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INTRODUCTION:

Because of its many favorable properties, tributyl phosphate (TBP)
is the chosen extractant throughout the world for the reprocessing of
power reactor fuels (Purex process). These properties include (1)
adequate extraction power for uranium and plutonium, (2) good
selectivity for these elements relative to elements in the fission
product spectrum, (3) amenability to stripping with dilute nitric acid,
and (4) good phase separation.

Despite the overall success of TBP, it has some weaknesses which
result in process problems. Most of its process disadvantages derive
from the fact that it is subject to chemical and radiation degradation
to form principally dibutyl phosphoric acid (HDBP) and monobutyl
phosphoric acid (H2MBP). These products decrease the fission product
decontamination efficiency and can prevent complete uranium and
plutonium stripping, resulting in their losses to the solvent wash
wastes. In addition, certain metal (Th, Zr, Pu) complexes of the HDBP
and H2MBP have low solubilities in the aqueous and organic phases and
sometimes precipitate and interfere with system operation. A further
complication is the significant solubility of TBP in the aqueous phase.
Any process solution that has been contacted with TBP will contain about
a quarter of a gram of TBP per liter. If this solution is allowed to
stand for an extended period or is sent to an evaporator, the TBP
degrades, and the resulting DBP tends to cause precipitation of
plutonium or fission products. The presence of TBP has also been blamed
for an explosion that occurred during denitration of a uranyl nitrate
solution. For these reasons, it is standard practice to steam strip
uranium and plutonium product solutions or scrub them with a diluent to
remove dissolved TBP prior to evaporation.
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Our studies (1) of alternate extractants had the objective of
retaining the many advantages of TBP while eliminating or mitigating its
disadvantages. Thus, the studies were limited to compounds of the same
class as TBP, that is, trialkyl phosphates, but with longer alkyl
chains. Increasing the molecular weight lowers the aqueous solubility
of the extractant to a negligible value (<0.001 g/L) and increases the
organic phase solubility of the metal complexes of both the primary
extractant and its degradation products. In addition, Russian studies
with tributyl phosphate isomers have shown that it is an advantage to
introduce branching of the alkyl chain at the second carbon from the
phosphorus since this increases the resistance to acid hydrolysis (2).

Table 1 shows four compounds that were considered attractive for
evaluation studies, but only two of these, tri(n-hexyl) phosphate (THP)
and tri(2-ethylhexyl) phosphate (TEHP), have been tested. Most of the
studies were with TEHP because it is available commercially at high
purity.

The tests confirmed that both TEHP and THP have some important
process advantages over TBP, although also some disadvantages; further
study of these and other similar alternate extractants appear warranted.

EXTRACTION BEHAVIOR:

Most of the tests were made with 1.09 M solutions of the
extractants in a-dodecane (NDD) or normal paraffin hydrocarbon (NPH)
diluents. This corresponds to 30 vol % concentration for TBP, 41 vol %
for THP, and 52 vol % for TEHP.

Isotherms for extraction of uranium show the extraction power to be
in the order TEHP>THP>TBP (Figure 1). At low solvent loadings, the
extraction coefficients with TEHP are about 1.6 and 2, respectively,
times those of THP and TBP. This is consistent with earlier studies by
Siddall (3,4) which showed that the uranium extraction power increases
with increases in the molecular weight of trialkyl phosphates. All
three extractants reached a maximum uranium loading of about 125 g/L,
equivalent to about 0.5 mole of uranium per mole of extractant. Study
of the effect of varying the extractant concentration on the uranium
extraction coefficient showed about a 1.4 power dependence for TBP and
THP and a 1.6 dependence for TEHP in the concentration range of 0.3 to
1 M.

The Pu(IV) extraction power is also in the order of TEHP>THP>TBP.
In this case, the extraction coefficients showed about a 1.4 power
dependence on extractant concentration for all three extractants.
Figure 2 shows the effect of temperature on plutonium extraction.

The extraction of thorium follows a different pattern with THP
being the strongest and TEHP the weakest extractant. A third phase
formed at thorium solvent loadings of >40 g/L with TBP, but THP and TEHP
were loaded to >60 g/L without formation of a third phase.

Fission Products. The behavior of the more important fission
products, zirconium and ruthenium, was examined in batch extraction



tests and in batch extraction-scrubbing-stripping tests that simulated a
process cycle. Extraction of zirconium was about equivalent for all
three extractants. Ruthenium extraction coefficients, on the other
hand, were about equivalent for TBP and THP but about four times those
for TEHP in the HNO3 concentration range of 0.2 to 4 M (Figure 3). In
the simulated process cycle tests, overall decontamination factors from
ruthenium were highest with TEHP and lowest with TBP. Zirconium
decontamination factors were 1200 for TBP and THP and 2600 for TEHP when
the contact times were 2 to 5 min. For long contact times (15 min), TBP
gave the best results.

Because of the complex behavior of ruthenium and zirconium, tests
of this type, made in the absence of uranium, give only a rough
indication of the comparative results that can be expected in process
operations, but they indicate that decontamination efficiencies with THP
and TEHP should be a least as good as those obtained with TBP; in the
case of TEHP, the efficiencies may be appreciably better. Also, it
should be mentioned that the higher uranium and plutonium extraction
power of THP and TEHP compared to TBP offer opportunity for operation of
the extraction-scrubbing system at higher solvent metal loadings. It is
well known that this has a beneficial effect on decontamination
efficiencies.

Mass Transfer Rates. Studies of U(VI) transfer rates for various
trialkyl phosphates in a Lewis cell by J. C. Mailen, D. E. Homer, and
J. K. Storey of the Oak Ridge National Laboratory (ORNL) showed that the
uranium transfer rates in both the extraction and stripping modes
decreased as the alkyl chain length and branching increased (5). The
decrease was in the order TBP>THP>TEHP. Although uranium transfer was a
factor of 5 to 10 slower with TEHP than with TBP, transfer was still
very rapid. The significance of these lower transfer rates for THP and
TEHP solvents needs to be evaluated in typical solvent extraction
contactors.

EXTRACTANT STABILITY:

The stabilities of the TBP, THP, and TEHP were compared by
contacting them with 1 M HNO3, both in and out of a radiation field, and
measuring the in-growth of the respective dialkyl phosphate degradation
product. The three extractants showed essentially equivalent radiation
stability up to a solvent dose of 4 W«h/L, and results were unaffected
when uranium was added to the system.

The rates of chemical degradation (acid hydrolysis) of TBP and THP
were about equivalent and at least five times the TEKP rate (Figure 4).
The presence of uranium appreciably increased the degradation rates. The
degradation was slow under the test conditions but would be considerably
faster at the higher temperatures and acidities typical of process
operations. Also, it has been found (6) that the hydrolysis is
catalyzed much more strongly by tetr-?valent metals such as zirconium,
uranium (IV), and thorium than by uranium (VI); a single ORNL test also
showed a large effect of Pu(IV). Radiolytic degradation has usually
been considered the more important contributor to the total solvent
degradation, but these findings indicate that chemical degradation is



of equal, or possibly greater importance, particularly if the system is
operated at elevated temperatures and centrifugal contactors are used in
the extraction step.

Precipitation. The zirconium and thorium complexes of DBP and MBP
tend to precipitate from the solvent especially at the lower acidities
typical of the stripping system. This has been a serious problem in
treating thorium fuels (Thorex process). In comparative batch
extraction-stripping tests, THP and particularly TEHP showed a much
lower tendency toward such precipitation than did TBP, indicating that
less trouble from interfacial solids could be expected with the
alternate extractants.

PHASE SEPARATION:

The phase separation of TEHP was decidedly poorer than that of TBP
when the extractants were compared on an equimolar basis (30 vol % TBP
versus 51 vol % TEHP). However, the phase separation rates in contact
with HNO3 of 30 vol % TEHP (O.6 M) and 30 vol % TBP were essentially
the same with organic-continuous mixing conditions; vri.th
aqueous-continuous mixing, TBP separations were somewhat faster. This
was true also in the solvent wash system (0.3 M Na2CO3 at 40°C) except
thac equivalent separation was obtained with aqueous-continuous mixing;
organic-continuous mixing resulted in poor phase separation with both
extractants.

Because of phase separation considerations, use of TEHP at a molar
concentration of 0.6 M, or lower, is recommended.

SOLVENT WASHING:

For effective solvent washing with sodium carbonate, conditions
must be changed from those ordinarily used for intercycle removal of the
dialkylphosphate (HDBP) degradation product from TBP since the sodium
salt of di(2-ethylhexyl) phosphoric acid (Na-DEHP) distributes much less
favorably to the aqueous phase compared to Na-DBP. Very efficient
removal of Na-DEHP was obtained, however, with a two-stage crosscurrent
washing treatment using 0.3 M Na2C03 in the first stage and 0.01 M Na2CO3
in the second. Washing of the TEHP as received from the manufacturer
gave considerable trouble since it contains an emulsion-forming
impurity. This was removed in initial contacts, resulting in greatly
improved separation in subsequent contacts.

Continuous Countercurrent Tests. Flowsheet tests of TEHP as a
reprocessing extractant were made at ORNL in mixer-settler tests with
simulated fast breeder fuel solutions (U and Pu only) in glove boxes and
with irradiated light-water reactor fuel solutions in a hot cell with
favorable results.



The hydraulic performance of 0.6 M TEHP solutions (normal paraffin
hydrocarbon diluent) in the mixer-settlers was good. Recoveries of
uranium and plutoniura were high and separations from fission products
were efficient with both the TEHP and TBP solvents. Decontamination
from zirconium was better with TBP, but ruthenium decontamination was
poorer than with TEHP. Accumulation of interfacial solids appeared less
with TEHP.

CONCLUSIONS:

Both THP and TEHP have some important potential process advantages
over TBP for reactor fuel reprocessing. These include negligible
aqueous phase solubility and less tendency toward third phase and crud
formation. The alkyl chain branching of TEHP makes it much more stable
to chemical degradation than TBP and probably also accounts for its much
weaker ruthenium extraction. The higher uranium and plutonium
extraction power of THP and TEHP allows higher solvent loadings in
extraction but nakes them somewhat more difficult to strip.

The phase separation properties of 1.09 M solutions of THP and TEHP
are inferior to those of 1.09 M TBP (30 vol %) but are favorable at
lower concentrations. Use of more dilute THP and TEHP solutions is
recommended cor this reason and to obtain a better balance of extraction
power in the extraction versus stripping steps.
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Table 1. Trialkyl phosphate extractants
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