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ABSTRACT 

The author reviews the chief aspects of solvent extraction 
in reprocessing, including choice of the solvent, general 
description of the Purex process, and extractor 
technology, while emphasizing the specific character of 
nuclear fuels. 

Irradiated fuel reprocessing is one of the major steps in the nuclear fuel 
cycle. During irradiation in reactors, the fuel undergoes changes in its j 
composition - reduction of the fissile uranium content, appearance of | 
fission products, plutonium and transuranium elements resulting from neutron ! 
capture - and also in its physical properties - the creation of defects, i 
volume variations etc. Hence periodically, reactor loads must be renewed,! 
but the frequencies depend on the type of reactor and the type of fuel. 

Initially, this irradiated fuel is stored to allow decay of the short half- | 
life isotopes with high specific activity and exhibiting highly penetrating j 
radiation. This deactivation period is necessary to facilitate subsequent 
operations: transport and reprocessing. 

In earlier years, reactor operation was oriented exclusively towards the 
synthesis of plutonium for military uses. Consequently, the reprocessing 
step was designed for the extraction and purification of this plutonium. 
The emergence of civil programs slightly changed this aspect. The 
objective remains the recovery of utilizable elements. The uranium can 
either be re-enriched (LWR) or used as a blanket (FBR). The plutoniuu» 
forms part of the composition of mixed oxides used to load cores of fast 
sreeder reactors. 

In recovering these two elements, it is also very important to account for 
fission products and transuranium elements, which are long half-life o 
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emitters present in the fuel, in order to separate, concentrate and store 
them in a safe manner. 

The composition of the irradiated fuel element is characterized by the 
presence of small amounts of plutonium and fission products in a large mass 
of uranium. The associated 0 Y activity is considerable. 

To achieve quantitative recovery of the elements U and Pu, ana sufficient 
purification of the g y emitters (the decontamination factor required, which 
depends on the type of fuel reprocessed and the finished product 
specifications, is often in the range of 10^), the chemical separation 
process must be highly selective, ideally adapted to trace chemistry, and 
preferably a multi-stage process so as to achieve the desired decontamination 

The first plutonium extraction process implemented at Hanfora was based on 
precipitation (bismuth phosphate process). Very soon, however, process 
research was oriented towards solvent extraction. On the one hand, the 
extractive properties of ethyl ether to uranyl nitrate were known for a 
century, and furthermore, the similarity between the chemical properties of 
uranium and plutonium, demonstrated after the discovery of plutonium 239, 
encouraged simultaneous purification of both exements. 

Many organic molecules were examined from the standpoint of their extraction 
capacity, particularly oxygenated compounds such as ethers, alcohol, ketones,! 
esters etc. The Redox process, the first solvent extraction process used ' 
on an industrial scale, employed methyl-isobutylketone or hexone. | 
Implemented at Hanford in 1951, it was based on the co-extraction of uranyl ! 
and plutonium nitrates from an aqueous nitric solution containing an ; 
unextractible nitrate, aluminum nitrate, acting as a salting out agent. ! 
The general purification flow sheet has become a standard. After transfer; 
of the U and Pu substances into the organic solvent in countercurrent I 
extraction, the solvent is scrubbed to improve decontamination. ! 
Separation of the uranium from plutonium is based on the reduction of the ! 
latter to the trivalent nitrate state, which is difficult to extract. The: 
uranium is then re-extracted by using a slightly acidic aqueous phase. j 
The operations, carried out in countercurrent flow in extractors featuring a j 
large number of stages, serve to achieve high performance levels. To the 
extent that the two elements U and Pu must be recovered and separated, one of 
the following schemes is found in every process: 

co-extraction, scrubbing, re*extraction in aqueous phase corresponding 
to a co-decontamination cycle, 

co-extraction, scrubbing, partition, re-extraction corresponding to a 
partition cycle. 

Among solvents of the ether type, dibutyl corbitol (dibutoxy-diethyl) ether 
has been used at Windscale since 1952, and then in 1969 in the first highly 
irradiated fuel reprocessing cycle, by the so-called Butex process. This 
process offers the advantage over the Redox process of not requiring salting 
out agent to perform uranium and plutonium extraction, as well as the 
drawback of higher cost and less fayorable physical properties. 

Very soon after implementation of the Redox process, tributylphosphate (TOP), 
an ester of phosphoric acid, was investigated and selected for future 
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industrial installations. TBP offers significant advantages over hexone 
and the Butex solvents. Like the latter, it does not require salting out 
agent, it exhibits greater chemical stability and selectivity, especially 
with respect to certain fission products such as Ru. On the other hand, 
owing to its viscosity and its density which is too close to that of water, 
it must be used diluted in an adequate solvent. A chemically inert j 
compound, as non-inflammable as possible, is selected, whose physical | 
properties allow easy emulsion settling. The paraffinie hydrocarbons i 
derived from petroleum fractions, or possibly synthesized, are ideal: 
these include 'odorless kerosene1, n-dodecane and hydrogenated tetrapropylene; 
CCli, has also been used. Unlike the former compound, which imparts to the! 
TbF/diluent mixture a density lower than that of water, TBP/CCli, mixture h?<; 
a higher density. 

As a rule, the composition selected for the TBP/diluent mixture contains 30% 
TBP (good physical properties, sufficiently b-'g.' value if partition 
coefficients). 

An additional selection criterion is the resistance of the solvent to the 
combined effect of nitric acid and radiolysis. Chain splitting of organicj 
compounds results in the formation of degradation products whose presence i 
lowers chemical performance, makes settling more difficult, creates ; 
precipitates with certain fission products which accumulate at the interface 
and, in ger.eral, increases the £ Y activity of the solvents to be recycled. ! 

Hence TBP itself is degraded into a series of less and less substituted acids 
(dibutyl and monobutylphosphoric acids;, whose complexes with certain fission 
products, especially Zr, are very stable and can be entrained in the solvent. : 
i ' .1 
Similarly, diluents can be altered by irradiation, and while it is more ' ! 
difficult to identify the materials responsible for poor performance, it is i 
generally considered that straight-chain hydrocarbons are more stable. I 
Hence n-dodecane was selected as a diluent in the Savannah River plant at the 
start of the 1960s, replacing the commercial diluent used until then. 
To the standard flow chart concerning 0 and Pu extraction and separation is 
added the chemical treatment of the solvent designed to bring it to constant ; 
purity. The acidic products discussed above are eliminated by alkaline 
scrubbing (solutions of Na 2C0 3, NaOH etc). 

STEPS IN THE PUREX PROCESS 

The use of TBP has spread, and -.ts employment for reprocessing uranium fuels, ! 
by the Purex process, has entered into universal practice, since its 
description at the Conference on Peaceful Uses of Atomic Energy held at 
Geneva twenty-five years ago. 

Slight changes have been made in the intervening twenty-five year period, 
>ut the general scheme has remained the same. We shall review the 
different steps in the process. 

3 
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U-Pu CO-EXTRACTION 

The nitric solution frcm dissolution is clarified ant" placed in 
countercurrenc contact with the solvent, to co-extract U and Pu in the form 
of IX>2 (N03) 22TBP and Pu(N03)i,2TBP, while the fission products, americium and 
curium, remain in the aqueous phase owing to their partition coefficient j 
which is lower by several orders of magnitude than those of U and Pu. The! 
success of this operation depends partly or. the presence of plutonium in the 
tetravalent state, and also on the purity of the solvent throughout the 
operation, 

With respect to the first point, the presence of hexavalent plutonium in 
non-negligible quantities has been not-id in oxide fuel dissolutions. 
Pu (VI), which is less extractible, is liable to limit the rerovory yield. 
A valency adjustment may become desirable if noc necessary. As for 
solvent purity, it is important to consider the chemical or radiolytic 
dégradatien products, which are mainly butylphosphoric acids. They react 
with zircorium to give compounds which lower decontamination performance and 
yield precipitates at the organic phase/aqueous phase interface. The j 
accumulation of these precipitates creates an irradiating source which j 
accelerates solvent destruction. These effects are minimized by reducing : 
the residence time of the solvent in the extractor, and by lengthening fuel 
deactivation time. The decontamination factor for 8 Y emitters obtained 
in this co-extracton is high, on the order of )0 3 to 10'*. It should be 
noted that the addition of controlled quantities of hydrofluoric acid to the 
solution to be extracted helps to limit considerably the formation of Zt 
compounds with phosphoric acids. The zirconium fluoride complex remains 
in the aqueous phase and is eliminated in the extraction r^ffinate with the 
fission products. This process has been used for more than ten years in • 
the Marcoule facility. 

In designing future installations, rather than altering the chemical j 
conditions which impose constraints on downstream operations, such as j 
fission product concentration and vitrification, preference is generally 
given to pulsed columns instead of mixer/settlers to perform this first j 
step. This avoids the accumulation of solids, while reducing residence 
time and hence degradation of the solvent. 

I 
SOLVENT SCRUBBING 

The impurities in the solvent are either entrained mechanically or bonded 
chemically to the TBP or to its degradation products. Placing of the 
solvent in countercurrent contact with the acidic aqueous phase serves to 1 
eliminate mechanical entrainment completely, and to reduce considerably the 
organic phase stability of TBP complexes formed with the various fission 
products. This operation is of limited effectiveness if the 
dibutylphosphate concentration in the solvent is high. Among the factors 
governing its efficiency are the acidity of the aqueous phase, solvent 
saturation, and contact time of the phases. 

4 
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CO-RE-EXTRACTION 

The stability of the complexes U0 2 (NO3) 22TBP and Pu(N03)ii2TBP is heavily 
dependent on the acidity of the aqueous phase, so that co-re-extraction is 
carried out by placing the loaded solvei t in countercurrent flow with a 
dilute nitric acid solution, into which the uranium ind plutonium pass. 
This solution is easily hydrolysed, and the co-re-extraction r.'cep can be 
performed in two stages: re-extra--'t ion by 0.5 N HNOa, by which all the 
plutonium and part of the uranium pass into the aqueous phase, followed by 
re-extraction by 0.01 N 10103, in which the residual uranium is re-extracted. 

PARTITION 

The principle of this operation is based or. selective reduction of the 
plutonium present in the organic solvent in the trivalent state, which gives 
weak nitrate complexes which are difficult to extract, while the uranium 
remains in easily extractible hexavalent form. 

One of the first Redox systems employed consists of ferrous sulfamate, in 
which the ferrous ion plays the role of a reducing agent to Pu**+ in ; 
accordance with Pu**+ + Fe 2 + ? Pu 3 + + Fe 3 +, and the sulfamate ion reduces the ; 
antinitrite according to HNH2SO3 + HN0 2 •* N 2 + H2SO«, + H 20. The presence 
of an anti'iitrite is necessary to avoid side reactions in which the Pu 3 + is 
oxidized by the nitrous ions. Reagent in significant excess is required 
for complete reduction. 

However, the sulfate and ferrous ions in the solutions raise problems, such ' 
as the corrosion risk during subsequent effluent concentrations, and increased 
solid wastes. j 

To avoid the addition of a foreign cation, tetravalent uranium salts have I 
been used as a partition reagent, namely, the sulfate and especially the ! 
nitrate, stabilized by the presence of hydrazine, which performs the role of 
antinitrite. While ferrous sulfamate is a commercial product, uranous 
nitrate is produced on the very site of its use, by the electrolytic I 
reduction of uranium from the purified stock, or by reduction by hydrogen in i 
the presence of a catalyst. The isotopic composition of the reagent is > 
thus the same as that of the material processed. 

Uranous nitrate is valuable for two reasons: first, since it can be 
extracted by TBP, it acts not only in the aqueous phase but also in the 
organic phase; secondly, the reaction product makes no contribution to the 
increase of wastes. However, a large excess over stoichiometry is 
required to achieve quantitative reduction of the plutonium. This means 
that its use is accompanied by an increase in the amount of uranium flowing 
through the installation. For LWR fuels, in which the U/Pu ratio is 
around 100, this is not a major disadvantage. The same cannot be said of 
the reprocessing of fast breeder reactor cores, in which the U/Pu ratio is I 
around 4. This drawback disappears if the uranous nitrate is produced on j 
the spot, using the extractor itself to carry out electrolytic reduction of 
the uranium. In this case, the reagents are hydrazine and the electrons 
exchanged between the ions in solution and the electrodes. 

! 5 
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Another possibility is the use of hydroxy lamine nitrate which may be 
stabilized with hydrazine, which has hitherto been employed in certain 
industrial installations as a re-extraction reagent in plutonium purification 
cycles. Here again, the reagent leads to essentially gaseous products. 

* 
In all the foregoing cases, part of the uranium is entrained by the aqueous 
re-extraction solution containing trivalent plutonium and excess reducing 
agent. Scrubbing of the reacidified aqueous solution with 30% TBP allows 
recovery of this uranium and its recycling to reducing re-extraction. 

The fission products still present in this partition stage are chiefly 
represented by ZrNb and RuRh pairs for p y activity, and by technetium and 
palladium for mass abundance, in the case of highly irradiated fuels. 
Another contaminant also present in non-negligible quantities is neptunium, j 
In view of the stability of the complexes in weakly acidic medium, RuNb and j 
ZrNb follow the plutonium flux preferentially. Technetium in the j 
pertechnetate state and palladium, which are reducible by the Redox systems I 
considered, also follow the plutonium flux. Neptunium, however, exhibits 
behavior which depends on the prevailing operating conditions. From Np VI! 
in the solvent phase, it can be reduced to very poorly extractible Np V, or | 
to roedium-extractible Np IV, leading to more or less total U-Np or Pu-Np 
separation. 

URANIUM RE-EXTRACTION 

This is carried ou*- with very dilute nitric acid in countercurrent flow. 
Operating at a temperature around 50 °C, the solution obtained ,\s more 
concentrated than at room temperature, owing to the negative temperature 
coefficient affecting uranium partition. 

URANIUM PURIFICATION CYCLES 

The purpose of this cycle or cycles is to improve the decontamination of 
fission products and a emitters, chiefly Pu. This implies extraction in a 
reducing medium, in which Pu 3 + remains in the aqueous phase with the fission 
products, and re-extraction of the type described in the previous section. 
The supplementary $ y emitter decontamination factor is obtained, and may 
reach 10 3. If Np is to be separated, the operating conditions must be 
altered, for example by setting conditions to obtain unextractible Np V. 

PLUTONIUM PURIFICATION CYCI.ES 

Plutonium purification involves a scrubbing/reducing re-extraction extraction 
cycle, in which the feed solution's acidity is adjusted and the plutonium is ; 
oxidized quantitatively to valency 4. This is achieved by adding sodium 
nitrite, or preferably by bubbling nitrous vapors. This also avoids the 
introduction of a cation, which limits the subsequent effluent concentration. 
The extraction and scrubbing which follow achieve a decontamination factor 
for ruthenium and zirconium. 
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Reducing re-extraction involves either hydroxylamine nitrate or tetravalent 
uranium» and the reduced solution must undergo another organic scrubbing to 
separate Pu 3 + from the uranium. A reflux system employed at the Karcoule 
facility serves to raise the decontamination factor and to obtain a more 
concentrated purified solution. The decontamination factors for B y 
emitters obtained in the purification cycle ̂ re generally around 10 2. 

Formerly, this additional plutonium purification was performed by an anion 
exchange resin cycle. The finding of similar properties in amine type 
solvents, considered as liquid resins, led to the usr> of a plutonium 
purification cycle by extraction with trilaurylammonium nitrate at the La 
Hague facility, from 1966 to 1973. This compound, diluted in hydrogenated | 
tetrapropylene, exhibits great affinity for tetravalent plutonium in nitric \ 
nedium. High concentration factors can thus be achieved if the plutonium 
Ls very dilute. However, the capacity of the solvent is far lower than 
that-of TBP. To offset this, re-extraction murt be carried out using a 
cxMnplexing agent, sulfuric acid. While purification performance is good, 
the chemical stability of the solvent is poorer than that of TBP, but here 
the degradation products, secondary and primary amines, are only slightly 
;omplexing vis-à-vis the fission products, and their presence does not cause 
i lowering of the decontamination factors. Degradation is blocked by the 
addition of an antinitrite, sulfamic acid. 

TREATMENT OF TBP 

Vs we have seen above, acidic products ar^ i -«rmed in the solvent. They 
.ire eliminated by scrubbing the solvent wicn a basic aqueous phase, 
preferably a carbonate which, if the cations U and Pu are present, helps to 
>revent hydroxide precipitation, thanks to the complexing power of the CO3 ! 
Lons. Owing to the different activity level, the decontamination cycle and 
purification cycles each feature their own specific solvent treatment. 

Various investigations have been conducted to improve performance levels of i 
Jiese processes (oxidizing and reducing scrubbings etc). 

1 
. :t is worthwhile mentioning the development of a process based on the use of ! 
îe hydrazinium ion instead of the sodium ion routinely used in carbonate ! 

isolution. The advantage resides in the possibility of destroying this 
cation, and thus considerably reducing the volume of effluents. 
T * * 
\ 
]iefore setting aside the chemistry of the process, it is important to mention 
Uhe research carried out in recent years concerning the means of minimizing 
;he risks of proliferation, and chiefly the risk of theft of nuclear materials, 
< specially plutonium. Three measures have been recommended with respect to 
1 .he technical aspect: 

reduce the presence of materials which can be used for the 
fabrication of nuclear weapons, in separate form in the cycle, 

exploit radioactivity to protect these materials from diversion, 

protect then» by physical barriers. 
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The implementation of these measures means the adaptation of existing 
techniques to create a diversion-proof civilian reprocessing plant called th.* 
Ci vex Plant. From the standpoint of extraction flow charts, this implies 
a complete re-assessment of extraction conditions. For example, we can 
take the case >f plutonium breeder fuel reprocessing, in which the nitric 
dissolution & ition of the cores and blankets is such that Pu/U + Pu = 12%. 
The final proc t desired is a U-Pu mixture containing 20% plutonium. In 
the Purex process, modified and adapted to the Civex concept, co-extraction 
is carried out without subsequent scrubbing to reduce fission product 
decontamination. Partition is performed in an incomplete manner: the 
aqueous reducing solution re-extracts the plutonium totally and the uranium 
partially. The uranium/plutonium combination, which may be adjusted by 
the introduction of additional uranium, is sent to fuel fabrication, which is 
remote-controlled due to the radioactivity level. In this new concept, 
the 'selectivity' aspect of solvent extraction, which formerly constituted 
the selection criterion, is no longer essential. 

TECHNOLOGICAL ASPECTS 

The extraction units employed in reprocessing plants are of three types: 
columns, mixer/settlers and centrifugal extractors. The first two were 
used in designing the earliest industrial installations (columns at Hanford, 
mixer/settlers at Savannah River), and today they still represent the large 
majority of extractors in service. 

Che operating principle of these units is well known and has formed the 
subject of many publications. It will not be discussed in detail here. 
However, we shall examine the constraints that the reprocessing industry 
applies concerning the choice of their design. Two specific nuclear 
aspects must be taken into account: 

the intense radioactivity of the aqueous solution to be processed, 

the presence, in this aqueous phase, of fissile isotopes which, if the 
right conditions are satisfied, are liable to give rise to a chain 
reaction. 

The first aspect imposes the following. 

(a) Personnel protection by thick shielding surrounding the units. 
Preference is given to minimum-sized units corresponding to lower 
investment. Hence pulsed columns with perforated plates have 
replaced packed columns, which are less efficient, hence more bulky. 
More compact mixer/settlers, of horizontal structure, can represent a 
smaller investment despite their larger holdup, and this factor is even 
more important for centrifugal extractors. 

(b) Remote control and maintenance. Preference is given to reliable 
systems of simple design, in which all or part of the equipment can be 
replaced by remote-control. Air pulsation is preferable to 
mechanical agitation for pulsed columns. Mixer/settlers are 
equipped with automatic interphase control and independent agitation 
in each stage. 

8 
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(c) Limitation of solvent residence time. As we have seen, solvent 
irradiation is accompanied by the formation of undesirable organic 
compounds. The average residence time is about one second in a 
centrifugal extractor stage, and by one or more orders of magnitude 
higher in pulsed columns and mixer/settiers. However, this 
advantage is largely offset by the fact that the precipitates formed 
accumulate at the aqueous/organic interphase, and are only eliminated 
in pulsed columns. 

For future plant projects, a consensus is emerging with respect to 
co-extraction in the first cycle: the tendency is in favor of pulsed 
column extractors. This preference is also based on consideration's 
relating to the second specific nuclear aspect: criticality risk. 

In any given system, the risJr that the presence of fissile isotopes may 
cause a chain reaction is estimated by a thorough ana}ysis of many 
parameters: concentration of various substances, physical state, external 
environment etc. For the three types of equipment, a sub-critical 
geometry can be defined such that, irrespective of the concentration of 
fissile material, it leads to extractors with compact dimensions (cylinder J 
diameters, liquid film thicknesses). Hence the reprocessing capacity is ; 
low. In operating or planned industrial facilities, the plutonium ! 
concentration and purification cycles are generally based on this concept. < 
It would be highly constricting for the co-decontamination cycle, for J 
example, in which the solutions to be processed have a low plutonium j 
concentration. Control by concentration is preferable in this case, in 
other words, the units are designed to be 'safe' up to a predetermined i 
concentration, which is never expected to be reached. 

Very significant gains in scale can be achieved by poisoning the system in J 
homogeneous or heterogeneous form, by using boronated steel, cadmium or 
hafnium plates. These systems have been especially recommended for pulsed 
columns: hafnium plates, compartmentation of the interplate space by 
boronated steel or hafnium plates. 

Also developed, on the model of storage tanks, are annular geometry ' 
extractors with poisoned internal core. Both for columns and centrifugal : 
extractors, they serve tc achieve a very significant gain in capacity, 
making this concept highly attractive. 

To conclude this overall review, it is worth noting that since the birth of j 
the nuclear industry, solvent extraction, thanks to its flexibility, has i 
served to reprocess fuels of very different types: metallic, alloy, 
oxide etc. 

Owing to the importance of LWR reactors and, in the future, the fast 
breeder reactors, reprocessing facilities will mainly have to be adapted to 
growing capacity and tho use of large plutonium fluxes. This implies the | 
research and development of safe, high capacity nuclear extractors, for which! 
physicochemical investigations must be intensified. The consequences of 
these plutonium fluxes on process chemistry will lead to the improvement of 
effluent decontamination in long half-life radioactive compounds, especially 
a emitters, and to the maximum recovery of fissile material. The 
technique of solvent extraction is ideal for the attainment of these 
objectives. 
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