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ABSTRACT

Chemical data are presented for the actinides (uranium, plutonium and thorium), the
fission products (cerium, zirconium, niobium and ruthenium) and beryllium in the extraction
of these from betyllium sulphate solutions by amines, in particular Primene-JMT and Alamine-336.
The data so obtained define the major chemical parameters requiring control in a salvent extrac-
tion process to décontaminate beryllium sulphate, and indicate that the use of the solvent Primene-
JMT/Solvesso-100 will adequately remove the uranium, thorium, plutonium, cerium, zirconium and
niobium without extracting significant quantitiés of beryllium. Ruthenium is not highly extractable
and strontium and caesium are extractable only in trace quantity. Although this process will be
adequate for primary decontamination of the beryllium sulphate, a further step to remove residual
tuthenium, strontium and caesium may be required.

The actinides with the extracted fission products are readily stripped from the amine phase
with nitric acid, thus permitting recovery of the actinides by a conventional tributyl phosphate
process. The amine phase is readily converted back to the free-base form using sodium carbonate,

This is necessary to prevent recycling of the nitrate which would inhibit the extraction of thorium,
plutonium and the fission products,
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1. INTRODUCTION

A dispersion-type fuel with a beryllia matrix as moderator, described by Smith (1964),
was chosen for the Australian study of a high temperature gas-cooled reactor (H.T.G.C.R.).
For such a reactor to operate economically as a breeder, not only must the fissile component (U233)
be recovered and recycled, but also the bulk of the beryllia moderator should be recovered and re-
cycled.

Cairns (1964) proposed a grind-leach head-end process to bring the actinide components of
the fuel into solution by leaching the comminuted fuel elements in nitric acid solution and leaving
the bulk of the beryllia as residue insoluble in nitric acid. Following this proposal a three-step
head-end process was developed (Farrell and Isaacs 1965, Farrell, Isaacs and Shying 1966, Baillie
and Hubery 1966, and Shying, Lee and Farrell 1967). The steps in this process are:

(i) Comminution of the fuelled beryllia pebble elements,
(ii) Nitric acid leaching of the actinides from the comminuted material.
(iii) Dissolution of the beryllia residue in sulphuric acid.
About 10 to 20 wt per cent of the beryllia is dissolved in the nitric acid.

The bulk of the actinides is readily extracted from the beryllium nitrate/nitric acid stream
by using a solvent extraction process with tributyl phosphate as the solvent (Baillie and Ryan 1965).
However, a small quantity of the actinides and an equivalent or perhaps greater quantity of fission
products remain with the beryllia residue and enter the sulphuric acid stream. The quantity and
composition of the actinides and fission products entering this stream depend on the behaviour of
these components in the head-end process.

Both residual actinides and fission products have to be removed from the beryllium sulphate
stream to permit its recycle to the reactor as beryllia. This report presents data and experimental
conditions for removing both actinides and fission products from beryllium sulphate solution before
the beryllium sulphate tetrahydirate is crystallised out and calcined to beryllia. The beryllia is
transformed to sulphate and back to oxide in the fuel cycle, By keeping to a minimum the number
of chemical transformations of beryllium, the major component in the fuel, an economic process for
beryllia recycle may be possible.

After consideration of the possible aqueous separation methods available for removing some
or all of the contaminants in the beryllium sulphate solution, a solvent extraction using amine was
chosen., This decision was based chiefly on the results of research with amines at the Qak Ridge
National Laboratory (Coleman 1964).

2. EXPERIMENTAL

2.1 Equilibration Technique

Equilibrations of the chosen aqueous and organic phases were made at 25 °C in a machine
previously described by Bishop et al.(1960). Aliquots of the phases were shaken in glass bottles
of 30 ml volume and sealed with screw caps fitted with neoprene inserts, After shaking for 15 minutes
and allowing the phases to separate, extraction coefficients were determined by analysis using the
relationship;

EO - Concentration in organic
a concentration in aqueous.

The beryllium and the individual fission products in both phases were analysed by radio-
metric methods. The y-emitting tracers Be7, St85, Cs137, Z195, Nb95, Rul06 and Celd4 were used
in conjunction with a ¥ scintillation counter (A.A.E.C. Scaler Type 2A unit in tandem with a Scaler
unitType 1009E). For mixed fission product samples the individual distributions were determined
by ¥-scintillation counting and 7 spectrometry with a 256-channel analyser.
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For each phase the uranium concentration was determined by fluorimetry (Rodden and Wharf
1950), the thorium by colorimetry using Thoronol (Thomason et al. 1949) and the plutonium by
radiometry using a gas-flow proportional t-counter. For plutoniuma correction to the 0 count
was required as Am241 was present and this concentrated in the aqueous phase. The Am241 was
determined by @ spectroscopy using a solid-state detector and the 256-channel analyser.

2.2 Materials and Reagents

Aqueous phases. The composition of the beryllium sulphate stream from the grind-leach
process depended on the head-end process selected. The chief compositions studied weres:

‘(a) 2.0M {Be] +2.5M (50,], generally produced by the simple dissolution of
beryllia residue in excess 10M HoSOy, or

(b) 2.0M [Bel] +2.0M [80,]), a solution of lower acidity produced by crystallising
BeSO, .4H,0 from the solution, removing the mother liquor and redissolving
the crystals in water (Shying et al. 1967).

The necessary quantities of uranium, thorium, plutonium, or fission product sulphate solutions
were added to beryllium sulphate solution. Generally the initial aqueous phase concentrations used
were 300 pg/ml for thorium and 30 pg/m! for uranium, while plutonium and fission products were in
trace-level quantities. Throughout the studies the pH was adjusted when necessary using H2804 ot
NH,OH.

The beryllium sulphate was prepared by dissolving Brush UOX-grade beryllia in slightly less
than the stoichiometric quantity of 10M H,SO, acid; the uranium sulphate was prepared by dissolving
UO, (Mallinckrodt ceramic grade) in strong sulphuric acid (under the conditions of this dissolution
U(V]) resulted and not U(IV)); the thorium sulphate was prepared by dissolving finely divided thorium
metal in (10M HoSO4 + 0.01M F~) solution, precipitating the hydroxide with NH,OH and redis solving
it in the stoichiometric quantity of sulphuric acid. The plutonium sulphate was prepared from pluton-
ium metal by first dissolving the metal in hydrochloric acid, then precipitating the hydroxide from the
solution, washing the precipitate, and redissolving it in strong sulphuric acid.

The radioactive tracers used were obtained from the Radiochemical Centre, Amersham, England,
as aqueous solutions; if necessary they were converted to the sulphate form before use. The fourteen-
month-old mixed fission product sulphate solution used in the higher level activity (mCi) experiments
had been obtained by the dissolution of irradiated **UQ ,—ThO ; pellets in sulphuric acid after comminu-
tion in a hot cell. The thorium sulphate which forms and crystallises in the strong sulphuric acid
redissolves on dilution with water. The irradiation of the pellets had been such that a sufficiently
high specific activity per unit volume of solution was retained after dilution.

The stock solutions of uranium, thorium and plutonium were analysed by the methods described
in Section 2.1, and beryllium was determined by colorimetry with Chrome Azurol S (Pakalns 1963).
Total sulphate in the solutions was determined by the method of Archer (1957) using lead nitrate
titration with dithizone as the indicator. Acidity (pH) was measured using a glass electrode and a
standard calomel half-cell.

For the investigation of the effect of anions on the extraction of beryllium, Be7 was added
to 0.1M aqueous solutions of the ammonium salt of the chosen anion. All reagents were of analytical
reagent grade quality unless otherwise specified.

Organic Phases. The organic phasé consisted of a selected amine dissolved in a selected
diluent, To decrease the emulsification and formation of a thitd phase a polar modifier, capryl
alcohol (C.A.) was added to the otganic phase when required. The capryl'ai'l'c'ohol was laboratory
grade (L.R.) reagent from Light and.Co. Non-aqueous titration methods based on those of Fritz
(1952), Pifer and Worfish (1952), and Pifer et al. (1953) were used to determine equivalent weights
and primary, secondary, and tertiary amine contents. These amines were of commercial grade, from
various sources, and not treated further before use. They are listed in the Appendix.
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The diluents were commercially available hydrocarbons and also were used without further

- purification. They were either essentijally aliphatic, such as odourless mineral spirits R-100 {0.M.S.)
(from Vacuum Qil Co. Pty. Ltd.), or essentially aromatic, such as Solvesso-100 and ~150 (from Esso
Standard Oil (Aust.) Ltd.). The Sclvesso -100 and <150 are mixtures of the trimethyl benzenes, the
-150"having a higher proportion of C10 aromatics and consequently a higher flash-point. Boralene-1120
{(from Boral Ltd.) contains a high propottion of n-dodecane but is more aromatic than O.M.S.

3. RESULTS AND DISCUSSION

3.1 Choice of an Amine and a Diluent for the Solvent

Using the 2.0M Be + 2.5M SO. aqueous phase, adjusted to pH 1.0 with ammonium hydroxide
and organic phase combinations of 0.05M amine and various diluents, the extraction coefficients
for uranium, thorium and beryllium (Table 1) were determined. Thorium was highly extractable with
Primene-JMT, U less so (uranium at low concentrations in sulphate solution, exists in the hexa-
valent state) and Be was very low with an extraction coefficient (Eg) less than 0.01. Whereas the
use of the aliphatic O.M.S. diluent or the aromatic Solvesso-100 diluent had little effect on the
extraction coefficients, the separation of the phases with the 0.M.S. diluent was slower. The
addition of capryl alcohol increased the rate of phase disengagement but decreased the uranium
extraction coefficient by half. However, the diluent type had a more marked effect on the uranium
- extraction when either a secondary or tertiary amine was used, the aromatic-type diluents being
superior. Phase separation with the cyclo- and benzyl-amines was poor, stable emulsions forming
as third phases. The use of capryl alcohol did net overcome this problem and these particular
amine-types were considered unsatisfactory.

For the extraction of U, the amine and diluent types may be ranked in the following decteasing
order of general effectiveness for extraction thus: tertiary > secondary > primary, and Solvesso-100 >

Benzene » Boralene 1120 > (Odourless Mineral Spirits +5 ¥/o capryl alcohol), For Th extraction.ptimary
amines were much more efféctive than tertiary and this occurred for tetravalent Pu as well.  With
Primene-]MT/Solvessq-100, Pu had an extraction coefficient greater than 520,

Using conditions identical to those above for the actinides and beryllium, the extraction
coefficients for the fission product elements Ce, Zr, Nb, Ru, Sr and Cs were determined (Table 2).
There was negligible extraction of Sr and Cs but appreciable extraction of the others. The Ce was
extracted most effectively by primary amines. On the other hand Zr and Nb, in spite of having the
highest distribution coefficients with Primene-JMT, gave significant extraction with both secondary
and tertiary amines. Ru extraction was poor, extraction coefficients being less than unity with all
three classes of amine, the best being the tertiary.

Thus tertiary amines, such as Alamine-336 are best for extraction of U, but primary amines,
such as Primene-JMT are best for extracting Th, Pu, Ce and Zr. Solvesso-100 is the most effective
diluent for use with Primene-JMT.

Some further extractions were made with mixtuzes of Alamine-336 and Primene-JMT with the
expectation of obtaining at least the equivalent extraction for both U and the other elements. - How-
ever, the data in Table 3 and the Figures 1 and 2 show that the benefits of the mixed amine system
for an increased U extraction were obtained only when the primary to tertiary amine ratio was about
1.0. However, the expected Th:U atomic ratio of 20:1 in the feed solution favours the use of an
extractant containing mainly primary amine.

The mixed-amine systems were characterised by slow-breaking emulsions and this makes
practical application doubtful. The addition of capryl alcohol improved phase separation but

reduced the uranium extraction.

The use of Primene-JMT in Solvesso-100 was the most favoured solvent for a primary scav-
enging of the contaminants from the beryllium sulphate solution.

3.2 Effect of Amine Concentration

From the results in Section 3.1, Figures 1 and 2, the extractions of U, Th and Be are generally
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ditectly proportional to the amine concentration in the organic phase, {A),. Uranium extraction
studies were extended to include distribution data obtained from both aqueous phase compositions
used, (2.0M Be + 2.0M S0,) and (2.0M Be + 2.5M S0,). Both were at pH 1.0 with organic phases of
0,01M to 1.0M Primene-JMT in Solvesso-100 and in (O.M.S. +5 ¥/o C.A.), and 0.01M to 0.5M Alamine-
336 in Solvesso-100, and results demonstrated that the extraction of U was directly proportional to
{A), in all cases. The log-log plots of the extraction coefficient for uranium, EZ (U) against (Al,
(Figure 3) are linear with slopes of near unity (1.0 to 1.1). There was also confirmation from these
results that the solvent Alamine-336/Solvesso-100 was superior to Primene-JMT/Solvesso-100 for

U extraction. Primene-JMT/ (O.M.S. +5 ¥/o C.A.) had a lower extracting power than when Solvesso-
100 was the diluent,

For both Th and Pu there was a greater than 99.9 per cent extraction by the Primene:JMT/
Solvesso-100 solvent for [A] o - 0.0IM. In contrast the extraction coefficient for thorium E; (Th)
was low, but directly proportional to [A]O when Alamine-336 was used (Figure 4).

Although the extraction coefficient for beryllium, E;’ (Be), was low in all systems used, (less
than 0.2) the extraction was directly proportional to (Al o+ A log-log plot (Figure 5) for E: (Be)
against {A], gave a relationship with a slope of unity for the two solvents Primene-JMT/Solvesso-100
and Alamine-336/Solvesso-100, but a slope of 1.4 for the Primene-JMT/(O.M.8. +5 V/o C.A.) solvent.

Primene-JMT was a stronger extractant for Be than Alamine-336.

Similarly, the extraction of the individual fission product elements as a function of [A], was
measured using only the Primene-JMT/Solvesso-100 solvent.. The results (Figures 6 and 7) con?irm
that in this solvent these elements are extracted in the order Zr> Nb>> Ce>>> Ru and that this
order is not changed by an increase in the total initial sulphate concentration of the aqueous phase
from 2.0 to 2.5M with the pH constant at 1.0, The power dependence of the amine concentrations
was less than unity for all the fission product elements examined. The relationships obtained from
the linear log-log plots of the extraction coefficient E3 against {A]o are summarised in Table 4.

3.3 Effect of Sulphate Concentration and pH

The extraction of uranium from beryllium sulphate with Primene-JMT/Solvesso-100 sensitively
depended on both pH and initial sulphate concentration in the aqueous phase. The decrease in U
extraction with increasing sulphate concentration (Figure 8) is similar to the tesults obtained by
Bunney et al. (1959) with anion exchange resin, and implies qualitatively that an ion-exchange mech-
anism is operating. There is also a decrease in the extraction of U with decreasing pH (below a pH
value of 1.5) at a fixed sulphate concentration (Figure 9). This decrease is attributed to successful
competition for the amine by bisulphate formation. The results also indicate that improved extraction
can be obtained for U at low pH values (<1.0) if the sulphate concentration is kept as low as possible.

Whereas the extraction of U with 0,IM Primene-JMT/Solvesso-100 from beryllium sulphate
solutions was sensitive to both sulphate concentration and pH of the aqueous phase, the extraction
of Th remained high (Eg(Th)>103) over the range investigated. The extraction of Be was not sensi-
tive to either changes in total sulphate concentration (1.0M — 2.0M) or in aqueous phase pH (0.5-2.0).
A comparison of the extraction coefficients for Th, and Be by Primene-JMT/Solvesso-100 and
Alamine-336/Solvesso-100 is given in Table 5 for the investigated ranges of aqueous phase sulphate
concentration [$0,] 4 and pH.

It may be noted that with 0.1M Alamine-336/Solvesso-100, the beryllium and Th .
extraction was not very sensitive to changes in either total sulphate concentration (2.0M ~ 2,5M)
or pH of the aqueous phase (1.0 — 2.0) with a 2M concentration of beryllium. However there appears
to be an optimum pH of 1.0 ~ 1.5 for the U extraction. The extraction of U with 0.05M Primene-JMT
(0.M.S. +5 Y/o C.A.) was not very sensitive to total sulphate concentration (2.25M — 3.0M) or pH
of the aqueocus phase (1.5 — 2.0) with a 2M beryllium sclution.

Similarly, Table G presents the coefficients for the extraction of the fission product elements
Ce, Nb, Zr, Ru, Sr and Cs by 0.1M Primene- JMT/Solvesse-100 as a function of beryllium together
with total sulphate concentrations and pH of the aqueous phase. Neither Ce nor Ru extraction was
sensitive to total sulphate concentration, though a small decrease occurred with increase in sulphate,
This decrease was more marked for the Zr and Nb., Neither Str nor Cs were significantly extracted
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over the range of conditions used. The extraction of both Zr and Nb was significantly reduced as the
-pH was increased, owing to the hydrolysis of the hydrated metal ions and possible subsequent
polymerisation. However, the extraction of Ru and Ce did not change significantly with increasing
pH. The extraction of Cel44, Zr95—Nb95 and Rul06 was not significantly affected by beryllium
concentration in the range 1.0 — 2.0M.

To summarise: The optimum extraction of uranium (also Th and Pu) together with the
extractable fission product elements Zr, Nb, Ce and Ru can be obtained by using an aqueous feed
solution containing less than 2.0M beryllium with a total sulphate such that the pH is not greater
than 1.0 but not less than 0.5. A low free-acid feed solution from the grind-leach step is essential
for this solvent-extraction process. :

3.4 Effect of Other Anions

The most likely foreign anion to enter the sulphate system is nitrate, particularly if the
amine in the nitrate form after stripping is not returned to the free-base form (see Section 3.7
below). There is evidence (Brown et al. 1954) that the presence of nitrate markedly reduces the
uranium extraction by secondary and tertiary amines from 1M HoSO, acid. "Results in Table 7
demonstrate that for uranium extraction from beryllium sulphate with Ptimene-JMT there was an
unexpected increase in extraction on the addition of nitrate (approximately 10 times for an increase
in nitrate concentrations from 0 to 0.2M) followed by a decrease after 0.2M, to almost zero extraction
at 0.5M HNOs. With 1,0M SO, (H, 50, and (NH.)580,) as a mixture of solutions but no beryllium,
Primene-JMT extraction of U also increased with small additions of nitrate (approximately 20 times
for an addition of nitrate to give a concentration of 0.05M). However it decreased as the nitrate
concentration was increased. Thus the effect of nitrate addition was independent of the beryllium.
With a tertiary amine, tri-iso-octylamine, there was an immediate decrease in U extraction, with no
initial increase. '

The Primene-JMT extraction of thorium, plutonium and the fission product elements Ce,
Z:-Nb and Ru is seriously decreased by the addition of nitrate even at low concentration.

It appears from tlie results of these experiments (Table 7) that before re-use as an extractant,
the stripped Primene-JMT in the nitrate form should be reconverted to the free-base form in order to
prevent poor extraction of the uranium, and to a lesser extent the fission products.

Very little (less than 1 per cent) of the beryllium is extracted by the Primene-JMT from the
sulphate solutions. This quantity of beryllium is neither a significant loss nor a significant impurity
in the organic phase and therefore a scrubbing section is not required to prevent the beryllium con-
centration becoming excessive in the organic phase.

There is, however, a remote possibility that fluoride and phosphate ions in low concentration
entering the amine solvent extraction process from other parts or processes of the overall fuel cycle,
(see Section |1 above) could increase beryllium extraction. :

To test the sensitivity of the Primene-JMT extraction of Be to the presence of other anions,
a small separate study was made of the effects of various anions in Primene-JMT beryllium extraction.

This study used Be7 tracer, the aqueous phases being various ammonium salt solutions. The
anion effect on the amount of beryllium extracted, obtained from the extraction coefficients shown
(Table 8),was that beryllium extraction was greatest with phosphate > fluoride > thiocyanate >
sulphate >> nitrate or chloride. '

With fluoride, however, the presence of sulphate, as.in the process under development,
Anhibits extraction of beryllium fluoro-complexes but does not inhibit extraction of beryllium
phosphate - complexes. For example a large extraction (Eg(Be) =59) was obtained for beryllium
from (0.05M BeSO, + 0.1M NH4H 5P0.) solution (Table 8). Phosphate must be kept out of the amine
process.



3.3 The Effect of Amine Loading

The atomic ratios of Pu, U and Th in the spent fuel arising from operation of the H.T.G.C.
Reactor are 1 :.22: 480 (Cairns et al, 1966). It is not certain whether these atomic ratios had
changed by the time the residual actinides from the leaching step entered the beryllium sulphate
stream, Assuming they were approximately the same, the effect of the major component thorium,
with its high extraction coefficient, would be to saturate the organic phase only, decreasing at
least the uranium extraction and possibly the extraction of plutonium and the fission product
elements.

For this reason a study was made to determine the degree of thorium loading of the organic
phase which would affect the extraction of the uranium, which as the U233 isotope is the most
important constituent to be recovered from the beryllium sulphate stream.

The thorium loading characteristics of the Primene-JMT/Selvesso-100 solvent and its
effect upon uranium extraction were studied by contacting a particular sample of organic phase
with successive volumes of fresh aqueous phase

(a) with the phase ratio constant (aio0 = 1:1)
(b) with the phase ratio varied.
From the results Table 9 and Figure 10 it was established that:

(i) The maximum thorium concentration that could be obtained in the organic phase
was 2,900 pg Th/ml (0.0125M Th), at which concentration negligible U was
extracted. This maximum thorium loading in 0.1M Primene-JMT/Solvesso 100
gives a thorium to amine mole ratio of 1 : 8. Crouse and Denis (1953) cbtained
a similar value when extracting thorium from sulphuric acid solution.

(ii} The extraction.of U was found to_be:dependent on the thorium loading of the
otganic phase, the extraction remaining constant until the thorium concentration
in the organic phase reached 1250 ug Th/ml. Neither a change in the U:Th ratio
in the aqueous phase nor an increase in the total sulphate concentration (2.0 to
2.5M) greatly affected this result.

Thus for optimum co-extraction of uranium and thorium the thorium concentration in the organic
phase must not exceed 1250 pg Th/ml.

The required phase ratio using 0.1M Primene-JMT/Solvesso-100 to obtain this optimum
co-extraction is equal to the maximum permissible thorium concentration in the organic phase, viz.
1250 g Th/ml, divided by the thorium concentration in the initial aqueous phase inpg/ml.

Using the above data (see Figure 11) an empirical equation was obtained for the extraction
of thorium by Primene-JMT/Solvesso-100 from beryllium sulphate solution:

~

EQ (Th) = 20,000 {{A), -8 [Th] Y /0.10,

where [A]o is the total amine-concentration in the organic phase both complexed and uncomplexed.

The dependence of the E: (Th) value on the concentration of the uncomplexed amine was
derived (Figure 12) but because of the high thorium extraction obtained, some uncertainty surrounds
this value.

Pu was not seriously affected by thorium loading though a small decrease in E_ao(Pu) values
was detected as [Th], was increased.

The effect of thorium loading of the organic phase on the extraction of the fission product
elements is summarised in Figure 13. Initially there was an increase én the extraction of mixed
fission products as measured by the gross ¥ distribution coefficient E, () but after a [Th]o of
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Q°9 g/l had been reached, a decrease occurred. This maximum in the EJ (¥) was caused by ES (Nb)
and E4(Zr) values increasing with increasing [Th],, while EQ (Ce) decreased. Eg(Ru) increased
initially - with increase in [Th] o > and then decreased, but the overall effect was small.

In this particular process, extraction of all elements present except beryllium is required.
Under these circumstances, excessive loading of the amine phase with thorium should be avoided
so that extraction of all possible metals is achieved. However, too much excess amine in the
organic phase, although permitring a higher extraction of bisulphate will result in an increase in
the sulphate content of the nitrate strip solution which is to be recycled to the tibutyl phosphate
(refer to Introduction above). Sulphate inhibits separation of the actinides from fission products
in the tributyl phosphate process and its concentration in the nitrate feed solution to this process
must be kept as low as possible.

Al

3.6 Stripping of Actinides and Fission Products

The excellent extraction of the actinides from beryllium sulphate by Primene-JMT/Solvesso-100
indicates the possible use of a less selective grind-leach process, a higher quantity of the actinides
being recoverable in the beryllium sulphate purification step. As stated in the introduction, the
actinides (U, Pu and Th) are separated from the fission products in the beryllium nitrate nitric acid
stream by solvent extraction using tributyl phosphate (Baillie and Ryan 1965). To permit easy recycle
of fission-product-contaminated actinides from the amine-sulphate process, it is necessary to strip
them from the organic amine phase with nitric acid, and send the resulting nitrate-sulphate solution

to the tributyl phosphate process. For this reason, stripping studies were restricted to the use of
nitric acid.

Each 0.1M Primene-JMT/Solvesso-100 phase was loaded with actinides by contacting it with
a fresh aqueous phase (a/o = 1/1) of 2.0M BeSO,4 solution (pH 1.0) which contained the actinides.
The loaded organic phases were then contacted with the nitric acid stripping solutions. The results
{Table 10) show that, with an o/a ratio of 1/1, at least 1.0M HNO; was required to strip the Pu and
Th, the former being the most difficult to strip. With the 1,0M HNO; strip, as the o/a ratio was
increased from 1/1 through 3/1 to 5/1, the Sg (Th) and Sg (Pu) values, where Sg is defined as the
ratio of the concentrations of the metal ion in the aqueous to that in the organic phase, both
decreased. With a 5/1 o/a ratio the nitric acid concentration of the strip solution was required
to be 1.5M to increase'Sg(Pu) from 9 to 1400. U was most easily stripped. .

In a similar fashion, the Sg values for the fission product elements (Ce, Zr, Nb and Ru}
were obtained using 1.0M HNO; acid (Table 11). Ce was readily stripped and Sg (Ce) was independ-
ent of phase ratio under these conditions. Ru was not so readily stripped but S3 (Ru) was also
independent of phase ratio. The stripping of Zr and Nb depended. largely on phase ratio, but with
an o/a value of 3/1, S5 values for both elements were greater than 100.

A strip solution of 1.0M HNO3 with an o/a ratio of 3/1 appearé to be adequate for stripping
both actinides and fission products from an 0.1M Primene-JMT/Solvesso-100 organic phase.

3.7 Reconversion of the Amine to Free-Base Form

Recycling of the amine in the nitrate form (RNHp.HNO3) will introduce nitrate ion into the
sulphate extraction system. As pteviously shown under Section 3.4, this nitrate will depress the
extraction of all elements involved except perhaps the U. To ensure that the introduction of
nitrate with the recycled amine will not décrease the extraction coefficients, it is necessary to
treat the amine with a stronger base, such as sodium hydroxide, sodium carbonate or .ammonium
hydroxide. The amine in the free-base form can then be safely recycled to the sulphate extraction
step without introducing nitrate. '

In spite of chmées in the a/o ratio from 1/1 to 1/8, sodium hydroxide solution gave rise
to slow-breaking emulsions and its use proved impractical.

 Amine in the nitrate form was prepared by contacting 0.1M Primenc-JMT/Solvesso-100 with.
equal volumes of 1.0M nitric acid to give fNOs]l, = 0.11M. Both Nay,COg and‘NH4OH solutions
proved to be effective in stripping the nitrate from the amine (Table 12), but with lower phase
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ratios {a/o) of 1/8 the ammonium hydroxide gave longer phase-disengagement times, For these

reasons, 1.0M NaoCOj; solution was selected as the regenerating base with a phase ratio (a/o)
of 1/5.

3.8 Optimisation — Calculation of the Number of Stages

The quantity of uranium and thorium entering the beryllium sulphate stream from the grind-
leach process had not been established prior to the laboratory development of this process for the
decontamination of the beryllium sulphate solution. U233 is the most valuable component occurring
as a contaminant in the beryllium sulphate solution but,of the actinides in the process, as U(VI)
it is the least extractable,

Using the extraction data obtained above, and selecting a range of uranium and thorium con-
centrations in the beryllium sulphate, the number of theoretical stages required to extract the uranium
was calculated for several systems using the following equations from Haas (1961):

X 1 Xn 1 4 A - Eg-1
— = — = ———— and — = ——/——
g 1+ Eg’ xo (1 +Ef)n ! Xg Efn+1_1

These are for single stage, multi-stage cocurrent, and multi-stage counter current extractions
respectively, where the fraction of solute remaining in the aqueous phase, xp/xg, is expressed
as a function of distribution ratio (Ef) and number of stages or contacts {(n), Also the distribution
ratio;

(2]
Ef’« Ea..%

It was assumed that equilibrium was reached at each contact, the phase ratio being l-igited to
1250/ [Th]a , Where '['I‘-h]a is expressed in pg/ml, (see Section 3.5 above) and the E; ()
value remained constant for the particular initial feed composition selected.

The results of these calculations are summarised in Table 13, the number of stages for the
extraction of the uranium ranging from 1 to 5 depending upon the system chosen. In a similar fashion,
the number of stages required for stripping thorium from the organic phase using 1.0M gitric acid was
calculated. With a phase ratio {(o/a) of 5/1 it was calculated that two stages were required to strip
the thorium although a phase ratio of 3/1 gave optimum stripping in a single contact.

The optimum extraction and strip parameters were confirmed experimentally in a multi-stage
cocurrent system for uranium and thorium, However, for both extraction and stripping of the fission
products, measured as gross 7, at least three stages in extraction appear necessaty and three for
stripping (Table 14). Even so, only 92 per cent of the y-emitting fission products were extracted,
the residual 8 per cent of J-emitting fission products being Cs137 and Rul06. The pure S3- emitter
Sr90 was not extractable.

Although a more intensive study of ruthenium chemistry in sulphate media might produce
conditions for improving Ru extraction, it is unlikely that Cs or St can be removed by this amine-
scavenging process, and a further process, or second cycle, is required to obtain a greater decon-
tamination of the beryllium sulphate and thus achieve the required decontamination factor (D.F.)
of 10° (Cairns et al. 1966). Using an ion-exchange method developed for decontaminating beryllium
nitrate solutions from fission products (Fardy 1966), it has been demonstrated (Fardy 1967) that it
is possible to attain a D.F. of 10° with 0.5M beryllium sulphate at the millicurie level of radio-
activity, and this process may therefore be a suitable second cycle.

The use of amine solvent extraction as a first-cycle beryllium sulphate decontamination
process has the advantage that the actinides, particularly the U233, can be recovered and recycled.
This permits greater flexibility in the operation of the head-end, grind-leach process, and ensures
sufficient recovery of the U233 for the breeder cycie. .

In discussing the attainment of the overall D.F. of 10° for the beryllium in the H.T.G.C.R.
fuel cycle (Figure 14), the D.F.’s obtained,beth in the head-end process and in the crystallisation
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of BeS04.4H-0 prior to calcination to BeO, have to be considered. If these each prove to have D.F.
values of 10 or greater for gross fission products, then a single amine solvent extraction cycle for

the decontamination of the beryllium sulphate may be adequate.

3.9 Chemical Flowsheet

Using the above data and the fuel cycle data published by Cairns et al. (1966), a preliminary
chemical flowsheet has been constructed and is shown in Figure 15. This flowsheet requires testing
with high levels of radioactivity and the correct or nearly correct feed stream composition.

4. GENERAL CONCLUSIONS

A primary amine dissolved in an aromatic diluent, such as the commercial Primene-JMT in
Solvesso-100, can quantitatively extract Th, U and Pu from acidic beryllium sulphate solutions. ~The
same extractant can also be used for the fission product elements Zr, Nb and Ce.

However, Ru is not sufficiently extracted and Cs and Sr are relatively non-extractable and
thus the procedure does not give a high overall decontamination for gross fission products.

The method appears to be primarily useful for the separation of actinides from beryllium
sulphate solution, and would lend itself to the primary decontamination of beryllium-based fuel
solutions if this was required, particularly as the extracted species can be readily stripped with
nitric acid, thus permitting a conventional tributyl phosphate second-cycle process.

Further development of this process requires its integration with the head-end grind-leach
process for H.T.G.C.R. fuel, in a series of high-activity experiments using irradiated fuel of the

required composition.
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TABLE 1

THE EXTRACTION QOF U, Th, Pu AND Be BY AMINES

Amine

Diluent

Extraction Ceoefficients

ECU(VI) | ESPu(lV) | ESTh(V) | E; Be(D
Primene-JMT 0.M.8.7 +5V/0 C.A*" 6.2 >10° 45 x 107
Primene-JMT O.M.S. 11.4 >10® 6.0 x 107°
Primene-JMT Boralene 1124 7.3 - >10°
Primene-JMT Benzene 10.4 >10°
Primene-JMT Solvesso-100 12.0 >520 >10° 6.2 x 108
Primene-JMT Solvesso-150 13.5 >10% 6.6 x 107
Alamine-336 0.M.8. + 5 ¥/o C.A. 12.8 0.10
Amberlite LA-1 O.M.S. +5 V/o C.A. 3.7
Amberlite LA-2 0O.M.S5. +5 ¥/o C.A. 5.0 519
Tri-iso-octylamine O.M.8. + 5 V/o C.A. 4.7
Alamine-336 Solvesso-100 214 6 0.13 1.1x 107
Amberlite L A-1 Solvesso-100 204
Amberlite LA-2 Solvesso-100 75
Tri-iso-octylamine Solvesso-100 96 4.5 >1.0
Cyclohexyloctylamine Solvesso-100 3.8
Cyclohexylstearylamine | Sclvesso-100 emulsified
Benzylamylamine Solvesso-100 emulsified
Benzyldilaurylamine Solve sso-100 emulsified

Odourless mineral spirits

* OM.S, =
#* C.A. = Capryl alcohol
V/o = Volume per cent

Initial Phase Compositions:

Aqueocus Phase :

Organic Phase :

2.0M BeS04,2.5M Total SO4,pH = 1.0

30ug U/ml, 300 ug Th/ml, Pu-tracer level

0.05M amine in the chosen diluent

Phase ratio (a/o) 1:1




TABLE 2

THE EXTRACTION. OF INDIVIDUAL FISSION

PRODUCT ELEMENTS BY. AMINES

Extraction Coefficients EZ
Amine

Celd44 | Zr95-Nbos Nbos Rul06 Sr85 Cs137
Primene-JMT 9.9 52 3.5 25x 10t | 1.2x 10°® 2.1x 107
Cyclohexzyloctylamine 6 x 107 3x 107" 10 4.5 x 10"* | negligible 1.9 x 10°®
Cyclohexylstearylamine emulsified
Amberlite LA-1 2.6 x 107° 5.2 3.6 7.4 x 10°' | negligible 8 x 107*
Amberlite [LA-2 negligible 3.2 3.8 7.1x 10" | 9x 107 9.5 x 107
N-Benzyldilaurylamine emulsified
N-Benzylaurylamine emulsified
Tri-iso-pctylamide negligible 1.1 1.7 6.4 x 10™ | negligible negligible
Alamine-336 negligible 1.4 3.6 7 x 107 negligible | 4.4 x 107

Initial Phase Compositions:

Aqueous Phase 2.0M BeS0y, 2.5M total sulphate, pH = 1.0
Tracer level fission product elements
Otganic Phase 0.05M amine in Solvesso-100

Phase ratio (a/0) 1:1



TABLE 3

THE EXTRACTION OF U, Th, Pu AND Be BY AMINES

o]
Amine and Phase Separation Extraction Coefficients Ea
Concentration Time

Minutes U(vI) Th(IV) Be(Il)
0.05M Primene-JMT 2 10.3 >10? 5.7 x 10~°
0.0375M Primene-]MT . "
0.0125M Alamise-336 2 12.3 10 | 43x10
0.025M Primene-JMT >10° 2.5 x 10°?
0.025M Alamine-336 2 49.2 '
0.0125M Primene-JMT 1 49.6 2.3 x 107
0.0375M Alamine-336 1% 86.5 9.
0.05M Alamine-336 1Y% 269 0.11 1.2 x 107}
0.1M. Primene-JMT 2 22 >10° 1,1 x 1p"*
0.075M Primene-TMT 103 .3
0.025M Alamine:336 3 33 10 7.5x10
0.05M Primene-JMT . 103 -3
0.05M Alamine-336 >4 91 10 5.5x 10
0.025M Primene-JMT 5 >10? 1 10-3
0.075M Alamine-336 4 219 0 9 x
0.1M Alamine-336 31 264 0.3 1.6x 107
0.05M Primene-JMT _
0.05M Alamine-336 1% 40.3 1243 4.9x 10"

+5v/0 C.LA. #
0.05M Primene-JMT
0.05M Alamine-336 1 16.5 533 4.2 x 107*
+10 v/o C.A.

* C.A. = Capryl alcohel

Initial Phase Compositions:

Aqueous Phase

Organic Phase

2.0M BeS0,4, 2.5M total sulphate, pH = 1.0

30 pwg U/m!l, 300 pg Th/ml

Selected amine or amines in concentrations given in table in
Solvesso-100

Phase ratio (a/0) 1:1




TABLE 4

EMPIRICAL RELATIONSHIPS FOR FISSION PRODUCT ELEMENTS

EXTRACTION AS A FUNCTION OF PRIMENE-JMT CONCENTRATION

Fission Product Element

Empirical Extraction Relationship

2.0M Total Sulphate

2.5M Total Sulphate

Celdd

E2 (Cel44) =108 [JMT]

076

75

EQ (Cel44) = 92 [JMT]°

Z195-Nb95

EQ (Zr95-Nb9s) =292 [JMT]

047

EQ (Zr95-Nb95) = 220 [yMT ™

Nb95

EQ (Nbos) = 193 [jMT]™

EQ (Nb9s) = 114 [jMT1"™

Rul0é6

EC (Rul06) = 1.65 [yMT]"™

ES (Rul06)=1.15 {jMT]™"

Mixed Fission Products
(Gross )

E3 (v) =5.1 [jMT]™*

Initial Phase Compositions:

Aqueous Phase :

QOrganic Phase

2.0M BeS80Q,, total sulphate as above, pH =1.0

Fission product elements used at tracer level

Primene- JMT/Selvesso-100

Phase ratio (a/o) 1:1




TABLE 5

THE EXTRACTION OF U, Th, Be BY AMINES AS A FUNCTION OF

BERYLLIUM CONCENTRATION, SULPHATE CONCENTRATION AND pH

Tnitial
Aquecous Phase Extraction Coefficiénts EJ
rConcentrations
0.05M Primene-JTMT / | 0.1M Primene-JMT/ 0.05M Alamine-336/ 0.1M Alamine-336/
Be |SO,|pH |O.M.S. +5Y/0 C.A. Solvesso-100 O.M.S, + 5%/0 C.A. Solvesso-100
“h | o U(VD) U(VD)|Th(aV)| Be(n (VD) U(vI) | Th(IV)| Be(iD)
2.0 2.0 |1.0 66 >10*1.3x107? 2,080 | 0.8% [<5x1¢™
2,0 2.0 1,5 65 >10%71.3x107% 2,880 0.84 [<5x10™*
2.0 2.0 ]2.0 68 >10°%|1.35x10"3 370 0.59 |<5x107*
2.0 |2.25(0.5 7.3 33 >10°1.1x10"°2 27 ' 190 0.12 [<5x107*
2.0 [2.251.0 | 7.9 . 43 | >10°[1.2x1072 29 930 | 0.49 [<5x10™
2.0 [2.2511.5 8.1 49 >10°|1.2x10"2 28 1,200 | 0.73 {<5x10™
2.0 [2.25]2.0 9.3 51 >10%01.2x10"2 17 200 0.62 |<5x10™
2.0 j2.50|0.5 4.0 18 >10%1.2x10"2 18 470 0.07 [<5x107*
2.0 [2.50]1.0 5.0 29 >10*|1.2x107? 26 2,110 0.43 |[<5x107*
2.0 [12,50]|1.5 6.3 37 >10°|1.4x10"? 20 2,030 0.62 |<5x107*
2.0 |2.,50|2.0 7.3 -38 >10°[1.2x10"* 15 630 0.51 |<5x10°*
2.0 [2.75]0.5 2.2 12
2.0 {2.75(1.0 3.5 19
2.0 [2.75]1.5 4.4 20
2.0 |2.75]|2.0 4.7 11
2.0 13.0 0.5 . 1.7 9
2.0 (3.0 11.0 2.8 13
2.0 |3.0 |11.5 3.2 15
2.0 (3.0 (2.0 ' '
2.00 |2.0 |LO } 47 >10%10.95x1072
1.75 | 1.75|1.0 51 | >10%{1.2x107*
1.50 | 1.50|1.¢ 71 >10%11.4x1072
1.25 | 1.25]1.0 81 >10%11.6x107*
1.00 | 1.00(1.0 104 | >10°|1.8x10"?

Initial aqueous phase concentrations: Th, 300 ug/ml; U, 30 ug/ml; Be7, tracer level.

Phase ratio (a/o) 1:1



THE EXTRACTION OF FISSION PRODUCTS BY 0.1M PRIMENE-JMT /SOLVESS0-100

TABLE 6

AS A FUNCTION OF BERYLLIUM CONCENTRATION, SULPHATE CONCENTRATION AND pH

Injtial Aqueous

Phase Concentration

. . . o
Extraction Coefficients E,

:31\:) ?ﬁ‘)‘ pH Cel4d | Zig5-Nbos Nb95 Rul06 St85 Cs137
2.0 2.0 1.0 19 123 75 0.47 |6.4x107° 4.0x10°*
2.0 2.0 1.5 95 14 0.47

2.0 2.0 2.0 63 9.5 0.41

2.0 2.25 0.5 11* 190 89 - 0.41

2.0 2.25 1.p 11* 94 56 0.48 |4.6x107 2:8x107°
2.0 2.25 1.5 10 * 68 25 0.41

2.0 2.25 2.0 10 * 54 14 0.39

2.0 2.5 0.5 8.9 * 140 75 0.33

2.0 2.5 1.0 9.5 * 74 42 0.38 |[1.2x10°® 2.1x1¢0?
2.0 2.5 L5 8.5 * 45 23 0.38

2.0 2.5 2.0 8.4 * 36 14 0.37

2.0 2.75 0.5 8.4*

2.0 2.75 1.0 8.6 *

2.0 2.75 1.5 7.9%

2.0 2,75 2.0 7.6%

2.0 3.0 0.5 4.9%

2.0 3.0 1.0 7.7%

2.0 3.0 1.5 7.0*

2.0 3.0 2.0 6.4 *

2.0 2.0 1.5 11,1% 140 0.29

1.75 1.75 1.5 12,2* 150 0.31

1.50 1.50 1.5 15,2 93 0.34

1.25 - 1.25 1.5 18.5 * 120 0.37

1.0 1.0 1.5 24,0 * 115 0.42

* 0.05M Primene-JMT/Solvesso-100 used.




TABLE 7

THE EFFECT OF NITRATE ION ON THE AMINE EXTRACTION OF
ACTINIDE AND FISSION PRODUCT ELEMENTS FROM AQUEQUS
SULPHATE SOLUTION

Aqueous Phase Organic Phase ' ‘Extraction Coefficients
Concentrations
Be | SO,| NO Conc, Fission
1007 pH | Amine | Aminel U(VD | Thav)| PuaV)| Celdd |Zr95-Nb95| Rul06 | Products
(M) M) (M) (M) Gross Y
2.0 | 2.0 0 | 1.0 0.1 67 >10° >500 14 104 0.26 3.2
2.0 | 2.0 | 0.02} 1.0 0.1 - >10° >500 - 86 0.23 3.0
.
20 | 20 |05 10| §8 0.1 117 - - 8 66 0.19 2.8
-7
2.0 | 2.0 [0.10] 1.0 ¢ 0.1 279 >10° >500 1 35 0.08 1.6
9 g
2.0 | 2.0 |0.20| 1.0 | B3 0.1 603 >10° >500 - - - -
a3
2.0 | 2.0 [0.50] 1.0 0.1 0.04 - ~ - - - -
Nil | 1.0 0110 | ~g 0.1 91 >10?
o
“ 110 | 0.02] L0 5: 0.1 | 1,790 >10°
LI}
" 11.0 |0.05] 1.0 g a 0.1 | 2,400 >10°
=
“ {10 forwfro | E8 | 0.1 1,320 >10°
o
Nil | 1.0 0 ]10 ) =88 0.1 39
B
“ } 1.0 |o.02] Lo = 2 0.1 15
]
" |10 |oos| 10| 8 | o1 2
Pl

Inirial aqueous phase concentrations:

u 30ug/ml
Th 300 pg/ml
Pu tracer level

Phase ratio. (a/o) 1:1




TABLE 8

THE EXTRACTION OF BERYLLIUM BY PRIMENE:JMT

THE EFFECT OF ANION TYPE. ON EXTRACTION

EQ (Be)

Anion Used Diluent Used Remarks

Nitrate Negligible | O.M.S. +5 ¥/o C.A.

Chloride Negligible O.M.S. +5 V/o C.A.

Sulphate 0.001 O.M.5. +5 V/o C.A.
»Carrier Free Be” used

Thiocyanate 0.08 O.M.S. +5 V/o C.A. '

Fluoride 0.18 O.M.S. +5 V/o C.A,

Phosphate 7.6 O.M.5. +5 V/o C.A.

Phosphate 60 Benzene Carrier Free Be” only’

Phosphate 59 Benzene Aqueous Phase also contained
0.05M. BeS0O,

Fluoride 15 Chioroform Carrier Free Be” only’

Fluozide 5.4 Chlotoform Aqueons Phase contained
0.01M BeSOy,

‘Fluoride 0.03 Chloroform Aqueous Phase contained

0.05M BeSO,

Initial Phase Compositions:

Aqueous Phase

Organic Phase

0.IM Primene-JMT in diluent listed

Phase ratio (a/o) 1:1

0.1M Ammonium salt of chosen anion



TABLE §

THE EFFECT OF THORIUM LOADING OF THE AMINE PHASE

ON THE EXTRACT ION OF URANIUM

PIQ;?:IC):)EL;Z\;?I ) .- u a“gqﬁi%f;fjﬁt‘f‘;‘g"/"gl)’“i“ Extraction Coefficients EQ
Be SO, | .y |UTh R;Féo Adieons Oreante U(VI) | ThaV)| Pu(IV)
o | atomic | & U Th U Th

ratio

20 |20 | 1.0 |2 A} 1 0.77 | <1 23 630 | 30 >10°

20 i 2.10 <1 52 1,370 25 >10°

20 1 3.15 <1 60 | 1,840 20 >10°

20 1 475 | <1 84 | 2,060 18 >10°

20 1 {140 50 1.5 | 2,210 0.6 44

20 1 30 564 0.08| 2,530 0.002 4.5

10 B} 0.85 | <1 28 320 33 >10° | >800
10 1.5 1.10 <1 37 490 34 >10® | >800
10 2.0 1.60 <1 53 660 33 >10° | >800
10 2.5 2.5 <1 83 810 33 >10* | >800
10 3.0 3.5 <1 107 |1,030 31 >10° | >800
10 3.5 3.8 <1 125 | 1,230 33 >10° | >800
10 4,0 | 5.4 <1 138 | 1,380 26 >10° 824
10 4.5 6.3 <1 144 1,470 23 >10° 774
10 5.0 { 85 <1 152 | 1,670 18 >10° 730
10 . 10.0 |310 100 0.4 2,900 0.001 29 192

2.0 2.5 Lo |10 1 1.3 <1 30 350 24 10°

10 3 3.8 - <1 90 |1,020 24 10°

10 5 13 <1 120 1,580 9.7 io?

10 10 302 73 0.2 2,910 <0.001 40

Initial Phase Compositions:

Aqueous Phase As shown

Organic

Phase

0.1M Primene-JMT in Solvesso-100

A produced by contacting the organic phase with successive aliquots

of fresh aqueous phase.

B Produced by warying the phase ratio in a single contact between the phases,




TABLE 10

THE STRIPPING OF ACTINIDES FROM PRIMENE-JMT/SOLVESSO-100

WiTH NITRIC ACID

gigiznz::aifion Phase Ratio V Sizipping Coefficients Sg
e | o BE i B
0.1 1 55 0.10
0.2 1 97 | 1.0
0.5 1 1,890 51 11
1.0 1 3,930 6,61b 4,310
1.0 3 4,510 1,470 430
1.0 5 i;440 480 9.4
1.5 3 - -~ 1,400
2.0 5 - - >4,000
1.0 8 1,200 . 68 0.49

Initial Phase Compositions:

Aqueous Phase

Organic Phase

Nitric acid at concentrations shown

0.1M Primene-JMT/Solvesso-100 loaded with chosen
actinides in sulphate form by contacting with aqueous
phase containing Th (300ug/ml); U (30 ng/ml);

Pu (tracer level). :




TABLE 11

THE STRIPPING OF FISSION PRODUCT ELEMENTS FROM
PRIMENE-JMT/SOLVESSQ-100 WITH NITRIC ACID
THE EFFECT OF PHASE RATIO

Fission Product Phase Ratio Stripping Coefficient

Element o/a sg. -
Celd4 ' 3 >10*
5 >10*
8 >10°
Zr95-Nb95 3 124
5 13
8 11
Nb95 3 228
5 41
8 40
Rul06 3 54
5 56
8 56

Initial Phase Composition:

Aqueous Phase : 1.0M HNO;

Organic Phase : 0.1M Primene-JMT/Solvesso-100 loaded
with fission product, tracer in sulphate form



TABLE 12

t

RECONVERSION OF THE AMINE NITRATE TO THE FREE-BASE FORM

Reacting Base
(Aqueous Phase)

Phase Ratio.

Phase Separation

Final Aqueous
Phase Nitrate

Type Concentration o/a - '](E‘:l'l’:) Concéix)matidn

. ! 2.5 0.105

02 1 1 0.103

Ho ! 1 0.105

2.0 1 2.0 0.110

i ! 1.25 0.102

NaCOj

o 1 1 0.105

1/3 2 L 0.317

1/5 1 0.548

/8 1 0.820

0.2 1 1.5 0.108

0.5 1 3.0 0.109

Ho ! 1.5 0.108

h : L5 0.115

20 ! 2.0 0.108

NH4OH

Ho ! 1.5 0.104

1/3 3.0 0.324

1/5 5.0 0.516

1/8 5.0 0.834

Injtial Phase Compositions:

Aqueous Phase

Organic Phase

NasCOs or NH4OH at concentrations shown in table

0.1M Primene-JMT/Solve sso-100 equilibrated with
nitric acid and containing 0,11M HNO;




TABLE 13

MULTI-STAGE EXTRACTION OF URANIUM BY PRIMEN E-JMT

CALCULATION OF NUMBER OF EQUILIBRIUM STAGES

% of the initidl U id the fuel entering 1 5 10
the BeSO,4 solution
% recovery of U requited from BeS0, solution
to ensure an overall recovery of 99.9% in the o0 98 99
fuel cycle
Thorium concentration in BeS0, solution - 5
80
Maximum phase ratio — a/o 20/1 4/1 2/1
Agqueous phése composition A B A B A B
Single Contact a/o 6/1 3/1 1/1 |0.5/1 |0.6/1 [0.25/1
n 1 1 1 1 1 1
Multi-stage cocurrent a/o 20/1 | 20/1 4/1 | 4/1 2/1 2/1
o RE 2 2 2 2
Multi-stage countercurrent a/o 20/1 | 20/1 4/1 4/1 2/1 2/1
n 2 5 2 3 2 2
n = numbet of calculated stages
afo = aqueous to organic volume ratio

Initidl Phase Compositions:

Aqueous Phase : A ; 2.0M Be, 2,0M 804, pH = 1.0, U(VI) = 66
B : 2.0M Be, 2.5M SO, pH =1.0, U(VI) = 29

Organic Phase : (.I1M Primene-JMT in Solvesso-100




TABLE

14

MULTI-STAGE COCURRENT BATCH EXTRACTION AND

STRIPPING OF ACTINIDES AND FISSION PRODUCTS

e | sape LGSO B S| GO | G | G P
U(VI) | Th(IV) |Gross ¥ (F.P.)| or Stripped
Extraction 1 146 > 1000 7.6 79 21 4.6
2 65 2.65 51 49 2.0
1+2 89 11 9.4
3 0.66 6 B4 1.2
1+2+3 92 B 11.2
Strip 1 323 129 | 32 87 13 7.8
2 173 20 93 40 60 16.6
1+2 >93 <7 130
3 9 Nil <7 <1
1+2+3 >93 <7 117

Initial . Phase Compositions:

Extraction

Aqueous Phase

Organic Phase

Strip
Aqueous Phase

Organic Phase

2.0M BeSO04, 2.0M total S04, pH = 1.0,

30 wg U(VI)/ml, 380 pg Th(IV)/ml

+ gross fission products

: 0.1M Primene-JMT in Solvesseo-100,

a/o ratio, 2/1, No. of stages =3

: 1.0M -HNOgj, a/o ratio 1/5, No. of stages =3

Loaded organic phase from extraction
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Aqueous Phase: 2.0 M Be,2:-5M SOy, pH IO
Organic Phase; O-O5 M total amine in Solvesso- 100
Organic to Aqueous Volume Ratios|:|

< Thorlium
% Uranlum
o Beryilium
- -0
100 " |
A2
-
o8
-
>
o
Wwr
- 00l
o ‘
\
| ! ! | > Yool
Primene-JMT O-O5 00375 0025 00125 NIL,
Alamine 336 NIL 00128 0025 00375 008

AMINE . CONCENTRATION (M)

FIGURE 1. EXTRACTION OF U, Th, Be BY .0.0SM MIXED AMINES FROM
BERYLLIUM SULPHATE SOLUTION

P126%



1 1 I
Aqueous Phase: 220M Be, 2:5M SOy, pH 110, 30 g
U/mt, 300 uq Th/ml '
Organic Phase: O'IOM total amine In Scolvesso—-100
Organic to Aqueous Volume Ratio=I:|

o
Note: Eth not plotted since values greater than
1000 (except for the Alamine— 336 case)

1000 - X Uranium —01
© Berylifum
o
>
“; /— ol"u
°.f X

100 -10-0i

. 10 1 | 1 0‘00'
Primene-JMT O:10 0075 005 0028 NIL
Alamine-336 NIL . 0025 Nelel Q-075 010

AMINE CONCENTRATION (M)

FIGURE 2. EXTRACTION OF U, AND Be BY 0.1M MIXED AMINES FROM
P 1269 BERYLLIUM SULPHATE SOLUTION



1000}
100~
—
)
b=
o

L x/
0 -
i 4 -
- o= EqUV) 2930 [A] , m=I-O
/x , | 0 = ES U(VI)= 620 [&]o. m=|-O
x = £ U(v) =263 [A] . m=1-03

Aqueous Phases —— 2O M Be, 2-5M SO4, pH 1O
————— 2:OM Be, 220M SO4, pH |0

Organic Phases o, % Primene-JMT/ Soivesso — 100
o Alamine-336/ Solvesso~ 100

¢ Primene-JMT/0O.M.545V/g CA.
Organic to Aqueous Volume Ratlo= I:|
[A], = Initlal amine concentration in organic phase(M)
m = Slope '

| v=Bg U(v) =200 [AD . m=1
§ 1 |

1O
00l

Ol 10 10-0

AMINE CONCENTRATION (M)

~ FIGURE 3. EXTRACTION OF U BY PRIMENE-JMT AND BY ALAMINE-336 FROM
pizes  BERYLLIUM SULPHATE SOLUTIONS: THE EFFECT OF AMINE CONCENTRATION
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- O

Ol b=

O-Of

Aqueous Phase: 220 M Be, 2'5M SO4, pH 1'0,

_ 30 pg U/ml, 300 ug Th/ml
Organic Phase: Alamine~336 in Solvesso—-100
Organic to Aqueous Volume Ratio=I:!

[ﬂo = |nitial amine concentration in organic phase (M)
m = Slope

/

X

o
% x:EaThsa-B[A]O,m-I-l

The following extraction coefficients _|
were obtained under otherwise Identical

conditions using Primene-JMT and are
gilven for comparison.

E; Th > 800
E‘; Pu > 400

O-Ol

P 1269

O:-l 10
AMINE CONCENTRATION (M)

100

FIGURE 4. EXTRACTION OF Th BY ALAMINE 336 FROM BERYLLIUM SULPHATE

SOLUTION: THE EFFECT OF AMINE CONCENTRATION -



T i
Aqueous Phase: 2-O M Be, 2:5M SOy, pH O, with Be7 tracer

Organic Phases: x Primene~JMT/Solvesso (00
o Alamine-336/Solvesso |00

@ Primene-JMT/O.M.S. 5Y/y CA.

Organic to Aqueous Volume Ratlo=i:lI
{A] = initiat amine concentration in organic phase (M)

©:0l B m = Slope

00l [
ov
Ll
| X
/v
X
0-0001 | .
)
A4
x=Eq Be=0-13 [A) . m=1-0
vefQBe=0:135 [A) , m=138
o=Eq Be=0.002 [A] , m=1-0
©:0000I ' . '
10 10-0

0.0l o
AMINE CONCENTRATION (M)

FIGURE 5. EXTRACTION OF Be BY ALAMINE-336 AND PRIMENE-JMT FROM BERYLLIUM
SULPHATE SOLUTION: THE EFFECT OF AMINE CONCENTRATION

P1269
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Aqueous Phase: 2-OM Be, 25M S04, pH O

Organic Phase: Primene-JMT/Solvesso 00
Organlc to Aqueous Volume Ratio ml:}

@
o
T

(A3, = Initial amine concentration in arganic phase {M) —
m = Slope

FISSION PRODUCT

Eq

© = Eq2r/Nba220 [4) *8me0 48
1O~ o= EQNbuild () 04 ma0ds 1
x= E3Cen92 [4 97 nao7s

a=ERu=115 [ %% nuo.co : 1

001 0.025 0-05 010 025 050
AMINE CONCENTRATION (M)

FIGURE 6. EXTRACTION OF FISSION PRODUCT ELEMENTS BY PRIMENE-JMT FROM
o BERYLLIUM SULPHATE SOLUTION: EFFECT OF AMINE CONCENTRATION



1000

/ EJ zr/Nb -zoam°°'.",m-o-47
o= E: Nb =193 m"o:‘.m- 0-40 .
=[S Ce=108 mLO'Tﬁ,m.o--ro

23
10-0b / "= E:o Grom FPIm5' [A:Loo'r, \nm023
o= E3 Ruw=i-es (] 07, mmo0-7

/X

Aqueous Phase: 20 M Be, 2:0M SOy, pH 1O

Orgahic Phase: Primene —JMT / Soivesso=I00

Organic to Agqueous Yolume Ratlo= il /

‘O~  ([A] = Inittal amine concentration In organic phase(M) 0

FP}= Gamma actlvity due to all fission products
present

m = Slope

E2 FISSION PRODUCT -

0.0l ' ©-08 Ol O-4
AMINE CONCENTRATION (M)

FIGURE 7. EXTRACTION OF FISSION PRODUCT ELEMENTS BY PRIMENE-JMT
Fizes FROM BERYLLIUM SULPHATE SOLUTION: EFFECT OF AMINE
CONCENTRATION (2.0M TOTAL SULPHATE)



Aqueous Phase: 2:OMBe, SO,  pH variable,
309 U/ml, 300 ug Th/ml

Organic Phase: O-IM Primene-JMT/Solvesso 100
Organic to Aqueous Volume Ratio =|:|

100 [~

u v |

Ea

i .

10
2:0 2:25 2:50

TOTAL SULPHATE CONCENTRATION (M)

FIGURE 8. EXTRACTION OF URANIUM BY PRIMENE-JMT FROM BERYLLIUM SULPHATE
P 1269 SOLUTION: THE EFFECT OF TOTAL SULPHATE CONCENTRATION
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Ea

| ] T 7 ] Y
Aqueous Phase: 2:OM Be, SOy , pH variable
U:30 ug U/mt
Organic Phase: O-IM Primene=<JMT / Solvesso =100
[ole] o Organic to Aqueous Volume Ratiosi:|
sol P L
o/
T / o O~
)
o 7
. Total Sulphate Concentration
20
) X =20M
/ o = 2:25M
0 =2-50M
10 ] ] ] 1 ]
o] o5 Hej 15 2:0 25

FIGURE 9. EXTRACTION OF URANIUM BY PRIMENE-JMT FROM BERYLLIUM

P1269

SULPHATE SOLUTIONS: THE EFFECT OF pH
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THORIUM CONCENTRATION IN ORGANIC PHASE (pg/mi)

Aqueous Phase: 20OM Be, 20M 504. pH 1-0, 580 sig Th/ml
Organic Phase: O-I M Primene —JMT / Solvesso-~ IOO

Extraction Isotherm: ESr20000 ([A'] -8 T4/ o
where [A]=amine conecntrqtlon in the
organic phase
and slope m= 4

2500p - x:

‘ / i
|

X |

)

300

o 200 400 600 800
THORIUM CONCENTRATION IN AQUEOUS PHASE (ug/ml)

FIGURE 11. EXTRACTION ISOTHERM FOR THORIUM

P 1269



T | Y T T T
20,000 1
10000 -
I.OOO o -
£
[
»
%3
100 : -
Extraction Isotherm: Eq= 20000 ([Alo-8 [TH])* /o
where [A'r = omine concentration in the organic phase
and slope  Mad
N
1oF -
5 1 1 1 1 1 1
o0l Q02 008 oy . 02 .05 o

CONCENTRATION OF UNCOMPLEXED AMINE IN ORGANIC PHASE (M)

FIGURE 12. EXTRACTION OF THORIUM BY PRIMENE-JMT FROM SULPHATE
ruo SOLUTION: EFFECT OF UNCOMPLEXED AMINE CONCENTRATION



T T T T T T | T T T
oo -
©° Aqueous Phase. 2:OM Be, 2.0M 504. pH 140, 30 ug U/ml

' 300 pg Th/m!

Organic Phass: O-IM Primene —JM T/ Solvesso~100
Organlec to Aqueous VYolume Ratiow=l:|

/""——_—-"""v
100 : b

-
[
§ /
& -0--0""-07(“
h.o
F 4 - 1] \ -
0 1o o\
i .
(1}
o 7/ /
& GROSS. FRY
0 NbSS
O Ce |44
] » 2+ 95 + Nb 95§
o X Ru 106 =
I s gt %
x \
Ol 1 1 i .1 1 1 [ N | 1 1
o] 300 600 00 1200 1500 i8CC - 2100 2400 2700 3000

THORIUM CONCENTRATION [N THE ORGANIC PHASE (ug/ml)

FIGURE 13. EXTRACTION OF FISSION PRODUCTS BY PRIMENE-JMT FROM BERYLLIUM
SULPHATE SOLUTION: THE EFFECT OF THORIUM LOADING
OF THE ORGANIC PHASE

#1269
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BERYLLIUM SULPHATE ?_NITRIC ACID SQDIUM _CcARBONATE
; -OM
se 737 K ::‘:5"::’“’ 22’25 ﬁ'?'?"l °
U 60+5 g
Pu 305 g
Th 13430 ¢
Fep 10t ci
Free H2504
4094  |itres
FROM ~0
GRIND-LEACH HEAD-END} | To soLveNT sTorAce
FOR RECYCLE
ORGANIC PHASE
U 605 gq »
Pu 3059 =
- Th 13430 ¢ © , g:
© p| FRoxO® g =
5 o Total SO~ O-OBM o =
< 3 1025 litres o =
g s >
-~ R =
v
AQUEOUS PHASE
Na NOy
SOLVENT Na, CO,
PRIMENE-JMT O-IM 206 iltres
SOLVESSO-100
BERYLLIUM SULPHATE 1025 litres
Be 737 kg NITRATE Soln 2; TC WASTE
U 0isg U 605g
Pu negligible Pu 305 ¢ !
.:hn "'Ig'f"z: Th 14309  TO ACTINIDE SEPARATION
4094 ltres é; FR 9x10% CI  PROCESS (Tributyl phosphate
HNOy O-9 M solvent Extractlon) (See Fig [4)
TO CRYSTALLIZATION H,S0, O-4M
and CALCINATION 205 litres

» malnly Cal37g.90
and Rul0¢

to BeO

FIGURE 15. CHEMICAL FLOWSHEET FOR RECOVERY OF THE ACTINIDES AND PARTIAL

PLEgo

DECONTAMINATION OF THE BERYLLIUM SULPHATE






