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Abstract

A dry process for separating Ga2O3 from PuO2 ± 1 wt% Ga2O3 powder was developed. PuO2±Ga2O3 powder was

exposed to ¯owing Ar±6% H2 at 600±1200°C. Under these conditions, Ga2O3 is reduced to Ga2O, a volatile species.

Ga2O, which is stable in a reducing environment at temperatures greater than 800°C, evolves and is collected down-

stream. Di�erent process parameters were varied in an e�ort to optimize thermally induced gallium removal (TIGR).

Exposure temperature had the greatest e�ect on TIGR. Temperatures of at least 1000°C were required to obtain

discernible TIGR. As little as 25 wppm Ga remained after processing PuO2 at 1200°C. It is likely that a further re-

duction in retained Ga can be attained by increasing the processing temperature. Ga removal was shown to increase

with process time. However, the bene®t in processing beyond 4 h is limited for this system. The lack of e�ect of sample

volume and gas ¯ow rate on TIGR suggests that Ga removal is limited by mass transport within the powder particles.

The fact that Ga removal is less e�cient in more coarse PuO2 powders supports this hypothesis. Ó 2000 Elsevier

Science B.V. All rights reserved.

1. Introduction

Recent arms control initiatives dictate that the

United States convert the plutonium metal from weap-

ons into a form that cannot readily be returned to metal

and that may be inspected by international organiza-

tions. In January 1997, the Secretary of Energy of the

United States signed a Record of Decision ®nalizing a

dual-track strategy to irreversibly dispose of the nation's

surplus plutonium. The strategy allows for immobilizing

plutonium in inert forms or burning plutonium as mixed

oxide (MOX) fuel in existing reactors. There is one po-

tential drawback in using weapons grade plutonium as

feed for MOX fuel ± weapons grade plutonium contains

approximately 1 wt% gallium. Gallium is known to de-

grade the properties of many metallic materials via

corrosion, embrittlement, or intermetallic compound

formation [1±17]. Thus, there is signi®cant concern that

gallium present in MOX fuel will compromise zirconi-

um-based fuel cladding [16,18]. A second concern is the

detrimental e�ect of 1 wt% Ga on MOX fuel perfor-

mance and processibility. The level of Ga that can be

tolerated in MOX fuel is not known, but levels of 10

ppm in the MOX fuel (approximately 200 ppm in PuO2

before blending) appear acceptable based on various

studies [16,18,19].

PuO2±Ga2O3 particles, which originate from oxi-

dized Pu±Ga alloys, are composed of PuO2 grains hav-

ing limited Ga2O3 solubility plus second-phase Ga2O3

grains having limited PuO2 solubility. Thus, the powder

materials are not simple mixtures which can be me-

chanically separated. Methods for chemically purifying

plutonium metal have long been established [20]. These

methods use aqueous solutions to dissolve and concen-

trate the material. Unfortunately, these methods can

produce signi®cant mixed waste (i.e., waste containing

both radioactive and chemical hazards). The treatment

and disposal of the large volume of waste resulting from
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aqueous puri®cation of tens of metric tons would be

expensive. A new, `dry' method of puri®cation is re-

quired.

Ga2O, a species that is unstable at room temperature,

can be stable in the gas phase at elevated temperatures

[21,22]. It was hypothesized that Ga2O3 could be sepa-

rated from PuO2 by passing a reducing gas, H2, over the

PuO2±Ga2O3 powder to produce Ga2O via the reaction

Ga2O3�s� � 2H2�g� ! Ga2O�g� � 2H2O�g�: �1�
Preliminary experiments indicated that Ga2O could in-

deed be vaporized from Ga2O3 in ¯owing H2 gas and

transported downstream [22]. However, it was unclear

whether Ga2O could be vaporized from PuO2 incorpo-

rating Ga2O3. It is the objective of this work to examine

the viability of thermally induced gallium removal

(TIGR) from PuO2 using a reducing gas. A second goal

of this work is to determine the factors a�ecting gallium

removal in an e�ort to optimize the TIGR process.

2. Experimental procedure

2.1. Material characteristics

Two types of PuO2±Ga2O3 were used for this study.

The ®rst was a relatively ®ne powder produced from Pu±

Ga metal using a three-step process, wherein the metal is

hydrided, the hydride is nitrided, and the nitride is oxi-

dized [23]. Scattered light analysis of the powder indi-

cated a bimodal particle size distribution with a

signi®cant fraction of the powder comprising sub-

micron particles (Fig. 1, Lab-Tec particle size analyzer).

An electron micrograph of the three-step powder is

shown in Fig. 2. Chemical analysis of this powder in-

dicated a Ga concentration of 0.84 wt% (8400 lg=g

(wppm)) or 1.1 at.%. The second type of PuO2 (Ga

concentration � 8000 wppm) was produced using a

direct metal oxidation (DMO) method wherein the

metal is converted directly to oxide in air at approxi-

mately 600°C. As compared to the three-step process,

the DMO method produces a more coarse powder

(Fig. 1) having less surface area per gram (Table 1,

Quantachrome NOVA-1000 BET surface area analyz-

er). Loss-on-ignition (LOI) was used to estimate the

quantity of water adsorbed on the powder surface. LOI

is determined by heating a powder sample to 1000°C for

2 h in air and measuring mass loss [24]. For the three-

step and DMO powders, LOI was 0.58% and 0.073%,

respectively. Particle size, surface area, and LOI data

represent the average of two measurements (measure-

ment errors (S.D.) of 5.8%, 12% and 33%, respectively).

The chemical compositions of the powders, determined

by a variety of standard analysis techniques (primarily

inductively coupled plasma-mass spectroscopy (VG El-

emental Plasma Quad 2) and inductively coupled plas-

ma-atomic emission spectroscopy (Thermo Jarrell Ash

IRIS CID)), are shown in Table 2. These values are the

average of four to seven separate measurements. Com-

mercially pure Ga2O3 powder (Alfa Aesar) had a

reported purity of 99.999% (metal basis).

2.2. Test Procedure

TIGR tests comprised the exposure of PuO2±Ga2O3

to high-purity Ar±6% H2 gas (O2 < 8 ppm, H2O < 0:7

Fig. 1. Particle size distributions of the PuO2 powders used in this study.
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ppm). Tests were performed within the con®nes of an

Ar-atmosphere glove box. For the majority of small

sample tests (typically 0.3, 0.9 and 2.5 g), three samples

were simultaneously exposed (see Fig. 3). Simultaneous

exposure of three samples yielded results identical to

individual exposures. Each PuO2 sample was weighed,

placed in a nonreactive alumina boat, and then weighed

again, noting the total mass of the boat and its contents.

These small boats were then placed in a single large

alumina boat to facilitate handling. Samples larger than

2.5 g were placed directly in a large boat and exposed

individually. The large boat was inserted into the hot

zone of a 4.45 cm (1.75 in.) I.D. tube furnace. The hot

zone temperature was uniform. The temperature was

ramped at a rate of 20°C/min until the temperature of

interest was reached. The samples were held at this

temperature for a ®xed period of time. At the end of this

period, the furnace was turned o� and the samples were

allowed to cool while maintaining gas ¯ow. Reported

test durations include only time at temperature and do

not incorporate ramp time. Following cooling to nearly

room temperature (<50°C), the samples were removed

from the furnace and the gross mass of the boats re-

corded. Temperature, exposure duration, sample mass,

and gas ¯ow velocity were varied in an e�ort to deter-

mine the rate limiting step and thus optimize Ga re-

moval. Two to four replicate tests were performed for

most combinations of time, temperature, ¯ow velocity

and sample size. A total of 270 experiments were per-

formed. Reproducibility was �8% for mass loss values

and �50% for Ga concentration values based on sta-

tistical analyses of experiments that incorporated four

replicate tests.

3. Results

3.1. E�ect of temperature

The remaining Ga concentration in three-step PuO2

powder following exposure to Ar±6% H2 at di�erent

temperatures is shown in Fig. 4. 0.5 h exposures at

600°C and 800°C resulted in essentially no measurable

Ga removal, and 900°C exposures yielded only slight Ga

removal. Fig. 4 indicates that a temperature of at least

1000°C is required to obtain signi®cant Ga removal. At

1200°C, the Ga concentration was reduced to approxi-

mately 150 ppm for a 0.5 h exposure.

Processing at 1200°C resulted in coarsening of the

powders, as determined by scattered light particle size

analysis (Figs. 5 and 6). Processing also resulted in a

dramatic reduction in surface area (Table 1).

3.2. E�ect of time

The e�ect of test duration on TIGR is shown in

Fig. 7. Increasing exposure time reduces the concentra-

tion of Ga remaining in the samples. For the 24 h ex-

posure (Fig. 7), the Ga concentration is reduced by

greater than two orders of magnitude (from 8400 to

33 ppm). However, increasing test duration yields

Table 1

Speci®c surface areas of various powders

Three-step DMO

Untreated 6.7 m2=g� 0:3 1.7 m2=g� 0:2
Following TIGR 0.21 m2=g

(1200°C; 4 h; 1.5 cm/s)

Table 2

Primary impurity concentrations in three-step and DMO powders. Values are lg=g of PuO2. Standard deviations are given as percent

of average values

Ga H N C Fe U Ca Si Ni Cl Cr F Zr Al Cu S

Three-step 8400 510 360 330 240 160 89 79 91 75 48 45 36 27 25 8

DMO 8000 180 320 130 360 98 130 83 95 110 110 34 17 20 24 6

S.D. (%) 7.3 9.2 11 55 34 6.8 41 11 31 68 23 57 21 48 20 59

Fig. 2. Micrograph of three-step PuO2 powder.
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diminishing returns with respect to Ga removal. For

instance, the majority of the Ga is removed during the

®rst 0.5 h (Ga concentration� 110±270 ppm). The as-

ymptotic limit under these test conditions is not clear

but testing beyond 4 h provides only a modest reduction

of the Ga concentration in PuO2±Ga2O3 powder.

3.3. E�ect of sample mass

The e�ect of sample mass (and thus sample volume)

on Ga removal is shown in Fig. 8. It is seen that the

quantity of sample processed at one time has no e�ect on

the Ga removal rate or on mass loss for sample sizes of

0.22±25 g. Linear regression of the data supports this

conclusion. 2

3.4. E�ect of ¯ow rate

Ga concentration and mass change are plotted as a

function of gas ¯ow velocity in Fig. 9 for 2.5 g samples

exposed at 1200°C for 4 h. Between 1.5 and 26 cm/s, gas

¯ow rate has no discernible e�ect on the remaining Ga

concentration. In contrast, increasing ¯ow rate increases

the mass loss during processing. Linear regression of the

data supports the assertion that ¯ow rate a�ects mass

loss but not Ga removal. For 143 observations, it cannot

be stated with 95% con®dence that ¯ow rate has an e�ect

on the remaining Ga concentration (con®dence� 39%).

However, for 156 observations, it can be stated

with >99:999% con®dence that ¯ow rate has an e�ect on

mass change. Similar values are obtained following

statistical analysis of DMO material (Ga concentration:

35% con®dence, 71 observations; Mass change:

>99:995% con®dence, 72 observations).

3.5. TIGR from di�erent powders

The Ga concentrations within three-step and DMO

powders following processing at 1200°C for 4 h are

compared in Fig. 10. The DMO material retained

slightly more Ga following exposure for the same du-

ration, even though DMO powder had a smaller starting

concentration of Ga. Statistical analysis of the data

(student t-test, 44 observations) indicates a greater than

99% con®dence that the retained Ga concentrations are

Fig. 4. Remaining Ga concentration in, and mass loss from,

three-step powder as a function of exposure temperature in

¯owing Ar±6% H2. Test duration: 0.5 h; sample mass: 2.5 g;

¯ow velocity: 1.5 cm/s.

Fig. 3. Picture of furnace setup (left), drawing of boat placement within furnace (top right), and arrangement of small boats within the

large boat (bottom right).

2 Note that linear regression of the data is only a semi-

quantitative means for assessing the e�ects of variables on Ga

removal because it is clear that there is no linear relationship

between temperature or duration and Ga removal.
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di�erent. In contrast to the Ga data, there is a very

dramatic di�erence in the mass changes of the DMO and

three-step PuO2 powders following exposure (Fig. 11).

The DMO powder experienced far less mass loss (ap-

proximately 1.3%) than the three-step (approximately

2.1%) following a 1200°C exposure for 4 h.

Tests on 2.5 g samples of commercially pure Ga2O3

exposed to 900°C or 1200°C Ar±6% H2 for 4 h were

performed. The mass change of the Ga2O3 powder far

exceeded that of 2.5 g samples of the PuO2 powders

(Fig. 12).

4. Discussion

4.1. Process variable e�ects

Test duration has an e�ect on TIGR. The remaining

Ga concentration decays roughly exponentially. Thus,

increasing exposure time produces diminishing returns.

Note that test duration as we de®ne it only incorporates

the time at temperature, not the ramp-up and ramp-

down time. Therefore, if there is some time±temperature

equivalence, the time±temperature integral could be

Fig. 5. Three-step powder particle size distribution before and after TIGR (1200°C; 4 h; 1.5 cm/s).

Fig. 6. DMO powder particle size distribution before and after TIGR (1200°C; 4 h; 1.5 cm/s).
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evaluated and added to the test duration to give a more

accurate assessment of Ga removal as a function of time.

However, given the scatter in the Ga concentration an-

alyses, this re®nement of the data may be considered

insigni®cant and, thus, was not performed. Gas ¯ow

velocity had an e�ect on mass change but not on Ga

removal. It may be speculated that the primary e�ect of

¯ow rate on mass loss is attributable to an e�ect on

PuO2 reduction because Ga evolution and water de-

sorption (LOI) are una�ected by ¯ow rate. Sample

volume had no apparent e�ect on Ga removal for

sample masses of 0.2±25 g for the time±temperature

combinations in this study.

Of the process variables, temperature plays the

strongest role in mass change and Ga removal. Fig. 4

shows that there is signi®cant mass loss between 600°C

and 800°C even though there is little Ga evolution at

these temperatures. Thus, the majority of the mass loss

at the lower temperatures is attributable to something

other than Ga evolution, i.e., desorption of water [24]

and PuO2 reduction [25±27]. H2 gas is a known reduc-

tant of PuO2 [25±27]. At lower temperatures, water de-

sorption dominates mass loss, with essentially all water

desorbed at 1000°C [24]. At higher temperatures, a sig-

ni®cant fraction of the mass loss is attributable to Ga

removal. Some reduction of the PuO2 occurs above

Fig. 7. Remaining Ga concentration in three-step samples as a

function of test duration for 0.9 g samples at 1200°C.

Fig. 8. Remaining Ga concentration and mass change as a

function of three-step sample size. Temperature: 1200°C;

duration: 4 h; gas ¯ow velocity: 1.5 cm/s.

Fig. 9. Remaining Ga concentration in, and mass change of,

three-step samples as a function of gas ¯ow velocity. Temper-

ature: 1200°C; duration: 4 h; sample mass: 2.5 g.

Fig. 10. Comparison of the remaining Ga concentrations

within three-step and DMO powders treated at 1200°C for 4 h.
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1000°C because full Ga2O3 loss (1.12 wt%) and H2O

desorption (0.58 wt%) combined cannot account for the

total mass loss of the three-step samples. Mass losses

attributable to Ga removal and PuO2 reduction increase

with increasing exposure temperature. A maximum of

approximately 4% O2 loss following PuO2 reduction is

calculated for 1200°C tests.

Regardless of the value of other process parameters,

little Ga is removed below 1000°C. Above 1000°C, sig-

ni®cant Ga removal occurs during 4 h processing runs.

At 1200°C, Ga concentrations as low as 25 ppm were

attained (24 h exposure). It is unclear whether there is an

ultimate limit for Ga removal or whether the residual

Ga concentration can continually be reduced with tem-

perature. Tests employing ®ne temperature increments

between 1050°C and 1200°C suggest that if an ultimate

limit exists it is not approached at 1200°C (Fig. 13).

Therefore, it is likely that even greater Ga removal could

be obtained at higher temperatures.

4.2. Comparison of TIGR from di�erent powders: assess-

ment of the rate limiting step for TIGR

Regardless of the method used to convert Pu±Ga

metal to PuO2±Ga2O3 powder, the TIGR process used

in this study is e�ective in separating Ga2O3 from PuO2.

The three-step powder experienced greater mass loss due

to Ga removal, given its greater starting concentration

of Ga and lower ®nal concentration. The DMO material

experienced far less mass loss than the three-step powder

regardless of process temperature (Fig. 12), sample size

(Fig. 11), test duration (not shown), or gas ¯ow velocity

(not shown). The di�erence in mass loss is primarily

attributable to reduced water desorption. The starting

DMO powder had approximately 0.5 wt% less water

adsorbed on its surface as a result of its smaller surface

area. Assuming that Ga evolution, water desorption,

and PuO2 reduction are the only mechanisms for mass

loss, the amount of reduction can be calculated. The

data suggest that the three-step PuO2 experienced

greater reduction by the H2 gas than the DMO powder,

but this cannot be de®nitively concluded due to the

scatter in the data.

Fig. 12. Plot of mass change as a function of process temper-

ature for di�erent powders exposed to ¯owing Ar±6% H2. Test

duration: 4 h; Sample mass: 2.5 g; Flow velocity: 1.5 cm/s.

Fig. 11. Comparison of the mass change of three-step and

DMO powders treated at 1200°C for 4 h in ¯owing Ar±6% H2.

Fig. 13. Plot of remaining Ga concentration as a function of

process temperature for 17.5 g DMO samples exposed for 4 h to

a 1.5 cm/s gas ¯ow velocity.
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Ga evolution from commercially pure Ga2O3 is much

greater than that from either of the Ga2O3±PuO2 pow-

ders (Fig. 12). Moreover, for pure Ga2O3, increasing gas

¯ow rate increases the rate of Ga evolution (Fig. 14).

The increased evolution as compared to PuO2 and the

observed dependence on ¯ow rate indicate that Ga

evolution is not reaction rate limited (Eq. (1)) but rather

is limited by mass transport. Calculations indicate that

in the event of mass transport limitation, Ga2O will be

the limiting species, as opposed to H2 or H2O (Fig. 15)

[28]. Thus, Ga2O transport likely limits the Ga2O evo-

lution from Ga2O3. Given that Ga2O evolution is not

reaction rate limited for pure Ga2O3, evolution should

not be reaction rate limited for PuO2±Ga2O3.

The fact that Ga removal from PuO2±Ga2O3 powder

is una�ected by ¯ow rate suggests that Ga evolution is

not limited by mass transport of Ga2O away from the

boat to its deposition point downstream. As Ga evolu-

tion does not appear to be either reaction rate limited or

mass transport limited by transport away from the boat,

the potential rate limiting steps are either mass transport

within the PuO2 particles themselves, or mass transport

within the interstices between the powder particles.

The lack of sample volume e�ect on TIGR suggests

that mass transport within the interstices between the

powder particles is not rate controlling. 0.3, 0.9 and 2.5 g

samples were placed in identical boats. The depth of the

powder was approximately 1, 3 and 7 mm for the 0.3, 0.9

and 2.5 g samples. If mass transport within the inter-

stices was rate limiting it would be expected that larger

samples would retain more Ga following processing

than smaller samples. This was not observed. In order to

further assess whether mass transport within the particle

interstices controls TIGR, a 0.3 g sample of three-step

PuO2 was spread on an alumina plate so that the powder

depth was roughly one tenth of that when in the boat.

Enhanced TIGR was not observed for the thinly spread

sample. Therefore, although not fully conclusive, it does

not appear that mass transport within the powder in-

terstices controls Ga evolution.

Given that the larger DMO particles experience less

Ga removal than the smaller three-step particles, it may

be hypothesized that TIGR is controlled by mass

transport within the powder particles. This hypothesis is

supported by the fact that the other mechanisms dis-

cussed above do not appear to be controlling. However,

it cannot be de®nitively concluded that the system is

under solid-state mass transport control at this time.

The experiments performed in this work were designed

to determine the optimal processing conditions and were

not optimized to determine the controlling mechanisms.

Other experiments, such as those incorporating a ¯ui-

dized bed, would be required to reach a de®nitive con-

clusion.

The microstructure of PuO2±Ga2O3 may evolve

during processing. Initially, a two-phase microstructure

is present because Ga2O3 has a low solubility in PuO2,

roughly 45 wppm at 1200°C [23]. Therefore, there is little

Ga2O3 in solution and the vast majority of the Ga2O3 in

PuO2±1 wt% Ga2O3 exists as second-phase particles

having a Ga2O3 activity approaching one. As shown by

microprobe measurements of CeO2 surrogate material

[28,29], which is an excellent surrogate for PuO2 with

respect to TIGR [28±30], Ga migrates to grain bound-

aries during processing in Ar±6% H2. It has been spec-

ulated that the grain boundary compound is not Ga2O3

but the perovskite-phase PuGaO3, based on thermody-

namic predictions [23,28] and experimental evidence

[31]. Note that PuGaO3 is only stable under reducing

conditions.

Fig. 14. Plot of mass change as a function of gas ¯ow velocity

for 2.5 g samples of commercially pure Ga2O3 exposed at 900°C

for 4 h.

Fig. 15. Di�usion coe�cients for relevant gas species as a

function of temperature [28].
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When the Ga concentration is reduced to levels below

45 wppm, it is unclear whether the remaining Ga is

primarily in solution in the PuO2, or whether it is pri-

marily present as a grain boundary compound. The re-

maining Ga is almost certainly not present as the

original second-phase Ga2O3 particles because the ac-

tivity of Ga2O3 in these particles is much larger than that

in the PuO2 matrix. Therefore, the driving force for Ga

evolution from second-phase particles is much stronger

than that from solid solution. It is clear that if there is an

ultimate limit for Ga removal, it is below the 45 wppm

solubility of Ga2O3 in PuO2, given that 25 wppm Ga

remains in PuO2 following processing at 1200°C for 24 h.

It is clear from the data that the most e�cient TIGR

from PuO2 requires the highest temperature achievable,

although particle sintering may diminish the bene®t

from increased temperature under some conditions. In

addition to increasing the process temperature, some

bene®t can be obtained by increasing the exposure

duration. However, increasing duration produces

diminishing returns. Reducing the starting particle size

increases the e�ciency of Ga removal, however particle

agglomeration during processing (Figs. 5 and 6) limits

this bene®t. Increasing the intrinsic mass transport at a

given temperature would enhance TIGR. However, until

the composition and microstructure of Ga within pro-

cessed powder are better understood, the means for

enhancing intrinsic mass transport are unclear. From an

industrial standpoint, enhancement of intrinsic mass

transport may be preferable to increased temperature,

given the increasing attack of furnace materials by Ga2O

with temperature [15].

5. Conclusions

A process for removing Ga2O3 from PuO2 by ex-

posing PuO2 powder to Ar±6% H2 gas at elevated tem-

perature was developed. The e�ects of temperature,

exposure duration, gas ¯ow velocity, and sample size on

TIGR from di�erent PuO2 powders were examined.

Little Ga removal was observed at process temperatures

below 1000°C. Above 1000°C, Ga removal increased

with increasing temperature, with as little as 25 ppm

remaining in the powder following a 24 h exposure at

1200°C. Processing at 1200°C resulted in both larger

particle sizes and reduced surface areas. Increasing test

duration increased TIGR, albeit with diminishing re-

turns over time. Limited bene®t is obtained by pro-

cessing beyond 4 h. Gas ¯ow velocity and sample

volume did not appear to signi®cantly a�ect Ga evolu-

tion. It is unclear whether there is an ultimate limit for

Ga removal, but it appears that TIGR at even greater

temperatures could reduce the remaining Ga concen-

tration within PuO2 even further. Based on TIGR from

Ga2O3, DMO PuO2, and three-step PuO2, it appears

that mass transport control within the powder particles

limits Ga removal. Further study of the microstructure

would be required to determine if the intrinsic mass

transport could be enhanced to aid in TIGR.
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