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ABSTRACT 

The use of direct refluorination to recover plutonium deposited in 

equipment by consumption and decomposition of PuFg gas has been the subject 

of a brief experimental program. Measiorable rates of refluorination were 

o 
obtained at temperat\:ires as low as I70 C and by means of a statistically 

designed experiment, the approximate significance of the three variables, 

temperature, fluorine pressure, and fluorine flow rate, was determined. 

Temperature was found to be the most significant variable, and the heat of 

reaction based on removal rates measured from I70 to 350 C compared favor­

ably with reported values obtained by equilibrating PiJFg and Fg gas mix-

tures. At plutonium surface concentrations below ~3 /„gm/cm , the rate of 

refluorination was found to be proportional to the plutonium surface con­

centration. In no case was the sxrrface concentration decreased below 

0.08 jugm/cm . 
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LOW-TEMPERATURE REFLUORINATION OF PuFg DECOMPOSITION PRODUCTS 

W.L. Robb, R.J. Brandon, R.L. Myers, H.N. Galpern 

INTRODUCTION 

In any equipment containing P-uFg gas, some decomposition of the PuFg gas 

and deposition of a nonvolatile plutonium fluoride must be expected. This 

deposition can be due to radiation- or thermal-decomposition or due to con­

sumption on the walls of the equipment. Although the rate of this deposition 

will be affected by the temperature, the gas pressure, the material and sur­

face area of the equipment, and the presence of other constituents in the gas 

phase, a value of 0.3p/day gives an indication of this deposition rate. 

Periodically these decomposition products (presumed to be PuFĵ  in this 

study) must be removed from the equipment, and to date it is usually assumed 

that dissolution in an aqueous or organic medium will accomplish this clean­

up. However, some construction materials are not corrosion resistant to 

liquids which will dissolve PuFî , and in other cases it is difficult or im­

possible to handle liquids in the equipment. In these cases, it would be de­

sirable if the PuFi,. could be refluorinated to PuFg gas, which could then be 

pumped from the equipment. 

Before 195^, it was not believed possible to form PuFg below 350°C. In 

I95U, however, Vogel^ showed that bulk PuF, could be transported as a vapor 

1 KAPL-1728 
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in a fluorine stream at much lower temperatures, which gave promise to the 

use of direct refluorination as a means of decontamination. To extend his 

work, an experimental program was begun at the Knolls Atomic Power Laboratory 

to investigate the refluorination rate of contaminated metal specimens. 

Preliminary results showed that the PuF could be reflourinated and removed 

4 

at least as low as 200°C. With this encouragement a statistical experiment 

was performed in an attempt to determine the mechanisms which control the 

reflourination rate. 

DESCRIPTION OF EXPERB/EENTAL EQUIP̂ AENT 

The measurement of refluorination rates of PuF decomposition products 
6 

was accomplished in a simple nickel apparatus, mounted in a stainless steel 

hood and operated manually. The entire flow system is shown in Figure 1, 

and the details of the sample holder which held the metal samples to be 

decontaminated are shown in Figure 2. The refluorination reactor was a 

16-in. 

KAPL-1728 
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length of nickel tubing with a l/2-in. ID, wound with insulated resistance 

wire, asbestos tape, and glass wool. A l/8-in. stainless steel tube attached 

to the outside of the nickel tube served as a thermowell, which permitted 

temperatiires to be measured along the tubing by adjusting the depth of the 

thermocouple in the well. In a preliminary test the sample temperatures 

were calibrated against a thermocouple in this well. A liquid nitrogen cold 

trap was attached to the l/2-in. reactor tube by means of a Teflon gasket be­

tween two nickel flanges. The cold trap was intended as a collection surface 

for any PuFg produced. In most of the experiments this trap was not kept ; 

cold, since there was no need to recover the PuFg formed. A CaCOo (finely; 

divided oalitic limestone) trap was used to decompose and collect any PuF^ 

that was volatilized. 

The fluorine flow rate was measured by a gas rotameter. The fluorine pres­

sure was measured by Bourdon pressure gages with Monel bellows placed downstream 

and upstream of the reactor and by a Taylor differential pressure transmitter 

downstream from the reactor. The fluorine flow rate and reactor pressiire 

were maintained by manually controlling Hoke diaphragm valves, marked 3 and 5 

in Figure 1. A coil of nickel tubing wound with insulated resistance wire 

was used to preheat the fluorine. 

All tests were started with the reactor at temperature and evaciiated. 

Ten to thirty seconds were usually required to fill it to the desired fluorine 

pressure, and timing of the telsts began as soon as the reactor was filled with 

F2 and the desired flow rate had been obtained. At the end of the intended 

running time, the reactor was rapidly evacuated and kept this way until it heui 

KAPL-1728 
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cooled. Fortimat̂ ely;, tests with jero -running time demonstrated that this fill­

ing and e''"acuatlng procedure did not produce significant PxiFh decontamination 

compared with tha-t obtained during the timed flow period. 

The metal samples to be decontaminated were prepared from highly polished 

10-mil-thick sheets cf ALCOA T5ST6 al^jminum alloy cut into samples \/k by l/2 

in. One end of each samjle w&s reserved for handling, aad only a circle of 

O0I3I cm" on each iide was cojinted by an alpha proportional "-ountero The 

samples were first prefluorinat«d at '̂ 5 C for 26 hr and then were exposed to 

PuF/;̂  for the various times^ -emperatures, and pressures given in Table 1» 

After the PuF^ gas had byen pumped out of the sample centalner^, the samples 

were carefully removed^ counxed on both sides for plutonium activity;, and 

sorted according to the amount cf contamination. 

TABLE 1. Exposure Conditions for Contaminating Aluminum Samples 

Range of Plutonium 
Temperature, Exposure Time, Initial PuFg Concentrations 

Exposure °n hrr Pressure, mm Hg on Samples 

1 75 22 5.2 0.6 to lo5 

2 90 22. 19 = 0 "Pol to 8,2 

3 9C 24 17=3 8o2 to 12o5 

Alpha counting was done before and after the decontamination tests with 

a thin mica shield which could be placed in the same position on the samples. 

Several counts ^ere taken on each surface with the shield repositioned before 

each coxint» Checks within 2^ were usually obtained. 

KAPL-1728 
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Control of the initial P"aF4 surface concentrations in the tests was 

accomplished by assigning each sample to one of seven classes (numbered 1, 

2, "• • °, 7) according to the initial concentration on one side of each 

sample strip. In this manner only one of the two sides of each sample 

could be controlled, but, in general, little difference was found in the 

initial concentrations measured on the two sides of the samples. The con­

trolled side of each sample is referred to as the "prime" side to contrast 

it with the noncontrolled "reverse" side. 

The six contaminated sides of the three samples were classified ac­

cording to slot position in the sample holder (i.e., top, middle, or bottcm) 

and side (up or down). The prime side of the three sample strips was as­

signed, respectively, to the upper top, upper middle, and lower bottom 

positions in the holder. All the specimens assigned to the top position 

came from the median concentration class. The initial concentrations on 

the other two controlled positions were varied among the remaining six con­

centration classes, with the restriction that the sum of the class numbers 

of the three controlled concentration classes equal 12 for each test. For 

example, one possible combination would be that of three sample strips from 

the fourth (the median), seventh, and first concentration classes (i.e., 

4 + 7 + 1 = 12)o 

In addition to the tests required for the statistical experiment, tests 

were also performed to prove that the removal of plutonixmi was due to re-

fluorination and to determine the amount of transfer of plutonium from one 

sample to anothero That the decontamination was due to refluorination was 

confirmed by performing a test in the usual manner, except with helium gas 

replacing the fluorine. Within the alpha counting accuracy, no plutonium 

KAPL-1728 
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was removed from the sample. The amoimt of material transferred between sam­

ples was measured by placing an uncontamlnated metal sample in the reactor 

along with two contaminated samples. A decontamination test was then performed 

in the normal manner» Counting of the initially clean sample in two tests 

showed that 0.009 and 0.03 |igm Pu/cm^ had been deposited on the specimens. 

These are lower plutoniijm concentrations than were obtained on even the most 

completely decontaminated samples. 

No attempts to recover and identify PuFg gas from the refluorination were 

undertaken, although this is something that was planned had time been avail­

able. 

RESULTS 

PIOFL Refluorination Rates 

In an attempt to determine the variables which control the rate in the 

refluorination of PuF^ decomposition products^ twenty-two separate tests were 

made at five different levels of fluorine flow rate, W-, , and fluorine pres-
2 

sure, Pj, and at six different sample temperatures;, T. The conditions of 

each test and the PuFj. concentrations on the samples before and after each 

test are given in Tables 2 and 3̂  respectively. The term C refers to the 

initial PuF^ concentration^ and C refers to the concentration after refluori­

nation for t minutes. The PuFĵ  concentrations are given in terms of alpha 

counts per minute per 0,131 cm equal to ~10~^ JLi gm Pu/cm . 

In Table 2 the Intended values of the three controlled variables for the 

designed experiment are given along with the actual values of the variables 

in the tests. Usually good agreement between planned and actual conditions 

was obtained. The largest disagreement was found in the fluorine flow rate 

in Test No. £. For this reason this test was rerun as Test No. 2Ro 

KAPL=1728 
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Run 
Num­
ber 

1 

IR 

2 

2R 

3 

k 

5 

6 

7 

8 

9 

9R 

J Clean 
^ ReruE 
P Rpriir 

PI 
Exp 

PI 
Exp 

PI 
Exp 

P I 
Exp 

PI 
Exp 

PI 
Exp 

PI 
Exp 

PI 
Exp 

PI 
Exp 

PI 
Exp 

P I 
Exp 

PI 
Exp 

TABLE 2 . Comparison of 
and Actual 

Run 
Time, 
min. 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

2 .5 

5 

L aluminum. 
L of top sample 

nf hnt.tom samn 

Temper-
at lire, 

oc 

250 
21+9 

250 
2U9 

200 
199 

200 
199 

312 
313 

312 
313 

200 
200 

250 
21+9 

200 
200 

200 
200 

312 
313 

312 
311 

i n Run 5-
l e in Run 

Planned Var i ab le s 
Experimental Var i ab l e s 

• P r e s ­
sure^ 
mm Hg 

21+5 
21+9 

21+5 
21+5 

130 
123 

130 
131 

130 
132 

1+61.6 
1+58 

1+61.6 
1+61+ 

21+5 
21+1+ 

130 
130 

1+61.6 
1+62 

130 
130 

130 
131 

2 . 

Flow 
Rate^ 
m i l l i -
moles / 
min 

h,3 
h.5 
I+.5 
h.3 

2.02 
i^.3 

2 .02 
1.95 

10.06 
9 .9 

2 .02 
1.9 

10.06 
9.6 

U.5 
l+.O 

10.06 
10.5 

2.02 
2 . 0 

2 .02 
3.0 

2 .02 
2 . 1 

Sampl 

Top 

Prime ' 
Side 
Up 

1+ 
1+ 

1+ 
1+ 

1+ 
1+ 

1+ 
1+ 

1+ 
1+ 

1+ 
1+ 

1+ 
1+ 

1+ 
1+ 

1+ 
1+ 

1+ 
1+ 

1+ 
1+ 

1+ 
1+ 

e Group 

Middle 

Prime 
Side 
Up 

6 
6 

6 
Clean 

6 
6 

6 2 
Rerun 

2 
2 

2 
2 

6 
6 

2 
2 

1 
1 

1 
1 

7 
7 

Rerun 

Number 

Bottom 

Prime 
Side 
Down 

2 
2 

2 
2 

2 
2 

2 
Rerun^ 

6 
6 

6 
6 

2 
2 

6 
6 

7 
7 

7 
7 

1 
1 

Rerun^ 

Rerun of top sample in Run 2. 
5 Rerun of bottom sample in Run 9-

KAPL-1728 
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TABLE 2. Comparison of Planned Variables 

Rim 
Num­
ber 

10 

lOR 

11 

12 

13 

11+ 

15 

16 

17 

18 

19 

PI 
Exp 

PI 
Exp 

PI 
Exp 

PI 
Exp 

PI 
Exp 

PI 
Exp 

P I 
Exp 

P I 
Exp 

PI 
Exp 

PI 
Exp 

PI 
Exp 

and Actual 

Run 
Time, 
min 

2 .5 

5 

1+ 

1+ 

1 

1+ 

1+ 

1+ 

1+ 

1+ 

30 

Experimental Var i ab l e s i 

Temper-
a t u r e , 

Oc 

312 
311 

312 
310 

250 
251 

182 
181 

31+2 

3^3 

250 
251 

250 
250 

250 
21+9 

250 
250 

250 
21+8 

170 
171 

P r e s ­
sure , 
mm Hg 

1+61.6 
1+61 

1+61.6 
1+63 

2I+5 
21+3 

21+5 
21+6 

21+5 
21+7 

21+5 
21+1+ 

21+5 
21+3 

100 

99 

600 
595 

21+5 
2I+5 

21+5 
21+5 

Flow 
Rate 
m i l l i -
moles / 
min 

10.06 
9.8 

10.06 
9-h 

^.5 
^.3 

^.5 
1+.6 

i^.5 
1+.65 

1.1+1+2 
1.1+1+ 

11+ 
13.6 

i^.5 
i^.5 

1̂ .5 
i t .3 

it.5 
^ . 7 

1 .̂5 
it.5 

Continued) 

Sampl 

Top 

Prime 
Side 
Up 

1+ 
1+ 

1+ 
1+ 

1+ 
1+ 

1+ 
1+ 

1+ 
1+ 

1+ 
1+ 

1+ 
1+ 

1+ 
1+ 

1+ 
1+ 

1+ 
1+ 

1+ 
1+ 

e Group 

Middle 

Prime 
Side 
Up 

7 
7 

7 . 
Rerun" 

7 
7 

3 
3 

5 
5 

5 
5 

3 
3 

3 
3 

5 
5 

1 
1 

3 
Clean 

A l l 

Number 

Bottom 

Prime 
Side 
Down 

1 
1 

1 7 
Rerun 

1 
1 

5 
5 

3 
3 

3 
3 

5 
5 

^ 9 Rerun 

ReL^O 

7 
R e - r e -

run 11 

5 Q 
Rerun 

f i ed 
12R) 

° Rerim of top sample i n Run 7 . 
j . Rerun of bottom sample in Riin 10. 

Rerun of middle sample in Run 12. 

° Rerun of f i d d l e sample i n Run 1. 
TZ Rerun of top sample i n Run 1 . 

Second r e r \m of middle sample 
i n Run 1. 

KAPL-1728 
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TABLE 3 , I n i t i a l and F i n a l Concen t ra t ions 
( c t /min /0o l31 cm^l 

Top Middle Bottom 
Run 

1 

IR 

2 

2R 

3 

k 

5 

6 

7 

8 

9 

9R 

0 

OR 

Side 

Prime 
Reverse 

Prime 
Reverse 

Prime 
Reverse 

Prime 
Reverse 

Prime 
Reverse 

Prime 
Reverse 

Prime 
Reverse 

Prime 
Reverse 

Prime 
Reverse 

Prime 
Reverse 

Prime 
Reverse 

Prime 
Reverse 

Prime 
Reverse 

Prime 
Reverse 

Co 

50,286 
75,928 

69,001+ 
75,9^5 

55,3^^0 
53,847 

67,79i^ 
77,806 

52,281 
i+8,495 

^^9,928 
60,703 

49,981+ 
61,328 

50,495 
69,640 

49,841 
69,210 

61,827 
46,315 

48,944 
70,628 

61,643 
41,172 

51,632 
48,479 

48,250 
69,491 

^ t 

13,426 
37,707 

6,638 
6,499 

7,976 
21,885 

35,560 
63,648 

3,386 
1,930 

1,698 
1,784 

4,276 
10,507 

1,729 
3,301 

6,969 
22,996 

10,700 
25,867 

7,850 
14,599 

8,880 
4,352 

3,547 
4,106 

4,876 
8,551 

Co 

7,549 
9,521 

0 
0 

6,850 
8,289 

4,276 
10,507 

90,235 
81,864 

93,504 
71,984 

7,099 
7,908 

85,458 
79,053 

100,063 
85,448 

100,557 
84,793 

5,718 
4,923 

7,976 
21,885 

6,413 
5,109 

6,969 
22,996 

2,330 
2,283 

280 
268 

2,765 
3,913 

4,519 
10,449 

3,137 
4,003 

1,632 
2,369 

1,297 
763 

2,910 
1,684 

43,050 
37,414 

80,824 
36,484 

752 
1,430 

2,660 
4,756 

1,328 
1,505 

1,764 
2,158 

Co 

94,007 
77,179 

91,388 
91,530 

88,193 
88,483 

66,089 
69,451 

7,243 
8,261 

8,051 
8,130 

83,180 
81,339 

7,667 
6,567 

6,086 
7,528 

6,549 
9,262 

95,970 
95,494 

13,821 
19,030 

98,588 
90,068 

9,758 
6,158 

Ct 

19,178 
15,454 

10,695 
30,638 

66,089 
69,451 

54,465 
60,120 

1,320 
1,744 

1,875 
1,553 

21,773 
23,591 

1,005 
888 

1,394 
1,755 

1,607 
2,863 

13,821 
19,030 

6,246 
7,458 

9,758 
6,158 

8,895 
3,986 
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TABLE 3° Initial and Final Concentrations (Continued) 
"— -, 7— \ n—r—TT rrr — 

Run 

11 

12 

13 

14 

15 

16 

17 

18 

19 

Side 

Prime 
Reverse 

Prime 
Reverse 

Prime 
Reverse 

Prime 
Reverse 

Prime 
Reverse 

Prime 
Reverse 

Prime 
Reverse 

Prime 
Reverse 

Prime 
Reverse 

(ct/min 

Top 

Co 

60,290 

75,143 

54,330 
47,512 

52,562 

47,517 

53,055 
58,849 

50,105 
70,552 

59,265 
47,779 

46,112 
71,748 

49,249 
47,061 

74,800 
86,213 

Ct 

2,116 

2,895 

42,351 
40,4l7 

4,667 
2,903 

1»687 
1,698 

5,268 
17,366 

9,639 
22,268 

3,943 
34,074 

8,260 
4,381 

24,499 
41,411 

TABLE 4o Data on Refluorination 

Test 
Number 

1 

IR* 

6 

11 

18 

Five T€ >sts at the 

Time of 
Run, min 

5 

5 

5 

4 

4 

Mean Tempi 

/O0I3I cm^) 

Middle 

Co 

6,143 
7,177 

82,883 
108,2,66 

9,932 

9,135 

7,822 
6,066 

83,205 
56,980 

84,159 
83,995 

9,526 
8,584 • 

86,921 
89,281 

0 
0 

of F'jJjĵ  from 
erat-ure, Pres; 

CQ 

94,007 

91,530 

85,458 

112,875 

89,281 

Ct 

1,112 

1,093 

76,035 
94,084 

1,849 
1,873 

1,184 
1,091 

15,268 
6,447 

17,359 
6,098 

1,030 
"944 

3,3'̂ 9 
7,729 

£38 
81 

the High 
stire, and 

Bottom 

Co 

112,875 
95,475 

12,934 
7,026 

87,844 
8'̂ , ̂ 92 

60,-^48 
83,974 

8,455 
6,314 

2,330 
2,283 

13,426 

37,707 

1,707 

1,751 

76,035 
94,084 

C Samples 
Flowrata 

^t 

19, 

30, 
"•1 

^. 

7 

,178 

,638 

,910 

,684 

,729 

Ct 

4,684 
3,060 

6,052 
3,501 

2,066 
1,894 

2,955 
3,278 

1,958 

1,307 

1,707 
1,751 

7,326 
23,242 

1,471 
1,548 

4,320 
6,476 

in 

Co " C^ 

t 

14 950 

12,180 

16,510 

27,050 

20,390 

* Test IR was run after the I8 planned tests were completed and cc-uld just as well 

be called 6RO IIR, or IQR. 

KAPL-1728 
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Based on several supplementary experiments which were made prior to the 

statistical experiment, a reaction time of 5 min was chosen for all the tests 

with the expectation that the samples would all be decontaminated to the ex­

tent of removing 20 to 80^ of the PuF̂ ^̂  on the most highly contaminated samples. 

However, after eight tests had been completed, it was found that higher re­

moval rates were being attained than were expected, and in some cases decon­

tamination may have been nearly complete before the test was finished. To 

avoid this undesirable condition as much as possible, the length of the fluorine 

exposure in subsequent experiments was varied; the length of the exposvire de­

pended on the temperature of the test. This is the reason for the variation 

in the times -of the tests, and the reason that Tests 9 and 10 were made for 

both 5 and 2.5 min. 

An extra test. No. 19, was added to the tests specified in the designed 

experiment, in order to extend the temperature range of the experiments. It 

was made at 171 C and represents the lowest temperature at which measxxrable 

rates of refluorination of PuFg decomposition products have been determined. 

A high level of reproducibility unfortunately was not attained in the 

tests. This can be illustrated by two examples. 

Runs 1, IR, 6, 11, and l8 were all made at the same level of temperature, 

pressure, and flow rate: namely, 250°C, 245 mm Hg, and 45 millimoles Fg/min,, 

and in each test the most highly contaminated sample, called High C sample, 

had been given the same pretreatment to deposit the PuF, . Yet, the removal 

rates for these High C samples varied by greater than a factor of two, as is 

shown in Table 4.on page 11. 

KAPLr-1728 
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Abnormal benavior between t!n<=; six samples in a single experiment was also 

noticed For example, in T-'-'̂t Nc 2 which was run for 5 mm. at 199 G, 123-

mm Hg pr=;ssure, and 4.3 millimoles F^/min, the following results were obtained. 

TA.ELE 5 Data on ReflLorinatioB of PuFj, in Test No, 2 

Sample Side 

Top Prime 
Reverse 

Middle PT'lme 
Reverse 

Bottom Prime 
Revarsci 

There was not only considerable variation in the removal rates cn the 

different samples, but the direction of this variation was partly contrary to 

expectation. Ordinarllys the High C^ samples showed the higher rates of re­

moval, as one might logically expectt but in Test 2 and also in Test 8 the 

results were contrary to expected behaiaor. 

It is not known whether the scattering of the data was --aused by some 

uncontrolled variable p̂erhaps, the microscopic surface roughness of the 

samples), by poor attperimgntal te^hniques^ or just by the nature of the ex­

periments. Neverthelei3s-, the results cf the tests^ with and without the 

additional data cbtamed in fivs add^d tests c w«rs handled st-atisticallv to 

allow the significance of results to be determined. 

Effect of PuFĵ  S'jfdce Concanrratlcn 

Although surface corAentrat icn was not one of the primary variables 

m the designed experiment ths effe-.+ of jcncentraticn was studied by per-

KAPL-1728 

CQ 

55 3̂ *0 
53,847 

6,850 
8,289 

88,193 
88,483 

Lr-r-

T 9':6 
21,885 

: 765 

3 913 

66,089 
69,451 

9,473 
6,392 

817 
875 

4,421 
3,806 
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forming each test with specimens initially at several levels of PuF^ con­

centration. Sample concentrations varied from 0.6 to 12.5 gm/cm2, and the 

samples were chosen from three of several groups as described previously. 

Qualitatively it was fo\uid that if one assumed that the removal 

rate from various samples in any one test was proportional to the sxirface 

concentration of PuF^, much better agreement in rate coefficients between 

samples of widely different initial concentrations was obtained than if 

one compared rates calculated on the assumption that there was no depend­

ence on surface concentration. These variable rate coefficients are ex-

In —-
P+ 

pressed as 8 = — , '' - and are given for all the samples in Table 6. 
x> 

Since it was suspected that at some sufficiently high surface con­

centration the rate would not be dependent on concentration, the decon­

tamination rates for the samples were also calculated in terms of 

R 
CQ " Ct 

Values of R for all six surfaces in each test are also given in Table 6. 

More will be said later about the surface concentration, Cf, above which 

the removal rate is constant and below which the rate varies with con­

centration. 

KAPL-1728 



TABLE 6. Calculated Rates of Refluorination 

Basis: Rate is independent of concentration. 

"̂o ' Ct ^ ugm 

t min-cm 

Test Top Middle Bottom 

Iimiber 

1 
IR 
2 
2R 
3 
4 
5 
6 
7 
8 
9 
9R 

10 
lOR 
11 
12 
13 
14 
15 
16 
17 
18 
19 

Prime 

0.804 
1.360 
1.033 
0.703 
1.066 
1.052 
0.997 
1.064 
0.935 
1.115 
1.792 
1.151 
2.097 
0.946 
1.586 
0.327 
5.223 
1.400 
1.222 
1.352 
1.150 
1.117 
0.183 

Reverse 

0.834 
1.515 
0.697 
0.200 
1.016 
1.285 
1.108 
1.447 
1.008 
0.446 
2.444 
0.803 
1.935 
1.329 
1.970 
0.193 
4-865 
1.558 
1.450 
0.696 
1.027 
1.164 
0.163 

Prime 

0.114 
— 

0.089 
-0 .005 

1.900 
2.004 
0.126 
1.800 
1.243 
0.430 
0.217 
0.116 
0.222 
0.114 
0.137 
0.187 
0 .881 
0 .181 
1.852 
1.821 
0.232 
2.278 

— 

Reverse 

0.158 
— 

0.095 
0.001 
1.698 
1.518 
0.156 
1.687 
1.048 

1.054 
0.152 
0.374 
0.157 
0.454 
0.166 
0.387 
0.792 
0.136 
1.378 
2.124 
0.208 
2.223 

— 

Prime 

1.632 
1.763 
0.482 
0.254 
0.129 
0.135 
1.339 
0.145 
0.123 
0.108 
3.583 
0.165 
3.874 
0.019 
2.724 
0.187 
9.354 
2.104 
0.177 
0.016 
0.166 
0.006 
0 .261 

Reverse 

1.346 
1.328 
0.415 
0.204 
0.142 
0.143 
1.259 
0.124 
0.126 
0.139 
3.335 
0.252 
3.660 
0.047 
2.519 
0,096 
9.367 
2.200 
0.137 
0.014 
0.394 
0.006 
0.307 
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TABLE 6 (continued) 

Basis: Rate is proportional to surface concentration. 

' min 

Test Top Middle BottCTi 

Number 

1 
IR 
2 
2R 
3 
4 
5 
6 
7 
8 
9 
9R 

10 
lOR 
11 
12 
13 
14 
15 
16 
17 
18 
19 

Prime 

0.264 
0.470 
0.388 
0.013 
0.546 
0.675 
0.492 
0.665 
0.398 
0.350 
0.732 
Oo 388 
1.070 
0.459 
0.840 
0.062 
2.42 
0.864 
0.563 
0.455 
0.615 
0.446 
0.037 

Reverse 

0.140 
0.491 
0.180 
0.024 
0.644 
0.706 
0.352 
0.610 
0.220 
0.116 
0.630 
0.450 
0.988 
0.450 
0.815 
0.041 
2.89 
0.885 
0.351 
0.190 
O0I86 
0.594 
0.024 

Prime 

0.236 
__ 

0.182 
0 

0.672 
0.811 
0.340 
0.676 
0.168 
0.043 
0.812 
0.220 
0.630 
0.275 
0.427 
0.021 
1.68 
0.472 
0.424 
0.396 
0.556 
O08II 

„ 

Reverse 

0.286 
— 

0.150 
0 

O.6O4 
0.684 
0.468 
0.777 
0.165 
0.168 
0.492 
0.305 
0.490 
0.474 
0.470 
0.035 
lo58 
0.428 
0.545 
0.656 
0.552 
0.610 

-— 

Prime 

0.318 
0.430 . 
0.056 
0.038 
0.340 
0.292 
0.268 
0.400 
0.294 
0.281 
0.775 
0.159 
1.071 
0.016 
0.797 
0.190 
3.75 
0.825 
0.366 
0.078 
0.151 
0.036 
0.096 

Reverse 

0.322 
0.219 
0.048 
0.028 
0.312 
0.330 
0.250 
0.407 
0.292 
0.235 
0.645 
0.187 
0.924 
0.088 
0.860 
0.173 
3.84 
0.812 
0.394 
0.066 
0.121 
0.031 
0.089 
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From the results of these tests, as well as from several preliminary 

tests, it became apparent that the surface concentration asymptotically 

approached a minimimi other than zero. For example, evidence of this is 

shown by the Low GQ sample of Test 1, which was refluorinated in Test 

Nos. 16 and 18. Although the surface was still being decontaminated in 

the third test, the rate of cleanup on this rerun sample was only one-

sixteenth of the PuFy removal rate on the other two samples in that test. 

Another sample, first decontaminated in Test 5 and then rerun in Test 2R, 

showed no further decontamination the second time. This behavior was also 

observed in tests in which only one sample was treated at a time to elimi­

nate the possibility that samples were being contaminated by other more 

highly contaminated samples in the same test. This residual concen­

tration is identified as Coo and is assimed to have a value between 0 and 

0.3 ligm Pu/cm2. A plutonixmi concentration of 0.3 ngm/cm^ corresponds 

very roughly to a monomolecular layer on the metal, which suggests that 

the plutonium is in the form of a double salt or in some other complex 

which can not be refluorinated to PuF^ as easily as the bulk of the de­

posited PuF/. 

KAPL-1728 
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In determining C^, the surface concentration below which the removal 

rate is dependent upon surface concentration, it is possible to calculate 

an approximate value by assuming a value of G„ and assuming that the maxi­

mum plutoniimi removal rate independent of surface concentration can be calcu 

lated fran the data for the High Gg sample. By combining this information 

with the data for the Low CQ sample, the following equation should give 

approximate values of Cf: 

RHigh Co't 

'̂ t - OA ^ Cf - C„ 
Co - c„y. 

e f ^" 

Low Co 

This calcination was made for a number of tests in which the fraction of 

decontamination of the samples was relatively small. The results are given 

in Table 7 and indicate a value of Cf of about 3 to 5 (igm Pu/cm^. Since 

this represents a PuF/ surface concentration perhaps as thin as 10 mole­

cules thick, it is not too surprising that below this concentration the 

rate of removal is decreased as the siorface becomes less and less covered 

with PuF/ molecules. 

Result of the Statistical Experiment 

As planned in the design of the experiment, the resvilts of the tests 

were fitted by a method of least squares to the following regression 

equation: 

KAPL-1728 
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y = ^ ^ W ^ ^2^2 ' ^^3 ^ ^1^1 ^ '22^2 

2 
+ b^^x^ + b,^x.x^ + b^ X x_ + b„ X x„ 

33 3 12 1 2 13 1 3 23 2 3 

where y = log 9 or log R 

X = log pressure 

X = log flow, and 

1 
^3 = ^ • 

In order to facilitate the calculations and to yield constants which 

could be evaluated independently, the independent variables were expressed 

as a number of standard deviations frcm the mean, and in Table 8 the re­

gression coefficients, p, obtained for the standardized form of the re­

gression equation are presented. Also given are the standard errors, a, 

of each coefficient frcan which one can determine the statistical signifi­

cance of the regression coefficients. Whether the coefficients were calcu­

lated by machine or by hand is important since the machine calculations 

used the true test values of the variables, temperatirre, fluorine pressure, 

and flow rate, while calculations made by hand were based on the assimiption 

that the variables were at the intended conditions for each test. 

In Table 9 the regression equation obtained from the High C^ samples 

for all 22 experiments has been transposed to a nonstandardized form, and 

a comparison between the observed and predicted value of 9 for the High CQ 

KAPL-1728 
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TABLE 7. Calculated PuF^ Concentrations Where Removal Rate Becomes 

Dependent on Concentration, Cf 

Assvimptions: 

1. At any condition of teniperature, T, Fp pressure, p, and 

Fp flow rate, W, the maximum removal rate independent of 

concentration can be calculated from the data for the 

High C^ sample,, 

2. The Coo and C^ could be related to each other by the Low 

CQ data in the equation 

%igh Co^ 

Cp- c„ 

Test 
Number 

10 

Ĥigh C. ̂ Ŝ 

13,650 

10,500 

31,650 

34,500 

Assumed Coo 

0 

500 

1000 

1500 

0 

500 

1000 

1500 

1000 

3000 

1000 

Calculated C^ 

Low Co 
Prime Side 

58,000 

46,000 

41,500 

33,000 

-

38,600 

26,800 

-

177,000 

131,000 

30,800 

low Co 
Reverse Side 

47,900 

41,550 

35,000 

27,700 

-

45,500 

35,200 

-

153,500 

124,000 

a , 000 

KAPL-1728 



TABLE S . STANDARDIZED REGRESSION COEFFICIENTS AND THEIR STANDARD ERRORS 
CALCULATED FROM EXPERIMENTAL RATE DATA 

y = 

Variable 

^1 

^̂ 2 

^3 

2 
' ' l 

2 
""2 

2 
^̂ 3 

XjXg 

XjX3 

^2^3 

''o 
Variation accounted for 
by regress ion equation 

Exper iments used 

Method of calculation 

Definition of 
s tandardized dependent 
va r i ab le s 

log S T • 
^ p r ime 

P 

.0369 

.0311 

- .2604 

.0140 

.0164 

- .1150 

- .0333 

- .0061 

- .0357 

- .2765 

65% 

a 

.060 

.060 

.061 

.062 

.054 

.062 

.059 

.062 

.064 

— 

l o g ^ H i g h c ^ 

/3 a 

.0353 .058 

.0915 .058 

- .4772 .059 

- .1184 .059 

- .0044 .053 

- .1082 .060 

- .0249 .057 

.0183 .060 

. 1204 .062 

- .3095 -

86% 

— Machine 

log p - 2.376 
'^l - 0.2226 

„ _ log W - 0. 654 
2 0.2633 

^3 = 

i - 0.001919 
T 

0.0001789 

l °g^Lowc ^o 

(3 

.0597 

.0304 

- .2025 

- .0319 

- .0099 

- .0761 

.0018 

.0306 

.0285 

- .3657 

64% 

0 

a 

.050 

.050 

.050 

.051 

.045 

.051 

.049 

.051 

.053 

--

log e „ 
^ pr ime 

/3 

.0221 

.008 

- .297 

.018 

.031 

- .112 

.036 

.019 

.025 

- .257 

--

a 

.069 

.070 

.066 

.063 

.058 

.066 

.074 

.073 

.077 

— 

i ° seHighc„ 

^ a 

.007 . 063 

.054 .065 

- .505 .061 

- . 1 0 1 .059 

.025 .054 

- .093 .061 

.060 .069 

.020 .067 

.123 .071 

- .336 — 

--

1°S SLOW C 
^o 

fi 

.070 

.039 

- .222 

- .047 

- . 0 2 6 

- . 093 

- .003 

.033 

.035 

- . 310 

--

rtii uui 1, i l l , a n , dJiu l u l l 

l o g p - 2.387 
*1 0.2199 

X - log W - 0. 6737 
2 0.2557 

i - 0.00193 

''S - 0.000175 

a 

.064 

.065 

.062 

.059 

.054 

.062 

.069 

.068 

.071 

--

l°e ^HighCo 

/3 

.006 

.099 

- .379 

- . 120 

- .035 

- .043 

.032 

- .038 

- . 160 

0.199 

a 

.057 

.057 

.057 

.069 

.069 

.069 

.069 

.069 

.069 

. . 

87% 

l ° e R 2 High Go's 

(3 0 

. 007 . 067 

. 039 .067 

- .340 .067 

- .058 .083 

- .017 .083 

- .034 .083 

. 052 .083 

- . 034 .083 

- . 073 .083 

0.206 

45% 

log ^2 High Go's 

.007 

.039 

- .322 

- .057 

- . 015 

- .034 

.052 

- .034 

- . 073 

- 1 . 197 

77% 

rtil A i 

TTnnH 

„ l o g p - 2 . 389 
*1 = 07275• 

^ ^ log W - 0. 653 
2 O ^ B 

1 - 0.00191 

"S - d. 00<52O3 

a 

138 

138 

138 

168 

168 

168 

168 

188 

168 

--



TABLE 9. Nonstandardized Form of Regression Equation 

for Log eHigh Co 

X = log pressure, mm Hg 

X = log flow, milliraoles/min 

1 

"̂3 "^^ 

Log 6 = -16 .6136 + 10.9192X - 0.53523x 

+ 6004-94x - 2.3909x^ - 0.06305x2 

- (2.7191x^ X 10^) - 0.42493x^X2 

+ 459.04X X 4- 1029.05x X 

Test 
Number 

1 
IR 
2 
2R 
3 
4 
5 
6 
7 
8 
9 
9R 

Log e 

Observed 

-0 .4976 
-0 .6596 
- I . 3 1 8 8 
-1 .6198 
-0»1726 
-0.09098 
-0.5719 
-0 .1701 
-0 .7747 
-1.3665 
-0 .1107 
-0 .4112 

^High Co 

P r e d i c t e d 

-0 .2992 
-0 .2997 
-1 .2658 
-1 .5639 
-0 .1046 
0.03803 

-0 .8567 
-0 .3172 
-0 .8447 
-1 .3478 
-0 .06362 
-0 .06192 

Test 
Number 

10 
lOR 
11 
12 
13 
14 
15 
16 
17 
18 
19 

Log e 

Observed 

-0 .03386 
-0 .3778 
-0 .0985 
-1 .4559 
0.5740 

-0 .09044 
-0 .3726 
-0 .4023 
-0 .7305 
-0 .2145 
-1 .6198 

'High Co 

Pred ic t ed 

-0 .1907 
-0.1882 
-0 .2854 
-1 .3262 
0.1782 

-0 .4499 
-0 .1479 
-0.7080 
-0 .6109 
-0 .3012 
-1 .5695 
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samples shows the extent of the agreement between the regression equation 

and che actual data from which the regression equation was calculated. 

Regression coefficients and their standard deviations for the inde­

pendent variables were calculated from the values of 6 for the High CQ, 

the Middel Co, and the Low Co samples and from values of R for the High C^ 

samples. No data from rerum samples were used. The coefficients were 

calculated by using the basic 18 experiments of the experimental Box design 

and also the basic 18 experiments plus 4 additional tests which repeated 

some of the planned tests. In every case the exponential temperature ef­

fect was found significant. The highest significance level for the temper­

ature variable was obtained in the calciolation with the High CQ samples. 

The least significant results came from the Low CQ samples by using 6's 

calculated on the assumption that Coo = 0. Withe's calculated at Coo =500, 

the Low Co data gave slightly better correlation but certainly not enough 

better to justify the accuracy of the assumed value of C„. 

A comparison of the regression coefficients calculated for the High Co 

sample data with first the rate expressed in 6 and then in R shows too 

little difference to be significant. The only difference is in the value 

of the temperature coefficient; i.e., using the rate coefficient, 9, one 

obtains for the heat of reaction, AH = 12,900 (a = 1,600), and using the 

linear removal rate, R, one obtains AH = 7,650 (a = 1,510). 
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As was expected, the presence or absence of a square root of temper­

ature term in the rate equation was masked by the exponential temperature 

effect. This is shown by a comparison of the regression coefficients calcu-

^2 High Go's 

between the two sets of coefficients is negligible. 

lated for y = log K2 mgix c 's ^^^ y ~ -'-°6 p = — - — • The difference 

The regression coefficients for the linear effect of fluorine pressure 

and flow rate were also calculated on several bases, but in no case showed 

the significance which the temperature variable displayed. By translating 

the normalized variables to more understandable form, one obtains from the 

High CQ data: 
0.158 (a = 0.26) ^ ^,, 0.347 (a = 0.22) 

^High Co°^PF2 ^High C^'^^Fz 

The data from other than the High CQ samples show compai'able results for 

the pressure effect but do not show this large a linear flow rate effect: i.e., 

„ 0.118 (a = 0.228) ^ ^^ -0.112 (a = 0.193) 
•̂ prime ^2 -n-Leii ^Q ^ 2 

^ 0.211 (cf = 0.254) 
Qfligh Co ^ ̂ F2 

In the same manner the quadratic terms of pressure and flow rate and the 

interaction terms of all three variables give regression coefficients generally 

less in value than the standard deviation. In one case where the regression 

coefficients are based on ©High C > "^^^ quadratic pressure term is twice the 

standard deviation, but this effect does not show this same significance con­

sistently. 

Because of the wide variation in results depending upon which samples 

were used and how the data were handled, it is difficult to place significant 

figures on the exponent of the pressure or flow rate term. Nevertheless, the 

following conclusions can be made. 

1. With 90^ confidence the removal rate is proportional to 

less than the one-half power of the fluorine pressure. 

•'̂ Eighteen experiments only. 
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2. With 75^ confidence the removal rate is proportional 

to less than the one-half power of the flow rate. 

3- With over 99?̂  confidence the removal rate is propor­

tional to less than the first power of the fluorine 

flow rate. 

It is difficult to apply theoretical arguments to justify that the quan-

2 lop P 2 log W 

tities e ° or e ^ have any effect on the removal rate, and, in gen­

eral, one can only assume that the quadratic effects are not significant. 

If one tentatively assumes that temperature is the only significant vari­

able of the three tested variables, T, pp , and W , it is simple to calculate 

a single-factor regression coefficient for the test data. The results of this 

type of calculation are given in Table 10. If one does this for the High C 

samples, either in terms of 0, R, or R/V T, the results compare closely with 

the regression coefficient calculated by the analysis of the full model equa­

tion. Again the AH calculated on the basis of the rate changing with con­

centration is 65^ higher than the ̂  H calculated on the basis of a constant 

removal rate. 

It is of interest to compare the values of A H measixred in these tests 

with the values of ZiH reported by Florin, Tannenbatmi, and Lemons for the 

reaction 

PuFg-tl PuFĵ  -i-Fg. 

They found that i-H equals + 6,770 cal above 308°C and 4 11,500 cal below 

308°C, while Weinstock and Malin^ reported a ZiH of-1 8,300 at 25°C, with no 

break in the AF versus T curve. Hence, the values of A H calculated from 

these tests are in the range of values previously reported. 
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TABLE 10. CALCULATED SINGLE-FACTOR REGRESSION COEFFICIENTS 

y 

X 

Independent 
var iables assumed 
not significant 

Sum of squares 
Regress ion 
Residual 

Degrees of f reedom 
Regress ion 
Residual 

F rat io 

V 
Standard deviation, s. 

D 

5% l imi ts on b 

AH 

5% l imits on A H 

Exponents of p or W 

5% limits on the 
exponent 

^" ®2 High Co's 

10^ 
T 

P F • Wp 
*2 *2 

54 
253 

1 
44 

94 

-6 .05 

0.625 

-4 .79 to - 7 . 3 1 

12,000 ± 1,250 

9, 520 to 14, 570 

--

--

' " ^2 High Co's 

103 
T 

P F ' W^ 
^2 ^2 

20 .4 
16.0 

1 
44 

56 

-3 .78 

0.495 

-2 .78 to -4 .78 

7, 520 ± 9 8 5 

5, 540 to 9, 500 

— 

--

r^ H2 High Co 's t 

103 
T 

P F • ^ F *̂ 2 ^2 

18.5 
15. 1 

1 
44 

53.7 

- 3 . 5 5 

0.483 

- 2 . 58 to -4 . 52 

7,060 ±963 

5, 140 to 9,000 

— 

--

Xn e - -6050t , 
T 

n p - 5.5 
0.634 

W I T 
^2 

2 .45 
23.09 

1 
42 

4.45 

0.42 

0. 1985 

— 

--

— 

0.664 

0.032 to 1.295 

:n R 

n R 

- £n 1000 -

- n 1000 -

^2 

0.06 
14.98 

1 
42 

0.17 

0.066 

0.159 

— 

— 

— 

0.100 

-0.402 to 0.610 

-3780 

T 

-3780 
T 

^ ^ g . - 6 0 5 0 T 
T 

n W - 1. 503 
0.80 

•^^2 

2 .6 
22.9 

1 
42 

4.77 

0.43 

0. 198 

— 

— 

— 

0.537 

0.0375 to 1.04 

NOTE: The results from each side of the High C. sample are treated as independent data. 

t Test 9 was eliminated to simplify the computations. • 
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Significance of_the_Statl5tical Experiment 

Because of the large variation in the calculated pressure and flow rate 

exponents^ it is not possible to determine from the statistical analysis what 

the rate-controlling step is„ However, from the absolute rates of removal it 

is known that the fluorine gas does not leave the reactor saturated in PuF,, 

so the rate of fluorine flow is certainly not the controlling factor. Also, 

the fact that the temperature coefficient gives a heat of reaction which 

agrees very well with previous values for L H indicates there is little 

likelihood of the process being reaction rate controlling^ althoiigh this 

could be possible if the JLH of activation were approximately equal to the 

\E of reaction. Of the three proposed controlling mechanisms, this leaves 

only the proposition that the process is controlled by diffusion, in which 

case the temperature effect would approximate the observed behavior. How­

ever, for gas diffusion to control, it had been stated that fluorine pres­

sure and flow rate would have no effect on the removal rate. The data sug­

gest there is at least some dependence on these variables^ and this depend­

ence is predominately In the direction that one would expect if the process 

were controlled by a diffusion of PuF^ through a solid film or layer, not 

throiigh a fluorine gas film. If one assumes a diffusion coefficient of 

10" cm /sec for the rate of diffusion of PuFg through an \jnknown solid 

film, a solid thickness of about 10"°cm is obtained. Based on the large 

variances obtained in these tests, solid diffusion as the controlling step 

can only be suggested. There can be no question but that certain other 

possibilities of a more complex natiire, such as would depend on the forma­

tion of an intermediate PuF^ molecule, may exist as the controlling mecha-
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nism. In order to determine the controlling refluorination mechanism,it is 

hoped that experiments of this type can be extended over a greater range of 

variables, with the plutonium concentration on the samples measured at shorter 

time intervals and at several positions on a sample in the direction of the 

gas flow. 

Practical Significance of the Tests 

The practical significance of low-temperature refluorination as a means 

of recovering decontaminated PuF^ can best be illustrated by a typical prob­

lem. Consider a PuFg container in the form of a tube k ft long and 3 in. in 

diameter. If this pipe were filled with PuF^ gas at room temperatiire and 

25-mm Hg pressure (with an assumed decomposition rate of 0.3^/day), in 3 months 

2J+̂  of the PuF , equivalent to 0.k32 gm of plutoniiom, would be deposited on the 
6 

walls of the tube. If this plutonium were evenly distributed, the surface den-

2 

sity would be 297 jugm/cm . Now the better removal rates on the small samples 

measured at 200°C averaged about 70 jUgm Pu/hr-cm , and in one case the de-

contamination rate was over 80 jugm/hr-cm . If it is assiomed that sufficient 
o 

Fp can be pumped through the tube so that a removal rate of 70 jugm Pu/hr-cm 

could be attained throughout the tube, then it can be calculated that the 

tube could be 95^ decontaminated in < U hr at 200°C. 

This time would be much less than the time required for a liquid wash 

followed by rinsing, drying, and refluorination, and in addition, direct re­

fluorination would probably recover the plutonium as usable PuFg rather than 

as a plutonium ion solution requiring concentration and fluorination. In a 

direct refluorination process recycle of the Fg would be necessary but should 

introduce no unusual problems. 
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Direc t r e f l u o r i n a t i o n of P c J , >.^ecompo3ition "orcduCjS deposi-oei on an alumi-
c 

num alley s-urfa:;3 has been m?asurt_.:f ever a rang= of F-, vtre'SBcres and flew rates 

and at tempera^'jre 5 from ;•;' to 3̂ 3̂ -'• Rates of refluorination were measured 

even at the lov̂ -̂ st +£mperat„i-3^ ari a-̂  2C0°f pl-.t3nium remo/al rates of about 

70 ;zgm/hr~''m'̂  rfere ct-.ain'jd A ŝ a!:!'* icellv- aeaignc-f experiment "̂ .hcwed tem­

perature to be the mc&t significant variaole, and the rate of removal was 

found to ?>=• prcpcitional -.o th, •* crm t -"-̂  vh=>rs HE â-̂ led •^etwe?n 7,000 and 

12,000 cal/mcl°o A reac+ion ' citrollei :?v Qlffjs-on throvgh a solid film was 

suggested by the results, but the experimental variation was too large to give 

much credence to this ccnclbs-icn ît nlutcnium surface ccnc'=»at''ations belov 

3 to 6 jugm P-u/ m~, th2 °atf of --j.'luorination -kac frund tc vary linearly with 

surface contammaticn. 
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APPENDIX A 

THEORETICAL CONSIDERATIONS 

In order to determine the mechanism which controls the rate in the re­

fluorination process, a statistically designed experiment was performed to 

study the three variables, temperature, T, fluorine pressure, Pp^, and flow 

rate, Wp o The form of these three variables which would most likely occur 

in the proper regression equation for the process was determined from the 

following considerations. Consider PuF^ deposited evenly on the wall of a 

pipe through which fluorine is flowing. Although this does not correspond 

physically to the experimental setup, as long as the term DLoA/ is small and 

PpuF(̂  is small compared with Pp„, the actual and hypothetical arrangements 

should be comparable. In the above expression, D is the diffusion coefficient 
* 

of PuF^ and F2, L is the length of the coated tube, p is the fluorine density, 

and W is the flow rate of fluorine through the tube in mass per unit time. 

,|igm PuF4/cm^ of surface 

F2 gas / \ {—^ -f \ 

W, gas/hr y / \^=rrt=.jir^.\ I 

If the process is controlled by the reaction rate and is a simple one-

step process, the rate of removal of PuF^ will be 

- ^ 
R T 

Q ^ kap^p fF^ = kpF2 = ̂  PF2 
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where Q = the ra te of PuFî  removal 

k = a forward react ion ra t e constant 

a = a c t i v i t y 

f = fugacity, and 

A F * = free energy of activation for the refluorination step. 

If the process is controlled by the reaction rate but is not a single-

step process, the power of the fluorine pressure in the rate equation may 

be different from unity but is not likely to be less than one-half. 

If the process is controlled by the rate of diffusion, the rate of re­

moval will depend on the rate of diffusion of PuFg from the surface into the 

bulk of the gas, and the pressure of PuF,- on the surface will be given simply 

^y .AF 
RT 

where K = the equilibrium constant for PuF. + F„ -*• FxxFf. , and 

AF = the free energy of refluorlnation. 

The rate of mass diffusion of PuF/- into the gas stream will be analo­

gous to the transport of heat from a hot wall to a cooler gas stream, and 

for viscous flow this has been shown to follow an equation derived by Gaertz. 

In the limit, as L becomes small, W becomes large, and p becomes 
^^6 (surface) 

small, the amount of diffusion will become approximately proportional to DL, 

* Drew, T. B.. "Mathematical Attacks on Forced Convection Problems: A R«Vlev;" 

Trans. Amo Inst. Chemo Engrs. 26 (1931), 26. 

KAPL-1728 



33 

and the amount diffused per unit 'I'olume of gas will be DLp/W'. Then the PuFg 

/ D L £ \ / p \ 
pressure in the exit gas wi l l be proportional to I'—?7^ I ^o -c and 

\ W / \ ^^6 ( su r f ace ) / 
the amount of P̂ sFg removed in the gas stream wi l l be equal to 

AF 
DLpj, e" RT 

\ / w \, 
Pp,."ni 

' 6(s-arface) 
2 
T~ 

If D c; ., then the rate of PiiFg removal as a function of the three variables 

Pp 
2 

studied will be 

1 41 
2 ~ RT 

Q « T e •̂'- , 
and it is seen that the rate of removal will not vary with Pp or W. Further-

2 

more, the exponential effect cf the temperature will outweigh the power effect. 

* 
For liquid diffusion from a flatplate where DLp /W is also small, W. H. Linton 

has derived the following expression for viscous flow 

^ - ô . . /^LA-I 
C. 

/DL 

V'-
c 

(See Linton^ W. Ho Jr„, and Sherwocd, T, K., "Mass Transfer from Solid Shapes 

to Water In Streamline and Turbulent Flow", Chem. Eng., Progr. 46' (1950, 258.) 

Here C is the concentration of the diffusing material at the surface of s 

the plate., C is tbe initial concentration in the liquid^ and C is the con-
c 

centration in the liquid after flov L distance across a flatplate. One would 

expect some similarity between this equation and the limit equation for the 

gas diffuslono The difference between DLp/W to the first or two-third power 

would probably not be detectable In these experiments. 
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A third possibility is that neither reaction rate nor diffusion is rate 

controlling, but that the gas leaves the tube containing the equilibrium 

amount of PuFg. In this case, the rate of removal will be proportional to 

/PPUFA RT 
W| ° = WK = We 

Then the rate will be independent of fluorine pressure but dependent on flow 

rate and temperature. 

To distinguish between these three possibilities, the statistical experi 

ment was designed based on the expression: 

c 
a b T 

Q « Pp W e ^ . 

^2 

A central composite (Box) design to conform to the empirical model was chosen 

for the experimental design. The center point of the box was to be tested 

four times to give a measure of replication. Since three two-sided samples 

could be run in each test, it was possible to study as secondary variables 

the position of the six sample surfaces in the holder and the concentration 

on the six siirfaces. 
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APPENDIX B 

CALCULATION OF FILM THICKNESSES 

In Test 1 the six sides of the three samples had the following absolute 

Plutonium removal rates. 

Sample 

Top 

Middle 

Bottom 

Side 

Prime 

Reverse 

Prime 

Reverse 

Prime 

Rs-i/erse 

Pu/min-cm 

O.BOlt 

0„83i^ 

Ooll i i 

0.158 

1.632 

I.3U6 

1^0888 

Although t h i s r a t e was measured only for a smal l c i r c l e on each f a c e , 

i t can be assumed t o apply t o the e n t i r e exposed face a r e a , l / 2 - i no long 

and 3/16-inc wide. During the 5-inin run , t hen , t he moles of PvsFju r e f l u o r i -

nated t o PuFg ares 

fk8%i , lo iVAf i , ^ (2.51̂ )2 (5) . 6.2 \ 239 J\cj \i6j ' ^ ' x 10" mole 

During this time 2.25 x 10~'" moles of Fp flowed by the samples 

the ratio of Pp^p, to pp^ at the reactor exit was 

%uF^ c o -x 10-8 c 
Pp £.25 X 1 0 ^ 

. Thus. 
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compared with the equilibrium value at 250°C of 1.2 x 10~3. The fluorine 

gas is, therefore, a long way from being saturated in PuF,- upon leaving 

the reactor; this supports the assumption that the removal rate did not 

vary along the l/2-in. length of the sample. 

If one assumes that on the High C samples the rate of plutonium re­

moval is limited by a diffusion process, it is of interest to determine 

the diffusion resistance of the limiting film. Since Fg will diffuse or 

migrate through a film much more rapidly than a PuF^ molecule, assume 

that the PuF/- pressure in contact with PuFi is in equilibriim with the 

fluorine pressure in the tube. Then at 250°C the PuF^ press-ure gradient 

across the film will essentially equal Kp-, , or 0.293 nnn Hg for the con­

ditions of Test 1. 

Then, we find 
rl.5 X lO" 

5. = NRT ^ L(239)(60) i (62,300)(523) 

X AAp 0.293 

where D = diffusion coefficient, cm /sec 

X = film thickness, cm 

2 
A = area, cm 

N = moles diffused/sec-cm^ averaged for 2 High C samples 

„ _ . ^ cc-mm Hg , 
R - gas constant, C^j and 

mole- K 

T = °K. 

Now the diffusion coefficient of PuFg in Fp under the conditions Of 

Test 1 is about 0.7 cm^/sec, which gives a film thickness of 63 cm. This 

is obviously much too thick to be reasonable. If the PuFg must diffuse 

through a solid film, a diffusion coefficient of 10"° cm /sec seems pos­

sible. This would give a film thickness of about 10"° cm, a more reason­

able value, 
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APPENDIX C 

RESULTS OF SOME PRELIMINARY REFLUORINATION TESTS 

Test Conditions 

Sample 

1 
2 

3 
k 

Reaction temperature 

React ion pressure 

Fluorine flow 

Time J, 
hr 

1 
1 
1 

Prefluorlnatio 
Temperature, 

OC 

75 
75 

17^^ 
unknown 

- 200°C 

- 280 mm Hg 

= it- millimoles/min 

n 
Pressure, Time, 
mm Hg hr 

25 1 
25 1 
25 1 

PuFg Exposure 

Temperature, Pressxrre, 
OC mm Hg 

75 10 
75 10 
75 10 

— unknown 

Reaction Initial Activity, 
Timej, mjn ct/min/OdSl cm 

B 

E 

2 

3 

h 

Prime 
Reverse 

Prime 
Reverse 

Prime 
Reverse 

Prime 
Reverse 

Prime 
Reverse 

Prime 
Reverse 

30 

ko 

10 

30 

30 

5 

28,300 
1̂ 1+̂ 500 

36,200 
19,100 

15,100 
11,250 

5.300 
30,600 

10,250 
5,300 

6,200 
6,1+50 

Final Activity 
ct/min/0.131 cm^' 

5,500 
30,000 

13,950 
3.970 

9,600 
5,250 

4,200 
29,130 

9,530 
1^,390 

i+,i+98 
i+,8U5 
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