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GENERAL

The potential of TBP as a metal extractant was first observed in the early 1940s by 
workers engaged on the war-time Manhattan Project in the US. Since that date, or to 
be more historically correct 1949 when the first journal reference appeared, a 
substantial number of reports, papers and books have been published describing the 
science and technology of this chemical, possibly more than any other extractant. 
However, it should be remembered that only a relatively small proportion of the total 
quantity of TBP manufactured each year is destined for hydrometallurgical processes. 
Its commercial availability relies heavily on its other applications, namely as a 
plasticiser, antioxidant or catalyst and in antifoaming agents, hydraulic fluids and 
fire retardants. These varied applications require a commercially available source 
and currently TBP is manufactured in several countries at a UK equivalent cost of 
~£1.8/Kg.

Tri-n-butyl phosphate is now employed in all of the actinide hydrometallurgical 
processes associated with the nuclear fuel cycle. It is exclusively used in the 
refining of uranium ore concentrates or "yellow cakes" to produce reactor grade 
uranium. Similarly, it is the chosen solvent for all commercial nuclear reprocessing 
operations for the separation of plutonium and uranium from fission products and 
other nuclides and for the purification of plutonium and uranium. In recent years 
the use of TBP has been extended to the mining/milling operations for the recovery 
and concentration of uranium from various ore bodies and its potential for the 
treatment of nuclear waste liquors arising from reprocessing operations has also been 
evaluated.

CURRENT APPLICATIONS IN THE NUCLEAR INDUSTRY

Although TBP is now being employed by at least two mining/milling operations 
producing a few hundred t U pa, it is the nature of the ore body and its geographic 
location which dictates the selection of the leaching and uranium recovery processes. 
Where ore bodies are more amenable to leaching of uranium with nitric acid, TBP is 
the chosen solvent. The decontamination factors required for metals such as Th, Fe, 
Zr are readily achieved by this solvent whilst the other principal requirement in the 
mining/milling operation, namely the concentration of uranium prior to the 
precipitation stage, can easily be achieved by the judicious selection of both the 
solvent concentration and back-washing reagent.

In the early 1950's the recovery and purification of uranium from UOCs was achieved 
using either diethyl ether or methyl isobutyl ether with obvious disadvantages for 
use on an industrial scale. However with the proliferation of civil nuclear 
reactors, a high volume, low cost and more environmentally acceptable separative 
route was necessary.' Currently, in the western world, four commercial refineries 
have the capacity to process approximately 60,000 t UOC pa employing a TBP-diluent 
purification circuit.

This multistage process achieves decontamination factors of between 10 and 1000 for 
Zr, Ti, V, Cr, Mo, Fe etc and finally generates a pure uranyl nitrate liquor easily 
converted to a variety of reactor fuels.

Tri-n-butyl phosphate is now and has been for the last thirty years the chosen 
solvent for the nine or so commercial and demonstration reprocessing facilities 
situated in about seven countries. More recently other solvents, namely amides have
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been considered by Italian workers, although they have only been evaluated in 
pilot-plant facilities. In the separation of uranium and plutonium from other 
actinides and fission produces, reccjvery efficiencies of 99.9Z are required whilst 
decontamination factors of 10 to 10 are necessary. These criteria in- addition to 
solvent compatibility and low aqueous phase solubility are achieved by TBP.

The potential of TBP for the treatment of nuclear waste liquors arising from 
reprocessing operations for the separation of long lived a emitters such as Np, Pu, U 
from relatively short lived 0/ j f  emitters eg fission products has been examined, but 
more highly selective reagents are now considered to be more efficient and afford the 
best practical and economic approach.

In all the above applications the solvent is employed to extract and separate heavy 
metals from nitrate liquors. However, other anions such as chloride, bromide, 
iodide, thiocyanate and perchlorate will also permit metal extraction, whereas metal 
fluorides, sulphates, phosphates and carbonates are generally almost insoluble in 
TBP.

The success of TBP as a metal extractant is due to both its excellent chemical 
stability and to its physical properties. In the following sections some of the key 
physical and chemical properties of this solvent are reviewed.

PHYSICAL PROPERTIES

Many physical properties of TBP such as i£s molecular weight of 266, high boiling and 
freezing points, a density of -0.97 g/cm and viscosity of ~3 cP are consistent with 
the majority of commercially available metal extractants. Its solubility in water or 
lM-nitric acid of approximately 400 ppm is lower than for long chain aliphatic 
ketones and/or ethers but higher than for metal-complex forming solvents such as 
di-2-ethyl hexyl phosphoric acid.

Although the use of TBP is limited by its relatively high viscosity and density, 
desirable physical properties are attained by blending the solvent with an inert 
hydrocarbon of low specific gravity and viscosity, to permit greater dispersal and 
more rapid phase disengagement. For separation processes associated with the nuclear 
fuel cycle diluents of low aromaticity are employed but the concentration of TBP in 
the solvent phase varies according to the particular flowsheet conditions and the 
type of contactor employed.

In the refining of UOCs for instance TBP concentrations range from 20 o/v (BNFL, UK) 
to 40 o/v (Comurhex, France) whilst reprocessors appear to favour either 20 or 30 
o/v. With the higher solvent concentration the organic phase is capable, under plant 
conditions, of attaining a uranium loading of 120 g/1 thereby minimising 
the volume of solvent required at the cost of some increase in .the risk of third 
phase formation. Even at this high metal loading the difference in density between 
the organic and aqueous phases is adequate for good phase disengagement and the 
viscosity is still comparatively low (of the order 5 cP).

Although the physical properties of TBP are not dissimilar to other commercially 
available extraction solvents its capacity for high metal loading without significant 
increase in density and viscosity and a tolerable solubility in the aqueous phase, 
contributes to its universal application in the nuclear fuel cycle. One of the most 
cogent reasons for its predominance may be the massive investment represented by the 
accumulated store of data on this solvent.

CHEMICAL PROPERTIES AND REACTIONS

The extraction of metals and acids by TBP (particularly nitric acid), are or 
paramount interest in the process technologies developed for the nuclear fuel cycle. 
In reprocessing operations the extraction and separation of uranium and plutonium is 
more complicated in comparison yith mining/milling and UOC refining due to the
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presence of other extractable species. Effective separations of some of the 
actinides can be enhanced by utilising the difference in the extractabilities of the 
different valency states. For example, the reduction of plutonium in the TBP-solvent 
phase to its trivaient state achieves an efficient separation from uranium. These 
process considerations, in conjunction with the fundamentals of metal extraction by 
TBP are briefly examined.

i. Extraction of Metals

In comparison with other metal extractants, TBP is moderately powerful. Its 
affinity for metals derives mainly from its phosphoryl group, the oxygen forming 
coordinate links with cations, viz;

(сдн9о)3р = 0 M

It forms adducts with the extracted species, a classical example of which is the 
extraction of uranium as U C ^ N O ^ ^ ^ T B P .

The nitrates are extracted as neutral molecular species with a definite number 
of attached TBP molecules. The complexes for the different actinides have been 
established as: trivaient, M(NO_)_‘3TBP; tetravalent 
M(N03)A *2TBP; hexavalent, M02(N0372*2TBP.

The mechanism of uranium and that of other actinides is one of simple complex 
formation, the reactions being formally -

M02 2+ («,) + 2 Юз‘ <«,) + 2TBiW  -  ™ 2<»°3)2-2IBP (or*);

"4+ <„,) + 4 “V  (.,) + 2TBP(org) «* «<«° 3V2TBP (org)

although in practice the nitrato complexes may already have a substantial degree 
of formation in the aqueous phase from which they are extracted. For that 
reason the dependence of distribution ratio on nitrate ion concentration is less 
than might be expected. Because of ' non-idealities, the dependence on TBP 
concentration in the solvent is also less than the simple square law predicted 
by elementary theory.

Thermodynamic and kinetic data for uranium show that the extraction is 
exothermic. The rates in the forward direction increase with increasing TBP 
concentration, but those in the reverse direction (back washing) decrease. The 
effect of temperature on the extraction of actinides is small, although back 
washing from the loaded solvent is encouraged by higher temperature.

With TBP, the nitric acid concentration of the aqueous phase is judiciously 
controlled to ensure that the nitrate content is sufficiently high to effect an 
efficient separation of the actinides from other solutes in the forward 
extraction. With extractants such as Hexone, salting agents such as aluminium 
nitrate were necessary to ensure a sufficiently high nitrate concentration. The 
use of salting agents is intolerable in both the refining of UOCs and 
reprocessing operations due to added costs and enhanced problems in the 
evaporation of high active fission product waste respectively.

Additionally, in reprocessing operations use is made of the difference in 
extractability due to different valency states. In the first and second solvent 
extraction cycles, for example, the influence of acidity and presence of 
reducing agents such as U(iv) affect the distribution of Np. Approximately half 
of the total quantity is discarded in the high active waste liquor as Np(v) ions 
, these being the least extractable by TBP, whilst the remainder has to be 
finally separated in the purification cycle.

The distribution ratios for some actinides and various fission products with TBP 
are presented in Table 1.
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TABLE 1

A P P R O X I M A T E  D I S T R I B U T I O N  R A T I O S  T O R  S O M E  A C T I N I D E S  A N D  

F I S S I O N  P R O D U C T S  F R O M  N I T R I C  A C I D  

S O L U T I O N S  W I T H  2 0  o / v  T B P / O K

Element 1 M Nitric Acid 6 M Nitric

Th(iv) 0.2 3
U(vi) 7 30
Pu(vi) 0.8 3
Pu(iv) 2 20
Pu(iii) <0.01 0.01
Np(iv) 0.8 7
Np(v) 0.01 0.02
Np(vi) 5 22
Ru "0.001 to ~2 “0.001
Zr <0.01 1
Nb <0.001 0.01

The extraction mechanism for the fission products, zirconium, niobium, 
ruthenium, is similar to that of actinides with TBP in nitric acid solutions. 
Two solvates of zirconium having the composition Zr(N0^)^*TBP and
ZrdJO^J^'ZTBP are formed with varying TBP concentrations from nitric acid
solutions.

Of the different series of nitrato and nitro complexes of ruthenium, only the 
nonionic trinitrato and the tetranitrato acid complexes of nitrosyl ruthenium 
are fairly extractable by TBP. The species formed in the organic phase have 
been confirmed to be RuN0(N0_)_‘2TBP and H [ R u N 0 ( N 0 _ • 3TBP.i  J ч
More recently attention has been paid to the extraction of Tc from 3M nitric 
acidliquors. It was observed that the extractability of the pertechnetate ion 
ТсОд , was low (D,p -0.2) but was enhanced by the presence of uranium, thorium 
and zirconium. In*the presence of the latter the D_ value increased to -0.5.
The technetium also enhanced the distribution ratio of zirconium in the
extraction stages, but did not prevent back-extraction on scrubbing.

The recovery of uranium from a loaded TBP diluent system is achieved by 
contacting the organic phase with dilute nitric acid at 60°C. A small quantity 
of acid is employed to prevent hydrolysis of the uranium in the aqeuous phase. 
This approach is common to both UOC refiners and spent fuel reprocessors.

!The wealth of TBP extraction data affords many exploitable differences for the 
separation of two or more given elements. Distribution coefficients may be 
enhanced by the selection of acid strength, temperature and salting agents, all 
of these parameters being utilised in the extraction and purification of 
actinides.

ii. Extraction of Nitric Acid

Although nitric acid has little or no effect on the kinetics of actinide 
transfer into the TBP phase, 'at high concentrations (>6M) its extraction 
competes with the transfer of raefcal ions. This observation has been attributed 
to the formation of a complex with TBP of the type HNO.’TBP. As a result, 
particularly where high solvent to aqueous ratios are usea, extracted acid may 
dominate the acidity of backwash stages.

The extraction of nitric acid in the uranium spurif ication cycle of either a UOC 
processing or m  reprocessing operation is minimised by maintaining the uranium 
loading of the TBP phase near to its operating saturation value. This control 
is necessary to, minimise carryover o f the acid into the uranium product stream 
and thereby ensuring that the corrosion of downstream equipment such as 
evaporators is limited.
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TBP, being an. ester, is susceptible to hydrolysis catalysed by either acids or 
alkalies. Acid-catalysed hydrolysis is probably the most important reaction from the 
standpoint of UOC refining although less important for nuclear fuel reprocessing. It 
occurs in both the organic and aqueous phases and proceeds stepwise, yielding in turn,' 
dibutyl phosphate (DBP), monobutyl phosphate (MBP) and finally phosphoric acid} 
however, under extraction conditions the first step is by far the most important.

Ionizing radiation like mineral acids cause decomposition of TBP; the degradation 
products from radiolysis include DBP, MBP, H^PO^, various gases eg ^ > CH^,, CjH 
alcohols and other hydrocarbons. The proportion of the products generated is largely 
dependent on the radiation dose which the parent TBP molecules adsorb and the 
selected diluent. The acid butyl phosphates produced either by hydrolysis or 
radiolysis of TBP cause retention of small amounts of uranium, plutonium and certain 
fission products (zirconium, niobium) in the solvent and therefore lead to -

i. uranium and plutonium losses;
ii., reduced decontamination of the uranium, and plutonium from fission
products, and
iii. a stripped solvent containing plutonium and fission products.

HYDROLYTIC AND RADIOLYTIC DEGRADATION OF TBP

In extreme cases, precipitates may be formed which may result in "crud" formationrat 
liquid-liquid interfaces which may influence phase separation and thus the control of 
the extraction equipment.

In a system where there are a number of metal ions, eg U, Pu, Zr with varying 
concentrations and different stability constants related to the formation of metal 
DBP and MBP complexes, then the overall effect on process performance can be somewhat 
difficult to predict. It also assists in explaining the differences sometimes 
observed between the laboratory and plant trials on TBP degradation effects.

Although the decomposition of TBP produces degradation products which would seriously 
influence the efficiency of spent fuel reprocessing, UOC refining and possibly 
mining/milling operations, fortunately a simple aqueous wash with an alkaline 
solution (generally sodium carbonate) will remove DBP and MBP and the majority of the 
fission products such as Ru, Zr and Nb from the solvent phase. Hence by a 
comparative simple treatment the selectivity, affinity and efficiency of TBP can be 
maintained.

The choice of contacting equipment can influence the rate of degradation product 
formation. With mlxer-settlers the majority of radiolytic damage occurs in the 
settling area, whilst with shorter residences contactors, such as pulse columns, this 
problem is greatly minimised. Contactors with an even shorter residence time, eg 

centrifugal, have been successfully employed for the high active cycle in 
reprocessing operations where there is a very strong radiation field and hence, 
potentially considerable degradation. The main consideration limiting the extension 
of this practice is the difficulty of mechanical maintenance under highly active 
conditions. This alternative and complementary means of minimising TBP degradation 
is made possible by the rapid kinetics of plutonium and uranium extraction in 
conjunction with the physical properties of the TBP diluent system.

ANTAGONISTIC SYSTEMS

The art of solvent extraction is ultimately to produce an aqueous product liquor 
containing the appropriate purified metal(s) and amenable to downstream process 
conditions. With some extractants, notably di-2-ethyl hexyl phosphoric acid, the 
affinity for certain metals is very high (distribution values >1000) and therefore 
the recovery of the metal(s) from the loaded solvent can be extremely difficult or
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require reagents which are incompatible with subsequent processes. The addition of a 
second solvent such as TBP to the organic phase reduces this affinity and in doing so 
improves the back-washing of the appropriate metal(s).

PREVENTION OP THIRD PHASE FORMATION

A second organic phase can form in some extraction systems when the concentration of 
the extracted species exceeds the solubility of the solvate in the organic system. 
This condition can be overcome by the addition of a third reagent (modifier) to the 
organic phase. The modifier, unlike a synergist, does not participate in the 
extraction process, but solely improves the solvation of the extracted species. In 
the TRUEX process, for the recovery of transuranic elements, TBP is employed to 
ensure that the extracted metal-carbamoyl methyl phosphine-oxide complex remains 
soluble.

TBP/diluent systems are themselves subject to third-phase formation under certain 
conditions. The tendency depends very strongly on the choice of diluent and even 
within a given type of diluent, such as the n-paraffins, increases sharply with 
carbon chain length. This consideration has raised doubts about the advisability of 
using n-dodecane as diluent in reprocessing systems.

SUMMARY

It is in solvent-extraction processes, particularly those employing aqueous nitrate 
media in the nuclear fuel cycle that TBP finds one of its major applications. The 
potential problems associated with the separation and purification of actinides 
previously described can be readily overcome by the careful choice of diluent, 
solvent concentration, solvent clean-up, aqueous phase acidity and temperature.

Confidence in TBP is demonstrated by its selection for both the French and British 
new commercial reprocessing plants and possibly the proposed German and Japanese 
facilities. UOC refiners are well satisfied with this reagent and current 
indications are that future plants will remain with TBP. Its use in mining/milling 
operations is being extended as alternative leaching circuits to sulphuric acid are 
being developed.
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