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J. • X 

INTRODUCTION TO AQUEOUS REPROCESSING OF URANIUM 

by 

Kare P. Lindland 

1. INTRODUCTION 

In nuclear fuel cycles, the reprocessing step is of great 

importance for the economy of nuclear power. The pi'ocesslng of 

irradiated uranium fuel elements is concerned with separation and 

recovery of uranium and plutonium »ttTice|:'fiSclieB*ideoDEfbdTOiiiation from 

fission products in order to facilitate refabrieation into new fuel 

elements. 

The removal of fission products involves the separation of a 

considerable number of elements with widely different chemical pro­

perties. Most of them are highly radioactive, which complicates the 

operation of the reprocessing plant, i.e. shielding of equipment, 

remote operation, removal of decay heat, radiation damage of solvents 

and materials of construction and disposal problems. In addition, 

critical masses of fissionable isotopes must be avoided, which may 

limit the batches being processed, equipment size or concentrations of 

the fissile isotopes. 

The requirements for recovery and decontamination of plutonium 

and uranium (enriched fuel) are also very strict, 'Hierefore, the 

processing of spent reactor fuels introduces many problems which 

become even more complex as the number of fuel element types increase, 

employing new materials and alloys in the core or the canning. In 

the years to come, the economic and safe reprocessing of nuclear 

fuels will present a real challenge to the chemist and chemical .. 

engineer. 

In these introductory lectures, a short survey of the aqueous 

reprocessing methods will be given. Much emphasis will be laid upon 

the solvent extraction method, since this method is the most widely 

used. More comprehensive treatments of the various reprocessing 

methods are given in references (1), (2), {3)t (^), (5)* (6), (7) 

and fS). 



1.2 

2. NECESSITY OP THE REPROCESSING STEP 

It might be appropriate first to discuss why it is necessary 

to reprocess the nuclear fuel. The main three reasons are: 

1. Reactivity of the fuel becomes too low because of an 
accumulation of neutron absorbing fission products. 

2. Reactivity of the fuel becone s too low because of consump­
tion of fissionable materials, i.e. U-235* Pu-239> or 
U-233. 

3. Physical damage either by corrosion or physical distortion 
under the heat, irradiation and strains produced by the 
fission process. 

In standard power reactors, physical damage has generally been the 

most important factor in limiting the fuel life time. Of course, in 

special breeder or convertor-reactors other factors may be decisive, 

e.g. build-up of Pu-240 in Pu-239 or fission of converted fissile fuel. 

The object of reprocessing is then to remove the fission products 

fi'om the fuel elements and recover fissionable and fertile materials in 

a form which is suitable for further fabrication into fuel elements. 

If the spent fuel is to be refabricated by direct handling, i.e. 

without radiation shielding, it is necessary to reduce the concentra-
5 9 tion of fission produces by a factor of 10 - 10 depending upon the 

burn-up ratio. Thus, for natural uranium which has been irradiated 

for 300 days, cooled for 100 days and with 0.1^ burn-up, the required 

decontamination factor (D.F.) is 4 x 10 . Because of the high value 

of fissile materials, the requirement to their recovery is usually as 

high as 99'9^' The necessary degree of separation of uranium and 

plutonium will depend on the fuel type and the fuel cycle bo be 

employed. 

3. COMPOSITION OF IRRADIATED URANIUM FUELS 

Irradiated uranium fuels (unalloyed) contain, besides uranium 

isotopes and their radioactive decay products, plutonium and fission 

products, Plutonium is formed by the absorption of neutrons in 

U-233 according to the following equation: 

(3 1) U^^^fn 7 ) U^^^ ̂ - ^ N 259 — S - 4 , Pu^^^ — r ^ ? 
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239 
By absorption of neutrons in Pu small amounts of higher isotopes 

240 24l 24i 243 
of plutonium are formed, Pu , Pu , Pu , and Pu . All of 

24l 
these are considered as reactor poisons, except Pu , which has a 

high fission cross section. 

The fission products consist of all elements from zinc (atomic 

number 30) to gadolinium (atomic number 64), representing noble gases 

(Kr°5, Xe"*--̂ )̂, alkalies (Cs"̂ "̂̂ ),alkaline earths (Sr^, Sr^°), 

halides (I ), rare earths (La ) and metals from groups 4, 5* 6̂  

and 8 in the peridic system. 

The composition of irradiated fuels will depend on type of 

fuel, neutron energy, irradiation time, neutron flux and cooling time. 

In Table 1 is listed the composition of natural.uranium after 1000 

MWD/tonne irradiation (for 300 days) and 100 days cooling time. It 

should be noted that the amount of plutonium formed is about equal 

to the total amount of fission products formed. 

Some 200 isotopes have been detected in irradiated uranium 

fuels, as most of the primary fission-product pairs undergo several 

stages of p -decay. However, from a separation standpoint, it is 

the number of elements which counts. A considerable amount of the 

fjssion products are short-lived and decay rapidly. The fuel is 

usually cooled for 100 days or more in order to reduce the radio-
237 

activity of the fuel and the amount of unwanted isotopes, e.g. U , 
239 131 

Np , I . With respect to plutonium recovery, this has also the 
239 239 

advantage that all Np will decay to Pu '̂. 
The fission-product isotopes which cause the greatest oepara-

95 tion difficulties in aqueous reprocessing methods are Zv^ (half-life 

65 days), Nb^^ (35 days), Ru-""*̂^ (40 days) and Ru"̂ ° (l year). 

Zirconium and niobium are amphoteric and exhibit complex hydrolytic 

properties, and they can form stable organic complexes which are 

soluble in organic solvents. Ruthenium is also amphoteric and may 

exist in all oxidation states from III to VIII. Like zirconium, 

rutheni-um hydrolizes easily forming colloids which cause difficulties 

in the separation processes. The aqueous chemistry of ruthenium is 

very complex, and it forms complexes which are soluble in extractants 

used in reprocessing.(see ref. 25 for a comprehensive review). In 

addition, ruthenium forms -the volatile oxide RuO^ under strongly 
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oxidizing conditions, and it may distill off during dissolving of the 

fuel. In view of the facts mentioned above, ruthenitim is considered 

to be the most difficult fission-product element to remove by solvent 

extraction. 

85 133 
Gaseous or volatile fission products like Kr , Xe and 

131 
I will normally be expelled with the off-gases from the fuel element 

131 

dissolver. I (half-life 8,l4 days) is only present in low concen­

trations* when the spent fuel has been cooled for 100 days. Iodine 

is usually removed from the off-gases by preheating the gas to 200 C 

and passing the gas through a contactor containing packing coated 

with silver nitrate. 

4. METHODS OP SEPARATION 

The methods are conveniently divided into two groups: aqueous 

and non-aqueous processes. The latter group includes: fractional 

distillation of fluorides, extraction with liquid mefcals or fused 

salts, vacuum volatilization of molten metals, oxidative slagging and 

eleetrorefining. All these methods are performed at high temperatures 

in non-aqueous media. They will be treated in detail in later lectures. 

The aqueous methods comprise: precipitation, ion exchange and 

solvent extraction. The precipitation method is not used at present 

on a larger scale. But it is of historical interest since it was the 

first method which succeeded in separating plutonium from uranium on a 

larger scale, see ref, (9) for a historical descriptioia of the 

bismuth phosphate process. This process utilizes BIPÔ , and LaP., as 

alternate coprecipitation agents. Fission products and Pu(lV) are 
2+ 

coprecipitated with these agents, but not Pu(Vl) and UOp (complexed 

with SÔ i ). After a series of coprecipitations and dissolutions 

(in nitric acid) changing the valence state of plutonium every second 

time, 95^ of plutonium could be recovered with an over-all decontamina-

8 
tion factor of 10 . However, no uranium was recovered. 

Ion exchange has been used as a complete separation process for 

spent fuel at Chalk River in Canada (10). In this process a strong 

nitric solution (7s5M HNO^) of the irradiated fuel is passed throxigh 

an anion exchange column where Pu(lV) is adsorbed as nitrato anionic 

complex (Pu(N0-.)2,'""). The fission products and most of the uranium 
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pass through the column. The decontamination from uranium and fission 

products is further increased by washing the resin with 7^5 M nitric 

acid. Finally, plutonium is eluted from the column with a weak 

solution of hydroxylamine, reducing Pu(lV) to Pu(lII), which is not 

retained by the resin. A less effective eluant is weak nitric acid 

( < 1 M). 

After concentrating the eluate by evaporation, plutonium is 

re-oxidiz3d by boiling 7.5 M nitric acid, and the cycle repeated. 
5 With this method decontamination factors of 2 x 10"̂  for lorani'im and 

5 X 10 for fission products (7) have been obtained. 

Ion exchange has found more widespread use in the purification 

and concentration of plutoniim in the effluents from solvent extrac­

tion separation processes, and in the treatment of low-active wastes. 

This is partly due to the fact that organic ion-exchange resins are 

subject to radiation damage in fission-product solutions. The 

situation might change if more radiation-resistant resins could be 

developed. There is also much interest in the use of inorganic 

exchangers, e.g. silica gel, see ref. 11. 

Solvent extraction is by far the method which has found most 

widespread use for processing irradiated fuels, and it is the only 

method which is being used in large-scale reprocessing plants in the 

Western World, At present, the following reprocessing plants are 

using solvent extiaction methods: Savannah River, Hanford, Idaho 

Pa].ls and Oak Ridge in the U.S., Windscale and Dounreay in Great 

Britain and Marcoule in Prance. Solvent extraction will be treated 

in more detail in the following chapters. 

5. PRINCIPLES OF SOLVENT EXTRACTION OF METAI^ 

5.1. General Principles 

Solvent extraction, or liquid-liquid extraction, is based on 

the fact tmt the components to be separated have different distribu­

tion coefficients between two liquid phases. Normally, one phase is 

aqueous, and the ether is an organic liquid, which Is nearly 

Imniscible with the aqueous phase. The distribution coefficient D 

is generally defined as: 
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(K 1') n o Cone, of component in organic phase 
Cone, of component in aqueous phase 

For sake of brevity, the following symbols are often used for a 

particular component K.: 

fK o\ n - ^ ° « •̂ -1\0' 

'=-̂ ' " - TTJT ^ 7 
i(a) 

When the solute exists as the same molecular species in the two 

phases, the distribution or partition coefficient is a constant when 

the solutions are ideal (Nernst's distribution law). This is not 

the case in aqueous processing, where the distribution coefficient 

will depend upon the concentration of solute, concentration of hydrogen-

ion, and concentration of complexing and salting agents (if such 

agents are used). 

Metals dissolved in aqueous solutions exist in the form of 

charged ions which, normally, are not extractable into an organic 

solvent. To render the metal extractable, it seems to be necessary 

that the metal ions are capable of forming an electrically neutral 

coordination (or solvation) compound with the solvent or with an 

added complexing agent. Anions in the aqueous phase may also take 

part in the complexing reaction. As an example, one can take the 

extraction of Pu(lV) with tributyl phosphate (TBP) from nitric acid 

solû ioxiS. The solubilization reaction can be written as: 

(5.3) P"̂ '̂ (a) + N̂°3'(a) + ^TBP^^^ = Pu(NO^)^ • 2TBP^^^ 

with the follov̂ ing equilibriun. constant (brackets indicating concentra­

tions ): 

Lvu{m)^ . 2TBPT. 

ZPut^^jZNO^^^jZTBP^o) 

The distribution coefficient is: 

/"Pu(N03)^ • 2TBPj7^ 

By combining equations (5*4) and (5.5) one obtains: 

^5-6) Dpu = Kp^ • ^'"NV-7(a) • /"^S^~7(o) 
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Thus, the distribution coefficient should increase with increasing 

concentration of nitric ions (mechanism of salting agent) and 

concentration of vincomblned TBP. 

It should be noted that the TBP-solvent acts as a complexing 

agent forming a "saturated" compound in which all coordinate and 

ionic valences are internally satisfied through bonding with the 

metal, see fig. 3. Such a molecule exerts only a weak van der 

Waals type of attraction for other molecules, and for this reason 

would be expected to be soluble in solvents of low polarity, such as 

kerosene. 

To form such coordination compounds as shown in fig. 3> 

there must be available empty electron orbitals of comparatively low 

energy, such as in elements of the transition groups, rare earths and 

the actinides. The alkalies and alkaline earths have no such empty 

orbitals, and these elements are, therefore, very little extracted 

by nonpolar organic solvents. 

Solvent extraction is an attractive method for recovering and 

purifying a wide varie-̂ y of reactor fuel materials. Because no solid 

phases are involved, it is readily adapted to continuous and counter-

current contacting with remote- control of the flows. It is a well-

known cnemical engineering operation, and hence will not be discussed 

to any great extent in these lectures. For a more complete treat­

ment, it is refeired to (1, chapter 6) and engineering textbooks, 

such as (12). 

The principles of counter-current solvent extraction are 

shown in fig. 2A. The heavier, aqueous phase (e.g. a dissolver 

solution) is introduced in the middle of the column, and the lighter 

organic solvent at the bottom. In the column the organic solvent 

is intimately contacted with the aqueous feed, whereby the components 

in the feed (e.g. Pu, U, P.P.) will distribute themselves between 

the phases according to their relative solubilities or distribution 

coefficients. The components with high distribution coefficients will 

concentrate in the organic phase (e.g. U and Pu), whereas the com­

ponents with low distribution coefficients will concentrate in the 

aqueous phase (e.g. fission products). Thus, a separation of the 

components in the feed solution has been achieved. The organic 
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extract, containing the solvent-extractable compounds (e.g. U, Pu) 

is removed at the top, whilst the depleted aqueous raffinate, con­

taining the less-extractable compounds (e.g. fission products) is 

removed at the bottom. To further increase the separation, the 

organic phase is scrubbed with a suitable aqueous solution, in 

order to back-extract less-extractable compounds. 

The extraction column is usually packed with Raschig rings, 

or equipped with perforated plates, and very often one of the phases 

is pulsed, in order to increase the contact area and break up 

droplets of the dispersed phase. 

The principle of a mixer-settler, fig. 2B, is the same as for 

an extraction column. The contacting of the two phases is brought 

about by mechanical agitation in a separate mixer. The two phases are 

led from the mixer into the settler where the phases are separated. 

By connecting the mixer-settler xmits in series, as shown in fig. 2B, 

the extraction can be performed as a multistage countercurrent opera­

tion. 

For calculation of extraction columns, the scrub and extraction 

sections are divided (hypothically) in stages, as in a mixer-settler, 

and it is assumed that extraction equilibrium is reached within one 

stage (theoretical stage). In the extraction section, the following 

material balance can be made for any one of the components below an 

arbitrary state n: 

(5.7) (S + P) x^ ~ Ey^_^ + (S -r F) Xĵ  

(5.8) y^^^Z^I. (X^-X^) 

where P, S and E are the flows in litres per hour of feed solution F, 

scrub solution S and organic solvent or extract E; x and y are the 

molar concentrations of the more extractable compound in respectively 

aqueous and organic phase. It is assxamed that the phases are com­

pletely immiscible and constant volume flow rates. 

For each stage we have the follo'iring equi].ibrium relation: 

(5-9) y = D • X ^ ' "̂ n n 3 
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where D is the distribution coefficient at the conditions of n'th 
n 

stage. 

(5.8) is the equation of the operating line relating the con­

centration of aqueous phase (x ) leaving and organic phase (y -1) 

entering stage n, whereas (5.9) relates the concentrations of 

aqueous phase (x ) and organic phase (y ) leaving stage n. 

By employing equations (5.8) and (5.9) i* is possible to 

correlate the concentrations throughout the column (or mixer-settler 

bank) and calculate the necessary number of stages for a certain 

separation. This may be performed graphically by the McCabe-Thiele 

method, as illustî ated in fig. 2C. This calculation can also be per­

formed by a stepwise algebraic procedure. If the concentration of the 

aqueous raffinate, x^ - x,, is known or assumed, the composition of 

the organic phase y, leaving stage 1 can be calculated by equation (5.9)» 

y^ = D^/x^. The concentration of aqueous phase leaving stage 2, x^, 

can now be calculated by equation (5.8): 

- E 
^2 " S + P ^1 ̂  ̂ 1 

The concentration of organic phare leaving stage 2, y^, can again be 

calculated from equation (5-9) and, thus, the procedure can be repeated 

up to the top stage in the extraction section, the feed stage. If 

no scrub section is used, the composition of the aqueous phase enter­

ing the feed staga is Xp, = x , •,« In this way, the number of stages 

which are required to reduce the concentration fiora x„ in the feed to 

XQ in the raffinate can be calculated. 

If the distribution coefficient is constant, the following 

equation can easily be derived for calculation of the number of 

stages n: 

(5 10^ fS- B ^n+l _ R" "̂  -̂ -1 
^•ry T Xv "" X 

where R, called the extraction factor, is defined by 

(5.11) R.D-g~|-^ 

7 
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5,2. Selection of Solvent 

According to Benedict and Plgford (Ref. 1, page 219) a solvent 

suitable for solvent extraction of metals should meet the following 

requirements: 

1. It should be selectivei i.e. the ratio of distribution coefficients 
should be high. 

2. It should have good capacity for extraction; i.e., distribution 
coefficients in the extraction section should be of the order of 
units" OT higher. 

3. It should be readily stripped for metalsj i.e. distribution 
coefficients in the stripping section should be no greater than 
unity. 

4. It should be relatively immiscible with water, to reduce solubility 
losses. 

5. Its density should be appreciably different from water, and iu 
should have low viscosity and fairly high interfacial tension, 
in order to obtain good phase separation and easy flows of the two 
phases. 

6. For safety reasons it should be relatively nonvolatile, non-
inflammable and nontoxic. 

7. It should be readily purified, preferably by fractional distilla­
tion. 

8. It should be stable- with respect to radiation, temperature and 
chemicals employed, such as nitric acid. 

9. It should be cheap. 

In Table 2 are. listed some extractants which can be used in 

processing nuclear fuels. Of the organic solvents, ketones generally 

give the most efficient extraction, followed by ethers, ether-esters, 

esters, alcohols, aldehydes and nitroparaffins in descending order 

of efficiency. Hydrocarbons and halogenated hydrocarbons give 

neglible extraction when no complexing agents are present. 

The solvents most frequently used in processing nuclear fuels 

are methyl Isobutyl ketone (Hexone), dibutyl carbitol (Butex) and 

tribuGyl phosphate (TBP). The important "Purex" solvent extraction 

involves the use of TBP, and this method will be described more 

extensively in Chapter 8.1. TBP meets many of the above-mentioned 

requirements except requirement 5 and partly 3» 7 and 8. In order to 

reduce viscosity and density and improve stripping properties, TBP 

is generally diluted with a saturated hydrocarbon, such as kerosene. 

The main reasons for the use of TBP is its remarkable selectivity and 
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the fact that it employs a liquid "salting" agent, nitric acid, which 

is recoverable, 

5.3. Aqueous Chemistry 

The aqueous chemistry of the elements present in irradiated fuels 

is, of course, of great importance for the understanding of the various 

solvent extraction processes, since these are aqueous feed solutions. 

The electronic configuration of some important elements Is given in 

Table 3. 

The chemical behaviour of elements is dependent on the number of 

electrons in the outermost shells. The transition elements start with 

g,Sc when the 3d orbitals are filled, the rare earths with 57La when 

4f orbitals are filled (and 5d with one electron), the aetinide series 

when 5f orbitals are filled (and 6d with one or two electrons). The 

rare earths, or the lanthanide series consists of 15 elements .which have 

similar chemical properties. They all form trivalent positive ions in 

aqueous solutions. This is due to the filling of the 4f orbitals, 

which are too deep within the atom to have any significant influence 

on the chemical properties. 

The chemical properties of the actinides are not so similar 

as those of the lanthanides, because the differences in energy•levels 

between 7s, 5f and 6d orbitals are much smaller than for the 6s, 4f 

and 5d orbitals. The 5f and 6d orbitals are also further displaced 

from the nucleus than 4f and 5d orbitals. It is believed that these 

properties of the 5f and 6d orbitals may explain the great tendency 

of the actinides to form complexes and stable coordination compounds 

and undergo hydrolysis; for a more complete description see (37). 

5.3.1 Hydrolysis of Ions 

Uranium and plutonium may exist in oxidation states 3* 4, 5 and 

6 in aqueous solutions. However, ions of the highest oxidation state 
2+ 

are always hydrollzed to form cations of the type MOp , according to 

the reaction: 

(5.11) M̂"*" + 2H2O = MOĝ "*" + 4H"^ 

The general hydrolysis reaction might be represented as: 

(5.12) M̂ "̂  + nH^O - M (OH) ̂ '̂ ~̂ "̂* + nH+ 

where n may be greater than q. The tendency towards hydrolysis 
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increases with the increasing ratio of charge/ionic radius (the 

columbic attraction forces are proportional to ^ /r). Thus, for a 

given element, this tendency increases according to: 

(5.13) MÔ '*' < M̂ "̂  < MO-̂ "*" < M ^ 

or for tecrapositive ions: 

(5.14) Th^'^< Û "̂  < Pu''̂"'" <: Zv''^ 

The hydrolysis products may precipitate as metal hydroxides or 

polymei'ized products where the metal atoms are bonded together by 

oxygen or hydroxyl bridges. The polymerization is often Irreversible 

and it may require prolonged heating with concentrated acid to 

dissolve the polymerization products. With a low degree of poly­

merization the hydrolytic products often exist as colloids. The 

hydrolytic behaviour is somewhat unpredictable and it quite often 

causes difficulties in the separation of the metals. 

5.3.2 Complex Formation 

The tendency of cations to form complexes in aqueous solutions 

is in certain respects analogous to the tendency towards hydrolysis. 

Thus, the complexing tendency of a metal ion is greater the greater 

its charge and the smaller its radius. This similarity becomes more 

apparent when the following reactions are compared: 

(5 15) M̂ "̂  + A" = MÂ "̂  

(5.16) M̂ "̂  + OH" « M(OH)̂ "*" 

(5.17) M̂ "̂  + HA = MÂ "*" + H"*" 

(5.18) M̂"*" + HgO » M(OH)̂ '*' + H"*" 

where HA is the acid of a complexing anion A" 

The tendency of anions to complexes increases in the o'̂ der 

ClÔ "" < Cl~ < NO •" < SQ^" < PÔ *̂" <: P" 

The presence of such anions as p", PÔ , and SOu"" complexe uranium 

and plutonium so strongly that they inhibit the extraction of these 

metals with organic solvents. Comprehensive tables of the stability 
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constants of the complexing of metals with organic and inorganic 

ligands have recently been issued (13). 

5.3.3 Oxidation-Reduction Properties 

In the Purex processes it is of utmost importance to keep the 

various elements in the proper valence state, e.g. in the first solvent 

contactor plutonium must be tetravalent and uranium hexavalent, where­

as in the second contactor, plutonium must be trivalent and uraniup 

hexavalent. 

The oxidation-reduction behaviour can be calculated if the 

oxidation-reduction potentials of the half-couples are known. The 

following red-ox potentials are very important in reprocessing (l4): 

(5.19) Pû "*" » Pû "'' + e" , E° = -0,9819 volts 

(5.20) Pê "̂  = Pe-̂"*" + e" , E^ = -C,77l4 volts 

(5.21) Û"*" + 2H„0 = U0_^"^ + 4H'*' + 2e", E° = -0.334 volts 
d d 

3+ 
Pu has tte largest negative potential of the three elements, which 

4+ 3+ 
means that Pu is more easily reduced than Fe"̂  which again is more 

2+ 2+ 
easily reduced than UOp . Therefore, by employing Fe as a reduc-

4+ 2+ 
ing agent, Pu will be reduced but not U0_ . The overall reaction of 

d 

this reduction is: 

(5.22) Pû "̂  + Fê "̂  s Pû "*" + Pê "*" 

The equilibrlxwn constant is: 

This constant can be calculated from the Gibbs-Helmholz equations: 

(5.24) RT In K = - /\F^ - nPE^ 

where Zi P is the change in standard free energy, P is Faraday's 

constant and n is the number of electrons transferred. 

The standard potential of reaction (5.22) is 0,9819 - 0.771 -

0,211 volts which gives a reaction equilibriiim constant of K = 3700. 

In 1 M nitric acid this constant is equal to 330(1). 
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6. Solvent Extraction Processes 

Richards has divided the aqueous reprocessing procedure as 

follows (15): 

1. Following irradiation, arrangements must be made to deliver 
irradiated elements to separations facilities. 

2. Processing starts by removing the cladding, dissolving the 
metal, and preparing the feed for separation and decontamina­
tion. 

3 Separation of the key elements and their decontamination 
from fission products. 

4. Concentration and purification of products, usually involv­
ing a reduction in volume. 

5. Conversion to salts and/or metal, completing the cycle to 
the metal. 

6. Refabrieation into fuel for re-use. 

7. Disposal of gaseous, liquid, and solid wastes. 

The dissolution step, step 2, has already been described in 

this course by A. Hultgren. Preparing and conditioning of the feed 

for solvent extraction will be discussed in the following chapter and 

in connection to the various flowsheets. It is assumed that the 

uranium core material has been dissolved in nitric acid. Step 3 will 

be treated under the description of various processes. Steps 4 and 

5 will be discussed very briefly in chapter 7> and steps 6 and 7 are 

beyond the scope of this lecture. The tail-end purification of 

plutonium will be further discussed by Chesne. 

6.1. Peed Conditioning 

After dissolution in nitric acid the uranium core material will 

be in the form of nitrates. The solution may contain metal ions from 

the alloy metals, from the canning material, and tte bonding agent, if 

the uranium is alloyed or the canning dissolved together with the core. 

The feed solution must be pretreated axxd adjusted for the particular 

extraction process to be used. 

All solid particles should be removed from the feed solutions in 

order to avoid troubles in feed lines, pumps, valves, and phase 

separation (emulsification, crud). These particles may be corrosion 

products or siliceous residues originating from the bonding between 

core and canning or from silisium originally present in uranium. The 
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particles may be removed by filtration, e.g. by sandfilters. However, 

the siliceous precipitates are slimy or gelatinous and they easily 

plug the filters. To increase filterability, gelatin might be added 

(34). Blanco reports removal of these residues by centrifugation at 

1500 r.p.m. (16). 

The feed solution must be adjusted for the content of uranium, 

free aeia and salting agents (if such are used). In some processes, 

the feed solution is made acid-deficient, i.e. the acidity is less 

than that resulting from the hydrolysis of the main metal constituents 

in the solution, e.g. uranium and aluminium (salting agent). The 

solutioi can be made acid-deficient by tire addition of a base or by 

destruction of nitric acid by heating. Also, it is imperative to 

adjust the valence state of plutonium before extraction. In the Redox 

process all plutonium is oxidized to the hexavalent state, i.e. 
2+i 

PuOg ,. to prevent hydrolysis and increase extractability of this 

element. At the same time, the feed-solution is made acid-deficient 

to allow elements like zirconium and niobium to hydrolize to less 

extractable species. In the Purex process, plutonium is maintained in 
4+ the tetravalent state as Pu forms the most extractable canpound 

with TBP. This is achieved by the addition of nitrite ion (HNOg or 

NaNOp), according to the reactions: 

(6.1) Pû "*" + NOg" + 2H"̂  --^ Pû "̂  + NO + HgO 

(6.2) PuOg"*"̂  + NOg" + 2H''' -^ Pu + MO •" + HgO 

The pretreatment of the feed solution may also give partial 

decontamination from fission products. Harmon and Culler describe 

processes in which permanganate is added to coprecipitate fission 

products, notably Zr and Nb (17), (18). By heating and by the intense 

radiation the permangate is reduced to a MnOp-precipitate, which 

removes 90-99^ of both Zr and Nb, 1-10^ of Ru and 40^ of Ce, but not 
2+ 2+ 

UO- and Pu . The precipitate is separated from the feed by a centri-

fuge. This pretreatment is also effective in scavenging fine solids. 

The feed conditioning may also involve removal of rutheniiam 

which is the most troublesome element to remove by solvent extraction. 

This has been accomplished by oxidation with ozone or permanganate 

which oxidizes Ru to RuOj, which is volatile (B.p •-"101 C) and can be 

o 



I.l6 

removed by sparging with air (or Np,,steam) at 90 or by boiling of 

the solution. The RuÔ , is stripped from the gas by scrubbing with 

10-20^ NaOH. This treatment will remove up to 95^ of the ruthenium 

present in the feed. Of course, the removal and safe disposal of 

RUOK will introduce additional problems. 

6.2. Purex and TBP Processes 

The Purex process was developed for the separation of plutonium, 

uranium and fission products in natural uranixam fuel elements (19)* 

(24). The process employs tributyl phosphate (TBP) as solvent and 

nitric acid as salting agent. Therefore, it is often referred to as 

the TBP process. Modified versions of the process are now being used 

for reprocessing of enriched uranium fuels (l8), uranium-aluminium 

alloy fuels (20) and uranium-zirconium alloy fuels (21). Detailed 

descriptions of the Purex process are also given by Irish and Reas 

(22) and Irish (23). 

The standard Purex flow sheet according to Flanary (19) is 

shown in fig. 1. In the first cycle, uranium and plutonium are 

separated from the fission produciss by contacting the feed with 

TBP (in a diluent) in the first extraction column. The aqueous 

raffinate, containing the bulk of the fission products, is drawn off 

at the bottom as waste. The organic phase, nearly saturated with 

uranium, is scrubbed in the upper part of the column with a nitric 

acid solution to backwash any fission products, and led to the 

partition column. In this colimn, the organic stream is contacted 

with dilute nitric acid containing a reducing agent, such as ferrous 

sulphamate or hydroxylamine. Plutoni\am is thus reduced to the much 

less extractable trivalent state which is stripped from the phase. 

The organic product frora-'-the partition column is scrubbed with water 

in the stripping column to strip out uranium. 

For further decontamination, both the uranium and plutonium 

product from the first cycle are passed through a second cycle, 

as shown in fig. 1. The final decontamination is accomplished by 

passing the uranium stream through a silica gel column and the plutonium 

stream through a cation exchange resin. 
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Decontamination factors obtained by the Purex process with a 

2-cycle flow sheet, are given by Flanary (19) as follows: 

^ U Pu 

Gross : 7 2.7 x 10^ (6.5 x 10^) 2,0 x 10^ (1.6 x lo''') 

Gross : p 6.6 x 10^ (9-9 x 10^) 7.7 x 10^ (3.2 x lo''') 

The numbers in parenthesis refer to decontamination after 

silica gel treatment of uranium and ion exchange treatment of plutonium. 

A simplified Purex flow sheet is shown in fig. 4. This is a 

one-cycle process which is going to be used in the reprocessing pilot 

plant at Kjeller, The flow sheet gives more detailed information on 

process conditions and flow compositions The solvent is 20^ TBP 

in Shellsol. With a flow ratio solvent: feed of 4,5: 1 and a 

uranium concentration of 1,25 M this corresponds to 76^ uranium 

saturation of the solvent, i.e. percentage TBP needed to complex 

uranium in the feed to U0p(N0.,)p • 2TBP. It has been shown by 

several investigators that the distribution coefficients of the fission 

products will decrease with increasing uranium saturation of the 

solvent. The concentration of nitric acid employed in the feed solution 

of fig, 4 is 3.OM HNO... The distribution coefficients for the various 

fission products will increase with increasing acid strength, except 

for rutheniumi see ref (26) which gives a comprehensive survey of 

distiibution data. For the extraction colvimn I (fig. 4), which 

contains 5 theoretical stages, it is calculated that the distribution 

coefficient (org/aq) will increase from the feed-stage to the bottom 

stage as follows: Du from 1,36 to 30, D„ from 0,5 to 10, D„ from 
ir\l JftU 

0,0015 to 0,06 and D^j, from 0,0042 to O.O5. 

There now exist quite a variety of TBP processes adapted 

for the specific type of fuel elements. Ref (8) gives extensive 

descriptions of the reprocessing facilities at Hanford (less than 

5% U^^^), Idaho (highly enriched),Savar.r-ah River and Oak Ridge. 

Among x.he fuel types to be treated are (cladding material in par­

enthesis): U (Al), U-Al(Al), U-Zr(Zr), U02-SS(SS), U02(Zr), VQ^iAl), 

and U-Mo(Zr). 

As may be expected, major improvements have been achieved in 

the TBP processes in recent years. Among these might be mentioned: 
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back-cycling of aqueous waste streams (27), dual-temperature TBP 

process (28), anion-exchange purification of plutonium (29). 

6.2.1 Solvent Purification 

Tributyl phosphate is an ester which may hydrolize to form 

dibutyl (DBP) and monobutyl (MBP) phosphates and butanol. Small 

concentrations of these degradation products will cause difficulties 

in the extraction operations (P.P. rentension) DBP and MBP have active 

hydrogen and oxygen (electron donor) atoms and they are strong 

chelating agents. DBP forms strong, organic-soluble complexes 

with fission product, especially Zr.̂ ,vtiich are difficult to scrub 

out from the organic phase. MBP forms precipitates with uranium and 

plutonium 

The rate of hydrolysis of TBP is mainly determined by hydrogen 

ion concentrations and temperature and radiation, but traces of DBP 

and MBP are also present in commercial TBP. Fortunately, they 

are acids and can be removed by washing with sodium carbonate solution, 

preferentially at higher temperatures (45 C). Traces of complexed 

fission products are removed at the same time. However, radio 

colloids are often formed. Therefore, manganese dioxide is often 

used as a scavenging agent. Pinnlly, the solvent is washed with 

dilute nitric acid to remove dissolved alkalies. 

6.3. Redox Process 

The Redox process employs hexone (methyl-isobutyl ketone) as 

solvent and Al(NO-̂ )p as salting agent. Hexone is not stable to high 

concentrations of nitric acid, which, therefore, cannot be used as the 

sole salting agent. As the name Redox implies, a reduction-oxidation 

cycle is used for the separation of uranium and plutonium. 

The process is very similar to the Purex process. The principal 

separations are performed in three extraction columns as in the first 

Purex cycle. However, as mentioned earlier, plutonium is oxydized 

to the hexavalent state by addition of sodium dichromate, because 

this valence state is best extracted by hexone. Also, the feed 

solution is made acid deficient to form hydrollzed species of the 

fission products (Nb, Zr). 
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The salting agent is added in the scrub as a 2,0 M solution. 

The feed is generally of following composition: 2,0 M U0p(N0^)p, 

0,2 M HNO^, 0,1 M Na^Cr„0„ and 0,38 M NaNO^ (30), 
3 li i^ ( 3 

The decontamination factors obtained are generally of the same 

order as in the Purex process, with the exception of the decontamina­

tion from ruthenium. The main disadvantage of the Redox process is 

the use of a metal salt as salting agent. This sets a limit for the 

reduction in volume of the fission product waste. 

6.4. Other Processes 

A variety of other solvent-extraction processes have developed. 

They differ mainly from the TBP-processes and Redox-process in the 

use of solvent, such as dibutyl carbitol (Butex), dibutyl ether or 

thenoyl-trifluoracetone (TTA-chelation process). 

The Butex process was developed at Windscale and it is described 

in ref (2), This method uses a 3-column extraction process with 

plutonium reduction in the second one. Nitric acid is used as salting 

agent, employing a feed 3N in nitric acid. Thus, the process is 

very similar to a one-cycle TBP process. However, the decontamination 

from Ru and Zr is reported to be low. 

The Russian dibutyl ether process is described by Vdovenko and 

Kovalskaia (31). The solvent is an explosion-proof mixture of 

dibutyl ether (85 /lOO mis) and carbon tetrachloride, and calcium 

nitrate -is used as salting agent. A 3~cycle extraction is employed 

with the common ox-red cycle for plutonium. Decontamination factors 
6 o 4 

of 1,2 X 10 for the uranium product and 8 x 10 for the plutonium 
have been achieved (31). In recent laboratory studies, a decontamination 

•J 
factor of 2 X 10 has been obtained (32), 

The TTA-chelation process uses a solution of TTA in benzene 

as solvent (18). TTA is a substituted diketone, the enol form of which 

is a weak acid (HK) and strong chelating agent. The chelation of 
4+ / 4+s 

Pu (or Zr ) may be represented schematically as follows: 

Pu "*" + 4HK = PuKj5̂  + 4H"'' _̂_ 

It can be shown that the distribution ratio for plutonixHti is: 

(6.4) D, - f ^ - ^ 0 
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where K„ is the equilibrium constant or stabilifaility constant for 

reaction (6.3)' 

4 4+ 
In this process Pu and Zr are extracted into the solvent, but 
2+ 

not UOp at the employed acid strengths. Plutonium is stripped with 
2-t-

nitric acid containing Fe and zirconium with oxalic acid. Uranium 

is separated from the fission products by extracting with TTA at lower 

acidities and back-extracted with nitric acid. The disadvantage of 

this process is that the rate of chelation is slow, which necessitates 

large contacting equipment. 

7. TAIL-END TREATMENT AND RECOVERY 

After solvent extraction decontamination the plutonium and 

uranium must be further purified. For plutonium this is done by ion 

exchange, and for uranium by sorption on cation resins or silica gel(33)' 

Cation exchange was originally used in the Purex for further 

decontamination of plutonium (l8). The feed to the ion exchange 

col\imn is the weak HNO solution (acidity varies from 0.15 M to 

0,5 M) that has been used to strip the Pu from the organic solvent. 

The Pu concentration may be as low as 0,1 and as high as 10 g/1. 

The feed contains hydroxylamine, which was added to reduce the Pu(lV) 

to Pu(lII). Principal impurities are U, fission products (Zr/Nb, 

Ru and Ce) and corrosion products. The solution is passed through 

a cation resin column (Dowex-50) where the Pu is adsorbed in a band 

above the U. The U Is eluted downwards with 0,25 M HpSOi, containing 

some hydroxylamine to maintain the Pu in the trivalent state. The 

Pu is then eluted upwards by 5-7 M HNO-, - after a "spacer wash" -

containing some sulphamic acid (0,3 M) to inhibit the ox. of 

Pu(III) to Pu(lV) by the acid. 

The concentration of the Pu in the product is about 50 g/1. 

This product is now ready for further treatment in a -glove boxes. 

Recently, an anion exchange method has been described by Ryan 

and Wheelwright (29) which is applicable to plutonium containing 

effluents. In this process, a strong acid solution (7.2 M) is 

passed through the resin, where Pu(lV) is adsorbed as nitrato 

anionic complex, whereas most of uranium and fission products pass 

through. In principle, the method is identical to that described in 



1.21 

(10). However, by operating at elevated temperatures (50 to 60 C) 

and by proper choice of anion exchange resins, throughputs may be 

increased considerably, ppoduot concentration is increased, decontamina­

tion improved, and the use of reagents other than HNO, eliminated. Pu 

is eluted from the column using 0.3 - 0.8 M HNO-, (depending on the 

type of resin used) instead of hydroxylaraine used in (10). Adsorption 
2 

and elution flow rates as high as 80 mg Pu/min/cra , decontamination 

factors of greater than 5 x 10^ for fission product and greater than 
4 

5 X 10 for U and other metallic impurities, and product concentrations 

of above 50 g Pu/1 are readily attainable in a single anion exchange 

cycle under proper operating conditions. The method is both chemically 

and mechanically Simple. 

The various aqueous effluents from solvent extraction processes 

mentioned in chapter 6 all contain nitric acid. Dilute solutionscaan 

easily be concentrated in nitric acid by evaporation. At higher con­

centrations, nitric acid becomes more volatile and can be recovered, 

e.g. by evaporating the waste fission product solution. 

The final step in aqueous reprocessing of uranium fuels is 

the conversion of uranium and plutonium nitrate salts to the metal or 

oxide. Plutonium is not recovered from highly enriched uranium fuels. 

The conversion chemistry of plutonium nitrate has recently been 

reviewed by Harmon and Reas (35)« The dilute Pu-nitrate solution 

is first concentrated up to 10-100 g Pu/litre by evaporation, 

ion-exchange or solvent extraction. Pxutonitim is then precipitated 

from -i-his solution as Pu(lII) or ?u(lV) oxalate or peroxide. These 

salts are then converted to PuF̂ , by calcining the precipitates to 

PuO„ and hydrofluorination by HP. The final reduction is accomplished 
o 

by reacting with calcium metal at temperatures up to 1600 C. Plutonium 

may also be precipitated as PuP^ or CaPuF^ which can be reduced 

directly to metal with calcium. 

Uranium is converted to the metal by methods similar to those 

described ior plutonium, or methods used in the production of uranium 

from ores. Uranium is usualJy precipitated from the nitrate solution 

as peroxide (UÔ ,) or ammonium diuranate N̂Hji,)p U^0„), These compounds 

are then calcined to UO,, which may also be obtained by direct 

calcination of uranyl nitrate. UO, is then reduced to UOp by hydrogen 
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or ammonia gas. UOp is converted to UP̂ , by reacting with HP. The 

uranium metal is obtained by reduction of UFj. with calcixjm or magnesium. 

By the recently developed "Flurex" method (36), uranyl nitrate may be 

directly converted to NH^IUPR by electrodialysis which is easily 

decomposed to UF2,. 

Before this lecture is concluded it is mentioned that 

description of equipment has been omitted in the present notes. There 

will be arranged an excursion to the reprocessixig pilot plant here at 

Kjeller, and a description of the equipment will be included. 
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TABIE I 

Approximate composition of 1 tonne U fuel after 1000 
Wa/t irradiation, cooled for 100 days (irradiation time 

300 days) 

' ""T 
Element | 

U j 

Pu 

Cs 1 

Sr 

Ba 

Y 

La 

Ce 

1 Pr and other 
rare earths 

Zr 

Nb 

Mo 

Tc 

RU 

1 Rh 

, Other elements 

1 Total activity .. . 

Approx. weight, 
g. 

998 X 10^ 

800 

110 

40 

40 

20 

40 

100 

155 

115 

5 

85 

25 

55 

12 

40 

;« M S s » Aft ft« « s • « 

' • " • »«. IL.IL..JI llllltl - - B ^ 

Activity 6 + 7 
curries^^' i 

1 

13.100 

41.500 

4.200 1 

51.000 
1 

174.000 1 

15.000 

112.000 

203.000 

-

1 
37.000 

-

2.000 1 

.... 652.800 

(a) The activity from short-lived daughters of Cs , Sr" , 
144 14n inf, 

Ce , Ba-̂  and Ru ̂  is Included with the parents. 



TABLE II 

Extractants used in processing nuclear fuels 

Extractant 

Tributyl 
phosphate 

Methyl iso-
butyl ketone 

Diethyl ether 

Dibutyl 
cellosolve 

Dibutyl 
carbitol 

Pentaether 

Cyclohexanone 

Thenoyl tri-
flaoracetone 

Specific 
gravity 
at 20 C 

•0.973 

0.802 

0.714 

0.83" 

0.885 

1.125 

0.949 

0.88 
(benzene 
solution) 

Viscosity 
at 20°C 
(centi-

poises) 

3.41 C25°C) 

0.585 

0.233 

1.34 

2.39 

2.8 (23°C) 

Boil­
ing 

point 
Co 

289 
(decomp.) 

116_ 

34.5 

203.3 

254.6 

327.3 

156.7 

140 
(at 40 
mm 
Hg) 

Melt­
ing 

point 
(°C) 

-80 

-84.7 

-116 

-69.1 

-60.2 

-6.2 

8.5 

43 

Solubility 
in water 
at 20'̂ C 
(vol, ̂ ) 

0.6 

2.0 

11.5 

0.17 

0.26 

1.0 

2.4 

slight 

Solubility 
of water 
in extrac­
tant at 
20°C 

(vol. %) 

7 

2.2 

0.90 

0.49 

1.2 

5.1 

6.5 

Plash 
point 

Co) 

146 

27 

-40 

85 

127 

174 

55 
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Fig. 3. Sugg§st&d Structure @f Pu(Na}'2TBP 
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AQUEOUS REPROCESSING OP URANIUM 

BY AMINE EXTRACTION 

by 

A. CHllSNE 

I. INTRODUCTION 

Depuis pliis de dix ans, les techniques d'extraction par solvant 

se sont iraposees dans le domaine du retraiteraent chimique des combustibles 

par vole aqueuse. En effet, a leur efficacite pour la recuperation et la 

purification des materiaux fissiles et fertiles s'ajoute leur grande 

souplesse d'utilisation. 

Specialement adaptees au cas des combustibles a 1'uranium naturel 

dans lesquels la teneur en plutonium ne depassait pas quelques grammes 

par kilogramme d'uranium, ces techniques ont du evoluer quelque peu dans 

le cas du traitement chimique des nouveaux combustibles. 

Les oaracteristiques de ceux-ci sont liees au developpement des 

reacteurs de puissance dans lesquels I'energie liberee est elevee ainsi 

que le degre de buinup et ou le cout du traitement chimique ne doit pas 

etre prohibltif. 

En consequence, aux combustibles uraniiim naturel sous forme metalliquej 

on a souvent prefere de 1'uranium plus ou moins enrichi employe sous forme 

d'alliage (U - Zr par exemple) ayant une meilleure tenue mecanique ou 

employe sous forme de "pellets" d'oxyde UO^ fritte ou encore d'oxyde dis~ 

perse dans des metaux tels Zirconium ou acier inoxydable. L'emploi de 

Plutonium (oxyde ou alliage) comme combustible est a considerer egalement. 

Les materiaxuc de gainage doivent etre capable de I'esister dans les 

conditions de marche du reacteur et le choix s'est porte generalement sur 

le zirconium ou le zircaloy (Zr a 2% de Sn) ou sur 1'acier inoxydable. 

La necessite de diminuer 1'importance des frais de stockage du 

materiau irradie a conduit a envisager la reduction du temps de refroidisse-

ment des cartouches brulees et par vole de consequence exlge un traitement 

chimique a de hautes intensites de radiation. 
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Nous aliens voir a la lumiere de quelques exemples comment a ete 

effectuee la premiere etape du traitement chimique de ces nouveaux com­

bustibles c'est-a-dire la raise en solution. 

Dans le precede Darex on effeotue conjointeraent la dissolution de 

la gaine d'acier inoxydable et du materiau fissile par action d'un 

melange acide nitrique (5 M) acide chlorhydrique (2 M). 

Dans le precede Sulfex, seule la gaine d'acier inoxydable est 

dissoute par de 1'acide sulfurique 6 N. L'oxyde d'uranium constituant 

le materiau combustible est ensuite dissout dans 1'acide nitrique. La 

perte en uranium et en plutonium bien que faible lors du degainage 

chimique exige cependant un traitement de recuperation de la solution 

resultante. 

Le precede Zirflex est adapte au traitement des combustibles ou 

des gaines a base de zirconium. L'attaque de ce metal ou de 1'alliage 

riche en zirconium s'effectue au moyen d'acide fluorhydrique ou de 

fluorure d'ammonium. 

Rappelons que dans It-s cycles classiques d'extraction type 

Redox ou Purex, il etait necessaire que la solution a extraire soit une 

solution de nitrate. Done pour adapter les precedes classiques a la 

purification de ces solutions de dissolution, celles-ci doivent etre 

traitees specialement: entrafnement de 1*acide chlorhydrique des 

solutions Darex, addition de nitrate d'aluminium aux solutions Zirflex 
i,!„,l , ]., 

(action complexante des ions Al et rapport de nitrates). 

Enfin la recuperation des traces d'U et Pu des solutions de de~ 

gainage Sulfex presente de grosses difficultes par les extractions classiques 

au TBP ou a I'hexone. 

Tres grave est egalement 1'objection faite a l'emploi dn TBP pom' 

le traitement chimique de combustibles ayant ete refroidis peu de temps. 

Des evaluations de la dose moyenne repue par le TBP dans un cycle 

classique lors du retraiteraent des combustibles de reacteur de puissance 

ont ete faites. Elles different sensibleraent selon les auteurs. Certains 

pensent qu'un refroidissement de 10 Jours et un temps de sejour moyen de 

10 minutes dans I'extracteur conduirait a des doses de 20 a 30 watt-heure 

par litre. D'autres estimations indiquent, pour un temps raoyen de sejour 

de 5 minutes des doses d'irradiations beaucoup plus faibles (fig. 1). 
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Les produits de degradation du TBP par radiolyse ou par hyarolyse 

chimique sont principalement: le DBP, le MBP, le butanol. La consequence 

de la formation de ces produits est; 

1) Une formation de complexes solubles en phase organique en milieu 

peu acide, Ces complexes sont formes avec 1'uranium, le plutonium, le 

thorium et certains produits de fission. En consequence, les pertes en 

U, Pu, Th peuvent devenir imporcantes (fig. 2 - 3 et 4). D'autre part, le 

solvant devant etre recycle doit etre decontamine par des lavages successifs. 

Enfin la purification des produits finaux U - Pu - Th est moins bonne. 

2) Une consequence teclmologique celle-la est la formation d'emulsion 

tres gehante dans les appareillages d'extraction. On cit-̂  en particulier 

la formation d emulsions dues au dibutyl phosphate de thorium dans le precede 

Thorex. On peut penser qu'il en sera de raeme dans la manipulation de solu­

tions riches en zirconium. 

Le tableu.u de la figure 5 resume 1'influence des radiations dans les 

precedes au TBP 

La recherche dts noû 'eaux solvants a eu comme idee directrice 

I'utilisation de corps oi-'ganiques possedant les qualites sulvantes: 

Plus grande selectivite permettant d'ameliorer les separations et les 

facteurs de decontamination done de diminuer si possible le nombre de cycles 

et le cout des operations. 

Resistance convenable aux effets chimiques ou radiolytiques des 

solutions a traiter. 

De plus les possibilites d'eraploi de ces solvants dans des milieux 

autres que le milieu nitrique devrait permettre une plus grande souplesse 

dans les traitements chimiques qui concernent des materiaux varies (Zr, acier 

inox, etc..) et egalement une recuperation das sous-produits interessants 

(ex. Np̂ "̂̂ , Am ). 

Les travaux d'un certain nombre dt chercheurs ont permis d'obtenir 

des indications utiles concernant ces nouveaux solvants et a l'heure actuelle 

deux types principaux de composes organiques semblent prometteurs. II s'agit 

des composes organo-phosphores et des alkylaraines. 

C'est de ces derniers composes qu'il va s'agir dans ce qui suit. 
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II. PROPRIETES GENERALES DES AMINES 

Les amines aliphatiques a longue chafne ont ete citees pour leurs 

proprietes extractives des 1948 par des chercheurs britanniques qui les 

ont utilisees pour extraire des acides faibles. lis ont note la possi-

bilite d'extraction d'especes anioniques. Plusieurs separations analytiques 

se basant sur cette prorpiete generale ont ete utilisees - separation Nb - Ta, 

Pa - Th, Sn - Sb, etc... 

La structure de ces composes est la suivante: 

R - W^ ou R et R' representent soit un atome d'hydrogene, 

soit un radical alkyl, R" etant un radical alkyl. 

On a done la possibilite d'avoir trois groupes principaux: 

R" - N H R' N H R - N - R" 
R" R' 

amine priraaire secondaire tertiaire 

Dans ce qui suit, et pour raison de siraplicite nous ne differencierons 

pas les radicaux alkyls ecrivant ces groupes 

R N Hg Rg N H et R^ N 

Tous ces corps ont un caractere basique marque et leur comportement 

en presence d'un acide£ HA 3 est une reaction de salification donnant le 

sel d'amine: 

R_ N H A pouvant etre dissocie en R.̂  N H et A 

La solubilite de ces sels dans I'eau est d'autant plus faible que 

les radicaux R comportent un nombre d'atomes de earbone plus eleve. 

La solubilite dans les solvants organiques varie selon: 

a) la nature du solvant et sa polarite 

b) " " de 1'anion A 

En particulier il a ete note que la solubilite des sels de certaines 

amines dans le kerosene decroxt dans I'ordre 

sulfate - bisulfate - chlorure - nitrate 

Le meoaaisrae de 1'extraction par les sels d'amine a ete assimile 

a \]n echange d'anion selon la reaction generale. 
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n R N H A + B^" ^rr± (R3 N H ) ^ B + n A~ 

B " pouvant etre un anion ou un complexe anionique. 

Les amines primaires, secondaires, tertiaires se comportent comme 

des resines echangeuses d'anions "base faible", et sont sans effet sur 

les complexes anioniques a pH eleve. 

Comme pour les resines echangeuses d'anions, il semble que 1'affinite 

pour 1'anion decroisse dans I'ordre suivant: 

01 0^;^;^N 0~^>.C1"^>. H S O^^^-'^" 

Dans le cas des extractions en milieu acide, I'extrayant sera 

le sel a'amine correspondant a 1'acide envisage. 

Nous passerons en revue les proprietes des trois sels d'amine 

suivants: sulfate, chlorure, nitrate. 

III. EXTRACTION PAR LES SULFATES D'AMINE 

a) Formation du sulfate 

La solution organique de 1'amine sous forme basique reagit aveo 

1'acide sulfurique en doniaant le sulfate d'eunine suivant la reaction. 

2 Rj N + E^B 0^^iR^NE)^B 0^ 

En presence d'un exces d'acide sulfurique on forme le bisulfate 

d'amine selon: 

(R^ N H)^ S 0^ + Hg S 0^ ̂  2 (R^ N H) H S 0^ 

La courbe de la figure 6 montre la neutralisation de trioctylamine 

par 1'acide sulfurique en milieu hydroalcoolique. On constate la presence 

de deux points equivalents correspondant a la formation de sulfate et de 

bisulfate. 

b) Extraction de 1'uranium 

Un nombre, considerable de travaux ont ete effectues pour extraire 

I'uraniimi de solutions sulfuriques obtenues lors du traitement des 

minerals. 
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Cette extraction peut s'ecrire de la fagion suivante 

" °r.(a) + 2 S 0--(^^^ U Og (S 0,̂ )2 (̂ j qui est la 

reaction de formation d'un complexe en phase aqueuse, puis 

" °2 (2 °4^2"(a) + ^^3 ̂  ̂ ^2 S °4 (0)?^ ̂ ^3 N H) U Og (S 0̂ )g + S Q-'^^j 

Certains auteurs signalent que 1'extraction du complexe non charge 

U 0 S ©2̂  s'effectue probablement parallelement suivant 

U Og S 0^ (a) + % N H)g S 0^ (^^^ (R3 N H)g U Og (S 0̂ )g ^̂ ^ 

Ces deux voles egalement possibles conduisent de toutes fagcns a .la 

formation en phase organique du complexe cite plus haut. 

c) Extraction d'autres elements 

D'autres elements sont connus comme donnant des complexes sulfuriques 
, .[„ I [ 4+ 4 + 

negatifs en phase aqueuse. Citons parmi eux: Pe , Th , Pu ,etc... 

Nous aliens passer en revue l'extraction de ces elements, comparee a 

celle de 1'uranium en fonction de la structure des amines employees. En 

particulier, nous verrons 1'influence des radicaux lies a 1'atome d'azote et 

de leur degre de ramification. 

La figure K^ 7 nous montre que le pouvoir d'extraction decroit des 

amines priraairus aux secondaires et aux tertiaires pour les elements tri-

valents tels Fe, V, terres rares et les elements tetravalents Ti, Zr, Th et U. 

Pour tous ces elements les ramifications des chaines alkyl ont un 

effet nefaste sur 1'extraction. 

Le phenomene semble inverse pour le vanadium pentavalent 1'uranium 

et le molybdene hexavalent. Des ramifications trop voisines de 1'atome 

d'azote araene comme precedemment une diminution du pouvoir d'extraction. 

INFLUENCE DU DILUENT SUR L'EX-TRACTION 

Une autre variable importante inf.luant sur les coefficients d'extract­

ion est le diluant. Son effet a ete particulierement etudletfens le cas de 

1'uranium. La figure 8 rapporte les resultats experimentaux concernant 

1'extraction de 1'uranium par diverses amines diluees soit dans du kerosene, 

soit dans du benzene ou enfin dans du chloroforme. Remarquons que le choix 

de ces trois diluants correspond a une variation de polarite des molecules, 

polaritQ croissante du kerosene au chloroforme. 
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Le diluant le plus polaire permet les meilleurs coefficients 

d'extraction avec les amines primaires, avec les amines secondaires a 

chafnes droites ou peu ramifiees. 

Le diluant le moins polaire favorise au contraire 1'extraction 

dans le cas des amines secondaires a chafnes relativement courtes et tres 

ramifiees et des amines tertiaires raraifiees. 

On constate done non pas une separation nette entre les proprietes 

des trois groupes d'amine: priraaire, secondaire et tertiaire, mais 

plutot un recouvreraent partiel. 

Les amines secondaires ramifiees se comportent comme les tertiaires 

symetrioues et non raraifiees. 

Les primaires raraifiees se comportent comme les secondaires non 

ramifiees. 

L'addition d'un corps polaire (alcool lourd par exemple) a du 

kerosene ameliore 1'extraction de 1'uranium dans le cas des amines second­

aires peu raraifiees et des tertiaires a chafhe droite. L'effet est inverse 

quand les ramifications sont abondantes. 

On n'a malheureusement pas note une generalite de ces effets, certains 

autres complexes metalliques reagissant de fa9on differente. Par exemple 

1'addition a du kerosene de 5^ en volume de tridecanol fait decroitre con-

siderablement 1'extraction du fer dans la di(tridecyl)amine alors que 

1'extraction de 1'uranium n'est pas affectee. 

ATJTRES FACTEURS AGISSANT S'JR L'EXTRACTION 

a) Autres anions ou complexes extractibles 

La figure 9 montre 1'influence nefaste de I'acidite sur les coefficient, 

d'extraction de l'uranium. Cet effet peut e^re interprete en considerant 

que le complexe sulfurique de I'uraniiim est en competition avec 1'anion bi­

sulfate forme par diminution du pH. 

La competition de 1'ion sulfate lul-meme tendant a deplacer 1'equilibre, 

(R^ K H)2 S 0^ + U Og (S 0^)2"^ (R^ N H)2 U Og (S 0̂ )g + S 0];~ 

de la droite vers la gauche est visible sur la figure 11. Sur la figure 10 

1'effet de la presence d'anions etrangers est toujours defavorable. Ces 

anions peuvent agir selon deux mecanismes: 

Ou un effet de competition se rapportant a l'extraction en phase 

organique par le sel d'amine, comme dans les cas precedents des sulfates et 

bisulfates. , .. 
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Ou un effet de competition se rapportant a la formation d'un complexe 

avec 1 ion UO^ en phase aqueuse. 

Ou un effet double comprenant les deiAX effets precedents. Cette 

action des ions etrangers est utilisee lorsque I'on desire reextraire 

1'uranium de la phase organique dans la phase aqueuse. 

b) Temperature 

L'accroissement de temperature fait decroitre 1'extraction de I'uranixim-

c) Concentration en amine 

Le degre d'association des atomes d'uranium et des molecules d'amine 

a ete ti-ouve variant de 4 a 6 (4 a 6 molecules par atome d'uranium). 

La courbe representant le logarythme du coefficient d'extraction de 

1'uranium en fonction du logarythme de la concentration en amine est une 

droite de oente 1. Ceci suggere que I'activite du sel d'amine est constante 

quelle que soit la concentration de 1'amine dans le diluant et I'on a emis 

I'hypothese que ce sel est sous forme d'agregat colloidal dans le diluant 

formant une seconde phase de composition constante. 

APPLICATION AU CAS DES COMBUSTIBLES IRRADIES 

Nous venons de voir ce qui concerne I'extraction de I'uraniiim. Le 

plutonium, comme les autres elements tetravalents Zr, Th, etc., est extrait 

nettement mieux par les amines primaires que par les secondaires et tertiaires. 

En milieu sulfurique 3 M, 1'amine Priraene JT fournit des coefficients 

d'extraction superieurs a 1000 tandis que la tri n octylamine donne des 

coefficients inferieurs a 0,1. 

L'extraction de 1'uranium tetravalent etant aussi excellente, 1'amine 

Primene JT a ete proposee pour recuperer I'uraniu.n et le plutonium des 

solutions de degainage dans le precede Sulfex. 

Ce precede doit etre installe a Oak Ridge National Laboratory pour 

traiter les fuels des reacteurs de puissance. 

La figure 12 indiqi.e le flowsheet adopte pour ces operations. 

Bien que des resultats d'exploitation ne soient pas encore fournis, 

on peut envisager des possibilites interessantes d'emploi des amines dans le 

cas des solution sulfuriques provenant du traitement des combustibles des 

reacteurs d« pu.̂ ssance. 
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IV. EXTRACTION PAR LES CHLORURES P'AMINE 

En se basant sur le mecanisrae d'echange anionique des sels d'amine, 

I'extraction en milieuoMLcrhydrique d'elements lourds se deduit des etudes 

faites dans ce raeme domaine au moyen de resines echangeuses d'anions. 

En particulier des separations ont ete obtenues entre l'uranium et 

le thorium. D'autre part, la fixation du complexe chlorhydrique du 

pliitonium tetravalent sur resines echangeuses d'anion est connue. 

Bien que principalement axee sur des buts analytiques, I'extraction 

par les chlorures d'amines peuvent offrir des possibilites interessantes 

dans le cas de traitement de combustibles irradies. 

Nous nous limiterons cependant dans ce chapitre a des indications 

generales qui pourront etre utiles dans le cas d'lme eventuelle utilisation. 

1) La formatjon du chlorure d'amine peut s'ecrire: 

^ N o ) -̂  ̂ V ) + Cl"(a)?=i«3^^'' (o) 
la constante K de cet equilibre fournissant pK = 4. 

La solubilite des chlorures d'amine tertiaire est souvent faible dans 

le kerosene et la chloruration de 1'amine donne souvent lieu a des precipata-

tions ou des phenomenes de troisieme phase. Generalement on a utilise des 

diluants du type xylene. Cependant raeme avec ]e xylene des formations de 

gels oa de 3eme phase lors de I'extraction de complexes raetalliques peuvent 

etre observes. On evite ces phenoraenes gehants soit: 

En augmentant I'acidite de la phase aqueuse. 

Par 1'addition ou I'utilisation de diluants plus polaires que le 

xylene (la methylisobutylcetone est signalee comme donnant d'excellents 

resultats soit utilisee seule soit en melange avec kerosene, xylene, CCl^,). 

2) Extraction de 1'uranium 

La courbe de la figure 13 donne le pourcentage d'uranium extrait en 

fonction de I'acidite chlorhydrique de la phase aqueuse, le solvant etant 

de la tri iso octylamine a 5$̂  dans du xylene. On volt que des 2 N I'extract­

ion de 1'uranium commence a devenir importante. 

D'autre part les faibles pourcentages d'extraction en milieu moins 

acide indiquent la possibilite de reextraire I'U en phase aqueuse aisement. 
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L'equation generale d'extraction peut s'ecrire: 

2 R^ N H CI (̂ j + U Og^^^) + C l " ^ ^ ^ ^ (R3 N H)g U Og Cl^ 

La constante K de cet equilibre est telle que pK = 1*5 + 0,3. 

Quant au phenomene d'extraction lui-raeme, il peut etre envisage 

comme une association ionique entre 2 R, N H et (U Op Cl^} ou une 

association moleculaire entre 2 R.,̂  N H Gl et U 0^ Clp ou ppobablauffint un 

melange des deux. 

3) Extraction des autres elements (fig. l4) 

Quelle que soit I'acidite, le thorium n'est pas extrait de fa^on 

sensible. 

L'extraction du zirconium est faible jusqu'a 6, 5 N, et celle du 

niobium faible jusqu'a 5 N. Le ruthenixmi par contre est extrait des les 

tres faibles concentrations en acide chlorhydrique. 

Le protactinium se comporte comme le couple Zr - Nb et est extrait 

facilement des que la concentration en H 01 depasse 4 N. 

Le cas du plutonium merite d'etre considere a part, etant donne ses 

nombreux etats de valence. 

Le Pu trivalent se comporte comme les terres rares, c'est-a-dire 

qu'il n'est pas extrait quelle que soit I'acidite. 

A I'etat tetravalent, I'extraction est similaire de celle du niobium, 

c'est-a-dire qu'elle devient sensible vers 5 N acide chlorhydrique. 

A I'etat hexavalent, le comportement du plutonium est identique a 

celui de I'uraniura. 

Le neptunium se comporte comrae le plutonium a etat de valence 

comparable. 

APPLICATION A CERTAINS CAS DE SEPARATION 

Des separations U - produits de fission sont possibles. L'uranium 

est extrait par le chlorure d'amine en 4 N acide chlorhydrique, (separation 

de Zr - Nb des terres rares, Th), puis reextrait en acide dilue (separation 

Ru)j moins de 1% du Ru est entraine. 
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En presence de protactinium un lavage de la phase organique apres 

extraction de I'ur̂ nitira par xm melange H CI - H F permet une bonne separation 

U - Pa. La separation U + Pu des produits de fission exige l'emploi d'un 

oxydant energique pour amener le plutonium a I'etat hexavalent. Le bichromate 

peut etre utilise. II est bon de noter que dans ce cas le comportement du 

ruthenium peut etre different de celui envisage precedenraent. 

V. EXTRACTION PAR I£S NITRATES D'AMINE 

L'utilisation des amines comme agent d'extraction en milieu acide 

nitrique a sans doute ete plus developpee que I'utilisation des sulfates 

et des chlorures en ce qui concerne le reprocessing des combustibles 

irradies. 

La reaction de formation du nitrate est la suivante: 

^3^0) -̂  ̂ V) -̂  NOJ^^^R^NH NO3 (̂j 
L'acide nitrique en exces est partiellement extrait dans le nitrate 

d'amine. L'espece extraite en phase organique peut etre ecrite 

R N H N 0 H, X H 0 H 

X etant un coefficient qui depend de la teneur de la phase aqueuse en 

eqailibre avec le solvant. Notons que sa valeur peut etre superieure a 2, 

comrae le montre la figure N~ 15• 

Comme dans le cas des sulfates et des chlorures la solubilite de ce 

sel dans la phase organique depend de l'amine utilisee ainsi que du diluant. 

Des phenoraenes de troisieme phase se produisent et seront etudiees plus loin. 

PROPRIETES EXTRACTIVES 

Nous allons passer en revue differents elements qui seront groupes 

par etet de valence. Les figures I6 - 17 et I8 se rapportant a des ex­

tractions effectuees avec une amine tertiaire la tri n octylamine diluee 

dans du xylene (10^ en volume d'amine). 

1) Elements tetravalents 

Les courbes de la figure 16 concernant le Th, le Pu, le Np. On 

remarque que I'extraction s'effectue dans I'ordre du numero atoraique. 
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Si I'on etudie la variation du logarythme du coefficient de partage 

de ces elements en fonction du logarythme de la concentration de 1'amine 

(fig. 17), on constate que les droites obtenues ont une pente 2 ce qui 

indique que deux molecules d'amine sent liees a un atome d'elements. Cta 

est done amene a adopter le mecanisme d'extraction sulvant: 

M + 6 N 0 y-^ M (N 0 )^ formation de complexe 

M (N 0^)~" + 2 Rj N H N 0^ i:;:;:̂  (R^ N H)^ M (N 0^)g + 2 N 0^ 

Les elements tetravalents seralent done extraits dans la phase 

amine a I'etat de complexe hexanitrato. 

2) Elements hexavalents 

Sont etudies ici 1'uranium, le neptunium, le plutonixim. On constate 

(fig. 18) une grande difference entre la valeur des ooefficients de partage 

obtenus et de celle des elements tetravalents. 

La determination du nombre de molecules d'amine entrant dans la 

composition de ces complexes donne des valeurs comprises entre 1 et 2. 

3) Elements penta et trivalents 

La valeur des coefficients de partage de ces elements est d'un ordre 

de grandeur inferieur. Elle de croft dans 1'ordre Pa Pu Np Am '''. 

Des ccurbes precedentes on peut deduire que: 

La forme generale de ces courbes indique un maximum d'extraction 

lorsque la teneur de la phase aqueuse est voisine de 6 M. 

Des possibilites de separation du plutonium et du neptunium des autres 

elements semblent applieables a condition de maintenir des elements a I'etat; 

tetravalent. 

Ceci est resxime dans le tableau des coefficients de separation (fig. 

19) obtenus en milieu acide nitrique 2 N avec une amine tertiaire symetrique 

la trilaurylaraire 0,15 M dans le dodecane. 

ROLE DE CERTAINES VARIABLES SUR L'EXTRACTION DU PLUTONIUM 
PAR LES AMINES 

1) Nature de 1'amine 

Des etudes ont ete faites dans le but d'etudier le comportement de 

differerts types d'amine. 
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La figure 20 indique la valeur relative de certaines amines tertiaires 

pour de 1'extraction du plutonium. On ne peut deduire des chiffres cites, 

une loi generale concernant 1'influence des radicaux lies a 1'atome d'azote. 

De meme les amines a haut poids moleeulaire donnent en general des resultats 

plus satisfaisants sans doute a cause de leur plus faible solubilite dans la 

phase aqueuse. Les amines tertiaires semblent presenter des coefficients 

d'extraction plus favorables que les amines priraaires et secondaires. 

2) Temperature 

Certains auteurs ont note que 1'augmentation de temperature a une 

action defavorable sur le coefficient de partage du plutonium mais surtout 

sur celui du zirconium permettant d'accroftre le coefficient de separation 

entre ces deux elements. 

3) Action d'autres anions extractibles 

On peut interpreter les maxima des courbes d'extraction d'actinides 

en fonction de 1'acide nitrique present en phase aqueuse comme vm effet du 

a la competition entre 1'extraction du complexe metallique et de 1'acide 

nitrique. 

Plus important est 1'effet du a la presence d'uraniura. Malgre son 

faible coefficient de partage, 1'uranium gene l'extraction du plutonium 

d'autant plus que le rapport-^- est grand. 

Le tableau de la figure 21 montre l'ordre de grandeur des effets que 

nous venons de citer. 

4) Action d'anions oomplexants 

Tous les anions cap&bles de dormer un complexe avec le plutonium 

peuvent gener. Parmi ceux-ci; 307"", Cl" , etc.. 

CHOIX DU DILUANT - PHBNOMENES DE TROISIEiyiE PHASE 

Dans 3e but d'une application de 1'extraction par les amines au cas 

du traitement des combustibles irradies, le diluant joue un grand rSle. Les 

qualites exigees comportent des imperatifs physiques tels quej solubilite 

faible dans I'eau, densite, viscosite convenabie, point d'inflammation eleve, 

etc... LB choiXj, dans le cas d'une utilisation du TBP s'est porte sur les 

solvants du type kerosene qui presentent bon nombre des qualite^' sus-indiquees-
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Une tentative identique a ete effectuee avec les amines. La solubilite 

de celles-ci a I'etat de base, dans le kerosene est excellente. Par centre, 

la solubilite de ses sels et des sels complexes est beaucoup moins favorable. 

Au~dessus d'une certaine concentration en complexe metallique, la 

phase organique se separe en deux parties: I'une lourde contenant 1'amine 

complexee et le sel d'amine, l'autre legere contenant principaleraent le 

diluant. 

Etant donne les risques que ces troisiemes phases font courir lors 

d'un traitement chimique, il est interessant d'examiner de plus pres les 

conditions de formation et les raoyens dont nous disposons pour les eviter. 

Parmi les risques cites plus haut, il convient de mettre 1'accent sur 

les risques de criticalite et les perturbations amenes dans la purification 

des prodults. 

FACTEURS AGISSANT SUÎ  LA FORMATION DE TROISIEME PHASE 

1) Nature du sel d'amine 

Le radical organique et 1'anion mineral influent: Certains auteurs 

ont montra que diverses amines diluees dans la decaline presentaient une 

tendance decroissante a la formation de la '^eme phase en passant de N0_ a Cl . 

2) Nfture du diluant 

Le tableau de la figure 22 montre 1'action de quelques diluants sur 

la charge admissible, ae plutonium dans 1'amine. D'une fagon generale, la 

polarite du diluant et un facteur favorable pour la suppression des troisiemes 

phases. 

3) Nature du complexe extrait 

La figure 23 se rapporte a 1'extraction des trois cations Th, Pu, U 

dans la trilaurylamine 10^ - dodecane. On note une identite de comportement 

entre les deux elements tetravalents et une charge admissible plus importante 

pour 1'uranium. 

FACTEUR PERMET'xANT D'EVITER OU DE LIMITER CE PHEHOMENE 

J.) Temperature (voir figure 23) 
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2) Addition d'adjuvants polalres 

Les alcools lourds ont ete utilises largement a I'echelle du 

laboratoire. En presence de 2% d'aleool octylique, la teneur limite en 

Pu dans la TLA 0,15 M/Amsco est de 0,8 g/l-lOJi a'alcool permettent d'obtenir 

5,2 g/1. 

Avec 0,15 M TLA/dodecane, on a obtenu a: 

0$ alcool octylique 2 g/l Pu 

5% " " 10 g/l Pu 

REEXTRACTION DU PLUTONIUM EN PHASE AQUEUSE 

Divers modes de reextraction peuvent etre envisages qui resultent 

de ce que nous avons dit precedemment. 

La premiere possibilite est le deplacement du complexe metallique par 

un anion ayant une plus grande affinite pour 1'amine. L'ordre d'affinite 

cite auparavant etait, rappelons-les Cl oZ > NO, > Cl", ete... 

Une solution d'acide perchlorique peut done servir comme liqueur de 

reextraction. 

La formation de complexe de plutonium peu extractible est mise a 

profit dans le cas de la reextraction de la trilaurylamine par une solution 

sulfurique. 

De plus, dans le cas du plutonium, la possibilite d'un changement de 
4+ 

valence permet une reextraction facile. En particulier, le passage de Pu 
> 3+ "~3 
a Pu fait passer le coefficient d'extraction de 100 a 10 environ. Des 
reducteurs tels Fe , U , hydrazine, hydroxylamine peuvent etre utilises. 

APPLICATION AU CAS DES COMBUSTIBLES IRRADIES 

Certains resultats d'extraction ont ete indiques lors de la Conference 

de Geneve, 1958, iu particulier, 1'extraction du plutonium par une amine 

tertiaire la trilaurylamine diluee dans 1'Amsco et contenant 2% d'aleool lourci. 

On met ici a profit la selectivite de ce solvant pour le complexe 

hexanitrate du plutonium xe separant ainsi des produits de fission et de 

1'uranium. L'adaptation de ces proprietes au cas des combustibles des 

reacteurs de puissance peut etre vu sous 1'angle suivant. 
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L'uranium contenu dans le fuel est tres appauvri et peut etre rejete, 

le seul element de valeur etant le plutonium. On eviterait un cycle de 

partition comme il en existe dans les precedes au TBP. 

La figure 24 doime un flowsheet possible s'appuyant sur les resultats 

publies en 1958. 

Les separations U ~ Pu sont bonnes et peuvent etre augmentees en 

accroissant 1'efficacite du lavage. La separation Pu ~ produits de fission 

est excellente. 

On doit note-̂  que lors de 1'operation de reextraction une nouvelle 

decontamination est obtenue, le solvant restant contamine par une activlte 

y due probablem.ent au couple Zr-Nb. Alors se pose le probleme de recyclage 

du solvant. La solution de ce probleme peut etre un lavage par un agent 

complexant ou par 1'action d'une solution sodique agissant ainsi: 

R^ N H N O + 0 H ' T — ^ R^ N + H O + N O" 

En plus des resultats interessants concernant la purification et la 

decontamination du plutonium on doit noter que la valeur elevee des coeffi­

cients de partage du plutoniiun peiTnet d'atteindre un troisieme but qui est 

la concentration. 

La figure 25 retrace un flowsheet correspondant a des experiences 

menees avec des solutions de plutonium lO""̂  contentant lO" d'uranium. 

Le facteur de concentration obtenu est 100, les facteurs de decontamination 
5 , 4 sont 10 pour 1 uranium, 10 pour Zr-Nb. 

Les resultat.s rapportes a ce jour representent malheureusement 

uniquement des essais a I'echelle du millilitre, ne faisant pas intervenir 

un nombre de recyclages suffisants pour tester la stabilxte du solvant. 

Des essais d'irradiation de trilaurylamine dans des flux y et prolon-

ges jusqu'a atteindre 40 et l40 wh/l ne montraient pas de variation dans 

les performances d'extraction. On doit en deduire que les elements formes 

par degradation n'apporteront aucune gene dans le traitement chimique, ce 

qui constitue pour les amines un grand avantage sur le TBP. 

Ces solvants utilises soit en complement de methodes classiques, soit 

comme methode dlrecte, semblent prometteurs pour le traitement des fuels 

urovenant des reacteurs de puissance. 
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S O M M A I R E 

INTRODUCTION 

Definition des traitemerts "Tail-End" - objectifs. 
Principes g^neraux des methodes utilisees. 

TPAITEMENT PINAL DE L'URANIUM 

a) Concentration et purification 
b) Transformation en compose insoluble 

TMITBMFNT PINAL MI PLUTONIUM 

a) Concentration et purification 
b) Transformation en compose insoluble 
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TAIIr-END TREATMENT FOR ISOLRTION OF PU 

by 

A. CHESNE 

I. INTRODUCTION 

Dans le cours du traitement chimique des combustibles 

irradies, les cycles d'extraction par solvant permeitent de 

separer les elements Uranium et Plutonium d'un grand nombre 

d'impuretes! les produits de fission, Le degre de separation, 

appele facteur de decontamination doit ̂ tre tres eleve et depend 

en particulier de la nature du solvant utilise et du nombre de 

cycles d'extraction effectues. Selon les conditicns, ces facteurs 

de decontamination se repartlssent dans une zone allant de 

10^ a 10^. 

Blen que ces facteurs solent tres eleves, les solutions 

d'uranivffii et de Plutonium resultant du cycle de partition de ces 

detix elements, contiennent encore quelques produits de fission et 

certaines in.puretes pondorales qux sont les produits de corrosion. 

Le but des precedes de purification ultime, appliques aux 

solutions d'uranium, conme aux solutions de plutonium sera done 

de parfaire ie travail de decontamination effectue dans la premiere 

partle du traitement chimique et aussi d'amener les elements uranium 

et Plutonium sous forme de composes solides aptes a fournir du 

metal par reduction. 

Dans le premier stade du tall-ends elimination des impuretes, 

differentes methodes de purification seront evoquees plus loin. 

Elles peuvent etre identiques a celles utilisees dans la separation 

primaire ou blen faire appel a d'autres proprletes des elements a 

purifier. Dans ce dernier cas, nous les appellerons corapleniontaires. 

Ce sont ces methodes compj.ementaires qui donnent aux precedes de 

purification ultime une grande importance sur le plan technique comme 

sur le plan economique. 
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Sur le plan technique on peut ainsi obtenlr des facteurs de 

decontamination supplementalres et sur le plan economique ceux-ci 

peuvent permettre de reduire le nombre de cycles d'extraction dans 

la separation primaire. La nature et le degre d'irradiation du 

combustible a une importance determinant sur le nombre de ces cycles. 

On doit par exemple effectuer trois cycles d'extraction a I'hexone lors 

du traitement d'element U » Al du M.T.R., pour obtenlr un produit 

manipulabl3 sans protection. La figure I montre d'ailleurs les 

facteurs de decontamination obtenus pour divers procedess 25 - Redox-

Purex. 

En resiime, les trois objectifs principatiji, que tend a realiser 

le traitement whimique final sont: 

- concentration du plutonlum et de 1'uranium 

- purification de ces elements 

- transformation des solutions purifiees en un compose Insoluble 

apte a fournir I'oxyde ou par une reaction de reduction, le metal. 

Les precedes de traitement que nous allons decrire ci-

dessous font appel a des techniques diverses, raises en application 

a I'echelle pllotp ou dans les usmes dd re traitement. 

D'autres techniques pourront etre utilisees dans I'avenlr, 

au fur et a mesure que ces precedes se developperont. Aussi, pour 

raenager les possibllitis futures nous classerons arbitrairement les 

procedes en fonction des operations efffcctuees sur le corps a 

purifier. 

Nous distinguerons ainsi les methodes direotes ou I'on 

agit sur 1'element a purifier soit en le separant de la solution 

sous forme solide: par exemple precipitation, fixation sur resine 

echangeuses d'ions, 

- soit sous une forme liqulde par exemple: extraction par solvant. 

Les methodes indirectes consistent essentiellement a aglr non 

pas sur 1'element, mais tout ce qui n'est pas 1'element: irupuretes, 

solution. 

On y trouve done les techniques d'evaporation en ce qui concerne 

l'action sur la solution et les separations des Impuretes sous 

forme solide, exemple: fixation sur colonne de silica gel ou sous 

forme liquide. 
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Pour des raisons de simpllclte, nous examinerons a part le 

traitement des solutions d'uranium et oelui des solutions de plutonium, 

ces deux sortes de solutions venant de la separation primaire. Deux 

chapitres seront abordes: a) concentration et purification -

Ces deux objectifs etant souvent realises de pair. b) Transforma­

tion en composes solides. 

II. TRAITEMENT FINAL DE L'URANIUM 

Les solutions aqueuses d'uranium provenant de la reextraction 

a I'acide dilue d'un solvant ayant subi un ou plusieurs cycles de 

purification et un cycle de partition U - Pu, sont relativement 

dlluees. Dans le cas d'un solvant a 40^ de TBP, la solution 

aqueuse resultante a une composition voisine de: 

U (sous forme de nitrate d'uranyle) 0,235 M 

HNO 0,7 M 

Produits de fission: nrincipalement Zr-Nb ~ Ru 

Dans le cas d'un traitement au ^p : dibutoxy-dibutyl-ether 

(Butex) on obtient: 

U environ • 0,5 M 

HNO^ 0,7 M 

Produits de fission: nrincipalement Ru-Zr-Nb 

A. METHODES DE CONCENTRATION ET DE PURIFICATION 

1. Evaporation 

La concentration par evaporation du nitrate d'uranyl© ainsi 

obtenu ne presente pas de diffieultes speciales. Cependant 11 est 

souhaitable d'evlter I'entrainement dans 1'evaporateur de traces de 

solvant qui creent des risques d'explosion. Ceci est realise par 

lavage de la solution aqueuse nitrlque par un diluant inerte (kerosene) 

et ou par entralnement a la vapeur (steam~stripping}. Une bonne 

regulation de l'evaporateur est souhaitable egalement pour evlter des 

surchauffes. 

Cette operation de concentration conduit a des solutions 

finales de concentration voisine de 2 M en nitrate d'uranyle. A 

signaler qu'elle n'amene d,ucune decontamination de la solution en 
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emetteurs 7 et que par centre une legere corrosion de 1'evaporateur 

a pour consequence d'introduire en solution des cations tels: 

Fe et des particules solides. 

2. Emploi des oollones de gel de silice 

95 95 
On a trouve que I'activite 7 due au couple Z r - N b 

pouvait etre enlevee d'une solution de nitrate d'uranyle par 

passage de celle-oi sur du gel de silice. A cote de I'etat physloco-

chimique des ces deux elements dans la solution, I'effet d'xm 

certain nombre de variables sur l'absorption a ete etudiee. Nous 

passerons en revue les facteurs suivants: 

- dimension des particules, L'absorption du Zr-Nb etant un phenomene 

de surface, 1'augmentation de oelle-cl par diminution du diametre 

des particules est favorable a la fixation de ces deux elements. 

- acidlte de la phase aqueuse: entre 0,3 et 0,9 N en acide nitrlque, 

aucun effet de i'acidite n'a ete observe. Au-dela de 0,9 N, 

I'efflcacite de 1'absorption du Zr-Nb deoroit quand I'acidite crolt. 

- caracteristlque des colonnes de silica-gel. Pour une hauteur 

de colonne fixee I'augraentation du debit dimlnue I'efflcacite de 

la fixation et done le facteur de decontamlnaticn de 1'uranium en 

Zr-Nb. 

A debit donne ce facteur de decontamination augmente avec 

la hauteur de coloniie, Le resume de ces remarques est indique sur 

la figure 2. 

Sur la figure 3 est indique un schema de traitement d'une 

solution d'uranium partiellement decontaminee. Les conditions en sont 

les suivantes: 

- Gel de silice: Refrigeration grade silica (12-42 mesh) 

- conditionnement? lavage du gel par trois fois son volume d'eau 

bouillante puis par 3 fois son volxjune de HNO.,, 1 N. 
3 

- purifications la solution de nitrate d'uranyle araenee a UO^ 

(N0_,)_ 1,7 M HNO- 0,75 M est passee sur le gel. Un volume allant 

jusqu'a 200 fois le voliMe du gel est admissible. 

- lavage: 3 fois le voluiriS du gel par NO,H, 1 N, 
o 

- regeneration: CpO^uHp 0,4 M a 80-9O C 6 volumes 
puit.! HpO 3P- C- 4 volumes du gel 
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IB resultat que ce traitement permet d'obtenlr est une 

decontamination appreciable de 1'uranium en Zr~Nb, La fixation de 

ces elements sur le silica gel est en partle meeanlque, le gel 

jouant le rSle de flitre. Le facteur de decontamination, voisin 

de 7» depend de I'activite inltiale en Zr-Nb. 

5" Emploi de nouveaxric cycles d'extraction 

L'efficaclte du silica-gel est limitee au couple Zr-Nb. 

Dans le cas ou la contamination de la solution de nitrate 

d'uranyle est trop importante, ou lorsque cette contamination est 

dile aAXK. traces de plutonium ou au rutheniiAm, il est preferable 

d'effectuer a nouveau un cycle d'extraction. On a realise ceci dans 

de noirbreuses Installations generalement en utilisant dans ce nouveau 

cycle le mime solvant que dans le cycle primaire. 

La figure 4 represente un traitement de purification de 

1'uranium du precede au butex. Apres reextraction a I'acide nitrlque 

dilue de 1'uranium contenu dans le solvant, la solution aqueuse 

resultante, concentree, reconditionnee est a nouveau Introdulte dans 

un cycle Butex (c'est-a-dire Extraction-Reextractlon). Le condi-

tlonnement a permis par action d'hydrazine et de sulfamate ferreus de 

fixer la valence du plutonivim a +3 et de modifier I'etat du ruthenium. 

Les resu3,tats finaux sont: facteurs de decontamination de 

200, 200 et 40 respectiveraent pour Ru, Zr-Nb, Pu. 

L'extraction par solvant sera la methode de choix lorsque la 

contamination en plutonium depassera le niveau tolerable. 

B. TRANSFORMATION DE L'URAIIUM EN COMPOSES INSOLUBLES 

A c8te des solutions classiques de transformation du 

nitrate d'uranyle en sels aptes a etre reduit a I'etat metallique, 

deux nouvelles methodes ont ete preconisees. II s'agit des 

precedes Excer et Flurex, Dans ces deux precedes, le produit final 

obtenu est le fluorure uraneux, matlere de base permettant dc-

reallser la calcio-ou la ragnesio-thermie. 
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Dans la transformation que nous appelerons classique le 

nitrate etalt transforme en oxyde U0_ (avec ou sans I'etape inter-
3 

mediaire du peroxyde UO ) puis cet ozyde reduit en cxyde uraneux 

UOp (reducteur gaz-ammoniac craque). La fluoration de cet oxyde a 

I'acide fluorhydrique fournit le fluorure UF̂ ,. 

Le principe du precede Excer est la reduction electrolytique 
++ 4+ ' 

de UOg en U et la precipitation de ce dernier cation par HP en 

milieu aqueux donnant UF2, - 0,75 H O , Ce fluorure hydrate est seche 

a 400 C en presence d'azote et donne Wu anhydre. 

Les facteurs de decontamination obtenus sont comprls 

entre 10^ et 10 pour Fe, Cr, Ni, Mn, V, Mo - comprls entre 10 et 

100 poor Zr-Nb Ru comprls entre 1 et 5 pour Cs, Sr, Terres Rares, 

Le flow-sheet du precede est indique sur la figure 5-

Signalons que 1'utilisation d'un cycle supplementaire sur colonne 

anion en milieu chlorhydrlque donne des facteurs de decontamination 

de 68 pour Zr, 1430 pour Nb, 525 pour Sr, 76OO pour Cs, 275 Pour Ru. 

Des elutions de la colonne cations a HP ont donne des resultats 

interessants en ce qui concerne la decontamination. 

4-4-

Dans le procede Flurex la separation de 1'uranium UOp 

des ions NO-,"" et sa reduction a I'etat tetravalent sont effectues dans 
3 ^ 

une cellule d'electrolyse comportant 3 compartiments separes par une 

membrane de resine echangeuse de cations et une membrane de resine 

echangeuse d'aniens. Comme on le volt sur la figure 6, 1'uranium 

diffuse dans le compartiment cathodique tandis que les ions NO-̂  

diffusent dans le compartiment anodlque. Une solution fluorhydrique 

(HP + NHĵ P) est admise en continu dans le compartiment cathodique 

dont 1'electrode est une cathode de mercure. L'uranium reduit est 

precipite a I'etat de sel double puis preleve, filtre, seche et con­

vert! en UPji, par chauffage a 400 C-500 C. 
2 

Les densites de courant utilisees sont de 2 amperes/inch a 

la cathode et 1 ampere/inch sur les membranes avec des efficacites 

d*utilisation du courant de 85 a 9(^. Les facteurs de decontamination 

obtenus ne sont malheureusement pas encore publies en detail mais les 

premieres Indications semblent satisfaisantes. 
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III. TRAITEMENT ULTIÎ E DU PLUTONIUM 

Etant donne la faible teneur en Pu du combustible irradie 

les solutions obtenues apres un traitement Purex par exemple sont 

tres diluees. Le plutonium s'y trouve a I'etat de valence +3 en 

presence d'acide nitrique dilue, d'acide sulfaraique, de quaritites 

plus ou moins iraportantes d'uranium non separe et egalement en 

presence de cations ayant servl a la reextractlonj generalement: 

Fe'^/Pe"*'^ quelquefois U /UOp^. 

Une telle solution est encore contaminee par des produits de 

fission ayant suivi le plutonium dans les cycles d'extraction. 

L'aetivite de ces produits de fission est en general dii'e au couple 

Zr95„Nb^9 I Ru^^>10^ et I Ce^^\ 

A. PROCEDES DE CONCENTRATION ET DE DECONTAMINATION 

lis sont varies. Abordons d'abord deux precedes de concen­

tration qui n'amenent aucxme purification, 

1. Evaporation 

Afln de pouvoir effectuer les operations de purification 

ulterieures sur les solutions plus concentrees, l'evaporation de la 

solution residuelle de plutonium eut effectuee jusqu'a obtenlr des 

teneurs voisines de IM en nitrate de plutonium. Cette methode est 

simple mais elle a le desavantage d'introduire dans la solution 

des produits de corrosion. Cette operation est effectuee dans des 

recipients en acier inoxydable et comme dans le cas de 1' uraniiJun, on 

doit evlter au maximum I'entrainement de solvant organlque dans 

1'evaporateur. 

2, Precipitation 

Cette methode de concentration a ete employee dans certains 

traiteraents. La forme sous laquelle le plutonium est copreciplte est 

I'hydroxydo, I'entralneur etant I'hydroxyde d'uranium. Cette concen­

tration du Plutonium n'entralne aucune purification du produit. Le 

precipite est ensuite redissout dans I'acide nitrique. II est 

signale comme resuitat de cette operation dans des conditions blen 
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determlnees (U 0,5 g/l - Pu de 0 ̂  0,1 g/l), un facteur de concentra­

tion de 40 et une perte dans I'eau mere de precipitation de 0,5^. 

Cette perte, ainsi que 1'importance de 1'equipment utilise 

constitue un gres handicap pour ce procede compare a d'autres que 

nous allons voir malntenant. 

3, Extraction par solvant 

a) Une methode de reflixs a ete preposee dans la puri­

fication et la concentration de solutions de plutonium pouvant 

etre issues de divers traiteraents, Le solvant utilise est du 

TBP dilue dans un solvant organlque tel CCl̂ ^ ou kerosene. 

La composition de la phase aqueuse a extraire varie avec 

I'origine du plutonium; cependant, la presence de relargant 0,7 a 

IM en (NO-,), Al et 2,5 M NO H est necessaire pour permettre une bonne 

extraction du plutonium. Le principe de cette extraction en reflux 

est le sulvant: un premier extracteur met en contact le solvant TBP 

avec la solution de plutonium a extraire. Dans cet extracteur XHI 

lavage de la"phase organlque chargee est effectue. Un deuxieme 

extracteur est utilise pour la reextraction du plutonium en phase 

aqueuse par de I'acide nitrlque tres dilue 0,01 M. La majeure partle 

de ce plutonium reextrait constitiie apres reacidificatlon la solution 

de lavage du premier extracteur. 

La figure 7^Kepresente le schema o'un cycle d'extraction de 

plutonium en reflux. 

Ce flowsheet nous montre que le facteur de concentration 

obtenu entre la solution aqueuse finale et la solution aqueuse de 

depart est tres eleve. Des chlffres superieurs a 100 g/l dans la 

solution finale ont deja ete obtenus. Cette solution a une acidlte 

llbre relativement peu elevee. Ceci represents un avantage pour 

effectuer les operations suivantes (precipitations d'oxalate, de 

peroxyde, etc.). Deuxieme avantage de l'operation en reflux: la 

haute concentration en plutonium dans le premier extracteur pormet 

d'atteindre des facteurs de decontamination tres eleves. 

Enfin le reglage des conditions de reflux permet d'obtenlr 

une phase aqueuse finale de composition constante, quelle que soit la 

concentration du produit Initial. Cette operation de reflux permet 

une grande souplesse de marche. 
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Cependant, on doit soulever quelques objections en ce qui 

concerne principalement 1'importante quantite de plutonium recyclee. 

Une grande quantite de matlere fissile est accumulee. II en resulte 

que la conception des appareillages doit etre concue specialement en 

vue d'evlter des possibllites de conditions sur-critique. Une 

autre consequence de cette grande concentration en plutonium concerne 

la degradation du solvant. On risque ainsi d'accroftre les pertes 

dans le solvant sortant du 2erae extracteur. Enfin, une trolsieme 

consequence est la necesslte d'avoir un premier extracteur possedant 

un nombre eleve de plateaux theoriques pour evlter des pertes 

substantlelles dans les residus aqueux. 

b) Une methode d'extraction par solvants composee de deux 

cycles effectues avec des solvants differents a ete utilisee. Ces 

deux cycles successifs sont representes sur les figures 8 et 9- U s 

suivent une premiere separation U-Pu-P.F. au solvant Butex. Îe 

premier cycle utilise le solvant Butex, deux extracteurs et un 

evaporateur. 

Le plutoni'am issu de la separation primaire est oxyde ainsi 

que le sulfamate ferreux en exces par du bichromate de sodium qui 

fait passer le plutonium a I'etat hexavalent. Cet element est extrait 

en phase organlque et reextrait par de I'acide nitrique diluee 

(0,05 N). Cette solution aqueuse est concentree et centient environ 

2 a 3 g/l de Pu et xme concentration equivalente d'U. Les facteurs 

de decontamination obtenus sont respectivement 15 - 30 - 130 et 10 

pour Ru-Zr-Nb-Ce, 

Cette solution est ensuite traitee dans le deuxieme cycle par 

un solvant TBP 2C^ dans le kerosene. Cependant, le plutonium de I'etat 

hexavalent doit Stre ramene a I'etat tetravalent. Ceci est realise 

par addition d'hydrazine a la solution amenee a 8,5 N0_H llbre et 

chauffee l/2 H, a 90 C environ. Apres refroidissement a 20 C, du 

NO Na est ajoute afln de detruire 1'exces d'hydrazine et de 

stabiliser le Pu a la valence 4. 

Lors de l'extraction au TBP, 1'uranium et le Pu sont decon-

tamlnes en Ru et Zr par des facteurs de 2000 et 10. De oe premier 

extracteur, la solution organlque arrive a. un second extracteur qui 
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realise la partition U~Pu basee sur la difference des coefficients de 

partage de ces deux elements a basse acidlte. 

Le Plutonium recue1111 en phase aqueuse a la sortie de cet 

extracteur est en solution nitrique 0,5 a 0,6 N. Le facteur de 

decontamination en U est de 1000, Cette solution de Plutonium est 

evaporee jusqu'a 250 g/l, puis traitee pour la preparation du metal. 

c) La possibillte d'utilisation d'autres solvants tels les 

amines bien qu'encore peu developpee a ces fins est egalement 

interessante. Comme nous I'avons signale, les coefficients de 

distribution du Plutonium dans ces solvants sont extrlmement eleves, 

permettent de resoudre le problerae de la concentration et d'autre 

part, les coefficients de separation Pu/P.F. et Pu/U lalssent presager 

une decontamination tres bonne. 

4. Exchange d'ions 

L'utilisation des resones echangeuses d'ions realise les deux 

buts que nous nous sommes proposes: concentration et purification. 

Compares a 1'evaporation, les echangeurs d'ions presentent un 

avantage marque en ce que cette methode n'introduit dans l'element 

concentre aucun produit de corrosion. 

a) Utilisation des echangeurs de cations 

Les resines echangeuses de cations sont principalement 

utilisees a des fins de concentration dans le cas de solutions deja 

fortement decontaminees. En particulier les solutions aqueuses provenant 

de cycles Purex ou Redox furent ainsi traitees a I'echelle pilote et 

fabrication. La decontamination ^ - 7 obtenu bien que de 3 a 5 

seulement est interessante du fait que pour Zr et Nb les facteurs de 

decontamination sont respectivement de 37 et 21. Le produit recupere 

etant a la concentration de 50 g/l environ, le principe de cette 

operation est de laisser au cours du cycle le Plutonix:an a la valence 3-

Si le Plutonium etalt tetravalent, on pourralt craindre des 

polymerisations et I'elution se ferait de telle facen que la separa­

tion U-Pu seralt mauvalse, Des resines telles la Dowex 50 x 12 sont 

utilisees, Elles permettent des charges de 100 g. de Pu par litre 

de resine. 

Le flowsheet des operations effectuees dans I'usine pilote 

d'0,R,N,L. est Indique sur la figure 10, 
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La possibillte de separation U~Pu est basee sur le fait 

que des complexes sulfurlqties de 1'uranium sont formes lors du lavage 

de la colonne de resine, complexes neutres et negatlis qui permettent 

une elution de 1'uranium alers que le plutonium trivalent reste fixe. 

La figure 11 indique les facteurs de decontamination obtenus 

pour certains P.P. 

b) Utilisation des resines echangeuses d'anions 

L'utilisation des reactions de fixation d'anions ou de 

complexes anioniques a ete developpee tres largem<=nt car elles 

permettent a priori une plus grande souplesse par leur utilisation 

dans diffex-'ents mllleiix. Le milieu nitrlque a ete.jparticuliereraent 

etudie et un procede canadien d'extraction du plutonium a ete base 

sur la propriete de cet element de donner en milieu fortement 

nitrique des complexes anioniques susceptibles d'etre fixe sur les 

resines par echange d'anions. 

De nombreus3s Impuretes (Fe, Terres Rares, etc..) ne donnant 

pas de complexes negatifs une purification interessante du plutonium 

est possible. 

Cette methode a ete utilisee dans le traitement direct des 

combustibles a 1'uranium. Nous allons voir que par un choix convenable 

des conditioiis operatoires, les reoultats obtenus dans le traite­

ment de purification ultime peuvent ̂ tre tres interessants. 

A cote de decontaminations ele\'ees et d'une recuperation 

excellente du plutonrjm, on doit egalement avoir des vitesses . 

d'absorption et d'elution aussi grandes que possible pour assurer un 

debit convenable de solution a purifier, 

Les courbes de la figure 12 indiquent 1'influence de la 

temperature et de i'acide NO,H sur les coefficients de distribution 

du plutonium tetravalent. Bien que les coefficients de distribution 

en milieu NO-,H solent plus falbles qu'un milieu salin, la capaclte 

de la resine est plus forte dans le cas des solutions acides. Oi", ce 

facteur capaclte est tres important pour realiser une concentration. 

De m^me, la temperature Jot.e defavorablement sur les coefficients de 

distribution, mais comme le montrent les figures 13 et l4, les 

vitesses d'echanges sont plus grandes a haute temperature et pour 
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des conditions operatoires doimees la fixation a temperature elevee 

est plus Interessante. 

Enfin, 1'influence de la nature de la resine et de son cross-

linking est indique sur la figure 15. On peut y voir l'influence de 

la poroslte et de la granulometrle sur la vltesse d'elution d'une 

resine chargee en Pu, 

Cette influence du degre de pontage est mise en evidence sur 

la figure 16 ou I'on volt que le facteur de concentration que I'on 

peut obtenlr varie conslderablement d'une resine pontee a 4^ a une 

resine pontee a 8^. 

En resume, le flowsheet d'utilisation de ce procede coraprendra: 

1 ) Une etape de fixation apres ajustement de I'acidite 

a 7*5 M NO-,H. La colonne de resine fonctionne a 55 C et est con-

stituee de Dowex I X-4 (100-200 mesh). Vitesse de fixations < 80 

rag Pu cm /rain. 

2 ) Lavage de la colonne de resine avec N0.,H 7*5 M. Le 

volume de cette solution dependant de la decontamination que i'on 

cherche et des elements contaminants. Vitesse de lavage: 

•^ 20 cmr/cm /min. 

3°) Elution du Plutonium par de I'acide NO^H 0,35 M 

Vitesse < 1*5 cw/oxn /min. 

Un exemple de tail-end est donne sur la figure 17 ou sont 

representees ane extraction par solvant 1 cycle et une purification 

par echange d'anion (1 cycle). 

c) Utilisation d'echangeurs de cations et d'echangeurs d'anions 

Dans.certains cas 11,peut ^tre interessant d'utiliser en 

serle deux types differents d'echangeurs d'ions. 

L'echangeur de cations a pour fin: 

a) dec ooncentrer* le plutonium 

b) de permettre un changement de milieu 

La figure l8 represente un flowsheet specialement adapte S. 

des solutions de plutonium ayar.t subi deux cycles d'extraction et con-

tenant comme impuretes princlpales: U, Fe, Ce, ZrrNb, Th. 
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La solution inltiale centient 0,6 a 0,7 N d'acidlte llbre 

Pu 2 a 10 g/l, U - 0,5 a 1 g/l, Fe, Th, P.P. 

Cette solution passe d'abord sur la colonne d'echangeur cationique 

ou 90^ du Zr sont separes des autres cations fixes. 

Apres lavage I'elution est effectuee en milieu HC16N contenant 
+ + + 4-4-1- 4-4- 44- .IM.[ ,I„ . 

Fe Pu UO^ , Th , Ce . Un passage sur une premiere colonne 

de resine anions enleve le Fe et 1'uranium, 
4-44-La solution effluente centient done Pu , le Ce, le Th. 

Apres oxydation au nitrite de sodium, cette solution passe 

sur une deuxieme colonne de resine anion ou le plutonixun seul est 

fixe a I'etat de conplexe chlore du plutonium tetravalent. 

Apres lavage par HCl 8 N qui enleve les dernieres traces de 

Ce et Th, le plutonium est elue en HCl 0,5 N et est dirige vers les 

operations de transformation en metal. 

Le facteur de decontamination y obtenu peut etre superieur 

a 100 et le p].utonium resultant est suffisarament purlfie en Fe et 

U < 500 ppm. 

B. TRANSFORMATION FINALE EN SELS. 

Le but de cette operation est de fournir un compose de 

plutonium apte a etre recycle aisement apres une operation simple 

telle la reduction a 1'etat metallique ou la decomposition thermique 

permettant d'obtenlr I'oxyde PuOp. 

A la sortie des stades de purification finale le plutonium se 

tr.ouve en solution nitrique en general, chlorhydrique quelquefois et 

toujours sous concentration elevee. 

Nous allons examiner les etapes possibles qui permettant 

d'aboutir soit au metal, soit a I'oxyde. Certaines conditions de 

precipitation ou choix de composes insolubles devront §tre fait pour 

permettre• 

- une recuperation aussi quantitative que possible du plutonium 

- une granulometrifc eorrecte permettant une filtration alsee du 

precipite. 
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Les anions lies au Pu dans le precipite devront etre facllement 

elimines lors de la formation du metal du de I'oxyde. 

La figure 19 donne quelques chlffres concernant la solubilite 

de certains sels de plutonium et la possibillte de leur emploi selon 

la valence du plutoni-um dans les solutions a precipiter. 

1. Formation du peroxyde 

La valence du plutonium dans la solution aqueuse de depart peut 

etre 3, 4 ou 6, Dans tous les cas, le produit final est le merae. 

L'obtention da peroxyde est due a la reaction de I'eau oxygenee 

sur 1'ion plutonium tetravalent. La solution de nitrate d'origine peut 

contenir de 10 a 100 g/l Pu et une acidlte llbre de 1,5 a 6 M, NO,H. 

De nombreuses impuretees peuvent ainsi €tre separees lors 

de cette precipitation. 

La composition du precipite varie avec les conditions. II 

Gontient en general 3 oxygenes de peroxyde, des anions, NO., , SOj. , 

hydroxyde, oxyde et HpO. 

Le presence de sulfate dans la solution est souhaitable pour 

donner la forme cristalllne convenable. 

Pour obtenlr un precipite aisement flltrable, certaines 

conditions doivent 6tre respectees: exces de 8 a 12^ de H„0^, -

addition leute de cette eau oxygenee (30 a 50^) - temperature superieure 

a 30 Ĉ  acidlte finale 2,5 M ou plus, 

Parmi les corps genants lors de la precipitation de ce peroxyde, 

on doit citer: 

- les elements catalysant la decomposition de H Op 
"5— — 

- les elements complexant fortement le plutonium tels POju , P , 
CpOj. ", qui accroissent la solubilite du precipite. 

Un flowsheet de la precipitation du peroxyde est indique sur 

la figure 20, 

2. Oxalate 

Le plutonium peut etre precipite soit a I'etat trivalent, soit 

tetravalent. Pour ce dernier une addition de H^0„ permet 1'ajustement 
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a cette valence. Afln d'obtenir une bonne separation des impuretes, 

la liqueur finale doit titrer entre 1,5 N et 4,5 M en NO,H. Au-

dessus de 4,5 M, la solubilite de 1'oxalate devient g^nante et le 

precipite est thixotropique. 

L'exces d'acide oxalique doit Stre de 0,05 a 0,15 M tandis 

que la temperature de precipitation recommandee est voisine de 50 C. 

Les facteurs de decontamination obtenus sont: 3 a 6 pour 

ZrNb •*• 12 pour Ru. 

Un schema type est donne sur la figure 21. Le Pu trivalent 

peut etre precipite a temperature ordinaiî e dans des solutions 

d'acidlte Inferieurs a 4 M. Les agents reducteurs utilises peuvent 

^re IH ou NHpOH. II est facllement flltrable. 

3« Fluorure 

La precipitation du fluorure de plutonium trivalent peut 

s'effectuer dans de bonnes conditions et presente deux avantages -

solubilite tres faible. 

- le fluo3:nAre trivalent est plus cristallin et moins hygroscopique 

que le tetravalent. 

L'acidlte fluorhydrique lot̂ s de la precipitation doit etre 4 N 

apres agitation et digestion de quelques heures. Le F.,PiI est filtre, 

lave a FH 5^ et a I'alcool. Le sechage peut s'effectuer a 200 C 

sous atmosphere d'helium pendant plusieurs heures. 

L'oxalate, comme le peroxyde peuvent etre transformes par 

calcination en oxyde PuO_. Cet oxyde peut §tre utilise sous cette 

forme ou transforme en fluorure par action de HP -I- Hp a 450 C 

pour donner le fluorure trivalent, a 600 C en presence de HP 4- Op 

pour donner le fluorure tetravalent. Ces deux fluorures conviennent 

I'un et 1'autre pour la fabrication du metal. 
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CUKREOT DEVELOPMEEK IN TBP mOCESSES FOR IRRADIATED FUELS 

by 

J. M. Fletcher 

As a solvent system for the processing of irradiated fuels^ 

tributyl phpsphate has been in use for less than ten years and 

therefore such TBP processing is, relatively. In its infancy, 

substantial developments and improvements are to be expected. 

Table 1 shows the location and function of plants which are 

already using TBP cycle. 

TABLE 1. 

PROCESSING PLANTS FOR IPJIADIATED FUELS WHICH USE TBP. 

Commenced Ref. 

U.K. WiMdHcalei-^ Adjunct to Butex Process 
for Plutonium Purification 1952 1 
Uranium Purification 1959 

Dounreay U-Al Fuel (MTR type) 1958 2 
Reprocessing 

U.S.A. Savannah River Purex Plant 

Hanford Purex Plant 1956 3 

Idaho Palls Enriched U Plant 4 

O.R.N„L. Recovery Plant 5 

France Marcoule' Reprocessing Plant 1958 6 

There are incentives to improve TBP processes on econ6raic 

grounds: firstly to lower the cost of nuclear power from a particular 

type of reactor and secondly, since finality on the best type of reactor 

is far from being reached yet, to enable a particular plant to deal 

with different types of fuels. Some of the targets are set out in 

Table 2. This leciure covers various developments (recorded in papers 

and reports issued in the U.S.A., in the U.K. and elsewhere) m aid 

of Lnproved operating flowsheets: it does not include engineering 

improvements directed towards equipment and maintenance. 

"U 
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TAB3L£ 2 

SOME TARGETS FOR THE IMPROVEMENT OF TBP PROCOBSES 

A. Flowsheet Target 

1. Reduction in Shielding Requirements 

2. Reduction in Wastes (for Storage or Disposal) 

3. Reduction in Radioactive Colloids and Particulates 

4. Reduction in Cooling Time for Fuel 

B. General 

5. Improved flexibility, to permit same plant to be 
used for several fuels 

C. Equipment 

6. Better Performance of contactors, evaporators 

7. Instrumentation 

The "acttventicpal^nTBS- ptiboess -for a natural or near-natura l 

uranium fuel has been given by Flanary ' i t ha t for uranixan (enriched) -
Q 

alurainiiun fuels by Culler and that for a uranium-zirconium fuel by 
4 

Stevenson. For the first category of fuels, TBP has already replaced 

hexone since it uses nitric acid, i.e. an evaporable salting-out 

agent, instead of aluminium nitrate: the proposed use of TBP for the 

second Windscale Plant in place of butex (used in the Primary Separa­

tion Cycle for the first Windscale Plant) is not for this reason since 

both solvents can use nitric acid: instead it is mainly based on 

the different behaviour of TBP as a solvent, which avoids the low 

decontamination factor (about 10) from ruthenium in the first 
1 

extractor of the Butex process. 

The need for improvements in TBP processes arise 

(a) from the physical and chemical limitations of TBP as a solvent; 

(b) from the waste disposal problem which is posed when alloyed or 

other fuels introduce unevaporable effluents. 

Some of the limitations of TBP as a solvent are listed xn Table 3» 
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3. 

TABLE 3. 

LIMITATIONS OF TBP AS A SOLVEOT 

Property 

Uranium Partition 
Coelfjiiient is High. 

Products formed by Thermal 
and Radiolytic attack are 
strong extraction agents^ 
and emulsifiers. 

G values for Radiolytic attack 
relatively high^. 

Consequence 

Needs dilution. Hence:-

(a) Low Solvent Loading. 

(b) High volume of aqueous 
backwash stream. 

(c) Diluent problems. 

(d) Phase separation difficulties. 

(a) Solvent has to be washed 
each cycle. 

(b) Elevated temperatures in 
cycles must be used cautiously. 

(c) Problems arise in 
effluent streams. 

(d) Phase separation difficulties. 

TBP errs on the side of being too STRONG an extraction agent for use 

with unenriched uranium in continuous counter-current extraction: it 

is diluted (usually to 20 - 35/^), not merely to reduce its viscosity 

and density, but also to reduce the uranium partition coefficient and 

thereby allow tiie uranium to be stripped from the organic to a smaller 

volume of an aqueous phase. With ^Qffo TBP (which permits a max. loading 

of about 200 g u/l) and a backwash contactor at 50 C, the urani\jm, 
Q 

after a TBP cycle, still, however, emerges in' a volume which exceeds 

that of the feed by a factor of 5 to 6: for the "weaker" solvent, 

Butex, (for which the partition coefficients for uranium are comparable 

to those with 2 - 10^ TBP} the urani\im after a solvent cycle c-
1 

at ambient temperature can be obtained in a volume 2.7 times that of 
the feed. The ciirves in Pig. 1 illustrate the difference between 

even 20^ TBP and Butex. Substitution of pheiriyl for the butyl groups 
10 

in TBP reduces the extraction power of the phosphate in the 

desired manner; 
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K„ 
Tributyl phosphate 2230 

Dibutyl phenyl phosphate 2l4 

. -wBityl diphenyl phosphate 11 

Triphenyl phosphate ^ 1 

cf. Butex 1.5 

Values of Kj are expressed in terms of the thermodynamic 

constant, K, defined as m Vm i.e. as (UN molality)^^V 

/"(UN molality)-' x (Ul̂  activity coeff. ) \ ^ ' 

As the extraction power of the organic phosphate decreases, the 

mechanism of complex formation is believed to change from direct 

attachment to the metal, as in/"UO (N0^)2(TBP)»7, to attachment 

by hydrogen bonding to aquo groups, e.g. as /~U0 (NO )2(S-H.0H)^7, 

such as occurs for butex and hexone. 

The main items of research to meet the targets to which 

reference has already been drawn (Table 2) are listed in Table 4. 

Several of these items must be considered together, e.g. elevated 

temperatures, residence times and nitrous acid in conjionction with 

solvent degradation. 

TABIE 4. 

ITEMS OF RESEARCH FOR TBP FLOWSHEETS 

Examples 

1. Kinetics of Slow Reactions Reactions of Ru complexes. 
Polymerisation of Pu, Zr. 
Influence of Residence Times. 

2. Inorganic Side Reactions Role of Nitrous Acid. 
Oxidation by Air of RiiNO complexes. 
Complexing by Phosphoric Acid. 

3. Organic Side Reactions TBP decomposition to DBP, MBP,H,P02j_. 
Diluent degradation. 

4. Inorganic-Organic Side Complexing of Metals by Organic 
Reactions Acids. 

5. Tempei'ature Effects On Distribution Coefficients of 
Nitrates. 

On HNOp concentrations. 
On Solvent Degradation. 
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6. Formation and Removal of In Solvent Washing. 
Radiocolloids and Particulates 

7. Reagents U IV for Fe II Sulpharoate. 
Improved Diluent for TBP. 
Nitric Acid Economy. 

8. Conditioning Procedures To improve U-Ru Separation, 
Addition of Inactive Isotopes of 

Fission Product Metals. 

Kinetics of Slow Reactions 

The nitrosylruthenium complexes present in feed solutions differ 

from the complexes of uranium, plutonium and most of the fission 

product? in undergoing slow reactions in phases containing nitric 

acid. Conventional processing equipment is based on achieving an 

adequate performance for uranium and plutonium and therefore ruthenium 

often distributes itself disadvantageously. Contactors are often 

selected with little attention to the influence of residence times 

in Extractor I on the chemistry of reactions which affect decon­

tamination factors: thus, it is usual to make the residence time per 

stage the same both in the extraction and scrub stages of this 

extractor. A number of undesirable reactions, viz. 

(i) Radiolytic Attack of Solvent, 

(ii) Slow formation of complexes in which TBP is attached 
directly to RuNO (Table 5)# 

are dependant on the residence time of stages in the extraction section, 

which shoula therefore be low (this also reduces the voliame of equip­

ment in which there is very high activity). On the other hand, as 

many of the RuNO nitrato complexes that pass into the solvent 

phase are only scrubbed out by slow reactions (Table 5)^ there is a 

benefit if the scrubbing stages have a relatively long residence 

time with an elevated temperature for preference. As there can be 
12 

extensive recycling of ruthenium between the feed~plate and the 

uranium~free stages, the actual residence time of ruthenium in the 

extraction section is not merely a function of design and the flow-

rates used but also of reagent concentrations which determine both 

the degree of recycling and the proportions (Pig, 2) of the various 

ruthenium complexes. 
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TABLE 5 

INFLUENCE OF TIME ETC. ON .. . : 

RUNG NITRATFCWIB^~IN' ' 'TOK TRef i i ) 

I. Formation of Complexes Resistant to Scrubbing 

(a) Variable Ageing Time in TBP; RuNO Nitrato Complexes 

(10*"5M R U ) . 2Q% TBP/OK, 0.6M HN03.2y Temp... 29° 

Time .02 .25 .85 2.5 ^.5 ^ hours 

'fo Ru Retained in 6 10 13-5 1^ I6 I6 
Solven:J; a f t e r 3M 
HNO^elution. 

3 ^ .. 
(b) Variable Nitric Acid Concentration in TBP. See Fig. 2. 

TBP phases a^ed to equilibrium ( 24 hou'̂ s) 

Test Conditions: (i) 3M HNO, elution; 
(ii) NapCO scrub. 

II. Effect of Time of Scrub. See Pig. 3. 

Solutions: RuNO Nitrato Complexes (10~^M Ru) aged in 20^ 
TBP with 55 g U/l and with two different concentrations 
of HNO_. 

3 
Scrub Conditions: One-fifth volume of 2.4M HNO„ at 60°. 

Inorganic Side Reactions 

(a) Nitrous Acid 

Nitrous acid is formed in nitric acid systems by radiation and 

thermal effects; it is extracted by TBP phases with a high distribution 

coefficient: from TBP phases it is volatilised and also probably 

oxidised by air. It influences 

(i) Pu valency; 

(ii) Ru behaviour due to the formation of RuNO Nitro 
complexes (Fig, 4); 

(iii) Diluent degradation; 

(iv) The Consumption of Ferrous (and hence its required 
concentration) in U~Pu separation. 

In the future5 TBP processes may be able to use high and low concen­

trations of this acid to the maximum advantage (Table 6). 
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TABLE 6. 

DESIRABLE LEVELS OF NITROUS ACID CONCENTRATION 

In conditioning between Dissolver High to form Pu IV and RuNO 
and feed (at 50 - 80°) complexes (Fig. 4') 

Cold scrub stages of Extractor I 

Hot scrub stages of Extractor I Low to prevent diluent degradation 
(reduce by air oxidation or by 
addition of urea or sulphamic acid) 

Solvent Product from Extractor I Low to prevent consumption of 
reducing agent used to separate U-Pu 

Conditions for results in Fig, 4: RuNO Nitrato Complexes 
(10""% Ru) in 3M HNO^, 2.5M NaNO-j saturated with Nitrous Fumes for 
2 hours at different temperatures and then extracted with an equal 
volume of conditioned 30^ TBP (Ref. 11 and Patent Application 
C339T/1956). 

(b) Oxidation by Air of RuNO Complexes 

Spectrophotometric observations on aqueous solutions of nitrato 
13 complexes of RuNO by Woodhead ^ have shown that there is slow oxidation 

in the presence of air to RuIV polsrmer. The significance of the 

occurrence of this oxidation in TBP phases has been overlooked until 

recently: as the distribution coefficients of these RuIV polymers in 

DBP/kerosene - nitric acid systems is low, it was believed that they 

would not lead to any retention of ruthenium even in degraded TBP. 

However, the ruthenium concentration after an initial decontamination 
-7 factor of about ICOO in the first extractor is about 10 M and at this 

low concentration the second stage of the sequence:-

oxidation 
(RuNO) Complexes Ru IV Ru IV 

mononuclear polymer 
11 

probably only occurs to a small extent. Recent results , such as those 

given below, indicate that RuNO complexes in TBP phases can be oxidised 

by air (as well as by a reagent such as permanganate sometimes used in 

solvent washing) and that after such oxidation, ruthenium is tenaciouslj?' 

retained in the organic phase when chelating agents are present. 

Results such as these draw attention to the importance of the actual 

concentrations of fission products present at various stages of a 

TBP process and suggest that the decontamination factors for ruthenium 

could be improved by the addition of inactive rutheriura. 
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RuNO Complexes Aged in a Closed Vessel at 20 C in 20^ TBP, O.IM HNO . 

Residual Ruthenium in Organic 

Ru 

10~^M 

IO"'''M 

Phase after washing with 

5 X 10"^ DBP= 
tt ti 

11 !t 

Complexing 
Agent 

' 

+ Ifo D2EHP 

+ Ifo D2EHP 

NagCO . 

1% 

1% 

nfo 
Sfo 

Also Mixed, 
with air 

after ageing, 
at 50° 

Ifo 

15 - 25^ 

29^ 

Spectrophotometry indicates presence of Ru IV 
i 
Formed In Situ from TBP 

Organic and Inorganic-Organic Side Reactions 
f 

(a) TBP Decomposition Products 

Many details of the formation of DBP and MBP, which add sub-
l4 15 l6 

stantially to the cost of TBP systems, have been published ' ' 

Measurements of their partition coefficients '' 'in 2-phase systems 

enable the recycling and fate of these two acids in TBP processes to 
19 be calculated , but no comprehensive results of their concentrations 

and fate in an actual process have been published. The formation 

constants, the distribution coefficients under various extractor 

conditions, and solubilities of the complexes that they form with U VI, 

Pu IV, Zr IV, Na are of importance. Uranium, when present as the 

predominant metal in the organic phase, "blocks" DBP but not 

15 

MBP from being complexed by Pu IV (and by any Zr IV and mono­

nuclear Ru IV present). On account of the formation of DBP and MBP 

it is necessary to wash the solvent, prior to reuse, with an alkaline 

solution e.g. of sodium carbonate. This converts DBP and MBP to their 

sodium salts which pass to the aqueous phase. However the foiwation 

of these alkyl phosphoric acids and the alkaline wash to remove 

them is objectionable since 

(i) Plutonium complexed by MBP may appear in the aqueous 

wastes from solvent washing. Its recovery therefrom may 

be difficult, 

(ii) Due to the use of sodium compounds in the solvent washing 

system, the aqueous wastes cannot be evaporated by a high 

factor. 
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(iii) Phase separation is impeded by the presence of DBP and 

MBP: this is particularly noticeable during alkaline 

washes of the solvent. 

(iv) Fission Products (Zirconium and Ru IV) are converted when 

released by the alkaline wash, to radiocolloids which 

present a separation problem. Unless collected, e.g. by 

the manganese dioxide formed when permanganate-^ is 

included in the alkaline wash, or removed at suitable 

interfaces, e.g. in a pulsed column with bottom interface 

or in a sef'ies of mixer-settlers, these radiocolloids may 

persist in the organic phase and be plated out. A wide 

range of fission product decontamination factors have 
20 

been reported for solvent washing: the lack of con~ 

sistency is a reflection on the use of various types of 

equipment and variables such as reagent concentrations, 

temperature and residence times, in the washing conditions. 

The formation of DBP and MBP in a TBP process may therefore well be 

considered as a serious handicap. While extractor conditions may be 

adjusted to minimise the formation of DBP and MBP by thermal degrada™ 

tion, their presence in a highly active solvent cycle puts a limit on 

the decontamination factors and recoveries that can be achieved at the 

very part of the process where it is most desirable. So far no out­

standing success has been reported for preferentially complexing the 

butyl phosphoric acids by the addition of an inactive metal but some 
11 

work along these lines has been undertaken with zirconium. 

(b) Degradation Products from Diluent 

The commercial grades of kerosene frequently used as diluents 
PI 

for TBP are attacked in TBP phases by nitrous acid with the formation 

of yellow compounds such as nitrollc acids (-C N.OH group). More than 

lOjg of the hjrdrocarbons in kerosene have been attacked over a period of 

days at elevated temperatures but most of the products are innocuous 

ind are removed by contact with the aqueous phases which they meet in 

the solvent cycle. However, the degradation products formed from a 
11 small fraction of the hydrocarbons (probably certain naphthenes) 

are recycled with the solvent with detriment to the process since:-
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(i) They chelate with Pu IV, Zr TV, and Ru IV to form strong 

metal complexes: 

(ii) Ttiese metal complexes are only partly converted to the 

sodium salts by washing the solvent with NapGO^. 

(iii) The distribution coefficients of the sodium salts formed 

are such that they are largely retained in the solvent phase. 

As a result of this behaviour, decontamination factors for Pu, Zr, 

Ru in solvent washing are lowered and there may also be a mass transfer 

of sodium from the solvent wash to Extractor I. A slov; build-up of 

activity in the solvent may be noticed. 

Diluent 

Odourless Kerosene 

n-dodecane 

Dodecane (by hydro-

TABLE 7. 

DILUENTS FOR T.B.P. 

Composition 

Includes 20$̂  naphthenes 
and 1 - 2 ^ aromatics 

Straight chain C^g Hpg 

Branched chain 

Boiling 
Range , 

195-262° :' 

214 

l$0-220 

..Z .or H 
Value '^ 

' 5.500 

390 

1,220 
generation of propylene 
tetramer) ex Franca 

Shellsol T 
(from iso-octane 
residues) 

Mepasin (ex Germany) 

^11 "" ̂ 13 Isoparaffins 185-210 4l0 

Hyarogencted fraction 220-230 2,070 
from Fisbher-Tropsch 
synthesis 

11 This value"*""" is the concentration of diluent degradation products in 
units of 4 X 10"9M left in the solvent after a standard accelerated 
ageing test (in the presence of TBP) and after washing. The 
concentration is determined using Zr (Z value) or Hf (H value). 

21 11 
Attention has therefore been paid ' "oo diluents superior 

to kerosene (Table 7). At Marcoule, a dodecane is used. The use of 

a good diluent is foreseen for future TBP processes since it will 

permit beneficial modifications of the conventional process, e.g. 

the use ot heated scrubs, whfch otherwise are a potential soircce of 

diluent degradation: at the same time it will lessen the need for 

making solvent washing an elaborate process, e.g. by the introduction 

of permanganate. 

• M 
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Temperature 

Temperatures, higher than ambient, can be used to advantage 

in TBP processes, e.g. 

(i) In stripping uranium from solvent phases into a 

relatively small voluime of an aqueouo phase (the uranium 

partition coefficients fall with a rise in temperature). 

(ii) To improve phase separation in contactors. 

(iii) To increase the rate of slow reactions, e.g. in a heated 

scrub and in solvent washing. 

(iv) To improve decontamination factors. 

While elevated temperatures can produce these benefits, they have 

the disadvantages of 

(i) Increasing the volatility (and fire hazard) of the diluent: 

(ii) Increasixjg the formation of nitrous acid: 

(iii) Increasing the tendency of Pu IV to polymer formation. 

An interesting example of the use of elevated temperatures is 
22 the work of Karraker at Savannah River, When the extractor which 

separates Pu from U is run warm (70°) the fission products mainly 

follow the Plutonium stream: this stream always requires further 

decontamination and can therefore probably carry the extra load. A 

dual scrub, firstly of cold stages at 30 (which removes zirconium 

without increasing DBP formation) and secondly of stages at 70 

is also pioposed. 

Feed 

'4' 

Solvent 

Extraction 
Cold 

Scrub 30 

Hot 

Scrub 70 

,.>Solvent ProM •' 
duet 

a„Scrub 

Vifaste 

This duality is desirable since the temperature coefficients of the 

distribution coefficients of certain fission products such as 

zirconium ase positive (Table 8); of others nega+ive. At A.E.R.E., 

we have examined "̂  a heated sciub with synthetic U-Ru solutions and 

have concluded that a single stage with a residence time of 5-lOxifiins. 
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at 50 - 60 v;ill increase DP„ by a factor of about 3-5. Very 
nU 

much longer times, vfhich could lead to marked degradation of TBP 

and the diluent, are necessary to achieve any further significant 

improvement (fig. 3): this is the case because the reaction rates 

of the ruthenium complexes v/hich remain in the organic phase are very 

low: the complexes remain tenaciously in the solvent phase in 

Extractors II and III and even in solvent washing, and seem likely 

to contain TBP bonded directly to rutheniimi as in / Ru N0(N0-,)^ 

(TBP)p \ . It is to be expected that an alkaline wash will be as 

ineffective on them as a water wash. 

TABl'̂  8. 

TEMPERATURE DEPENDANCE 

Nitrate 

HNO ^ 

5C 

Uranyl 
(,21M) 

Pu IV* 

RuNO III 

Zr IV 

Nb 

OF DISTRIBUTION COEFFICIENTS 
OP NITRATES WITH T. 

Aqueous Phase 
(M HNO ) 

0.5 

3 

0.07 

1.7 

0.5 

1.7 

0.85* 

1̂  

6̂  

12^ 

0.5^ 

3.2^ 

3 + .85M UN 

Org.Phase 

40^ TBP 
»r 

It 

!t 

20 
t! 

50 

100 
!l 

t! 

35 
II 

20 

30 

,B.P. 

Terap.Coeff. 

- ve 
II 

It 

1) 

n 

Variable 

- ve 

" ) 

» ) 

+ ve 

+ ve) 

„ ) 
It 

II 

only 
below 25 

above 

25° 

^50°/D25O 

0.77 

0.93 

0,7 

0.83 

0.45 

0.7 

0.5 

^ 1 

*^l 

1.8 

3.0 

2,0 

1.7 

3.7 

3C 

K 

Schevchenko and Fedorov, Radiokhimiya, _2, 6, I960. 

For short stirring times (ref. 11) 

This temperature coefficient changes from being negative above 
20 to 40° to being positive at lower temperatures. 
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So far, little attention has been given to the use of 

temperatures below ambient: there is scope for such a condition 

in extraction sections, e.g. of Extractor I, to give a greater degree 

of separation from fission products and to decrease undesirable 

reactions such as TBP degradation and slow ruthenium reactions. 

10. Reagents 

The objection to the use of reagents such as ferrous sulphamate 

and sodixom carbonate lies not so much in their cost as in the limita­

tion they place on the evaporation factors that can be reasonably 

achieved on radioactive aqueous raffinates that have to be stored. 

Their effect is similar whether backcycling (Ref. 3 oi' Fig, 2 of 

Ref. 9) of evaporated aqueous wastes is employed or not employed: 

their presence is likely to cause a substantial reduction from the 

evaporation factor of 100 - 150 achieved in the salt-free raffinates 

from a butex or TBP process. 

For the reduction of plutonium to Pu III (for its separation from 
23 

uranium in Extractor II), uranous sulphamate -̂  appears suitable for 

replacing ferrous sulphamate as a kinetically fast reducing agent: 

its preparation (by electrolytic reduction of the purified uranium 

stream) is readily integrated into the plant: the increased contamina­

tion of the plutoniiom stream of uranium which occurs as a result of 

using U IV presents no major problems since the plutonium purification 

process, whether by TBP or amine extraction or by ion exchange, can 

remove the additional uranium. Ferrous sulphamate is also used to 

reduce and hence remove traces of plutonium in the feed to uranium 

purification: here, a pretreatraent with a reducing agent such 

as hydrazine is not only beneficial to ruthenium decontamination 

but also reduces plutoniian to Pu III and so can eliminate ferrous 

sulphamate. 

The main reagent used in TBP processes is nitric acid but this 

is very largely recycled by employing waste evaporators. With the 

improvements over earlier TBP flowsheets already proposed, e.g. in 

the Two-Cycle Purex Process employing Backcycle of Aqueous Wastes 

given in Fig. 2 of Ref, 9* the flowsheet use of nitric acid is reduced 

to only 2.5 moles per mole of uranium: at least 2 of these 2.5 moles 

would probably be recovered by evaporation for reuse. 
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11. Flexibility and the Future 

The re<pireraents of many of tte plants of which descriptions 

have been published concern the processing of a steady supply of 

irradiated natural or near-natural uranium fuels with a view to the 

isolation of plutonium and the reuse of uranium. The cost of 

processing falls substantially with the throughput of such a plant 

if the plant can be operated for long periods with a fuel of constant 

quality. However, with fuels which come exclusively from power 

reactors it seems likely to be several years before there will be 

forthcoming from nuclear power plants a fixed fuel supply adequate 

in quantity to require large capacity plants. 

Factors which will influence future processing trends are;-

(a) If different fuels are processed in the same plant, there 

is a loss of operating time in wash-cuts which could 

offset the benefits of a large plant. 

(b) The activity associated with some of the isotopes of 

uranium and plutonium which are present after high 

burn-up makes it less important to achieve very low 

levels of fission products in the fissile product. 

(c) Reactor schemes may not always require the conventional 

separation of plutonium from uranium, but accept, if it 

is cheaper to do so, a decontaminated uranium-plutonium 

product which can be reused after suitable adjustment. 

24 
Ir the U.S.A., proposals have already been made for using 

large existing plants for processing spent fuels from Demonstration 

Power Reactors. When new processir:̂  plants expressly designed for 

power reactor fuels are built, it is suggested that the most economic 

tualt will be a single cycle solvent extraction unit capable of being 

used, via appropriate head-end treatments, by various fuels? some 

desirable features of this common unit would be:-

(a) A high throughput (achieved by columns) particularly in 

the extraction section; 

(b) Ability to be run down quickly and washed out easily, to 

enable campaigns on different fuels to be employed: for 

this requirement, coliomns may be preferable to mixer-

settlers. 
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(c) A high decontamination factor for fission products in the 

first extractor. 

(d) A minimum of recycling apart from fr6m nitric acid. 

(e) A solvent sufficiently stable to thermal degradation 

(as well as to radiation) to permit the use of elevated 

temperatures and to reduce solvent washing to a simple 

process. 

Althoxigh developments in TBP may go a long way to meet these require­

ments it seems possible that a solvent, such as another phosphate or 

phosphonate or butex, of greater stability and of lower (or more 

selective) extraction power may eventually be more suitable for this 

common unit, which would require, after the primary separation step, 

one or more purification procedures. 

Finally, it is pertinent to consider the future of active pilot 

plant studies of TBP processes: the cost of testing various flow­

sheets In their entirety is high, even on the miniature scale and 

it is difficult to duplicate exactly all the features of a plant. 

As the background chemistry becomes increasingly better known, it is 

foresee!, that design will be able to proceed with confidence on 

information available and that development work will be limited to 

the testing of items of equipment and instrumentation together with 

such few chemical items as leave cause for doubt. Vftien this philosophy 

is accepted, the plant experience already gained in solvent 

extraction by TBP and allied solvents together with research results 

will be helping to provide nuclear power (which must eventually pay 

for research and development costs) at an economic price. 

St.nr. 3781 
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AQUEOUS REPROCESSING OP THORIUM AND ISOLATION OP Û "̂̂  

by 

J.M. Fletcher 

1. Experience on the aqueous reprocessing of irî adiated thorium has 

been reported from A.E.R.E., Harwell and from O.R.N.L., Oak Ridge. The 
1 experimental plant erected at Harwell recovered kilogram quantities of 

233 
U from irradiated thorium metal whicn had been allowed to cool suf­
ficiently long for protactinium to have decayed almost completely; the 

233 
object was primarily to recover U and the process chosen left a mix­
ture of thorium and fission products for treatment at a later date. At 

2 
O.R.N.L. an interim orocess of a similar nature vfas used but replaced 

3 4 233 

by the Thorex process in which thorium and U are recovered simul­

taneously. Both the Harwell and Thorex processes used TBP as the solvent 

and were based on the usual type of laboratory data for a solvent ex­

traction system. 

2. In this lecture, firstly the tvro types of processes that have been 

uced will be reviewed (paras 3 and 5)^ and secondly, the peculiar problem 

presented by the half-life (27.4 days) of protaetiniiAm-233 will be dis­

cussed in relation to future schemes. 

233 
3. The Harwell System; Separate U and Tnorium Cycles 

233 
3.1 The main differences between the U - Pu and Th-U systems for 
aqueous reprocessing are due to: 

?33 
(i) The presence in the Th - U system of fluoride (at about 0.05M) 

1 3 
which is used to increase the dissolving rate of thorium metal '"̂  
or of thoria. 

(ii) The relatively low value of the pa'̂ tition coefficient of thorium 

compared to uranium (fig. 1) which permits separation without any 

change of valency (as used for plutonium). 

1 
3.2 The Harwell system used the second of these features in the manner 
shoi-m in figure 2. The choice of solvent' for the uranium cycle lay 
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between Butex and well-diluted TBP. The partition data (Table 1) 

indicated that the best separation of uranium from thorium and from 

P7 fission product activity would be achieved from an acid-deficient 

system with Butex. The superiority of these conditions (which Spence 

et al. had noticed as early as 1948 for the U-Pu system) was sacrificed, 

for the plant, in favour of 5^ TBP with acid conditions, since the latter 

were somewhat more flexible and TBP seemed desirable for the thorium 

cycle. 

3.3 The flowsheet for uranium separation, is shown in figure 3. 

Interesting features of the operation , which used pulsed columns of 

2" diameter, were: 

(i) Plow-rates were maintained accurately to - -5 ̂  with KONTAK meter­

ing pumps. 

(ii) The scrub solution consisted of slightly acidulated IM sodium 

nitrate rather than nitric acid: this reduces the acidity of the 

solvent product and enables the uranium to be recovered by a back­

wash at ambient temperature, more readily. 

(iii) It was unnecessary to wash the solvent before it was reused. It 

was calculated that it could have been used without appreciably 

affecting the performance for 1000 days. 

(iv) The recovery of uranium in the solvent cycle was 99-3^5 "the 
5 decoritamination factor from thorium was 10 and from fission pro-

5 
duct activity 3^ 10 . 

3.4 The flowsheet subsequently used for thoriiom recovery in the same 

columns but with 40^ TBP is shown in figure 4. In this case tne solvent 

was washed with an alkaline solution before reuse. Operating conditions 

were chosen to avoid third phase formation, which have previously been 

studied in detail*̂ . The fluoride present in the feed to this cycle was 

complexed by aluralniijm to permit a high recovery of thorium: an inci­

dental effect of the presence of fluoride, even in the presence of 
5 

aluminium nitrate, is the improvement in DF„ to which it loads . 

Observed values for K„ were in the region of .04 to .08 instead of 

0.25 to 0.9 for comparable conditions in the absence of fluoride. 

Even so, the thorium product was slightly contaminated with zirconium 
233 as well as with Pa 1 both were removed by a silica gel column. 
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Thorex Processes 

4 
4.1 These have been operated in 5 diameter pulsed columns in the 

233 Thorex Plant at Oak Ridge both with high levels of U (up to 3000g 
233 
U per ton of Th) and also with short decay times. Prom the acti­
vity in the feed there has been as much as 20 watts per litre. The 

4 
results are of very considerable interest because they indicate the 

limits beyond which an acid-deficient TBP process (vfith nU kOfo TBP) 

cannot be taken without a severe breakdown in performance. 

3 
4.2 The One-Cycle TBP process , like the Harwell process, operated 
satisfactorily for well cooled ( ̂  l8o days) fuel of moderate irradia-

?33 
tion (up to 1500g U per ton of thorium): the 7 decontamination 

/ 4 factor (3 X 10 for continuous operation) for uranium was rather lower 

than at Harwell: this suggests that the benefit of an acid-deficient 

system was more than outweighed by the higher percentage of TBP (43.5 

versus 5^) which must be used to extract thorium as well as uranium. 

The process incorporated two unusual features, viz: 

(a) The dissolver solution (containing aluminium from chemical de-

jacketting) was evaporated to an acid-deficient condition: this 

also renders silaceous material insoluble. After further diges­

tion, water was added to provide the feed conditions. 

(b) The scrub contains phosphate and ferrous sulphate: decontamina­

tion from zirconium and protactinium are enhanced by the former 

and from chromium by the latter reagent. 

4.3 When, however, material cooled for only 30 days was processed, 

values of DF„ and hence of DP for the thorium product fell sensation­

ally and even a Two-Cycle Thorex Process, in which a Codecortamination 

Cycle and Evaporator precede the Second Cycle (figs. 5 and 6), is only 

believed to be capable of handling material cooled for 90 days or longer. 
4 

The poor decontamination from ruthenium has been traced to the presence 
-3 

of nitrous acid (formed by radiation in the feed): as little as 10 M 

of this acid influenced DF_ adversely: the experience gained on the 

Thorex Plant is consistent with laboratory determinations of partition 
•7 

coefficients (Table 2) made by BrovTi for RuNO nitro complexes, i.e. 
those formed in the presence of nitrous acid. These and results by 

7 
Brown with other solvents indicate quite clearly v̂ here trouble from 
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ruthenium will be experienced if nitrous acid is allowed to form these 

complexes. Thus acid-deficient conditions viith ketones such as Hexone 

will also give low values of DP„ if such complexes persist. The role 

of nitrous acid on DF̂ , therefore changes with acidity, since for acid 
KU g 

flowsheets it is oeneficial . The overall performance to be expected 

in various systems is summarised in Table 3. 

233 
The U "^-^ product, from the TBP processes that have been used, has 

had the following composition; 

Uranyl nitrate, 0.1 to 1 g U/litre 

Nitric acid, 0.01 to 0.02M 

Ratio Th : U, 0.01 to 0.1 

Fission Products; Traces of Zr, Nb, Ru 

TBP, Traces by dissolution and entrainment. 

The main requirement is concentration of the uranium by a factor of up 

to 100: evaporation has not been used to do this as it also concen­

trates the impurities and in addition leaves phosphate (from TBP) in 

the product. Instead, ion exchange processes have been examined and 
9 

successfully used (Table 4) both at ORNL and at Harwell. At ORNL , 

the uranium stream was purified by passage through a silica gel column 

prior to concentration by cation exchange (two Gol\imns in series; the 

first takes out thorium preferentially). At Harwell an anion exchange 
10 process was used: the presence of sulphate in the concentrate could 

be a disadvantage if a peroxide precipitation is required as the next 
13 233 

step. In practice , U Op of high purity has been made from such 

a concentrate by ADU precipitation (to reduce the sulphate content), 

followed by a peroxide precipitation to remove traces of unwanted 

metals. 

The Protactinium and Thorium Problems 

?33 233 

The presence of Pa ^ presents the crucial problem in the Th-U ' 

system. The three conditions given in Table 5 may be considered. It 

is suggested that the best compromise for thorium fuels will be with 

about 100 days cooling. If this (or a longer time) is accepted, the 

next main consideration concerns thorium recovery. Plant and labora­

tory experience suggests that no simple TBP process v/ill give a good 

separation of both uranium and thorium from fission products in one 
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233 cycle; the thorium is of minor value compared to U and it is even 

doubtful if its rapid recovery will be economically necessary. Pro­

cessing costs can therefore be kept down by using (fig. 7) a 5^ TBP 
233 

cycle to extract the U with a flowsheet which could be 

(i) The acid system used in the Harwell plant (para. 3), or 

(ii) An acid-deficient feed and extraction system modified to extract 
12 uranium; considerable work has been done on these conditions 

for enriched U-Al fuels from MTR reactors and it is of interest 

to note that the presence of thorium has been found to improve 

the decontamination factor for ceriiam which is abnormally high 

compared to its value in acid flowsheets. 

The actual plants used for processing enriched U-Al fuels could very 
233 

probably be used for this type of recovery of U . 

233 233 

Subsequent recovery (Stage 2 of fig. 7) of U grown from Pa 

vrould be imdertaken from the Extractor I raffinate after a further 

100 - 200 days if the initial cooling period is only of the order of 

100 days. Also 

(a) If thorium recovery is not worthwhile, the raffinate from Stage 2 

would be evaporated and reduced to a minimiom bulk. This might be 

achieved by conversion +o a glass; or 

(b) If thorium recovery is required, it could be removed after the 
233 

small amount of U • "̂  (at Stage 2), i.e. when the activity is re-
233 

latively low due to the disappearance of Pa etc. Solvents 
13 such as di-n-amyl n-amylphosphonate (DAAP) have been suggested 

as being better than TBP for thorium recovery, in so far as they 

permit a higher solvent loading without third phase formation. 
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Table 1. Partition Coefficients relating to U^^^ Extraction (I) 

Initial uranium concentration: ca. 1 g U/l (as uranyl nitrate) 
Equal volumes of phases 

Expt. 1 
No. 

(Initial) 
Aqueous phase concentrations 

1 
Th • HNGg 

1 

1 g/i 1 M 

NH3 
1 

NaNOg! NaF 

M ' M 

First Series {Solvent: DBC) 1 
1 j 
2* 1 
3 
4 
5 1 

100 
100 
100 
100 

4 
1 

.— 

250 1 0-5 1 

_-_ 

M 

3 1 ^ 
0-2 i 4 i — 
0-8 1 4 i -™ ! 

- 1 3 : 1 

Second Series {Soiveni: i 0 % TBP 1 kerosene) 
6 
7 
7A 
8 
9 

10 

100 
100 
100 
100 
100 

4 1 — 
1 1 — 
1 
0-5 
__-. 

100 ! 
0-2 
0-8 

1 
" • 1 

3 
3 
3 
4 

0-05 

4 1 - -

Third Series {Solvent: 10% TBPIdihutyl ether) 
11 
12 

! iOO 
too 

1 4 
i 3 

, 
^ c ; 

1.9 j 
4-1 1 
1-65 1 
1-57 1 

26 1 

6-1 
7-2 
8-2 

14-1 
33 

1 4-8 
: 9-5 

Partition coefficients 
(Organic/aqueous) 

Kn Kpy 

j 

i 

0-15 ; 0-012 
0-04 1 

<0-001 ' 
<0-001 

0-05 

0-11 
0-135 
0-121 
0'J4 
0-135 
0-154 

0-048 
0-12 

0-Oli 
0-0002 
0-0001 

— 

0-00! 
0-ooi 
0-CJC07 
0-0008 
0-0C4 
0-008 

0-001 
1 0-00! 
i 

KtilKn 

13 
102 

>1(MX) 
>1000 

520 

55 
53 
68 

104 
210 

1 100 
79 

* DBC conditioned with nitric acid. 
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TABLE 2 

PARTITION COEFFICIENT'S RELEVANT TO THE SEPARATION OP 

RUTHENIUiyi FROM THORIUM 

Aqueous Phase Niti'ate For 3C^ TBP 

Total As HNO 3 

4 to 5M pH ̂  2 
(as NaNO-^) 

5.5 

3 

3M 

3 

D. 

RuNO Nitro 
(ref.?) Ru X. 

Forward 

2.2 

0.21 

0.51 

Scrub 

-

0.21 

0.51 

Forward 

0.5 

-

0.082 

Scrub 

3 

-

1.7 

D, Th 
RuNO Nitrato" for tracer 

Th (ref.6) 

3 

3 

X R e s u l t s by A.G. Wain, A.E.R.E. 

TAB.UE 3 

THE RELATION OF RUTHENIUM BEHAVIOUR TO NITROUS ACID FOR 

VARIOUS TBP SYSTEMS 

TBP Cone. HNO, Cone. D.P.„ in Extractor I for 
Ru ^ 

RuNO Nitrato Nitro Complexes 

Overall Perform­
ance for 

Ruthenium 

High (20-40^^ 
Limited to ĵ. ̂ .̂ , . ̂  

?-^M about 103 bv ^' ^^S^ ^̂  
2-M about 10-- by scrubbing good 

kinetics 

Reasonably good 

Negative V. high V. low Bad if radiation 
causes HNO, to 

persist 

Low 0fo) 2-5M V. high('^'10 ?) V. high Very good 

Negative v. high high (?) Probably good 
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TABLE 4 

CONCENTRATION 

Type of Resin 

Anion Exchange 

(Deacidite FF) 

Cation Exchange 

(Dowex 50) 

AND PURIFICATION OF U^^^ BY 

U Solution 
Applied 

As 
Sulphate 

Direct 

ION EXCHANGE 

U Solution Eluted 

By 

IM HNO , but 

HpSO^ present 

Anmonium 

citrate-
acetate 

g U/l 

'VIO 

/VlO 

DF^ 

Not 

tested 

5 

DF, 
Th 

10 

r^ 10 

TABLE 5 

Pâ -̂ -̂  AND COOLING TIMES 

Cooling time Short 

nJ 30 days 

Moderate Long 

>%J 100 days '^ 200 days 

233 
U Recoverable at once 
(at 10 - 10^^ flux) 

r^ r>u 95^ > 

Advantages 
233 

Low U''̂  inven­
tory for this 

50^ 

Good recove­
ry of u233 
with mode­
rate inven­
tory 

No secondary 
recovery of 
u2^5 necessary 

Disadvantages (a) High activity 
and iodine pro­
blems in sol­
vent extrac­
tion system 

Recovery of 
remaining 5^ 
u233 desir­
able 

High Û -̂ ^ 
inventory 

(b) Need to recover 
remaining 50^ 
u233 after further 
150 days 

St.3760 
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^ £ H b M ^ 
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I 
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to re-cycRng 

-WT 

THORIUM CYCLE 

U233Caq.) 
to purlfic0tfon 

RafflnateCaci.) 

Scrub (gq)^ 

lo lv^F 

Th in solvent 
£ 

Solvent 
to re-cycling 

Bockwo^ r - ^ 
-^T 

Roff Inale (aq.) 
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T 
ThCaq) 

for re-use 

FIG. 1.—Outline of prooosed process for U*** separation and thorium, recovery. 
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Add At (N03)3 
t o tw ice NH4F 
MOLARITY 

Aqueous Th. 

(See f ig 3 ) 

Solvent 
4 0 % T8P/QK 

IT 

0} 

o 

o 

X 

K 

Solvent 
Th ^PQ^^'^ 
^ Zr (trace) 

Aq- scrub 
HNO 

n 

'Aqueous 
waste 
EE 'S 

I 

o 
o 
o 
L. 

X 

ft 

Sol vent 
40%T3P|C4<, 

Solvent 
treatment 

Recycled 

Aqueous Th. 

2 r (trace) 

Zr arid most 

removed on 
silica gel column 

FIG, 4,—Flowsheet for thorium recovery process. 
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VI. 1 

REPROCESSING COSTS 

by 

T. J. Barendregt 

1. INTRODUCTION 

An important step in the recycle of irradiated fuel is the radio­

chemical reprocessing of this material. The numerous reactor designs 

proposed, under construction or in operation and the variety of fuel 

elements and assemblies, containing natural or enriched uranium, in 

metallic or oxide form, clad in different materials like stainless 

steel, zircaloy or alximinium achieving different burn-up of fissionable 

material during the irradiation cycle make the analysis of recycle cost 

rather difficult. 

Starting from the basic fuel, uranium 235 fo3̂  nuclear reactors, 

any atomic energy power program can in principle be based on two different 

fuel cycles, either the irradiated material is reprocessed and the 

recovered fissile material is refabricated into new fuel elements or the 

fuel, after discharge from the reactor might be stored or buried rather 

than reprocessed. The decision for one of these cycles will entirely 

depend on the economical result which can be achieved. 

It is generally accepted that the investment costs of a nuclear 

power plant are higher than those of power plants using fossil fuels. 

The successful competition of miclear power with conventional power 

can thus only be achieved in case the fuel bill for nuclear power is 

substantially lower. In V/estern Europe, power made using fossil fuels 

costs at present 6.3 mills/kwh for oil fired units and T,6 raills/kwh 

for coal fired power stations with a capacity of I50 MW electricity 
9 

and a production of 10 kwh/year. 

The nuclear power stations which have been offered so far ask 

already for an investment which corresponds to 6.1 ~ 6.2 mills/kwh. 

Consequently, the first aim for the nuclear industry will have to be 

an appreciable decrease in investment costs, before one even can think 

of an acceptable -̂ uel cycle. Althotigh the investment costs of 

nuclear stations do not belong to our present discussions, it is 

obvious that we have to start with a reasonable estimate to be able to 

arrive at an allowable figure for fuel cycle costs. 
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To this extent a break-down of the cost figure for conventional 

stations is given below: 

150 VM capacity 

Q 

10 kwh/y produc" 
tion 
Capital costs 

Operation and 
maintenance 

TABUS 1. 

Coal fired 
station 

Western Europe, 

2.1 mills/kwh 

0.3 " " 

Oil fired 
station 

i960 

2.1 

0.3 

Nucle 

(6.2) 

1.0 

(3.2) 

Fuel 5.2 " " 3.9 ? 

It does not seem too optimistic (1,2) to assume for the next generation 

of reactors a decrease in Investments to somewhat over half the present 

costs, still some 53^ more than for conventional stations. Due to 

safety regiilaticns, it cannot be expected tlB.t the item operation and 

maintenance will decrease appreciably in the near future. Under these 

assumptions approximately 2 mills/kwh are left for total recycle cost 

to be competitive with nuclear power. The total recycle can be divided 

in burn-up costs, radiochemical separation, refabricatlon of fuel and 

waste disposal. To make a choice between the two principle alternatives, 

throw-away cycle or reprocessing, the 2 raills/kwh for the entire fuel 

bill have to be considered somewhat closer. 

2. BUIW-Ur COSTS 

To be eble to make a better estimate for allowable reprocessing 

costs, we have to separate from the total fuel costs first of all the 

burn-up costs. As the pr3ce, according to the U.S.A.E.G. price scale, 

is for uranium 235 ranging from 5«6S dollars/gram in natural uranium to 

17.07 dollars/gram in $0^ enriched uranium, the burn-̂ up costs will vary 

with enrichment. 

The net burn-up costs are calculated according to the loss of 

uranium 235* either by fission or capture. For the case of natural 

uranium, assuming an initial uranium 238 resonance escape probability 

of 0,8 and a net thermal efficiency of 25^ we arrive at 0,6 raills/kwh 

increasing to as high as 3>5 mills/kwh for highly enriched- material. 
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The remaining fissile material after irradiation has to be 

recovered or stored. In the latter case, the net burn-up costs will 

be as large as the cost of the fissile material originally present 

in the fuel element. On the other hand, the net burn-up costs will be 

decreased in case not only the remaining fissile material (U235) is 

recovered but also the newly formed (Pu239)' The price for which 

the plutonivun can be sold to the U.S.A.E.C. is at present 12 dollars/gram. 

Tiie burn-up cost formula for the throw-away cycle becomes simply 

the cost of the fissile material charged to the reactor. In the case 

of recycling the fuel by reprocessing, tte burn-up cost formula becomes 

A - B - C, in whif̂ h A is the cost of the fissile material charged to 

the reactor, B the value of the recô êred uranium 235* and C the 

value of tne isolated plutoniura 239« It is clear that B + C have to 

be larger than the reprocessing costs to make this X'ecycling operation 

economically worthwhile. The value of B + C becomes appreciable as 

soon as enriched material is utilized, but it is shown in the following 

table that also the rest value of natural uranium after irradiation 

is not negligible, especially if these values are expressed in mills/kwh 

electricity. 

TABLE 2 

Residual value of fuel in natural and partially enriched cycles (10) 
(,Initial uranium resonaace escape probability = 0.8) 

2000 WD/t irradiation 
natural uranium 

1% U235 

2% U235 

3^ U235 

4000 IMD/t irradiation 
natural uranium 

1^ U235 

2fa U235 

3^ U235 

Value, dollars per kg 
U after irradiation 

U Pu Total 

Potential value 
in mills/kwh. 

20 

50 

175 
352 

8 

31 

151 

297 

14 

18 

14 

13 

50 

31 
26 

25 

34 

68 

189 

365 

58 

62 

117 
322 

2.9 

5.7 
15.7 
30.0 

2.4 

2.6 

7.4 

13.5 



VI.4 

TABLE 2 (continued) 

Value, dollars per kg Potential value 
U after irradiation in mills/kwh. 

U Pu Total 

10000 mSB/t i r r ad i a t i on 
natura l uraiaitim 

Ifo U235 

2fa U235 

3fo U235 

1 

5 
102 

205 

55 

55 

54 

53 

56 

60 

156 

258 

0.9. 

1.0 

2.6 

4.4 

•Dae importance of recycling the irradiated material may be 

best Illustrated by the following example3: The net burn-up costs for 

2^ enriched material (dollars 11/gram U235) are approximately 2 mills/ 

kwh. An irradiation to 4000 MrfD/t and no recovery increases the burn-

up costs to 9 mills/kwh. According to table 2, the final burn-up 

cost will be 1.6 mills/kwh. Another example is the costs for natural 

uranium, irradiated to 10000 FMD/t, The net burn-up costs are 0.6 

raills/kwhf but according to table 2, reprocessing of this material would 

give a burn-up "profit" of O.3 mills/kwh. 

3. FUEL B'ABRICATION COSTS 

The cost of fabrication and in the case of reprocessing the 

irradiated material, the cost of refabricatlon of the fuel elements 

will be the subject of the next lectui'-e (3) in this course. Here, only 

the dependency of achieved burn-ups on the fabrication costs has to be 

mentioned. It seems not unreasonable to allow for fabrication costs 

0.7 mills/kwh (4,5) or 35^ of the allowed total recycle costs including 

burn-up costs, in the desired 2 mills/kwh bill. Today most fabrication 

xjosts figures will be appreciably higher. 

4. 'ALLOWABLE" REPROCESSING COSTS FOR COMPETITIVE POWER 

Before we will be able to calculate the allowable reprocessing 

costs for the adopted 2 raills/kwh fuel cycle cost, we have to mention 

soire additional items. To start the fuel cycle one needs some work­

ing capital to buy at least one reactor charge or to rent the enriched 

material. One can argue in how far such first expenditxires should be 

included in the capital investment. Furthermore, even by reprocessing 

all irradiated material, the recovered products will not directly be 
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suited for charging again the same reactor. An additional factor, 

the replaceable core cost will increase the total fuel cycle costs. 

It becone s then rather obvious that the allowable reprocessing costs 

are vei^ low indeed with the present knowledge of fuel fabrication and 

the price of fissile material. Retiorning to our 2 mills/kwh figure 

for total fuel recycle costs including burn-up the reprocessing cost 

should not exceed 0.5 mills/kwh. The results of the determination of 

residual value of fissionable and fertile materials given in table 2 

indicate fu3rther that decontamination and conversion costs below 

50 dollars per kilogram of natural uranium are economical for burn-ups 

as low as 2000 MWD/ton, that for all higher uranium 235 enrichments 

up to yfo and higher burn-ups the residual value of fuel exceeds 50 

dollars per kilogram. 

In conclusion, it will be clear that one is not justified to 

speak in terms of "allowable" reprocessing costs. For each reactor 

design an economical optimum will have to be calculated. Keeping the 

fuel fabrication or refabricatlon together with fuel working capital 

and replaceable core cost as constants for a given reactor the achieved 

burn-up and the price for the recovered products will dictate the 

choice of the fuel cycle, rather than the cost in mills/kwh. 

Before leaving the throw-away cycle it may be of interest to 

list the savings obtainable by throw-away and the added costs due to 

thrcw-away. (6). 

Savings are: 

a) Shipping cost irradiated fuel. 

b) Inventory charge while cooling fuel. 

c) Decontaminption cost including waste disposal. 

d) Conversion charges from nitrate to saleable or reuseable 
product. 

e) Any incremental fabrication coses due to residual radio­
activity , 

f) Reduced U236 load on the diffusion cascades. 

Additional costs are: 

a) Loss of value of residual uranium. 

b) Loss of value of plutoniura. 

c) Loss of fission product and higher transuranium sales 
other than ?u. 

d) Cost of disposal of fuel elements. 

1 J-, 
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5, REPROCESSING COSTS 

Reprocessing costs of irradiated material can be subdivided in 

shipping costs including insurance, storage both at the reactor site 

and at the reprocessing plant, radiochemical separation costs, waste 

storage and disposal costs, conversion of nitrates to saleable or 

reuseable products and inventory charges. 

5.1. Transport costs 

In an earlier lecture in this course (7) various means of trans­

port of irradiated fuel have been discussed. As an example the ship­

ment of fuel over some 1000 km, irradiated to 10000 MWD/ton and a cool­

ing time of 100 days at the reactor site has been mentioned. Assum­

ing the transport will be carried out in casks with a ratio of 1:50 

for fuel weight and weight of the cask, the costs in Europe will be 

somewhere between 1.00 dollar and 1.50 dollars/kg irradiated fuel, 

representing, again depending upon the burn-up, 0.02 - 0.1 mills/kwh. 

In any case, it may be concluded that the shipment of radioactive 

material over moderate distances does not contribute significantly 

to the power costs and large, multipurpose reprocessing plants may 

b3 envisaged, as soon as legal and administrative difficulties for 

the transports of large amounts of radioactive material have besn 

overcome. 

5.2. Storage costs 

The se'̂ ond lecture of Rometsch (7) dealt with the storage ponds 

for irradiated fuel, both at the reactor sice and at the reprocessing 

plant. As these facilities are integrated parts of either the reactor 

or the reprocessing plant, the storage costs are usually first cal­

culated as either lease or inventory charges of the nuclear material 

involved. The capital and operating costs of the storage ponds ere 

included in the total costs of reactor and reprocessing plant. 

5.3« Radiochemical separation costs 

Various methods for separating uranium and plutoniura from fission 

products have been discu'̂ sed in delail during this course (8,9) • As 

has been pointed out above, the needs for reprocessing irradiated 

material are difficult to estimate due to the variation in types of 

fuel and the different burn-up achieved. The experience in the U.S.A. 
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with the Idaho Chemical Processing Plant, as well as with other 

facilities like those at Hanford, Savannah River and Oak Ridge has 

shown that the reprocessing plant cost is relatively insensitive to the 

type of chemical process and that the important variables in unit cost 

may be chemical plant capacity and fuel burn-up (10). Figure 1 shows 

the dependance of investments for a reprocessing plant on the daily 

capacity. Figure 'e. shows the aependanee of annual operating costs on 

the daily capacity. 

Although these figures have been published some years ago, it 

is generally accepted that reprocessing of irradiated material in small 

plants will not become economical. Consequently, it is not foreseen that 

in the development of a nuclear power program reprocessing facilities 

will be attached to the individual stations. The cost studies are 

based on the use of solvent extraction as the main separation process. 

As there are no comparable plants based on different processes in 

operation yet, our discussion will be limited to the use of so-called 

aqueous reprocessing methods. A cost comparison between the different 

decontamination cycles will be the subject of the forthcoming lectures 

in this course (11,12). 

The following conclusions have been drawn from figures 1 and 2 (10): 

1) To achieve chemical processing costs (products as nitrate solutions) 

of less than 0„5 mills/kwh of electricity, a radiochemical 

separation plant will ha/e to process fuel from 6000 - 10000 MW of 

installed reactor electrical generating capacity, or as much as 

^0000 lyw of heat at 25^ thermal efficiency. At 4000 MWD/t, the 

chemical plant would therefore have to process the equivalent of 

10 tons of natural uranium per day. Making allowances for variation 

thermal efficiency and the inaccuracies of the study, it was con­

cluded that a cheraical plant of less than 5 tons/day capacity at 

an average burn-up of 4000 MWD/t could not yield processing costs 

of less than 0.5 mills/kiArh. 

2) A.Tiortization of capital and relatively fixed operating charges will 

make up most of the cost of operation. Therefore, a radiochemical 

plart should operate with a high on-stream effTciency. 
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3) Because of the diversity of the types of fuel being developed, it 

was further concluded that a large radiochemical plant should be 

a multipurpose facility, one in which it would be possible to 

process fuel from different types of reactors within an economic 

shipping radius of the chemical plant. 

The diversity of the types of fuel is complicating the dissolution 

process and asks for several head-ends as has been pointed out durijog 

this couise (13). The high percentage of fixed charges in the cost of 

operation is reflected in the cost figure for reprocessing of irradiated 

material of the U.S.A.E.C. Originally set at 15f300 dollars per day 

plant operating cost, it has been recently increased to l6j260 dollars 

per day plant operating cost. The basis for this figure has been the 

operating costs of a hypothetical plant inside the U.S.A. treating 1 

ton per day of natural or slightly enriched uranium. It is, however, 

doubted if this figure is a realistic one (17). The uncertainty of 

the reprocessing costs may be Illustrated by comparison of the invest­

ment costs of some U.S. installations: 

TABIE 3 

Investment and operating costs of some existing facilities in the U.S.A. 

Capacity 

Hot Semi Works, Hanford 200 kg/da; 
nat. U 

Investment cost 

Dollars 5*10 

ICPP, Idaho 

Metal Recovery Plant, 
Oak Ridge 

Thorex pilot plant 

X) 

x) 1200 kg/day-
nat. U 

500 kg/day 
nat. U 

400 kg/day^ ̂ 
nat. U 

19'10 

I'lO 

1,5-10" 

6 

Operating cost 

Dollars 73000/month 

" 263000/month 

60000/month 

80000/month 

xx) 

The Idaho cheraical processing plant can process high enriched fuels 

and has no plutoniura recovery facilities. The mentioned 1200 kg 

natural uranium per day is a potential capacity. 

The Thorex pilot plant can process irradiated thorium fuels and 

has no plutoniura recovery facilities. The mentioned 400 kg natural 

uranium per day is a potential capacity. 

The facilities, meiitioned in taW.e 3* with xhe exception of 

the Idaho plant are not equipped with several head-ends, which might 

be an explanation for the large difference in investment costs. To 
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arrive at a better cost comparison among the four plants, Schwennesen 

(l4) based the investment costs as a function of the amount of shielded 

process area or process cell volume since such an area or volume 

represents the basic nucleous of plant. As can be seen from table 4 

the investment costs are quite comparable taking into account the 

different locations of the plants, the different duties ard the numbers 

of ausiliaries. 

TABIE 4. 

Comparison of investment costs on basis of plant size. 

Hot Metal 
Serai-Works ICPP Recovery Thorex 

Comparative 
Investment Cost ^5*000,000 ^19,000,000 ^1,000,000 ^1,500,000 

Total Volume, cu.ft. 
Radioactive Process 71*000 247,575 19*700 32*400 
Areas 

Comparative Cost 
^/cu.ft. Process ^ 70 ^ 77 ^ 51 ^ 46 
Area 

Total Area, sq.ft. 
Radioactive Process 2,480 9*775 784 900 
Areas 

Comparative Cost 0 2,020 ^ 1,940 ^ 1,280 0 1,670 

The projected cost of a multipurpose reprocessing pilot plant in 
6 

Belgium with a cppacity of 350 kg natural uranium/day is 10.10 dollars. 

This facility will be equipped with several head-ends to meet the needs 

for reprocessing of irradiated natural and slightly enriched uranium 

in Europe. As it will be difficult to draw another conclusion from 

the above-mentioned figures, than a great xmcertaiiity in the cost 

although it is obviously quite expensive, one of the main objects with 

the European facility is to obtain better founded cost data for the 

evaluation of an industrial reprocessing plant in Europe. 

5.4. Waste storage and disposal costs 

It is well known that the reprocessir.g of irradiated fuel cr-eates 

a numbnr of proDlems by the necessity of the treatment and disposal 

of radioactive effluents. Although the disposal of fission products 

and other radioactive wastes has not been the subject of this course, 

any discussion on reprocessing costs wouM be incomplete without 

some consideration of the radioactive waste problem. 
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The highly active effluent, originating from the first separation 

step has to be stored. It is still an open question in which form 

these large amounts of fission products can be stored in a safe and 

cheap way. Utilizing the aqueous processes like Purex, the amount 

of highly active effluent is approximately 3 liter/kg U, which is at 

present in most cases stored as concentrated nitric solutions in 

stainless steel tanks. The minimum cost of this type of storage is 

7 cents/liter (15) but other estimates (l6) are more than double this 

amount, although still negligible in percentage of the total fuel costs. 

The increasing amouint of stored highly radioactive liquid waste once 

a nuclear power program has been developed is not a final solution to 

this problem and large efforts are made to come to a satisfactory solu­

tion for the solidification of this type of radioactive waste. 

While the principle applied to the disposal of high active 

liquid waste is concentration and storage, two different methods caa 

be used for medium and low active wastes. The large volumes of low 

active waste make concentration and subsequent storage very expensive 

and dilution and dispersion is used in many cases. The same procedure 

may be done with mediur.. active waste, decladding solutions, after 

intermediate storage for decay. The possibility of dilution and 

dispersion requires the presence of sufficient water in which the 

radioactive w^ste can be released. 

As a result most reprocessing facilities are built in the neigh­

bourhood of large rivers or at the coast. In the last years health and 

safety regulations predict however, the steady control over radioactive 

waste and release is limited to very strict regulations. Under these 

circumstances, the treatment of low active and definitely of medium 

active wastes becomes necessary and will add appreciably to the cost of 

reprocessing of irradiated material. 

As an illustra-bion may be mentioned that the invastment costs 

of the !.'aste disposal facilities of the Idaho reprocessing plant amount 

to 8 million dollars. Due to location of this fa-jility possibilities 

of release are very limited. The same difficulty, but for different 

reasons, is faced in Belgium, where the density of the population 

prohioits any excessive release of radioactive waste. The projected 

cost for waste treatment and storage facilities for this facility is 

approximately 2 million dollars. It is rather difficult to estimate 
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the operating cost for additional treatment of low and medium active 

waste as the amount will highly depend on the fuel type which is 

reprocessed. 

A further problem is the release of gaseous waste. Normally, 

reprocessing planta are located in remote areas where release to the 

atmosphere does not meet pexticular difficulties. Reprocessing 

plants in densely populated areas will have to be provided with 

additional auxiliaries for proper containment of gaseous radioactive 

waste, again adding to the total cost for reprocessing of irradiated 

material. 

5*5- Conversion of nitrates to saleable or reuseablu products 

The conversion of uranyl- and plutonium-nitrate to UOp of UP^ 

and Pu-metal will be described in detail in a further lecture of this 

course (11). A charge of 5.60 dollars per kg. of uranium has been 

published by the U.S.A.E.C. for the conversion of uranylnitrate to the 

hexafluoride and a charge of I5OO dollars per kg. of plutoniura for the 

conversion of the nitrate to plutonium-metal. 

6. SUMMARY 

Prom the rest values of irradiated material, we concluded a 

reprocessing cost not exceeding 50 dollars/kg irradiated material to 

keep radiochemical separation still an interesting economical proposi­

tion. 

Today reprocessing costs will amount to: 

1) Transport costs (incl. insurance) dollars: 1.50/kg 

2) Storage costs, inventory charges 
4^ per annum (minimum 120 days) 
2$ U235 material " 3.00/kg 

3) Radiochem.ical separation costs 

(AEC-figure) " l6.26/kg 

4) Waste storage and disposal costs " 2.50/kg 

5) Conversion of nitrates, dollars 5«6C/kg U 
(4 g Pu/kg U) 6.00/kg U " 11.60/kg 

Although the final figure looks rather promising, it should be realized 

that the transport costs may be appreciably higher due to safety 

regulations, necessity of escort and insurance. According to a recent 
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publication (17) the real separation- costs may be 2,5 times the 

published UoS.A.E.C. figure and finally the cost of waste storage 

wil3 be dependent upon the nature of decladding solutions, the salting 

out agent used and the location of the plant. 

However, it seems to be possible to keep reprocessing costs with-

ixi 30 dollars/kg uranium, provided an optlmxim can be reached as regards 

plant capacity and a satisfactory solution for the waste problem can 

be realiJied, Piarther x'ec-earch to limit the waste volumes, either by 

impi'ovlng tte existing methods or by deve.lopment of new oxies is necessary, 
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FUEL CYCLE COSTS 

by 

S, Aas, 

1« Introduction. 

The title of this lecture is Fuel Cycle Costs, This cost is 

only part of the total power cost, but has been so limited in order to 

remain within the scope of this course. Fuel cycle costs constitute 

for present water cooled power reactors about 30 % of the total power 

cost. It would therefore be unproper to embark directly upon a treatise 

on fuel costs without first, at least briefly, also consider the 

remaining 70 %» In this lecture we will consequently first discuss 

total nuclear power cost from a more general point of view before the 

actual presentation of fuel cycle costs is given. This particular 

discussion is by no means meant to be anything near comprehensive but 

is merely Included in order to place the topic of this lecture in 

a wider context, 

2. Nuclear Power Costs. 

Nuclear power costs can be said to be represented by the sum 

of three items? capital charges, fuel cycle costs, and operation and 

maintenance (including insurance). 

There are a number of factors which affect actual figures for 

these items. These factors can be of technical, econom.ical and even 

political nature. As an example can be mentioned that the fixed charges on 

capital investment is around 15 % in the US and in most European 

continental countries, while %% is normal in Great Britain. Further 

examples are the differences that exist, certainly between nations 

and may be even between different distric+s within the same country, in 

equipments cost, labour rates, efficiency, overhead rates, accessability 

of low interest, governmental funds etc, 

^iP It will be understood that widely different cost figures may 

result for identical reactors depending upon the local conditions and 

practices. Published cost figures should therefore be approached with 

! 
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cautionsness unless the exact method of calculation or a detailed 

break-down of the total costs is published as well. 

It should also be realized that it is only recently that 

reasonably good cost data have become available for second generation 

reactors in which experiences from prototypes and general progress of the 

art have presupposedly been utilized. Cost data for prototypes can still 

be at fault by a factor of 100 % or even more. Earlier prophesies 

of nuclear power costs are therefore likely to be wrong and appear 

to be exclusively on the optimistic side. 

Published specific capital investment costs for prototypes (l) 

are about 1000 dollars/kw for the smaller EBWR, while the larger PWR 

(second core), Yankee and Dresden have a specific capital investment 

cost of about 800 dollars/kw, 400 dollars/kw (estimated) and more than 

230 dollars/kw respectively. AEC's estimates'for 300 Mwe light water 

moderated plants is 320 dollars/kw, (2) Conventional steam-electric plants 

of the same capacity were built with an investment cost of about 15O 

dollars/kw in 1955. We see that capital costs for nuclear power plants 

are appreciably higher than the cost for conventional power plants. 

There are two conclusions we can draw from this. The first one 

is that in as much as at least 60 % of the power cost stems from capital 

charges, there is a strong incentive for development work aimed at 

lowering the capital cost. This is certainly a sweeping statement as it 

embraces the major part of the development work that is being carried 

out in all fields with power reactors. Nevertheless, it might be useful 

to emphasize this as an always present conciousness of this situation is 

not necessarily a virtue of those engaged in this field. As one single 

specific example of how capital cost can be cut, is mentioned more 

extensive use of the less expensive carbon steel instead of stainless 

steel. The second conclusion is that as it can be argued that the 

capital costs for a nuclear power plant will always remain higher than 

the costs for conventional plants, thus the only way nuclear power can 

be competitive is that fuel cycle cost is correspondingly lower. 

Fuel cost m coal and oil fired power stations in the US and 

England appears to be approximately 3 •- 4 mills/kwh. This is then 

the immediate goal for nuclear fuel costs. 
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The total cost from conventional plants is 7 " 8 mills/kwh 

in high cost areas in the US. And this would be the immediate target 

to meet for overall nuclear power cost» 

Published figures (3^4,5) for fuel cycle cost for operating 

water cooled power reactorsj and for reactors under construction show 

that this cost varies considerably but is alone near to or even 

above the overall power cost from conventional power plants, or ^ - 9 

mills/kvjh (as high as 22 mills/kwh for Shippingport)» In comparison it 

can be mentioned that fuel cost from the British Calder Hall reactors 

is about 2 mills/kwh. 

Pig. 1 givea the essentials of a recent assessment by AEC regard­

ing power reactors economics for plants is building starts to-day and 

for to-morrow's plants (2,5,6), 

One should note the low fueling cost envisaged for the heavy water 

moderated reactoi' (Canadian). We will return to this in some detail 

later. 

Fig. 2 shows the power cost for the various reactors as function 

of capital charge rate. We note here how a low rate favourizes gas 

coded reactors of the British type and the D O natural uranium reactors* 

The shaded areas represent the gap which is expected to be closed through 

the development work now being carried out. 

3» Fuel rycle Costs. 

It has previously been pointed out that if specific capital in­

vestment for nuclear power reactors remains higher than that for con­

ventional power stations, the only way nuclear energy can become com­

petitive is by having lower fuel costs. It has also been shown that 

such is not the case as of to-day, despite the fact that the energy con­

tained in ome gram of natural uranium is extremely high compared with 

the energy in one gram coal. Tne reason for this is well known, the 

uranium has to be processed, canned and i'eprocessed and these operations 

together with the inventory charge add significantly to the fuel cost 

(usually expressed per kg fuel)» 



VII. 4 

In the following paragraph the various steps in the fuel cycle 

will be presented and discussed briefly. In a later paragraph the effect 

on cost of various fuel element design variables vj'ill be reviewed. 

Pig, 3 shows scematically the various steps in a fuel cycle for 

low enriched uranium dioxide fuel elements» A natural uranium cycle 

would not have the UP^ step and dependent upon the specific reactor 

conditions, the reprocessing of spent fuel may and may not be included. 

Since UOp is almost universally adopted as fuel for water cooled 

reactors, we will ass\ime that this is the fuel used. 

The costb of the varioiis steps in the fuel cycle as presented in 

fig. 3* can be summarized as follows; 

1. Net fuel materials cost (Burn-up cost). 

2. Fuel fabrication cost. 

3. Reprocessing cost, 

4. Inventory charges (including eventual base charges). 

5. Structural elements to be replaced per core. 

The methods of evaluation of these factors follow reference 7« 

This cost is determined by the value of the uranium in fresh 

fuel including the processing losses minus the value of the uranium in 

the spent fuel minus the credit given for the plutonium recovered. 

If natura] uranium is used, the uranium value can be obtained 

by quotations from commercial or other suppliers of UO -material. The 

cost of such material varies slightly, A fair price would be about 

30 - 35 dollars/kg. 

Enriched material is normally only obtainable through AEC, i.e. 

from a US source. It is customnary to use the AEC price list for such 

material and this list is included in table form as fig, 4. Shipping 

cost must eventually be added. 

The value of spent material uranium fuel is usually nil. The 

value of recovered uranium in the enriched case is dependent upon 

burn-up (MWD/ton) and initial enrichment. Again the AEG Uf price is 

normally used for the actual content of U 235 left, (Conversion of UO-
d 

to UP-- during the reprocessing cycle is part of the reprocessing cost). 
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The value of the plutonium formed has been much discussed, AEC pays 

12 dollars/gram for this material, which may and may not be recovered 

in case natural uranium is used* It is, however, debatable whether 

plutonium has such a high value at higher burn-ups, 10000 MWD/ton 

or more, because of the appreciable quantities of the non-fissile 

Pu 240 which is formed, 

22.ii§i»»?y2i»IS-Ei22'Si2B,-22Si§i 

The fuel fabrication costs are made up of the stim of the following 

factors: 

a. Conversion of UP^ to UO^ (for the enriched case) including 

freight to site of fabrication, 

b. Fabrication of U0„ pellets (fabrication losses are included in 

the value of the fresh fuel). 

G, Fabrication, 

d. Shipping of fresh fuel. 

Conversion of UP^ to UO^ is to-day done by commercial firms. The charges 

paid is dependent upon quantity and enrichment. 

Firm bids from one supplier states 25.20 dollars/kg U0_ for 

smaller batches (less than one ton), 1,5 % enriched. This figure falls 

to around 15 dollars/kg UO- for ton-lots, (13,45 dollars/kg for 5 tons). 

For 3*5 ^ enrichment the conversion cost is 17.40 dollars/kg for ton 

lots. Another supplier quotes 35 dollars/kg for smaller lots of 1.5 % 

enriched UO^. It is doubtful that the conversion cost will drop 

substantially below the 13*45 dollars/kg cited above. 

Fabrication of UOp pellets is a massproduction process and thus 

amenable to the standardization and automation tectaiques typical for 

such processes. Fabrication of UOp pellets ought to be a relatively 

cheap step. 

With the equipment and experience available today, it should 

also be possible to produce pellets within satisfactory dimensional 

tolerances directly, i.e. without grinding. Grinding may nevertheless 

be Q useful operation if the inner diameter of the canning tubes vary 

too much, which is often the case. 

file:///1I.5
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The unit cost of pelletizing is dependent upon the diameter of 

the pellet, while the cost per pellet is practically constant. On the 

basis of the experience of this institute a direct cost per pellet of 

0,20 - 0,30 dollars is definitely possible in plants with moderate re­

search and development charges (based on European labour costs). To 

the mentioned price must be added charges for reprocessing of rejects from 

the sintering process, A reasonable charge would be in the reange 5 ~ 10 

dollars/kg depending upon lot-size. 

With pellets of a diameter of about l/2" and 3/4" length, a 

reasonable pelletizing cost becomes? 15 dollars/kg - 30 dollars/kg. 

In corapai'ison can be mentioned that firm bids fi^ora a commercial 

supplier run arotmd 50 dollars/kg fob New York for a 250 kg lot 1,5 ^ 

enriched material. This appears to be excessive. 

Fabrication costs include canning materials, fixtures, plugs, 

assembly, inspection etc. This cost is dependent upon canning material 

is used (zircaloy, stainless steel), the design of the fuel element 

and the amount of inspection which is deemed necessary. Actual 

figures are thus dependent upon reactor design, they may reflect lack 

of performance experience, e,g.» whether thought of difficulties are real 

ones and whether say ten per cent failures in the reactor can be tolerated 

or a failure rate of only a hundredth of a per cent is maximum. 

Due to this lack of experience and with possible hazards in mind, 

fuel element designs tend to be conservative, this means increased 

costs. 

For the same reasons mentioned above, inspection costs are very 

high. This concerns inspection of incoming canning tubes and other raw 

materials as well as running process control. (Estimated cost; 10 

dollars/kg.) It is not the intention to discuss the effect of design 

variables on fabrication costs at this point ap these will be reviewed 

later. Vie will therefore limit ourselves to giving a few base prices as 

they appear in the literature or as quoted by cominercial firms. 

Regarding canning materials, little confidence can be placed 

on IJric figures quoted in the literature as they definitely seem to be 

future figures. Figures around 4o dollars per kilogram zircaloy-2 

tubing are often found, while firm bids from commercial suppliers 

run from 60 - 80 dollars/kg for ton-batches, Cautionsness is definitely 

recommended. 
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High quality stainless steel tubes have been produced for a 

long time and the prices quoted ai'-e fairly reliable. For wall thick­

nesses arotmd 0.20 - 0.50 mm the tubing prices do not vary with diameter 

and wall thickness. This means that prices quoted per unit weight should 

be used v/ith care, while prices per unit length are more convenient. 

Three dollars/meter is in the high range. Welding cost, assembly cost 

etc. are difficult items to assessj dependent as they are on design, 

technique etc. and will not be discussed in detail. It may be more 

interesting to look at the total fabrication cost. This cost including 

pelletizing cost and is usually given in dollars per kilogram contained 

uranium or uranium dioxide. 

AEC guarantees Euratom countries 100 dollars/kg for stainless 

steel canned fuel elements and l40 dollars/kg for zircaloy-2 canned fuel 

elements. It is very difficult to know to which degree these latter 

costs are realistic or not with to-day's experience and amounts produced. 

What is clear, Lovrever, is tnat this cost is excessively high for any­

thing near economic povrer production. Figures as low as 40 - 60 dollars 

appear to be desirable in the near future (8,9,10). Whether this level 

can be reached is dependent upon larger production voliunes, more reactor 

experiencei simplification of design, cheaper rav^-materials and optimi­

zation of operation variables like heatflux, heat rating etc. for the 

reactor and fuel element in question. 

It can be mentioned that the second fuel charge to the Halden 

reactor, 2 tons 1.5^ enriched UO in zircaloy-2 is delivered for around 
2 

125 dollars/kfc,, not including the UF̂ - cost. It is not known to what 

degree this unit cost is "commercial". These fuel elements have been 

described in detail in a previous lecture in this course (11). The 

spiking elements previously described (12), were produced at a cost 

of about 36 dollars/kg. 

i ' .J 
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3.2.3- Reprocessing costs. 

The reprocessing costs are made up by the sum of the following 

components; 

a. Shipping of spent fuel. 

b. Recovery of U and Pu nitrate from UOp. 

c. Conversion of U-nitrates to UF^. 

d. Conversion of Pu-nitrate to Pu metal. 

e. Recovery of Pu and U scrap. 

Reprocessing costs have been discussed in detail in a previous lec­

ture (13) and will not be considered further here. We should note, 

however, that reprocessing costs per se make up maximum 10^ of total 

power costs. 

3.2.4. Inventory charges. 

The inventory charges are the interest to be paid on the capital 

needed for purchase of the first fuel loading, (including insurance and 

eventual taxes). This interest will have to be paid for the period the 

first fuel charge remains in the reactor. The actual charges are thus de­

pendent upon burn-up as well as the rate of interest. 

Another way of considering the inventory charges, is by capitalizing 

only half of the fuel that is in the reactor as it can be argued that 

the fuel earns its replacement "-alue while in the reactor. 

Inventory charges can also be considered as fixed charges as they 

are Independent of the plant use and should be included in the capital 

cost and not in the operating expenses. When comparing nuclear fuel cost 

with conventional, inventory charges should not be added to the fuel cost 

if local practice considers expenses on central oil or coal inventory as 

fixed charges. 

The AEC lease-charges are only applicable for U.S. consumers. 

3.2.5. Structural parts to be replaced. 

This cost is dependent upon reactor design and operation. If the 

whole core is changed at the same time, new fixtures and fastenings will 

have to be supplied along with the new core. This may also mean replace­

ment of instrtiments and control rods. With the reference reactor design 

described in ref. 7 this cost amounts to 2 dollars/kg fuel or only 

0.03 mills/kwh. 
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2^2.6 fu2i_22'2i2«22§i„2-S§>2&2ESX-225ii. 

In order to determine the energy cost, the various component cost 

(dollars/kg fuel) is merely divided by the average burn-up (kwh/kg fuel) 

times the plant efficiency. The total contribution to the energy cost from 

the fuel costs is then the sura of the components. 

Regarding the relative importance of the various factors, published 

estimates show that fabrication costs and bum-up costs alone account for 

about two thirds of the total fuel cycle costs (l4,15). 

Examples of fuel cycle costs are shown in table form as fig. 5. 

It has previously been stated that the fuel cycle costs range from 

4 to 22 mills/kwh for to-day's plants, while about 2,7 mills/kwh is 

average in the U.S. for conventional power plants. 

The AEC estimates for plants if building started to-day was 

3.4 mills/kwh, as mentioned. It is clear that present day fuel cycle 

costs will have to be cut by a factor of 2 - 3 at least in order to get 

down to about 2 mills/kwh, which is necessary taking into consideration 

the higher capital costs for nuclear power reactor̂ =i. The Canadians 

claim that they in their Candu reactor will have a fuel cycle cost of 

no more than 1.32 mills/kv;h. (See fig. 5), This is achieved by using 

a relatively simple fuel element design with consequent low fabrication 

costs, by utilizing natural uranium (heavy water reactor) and by no 

reprocessing of spent fuel. For further details is for example referred 

to reference lo, 

It has been assumed that with improved fabrication techniques and 

larger through-puts, at least the fabrication cost will come substantially 

down. Although reductions are likely, it may be doubtful that these 

reductions are so substantial that they will reduce the power cost 

appreciably. It should be remembered that only 10 - 15 ̂  of the total 

power cost stem from fabrication costs, whicn means that with a highly 

efficient fuel element factory a reduction in total energy cost of 

perhaps only 0.3 ' 0.4 mills/kwh can be envisagea. (2,l6). 

Additional reductions are possible when more experience has 

accximulabed so that for exemple optimization of design variables can 

be done with greater confidence. The trend-effects of design variations 

will be discussed next. The presentation will closely follow reference 
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4, Influence of Fuel Element Design Variations on Power Costs. 

The design variables of particular interest are enrichment, 

burn-up, heat rating, surface heat flux, canning material. Only a 

few of these are independent variables. It is therefore important to 

know how they affect each other before an optimum design with regard 

to minimum fuel costs can be arrived at. In comparing fuel elements 

where design factors have been varied it is necessary to refer to the 

same reactor. This is necessary as factors like size, temperature, pressure 

etc. all will appreciably affect total power costs. Where fuel element 

design variations might influence reactor lay out for optimum conditions, 

this will naturally be indicated. The conclusions in following 

discussion is based upon calculations for the Advanced Pressurized Water 

Reactor which is described in ref. l8. Let us make a discussion of 

possible canning materials our starting point. 

Stainless steel and zircaloy-2 are the two canning materials 

which have proven themselves technically feasible in water cooled reactors. 

Certain aluminium alloys are still no more than promising. The choice 

between the two materials has been debated for a long time and various 

companies have decided for one or the other (PWR and Dresden with 

zircalo5-2. Savannah's reactor and Yankee have stainless steel cladding.) 

The economic consequences of an imp-̂ oved neutron economy with zircaloy 

as opposed to the lower fabrication cost with stainless steel are very 

difficult to evaluate as they must be based on calculated reactivity 

life time and rather uncertain fabrication costs, A final answer can 

therefore not be given to-day. However, under specific assumptions regarding 

these factors, and others, as we will see, we know enough to draw certain 

conclusions, 

A group under the direction of M, Benedict has evaluated the 

merits of zircaloy and stainless steel in a much cited study (e.g. 19,20), 

For a watercooled reactor, the specification for which is given and by 

using the l40 dollars/kg and 100 dollars/kg in fabrication cost for 

zircaloy and stainless steel previously reported, the conclusion is 

that zircaloy offers an economic advantage at bum-ups greater than 

about 12000 MWD/ton, The initial cost is lower for stainless steel 

and short exposures favour this material. Extended exposure will 

reduce the fabrication charges and increase the relative contribution 

of the burn-up cost to the total fuel cycle cost. Thus, long exposures 
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will tend to favourize zircaloy. The break-even point was, as mentioned, 

12000 MWD/ton under the specific circumstances, which assumed among other 

things, the same specific power (kw/kg fuel) for the two cases, (Part 

of the results have been plotted and appear as fig, 6.) 

Rickert (17) point out, however, that specific power must also 

be considered. 

Increasing the specific power means smaller diameter fuel rods 

to keep the centre temperature below a specified maximums Fabrication 

cost will increase with decreasing diameter. This increase is offset 

because the inventory charges are reduced. This reduction comes about 

because increased specific power shortens the core life in years and 

increase the energy obtained per kilogram per year, the average bum-up 

and enrichment having been selected. The conslusion is that with all 

other conditions fixed, there is an optimum specific power for minimum 

fuel cost. This is illustrated in fig. 7, 

Rickert also shows that as the bam~up is increased, so is the 

optimimi specific power. Since the average burn-up is increased by 

increasing the enrichment and since zircaloy utilizes lower enrichment, 

zircaloy clad fuel should be designed for lower specific power than 

stainless steel clad fuel in order to achieve optimum fuel cost. 

The immediate conclusion is that a comparison between the two fuel 

mater>ials at fixed specific power is very likely to be misleading. The 

optimum specific power for the two cases is shown in fig, 8, We see 

the optimum specific power for stainless steel is about twice that of 

zlicaloy. In order to obtain cost figures under these new circumstances, 

we will have to assign fabrication costs for the two materials. If the 

same costs as before are used (100 dollars/kg and l40 dollars/kg) the 

fuel costs at constant specific power and optimum specific power as 

function of average turn-up are as shown in fig. 9» The break-even 

point is at about l4000 MWD/ton in the former case, in good agreement 

with (19)* while in the latter case stainless steel appear to be the 

cheapest one as the design burn-up is increased above a certalu (low) 

level. 

This conclusion is based upon estimated fabrication costs. One 

should theî efore be cautious in drawing further conclusions, as the 

break-even cost of zircaloy increases rapidly with increasing fabrication 

cost for stainless steel under the same optimum conditions. Again we see 

i H •̂j 
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that realistic fabrication costs are badly needed. 

In this context it is interesting to note that General Electric 

who made their Dresden reactor fuel elements with zircaloy, is now 

recommending stainless steel (21). This decision might have its cause 

in the cracks discovered in the zircaloy used for the Dresden elements 

or doubts regarding the integrity of zircaloy-2 at high burn-ups (22). 

The switch is nevertheless worth noticing also in light of Rickert's 

results. 

The higher optimum specific power for stainless steel also means 

that for a given average b\irn-up, a core with stainless steel will attain 

optimum fuel cost at a higher total power out-put. Or if the total power 

out-put is constant, a core with zircaloy would be larger than one with 

stainless steel for optimtun fuel cost. In either case the capital costs 

would be lower for the stainless steel case at fii-st approximation. One 

should realize, however, that the surface heat-flux increases vjhen the 

specific power is increased. The limiting factor will finally become 

burn-out. Burn-out is also function of coolant pressure, flowrate and 

temperature, thus the entire primary circuit becomes affected. The final 

consequences of this has not been evaluated. 

Finally it is added that since stainless steel is a high neutron 

absorbing material, there is a strong incentive for reducing the stainless 

steel cladding thickness. In further development work deems this 

possible, the future appears even brighter for stainless steel, as 

comparatively little is gained by reducing zircaloy cladding thickness 

in reactors utilizing enriched material. 

If natural uranium is decided upon (Canada), zircaloy is the only 

technically and economically feasible canning material to-day. In the 

Canadian case even aluminium has been ruled out at longer exposures for 

neutron economy reasons. If slightly enriched is material used, aluminium 

can still only be considered a promising material. The fabrication 

costs are about equal to those of stainless steel and the neutron 

absorption considerably lower. The disadvantage is the low mechanical 

strength at 200 - 300 C, This can at least partly be compensated for 

by using finned material. This naturally means more canning material 

in the core. Another disadvantage is the high corrosion rate, which 

is 0,10 - 0.15 mm/year at 260 C in pressurized water, and maximum 
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0.45 mm/year in boiling water at the same temperature for the 1 - 2 ^ 

Ni alloys. With 11 kw/kg specific power and 15000 MWD/ton average 

bum-up we have a core life of more than 4 years. This means a 

canning thickness of about 2.6 ram compared vjith about 0.7 mm for zircaloy 

and 0,3 for stainless steel under comparable conditions. This means that 

the total absorption of neutrons in the reactor, would roughly be in 

the proportion l!6:9 for zircaloy, aluminiiim., and stainless steel 

respectively. In boiling vfater reactors aluminium does not offer any 

economic advantages over stainless steel due to the high corrosion rate 

with to-day's alloys. 

Regarding average burn-up in general, it Is well recognized that 

a high burn-up will reduce the fuel cycle costs. This is due to the fact 

that an increase in bum-up, or increase in energy produced per ton fuel, 

reduces the contribution per unit energy of all the costs vrhich is 

dependent upon the amount of fuel contained (e.g. fabrication costs, 

reprocessing costs etc). 

Increasing the burn-up will eventually mean higher enrichment and 

the increase in cost due to this factor will finally off-set the reduction. 

Another question is vrhether the long life in the reactor will threaten the 

integrity of the fuel element. In a few experiments, UO has been 

irradiaced to 50000 Mi/ID/ton, Thus- a local maximum burn-up of 25000 MWD/ton 

appears to be a safe one to use today. In order to increase the average 

burn-up, flux flattening over the core as well as along the element 

itself is an important factor, effective in reducing the fuel cycle cost. 

Summary. 

Summarizing it can be stated that energy from water cooled power 

reactors is not competitive with energy from conventional oil and coal 

fired plants. This is due to higher capital and fuel costs, which make 

up around 60 % and 30 % respectively of the total cost. 

As a consequence of the high capital costr, development work aimed 

at lowering these costs is highly important. 

There are reasons to believe that capital costs for nuclear reactors 

viill always remain higher than capital costs for conventional plants. The 

only way nuclear energy can become competicive is therefore by operating 

with lower fuel costs. To-day these rang3 from 4 - 2 2 mills/kwh, while 
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a figure less than 2 mills/kwh is necessary. Of the fuel costs, 

fabrication cost and reprocessing cost make up about two thirds. These 

are industrial processes, and there should excist possibilities for 

substantial improvement in the future through bettering of techniques 

and through larger volumes produced. 

Further advances must be sought through improvement in design and 

in optimization of design variables. 

With present day fabrication cost figures, stainless steel appear 

to be the most economic canning material for slightly enriched reactors. 

Reactors utilizing natural uranium have to-day no choice but zircaloy. 

With more experience fuel elements which permit higher specific 

power, and higher heatfluxes up to higher burn-ups may be developed. This 

will reduce the fuel cost as well as the capital cost. 
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PWR BWR OIVIR SGR GCR 

A l C pred ic ts these nuc lear p o w e r costs f o r t o m o r r o w ' s 3 0 0 - M w e p i a n t s . 
Total capital cost ($10') 
Power costs (mills/kwh) 

Capital charges 
Fuel cycle** 
Operation and maintenance 
Nuclear insurance 
Total 

64.0 54.5(58.5)tt 53.2 

4.40 
2.56 
0.59 
0.25 
7.80 

4.31 (3.91)tt 
2.29 (1.96) 
0.61 (0.61) 
0.24(0.23) 
7.45 (6.71) 

3.53 
1.83 
1.09 
0.22 
6.67 

67.1 

4.47 
2.00 
0.70 
0.25 
7.42 

69.5 

4.63 
2.62 
0.49 
0.24 
7.98 

. . . i f these d e v e l o p m e n t e x p e n d i t u r e s a r e m a d e d u r i n g 1 9 6 0 - 1 9 7 0 C$10") t 
Research and development 27t 59$$ 72 84 107 
Gross construction 126$ 136 104 165 121 
Net construction§ 65 66 38 99 52 
Total gross 153$ 195 176 249 228 
Total net 92$ 125 110 183 159 

Same size p ion ts bu i l t t o d a y w o u l d h a v e these c o s t s . . . 

DjO 

88.6 

5.80 
1.21 

•0.91 
0.28 
8.20 

90 
193 
106 
283 
196 

FBR 

65.0 

4.43 
1.99 
0.79 
0.25 
7.46 

143 
179 
101 
322 
244 

Total capital cost ($10') 
Power costs (mills/kwh) 

Capital charges 
Fuel cycle** 
Operation and maintenance 
Nuclear insurance 
Total 

73.4 

5.05 
3.38 
0.59 
0.26 
9.28 

. . . and 0 reference design based on 
Heat balance 
Total reactor power [Mwfth)] 
Gross turbine power [Mw(e)] 
Net plant power [Mw(e)] 
Net plant efficiency (%) 

Turbine cycle conditions 
Throttle temperature (° F) 
Throttle pressure (psig) 
Steam flow (10' Ib/hr) 
Final feedwater temperature C F) 

Reactor doscriiition: core 
Active diameter (ft) 
Active height (ft) 

Reactor description: fuel elements 
Burnup (Mwd/metric ton) 
Fuel material 
Cladding material 
Fuel enrichment (%) 
Fuel element geometry 
Cladding thickness (in.) 
Fabrication cost ($/kg U) 

Reactor description: material inventories 
Fuel (metric tons) 
Uranium (metric tons) 
Initial U " ' (kg) 

Plant-perfsrinance data 
Primary coolant outlet temp. (° F) 
Primary coolant inlet temp. (° F) 
Reactor temperature drop (° F) ^ 
Primary system pressure (psia) 
Primary coolact flow rate (10' Ib/hr) 
Maximum core heat flux dO' Btu/ftVhr) 
Average core heat flux (10- Btu/ft'/hr) 
Max. clad, surface temp. {° F) 
Maximum fuel temperature (° F) 
Core coolant velocity (ft/sec) 
Peak-to-average power ratio 
Core specific power (10' kw/metric ton U) 

810 
213 
200 
24.8 

480 
555 
3.03 
340 

8.6 
9.0 

13,000 
UO. 
ss 

3.34 
rods 
0.029 
110 

52 
41.7 
1390 

574 
533 
41 

2200 
53.1 
39.5 
8.618 
636 

4500 
14.1 
4.55 
19.5 

78.9 

5.26 
3.47 
0.61 
0.27 
9.61 

66.0 

4.39 
5.72 
1.09* 
0.25 

11.45 

these typical reactor 

690 
212 
200 
29.0 

Pri. Sec. 
540 460 
950 460 
1.44 1.21 
565 405 

10.5 
9.75 

11,000 
UO, 
Zr-2 
1.5 

rods 
0.030 
140 

66.5 
52.3 
785 

545.3 
505 
40.3 
1015 
1.43 
27.7 
9.77 
585 

4500 

_ 
2.92 
13.2 

260 
79 
75 

28.5 

550 
585 

0.936 
360 

9.5 
9.5 

4,500 
U(3.5 v»/o Mo) 

Al 
1.6 

cylinder 
0.035 
60 

41.4 
41 
656 

575 
490 
85 
150 
19.8 
11.2 
2.8 
750 
_ 

15 (max) 
4.0 
6.34 

90.9 

6.05 
7.68 
0.70 
0.29 

14.72 

114 

7.60 
3.35 
0.61 
0.33 

11.89 

parameters 

240 
80 
75 

30.8 

850 
785 
7.19 
300 

13.4 
13.5 

11,000 
UdO v»/o Mo) 

ss 
2.85 
rods 

— 
UO 

36.7 
33 
940 

945 
607 
338 

atmos. 
•8.44 
30.2 
12.1 
1000 
1260 

11.4 (max) 
2.5 
7.27 

830 
«40 
200 
24.1 

(High) (Low) 
650 450 
500 100 
1.77 .0.785 

•260 

SO 
29 

3,000 
nat. U metal 

magnox 
nat. 

finned rods 
0.020 

50 

274 
274 
1970 

710 
323 
387 
200 
28.3 
96.0 
56.0 
730 
1200 

_ 
1.72 
3030 

108 

7.08 
4.22 
0.93 
0.30 

12.50 

860 
214 
200 
23.2 

366 
150 
3.03 
251 

12 
15 

3,960 
nat. U metal 

Zr-2 
nat. 

cylinder 
0.030 

50 

27.2 
27.2 
188 

480 
414 
66 
750 
39.6 
77.7 
33.5 
575 
880 
15 

2.32 
31.6 

76.5 

5.10 
7.10 
0.79 
0.26 

13.25 

440 
160 
150 
34.2 

780 
850 
1.46 
380 

3.0 
2.54 

15,900 
UdO vf/o Mo) 

ss 
25 

rods 

--
480 

0.509 
0.463 
430 

900 
600 
300 
115 
16.4 

116.7 
67.5 
1000 
1050 
31.2 
1.44 
947 

* Includes organic make-up cost at 13</lb. 
t Includes research, development and construction funds supplied by private 

industry in cooperative arrangement with AEC but not private-industry costs 
outside arrangements with AEC. 

§ Includes cost of test and experimental facilities plus cost for prototype and 
large power plants that Is over cost for conventional plants of the same size. 

tDoes not include estimated $125 x 10' for research and development nor 
$5 X 10' construction cost required for Shippingport. 

Vol. 18, N©. 4-Apri! , 1960 

"Fuel-cycle assumptions: Reprocessing = $15,300/day (8 + mt of U); AEC 
schedule for i}h cost; Shipping cost (irradiated fuel) = $12.45 kg; Conversion 
of uranyl nitrate solution to UF. = $5.60/kg; Conversion of plutonyl nitrate 
solution to Pu metal = $1.50/gm; Pu buyback (credit) = $12/gm. 

ttCosts with superheat (1,500 psi and 1,000° F); similar reductions In costs 
would result for pressurized water reactor using superheat. 

M Proposed expenditures for BWR include money for superheat development. 

P i g , 1,^ IBS 
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Enriched Uranium Prices. 

Following are base charges for enriched uraniiom as UP^, f.o.b. Oak Ridge, 

varying with enrichment: 

Weight Charge 

fraction 
^235 

.0072 

.0074 

.0076 

.0078 
„oo8o 
.0082 
.0084 
.0086 
.0088 
.0090 
.0092 
.0094 
.0096 
.0098 
,010 
.011 
.012 
.013 
,014 
.015 
.020 
.025 
.0^0 
.035 
,040 
.045 
.050 
.060 
.070 
.080 
.090 
.10 
.15 
.20 
.25 
«30 
.35 
.40 
.45 
.50 
.55 
.60 
.65 
.70 
.75 
,8c 
.85 
.90 

C^/kg 

contained U) 

40,50 
42.75 
45.25 
47.50 
50.00 
52.50 
55.00 
57.50 
60.00 
62.75 
65.25 
67.75 
70.50 
73.00 
75.75 
89.00 
103.00 
117.00 
131.25 
145.50 
220.00 
297.00 
375.00 
455.00 
535.50 
616.50 
698.25 
862.50 

1,028.00 
1,195.00 
1,362.00 
1,529.00 
2,374.00 
3,223.00 
4,078.00 
4,931,00 
5.793.00 
6,654,00 
7.515.00 
8,379.00 
9,245,00 
10,111.00 
10,979.00 
11,850.00 
12,721.00 
13>596.00 
14,475.00 
15,361.00 

U "̂"̂  content) 

5.62 
5.78 
5.95 
6,09 
6.25 
6.40 
6.55 
6.69 
6.82 
6.97 
7.09 
7.21 
7.34 
7.45 
7.58 
8.09 
8.58 
9.00 
9.38 
9.70 
11.00 
11,88 
12,52 
13.00 
13.39 
13.70 
13.96 
14.38 
14.68 
14.94 
15,13 
15.29 
15.83 
16.12 
J,0» j?a. 

16.44 
16.55 
16.64 
16.70 
16.76 
16.81 
16,85 
16.89 
16.93 
16.96 
17,00 
17.03 
17.07 

CJ|''/ 
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Fuel Cycle Costs in mllls/kWh. (ref.10) 

Net cost of U or Th fissioned 
transformed or lost 
Credit for Pu(^ 12/gm) 
Net fuel material costs 
Fuel fabrication costs 
Spent fuel pi'ocessing 
Fuel working capital 
Fuel material lease 
Replacable core cost 

Total 

Range of costs mills/kWh 

Uncertainty % 

Shipping-
port 

2.20 
0.70 
1.50 
17.82 
0.71 
1.78 
0.34 
0.59 

22.74 

Indian 
point 

2.65 
None 
2,65 
2.36 
0.27 
0.46 
1.16 
0.05 

6.95 

5.2 
to 
12.5 
+ 80 
- 25 

Dresden 

1.45 
0.89 
0.56 
2.20 
0.53 
0.74 
0.40 
0.14 

4.67 

2.8 
to 
5.85 
+ 25 
- 40 

Candu 

0.47 
None 
0.47 
0.71 
None 
0.14 
None 
None 

1.32 

0.79 
to 
1.72 
+ 30 
~ 40 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8, 
9. 
10. 
11. 

13. 

Factors Affecting Fuel Costs.(ref. 15). 

Assumed burn-up MWD/ton 
Specific power kw/kg 
Enrichment % 
U-235 consumed gm/kg 
Cost of U-235 consumed ̂ /kg 
Pu produced gm/kg 
Value of Pu produced /$/kg 
Net fuel depletion cost ,̂ /kg 
Reprocessing ̂ /̂kg 
Cost of Pu //kg 
Conversion to Pu metal 
Cost of U- 235 //kg 
Conversion of UP^ to UO 

14. Conversion cost U-235 //kg 

15. E'abrication cost /̂ /kg 

16. Conversion of salt to UPg ,$/kg 
17. Use charges before loading //kg 
18. Use charges fuel in storage ^kg 
19. Use charge, fuel in reactor 
20. Use charge, irradiated fuel 
21. Transportation of new fuel 

stainless zirc 
steel 

11.020 11 
9 
3 
12.3 
189.75 
7.2 
86.40 
103.35 
40 
0.86 
10.70 
1.86 
30.00 
25.00 
7.80 
1.95 

170 
100 
5.60 
7.80 
2.50 
48.80 
8.05 
2.00 
1.00 

3aloy 

.020 
9 
2 
10.7 
153.50 
7.68 
92.16 
61.34 
40 
0.86 
11.50 
0.67 
23.00 
14.00 
2.50 
0.50 

200 
140 
5.60 
4.60 
1.50 
24.90 
2.90 
2.00 
1.00 

Fuel cost: 3.9-4.8 mills/kWh 3.36-4.1 mills/kWh. 

(Capital charges on fabrication cost 
has been added to plant capital charge (50 //kg) 
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