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Experiment ID: 
System: 

Weight of reagents (gm): 
Sweep gas: 

From the results gathered in section 8.2.4, uranium carryover into the laboratory- 
synthesized samples of gas was not detected above the minimum detection limits of the 
analytical instrumentation even for the unfiltered batch from GeFusn-36. None the less, filtering 
of the gas is essential for producing a clean, high purity product for use in the semiconductor 
industry. 

051501-GeFusn-34 
Closed-end 1 " OD nickel tube reactor 
6" OD x 6" long ceramic heater (with manual control) 

Helium flow at 70 (cc/min) 
87.84 1 wt% Ge02: 24.1689 

8.2.6 Process scale-up. 

. ,  
Temperature profile 

Cylinder ID: 

Preliminary drawings of a six-station reaction system and gas collection station were 
made to begin the process of scaling-up production of GeF4 to -2kg of gas per day. In order to 
prove-out the design concept, a small prototype of a closed-end tube reactor was fabricated from 
a 9" section of 1 'I Ni tube. The basic setup was shown in Figure 7 (section 8.1.6) where the 
sweep gas was piped close to the surface of the reaction mixture to convey the emerging fluoride 
gas out of the reaction zone and toward the collection vessel. Leaving the reaction tube, the gas 
was passed into a 300cc double-ported, Monel cylinder setup as a 'flow-through' condenser. 
Results for this trial, identified as GeFusn-34, are given in Table 22. After 5 hours of reaction 
with the temperature in the range between 735"C-8OO0C, the reagent mixture lost only 3.07 
grams, representing only 10.2% of the expected weight loss. Of greater significance was the fact 
that none of the synthesized GeF4 was captured in the collection vessel maintained at dry-ice 
temperature. 

Time (hr) at T("C) 
2 735-755 
1 775 
2 800 

#11,3OOcc volume, Monel, double port, no outage tube 

Table 22. 

Results for GeFusn-34. 

I - I  _ -  
/Total reaction time (hr) 1 5 1  -I 

I Collection method: ldrv ice bath. neat I 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ERS2894. 92 



The low conversion witnessed in GeFusn-34 was most likely a result of poor heat transfer 
through the wall of the vertically mounted tube from the ceramic heater. The reaction 
temperature of 800°C was measured outside the nickel tube and must have been substantially 
below that within the reaction mixture. The fact that no GeF4 was collected in the cylinder was, 
in part, a result of foregoing the Fire-reaction drying step that allowed adsorbed moisture to 
migrate and condense in cooler sections of the tubing and hydrolyze some fluoride before 
reaching the intended collection area. Some GeF4 was also lost to passivating the nickel surfaces 
of the new reaction tube, forming a NizGe04 film as seen in previous experiments. Collection 
was also hampered by the low concentration of fluoride gas in the stream passing through the 
chilled cylinder. At dry ice temperature (-78°C) the equilibrium vapor pressure of GeF4 is -26 
torr or -3.4% by volume. The short condensation zone (-6” length of the chilled cylinder wall) 
was obviously not sufficient to capture measurable amounts of GeF4. 

In light of the poor results observed in GeFusn-34 using the vertical tube configuration, 
design plans for a production scale apparatus were reviewed by the staff at Voltaix, Inc. Based 
on their recommendations and expertise with semiconductor grade materials, a new set of 
drawings for a multi-station reaction system and gas collection apparatus were drafted. The 
revised designs are shown in Figures 45 and 46. In brief: 

The closed-end reaction tube was switched to a ‘pass-through’ reaction tube similar to the 
tube reactor used in the design trials. 
The use of sintered metal disc filters was to be avoided since they clog easily and are not 
easily cleaned. Multi-membrane canister filters are recommended and they can be placed 
anywhere in the system as long as the gas has cooled to ambient. 
Capture of GeF4 using a ’flow-through’ condenser approach is more efficient as the 
concentration (partial pressure) increases to atmospheric pressure or above. For low 
concentration environments the use of a closed-end vessel equipped with a short outage tube 
is preferred. 
For low level production, automating the transfer of gas into the product cylinder is a costly 
add-on to equipment. Manual transfer using alternating vacuudpressurization cycles to 
move GeF4 into transportable (carbon steel cylinder is recommended. 

In conjunction with plans to increase the scale of GeF4 production, a Process Hazards 
Review (PHR) was conducted involving both the reaction and collection systems illustrated in 
Figures 45 and 46. The first draft of the PHR is presented in Table 23 and includes sections 
concerning the reactor, the gas collection cylinder, final transport cylinder and support system. 
In the review, various ‘what I f .  . ., scenarios are presented along with the effect they would have 
on operations, the consequences stemming from the effect and what remedial actions/resources 
are available to manage the situation to a satisfactory outcome. 

, 
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Figure 45. Revised design of the multi-station reaction system. 
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Figure 46. Revised design of the condensation zone in the collection system. 
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Table 23. 

Process Hazards Review for GeF4 Production. 

SystemlQuestion I Instrument(s1 1 Effect I Consequence Remediation Issues 
I I I I I 

1. Reactor system 
I 

a. What if reactor temperature too high? Reactor temperature GeF4 produced faster than 
sensor expected completely, overpressure relief device engaged. 

Reactor temperature Reagents may not react at all or 
sensor very slowly is not made. 

GeF4 may not condense 

situation may exist 

No safety consequence. Fluoride 

Vent to scrubber system, pressure none 

b. What if reactor temperature too low? 

c. What if reactor outlet plugs? --- No outlet for gas Overpressure in reaction tehe. Shu!dcxn :eac!Gi furnace oii high Venting excess pressure 
pressure. Vent excess pressure to 
scrubber system 

Difficult to purge reactor of GeF4- Residual GeF4 vented into hood 
laden atmosphere after reaction system exposure. 
is completed 
Difficult to purge GeF4 from 

May not get full reaction 

may cause exposure. 

Disassembly may cause No sweep gas flow d. What if reactor inlet plugs --- 

e. What if sweep gas stops flowing (supply --- 
tank is depleted)? reactor after completing reaction. supply could cause 

f. What if reactor leaks? --_ GeF4 escapes into ventilation Potential exposure Shutdown process and repair leak. Potential exposure to 

g. What if manifold plugs? --- Over pressure in all active Reactor overpressure Shutdown reactor furnace on high none 

No heliumlair sweep gas flow Replace the sweep gas cylinder. Replacing sweep gas 

exposure if done improperl) 

hood. Gas vented into hood is scrubbed. operator. 

reactors. pressure. Vent excess pressure to 
scrubber system 

pressure. Vent excess pressure to 
scrubber system 

h. What if manifold filter plugs Over pressure in all active Reactor overpressure Shutdown reactor furnace on high none 
reactors. 

2. Gas Collection System 
la. What if primary cooling bath is too 
warm? sensor a safety issue except potential for 

,b. What if the cooling bath is too cool? 

IC. What if collection cylinder plugs during --- Could cause overpressure in Reactor overpressure Shutdown reactor furnace on high none 
filling? 

Bath temperature Gas will not be captured. Gas goes to scrubber system. Adjust coolant bath temperature -not none 

small release to scrubber. 
Raise the coolant bath temperature to Condensation cylinder may 

I 

Bath temperature 
sensor sweep gas may be captured. impurities. stop carryover of unwanted impurities. fill with liquefied air. 

Components and impurities in the Captured GeF4 contains 

system or stop gas flow, 
depending on where plug occurs. 

pressure. Vent excess pressure to 
scrubber system 
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Table 23 (cont.) 
SystemlQuestion 

d. What if the collection cylinder plugs 
during transfer? 

Instrument(s) Effect Consequence Remed iation Issues 
Over pressure in all active Reactor overpressure Shutdown reactor furnace on high none 
reactors. pressure. Vent excess pressure to 

scrubber system. 

3. Final Transport Cylinder 
a. What if filter plugs? No flow of GeF4 from 

condensation cylinder to final 
packaging cylinder. bath around collection cylinder. system pressure. 
No effect 

Transfer cylinder may not Condensation cylinder and filter Pressure relief device engaged or none 
condense fluoride gas overpressurize. GeF4 recondensed by applying coolant 

High pressure in transfer cylinder GeF4 is comingled with 

Vacuum pump still pumping on 

condensation vessel is opened. 
Flowmeter fails to indicate flow of No indication of gas flow may 
gas. make operator think that transfer transferred amount of gas. contain more GeF4 than 

Pressure in condensation cylinder Pressure relief device engaged or 
and filter increases 

Filter can be bypassed and 
GeF4 recondensed by applying coolant transfer completed to lower 

b. What if bath is too cold? 

c. What if bath is too warm? 

h-th orcwenc4 . -* l l~-A~--  -~A:-A-- 
Y Y L ,  I "4 vu, I" L,U#I C I L l U l  I by111 IUCI. 

~ 

no safety effects 
impurities. 

Some GeF4 may be pumped out Vacuum pump outlet vented through 

d. What if vacuum not sufficient? 

e. What if vacuum is still on when transfer 
is initiated? transfer cylinder when through the vacuum pump. the scrubber. 

f. What if the flowmeter fails low? 

Pressure gauge 

Flowmeter Transport cylinder is weighed to check Condensation cylinder may 

expected on startup of next 
condensation cycle. 

to packaging vessel is complete. 

g. What if the flowmeter fails high? Flowmeter Flowmeter reads high Operator may think gas flow is Operator may continue gas transfer none 
proceeding when there is no or 
little flow. implications. 
Transfer of GeF4 less than 

Transfer of more GeF4 than 

longer than needed. No safety 

System evacuated using vacuum 

System evacuated using vacuum 

li. What if pressure gauge fails high? Pressure gauges Operator stops transfer of gas Transport cylinder contains 
prematurely. expected. pump. less than desired amount. 
Operator continues transfer of Transfer cylinder contains 
gas longer than necessary. expected. pump. more than desired amount. 

. . . . . . . fails low? 
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4. Support Systems 
a. What if ventilation hood fails during 
operation? 

b. What if scrubber fails during operation? 
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~~~~~ 

Hood velocity sensor Ventilation surrounding reactor@) Potential for exposure to process Immediate shutdown of operations, Evacuation may include 
ceases gases and GeF4 increases evacuate. personnel in surrounding 

Scrubber stops working 
dramatically. areas. 
Environmental discharge of gas 
less than 2 kg maximum 

Significant residual trapping in 
scrubber packing, HF sensor in 
discharge. 



8.2.7 Gas ultrapurification. 

Voltaix, Inc. was subcontracted to characterize the purity of GeF4 made by the new 
Starmet process. Material synthesized in two lab trials, GeFusn 37 and 38, was shipped to them 
in order that the purity of the "as-produced" gas be established and to determine if further 
purification steps were needed to upgrade the quality to meet current specifications. Results of 
the two lab runs are included in Table 24, which yielded a 15.6 1 gram sample of fluoride. 

Table 24. 

Profile and results for GeFusn-37 and 38. 

1 " nickel tube 
081601-GeFusn-37 

35.1592 grams 
24.9847 Weight % GeO7 (%) 24.9847 

Helium (62) + air (20) =total flow at 82 (cc/min) 

400°C 
Time 

1hr  
0,300"C 

at T 
(W ("C) 

650-800 e 800 
0.75 

3 

profile 

I -2.75 775 fi I 1 r 1 . 2 5  so0 {I 
I Total reaction time (hr) 1 5.25 I 3.75 I 

~ ~~ 

Cylinder ID 
Collection method 

#8,15Occ type 304 SS, single port with shortened outage tube 
n-DroDvl alcohol/drv ice bath maintained at 

I I -72°C I -77°C I 

In brief, both reactions were carried out using a heliudair mixture as the sweep gas. A 
high degree of conversion was observed in both cases (94.9% and 96.6% for GeFusn-37 and 38, 
respectively), with the latter run yielding the larger amount of captured product (8.89 grams). 
The material produced in both reactions was filtered using a membrane filter placed immediately 
before the condensation cylinder. After concluding GeFusn-3 8, the heliudair residual was 
removed by vacuum processing before capping the gas container. 
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Follow-up analyses of the reaction solids by x-ray powder diffiaction and gas analysis by 
FT-IR spectroscopy of the stream leaving the stainless steel cylinder in GeFusn-3 8 were also 
done. Those results are shown in Figures 47 and 48, respectively. X-ray diffraction results in 
Figure 47 indicate the black, post-reaction residue was solely U30~ .  It can be seen in Figure 48 
that the gas stream exiting the condensation cylinder, while submerged in coolant at -77"C, 
contained measurable GeF4 on the order of 3.4% (by volume). Peaks due to several impurities 
seen throughout the experimental program were also marked in the sample spectrum. Evidence 
of the BF3 and SiF4 species has been difficult to flush out of the gas sample cell and lines to the 
FT-IR instrument from prior sample analyses. 

After being received at Voltaix, Inc., the "as-produced" fluoride was also analyzed using 
FT-IR spectroscopy in their laboratory. Spectra were collected for the Starmet material along 
with two GeF4 samples from other vendors. The spectra were collected at a cell pressure of 200 
torr and arranged on a common set of axes to facilitate comparison between scans. Those results 
are shown in Figure 49. Locations of increased absorbance due to the presence of impurities 
have been marked in the spectra. It is clear the Starmet GeF4 had the least number and lowest 
intensity peaks due to impurities compared to the two other samples. The GeF4 material from 
Advance Research Chemical possessed a purity of 99.99%. 
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Figure 47. X-ray diffraction patterns for the solids recovered from GeFusn-37 and -38 and 
reference pattern for U3O8 (pdH 47-1493). 
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Figure 48. Infrared spectrum of the gas stream leaving the collection cylinder in GeFusn-38 with the furnace at 800°C and a 
reference sample of GeF4 at 10 torr. Peaks due to known impurities such as CO2, BF3, SiF4 and HzO have been marked. 
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Finally, the purity of the lab-synthesized sample of GeF4 was characterized using 
ICP-MS (inductively coupled plasma-mass spectroscopy) analysis. Three test specimens were 
prepared at Voltaix, Inc. and sent to Applied Analytical, Inc. (Austin, TX) for quantitative 
assessment for 37 elemental impurities including uranium. The test solutions were prepared by 
hydrolyzing the gas in deionized water with assistance of a nitrogen ballast. Solutions for the 
Starmet gas, a reference material ("Voltaix") claimed to have a purity of 99.99% and a "blank" 
consisting of deionized water treated with ballast gas were analyzed under similar conditions. 

the 'as-produced' Starmet material, only boron and niobium could be detected above their 
detection limits while uranium could not be detected at a detection limit of 0.019ppm-wt. In 
comparison, the Vultaix, Inc. material also showed detectable levels of boron and niobium and 
also a third impurity, namely titanium. It is clear the Starmet GeF4 had fewer detectable 
impurities than the reference supplied by Voltaix, Inc. 

to, both at Voltaix, lnc. and at the outside analytical laboratory, the Starmet material has been 
shown to be of superior quality. Additional analyses by gas chromatography to quantitatively 
assess the impurity levels of HF, C02, COY S02, Ar, 0 2  and N2 are required before stating, with 
certainty, that the "as produced" fluoride gas meets the most demanding specifications put forth 
by Voltaix, Inc. for their UHP grade - 99.99% material. The current specifications for UHP 
grade GeF4, as put forth by Voltaix, Inc. , are compiled in Table 26. 

From the investigations conducted thus far concerning the production of GeF4 using 
Starmet's new fluoride extraction process (FEPTM), the quality of gas produced in laboratory trials 
is of sufficient purity for use in the semiconductor industry. 

Results of the ICP-MS analysis for the three test solutions are arranged in Table 25. For 

Based on the series of FT-IR and ICP-MS analyses that the GeF4 material was subjected 
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Table 25. 
Results for ICP-MS analysis of 'as-produced' GeF4 received from Voltaix, Inc. 

I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Detn. 
53-34 Limit 

nd 0.005 
nd 0.001 
nd 0.001 
nd 0.001 
nd 0.001 
nd 0.002 
nd 0.001 
nd 0.003 
nd 0.001 
nd 0.001 
nd 0.001 
nd 0.001 
nd 0.001 
nd 0.21 
nd 0.001 
nd 0.001 
nd 0.001 
nd 0.001 
nd 0.001 
nd 0.001 
nd 0.001 
nd 0.005 
nd 0.001 

Titanium nd 0.719 0.104 0.095 0.002 

Uran i urn nd nd 0.01 9 nd 0.001 
Tungsten nd nd 0.039 nd 0.001 

I I I I I I 

hanadium I nd I ndl 0.0191 ndl 0.001 
I I I I I I 

(Zinc ndl ndl 0.1061 ndl 0.002 
I I 1 I I 

Zi rconi um ndl ndl 0.0241 ndl 0.001 
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Table 26. 
Specifications for UHP grade - 99.99% GeF4 established by Voltnk, Inc. 
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8.3 Discussion - GeF4. 

8.3.1 Producing the Gas 

In the batch-type operation, the tube reactor setup was shown to be the better design for 
harvesting GeF4. The highest Capture Efficiency (CE) amongst the crucible reactor trials was 
38.3% as determined in the GeFusn-21 run while a CE of 97.7% was recorded during the 
GeFusn-28 trial conducted in the tube reactor system. The better efficiency was realized as a 
result of manipulating reaction parameters and using materials of construction that held up well 
under the preferred reaction conditions. The most significant factor compromising the collection 
of GeF4 was the formation of crystalline GeF2 residue. It was found that the unwanted by- 
product could be controlled and minimized by maintaining the reaction temperature in the range 
between 700"C-800"C and using a reactor sweep stream containing a small fraction (10-12 
vol.%) of dry air. The selection of nickel 200 alloy as a construction material also helped to 
improve collection of product by lessening the extent of destructive side-reactions at the surface 
of the metal. Some interaction between GeF4 and the nickel material was noted by the formation 
of a Ni2Ge04 residue. It is anticipated that this side-reaction can be eliminated by properly 
passivating all nickel surfaces in and around the heated reaction zone with a protective layer of 
NiF2 before beginning the production of GeF4. 

Reaction conversion during the tube reactor trials was determined to be at least 88% or 
greater except for two experiments (GeFusn-27 and -30). Those experiments performed using a 
100% helium sweep gas (GeFusn-25, -26 and 31) showed higher conversion levels than the trials 
where air was added to the sweep stream (GeFusn-28, -29 and 32). However, the higher 
conversions were achieved in those runs where the reactor temperature was the highest (775°C- 
8OO0C). In two trial-to-trial comparisons where the same reactor temperature was reached, the 
greater conversion was attained when the reaction environment contained a small amount of air 
in the sweep gas as shown in Figure 50. 
Likewise, when the reaction conversion was plotted against reaction temperature for the eight 
trial series (see Table 14), experiments carried out using a pure helium sweep stream showed a 
significant increase in conversion with rise in temperature. In contrast, those runs where the 
heliudair sweep gas was employed showed almost no change in conversion as the temperature 
was stepped up between 70O0C-75O0C. These trends are demonstrated in Figure 51 below. In 
subsequent runs where GeF4 was produced for purity characterization (GeFusn-37 and -3 S), 
conversion levels of 94.9% and 96.6% were attained when a reaction temperature of 800°C was 
employed while using the heliudair sweep stream. Additional discussion concerning reaction 
mechanism and kinetic issues will be included aRer discussing the quality of the gas produced by 
the solid-state reaction. 
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Effect of Sweep gas on the Reaction Conversion 
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Figure 50. Comparison of reaction conversions using either 100% helium or  a mixture of 
helium + air as the sweep gas a t  700°C and 750°C. 
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Figure 51. Reaction conversion charted as a function of temperature for the series of tube 
reactor experiments where pure helium and he l iuda i r  sweep streams were employed. 
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8.3.2 Quality of the Gas 

The quality of the GeF4 produced throughout the development program was constantly 
monitored by FT-IR spectroscopy and routinely compared to several commercial GeF4 sources 
both at Starmet and Voltaix, Inc. Laboratory synthesized samples made during the reactor design 
and parameter optimization trials routinely contained low levels of impurities such as SiF4, BF3, 
C02, €33 and moisture that were formed by side reaction between GeF4 and the system hardware 
components (Le., HR160@ alloy reactor, silicone-based valve lubricant, etc.). Traces of boron 
trifluoride in the gas produced in the crucible reactor experiments could be tracked back to prior 
use of the reactor hardware for making BF3 by similar technology reacting UF4 with B2O3. 
Likewise, GeF4 produced in the nickel tube reactor showed a similar pattern of impurities which, 
in the case for BF3, probably diffused off the interior walls of the 1 Ocm gas cell, which was used 
repeatedly to analyze several other fluoride gases made by Starmet's fluoride extraction process. 
Varying traces of C02 were observed in many infrared scans and was caused by changing 
atmospheric conditions in the infrared spectrometer's sample compartment since the cell 
compartment could not be totally enclosed and purged due to input and exhaust lines connecting 
the cell to the reaction system. 

pre-reaction drying period where the UF4/Ge02 reaction mixture was first heated to -450°C 
under a helium purge. Removal of moisture from the system prior to generating GeF4 was 
successful in lowering the level of HF impurity by minimizing the amount of GeF4 consumed by 
hydrolysis with H20. 

After completing the tube reactor trials and optimization runs, GeF4 produced for 
analytical characterization at Argonne National Laboratory and Voltaix, Znc. proved to be 
superior in quality when compared to other GeF4 sources. Lab synthesized GeF4 from GeFusn- 
37 and-38 analyzed at Voltaix, Znc. showed it to contain the least amount of infrared-detectable 
impurities as illustrated in Figure 49. The benchmark reference material supplied by Advanced 
Research Chemicals, Inc. was claimed to have a purity of 99.99%. In addition to the analysis by 
FT-IR spectroscopy, the Starmet material was found to contain only two of the 37 elements 
analyzed for by ICP-MS. The benchmark reference gas had three detectable impurities. More 
importantly, uranium could not be detected in the fusion-derived gas at the detection limit of 
0.019ppm-wt. 

challenge. The two techniques being developed to detect U at low levels, Le., laser-induced 
photoluminescence spectrometry and UV optical absorption spectroscopy, could not detect 
uranium in the Starmet product. The luminescence method for detecting uranyl species (U0y2 
ions) in glassy GeO2 met with unexpected interferences preventing further analyses. Alternative 
procedures to convert hydrolyzed GeO2 to Gee14 met with resistance in chlorinating precipitated 
GeOz thereby hindering the analysis for uranyl species. Analysis for U (as m6) using optical 
absorption spectroscopy was accomplished on both samples of lab synthesized material produced 
in GeFusn-36 and GeFusn-40. Using a 9.3cm gas cell, no uranium could be detected in either 
the unfiltered or filtered batch of GeF4, although the detection limits (0.75 and 0.64ppm-vol., 
respectively) were slightly higher than what was achieved in the ICP-MS analysis. To enhance 
the detection limit for U as m6, a longer pathlength cell on the order of 1 meter in length was 
considered as an option but not pursued due to both excessive fabrication costs and limited time 
concerns. The goal of attaining a uranium detection sensitivity in the parts-per-trillion range was 

However, the levels of HF and moisture could be managed through implementation of the 

Trace level detection of uranium in GeF4 samples sent to ANL also proved to be a 
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not achieved. However, it is believed that additional development of the laser 
photoluminescence technique to measure uranyl species in glassy Ge02 may prove successful 
with continued research to overcome the noted interferences. 

8.3.3 Mechanistic Considerations 

It was previously shown (in section 8.2.3) that the onset of reaction between U F 4  and GeOl 
begins to take place around 400°C when air is included in the sweep stream (refer to 
Figure 42). By 500°C the conversion to GeF4 is well underway and at temperatures between 
70O"C-75O0C conversions near 90% have been documented. In contrast, when the reaction was 
run without air in the sweep stream, conversion was very much dependent on reaction 
temperature. Review of TGA data collected during the Phase I SBIR program showed that the 
onset of reaction, when conducted in an argon atmosphere, was delayed until -600°C. From this 
data and the x-ray diffraction results of the residues left behind at various stages of completion, it 
is clear that the reaction mechanism to liberate GeF4 is different for the air-laden sweep gas 
environment versus a pure inert stream. One pathway to make GeF4 in an inert sweep stream, 
which is supported by the x-ray diffraction data from many trials including GeFusn-27, -30, -31, 
-33 and -35, is given below: 

Helium sweep stream - 

UF4 + Ge02 ---+ GeF4(g) + U02 
UO2 + Ge02 ___) UGe04 
UGe04 + UF4 ---+ GeF4(g) + U02 

(A) 
(B) 
(C) 

Net reaction: 2UF4 + 2GeO2 --+ 2GeFd(g) + 2U02 (D) 

In this scenario, U02 being formed in equation (A) is subsequently combined with available 
Ge02 to form a stable compound with the formula UGe04. This compound was identified in 
residues collected from GeFusn-33 and GeFusn-35 in which there was only partial conversion. 
No traces of GeO2 could be detected in the diffraction patterns of either residue. Once all Ge02 
is consumed, the reaction cross-section is between U F 4  and UGe04, which leaves behind U02 as 
the only solid remaining after complete conversion. 

In studying the kinetic behavior of the GeF4 reaction as part of the Phase I SBJX 

engineering a larger reaction system. Data for the GeF4 reaction carried out in argon was fitted 
to a version of the Avrami equation for a solid-solid transformation process24y25. This was one of 
several known kinetic models for a solid-solid reaction to be applied for approximating the rate 
of gas evolution and the only one that fit the experimental data well. 

data for post-reaction residues made in environments containing air (such as GeFusn-28, -29 
and-32) showed U02F2 and U308 were the only identifiable constituents (see Figure 13). A 
reaction sequence can be written which involves these specie:;: 

a mathematical expression was developed to model the rate of gas production for 

When air is added into the reactor sweep stream the above scenario changes. Diffraction 
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Helium + Air sweep stream - 

Net reaction: 3UF4 + 3Ge02 d 3GeF4(g) + U308 (1) 

The sum of the four simultaneous equations results in the net reaction (I) for producing GeF4. 
Early attempts to apply the Avrarni equation for modeling the data derived in Phase I trials was 
unsuccessful. Correlation to other standard kinetic models was found to be poor as well. 
Additional work will be necessary in order to model the kinetics of process when air is included 
in the reaction atmosphere. 

advantageous during production since the reaction is initiated at a lower temperature and 
conversion is greater at intermediate temperatures (7OO0C-75O0C) where the amount of GeF2 by- 
product can be controlled. Although the rate-determining step amongst the 4-step mechanism 
may not be certain, this description offers three parallel pathways in which GeF4 can be formed. 
At this time it is the preferred scenario over that for the inert gas synthesis scheme. 

Kinetic issues notwithstanding, it is clear that inclusion of air in the sweep stream is 
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9 WF6 PRODUCTION 

9.1 Experimental Procedures - WF6. 

9.1.1 Bench-scale process development for WF6 from WOF4. 

The goal of this task was to establish a pathway for making WF6 using the intermediate 
compound, WOF4, formed in the reaction between u F 4  and tungsten oxide. The first series of 
experiments carried out to investigate the chemistry involved milligram quantities of material 
and the TA Instruments TGA/DTA setup as the reaction apparatus. The use of the TGA 
facilitated the study of several reaction parameters including selection of tungsten oxide reactant, 
i.e. W02 or WO3, reaction stoichiometry and reaction temperature. The list of 14 micro-scale 
experiments is given in Table 27 below. 

Table 27. 

Micro-scale experiments performed using the thermogravimetric analyzer. 

1 Stoichiometric I R T I e a t  rate I Reaction 
Mixture Ratio UF4:WOx CUP ("Urnin) Temperature ("C) 

uF4 + w02 1.014 : 1 alumina 15 600 
u F 4  + w02 1.014 : 1 15 600 

20 600 
20 700 
20 700 
20 800 
20 700 
20 700 
20 800 

u F 4  + w02 

u F 4  + w02 

u F 4  + w02 

u F 4  + w02 

u F 4  + w02 

UF4 + W03 
UF4 + W03 

1.014 : 1 
1.014 : 1 
1.844 : 1 
1.844 : 1 
2.013 : 1 
1 : 1.025 
1.908 : 1 

u F 4  + wo3 1.908 : 1 Pt 20 700 
u F 4  + wo3 1.908 : 1 Pt 20 750 

wo2 Pt 15 600 
wo2 alumina 15 600 
wo2 Pt 20 800 

For these trials, mixtures of UF4 with W02 and UF4 with W03 were made up in varying 
proportions to explore various stoichiometric ratios between the reactants. Three different 
combinations ofUF4 and W02, ranging between 1.014:l to 2.013:l (UF4:WO2), were examined. 
Likewise, two compositions between UF4 and W03  were investigated. Three trials were 
performed to follow the conversion of W02 to W03 under oxidizing conditions. Reaction 
temperatures in the range between 600°C to 800°C were employed with all experiments being 
run in a flow of dry air. With the exception of several trials, the reactions were conducted in 
platinum cups following a procedure where the reagents were first held under isothermal 
conditions at room temperature for up to 15 minutes. The ternperature was then ramped to the 
desired maximum at the specified rate and held there for a period of either 45 or 90 minutes. For 
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each experiment, the change in weight of the reagents was recorded as a function of temperature 
andor time. At the conclusion of each run, the residue remaining in the cup was subjected to 
analysis by x-ray diffraction to identify the material composition. 

After concluding the study involving milligram quantities of reagents and the 
thermogravimetric analyzer, experimentation using gram-scale quantities of material commenced 
using several variations of the tube reactor design. A total of 1 1 trials were performed, 10 using 
a 24" long, horizontal, 1 "OD nickel tube and one using a 10" long, vertically oriented 1 "OD tube 
(closed at one end) described earlier in section 8.1.6 (refer to Figure 7) for producing GeF4. 
This group of experiments is shown in Table 28 listing experiment ID, tungsten reagent used, 
reactor configuration, stoichiometry and ultimate reaction temperature. 

Table 28. 

Experiments performed in the bench-scale reaction system. 

Primary Second Reaction 
Experiment Tungsten Stage U F 4  : WO, Temperature 

ID Reagent Reactants Configuration (mol) cot> 
WFusn-7 wo2 Vertical 2.013 : 1 800 
Wusn-8  wo2 Horizontal 2.013 : 1 775 
WFusn-9 wo2 Horizontal 2.013 : 1 780 

W u s n -  10 wo2 Horizontal 2.013 : 1 790 
WFusn- 1 1 wo3 Horizontal 2.001 : 1 790 
WFusn- 12 wo3 Horizontal 2.001 : 1 750 
WFusn- 13 wo2 WOF4, U F 4  Horizontal 2.013 : 1 750 
WFusn- 14 wo2 Horizontal 2.013 : 1 800 
WFusn- 1 5 W02 WOF4, Si02 Horizontal 2.013 : 1 800 
WFusn- 16 w02 Horizontal 2.013 : 1 780 
WFusn- 17 w02 WOF4, TiF4 Horizontal 2.013 : 1 800 

A brief summary of pertinent data, reaction parameters and experimental details is included 
below for each of the eleven experiments along with the respective reaction profile chart. 
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The first bench-scale experiment, WFusn-7, was conducted using a 10" long section of 1" 
OD nickel tube, closed at one end, oriented vertically and heated with a Minimite@ tube furnace 
(Lindberg/BZue M) .  The furnace was supported so that the -4" hot zone overlapped the reagent 
mixture at the bottom of the tube. A stream of dry air was introduced to the tube via a !A1' feed 
tube passed through the wall of the vessel's top closure fittirig and brought to a level about 1 ' I  

above the reactant bed. The reaction conditions are shown in Table 29. A 250ml2-neck round 
bottom flask was used as the collection vessel, which was maintained at ambient temperature for 
trapping the WOF4 product. 

Table 29. 

Reaction Profile for WFusn-7. 

IExperirnent ID: 1022502-WFusn-7 

Reagent used: wo2 
Reaction: 
System: 

MiniMite@ tube furnace mounted vertically 
250ml round bottom flask used as the collection vessel 
The 1" OD section 

Weight of reagents (gm): 34.9769 
Reagent stoichiometry (moles) UF4:W02 = 2.013:l 

Sweep gas: 
Pre-reaction drying period: None 
Total reaction time (hr): 
Reaction temperature profile: Time at T ("C) heat rate ('Urnin) 

Air flow at -100 (cc/min) 

- 32 min. 

22 min. 700 20 
10 min. 800 max. 

> 

Collection method: Collection vessel was kept at ambient (no coolant). 
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I 
I The vertical tube configuration was used for just one experiment. It was replaced with a 

24" long, horizontally mounted 1 'I OD nickel tube using the same Minimite@ furnace. A 4" long 
nickel boat was used to hold reactants and the same Pyrex@ collection flask as before was 
connected to the exit stream through a series of SwageZok@ reducing unions (1" to 1/2" and 1/2" 
to 1/4"). For the WFusn-8 trial the flask was submerged in ,an ice-water bath to aid in 
condensing the product vapor cloud. Details of WFusn-8 are compiled in Table 30. 

Table 30. 

Reaction Profile for WFusn-8. 

i 
I 
8 

Experiment ID: 022802-WFusn-8 

Reagent used: wo2 
Reaction: 4UF4+2W02+302(g)=2WOF.+(g)+4U02F2 
System: Horizontal 1 " OD Ni tube reactor with 4" nickel boat 

MiniMite tube furnace with -4 "  hot zone; integral 
temperature programmable controller. 
250ml round bottom flask used as the collection vessel 

Weight of reagents (gm): 13.3549 wt% WO2125.4526 
Reagent stoichiometry (moles) UF4:WO2 = 2.013:l 
Sweep gas: 
Pre-reaction drying period: None 
Total reaction time (hr): 
Reaction temperature profile: Time at T ("C) heat rate("C/min) 

Air flow at -100 (cc/min) 

46 min. 

10 min. 725 20 

36 min. 775 50 
Collection method: short 1/4" OD ss tube carried flow into glass flask. 

Flask was chilled with ice/water bath 

The post-reaction solids were analyzed by x-ray powder diffraction. 

These SBIR data are M s h e d  with SBIR rights under Grant No. DE-FG02-99ER82894. 114 



For the third experiment, the reaction system was assembled as in the previous setup 
(WFusn-8) with the addition of wrapping the sections of tubing, from where the tube left the 
furnace to the point where the collection flask was joined at the %" reducing union, with heat 
tape and insulation. This was done to prevent condensation of WOF4 and blockage of flow to the 
flask. During the heating of the uF4/wo2 mixture to 780"C, the exit line from the furnace was 
heated to 209°C. The individual details for the WFusn-9 reaction are given in Table 31. 

Table 31. 

Reaction Profile for WFusn-9. 

4UF4+2WO2+3 

Experiment ID: 030702-WFusn-9 

Reagent used: wo2 
Reaction: 

I 

System: [Horizontal 1" OD Ni tube reactor with 4" nickel boat 

MirziMite@ tube furnace with -4" hot zone; integral temperature 
programmable controller. 
250ml round bottom flask collection vessel with ss tube 
carrying flow into glass flask. 
Exit line was 

Weight of reagents (gm): 14.0759 
Reagent stoichiometry (moles) uF4:wo2 = 2.013:l 
Sweep gas: 
Pre-reaction drying period: 

Total reaction time (hr): 

Reaction temperature profile: Time at T ('C) heat rate('C/min) 

Air flow at -1 00 (cc/min) 
2 hr at 1 50'C in 
air 

30 min. 

10 min. 750 20 
20 min. 780 50 

Collection method: Flask was chilled with ice/water bath 

Collection of post-reaction data included weight measurements of the solid residue in the boat 
and x-ray diffraction analysis to determine material composition. Solids generated when the 
condensed vapor in the flask and clogged exit lines were hydrolyzed with water were also 
examined using x-ray diffraction. 
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In light of the trouble experienced during trials WFusn-8 and 9, where the lines to the 
collection flask became blocked with condensed product, the pathway to the condensation vessel 
was redesigned. For WFusn- 10, the 250ml round bottom flask was replaced with a 10" long 
section of 1" OD tube connected at a 90" angel to the reactor out flow via a union elbow fitting 
modified with a 1/4" outage tube welded through the wall to direct flow from the tube. In this 
configuration, the diameter of the line from the reaction zone to the condensation zone was 
preserved at 1 I' diameter. Details of this trial are compiled in Table 32 for WFusn-10. 

Reagent used: 
Reaction: 

Table 32. 

Reaction Profile for WFusn-10. 

4UF4+2 W02+302(g)=2 
wo2 

]Experiment ID: )031302-WFusn-10 I 

Weight of reagents (gm): 

Collection vessel was 1"OD 
programmable controller. 

wt% WO2=25.4526 14.5138 

System: [Horizontal 1 I' OD Ni tube reactor with 4" nickel boat 

Reagent stoichiometry (moles) 

Sweep gas: 

I 

IMzniMite@ tube furnace with -4" hot zone; integral temperature 1 

U F 4 :  WOz 2 .O 13 : 1 
Air flow at -1 00 (cc/min) 

Total reaction time (hr): 
Reaction temperature profile: 

Collection method: 

2hr-5min. 
Time at T ("C) heat rate("C/min) 

5 min. 750 20 
2 h r  790 50 

1"OD Monel tube was chilled in icelwater bath 

Samples of the residue remaining after reaction and also after hydrolyzing the condensed product 
in the collection tube were isolated for characterization by x-ray diffraction. 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 116 



After completing three trials using W02 as the tungsten oxide source, a bench-scale 
reaction between U F 4  and WO3 [uF4:wO3=2.001:1] was investigated. The profile for WFusn-11 
is shown in Table 33. Here, the reagent mixture was heated to 790°C for 3 hours and the 
volatile reaction product captured in the 1" OD collection tu.be described in the previous trial. 

Table 33. 

Reaction Profile for WFusn-11. 

[Experiment ID : 1041702-WFusn-11 1 I 

Reagent used: (WO3 ------7 I 

2uF4+ W 03+02(g)=W OF4( 
Horizontal 1 'I OD Ni tube 

Reaction: 
System: 

MiniMite@ tube furnace with -4" hot zone; integral temperature 
programmable controller. 
Collection vessel was 1"OD Monel tube w/1/4" outage tube 
elongated to bottom of Monel tube. 

Weight of reagents (gm): 11.8572 wt% W03=26.95 19 
Reagent stoichiometry (moles) uF4:wo3 = 2.00111 
Sweep gas: Air flow at -100 (cc/min) 

I 

Pre-reaction drying period: 1 None i 
Total reaction time (hr): 

Reaction temperature profile: Time 

3hr- 1 Omin. 

5 min. 725 20 

5 min. 750 50 
I I 

3 h r  790 50 
Collection method: 1 "OD Monel tube was chilled in ice/water bath 

Data collection included measurement of the weight of captured product and post-reaction 
residue. Specimens of the residue created after hydrolyzing the solid captured in the condenser 
as well as the reaction product remaining in the nickel boat were analyzed by x-ray diffraction. 
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After reviewing the information collected from WFusn- 1 1, a second reaction, similar to 
the previous run, was performed using the same parent UF4/W03 stock mixture with the 2.00 1 : 1 
molar stoichiometry. For this experiment, identified as WFusn-12, the 250ml round bottom flask 
was joined to the exit stream via a % I 1  3 16 stainless steel tube and the line wrapped with heat tape 
back to where the reaction tube emerged from the furnace. 'The flask was again submerged in an 
ice-water bath. In this reaction, volatile product was collected for about 100 minutes while the 
reactor was at 750°C. The exit stream was maintained at 204°C during the reaction. Full details 
of this experiment are given in Table 34 below. 

Table 34. 

Reaction Profile for WFusn-12. 

/Experiment ID: 1042402-WFusn-12 

Reagent used: wo3 
Reaction: 2UF4+WO3+02(g)=WOF4(g)t2U02Fz 

I 

S ys tem : (Horizontal 1" OD Ni tube reactor with 4" nickel boat 
~ 

MiniMite@ tube furnace with -4" hot zone; integral temperature 
programmable controller. 
250ml round bottom flask w/ 1/4" ss tube connection 
Exit line wrapped w/ heat tape from elbow to joint at 1/4" tube. 

Weight of reagents (gm): 10.3506 wt% W03=26.95 19 
Reagent stoichiometry (moles) UF4:W03 =',.OOl:l 
/Sweep gas: ]Air flow at 120 (cdmin) 

I 

Pre-reaction drying period: I None 

Total reaction time (hr): 2 h r  
Reaction temperature profile: Time at T ('c) I heat rate('C/min) 

10 min. 700 20 
10 min. 725 50 

1 hr-40min. 750 50 
Collection method: Flask was chilled in ice/water bath 

As done before, gravimetric measurements and x-ray diffraction analysis were collected for the 
condensed product and bulk residue, respectively. 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 118 



After completing the two trials using WO3, fiirther experimentation with W02 as the 
tungsten source was resumed. In this trial, the experimental plan was to first react U F 4  and W02 
to produce WOF4, then react the condensed product with more UF4. The profile for the 2-step 
reaction is given in Table 35. Thermodynamic considerati~ns'~ for the step (2) reaction shown 
in Table 35 indicate favorable reaction energetics for converting WOF4 to WF6(g), as illustrated 
in Table 36. 

Table 35. 
Reaction Profile for WFusn-13. 

Experiment ID: 050102-WFusn-13 

Reaction Step (1): 4UF4+2W02+3Oz(g)=2WOF4(g)+4U02F2 

System: 

Reagent used: wo2 
Step (2) : 2UF4+2 WOF4+02(g)=2U02I;2+2WF6(g) 

Horizontal 1 ' I  OD Ni tube reactor with 4" nickel boat 
,%? 

A4iniA4itew tube furnace with -4" hot zone; integral temperature 
programmable controller. 

~ -~ 

500ml round bottom flask w/ 24/40 glass to Swagelok 
adapter joined to 1/2" ss tube,, 
Exit line wrapped from elbow to adapter joint w/ insulation. 

Weight of reagents (gm): 10.4865 wt% W0245.4526 
Reagent stoichiometry (moles) uF4:wo2 = 2.013:l 
Sweer, gas: Air flow at 120 (cc/min> 

I., 

Pre-reaction drying period: None 
Total reaction time (hr): 2 hr-20min. , ,  

Reaction temperature profile: Time at T ("(2) heat rate("C/min) 
10 min. 700 20 .. 

750 
10 min. 

2hr  
Flask was chilled in Collection method: 

Table 36. 
Thermodynamic calculations for reacting UF4 with WOF4. 

700.0 -46.128 -14.910 -31.618 1.263E1-007 
800.0 -48.498 - 17.229 -30.009 1.294E+006 
900.0 -50.836 -19.3 12 -28.180 1.779E+005 
1000.0 -53.149 -2 1.205 -26.153 3.089E+004 

These SBIR data are finished with SBIR rights under Grant No. DE-FG02-99ER82894. 119 



The experimental setup was similar to previous trials. Here, a 500ml2-neck round 
bottom flask was used as the condensation vessel. To the flask was added -2.17 grams of U F 4  

while the mixture O f  UF4+WO2 (2.013: 1 UF4:WOz) was added to the nickel boat. The first stage 
of the reaction was carried out for two hours and attained a temperature of 750°C. During this 
time volatile product was captured on top of the U F 4  layer in the flask maintained at 0°C in the 
ice-water bath. After concluding the high temperature stage of the reaction, the reactor was 
allowed to cool to ambient. The flask containing the WOF4/UF4 powder was then swirled to mix 
the solids thoroughly and then connected to a flow of dry air and heated to carry out the second 
step to produce WF6. 

were collected. 
Upon concluding both steps of the scenario, routine gravimetric and x-ray diffraction data 
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In the eighth trial, WFusn-14, a group of reaction parameters was selected with the intent 
to optimize and deliver the maximum yield of oxyfluoritle intermediate. The specific details for 
Wfusn-14 are compiled in Table 37. As in previous runs, the exit line downstream from the 
fiirnace to the condenser was wrapped with heat tape and insulation and maintained at -205°C to 
keep the WOF4 vapor trail flowing to the collection vessel. For this reaction, an accelerated 
heating profile was implemented where the furnace temperature was first raised to 750°C at 
20"C/min during the initial heating step and maintained there for only 5 minutes. This was 
followed by a rapid temperature jump (at 5O"C/min) to 775°C and similar dwell time of 5 
minutes. In the final step, the furnace temperature was r,aised to 800°C (at SO"C/min) where it 
was held for 3 hours. 

Table 37. 

Reaction Profile for WFusn-14. 

4UF4+2 WO2+3 0 2 (  

Experiment ID : 061902-WFusn-14 

Reaction 
Reagent used: wo2 

Horizontal 1 'I OD Ni 
MiniMite tube furnace 
programmable controller. 

System: 

500ml round bottom flask w/ 24/40 glass to Swagelok@ 
adapter joined to 1/2" s t a i i z s  steel tube. 

I IExit line from elbow to 24./40 adapter ioint was wrapped with 1 
heat tape under the insulation. 

Weight of reagents (gm): 1 1.4094 wt% W02~25.4526 
Reagent stoichiometry (moles) 

Sweep gas: 
UF4:W02 = 2.013:l 

Air flow at 120 (cc/min) 
Pre-reaction drying period: None 
Total reaction time (hr): 
Reaction temperature profile: Dwell Time at T ("C) heat rate to Tp~min) 

3 hr-10 min. 

5 min. 750 20 
5 min. 775 50 

180 min. 800 50 
Collection method: 
Exit line temperature ("C) 205 

Flask was chilled in ice/water bath 

Upon concluding the trial, x-ray diffraction analysis of the product residue from the boat and 
material coating the reactor walls was performed. A gravimetric measurement of the resultant 
end product was also gathered. 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 121 



Experiment WFusn-15 consisted of a two-step reaction scheme in order to probe the 
reactivity of WOF4. Tungsten oxyfluoride generated in the first step was reacted with Si02 in 
the second step. Details of this scenario are included in Table 38 while the thermodynamic 
ca lc~la t ions~~,  showing a favorable and spontaneous reaction (negative Gibbs free energy 
change, -AG) between WOF4 and Si02, are tabulated in 'Table 39. 

Table 38. 

Reaction Profile for W:Fusn-15. 

1 Experirnen t ID: I071 102-WFusn-15 -1 
I 

Reagent used: IW02 -1 
Reaction Step (1): 4UF4+2W02+302(g)=2W%4(g)+4U02F2 

Step (2): W O F ~  + si02 = W O ~  + ~ i m g )  
Horizontal 1 'I OD Ni tubereactor with 4" nickel boat 
MiniMite tube furnace w i t h - . I "  hot zone; integral temperature 
programmable controller. 

System: 

500ml round bottom flask w/ 24/40 glass to SwageZok@ 

Exit line from elbow 
adapter joined to 1/2" 

heat tape under the insulation. 
wt% W02~25.4526 

uF4:wo2 = 2 . 0 1 3 : T  
Weight of reagents (gm): 13.4509 
Reagent stoichiometry (moles) 

Sweep gas: IAir flow at 120 (cc/min) 
Pre-reaction drying period: None 

3 hr. Total reaction time (hr): 
Reaction temperature profile: Dwell Time at ?' ("C) heat rate to T ("Chin) 

5 min. 725 20 
10 min. 750 50 
65 min. 780 50 
100 min. 800 50 

Collection method: Flask was chilled in ice/water bath 
Exit line temperature ("C) 202 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 122 
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Table 39. 

Thermodynamic calculations for reacting WOF4 with SiOz. 

WOF4 + Si02 d WO3 + SiF4(g) 
delta G (kcal) K 

-45.706 3.73 9E+036 
-49.027 5.212E+028 
-5 1.743 7.982E.tO23 
-54.110 4.3 10E+020 
-56.222 1.799E+0 18 
-58.125 2.702E+016 
-59.842 9.543E+014 
-6 1.402 6.176E+O 13 
-62.853 6.328E+012 
-64.179 9.060E+O 11 
-65.402 I .690E+O 1 1 

Temperature "C delta H (kcal) delta S (cal) 
0.00 -36.289 34.475 
100.0 -37.072 32.037 
200.0 -39.838 25.161 
300.0 -41.327 22.303 
400.0 -42.748 20.017 
500.0 -44.142 18.085 
600.0 -45.661 16.240 
700.0 -46.814 14.990 
800.0 -47.590 14.222 
900.0 -49.26 5 12.713 
1000.0 -50.424 1 1.764 

L I I 

For the first step of WFusn-15, a mixture of U F 4  and W02 (2.013: 1 mole ratio) was 
heated, again to a reaction temperature of 800°C using a less aggressive heating program 
compared to the previous experiment. After two short dwell periods at 725°C and 750°C 
(totaling 15 minutes), the heating program raised the reaction temperature to 780°C where it was 
held for 65 minutes before climbing to the plateau temperature of 800°C for the final 100 
minutes. In similar fashion, the exit line from the furnace to the collection vessel was maintained 
at -202°C to maximize the collection of WOR. In preparation for the reaction in step (2), 
approximately 0.5 gram of Si02 (99.5% purity, -325 mesh powder from Alfa Aesar, Ward Hill, 
MA) was added to the 500ml condensation flask before the start of the experiment. During the 
collection of WOF4, the condensation flask was maintained at 0°C in an icelwater bath. Upon 
conclusion of the reaction, the ice/water bath was removed and the flask warmed to ambient 
temperature while maintaining a flow of air through the vessel. A heating mantle was placed 
around the flask with a thermocouple situated near the bottom where the bulk of the residue had 
deposited. The mixture of condensed residue and Si02 was then slowly heated to explore the 
step (2) reaction in Table 38. 

tube were recovered and analyzed by x-ray diffraction. The final weight of the reacted solids 
was also measured. 

Following the completion of the second reaction step, the post-reaction solids in the Ni 
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For the next experiment, WFusn- 16, several changes were made to the experimental plan. 
First, a clean nickel boat was used to contain the UF4/WO2 mixture. Again, the furnace-heating 
program was adjusted by starting the reaction at a lower temperature, 700"C, and lengthening the 
dwell periods to reach the plateau temperature of 780°C. A new condenser vessel, consisting of 
a 10.5" x 2.5" OD Pyrex@ cylinder with 0.5" entry and exit ports, was attached to the exit line 
from the reactor. The new collection vessel provided a larger surface area for condensing 
product vapors and allowed direct connection to the 0.5" stainless steel tube section immediately 
adjacent to the reaction tube. The complete list of experimental parameters for WFusn-16 is 
given in the profile listed in Table 40. During the three-hour reaction period the exit line to the 
condenser was maintained at 210°C while the collector was submerged in an ice-water bath. 

Table 40. 

Reaction Profile for W.Fusn-16. 

IExperiment ID: (080102-WFusn-16 I 
Reagent used: wo2 
Reaction 4m4+2  WO2+3O~(k)=2W%4(g)+4UO2F2 

MiniMite tube 
programmable controller. 

System: 

I 1 lO"x2.5"OD Pyrex@ condenser fitted with a 1/2" stainless steel I 
I ]inlet tube & exit stopcock.. I 
I (Exit line was wrapped with heat tape from elbow to the - 1  
I I -1 ~ ~ ~~ 

reducing union connection. - 
Weight of reagents (gm): 12.9059 wt% WO2=25.4557 
Reagent stoichiometry (moles) uF4:wo2 = 2 . 0 1 3 : 1  
Sweep gas: 
Pre-reaction drying period: None 

Air flow at 120 (cc/min) 

Total reaction time (hr): 3h r  
Reaction temperature profile: Dwell Time at T ("C) heat rate to T (OC/min) 

10 min. 700 20 
10 min. 725 50 
25 min. 760 50 
135 min. 780 50 

Collection method: Condenser tube was chilled in ice/water bath 

(Exit line temperature ("C) 1 210 I I 
~~ 

Routine x-ray diffraction analysis was conducted on the recovered residue from the reactor. 
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The last experiment in the series listed in Table 28 was WFusn-17. This trial was 
performed in order to add to the amount of WOF4 contained in the Pyrex@ condenser synthesized 
in the WFusn-16 run. The reaction system setup was similar to that used previously with the 
exception that the exit line to the collection vessel was only wrapped with insulation (from the 
elbow to the reducing union connection) and not heated by heat tape. The reaction between W02 
and UF4 was the first step in another two-step scenario where the oxyfluoride material was 
reacted fixther with TiF4. This two-step reaction scenario is shown in the reaction profile for 
WFusn-17 given in Table 41 below. 

Table 41. 

Reaction Profile for WFusn-17. 
.- 

Experiment ID: 082002-WFusn-17 

Reaction (Step 1) 4uF4+2wo2+3 o2(i)=2w6i?4(g)+4uo2F2 

.- 

Reagent used: wo2 

System : Horizontal 1 'I OD Ni tubereactor with 4" nickel boat 
MiniMite tube furnace with-4" hot zone; integral temperature 
programmable controller. 

lO"x2.5"OD Pyrex@ condt&x fitted with a 1/2" stainless steel 
inlet tube & exit stopcock.?%ndenser contained the residue 
from WFusn-16. Exit 1ine.s wrapped with insulation from 

elbow to the l"to1/2" reducing union connection. 

- 

.- 

~~ 

Weight of reagents (gm): 14.1475 wt% WO245.4557 
Reagent stoichiometry (moles) uF4:Woz = 2 . 0 1 3 : T  

Sweep gas: 
Pre-reaction drying period: None 

Air flow at 120 (cc/min) 

[Total reaction time (hr): 3 hr. I 
I I 

Reaction temperature profile: I Dwell Time 1 a tT("c)  I heat rate to T ("C/min) 
I I I 

10 min. 700 20 

I 1 10min. 1 725 I 50 I 
I I I 

25 min. 760 50 
I I I 

13 5 min. 800 50 
Collection method: Condenser tube 

Exit line temperature ("C) N/M 

These SBIR data are hrnished with SBIR rights under Grant No. DE-,FG02-99ER82894. 125 



The reaction between WOF4 and TiF4 displayed favorable thermodynamic parameters" 
(negative Gibbs free energy change, -AG) for producing, wF6, as indicated by the tabulated 
values in Table 42. The selection of TiF4 as the fluorinating agent has the noted distinction that 
it too can be produced when ilmenite or other titanium-bearing ores are reacted with UF4. This 
chemistry has been demonstrated at Starmet as part of a DOE Phase I SBIR grant (grant no. DE- 
FG02-99ER82893) conducted by M.D. Stephens26. 

Table 42. 

Thermodynamic calculations for reacting WOF4 with TiF4. 

To qualitatively explore the reaction between WOF4 and TiF4, the Pyrex@ condenser 
containing the oxyfluoride intermediate was placed in an arg,on-filled glovebag along with the 
source of TiF4 purchased from Advanced Research Chemicals, Inc., (Catoosa, OK). About 
1.0636 grams of TiF4 was weighed out in a separate container and then added to the condenser 
while being kept in the inert atmosphere. The sealed condenser was then taken out of the 
glovebag and connected to two traps placed in series at the sidearm port of the cylinder. The 
first trap contained a solution of NaOH to neutralize and capture any w 6  gas while the second 
trap consisted of distilled water and used as an in-line scrubber. The WOF4/TiF4 mixture was 
heated slowly using a heat gun to bring about reaction. After heating the condenser vessel once, 
it was allowed to cool to ambient temperature and was put back into the argon-filled glovebag 
where the material deposited in the upper sections was dislodged and recombined with the bulk 
solids. The Pyrex@ condenser was then heated a second time using the heat gun. 

being handled in the glovebag. However, x-ray diffraction analysis of the residue was not done 
due to the potential for release of hazardous hydrogen fluoride vapors should there be any 
unreacted materials leftover that would interact with moisture in the air to produce HF. 

After completing the reaction, the residue was transferred to a storage container while 
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Based on the results of the qualitative reaction performed in step (2) of WFusn- 17, the 
chemistry to use TiF4 as a fluorinating agent was targeted for further investigation. Another 
reaction to form WF6 directly from W02, using TiF4 as the fluorine source, was put forth after 
considering the results from the previous trial. The new pathway for producing WF6 is given in 
equation (9. l), 

3TiF4 -t 2W02 + 02(g) --+ 2WF6(g) + 3Ti02 (9.1). 

Thermodynamic calc~lations'~ for this reaction are compiled in Table 43 and show 
favorable Gibbs free energy changes (-AG values) over a wide temperature range. To explore 
the feasibility of this pathway, the first reaction between these two materials was performed 
using a small amount of each substance in the thermogravinietric analyzer (TGA). 

Table 43. 

Thermodynamic calculations for reaction WOz with TiF4. 

K 
1.794E+035 
2.945E+027 
5.378Et022 
3.008E-tO19 
l.l50E+O 17 
1.429E+0 15 
3.8 12Et-0 13 
1.701E+012 
1.081E+011 
8.774E+009 
8.427E+008 

For this micro-scale experiment, the reactants were premixed in a glass vial under an 
argon atmosphere using 0.1850 gram of WOZ and 0.150 1 gram of TiF4. After thoroughly mixing 
the materials, a small amount (-8.549mg) was transferred to a tared platinum cup and quickly 
mounted onto the TGA balance pan and isolated under a flow of dry air. The TGA was 
programmed to maintain the reaction mixture at room temperature for 15 minutes followed by 
ramping the temperature at 15"C/min. to 500°C where it was held for 15 minutes. The weight 
change of the reactants was recorded over the course of the thermal treatment. 

After completing the micro-scale experiment, two additional trials were conducted using 
gram-scale quantities of reactants and a different reaction system than used in previous runs. For 
these last two trials, WFusn- 18 and 19, the reaction vessel consisted of a Series 4566 Bench-top 
Mini-Reactor from Parr Instruments, Co. (Moline, IL) featuring 3 16 stainless steel construction 
and -1OOcc internal volume. The two-piece vessel, when assembled with a teflon@ gasket, was 
capable of staging a reaction up to a 350°C temperature maximum and pressure maximum of 
3OOOpsi. The temperature of the reactor was controlled by a Model 4842 PID controller, which 
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was also capable of stirring the contents of the vessel. However, for the two experiments 
between TiF4 and W02, the stirring capability was not included in the reactor setup. A schematic 
diagram of the new reaction system is shown in Figure 52. Here, the exit port on the reactor was 
connected to a 3-way valve to direct flow of gas either through an aqueous scrubber or through a 
1 Ocm gas cell equipped with ZnSe windows for analysis of the product stream by FT-IR 
spectroscopy. The attached pressure gauge was used to monitor the internal pressure while the 
thermocouple was inserted to sense and regulate the reaction chamber temperature. 

Experiments WFusn-18 and WFusn- 19 are presented together as a result of a technical 
glitch during the execution of WFusn-18. During that trial a computer malfunction caused the 
loss of accumulated FT-IR data and was terminated prematurely so a second experiment, 
WFusn-19, was performed. The reaction profiles for both experiments are included in Table 44. 

These SBIR data are fiunished with SBIR rights under Grant No. DE-FG02-99ER82894. 128 
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Table 44. 

Reaction Profiles for WFusn-18 and WFusn-19. 

(Experiment ID: 1091802-WFusn-18 -1 - 

3TiF4 + 2 W 0 : ~  + @(g) = 2WFs(g) + 3Ti02 
-- 

Reaction 
System: Parr Instrument Co. Model 4566C T3 16 stainless steel reactor 

with teflon@ gasket, lOOml internal vol. and integrated PID 
temperature controller. E a s t r e a m  from reactor connected to 

t i .- I 1 Ocm gas cell for analysis by FT-IR spectroscopy. 
.- 

wt% W02= 52.7157 
.- 

Weight of reagents (gm): 7.6389 
Reagent stoichiometry (moles) TiF4:W02 = 1.563:l 

I --------+ Sweep gas: 
Pre-reaction drying period: None 

Air flow at 120 (cc/min) 

/Total reaction time (hr): I 1 hr. I I 
Reaction temperature profile: Reaction vessel heated slowly, stopping periodically to capture _- 

an aliquot of gas for analysis by FT-IR. 
Maximum temperature reached - 155°C 
lOcm gas cell equipped with ZnSe windows _- 

Exit line temperature ("C) N/M I --3 Collection method: 

Experiment ID: 1110502-WFusn-19 

with teflon@ gasket, 
.- 

temperature 

System: 

lOcm gas cell for analysis by FT-IR spectroscopy. 
Weight of reagents (gm): 7.6916 W% WOz= 52.9539 
Reagent stoichiometry (moles) TiF4:W02 = 1.548: 1 
Sweep gas: 
Pre-reaction drying period: None 

Air flow at 100 (cc/min) 

Total reaction time (hr): 
Reaction temperature profile: Reaction vessel heated slowly from ambient to 265°C over a 2.5 

2.5 hr. 

hour period, stopping periodically to capture an aliquot of reactor 
off-gas for analysis by FT-IR spectroscopy. 
Maximum temperature reached - 265°C 
1 Ocm gas cell equipped with ZnSe windows 

.- 
Collection method: 

_- Exit line temperature ("C) N N  

These SBIR data are firmshed with SBIR rights under Grant No. DE-FG02-99ER82894. 130 



To begin WFusn-18, the given amounts of WOz and TiF4 reagents were weighed out in 
such a manner where the fluoride compound was added to the oxide material (1.563: 1 mole ratio 
TiF4:W02) contained in a small plastic bottle kept in the argon-filled glovebag. The combined 
solids were mixed thoroughly before being transferred to the Parr mini-reactor also maintained 
under the inert atmosphere. Before heating the reaction vessel, a set of background infrared 
scans was collected with the gas cell containing dry air for use as a reference. The first sample 
scans were collected after beginning the flow of air through the reactor at 25°C and diverting gas 
through the cell for a five minute period. The reactor was then heated, raising the temperature in 
stages. Samples of the reactor effluent were isolated in the gas cell after sweeping through the 
cell for 2 minutes each at various temperatures along the heat-up. It was prior to the analysis of 
the sample captured at 96°C that the computer controllirig the FT-IR spectrometer faulted, 
making it impossible to analyze more samples or retrieve previously recorded data files. The 
temperature of the reactor climbed to 155°C before the experiment was terminated. 

in WFusn-19. In this trial, the exit line leaving the top of the Parr vessel was changed to a 1/4" 
line from the previous 1/8" OD tubing. The closure valve on the exit line from the reactor was 
switched to a SwageZok@ 1/4" ball valve compared to the: 1/8" stem valve used in WFusn-18. 
The larger diameter lines downstream from the reactor were inserted to address the near stoppage 
of flow observed during the last reaction. The setup downstream from the 3-way valve was the 
same as that shown in Figure 52 with the option to direct flow through the lOcm gas cell or 
through the aqueous scrubber. 

For WFusn-19,7.6916 grams of combined reagents were heated slowly from room 
temperature to 265°C over a 2.5 hour period, stopping periodically to capture an aliquot of 
reactor off-gas for analysis by FT-IR spectroscopy. As before, the sweep period for the off-gas 
through the cell was 2 minutes before closing the cell to flow. A set of background scans was 
collected with air passing through the reactor at room temperature. Sample scans were collected 
for aliquots of gas when the temperature reached 85"C, 185"C, 187"C, 190°C and 245°C. 

After completing the trial, the post-reaction solid from WFusn- 19 was not analyzed by x- 
ray diffraction due to the potential for release of HF vapors during the analysis. However, 
residue formed from the hydrolysis of material found coating the internal surfaces of the reactor 
was examined further by x-ray diffraction after drying the aqueous solution to recover the solid. 

The reaction vessel was cleaned and reassembled to conduct the same reaction over again 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894, 131 
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9.1.2 Selection of suitable materials of construction for producing WF6. 

The experimental program to investigate the chemistry to produce WF6 was conducted 
using a reaction system made of nickel 200 alloy. The material performed well during the trials 
for producing GeF4 so it was put to the test in carrying out the WF6 program. Along with the 1" 
OD tube reactor, the boat used to hold the reactant mixture was also made of nickel. After 
performing the many experiments to produce WOF4, the nickel boat showed significant signs of 
corrosion and deterioration. An investigation into the corrosion was begun in order to learn what 
effects the high temperature fusion chemistry would have on a reaction system constructed of 
nickel. 

the boat's exterior and interior walls were covered with a green-brown layer of flaky solid. A 
large piece of this corrosion layer was removed and divided into two specimens for 
characterization by x-ray diffraction. One piece of the corrosion solid was mounted exposing the 
outward-facing surface to the x-ray beam while the other sample was prepared with the 
interfacial side (side oriented against the wall of the boat ) facing the analysis beam. X-ray 
diffraction patterns were collected for each specimen in order to identify the composition of the 
corrosion layer. 

Rigorous testing of other materials besides nickel was not pursued in light of the 
information gathered during the materials compatibility studies performed for GeF4 production 
(refer to section 8.1.2). 

The corrosion on the nickel boat was documented through a series of images. Much of 

9.1.3 Reactor design. 

Two reactor configurations were used in conducting the experimental program to derive 
WF6. Both of these lab-scale systems were batch-type operations suitable for exploring the 
chemistry in small bench-top equipment. Since a pathway to the final product was not deduced, 
no effort was put into designing a production scale apparatus until the process was worked out 
where WOF4 was fluorinated to WF6. 

9.1.4 WF6 product characterization. 

In preparation for characterizing the purity of W F b  generated by the high temperature 
fusion process, a small quantity (250 grams) of WF6 was purchased from Advanced Research 
Chemicals, Inc. (Catoosa, OK). This material was certified at 99.99% purity. Using the Nicdet 
Instruments Magna-IR 560 infrared spectrometer and 1 Ocm gas cell with ZnSe windows, several 
aliquots of fluoride gas were analyzed to record a reference spectrum for this material. 

Since the pathway to tungsten hexafluoride from WOF4 remained unresolved, no further 
work could be performed on this task. 

These SBIR data are fimished with SBIR rights under Grant No. DE-FGO2-99ERS2S94. 132 



9.2 Experimental Results for WF6. 

9.2.1 Bench-scale process development for WF6 from WOF4. 

The first experimental efforts to develop the chemistry to make WF6 began by 
investigating a group of reaction parameters including the selection of a tungsten oxide reagent 
(W02 or wo3), the reaction temperature and the reagent stoichiometry (between UF4 and 
tungsten species). A series of 14 experiments was performed using milligram quantities of 
material and the thermogravimetric analyzer (TGA). A descxiption of the reaction mixture and 
specific test conditions for each trial was compiled in Table 27 in section 9.1.1. Results for the 
14 TGA runs have been clustered into groups sharing the same parent reaction mixture. 
Examination of each of the post-reaction residues by x-ray diffraction was done in order to 
identify the leftover material. After presenting the findings For the five combinations of UF4 
with tungsten oxide, trending between the various groups will be addressed. 

The first group of reactions involved a mixture o f W 4  and W02 in a 1.014: 1 
stoichiometric ratio. The maximum reaction temperature was either 600°C or 700°C. One of the 
reactions in this group was carried out in an alumina cup, Although no abnormalities were 
observed during the reaction at 600°C, this data set was riot evaluated due to possible 
interference caused by material incompatibilities. As illustrated in Figure 53, when the reactants 
were heated to 600°C in air, there appeared to be two events occurring. At about 4OO0C, the 
sample weight started to decrease, suggesting the start of the fusion reaction. However, at about 
500°C the weight of the sample started to increase at an accelerated rate as the maximum 
temperature was reached. The dominant weight increase observed here was similar to that seen 
in the oxidation of W02 to WO3, which is also plotted in Figure 53. 

In contrast, when this combination of reagents was heated to 700°C in air, the results 
were dramatically different as illustrated in Figure 54. Beginning at a temperature around 
660°C the sample weight dropped on the order of 30 weight percent as a result of the fusion 
between U F 4  and W02 and release of WOF4 as a gas. The reaction happening at 700°C is given 
in equation (9.2) 

As further evidence to support equation (9.2), the residue from the platinum cup was 
analyzed by x-ray powder diffraction. The diffraction pattern for that material is shown in 
Figure 55 along with a reference pattern for U02Fz (pdf ## 27-0933). With the exception of 
several unassigned small peaks, the sample and reference patterns were an excellent match. 

These SBIR data are m s h e d  with SBIR rights under Grant No. DE-FG02-99ERX2894. 133 
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Figure 53. TGA results showing the weight change duliing the reaction between UF4 and 
W02 [UF4:W02=1.014:1] in air at 600°C and the oxidation of W02 in air at 600°C. 
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Figure 54. TGA result comparing the weight change during the reaction between UF4 
and WOZ [UF4:WO2=1.014:1] at 600°C and 700°C in air. 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 134 
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In contrast, the diffraction pattern for the residue from the reaction carried out at 600°C 
supported the conclusion that reaction between components had not proceeded very far. In 
Figure 56, the reaction product matched well to the reference pattern for U F 4  @df # 32- I40 1) 
and to a fluoride exchanged tungsten oxide compound with the formula WO2.96F0.04 
(pdf # 22-0960). The presence of a fluorine-doped oxide is one indication the interaction 
between UF4 and W02 had started. 

presented in Table 45 below. 
From a quantitative perspective, results for the four micro-scale experiments are 

Table 45. 

TGA results for the reactions using UF,+W(32 [UF4:WO2=1.014:1]. 

Calc'd Wt. 
Observed Change for Calc'd Weight 

Sample Weight W 0 2  -+ W 0 3  Change for 
Reaction Temperature Weight Change Only U02Fz+WOF4 

("C) (mg) (mg) (mg) (mg) 
UF4+WO2 600 25 .O 164 0.252 0.7489 -5.0409 
UF4+WO2 600 34.7404 0.4097 1.0400 -7.0003 
UF4+WO2 700 46.2571 -13.14 -9.32 10 
w02+02 600 19.390 1 1.463 I .4370 ---- 

Included in the table are ltcalculatedlt weight changes based on either complete reaction of the 
UF4 with W02 to UO2F2 and WOF4(g) or the oxidation of W02 to WO3 only. For the trial where 
W02 was heated to 600°C by itself, the observed weight gain was on par with the predicted 
increase. For those runs using the combined reactants, at 600°C, the observed weight changes 
fell in-between the two calculated values. As one would expect, the smaller than predicted 
weight gains signaled the fusion process and release of gaseous product was beginning to offset 
the effects of the oxidation process. The weight loss observed for the reaction carried out at 
700°C was larger than that predicted by equation (9.2) (page 133). Explanation of the excessive 
weight loss will be discussed after presenting the results for the other TGA experiments. 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 136 
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Figure 56. X-ray diffraction pattern of the residue from UF4+WO2 [UF4:W02=1.014:8] reacted at 600°C in air 
and reference patterns for W02.9600.04 (pdf# 22-0960) and UF4 (pdfW 32-8401). 
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These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 137 



The second set of experiment using W02 as the oxide source consisted of two trials 
encompassing a stoichiometric ratio of 1.844: 1 UF4WO2. Here, one reaction was done at 700°C 
while the other at 8OO"C, both using a 20"C/min heating profile and a 45 minute dwell period at 
their respective temperatures. The TGA results are shown in Figure 57 for both trials. The 
dominant feature again was the weight loss caused by the release of WOF4 starting around 
66O"C-68O0C. For the mixture reacted at 700°C, the observed weight loss was 10.58mg7 which 
was the exact loss predicted by the scheme in equation (9.2) (page 133). For the trial at 8OO"C, 
the mixture lost weight at a faster rate initially but took longer to achieve a steady weight. As 
seen in other reactions, the actual weight loss of 28.34mg was considerably greater than the 
calculated loss of 17.04mg. 

X-ray diffraction analyses of both residues were collected. Patterns are shown in Figure 
58 along with the reference for U02F2 (pdf # 27-0933). Both products were similar to each other 
and matched well with the reference. Within each of the experimental patterns, there were small 
peaks in the range between 2 1"-28" 2-theta indicating the presence of other phases in very low 
concentration. In the material made at 700"C, there was evidence of U F 4  left over along with 
U30s. The 800°C residue had several peaks matching well with the U30g reference pattern 
(pdf # 47-1493). Visual inspection of the solids in the platinum cups revealed the surface of each 
powder had discolored from the typical pale yellow color found in the bulk. The top layer of the 
800°C material was charcoal gray-black while the 700°C residue had a less intense gray-brown 
surface. The specimens collected and mounted for x-ray analysis were representative of the bulk 
reaction product in each case. Examination of the undisturbed discolored surface layers could 
not be done easily using the x-ray equipment in-house. 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 138 
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Figure 57. TGA results showing the weight change during the reaction between UF4 and W02 [UF4: WO2=1.844:1] 
at 700°C and 800°C in air. 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 139 
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Figure 58. X-ray diffraction patterns for the residues from UF4+W02 [UF4: WO2=1.844:1] 
reacted at 700°C and 800°C in air and reference patterns for 

U02F2 (pdf# 27-0933), UP4 (pdf# 32-14Q1) and U308 (pdf# 47-1493). 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 140 



The third mixture between UF4 and W02 to be investigated had the stoichiometric ratio 
of 2.013: 1 UF4:W02. Only one experiment was performed with this combination of reagents. 
The material was heated at 20"C/min to 700°C and held there for 90 minutes. The dwell time 
was lengthened to evaluate the stability of the reaction product under thermal stress. The TGA 
result is shown in Figure 59. As before, there was a significant weight loss as the temperature 
crested at 700°C and continued at a steady rate for about 15 minutes before subsiding at the 80- 
minute point into the run. From that point on until the end (-59 minutes) there was a very 
gradual loss amounting to 0.77mg. The weight loss during the first 80 minutes totaled 16.41mg. 
The residue in the Pt cup again had a brown-black top layer covering a fine, pale yellow powder 
X-ray diffraction analysis of the material, pictured in Figure 60, showed it to be U02F2 along 
with a second phase matching that of U308 (pdf # 47-1493). The gradual weight loss over the 
last 60 minutes coupled with the presence of an increased arnount of U3Os are attributed to the 
decomposition of UO2F2 said to begin around 300"C27. 

In addition to the reactions carried out using W02, a parallel investigation into reacting 
W03 with U F 4  was undertaken because it became evident that some of the WOf reactant in the 
previous trials was converted to wo3 beginning at temperatures as low as 400°C (see 
Figure 53). The oxidation of W02 to wo3 could impede the desired reaction to liberate 
WOF4(g) should the trioxide compound be non-reactive or produce an unwanted by-product. 
From a thermodynamic viewpoint, the reaction between U F 4  and W03 to produce WOF4(g) and 
U02F2 as written in equation (9.3) 

is not spontaneous at temperatures below 1000°C according to the  calculation^'^ shown in 
Table 46. 

Table 46. 

Thermodynamic calculations for the reaction between UF4 and WO3. 

700 9.779 0.129 9.654 6.790E-003 
800 9.095 -0.532 9.666 1.075E-002 

I 900 I 8.833 I -0.765 I 9.730 1 1.539E-002 1 
I 1000 I 8.544 I -1.001 I 9.818 I 2.063E-002 I 

These SBIR data are m s h e d  with SBIR rights under Grant No. DE-FG02-99ER82894. 141 
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Figure 59. TGA result showing weight change during reaction between UF4 and WOz [UF4:W02=2.013:1] at 700°C in air. 
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Figure 60. X-ray diffraction pattern for the residue from UF4+W02 [UF4:W02=2.013:1] and reference patterns for 
UO2F2 (pd# 27-0933) and Us08 (pdf# 47-1493). 
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With that knowledge in hand, a mixture of U F 4  and WO3 was prepared where the 
stoichiometric proportions were 1 : 1.025 UF4:W03. This mixture was heated at 20"C/min to 
700°C and held there for 30 minutes. The result is shown in Figure 61. The mixture began 
loosing weight beginning around 655°C. After the 30 minute period there was a weight loss of 
3.57mg. Using the scenario in equation (9.3) (page 141), the calculated weight loss, assuming 
complete reaction, was 5.80mg. The residue remaining in the platinum cup was yellow with just 
a trace of gold and brown discoloration on the surface of the powder. The reaction product was 
characterized by x-ray diffraction and that result is included in Figure 62. It was clear that the 
reacted solid did contain a sizeable amount of U02F2 as indicated from the match with the 
corresponding reference pattern @df # 27-0933). However, additional diffraction peaks 
associated with one or more phases were present but could not be matched with much certainty 
to any materials containing any combination of U, W, 0 and F in the ICDD databa~e'~. A 
diffraction pattern recorded for W03 is also included in Figure 62 since the final residue should 
contain -27.5% (by weight) WO3 left behind due to stoichiometric excess. The pattern for the 
reaction product does not correlate well with that for the starting tungsten oxide material. 

The last group of TGA experiments to be completed were done using a mixture 
possessing a 1.908: 1 mole ratio of UF4:W03. Reactions at temperatures of 700°C, 750°C and 
800°C were performed, all using a similar heating rate of 20"C/min and 45 minute dwell at the 
indicated maximum. The weight loss curves for the three runs are pictured in Figure 63. In all 
three cases, weight loss began about 650°C. The mixture heated to 700°C lost 6.40mg over the 
course of the reaction. A total of 21.03mg was lost in the 750°C reaction while a decrease of 
13.52mg was observed during the first 68 minutes of the run carried out at 800°C. During the 
last 30 minutes of the 800°C fusion, an additional loss of 0.44mg was recorded. These weight 
loss results are compiled in Table 47 below 

Sample Observed Calculated Ratio 
Weight Weight LOSS Weight LOSS Obsv'd/Calc'd 

(mg) (mg) (mg) (Yo) 
32.61 6.40 9.13 70.1 
54.27 21.03 15.19 138 
32.3 1 13.96 9.05 154 

Table 47. 

Weight loss results for the reactions between UF4+WO3 [UF4:W03=1.908:1]. 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ERS2894. 144 
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Figure 61. TGA result showing the weight change during the reaction between UF4 and WOJ [UFd:WO~=l:1.025] 
at 700°C in air. 

145 These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 
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Figure 62. X-ray diffraction patterns for the residue from UF4+W03 [UF4:W03=1:1.025] reacted in air at 700°C, 
W03 reagent from AVu Aesar and the reference pattern for UOzFz (pdf# 24-0933). 
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Figure 63. TGA results showing weight change during the reaction between UF4 and WQ3 [UF4:WQ3=1.908:1] 
at 700"C, 750OC and 800°C in air. 
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When compared to the calculated weight change using equation (9.3) (page 141), the 
reaction at 700°C was only partially complete while the other two fusions produced a greater 
than expected loss. Visual inspection of each residue showed a progressively darker surface 
layer beginning with a tan coloring over the 700°C material and transitioning to a gray-black 
overlayer covering the 800°C powder. Material at the core of each platinum cup was pale 
yellow. Characterization of two residues by x-ray diffraction is shown in Figure 64 along with 
the matching references for U02F2 (pdf # 27-0933), U3O8 (pdf # 47-1493) and U F 4  (pdf # 32- 
1401). The detection of UF4 peaks in the pattern of the 700°C residue was consistent with the 
TGA result showing incomplete reaction. The correlation of peaks in the 800°C product 
matching those for U3O8 confirmed the decomposition of U02F2 was contributing to and was 
most likely responsible for the 0.44mg loss observed during the last 30 minutes of that 
experiment. The dominant phase in both sample patterns was that of U02F2. 

groups can be highlighted with respect to the three parameters of interest. First off, with regard 
to selection of a tungsten oxide reagent, it is apparent that both W02 and W03 reacted with UF4 
to liberate a volatile tungsten oxyfluoride compound and in the process leave behind U02F2. 
Based on the thermodynamic calculations in Table 46, the reaction between W03  and UF4 was 
not predicted to be spontaneous with a Gibbs free energy (AG) of +9.654 kcal at 700°C. Yet, a 
reaction between substances did take place suggesting that: 1) the pathway to WOF4 may be 
more complex than the one-step reaction shown in equation (9.3) and 2) the data calculated by 
the software program be considered an estimate containing some degree of uncertainty. 

500°C so some W03  was already present when the fusion reaction with UF4 kicked off around 
660°C. It is not certain what influence the exotherm from the W02 + W03 may exert on the 
reaction dynamic. From an economic viewpoint, using W03 as the starting reagent would lower 
production costs in making the WOF4 intermediate. There is about a factor of ten price 
difference between W02 and W03 for kilogram quantities of reagent (source: Alfa Aesar 
catalog). 

The second parameter studied using the TGA apparatus was that of stoichiometry 
between reagents. Weight loss and temperature difference curves for the three combinations of 
UF4+WO2 are depicted in Figure 65. The 1.014: 1 UF4:WO2 mixture showed the largest weight 
increase before dropping at the fastest rate amongst the three data sets. This trend is mimicked in 
the temperature difference curves where the greatest change was observed in the reaction with 
equi-molar amounts of reactants. At this stoichiometric ratio, there is almost a 100% excess of 
W02 above what is required for reaction with U F 4 .  It is probable that the exotherm generated in 
converting excess W02 to W03 supplied additional thermal energy beyond the external heat 
input thereby increasing the rate of reaction and evolution of WOF4 vapor. The 2.013:l 
composition, possessing the ratio closest to theoretical stoichiometry, tracked along at a 
somewhat slower rate of weight loss where the exotherm was marginally perceptible in the 
temperature difference curve. 

The weight loss and temperature difference curves for the two compositions of UF4+W03 
are shown in Figure 66. Here, the difference in reagent stoichiometry appeared to have little 
impact on liberation of the gaseous intermediate as viewed from the weight loss curves. Beyond 
the 60 minute point into the reaction profile, the curves showed some divergence with respect to 
weight loss which was most likely due to the presence of excess W03 in the 1 : 1.025 UF4:W03 

Now that all TGA results have been summarized, comparisons and trending across the 

In the presence of air, it has been shown that W02 was oxidized to W03 beginning below 

These SBIR data are fknished with SBIR rights under Grant No. DE-FG02-99ER82894. 148 
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Figure 64. X-ray diffraction patterns for the residues from the reactions between 
UF4+W03 [UFd: W03=1.908: 11 and reference patterns for 

U02F2 (pdf# 27-0933), U308 (pdfW 47-1493) and UF4 (pdf# 32-1401). 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 

0 

149 



I 
I 
I 
I 
I 
I 
I 
B 
I 
I 
I 
I 
I 
1 

UF4:WOz = 1.014:l 
UF4:WO2 = 1.844:l 
uF4:wq = 2.0131 

---- 
+ weight (Yo) -. 

./.- 1 .-.-.-.-.-.-. 

1 
1 
I 

0.15 

- 0.10 

P 
-0.05 0 

e 

i! 
8 

-0.00 ij 

100 

h $- 90 

5 
80 

70 

Ex0 up 

r.J-.- __----- 

-.-.-.-.-. 
----__ 

I I I 

- -0.05 

I- 

- -0.10 

-0.15 

Figure 65. TGA results showing weight loss and temperature difference for three 
stoichiometric mixtures of U F 4  with WOz heated to 7OQ"C iam air. 

+ weight (YO) 

UF4 + W 0 3  Heated to 700°C in Air 

Figure 66. TGA results showing weight loss and temperature difference for two 
stoichiometric mixtures of UF4 with WO3 heated to 700°C in air. 
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experiment, From the temperature difference curves, the reaction exotherm is minimal compared 
to that seen in the UF4/WO2 trials. 

The third variable to be examined involved the reaction temperature. The two 
experiments utilizing the 1.844: 1 UF4:W02 reagent combination and the three trials involving 
the 1.908: 1 UF4:W03 mixtures are plotted in Figure 67 displaying the weight change during the 
20"C/min heating cycle and 45 minute dwell period at temperature. Within either parent 
mixture, the higher the reaction temperature the faster the weight loss. At 800"C, there was little 
difference in the rate of weight loss observed whether the co-reagent was W02 or WO3. In both 
experiments, the loss trailed off to a slow but steady decline attributed to the decomposition of 
U02F2. A more significant difference emerged when the reaction temperature was lowered to 
700°C. At that temperature, the weight loss for the UFJWO2 mixture was notably faster than 
that for the UF4/W03 combination and went essentially to 100% completion while the latter 
reaction yielded only 70% of the expected loss. 

composition of the post-reaction residue. For all reactions performed at 700°C and above, the 
solid, end-product was similar, being predominantly U02F2. Several diffraction patterns of 
materials synthesized under different conditions are pictured in Figure 68. The presence of 
small peaks caused by small amounts of UF4 and U308 has been pointed out in previous 
discussion of x-ray data. What is of interest to note is the absence of diffraction peaks for any 
tungsten oxide species where stoichiometric conditions are not satisfied. As an example, the 
reaction between UF4 and W02 at 700°C for the 1.014: 1 UF4/WO2 mixture should have left 
behind approximately half the supplied tungsten oxide as WO3 if the proposed reaction pathway 
in equation (9.2) (page 133) was followed. Based on calculation, the residue composition would 
contain -27 wt% W03, yet none was detected. One plausible explanation would be that the 
excess W03  reacted with UF4 and/or the U02F2 product. The diffraction pattern of the residue 
from the 700°C fusion between U F 4  and W03 (1 : 1.025 U F 4 :  W03) did show a second phase in 
addition to UO2F2 as a result of the excess W03 in the final material. However, the identity of 
this second phase could not be matched to anything in the x-ray database. 

The last point of discussion addressing the micro-scale experiments concerns the 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ERX2894. 151 
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Figure 67. TGA results showing the weight change during reactions between dxtures of UF4 with VVOz 
and WOj at 7QO°C,7500C and 800°C in air. 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 152 



H 

H 

v) 
LL 
V 
v 

H 

H 

UF4:WO2= 1.01411 

. ._ 
UF4:WOz = 2.01311 

UF4: W03 = 1 : 1.025 

UF4:WO3 = 1.90811 

10 20 30  40  50 60 70 E 
Theta-2Theta (deg) 

Figure 68. X-ray diffraction patterns for several residues from reactions between UF4 with 
W02 and W03 sat 700°C and 800°C and the reference pattern 

for U02F2 (pdf# 27-0933). 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 153 



Following the parameter study using the TGA apparatus, bench-scale trials began. The reactor 
configuration was explored briefly by performing one experiment in a vertically oriented, closed- 
end tube setup (WFusn-7) similar to the GeFusn-34 run. For the other ten experiments listed in 
Table 28 (p. 1 12), a horizontally mounted, flow-through tube reactor was used as the reaction 

apparatus. Experimental details for each run were provided in section 9.1.1. Results for the first 
six reactions, WFusn-7 to WFusn-12, are compiled in Table 48 and provide feedback on the 

effect of reaction temperature and choice of tungsten oxide reagent for producing WOF4. A brief 
review of each of these trials is presented below including the analysis of the post-reaction solids 

by x-ray diffraction. 

Capture 
Efficiency (YO) b 

Table 48. 

N/M N/M N/M 67.1 64.2 48.5 

Summary of results for trials WFusn-7 to WFusn-12. 

The first bench trial, WFusn-7, was performed in the 1 "OD closed-end, nickel tube 
reactor which was oriented in a vertical position and heated by the MiniMite@ tube furnace. 
After raising the furnace temperature to 800°C and holding for 30 minutes, only a very faint 
stream of vapor was observed entering the flask. A short time later it ceased so the experiment 
was terminated. It was obvious that heat transfer into the tube was poor using the vertical 
orientation since prior TGA experiments showed considerable reaction between reagents 
occurred even at 700°C. Visual inspection of the material in the reaction tube showed it was still 
green like the starting mixture. 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 154 



The vertically oriented tube configuration was again abandoned and replaced with a 
horizontally mounted 1 “OD flow-through tube reactor heated by the same MiniMite@ tube 
furnace. In WFusn-8, the 250ml collection flask was submerged in an ice-water bath to enhance 
the condensation of product vapor. After 36 minutes at a reaction temperature of 775”C, the 
flow of white vapor into the flask came to a halt, suggesting either the reaction was complete or a 
blockage was restricting flow to the receiver. Again, the reaction was terminated after trapping 
only a very small amount of white solid. Upon disassembling the flow path from the flask back 
to the 1” tube, a white solid had deposited along the interior section of the %” to %” reducing 
union, causing the interruption in flow. The white solid was removed to a ceramic dish where it 
slowly changed to a wet, green yellow mass. This residue was analyzed by x-ray diffraction but 
no discernable diffraction pattern was found after scanning several times, suggesting it was 
amorphous. 

The post-reaction solid remaining in the nickel boat was recovered and analyzed. During 
the short reaction period, the UF4/W02 mixture lost 1 S897 grams, presumably WOF4. The 
resulting powder was pale yellow toward one side of the container where the volume of material 
had more than doubled. The powder closer to the bottom of the boat was a lighter shade of 
green. An x-ray diffraction pattern of this yellow powder is displayed in Figure 69 along with 
the reference pattern for U02F2 (pdf # 27-0933). As seen in the TGA experiments, the pale 
yellow residue was essentially U02F2 and only very small peak intensities associated with UF4 
were present. 

For WFusn-9, the reaction system was assembled as in the previous set-up. In order to 
prevent the condensation of white solid in the line to the flask, the sections of tubing from where 
the 1” tube left the furnace to the point where the collection flask was joined at the Vi” reducing 
union were wrapped with heat tape and insulation. During the run, this section of tubing was 
kept at 209°C. As the furnace temperature passed through the 700°C point, a white fume was 
seen passing into the flask being chilled in the ice-water bath. After 30 minutes into the reaction, 
the vapor stream stopped so the operation was terminated. Once again a blockage in the line 
formed in the 3” section of W’ stainless steel tubing carrying product into the flask. This section 
of tube was the only section not heated because the connection to the flask was made using a 
viton O-ring and could not withstand the heat stress. As before, only a small amount of white 
fume was captured. 

Assessment of post-reaction data included weight lost by the reactants (1.9596 grams) 
and x-ray analyses of the hydrolyzed solid causing the blockage, the residue remaining in the 
boat and the hydrolyzed solid trapped in the flask. The x-ray diffraction patterns for the three 
samples are included in Figure 70 along with reference patterns identifying their compositions. 
When the solid causing the blockage in the tube was contacted with H20, it turned bright yellow. 
The same occurred when H20 was added to the flask containing the white condensate. After 
removing the water in each sample, the yellow precipitate was analyzed and matched to a 
combination of hydrated W03 compounds, namely WOp2H20 (pdf # 18-1419) and W03.Hz0 
(pdf # 43-0679). The partially reacted residue in the boat was matched to U02F2 (pdf # 27-0933) 
and unreacted U F 4  (pdf # 32-1401). 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 155 
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Figure 70. X-ray diffraction patterns for the hydrolyzed residue causing the blockage in 
the tube, the hydrolyzed solid captured in the flask and residue in the boat from 

WFusn-9 and reference patterns for W03.2Hz0 (pdf# 18-1419), 
WOpH2O (pdf# 43-0679), UF4 (pdH 32-1401) and U02F2 (pdf# 270933). 
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Using the weight loss data, the conversion of WO2 to WOF4 was estimated by ratioing 
the "Observed weight lost by the reagents'' to the "Calculated weight loss by the reagents'' 
predicted according to equation (9.2) (page 133) given earlier. In WFusn-9 the estimated 
reaction conversion was 5 1.8%. 

Since the previous two experiments were terminated prematurely because of blocked 
lines, the pathway to the condensation zone was redesigned in the next trial, WFusn-1 0. The 
flask used for capturing the white fume was replaced with a 1"OD tube approximately 10" long. 
The tube was connected at a 90" angle to the reactor outflow via a union elbow modified with a 
VI'' outage tube welded through the wall to direct flow from the tube. In this configuration, the 
diameter of the line from the reaction zone to the condensation zone was maintained at l"OD. 

The reaction in WFusn-10 was carried out for two hours at 790°C with the condensation 
tube submerged in ice-water. Approximately 3.17 grams of condensed product was trapped 
while a loss of 5.1 143 grams was recorded for the contents of the boat. Upon retrieving the boat 
from the reaction zone, it was observed that the volume of residue had expanded so much so that 
it overflowed the confines of the vessel. A sample of the bulk residue was taken for x-ray 
analysis. The condensed solid in the tube was contacted with H20, forming the familiar yellow 
precipitate, which was also isolated for characterization by x-ray diffraction. The experimental 
patterns are shown in Figure 71 along with matching reference patterns. When dried, the yellow 
precipitate matched the reference for hydrated WO3. For this reaction, a capture efficiency of 
67.1% was reported. It was defined as the ratio between "Observed weight gain in condensation 
flask" compared to the "Calculated weight of WOF4 expected" for the complete reaction. 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 158 
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Figure 71. X-ray diffrac~on patterns for the residue recovered after WFusn-10, 
the hydrolyzed residue from the condensation tube and reference 
patterns for U02F2 (pdf# 27-0933) and WOpH20 (pdw 434679). 
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After completing three trials using W02 as the oxide source, a bench-scale reaction 
between UF4 and W03 [UF4:W03 = 2.001 : 11 was investigated. The combination of reagents 
was heated at 790°C for 3 hours and a volatile reaction product was captured in the 1”OD 
collection tube as in the previous trial. During the reaction, 4.2912 grams was lost from the 
starting mixture while 2.44 grams was captured in the chilled tube. Capture efficiency was 
determined to be 64.2%. The residue recovered from the reactor was pale yellow and had 
swelled in volume but remained within the boat. There was evidence of a light coating of 
residue along the interior surfaces of the elbow union and upper section of the collection tube 
where it was not chilled by the ice-water bath. 

The solid from WFusn- 1 1 was analyzed by x-ray diffraction along with a hydrolyzed 
sample of material captured in the tube. Patterns for those specimens are displayed in Figure 72 
and Figure 73. The residue from the boat shown in Figure 72, did contain the familiar U02F2 
but another phase(s) was present which did not match well to any reference compound in the x- 
ray database. The solid residue made between UF4 and WO3 when reacted at 800°C in the TGA 
apparatus is also included for comparison. Patterns for the white fume after being hydrolyzed by 
H20 and dried are presented in Figure 73. The bright yellow precipitate was matched to a 
combination of hydrated WO3 species similar to what was seen after hydrolyzing the condensed 
material from WFusn-10 where WOz was the co-reagent. 

Since the residue left behind in WFusn-1 1 contained a phase not seen before, a second 
reaction was performed using the same parent UF4/W03 stock mixture with the 2.00 1 : 1 molar 
stoichiometry. In WFusn-12, the receiver vessel was changed to the 250ml round bottom flask 
and the line wrapped with heat tape back to where the reaction tube emerged from the furnace. 
During the trial, white fume was collected for about 100 minutes at 750°C. At that point the 
reaction was stopped since no fume was seen entering the flask. That observation was a strong 
indication the line might be blocked again. The heated section of the line to the flask did reach 
204°C during the run. Upon cooling and disassembly, no blockages or restrictions were found in 
the pathway to the round bottom flask. The powder in the boat had swelled in volume and was 
pale yellow over the surface but took on a greenish tint as the bulk was probed. An x-ray 
diffraction pattern of this residue is shown in Figure 74 along with matching reference patterns 
for U02F2 (pdf # 27-0933) and UF4 (pdf # 32-1401). The unidentified phase produced in 
WFusn-11 was not observed in the WFusn-12 product but rather the same two phases seen in 
many of the trials. 

loss by the reagents while the capture efficiency was only 48.5% of the expected amount of 
WOF4. From inspection of the interior walls of the line from the reactor exit to the flask, there 
was a coating of a deep blue colored residue evenly deposited over the surface. The intense blue 
color is consistent with a tungsten oxide phase with the formula W205*’, which obviously 
developed through deposition and decomposition of WOF4 as it passed through the heated line to 
the flask. 

The overall reaction conversion for WFusn-12 was 98.8% based on the observed weight 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 160 
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Figure 73. X-ray diffraction patterns for hydrolyzed samples of condensed solid 
produced in WFusn-10 and WFusn-11 and reference patterns for 

W03*2H20 (pdf# 18-1419) and W03*&0 (pdf# 43-0679). 
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After completing WFusn-12, five additional bench trials were performed, all using WO2 
as the primary tungsten source. Of the five, three runs consisted of two reaction steps in order to 
probe the reactivity of the WOF4 compound and explore pathways to produce WF6. As before, 
the experimental details for each of the trials were given in section 9.1.1. Results for WFusn-13, 
-14, -15, -16 and -17 are arranged below in Table 49. A brief review of each run, including 
material characterization of the post-reaction residues is presented here. 

Table 49. 

Summary of results for WFusn-13 to WFusn-17. 

Reaction 750 800 800 780 800 
Temperature ("C) 
Calculated 3.4109 3.71 12 4.375 1 4.1984 4.6023 
weight WOF4 
expected (gm) 
Calculated weight 2.8172 3.0655 3.6138 3.4677 3.8015 
loss by reagents (gm) 
Observed weight 3.3090 4.2125 4.1800 4.1181 4.5586 - 

loss by reagents (gm) 
Observed weight N/M 1.80 N/M 2.19 2.44 
gain in condenser 
flask (gm) 
Reaction 117.5 137.4 115.7 118.8 119.9 
Conversiona (%) 
Capture N/M 48.5 N/M 52.2 53.0 
Efficiencyb (%) 
[Observed weight loss by reagents/Calculated weight loss by reagents] x 100% 
[Observed weight gain in flasWCalculated weight of WOF4 expected] x 100% 

N/M = Not Measured 

The first of the 2-step experiments to be performed was WFusn-13. Here, the plan was to 
first react UF4 with W02 to make WOF4, then react that material with more UF4, as shown in the 
step (2) reaction given in Table 35 (p.119). The reaction was setup as in previous trials using a 
2-neck 500ml round bottom flask as the condensation vessel. About 2.17 grams of UF4 was 
added to the flask before the UF4+W02 reaction was started. During the two-hour reaction 
period at 750°C, white fume was deposited over the bed of green salt maintained at 0°C in the 
flask submerged in the ice-water bath. There were no signs of spontaneous reaction between the 
condensed fume and U F 4 .  After concluding the reaction, the flask was removed from the line 
and sealed. The white fume was thoroughly mixed with the green salt by gently swirling the 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 164 



flask and the combination allowed to stand overnight. at ambient temperature. After finding no 
change in appearance of the mixed materials, the flask was then connected to a flow of dry air 
and heated to 196°C where very little change was observed after one hour. 

Upon conducting the post-reaction assessment, contents of the nickel boat lost 3.3090 
grams compared to the 2.8 172 grams expected by calculation using the reaction in step (1) 
shown in Table 35 (page 1 19). As seen earlier, the powdery residue was pale yellow and had 
swelled in volume across the right half of the boat. The left side surface and subsurface 
materials contained a notably greener tint. All was recovered for analysis by x-ray diffraction. 
Those results are shown in Figure 75. The solid product was consistent with previous 
experiments where U02F2 and a small amount of unreacted green salt were the only constituents 
present. 

The amount of condensed white fume was not determined although it was sufficient to 
investigate if the equation given in Table 36 is a viable pathway to m 6 .  X-ray analysis of the 
green material recovered after heating the condensed fume/UF4 mixture is shown in Figure 76. 
Here the sample pattern matched well with the pattern collected for untreated UF4. The 
reference pattern for U02F2 is also included since detection of any amount in the residue would 
be a signal that the conversion to m 6 ( g )  listed in Table 36 had gotten underway. The small 
diffraction peak observed at -17" 2-0 in the middle pattern of Figure 76 may be the first 
indication that UO2F2 was indeed produced by the reaction of UF4 with WOF4. However, from 
the observations and data collected, evidence for that reaction was not clearly established. 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 165 
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Figure 75. X-ray diffraction patterns for the residue recovered from WFusn-83 and untreated UF4 and the 
reference pattern for U02F2 (pdf# 27-0933). 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 166 



0
 

8 8 1 I 1 I 

h
 

? x 
0
 

0
 

0
 

0
 

0
 

0
 

0
 

0
 

0
 

\d 

a 

t- 8
 

d
 

r
l 

Lc 
M

 
k
 

0
 

0
 

0
 

0
 

0
 

0
 

0
 

0
 

0
 

rT
) 

0
 

In
 

0
 

In
 

0
 

0
 

0
 

0
 
0
 

In
 

v
i 

nl 
r

l
 

r
l 

In 
0
 

.R
 

irj 
a 0
 

2
 2 a rr: 

H
 

m
 

VY 



After completing the first two-step reaction using U F 4 ,  another single-step reaction, 
WFusn-14, was performed with the intent to optimize the yield of oxyfluoride intermediate. 
During this trial, the line from the reaction tube to the collection flask was heated and an 
accelerated heating profile (shown in Table 37 Cp. 121)) was tested. Upon concluding the run, 
approximately 1.80 grams of residue was collected in the condenser which represented -48.5% 
of the calculated yield. Along with the white residue, there was also evidence of a fine green 
residue in the collection vessel. During disassembly of the reactor to recover the reacted solids, 
the interior walls of the exit line leading back to the Ni tube were dusted with a green powdery 
film. The contents of the Ni boat were completely yellow on the surface and throughout the bulk 
and had expanded in volume filling the boat to capacity without spillover. 

walls downstream from the reactor were analyzed by x-ray powder diffraction. Those results are 
shown in Figures 77, 78 and 79. As in previous trials, the pattern for the pale yellow solid 
matched the reference pattern for UO2F2 (pd# 27-0933), depicted in Figure 77. However, there 
were additional peaks of low intensity in the pattern that proved a challenge to index. As seen in 
Figure 78, the residual peaks in the pattern for the post-reaction solid indexed well with several 
hydrated species of U02F2, namely U02F2.1.5H20 (pd# 24-1 154) and UOzFp2H20 (pdf# 24- 
1 153). The diffraction pattern for the green powder coating the interior walls of the exit line is 
shown in Figure 79. It is clearly evident the green solid is U F 4  when compared to the pattern 
recorded for the virgin reagent. The conveyance of U F 4  throughout the exit line down to the 
condenser must be a direct result of the accelerated heating profile to 800°C which lead to the 
rapid and disruptive evolution of WOF4 vapor entrained with green salt. The loss of U F 4  from 
the reaction vessel would also help to explain the larger weight loss by the reagents (4.2125gm) 
when compared to the calculated weight loss expected (3.0655gm). 

Following the completion of WFusn-14, all components of the reaction system from the 
Ni tube to the condenser vessel were thoroughly cleaned to remove any U F 4  deposited 
downstream during the reaction. The 1” Ni tube was heated to 150°C for 4 hours to thoroughly 
dry the reaction chamber. The cleaned components were re-assembled for use in the next 
experiment, WFusn- 1 5 .  

Both the pale yellow solid from the boat and the fine green powder found on the interior 

These SBIR data are fiunished with SBIR rights under Grant No. DE-FG02-99ERS2894. 168 
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Figure 79. X-ray diffraction pattern for the green powder coating the interior walls of the reaction tube and 
reference pattern for untreated UF4. 
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For the WF'usn-15 trial, a two-step reaction scenario was undertaken. Details of this 
scheme were given in Table 38 (p. 122). A less aggressive heating program was implemented in 
an attempt to prevent the expulsion of green salt from the reagent boat while the line to the 
condenser was heated and maintained at -202°C. In preparation for the reaction in step (2), 
approximately 0.5 gram of Si02 was added to the WOF4 condenser. Initially and throughout the 
reaction period, as WOF4 accumulated in the flask, there was no visible sign of reaction between 
WOF4 and Si02 at the 0°C temperature of the surrounding ice/water bath. 

flask was removed and the flask warmed to ambient temperature while maintaining a flow of air 
through the vessel. A heating mantle was placed around the flask with a thermocouple situated 
near the bottom where the bulk of the residue had deposited. The mixture of condensed residue 
and Si02 was slowly heated to explore the reaction in step (2). After reaching -1OO"C, the 
WOF4 component began to melt, showing no signs of reaction. At -1 87"C, the tungsten 
oxyfluoride began to vaporize and re-crystallize on the upper sections of the flask which were 
not heated, again without displaying any signs of color change or evolution of SiF4 gas. The 
anticipated product, WO3, is bright yellow but no hint of color change was observed. It might 
well be that the reaction requires a higher temperature than what was attained here for significant 
conversion to occur. 

Following the completion of the second reaction step, the post-reaction solids in the Ni 
tube were recovered and analyzed. The UF4/W02 reagent mixture lost 4.18 grams, which was 
slightly more than the calculated loss of 3.6138 grams. Again, the contents of the boat were 
completely pale yellow and the volume of solids expanded to maximum capacity. During the 
weight measurement, a slow but steady weight gain was observed as the boat sat on the balance, 
most probably as a result of the adsorption of moisture from the air. An x-ray diffraction pattern 
of the pale yellow residue is shown in Figure 80 along with the reference patterns for UO2FZ 
(pdH 27-0933) and a hydrated analog, U02Fp1.5H20 @df# 24-1 154). Similar to WFusn-14, a 
coating of green powder was detected on the walls of the Ni tube downstream from the reaction 
zone but to a lesser extent. It appears the rapid rise in temperature from 725°C to 780°C over a 
15 minute span was too severe for keeping the reagent bed from loosing U F 4 .  

After completing WFusn-15, it was observed that the nickel boat used in the majority of 
reactions conducted in the tube reactor between UF4 and WO2/WO3 showed evidence of 
significant corrosion. The used boat was set aside for more detailed examination and analysis. 
A discussion of those results is included in section 9.2.2 as part of the investigation into suitable 
materials of construction for the W F 6  production system. Another clean nickel boat was used for 
the remainder of the program. 

green salt from the reagent mixture. The reaction apparatus was re-assembled and heated to 
insure it was free from moisture. 

Upon conclusion of the step (1) reaction, the ice/water bath surrounding the collection 

As done previously, the nickel reaction tube was cleaned again due to the expulsion of 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 172 
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Figure 80. X-ray diffraction pattern for the pale yellow solid recovered from WFusn-15 and reference patterns for 
kT02F2 (pdf# 27-0933) and U02F2.1.5 2 0  (pdf# 24-1154). 
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Before starting WFusn-16, a single-step reaction, several changes to the experimental 
procedure and apparatus were instituted. The furnace heating cycle was adjusted in order to 
control the displacement of UF4 from the reagent mixture and a larger collection vessel was 
inserted into the exit stream to enhance product capture. During the three-hour reaction period 
the exit line to the condenser was maintained at 2 10°C while the condenser was submerged in an 
ice/water bath. The 780°C maximum temperature was held for 135 minutes before concluding 
the run. Under these conditions, 2.19 grams of WOF4 was collected which was about 52.2% of 
the theoretical yield. The condensed solid was completely white with no sign of contamination 
by displaced UF4. 

Upon recovery of the post-reaction solids, the material in the boat had a green tint on the 
surface off to one end. Approximately 80% of the reagent mixture expanded to maximum 
capacity while leaving the green-tinted area undisturbed. As the solid was transferred to a 
storage container, the powder adjacent to the bottom of the boat had the familiar green tint of 
partially reacted material. It did not appear that any material was expelled from the boat. It was 
also evident that the exterior surfaces of the boat changed from metallic gray to green, similar to 
the exterior color of the previous boat. 

As in previous trials, the solid produced in WFusn- 16 was analyzed by x-ray diffraction. 
The pattern for the recovered residue is shown in Figure 81 along with matching reference 
patterns for U02F2 (pdf# 27-0933) and UO~Fp1.5H20 (pdf# 24-1 154). There were also low 
intensity peaks indexed to the pattern collected for unreacted green salt. Similarly, during the 
transfer of the pale yellow solid to the storage container, the residue appeared to adsorb moisture 
and form a sticky, wet mass. 

In regard to the changes implemented for WFusn-16, use of the larger collection vessel 
did not appear to greatly improve the efficiency of capturing WOF4. However, the attenuated 
heating program did appear to curtail the liberation of UF4 from the reagent bed but may have 
contributed to the presence of unreacted material left behind. 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 174 
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Figure 81. X-ray diffraction pattern for the residue reclaimed from WFusn-16 and 
reference patterns for UO2F2 (pdf# 27-0933), U02Fp 1.5H20 (gdf# 24-1154) 

and unreacted UFd. 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 175 
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The last trial conducted in the horizontal tube reactor setup was WFusn-17, which was planned 
as a two-step scenario. The reaction system was setup similar to that for the WFusn-16 run with 
the exception that the exit line to the condenser was not heated but wrapped only with insulation. 
The same condenser containing the 2.19 grams of WOF4 collected in WFusn-16 was put in place 
to receive the output from step (1) of this trial. Details of the WFusn-17 experiment were given 
in Table 41 (p. 125) in section 9.1.1. Using a duplicate set of heating parameters and reaction 
times, the reaction between UF4 and W02 produced an additional 2.44 grams of WOF4, which 
was about 53.0% of the expected amount. As before, the post-reaction solids in the boat were 

green-tinted at one end while completely yellow at the other. Weight lost by the reagents during 
the reaction amounted to 4.5586 grams compared to the theoretical loss of 3.8015 grams 

calculated. The residue was split into two samples, separating the pale yellow solid from the 
green-tinted material. It is interesting to note that before removing the powder from the boat, 
there were many fragments of dark-colored scale scattered across the surface of the powder as 

seen below in Figure 82. 

Figure 82. Post-reaction residue in the nickel boat after WFusn-17 showing many pieces of 
scale scattered across the surface of the UO2F2 powder. 

A detailed discussion of the origin of the scale is included in the next section concerning the 
selection of appropriate materials of construction for the reaction system. 

The two samples of residue collected from the boat were analyzed by x-ray diffraction. 
Those results are shown in Figure 83 and Figure 84 for the green-tinted and pale yellow 
powders, respectively. The green-tinted material was indexed to three phases including U02F2 
(pdf# 27-0933), U02F2.2H20 (pdf# 24-1 153) and a small amount of unreacted UF4 (see Figure 
83). The pale yellow fraction, representing a majority of the bulk, was indexed to UO2F2 and a 
small amount of the hydrated analog, U02F2.2H20 (Figure 84). 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 176 
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Figure 83. X-ray diffraction pattern for the green-tinted portion of residue from 
WFusn-I7 and reference patterns for UOzFz (pdf# 27-0933), 

U02Fp2H20 (pdf# 24-1153) and unreacted UF4. 

These SBIR data are furnished with SBLR rights under Grant No. DE-FG02-99ER82894. 177 
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Figure 84. X-ray diffraction pattern for the pale yellow residue from WFusn-17 and reference patterns for 
UOZF2 (pdf# 27-0933) and U02F2.2H20 (pdf# 24-1153). 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 178 



After completing the first stage of WFusn-17, the total amount of WOF4 contained in the 
Pyrex@ cylinder climbed to 4.63 grams. This material was then used as a reactant for the 
reaction shown in Table 42 (page 126), that being the reaction with TiF4. When TiF4 was added 
to the WOF4 powder, there were no visible changes observed as the two compounds were mixed. 
The combined powder mixture was then heated slowly using a heat gun. Gas bubbles began to 
pass through the in-line traps and at one point a vapor cloud appeared above the liquid NaOH 
trap. After 5-7 minutes of heating, it appeared the temperature reached the vaporization point for 
WOF4 (-1 87°C) which lead to a buildup of condensed film on the upper sections of the cylinder. 
Throughout the heating period, the white color of the mixture did not appear to change. 
However, no color change was expected since the Ti02 product is also white. 

glovebag where the material deposited in the upper sections was dislodged and recombined with 
the bulk solids. The Pyrex@ condenser was then heated a second time using the heat gun. After 
10 minutes of applied heat, there was no sign of further reaction or sublimation of components so 
the experiment was terminated. The post-reaction solid was transferred to a storage container 
while being handled in the glovebag. X-ray diffraction analysis of the residue was not done due 
to the potential release of hazardous hydrogen fluoride vapors from any leftover unreacted 
materials. 

concluded that there was at least partial reaction between TiF4 and WOF4 and that further 
experimentation using TiF4 as the fluorinating agent was warranted. The new chemistry 
proposed for making w F 6  is based on the reaction of TiF4 with W02, as presented in Table 43 
(p. 127). To explore this scenario, milligram quantities of reactants were combined and reacted 
in the thermogravimetric analyzer (TGA). 

For this micro-scale experiment, 8.549 milligrams of combined reactants were heated to 
500°C in a stream of dry air. The results of the prescribed treatment are shown in Figure 85, 
displaying the weight change of the reactants over the course of the thermal treatment. During 
the first 15 minutes at ambient temperature, the contents of the cup gained weight (-0. lmg), 
most likely as a result of moisture adsorption. Then, as the temperature rose to the 500°C 
plateau, there were three weight loss events clearly delineated before the sample weight 
stabilized at the peak temperature. Overall, the starting materials lost a total of 1.6 1 mg during 
the experiment. The first significant weight loss event began around 44°C and carried out to a 
temperature of -32 1 "C, accounting for a loss of -0.8mg. A second, smaller weight loss of 
-0.3mg occurred between 321°C and 441°C followed by a third decline of -0.5mg as the 500°C 
plateau was reached. A complete explanation of each event is not possible without performing 
additional trials and supplemental analytical data gathering. However, the first weight loss 
(representing -50% of the total loss) strongly suggests that a reaction did occur between TiF4 
and W02 to produce a gaseous product. The second and third losses occurred at temperatures 
well above the sublimation temperature for TiF4 (285.5"C)29 which may help to explain, at least 
in part, the remaining 0.8mg loss. 

After cooling the cylinder to ambient temperature, it was put back into the argon-filled 

Based on the observation of bubble formation and a vapor cloud in the NaOH trap, it was 

These SBIR data are -shed with SBIR rights under Grant No. DE-FG02-99ERS2894. 179 
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After completing the micro-scale experiment in the TGA apparatus, gram quantities of 
TiF4 and WO2 were combined in a larger Parr@ reaction apparatus illustrated in Figure 52 in 
section 9.1.1. Results for the WFusn-19 trial were archived since the WFusn-18 experiment was 
terminated without preserving any FT-IR data for the gaseous reaction products made in that run. 

265°C over a 2.5-hour period. FT-IR spectra were collected for aliquots of gas captured in the 
gas cell when the reactor temperature reached 85"C, 185"C, 187"C, 190°C and 245°C. At 85"C, 
a stream of white vapor was again seen exiting the scrubber line. This was the point at which the 
first aliquot of gas was isolated in the gas cell. Approximately 32 minutes into the reaction 
period, the flow of air through the vessel to the scrubber stopped. Pressure in the reactor rose to 
-3Opsi with the temperature at -1 80°C. The contents of the vessel were vented through the gas 
cell and several aliquots were analyzed at this juncture. The last sample of reactor off-gas was 
taken when the reactor was at 245°C. Following that sample, the reactor was closed to flow and 
the experiment allowed to continue for an additional 30 minutes at a pressure of -1Opsi with the 
temperature between 245OC-265"C. During this period, the pressure in the vessel did not change 
which was taken as a sign that the reaction did not produce additional gaseous products so the 
trial was terminated. 

along with the times during the reaction the aliquots were taken. It was clear that the samples 
captured at temperatures of 185°C and 187°C contained strong absorption peaks in the range 
between 4000-3000cm~', 1350-1 100cm-' and 950-700cm-'. At the 190°C plateau 89 minutes 
into the reaction, the intensity of the absorption peaks dropped off dramatically and at 245°C the 
absorption intensity of the sample was diminished to near-background levels. 

Interpretation of the FT-IR data shown in Figure 86 was started by comparing the 
spectrum for the 185°C aliquot with reference spectra for HF and WF6, as shown in Figure 87. 
The highly absorbing specimen collected at 185°C was subsequently pulsed several times with 
aliquots of ultra-high purity (UHF) grade helium gas to dilute the material and bring the strong 
absorption peaks within the range of the spectrometer's detector. The five narrow peaks between 
4000-37000cm-' indicated the presence of HF, which was essentially present in all the aliquots of 
reactor off-gas examined. The strong absorption band between 3700-3 1 OOcrn- '  became better 
defined in the spectrum for the diluted sample, revealing the presence of two peaks with maxima 
at -3500cm-' and 3380crn-' and a shoulder band at -3200cm-'. As yet, these bands remain 
unidentified but their presence suggest the specimen contained more species than the two 
reference compounds shown. The broad bands in the 1350- 1 1 OOcm-' region diminished in the 
diluted sample and also did not correspond with the reference materials. The small narrow peak 
located at -1 025cm-' indicated the presence of SiF4, which could be traced back to the 
fluorination of silicon-based lubricant used in the SwageZok@ valves used to close the entrance 
and exit ports on the gas cell and exit lines from the Parr reaction vessel. The remaining three 
broad bands across the 950-700cm-' region corresponded with peak locations found in the wF6 
reference spectrum and could be the first indications that WF6 was produced during the reaction. 

After completing the trial, the reaction system was disassembled in stages to learn more 
about where blockages in the exit line formed which stopped flow of gas to the scrubber. The 
1/8" OD tube connecting the 3-way valve to the scrubber (refer to Figure 52) was packed with a 
white solid at the connection to the 3-way valve. The sections of 1/4" OD line from the 3-way 
valve to the ball valve and ball valve to reactor top also contained a heavy deposit of white 
residue. Upon opening the Parr vessel, the underside of the reactor lid was totally covered 

During the WFusn-19 trial, 7.6916 grams of TiF4/W02 mixture were heated slowly to 

The FT-IR spectra collected at the aforementioned temperatures are shown in Figure 86 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ERS2894. 181 
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with a layer of white solid. After sitting exposed to the air for an hour the solid appeared to 
hydrolyze, leaving a wet surface in areas where the residue was not very thick. At this point, the 
reactor lid was submerged in distilled water to remove the residue. The resulting solution had a 
blue tint and the material sticking to the underside turned dark blue in color. The solid remaining 
in the lower section of the reactor was a mix of gray and white particles of loose powder that did 
not appear to change or adsorb moisture after standing in air for several hours. The post-reaction 
solid was not analyzed by x-ray diffraction due to the potential for release of HF vapors during 
the analysis. However, the residue collected from the underside of the reactor lid in the aqueous 
solution was examined further by x-ray diffraction after drying the solution to recover the solid. 
The x-ray diffraction pattern for the dried material is shown in Figure 88 along with the 
matching reference pattern for TiOF2 (pd@ 08-0060). Based on the presence of oxyfluoride after 
contact with water, the white solid deposited on the lid and accumulated downstream causing the 
blockages in the lines was most likely TiF4 which separated from the reaction mixture via 
sublimation. The hydrolysis reaction to produce the TiOF2 is given in equation (9.4) below, 

TiF4 + H20(aq) + TiOF2 + 2HF(aq) (9.4). 

Although the TiF4 sublimation temperature of 285°C was not reached, the temperature of the 
reaction vessel was high enough to cause a significant amount of TiF4 to volatilize and collect 
downstream on cooler surfaces. 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 184 
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9.2.2 Selection of suitable materials of construction for producing WFs. 

The nickel boat used to hold the uranium tetrafluoridehungsten oxide mixtures during the 
many experiments to produce WOF4 showed significant corrosion and deterioration. An 
investigation into the corrosion was begun in order to 1t:arn what effects the high temperature 
fusion chemistry would have on a reaction system constructed of nickel. To document the 
corrosion, several images of the boat were collected and are presented below in Figure 89, 
Figure 90 and Figure 91. 
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I 

Figure 89. Image of nickel boat used in the high temperahre fusion reactions between UF4 I and WO2/wO3 mixtures. 

Figure 90. Side view image of the nickel boat showing the green-brown corrosion layer 
covering the exterior and interior walls. The arrow shows where 

a piece of scale was removed from the exterior wall. 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. I 186 
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Figure 91. A close-up image of the nickel boat showing the corrosion of the interior walk. 

It was clear much of the boat’s exterior and interior walls were covered with a green- 
brown layer of flaky solid. A large piece of the corrosion layer was removed (refer to 
Figure 90) and divided into two specimens for characterization by x-ray diffraction. One piece 
of scale was mounted exposing the outward-facing surface of the flake to the x-ray beam while 
the other sample was prepared with the interfacial side (side oriented against the wall of the boat) 
facing the analysis beam. The x-ray diffraction patterns for the two specimens are given in 
Figure 92, showing dissimilar patterns at first glance. Both patterns were then analyzed in detail 
and indexed to constituent phases. As shown in Figure 93, the outward facing surface of the 
flake was matched to three phases including NiO (pdH 47-1049), NiW04 (pdH 15-0755) and 
NiF2 (pdH 24-0791). Here, the peak intensities indexed to each compound were about equal. 
As depicted in Figure 94, the interfacial side of the flake was also indexed to the same three 
compounds with the exception that the intensity of the NiO component was the dominant phase 
by a wide margin. 

Using the x-ray results of the scale material, the corrosion of nickel can be described by 
the following sequence of reactions: 

First 2Ni + O&) _I__) 2Ni0 (9.5) 

Second 3Ni0 + WOF&) + NiW04 + NiF2 (9.6). 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 187 
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Figure 93. X-ray diffraction pattern for the outward facing side of the scale and reference patterns for NiO (pdf# 47-1049), 
NiFz (pdf# 24-0791) and NiW04 (pdfW 15-0755). 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 189 
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As shown in Table 50 below, both reactions displayed favorable thermodynamic 
parameters14 (negative Gibbs free energy change, -AG) over the temperature ranges used in the 
fusion experiments. The interfacial side of the scale was essentially nickel oxide (NiO) since 
that surface had little or no direct contact with WOF4 vapor. The reaction in equation (9.6) (page 
187) will likely occur on all the oxidized nickel surfaces around and downstream from the heated 
reaction zone, including the boat and the walls of the Ni reaction tube. 

Table 50. 

Thermodynamic calculations describing the two-step corrosion process 
occurring on the surface of nickel. 

Step (1): 2Ni + 02(g) - 2Ni0  
T("C) delta H(kca1) delta S(ca1) delta G(kca1) K 
0.00 -1 14.608 -45.249 -102.248 6.555E+081 

100.00 -1 14.383 -44.5 67 -97.753 1.809E+057 
200.00 -1 13.936 -43.522 -93.344 1.3 16E+043 
300.00 -1 13.234 -42.162 -89.069 9.249E+03 3 
400.00 -113.100 -4 1.946 -84.864 3.587E+027 

1 500.00 1 -112.859 I -41.611 1 -80.687 I 6.456E+022 1 
I 600.00 I -112.639 1 -41.345 I -76.539 1 1.443E+019 I 

I -72.416 I 1.839E+O16 I I 700.00 I -112.436 I -41.124 
800.00 -1 12.242 -40.93 4 -68.313 8.192E+013 
900.00 -1 12.051 -40.764 -64.229 9.254E+0 1 1 

1000.00 -1 11.856 -40.605 -60.160 2.128E+O 1 0 

1 Step (2): 3Ni0 + WOF&) d NiW04 + NiF2 
T("C) delta H(kca1) delta S(ca1) delta G(kca1) K 
0.00 -92.628 -42.6 1 0 -80.989 6.389E+064 

100.00 -92.260 -4 1.41 0 -76.807 9.749E+044 
200.00 -92.437 -41.799 -72.660 3.670E-tO33 

I 300.00 I -93.116 I -43.122 I -68.401 I 1.215E+026 I 
I 400.00 I -93.172 I -43.215 I -64.082 1 6.412E+020 I 
I 500.00 1 -93.113 I -43.134 I -59.764 1 7.853E+016 I 
1 600.00 I -92.989 1 -42.984 I -55.457 I 7.623E+013 I 
I 700.00 I -92.820 1 -42.801 I -51.168 I 3.106E+011 I 

~~ 

800.00 -92.606 -42.5 92 -46.898 3.562E+009 
900.00 -92.336 -42.352 -42.650 8.834Et007 

1000.00 -9 1.995 -42.074 -38.429 3.9 5 6E+006 
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The choice of nickel as a suitable material from which to construct a reaction system 
appears to have significant corrosion issues that must be resolved before a production system can 
be built. One approach requiring further investigation and verification would be to passivate the 
boat and internal surfaces of the nickel reaction tube with a tightly bound layer of NiF2 as 
suggested by Dr. Beitz at Argonne National Laboratory. His description of such a procedure is 
included below, 

' I .  . . it struck me that you might not be aware of a property of nickel that 
influences its passivation with respect to good fluorinating agents. 

That property is its tendency to have some oxidation (nickel oxide) on its 
surface. Nickel oxide does not readily convert to nickel fluoride and has 
the tendency to flake off when the nickel part is heated to high 
temperature. In consequence, bare nickel can suddenly be exposed to the 
fluorinating agent at high temperature which, in the case of fluorine gas, 
might lead to burn through. 

For these reasons, it is useful to heat nickel in hydrogen gas to reduce any 
surface oxide to elemental nickel. Ideally, the next step is to heat in 
fluorine gas at sub-atmospheric pressure (without having exposed the 
hydrogen-reduced surface to air or oxygen) to produce an adherent nickel 
fluoride passivation layer. For our vacuum systems, this process is 
straightforward, because we can add hydrogen gas, heat the metal parts 
(aside from the valve bodies) with a hand torch, pump out the hydrogen gas, 
and then add fluorine gas and heat again." 

The boundary layer of NiF2 would nullify the first step in the sequence of corrosion reactions 
(equation 9.5, p. 187), thereby blocking the formation of NiO and prevent subsequent interactions 
with WOFA. 
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9.3 Discussion - WF6. 

9.3.1 Producing the WOF4 Intermediate. 

Tungsten tetrafluoride oxide, WOF4, was successfully produced by reacting either W02 
or W03 with U F 4 .  At 8OO"C, there is little difference in the weight loss curves recorded during 
the TGA experiments using these constituents (refer to Figure 67). However, at lower 
temperatures around 700"C, it appears that the preferred tungsten source is W02. In the presence 
of air, the reaction scheme describing the process is given below along with the calculated (ref) 
Gibbs free energy change (AG). 

W02 Reaction Scheme 

T ("C) AG (kcal) 
(A) 4UF4 + 2WO2 + 302(g) + 2WOF4(g) + 4U02F2 700 -33.344 

800 -31.631 
(B) 12U02F2 + 6WO2 + O2(g) + WOF& + 4U308 700 +11.683 

800 - 10.72 1 
(C) 2W02 + 02(g) + 2W03 700 -85.994 

800 -82.5 94 

It is important to note that equation (C) plays a role in how far equations (A) and (B) proceed 
before the reaction dynamic switches to that for a scheme involving W03. 

W03 Reaction Scheme 

T ("C) AG (kcal) 
(D) 2UF4 + wo3 + O2(g) + WOF&) + 2U02F2 700 1-9.654 

800 +9.666 
(E) 6UO2F2 + 3wo3  + 3WOF4(g) + 2u308 + 02(g) 700 +134.833 

800 +118.530 
(F) 2UO2F2 + WO3 --+ WOF4(g) + 2U02 + 02(g) 700 +73.106 

800 +65.5 5 7 
(G) 3UO2 + 02(g) u308 700 -42.242 

800 -39.070 

In comparing schemes for both tungsten oxides, all equations written with W02 show 
spontaneous behavior (negative AG values) except for equation (B) at 700°C while all equations 
using W03 have positive free energies at all temperatures. This trend bolsters the observation 
that UF4/WO2 mixtures showed greater reactivity at lower reaction temperatures. At the 800°C 
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temperature, conversion using either W02 or W03 appeared similar since the oxidation of W02 
to WO3 in an air-laden stream was rapid (see Figure 53) and redirects the reaction pathway to 
equation (D). Further consumption of U02F2 to make WOF4 and U308 or U02 is 
thermodynamically hindered (equations (E) and (F)). X-ray diffraction results of the post- 
reaction solids reclaimed from the TGA trials showed only minimal amounts of the U308 phase, 
which was more likely due to the thermal decomposition of UO2F2 than equation (E) above. 

the intermediate within the reaction system caused blockages during several early experiments, 
bringing them to an end prematurely. The first significant amount of WOF4 was made in 
WFusn-10 where 3.17 grams was collected in a redesigned capture vessel. In the following run, 
WFusn- 1 1,2.44 grams of crystalline product was collected when W03 was fused with UF4 at a 
reaction temperature of 790°C. From these two experiments it is apparent that significant 
amounts of the same material can be made using either oxide source. 

predicted weight loss by the reagents ranging from 15.7% to 37.4%. This excessive weight loss 
is reflected in the calculated 'Reaction Conversion' values given in Tables 48 and 49 reporting 
conversions greater than 100%. The only reasonable explanation for the extraordinary weight 
loss suggests that some of the U02F2 by-product is being lost from the reagent boat, possibly as 
fine particulate. This may be occurring as the volume of reactants undergoes a large expansion 
on the order of 200-3OOYo. In particular, after the WFusn-10 trial, the contents of the reagent 
boat had expanded so much that some of the UO2F2 yellow powder spilled out of the boat before 
removing it from the reaction zone in the tube reactor. In several experiments (WFusn-14 and 
-1 5) ,  the furnace temperature was ramped too aggressively, causing U F 4  to carry downstream 
into the condensation flask and contaminate the WOF4 powder. Here the release of gaseous 
intermediate was so rapid that particles of solid became entrained in the gas stream. The 
fluidization of UF4 was ultimately controlled by slowing down the furnace-heating schedule to a 
level where the reagent bed was left undisturbed. 

Bench-scale trials were successful in making WOF4 in larger quantities. Condensation of 

Of the ten experiments performed in the tube reactor, seven trials showed larger than 

9.3.2 Fluorinating WOF4 to form WFs. 

After studying the chemistry to form the WOF4 compound, emphasis shifted to finding a 
suitable fluorinating agent for converting the oxyfluoride to tungsten hexafluoride. Candidate 
reactions using U F 4  and TiF4 as fluoride sources showed that WOF4 was resistant to conversion 
up to the vaporization temperature of the oxyfluoride (-1 87°C). Likewise, a probe reaction 
using Si02 to extract fluorine away from the tungsten compound was unsuccessful at bringing 
about a transformation where the thermodynamic variables were shown to be very favorable 
(-AG value). When the reaction between W02 and TiF4 was performed in the TGA apparatus to 
evaluate the single-step synthesis route, a significant weight loss was observed and taken to be 
the start of the fluorination process. Potential reaction schemes describing the process are shown 
below including their thermodynamic assessment. 
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WF6 Reaction Schemes 

-5.038 
4-6.223 

(I) 2TiF4 + 2W02 + 02(g) -+ 2WOF4(g) + 2Ti02 
500 -5 1.95 1 

The feasibility of equations (€3) and (I) are supported by spontaneous free energy changes up to 
the 500°C plateau temperature attained during the trial. However, there is a steady weight loss 
starting about 44°C shown in Figure 85 that should not occur if equation (I) were the controlling 
pathway. WOF4(g) generated by equation (I) could not vaporize until the temperature reached at 
least 187°C. Only then would a significant weight loss be observed. Beyond the 300°C mark, 
weight loss shown in the TGA result is most likely due to vaporization of unreacted TiF4 out of 
the TGA cup. The TiF4/W02 reaction was heated to a maximum of 500°C to prevent oxidation 
of W02 to W03. All reaction schemes between TiF4 and W03  possessed positive Gibbs free 
energy values, thereby reducing the feasibility of making W F 6  by that alternative pathway. 

The reaction between TiF4 and W02 was then repeated in a flow-through bench-top 
reactor (WFusn- 19) where the gas stream was analyzed by FT-IR spectroscopy to identify 
volatile reaction products. An aliquot of gas collected when the reactor temperature reached 
85°C showed absorption bands assigned to HF, which was most likely formed by the interaction 
of adsorbed moisture (bound to W02) with TiF4. Weight loss observed during the micro-scale 
experiment in this temperature region may have been due to the same TiF4 hydrolysis side- 
reaction. However, the gas samples collected at 185°C and 187°C showed new bands that 
presented a challenge in matching their vibrational frequencies to known reference compounds. 
What is more interesting is the temperature at which the new bands show up in the gas stream. 
The intense absorption bands appeared at the same temperature that WOF4 converts to a gas. If 
this is the case, then the reaction given in equation (I) may be the preferred pathway. As the 
temperature climbed above 200°C the absorption intensities of the new bands disappeared. This 
could be caused by the loss of intimate contact between the reagents as the evolving gas pushed 
the reactants further apart, thereby limiting the conversion to only nearest-neighbor proximity. 
Above 285°C TiF4 goes into the gaseous state and could react with WOF4(g), as in equation (J). 
However, the thermodynamic feasibility shifts to a non-spontaneous situation where the gadgas 
scenario is not favored. 

bring about conversion, a static-bed flow-through reactor configuration like the one used here is 
not the most efficient design to facilitate a reaction between a gas and solid. At 285°C and 
above, titanium tetrafluoride would separate from the reaction mixture before significant 

Since the reaction between TiF4 and W02 may require a temperature above 300°C to 
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T("C) 
(L) 3TiFd(g) + 2w02 + 02(g) + 2wF6(g) + 3Ti02 100 

200 
500 

conversion could take place. This was indeed the case in WFun-19 where a layer of white solid 
(TiF4) collected on the underside of the Parr reactor lid during the course of the experiment. - 

As a'result of the limited interaction observed in WFusn-19, the TiF4/W02 reaction 
scenario may be evaluated more effectively using a fluid bed reactor. This would require setting 
up an apparatus to create a continuous vapor stream of TiF4 for passing through a bed of WOZ 
maintained at a temperature up to 500°C. This reaction scheme is given in equation (L) along 
with relevant thermodynamic calculations. 

AG (kcal) 
-68.876 
-59.001 
-29.969 

V"C) 
(M) 2WOF4 + GeF4(g) -+ 2WF6(g) + Ge02 100 

200 
500 

Before concluding the discussion concerning fluorinating agents, several other candidate 
reactions can be proposed for converting the WOF4 intermediate to WF6. The chemistries are 
tabulated as above, showing the calculated Gibbs free energy change at the indicated 
temperature. 

AG (kcal) 
-16.622 
-16.999 
-15.027 

Potential Fluorination Routes 

500 -54.649 

100 
200 
500 

100 
200 
500 

100 
200 

-47.291 
-51.189 
-54.881 

-72.958 
-72.47 1 
-69.382 

-45.089 
-48.695 

Equation (M) presents an interesting pathway where germanium can be used to shuttle fluorine 
from UF4 to WF6 via GeF4. More traditional fluorinating agents such as arsenic pentafluoride 
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and elemental fluorine also have the necessary thermodynamic favorability to transform WOF4 
to WF6, as shown in equations (N) and (O), respectively. Lastly, w F 6  has been generated 
electrochemically30 from acetonitrile solutions containing WOF4. All of these alternatives would 
require hrther study in order to establish their commercial viability and economic feasibility. 
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Conclusions 

9.4 Conclusions - GeF4. 

A process to produce GeF4 of exceptional purity has been developed based on Starmet's new 
fluoride extraction technology. In this process, fluorine contained in U F 4  is recovered as a high- 
value fluoride gas when green salt is reacted with germanium dioxide. Of the nine tasks outlined 
in the Phase I1 work plan, seven have been completed, leaving two items concerning product 
qualification and fabrication of a production-scale apparatus to be addressed in the kture as the 
demand for high purity material in the electronics and semiconductor sectors rebounds from an 
18 month slump in the global marketplace. 

style reaction apparatus fabricated from nickel 200 alloy outperformed a larger crucible reactor 
setup constructed from Haynes HR160@ alloy. The best overall performance observed during 
the reactor design trials occurred in GeFusn-28 where a conversion of 89.4% was posted in 
combination with a 97.7% capture efficiency. Here the reaction temperature reached a high of 
700°C. Conversions as high as 98.1% were observed when U F 4  was reacted with GeO2 at 
775"C-8OO0C in a helium sweep stream. However, the highest capture efficiency in the helium- 
only carrier was 75.8% in contrast to 97.7% when the reactor sweep stream contained 10-12 
vol.% of dry air. The presence of air in the sweep stream was beneficial in reducing the 
formation of GeF2 residue by maintaining an oxidizing atmosphere above the reactant bed and 
initiating the reaction at a lower temperature. 

proposed based on the experimental results collected. Those reactions where a pure helium 
stream was used revealed the formation of a UGe04 intermediate, which appeared to be the 
dominant germanium containing species left in the latter stages of the reaction. In contrast, only 
U02F2 and U F 4  could be detected in residues collected where conversion was incomplete using a 
heliudair sweep stream. Kinetics of the UF4/Ge02 reaction could not modeled using the 
Avrami equation when air was present in the sweep stream as was the case for runs made in pure 
helium. 

and Haynes HR160@ alloy were significantly compromised from attack by GeF4, forming 
germanium-rich scale and intermetallic compounds. Inconel 600, Haynes 242 and nickel 200 
alloy were considered acceptable materials of construction if first passivated in a fluorine 
environment. 

It was shown that the UF4/Ge02 reaction began just above 400°C with the release of a 
significant amount of moisture. A 1-2 hour pre-reaction drying period at -450°C was inserted 
into the reactor- heating schedule to off-load the moisture from the reactants and the system 
before collecting GeF4 of high quality. When compared with a reference material possessing 
99.99% purity, the Starmet product was shown to contain the least number of elemental 
impurities and fewest infrared-active species. ICP-MS analysis of a lab-synthesized sample 
could not detect uranium above a detection limit of 0.0 19ppm-wt. 

Argonne National Laboratory for determining trace levels of U. Analyses by ultraviolet optical 
absorption spectroscopy to detect U as U F 6  found both the unfiltered and filtered batches of gas 
void of uranium at detection limits of 0.75 and 0.64ppm-vol., respectively. The second method 

From investigations performed here, it was determined that a horizontally oriented, tube- 

Reaction sequences describing the synthesis of GeF4 in inert and air-laden streams were 

Corrosion studies revealed that materials such as copper, Monel, type 304 stainless steel 

The fluoride gas was also examined using two new methods under development at 
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being investigated involving laser-induced photoluminescence spectroscopy encountered several 
problems, which impacted the ability to measure the luminescence of uranyl ions first in a glassy 
Ge02 matrix and later in treated solutions of hydrolyzed Ge02 particulate at a sensitivity in the 
range of 1-40 parts-per-trillion (ppt). The "chloride volatility" approach was unsuccessful due to 
the inability to convert hydrolyzed GeO2 particulate to uranyl chloride using concentrated 
hydrochloric acid and acid vapor reflux conditions. Fluorescence measurements performed on 
hydrofluoric acid solutions of dissolved Ge02 particulate revealed intense broad band 
interference arising from low molecular weight polymer leached from the wall of the 
perfluoroalkoxy (PFA) Teflon@ containers used in preparing the hydrolyzed GeF4 material. 

manifold reaction system involving tube-style reactors and a gas collection station were made. 
The production-scale system was configured to generate and package up to 2kg of product per 
day when operated to capacity. Production of the gas can be started with operation of just one 
station and additional capacity phased-in over time as demand for GeF4 grows. 

Based on information learned throughout the program, conceptual drawings of a 6-station 

9.5 Conclusions - WFs. 

Development of a process to make WF6 using the same fluoride extraction technology 
perfected for GeF4 proved to be more challenging. Before carrying out trials using a bench-scale 
apparatus, milligram quantities of U F 4  and two different tungsten oxide compounds were reacted 
in the thermogravimetric analyzer (TGA). It was determined that both forms of tungsten oxide 
could be converted to the oxyfluoride intermediate at temperatures in the range between 700°C- 
800°C when reacted in air. It was also shown that W02 was oxidized to W03 beginning about 
500"C, adding a degree of complexity to the reaction scheme in deriving WOF4. At 7OO0C, the 
UF4/W02 combination appeared to react at a faster rate and went essentially to 100% completion 
while the UF4/W03 mixture yielded only 70% of the expected weight loss and the formation of a 
new solid phase that could not be matched to any substance in the x-ray database. At 8OO0C, 
there was little difference in the weight loss curves using either combination of reagents. 

Reactions to produce the white crystalline oxyfluoride compound were moved to a 
horizontally oriented, tube-style reactor constructed of nickel 200 alloy. Best results were 
achieved in WFusn- 10 where 3.1 7 grams of material were collected when UF4 was reacted with 
W02 at 790C for 2 hours. In contrast, 2.44 grams of WOF4 were recovered when W03 was 
reacted with green salt under similar conditions in WFusn-11. When contacted with HZO, both 
residues from WFusn- 10 and - 1 1 formed similar hydrolysis products as shown by x-ray 
diffraction, notably W03*H20 and W03*2H20. 

completing the process to make WF6. Based on favorable thermodynamic assessments, UF4, 
Si02 and TiF4 were employed as probes to explore the reactivity of the oxyfluoride. Uranium 
tetrafluoride was not able to convert WOF4 to w F 6  below 196°C since the oxyfluoride began to 
separate from the reaction mixture above 187"C, the boiling point for the intermediate. Silicon 
dioxide was reacted with WOF4 in a similar manner to test the stability of the W-F bond in the 
presence of a strong fluoride scavenger. It, too, did not react up to a temperature of 185°C. In 
contrast, when TiF4 was heated in the presence of the oxyfluoride, there were indications that a 
gaseous product was released, signaling the need for a more detailed investigation. 

After defining the chemistry to make WOF4, several candidate reactions were selected for 

These SBIR data are furnished with SBIR rights under Grant No. DE-FG02-99ER82894. 199 



I 
1 
I 
I 
U 
I 
1 
1 
1 
1 
I 
I 
I 
I 
I 
1 
I 
I 
I 

Based on this result, a new pathway to WF6 was proposed whereby W02 is directly 
fluorinated using TiF4. A milligram-scale experiment where a W02/TiF4 mixture was heated to 
500°C in air, showed sihificant weight loss at temperatures below 285°C ( TiF4's sublimation 
temperature). The same reaction was repeated in a bench-scale apparatus where the volatile 
reaction products were analyzed by FT-IR spectroscopy as the temperature was raised to 265°C. 
Intense absorption bands appeared in the infrared spectrum of the sample collected at 185"C, 
which dissipated as the reactor temperature increased. Bands with maxima located at 3500cm-I 
and 3380cm-' could not be easily identified while those in the 950-7OOcm" region corresponded 
with absorption band frequencies observed for a reference sample of wF6. Further 
experimentation is required in order to confirm if TiF4 is a feasible and effective fluorinating 
agent in converting W02 to WF6. 

Finally, the corrosion layer occurring on the nickel boat and in the tube reactor during the 
WFs development program was investigated. The formation of surface scale was described by a 
two-step process whereby the nickel surface is first oxidized to NiO in an oxygen containing 
environment followed by reaction of the oxidized surface with tungsten oxyfluoride. It is 
anticipated that nickel will be a suitable material for constructing a production-scale reaction 
system once it is properly passivated with fluorine to form a tightly bound protective layer of 
NiF2. 
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Abstract 

We are developing two methods for ultratrace determination of uranium in germanium 

tetrafluoride (GeF4) gas. Both methods are designed primarily for determination of uranium 

based on its most probable volatile chemical compound, namely uranium hexafluoride (UF6). 

The first method relies on detection and measurement of UFs via its characteristic and very 

strong ultraviolet optical absorption spectrum. The scientific basis for this method is well 

established, although it is technically challenging to implement. Most of our work to date has 

been carried out to establish the scientific basis for our second method which relies on laser- 

induced fluorescence of uranyl ions in glassy germanium dioxide (GeO2). Hydrolysis of GeF4 

that contains u F 6  and subsequent treatment with ammonium hydroxide is expected to generate 

hydrated germanium dioxide (Ge02) that contains uranyl hydroxo complexes. Thermal fiision of 

this material and rapid cooling should produce glassy GeO2 that contains uranyl ions. Although 

this is a plausible scheme for ultratrace determination of uranium in GeF4, it rests on the 

presumption that uranyl ions are chemically stable in molten Ge02. We now have carried out 

studies on uranyl-doped glassy Ge02 that have shown that 1) uranyl ions are stable for hours in 

molten Ge02, 2) uranyl ions in glassy GeO2 at ambient temperature are strongly luminescent, 

and 3) the likely limit of detection for uranium in GeF4 using this method is 50 ppt (parts per 

trillion), or better, on a weight basis. Using our present non-optimized apparatus, we have 
achieved signal-to-noise ratios for uranyl ion luminescence in glassy Ge02 that are equivalent to 

a limit of detection of 500 ppt. 
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Introduction 
Determination of uranium in germanium tetrafluoride (GeF4) is challenging due to the 

chemically aggressive nature of GeF4 and the strong fluorinating ability of the most probable 

volatile uranium impurity in GeF4, namely uranium hexafluoride (m6) gas. Conventional high 

sensitivity methods, such as ICP-based mass spectrometry or atomic emission spectroscopy, lose 

sensitivity because GeF4 must be hydrolyzed in water (diluted) prior to analysis of the hydrolysis 

solution. 

Objectives 
We are developing two methods for ultratrace determination of uranium in GeF4 gas. Both of 

these methods are primarily sensitive to uranium as uranium hexafluoride (m6). Our first 

method relies on the very strong optical absorbance of UF6 gas in the ultraviolet [ l ]  at 

wavelengths where GeF4 should be essentially transparent [2]. This method is non-destructive 

(does not involve chemical alteration of GeF4), and may be suitable for on-line monitoring of 

u F 6  impurity levels during GeF4 production. 

Our second method relies on laser-induced fluorescence measurement of uranium, as uranyl ion 

(UO;’), in glassy Ge02 and requires destructive analysis of GeF4. This method, in our present 

plan, starts with hydrolysis of a sample of GeF4 gas. Any UF6 impurity in the GeF4 will 

hydrolyze to uranyl ions (U02*’). Hydrolysis of GeF4 is reported [ 3 ]  to follow the chemical 

reaction 

although no detailed study of this reaction has been reported nor are the properties of H2GeF6 

well established. It is known [4] that m6 hydrolyzes according to the reaction 

In addition, uranyl fluoride (U02F2) is one of the most water-soluble uranyl salts known. With 

excess water, the above reactions should give an aqueous solution that contains GeO2, H2GeF6, 
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and U022+ and its fluoride ion complexes as well as hydrofluoric acid (HF) and fluoride ion (F-) 

in amounts that depend on the pH of the solution. We expect that addition of excess ammonium 

hydroxide to the solution, followed by heating to volatilize excess water, ammonium hydroxide, 

and ammonium fluoride, will give a hydrated GeO2 gel that contains trapped within it uranyl 

ions, likely as hydroxo complexes. Fusion of this GeO2 gel will produce glassy GeO2 for 

subsequent analysis for uranyl content by laser-induced fluorescence. Glassy Ge02 is preferred 

over crystalline Ge02 for two reasons. The first is that Ge02 can exist in either of two crystalline 

modifications and preparation of it in a single crystalline phase is difficult [3]. The second is that 

crystallization tends to concentrate impurities, such uranyl ions, along defects or grain 

boundaries. This is undesirable because uranyl species frequently undergo luminescence self- 

quenching (some times referred to as concentration quenching). Such quenching would reduce 

the sensitivity for detecting uranyl via laser-induced fluorescence. 

Our experimental work to date has largely centered on development of laser-induced 

fluorescence analysis for detection of uranyl in Ge02. This is to ensure that the fundamental 

basis of this method is sound and due to ordering and delivery delays in our procurement of high 

purity (99.99%) GeF4 from a commercial source (Advance Research Chemicals). 

Nothing has been reported in the literature concerning the photophysics of uranyl-doped glassy 

GeO2 so we began our work in this area by preparing glassy Ge02 that contains added uranium. 

Our objectives were to 

1. Determine the chemical stability of uranyl ion in molten Ge02 and glassy Ge02 

2. Optimize the heating cycle requirements for producing glassy Ge02 of acceptable optical 

quality. 

3. Generate benchmark data for the photophysics and spectroscopy of uranyl ions in glassy 

Ge02. 

We prepared uranium-doped glassy Ge02 material by adding uranyl nitrate in nitric acid to Ge02 

powder and then heating this material as detailed below. 
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Although uranyl luminescence has been studied in many phases, no utilization of such 

luminescence for uranium analysis in vitreous GeO2 has been reported. Based on literature 

reports, however, vitreous GeO2 is a very favorable matrix for such analyses. The reported 

optical absorption bands of vitreous Ge02 [ 5 ]  occur further into the ultraviolet than do those of 

the lowest lying excited electronic states of uranyl ion. Excitation of the low lying uranyl states 

generally provides the highest quantum yield, and therefore best sensitivity, for luminescence 

detection of uranyl. In addition, the reported emission bands of Ge02 [6] occur at wavelengths 

that should provide little interference with quantification of uranyl luminescence. 

Materials and Methods 

Vitrification of GeOz 

The Ge02 that we used was specified by its manufacturer (Alfa) to be 99.999% pure on a metals 

basis. Physically, this material is a white, finely divided powder. We confirmed that it is largely 

the hexagonal form of Ge02 by the heat evolved as it underwent dissolution in hydrofluoric acid 

[ 3 ] .  We detected the presence of tetragonal phase Ge02 in that a small fraction of this material 

did not dissolved in 25% hydrofluoric acid solution. 

A Linderg/BlueM horizontal tube furnace capable of attaining 1700 "C was fitted with a 3 inch 

diameter Coors high purity alumina tube that was capped at each end with a Fiberfrax insulating 

plug. platinum foil (0.002 inch thick) was shaped into a 0.94 cm wide by 0.94 cm long square 

boat and used as the primary container for melting Ge02 samples. Uranium-doped Ge02 was 

prepared by placing a weighed amount of GeOl (typically 0.7 g) into a Pt boat on a hot plate. An 

aliquot of uranyl nitrate stock solution (5.24 pg uranium per milliliter) in 0.3 mol/liter nitric acid 

was added to the Ge02. Visible liquid was evaporated under a stream of dry nitrogen gas. The 

Pt boat then was placed within an open top, high purity alumina boat. In some cases, the Pt boat 

was covered with Pt foil; in other cases, the Pt boat was left uncovered. The boat assembly was 

placed within the 3 inch alumina tube in the furnace and centered on its hot zone. The furnace 

controller was programmed to carry out the desired heating profile. When the furnace 

temperature returned to ambient, the boat assembly was removed from it. The Pt foil was 

mechanically stripped from the glassy GeO2 sample that had been molded by the Pt foil boat into 
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the form of a square plate which was thinner in the middle due to a meniscus that formed as the 

molten Ge02 contracted during solidification. 

The heating profile most commonly used for vitrification of Ge02 is shown in Fig 1. It consists 

of a constant rate ramp to 1400 "C, a four hour soak at 1400 "C, natural cool down of the furnace 

(no power to the heating elements) to 500 "C (which is the glass transition temperature of GeOz 

[7]), and then cooling at 2 "C per minute to ambient temperature. The heating cycle shown in 

Fig 1 produces strain-free glassy Ge02 at the level of 0.7 g GeO2 in a 0.94 cm long x 0.94 cm 

wide platinum foil boat as judged by viewing the produced glass between crossed polarizing 

filters. 

1500 

G 
0 

CI a 500 

0 
0 100 200 300 400 500 600 700 

time (minute) 

Fig 1. Heating profile typically used to produce glassy GeOz. 

Fig 2 shows in more detail the portion of the observed furnace temperature during the cool down 

period. Cooling from 1000 "C to 800 "C requires approximately 15 minutes. 
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Fig 2. Enlarged detail of the rapid cool down portion of the heating profile 
typically used to produce glassy Ge02. The measured furnace 
temperatures are shown as symbols ( 0 )  and are connected by a 
straight line segment to aid the eye in following trends. 

The heating cycle selected (Fig 1) is based in part on consideration of literature studies on the 

viscosity of Ge02 [7] in which GeO2 commonly was reported to have been heated to 

1400 "C for at least several hours to as much as 24 hours prior to the melt being cooled and 

viscosity measurements made. It also is based on our observation that application of the heating 

cycle shown in Fig 1 results in approximately 10% loss of Ge02 from the Pt boat in which it is 

heated if that boat is open (has no cover). 

Photomicrography 

A Nikon CoolPix 990 digital camera was used to record digital images of some of the produced 

glassy GeO2 samples. This camera has a 3.3 megapixel, uncooled CCD photosensor and is 

equipped with a zoom lens that in macro mode focuses down to object-to-lens distances of just 

under one inch. This produces a slightly larger than life size image of the object on the 

photosensor. The ultraviolet lamp used as the illumination source for some images was a W P  

Products model Pen-Ray@ type 11SC-1 which is a low pressure mercury arc lamp. The lamp was 

fitted with a W P  Products model "G-275, LW" long wavelength pass filter that restricted the 
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emitted wavelengths primarily to the 330 nm to 390 nm wavelength range. A Schott Glass low 

fluorescence long pass filter, model KV500, was used to eliminate yellow and shorter 

wavelengths from images recorded using ultraviolet illumination. 

Laser-induced fluorescence studies 

A Continuum model Surelite 1-10 Q-switched Nd:YAG laser system provided 5 ns (nominal) 

duration 355 nm excitation pulses at a repetition rate of 10 pulses per second and a pulse energy 

typically of 0.1 millijoule. Emission spectra were record on an Acton 275 spectrograph (27.5 cm 

focal length) that was equipped with a 150 groove/millimeter ruled grating and a Princeton 

Instrument model RE/IRY-700 optical multichannel spectral analyzer (OSMA) that was fitted 

with a CFC-100 photocathode cooler run with -15 "C coolant and a model PG-10 pulse 

generator. The OSMA provides an on:off gating ratio of 107:1 with gate width and gate delay 

each of which is variable from -50 ns to 10 ms. This spectrograph system was used to record 

time- and wavelength-resolved emission spectra of glassy Ge02 samples from 400 nm to 800 nm 

without changing the spectrograph wavelength setting. OSMA data typically were recorded for 

300 laser pulses (30 seconds) and were averaged together to obtain an emission spectrum. The 

355 nm laser beam was focused at a point in space a few centimeters in front of the sample so 

that the beam was diverging as it passed through the sample 

Light emitted from the sample was collected perpendicular to the laser beam path using a f/1.5 

UV-grade fused silica lens. The collimated luminescence light then was focused onto the slits of 

the spectrograph using a f74.0 UV-grade fused silica lens. A Schott Glass low fluorescence, long 

pass optical filter (model KV4 18) passed wavelengths longer than 41 8 nm to the spectrograph. 

The luminescence decay of a sample following 355 nm excitation was recorded using a cooled 

RCA model 3 1034A photomultiplier (GaAs photocathode) as the photodetector. Luminescence 

from the sample passed through a series of Schott Glass low fluorescence filters before it entered 

the photomultiplier housing. This and the properties of the photomultiplier restricted the 

detected luminescence to wavelengths from approximately 500 nm to 900 nm. The current from 

the anode of the 3 1034A passed through a coaxial cable to a variable value load resistor that was 

located at the input of Tektronix TDS 640A digital oscilloscope. Oscilloscope sweeps were 

triggered by a synchronization pulse from the laser power supply. Typically, the data from 128 
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sweeps were averaged together by the TDS 640A. The averaged luminescence decay data were 

transferred to a personal computer and analyzed using nonlinear least squares fitting to model 

equations. This fitting was carried out using PSI-PLOT software (Poly Software International, 

Pearl River, NY). 

Experimental Observations 

Visual observations 
The photomicrograph at the left in Fig 3 was recorded using visible light. It shows an edge on 

view of a uranyl-doped glassy Ge02 sample tipped at an angle of approximately 45 degrees 

within a 1 cm x 1 cm square cross section spectrometer cuvette. The meniscus resulting from 

contraction during cooling of the molten GeO2 is clearly visible. The glassy Ge02 sample 

contained 11 ppm uranium by weight. The photomicrograph at the right in Fig 3 shows the 

characteristic yellow-green luminescence of uranyl ion from the same sample when the 

illumination was switched from visible light to ultraviolet light. 

Fig 3. Photomicrographs of a uranium-doped glassy Ge02 sample that contained 11 ppm uranium. The 1 
cm x 1 cm sample cell was illuminated by visible light (left photo above) and ultraviolet light (right 
photo above). The characteristic yellow-green luminescence of uranyl ion is easily seen under 
ultraviolet illumination. 
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Luminescence spectrum of uranyl ion in glassy Ge02 
The observed emission spectrum of uranyl-doped glassy Ge02 is shown in Fig 4. These data 

also are shown plotted with a logarithmic intensity axis in Fig 5. The observed emission 

spectrum peaks at 536 nm, has a full width at half maximum of 65 nm, and is typical of uranyl 

ions that are distributed over several types of sites. The sample contained 11 ppm uranium on a 

weight basis. This characteristic uranyl emission spectrum was not observed in the absence of 

uranyl doping of glassy Ge02. 
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Fig 4. Luminescence emission spectrum of uranyl-doped glassy GeOz recorded at 
22 "C after pulsed excitation at 355 nm following a 1.2 ps gate start delay (red 
curve), a 320 p gate start delay (green curve), and a 750 ps gate start delay 
(blue curve). A constant gate width (320 p) was used. 
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Fig. 5 The data of Fig 4 are re-plotted here using a logarithmic intensity axis. The observed 
spectrum changes little with time following pulsed excitation. 

Estimated limit of detection 
Luminescence emission data such as that shown in Fig 4 can be used to estimate the limit of 

detection for uranyl ions in glassy Ge02 using our apparatus as configured for these studies. The 

uncertainty in the zero luminescence light intensity level in the recorded data can be assessed by 

statistical analysis of the observed data from 420 nm to 460 nm where there is little if any sample 

luminescence. The resulting standard deviation (0) is 7.6 ADC counts per photosensitive 

element of the OSMA system. Summing together the observed ADC counts for photosensors 

that recorded a light intensity level of 5% or larger of the peak intensity level (i.e., integrating the 

spectrum from 489 nm to 630 nm) gives the signal + dark level with little contribution from dark 

level uncertainty. Subtracting the dark level over these same photosensors gives the net signal 

intensity. Dividing this value by the expected uncertainty in the dark level for these 

photosensors gives a signal-to-dark noise level ratio of 69206. Assuming that the term "limit of 

detection" (LOD) is defined as an observed signal level whose value is 30 where CJ is the 

standard deviation in the measured value in the absence of the analyte, then we have achieved a 
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sensitivity for detecting uranyl ion in glassy GeO2 that is equivalent to an LOD of 0.5 parts per 

billion (ppb) of uranium in GeO2 if the only luminescence recorded is that from uranyl. 

Photophysics of uranyl ion in glass GeOz 
Luminescence decay rate data were recorded, following pulsed 355 nm excitation, using a cooled 

photomultiplier, long pass optical filters, and a signal averaging digital oscilloscope. These data 

are shown in Fig 6. The observed decay is complex and not single exponential. Such complex 

decays typically arise for one of two reasons. The first is energy transfer from an initially 

electronically excited UOz2' ion to a neighboring ground state U022+ species having a different 

local environment and therefore a somewhat different emission spectrum. When such energy 

transfer occurs, the observed emission spectrum changes as a function of time following pulsed 

excitation because the fraction of the total emission due to each type of U022' ion changes with 

time. The other physical situation that gives rise to complex decays is initial excitation of a 

distribution of U022f species each of which then undergoes radiative and nonradiative decay 

processes that are first order in time. The net result is that the observed decay is the sum of 

multiple independent first order decays, each arising from U022+ ions of differing local 

environments. Given the low uranium concentration (1 1 ppm uranium by weight, which is 

equivalent to 1 . 4 9 ~ 1 0 - ~  mol/liter U O P  in glassy Ge02), energy transfer among uranyl ions is 

unlikely to cause the observed complex decays. In addition, the observed emission spectra are 

not significantly time-dependent. For these reasons, the observed luminescence decay was fit to 

a phenomenological model consisting of a sum exponential decays in which the number of 

decays included was increased until a plot of the residuals (the difference between the observed 

and calculated intensity at a particular time) showed no systematic deviations. In the least square 

error sense, the model equation 

I(t) = 1997exp(-6453Ot) + 6158exp(-10625t) + 2969exp(-3529t) (3) 

where I(t) is the calculated intensity at time t in seconds, provides the best fit to the observed 

data. The three fit decay rates (64530 s-*, 10625 s-', and 3529 s-') are typical of uranyl ions in 

local environments that induce nonradiative decay to degrees that vary from moderate to weak to 

none, respectively. It should be emphasized that Eqn 3 represents a phenomenological model 
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and should not be taken to imply that there are only three local environments for UO? in glassy 

Ge02. 
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Fig 6. The observed luminescence decay of uranyl-doped Ge02 following pulsed 355 nm 
excitation is shown as symbols (e). The solid red line is the result of fitting a "sum of 
three exponential decays" model to the observed data (see text). 

Crystallization of GeO2 can occur with our present apparatus 
The heating profile that we have used is not optimal in terms of ensuring formation of bubble- 

free glassy Ge02. Fig 7 shows an example of a partially successful attempt to produce a glassy 

GeOz sample for laser-induced fluorescence analysis. The photomicrograph shows a GeO2 

sample, tipped on edge, within a 1 cm x 1 cm square spectrometer cuvette. Small gas bubbles 

that nucleated at the surface of the platinum boat failed to rise to the surface of the molten GeO2 

before the end of the 1400 "C soak period. 
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Fig. 7. Photomicrograph of a glassy Ge02 sample in the bottom of a 1 cm x 
1 cm spectrometer cuvette showing incomplete removal of trapped 
gas bubbles and partial crystallization (white area at upper left) 
during vitrification of the Ge02. 

The upper left portion of the above photograph is shown enlarged in Fig 8. The cool down time 

from 1400 "C to 500 "C evidently was insufficiently rapid to prevent some crystallization of the 

Ge02 because a mass of crystallites formed (see upper left corner of the enlarged photo). 
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Fig 8. The upper left portion of Fig 7 is shown above enlarged to emphasize the presence of 
microcrystallites that evidently began forming in a comer of the F't fusion boat and propagated 
toward the bulk of the GeOz before crystallite growth was terminated by the increasing viscosity of 
the glassy GeOz as it cooled. 

Using the heating cycle shown in Fig 1 with Ge02 dried at 110 "C in a laboratory oven produced 

glassy GeOz that had such a high concentration of small gas bubbles that the resulting material 

was translucent milky white rather than being clear, colorless, and transparent. This observation 

is evidence that the initial water content of Ge02 is an important parameter in determining the 

viscosity of molten Ge02 at 1400 "C. A similar phenomena occurs in the case of glassy silica 

(often referred to as fused quartz). The presence of water (often denoted as "OH" in the fused 

quartz literature) reduces the viscosity of vitreous silica. For example, a grade of fused silica that 

contains 1000 ppm OH is reported to have a strain point temperature that is 117 "C lower than 

that of a grade of nominally "water-free" fused silica [8]. 
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Discussion 

We have found that platinum foil boats are acceptable for making glassy Ge02 samples. Our 

visual observations have shown that near ultraviolet illumination in a dark room is sufficient to 

detect the presence of uranyl, at the ppm level, in glassy Ge02. This provides evidence that 

uranyl ions are appreciably luminescent in glassy GeO2. Blaase and Grabmaier's monograph 

provides a good introduction to luminescing materials in general and provides some insight into 

uranyl luminescence [9]. A classic reference concerning uranyl luminescence is the work of 

Rabinowitch and Belford [ 101 although it contains little information about uranyl in glass phases. 

Denning's review article provides the most definitive information about the photophysics and 

spectroscopy of uranyl ions [ 111 although it too deals primarily with uranyl in crystalline phases. 

Near ultraviolet excitation of uranyl populates a charge transfer state whose emission to the 

ground state is a formally "forbidden" transition. Emission becomes partially allowed due to 

coupling of that excited electronic state to a vibrational motion of the linear dioxo (0-U-0) 

uranyl cation. This results in highly structured luminescence spectra that exhibit a long 

progression of Vibronic" transitions. The purely radiative lifetime of uranyl ion typically is on 

the order of 1 ms. Nonradiative decay processes frequently result in shorter observed uranyl 

luminescence lifetimes. 

Because our heating cycle involves holding molten GeO;? at 1400 OC for four hours and the only 

uranium species that we have detected in the glassy GeOz that we have made is uranyl ion, it is 

clear that uranyl ions are chemically stable for hours in molten GeOz. Our laser-induced 

fluorescence studies have shown that luminescence from uranyl ion in glassy GeO2 peaks at 536 

nm in a board band that contains a number of shoulders. The near-invariance of the observed 

emission spectrum with time following pulsed 355 nm excitation and the complex observed 

luminescence decays are consistent with the presence of uranyl ions having differing local 

environments. This likely arises because uranyl ions are positively charged species for which 

negatively charged compensating species, such as OH-, necessarily must be present although the 

framework of a GeO2 glass contains no charged species. Uranyl ions, in consequence, likely 

reside on a variety of sites that differ in terms of the position and nature of neighboring atoms 
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and the location of charge compensating species. The vibronic progressions usually clearly 

evident in uranyl ion emission spectra are less obvious in the present case (Fig 4). This is 

attributed to the observed emission being the sum of the slightly differing vibronic progressions 

from uranyl ions whose local environments differ. 

Issues for future work 

The precision and accuracy that we ultimately will achieve using our laser-induced fluorescence 

method are likely to depend on the degree to which we achieve dimensionally uniform glassy 

Ge02 samples that are free of bubbles, strain, and embedded microcrystallites of Ge02. Our 

present heating cycle produces strain-free glass. Finding optimal methods for eliminating 

bubbles and microcrystallites is challenging. 

Ensuring bubble-free glassy GeOt 
Three issues concerning preparation of high optical quality glassy GeO2 are interrelated. 

These are the volatility of liquid GeO2, the viscosity of liquid Ge02, and removal of 

trapped gas bubbles from molten GeO2. Normally, removal of trapped bubbles from a 

glass is achieved by increasing temperature or applying mechanical agitation. In our 

case, significant temperature increase is likely to result in unacceptable volatilization of 

Ge02. In addition, heating to a higher temperature in a closed or sealed metallic container 

is more likely to favor chemical reduction of uranyl which has not been a problem using 

our present heating cycle. Fortunately, our preliminary evidence suggests that increased 

water content lowers the viscosity of molten Ge02. Hydrolysis of GeF4 and subsequent 

treatment with ammonium hydroxide is likely to increase the water (more accurately, 

OH) content of GeO2 that is produced during analysis of GeF4, relative to that in the 

samples that we have prepared to date. For this reason, it may be that our present heating 

cycle will prove adequate for all GeF4 analysis purposes although it may not guarantee 

bubble-free glassy GeO2 when starting from dry Ge02. The impact of OH content on 

uranyl luminescence in Ge02 is unknown at present. 
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Suppressing crystallization 
The key to suppressing crystallization of GeO2 is the rapidity with which molten GeOz is 

cooled to below its glass transition temperature (-500 "C [7]) and, based on literature 

reports [7], more particularly, the rate at which it is cooled from 1000 "C to 800 "C. 

Using our present heating cycle, we can not guarantee achieving samples that are 100% 

free of microcrystallites. We are exploring relatively simple modifications to our furnace 

system that may enable removal of a molten Ge02 sample to a relatively cold zone in a 

matter of a few seconds. We expect that this would suppress crystallization in all 

samples of interest. 

Analytical limits 
The upper (highest concentration) limit for determination of uranyl in Ge02 is likely to 

be set by the solubility limit of uranyl in glassy GeO2 which has not been reported in the 

literature. Due to the necessity of charge compensation, it seems unlikely the solubility 

of uranium as uranyl in glassy Ge02 will be high. Precipitation of uranate or germanate 

phases is likely to set the practical upper limit. The limit of detection (lowest 

concentration detectable) for this method is likely to be set by impurities other than UF6 

in the GeF4, if such impurities result in interfering luminescence. 

The temperature dependence of the observed complex uranyl luminescence decays 

should be determined to establish the degree of temperature control that must be 

maintained to obtain reproducible measurements of the uranium content of glassy GeO2. 

Ultraviolet Absorption Analysis for UF6 in GeF4 
We expect delivery of 100 grams of 99.99% pure GeF4 before the end of this week. When this 

material arrives, we will begin hydrolysis studies as well as record the ultraviolet absorption 

spectrum of GeF4 with and without added UF6. These latter studies will establish the basis for 

ultraviolet absorption analysis of uF6 in GeF4 gas and will provide a measure of the UF6 

detection sensitivity that we can achieve with our conventional dual beam optical spectrometer in 

conjunction with our present nickel-bodied gas cell that is equipped with single crystal aluminum 

oxide windows. The basis of this method is the very strong and characteristic ultraviolet 
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absorption spectrum of U F 6  [ 11 and an expected lack of interfering absorbance in the ultraviolet 

fiom GeF4 [2]. 

Conclusions 
The conclusions that we have reached to date in our research on the luminescence of uranyl ions 

in glassy GeO2 are: 

1. Uranyl ion is chemically stable at least for several hours at 1400 "C in molten Ge02 

in contact with air. 

2. Platinum crucibles are acceptable containers for preparation of glassy GeO2 as to ease 

of removal of the produced glassy Ge02 and lack of significant addition of 

luminescing impurities to the produced glassy GeO2. 

3. Ge02 heated to 1400 "C and then cooled to below its glass transition temperature 

over a span of 60 minutes can form water clear, colorless, glassy Ge02 although more 

rapid cooling is to be preferred. 

4. Uranyl ions in glassy GeO2 are highly luminescent at ambient temperature when 

excited in the near ultraviolet spectral range, emit a characteristic luminescence 

spectrum, and exhibit long-lived, but complex luminescence decay as is typically 

found for luminescing metal ions dispersed in glassy phases. 

5 .  Based on the observed signal-to-dark noise level ratio for luminescence from uranyl- 

doped Ge02, a limit of detection (LOD) of 0.5 ppb (or 500 parts per trillion) uranium 
(on a weight basis) in GeF4 is expected using our present apparatus configuration 

which was optimized to determine the spectroscopy and photophysics of uranyl ions 

in glassy GeO2. Re-configuring our apparatus to maximize detection sensitivity is 

likely to result in a further LOD improvement of at least a factor of ten, i.e. 50 parts 

per trillion or better sensitivity for detection of uranium in GeF4 when the chemical 

form of the uranium is UFs. This presumes the absence of significant interference 

fiom other luminescing impurities in glassy Ge02. 
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Abstract 

One approach that we are investigating to improve analytical methods for quantifying uranium 

hexafluoride (m6) in germanium tetrafluoride (GeF4) is hydrolysis of impure GeF4 gas to 

generate Ge02 and uranyl fluoride. Subsequent heating produces uranyl ions embedded in glassy 

GeO2. In our earlier work, we showed that laser-induced fluorescence analysis for uranyl ion 

had the potential to detect less than 0.5 parts per billion of uranium in glassy Ge02. We also 

noted difficulty in reproducibly creating visually clear, bubble-free glassy Ge02 on the one gram 

scale. Bubble-free GeO2 is required to achieve reproducible measurement of luminescence 

intensity. Such reproducibility is essential for quantitative measurement of uranium impurity 

content in analyzed samples via the standard addition method. 

Based on a parametric study, we now have identified a simple means of producing visually clear, 

bubble-free glassy Ge02 on the gram scale. However, this method creates an impurity that, 

following excitation at 355 nm, luminesces such that its emission spectrum and luminescence 

decay overlap those of uranyl ion in glassy Ge02. The impurity species likely is the result of 

thermal reduction of some tetravalent Ge in Ge02 to divalent Ge. The impurity species grows in 

with increased sample residence time in the high temperature zone of the furnace. This impurity 

interference is present to varying degrees in all other methods that we investigated to minimize 

the presence of small bubbles in Ge02 glass produced by melt processing in air. Given 

difficulties in producing glassy GeO2 of acceptable quality for quantitative uranyl luminescence 

analysis, we began a search for alternate, but related methods of achieving our goal of improved 

ultratrace analysis for U F 6  in GeF4 gas. We have identified a promising method that does not 

require high temperature processing and so is likely to be more easily and economically 

implemented in a quality assurance laboratory. 

Our new approach retains the same initial step, namely, hydrolysis of GeF4 gas in water to 

generate Ge02, H2GeF6, and HF, and the same second processing step, namely sub-boiling point 

distillation of volatile species. Our new approach then dissolves the resulting non-volatile 
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residue (GeO2 and uranyl fluoride, if any u F 6  was present in the GeF4) in concentrated 

hydrochloric acid. This converts GeO2 to volatile GeC14 that is removed, along with excess 

hydrochloric acid, by a second sub-boiling point distillation. The residue (uranyl chloride and 

trace amounts of GeO2) is taken up in dilute phosphoric acid solution. The uranium content of 

the resulting solution is quantified by laser-induced fluorescence and the standard addition 

method. This new approach will permit use of 266 nm excitation which has the advantage of 

being more strongly absorbed by uranyl in dilute phosphoric acid than is light at 337 nm 

(nitrogen laser) or 355 nm (tripled Nd:YAG laser). In consequence, limits of detection for 

uranyl comparable to the best reported in the literature (1 to 40 ppt) are expected. The primary 

interference that we anticipate in our germanium chloride volatilization process is luminescence 

from trace level organic contaminants leached from the perfluoropolymer distillation vessel. We 

expect to eliminate such interference by 185 nm photolysis that should photochemically destroy 

such contaminants. In our initial studies of this new approach, we have hydrolyzed GeF4 gas and 

verified volatilization of the resulting Ge02 from concentrated hydrochloric acid. 

Using a 9.3 cm path length nickel-bodied, elastomer-free cell equipped with single crystal 

aluminum oxide windows, we have recorded the ultraviolet absorption spectrum of Starmet- 

produced GeF4 gas. Based on those spectra and literature values for the molar absorptivity of 

uranium hexafluoride gas, Starmet-produced GeF4 contains less than 0.75 parts per million (by 

volume) of UFs. Based on an observed small decreases in pressure upon contact of Starmet- 

produced GeF4 gas with a clean, passivated vacuum system and subsequent FT-IR analysis of 

that GeF4 gas using our nickel-bodied cell, we have concluded that the sample of Starmet- 

produced GeF4 that we analyzed contains approximately 0.8% hydrogen fluoride (HF) gas by 

volume. 
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Introduction 
Determination of uranium in germanium tetrafluoride (GeF4) is challenging due to the 

chemically aggressive nature of GeF4 and the strong fluorinating ability of the most probable 

volatile uranium impurity in GeF4, namely uranium hexafluoride (m6) gas. Conventional high 

sensitivity methods, such as inductively coupled plasma mass spectrometry (ICP-MS) or atomic 

emission spectroscopy, lose sensitivity because GeF4 must be hydrolyzed in water (diluted) prior 

to analysis of the hydrolysis solution and due to interference from hydrolysis products of GeF4 

Such interference often is termed a "matrix" effect. 

We are developing methods for ultratrace determination of uranium in germanium tetrafluoride 

(GeF4) gas as part of a Small Business Innovative Research Phase I1 project of Starmet 

Corporation. This progress report covers work carried out since March 19, 2001. Our methods 

are designed primarily for determination of uranium based on its most probable volatile chemical 

compound, namely uranium hexafluoride (UF6).  Our first method relies on detection and 

measurement Of m6 via its characteristic and very strong ultraviolet optical absorption spectrum. 

The scientific basis for this method is well established, although it is technically challenging to 

implement. The second method that we are developing seeks to establish the scientific basis for 

ultratrace determination of u F 6  via one of its hydrolysis products, namely the uranyl ion, as 

detected by laser-induced fluorescence. Most of our studies to date have focussed on use glassy 

germanium dioxide (Ge02) as the matrix in which such uranyl ions are embedded by heating 

GeOz that is produced when a GeF4 sample is hydrolyzed in water. In effect, the sample to be 

analyzed generates the matrix in which uranyl is analyzed. Our past work showed uranyl ions 

are stable for hours in molten GeO2 that is in contact with air and that uranyl ions in glassy Ge02 

at ambient temperature are strongly luminescent. It also showed that 

Obj ec tives 
We are developing two methods for ultratrace determination of uranium in GeF4 gas. Both of 

these methods are primarily sensitive to uranium as uranium hexafluoride (m6). Our first 

method relies on the very strong optical absorbance of UF6 gas in the ultraviolet [l] at 

wavelengths where GeF4 should be essentially transparent [ 21. This method is non-destructive 
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(does not involve chemical alteration of GeF4), and may be suitable for on-line monitoring of 

u F 6  impurity levels during GeF4 production. 

Our second method relies on destructive analysis of GeF4 and is based on laser-induced 

fluorescence (LIF) measurement of uranyl ion (UO?) that is formed when UF6 reacts with 

water. Most of our effort has been directed towards use of a GeF4 hydrolysis product, GeO2, as 

the matrix in which uranyl ions are embedded prior to LlF analysis. This method starts with 

hydrolysis of a sample of GeF4 gas. Any UF6 impurity in the GeF4 will hydrolyze to uranyl ions 

(U022'). Hydrolysis of GeF4 is reported [3] to follow the chemical reaction 

3GeF4 + 2H20 + GeO;! + 2H2GeF6 (1) 

although no detailed study of this reaction has been reported nor are the properties of HzGeF6 

well established. It is known [4] that u F 6  hydrolyzes according to the reaction 

U F 6  + 2H20 + U02F2 + 4HF (2) 
In addition, uranyl fluoride (U02F2) is one of the most water-soluble uranyl salts known. With 

excess water, the above reactions should give an aqueous solution that contains GeO2, H2GeF6, 

U0z2+ and its fluoride ion complexes, and hydrofluoric acid (HF) and fluoride ion (F-) in 

amounts that depend on the pH of the solution. Sub-boiling point distillation of the hydrolysis 

solution results in hydrated Ge02 and uranyl fluoride. Fusion of this GeO2 will produce glassy 

Ge02 for subsequent analysis for uranyl content by laser-induced fluorescence. Glassy GeO2 is 

preferred over crystalline Ge02 for two reasons. The first is that GeOz can exist in either of two 

crystalline modifications and preparation of it in a single crystalline phase is difficult [3]. The 

second is that crystallization tends to concentrate impurities, such uranyl ions, along defects or 

grain boundaries. This is undesirable because uranyl species frequently undergo luminescence 

self-quenching (some times referred to as concentration quenching). Such quenching would 

reduce the sensitivity for detecting uranyl via laser-induced fluorescence. 

Ultraviolet Absorption Analysis for UF6 in GeF4 
The basis of this method is the very strong and characteristic ultraviolet absorption spectrum of 

m6 [l] and an expected lack of interfering absorbance in the ultraviolet from GeF4 [2]. The 

vacuum system that we have used for handling GeF4 is shown schematically in Fig 1. 
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Schematic Diagram of GeF, Gas Handling System 
Rough Manifold Main and Sub-Manifoids High Vacuum Manifold 
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PG = Piranl vacuum gauge tube, corrosion resistant 

RP = rough pump (rotary oil-filled vacuum pump) 
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SS = Starmet GeF, gas cylinder 

V1, V2, V3, V4 = sub-manifold valves 

Figure 1. Schematic diagram of GeF4 gas handling system. 
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As noted in Fig. 1 , our GeF4 gas handling system consists of 

0 A rough vacuum 
fittings and tubing 

A main manifold constructed out of Autoclave Engineers high pressure fittings 

torr) manifold constructed from nickel, monel, and copper 

0 

0 A high vacuum torr) glass and metal vacuum manifold 

0 A sub-manifold constructed from Autoclave Engineers high pressure tubing and fittings 
and that contains a high accuracy capacitance manometer 

The rough, main, and high vacuum manifolds were originally constructed for studies involving 

WF6 and WF6 that contained trace level m6. It subsequently has been heated with both 

hydrogen and fluorine gases to remove tungsten and uranium fluorides from its surfaces and re- 

passivate its nickel and monel surfaces. The sub-manifold was constructed specifically for use 

with GeF4. Its 1000 torr full scale MKS Baratron capacitance manometer is a model 

629B13TACJ2B. It is an absolute pressure sensor and has a dynamic range of -10' and 

accuracy of 0.12%. Gases contact only Inconel, its internal volume is 6.3 cubic centimeters, and 

its sensor is thermostated at 45 C. The voltage output of the manometer was displayed on a 

Keitheley model 197 5-1/2 digit digital voltmeter. The Autoclave Engineers (AE) tubing 

("nipples") used in constructing the main and sub-manifolds was 3/8 inch od and 1/8 inch id 

nickel or monel. The AE fittings use metal-metal contact seals that employee a cone and taper 

principle. The nickel or monel AE valves are 30VM series and are all metal-construction aside 

from PTFE packing on their non-rotating stems. The relatively small diameter of the fittings 

minimizes the internal volume of manifold sections. The fluorine gas used for passivation of the 

main and sub-manifolds had been purified by fractional distillation at cryogenic temperature. 

The commercial GeF4 that we used was purchased from Advance Research Chemicals, Inc, 

(Catoosa, OK) and was specified to be 99.99% pure by its manufacturer. 

During commissioning of a new nickel or monel-based manifold section, it is first He leaked 

tested, then filled with hydrogen gas and heated to reduce any surface metal oxides. It is pumped 

out and filled with a few torr of fluorine gas. It is then heated to fluorine-passivate the metal 

surfaces and pumped out. This fluorine-passivation procedure is repeated with increasing 

fluorine pressures to ensure formation an adherent passivation layer. Metal surfaces in the sub- 
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manifold that contact GeF4 were passivated by exposure to commercial high purity GeF4. Sub- 

manifold sections exposed to the atmosphere (such as those between manifold and cylinders 

valves, when a cylinder is removed), after being thoroughly evacuated following such exposure, 

are then re-passivated by exposure to commercial GeF4 gas and then thoroughly evacuated. 

Nickel Gas Cell Assembly 
The nickel gas cell assembly that we have used for our ultraviolet and near-infrared spectral 

studies is shown in Figs 2, 3, and 4. These are several views of the cell assembly from different 

angles. The numbered divisions of the ruler in Figs 3 arid 4 are spaced by 1 cm. The cell 

assembly is constructed of nickel and monel tubing and fittings and is equipped with single 

crystal aluminum oxide (sapphire) windows. The rim of each window was metalized and then 

brazed onto a thin metal transition flange that in turn was welded to the main cell body. The cell 

assembly originally was used in a flow loop so it was equipped with an inlet tube near one end 

window and an outlet tube near the other end window. For use as a static gas cell, a plug was 

welded onto the end of one of these tubes and the other was machined down to 3/8 inch outer 

diameter (od). A 3/8 inch Swagelok "tee" connector was added to which was attached a Hoke 

413A all-metal packless diaphragm valve and a 3/8 inch od tube bent into an "L" shape and into 

whose opposite end was welded a plug. An Autoclave Engineers 3/8 inch od 'hipple" fitting was 

welded to the Hoke valve to facilitate connection of the gas cell assembly to the vacuum systems 

such as our GeF4 vacuum system. The "L"-shaped tube is used as a side arm that can be 

immersed in a cryogenic fluid, such as liquid nitrogen, to keeze out the gas in the cell and so 

remove it from the optical path length of the cell. The oblique view in Fig 2 shows the cell 

resting on a right angle aluminum support. The "L" -shaped tube is to the left and the Hoke 

valve is above the cell body. The Autoclave Engineers fitting is above the Hoke valve and is 

capped with a PTFE cap to prevent dust from entering the interior of the fitting The only 

materials that gas contacts in the nickel gas cell assembly are nickel, monel, and single crystal 

aluminum oxide. 
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Side arm 

Fig. 2. Oblique view of nickel gas cell assembly. 
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Fig. 3. End on view through single crystal aluminum oxide 
window on nickel gas cell. 

Fig. 4. Side view of nickel gas cell assembly. 
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Ultraviolet Absorption Spectrum of Starmet-Produced GeF4 
The 200 nm to 400 nm absorption spectrum of the nickel gas cell that contained 713 torr (at 298 

K) of Starmet-produced GeF4 was recorded digitally three times on a Olis-converted Cary 17 

dual beam optical spectrometer with the side arm of the cell at ambient temperature. Without 

moving the cell, the side arm of the cell was immersed in liquid nitrogen and the absorption 

spectrum of the cell was recorded three times again. Immersing the side arm of the cell in liquid 

nitrogen freezes out GeF4 and removes it from the optical path length of the cell. The arithmetic 

mean of each of these two sets of spectra was calculated. The resulting mean spectrum of the 

cell with liquid nitrogen on its side arm was subtracted from the mean spectrum of the cell with 

Starmet-produced GeF4 in its optical path. The resulting "differential" absorption spectrum 

shown is Fig. 5 .  This is the absorption spectrum of the Starmet-produced GeF4 plus residual 

noise and any systematic baseline deviations. Based on the literature [ lb] one expects U F 6  to 

absorb most strongly at 214 nm in a band whose width is approximately 30 nm (see Fig 6 and 

note that the wavelength scales for Figs 5 and 6 differ). There is no evidence of such a peak in 

Fig 5 and in consequence we conclude that observable amounts of m6 were not present in the 

Starmet-produced GeF4 sample that we investigated. We can provide an upper bound for the 

amount of u F 6  based on the reported molar absorptivity of lJF6 gas at 273 K [ lb], which is 3200 

(mole/liter)-' cm-', the noise level in the differential absorption spectrum, and the concentration 

of GeF4 in the gas cell. The overall pattern of the differential absorption spectrum (decrease 

from a positive deviation at 200 nm to a negative deviation maximum near 230 nm followed by a 

positive deviation and then a gradually decreasing deviation into negative values at 400 nm was 

present when any of the three as-recorded spectra of the cell with its side arm in liquid nitrogen 

was subtracted from any of the as-recorded spectra with the cell side arm at ambient temperature. 
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This suggests that the slight change in index of refraction due to the presence or absence of GeF4 

gas at approximately one atmosphere pressure in the cell is the cause of such systematic baseline 

deviations. For this reason, the standard deviation for our absorption measurement was 

calculated using the data from 250 nm to 350 nm in Fig 5 and is 2 . 8 4 ~ 1 0 - ~  absorbance units. The 

concentration of GeF4 in the cell was 0.0383 M. If one uses three times the observed standard 

deviation of the measurement as the "limit of detection" criterion, then the largest concentration 

of UFs that might have been present without our detecting it would have been 

( 2 . 8 4 ~ 1 0 - ~  x 3) / (3200 M-* cm-' x 9.3 cm) = 2.86~10-' M u F 6  

where 9.3 cm is that gas path length of our nickel gas cell. ' f ie  concentration of GeF4 in the gas 

cell was 3 . 8 3 ~ 1 0 - ~  M. This means that the Starmet-produced GeF4 gas contained less than 

(2.86~lO-'M/ 3 . 8 3 ~ 1 0 - ~ M ) ( 1 ~ 1 0 ~ )  = 0.75 ppm U F 6  

on a volume basis relative to GeF4. 

Investigation of Initial Pressure Loss 

Observation of a Small Initial Pressure Loss 
We observed a small loss of gas pressure when Starmet-produced GeF4 gas was introduced into 

the sub-manifold + capacitance manometer section of our gas line. That gas was pumped out 

briefly and additional Starmet-produced GeF4 was introduced into the sub-manifold. Very little 

pressure loss was observed (less than 0.1 torr in 3 minutes) so the sub-manifold was again briefly 

pumped on, the valve to the evacuated nickel gas cell was opened, and a nearly atmospheric 

pressure amount of Starmet-produced GeF4 was introduced into the sub-manifold + capacitance 

manometer + nickel gas cell. The pressure values reported by the capacitance manometer were 

recorded periodically and are shown in Fig 7. It is evident that there was a small but very rapid 

initial pressure drop followed by a period during which a smaller pressure drop occurred and the 

loss of pressure decreased at a nearly exponential rate that was 0.137 minute-'. After 
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Fig. 7. Pressure drop observed upon introduction of Starmet-produced GeF, into the 
sub-manifold + capacitance manometer + nickel gas cell volumes which had 
been passivated by previous exposure to commercial high purity GeF, and then 
evacuated. The upper panel shows the observed pressure (symbols) and a fit 
(solid line) to a part of that data using a single exponential decay model: 

Pobs = 713.06 + 1.7096exp(-O.l366t) 

where Pobs is the observed pressure in torr and t is time in minutes. The lower 
panel shows the same observed data plotted as percent pressure change from 
the time that the gas was introduced into the cell. 
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26 minutes residence time, the gas pressure was nearly independent of time and -0.8% of the 

initial gas pressure had been lost. The nickel gas cell was valved off and the sub-manifold 

pumped out. The nickel gas cell was transferred to the sample compartment of a UV-VIS dual 

beam optical spectrometer where the ultraviolet absorption spectra discussed above were 

recorded and then to an FT-IR spectrometer where near-infrared absorption spectra were 

recorded because it seemed likely that the observed pressure drop was due to the presence of 

hydrogen fluoride (HF) gas. If this is the case, then the observed behavior suggests that HF in 

the GeF4 was sorbed onto the metal fluoride passivation layer on interior of the nickel gas cell. 

The sorbed HF presumably generated a metal fluoride-HF adduct layer that retarded fiirther 

sorption of HF and thereby resulted in diffusion-limited sorption of additional HF until an 

equilibrium between gas and surface-bound HF was reached. 

Near-Infrared Absorption Spectrum of Starmet-Produced GeF4 
Near-infrared absorption spectra of the nickel gas cell that contained 713 torr of GeF4 were 

recorded on a Nicole Magna 860 Fourier transform infrared (FT-IR) spectrometer which is a 

nitrogen gas purged, single beam instrument that was operated at 1 cm-' spectral resolution (0.5 

cm-' data point spacing). The spectrometer was equipped with a calcium fluoride beamsplitter 

and a KBr-windowed DTGS pyroelectric detector. The spectral range 1700 cm-' to 5000 cm-' 

was scanned and 128 sweeps of that range were averaged. Because our nickel gas cell assembly, 

when mounted in the sample compartment, did not allow closing the sample compartment cover, 

we used a "tent" made of plastic sheeting over the open sample compartment to improve nitrogen 

gas purging of the sample compartment. This reduced, but did not eliminate, interference from 

atmospheric water vapor and carbon dioxide. The only infrared absorbing gas observed within 

the nickel gas cell was hydrogen fluoride (HF). The P-branch transitions from its ground 

vibrational state to its first excited vibrational state were overlapped by residual atmospheric 

water vapor lines. Its R-branch lines, however, were free of such interference. The portion of 

spectra recorded over the R-branch region are shown in Fig 8. Fig 8a shows the spectrum 

observed with 713 torr of Starmet-produced GeF4 in the nickel gas cell. The nickel gas cell then 

was put back on the GeF4 vacuum line and evacuated to less than 0.1 torr through the rough 

vacuum manifold and pumped on with the high vacuum manifold system for a few minutes. The 

gas cell was put back in the FT-IR spectrometer, the sample compartment was purged with 

nitrogen gas, and spectra were recorded. An example of those spectra is shown in Fig 8b. The 
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nickel gas cell was returned to the vacuum line and pumped on with the high vacuum manifold 

system for 15 hours. It was then put back in the FT-IR spectrometer, the sample compartment 

was purged with nitrogen gas, and spectra were recorded. An example of one of those spectra is 

shown in Fig 8c. It is clear from the spectra shown in Fig 8 that 

0 Hydrogen fluoride (HF) gas was present in the nickel gas cell filled with Starmet- 

produced GeF4 

Prolonged pumping on that gas cell was necessary to remove observable HF from the 

cell. 

Unfortunately, the recorded FT-IR spectra do not provide a quantitative measure of the amount 

of HF in the nickel gas cell. At low pressure and '298 K, the true width of an R-branch €E 

vibration-rotation line is 0.011 cm-l based on the usual expression for the Doppler width of a 

transition of a gas phase absorber [ 5 ] .  At higher pressure (a few torr total pressure) pressure 

broadening increases the true width of these transitions and what was a nearly Gaussian line 

shape tends toward Lorentzian. At atmospheric pressure, the line width is dominated by pressure 

broadening effects and the line shape is nearly Lorentzian. 

Because the spectral resolution of our FT-IR is poor clompared to the true line width of R-branch 

HF lines at any of the gas pressures used in our work, the observed absorbances will not follow 

Beers law. For example, the observed absorbance of a given HF R-branch line in Fig 8b is 

smaller than that for the same line in Fig 8a. However, the HF partial pressure in the gas cell 

may have been larger in the case of Fig 8b than it was in the case of Fig Sa. At low pressure and 

with spectral resolution that is less than the true line width, very little of the analysis light will be 

absorbed near an HF R-branch line because the line shape for those lines will be Gaussian. At 

atmospheric pressure, the line shape becomes nearly Lorentzian. A Lorentzian line shape 

decreases more slowly as one moves away from line center than is the case for a Gaussian line 

shape, For this reason, two gas samples with equal HF partial pressures, but differing total 

pressures, will exhibit differing observed absorbance values for HF R-branch lines under our 
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experimental conditions such that the largest absorbance will occur for the sample whose total 

pressure is highest. 

The traditional method for making quantitative measurement of absorbing gas concentration 

under these experimental conditions is preparation of a series of gas samples in which the partial 

pressure of the absorbing gas and an inert broadening gas are systematically varied. The 

absorption spectra of these gas samples are recorded at a fixed spectral resolution. Plotting either 

the observed peak or integrated line intensities as a function of absorbing and total gas pressures 

generates calibration curves that can be used with samples to be analyzed. Unfortunately, HF 
self-associates with increasing HF partial pressure and it adsorbs on most surfaces. For these 

reasons, preparation of a series of gas samples of known HF partial pressure and total gas 

pressure is extremely difficult and we have not attempted it, 

Preparation and Characterization of Glassy GeOz 
Our experimental work in this area has focussed on determining the conditions under which 

visually clear, colorless, bubble-free glassy Ge02 can be produced that is suitable for quantitative 

uranyl analysis via L E  and the standard addition method. Our past work [6]  largely centered on 

development of laser-induced fluorescence analysis for detection of uranyl in Ge02. It identified 

two problems. These were difficulty in preparing glassy GeOz at the level of 1 gram of Ge02 

that was free from crystalline inclusions and that contained no trapped air bubbles. The GeOz 

that we used was specified by its manufacturer (Alfa) to be 99.999% pure on a metals basis. 

Physically, this material is a white, finely divided powder. We confirmed that it is largely the 

hexagonal form of Ge02 by the heat evolved as it underwent dissolution in hydrofluoric acid [3]. 

We detected the presence of tetragonal phase Ge02 in that a small fraction of this material did 

not dissolved in 25% hydrofluoric acid solution. 

We varied a number of factors in our preparations of glassy GeOz. These factors included: 

0 The pH and composition of the aqueous phase in contact with powdered GeO2 

immediately prior to heating. Specifically, commercial GeO2 (Alfa, 99.999% pure metals 

basis) was contacted with nitric acid, high purity water, and concentrated ammonium 

hydroxide. 
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The melting temperature used and the time at the melt temperature 

The crucible material (platinum, polycrystalline alumina, and single crystal aluminum 

oxide) and whether or not the crucible was covered during heating. 

The presence or absence of added uranyl nitrate. 0 

Visually clear, colorless, bubble-free glassy Ge02 was produced from GeO2 that had been 

immersed in concentrated ammonium hydroxide solution, dried under a stream of dry nitrogen 

gas, and then loaded into a shallow square crucible formed from 0.002 inch thick platinum foil. 

This crucible was placed in an alumina boat and that assernbly was placed within a horizontal 

tube furnace and heated to 1400 "C. After being held at 1400 "C for the desired time, the sample 

was quickly withdrawn from the hot zone of the furnace by pulling on a platinum wire attached 

to the alumina boat. Contacting GeO2 powder with concentrated ammonium hydroxide likely 

produced a gel layer on the surface of the Ge02 particles and thereby promoted reduced viscosity 

and increased gas permeability. As detailed below, however, it gave rise to other, luminescence- 

related problems 

Rapid withdrawal of the sample from the hot zone prevented the formation of crystalline 

inclusions that we sometimes had observed when samples were cooled within the furnace at its 

natural rate following cut off of electrical current to its heating elements. The key to suppressing 

crystallization of Ge02 is the rapidity with which molten Ge02 is cooled to below its glass 

transition temperature (-500 "C [7]) and, based on literature reports [7], more particularly, the 

rate at which it is cooled from 1000 "C to 800 "C. Using a platinum wire attached to an alumina 

boat, we rapidly pulled the GeO2 fusion crucibles in the alumina boat out of the hot zone of the 

furnace. Our horizontal tube furnace is equipped with a round Coors high purity alumina process 

tube. The platinum wire was threaded through a small hole bored through an insulating plug that 

is inserted into the alumina process tube. The small GeO2 fusion crucibles in the alumina boat 

could be withdrawn in a few seconds from the heated zone of the furnace into a relatively cool, 

unheated zone of the alumina process tube. We have found that this suppressed crystallization in 

all of the Ge02 samples that were prepared using this cooling method. 
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Laser-induced Fluorescence Characterization 
The glassy Ge02 that we produced was characterized as to its luminescence properties using the 

laser-induced fluorescence techniques and apparatus described in our March 19, 2001 progress 

report. Briefly, we used 355 nm pulses from a frequency tripled, Q-switched Nd:YAG laser as 

the excitation light source and recorded luminescence emission spectra and lifetimes at ambient 

temperature. 

Fig 9 compares some of the observed emission spectra for Ge02 samples heated to 1400 "C for 4 

hours. The red curve shows emission due to the uranyl ion that peaks at 536 nm in glassy GeO2. 

Treatment of GeO2 powder with nitric acid followed by drying in a 110 "C oven generates nearly 

the same emission spectrum peaking at 620 nm as seen upon heating untreated Ge02 powder 

except that the observed intensity is much more larger. This emission band is so intense that in a 

similarly nitric acid-treated sample that contained 0.1 ppm uranium, no uranyl emission was 

observable. As noted above, treatment of GeO2 powder with concentrated ammonium hydroxide 

gives a visually clear, colorless, and bubble-free glass when heated to 1400 "C. Unfortunately, it 

also generates a broad, intense emission band peaking near 650 nm (Fig 9, blue curve). 

The broad intense red emission bands likely arise from thermal reduction of tetravalent Ge to 

divalent Ge. These impurity luminescence bands spectrally overlap luminescence from uranyl in 

glass Ge02 as is evident in Fig 9. Fig 10 compares the luminescence decays observed from 

glassy Ge02 that contained 11 ppm uranium and from a clear, colorless, bubble-free sample of 

glassy GeO2 made from Ge02 powder that been treated with concentrated ammonium hydroxide. 

As is evident in Fig 11, there is not a sufficiently large difference in lifetime between uranyl ions 

and the impurity species to enable effective discrimination against the strong luminescence from 

impurity species that form when Ge02 treated with nitric acid or concentrated ammonium 

hydroxide is heated to 1400 "C for prolonged periods. 
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Fig. 9. Comparison of the observed emission spectra, recorded at 295 K following pulsed 355 
nm excitation, from glassy GeO, that had been heated to 1400 "C and contained 11 ppm 
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Fig. 10. Comparison of the observed luminescence decays at 295 K following pulsed 355 
nm excitation of glassy GeO, that contained 11 ppm uranium and had been heated 
to 1400 "C (curve a, red symbols) and glassy GeO, prepared by heating GeO, that 
had been treated with concentrated ammonium hydroxide prior to being heated to 
1400 "C (curve b, black symbols). 
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Melting GeO2 in alumina or single crystal aluminum oxide did not significantly alter the in- 

growth of the impurity specie or species that gives rise to the red luminescence that strongly 

interferes with ultratrace determination of uranyl in glassy GeO2. Holding a given GeO2 sample 

at 1400 "C for increasingly longer times in any of the crucibles investigated increased the 

intensity of impurity species luminescence following 355 nm excitation. 

Ultratrace Uranium Analysis Using a Chloride Volatility Approach 
Given difficulties in producing glassy GeO2 of acceptable quality for quantitative uranyl 

luminescence analysis, we began a search for alternate, but related methods of achieving our goal 

of improved ultratrace analysis for m6 in GeF4 gas. We have identified a promising method that 

does not require high temperature processing and so is likely to be more easily and economically 

implemented in a quality assurance laboratory. 

Our new approach retains the same initial step, namely, hydrolysis of GeF4 gas in water to 

generate Ge02, H2GeF6, and HF, and the same second processing step, namely sub-boiling point 

distillation of volatile species. Our new approach then dissolves the resulting non-volatile 

residue (GeOz and uranyl fluoride, if any UF6 was present in the GeF4) in concentrated 

hydrochloric acid. This converts GeO2 to volatile GeC14 that is removed, along with excess 

hydrochloric acid, by a second sub-boiling point distillation step. The residue (uranyl chloride 

and trace amounts of GeO2) is taken up in dilute phosphoric acid solution. The uranium content 

of the resulting solution is quantified by laser-induced fluorescence and the standard addition 

method. This new approach will permit use of 266 nm excitation which has the advantage of 

being more strongly absorbed by uranyl in dilute phosphoric acid than is light at 337 nm 

(nitrogen laser) or 355 nm (tripled Nd:YAG laser) [8]. 

Our new approach removes most of the fluoride content of GeF4 in the first sub-boiling point 

distillation. To remove any remaining fluoride and all but traces of germanium, GeOz from 

hydrolysis of GeF4 is reacted with excess concentrated hydrochloric acid solution. This 

generates GeC14 and converts any fluoride into HF. Pure GeC14 is a rather volatile liquid whose 

boiling point is 83.1 "C [3].  Due to its significant vapor pressure [SI, volatilization of GeC14 from 

concentrated hydrochloric acid has been used as a means of purifying germanium. We expect 

that any u F 6  initially present in the GeF4 that is undergoing analysis will be converted through 
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our process into uranyl chloride (UOzC12). Uranyl chloride is not volatile nor is it significantly 

luminescent at ambient temperature. To enhance uranyl luminescence, the residue (containing 

the uranyl chloride) from the second sub-boiling point distillation step will be taken up in dilute 

phosphoric acid solution. This is a uranyl luminescence enhancing medium that is the basis for 

literature reports of detection of uranyl at concentrations as low as 1 ppt [ 10 ] to 40 ppt [ 1 11. It 

is significant for our new approach that chloride ion quenching of uranyl luminescence is 

suppressed to a considerable degree by dilute phosphoric acid. By removing fluoride and €E, 

our approach enables use of high purity, ultraviolet grade fused silica fluorescence cells that 

exhibit very low luminescence following ultraviolet excitation. Our tests of single crystal 

aluminum oxide (sapphire) from several sources, following ultraviolet excitation, showed 

significant luminescence in the spectral region where uranyl emits. Sapphire is, however, highly 

resistant to HF. 

The primary interference that we anticipate in our germanium chloride volatilization process is 

luminescence from trace level organic contaminants leached from the perfluoropolymer 

distillation vessel or the Kel-F hydrolysis can. We expect to eliminate such interference, it is 

significant, by 185 nm photolysis which is a sufficiently short wavelength that it should 

photochemically destroy such contaminants. Several alternative oxidation methods exist, if other 

impurities in the solution absorb 185 111 to an extent that renders 185 nm photodestruction of 

organics ineffective. These alternative oxidation methods include addition of hydrogen peroxide 

followed by 254 nm photolysis (this produces highly reactive hydroxyl radicals) and addition of 

nitric acid as well as concentrated hydrochloric acid following the first sub-boiling point 

distillation step (this mixture of acids is a form of aqua regia and generates chlorine atoms and 

reactive nitrogen oxides). 

In our initial studies of key steps this new approach, we have verified volatilization of 

germanium from Ge02 dissolved in concentrated hydrochloric acid. We did observe a very thin 

film deposit on the upper portion of the PFA Teflon@ distillation pot after volatile species were 

distilled away. It seems likely that the thin film is GeO2 deposited as the equilibrium 

GeO2 + 4HC1 e GeC14 + 2H20 
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becomes displaced toward the left as the partial pressure of HC1 decreases at the distillation end 

point. 

It should be noted that our chloride volatility approach should generate solutions suitable for 

analysis by other ultratrace methods such as inductively coupled plasma mass spectrometry 

(ICP-MS). Attempting ICP-MS directly on hydrolyzed GeF4 results in a significant "matrix" 

interference due to the high concentration of germanium species in such a solution. By removing 

nearly all of the germanium from the hydrolysis solution, "matrix" interference should be 

eliminated. This should allow analysis of selected samples that have been processed using our 

chloride volatility approach by both laser-induced fluorescence and higher cost ICP-MS methods 

for quality assurance and technique development purposes. 

Hydrolysis Procedure for GeF4 
The volume of the nickel can on the sub-manifold of our GeF4 gas handling system is 323 cm3 

and that of the Kel-F can is 596 cm3 (see Fig 1). The amount of GeF4 gas hydrolyzed is 

determined based on the assumption of ideal gas behavior 

PV= nRT 

where P is the gas pressure, V is volume of the gas, T is its temperature, R is the gas constant, 

and n is the number of moles of gas. The volume V is that of the nickel can, P is measured with 

a high accuracy (0.12%) thermostated capacitance manometer, and T is measured adjacent to the 

metal fitting. The Kel-F can has a demountable cap and a polytetrafluoroethylene (PTFE) 

sealing gasket. Kel-F is a cholorfluoropolymer that is stiffer and more readily machined to a 

precise shape than is PTFE. The Kel-F can assembly is a design originally used for studies on 

liquid anhydrous HF. A measured amount of water from a Barnstead E-Pure water purification 

system is added to the Kel-F can, its cap and gasket fitted, and that seal is He leak checked with 

the bottom section of the can assembly in liquid nitrogen (to freeze out water and its vapor). 

Freeze-thaw pumping is used to vacuum degas the water. The Kel-F can assembly is put on the 

sub-manifold of the GeF4 vacuum system, its connection to the sub-manifold is thoroughly 

evacuated, and its bottom section is immersed in liquid nitrogen. The sub-manifold down to the 

Kel-F can valve is then exposed to commercial GeF4 to ensure passivation and then it is 
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thoroughly evacuated. The nickel can valve is opened, the sub-manifold is isolated, and Starmet 

GeF4 is added to the desired pressure as recorded by the capacitance manometer. The nickel can 

valve is closed and the sub-manifold is pumped out. The sub-manifold is isolated, the nickel can 

valve is opened, and then the Kel-F can valve is opened. This cryopumps the GeF4 into the Kel- 

F can. After a few minutes, the Kel-F can valve is closed and the capacitance manometer 

reading is recorded (normally, this is less 0.1 torr). The sub-manifold and nickel can are 

thoroughly evacuated and the bottom of the Kel-F can is allowed to warm to ambient 

temperature. Reaction of GeF4 with the water (ice) in the Kel-F can occurs as the GeF4 warms 

and begins to assert its vapor pressure. 

Su b-boiling Point Distillation Apparatus 
This apparatus shown schematically in Fig. 11 has been used for removal of the volatile species 

created during hydrolysis of GeF4. In use, a thermocouple was immersed in the oil-filled beaker 

and its output connected to a temperature controller that regulated the electrical power supplied 

to a heating tape that was wrapped around the beaker. The solids and liquid resulting from 

hydrolysis of GeF4 in water were removed from the Kel-F can (Fig 1) and transferred into the 

distillation pot (vessel "a'' in Fig. 11) using a syringe constructed from Teflon tubing and fittings 

with suction supplied by a conventional glass syringe. The walls and bottom of the can were 

rinsed with aliquots of water that were added to the distillation pot. A slow stream of dry 

nitrogen gas swept vapors from the distillation pot through the traps. 
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Figure 11. Schematic diagram of sub-boiling point distillation apparatus. 
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Issues for Future Work 

1. Given the finite time and financial resources available for development of methods for 

ultratrace determination of u F 6  in GeF4, a decision likely will have to made as to whether 

those resources primarily should be directed toward development and publication in a 

peer-reviewed journal of our chloride volatility approach or toward development and 

demonstration of long path ultraviolet absorption spectroscopy to measure u F 6  impurity 

in GeF4 gas. Our chloride volatility approach which requires hydrolysis of GeF4 and wet 

chemistry processes. It should achieve 40 parts per trillion or better sensitivity for 

uranium in GeF4. Long path length ultraviolet absorption spectroscopy is a potential on- 

line, near real time process monitor for uF6 impurity in GeF4 gas. It should achieve a 

sensitivity of 15 parts per billion (by volume) or better for u F 6  impurity in GeF4 gas 

using a 1 meter path length. 

2. In our new chloride volatility approach, traces of Ge02 may remain in the distillation pot. 

We need to determine if trace level Ge02 is soluble in dilute phosphoric acid and whether 

it enhances, diminishes, or otherwise interferes with ultratrace determination of uranyl 

via laser-induced fluorescence and the standard addition method. We also need to 

determine the degree to which the uranium content of a known amount of u F 6  in GeF4 

gas is recovered and converted into luminescing uranyl ions in phosphoric acid in our 

new approach. 

3. The temperature dependence of the intensity of uranyl luminescence in dilute phosphoric 

has not been reported. We should determine the degree of sample temperature control 

that is required to eliminate temperature variation as a significant factor in applying the 

standard addition method in our chloride volatility-based approach to ultratrace 

determination of u F 6  in GeF4. 
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Conclusions 

1. Formation of crystalline inclusions in glassy GeOz was eliminated by rapid 

withdrawal of molten GeO2 samples from the hot zone of the alumina process tube of 

our horizontal tube furnace into a relatively cool end zone of that process tube. 

2. Treatment of Ge02 with concentrated ammonium hydroxide followed by heating to 

1400 "C for four hours resulted in visually clear, colorless, bubble-free glassy Ge02. 

Unfortunately, it also produced impurities whose strong luminescence following 

ultraviolet excitation precluded use of this method for generating glassy GeO2 that 

was suitable for ultratrace determination of uranyl via the standard addition method. 

3. Although we varied a number factors, we found no processing conditions that 

produced glassy Ge02 of a quality suitable for quantitative determination of uranyl at 

the ultratrace level via the standard addition method. 

4. Using the same initial processing steps as required for production of glassy GeO2, we 

have identified a promising chloride volatility-based approach for ultratrace 

determination of the uranyl ions that result from hydrolysis of u F 6  in impure GeF4 

gas. We have verified a key step in this new approach, namely the volatility of GeC14 

resulting from reaction of Ge02 with concentrated hydrochloric acid. This method 

promises a limit of detection of 40 parts per trillion or better for uranium (as U F b  gas) 

in GeF4. 

5 .  Using ultraviolet absorption spectroscopy, we examined a sample of Starmet- 

produced GeF4 and determined that it contained less than 0.75 parts per million (ppm) 

Of u F 6  on a volume basis. No other ultraviolet absorbing gas species were observed. 

6. Based an observed small decrease in pressure when a sample of the Starmet-produced 

GeF4 gas was brought into contact with clean, passivated metal surfaces and 

observation of vibration-rotation bands of hydrogen fluoride (HF) gas in the near- 
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infrared absorption spectrum of the gas, we concluded that the sample of Starmet- 

produced GeF4 that we analyzed contained approximately 0.8% HF gas by volume. 
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Introduction 

As noted in our October 23, 2001 Progress Report, our initial approach to ultratrace 

determination of uranium (as uranium hexafluoride, m6) in GeF4 relied on hydrolysis of 

GeF4 (and any uF6 present) followed by removal of fluoride and fusion of the resulting 

Ge02. This process would convert UF6 to uranyl ion which we showed luminesced 

strongly in GeO2 glass. However, we also found that fusion of GeO2 at the gram scale in 

air at sufficiently high temperature to minimize bubbles and crystallization also results in 

formation of a ultraviolet-absorbing, visible light emitting species whose presence 

severely interfered with ultratrace determination of uranyl ion via luminescence 

detection. For this reason, we have begun work on an alternate approach to 

determination of uranium (as uranium hexafluoride) in GeF4 that we term chloride 

volatility. 

Chloride Volatility 

As with our previous approach, the first step of our chloride volatility method is 

hydrolysis of GeF4 in water which is reported [ 11 to occur via the overall reaction: 

3 GeF4 + 2H20 + Ge02 + 2H2GeF6. 

Assuming that the H2GeF6 can be further hydrolyzed to produce GeO2 

H2GeF6 + 2 H 2 0  + Ge02+6HF 

addition of concentrated aqueous hydrochloric acid would then dissolve Ge02 with 

formation of GeC14 via 

4HC1+ GeOz + GeC14 + 2H20 

Simple distillation should be sufficient to remove most of the germanium as GeC14 and 

leave behind nonvolatile uranyl chloride formed via hydrolysis 

UF6+2H20 + UO2F2 +4HF 

and mass displacement: 

excess HC1 + U02F2 + U02C12 + HF + HCI. 

Because GeC14 (boiling point: 83.1 "C [l]) is relatively volatile in comparison with 

uranyl chloride which exhibits no volatility until temperatures approaching 800 "C, 

simple distillation should suffice to remove most germanium as GeC14 while retaining 

Ultratrace Determination of Uranium in GeF4: May 11,2002 Progress Report 3 



nonvolatile uranyl chloride for subsequent analysis via laser-induced luminescence in 

dilute phosphoric acid used as a uranyl luminescence enhancing medium [2-51. 

Testing Process Simplification 

The above sequence of reactions suggested that process simplification might be achieved 

by hydrolyzing the analyte GeF4 gas in water, taking the resulting solution to dryness via 

sub-boiling point distillation, adding concentrated HCI, and again removing volatiles, 

expected to be GeC14 and the excess HC1 [ 6 ] ,  via sub-boiling point distillation. 

To test this hypothesis, 1 gram of GeF4 gas was hydrolyzed in 10 ml of water using the 

procedure described in October 23, 2001 Progress Report. The contents of the Kel-F 

hydrolysis reactor were rinsed into a Savillex 60 ml PFA Teflon “impinger” with an 

additional 10 ml of water. The impinger was used as the distillation pot of the PFA 

Teflon apparatus shown in Figure 11 of our October 23, 2001 Progress Report. Sub- 

boiling point distillation was carried out at 95 “C under a slow flow of high purity 

nitrogen gas. After cooling to ambient temperature, approximately 15 ml of 9 mole/liter 

hydrochloric acid was added to the distillation point and sub-boiling point distillation 

again carried out. Upon cooling to ambient temperature, solid residue remained in the 

distillation pot so approximately 15 ml of concentrated (-12 mole/liter) hydrochloric acid 

was added and sub-boiling distillation resumed. After cooling to ambient temperature, 

solid residue remained in the distillation pot. The solid was recovered and placed in a 

capped borosilicate vial. After several days, some fogging of the interior of the vial was 

observed to have occurred. This suggested that the solid contained fluoride ions that 

were capable of undergoing hydrolysis to produce hydrofluoric acid (HF). 

Infrared Analysis of Hydrolysis Solids 

Infrared analysis of the white solid residue was carried out by grinding a few milligrams 

of it with white powdered FT-IR grade cesium iodide ( 0 1 )  in an agate mortar and pestle 

in a nitrogen gas-purged plastic gloved bag. During grinding the powdered mixture 

turned yellow. The yellow powder was pressed into a 10 mm diameter pellet using a 

press (“Econo-Press”, Aldrich catalog number 228,188-3). Infrared absorption spectra of 

Ultratrace Determination of Uranium in GeF4: May I I ,  2002 Progress Report 4 
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pellets were recorded on a Nicole Magna 860 Fourier transform infrared (R-IR) 

spectrometer which is a nitrogen gas purged, single beam instrument that was operated at 

1 cm-' spectral resolution (0.5 cm-' data point spacing). The spectrometer was equipped 

with a silicon beamsplitter and a CsI-windowed DTGS pyroelectric detector. The spectral 

range 1200 cm-' to 200 cm-' typically was scanned and 128 sweeps of that range were 

averaged. 

2.4 4 

2.2 4 
2.0 3 
1.8< 

1.65 

1 . 4 2  

1.2 i 

1 . 0 3  

0.8 3 

0.6 4 
0.4 4 
0.2 i 

Fig 1. FT-IR absorption spectrum of a CsI pellet that contained the solid remaining after twice 
hydrochlorinating hydrolyzed GeF4 gas. 

In Fig 1 ,  two peaks, those centered at 600 cm-' and 350 cm-', were so intense that the 

spectrometer could not accurately recorded their peak absorbance. 

For comparison purposes, a few mg of 99.999% pure GeO2 from Alfa were ground with 

CsI to a produce a white powder that was pressed into a pellet whose FT-IR spectrum 

was recorded (see Fig 2). Based on observed incomplete dissolution of the Alfa GeO2 in 

hydrofluoric acid, this GeO2 contains a mixture of hexagonal and tetragonal GeO2 

(tetragonal GeO2 is nearly insoluble in hydrofluoric acid [ 13). 
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Fig 2. FT-IR absorption spectrum of a CsI pellet that contained commercial 99.999% pure GeOz. 

As is evident in comparing Figs 1 and 2, GeO2 is present in the “twice hydrochlorinated 

hydrolyzed GeFi’ sample. A search of literature IR absorption spectra of germanium 

containing species was carried out to identify the species that gave rise to the two most 

intense bands (600 cm-’ and 350 cm-’) in Fig 1. A literature study of vibrational spectra 

of the hexafluorogermanate ion, GeF(j2-, concluded that GeF62- in cubic Cs2GeF6 has 6 

fundamental vibrational frequencies, four of which are Raman active, two of which are 

infrared active, and one of which is inactive[7]. These workers report that the IR active 

bands of Cs2GeF6 are symmetric and centered at 600 cm-’ and 350 cm-’. We presume 

that the source of Cs2GeF6 in our pellet was reaction of CsI with H2GeF6 during grinding: 

and that the yellow color of pellet was the result of formation of triiodide ion (I3-) which 

would imply some dissociation of HI to H2 and I2 due to the heat generated during 

grinding. Taking into account the presence of GeO2 and CszGeF6 in Fig 1, there remain 

weak bands in the 690 to 740 cm-’ region and the sharp weak band at 479 cm-’ that are 
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not attributable to either GeO2 or CszGeF6. Plausibly, they are due to an oxyfluoride of 

germanium, such as GeOF2. 

The remaining white pot residue was transferred back into the PFA distillation apparatus 

along with approximately 15 ml of water. Sub-boiling point distillation was carried out 

again in an effort to achieve further hydrolysis of the solid. A few milligrams of the 

resulting white solid were ground together with CsI which produced a lighter yellow 

powder that was pressed into a pellet. The IR absorption spectrum of that pellet is shown 

in Fig 3. Note that none of the spectra presented in this Report have been “baseline 

corrected” to produce an artificially flat baseline. In the case of Fig. 3, the pellet 

contained a significant concentration of light scattering centers (most likely due to 

incomplete coagulation of particles during the pressing step) that resulted in light 

scattering being a significant contribution to the overall change in light transmission as a 

function of wavenumber. 

0.351 

0.30: 

0.254 

0.60: 

0.55; 

0.504 

0.451 

0.40: 

Fig 3. FT-IR absorption spectrum of a CsI pellet that contained some of the solid that remained 
after the frs t  hvdrolvsis of the material whose absordon sDectrum is shown in Fig 1.  
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As is evident in comparing Figs 1 and 3, heating the sample material in water greatly 

reduced the intensity of the 600 and 350 cm-’ bands of Cs2GeF6 relative to the bands of 

Ge02 and almost completely removed the 690 to 740 cm-‘ and 470 cm-’ bands. 

A second hydrolysis in liquid water was carried out and another CsI pellet made from an 

aliquot of the resulting white solid. Grinding CsI and the white solid again gave a light 

yellow powder. The IR absorption spectrum of the resulting pellet (not shown) differed 

little from the spectrum shown in Fig. 3. We presume that heating in liquid water 

resulted in partially hydrolysis of H2GeF6 which generated some HF. Because dilute HF 

solutions become more concentrated in HF upon evaporation, our sub-boiling point 

distillation process (in which the solid undergoing hydrolysis remains in contact with the 

liquid is being distilled) may be less effective than would a steam hydrolysis process. 

Steam Hydrolysis Apparatus 

We devised a simple steam hydrolysis apparatus made primarily from Savillex PFA 

Teflon components (see Fig 4.). In this apparatus, the solid undergoing hydrolysis is 

contained in a 5 ml vial that is suspended in steam that, upon further rising within the 

apparatus, condenses and returns to the liquid at the bottom of the 240 ml PFA vessel. 

An air condenser (as shown in Fig. 4) was used when total reflux was desired. An “J” 

shaped FEP tube (inverted) was used in place of the 18 inch long straight air-condenser 

tubing when partial reflux was desired. Holding the oil bath at 128 “C with partial reflux 

typically resulted in a 1 mlhour condensate collection rate. 

Further Infrared Analyses 
A portion of the white solid residue from the sub-boiling point apparatus was transferred 

to the steam hydrolysis apparatus shown in Fig 4. Following steam hydrolysis, a few mg 

of the white solid in the 5 ml PFA vial was ground with CsI to produced a light yellow 

powder that was pressed into a pellet. The IR absorption spectrum of that pellet is shown 

inFig. 5 .  
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1 I Air condenser 
(1 8 inch long, X 
inch 0.d. FEP 

1 1 Teflon tubing) 

solid PTFE 

Dnp shield 
(Savillex PFA 
Teflon funnel, ;:$ 

sealed b'P; 

inverted, stem heat- 7 ;:* $:I t+Y 

L%i 

2 9.. 
closed) 5-j 

Savillex PFA 

NOTE: Sheet PTFE support for drip shield and 
5 ml PFA vial is not shown. 

Fig. 4. Schematic cross-section view of steam hydrolysis apparatus. 

molded-in '/4 
inch tube 
fittings) 

b Solids from 
hydrolysis of 

ml, open top, 
Savillex PFA 
Teflon vial 
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Fig 5. IT-IR absorption spectrum of a CsI pellet that contained some of the solid remaining after 
the steam hydrolysis of the material whose absorption spectrum is shown in Fig 3. 
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Comparing Figs 1, 2, 3, and 5 ,  it is most evident in comparing the intensity of the 

600 cm-' peak (due to Cs2GeF6 formed during grinding) to the intensity of the 876 cm-' 

peak of Ge02, that steam hydrolysis resulted in further conversion of H2GeF6 to Ge02. 

A second steam hydrolysis was carried, A few mg of the white solid was ground with 

CsI to a nearly white powder that was pressed into a pellet. The absorption spectrum of 

the pellet is shown in Fig 6.  

Fig 6. FT-IR absorption spectrum of a CsI pellet that contained some of the solid remaining after 
steam hydrolysis of the material whose absorption spectrum is shown in Fig 5. 

Comparing Fig 2 (99.999% Ge02) and Fig 6 (multiply hydrolyzed and hydrochlorinated 

GeFd), the primary visual difference is the width of the 876 cm-' band. Table 1 

compares the peaks reported by the Nicolet FT-IR peak find algorithm for these two 

sample pellets. We conclude that the FT-IR absorption spectrum shown is that of Ge02 

with no other species observable. 
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Table 1. Comparison of observed peaks in the infrared absorption spectrum of 
multiply hydrolyzed and hydrochlorinated GeF4 and commercial 
99.999% pure Ge02. 

Hydrolyzed and 
hydro-chlorinated 

Commercial 
99.999% Ge02 

GeF4 (cm-’) 
960.6 

(cm-’) 
960.2 

875.4 
585.0 

876.4 
585.6 

549.5 

Steam Hydrolysis 

From the above results, steam hydrolysis to convert H2GeF6 to Ge02 seemed preferable 

to hydrolysis in liquid water. To test this conclusion, we hydrolyzed one gram of GeF4 

gas in 10 ml of water in our Kel-F hydrolysis vessel. Using 10 ml of rinse water, the 

contents of the Kel-F vessel were transferred into the sub-boiling point distillation 

apparatus. Volatiles were removed by sub-boiling distillation. The resulting white solid 

was transferred to a 5 ml PFA vial that was inserted into the steam hydrolysis apparatus 

shown in Fig 4. 

552.6 

Steam hydrolysis was carried out typically for L3?to 5 hours at which time the 240 ml PFA 

bottle was raised out of the oil bath and allowed to cool. The liquid at the bottom of the 

PFA bottle was suctioned out using a “tandem syringe” (see Fig 7). The liquid contact 

part of the syringe was made from PFA tubing and fittings. A conventional glass syringe 

(with a greased piston) was used to apply suction to lift the liquid from the PFA bottle. 

1 1, 
I \  
1 1  
‘ I  

I !  The pH of the solution removed from the PFA bottle was checked with pH paper and 

typically was 1.8 to 2. The steam hydrolysis apparatus was charged with 20 ml of water 

for each run. Twenty runs were required to achieve a significant drop in pH. The 

observed pH on the 21Sf run was 6 and was taken to I I  correspond to complete hydrolysis. 

This means that a total of 400 ml of water and appioximately 80 hours of contact with 

I 
In .I\ \ 

‘ I  
I 1  

516.4 
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equilibrium forming between hydrolysis 1 of H: 
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values until nearly at complete hydrolysis supp 

I 
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Fig. 7. Tandem syringe used with dilute hydro 

Preliminary Vapor Phase Hydrochlori+atior 
We modified our steam hydrolysis appar 

hydrochlorination of GeO2 that had been prodt 

added three traps in series on the outlet of tl 

apparatus. Each trap consisted of a Savillex 

nearest the condenser was left empty, the IT 

immersed in a water ice bath (0 "C), and the 1 

Soda-Line was used to ensure sorption of acidic 

inch outer diameter FEP Teflon tubing. The o 

immersed below the surface of a dilute NaOH 

flow rate through the apparatus. The solid plui 

LJ 
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)mpletdy hydrolyze the mixture of GeO2 

1 g of GeF4 with 10 ml of water. It is 

eactioh rate is the accumulation of HF in 

rsis adparatus. This might result in an 

kF6 and re-formation of H2GeF6 due to 

he relative constancy of the observed pH 

rts this! possibility. 
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reducing 

cing union 
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ioric ac Id solutions 

Results 
4) to enable vapor phase 

b!;:r steam hydrolysis method. We 

air condenser of our steam hydrolysis 

I 1  

Teflon impinger. The trap 

idle tdap was also left empty but was 

;t trap was filled with soda-lime pellets. 

apors. The traps were connected with VI 

tlet of the final trap was a tube that was 

F 
E 
P 

to enable observation of the gas 

on the lid of the 240 ml PFA bottle was 
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replaced with an FEP Teflon tube through which whs flowed a slow stream of high purity 

nitrogen gas. The 240 ml PFA bottle was charged with 20 ml of ultrapure 34% 

hydrochloric acid (Baker Ultrex I1 grade); GeO2 from steam hydrolysis was placed within 

the 5 ml PFA vial and the rest of the apparatus assembled. The oil bath was heated to 

I 1  
I t  
I 1  

I. I 
l i  
' I  

115 "C to achieve a slow condensate collection rate 1 1  (--1/3 ml per hour). Under these 

and flows back down into the liquid at the bottom of I !  the 240 ml PFA bottle. The expected 

conditions, the mixture of water and HC1 vapors rismg from the liquid hydrochloric acid 

is enriched in HC1 compared to the liquid. The rising vapor comes in contact with GeO;! 

in the 5 ml vial and then is condensed on the upper &all:; and lid of the 240 ml PFA bottle 

I 
reaction is: 

GeOz + 4HCl (g) + GeC14 (8) + 2H2O(g) 
~ 

with the gaseous GeC14 and H20, along with excess HC1 vapor, expected to be swept by 

the slow flow of nitrogen gas out of the 240 ml PFAI botl.le into the series of traps. 

After 3 hours of refluxing, the clear, colorless liduid condensate in the first (initially 

I 
I 

empty) trap was removed. As expected, this liquid was I t  rstrongly acidic and, after addition 

colorless and no precipitate or gel was observ-ed-tolforrn ' I  which is evidence that little, if 

of an equal volume of water, the acidity of the solution was neutralized by addition of 

solid sodium bicarbonate to reach pH 6 by pH test paper. The resulting solution was I I  

67 \'i any, GeC14 was present in the condensate. Hydrochlorination using a mixture of HC1 

and water vapors at 115 "C evidently is not a rapid mean1 of converting solid GeO2 to 

volatile GeC14. 

Conclusions 

1. FT-IR analysis of CsI pellets that contain partially hydrolyzed GeF4 provides a 

rapid method for assessing the relative amounts 06 Ge02 and H2GeF6 present, 

based on absorption bands of GeO2 and Cs2GeF6 respectively. I 
I 
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2. Hydrolysis of GeF4 is incomplete at ambient temperature 

with excess water. I 

I 3. Heating the solids resulting from incompletely hydrolyzed GeF4 in liquid water or 

steam slowly completes the hydrolysis reaction aLd resulted in production of I /  
I 

GeOz. i 

4. Under our process conditions, heating the solids that resulted from incompletely 

hydrolyze GeF4 in aqueous hydrochloric acid solution, then in liquid water, and 

finally in steam more rapidly completed hydrolysis and resulted in production of 

I 

1 1  
Ge02. 1 

5 .  Heating Ge02 (produced by steam hydrolysis at slightly above 100 "C) in a 

mixture of water and HC1 vapors at 115 "C is inekfective at rapidly generating 

volatile GeC14 for removal of germ!anium from any uranium initially present in 

GeF4 as uranium hexafluoride. 

' I  
I 

Future Work 

Our immediate emphasis will be on achieving more rapid hydrolysis of GeF4 to GeO2 and 

I 
rapid conversion of Ge02 to volatile GeC14 I '  This likely will require contact of the solids LJ generated with a significant excess of agueous hydrochloric acid. This raises the 

possibility that our limit of detection for uranyl that results from hydrolysis of uranium 

hexafluoride in GeF4 gas will be limited by the uranium impurity level in commercial 

ultrapure hydrochloric acid. 
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Abstract 

hydrolysis-produced hexagonal germanium dioxide 

hydrofluoric acid although the resulting solution was 

I 

was found to be soluble in 

not suitable for high sensitivity 

Absorbance Analyses of Germanium Tetrafluoride Gas 
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ultraviolet absorption spectroscopy for the presence of uranium hexafluoride gas ( U F 6 ) .  
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The sample also underwent infrared absorbance1 analysis in the 2000 to 5000 wave 

number (cm-') spectral region in the same sample ckll used for ultraviolet absorption 

analysis. A Nicolet Magna 860 FT-IR equipped with a calcium fluoride beamsplitter 

coated for mid- to near-infrared use and a pota$sium bromide-windowed DTGS 

pyroelectric detector were used to acquire 128 scads of the 2000 cm-'to 5000 cm-' 

spectral range at 1 cm-' spectral resolution (0.5 cm.' djta point spacing). The Magna 860 

is a single beam instrument. Using Nicolet's OMNIC software, the observed 
I 

transmission spectrum of 

spectrum by dividing it, spectrum 

acquired without the GeF4 sample cell Due to the valve 

assembly on the GeF4 gas cell and the compartment of the 

Magna 860, it was not possible to use liquid nitrogen cryopump the GeF4 into the side 

arm of the cell assembly to remove the gas from path and thereby obtain a 

path. Moving the cell resulted in baseline shifts due to 

single crystal aluminum oxide windows on the 

spectrum of the empty gas cell without physically removing the cell from the optical 

ex of refraction of the 
I 

difficulty in exactly 

reproducing its position in the optical path. Figure i shows the observed absorbance 

spectrum of the gas cell. 

I .  

4300 3900 I 3500 
waven u m ber (cm- I )  

Fig. 1. Absorbance spectrum of an aluminum oxidewindowed gas cell that contained 
64 1 torr of Starmet-produced GeF4 (Starmet Sample Rkference Number "GeFusn-40"). 
Vibration-rotation bands of hydrofluoride (HF) gas are benoted by a symbol (e). 
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The very narrow characteristic hndamental vibration-rotation bands of hydrogen fluoride 

gas (HF) were observed in the 3700 to 4200 cm-’ spectral range and are denoted by a dot 

( 0 )  symbol. These bands had nearly the same observed absorbance (optical density) as 

was the case for our previous FT-IR analysis of an idiquot of GeF4 from Starmet Sample 

Reference Number “GeFusn-36” (Starmet preparation date 8/06/0). The sloping 

background is due primarily to the single crystal aluminum oxide (sapphire) windows of 

the gas cell. The numerous sharp bands in the 3550 to 3900 cm-’ spectral range whose 

peaks occur as decreased absorbance (compared to the sloping background) are due to 

vibration-rotation bands of water vapor. Although the Magna 860 was well purged by 

dry nitrogen gas, some water vapor was always present in its optical path. When the 

GeF4 gas cell was inserted into the optical path of the 860, the infrared analysis light path 

through the nitrogen gas purged interior of the instrument was reduced by about 9.3 cm in 

comparison with the path length when the “background” transmission spectrum was 

recorded. The “negative” absorbance water peaks result fiom that change in path length 

when the transmission spectrum recorded with the GeF4 gas cell in the path was divided 

by the “background” transmission spectrum. 

In addition, weak absorption bands beak absorbance: 0.002 absorbance units) of 

the v3 fundamental absorption bands of carbon dioxide gas (CO2) were observed in the 

2310 to 2375 cm-’ spectral range and are shown in Figure 2. These peaks are on a 

strongly sloping background that is due to the increasing absorbance of the aluminum 

oxide windows of the gas cell with decreasing wave number. Because the peaks occur as 

increased absorbance they are indicative of the presence of CO2 as an impurity in the 

GeF4 gas in the sample cell. 

Because the spectral resolution that we achieved is much broader than the true 

line widths of the HF or CO;? absorption peaks, the spectra shown in Figures 1 and 2 are 

qualitative in nature as to the peak absorption of a given vibration-rotation transition. Put 

another way, the spectra identify the presence of impurity HF and CO2 gases in the 

Starmet-produced GeF4 gas sample but are insufficient to quantify the amount 

(concentration) of such impurities. 

4 



I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
1 
1 

0.144 
0 
0 
S 

g 0.140 
(D 
12 m 

0.136 

v3 band structure of CQ, gas 
4 - 

- 

n - 

2380 2340 2300 
wavenumber (cm-l) 

Fig. 2. Absorbance spectrum of an aluminum oxide-windowed gas cell that contained 
64 1 torr of Starmet-produced GeF4 (Starmet Sample Reference Number “GeFusn-40”). 
The numerous sharp peaks in the 2310 to 2375 wave number range are due to the 
vibration-rotation bands of carbon dioxide gas. 

Development of a Chloride Volatility-Based Analysis for Uranium in Hydrolyzed 

Germanium Tetrafluoride 

Our primary focus was evaluation of our proposed “chloride volatility” process 

for analysis of the uranium content of hydrolyzed GeF4 gas. The basis of this process is 
detailed in our May 11, 2002 progress report. The process requires conversion of 

“particulate GeOz“ into volatile germanium tetrachloride (GeCL). The “particulate 

Ge02” of interest is that which arises from repeated steam hydrolysis of the solids that 

result from reaction (hydrolysis) of GeF4 with water. As noted in our May 11, 2002 

report, the particulate Ge02 that we produce via steam hydrolysis is of the hexagonal 

structure type based on its infrared absorption spectrum. Standard reviews of germanium 

chemistry [I] state that hexagonal Ge02 reacts with concentrated hydrochloric acid to 

form GeCL. We were surprised, therefore, when our particulate Ge02 failed to react with 

concentrated hydrochloric acid (American Chemical Society analytical reagent grade) 

solution at ambient temperature over periods of time that eventually extended to several 

months contact. For this reason, we carried out bath a literature search as to conditions 
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that favor reaction of Ge02 with hydrochloric acid (HCl) and our own extensive 

experimental tests of the reactivity of our particulate Ge02 with hydrochloric acid 

solutions. 

Selection of Experimental Routes Based on Literature Search Results 

The primary tool that we used was SciFinder which is a product of the American 

Chemical Society and provides access to the -22 million literature and report abstracts of 

the Chemical Abstract Services that are on-line and typically date back as far as the 

1950’s and in some cases even further. Most of the literature references related to 

conversion of GeO2 to GeC14 were published more than twenty years ago in Russian 

language journals. Difficulty in converting hexagorial Ge02 to GeC14 arises from at least 

two effects. One is the higher thermodynamic stability of hexagonal GeO2 in comparison 

with that of glassy Ge02. For example, a -100-fold slower rate was reported for the 

dissolution in water of hexagonal Ge02, in comparison with glassy Ge02.[2] The other 

effect is the influence of particle size with higher reaction rates expected for smaller 

particles. There is general agreement that, in comparison with hexagonal Ge02, glassy 

Ge02 dissolves more readily in water and is, therefore, more readily converted to GeC14 

because dissolution of Ge02 is believed to be the rate-limiting step in conversion to 

GeC14. In addition, high HC1 concentration is desired. Aqueous reagent grade 

“concentrated” HC1 (nominally, 37% weight percent HC1) is the lowest recommended 

HC1 concentration [3], at least at the start of conversion of solid GeO2 to GeC14 (recall 

that reaction of Ge02 to produce GeC14 produces H20 which reduces the concentration of 

HCI over the course of the reaction). Recommended temperatures for reaction of Ge02 

with HC1 from ambient to above the boiling point of GeC14 when separation of GeC14 by 

distillation was the goal. Dissolution of “aged” hexagonal Ge02 has been recognized as 

a significant problem in the analytical chemistry of germanium. The common approach 

to this problem has been to heat the GeO2 to above its melting point followed by rapid 

thermal quenching to achieve conversion to glassy GeO2. Only one study of chemical 

methods to achieve the same end, namely dissolution of “aged” hexagonal GeO2 was 

found. It recommended use of 2.5 mole/liter sodium hydroxide at elevated temperature 

in preference to acidic oxidative or reductive routes.[4] 
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Because heating the particulate GeO2 that we produce to convert it to a glassy 

state fuses the powder to a mass, grinding of the resulting fused mass of glass would be 

needed to produce small particles and achieve a significant rate of reaction with HC1. All 

means of grinding available to us would result in significant chemical contamination of 

the Ge02. Conversion to glass was rejected for that reason. Use of sodium hydroxide 

solution at elevated temperature likely would dissolve our particulate GeO2 to produce a 

sodium germanate solution. However, laser-induced fluorescence analysis for uranyl 

requires acidic to near-neutral pH depending! on the luminescence enhancer used. 

Neutralization or acidification as an aqueous soluticln of sodium germanate would result 

in formation of a gel of hydroxo or hydrated Gel32 that would be both highly light 

scattering and capable of sequestering uranyl ion! from an added luminescence enhancing 

agent such as pyrophosphate. For these reasons, solubilization of our particulate Ge02 by 

dissolution in sodium hydroxide solution at elevated temperature was rejected. Based on 

these considerations, we carried out a concerted experimental effort to achieve an 

acceptable rate of chemical reaction of our particulate Ge02 with aqueous HC1 solutions 

to generate volatile GeC14. 

Our Experimental Tests 

We established that reaction of our particulate GeOz with concentrated HCl (ACS 

reagent grade) did not occur over a period of weeks at ambient temperature and was not 

observably enhanced by elevated temperature over periods of time extending up to two 

days and at temperatures that included the boiling point of concentrated HC1. These tests 

culminated in a series of experiments in which particulate Ge02 was held in the refluxing 

vapor above constant boiling point hydrochloric acid and in the refluxing vapor above 

concentrated hydrochloric acid. In none of these tests was any observable conversion our 

particulate GeOz to GeC14 found. These tests used the PFA Teflon apparatus that we 

created for steam hydrolysis of hydrolyzed GeF4. Instead of charging the apparatus with 

water, it was charged with an HCl solution. Reflux was achieved using an 18 inch length 

of 0.25 inch outer diameter FEP Teflon tubing that extended above the PFA vessel and 

served as an air-cooled condenser. Portions of the irefluxing vapor were collected for 

analysis and no evidence of GeC14 was found. In a separate test series, to maximize the 

I 
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solution acidity, a stream of dry hydrogen chloride gas was passed through a stirred 

slurry of particulate GeO2 in concentrated aqueous HC1 at ambient temperature in a fused 

silica tube the bottom end of which had been flame-sealed to the shape of a cone. High 

purity Matheson HCI gas was passed through a two-stage pressure regulator and a 

Matheson particulate filter prior to the gas stream coming in contact with the aqueous 

HC1 solution in the fused silica tube. No formation of liquid GeC14 was observed in the 

fused silica tube. No reduction in the amount of particulate Ge02 in the aqueous HC1 

solution was evident visually after 26 hours. The vapor exiting the reaction vessel was 

passed through a trap held at 273 K. Analysis of the trap contents did not reveal any 

GeC14. We conclude that our particulate Ge02, although of the hexagonal structure type 

based on its infrared absorption spectrum, exhibited a negligible reaction rate with 

hydrochloric acid under our experimental test conditions. For this reason, our proposed 

“chloride volatility” process is not suitable for high sensitivity analysis for the presence 

of uranium in hydrolyzed GeF4 gas. Reaction of particulate Ge02 with dry HCI gas at 

moderately high temperature (e.g., 400 “C) was not attempted due to concern about 

chemical reduction (due to the presence of small amounts of hydrogen gas in HCI). Such 

reduction of trace levels of uranyl would result in lower valent uranium chlorides whose 

volatility likely would compromise analytical accuracy. 

Laser-induced Fluorescence on GeOz Dissolved in Hydrofluoric Acid Solution 

Zn a final effort to quantify uranium in hydrolyzed GeF4 gas, we contacted an 

aliquot of particulate GeO2 with 22% hydrofluoric acid solution and found that the 

particulate Ge02 readily dissolved to give a clear, colorless solution. This solution was 

transferred to a single crystal aluminum oxide cell that consisted of a single crystal 

aluminum oxide rod into which a hole that had been drilled coaxial with the cylinder axis 

of the rod to create a flat-bottomed “test tube” shape. A polished disk of single crystal 

aluminum oxide capped the cavity in the rod and prevented escape of significant amounts 

of HF vapor from the contained solution. Laser-induced fluorescence analysis of the 

solution in this cell was carried out using 355 nm excitation with the apparatus described 

in our March 12, 2001 progress report. Luminescence from the solution was observed 
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throughout the visible spectral range and exhibited complex, non-exponential decay. The 

luminescence initially peaked in the blue. With increasing time following a laser 

excitation pulse, the peak luminescence intensity wavelength shifted to longer 

wavelength. An aliquot of a solution of uranyl ion in dilute nitric acid was added to the 

solution in the cell in an amount sufficient to give approximately 6 parts per million of 

uranyl on a weight basis. The characteristic luminescence emission bands of uranyl ion 

could not be discerned in the recorded emission spectra due to the much more intense 

broadband, complex luminescence of the solution. This interfering luminescence likely 

arises from low molecular weight polymers that had leached from the Kel-F and 

perfluoroalkoxy (PFA) Teflon containers that we used to generate the particulate Ge02. 

Such luminescence was not observed from our €€F stock solution nor was it present in 

solutions of commercial Ge02 dissolved in our HF stock solution. We conclude that the 

sensitivity of luminescence analysis for uranyl in hydrofluoric acid solutions of 

particulate Ge02 was significantly hindered by the presence of interfering luminescing 

species that likely are low molecular weight polymers that leached from the walls of Kel- 

F and Teflon containers. 

Recommendations for Possible Future Studies 

The most promising analysis method that we investigated for ultratrace analysis 

of uranium in GeF4 gas consisted of four major steps: 

1) Hydrolysis of GeF4 gas to a slurry of GeO2 and HzGeF6 

2) Steam hydrolysis of the mixture of Ge02 + H2GeF6 to produce hexagonal 
GeO2 

3) Fusion of hexagonal Ge02 to produce glassy Ge02 

4) Laser-induced fluorescence analysis for uranyl ion luminescence in the 
produced glassy GeO2. 

This method failed at the third step because a luminescing impurity (or impurities) grew 

in at the temperatures needed to produce glassy Ge02 that was free of bubbles and 

crystalline inclusions. Based on a literature report[5], it seems likely that the luminescing 

impurity was an oxygen atom deficient site in Ge02. Prolonged heating of the glassy 
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GeO:! in a oxygen gas atmosphere is reported to eliminate the 245 nm optical absorption 

band that has been attributed to an oxygen atom deficient site in glassy 

Ge02. [6] Unfortunately, our high temperature furnaces were not designed for heating 

samples in a pure oxygen atmosphere. In consequence, we could not confirm the 

reported influence of an oxygen gas atmosphere on suppression of the 245 nm defect 

absorption band and, presumably, suppression of interfering luminescence. If the 

literature reports concerning oxygen atom defects in glassy GeO2 are correct, then the 

above method, modified in step 3 to include fusion in a pure oxygen gas atmosphere, 

likely would meet a prime objective of our project, namely a limit of detection of a few 

parts per trillion of uranium in GeF4 gas. 

Due to the growth of a luminescing impurity at step 3 of the above process, we 

turned to conversion of Ge02 to volatile GeC14 as a method of removing the light 

scattering interference of particulate Ge02 and the potential sequestering of uranyl ions 

by Ge02 prior to use of laser-induced fluorescence to quantify uranium as uranyl ion. 

As detailed in this progress report, our efforts to convert GeO2 to GeC14 failed due to the 

extremely slow rate of reaction of aqueous HC1 with hexagonal Ge02 produced by steam 

hydrolysis (step 2 of the above process). During the writing of this report, we found an 

abstract for a literature report on a method for recovery of germanium from solid wastes. 

That methods is suggestive that a superior alternative to the use of pure HC1 solutions 

may exist for conversion of GeOz to GeC14. Based on the abstract for that literature 

report, germanium from waste waters co-precipitated with basic iron carbonate and 

hydroxide, when treated with 6 mole/liter HCl in the presence of phosphoric acid, is 

converted to GeC14 that can be separated by distillation at 108 "C.[7] It seems likely that 

the co-precipitated germanium is either Ge02 or a hydrate of Ge02. The additional 

acidity due to added phosphoric acid might enhance dissolution and reaction of our 

hexagonal GeO2. Because 10 weight% phosphoric acid is a good uranyl ion 

luminescence enhancing medium, the presence of residual phosphoric acid after 

volatilization of the resulting GeC14 would be beneficial. In addition, phosphoric acid 

strongly complexes uranyl ion which would ensure retention of it in the distillation 

vessel. However, due to the added chemical complexity and attendant possibilities for 
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interference from ultratrace impurities in the reagents used, the limit of detection for 

uranium in GeF4, if volatilizing GeOz via conversion of it to GeC14, seems likely to be 

inferior to that of the four step process outlined in the above paragraph. 
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