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I.

• SAMENVATTING

Een oxydatieproces gebaseerd op het gebruik van alkalinitraat-

smelt werd beschouwd als een mogelijke head end stap voor de

herbehandeling van FBR verbruikte splijtstoffen.

Fundamentele studies in de gesmolten-zout-chemie toonden aan

dat oxyde, als ion, virtueel niet aanwezig is in het gesmolten na-

triumnitraat bad. Het wordt door gasvormige zuurstof of nitraat-

ionen tot peroxyde en superoxyde geoxydeerd.

De evenwichtskonstanten voor de reaktie 02" + O2 + 2 O2 in ge-

smolten nitraat werden bekomen in funktie van de temperatuur.

Tussen 350°C en 500°C varieren deze waarden tussen 5 x 10^ en

8 x 10 5.

De totale alkaliniteit in de nitraatsmelt werd eveneens onder-

zocht. Deze is beïnvloed door de temperatuur maar vertoont

weinig afhankelijkheid van de gassamenstelling boven de smelt.

Bij 500°C is de alkaliniteit in de natriumnitraatsmelt ongeveer

17 mol \.

Bij onderzoek van gestelde mengsels van natriumoxyde en nitraat

of van natriumoxyde en nitriet door middel van X-stralen diffrak-

tie werden vijf onbekende roosters gevonden. NaNO3.xNa2C>2 is

kubisch (a = 8.71 A ) , NaN02.-xNa202 is tetragonaal (a = 5.939 A,

c = 9.997 A) , NaN02.xNa20 is kubisch (a = 10.586 A ) . De struk-

tuur van NaNÜ3.xNa2O en NaNOg.xNaC^ kon niet bepaald worden.

In een experimentele poging om het gedrag van splijtingspro-

dukten in het zoutbad te bepalen, werden barium en ruthenium

vluchtig onderzocht.

Het reaktiemechanisme van (U,Pu)02 met de alkalische natrium-

nitraatsmelt was het voorwerp van een uitvoerig onderzoek. De
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reaktie schrijdt voort langs de korrelgrenzen van de (U,Pu)O?

vaste oplossing. Er werden twee stappen onderkend. Vooreerst

wordt (tf,Pu)O2 geoxydeerd tot (U,Pu)02+x en in een volgende

stap reageert (U,Pu)C>2+x met natriumperoxyde om (U,Pu)2Os

te vormen.

De doelmatigheid van desaggregatie is een funktie van tempera-

tuur, alkaliniteit en fysische eigenschappen van de pastillen,
Pu

zoals dichtheid,—n + P verhouding. Hoge temperaturen en la-

ge alkaliniteit leiden tot hoge doelmatigheid. Er werd aange-

toond dat de strukturen van de reaktieprodukten van (U,Pu)02

met de alkalische NaNO3-sinelt in hoofdzaak afhangt van de al-

kaliniteit. Wanneer de alkaliniteit lager is dan 2 mol % dan

is (U,Pu)2^5.Na^C^ de dominerende faze. (U,Pu)7O5.3Na?0?

korrespondeert met 6 mol I en, boven 11 mol % alkaliniteit,

wordt GJ,Pu)205.xNa202 het hoofdprodukt.

De oplosbaarheid van de (U,Pu)splijtstof in gesmolten alkalisch

natriumnitraatsmelt neemt toe met de alkaliniteit en wel tot

6000-8000 ppm voor uranium en 1200-1700 ppm voor plutonium bij

500°C met enkel 5 mol % alkalioxyde.

Als gevolg van hoge verliezen van splijtbaar materiaal in het

zoutbad moet het gesmolten-zout-proces als niet te verkiezen

beschouwd worden voor een algemene head end stap in de splijt-

stofbpwërking, :, in tegenstelling met wat verwacht werd in

vroeger onderzoek.

Niettegenstaande dat kan zijn toepassing nader beschouwd worden

voor de behandeling van de onoplosbare fraktie van desplijtstof.



SUMMARY

An oxidation process based on the use of an alkali-nitrate

melt has been considered as a possible head end step for the

reprocessing of FBR spent fuels.

Fundamental studies in the molten salt chemistry shoved that

oxide, as an ionic species, does \rirtually not exist in the

molten sodium nitrate bath. It is oxidized by gaseous oxygen

or nitrate ions to peroxide and superoxide.

The equilibrium constants for the reaction 0% + O2 £ 2 0 2

in molten nitrate have been obtained as a function of tempera-

ture. Between 3 50 and SOO°C values varies between 3 x 10"

and 8 x 105.

The total alkali solubility in the nitrate melt was also

examined. It is influenced by temperature but shows little

dependence on the gas composition above the melt. At 500=C

the alkali solubility in the sodium nitrate melt is about

17 mole %.

Examining solidified mixture of sodium and nitrate or of

sodium oxides and nitrite by X-ray diffraction has revealed

five unknown lattices. NaNO-.xNa2O2 is cubic (a = 8 - 71 A ) ,

NaN02.xNa202 is tetragonal (a = 5.939 A, c = 9.997 A ) ,

NaN02.xNa20 is cubic (a = 10.586 A ) . The structure of NaN0s.xNa20

and NaNO3.xNaO2 could not be determined.

In a tentative assessment of fission products behaviour in the

salt bath the solubility of barium and ruthenium was also

briefly investigated.

The reaction mechanism of (U,Pu)02 with the alkaline sodium

nitrate melt was the object of a detailed investigation. The

reaction proceeds along the grain boundaries of the (0,Pu)07
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solid solution. Two steps have been recognized. First (U,Pu)O2

is oxidized to (U,Pu)C>2+x and in a subsequent step. (U,Pu)02+x

reacts with sodium peroxide to form (U,Pu)2O5.xNa2O2.

Disaggregation efficiency is a function of temperature, alkali

concentration and physical properties of the pellets such as

density, Pu/U + Pu ratio. High temperatures and low alkali

concentrations lead to high efficiency. The structure of the

reaction products of (U,Pu)C>2 with the alkaline NaNOj melt

was shown to depend mainly on the alkali concentration. As

the alkali concentration is lower than 2 mole % (U,Pu)205.Na2O2

is the dominate phase. (U,Pu) 2®$'^ ^ai®-> corresponds to 6 mole \

and, over 11 mole % alkali, (U,Pu)-Or.xNa2O_ becomes the ;nain

product.

The solubility of the fuel (U,Pu) in the tté&ev&R. alkali sodium

nitrate melt increases with the alkali concentration, up to

6000-8000 ppnt for uranium and 1200-1700 ppm for plutonium at

500°C with only 5 mole I alkali. As a result of high losses

of fissile material in the salt bath the molten salt process

must regarded as uneligible for a general head end step in

fuel reprocessing. Contrary to what had been expected in earlier

research. . ,

Nevertheless, its application can still be considered for

treatment of insoluble fraction of the fuel.
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INTRODUCTION

The objectives of the reactor spent fuel reprocessing are first the recove-

ry of valuable materials (fissile species such as plutonium, uranium) main-

ly in view of their reuse as reactor fuel and conditioning of long-lived fis-

sion products in view of safe storage. The efficiency of the fissile mate-

rials recovery directly influences the cost of the fuel cycle, the waste

treatment and, as a consequence appears to be of fundamental importance for

the future of nuclear energy development.

The potential hazard associated with wastes from spent fuel resides mainly

in the long-lived isotopes present in the wastes (71,72). (labls 0-1). The

hazard decreases rapidly in the first few thousands years, but after 100,000

years the reduction in hazard becomes extremely slow. After 100,000 years

decay, 239Pu is still the critical nuclide in the waste (71) but, after

5x10^ yeai's decay the main hazard nuclide becomes 237Np. Therefore, to

reach the lowest possible level of actinides activity in the waste is a ne-

cessity. The actinides which are recovered from the waste can be recycled to

reactors and turned into less hazardous fission products.

The Purex solvent extraction process for thermal reactor spent fuel is em-

ployed in every fuel reprocessing plant presently operational. After 30

years experience in operation there is still room for many improvements.

This clearly demonstrated the nature and the complexity of the reprocessing

of spent fuel. However, the fundamental value of Purex is now well esta-

blished end the general opinions in the nuclear industry is that efforts

should be concentrated on perfecting this method rather than trying to intro-

duce other methods no matter how attractive they could appear. This attitude

is further justified by an emergency created by the steady development of

nuclear energy production. Indeed an excessive disproportion between opera-

tional reactors and reprocessing facilities would result in an accumulation

of spent fuel difficult to store.

A typical flowsheet oP the Purex.process is as follows(see next page).
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The spent fuel, after decladding is dissolved in concentrated nitric acid

and the solution undergoes the Purex solvent extraction process.

The dissolution of the fuel in nitric acid is influenced by the method of

fabrication, the irradiation level and by the presence of PuO2 not in solid

solution in UO2 matrix (63.64). (U,Pu)02 solid solution is soluble but pure

does not dissolve at a significant rate in nitric acid.

Losses of plutonium experienced in thermal reactor speht fuel reprocessing

have frequently been of the order of 2 % (58]. These plutonium losses main-

ly occur during the solvent extraction, purification and head end steps. The

loss, of plutonium in the residues of the nitrite acid dissolver is about

0.05 to 0.5 %.' These amount of plutonium in the residues of the nitric acid

dissolver, although representing only a small percentage of the total fuel

weight, are however, much too large in the view of the most recent conside-

rations (see further).

Mixed nitric acid and hydrofluoric acid can dissolve part of these residues

but hydrofluoric acid present in the system increases the corrosion problems.

Traces of fluorine present in the reactor fuel nay initiate special corro-

sion problems during reactor operation. The maximum permissible concentra-

tion of fluorine in the fuel is less than 10 ppm. Therefore fluorine must

be quantitatively removed from the fuel.

Addition of cerium to nitric acid decreases the plutonium centent in the

residue, but is accompanied by accelerated stainless steel (304 and 316)

corrosion (76,79,80). The coming of the first irradiated Fast Breeder Reac-

tpr (FBR) fuel has rendered the older Purex problems more acute and has
created a series of new ones.
Fast breeder reactors remain a main object of interest in the development of

nuclear energy for, them alone, can make the utmost use of the uranium ener-

gy.

x head end * Included decladding and dissolution steps.to prepare the

many different types of fuel elements and can be treated in

the same extraction plant.
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Due to the breeding capacity FBR can extract almost 100 times more energy

from uranium than thermal reactors (65). From this point of view, FBR re-

presents the only road for future developments.

FBR fuel cannot be directly processed by Purex process in its present form.

Indeed, the FBR spent fuel differs in many respects from the thermal reactor

spent fuel.

1. A very high burn-up (over 80,000 MWd/t).)

The long lived (T 1/2 > 1 year) fission products content of the irradiated

fuel after discharge is directly proportional to the burn-up (56) 80,000

MWd/t...-. FBR spent fuel would have 4 times more long lived fission products

than a typical thermal reactor fuel (LWR burn-up 30,000 MWd/t).;.

The high activity will increase the solvent (tributyl phasphate) radiolysis

with resulting formation of degradation products such as DBP (dibutyl phos-

phoric acid) and MBP (monobutyl phosphoric acid). The decontamination fac-

tor for fission products is thereby decreased while the retention of uranium

and plutonium in the solvent increases during stripping (63). The presence

of DBP and MBP in the solvent may further lead to the formation of insoluble

organo-metallic compounds with some elements such as Zr. These compounds

can accumulate at the interphase in the extraction equipment (58). The high

burn-up of F8R fuels means important quantities of F.P. (fission products)

and, as some of 'them are insoluble in nitric acid, slurries are formed at a

level of about 10 kg/ton (56). The plutonium losses are approximately could

be more than. 1 kg/ton fuel. Plutonium accumulation in the slurries might

cause criticality problems (64).

It must also be remembered that the net breeding factor of FBR is only slight-

ly larger than one* Therefore, plutonium quantitative recovery appears essen-

tial to keep the plutonium material balance positive. Failure to comply with

this requirement would jeopardize the entire concept.

With plutonium present in the waste the hazard potential of a 1000 years de-

cayed waste is increased. Therefore safety and economics combine to call for
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the lowest possible plutonium losses.

Recent experience with fast contactors such as those of the centrifugal type

has shown that in the treatment of high burn-up fuel the radiation damage

to the solvent could be checked to the point where the process efficiency is

not anymore seriously impaires (63.64).

2. The high fissile material content (10 to 20 \ plutonium)

High plutonium concentrations in the solvent not only rise the problem of

criticality but also increase the tendency to form plutonium collordal po-

lymers.. These polymers have a low solubility and a high chemical stability.

Their presence in the extraction process may cause high plutonium losses in

the process.

The larger plutonium concentrations met in FBR fuels require more reducing

agent-ferrous sulphamate- in the process. Increasing amounts of iron and

sulphate remaining in the waste raise new waste treatment problems. Sulphate

present would also interfere in the plutonium extraction in the second TBP

cycle C70).

3. Fission gases and decay heat

FBR fue]s have been irradiated at higher specific powerr (about 10 times

higher than thermal reactor) to greater irradiation levels. The amounts

gaseous fission products and the total decay heat in a FBR fuel are much

higher than in thermal reactor spent fuels. In view of limiting a costly

immobilization of plutonium and expensive storage of the spent fuel, minimi-

zation of out-of-reactor time, can be attractive. However, the high decay

neat in FBR spent fuels causes transportation and storage more expensive and

difficult.

Besides, if the cooling time is shorter than 150 days the fuel will contain

important quantities of iodine 131. Iodine appears in the reprocessing

under various forms making its removal difficult.

Active iodine present in the extraction feed solution can accumulate In the

solvent (56) and cause radiation damage. With adverse effects on solvent
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regeneration, on the decontamination factor for fission products and on the

recovery of fissile materials.

Due to the high temperature of the FBR fuel pins almost.97 h of the tritium

is released through the stainless steel cladding during operation (83). Tri-

tium is abosrbed by metallic sodium in the cooling loop and therefore, from

the point of reprocessing, is a lesser problem than for thermal spent fuel

reprocessing. When zircaloy is-uséd-for. cladding'materlaüslpnly^it;? óf-theitri-

tium is released (85).

During the hBad end step mainly during shearing and dissolution steps 9B h

of the noble gases such as 85(«.r ancj 133xe are released. These fission gases

must be absorbed either in liquid or solid absorbents.

During the dissolution step 1B to 70 percent iodine also islreleasedr.';:£Besides

Kr and Xe the off-gases from the dissolution step also contain. I2, Nüx, T2»

H2O, HTO, CH3I etc. most of them having a negative effect on the absorbents.

To be attractive, a head end step based on molten salt should permit the

release of active noble gases at a relative high concentration and with a

minimum amount Df other impurities.

4. The presence of sodium on the fuel elements

Metallic sodium present in FBR spent fuel is due to the few percent broken

fuel pins. Metallic sodium reacts explosively with hot nitric acid. For

safety, all the metallic sodium must be removed before the dissolution step.

Considering all the difficulties associated with a straightforward-: applica-

tion of the Purex process on FBR spent fuels, an intermediate stage (head

end) shaped to alleviate the bulk of those difficulties, appears to be the

best way to solve the FBR fuel reprocessing problems and to further assert

the primacy of the Purex process.

In Mol the S.C.K./C.E.N. planned to investigate ai% head end step to FBR fuel

reprocessing based on pyrochemical methods, the primary process being the

fuel (U.Pu)02 disaggregation in a molten alkaline
x sodium nitrate bath (741

x Oxide (02~), peroxide (02) and superoxide tO^) ions in molten sodium nitrate

salt regarded as alkaline.
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The reactions are (75, 76) :.

UO2tPu02) + 2NaN03 •* Na2(U,Pu304 + 2N02 t (1)

2U02(Pu0)2 + 2Na2O2
 N+N03 Na2(U,Pu)2O7 + Na20 (2)

In the process» fission gases such as I, Br, Xe, Kr, etc. should be released.

The (U,Pu)02 converted to sodium urano-plutonates remains as a sludge in the

salt bath with a fraction of the fission products. The molten salts should

be regenerated with Na20 and recycled several times, until eventually satu-

ration with fission products is reached (77) or until the combined impurity

activity levels begins to influence the disaggregation process.

A preliminary study in S.C.K./C.E.N. Mol (37, 60, 66, 67, 68) showed that

subsequent to a disaggregation of an irradiated fuel with B mole \ alkali

in a sodium nitrate melt the residue of the nitric acid dissolution step

could be brought back to less than 0.5 wt. % (against 1.5 wt. % ) .

This result appeared favourable enough to encourage more work along this line.

The state of oxide varieties in molten sodium nitrate is still a controver-

sial question (5, 8, 11. 14, 15. 6, 17, 2, 30). Mainly due to the high

corrosiveness of such melts, to date, studies were limited to low the temper-

atures (alioundt 300°C) concentration (<0.1 molar). A high temperatures

£450-500°C) and alkali concentrations required for reprocessing the spent fuel

the lack of fundamental data was evident.„ Therefore a preliminary investiga-

tion in the chemistry of the molten nitrate-oxide system at higher temperat-

ures and oxide concentrations seemed to be most appropriate.
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PART I : MOLTEN SALT CHEMISTRY

1.1. CHEMISTRY OF THE MOLTEN SODIUM NITRATE AND SODIUM NITRATE-OXIDES SYSTEM

In the last ten years the complexity of the nitrate-oxide-oxygen system in

the molten state has been fully recognized (1-27). Much progress was made

in the hands mainly of Zambonin and co-workers. Burke and Kerridge and others

[3,4.7.9,17,16,20.24.26,27.29.31,34]

In the early work carried out in SCK/CENMol[67j on the disaggregation of a

(U,Pu)Q2 fuel in molten nitrate it was shown that the reaction on temperature

could be lowered from 750 to about 500°C if sodium oxide or peroxide was

added to the system.

In this early work reproducibility was poor and, was assigned to a variable

moistures contamination (NaOH). Also, this contaminant is an efficient

wetting agent. In consequence, active creeping takes place in the surface

oxide layer of the containing vessels with resulting damage for the apparatus

and erratic behaviour.

In the present work, great care was taken to prepare very dry sodium oxidesx.

Several chemical and electrochemical techniques have been developed and

theoretical views have been substantiated by accurate measurements. However,

the large fraction of this literature mainly deals with processes carried

out at temperatures around 300°C (or lower] in Na-K nitrate eutectic melt.

Alkali (oxides) concentrations considered by these authors are always lower

than 0.1 molar.

Although much inspiration could be found in this work, our problem remained

in its entirety since the investigation had to be carried out between 400 and

55O°C, at alkali concentration near saturation. Corrosion introduces side-

reactions that could be more important than those under study.

x Oxides include oxide, peroxide and superoxide.
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Indeed, most materials (such as Pt. Pyrex, stainless steel, alumina etc.)

react with this aggressive mixture.and eventually the course of the reaction

under study is influenced by the corrosion products. The choice in contain-

ing materials is severely restricted and the electrochemical methods of anal-

ysis can no more be applied.

I.I.I. Self-dissociation of nitrate in the molten state

Several authors [2,6,11.12,13,26.3i] have envisaged the formation of a nitron-

ium ion N02 in the melt as an intermediate step in the decomposition of

nitrate to nitrite.

NO3 t N02 + 0
2' (1-1)

NO3 + N02 t 2N02 + 1/2 0 2 (1-2)

2N02 + 0
2" 1 N0~ + N02 (1-3)

According to Jordan [12] the equilibrium constant of the reaction (1-1) is

2.74 x 10~2B mole kg"1 at 250°C and 5,66 x 10~24 mole kg"1 at 300°C in a

Na-K eutectic melt.

Due to the low value of the equilibrium constant and the low decomposition

kinetics [32], pure molten sodium nitrate constitutes a stable melt under air

or even under an inert gas atmosphere.

By heating sodium nitrate under dry nitrogen up to 400°C for 4 hours, no

detectable alkali can be found. At 520°C however, for 7 hours the equivalent

of 0,043 mmoleNa2Owas formed in a 33 rrmole NaN03 melt, indicating that the

decomposition is negligible in the temperature range of interest.

1.1.2. Oxide ions in sodium nitrate melt

The instability of the oxide ion 02~ in molten sodium nitrate has been re-

cognized by several authors £5,8,11,12,14-16.18,21-23]. Oxide ions are al-
2-

most completely oxidized to peroxide (0 ) and superoxide (02) ions by
nitrate ions, and several equilibria have been investigated in the melt.

0 2 + NO3 % NO2 • 0§ (1-4)

Of" + 2NO3 t 2NO2 + 2 0£ (1-5Ï

L
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Molecular oxygen is easily dissolved in the melt and several other equilibria

have to be considered :

02~ + 1/2 0 2 t Of" (1-6)

0|~ + 0 2 Z 2 O2 (1-7)

N02 + 1/2 0 2 £ NOi (1-8)

The superoxide ions are stable in the sodium nitrate and nitrite melt. Their

presence decreased the melting point and," in the final stage of solidifi-

cation, at 245°C, most superoxide is decomposed to peroxide according to the

reaction.

2 O2 X 0\~ * 02 * (1-9)

Under the abundant oxygen release (Fig. 1-1, 1-23, the surface of the salt

is lifted in the process (Fig. 1-3). The salt after cooling was examined

for superoxide by Edgar Seyb's [33] method. Only 2 to 3 mole percent of the

total alkali (Na20) was found in the superoxide form (NaÜ2) in the cold melt.

1.1.3. Association of nitrate ions with oxide, peroxide and superoxide ions

El Hosary and Shams El Din [6,17] have assigned inflexions in the titration

curve (Fig. 1-4) of (Na,K) NO3 - Na202 mixture dissolved in aqueous solutions

to the presence of a pyronitrate ion N20^~. They drew an analogy with the

pyrophosphate ion, P2D7 and they further assumed that neutralization proceeds

in two steps.

Na4N207 + HC1 •*• Na3HN207 + NaCl (1-10)

and Na3HN207 * HC1 •*• Na2H2N207 + NaCl (1-11)

The disodium salt of pyronitric acid would readily decompose to Naf«3 and

H20.

2 NaNO3 + H20 (1-12)

By titration of the aqueous solution of the NaN03~Na20 cold melt with HC1

the same inflexions (Fig. 1-5} were observed in this work.
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As it stands, for lack of other evidences the interpretation of El Hosary

appears to be hardly more than a work hypothesis. However, the following

experiments support the idea of some association between nitrate and oxides.

In a molten mixture of sodium nitrate with B mole percent NajO, the oxide

ion is oxidized by the nitrate ion or oxygen to peroxide and superoxide.

During solidification, most superoxide decomposes to peroxide. By dissol-

ution in water and titration, the same inflexions were again observed

(Fig. 1-6 curve 3). But on addition before titration of one drop of a 0.25 %

Ds0i, solution [84] the 0|~ ion in solution is decomposed and the inflexions

are seen to disappear with the peroxide. (Curve I). This phenomenon indicates

that the inflexions may be due to the decomposition of a complex ion formed

from peroxide and nitrate ions but surely not from an association of oxide

and nitrate such as Nai^^C^ proposed by Shams El Din.

A 2 n d experiment consisted in the titration by HC1 of a mixed solution of

pure NaOH and H2O2 (Fig- 1"?). In curve I, one drop of a 0.25 % OsQit solut-

ion is added to decompose H2O2 in solution before titration, while for curve

2, H2O2 w a s present in the solution. Neither curves show the inflexions

obtained in Fig. 1-5 and 1-6.

The conclusion is that the inflexions do not result from the presence of

free peroxide ions in the salt. Indeed, the pure peroxide readily reacts

with water according to :

0|~+ H20 •*• H202
 + 2 OH" . (1-13)

producing a titration curve similar to that in Fig. 1-7. These results es-

tablish the existence and the stability of some associated ionic form re-

quiring both peroxide and nitrate for its formation. X-ray diffraction

patterns have revealed several unknown lattices. The conditions of prepar t-

ing of all these new lattices will now be briefly described. Table I

summarizes these data.

x Cold melt : solidified molten salt.
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Fig.
No.

1-8

1-9

1-10

1-11

TABLE I.

Starting material

NaN03 .purified oxide

NaN03.Na20

NaNQ2.purified oxide

NaN02,Na20

Reaction conditions
reaction

tetnp. time atm,

400°C

40Q°C

350°C

350°C

4 hr

1 h;

.5 h~

short-

time

N2
N2
N2
N2

Products in X-ray
diffraction pattern

NaN03,X,Y

NaN03,Na20«Na202.X,Z

NaN03,NaN0 . 4
t h

NaN02. 5
th

In view to avoid interactions between the melt and sodium hydroxide the avail-

able sodium oxide was made moisture free by precipitation from a saturated

nitrate melt. The method is described in detail hereafter {section.1.2.3.1. It

must be realized that by the nature of the purification process oxide is in

fact oxidized to a large extent to. peroxide by the solvent salt sodium nitrate

(see section 1.1.2.).

By fusing together sodium nitrate and a purified sodium oxide at 400°C under

nitrogen for 4 hours, two unknown compounds are found. Their lattices have

been designated by X and Y (Fig. 1-6).

The X lattice is cubic with a parameter ao = 8.71 A° (Table 1-1). The

diffraction lines of the Y lattice are shown in Table 1-2.

If the mixture is heated at 400°C under nitrogen for only one hour and un-

purified sodium oxide is used, NaN03, Na20 and Na202 are identified along

with lattice X and a new one designated by 2 (Fig. 1-9). The diffraction

lines of lattice Z are shown in Table 1-3.

By fusing sodium nitrite with a purified oxide at 350°C under nitrogen, an

X-ray diffraction pattern is obtained which shows a 4 t h unknown pattern

(Fig. 1-10) to which a tetragonal lattice with parameters a. - 5.939 A°

Co « 9.997 A° (Table 1-4J could be fitted.
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Fusing NaNÜ2 and unpurifled Na2O for a very short time at 350°C under nitrogen

an X-ray diffraction pattern is obtained showing a 5*n unknown lattice

(Fig. 1-11] which is cubic with a parameter ao - 10.566 A° (Table 1-5).

It is however possible to arrange, these data to make reasonable, suggestions

regarding the composition of these structures (for clarity, the conclusions

are collected in Table 21.

TABLE 2.

unknown lattice

X

Y

Z

4th

5th

structures

NaN03VxNa202

NaN03.xNa 02

NaN03.xNa20

NaN02.xNa2O2

NaN02.xNa20

crystal form

Cubic

-

-

Tetragonal

Cubic

lattice constants

ao = 8.71 A°

-

-

ao=5.939A° Co=9.997A°

ao = 10.586 A°

From equation 1-4 and 1-5 it may be supposed that lattices X and Y are formed

from associations between, sodium nitrate and sodium peroxide and (or) super-

oxide.

However, if the time allowed for the reaction is short the amount super-oxide

formed is small and therefore the common lattice X present in Fig. 1-8 and

1-9 is likely to represent an association of the type N

Considering reaction 1-4 and 1-5, through which peroxide and superoxide are

formed, pure logics leaves for lattice Y (Fig. 1-8) the choice between

combinations such as NaN02-xNa202,NaN02-xNa02 or NaN03-xNa02.

In Fig. 1-9, the presence in the diffraction pattern of unreacted Na2Ü

leaves for lattice Z the following alternatives : NaN03-xNa20. NaN02-xNa20

or as for lattice Y, NaN02-xNa202.

However, by melting together NaN02 and purified oxide one obtains in the

diffraction pattern a 4 t h lattice not related with either Y or Z. Since

NaN02, Na202 and Na20 certainly the major components in the melt.
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Th« 4*" lattice is very liKely of ths typs NaN0;j-xNa202 or NaN02.xNa20.

Ttwse considerations leave for lattice Y the possibilitiBS of an association.

of superoxide with either NaN03 or NaNQ2 and for lattice Z an association

of the simple oxide with NaNO3 or NaN02.

By melting together NaN02 and Na2O, but for a very short time to prevent

excessive nitrite decomposition the 5 unknown lattice was obtained.

Considering the lattice as a combination NaN02xNaj0 we come to the conclusion

that the most likely composition of lattice Z would be NaN03-xNa20, and that

lattice 4 t h is NaN02.xNa202.

Because lattice Y is not present in Fig. 1-10 the only possibility for

lattice Y is an association between NaNO3-xNaO2.

1.1.4. The effect of water vapour in aolten salt

The dissolution of water in a pure sodium nitrate melt is a true physical

process without any hydrolytic reaction [34,35]. The solubility of water is

large in comparison to the solubility of nonpolar gas molecules in the same

melt. The larger solubility is due to the electrostatic ion-dipole bands..

Mixed sodium nitrate and oxides melts are very sensitive to traces of moisture

[16,19,22.25,36]. Several reactions actually occur :

02" + H2D ->• 2 OH' (1-14)

0§" • H20 •*• 2 OH" + 1/2 02 [1-15)

2 0i * H20 ->• 2 OH" + 1,5 0j (1-16)

According to Frederick and Temple £i8,19j the reaction 02~ • H20 * 2 OH"

is readily and completely reversible in molten nitrate, and 1/2 mole of water

can be pumped off for each mole hydroxide added to the melt. Because of its

evident interest in view of removing caustic soda from our salts this

reaction was studied carefully. Sodium hydroxide and moisture free sodium

nitrate were melted together in a zirconium crucible and heated to 450°C for

4 hours under a flow of argon or dry air. No water was released from the

melt. However the introduction of a piece of pyrex glass filter into the
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melt caused an immediate response from the moisture sensor in line on the

outlet tubing. The water evolution is due to the reaction of NaOH with

the glass [22].

SiO2 + 2 OH"-*- SiO§~ + H2O (1-17)

It is therefore firmly established that Frederick and Temple's claim is not

correct. The reaction between oxides and water in molten salt is irreversible.

Even at room temperature, in the form of a dense solid, the fused mixture of

sodium nitrate and oxides is still highly hygroscopic. In a few seconds

NaOH is formed on the surface by exposure to ambient air {Fig. 1-12 to 1-14).

1.1.5. Corrosiun problems in the molten sodium nitrate and oxides system

Although pure sodium nitrate oxidizes iron to Fe30ij [32J the melt can be

easily handled in stainless steel or dense alumina vessels. But when the

oxide is added, the molten mixture becomes so reactive that the use of mate-

rials such as stainless steel, silica, nickel, alumina, pyrex glass and

platinum is prohibited [23]. Some authors £23,32] however, suggested that

relatively high concentrations of basic species dissolved in the nitrate

melt can exhibit kinetic stability when contained in glass.

The chemical resistance of Duran 50 glass and pyrex glass was examined in

molten sodium nitrate with three mole percent sodium oxides at 50D°C.

Table 1-6 shows that the chemical resistance of glass is too low to allow

its use as container material for molten sodium nitrate and oxides mixture.

The main components of the glass we used are SiO2 and 82O3 (Table 1-7).

corrosion proceeds as follows :

The

SiO2

SiO,

sio|-

Sio|" -e 1/2 0 2

SiO2 • 2 0 2 •*• SiO|- * 3/2 0 2

B2O3 • 3 0
2" -»• 2 B0§~

B2O3 • 3 Of" -»• 2 B0|"+ 3/2 0 2

B2O3 • 6 Oi -• 2 B0l~+ 9/2 0 2

(1-1B)

(1-19)

(1-20)

(1-21)

(1-22)

(1-23)
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Fortunately zirconium and zircaloy have been found most satisfactory up to

55D°C under dry air [27.2BJ. Our zirconium crucibles have been in use for

years undergoing negligible alteration. However above 55O°C» in pure oxygen,

the metal suffers a total breakdown in a matter of hours (Fig. 1-15).

!.2. PURIFICATION OF SODIUM NITRATE AND SODIUM OXIDE

Commercially available sodium oxide is by no means pure. Due to the different

preparation procedures and storage conditions the product may be contaminated

with sodium, sodium nitrate, sodium nitrite, sodium carbonate* etc.

The commercial product is white grey. O'Hare [39] points out that

white and attributes the light grey colors to an excess sodium.

is

Sodium nitrate is obtainable in a state of high purity, the only contaminant

material being moisture.

1.2.1. Removal of moisture from sodium nitrate

Water is the main impurity and is difficult to eliminate from the salt. The

solubility of water in molten sodium nitrate near the melting point is still

0.14 mole percent [34]. Such an amount of water is sufficient to convert a

fraction of the eventual oxides to NaOH influencing thereby the subsequent

reaction course, increasing the corrosion rate of the reaction vessel [19]

and causing salt to creep along the walls.

Because of the high solubility of water in the salt, and on the assumption

that the solubility of water in a nitrate melt is purely physical and re-

versible quenching techniques [40] were used in view of obtaining dehydration

of NaN03. The dissolved water is driven out of the salt during the quenching

period. The salt (15 to 20 g • per batch) is kept at 400 to 500°C for 2

hours in the dry glove-box under air, quenched and stored in the dry box.

1.2,2. Determination of impurities in sodium oxide

The sodium oxide is from MERCK (W. Germany) Art, B558. The container was

opened and stored in the dry glove-box.
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1.2.2.2. Sodium hydroxide determination

The presence of sodium hydroxide In the sodium oxide is due to moisture

absorption from the atmosphere.

To determine NaOH in Na20,, dry CO2 is flown over the melt [4i] and water

is released in the reaction.

2 NaOH + C02^Na2C03 • H20 ' (1-24)

The procedure consists in dissolving Na20 in moisture free sodium nitrate

keeping a flow of dry CD2 at 45D°C for 4 hours. The resulting water vapour

is trapped on a P2U5 absorber and the weight change is recorded.

With this method the NaOH content in Na20 was found to be 6.3 wt.%.

1. 2. 2.2. Sodium and sodium peroxide determinations

By dissolution of a sodium oxide sample in water the following reactions occur.

Na20 •+ H20 -*• 2 NaOH (1-25)

Na202 + H20 •*• 2 NaOH + 1/2 02 (1-26)

Na • H20 •*• NaOH + 1/2 H2 (1-27)

Cases eventually released during dissolution Df a Na20 sample were analysed

for H2 and 0 2 by gas chromatography.

Inside the dry glove -box 10 g Na2D are disposed on a Zr dish and introduced

into a reaction vessel. (Fig. 1-1B). The whole apparatus is evacuated and

then valve A is closed. Water is introduced into vessel B, degassed under

vacuum and slowly added to the reaction vessel which is Kept cool by a water

spray. The reaction vessel is then filled completely and valve C is closed.

The trap D is cooled by a mixture of actone-dry-ici to collect the excess

moisture. The remaining gas is analysed by gas chromatcgraphy. Typical

impurity levels for Na and Na202 are respectively 0,035 and 1.27 wt«%.

The Na202 content can also be determined by titratlon with KMnQi,, The

reactions are : • • •

2 H20 + Na202-»-2 NaOH + H202 (.1̂ 28)

2 MnOiJ • 5 H2O2 + 6 rf+ •*• 2 ttn2* • 5 0 2 + 8 H20 Cl~29)



i
17.

With this method, apparent Na202 contents as high as 1.85 wt.% were found.

These high results are due tö the simultaneous titration by KMnOij of the

NaN02 present in the salt. The reaction is

+ 5 N02 + B H
+ •*• 2 fin2* + 5 NOi + 3 H20 M-30)

1.2.2.3. Sodium nitrate and nitrite determinations

Nitrate and nitrite can be reduced to ammonia in concentrated alkaline solu-

tion by aluminium :

3 N0§ + B Al + 5 OH" + 2 H20 -> 8 A102 + 3 NH3 (1-31)

NOi + 2 Al + OH' • H20 •*• 2 A102 + NH3 . (1-32)

The NH3 is distilled into an'excess of acid standard, and the concentration

in NO3 (including NO2) is deduced from a back titration. NaNÜ3 contents up

to 0..S9 wt.% were found.

1.2.2.4. Sodium carbonate determination

Sodium carbonate present in NaOH is due to the absorption of C02 from the

air. After dissolution in H2O a Na20 sample is titrated by HC1. The absence

of any inflexion in the neutralization curve about pH5 warrants a carbonate

content smaller than 0.1 wt.% (Fig. 1-7).
m

1.2.3. Purification of sodium oxide

Following O'Hare [39] heating the sample in a porcelain crucible at 520°C

under high vacuum for 40 hours, volatilizes impurities such as Na and NaOH.

Hildenbrand and Murad [42]- assert that baking out the sample under high

vacuum for two days at 500°C volatilizes NaOH.

0'Hare's experiments were carefully repeated. The sample is weighed in the

dry box and put into a Zr crucible. The apparatus is shown in (Fig, 1-17),

After heating the sample at 52O°C under high vacuum for 48 hours, the sample

was analysed. Sodium was found to be completely distilled, while most sodium

peroxide (Q,Q5B wt,% against 1.85) was decomposed in the process "- - .

1. _



•p-1

18.

+ 1/2 O2- However, less than 3D percent of the sodium hydroxide

was removed in the process.

A more novel method to remove NaOH from the melt is based on the temperature

dependence of the sodium oxide solubility in the nitrate melt.

According to Borough and Kerridge [43^ sodium oxide in a lithium-potassium

nitrate melt is far less soluble than sodium hydroxide. We expected the

same to apply to a pure sodium nitrate melt.

With the hope that the solubility difference would be further increased by

lowering the melting point, mixtures of NaN03-NaNQ2 were used as solvent.

Equimolar NaND3~NaN02 mixtures (eutectic M.P. 221.7°C) were melted in the dry

glove-box under nitrogen and kept at 400°C for 2 hours. After quenching the

melt, the NaN02 content was checked by KMnOi, titration. The change in compo-

sition occurred during the heating is negligible.

At'5OO°C Na2Ü was added to the melt up to saturation. During cooling, samples

were taken from the upper liquid layer (with a Zr tube) at 500,450,400 and

350°C. At this latter temperature a sample from the precipitate was also

taken.

The samples were analysed for NaOH, total alkali and NaN02 contents and the

results (Table 1-8) show that the solubility of sodium oxides in a

NaN03-NaN02 melt at 500°C (3.01 mmole/g salt) is eight times that at 350°C

(0.366 mmole/g salt). Although the precipitate is impregnated with solvent

up to 70 wt.%, the NaOH content is seen to drop from 0.66 mmole/g in the

liquid phase tD 0.13 mmole/g in the solid phase. From these results it is

concluded that NaOH can be efficiently removed from Na20 by this method.

It should also be noted that the nitrite is actively decomposed in the process

since the longer the experiment the lower the remaining nitrite concentration

found in the melt (Table 1-B column 4).

The procedure finally adopted for purification of sodium oxide is as follows.

The commercial Na20 is dissolved in the NaN03 melt up to saturation, at 500°C

in a dry glove-box under e dry nitrogen'atmosphere. Cooling to 350°C pre-
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cipitates the sparingly soluble sodium oxide which is separated by centri-

fugation. Repeating the procedure twice brings the moisture level below

our detection limit.

The nitrite decomposition taking place in the process could be explained by

the following mechanism [21,44,57]

2 NO? •* 2 NO + 0?" (1-33)

2 Of" +. 2 NOl t 2 NO3 + 2 D2" ' (1-34)

2 02~ + 2 NO -• N2 + 2 0g~ (1-35)

4 NO2 -»• 2 NO3 + N2* + Df" (1-36)

The 3ro> step communicates its irreversibility to the decomposition process.

The proposed set of reactions is consistent with the work of several authors.

Peneloux [57] has shown the formation of nitrate during the decomposition of

nitrite. He also showed that a low but steady partial pressure of NO (con-

sistent with reaction 1-33) existed above the melt. These results are

confirmed by Henrion and Claes in their study of the thermolysis of HTS

(heat transfer salts) [ei].

The acceleration of nitrite decomposition is presence of high concentration

of 02" is explained by reaction 1-35.

1.3. EQUILIBRIUM CONSTANT DETERMINATIONS

Sodium oxide in a sodium nitrate melt is readily oxidized by the nitrate ion

or by molecular oxygen from the above atmosphere to form peroxide and super-

oxide. Several equilibria have been recognized [B,11,13*-15,18,20,21,23,28]

02" + 1/2 0 2 = of (1-37)

Of + O2 • 2 0 2

The equilibrium constants are

[°n
Kl "V-i wn
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(1-40)

The oxygen solubility in molten sodium nitrate approximately obeys Henry's

law [20,26.45,46]

L 2J 0 2 " 0 2

[O2J » Oxygen solubility in molten salt in mole per kg salt mixture

0 2 = Henry's law constant (mole kg"*atnf*)

p n = Oxygen partial pressure in atmosphere.
u 2

ion
K, = -,

K
PI

[02]2
K2 = (1-44)

( 1" 4 5 )

• °2

Since the partial pressure of oxygen is easier to measure than the corres-

ponding molarity in the dissolved state preference was given to K .

Representing thé absolute absorption of oxygen in rrmole 02/mnole Na20, by "n"

the equilibrium constant K can be rewritten as
PI
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2n
K « (1-46)
P l (1-2n) pn »/2U2

In writing equation 1-46 we have assumed that reaction 1-37 is virtually

complete before superoxide begins to be formed in appreciable amount.

Representing by "a", the number of nrmole Na20 in the melt by "n1" the oxygen

absorbed per rrmole Na2U~2 *n reaction 1-36 alone, Kp2 may be rewritten as

4 a n 2

Observe that n' = n - D,5

1.3.1. Apparatus and procedures

Values for the equilibria 1-37 and 1-36 are found in the literature [B,13-

15.19,20.23,26,27]. However they are restricted to temperatures not exceeding

400°C. Since the "processes of interest to us are taking place in the vicini-

ty of 5OD°C it was found necessary to obtain experimental evaluation of

these equilibrium constants.

The experimental device is seen in Fig. 1-18

1.3.2. Oxygen absorption in the system

The absolute oxygen absorption in the nitrate-oxide system was determined

under various conditions of temperature and oxygen partial pressure (Fig. 1-19)

The absorbed oxygen is assumed to have reacted with the oxide to form per-

oxide and superoxide. The oxygen solubility in a pure sodium nitrate melt

is low enough (below 10"** mole/mole salt) to be neglected.

The measurements were completed by the examination of oxygen absorption in the

sodium peroxide-nitrate melt (Fig. 1-22). The results are in close agreement

with those in Fig. 1-19 curve 2. (When allowance is made for the half'mole

oxygen consumed in the formation of 1 mole peroxide).
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Fig. 1-18 and 1-22 show an inflexion in the absorption curve at about p_ *

100 mm Hg. This particular feature in the oxygen uptake is quite repro-

ducible but we have so far no explanation to propose for its presence.

1.3.3. The equilibrium constant at different temperatures

From pressure measurements using equation 1-48 K values were calculated

for different temperatures (Table 1-9).

For comparison with literature data the equilibrium values were calculated

in more conventional units using for the oxygen solubility Henry's constants

. extrapolated from the results of Desimoni [47j. The equilibrium constant

&2 is represented in Fig. 1-24.

If we choose to avoid risky extrapolations, the only literature data avail-

able for direct comparison are those, of Flinn and Stern [27].

These authors also determined the apparent equilibrium constant by a mano-

metric method and up to 400°C. Oxygen concentrations in the melt were also

evaluated from the work of Desimoni on Henry's constant. For the equilibrium

D| * 0 2 + 2 O2 Flinn and Stern obtained the values 5.2 x 10
5 and

8.26 x 10s respectively at 400 and 350°C. The corresponding K2 values deter-

mined in the present work are respectively 2.0 x 106 and 3.2 x 106,. making

our results four times higher than those of Flinn and Stern.

Flinn and Stern also.examined the effect of the crucible material, on the

equilibrium constant determination. They found that at 2B7"C the apparent

equilibrium constant in an alumina crucible Type 998 (2.2 x 106) is higher

than in platinum (5 x 105) or in pyrex £1.2 x 105).

The resistance of alumina to corrosion in molten nitrate has been examined

by Claes at. S.C.K./C.E.N. [37]. Coors AD999 (99.98 \ A12O3) crucibles in

contact with pure sodium nitrate melt at 720°C for 4 hours under dry air

incur weight losses as high as 240 mg. When alkali is present in the melt

the corrosion turns into complete destruction.

At the high temperature (400°CJ and alkali concentration (0.1 molaH envi-

saged in their work. Flinn and Stern may well have experienced side reactions
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with the alumina crucible. This seems a reasonable explanation for the higher

values of K2 found in the present work. Besides the extremely good resistance

of zircaloy reduces corrosion interferences to a.minimum and, as a consequence

the present equal values might will be the most representative for the- phenome-

non under study.

1.3.4. Color changes in the salt

Addition of Na20 imparts to an initially colorless nitrate melt a yellow

color that turns to dark brown in a few minutes whether the atmosphere is dry

air or nitrogen. During cooling» the melt becomes light yellow or white.

We suggest, that the yellow color in the sodium nitrate - oxide melt appearing

in the first minutes could be linked to the rapid formation of peroxide ions.

Under prolonged heating the progressive change from yellow to deep brown, could

reflect the steady increase in superoxide concentration, (equation 1-5 or

1-7). The reversibility of the 2nd. color change during cooling agrees with

the observed decomposition of superoxide.

1.4. SOLUBILITY DETERMINATIONS OF SODIUM OXIDE AND FISSION PRODUCTS IN A SODIUM

NITRATE MELT • •

Considering that the oxide concentration in the melt may be a parameter of

fundamental importance in the disaggregation process of spent fuel for fast

reactor, obtaining experimental data regarding oxide solubility in the melt

appeared highly desirable.

Also, the knowledge of the distribution of long-lived fission products

(Table 0-1 ) between the molten salt bath and the solid (fuel) phase could be

very useful. Favourable cases could be expected in which useful preliminary

decontaminations of the fuel would take place. In the view, some metallic

oxide solubilities in the sodium nitrate-oxide system have been determined.

The high alkali concentration envisaged turns the nitrate melt into an ex-

cessively corrosive medium. Therefore, separation of the solid phases from

the liquid was the major problem in this study.
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Pyrex glass and Duran 50 glass with G3 filters were used. Within a few seconds

the glass in contact with the salt lost its transparency and in less than one

minute the filter was destroyed. Nickel filters showed a better chemical re-

sistance, but the salt became greenish after filtration indicating the pres-

ence of Ni ions in the salt.

This problem was overcome by centrifugatian. A minicentrifuge has been con-

structed where all parts in contact with the corrosive liquid were made of

zirconium. This apparatus was mounted inside the dry glove-box (Fig. 1-25).

1.4.1. Solubility of sodium oxide in molten sodium nitrate

The oxide ions in a nitrate melt under inert gas are almost completely

oxidized to peroxide and superoxide by the nitrate ion. The final composition

in peroxide, superoxide. nitrate and nitrite is therefore determined by

several equilibrium in the melt.

02" + NO3 t NO2 + 0<T (1-48)

0|" + 2NO3 t 2N0-2 + 2 O2 (1-49)

When air or oxygen is present, the following reactions must be considered.

02" • 1/2 0 2 t Ol' (1-50)

0|~ + 0 222 O2 C1-51)

For all these reasons we will speak of the "practical" solubility of alkali

in the melt rather than to venture in an evaluation of the oxide species ac-

tually known to exist in the mixture.

To a moisture free sodium nitrate (see section 1.3.1.) in a zirconium crucible,

purified sodium oxide is added to prepare a saturated mixture at 500°C (it

was seen in section 1.2.3. that this moisture free oxide was essentially a

peroxide). Stirring during the reaction is obtained by means of a fixed zir-

conium blade dipped in the crucible at low rpm of the centrifuge (100-200 rpm).

The thermocouple is inside the stirrer cane.
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Three hours at the required temperature proved to be sufficient to reach the

equilibrium. All runs were carried out in four hours.

The process gases were supplied by the company "L'air Liquide". Nitrogen

contained no more than 8 vpm H2O. Dry air (Type 3) and oxygen (Type A4D)

have a composition shown in Table 1-10 and 1-11. The process gases, after

further drying on P2O5 were made to flow over the melt surface.

Centrifugation was progressively operated and the liquid phase was collected

in the zircaloy basket. After cooling and dissolution in water, the salt

was titrated with standard 0.2 N HC1. Each experiment was repeated five to

ten times either under nitrogen, dry air or under oxygen (Table 1-12 to

1-14) (Fig. 1-28 to 1-30).

It is seen from Fig. 1-29 and 1-30 that the composition of the atmosphere

above the salt bath has little influence on the alkali solubility. Curve 2

obtained under air could be interpreted by assuming a higher solubility for

the superoxide, however, curve 3 obtained under oxygen seems to contradict

this conclusion.

In Fig. 1-27, the alkali concentration at any temperature (curve 1) has been

decomposed into its peroxide, superoxide parts (respectively curve 2 and

curve 3). This transformation is easily carried out by means of the equi-

librium values determined in section 1.3.3. for the reaction 0^ + 0 2 * 202

(Table 1-9). The contribution of the simple oxide form 0 2 to the total

alkali is assumed to be negligible (see section 1.1.2.).

In Fig. 1-27 the oxygen partical pressure is 160 mm Hg (corresponding to

air).

The whole procedure is repeated in Fig. 1-26 but under an atmosphere of

pure oxygen (PQ » 760 mm Hg°).

These figures show that the solubility of superoxide (curve 3) in the rueIt

increase with oxygen partical pressure and goes through a maximum at 450*C

under air or under pure oxygen.
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1.4.2. Solubility of barium oxide in a sodium nitrate melt

Although barium is by no means an important fission product, this isotope

is readily available and was selected to provide general information about

alKallne earths behaviour. At this preliminary stage of the fission pro-

ducts study it is hoped that the following considerations are basically

valid for strontium. The commercial barium oxide is usually slightly con-

taminated with carbonate to about 0.07 nrnole g . Pure barium carbonate

solubility in sodium nitrate melt at 400°C is about 0.16 rnmole g salt.

To avoid the following side reaction

02" + C02 •+ CO
2" 11-53}

storage and experiments with this product must take place in a CO free

atmosphere. The experiments were carried out by direct addition of the

barium oxide to the melt.

Examination of the precipitate by X-ray diffraction showed that either

under air or nitrogen the solid phase in equilibrium with the melt was al-

ways barium peroxide.

The conversion of BaO to BaO_ may proceed through the following set of steps.

(1-54)

(1-55)

(1-56)

(1-57)

(1-58)

(1-59)

(1-60)

Ba0(s)

o2" +

02"+ 2

B a * * *

and under a i r

02" +

°r +
B a 2 + -

- Ba++ + 0

NOgï

«f*
1/2 0 2

02 ^ 2

D2~ '

• 2 0"

: BaO2

t02

°2

BaO,

2-

NO"

+ 2 NO"
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• The sample was taken from the liquid by means of a Pyrex or Duran 50 glass

. ; tube equipped with a G3 filter and was dissolved in carbonate free water

'•'•) for titration against standard HC1, using a glass electrode pH meter. The

. !• peroxidB concentration in the salt was calculated on the base of the

following reaction :

0^" + H20 •* 2 /~0H~_7 + 1/2 0 2 (1-61)

i Barium was determined by EDTA titration 'using Mg EDTA with Eriochrome black

j T as an indicator C69). The solubility of barium in a sodium nitrate melt

; from 350°C to 500°C under either nitrogen or dry air is expressed in :.

,> tables 1-15 and 1-1B respectively.

Tables 1-15 and 1-16 show that the solubility of barium in an alkaline

sodium nitrate melt does not depend on temperature and is 11.6 \ higher

; under nitrogen than under an air flow.

' This increased solubility could be only apparent and result from our assi-
— O— —

i milation of total alkali concentration with / CL / i n the solubility pro-
— 2 "~ —

! duct, ignoring the f_ 0 _/ real contribution. Let us evaluate this last

i term.

. : To 45 g (529 tnmole] NalMO 4 g (26 mmole) BaO were added. Considering t h a t
"i - 2 - -*• - 2 -

i the equilibrium constant for the reaction N0„ + 0 •«- NO + 0 is about

; j 3 and that BaO is quantitatively converted to BaO„ it is readily seen that

in the expression

/~NO' 7 /~ol' 7
/ NO-/ / o* /
— j— — ~ —

the ratio of peroxide to oxide is about 58. This means that the oxide

present in the melt under nitrogen represents- less than 2 % of the alkali

in solution and /~Ba2+_7 /"o^' J "" ./~Ba2+_7 /~alkali_7. The solubility

increase for barium under a nitrogen atmosphere is thus more likely due to

the change brought to the solvent by the formation of about 5 % nitrite-

Table 1-16 shows that the barium concentration in the melt is 9.7 \ higher
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than the total alkali. It was seen in section 1.3. that neutralization of

peroxide-nitrate molten mixtures dissolved in water proceeded in two steps,

the second occurring between pH 4 and 5. However, the alkali in the melt

was measured carrying the titration till pH 7. Comparison', of curves 1

and 3 of Fig. 1-16 shows that an error of 7.8 \ results from this limited

neutralization.

Another source of error in the alkali measurement could be the interaction

between the alkali and the glass sample tube (see section 1.1.5.] especially

the G3 filter during sampling and cooling period. However, considering the

short contact time and the moderate alkali concentration (less than 2 rtole %)

the side reaction SiO„ + üi' •*• SiO " + 1/2 0 is not likely to interfere

much. Let us observe that the inflexions mentioned in section 1.1.3. are

repeated in the titration curves Fig. 1-31 to 1-33 in the pH ranges 10 to 8

and 6 to 4. The barium solubility in molten sodium nitrate appears large

enough to allow a complete dissolution in the salt bath of active barium

during the riisaggregation process of irradiated fuel. However, other reac-

tions must be taken into account when trying to assess the behaviour of

barium during the head end step. For instance if molten sodium nitrate

reacts with U O i n presence of barium, about 90 \ of the initial barium

quantity is recovered in the resulting diuranate phase (59). The basic dis-

aggregation process appears therefore highly selective for barium.

In consequence, although the solubility of barium in the melt is sufficient-

ly large, one can not expect any useful separation from the fuel. Because

of their chemical similarity the same conclusion is likely to be valid for

the active strontium.

I.4.3. Solubility of ruthenium in an alkaline sodium nitrate melt

Our interest for this fission product is directly related to its abundance

and its high specific activity (Table 0-1). The removal of substantial

amounts' of materials like Ru and Nb is always an advantage since it decrea-

ses the danger of radiolysis for organic solvents in the Purex process.



29.

Ruthenium solubility in molten sodium nitrate alkaline bath was determined

by addition of RuCL in the mixed sodium nitrate-sodium oxide melt. The
- 2-

ruthenium in molten alkaline nitrate bath is present as RuO. or RuQ. .
The reactions are :

^" t ^~ (1-62)

2 • 0 t RuO • (1-633

Samples of the liquid phase were taken by filtration with a Ni filter, and

the ruthenium content was determined by activation analysis. After irrad -
24

iation. four weeks cooling are needed to decrease Na (t 1/2 = 15 h) activ-

ity, • The ruthenium solubility in presence of 2 male % alkali, at 500°C

under air was found to be about 3000 ppm.

By bubbling gaseous NO or NCL through the salt bath, the excess alkali is

neutralized. Ruthenates and perruthenates are decomposed and RuO_ is re-

precipitated. The reactions are :

0*~ * NO -> 2 N0~ (1-64J

0^" + 2 N02 + 2 NOg (1-65J

O~ + N02 •*• NOg + 1/2 0 2 (1-66)

^" • 2 NO -»• RuO2
 + 2 N02 (1-67)

" + 2 N02 -»• RuO2 + 2 NOg (1-68)

+ NO -> RuO2 • NOg (1-69)

A * N02 ->• RuO2 + NOg + 1/2 0 2 (1-70)

The recovery of RuO2 is quantitative with only 0.5 to 1.5 ppm ruthenium re-

maining in the salt.
I

These results show that, if required, the concentration level in active Ru
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in the salt bath could be controlled by an eventual neutralization of

the salt bath. Recycling the latter can therefore be envisaged.

1.4.4. Solubility of zirconium oxide in a sodium nitrate and oxide melt

Besides its excellence in resisting corrosion, zirconium also requires our

attention as one of the most important fission products (Table 0-1). Zir-

conium oxide solubility in alkaline molten nitrate was not examined in

detail.

After the initial formation of a protective ZrO layer in the crucible

surface a high resistance to mixed sodium nitrate-oxides melts was observ-

ed. During the present work which has been going on for two years, the

inside part of the crucibles did not suffer a visible change. After four

hours of contact of the crucible with a sodium nitrate and 6 rrole % oxide

mixture melt at 5D0°C under air. no Zr could be found in the salt by

emission spectroscopy. This establishes the very limited solubility of

ZrO„ in the nitrate and oxides melt. But on the outer part of crucible

exposed to air or oxygen at 500°C white layers of ZrO_ are formed (Fig.

2-34). When the outer part was contaminated by the salt, excessive cor-

rosion was observed.

It can safely be concluded that fission product zirconium will not be

separated from the fuel during the molten salt head end step. However,

as ZrCL is very insoluble in acid media, it may well be found in large

amount in the sludges from the dissolver.



PART II : HEAD END IN MOLTEN SALT AS A PART OF THE

I
i

P--

REPROCESSING OF SPENT NUCLEAR FUEL



31.

2.1. (U,Pu)O, FUEL DISAGGREGATION BY SODIUM NITRATE AND SODIUM OXIDES

MIXTURE MELT

The development of a process for spent nuclear fuel should logically be

carried out on irradiated fuel. This material is available but its handling

raises many practical problems. The time and cost needed for the comple-

tion of an extensive study would be prohibitive. On the other hand hand-

ling of non-irradiated (U,Pu]0 fuel in the present state of technology,

encounters comparatively little difficulties and, as experience over the

years has shown that an irradiated oxide is similar enough to its cold

counterpart, the decision to investigate first with unirradiated material

is fully justified. Commercially, the high plutonium content FBR fuel is

obtained by mechanical mixing of U0_ and PuCL, pelletizing and sintering.

As a result of sintering, the solid solution CU,Pu)O_ is formed which,

under subsequent irradiation, increases in quantity and improves to some

extent in homogeneity. While CU,Pu)O„ is quantitatively soluble in con-

centrated nitric acid, the insoluble residues for a real fuel are known

to increase with burn-up. This difference is not of fundamental impor-

tance however for, as analysis showed, the residues mainly consist in

fission products such as Ce, Ru, Zr, Nb, Mo, etc.

According for simplicity in view of our study purposes, the fuel is best

simulated by a series homogeneous solid solutions of well-defined compo-

sitions. The simulation can be further refined by addition of pseudo-

fission products, during the preparation of (U.PuJCL pellets.

2.1.1. Preparation of the (U,Pu)O? pellets

In order to obtain (U,Pu3CL solid solutions of maximal homogeneity co-

precipitation was chosen as the first step in the preparation of (U,Pu)D

pellets.

An intimately mixed amonium diuranate and plutonium hydroxide was co-pre-

cipitated from a (U02) (N03)2 and Pu(NO332 solution by slow addition of

NH.OH. Vigorous stirring, essential during this part of the process, was
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achiever1 by a Vibro-mixer. Calcination under air at 550°C was followed by

reduction under hydrogen between 400 and 600°C. The compacts were sintered

at 1500°C under argon with a few ppm oxygen. The pellets consist in a homo-

geneous solid solution CFig. 2-1) with a f.C.C. crystal parameter ao * 5.451A
0

for pellets with a ratio Pu/U+Pu = 0.25. For pellets with a metal ratio

• 0.40 the lattice parameter is ao = 5.441 A°. Each pellet weighs about

500 +10 mg. 25R15 pellets (Pu/U+Pu * 0.25) are 4.64 mm. in diameter with

a height between 3.11 and 3.13 mm. Density ranges between 9.15 and 9.30 gi/

cm3. (82.5 to 83.9 % of the theoretical density). The 40R15 pellets

(Pu/U+Pu = 0.40) are 5.2 mm. in diameter with a height of 2.3 mm and densi-

ties ranging between 9.96 and 10.25 g /cm3- (89.3 to 91.9 h T.D.)

2.1.2. Experimental equipment and procedure

A minicentrifuge was mounted inside a dry glove-box (Fig. 2-32). The dry

glove box is under pressure (about 1 to 2 cm h^O colume) to oppose moisture

penetration through the gloves. A molecular sieves dryer with circulation

was mounted to keep the moisture content below 10 vpm. The small dry glove-

box is itself mounted inside a large a glove-box under negative pressure as

usual.

For safety the flow of the process gases and nitrogen into the dry glove

box was controlled by the a glove-box pressure regulation.

The dry salt mixture was prepared in a separate dry glove-box. After control

of the composition, the salt was transferred to the dry a glove-boxx under

dry atmosphere.

The salts and pellets were introduced into the zirconium crucible CH) and

heated. Once the salts was molten, the centrifuge was slowly rotated to

improve the contact between the pellets and the salt.

x dry a glove"box » dry glove*box inside the a glove-box.
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Thanks to a cooling jacket (F) and a stainless steel cover (8) the external

temperature did not exceed 40°C. At the end of the reaction the centrifuge

speed was increased to separate the liquid phase (salt) from the solids

(fuel).

The liquid phase was held by a zircaloy basket. After cooling the salt was

transferred from the dry a glove-box to an o glove-box and dissolved in

water. The solution was titrated with standard 0.1 N HC1 and then filtered

on millipore. A sample of the solid phase was prepared inside the dry a

glove box in view of X-ray diffraction analysis.

The conversion efficiency x x of (U,Pu3O2+x to urano-plutonate was determined

by a dissolution test (one hour in 1N HC1 or HNO33. The residue, which

consists in unreacted (U,Pu)02+x
 w a s filtered, dried under vacuum and

weighed. Solution and residue were then analyssd for uranium and plutonium.

2.1.3. The reaction mechanism

Micrographs of the pellets after incomplete treatment in an alkaline sodium

nitrate melt (Fig. 2-1» 2-2, 2-33 show that the reaction proceeds along the

grain boundaries of the (U,Pu)0"2 pellet solid solution. Fig. 2-2 and

Fig. 2-3 clearly show that thé pellet was swelling through the grain bounda-

ries. Fig. 2-3 also shows that many grains have retained their initial size

and shape (compare with Fig. 2-1).

The (U,Pu)02 and (U,Pu)02+x solid solution have been studied by Ganguly [62] and

by Dials in C.E.N./S.C.K... They found that the lattice constants of the solid

solutions (U,Pu)02 and (U,Pu)02+x are linear functions of composition

(Pu/U+Pu) (Vegard's law. Fig. 2-30). In order to improve the sensitivity of

diffraction analysis larger quantities of primary reaction products were

required. To that effect, the contact area between the molten salt and

. ._. . amount of solubilized in dilute acid (1N3
xx- conversion officiency « total amount of fuel
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(U,Pu)O_ was increased by crushing a 25R15 pellet. The size fraction be-

tween 250 and 600 m\i was selected and allowed to react with a 6 rriole % alkali

sodium nitrate melt at 500°C under an air flow for a short time (one and

hour.). X-ray diffraction (Fig. 2-4) showed only (U.PuJO-.,^ with a parameter

ao • 5.422 A° corresponding to the oxygen saturation of the cubic phase

(U0.75 ^0.25' °2.375 t F i ^ 2- 3 0 ) •
Continuing the reaction of (U,Pu)02+x with a NaN03-6.3 mole \ alkaline melt

at 500°C under air for 4 hours a product isomorphous to the cubic Na3U04

(ASTM No. 22-1411) is found. The parameter of this cubic lattice is

ao = 4.760 A° (Fig. 2-5). Unreacted (U,Pu)02+x was also present.

These results show that the disaggregation proceeds in two steps. First,

oxygen diffuses into (U,Pu)02 to form (U,Pu)D,2+x and, in a subsequent step.

(U,Pu)02+x reacts further with alkali (oxides) to form a urano-plutonate

phase.

2.1.3. Ï. Reaction between (UtPu)02 and a pure sodium nitrate melt

The nitrate melt or the molecular oxygen in solution, first oxidized the

fuel to the highest oxidation state compatible with the existence of the

cubic phase (U,Pu)02+x- (x max.). (U,Pu)02+x(max) reacts further with nitrate

to form Na2(U,Pu)2C>7

2(U,Pu)02+x + 2 NaN03 •*• Na2(U,Pu)207 + 2 NDx (2-i)

Whether the reaction is carried out under nitrogen (Fig. 2-6) or under air

(Fig. 2-7) the products are always (U,Pu)02+x(max) with a parameter

ao • 5.422 A° corresponding to the oxygen saturation of the cubic phase

lU0.75 Pu0.25}02.375 a n d Na2lU.Pu)20?

The dissolution test on the reaction products in dilute (1N) acid and X-ray

diffraction showed that either under a nitrogen atmosphere or under air, in

four hours 26.5 to 27 percent of the fuel was converted to Na-fU.Pu^O-, at

500°C by molten sodium nitrate alone.

Although the conversion to diurano-plutonate is not complete the pellet is

entirely disaggregated into a dark brown to grey powder. The liquid salt

phase is colorless. The salt contains about 20 ppm uranium and 6 ppm plutonium
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showing that the solubilities of (U,Pu)O2+x and ^(U.Pu^O? in the sodium

nitrate melt are quite low, and that very few solid particles are carried

away with the solvent during centrifugation.

2.1.3.2. Reaction between (U3Pu)02+ and a sodium nitrate-oxide melt

When sodium oxide is added to the melt a rather fast reaction takes place on

the surface of the (U,Pu)02 pellet. The.reaction product is adherent and the

disaggregation is slowed down. Eventually, for the.highest alkali concen-

trations the process may be completely blocked as demonstrated by the ab-

sence of corrosion on pellets for 6 hours at.500°C.

2.1.4. Disaggregation procedure and fuel solubility in the salt

Looking to the quantitative conversion of the oxide fuel to some urano-

plutonate form as a basic requirement to a successful head end, neither the

reaction examined in 2.1.3.1. nor the process described in 2.1.3.2. appears

to be satisfactory. However, as one reaction seems to make up for the

weakness of the other their combination was readily examined.

First the pellet is allowed to react with pure sodium nitrate to obtain a

powder (U,Pu)02+x(max) anc' some Na2(U,Pu)2O7. In a 2na< stage the. product is

treated with an alkaline sodium nitrate melt. The final product, examined

by X-ray showed a very poor crystallization. Nevertheless the presence of a

lattice isomorphous to Na^UC^ could be distinguished.

After reaction the liquid (salt) phase becomes brown to grey. When dissolved

in water it gives a yellow solution and a green yellow precipitate. In 1N

HC1 the solution is pink. The solid phase (fuel) is dark and dissolves in

1N HC1 to give a green yellow solution.

The identification, by X-ray diffraction in the cooled salt phase of a lattice

isomorphous to N831104 clearly demonstrates the presence of a high concentration

of uranium in the liquid phase.

This phase was further examined by electron scanning microscopy to investi-

gate the origin of the high uranium concentration in the coolsd salt. Va-

rious surface sections of the salt were taken from different parts of the

zircaloy basket (Fig. 2-32) and with.a magnification-of 3200 times no heteroge-
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neity could be found. The U/Na ratio estimated from the height of X-ray

fluorescence peaks was found to be constant for all the surface exposed.

When putting together these observations with the efficiency of separation

reported afiore (centrifugation of Na2(U,Pu)20^ in section 2.1.3.1.) the

presence of particles in the melt appears very unlikely. It seems therefore

that the urano-plutonate found in the salt phase is truly dissolved.

After treatment of 25R15 pellets in a 5 mole % alkaline nitrate melt at

500°C the solubilities of uranium and plutonium are respectively in the

ranges 6,000-8,000 ppm and 1,200-1,700.. ppm.

2.1.5. The influence of temperature on the disaggregation process

Fig. 2-8 shows that for an alkali concentration (6,4 iitole % ) , under dry air,

during 4 hours and stirring rate of 120 rpm the conversion efficiency for

25R15 pellets at 550°C is almost 5 times higher than at 450°C (conversion

efficiency = 7.6 % ) .

Although the reaction rate increases with -temperature, an upper limit of

55O°C is set by the resistance of zirconium and zircaloy to corrosion. A

temperature of 500°C constitutes the safe operating limit that should not

be exceeded.

2.1.6. Influence of the alkali concentration on the disaggregation process

In opposition to our early expectation it was found that the higher the

alkali concentration in the molten salt bath, the lower the conversion effi-

ciency (Fig. 2-9). Microscopic examination revealed that a glassy, almost

amorphous material, was formed on the [U,Pu)02 pellet surface when the

alkali content exceeded 6 mole % in the salt bath. Apparently the formation

of this layer is rapid and Fig. 2-10 to 2-14 indicates that material trans-

port is hindered from the early stage. Fig. 2-15 shows a 25R15 pellet after

reaction with 11 mole % alkali nitrate melt. The dark area represents the

reaction product (Fig. 2-15), which blocks the reaction. The central area

represents the unreacted material (U,Pu)02> Although alkali is ausolutely

required, only a small amount (2 mole %) in the salt, suffices to oparate
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quantitative disaggregation of the pellet as shown by the micrograph (Fig.

2-16) X-ray diffraction showed that the composition of the products of the

reaction of a (UjPulO» pellet and the alkaline melt depends on the alkali

content in the salt bath :

- ip the pure sodium nitrate melt Na2(U,Pu)2O7 and tU.Pu)O2+x(max] are

obtained (Fig. 2-7)

- in presence of 2 mole ; % -,;, alkali in the salt bath, besides Na2(U,Pu)2

and (U.Pu)02+x(max). a product isomorph to Na3U04 is also found (Fig.

2-17)

- When the alkali content increases» up to 6 male : \i--z- ;•..; the reaction

products are the Na3UO4 isomorph and t
u»Pu^O2+x(max) only* f^B* 2-1B)

- increasing the alkali content in the melt up to 11 mole '%r-.£.r,z, brings

an unknown lattice in the products (Fig. 2-19).

2.1.7. Structure of the urano-plutonates

Our diuranate preparation produced an X-ray diffractogram showing some

differences with several published data (48-51). The one regarding the

exact positioning of the diffraction lines probably reflects slight changes

in the .uranium oxide/sodium oxide ratio resulting from changes in the c- :.-•

preparation conditions.

Moreover, the usual "structural" representation of diuranate, i.e. Na20.3U03

is most likely quite misleading.

It was seen in section 1.1.2. that the oxide ion practically does not exist

in nitratB melt under air (2O2-+o2 = 2 0|- K = 10
16 at 502°K. [25] or even

under inert gas (02~ + NO" = N0~ + of" K = 3 at 502°K [25]). Also, it was

seen in section 2.1.2. that in (U,Pu)02 oxygen saturation of the cubic phase

corresponds to the quantitative oxidation of uranium to I-LÔ . (Fig. 2-30).

It is therefore reasonable to suggest that ^ 2 ^ 0 7 would represent in fact

U205.Na202 and not 2 U03.Na20.

In an attempt to examine how the composition of the reaction products depends

on the alkali concentration in the salt separately prepared Na2U207 was

treated in molten nitrate with varying alkali concentrations.
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A known quantity of pure Na^l^O^ is allowed to react with a known amount of

alkaline molten sodium nitrate under air at 500°C for 4 hours.

After phases separation by centrifugation, the salt part was dissolved in

water and titrated with standard HC1. The solid phase was examined by X-ray

diffraction. The titration of the salt solution indicates that each mole of

Najl^O? requires two moles Na2Ü2 to obtain one Mole of the product isomprph

to the Na3U04 of the ASTM.

It seems therefore that the composition U205.3Na202 corresponds better to the

ASTM lattice than the formula Na3U04.

X-ray diffraction shows that the lattice parameter (Table 2-1) of LLOg.SNa-CU

increases with increasing alkali content in the sodium nitrate melt. This

expansion of the lattice may be due to a corresponding slight increase in the

oxygen content. U 0 .3Na„0 is deep orange, soluble in dilute acid (1N) and

decomposes in water to Na_lLO_ by the reaction. ; • . . -•.

U205.3Na202
 + 2H20 -»• U^Og.Na^ + 4Na0H + 0 2 (2-2)

When Na-L^O? reacts with the salt at an alkali concentration exceeding 10 mole

percent, besides ILOg.SNa-OV, an unknown lattice is found (Fig. 2-20) with a

cubic parameter ao
 E 10.359 A0. The diffraction data for this lattice are

showiin Table 2-2.

From the titration of the salt (dissolved in water at the end of the reaction),

it was concluded that each mole Na-u^O^ requires 5 moles Na20.2 for the forma-

tion of the mixtures ; unknown lattice together with U20s.3Na202- Since,

as seen above, LLOc.SNSjO^ itself requires only 2 moles Na-C^» the unknown

lattice possesses a structure of the type LUOg.xNa-Oo where x is at least

equal to six.

Table 3 summarizes these data :
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Table 3 Reaction of Na-L^O^ with the alkaline salt bath

Influence of alKali concentration on the reaction products.

Alkali concentration in Reaction products

sodium nitrate melt

0 to 2 iHole \ U205.Na202 CNa2U2O73

2 to 8 mole \ • U205.3Na202 Cnew lattice isomor-

phous to Na3U04 of the ASTM)

over 8 mole % U20

U205.xNa202 Cnew lattice x > 6]

The high alkali concentration met in U205.xNa202 makes this compound soluble

in alkaline aqueous solution. When the solution is neutralized till pH 5.5,

a light yellow precipitate appears. This material is unfortunately amorphous.

The residual uranium in the solution amounts to about 240 ppm.

By adding an excess acid in this solution (pH 2}. the liquid changes from

yellow to colorless. The uranium content in the solution approximated 40 ppm.

The precipitate was also examined by X-ray diffraction but the amorphous

character subsisted.

2.1.6. Influence on disaggregation process of the moisture content in the salt

To examine the influence of moisture oh the fuel conversion efficiency known

amounts of hydroxide were introduced in the melt. Fig. 2-21 shows that

moisture does not constitute a critical parameter.

However, besides U205.3Na_0„ as the main product it seems that the diuranate

and the 3 monouranate fBNa-UO^) phase can be identified in this otherwise

poorly crystalline material (Fig. 2-22).

Also the solubility of the fuel in the salt seems to be slightly increased.

The most obvious adverse effect resulting from moisture is an excessive salt

creeping along the crucible wall which makes the handling difficult and

enhances corrosion. By decreasing the reaction temperature to 450°C it was

found that although the yield in urano-plutonate was not improved (33 % at
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500°C and 23.4 \ at 450°C} the entire pellet was pulverized and converted to

(U,Pu)0_+ . This result shows that the presence of NaOH in limited amount in

the melt allows a reduction of the reaction temperature. However, below 450°C

the conversion efficiency drops sharply (8 h efficiency at 400°C).

2.1.9. Reaction time

Fig. 2-23 shows that no more progress results from treatments extended beyond

four hours in.the molten alkaline sodium nitrate bath. This is easily under-

stood considering the formation of thB glassy layer on the oxide surface.

But if PuO- or Wa^fl-, have been mechanically pulverized prior to their treat-

ment in the alkaline salt bath, four hours are sufficient for complete trans-

formation into Pu205.3Na202. Pu20g.xNa202 and L^Og.xNa.^

2.1.10. Stirring rate

Stirring in the molten salts is ensured by means of a fixed blade dipped in

the slowly rotating crucible. Reaction efficiency improves with rotation speed

(Fig. 2-24] up to a maximum. Since the particles become pressed on the con-

tainer wall, larger speeds are rather detrimental to stirring.

2.1.11. Influence of oxygen partial pressure on the disaggregation process

The oxygen partial pressure in the alkaline molten sodium nitrate system

controls the ratio, of nitrate to nitrite in the solvent as well as the ratio

of peroxide to superoxide. However, Fig. 2-5 and Fig. 2-18 show that either

under air or under nitrogen the main product is (U.Pu) 205.3^202- The lattice

parameters of CU,Pu]205.3Na202 under air (ao * 4.76 A°] and under nitrogen

(ao = 4.77 A°) differ by only 0.2 percent.

However the dissolution test disclosed a more important difference. When

disaggregation proceeds under nitrogen a segregation seems to take place and

the (unreacted] oxide residue seems to be enriched in plutonium. The ratio

Pu/U+Pu becomes 0.322 for the residue of a 0.25 pellet. This indication is

corroborated (Fig. 2-33) by the lattice parameters measurements reported

above. From the Vegard plot drawn for urano-plutonate prepared under air

the value ao * 4.77 A° obtained under nitrogen would correspond to a compo-
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sition CUQ n'
Pun i^2°5*3Na2°2' l*lich compares quite well with the value

(Un nnD»Pun n__)_0,-.3Nao0o obtained from the material balance. When pro-

ceeding at 500°C under air in two stages, first with pure sodium nitrate and

next with a 6 male percent alkaline sodium nitrate melt also for four hours,

the conversion efficiency for a 25R15 pellet is 99.5 \. Under nitrogen the

efficiency drops to 86.5 %.

2.1.12. Influence of plutonium content on the disaggregation process

The plutonium content generally influences the pellet density. The density

of our 25R15 pellets ranges from 82.5 to 83.9 h of the theoretical density,

while for the 40R15 pellets the density range is 89.3 to 91.9 % T.D. The

lower conversion efficiency observed for the pellets with the high plutonium

content (92 % against 99.5 % for 25R15 pellets], may well be due to the

higher relative density of the pellets batch. Indeed, porosity is expected

to favour the conversion reaction. Lattice parameters have also been found

to depend on the plutonium content in the urano-plutonates

- When pure Na2U207 powder is allowed to react with a 6 Irole percent alkaline

nitrate melt at 500°C for four hours [Fig. 2-25], only U205.3Na202 is

identified and the cubic lattice parameter is ao = 4.753 A°.

- Under the same working condition for a 25R15 pellet (Fig. 2-5) the main,

product (U,Pu)205.3Na202 has a parameter ao = 4.760 A°.

- When the plutonium content in the pellet is increased to 40 percent (Fig*

2-26) the lattice parameter (ao) changes to 4.752 A°.

- At the other end of the composition range, the reaction of, pure plutonium

oxide (PuD_3 powder with a 6 mole percent alkaline nitrate melt at 500°C

for four hours (Fig. 2-27] gives two unknown lattices. One is isomorphous

to U205.3Na202 Ma 3U0 4 of the ASTM) with a parameter ao = 4.715 A°.

Because of the analogy with U20g.3Na202 it is suggested that the compo-

sition is

The 2 n d lattice (Table 2-3) could be an association of Pu205 with x Mole

Na2°2 tPu2D
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When plotting the parameters of the (U ,Pu )20g.3Na202 compounds as S.function

of the ratio Pu/U+Pu a linear function of composition is found [Fig. 2-33).

Pu205.3Na202 and Pu205.xNa202 are both soluble in dilute C1N) acid. Pure

plutonium oxide can be completely converted to plutonate by the molten alka-

line sodium nitrate. The physical properties of the pellet seem more im-

portant than the plutonium content in the fuel itself.

2.2. Solubility of fuel (uranium and plutonium} in the sodium nitrate-sodium

oxide nelt

The solubility of the fuel in the molten salt bath is an important parameter

in the evaluation of the process at hand, for it relates directly to pluto-

nium losses, or to the number of steps to envisage in the head-end.

The solubility of Na-LUG^ in a pure sodium nitrate melt is very low, the

uranium content in the salt phase being approximately 40 ppm up to 500°C.

When alkaline is present in the bath, Najl^O? is converted into U2O

and U205.xNa202

C2-3)

2 2 7 2 2 2 5 2 2 (2-4)

which are quite soluble in the melt.

Approximate values of the solubility of uranium in the alkaline sodium nitrate

melt were determined by equilibrating pure Na2U_0^ powder with the melt for

various alkali concentrations.

The solubility of uranium seems to increase linearly with the alkali concen-

tration (Fig. 2-28).

Fig. 2-28 shows that beyond 11 male percent alkali in the melt the solubility

of uranium increases drastically.

It is rather unexpected that the solubility of uranium in a 4.7 mole k alkali

melt (Fig. 2-29) should decrease with increasing temperatures (3750 ppm at

350°C and 3040 ppm at 500°C).

After equilibrating Na2U207 with a 6 mole percent alkali molten sodium ni-

trate bath at 500°C under air for 4 hours, the mixture was neutralized by NO
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gas for 4 hours at the same temperature, (the colour of the salt changed

from orange (LUOt-.SNa-D-) to yellow). After centrifugatian the solid phase

was washed with CHgOH inside the dry glove-box. X-ray diffraction showed

that the excess sodium nitrate could be quantitatively eliminated by this

treatment.

In the so purified solid two unknown, diffraction patterns were found.

{Fig. 2-31). Both lattices are body centered cubic with parameters ao = 7.000Ac

and ao = 6.942 A° (Table 2-4). The two groups could possibly belong to a

common lattice the.parameter of.which varies asca' function of-composition.

The mean value of sodium/uranium/oxygen (91) mole ratio of this product is

1/0.53/2.51 and the density is 5.67 g./cm3.. We propose the formula of this

product is Na Un ,.„ 0 ..

Na Un c„0 '_' is yellow and soluble in dilute acid (1N). The solubility of

Na u' c o0_ in molten sodium nitrate still corresponds to 1300 ppm uranium.

It follows that the reaction of Na^O^, + 2Na2O2 •+• U205.3Na202 cannot simply

be reversed with the alkalinity of the salt bath.

We said above that the solubility of Na2(U,Pu)20-,; the reaction product of

a 25R15 pellets in pure sodium nitrate at 5D0°C, amounts to 23 ppm for ura-

nium and 6 ppm for plutonium.

At the same temperature with 5 fnole \ alkali dissolved in the melt, the

solubility of the reaction product (U,Pu)205.3Na 0"2 of the 25R15 pellets

raisBS up to 6,000 to 8,000 ppm for uranium and 1,200 to 1,700 ppm for plu-

tonium. With a 40R15 pellets (40 \ PuO_) in the same melt a solubility of

3,000 ppm for both uranium and plutonium was observed.

Finally, for pure PuO_, after reaction with a 6 mole % alkali sodium nitrate

the reaction products consist in a mixture of Pu_05.3Na_02 and Pu_0,-.xNa 0_

(x > 3) and the total amount plutonium in the salt phase at 500°C is as high

as 26,000 ppm.

2.3. Sumnary

The factors influencing the conversion of an oxide fuel to a soluble urano-

plutonate were discussed in chapter 2 and can be summarized as follows :
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The process is essentially controlled by two factors, temperature and alkali

concentration in the salt. Limited above by corrosion and below by the re-

quirement of a reasonable speed. Temperature can hardly be different from

500°C. On the other hand, the alkali concentration leaves much more freedom

to influence the process.

experiments have shown that for high alkali concentrations the process be-

comes easily .in the early stage while, at low concentration the pellet is

pulverized but the chemical transformation from oxide to urano-plutonate is

incomplete. A practical operating procedure based on the successive use of

pure sodium nitrate bath and an alkaline salt bath has been proposed to carry

out the conditioning of an oxide fuel.

Finally, the high solubility of uranium and plutonium in the salt bath is a

major disadvantage which removes all the interest initially founded on the

process.
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3. Application of molten alkaline nitrate to zircaloy decladding chops de-
contamination

The high level solid waste from the reprocessing plant mainly consists of de-

cladding chops. This waste amounts to 300 kg per metric ton fuel, and its

bulk density is about 1.1 kg/cm3.

Fuel residues in the zircaloy cladding chops may be as large as 0.05 to 0.1

percent of the total fuel processed. The' physical state of the residue in the

chops has not been completely described yet, but it can be inferred that

oxide particles may remain trapped in the inner ZrO2 layer of the hulls or

have become encrusted into the hull material during chopping.

The activity of the cladding material itself, due to the (n.y) reaction during

the reactor operation mainly comes from S^Ir and 95pjD. (bath isotopes are

short lives 95Zr t1/2 = 65 days, 95!Vb t1/2 = 35. days). If a proper deconta-

mination for plutonium and actinides could be carried out, storage and dis-

posal of the zircaloy chops would be a simple matter.

The chemical resistance of zircaloy in concentrated alkaline sodium nitrate

melt was shown to be very good up to 500°C under air (see section 1.1.5.].

Uranium-plutonium oxide reacts with the alkaline sodium nitrate to produce

M205.xNa202 (M
aPu*U) which is quite soluble in the strongly alkaline melt

(see section 2.2.).

These properties could be put to use for efficient hulls decontamination in a

process where the zircaloy chops are treated by an alkaline sodiurr-nitrate

melt. The solubility of U2O5.xNa2O2 in the alkaline melt is a function of

the alkali concentration. In the 11 mile percent alkaline melt at 500°C, the

uranium solubility is as high as 11,200 ppm. Neutralization of the salt bath

by NO gas decreases the solubility to 1300 ppm. Therefore, after prolonged

use as zircaloy chops cleaner, an alkaline salt bath laden near saturation

could release 90 \ of its actinides content by simple neutralization. The

salt bath is then regenerated by addition of sodium oxide and recycled.
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The resistence of stainless steel in high concentration alkaline nitrate melt

is too poor to allow stainless steel cladding chops to be treated by this

process.

Zircaloy chops could be hold in a zircaloy basket dipped into the salt bath

(see below) under slow rotation to improve the contact with the salt.

I * J>»J^JL ~J\£ «

After reaction the basket is lifted above the melt and rotated at higher

speed to remove ths residual salt.

In a next stage, the chops could be washed with watBr. Eventually, they may

be pressed to reduce the volume (zircaloy TD * 6.5 kg/cm3) or melted (French

proposition in Euratom meeting} prior to storage and disposal.
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4. Cleaning of F3R fuel assemblies and sodium deactivation by molten salts
process

High conductivity liquids like sodium are seriously envisaged for primary

cooling of FBR elements. The fuel assemblies discharged from the reactor will

be stored under sodium for temporary cooling. Transport of the fuel to the

reprocessing plant is also expected to take place in sodium cooled containers.

Several cleaning methods for the fuel assemblies, such as water cleaning,steam

cleaning and wet gas cleaning are based on the reaction of sodium with water.

The hydrogen produced in this reaction constitutes of course a potential

hazard if oxygen happened to be present in the atmosphere.

The chemical reaction of sodium and water is very rapid and uncontrollable.

In the HTS experiments carried out by the joint group SCK/CEN-ENI-BN (82)

metallic sodium was seen to undergo a fast reaction with a mixed NaNQ.,-NaNO_

melt for temperature above 200°C. Possible reactions are :

2 Na NaNO3 •*• NaNO2

Na + NaND2 -»• Na2Q + NO

Na + 2NaN02 N2

(4-1)

(4-2)

(4-33

Only nitrogen was found in the gas phase. NO produced in reaction 4-2 is

neutralized by the alkali resulting from reaction 4-3 :

Na202 + 2 NO 2 NaNO- (4-4)

Per kilogram sodium a production of about 90 to 120 litres of nitrogen is

observed.

Metallic sodium may penetrate inside a fuel rod that happened to be fractured.

If. for any reason, malfunctioning of the reactor or fabrication fault, the

percentage broken pins would cease to be negligible» a serious problem would

be on the hands of the reprocessors. ORNL (63) has shown that even in small

amounts metallic sodium may react explosively with hot nitric acid.



48.

Most known chemical deactivation methods such as water, steam, wet gas, alco-

hol (63) and molten NaN03"NaN02 salts.(82) etc. are unable to neutralize

quantitatively the sodium within a fuel rod. The reaction is interrupted by

the gases released.

The joint group SCK/CEN-ENI-BN has made a detailed study of the reaction of

metallic sodium inside a fuel pin dipped in a molten NaNOg-NaNO- mixture

(66). Broken fuel pins were simulated by a stainless steel tube 4 mm in .

inside diameter and 50 cm long. A longitudinal slot 2 x 20 mm was cut in the

middle. After filling with sodium the tube was dipped into the salt bath

at 200°C. In 4 weeks still over 30 percent of the sodium remained, and even

at 400°C t 25 percent of the sodium was left as metal.

At the present time, vacuum distillation is probably the only method capable

to remove this sodium. However, extended periods of time, high temperatures

and large, complex pieces of equipment are required (63).

As an alternative, we would suggest treating damaged fuel rods by the alka-

line sodium nitrate melt.

After chopping and subsequent milling of the chops the alkaline nitrate molten

salt bath is allowed to contact the fuel with its contaminating sodium.

Several reactions will take place :

(4-5)2 Na + 0* 2 Na20

2 Na + 0 2 •*• 2 Na 20 2

Na20 + yp

2(U,Pu)02 1/2

(4-6)

(4-7)

(4-6)

We see that disaggregation of the fuel and deactivation of the sodium are

proceeding simultaneously and without gas.production. After the usual phase

separation, the solid phase (fuel) is dissolved in acid and added to the bulk

feed coming from the dissolver. The liquid phase (salt) can be further

treated as described in section 3.
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5. Conclusion

This study was founded on the hopes that a head-end based on molten salt could

be applied to the reprocessing of FBR spent fuel, satisfying the following

requirements :

- Removal of the fission gases undiluted in carrier gases and almost free of

contaminating gases such as NO , ChLI and moisture.

- §acrease of the radiation level by partial fission products removal.

- increase of the plutonium dissolution efficiency.

- daactivation of the metallic sodium (coolant) left on the cladding material

and eventually present in broken pins.

- improvement of the plutonium recovery from the residues of the nitric acid

dissolver in the reprocessing plant in order to decrease the actinide hazard

in the waste and to increase the total plutonium yield in the process.

Let us exaiftine to which extent these hopes have been fulfilled by the alkaline

nitrate molten salt process.

- Fission gases removal.

Due to the structure change of the fuel during the disaggregation process

fission gases may be released from the fuel.

According to literature (45, 52, 55) the solubility of inert gases in molten

sodium nitrate is about 0.5 to 0.7 x 10-• mole/cm 3atm near the melting point.

This means that inert fission gases such as Kr and Xe are virtually absent

from the salt bath.

No gases are produced in the molten salt disaggregation process itself. There-

fore, off-gases can be obtained almost free from dilutions and of course free

from contaminating gases.

Tritium is present in the spent oxide fuel as T- when the burnrup exceeds

26,000 MWd/t - (56). Experiments made in Mol(90), showed that in the dis-

aggregation of irradiated fuel (BU 15, burn-up 94,000 MWd/t .) by alkaline

sodium nitrate malt tritium quantitatively remained in the salt bath. Most

likely, tritium is oxidized by peroxide or superoxide to T_0 which , of course,
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further reacts with oxides to form NaOT very stable in the salt bath.

The behaviour of iodins in molten sodium nitrate is quite complicated {69}.

Molecular iodine in pars sodium nitrate at 400°C is retained in trace amounts

in the salt bath. On the other hand, if sodium iodide is added, iodine stays

in the salt bath. This clearly shows that iodine in the spent fuel can as

well be found in the off-gases as in the bath.

- Decrease the radiation lev/el by partial, fission products removal.

By analogy with the high solubility of sodium oxide in a sodium nitrate melt,

a similar behaviour was expected for the fission products of the alkali

group.

The behaviour in the sodium nitrate melt of high yield F.P.caasium has be

examined by TOSSAINT C51). 7hs partition of caesium and sodium in the solid

phase uranates appears moat unfavourable tocaesium which therefore retrains

in the melt. As a consequence it SRÖSÜS thatcessium can be separated from the

fuel in the molten salt process.

This work has shown that the solubility of ruthenium in the molten alkaline

nitrate bath is in principle sufficient (3000 ppm) to allow removal of ruthe-

nium isotopes (12.16 g- Ru/kg fresh fuel, ses raf. 58) from the spent nuclear

fuel during the head-end process.

From what is known of the chemistry of alkaline earth oxides, it is reasonable

to assume for the high yield fission product strontium a behaviour similar

to that cf barium. Our work with the latter element, suggests that strontium

is likely to remain with the fuel phase by reason of strong affinity for ths

uranate phase.

In the present work the solubility of zirconium oxide in the alkaline nitrate

melt was shown to be vanishingly small. Therefore no decontamination can

be expected for this isotope.

- Facilitate the plutonium dissolution efficiency

All the urano-plutonates. are roddily soluble in dilute acid and, as our

experiments showsd that even pure PuO2 is completely disaggregated by the

alkaline nitrate bath, only specific interferences with fission products can
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eventually prevent quantitative dissolution of an irradiated fuel. Some hot

cell tests on irradiated fuel [20 % PuO2, Burn-up 80,000 MWd/t ) have been

carried out at S.C.K./C.E.N. CB7). After disaggregation the fuel was dissolved

in 2N HNO3 leaving 5 wt.% residue, y and a spectrometry indicated the presence

of 144Ce, 1 3 7Cs, 134Cs, 95Nb, 85Zr and plutonium. When further treated with

hot 10N HNOg the residue decreased to 0.1 to 0.2 percent and only ""^Ru was

found.

- Sodium deactivation

Deactivation of the sodium inside the fuel pin is still an unresolved matter

within the conventional reprocessing scheme ; we have suggested to remove

the broken pins during the riecladding step and treat them separately by the

molten alkaline sodium nitrats salt. In this process fuel disaggregation and

sodium deactivation proceed simultaneously.

- Corrosion problem

At high oxide concentration the sodium nitrate melt constitutes a highly

corrosive substance. Up to now only zirconium and zircaloy were found sa-

tisfactory as construction material for reaction vessels. On large scale

however the corrosion problem has not been seriously examined yet.

- Plutonium and uranium losses

Even when the alkaline sodium nitrate bath has been neutralized by KO gas

the solubility of plutonium and uranium remains too high. The high losses

in fissionable material dscrease the interest in the process and the pluto-

nium contamination, in tha salt increases the actinide hazard in the salt waste.

- Waste problem

After disaggregation of the fuel and phases separation, the solids are still

impregnated with 25 to 40 wt. % salts. Accordingly, each g. fuel is

accompanied by about 0,4 to 0,6 g. sodium in the form of salt. This sodium

quantity will remain in the subsequent reprocessing steps and contribute to

the bulk of high level reprocessing waste.
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The salt part is not only highly radioactive and contaminated with plutonium,

but it is also very hygroscopic and corrosive.

Since sodium salts are essentially soluble in water, large amounts of sodium

in the waste could increase the leaching rate at the final state of solidifi-

cation and storage.

Considering the disadvantages associated with this molten salt process one

must conclude that the alkaline sodium, nitrate molten salt process is not

suitable to constitute a head-end for FBR fuels. However, this process could

be of value in special treatments involving comparatively small amounts of

high plutonium level residues coming for instance from the fuel dissolver or

from the broken fuel pins. Decontamination of zircaloy cladding by this process

would also deserve further investigation.
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TABLE 0-1 Fission product activity of spent LMFBR core fuel as a function
of decay time (ORNL-4436)

Burn-up = 80 000 Mwd/metric ton
Specific power = 148.15 Mw/metric ton
Nuclide activities are given in curies per metric ton (U+Pu) charged to core

On discharge
from reactor

After cooling times of

30 days 90 days 150 days 3 years 30 years

3H
8 5 K r

8 6Rb
89 S r

91Y

p R

106Ru+106Jth

g
""Ag
U l A g

U3tncd

115mCd
U 9 m S n

12ImSn

123nSn

126Sb

2,340
24,900
«,150
2,240,000
209,000
3,080,000
7,050,000
141,000
6,970,000
13;95O,OOO
14,480,000
6,820,000
4,650
323,000
505,000
341
954
49,9
142
2,070
153,000
50,500
17,100
10,200
846,000
1,023,000

2,330
;>4,8OO
2,670
1 ,500,000
206,000
2,170,000
5,120,000
109,000
6,510,000
8,510
8,570,000
6,460,000
4,280
557
3!,600
340
558
46,0
142
1,750
16,700
50,700
17,900
1 ,940
4,040 .
315,000

2,310
-24,300
2 8 8 , ••"

674,000
204,000
1,070,000
2,700,000
57,300
4,460,000
0,00289
3,000,000
5,760,000
3,630
472
123
337
224
38,9
142
1 ,250
200

48,800
18,700
73,8
0,0888
213,000

2,290
24,300
31 ,
303,000
204,000
527,000
1,420,000
30,200
2,660,000

1,049,000
5,140,000
3,080
401
0,482
334
85,0
32,9
142
900
2,40
46,700
18,600
6,85

145,600

1 ,980
20,600

1 ,01
191,000
7,56
59,2
1,26
126

0,0675
562,000
231
300

294

2,39
138
4,74

24,000
9,960
4,36

354

432
3,610

98,200

0,00798

77.3

108

23,4
9,7
4,36



TABLE 0-1 (continued)

l29n>Te
129Te

12?!
13l!

131mXe

132 T e +132 I

133Xe

136Cs

137Cf+137mBa
l^PB.+ ̂ OLa

1'^Ce
l".3Pr

J^Ce+^Pr

K»8mPni
iSlsm

155Eu

156Eu

160Tb

U l T b
162Gd+162aTb

On discharge
from reactor

818,000
1,960,000
0,129
4,320,000
45,100
12,140,000
7,920,000
78,600
365,000
515,000
12,960,000
6,760,000
6,380,000
6,820,000
2,830,000
812,000
177,000
10,900
2,530
209,000
304,000
34,100
47,400
24,200

Total curie*/
metric ton

Beta power,
w/metr.ton
Gamma power
w/metr.ton

621,000,000

4,140,000

2,210,000

30 days

336,000
286,000
0,131
336,000
15,100
20,500
181,000
76,500
73,800
514,000
2,690,000
3,580,000
1,850,000
6,180,000
434,000
822,000
108,000
10,900
2,520
202,000
77,600
25,600
2,330
22,800

48,800,000

100,000

95,600

After

90 days

131,000
84,100
0,132
1,920
581
0,0583
67,5
72,400
3,010
512,000
104,500
991,000
89,000
5,340,000
10,300
792,000 •
40,000
10,900
2,500
190,000
4,850
14,400
5,61
20,400

29,800,000

62,100

43,900

cooling times of

150 days

38,600
24,800
0,133
10,9
17,9

0,0252
68,400
123
510,000
4,060
275,000
4,270
4,620,000
242
758,000
14,900
10,800
2,490
178,000
303
8,070
0,0135
18,140 •

18,200,000

48,700

25,700

3 years

0,133

28,500

480,000

458,000

382,000

10,600
2,220
66,200

0,906

3,020

2,540,000

6,980

1,840

30 years

0,133

3,16

257,000

302

8,620
690
2,14

370,000

586

494

• i l'.



Table 1.1 X'-ray diffraction pattern of the compound X

Crystal type « Cubic

a = 6>71 A°

26 dA° I/ïó

1,54178

HKL

10,15

14,37

20,37

22.81

25,02

28,97

30,77

32.48

35,68

37.19

41,43

42,77

46.59

47,81

49,01

52,48

8.715

6.164

4.360

3.899

3,559

3.082

2,906

2.757

2,516

2.418

2,179

2,114

1.949

1,902

1.859

1.744

S = Strong

VW
W

VS

M

W

s
VW

VW

M

S

w
M

n
M

w
M

w =

100

110

200

210

211 -

220

221

310

222

320

400

330

420

421

332

500

weak H = medial

Table 1.2 : Left spectral from Fig. 1-8 unknown lattic Y (NaNO3.xNaO2)

26 I/Io

32.8

33.8

37.57

38.3

40.08

41.12

43,5

44.9

W
W

S

M

S

W

S

11



Table 1.3

X-ray diffraction pattern pf unknown compound Z (possible NaNC>3.xNa2O)

I/Io

35,95

37,35

37,60

38,25

40,07

41,65

44/28

44,65

45,85

W

M

S

M

M

M

S

W

W



J

Table 1.4 : X-ray diffraction pattern of the 4th unknown compound

crystal form : Tetragonal

a •= 5.939 A"

26 dA°

8.84
14,92

17,37

17.74

26,75

27,75

30,10

30.77

31,43

33.75

34,35

34,96

35,15

35,93

39,10

40.70

44,07

45,36

45/B5'

46,78

46,94

48,01

48,47

49,38

49,53

50,56

52,02

10,00
5.938

5.105

5,000

3,333

3.215

2,969

2.906

2,846

2,656

2,611

2,539

2,553

2,499

2,304

2,217

2,055

1,999

1,979

1,942

1,936

1,B95

1,878

1,846

1,840

1,805

1,758

X * 1.54178 ; A

c - 9,997 A"

I/Io HKL

W 001

W 100

VI 101

M " 002

M • 003

M 112

M ' 200

W 103

M 201

S 210

VW 113

W 211

W 202

W 004

W 104

MS 203

W 221

W 005

W 200

M 301

W 222

W 105

W 310

M 311

W 302

W 223

MS 312



Table 1.5 : X-ray d i f f r ac t ion pa t t e rn of the 5 tb . unknown compound (NaNOj

Crystal form : Cubic

a « 10.586 A°

1,54178 A0

29 dAc I/Io

11.81

20,53

23,75

25,22

26,60

27,93

29,20

30.42

31 .,60

33;.84

35 ..96

36 ,.96

38 ,.9 5

39 ..91

41 ,.76

44.43

46,14

46.97

48.61

7.493

4,326

3,746

3,531

3,351

3,.194

3.058

2.938

2..831

2,.649

2,.427

2,-431

2,-312

2,-259

2.-163

2,038

1.967

1,934

1.873

S

MS

n
w
w
M

W

M

W

W

S

W

W

s
w
M

M

M

W

HKL

110

211

220

221

310

311

222

320

321

400

411

331

421

332

422

333

432

521

440



Table 1.6 Weight loss of Pyrex and Duran 50 glass

in NaN03-3 Mole X Na20 melt at 500°C

Reaction time
min.

0.5

1

5

10

Duran

0

1

2

50

.5

.0

.0

Weight loss
mg/cm2

glass Pyrex glass

1.4

1.5

2.1

3.4

Table 1.7 : The main components of Pyrex and Duran 50 glass

Temperature

Solution °C

500° •

• 450°

400°

350°

PPt

. SiO2

Na2O

K20

B203

A12O3

NaOH

Pyrex

80.5

3.8

0.4

12.9

2.2

Table

mMole/gsalts

0.73

0.34

0.41

0.66

0.13

glass

1.8

Na20

Duran

60

3

0

12

2

mMole/gsalts

3.01

2.96

1.14

0.368

4.47

50

.6

.5

.6

.5

.4

glass C%)

NaN02

mflole/gsalts

5.46

3,45

1,16

0.74

0,10



Table 1.9 : Equilibrium constant of 0|~ + O2 t 2 O2

Tanperature

°K

623

673

723

773

equilibrium constant

.mMole/atm

6,70

6,40

4..60

1,36

Table 1. lO.'Impurities of Mark 3 dry air

H 20

C 0 2

? 10 vpm

< 22 vpm

Table I. JI .-Impurities of Mark A40 oxygen

H 20

N2.

Ar

Kr+Xe

CnHr>

5 vpm

10 vpm

60 vpm

2 vpm

5 vpm

'I

Table 1.12 : Solubility of in molten NaN03 under static N2

Temperature

°C

310

350

400

450

500

Solubi l i ty

mflole/g salt

0.270 + 0.-017

0.414 + 0.028

0.794 + 0.026

1.28 + 0,06

2.15 ± 0,27

Mole %

2/28

3,49

6,62

10,61

17,42

wt.%

1,67

2.56

4,91

7,96

13,33



Table 13 : Solubility of alkali in molten NaN03 under air

Temperature
°C

350

400

450

500

Solubility (base on
mtole/g salt fble %

0,671

0,977

1.57

2,03

+ 0.085
+ 0.037

+ 0,03

+ 0,06

5.61
8,11

12,9

16.5

Table 1.14 : Solubility of alkali in molten NaN03 under O2 flow

Temperature
°C

350

400

450

500

Solubil i ty
mMole Na202/g salt

0.682 ± 0.067

0.808 ± 0.033

1,25 + 0-04

2.06 + 0,10

Mole

5,71

6,74

10/3

16*7

Table 1.15 : Solubility of Ba02 in molten sodium nitrate under static nitrogen

mMole/g

Temperature

350

400

450

500

0.205

0.207

0.207

0.249

0.218

0.202

0.226

0.221

ksp

10~2 CmMole/g)2

4.47

4.20

4.64

5.49



Table 1.16 : Solubility of BaC>2 in molten sodium nitrate under air flow

Temperature
°C

350

360

400

440

450

460

500

mmole

0.169

0.162

0.179

0.181

0.189

0.160

0.151

mmole/g

0.196

0.196

0.193

0.200

0.179

0.189

0.186

Ksp

10~2 [mmole/g)2

3.35

3.57

3.12

3.62

3.37

3.40

2.53



TABLE 2-1 : Cubic parameter of U2O5. 3 Na202 changed with

changing alkali concentration of the salt bath

alkali concentration
Nafi fble \

6,78
5,57
3,04
2,32

ao

A

4,774
4,753
4,743
4.744



26

TABLE 2-2 : X-ray diffraction pattern of the compound Ü2O5.X

x > 6

Crystal type » Cubic

a * 1Ot359A'

I/Ib

8,53

12,07 '

14,80

17,11

19,14

20,99

24,28

25,76

27,20

28.56

29,85

31.10

34,61

36,78

39*82

42.73

43.65

45.46

51 „39

52,99

58 „37

10,366

7,333

5,986

5,182

4,637

4,232

3/666

3,456

3.«278

3,125

2,993

2.676

2.592

2,444

2,264

2,116

2J074

1,995

1 .778

1 ,.728

1 .581

S

W

S

MS

W

W

?

M

S

W

W

M

W

M

W

W

M

S

M

M

W

1.54178A

HKL

100

110

111

200

210

211

220

221

310

311

222

320

400

330

421

422

430

333

433

442

533



28

10,15
16.37

17,70

18,55

20.68

28,6

31.2

36,0

42.0

49.7

50.75

53.5

58,3

B.7O7
5.467

5.006

4.782

4,285

3.118

2.864

2.493

2,149

1,833

1.797

1.711

1,569

TABLE 2-3 : X-ray diffraction pattern of

unknown compound

dA° I/Io

W

S

S

M

M

W

W

W

W

W

W

W



TABLE 2-4

Cubic body centered

28 dA

7*000A°

I/Io

17,65
25,40
31.30
36.35
40.65
44.90
48.57
52.30
55.77
62.33
65.33
68.20
74.13
77.12
80.0

82.85

65,2
B8.1
90,95
94.0
96,5

4,969
3,507
2,858
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Fig. 1.1. Surface of NaN03-Na20

Cold melt magnified 800 times. The hole on the surface is due

to the release of oxygen during so l id i f i ca t ion.

Fig. l .* : . Oxygen released hole on NaNÔ Na2O Cold melt surface

magnified 1600 times



Fig.1.3. Cross section of the cold melt of NaN03-Na20 mixture.

Fig.1.4. (A)pH-metric t i t ra t i on of (Na,K)N03 mixtures containing 0.010 g Na202

fused at 250°C for different time intervals : (1) 7, (2) 20, (3) 60,

(4) 40 min, (5) without fusion ; (41) back t i t r a t i on of reaction products

of soln. of curve 4 with NaOH.(B) (1) Forward, (2) back t i t r a t i on of

0.030 g Na^Oy.

(J . Electroanal. Chem., 35, p. 36 1972)



30 40 50

FIG. 1-5
ml 0.02 N HC1

HC1 TITRAT10N CURVE OF NaN0,-3.4 mole t Na9O
MELT AT 500 °C FOR 5 HOURS UNDER AIR *
Curve A 1.08 g salt dissolved in water

8 1.16 g salt dissolved in water



14

12

FIG. 1-6 TITRATION CURVE OF NaNOj-NagO COLD MELT
1.. 50 ml sol.A + 1 drop OsO. titrate with

0.2 N HC1
2. 50 ml sol A, titrate with 0.2 N HC1

added OsO^ 1 drop at pH 9 to 8
3. 50 ml sol A, titrate with

2 N HC1

pH

11

10

A. 8.5609 g NaNO.- 6 mole % Na20
cold melt dissolved in 250 ml

•+•

" 5 10 20 30 40
V ml 0.2 N HC1



10 20 30
ml 0 . 1 N HCl

F I G . 1-7 TITRATION CURVE OF HCl AGAINST
1 . 25ml 0 .1 N NaOH + 5 ml 35 % H202 + 2 drops 0s0i,
2. 25ml 0.1 N NaOH + 5 ml 35 % H202











Fig. 1-12 : NaN03-Na20 cold melt,
exposed in Che air

After few second
Magn. 32OX

Fig. 1-13 : NaNO3~Na2O cold melt after exposed in air
surface covered with NaOH Magn. 32OX



Fig. I-J4 : NaNO3~Na2O cold melt after short

time exposed in air Magn 1600X

Fig. 1-15 : Zirconium tube attacked by molten

NaN03-Na20 at 55O°C under 0 2 atmosphere



f
to vacuumpump

A, C, E valves
B H20 vessel
D moisture collector
F gas sampler

G reaction vessel
H Zr disk
I cooling water
J acetone-dry ice mixture

Fig. 1-16 Apparatus of NajO dissolution

Cooling
water

7'

t / " ^ " ' " " •

1o vacuumpump

A quartz reaction vessel
B Zr crucible

C furnace
D thermocouple

E water condenser
F pressure meter
G cold trap
H acetone-dry ice

Fig» 1-17 Na2<} purification apparatus A.

T3.W.
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ZJO

A
B

c,
F,
H

I
J
K
L
H

Zr crucible
pyrex reaction vessel

D,E 3 way cock
G stop cock.
oxygen purification
vessel
1230 ml glass vessel
1155 ml oxygen vessel
pressure indicator
Hg manometer
pressure gauge

N
0
P
Q
R
S
T
U
V

thermostat
acetone-dry ice
thermocouple
furnace
paraffin oil bubble
vacuum pump
0 2 bottle
thermometer
water jacket

Fig. 1-18

tftw.
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m Mole

m Mole Ne

0.8

0.7

abs
7).6

600
500
400
300

0.5 8.5 m Mole Na7O
133 m Mole NaRO.

0.4
350 400

tb
450 500

FIG. 1-20 OXYGEN ABSORPTION N (m Mole O, abs/m flole Nap)
IN NaN0,-Na,0 MELT AT DIFFERENT TEMPERATURES
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FIG. 1-21 OXYGEN ABSORPTION IN NaN03-Na20 MELT
AT DIFFERENT OXYGEN PARTIAL

PRESSURES

350°C
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0.1

1.3 1.4

l/T x 103 "K"1

1.5 1.6

FIG. 1-23 THE EQUILIBRIUM CONSTANT K g FOR THE REACTION

ol' + On £ 20,"



l/T x 103 K"1

FIG. 1-24 LOGARITHMIC PLOT OF EQUILIBRIUM CONSTANT K2 AGAINST 1/T

t.dw.



Th

1. stainless steel chamber
2. 5°° w furnace
3. cooling water jacket
4. removable zirconium crucible

Fig. 1-25

5. zircaloy basket
6. Zr stirring rod containing in-

side with internally thermocou >ie
7. gas inlet
8. stainless steel cover, inner

surface polished



FIG. 1-26 SOLUBILITY OF ALKALI IN MOLTEN NaN03 UNDER Ng atm

td.w.



-0.4

-0.6

-0.8

l/T x 10 3 K"1

FIG. 1-27 SOLUBILITY OF ALKALI IN MOLTEN NaNOg UNDER DRY AIR atm
1. Solubility of total alkali
2. Na 20 2 solubility
3. NaO2 solubility

T3W



1.3 1.4 1.5 1.6 1.7

l/T "K"1 x 10

FIG. 1-28 SOLUBILITY OF ALKALI IN MOLTEN NaN0 3 UNDER 0 2 FLOW
1. solubility of total alkali in molten NaNO,
2. solubility of Na~0- in molten NaNO, °
3- solubility of molten NaNO.



1(1 x 10

FIG. 1-29 SOLUBILITY OF ALKALI IN MOLTEN NaN03 m roole/g salt
1. under N 2 static state
2. under dry air flow
3. under 0 2 flow



300

10

Na20 mole %

FIG. 1-30 SOLUBILITY OF ALKALI IN MOLTEN NaNOg
1. under Ng static state
2. under dry air flow
3. under 0o flow

20
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0.02 N HCl

TITRATION CURVE
NaNO,
Ba(NÓ\)
Na,0
HCT

530.m.mole
19 m mole

71.4 m mole
0.02 N
0.41 mole %

fused at 350



Fig. 2-1 : Grain boundary of the solid solution
(U,Pu)O2. Pu/U+Pu = 0,25 pellet. 500x

Fig. 2-2 : Reaction product of (U,Pu)C>2.
Pu/U+Pu * 0.25 pellet reacted with NaN03~
6.3 Mile % Na20 melt. 200x



Fig. 2-3 : Reaction product of (U,Pu)02
Pu/u+Pu = 0.25 pellet and NaN03~
6.3 Mole % Na2Ü mixture melt. 500x
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Fig. 2-8 Reaction time : 4 hr
Salt : NaNO3 + 6.3 Mble % Na20
Fuel : 25R15 (U,Pu)02 pellet

: conversion efficiency = -anount o f in 211 HNO,

total amount of fuel
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Fig. 2-9 Reaction temperature : 500°C
Reaction time : k hr
Fuel : 25R15 (U,Pu)02 pellet

td.W.



Fig. 2-10 : Photo of 25R15 pellet reacted with
NaN03-l1 Mole % Na20 melt 20x



Fig. 2-!] :photo of 25RI5 (U,Pu)02 pellet reacted
with NaNO3 + 6,3 mole % Na2O at 500°C, 4 hr. 20x

Fig. 2-12 : Highei magnification of photo 2-11
MGF lOOx



Fig. 2-!3 higher magnification of
Fig. 2-11 MG7. 500x

Fig. 2-14 Higher magnification of
Fig. 2-11 MG7. 500x



Fig. 2-15 25R15 pellet reacted with NaN03~
11 Mole % Na2O at 500°C for 4 hours. The right
side black line was the original pellet boundary.
200x

Fig. 2-16 Reaction product of 25R15 reacted with
NaNO3-2 Mole % Na20 at 500°C for 4 hours. 200x











Conversion
efficiency %

60

50

40

30

20

10

10 20 30 40

NaOH percent in alkali

Fig. 2-21 Reaction time : 4 hr
Reaction temperature : 500 °C
Salt : NaN03 + 6.3 Mol % Na20 + x % NaOH
Fuel : 25R15 (U,Pu)O2

W.H?
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Fig. 2-23 Reaction temperature : 500 °C
Salts : NaN03 + Na2O 6.3 Mole %
Fuel : 25R15 (U,Pu)02

Conversion
efficiency %
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300

Fig- 2-24 Reaction temperature : 500 °C
Reaction time : 4 hr
Salts : NaN03 + 6.3 M>le % Na20
Fuel : 25RI5 (U,Pu)O2 pellet
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FIG. 2-28 SOLUBILITY OF URANIUM IN NaN0,-Na?0
MIXTURE HELT AT 500°C J c

tf.w. —
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FIG. 2-29 SOLUBILITY OF URANIUM IN NaNO.,-4.7 mole % Hio0
lATURE C

Uw j
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Fig. 2-32 Minicentrifuge mounted inside the dry a glove box
1. a Glove box 2. Dry glove box
A. Centrifuge motor E. Ventilator

Stainless steel cover F. Cooling water jacketed
Stirrer G,

B.
C.
D. Process gas inlet

Zirconium basket
H. Zirconium crucible



1

o
«b

«n

i

ei

o

o

*

(o



Fig.2-34 Zirconium crucible corroded by

the surrounding atmosphere


