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INTRODUCTION 

in plutonium production machining and handling operations, a potential haz

ard exists in the compatibility of plutonium and certain chlorinated sol- · 

vents. Burnirig plutonium, at 750-800°C, readily and violently reacts with 

carbon tetrachloride but not with some other chlorinated solvents. A pre

vious report(!) dealt with the comparison of the relative· intensities of 

the reactions of burning plutonium with various solvents. Irregularities 

in the initiation of the reaction emphasized the need for more quantitative 

information. This prompted the following study of the temperature at which 

the plutonium-chlorinated solvent reaction occurs (critical temperature), 

the effect of surface area on this temperature, and the effect of cutting 

oil addition to CC14 . 

SUMMARY AND CONCLUSIONS 

Critical temperatures were determined for some plutonium-chlorinated sol

vent reactions. The critical temperature, as used here, is defined as the 

lowest temperature at which plutonium reacts with the solvent to yield an 

exothermic reaction accompanied by light emission. These temperatures were 

determined by heating plutonium samples to a known temperature in argon and 

dropping them into various solvents while visually watching for a reaction. 

A correlation was established between the critical temperature and surface 

area for unalloyed and l w/o gallium alloyed plutonium in several chlori

nated solvents. The critical temperature decreases as the specific surface 

area is increased. 

A previous investigation(!) indicated that burning plutonium does not react 

with 1,1,1-trichloroethane, trichloroethylene, perchloroethylene, and 

1,1,2-trichloro-1,2,2-trifluoroethane. This implied that a burning coupon 

would be extinguished and the rea~tion was not self sustaining. For these 

critical temperature measurements a reaction was defined as any exothermic 

reaction accompanied by a flash of light. The light emission needed only 

to be bright and long enough to be visible with the naked eye. The re-

.c tion may or may not go to completion. By this definition, the above 

(1) Pitts, Jr., S. H., Preliminary Studies on Reactions of Burning Plutonium in Various Solvents, 

The Dow Chemical Company, Rocky Flats Division, July 19, 1965, RFP-566. 
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four solvents do react with plutonium. However, the reaction is 

milder and seldom goes to conipletion as it does in CC14 • CC1 4 consis

tently had the lowest critical temperatures. Chlorothene®* a~d Freon®** 

TB-1 solvents had essentially the same critical temperature which was lower 

than for perchloroethylene and 1,1,2-trichloroethylene. Of the solvents 

studied, trichloroethylene was the least reactive and therefore the safest 

under these test conditions. 

In general, unalloyed plutonium exhibited a.lower critical temperature than 

gallium stabilized delta phase plutonium. 

'l'he critical temperature of plutonium in CC14 was increased by the addi

tion of Texaco Regal<B>*** r.11t.t.ing oil. The addition of plutoniy,m o~ide, 

plutonium chloride, water, or chlorine to CC1 4 q~d not lowP.r the critical 

temperature of plutonium. Both acetone and methanol added to CC14 sup

pressed the reaction and increased the critical temperature. 

EXPERIMENTAL 

Apparatus 

Figure 1 shows the experimental apparatus. It consists of a. Vy~or®**** 

glass tube containing a beakP.~ of solvent in the bu'LLum and a heated side

arm near the top. Opposite the side-arm was a second side-arm through 

which a loosely-fitted spoon of Vycor® with an internal thermocouple was 

inserted. An inert atmosphere was maintained by an argon purge entering 

near the bottom and leaving through a small hole in the gravity-held blow

out plug on the top. 

Procedure 

A typical run was made by loading 0.5-1.0 gram of plutonium onto- the 

spoon, inserting it into the furnace tube, and heating it whil~ purging 

with argon. An i-nert gas atmosphere is necessary to prevent plutonium 

ignition. Upon reaching the desired temperature, the spoon is quickly 

withdrawn from the furnace and rotated to drop the plutonium into 5-7 ml 

of room-temperature solvent. A reaction was easily recognized by the emis

sion of a bright orange light and vigorous boiling o·f the solution. 

2 

* • Trademark The Dow Chemical Company 
** • Trademark E. I. du Pont de Nemours & Co., Inc. 
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Critical temperatures were deter

mined by running a series of tests 

above and below the estimated ac-

tual value. Temperatures above 

the critical temperature were de

creased and those below the criti

cal temperature were increased 

until the actual value was within 

a l0°C range. Because of the broad 

unit division of the recorder 

chart paper and t.he uncertainty of 

reaction near the critical temper

ature (operator judgment), the 

critical temperatures were esti

mated to be accurate within ±l0°C. 

Reagents 

Commercial grade solvents wereused 

in most of these tests. There was 

no detectable difference in the 

critic~temperature determinations 

when using ei the·r commercial or 

reagent grade CC1 4 • Inhibited and 

RESISTANCE 
.F RNACE 

PU SAMPLE 

SOLVENT 
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Figure 1. REACTION CHAMBER FOR CRITICAL 
TEMPERATURE DETERMINATIONS 

non-inhibited 1,1,1-trichloroethane also gave similar temperatures. 

The plutonium samples were made from cast and rolled metal. The alpha 

phase plutonium was approximately 99.3 percent pure and the delta phase 

metal 98.9 percent pure. Table I gives a typical analysis for the type 

of alpha and delta phase plutonium used. Filings were manually prepared 

using a double cut, coarse bastard file for the coarse filings and a 

single cut, mill bastard file for the fine filings. 

RESULTS AND DISCUSSION 

The data presented in Tables II and III are the results of several hundred 

individual experiments. The number of runs to establish any one critical 

3 
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Pu Sample 

delta phase 
coupon 

delta phase 
coarse filings 

delta phase 
fine filings 

alpha phase 
II•"P•fl 

alpha phase 
coarse fi li~gs 

alpha phase 
fine filings 

TABLE I 

TYPICAL ANALYStS OF PLUTONIUM USED 
IN CRITICAL TEMPERATURE DETERMINATIONS 

Pu (assay) 
Pu240 (mass spec.) 
Go 

Impurities, ppm 

AI 
Cr 
Fe 
Go 
Ni 
Si 
u 
c 
A••• 

Alpha Phase 

99.30% 
5.935 

37 
28 

184 
28 
74 
42 
75 

150 
'JU 

TABLE II 

Delta Phase 

98.90% 
5.901 
1.002 

54 
73 

491 

121 
54 
57 

182 
247 

EFFECT OF SURFACE AREA ON THE CRITICAL TEMPERATURE 
FOR THE Pu-CHLORINATED SOLVENT REACTION 

Critical Temperature, °C ± 10° 
Specific 
Surface Trichloro• Perch lora· 

Area, m2/g ethylene a thy lone Ch lorothene (1) Freon TB-1. (2) 

0.00011 755 745 750 745 

0.6 655 6U5 565 565 

1.2 615 505 405 405 

0.00011 745 700 715 715 

0.6 660 465 465 455 

1.2 525 385 355 365 

(1) Inhibited 1,1, 1-tri chloroethane, The Pow Chemical Company 

(2) 1, 1,2•trichloro•1,2,2-trifluoroethane +ethylene glycol monobutyl ether, E. I DuPont Co. 

NOTE: Approximate Pu sample wt. = 0.6-0.8 g, approxi~ate solvent volume= 5-7 .mi. 

' ! 

Carbon 
T etrach Iori de 

• 0 

645 

425 

370 

6:!6 

395 

305 



RF-P~688. 

TABLE Ill 

EFFECT OF TEXACO REGAL CUTTING OIL ON THE CRITICAL 

TEMPERATURE OF THE Pu-CC1 4 REACTION 

Specific 
Volume Ratio CC14/0il 

Surface 90 ZQ so 40 20 Texaco Regal 50 Trichloroethylene 

Pu Sample Area, m2/g CC14 10 30 so 60 80 2A Cutting Oil so Oil 

delta phase 

coupon 0.00011 645 645 650 650 665 765 

delta phase 

coarse fi I ings 0.6 425 425 485 485 535 565 655 

u 
delta phase 0 

II') 

fine fi I ings 1.2 370 370 370 380 400 470 
-o 
CX) 

2 
Q. 

alpha phase :I 

coupon 0.00011 625 625 625 655 655 755 
c 
0 
+-
u 
D 

alpha phase ~ 
a 

coarse fi I ings 0.6 395 410 435 520 z 655 

alpha phase 

fine fi I ings 1.2 305 310 340 390 

NOTE: Approximate Pu sample wt. = 0.6-0.8 g; approximate solvent volume= 5-7 mi. 

temperature was unimportant- since only the two temperatures immediately 

above and below it were necessary. The critical temperatures given-here 

are the best values when all of the sources of error were considered. 

The mnjor source of expP.rimental er~or was attributed to particle size. 

Due to the method of preparation and absence of screening techniques, the 

particle size varied considerably within batches. A batch containing an 

unusual amount of finer particles would yield a lower temperature. 

Other sources of variation were due to the amount of splatter of molten 

samples, temperature va.:ri.ation of the solvents, and temperature variations 

of the particles when dropped through the argon purge. Some uncertainty 

existed in the surface area of the particles at temperatures near the 

melting point of plutonium due to partial agglomeration. 

Table II summarizes the relationship _of surface area and critical tempera

ture of the plutonium-chlorinated solvent reactions. It also gives a re

lative comparison of the ease of reaction initiation between each of these 

various solvents and plutonium. 
5 
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Several apparent conclusions are: 

l. The critical temperature decreases as the specific surface area 

of the plutonium increases. 

2. The critical temperature for-unalloyed plutonium is lower than 

for alloyed plutonium of similar surface area. This difference 

is more pronounced with smaller particles. 

3. CC1 4 consistently gave the lowest critical temperature for any 

particular surface area. 

4. Chlorothene® and Freon® TB-1 have essentially the same critical 

temperatures for plutonium. 

5. Trichloroethylene had the hie-heflt c.ri t.i.t:'al tcwmperaturo· with 

plutonium. The more pronounced differences were in the smaller 

particles. 

Figures 2 and 3 graphically illustrate the difference-in critical tempera

ture of alpha and delta phase plutonium in various solvents with surface 
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area. It is postulated that if the critical temperatures were known for 

;amples with still smaller and larger specific surface areas, an S type 

~urve would result. A minimum temperature should exist where the surface 

area is theoretically infinite. A maximum temperature is apparently ap

proached for large, bulk samples. 

The large experimental difference in activity of CC1 4 and 1,1,1-trichloro

ethane with heated plutonium is not understood. This difference is not 

indicated by thermodynamic calculations of the heat of reactions and the 

free energy. In an oxygen free system at 500°K, thermodynamic calcula

tions give the following: 

Reaction A..!! 
4Pu + 4CH3 CC13 ~ 4PuC13 + 8C + 2H2 

4Pu + 3CC14 ~ 4PuC13 + 6C 

-762.0 Kcal -752.4 Kcal 

-831.1 Kcal -771.5 Kcal 

This suggests that the plutonium-1,1,1-

trichloroethane reaction sequence has a 

higher activation energy. The reaction 

ceases when the temperature falls below 

the critical temperature. 

The effect of adding Texaco Regal® cut

ting oil to CC1 4 is shown in Table II 

and Figure 4. The oil itself was non

reactive up to 865°C. As the concentra

tion of the oil in CC1 4 was in·creased 

from 10 to .80 percent,the critical tem

perature increased erratically. In no 

case was a lower temperature obtained 

through the use of oil. This was fur

th~r .verified by the two spot checks 

with a 1:1 trichloroetheylene/oil mix

ture. 

~he contaminants suspected in a pluto

nium-chlorinated solvent system are 

PuCb , Pu02 , H2 0, and Cl2 • There was 
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Figure 4. EFFECT OF OIL ON THE CRITICAL 
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no indication that any of these compounds would lower the critical tem

perature of plutonium when mixed with CC1 4 . This was determined by making 

runs slightly below the critical temperature for plutonium in pure CC14 . 

The solutions contained an excess, but unmeasured amount of the PuC13 , 

Pu02 , H2 0 (estimated 0.5-2.0 w/o), or were nearly saturated with chlorine. 

No reaction was obtained in any of these runs. Since the exact critical 

temperature was not determined with these solutions, the temperature in

creasing effects, if any, were not established. 

A suppressive effect on the reaction was observed by the addition of ace

tone or methanol to CC14 . Acetone was more effective than methanol. A 

one-percent solution of acetone in CC14 gave a shortsr, less intense re

action with a plutonium coupon at 670°C than does CCl4 alone. A similar 

effect was obtained with a 4:.percent solution of methanol in CCl4. The 

normal intensity of the plutonium~CC14 reaction could be restored with 

these solutions by increasing .the metal temperature to greater than 700°C. 

Ten-percent solutions of either acetone or methanol in CCl4 did not·give 

a s~stained reaction at 700°C~ 

The suppressive effect of acetone or methanol on the plutonium-CC14 re

action is directly proportional. to the amount.· used. It is postulated that 

a competing plutonium surface reaction (such. as oxidation) occurs· ·wi.th the . 

additive, and the· resulting product acts as a barrier to the CC14 .. It was 

demonstrated that Pu02 does not visibly react with either CCl4 or 1,1,1-

trichloroethane up to 850°C as does plutonium under these test conditions. 

RECOMMENDATIONS 

The lowering of the critical temperature of the plutonium-CC14 reaction by 

smaller plutonium particles should be considered in operations involving 

plutonium-CC14 contact. A normally safe operation is made unsafe through 

generation of small, active particles and heat. The heat generated from a 

small plutonium-CC14 reaction could conceivably activate a larger reaction. 

Consequently, the heating of unalloyed plutonium with a specific surface 

area of 1.2 m2 /g to 305°C and alloyed plutonium to 370°C in CC14 should br 

avoided. This work suggests that plutonium with a larger specific surface 

area would react at even a lower temperature. 

8 
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The use of acetone or methanol to prevent a self-sustaining plutonium-CC14 

~eaction is possible, but more than catalytic amounts would be required. 

Between a 4- and 10-percent concentration is necessary to increase the cri

tical temperature 30-40°C. 

From the standpoint of critical temperature, trichloroethyl~ne is the 

safest solvent of those evaluated for plutonium use. It should be con

sidered as a replacement for CC14 providing that other criteria such as 

solvent properties, recovery, and economics are satisfied. Perchloro

ethylene, Chlorothene® and Freon® TB-1 are also less reactive than CC14 • 

Cutting oils that become contaminated with appreciable quantities of 

chlorinated solvents should be treated as the solvents themselves insofar 

as safety is concerned. 
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