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THE EFFECT OF NITRIC ACID, THORIUM, FLUORIDE, AND At, 
PROTACTINIUM ADSORPTION BY UNFIRED VYCOR GLASS 

BY 

J. G. Moore 

ABS TRACT 

The amount of adsorbable protactinium and i t s  distribution coefficient 
(DC = counts min-1 g of gIass-l/counts min-1 m1-1 solution) with 
mesh unfired Vycor glass has been determined for Pa233 tracer so% 
containing 4 to 100 9 Th/liter, 05 to 12 M HN03,  0 to 8. 
0 to 0.4 M AI(N03)3. The distribution ca f f i c i en t  (DC) 
containiG only thorium and nitr ic acid may be calculated as follows: 

DC I (378 f- 72) + (384 -f. 9 ) ~  - (1.27 4 0 . 1 3 ) ~ ~  - (1.13 * IaO2)y, 

where 

x = M HNO3, 
y = cTh/liter. 

In solutions containing 100 g Th/liter, the coefficient increased slightly 
with increasing fluoride when the solution was less than abnut 3.5 M 
HNO3. A t  higher nitr ic acid concentrations, the coefficient decreased 
with increasing fluoride. The addition of aluminum partially cancelled 
the effects of fluoride, but the maximum was s t i l l  only half that of 
thorium-ni tric solution containing no fluoride or aluminum. For example, 
the coefficient was 3000 for 10 M HNO3, 100 g Th/liter, 300 with 
0.04 M HF present, and 1500 wiTh 0.04 N HF, 0.4 M Ai present. The 
amouGt of unadsorbable protactinium depended only-on the nitr ic acid 
concentration, ranging from a maximum value of about 7% in 0.5 
H N 0 3  to less than 2% in  solutions containing more than 3 M HN03. 
Hot-cell experiments are recommended to test the application of this 
principle for adsorption of protactinium from short-cooled high-burnup 
thorium. 
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1. I NTRQDUCTI O N  

Current interest in  thorium-breeder reactors i n  which the fuel i s  to be irradiated 

to as much US 100,OQO Mwd/metric ton requires that methods for recovering the fissile 

material from thorium fuels be re-examined. The protcactinium-233 and macro quan- 

tities of fission products formed i n  this long-irradiated thorium w i l l  produce such a 

high level of radioactivity that present solvent extraction or organic ion exchange 

recovery methods w i l l  probably not be suitable far fue! processing unti l the fuel has 

decayed at least 180 days. This long decay period increases process costs due to 

charges for inventory and storage. These costs could be reduced by recovering the 

protactinium from the fuel after a shorter cooling period. By this means, potentially 

fissionable material would be recovered and a substantial Fraction of the activi ty 

from the fuel solution removed, thus simplifying the recovery of the remaining thorium 

and uranium by present methods, 

A pi-evious paper presented laboratory results which showed that unfired Vycor 

glass powder preferentially adsorbs protactinium from nitrate solutions. At a loading 

of 5 rng of Pa231 per gram of glass, 95% of the protactinium was removed from a 

simulated Consolidated Edison dissolver sojution containing 0.5 M _. Tlr, 1 1  M - HN83, 

0.04 M - F, 0.1 M - AI, and 0.05 g Pa23’/liter. A portion of the protactinium, about 

5%, was found to be unadsorbable by the unfired Vycor. However, when the Pa 23 1 

on the glass was eluted and used to  prepare similar feed solutions, the amount of un- 

adsorbable protactinium in these solutions was essentially zero.’ Thus solutions con- 

taining only adsorbable protactinium can be prepared. 

remained was to determine what other conditions, i f  any, would decrease the amount 

of protactinium which i s  not adsorbed on the glass. 

One of the problems that 

Since the concentration of the major components i n  the feed solution may be 

fairly easily adiusted, an investigation was made of the effects of nitr ic acid, thorium, 

fluaride, and aluminum concentration on the amount of adsorbable protactinium and 

i t s  sorption by unfired Vycor. For simplicity i n  handling and analyses, the experiments 

were made with Pa233 tracer. The range of con itions investigated wus: 0.5 to 12 M c 

HNO3, 4 to 100 g Th/liter, 0.0 to 6.04 M - HF, and 0.0 to 0.4 M - AI(N03)3. There 
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was considerable scatter i n  the data For the percent of 

vnadsorbable, but, in  solutions containing more than 1 

the protactinium which was 

M or 3 M flN03, the values - - 
were less than 5% and 2%, respectively. In addition, sufficient data was collected 

to allow estimation of the protactinium distribution coefficients over the range of 

concentrations studied. 

The author gratefully acknowledges R. H. Rainey for his helpful advice and 

cri t ical suggestions, and W. Davis, Jr. for preparing the computer program used in 

processing the data. R. C. tovelace assisted i n  performing the laboratory experiments 

and Sarah W. Hopkins of the Analytical Chemistry group headed by W. R. Laing, 

made the vast number of necessary gamma counts. 

2. REAGENTS AND EXPERlMENTAL TECHNfQUES 

2.1 Reagents 

Protactinium-233 was made by irradiating thorium nitrate crystals, Th( NO3)4+@0, 

5 hr i n  the ORNL Graphite Reactor and allowing the resulting product to decay for at 

least 24 hr. Protactinium solutions were prepared by adding 1 g of irradiated thorium 

nitrate to  100 mi of aqueous solutions containing a l l  the desired constituents except 

the Pa 

containing the spiked solutions were placed i n  boi l ing water. After 5 min the bottles 

were closed, the solutions digested 1 hr, then removed and allowed to stand 24 hr at 

room temperature before contacting with unfired Vycw. The unfired Vycor was ob- 

tained from Corning Glass Works, Corning, New York as a powder finer than 60 mesh. 

The material was screened, and aliquots of the 60-80 mesh fraction used in  the ad- 

sorption experiments. 

233 
Immediately after adding the irradiated thorium, the Naigene bottles 

2.2 Experimental Techniques 

A technique similar to the Martin technique2 was used to determine the distribu- 

tion coefficients (DC = concentration on the glass (counts rnin’l g-’)/concentration 

in  the aqueous phase {counts inin”’ ml- l ) )  for the adsorbable species of protactinium 

as well as the percentage of unadswbable protactinium in  the solutions. ?he solutions 
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were contacted with 60-80 mesh unfired Vycor by shaking 24 hr Q I ~  a Burrell " ~ r i s t -  

action" shaker. Five to eight separate samples were equilibrated, with the amount of 

Vycor ranging from 5 to 100 grams per l i ter of solution, After equilibration, the 

raffinate was removed from the glass by centrifugation and the activity of the solu- 

tion determined by gross ganima count. The activi ty on the glass represented h e  

difference between the in i t ia l  and final aqueous activity. A linear-coordinate plot 

was made with the activi ty in  counts per minute per gram of glass as the ordinate 

and the counts per minute per mil l i l i ter of aqueous as the abscissa, For solutions 

containing two species. of protactinium, one of which distributes i tsel f  between the 

adsorbent and the solution, and the other remaining i n  the solution, a straight l ine 

i s  obtained which may be extrapolated to the abscissa, The intercept i s  a function 

of the amount of unadsorbable species, and the slope of the line, the distribution 

coefficient of the adsorbable species. The methad of least squares was used to deter- 

mine the best straight-line f i t  for the dcrka. 

Examples of data obtained by this method are presented in Fig. 1. The in i t ia l  

aqueous solution was 6.21 M - H N 0 3  containing 50 g Bh/liter and 9.57 x 105 counts 

Pa233 min-1 rnl "I .  

ratios ranging from 5 to 100.1 g 60-80 mesh unfired Vycor per l i ter of salution. The 

equation for the best straight-line f i t  of the data was: y '= (2263 f 43)x - (2.02 rt 0.20) 

x lo7, indicating a distribwtion coefficient of 2263 f 43, with (0.93 f 0.09)% of the 

Pa unadsorbable. 

Eight batch equilibrations were made with the glass-to-solution 

233 

3. ABSORPTION F PROTACTI NI UM-233 

3.1 Effect of Thorium and Nitr ic Acid 

The distribution of protactinium-233 between unfired Vycsr and aqueous solutions 

containing 4, 50, and 100 g Th/liter and 0,s to 12 M - HNQ3 varies directly with the 

nitr ic acid concentration and decreases with increasing thorium concentration (Fig. 2). 

The  distribution coefficient may be calculated from the following empirical equation: 

Z = (378 f 72) + (384 f 9>x - (1.27 f O,13)xy - (1.13 3: 11.02)~, 
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I I 

UNADSORBABLE 

f pa-233 

4 2 

I I 

4 5 

UNCLASSIFIED 
DRNL DWG. 66.1558 

n =  

I 
7 

AQUEOUS Pa-233 (counts rnin-' ml-' XiO-4 1 

Fig. 1 .  Distribution of Pa-233 Between 6.21 M - ttNO3, 50 g Th/liter and 

60-80 Mesh Unfired Vycor. n = g unfired Vycor/liter solution. 
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UNCLASSIFIED 
O R N L  DWG. 64-1560 

4gTh / l i t e r  ~ .,, 

50gTh/Iiter -., 

1.5 

Fig. 2.  T h e  Distribution of Pw-233 from Thorium-Nitric Acid Solutions to 
60-89 Mesh Unfired Vycor, 
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where 

x = M HN03, 

y = g Th/liter, 

Z = distribution coefficient of the adsorbable protactinium. 

- 

The equation i s  that of a double-distorted plane, as shown in  Fig. 3. The distribu- 

t ion coefficients ranged from 380 in  0.5 M HNO3, I00 g Th/liter to 4920 in  12 M - 
HNO3, 4 g Th/liter. For a typical dissolver solution containing 10 M - HNO3 and 

100 g Th/liter, the distribution coefficient according to the empirical equation 

given above, would be 2840, compared with the value 2960 obtained experimentally. 

3.2 Effect of Fluoride 

The distribution coefficients obtained with 0.5 to 10 M - HNO3 containing 

100 g Th/liter and 0 to 0.84 M - HF showed no simple relationship as in the thorium- 

nitr ic acid solutions containing no fluoride. The distribution coefficient increased 

slightly with increasing fluoride in solutions containing less than about 3.5 M - HN03. 

A t  higher ni t r ic  acid concentrations, the coefficient decreased with increasing fluoride. 

The maximum decrease occurred with 10 M HNO3, where the distribution dropped from 

about 3000 with no fluoride present to 300 with 0.04 M - HF present. Assuming that the 

stage heights are similar to those encountered with ion exchange resins, coefficients 

i n  the range of 300 would s t i l l  be ample to assure complete product recovery (Fig. 4). 

!f we assume that the order of protactinium adsorption is:  

nitrate > fluoride > polymer (or hydrolytic species), 

then a possible explanation for the effect of fluoride i s  that i n  the lower acidities 

fluoride prevents the formation of protactinium polymers or hydrolytic species thus 

increasing the distribution coefficient. However, adsorption decreases in the higher 

acidities because of the competition between the fluoride and the nitrate for the 

protactinium. 

According to the results of a few comparative experiments made with 50 g 

Th/liter, a decrease i n  thorium concentration, in thorium-nifric acid solutions con- 

taining HF, produces a slight increase in distribution coefficient. Coefficients were 
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UNCLASSlFl ED 
ORNL D'NG. 64-1556 

Fig. 3. Adsorption of Pa-233 QI-I Unfired Vycor from Thorium-Nitr ic  Acid Solutions. 
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UNCL.2SSlFIkO 
DKNL DWG. 661559 

Fig. 4. Distribution of Pa-233 to Unfired Vycor from N i t r i c  Acid Solutions 
Containing 100 g Th/liter and 0 ta 0.04 M - HF. 
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measured with solutions confaininy 50 g Th/liter, 1 to 10 M L HN03, 0.01, c r r d  0,04 M - 

HF. These results suggest that the distribution coefficients of process solutions could 

be increased by simply diluting the feed to 3 to 5 M - H N 0 3  (Table 1). 

Table 1. The Effect of Thorium on the Distribution of Pa233 to Unfired Vycor 
from Ni t r i c  Acid - Fluoride Solutions 

0.04 M HF 0.01 M HF I__- 

50 g 100 9 50 9 100 g 
T h/l i ter Th/liter Th/l i ter T h/l iter H N 0 3  (e) 

-- 
1 7 80 650 940 905 

3 1480 1188 1210 1250 

6 1930 1290 1060 946 

760 

10 1290 1775 520 320 

8 1780 1600 -- 

3.3 Effect of Aluminum 

The addition of up to 0.4 M - AI(N0333 to solutions containing 1 to 6 M - HN83, 
100 g Th/liter, and 0.04 M - HF produced a slight increase in protactinium adsorption. 

The distribution coefficient throughout this range of acidity was about 1100 f 20% 

as compared to a value of about 1000 f 20% for solutions containing no aluminum, 

In 7 to 10 M - HN03,  the coefficient increased more markedly with increasing alumin- 

urn concentration but the maximum values were s t i l l  only half that obtained with no 

aluminum or fluoride present. Far example, the coefficient was approximately 3000 

i n  10 M - H N 0 3  without fluoride, 300 with 0.04 M - H F  present, and 1500 with 

0.4 M - AI(NQ3)3. Thus aluminum should be added to complex al l  the fluoride i n  

order to decrease corrosion, but decreasing the acidity i s  Q more effective way of 

increasing the adsorption rather than the addition of more alumitruin to the system 

(Fig. 5). 
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UNCL4551FI ED 
O R N L  DWG. 64-1557 

Fig. 5. Distribution of Pa-233 to Unfired Vycor from Nitric: Acid Solutions 
Containing 100 g Th/liter, 0.04 M HF and 0 to 0.4 M AI(NO ) - 3 3" - 
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3 I )  4 hl n ad s or b a b B e Pro ta c t i n i u m 

The amount of protactinium that i s  unadsorbable i n  nitr ic acid solutions contain- 

ing 4 to I00 g Th/liter, 0 to 0,M M 1 tlF, and 0 to 0.4 M - AI decreased with increasing 

nitr ic acid concentration. The values ranged from a maximum of about 7% unadsorb- 

able i n  0.5 M H N 8 3  to less than 2% in solutions cantaining more than 3 M I- HNQ3. 

Although h e  data were scattered, there was no apparent relationship between the 

percent that was unadsorbable and the thorium, fluoride, or aluminum concentration. 

More than 90% of a l l  the data fa l l  wi ihin the solid curve shown i n  Fig. 6. 

- 

These loss values are sufficiently low that they would not be Q deciding factor 

i n  determining the practicahi Ii ty of a protactinium adsorption process using Vycor 

glass. The fact that about 5% of the protactinium was unadsorbable i n  n previous 

experiment,l rather than 1 or 2% as suggested by this data, cannot be explained. 

The difference may be due to a difference i n  solution preparation, protactinium con- 
23  1 

centration, or to the specific batch of Pa 

solution. The results do not signify what losses would be encountered i n  process 

application since neither experiment represents actual process condi tions,and i t  has 

been shown possible to  prepare solutions containing only adsorbable protactinium.1 

oxide used i n  preparing the previous 

3.5 Reversibility of Protactinium Adsorption 

The protactinium distribution coefficients (gIass/solution) were 48 to 100% larger 
233 

when glass containing adsorbed Pa 

protactinium (reverse adsorption) than when solutions containing pratactinium were 

contacted with fresh glass (forward adsorption). The coefficients were obtained for 

Pa 

usual manner. After 24 hr of contact,the raffinates were removed from the glass, and 

was equilibrated with solutions containing no 

233 
solutions containing Q.5 to 12 M - WN031 100 y Th/lites, and 0.4 M - AI in  the 

233 
identical volumes of similar solutions cantaining no Pa were contacted with the 

protactinium-impregnated glass for an additional 24 hr. The distribution coefficients 

were then calculated using the activi ty in  these solutions minus any activi ty due to 

residual rnffinate from the first contact. There was less difference between the forward 

and reverse coefficients in the more concentrated nitr ic acid solutions, indicating that 

the adsorption becomes more reversible at the higher acidities (Table 2). 
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UNCLASSI FI ED 
ORNL D W .  64-1555 
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Fig. 6. The Percent Unadsorbable Pa-233 i n  Nitric Acid Solutions. 



14 

Table 2. Distribution of Protactini~rrn-233 from Ni t r i c  Acid Containing 
100 g Th/l, 0.04 M - AI 

Distribution Coefficients 
HNQ3 Farword Reverse 

0.5 1 514 f 33 834 f 26 

1 .02 668 f 43 1340 f 83 

3.07 1080 f 25 2288 f 51 

4.95 1370 f 19 2230 f IO7 

7.98 2670 f 81 3760 f 204 

9.60 2740 f 98 3700 I 172 

11.4-0 4200 f 163 

4. CONCLUSIONS AND RECOMMENDATIONS 

These data verify the potentialities of a process for removing protactinium 

from short-decayed thorium fuels dissolved in nitr ic acid by adsorption on pulverized 

unfired Vycor glass. The protactinium distribution coefficients from solutions con- 

tuining up to 10 M - HNO3, 100 g Th/liter, 0.04 M _. F, and about 0.1 M - AI are greater 

than 500 and are sufficient far process application. The coefficient could be increased 

by decreasing the acidity either by dilution or E~QVCII of the acid through an appro- 

priate feed adjustment step. Maintaining a ni t r ic  acid concentration above 3 M -- 

enstires that less than about 2% of the protactinium w i l l  be lost due to i t s  being i n  an 

unadsorbable form. 

In order to test the feasibility of this process to high-burnup, short-cooled 

thorium fuels, i t  i s  recommended that hot-cell experiments be rncrde using irradiated 

fuel pins. These experiments would reveal the amount of protactinium that i s  adsorb- 

able undei- process conditions as well as the effects of macro concentrations of fission 

products and high levels of radioactivity an the adsorption. I f  these runs are succcss- 

fu1,then further glove-box experiments using Pa 
23 1 

would be warranted to optimize 
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column design. These studies would include variation i n  process lass with flow rate, 

column geometry, and feed preparation procedures. 

5. REFERENCES 

1. Proceedings of Protactinium Chemistry Symposium April 25-26, 1963, Gatlinburg, 

Tennessee, TI D -7675 (in press). 

2. F. S. Martin and G. M. Gillies, The Chemistry of Ruthenium. 1. The Formation 

and Examination of an Extractable Ruthenium Nitrate in Macroscopic Amounts, 

AERE-C/R 816 (1951). 





17 

ORN L-3599 
UC-4 - Chemistry 

I NTER NAL D I STRI BUT10 N 

1 .  Biology Library 
2-4. Central Research Library 

5. Reactor Division Library 
6-7. ORNL - Y- 12 Technical Library 

Document Reference Section 

43. Laboratory Records, ORNL R.C. 
44. R. E. Blanco 
45. G. E. Boyd 
46. J. C. Bresee 
47. K. B. Brown 
48. W. L. Carter 
49. F. L. Culler 
50. D. A. Gardiner 

8-42. Laboratory Records Department 

51. H. E.  Goeller 
52. R .  H. Lafferty 
53. 6. E. Larson 
54. R .  E.  Leuze 
55. W. J. McDowell 

56-60. J. G. Moore 
61. R. H. Rainey 
62. M. J. Skinner 
63. J. A. Swartout 
64. A. M. Weinberg 
65. P. W .  Emmett (consultant) 
66. J. J. Katz (consultant) 
67. T. H. Pigford (consultant) 
68. C.  E. Winters {consultant) 

EXTER N A L D 1 STR I BUTi 0 N 

69. H. Schneider, AEC, Washington 
70. E.  L. Anderson, AEC, Washington 
71. 0. T. Roth, AEC, Washington 
72. J. A.  Buckham, Phillips Petroleum Company 
73. J. A. McBride, Phillips Petroleum Company 
74. C. M. Slansky, Phillips Petroleum Company 
75. L. P. Hatch, Brookhaven National Laboratory 
76. A. M. Platt, Hanford Atomic Products Operation 
27. R.  E. Tomlinson, Hanford Atomic Products Operation 
78. W. H. Reas, Hanford Atomic Products Operation 
79. 0. F. Hil l ,  Hanford Atomic Products Operation 
80. C. H. Ice, duPont Company, Aiken 
81. L. H. Meyer, duPont Company, Aiken 
82. D. S.  Webster, duPont Company, Aiken 
83. C. Wendy, duPont Company, Wilmington 
84. S.  Lawroski, Argonne National Laboratory 
85. W. A. Rodgers, W. R. Grace and Company, Naperville, Ill inois 
86. Research and Development Division, AEC, OR0 

87-677. G i v e n  distribution as shown in TID-4500 (28th ed.) under Chemistry 
category (75 copies - OTS) 




