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BRIEF 

Fission product ruthenium, normally vo.lati.le to the extent ot 20 to 

6010 in evaporation and calcination of simulated high level radtoactive 

wastes to 500-1000
o

C., can 'be 99. % retained in the St;,lid. product 'by ad~ 

dition of 2 moles of phosphite or ~~~ophosphite per liter of waste. As 

little as 0.1 mole per liter lowered. the X"iltheni1ml volatility during dis­

tillation approaching equ.ili'ori1.lm by fa.ctors which varied from 38 for Darex 

to 225 for TB:r~25 (alumirlum) waste solu.tionso The final producte wUh Purex, 

TBF=25 , and Darex (st.ainless steel) wastes were insoluble glassy solids with 

densities of 2.4 to 3.8 gjrnJ. and rErp;,:'esentec. yo:Lul.'n.e reductions of 2.9 to 8. 

These volume reductions are essr:mti.aJ..ly the same as those obta.ined when the 

waste is calcined without ad.d.i ti Vei:L 

(TO be 8ubmitt,ed tG ::i:nd:ustr:ial and Engineering Chemistry for publication) 

NOTICE 

This document contain s information of a preliminary nature and was prepared 
primarily for internal use at the Oak Ridge Notional Laboratory. It is subject 
to revision or correction and therefore does not represent a final report. The 
information is not to be abstracted, reprinted or otherwise given public dis­
semination without the approval of the ORNL potent branch, Legal and Infor­
mati on Control Deportment. 
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A. Makes any warranty or representation, expressed or imp)ied 1 with respect to the accuracy, 

completeness, or usefulness of the information contained in this repartl or that the use of 

any information, apparatu5 1 method l or process disclosed in tnis report may not infringe 

private Iy owned rights; or 

B .. Assumes any liabilities with respect to the use oft or for damages resulting from the use of 

any information, apparotus, method, or process disclosed in this report. 

As used in the obove/ "person acting on behalf of the Commission" includes any employee or 

contractor of the Commission, or employee of such contractor, to the extent that such employee 

or contractOr of the Commission, 01' employee of such contractor prepares, disseminates, 01' 

provides access to, any informaHon pursuant to his employment or contract with the Commission, 
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INTRODUCTION 

A process has been developed for converting high-activity wastes to 

thermally stable solids by evaporation, calcination and melting of the 

calcined solids. Phosphite or hypophosphite is added to the waste to 

prevent volatilization of fission product ruthenium and to aid in forming 

a glass. 

Fixation of high activity radioactive wastes in thermally stable, 

solid, insoluble form represents one of the safest approaches to "ultimate" 

disposal. Retention of all activity in the solid for~ is most desirable 

but is partic1Jlarly difficult for ruthenium(;!). The latter is highly 

volatile from the common nitrate wastes under the c:onditi.ons necessary 

to produce a vitreous or microcrystalline material with high mechanical 

strength and thermal conductivity. Volatilization of 100% of the ruthenium 

appears, however, to be impracticable(g~2)n 

Phosphite and hypophosphite are excellent agents for fixing ruthenium 

in stable solid media. Both are powerful reducing agents and are oxidized 

to phosphate, a glass-former. Calcination-fixation of synthetic wastes 

from the Purex(~) and TBP~25 (aluminum)(,Li§.,I) solvent extraction processes 

has been carried out in the laboratory with added phosphite or hypophosphite, 

both in bench scale bat":!h and semi-continuou.s experiments and in larger­

scale semicontinuous experiments. Semicontinuous calcination of synthetic 

Purex, TBP-25, and Darex (stainless steel) wastes without added 

phosphite or hypophosphite has been demonstrated on both laboratory and 
unit operation scales (§.,,2) . 

In a process developed at Chalk River canaa.a(lO) for incorporating 

fission products in glass at about l350oC, half the ruthenium is volatilized 

into the off-gas and collected on a bed of siliceous firebrick coated with 

iron oxide. The loaded bed is melted into a subsequent batch of glass. 

In a process under development at Harwell, England(ll) for incorporating 
o fission products in glass at about 1100 C, the volatile ruthenium is adsorbed 

on silica gel or ferric oxide beds, and these beds are melted into a sub­

sequent batch of glass, In a process now being developed at the Idaho 

Chemical Processing Plant(12) for reducing waste solutions to granular 

solids at about 500oC, 90-99% of the ruthenium may be volatilized and ad-
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sorbed on silica gel beds, and the beds regenerated with water. Control 

of ruthenium volatility would simplifY or eliminate recycle systems and 

side streams to be disposed of, and minimize contamination of process 

equipment. 

No data exist on ruthenium behavior during calcination of actual high­

activity wastes, but nitrite, which is formed from nitrate by radiolysis, 

suppresses ruthenium volatility somewhat during evaporation of these so­

lutions, as do other mild reducing agents, e.g. nitrogen dioxide and a 

mixture of tributyl phosphate and hydrocarbon dl1uent(13), nitric oxide(~,l4) 
and dibutyl and monobutyl phosphoric aCids(~! Since ruthenium volatility 

is a function of the oxidizing power of the solution, dilution with water 

and steam stripping of the nitric acid will decrease ruthenium in the off­

gas below that obtained by simple distillation. 

DESCRIPTION OF POT CALCINATION PROCESS 

Waste is fed into an evaporator where it is combined with nitric acid 

and water recycled from the pot calciner and rectifier, respectively, to 

maintain the nitrate and acidity at a level to minimize ruthenium volatility 

(Fig. 1). The evaporator bottoms go to a hold tank where phosphite and 

hypophosphite are added to control ruthenium volatility and to serve as 

a source of phosphate for forming glass. Other glass-forming additives 

(e.g. PbO, NaOH, borax) are also added to the hold tank. The off-gas from 

the hold tank, mainly nitric oxide (NO) from the nitrate-phosphite-hypo­

phosphite reaction, may be stored for subsequent use in controlling 

ruthenium volatility in the evaporator or oxidized to N02 by addition of 

oxygen and absorbed in a scrubber downstream from the rectifier. The 

mixture from the hold tank is pumped to a heated pot where it is evaporated 
o to dryness, calcined, and melted at 850-1050 C. The stainless steel pot 

would be sealed after filling, and would serve as both the shipping and 

storage vessel. The recycle of off-gas from the fixation pot will result 

in a build-up of ruthenium in the evaporator unless the greater part of 

it can be retained in the solid product. 
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Fig. 1. High activity wastes are converted to solids by pot calcination. The 
dotted I ine indicates an optional operation. 
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EXPERIMEN.l:AL 

Ruthenium volatility from simulated Purex, TBP-25, and Darex waste 

solutions (Table 1) was stud.ied during evaporation of the solutions, cal­

cination of the dried solids, and incorporation of the calcined solids 

in melts with selected additives. The effect of phosphite (EPO,=) and 

hypophosphite (H2P02-) on ruthenium volatility from these waste solutions 

was investigated both with and without the addition of glass-forming in­

gredients. All waste solutions studied contained 0.2 mg/ml stable ruthenium* 

and 0.1 pC/ml Ru=106tracer. Stable and radioactive ruthenium were added 

as the chlorides. Phosphi toe was added as phosphorous acia., H.3PO,' Hypo­

phosphite was usually added as sodium bypophosphite, Na.H2P02j and more 

rarely as hypophosphor,')Us acid, H,P020 

Experiments were carried to about 5000 C when using a 200 ml Pyrex 

flask as a pot and to about lOOOoC in a quartz outer pot holding either 

. a 200 ml quartz or stainless steel beaker (Fig. 2). Condensates were 

analyzed for Ru .. 106 in a gamma scin.tillation counter. The equipment was 

decontaminated between experiments by boiling 15 ~ RNO, through it, The 

residues from the low-temperat'ure experiments were analyzed by gamma count­

ing after dissolution in refluxing 12 ~ HCI. Residues from the high­

temperature experiments were not dissolved in most cases since the dis­

solution required about a week in refluxing Hel., and the additional in­

formation that would have been obtained by closing the material balance 

did not seem to justifY the extra time and effort required, 

The volatility of ruthenium from nitric acid solutions during evapora­

tion with and without phosphorous acid (H
3
PO,) ~ddition was investigated 

by distillation in a Gillespie equilibrium still(-5). Distillation was 

continued to collection of only one receiver volume (7% of original solu­

tion volume) because of the tendency of ruthenium to :plate out in the 

condenser. Consequently the ruthenium volatilities do not represent exact 

equilibrium conditions, The effect of reflux time on ruthenium volatility 

was not investigated. In practice was found that if the condenser was 

air-cooled, no visible ruthenium deposit was obtained unless the concentra­

tion of the acid in the distillate was greater than 8 ~Q 

* This concentration is typical of ruthenium to be expected in a Purex 
waste solution for a low~burnup reactor and is about ten times that to 
be expected in a typical TBP~25 waste, 
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Fig. 2. Schematic of apparatus for studying ruthenium volatility during batch 
evaporation-calcination was studied in glass and quartz equipment. 

• 

• 

• 

" 



• 

• 

.. 

.. 

-7-

Table 1. Composition of Simulated High-Activity Fuel Processin~ Waste 
Solutions Used in Ruthenium Volatilitl Studies. 

Darex Purex TBP-25 
Component (24 gal/kg U-235) (40 gal/ton U 

processed) 
(106 gal/kg U-235) 

Al3+ 0.1 M L72 ~ 
Fe 3+ 1.25 ~ 0·5 !1 0.16 mg/ml 

Cr3+ 0.38 ~ 0.01 M 
Hg2+ 4.02 mg/ml 

Ni2+ 0.18 M 0.01 M -
Mn2+ 0.04 M 

Na+ 0.6 M 2.4 mg/ml 
NH+ 
.4 0.05 !:! 
'+ 

H 0·75 ~ 5·6 ~ 1.26 M 

Ru 0,2 mg/ml 0.2 mg/ml 0.2 mg/ml 
- *' 260 ppm 165 ppm 160 ppm Cl 

N0
3 
- 6.0 M 6.1 M 6.6 M 

SO ;: 
4 LOM 

Density, S/ml 1.33 1.30 1.32 

*' Except for the Darex waste, which normally contains -100 ppm Cl-, all 
C1- present was added with the Ru as RuC1

3
. 

DATA 

A. Calcination-Fixation Experiments 

In a series of calcination experiments to 500°C with Purex waste, 

ruthenium in the condensate decreased from 28% to 0,03% or less of that 

originally present in the waste when the phosphorous acid concentration 

was increased from 0 to 1.5 !:! (Fig, 3). The results of similar series 

with Darex and TBP~25 wastes were essentially the same. The agreement 

between gamma counting of Ru-106 and chemical and neutron activation 

analyses for stable ruthenium indicated that the radioactive and stable 

ruthenium behaved similarly. When phosphoric acid, H}p04' was added in­

stead of phosphorous acid to give concentrations of 0.75 to 1.5 ~, ru­

thenium volatility from Purex waste was the same as from the waste with 
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• Purex 

• TBP-Z5 

.. Dorex 

Sloble Ru ::: 0.2 mg/ml 

Ru-406::: 0.' ,uc/ml 

EFFECT OF PHOSPHOROUS ACID ON RUTHENIUM 

VOLATILITY FROM PUREX, DAREX, AND TBP-25 

WASTE SOLUTIONS ON BATCH CALCINATION 

TO 500°C 

BACKGROUND COUNTING ~EVELY 
.. -

PHOSPHOROUS ACID, M 

Fig. 3. Phosphorous acid, 1.S f1:, lowered the volatility of Ru-l06 to back­
ground levels in batch calcination of Purex, TBP-2S, and Darex waste solutions to 
SOO°C. 
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no additive. The percentage of original ruthenium in the condensate was 

not increased by increasing the ruthenium in the feed from 0.2 mg/ml to 

20 mg/ml in the presence of 1·5 ~ HP03=' 

o In a series of experiments in which TBP-25 waste was calcined at 1000 C 

in a quartz container, ruthenium in the condensate decreased from 60% to 

0.05% of the original when the phosphorous acid concentration was increased 

from ° to 2.25~. With a stainless steel container the percentages in 

the condensate were factors of 1.5 to 6.5 less (Fig.4); the difference 

undoubtedly represents ruthenium that adhered to stainless steel but not 

to quartz. 

Phosphite or hypophosphite not only controls ruthenium volatility 

but serves as a source of phosphate in for.ming glasses incorporating waste 

oxides. A series of glassy products was prepared with Purex waste con­

taining added phosphorous acid, sodium tetraborate, sodium hydroxide, and 

calcium or magnesium oxide. These had melting points in the range 8250 

to 9250 C and densities in the range 2.6 to 2.8 g/ml, incorporated 35 to 

45 wt % oxides from waste, and represented waste volume reduction factors 

of 5.5 to 7.7. There was little if any increase in the volume of the 

solid product as a result of phosphite addition. One of the more satis­

factory products (Fig. 5) contained 29, 21.8, 21.5, 10.7, 8.7, and 6.4 

wt %, respectively, of P20
5

, Na20, SO,, Fe 20, , MgO, and B20
3

, The products 

with Purex waste were glassy only when cooled quickly; when cooled slowly 

they were rocklike solids. Ruthenium in the condensate from a calcination 

experiment similar to the one above (i.e. Purex waste to 9100 C) but in 

stainless steel equipment, was 0.03% or less of the original. Sulfate 

in the condensate in the experiments with Purex waste varied from about 

2% to 12% of the original depending on the addi ti vee. Since' sulfuric 

acid in the condensate could cause an additional corrosion problem and 

would build up in acid recycled to the evaporator (Fig. 1), it should be 

retained in the pot as a stable salt. 

Glassy products prepared from TBP-25 waste, sodium hypophosphite, 

and lead oxide or sodium tetraborate, on heating to 850-10000 C and cooling 

by quenching or annealing, had densities ranging from 2.4 to 2.8 g/ml, 

contained from 26 to 35 wt % oxides from waste, and represented volume 
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reduction ~actors o~ 7.2 to 9.3. Essentially all the mercury was vol­

atilized during calcination and fUsion. One o~ the more satisfactory mix­

tures ~rom considerations o~ behavior during heating, so~tening point, 

~luidity o~ melt, and quality o~ final product, gave a glass with 40.5, 

25, 18.6, and 15.9 wt %, respectively, of P205' A120
3

, Na20, and PbO 

(Fig. 6). Leaching (dissolution) rates for this glass in distilled water, 

determined by the leaching of Cs-137 tracer, decreased from 2.1 x 10-6 to 

2.5 x 10-7 g/cm2'day at the end of the first and fifth weeks, respectively. 

Ruthenium in the condensate from preparation of this glass was 0.68% of 

that originally present in the water. 

Glassy products were prepared from Darex waste, and sodium hypophosphite, 

plus aluminum and/or borax. These had softening pOints which varied be­

tween 7500 and 10000C and densities between 2.7 and 3.8 g/ml, contained 

13.4 to 32.3 wt % waste oxides, and represented volume reductions of 2.9 

to 6.6. One of the more satisfactory products contained 37·3, 22.9, 19·7, 

10·5, 4.8, 3.0, and 1.4 wt %, respectively, of P205' A120
3

, Na20, Fe 203 , 

B20
3

, Cr
2

0
3

, and NiO • 

B. Evaporation Experiments 

Ruthenium volatilization from boiling nitric acid solutions containing 
. CRu in distillate , 

0.002 M_ Ru was such that the log of the distillat10n factor, C . I ti 
Ru~ooUOO 

was a linear function of the log of the concentration of nitric acid in 

the distillate until the latter reached a concentration of about 8 M. At 

higher acidities (corresponding to 10 ~ RN0
3 

in the still pot) the relative 

volatility of the ruthenium increased Sharply (Fig. 7). This effect is 

generally consistent with observations made elsewhere*(13~ Apparently 

a di~erent volatilization mechanism is involved at higher acid concen­

trations. The distillate from 12 ~ RN03 formed in two layers. The con­

centration of ruthenium in the upper layer (orange) was six times that in 

the lower (brown) (8 x 10-4 vs 4.9 x 10-3 ~). The layers were miscible on 

stirring. A black deposit, presumably Ru02, was noted in the cooler parts 

of the condenser. 

Ruthenium volatility is known to be a function of the species present 
in solution, particularly of the oxidation state. These experiments 
are not necessarily directly applicable to actual waste solutions in 
which the ruthenium species are unknown. They do show that under care­
fully controlled conditions ruthenium volatilizes in a predictable manner. 
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Fig. 5. Purex waste oxides were incorporated in phosphate-borate "glass." 
Waste mode 1.5 M in H3P03, 0.8 M in MgO, 0.17 M in Na2B407, and 1.7 M 
NaOH, evaporated to dryness, and "heated to 850°C. - Density 2.7 9/m1i product 
contained 39 wt % waste oxidesi volume reduction factor, 5.5. 

UNClASStFIED 
PHOTO 55712 

Fig. 6. TBP-25 waste oxides were incorporated in phosphate-lead gloss. 
Waste mode 2 M NaH2P02 and 0.25 M in PbO, evaporated to dryness and heated 
to 1000°C. D;nsity 2.8 g/ml; 26 wt % waste oxides; volume reduction foetor, 8. 
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Fig. 7. Volatil ization of ruthen ium from acid nitrate solutions. 
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:Boiling RNO; solutions, 1. 7 !;! in Al(NO;)y behaved similarly to pure 

ENO; solutions as long as the free ENO; concentration in the distillate 

was less than O.l!;!. At higher distillate acid concentrations the ruthenium 

volatility increased rapidly (Fig. 7), apparently because of the higher 

boiling temperatures of the salt solutions. When the boiling points were 

lowered by reducing the pressure from 748 to 570 mm Hg, the ruthenium 

volatilities approximated those from RNO; alone (Fig. 7). 

The effectiveness of relatively small concentrations of phosphite in 

suppressing ruthenium volatility is shown by the fact that 0.1 !;! H;PO; 

added to nitric acid and synthetic waste solutions prior to Gillespie 

still distillation lowered ruthenium volatility by factors varying from 

447 for 12 !;! ENO; to ,;8.8 for Darex waste solution and increased nitric 

acid separation factors correspondingly (Table 2). 

C. Reaction Mechanisms 

Chemical reduction of H;PO; is reported to take place through the 

symmetrical, undissociated form of the acid, P(OH);(16). Increasing the 

concentration of hydrogen ion in the solution favors formation of P(OH);: 

HP(O)OOH- + H+ ~ HPO(OH)2 ~ P(OH);" 

In preliminary work on the stOichiometry of the phosphite-nitrate reaction, 

visible reaction between 1.0 !;! H;PO; and 6 ~ RNO; began and was apparently 
o complete between 110 and 115 C when no salt nitrate was present. In solu-

tions containing salt nitrate (e.g., 1 !;! H;PO;, 2!;! Al(NO;);), the reaction 
o. + H was still incomplete at 250 C. Small concentrat~ons of Ag ,Hg ,Pd, and 

oxides of nitrogen aid in initiating the reaction(17,20). The phosphite 

is oxidized to phosphate, while the nitrate is reduced to a mixture of 

NO and N02 with smaller amounts of N
2
0 and N2• The proportions of the 

products vary with the conditions of the experiment, but the principal 

product is normally NO (20) . 

CONCLUSIONS 

Relatively small concentrations of phosphite and/or hypophosphite are 

very effective in preventing volatilization of ruthenium from Purex, TBP-25, 

• 

• 
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Table 2. Effect of 0.1 M H~3 on Ruthenium Volatility During Distillation of Nitrate Solutions 

Activity of Ru in Distillate, 
cLmin.ml 

Solution 

12 !:! HN03 
6MHNO** 

- 3 
1·7 !:! Al(N03)3-2 !:! HN03 

Synthetic Waste Solutions*** 

TBP-25 

Purex 

Darex 

No H/03 

2.78 x 105 

3.76 x 105 
4 1.77 x 10 

9.08 x 103 

3.17 x 104 

4 9.64 x 10 

* G Defined as HN03(V)/CHNO~ 
CRU(V)/CRu(L) . 

** Ru added as the nitrosyl hydroxide. 

*** Compositions listed in Table 1. 

0.1 !:! H/03 

662 

145 

85 

40 

650 

2.51 x 103 

Reduction 
Factor 

420 

2593 
208 

227 
48.8 

)8.4 

Separation Factor, * 

HN03 from Ru 

No H/03 0.1 !:! H,PO, 

0.956 

0.126 

11.1 

13·8 
2.22 

1.50 

378. 

364. 
2055· 

4920. 

117· 

57 ·5 
I 
I-' 
VI 

I 
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and Darex waste solutions during evaporation. Ruthenium volatility was 

decreased to less than 0.1% during high-temperature (_lOOOoC) calcination 

of Purex and TBP-25 wastes made approximately 2 ~ in phosphite or hypo­

phosphite. 

The use of phosphite or hypophosphite to decrease or eliminate ru­

thenium volatility will minimize activity in the off-gas from waste fix­

ation processes. Since both phosphite and hypophosphite are oxidized 

to phosphate, which is a glass-former, they aid in producing a solid 

product with low void space and low solubility. Dense phosphate products 

with relatively low (850-l050oC) melting points can be made from Purex, 

TBP-25 , and Darex wastes. Operation at these temperatures allows the 

use of stainless steel instead of ceramic containers. 

The authors are indebted to G. D. DaviS, W. E. Shockley, K. L. Servis, 

and F. R. Clayton for assistance with the laboratory work. 
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