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The development of a flowsheet to Separate uranium and plutonium present in irradiated oxide
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THE DEVELOPMENT OF A FLOWSHEET TO SEPARATE URANIUM AND PLUTONIUM
PRESENT IN IRRADIATED OXIDE FUEL

I 5 DENNISS and C PHILLIPS. R&DD, BNFL SELLAFIELD

The solvent extraction and redox behaviour of
technetium was shown to interfere with the original
U/Pu separation flowsheet by causing excessive
consumption of the hydrazine used to stabilise the
process. Various methods of reducing the consumption
of hydrazine were then examined and the adoption of a
solvent continuous uranium/plutenium separation column
was shown to be the best option. Extensive work was

" then carried out to develop and prove the new process.

INTRODUCTION

" Magnox fuel has been reprocessed at the Sellafield site of British Nuclear
Fuels for twenty-five years using the Purex process. Recently a new plant
(THORP) to reprocess oxide fuel from Advanced Gas-cooled and Light Water
Reactors has been developed using a range of pilot plant facilities.

The major innovations in this new plant are the adoption of pulsed columns
to process the plutonium-bearing stream (to aid criticality control) and
the use, wherever possible, of chemicals which leave no residues in the
waste streams (salt-free reagents). '

The flowsheet for the first solvent extraction cycle, where plutonium and
uranium are separated first from fission products and then frem each other,
is shown in Figure 1. The active feed containing U, Pu and fission products
is fed to a combined extract and scrub column (HA) where U, Pu and some
fission products are extracted into solvent (30% tributyl phosphate in
odourless kerosene). The loaded solvent is then passed to a heated scrub
column (HS) where further fission products are removed from it.

Plutonium is then converted to the inextractable three valent form in the
1BX column where it transfers into the aqueous phase which is passed into
the 1BS column. 1In the 1BS, residual uranium is extracted from the
plutonium stream and recycled to 1BX.

Uranium leaves 1BX in the 'solvent phase which is sent to the 1BXX
"plutonium-polish" mixer settler, any plutonium removed in this contactor is
recycled to 1BX,

The most significant use of a salt-free reagent is in the uranium/plutonium
separation ceontactor (1BX) in the first solvent extraction cycle (Figure 1).
Here uranous nitrate (U(IV)) is added to reduce Pu{IV) to Lnextractable
Pu{IIl) cogether with a stabiliser, hydrazine, to react with any nitrous
acid generated and hence prevent oxidation of U(IV) and Pu(III).
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Early trials of the flowsheet in miniature scale (1/6000) alpha and fully
active pilot plants showed that the fission product technetium behaved in an
unexpected manner. In the active feed, technetium is present as Tc(VII)
which forms extractable complexes with uranium and the fission product
zirconium. The latter causes the complete extraction of Te in the HA(E)
column and it is carried forward to the IBX column where it is reduced to
inextractable Te(IV) which follows the plutonium product. It also takes
part in a complex series of redox reactions in the IB system in which it
catalyses the destruction of the hydrazine stabiliser by nitrate ions. This
behaviour was reported by Garraway at Extraction ‘84 (1).

The initial design of the process included aqueous continuocus (solvent
dispersed) 1BX and 1BS columns operating at 35°C. In the case of 1BX this
was to maximise the aqueous residence time since the rate of reduction of
Pu(IV) to Pu(III) in this phase was believed to control the degree of
separation of Pu from U (DF Pu) achievable across the contactor. The
combination of the aqueous continuous column with a long aqueous residence
time and the technetium hydrazine reaction therefore led to the requirement
for a vrelatively large concentration of hydrazine to stabilise the process
which was largely consumed by a parasitic reaction.

The amount of hydrazine required could be safely added to the process but

it was judged to be undesirable that such a large proportion of

the essential ,stabiliser should be consumed in the process. It was also
thought that the large concentrations of hydrazine which might be present in
the process when technetium was absent (eg at start up and shut down) could
pose operational problems.

Methods to limit the extent of the technetium hydrazine reaction in the
1BX and 1BS columns were therefore examined. This paper describes some
of the work carried out to investigate the alternatives and develop and
demonstrate the chosen method.

METHODS TO LIMIT THE TECHNETIUM-HYDRAZINE REACTION

The alternatives available are to reduce the amount of technetium getting
through ‘to the 1BX column or to reduce the rate of reaction or time for
it to occur within the 1BX/1BS system,

Reagents such as thiocyanate, thiourea and ascorbic acid which reduce
technetium and render it inextractable were rejected because they can.
complex or reduce uranium and plutonium and will also form undesirable
breakdown products. Zirconium is complexed by fluoride, sulphate and
oxalate (1,2) which would prevent the co-extraction of technetium and
zirconium. However potential plant corrosion problems and the complexing of
plutonium with oxalate led to the rejection of these methods.

Introduction of further solvent extraction steps to backwash technetium
prior to the 1BX column was also considered but rejected because of the

increased mechanical complexity introduced and the production of an extra
waste stream.
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The next opticn examined was to reduce the rate of reaction in 1BX and 1BS

by chilling the system to 20°C. This gave about a three-fold reduction in the
rate of hydrazine destruction in miniature alpha and fully active pulsed
columns. At the same time however, DFs for Pu and Tc across 1BX were also
reduced by factors of 20-50. The resulting increased amounts of Pu and Tc

in the solvent product from the IBX column (1BXSP) were backwashed in the
"plutonium polish" mixer settler (1BXX see Figure 1) and so did not

adversely affect the rest of the process, but the increase in the amounts of
these species reaching the mixer settler and being recycled to the IBX

column was judged to be undesirable.

Parallel trials using a uranium-only test rig which simulates the HA

cycle at full size and which has been described elsewhere (3,4) also
indicated difficulties with the operational control and mass transfer
efficiency of the agueous continuous 1BX column at both standard and lower
temperatures.

In summary, these trials investigated the mass transfer efficiency and
throughput capacity of the HA cycle pulsed columns. Attention was paid to
the operational stability of this series of linked pulsed columns,
particularly the behaviour of the dispersed phase hold-ups (DPHUs) (3). The
most relevant findings are summarised below.

It had long been realised that axial mixing in the 1BX aqueous phase was
likely to be significant because of the unfavourable phase ratio and

hence low aqueous superficial velocity and that limitation of this axial
mixing would be necessary to obtain satisfactory plutonium DFs. Trials of
the 1BRX column at.35°C on the full size rig showed that control of che
dispersed phase hold-up (DPHU) and interface position was also difficult
because of the high solvent to aqueous and hence dispersed to continuous
phase ratio.

It was found that the 1BX column would operate stably in either high

(more than 50%) or low (less than 30%) DPHU regimes, depending on throughput
and pulse energy (Figure 2). Operation in, or passage through the
transition region between the two regimes, however, led to wide and erratic
variations in DPHU which made column control very difficult and also
increased the axial mixing. A similar phenomenon has been reported by other
workers (5). If the transition region was to be avoided, it would clearly
be necessary to operate the plant in the low DPHU regime. This, however,
limited the pulse energy that could be applied, and hence the liquor
throughput achievable to values that gave a rather limited margin above the
plant requirement. Reducing the 1BX temperature to 20°C exacerbated these
difficulties by lowering the pulse energy and throughput boundaries at which
the transition region was entered. These difficulties could be resolved by
increasing the diameter of the column, but this would of course increase the
aqueous residence time, thus defeating the object of reducing the
temperature.

Reducing the temperature of the 1BX cclumn was therefore rejected as
unsatisfactory, but the measure was adopted for the 1BS column where
there were no deleterious consequences. This left reducing the time for
reaction in 1BX as the only remaining option available,
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Reducing aqueous phase residence time

The most satisfactory means of reducing aqueous residence time is to operate
the 1BX with solvent as the continuous phase. Initial scoping trials on the
full size test rig showed that the aqueous DPHU would be approximately 10%
giving a low aqueous residence time, There are other advantages too, the
superficial velocities of both phases in the c¢olumn are high, leading to a
minimisation of axial mixing and it was found that the column operated very
stably indeed with none of the DPHU transitions and interface control
difficulties experienced with aqueocus continuous operation,

To counterbalance these advantages there was initially uncertainty as to
whether acceptable decontamination factors could be achieved for plutonium
and technetium across 1BX and whether hydraziné, which is inextractable,
could adequately scavenge nitrous acid from the bulk solvent phase and hence
stabilise the system.

The results of the initial trials in the 1/6000 scale alpha active test rig
were however encouraging; the flowsheet was chemically stable and good
decontamination factors were obtained. A full development programme was
therefore carried out.This involved experiments in miniature alpha and fully
active pulsed columns, intermediate alpha active pulsed columns and a
purpose built, full scale uranium active 1BX operated in the solvent
continuous mode. The major findings of this programme are summarised below.

DEVELOPMENT OF THE SOLVENT CONTINUOUS 1BX PULSED COLUMN

The consumption of hydrazine and stability of the system was examined in

a series of alpha active batch and miniature counter-current trials. These
showed that the time-dependent reaction between technetium and hydrazine
occurs in both aqueous and solvent continuous columns but there is an
additional consumption independent of technetium and time in the latter
case. The same reaction occurs in mixer settler U(IV) flowsheets (6) and is
caused by the oxidation of U(IV) in solvent catalysed by Pu(IV). The
chemical stability of the 1BX was subsequently confirmed in the miniature
fully active pilot plant and in the intermediate (1/200) scale alpha active
pulsed column facility at Dounreay. In the latter case it was shown that
varying the dispersed (ie aqueous) phase hold-up had no effecy on the
chemical stability of 1BX. This demonstrated that hydrazine can adequately
stabilise the solvent continuous process. The flowsheet has now been
operated for over 1000 hours and has been shown to be chemically stable with
a2 remarkable tolerance to minor feed variations. '

The most detailed information on the mass transfer efficiency of the 1BX
column was-obtained from the 1/200 scale rig at Dounreay where column
profiles and the dispersed phase hold-up (DPHU) and drop sizes could be
measured. The pulsed columns in this rig were 5.3m high (packed height) and
25.4mm internal diameter. Each was constructed from 7x0.75m glass sections
with full sampling facilities installed between each section. -Each section
was packed with stainless steel nozzle plates (3.2mm diameter heles, 23%
free area) suspended on a tie rod at 5 cm intervals. The rig was operated
over a range of flowrates and pulse amplitudes to investigate the effect of
changes in throughput and pulse energy on the mass transfer efficiency of
1BX.
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Measurement of average DPHU showed a characteristic dependence on the pulse
~amplicude (Figure 3) over a range of hydrodynamic conditiens. Drop size
measurements over the same range of conditions showed. no significant
variation of specific surface area (Table 1) and so & constant value wvas
used in the analysis of mass ctransfer data.

Under active conditions the rig was operated with two sets of flow rates
chosen to duplicate the specific throughputs to be used in the THORP 1BX
column. A linear relationship was found between log DF Fu and DPHU for each
set of flow rates and if an allowance is made for residence time the
relationship is independent of flow rates. This is illustrated in Figure &
which assumes that mass transfer is the rate zontrollimg factor in a pseudo
first order process; the logarithm of the DF is therefore plotted against
the product of the inter-facial area and solvent residence time in the
column. The results have been analysed in terms of simplified mass transfer
or chemical rate controlled processes (see Appendix 1) and found teo give
better agreement with the former assumption {(Table 2). This is supported by
the further finding from the Dounreay rig of a relationship between the DF
Pu and acid profile across 1BX (see Figure 5). This figures shows that the
acid present in the solvent feed to 1BX is backwashed more rapidly, giving a
steeper acid profile, as the DF for Pu across the column increases.

A purpose-built solvent continuous 1BX column which replicates the THORP
design has been installed and operated in the full scale uranium active test
rig at Sellafield. This column is taller cthan that used at Dounreay (ca 10
and 5.3 m packed heights respectively) and so, since both are operated at
the same specific throughputs, the residence times are longer in the full
scale column. Trials using this column have confirmed the hydrodynamic
stability and ease of control shown previously.

Preliminary investigations of the DPHU values achievable in the full scale
1BX column have shown similar dependence on pulse amplitude and throughput
to that observed in the Dounreay column, Similar average DPHUs can also be
obtained (Figure 6) and this, together with the fact that there is a longer
residence time in the full scale column indicates that satisfactory DFs will
be obtained for Pu and Tc in the THORP column.

This prediction is based on a comparison of the hydrodynamic characteristics
of the Dounreay and full scale columns and this is confirmed by the acid
profiles measured in the full scale column which are "sceeper" than those
measured at Dounreay (Figure 7). Acid is backwashed more efficiently in the
full scale column and so it should also backwash plutonium and technetium at
least as efficiently as the Dounreay 1BX column.

CONCLUSIONS

This work has demonstrated the value of carrying out flowsheet development
work in parallel in small and full scale facilicies to test the chemical and
engineering design of the process. It has also shown the imporctance of
fully active trials to demonstrate unexpected effects caused by the mix of
components in irradiated fuel.

The mechanisms and rates of reactions involving the hydrazine stabiliser in
the uranium-plutonium separation contactor have been fully investigated as
described in reference (1) and this has allowed the hydrazine feed |
requirement for the reprocessing plant to be established.
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. Study of the behaviour of plutonium in relation te the hydrodynamic
condition of the uranium-plutonium separation column has indicated strongly
that separation performance is governed by plutonium mass transfer.
Comparison of the results from the 1/200 scale alpha active and full scale
uranium active pulsed colunms has demonstrated that the THORP 1BX column
will achieve the degree of separation of uranium and plutonium specified in
the flowsheec. '
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TABLE 1 Measurement of representative
1BX drop-size photegraphs

DPHU [DF Pu -Total drop area Total drop volume |[Specific surface area

(%) (mmz) (mm3). (mm )

Top { Middle |Bottom | Top [ Middle [Bottomf{ Top Middle { Bottom

6.9 54 675 1569 1902 217 563 662 3.11 2.79 2.87
9.0 | 290 1397 1387 | 1433 483 372 416 2.89 3.73 3.45
11 1062 1089 1852 | 1911 318 632 580 3.42 2,93 3.29

Average of 1l sets 3,21 3,27 3.39
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TABLE 2 Apparent first ordey rate constants calculated
assuming mass transfer.and chemical control

Mass transfer Chemical

D -3 -1 -2 -1 o

ounreay § cont 5x10 Cm S 2.6x%x10 s (35°C)

-3 -1 -2 -1 o
Sellafield § cont 1.9x%10 cm s : 4x10 s (357°C)
Sellafield Aq cont l.2x10-3 cm s-l ’ 2)»:10’3 s-l (35°C)
Literature 5x10°%  -5x107> cm 5% 0.12x10°2 s (25%
APPENDIX 1

Kinetic Analysis of Mass Trapsfer Assuming

Simple Pseudo First Order Equation

Ln DF - kT

1 Chemical Reduction Control

k = reaction rate constant
T = aqueous residence time = DPHU/aqueous flow
Ln DF = k.DPHU
agueous flow
2 Mass Transfer Control

InDF = kT AT

k™ =~ mass transfer rate comstant
A = interfacial area -~ DPHUxS (specific surface area)

v = volume of solvent

s
TS = golvent residence time =~ Vs/solvent flow
In DF = kl.DPHUxS X v
VS solvent flow
1

= k7 ___DPHUxS __
solvent flow
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gépﬁ SEPARATION IN AN ORGANIC CONTINUOUSLY OPERATED PULSED
LUMN ‘

J. Schén*, H. Schmieder*, B. Kanellakopulos*, H.-J. Bleyl*
D. Ertel*, P. Dressler* '

In the MINKA pulsed column system of the Hot
Chemistry Institute U-Pu separation was studied
in an organic continuously operated BX column.
It is reported here about experience gathered in
operation of this separation system, about the
influence of technetium on the U-Pu separation
efficiency, and about the extration behavior of
the elements Pu, U and Tc under these conditions
of separation.

INTRODUCTION

Within the framework of flowsheet studies on the PUREX process
"U-Pu separation in a continuously operated organic BX parti-
tioning column was investigated in the MINKA miniature pulsed
column facility, installed at the Hot Chemistry Institute of the
Karlsruhe Nuclear Research Center, as a potential alternative
(Philipps (1) to electrochemical U-Pu separation (Petrich (2),
(3), Schmieder et al (4), Baumgidrtner and Schmieder (5).

It is reported here about experience gathered with the
organic continuous partitioning system, with external U IV feed
and about the influence exerted by technetium on the separation
efficiency. Moreover, hydrazine destruction with technetium as
catalyzer is discussed. The influence of technetium on Pu
reduction was studied and by the example of the concentration
profiles plotted of the organic and aqueous phases of the BX
separation column the extraction behavior of U, Pu and Tc 15
indicated.

*Institut fir HeiBé Chemie, Kernforschungszentrum Karlsruhe GmbH
D-7500 Karlsruhe, Postfach 3640 :
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EXPERIMENTAL

Interconnected Columns.

U-Pu separation was studied under the conditions prevailing
in the first extraction cycle of the PUREX process. In MINKA
four pulsed columns were interconnected for this purpose te form
a closed extraction cycle. These interconnected columns are re-
presented in Fig. 1 and the details of the columns are listed in
Table 1.

In Fig. 1 P11, P1S, etc. denote the metering pumps for the
aqueous and organic process solutions, respectively, and B16,
B36, etc. denote the transfer vessels. Mass flowmeters (MM) or
volume flowmeters (VM) and balances, respectively, are used for
flow measurements.

The MINKA pulsed columns have an extraction length of
3.5 m. At 0.5 m spacing each they are equipped with sample
collectors for the two phases and with thermocouples.

-Moreover, additional process solutions can be fed into the
columns at these positions. The feed points are marked in Fig. 1
by the numbers in the columns, e.g. for KT feed into the column
at levels 1, 7, 8, etc.

The A and BX columns are operated as organic columns in the
continuous mode whereas the BS and C columns are operated as
aqueous columns in a continuous mode. A detailed description of
the extraction cycle with the related service units is given in
(Schén et al (6), (7), (17).

Flowsheet,

The composition of the organic feed solution of the BY
column (Fig. 1: BXF) and the operating parameters of the BX
separation column have been adapted to the usual design of the
PUREX process for LWR fuel; see Table 2.

In order to be able to study the influence of technetium on
Uqu separation under unfavorable process conditions presepara-
tion of technetium in the extraction and scrubbing parts of the
A column was dispensed with. Therefore, technetium was continu-
ously metered into the organic product of the A column during
the experiment (Fig. 1: HAP) as an aqueous Tc VII stock solu-
tion. This resulted in a Tc concentration of 60 - 70 mg Tc/1 in
BXF. On the basis of earlier results on Pu accumulation (6}, (7)
and on U-Pu separation (Schmieder et al. (8) the feed point of
the BXX-U IV solution was fixed at a level 1 m above the BXF
inlet (Fig. 1: BX column, level 3).

The experiments were performed in four steps. The individ-
ual steps differ by the routing of the organic scrubbing stream
of the BS column (Fig. 1, BSU, either return into the BXFE strean
or into the C column) and by the interconnection of the BX and
BS columns. The respective variants of the flowsheet and the
related experimental periods have been compiled in Table 3,
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RESULTS AND DISCUSSION

BX Separation Efficiency.

The separation efficiency of the organic continuously
operated BX column is evaluated by the decontamination factor

(DF) (9).

In Fig. 2.the development versus time of DF has been plot-
ted together with the plutonium content in the organic discharge
of the BX column (BXUJ. '

A surprising finding is the clear dreop in plutonium con-
centration in the BXU stream to values of about 0.2 -
0.5 mg Pu/l in the course of transition from single column
operation (part 1 of the experiment) to BX-BS interconntected
colu?n operation (part 2 of the experiment beginning in the 34th
hour).

In the third part of the experiment technetium was metered
in (beginning in the 6d4th hour). The presence of technetium in
the partitoning column was visible from considerable gas evolu-
tion as early as two hours after the onset of dosage which
continued until the end of the experiment. However, the U-Pu
separation efficiency was adversely influenced only at the end
of 12 hours after the onset of technetium feed by a marked rise
in Pu concentration in the BXU stream. As the experiment pro-
ceeded, the plutonium content in BXU showed the tendency to fall
and disconnection of the BS column (part 4 of the experiment,
104th - 113th hour) had no influence on this tendency. Approxim-
ately starting in the 96th hour plutonium concentrations estab-
lished in BXU which varied between 0.7 and 1.4 mg/l correspond-
ing to a DF of 900 to 400. Hence, these values are clearly above
the Pu contents of BXU which were analyzed in the absence of
technetium (parts 1 + 2 of the experiment, up to the 64th hour).

Degradation of Hydrazine.

With the onset of technetium feed the nitric acid concen-
tration in the aqueous phases of the BX and BS columns decreases
due to oxidation of hydrazine with nitric acid as the catalyzer
(Garraway -and Wilson (10), Akopov et al (11), Boukis (12},
Wilson and Garraway (13), Garraway (14), Zelverte (15). The
development versus time of the hydrazine concentration in the
BXP and BSP solutions has been represented in Fig. 3 for this
MINKA experiment.

In the absence of technetium both solutions have almost the
same hydrazine conceritrations (Fig. 3, 0-64th hour).

By contrast, the values differ clearly in the presence of
technetium (beginning in the 64th hour). After only 8 min.
residence time of the aqueous phase in the BX column approxi-
mately 50% of the hydrazine feed has degraded. (Fig. 3: symbol:
square). The subsequent residence time of about one hour dura-
tion in the bottom decanter of the BX column causes the hydra-
zine content in the aqueous phase to decrease to 0.06 to
0.08 M/1 N, H, (Fig. 3: symbol: circle). In the BS column con-
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nected in series the residence time of the aqueous phase 1is
again about 5 hours which leaq§ to a further degradation of
hydrazine down to values of <10°° M/l (Fig. 3: symbol: cross).
The low hydrazine concentration in the aqueous product solution
of the BS column is still sufficient to stabilize the reduced
Pu (17}.

After the BS column has been disconnected in the 4th part
of the experiment (104th - 113th hour) the hydrazine concentra-
tion in the aqueous phase of this column is further reduced.
Approximately 8 hours after disconnection the hydrazine content
in the aqeuous phase of the BS column (level 3 at 1 m column
height) has decreased to <5x10 M/1 N.H4 and in the. solution
which, in addition to <1 g U/l and 0.41 g Tc/l, contains 3.6 g
Pu/l there is a clear reoxidation of plutonium.

During catalytic destruction of hydrazine by nitric acid
ammonium (NH4) and hydrazoic acid (HN;} are formed <as the
products {10 - 14). The development vers%s time of these reac-
tion products in the aqueous phases of the BX and BS columns of
MINKA was shown in (17). Under the conditions prevailing igzthis
MINKA experiment an NH concentration of 8 - 12 x 10 M/1
established in the presence of technetium in BXP and BSP, re-
spectively;zThe corresponding values j§r HN3 were measured to
be 2 x 10 ° M/l in BXP and 7-10 x 10,7 M/1 1n BSP. The organic
BSU solution even contained 3 -4 x 10 M/1 BN, . ‘

Under the conditions prevailing in the MINKA experiment
specific rates of formation for the hydrazine daughter products
of 0.21 -0.31 mole HN, per -mole degraded N,H, and for NH, values
of 0.29 to 0.45, respéctively, can be calciilated from the amount
of hydrazine consumed and from the measured NH4 and HN3 values,
respectively. '

In the absence of technetium about 2 mole NZH were con-
sumed "per mole of plutonium. In the presence of teﬁknetium the
amount of N H4 consumed in the BS column increased to 7.6 mole
ng4 per Mofe Pu and in the BX column to 8.2 mole NzH4 per mole
u. : "

Supplementing the analyses of the process samples 1in a
simulated aqueous solution the extraction behavior of the rte-
duced Tc and Pu species was investigated with 30% TBP/kerosene,
and the  degradation of hydrazine was measured in addition
(Dressler et al. (16). The results have been plotted in Fig. 4.
The concentrations of hydrazine in the aqueous phases and of the
Pu and Tc¢ species, respectively, in the organic phase have been
plotted versus the contact time of the solution until extraction
and hydrazine analysis, respectively. The concentrations have
been plotted as relative values which are related to the
composition of the initial solution = 100%. The simulated
solution <contained at the Dbeginning of the investigation
1.4 M HNO, and 0.116 M N2H4 as well as 0.7 g Pu/l, 4.7 g U IV/1,
1.4 g U Vi/1, and 0.33 g?T&/1.

It is clearly evident from the figure that the hydrazine

concentration diminishes with the length of holdup of the sam-
ple. The initial degradation of hydrazine down to concentrations
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of ~ 107% M/1 can be described formally by a half-life
t = 120 min., This value supplements the measurements made on
réé% samples taken from MINKA (17) in which for comparable con-
centrations of U, Pu, HNQO, and N,H, half-lives of t = BO min
were determined for 8.43 g f%/ﬁ and t1/2 = 1%62 min for
0.24 g Tc/l, respectively.

Another phenomenon worth noticing is the reduction behav-
ior of plutonium and technetium in the simulated solution.

After e.g. 1 min. holdup about 95% of plutonium and about
30% of technetium have undergone reduction. This means that the
presence of U IV speeds up the reduction of technetium (13),
(15), Koltunov et al. (25), Ramazano et al (26) compared with
the course of the reaction in the HNO,-N H4 system (10 - 15).
After about 30 min. the reduction of tecgne%ium has attained its
final level. Any intermediates which might be formed during the
process of technetium reduction through U IV are indicated
in (15). ' '

"On the other hand, the reduction of plutonium in the pres-
ence of technetium seems to be incomplete which is evident from
a comparison with literature values on plutonium reduction
through U IV in the HNO,-N Hy, system Biddle et al. (18), Men-
chero (19), Schlea (20}, cgay (21). We suppose that this change
in the reduction behavior of plutonium in the presence of tech-
netium 1s the principal ‘cause of the poorer U-Pu separation
efficiency in the BX column.

It is further evident. from Fig. 4 that with diminishing
N,H, content- in the solution reoxidation starts of the reduced
pzu%onium and technetium species, respectively. In the simulated
solution fas_t2 reoxidation started at hydrazine contents
below 2 x 10 M/1 N2H4

Concentration Profiles.

In Fig. 5 the concentrations have been plotted of HNO,,
N2H , U, Pu and Tc in the aqueous and organic phases, respet-
tively, of the BX column. A BX system free of technetium (left
side of Fig. 5) is compared with a system containihg technetium
(right side of Fig. 5).

On both sides of Fig. 5 the concentrations in mole/l and
g/l, respectively, have been plotted versus the column height.
"Da'" stands for the bottom aqueous decanter and "Do" for the top
organic decanter of the BX column. The positions 1 -8 correspond
to the column levels: level 1 = feed at O m column height,
level 3 = BXX feed at 1 m column height, and level 8 = BXS feed
at 3.5 m height. ‘

The profile on the left side of Fig. 5 was taken in the
absence of technetium after 32 hours duration of the experiment.
The profile on the right side of the figure was measured
25 hours after the onset of Tc feed (=89th hour). This profile
is reproduced here as an example and.it shows the characteristic
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changes in the concentration plots in the presence of techne-
tium.

In the top part of Fig. 5 the N,H, and HNO. concentrations
have been plotted. In the presence o% %echnetiu& N,H, undergoes
. strong degradation already in the top part of the co6lumn. In the

bottom part of the column further reduction of N,H, concentra-
tion is inhibited by the BXX feed.

The concentration profiles of uranium have been plotted in
the figures in the middle. For the system free of technetium the
U IV concentration profile of the aqueous phase has been entered
in addition. It was determined by spectrophotometry (Schmieder
et al (22). In the presence of technetium this method of anal-
ysis cannot be applied in routine operation because the reduced
technetium, in the range of 500 - 700 nm, gives rise to an
enhanced background not constant with the time (12) so that the
measurement of U IV is disturbed at 648 nm. Spectrophotometric
measurements of technetium in the presence of U VI, U IV and
Pu IIl are given (15), Borovinskij et al (24).

In the bottom part of Fig. 5 the concentration profiles
have been plotted for plutonium and technetium. The comparison
of the profiles shows that in the presence of technetium the
plutonium concentration of the organic phase decreases at a much
less steeper rate than in the profile free of technetium. In the
presence of technetium about 1 m more column length is needed to
attain the same plutonium concentrations as compared with the
system free of technetiunm.

All the organic and aqueous Tc concentration profiles,
respectively, have a distinctly flatter course than the respec-
tive plutonium profiles. Moreover, all organic technetium pro-
files exhibit in the zone of BXX feed a more or less pronounced
jump in concentration. Moreover, the Tc profiles measured in the
agueous phase take a very flat course in the bottom part of the
BX column (0 ~ 1.5 m height) so that nearly no changes in con-
centration occur from one sampling point to the next.

A possible cause of this unusual appearance of the profile,
compared to the plutonium profile, could be the slow reduction
of Tc VII by U IV (15), (25) (see Tc plot in Fig. 4) and/or
internal reoxidations (see jump in Tc concentration in the’
organic phase; Fig. 5). : '

As already shown earlier (8) the separation efficiency of
the organic continuously operated BX column is greatly influ-
enced by the U IV concentration in both phases of the column. Of
the U IV present an -equivalent fraction is consumed for the
. reduction of Pu IV, In the presence of  technetium another frac-
tion is obviously consumed to reduce Tc VII so that the overall
conditions of reduction in the BX column are adversely affected
and contribute to a deterioration of the U-Pu separation effi-
ciency. Therefore, an improved preseparation of technetium in
the extraction and scrubbing columns, respectively, of the first
cycle of the PUREX process should clearly improve the partition-
ing conditions 'in the BX column. Multiple feed of the BXX solu-
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tion at different levels of the BX column should produce the
same effect.

It is planned to test the improved separation of technetium
in the next campaign to be performed in MINKA within the frame-
work of flowsheet studies on the IMPUREX process (Schmieder and
Petrich (23). -
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TABLE 1 - Design of MINKA columns

Column A BX
Function extraction + scrub scparation
Mode organic organic
Heating (°C) 15-60 25-60
Diameter [cm) 2.6 2.6
Height (em ] 300+50 350
Sieve plates:

Spacing [cm] 3 3
Holes {em ] 0.15 G.15
Pulsation:

Amplitude (em) 1.5 i
Frequency [Hz ) 1.2 1

TABLE 2 - Flowsheet conditions of U-Pu-separation

Process stream

Relative flow rate

M HNO3
M NzH4
g U/1

g Pu/l
g Tc/l

\ TBP

TABLE 3 - Parts

Part Time
{h)
1 33
2z 3
3 39
4 7

HAP

BYF BXS BXX
1.0 0.14 0.03
0.07 0.1 1.0

- 0.2 0.2

8o - 140"
0.8 - -
0.08 - -

30 - Y > 70N U IV

of the MINKA experiment

8X

BX + BS

BS

Part 2

BX

BS .

Mode of Operation

as single columns, BXP transfer into
BS column without BSU recycling inte

columns interconnected, BXP transfer
the BS column and BSU recycling inte

plus Te¢

BS

Pu-scrub

aqueous

40
3.3
350

5

nozzle

<
<

<

the
BXF

into
BXF

as single columns, no BXP transfer into
the BS column and no BSU recycling into

BXF
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A TECHNETIUM REJECTION FLOWSHEET

R. Baker*, J.H. Miles*, P.T. Roberts*

A single contactor unit has been designed which enables
Tc to be removed from a TBP/diluent stream bearing U and
Pu, by means of a 5M HNO, wash. A Tc waste stream is
produced which is virtually free from U and Pu. The:
flowsheet has been tested firstly with U and Tc, then
with U, Pu and Tc, and finally in a highly active
facility with real PWR fuel solution. About 97% of the
Tc was removed from the organic phase and U and Pu levels
in the Tc waste have usually been below 0.04% of those in
the preoduct stream,

- INTROCDUCTION

The element technetium has many rare properties and one that is unique. It
shares with promethium the distinction of being a fission product element not
found in nature, and it shares with selenium, tellurium, antimony, molybdenimn
and perhaps germanium the distinction of being a fission product element which
forms stable anions in nitric acid solution. It appears to be unique however
in that this anion forms a camplex with uranium which is extractable into
TBP/diluent solutions.

It can ke present in nitric acid solutions in up to 4 different valency
states (IV, VI, VII and perhaps III); this number being rivalled only by
that of plutonium {(III, IV, V and VI). The 99 isotcpe has a long half life
(2.12 x 105 years) and the pertechnetate anion, which is the stable form in
natural oxidising media, is not absorbed on natural silicecus materials. This
makes it a very important isctope in determining the dose to man from fission
product material entering the biosphere in the far future (Hill (1)).

At the Extraction /84 Meeting Garraway (2) described the behaviour of
technetium in-a Nuclear Fuel Reprocessing Plant. Extraction of Tc in the
extract and scrnub stages is almost- camplete due to the involvement of
extractable complexes with zirconium. In reductive U/Pu separation contactors
on the other hand Tc is reduced to a mixture of the IV, and VI valent species,
which are inextractable, but which react with hydrazine in a cyclic manner
giving rise to excess consunption of this reagent.

Flowsheet Design

High concentrations of uranium in a TBP/diluent phase usually result in

*Process Services Divisiion, AEA Fuel Services, B.220, Harwell, Oxon OX11l ORA
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reduced extraction of fission products (FP) because there is less "free TEP"
remaining to extract them. 'In the case of Tc however this will not be so
since '

TGO + UO, (NO) ,2TBP U0, (TcO,) (NO;) .2TEP + NOy (1)

uranium is required to form the extractable complex, its extraction in the
absence of uranium being very small indeed. It will be clear from eguation

" (1) however that high concentrations of nitrate ion will push this equilibrium

back to the left and prevent the extraction of Tc. It is very convenient that

the high concentrations of nitrate ion which prevent the extraction of Tc are

ideal for the extraction of U and Pu which have maxima of extraction in the

4-8 M HNC; range.

If we therefore backwash an organic phase with strong HNO; we expect the
Tc to revert to the aquecus phase, but the U and Pu to remain in the organic
phase. This is carried out in stages 1 to 3 of the contactor in Figure 1. In
order to prevent any trace of U and Pu leaving in this agqueous waste stream
however, it is necessary to "strip" it with a low volume TBP/diluent wash,
which is added to the main organic stream. (Stages 4-12 of this figure.)

High concentrations of HNO; in the organic phase leaving the contactor
will be unwelcame in any U/Pu split contactor. 2all the known reducing and
complexing reagents used for this purpose give poorer separation in the
presence of high concentrations of HNO;, We have therefore experimented with
the use of a single stage of low volume, low concentration, acid wash to
reduce the amount of acid going forward. This is stage 0 in Figure 3.

Figure 1 lists the distribution coefficients (D) and extraction factors
(E) for U(VI), Pu(IV) and TcO4 in all sections of the rejection contactor.
We note that U as U(VI) is well extracted at all points in this flowsheet and
that Tc(VII), (TcO,”) is equally well rejected (E < 0.2). For the strip
section we have included two values for. each element; the first is for the top
stage of the strip section with high U concentration in the organic phase, the
second is for the bottom stage where U concentrations will be very low indeed.
We see that for Pu the extraction factor for Pu{IV) at the phase volume ratio
chosen, falls just below unity in the high U concentration stage. This
probably occurs over only one stage and does not affect the operation of the
flowsheet. In all other stages the extraction factor will be above 2, and the
Pu well extracted.

We have developed this flowsheet in three stages; starting with a simple
uranyl nitrate-pertechnetate-nitric acid system, and then repeating this
process with plutonium present.. These stages were carried out with mixer—
settler equipment in a glove box. Finally, the flowsheet was tested with real
PWR fuel in a fully shielded @, B, Yy cell.

EXPERTMENTAL

Counter—current contacting equipment

All the flowsheet trials were carried out in miniature mixer-settlers.
For the "U + Tc active” and "U + Pu + Tc active” trials these were purchased
from the Ceries organisation in Lyon, France, and had been prepared by
drilling in a block of Altuglas plastic (Ceries type "Pollux A"). For the
fully active trials -similar mixer—settlers were used which were made at
Harwell Laboratory from radiation resistant materials. The block was of
stainless steel and incorporated windows of CeO,~doped radiation resistant
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glass*. These windows were sealed onto a gasket of peroxide cured EPDM
compound** (BNEL 30H) which is also resistant to radiation and to nitric acid
and to TBP/CK.

For the "U + Tc active” trial an organic feed solution was prepared by
extracting uranyl nitrate crystals and then ammonium pertechnetate solution®
into purified TBP/OK. Only the Tc rejection contactor was operated.

For the "U + Pu + Tc active" trial an extract contactor was cperated
(Figure 2} and the feed solution was an aqueous sclution of U and Pu nitrates
in HNO, with NH,TcO, added. 2Zr was not added to the feed solution and it was
realised that this would greatly reduce the amount of T¢ extracted in a normal
extract and.scrub contactor. The scrub section was therefore omitted and the
organic phase passed direct to the Tc rejection contactor apart from passage
through 3 "dead" stages of mixer—settler to allow aqueous haze to separate
out.

2 low acid backwash contactor was used after the Tc rejection contactor,
in order to recover Pu and U in an aquecus phase.

The Fully Active Trial

In the fully active trial a sample of 510 g of long ccoled (approximately
12 years) high burm—-up (30,000 M#&i/te) PWR fuel was dissolved in HNO; with.
careful scrutbing of the gases evolved. The method has been described
previously by Brown (3,4). The solution was filtered through 0.45¢ millipore
type HV Durapore filters fabricated from polyvinylidene fluoride. In this
case an extract—and-scrub contactor and the Tc rejection contactor only were
operated, and the aqueous wastes (highly active and Tc product) were collected
in sealed cans and later disposed of in concrete. The organic product was
absorbed in "Mor-Dri" which was later mixed into cement for disposal.
Accurate solution flowrate control did not rely on metering pumps. The
metering pump outlet was fed to a constant head cell and from there via a
pre—set needle valve and electronic flow measuring equipment (Phase
Separations Ltd. catalogue 900503), to the mixer-settlers.

The waste and product solutions were pumped out of the ends of the mixer
settlers through a 3-way valve to the waste drum. Samples were taken from the
valve at regqular intervals. The working area was divided into "red" and
"white" highly active and low active areas and different manipulator jaws used
in each area. Control of the spread of contamination was excellent.

Equipment removed from the cell after use averaged only 10 ySvhr!.whereas the
levels in the cell were about 2 Svhrl.

The B.220.29 facility at Harwell allows short periods of very highly
active work to be done at comparatively reasonable cost. Hire charges for the
facility in this work are cheap when compared with the very high charges for
the construction of fixed pilot plants, which use heavy shielding and occupy a
whole laboratory suite.

Analysis. Analytical samples were taken with an evacuated tube from
hypodermic needles mounted in the top of the settlers. BAnalyses for Tc were

* Manufactured by Pilkington Ophthalmic and Special Glasses, St. Asaph,

Clwyd. ' ’ ,
x*Manufactured by Rapra Technolegy Ltd., Shawbury, Shrewsbury, Salop.
*amersham International catalogue no. TCS 1.
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carried out by liquid scintillation in the first run but by the colorimetric
technique of Howard and Weber (5) based on thiocyanate camplexes for the other
two runs., Uranium analyses were carried out by a fluorimetric procedure while
acid determinations on organic phases used a potenticmetric "gran plot"
method, described by Rossotti and Rossotti (6}.

Pu analyses were carried out by liquid scintillation techniques using
Packard Insta—gel scintillant and a Beckmann LS 3800 instrument. This does
not distinguish between o particles arising frem Pu and those from Am but it
was expected that the latter would ke absent in samples from the last two
contactors. In the case of the "U + Pu + Tc active" run this proved to be
incorrect and it was shown by G-spectrametry that 93% of the a-count in the Tc
waste was due to Am. The Pu concentration figures were corrected

accordingly.
RESULTS AND DISCUSSICN

The "U + T¢ active" trial

Only one contactor was operated: it being fed with a synthetic TBP/OK
phase. Only 2% of the Tc remained in the emergent organic phase and only
0.0006% of U came out in the aqueous "Tc waste" stream. The only unexpected
feature ‘was the hold up of some of the 2%U daughter isotopes (#Th and

24pa) in the small quantities of organic phase left in the Tc re%?uqtion
cantactor in the stages below the If:.geed point, after shut—down. S process
is, if anything, an advantage because the associated Y activity is removed,
for a time, from the uranium product. The isotopes will decay away in the
organic phases from the contactor with a half-life of 24.1 days, and of course
re-appear in the U product on the same time-scale.

The "UJ + Tc + Pu active" trial

Tnis trial was carried out with 3 contactors according to the flowsheet of

Figure 2, The first contactor was an extract contactor using an aqueocus phase
fead, and the third a backwash contactor to recover U and Pu in the aqueous
phase. In order to encourage extraction of Tc the aqueous feed solution was
made 1M in HNO; instead of the usual 3M so as to reduce interference by NOs~
ion in the formation of the U~Tc complex (see Equation 1). The scrub section
was dispensed with since in the absence of zirconium this would tend to

* backwash the Tc, but a short dead leg was incorporated in the hope that this
would allow any haze of the aqueous feed solution, to drop out of suspension
in the organic phase.

In this trial the proportions of Tc fournd in the emerging organic phase
and in the final aqueous phase fram the third contactor were below the limit
of detection (estimated at 0.26% of the Tc going into the. rejection
contactor). The G—count profile across the Tc rejection contactor (Figure 4)
fell rapidly across the stages 4-7 where, as explained above, Pu might not be
expected to extract well, because of the high U loading. In stages 7-12 the
g~count reaches a steady value and this has been shown by o-spectrometry to be
93% Am. Clearly the "dead stages" at the top of the extract colum have not
been sufficient to prevent sawe of the aqueous phase feed solution, with Am
from the Pu stock, reaching the Tc rejection contactor. The use of the
extract contactor without a scrub section was however vindicated by achieving
54% extraction of the Tc. The Pu remaining in the Tc waste is only 0.036% of
that in the final aqueous product which is an adequate removal.
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Acid concentration. The performance of the low acid scrub was disappointing.
Analysis of the organic phase entering the Tc rejection contactor showed a
level of only 0.16M HNOj which is not unexpected in view of the low (1M)
aqueous acid concentration with which it has just been in contact in the
extract contactor. -The emerying organic phase however averaged 0.36M.

A McCabe—Thiele diagram suggests that the organic phase leaving the 5M acid in
stage 1 should be 0.4M in HNO; but that this should fall back to 0.23M by
operation of the low acid scrub. It is probable that the top stage of this
mixer—settler was giving poor disentrainment of phases at the high phase
volume ratio used.

The Fully Active Trial

The fully active trial was carried out in two sections. The first used 5M
HNO, for the Tc rejection contactor but did not employ the low acid scrub
(stage 0). In the second section the low acid scrub was included but the
strong acid scrub was increased to 5.5M so as to keep the acid concentration
in stages 1-11 at 5M.

The concentration of Tc at the inlet to the Tc rejection contactor was
49.5 mg £ and this fell to an average of 2.23 mg £ (4.5%) in the first
section of the run and 1.53 mg £ (3.1%) in the second. The better
performance in the second half reflects the additional stage in use although
it is not optimised for Tc rejection.

The U concentration profile across the Tc rejection contactor fell gently
from 7 g £ at stage 0 to about 4 g £-1 at stage 5 and then very rapidly to
0.3 mg £ at stage 10 (see Table 1).

Pu concentrations. The Pu concentration showed very little change in stages
0-8 and then fell by a modest factor of 3 (Table 1). (All these
concentrations were determined on the agueous phases.) .

The failure to decontaminate from Pu is probably due to the absence of a
conditioning step to convert Pu to the IV state before the run. The -
conditioning step was omitted because of the likelihood that it would lead to
a spread of contamination. The boiling of the solution in the dissclver will
have produced a high proportion of Pu(VI) and the concern expressed above
about the extractability of Pu(IV) in the stage below the feed plate, will
apply much more to Pu(VI), which is less extractable.

It may be noted however that all these aqueous phase concentrations are
considerably below the organic phase product (840 mg £-1) so that a modest
decontamination factor of about 20 does apply. '

Acid concentration. The acid concentrations in the organic stream entering
the rejection contactor averaged 0.33M. This rose to 0.50M in the emerging
stream when no low acid scrub was applied but fell back to 0.39M in the second
section of the run when the low acid scrub was in use. It is not expected
that the increase from 0.33 to 0.39M in this stream entering a U/Pu partition
contactor, will have a seriocus effect on its performance.

CONCLUSIONS

Further attention needs to be paid to the conditioning of the feed
solution and behaviour of the low acid scrub. Nevertheless the work provides
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a very satisfactory demonstration of a simple process for removing Tc from
highly active organic streams containing U and Pu.
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TABLE 1 = U and Pu Concentration Profiles across the Te rejection Contactor
Aqueous phase Samples in the fully active Trial

Stage No. 0 1 2 3 4 5 6 7 8 =} 10 11
U conc. ig £-) 6.62 - 4.51 4.00 3.72 4.39 1.07 0.89 0.012% 7x10-* 3x10~*. -
ﬁ;prgx** Puconc. 156 - 95 | 109 201 163 13§ 115 122 - 68.0 42.1
mg L) ‘

* Results obtained by Fluorimetry. Remaining U figures by coulometry.

"*Liquid scintillation counting results. Converted on the assunption that 7.4 x 10§ Bg = 1 mg Pu
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THE DEVELOPHMENT OF A THREE-CYCLE CHEMICAIL FLOWSHEET
TO REPROCESS OXIDE NUCLEAR FUEL

I 5 DENNISS and C PHILLIPS
THOR? DIVISION, BRITISH NUCLEAR FUELS plc
SELLAFIELD, CUMBRIA, ENGLAND

ABSTRACT

The Therma) Oxide Reprocessing Plant (THORP) is currently being built
and commissioned at Sellafield. Initlal assessment of the flowsheet
performance required to process oxide nuclear fuel in THORP indicated that
the most onerous aspects were likely to be the removal of technetium,
neptunium and plutonium from the uranium product,

Theoretical studies arid early laboratory work suggested that five solvent
extraction cycles would be required. Uranium and plutonium would be separated
in the first cycle ("early split") and each of these products would then be
passed to two further purification cycles.

Subsequent laboratory basic chemistry studies and development work using
alpha and fully active miniature pilot plants showed that careful control of
technetium, neptunium and plutonium redox chemistry allowed product specifica-
tions to be met by the first of each of these palrs of purification cycles
alone. It was therefore possible to delete two solvent extraction cycles from
the plant and achieve a significant reduction in its size, cost and complexity.

A major contribution to the efficiency of the flowsheet is made by the
novel principles which have been adopted for the control of neptunium in the
uranium purification cycle. The element is converted to the inextractable five
valent form in the feed to the cycle by controlled oxidation and then held in
this state to give good separation from the uranium product.

1. INTRODUCTION
' Magnox uranium metal fuel has been reprocessed at the Sellafield site of
British Nuclear Fuels for over twenty-five years using the Purex solvent
extraction process with tri-n-butyl phosphate (TBP) diluted with odourless
kerosene (OK). The Thermal Oxide Reprocessing Plant (THORP}, which is
currently being built and cﬁmmissioned at Sellafield, will reprocess uranium
oxide fuel from United Kingdom, Japanese and European light water and advanced
gas-cooled reactors. The Purex process was also selected for THORP but account
had to be taken of the differences between Magnox and Oxide fuel. Due to the
higher in-reactor irradiation of oxide fuel it has a plutonium content some
five times greater and a fission product content up to eleven times greater
than Magnox fuel.

The flowsheet desigh and chemical development work was therefore
governed by two main factors. Firstly there was the need to meet product
purity specifications against the increased input and different proportions

of the fission products. Secondly it was necessary to reduce the environ-




mental impact and operator radiation dose of the new plant. The second
factor was addressed by developing a flowsheet which minimised the number of
waste streams and the overall size and complexity of the plant and which
avoided adding indestfuctible reagents to the process which would emerge in
wéste streams and restrict their further treatment., "Salt free" reagents
such as hydrazine, hydroxylamine and uranium (IV) were therefore used for
valency adjustment, '

For the first factor, the major difficulties with oxide fuel in comparison
with Magnox are the higher residual content of U235 and the higher ratio of
fission product and transuranic contaminants to uranium. The first of these
provides a greater incentive to recycle the uranium product in new reactor fuel
whilst the second means that a greater degree of purification of the uranium
product is necessary to allow this recycle.

The Purex chemical flowsheet developed is shown in simplified form in
Figure 1. Separation of uranium and plutonium from fission products and from
each other is carried out in the first (HA) cycle using pulsed columns and
this is followed by separate single cycles for uranium purification (UP)
using mixer settlers and plutonium purification (PP) using pulsed columns.

This paper outlines the process chemistry flowsheet development work
carried out for THORP and then describes in some more detail the work .
undértaken to ensure adequate removal of technetium, plutonium and neptunium

from the uranium product.

2. FLOWSHEET DEVELOPMENT

The first step in the development of the flowsheet was to define a
specification for the uranium product (Table 1): this allowed the
decontamination factors* (DFs) required for the various species across the
process to be calculated (Table 1). These requirements were then assessed in
the light of the known performance of plants in operation and behaviour of the
relevant species, -

The bulk of the fission products had been studied during the design of
previous reprocessing plants and so the principles required to obtain good DFs
were known (Duncan, 1965). 1In addition, the most troublesome (Zr 95 and Ru
106) had short half-lives which allowed the concentrations to be decreased by
increasing the cooling time of the fuel before reprocessing.

The long-lived fission product technetium was, however, helieved to be a
problem since it is produced in high yield in oxide fuel and was known to be

relatively inextractable. It also forms a volatile fluoride whiech would cause

* Decontamination Factor (DF) for uranium stream =

Unit of impurity per unit of uranium in fuel feed

Unit of impurity per unit of uranium in product




problems in the uranium enrichment plant if too much technetium reached the
uranium product,.

TABLE 1

THORP product.specification and regquired decontamination factors

Specifi- Decontamination
Species cation factor required
(1)
-1 ‘
Total alpha (Bq g =~ U) 250
Plutonium (Bg g,“l U) 208 7.65 x 10°
Neptunium (Bg g-l u) 42 314
Ruthenium (KBq g_l ) 10 6.7x102 (2)
4.2x10°7 (3)
Other gamma (KBq g - U) 1.1
Technetium (ppm) 4 274

Contaminant/U in feed

(1) Decontamination factor (DF) = :
Contaminant/U in preduct

(2) One year-cooled fuel

(3) Five year-cooled fuel

A second problem was considered to be the removal of neptunium and
plutonium from the uranium product, Neptunium was known te exhibit complex
chemical and solvent extraction behaviour and previous Magnox flowsheets had
not reliably given good DFs. Plutonium DFs achieved in the Magnox flowsheets
were good, but salt reagents (eg ferrous sulphamate) were used in mixer settler
solvent extraction contactors. In contrast the first (HA) cycle of THORP uses
pulsed columns for criticality reasons and salt free reagents are used in both
this cyéle and the uranium purification (UP) cycle; therefore existing
flowsheet information was mot necessarily relevant,

Process chemistry development work on the behaviour and contrel of
technetium, neptunium and plutonium was therefore carried out using basic
laboratory chemical studies and a range of pilot plant facilities. These
included a 1/6000 scale full active replica of all the THORP solvent extraction
cycles using irradiated oxide fuel as feed stock (the Miniature Pilot Plant), a
1/5000 scale alpha active glovebox facility using uranium, plutonium, neptunium
and technetium as feed stock and a 1/250 scale alpha active pulsed column
facility using uranium, plutonium and technetium. These pilot plants,
together with a range of complementary chemical engineering pilot plants,

including full size, uranium-active replicas of the HA and PP cycles, provided




all the data for the process and equipment design of the THORP Chemical

Separation Plant,

3. TECHNETIUM AND NEPTUNTUM BEHAVIOUR IN THE HA SOLVENT EXTRACTION CYCLE

. The HA solvent extraction cycle of THORP (Figure 1) separates uranium and
plutonium from the fission products in an extract and scrub system and then
separates uranium from plutonium in the 1B system using uranous nitrate (U (IV))
to reduce Pu (IV) to Pu (III).l The reduced forms of uranium and plutonium are
stabilised against nitrite re-oxidation by the additlion of hydrazine.
3.1 Technetium

It was known that technetium and uranium co-extract in the Purex process
(5iddall, 1959) and early alpha active trials of the HA cycle flowsheet
indicated that a certain amount of the technetium present in the fHORP
irradiated fuel feed would extract in the first extract and scrub contactor
and follow the uranium-plutonium stream. This technetium was shown to be
largely backwashed with the plutonium in the 1B system, but the presence of
the technetium in the 1B system was found to catalyse the consumption of the
hydrazine stabiliser by nitrite leading to a requirement to increase the feed
rate of the hydrazine,

Fully active trials in the Miniature Pilot Plant showed however that the
zirconium present in irradiated fuel enhanced the extractability of
technetium causing 100% extraction in the extract and scrub contactor
(Garraway, 1984). The efficient backwashing of technetium in the 1B systen
ensured that the uranium pfoduct specification could still be achieved but a
large amount of development work was necessary to minimise the effects of the
technetium-hydrazine reaction on the 1B system whilst ensuring a satisfactory
plutonium DF for the uranium stream, A description of this work is published
elsewhere (Denniss and Phillips, 1990):

3.2 Neptunium

Neptunium is present in the irradiated fuel feed largely as extractable
Np(VI). It therefore follows the uranium-plutonium stream from the first
extract and scrub contactor into the 1B system. Here the uranium (IV)
reducing conditions are sufficient to reduce neptunium to the extractable
(IV) state and it therefore.follows the uranium-in-solvent stream to the UP
cycle. The DF for neptunium on the uranium stream in the HA cycle is thus
poor and it was therefore necessary to design the UP cycle to remove the bulk

of the neptunium as well as removing residual plutonium and fission products.

4.  NEPTUNIUM AND PLUTONIUM BEHAVIOUR IN THE UP CYCLE '
At the outset of THORP development the chemistry and solvent extraction

behaviour of neptunium and.plutonium was known, but no flowsheet had




previously been designed to givé good removal of neptunium from uranium.
Plutonium has three common valency states (III, IV and VI) and two of these
are important in the solvent extraction process; Pu (IV) which is extractable
and Pu (II1) which is inextractable and can be produced by reduction of Pu
(IV). Neptunium éxists alse in three common valency states (IV, V and VI)
which can be readily inter-converted by redox or disproportionation reactions
(Guillaume, 1984). Neptunium (IV) and (VL) are extractable but neptunium (V)
is not (Guillaume, 1984).
4.1 Neptunium in the first UP_cycle contactor

The most efficient way of separating neptunium from uranium was
considered to be the formation of inextractable Np( V) followed by foxrward
extraction of the uranium in the first UP eycle contactor, UPl (Figure 2).
The feed to the UP cycle contains 100% Np(IV) and so the requirements for an
oxidising pre-treatment were examined by laboratory experiments. Heating
Np(IV) at low acidity had been reported to form Np(V) (Srinivasen, 1974) and a
series of trials at low acidity, with varying temperatures and in the presence
and absence of uranium showed that a high temperature was required to give
rapid conversion. A low acid feed is of course not suitable-for uranium
extraction and further laboratory trials were carried out to establish the
temperature conditions which allowed subsequent acidification without
destroying the Np(V). .
4,2 Plutonium in the UP cycle first contactor

During the neptunium conditioning process, plutonium will remain as
extractable Pu (IV). A simple UP1l uranium extraction contactor, whilst
providing a good néptunium DF, would therefore not provide any decontamination
from plutonium. Use of uranium (IV) to reduce the plutonium as in the
1B system would reduce the Np(V) to extractable (IV) and was thus ruled out.

Hydroxylamine nitrate (HAN) however was known to reduce Pu (IV} to Pu
(III) and Np(VI) to Np(V) but not Np(V) to Np(IV) (Guillaume, 1984) and so
the effect of a low ‘temperature, low acid hydroxylamine scrub feed to UPl was
examined in alpha active experimental trials., It was necessary to optimise
by experiment the temperature and acidity, these being required to be low to
minimise disproportionation of Np(V), whilst higher acidities are ideally
required for efficient uranium extraction.

4.3 Neptunium and plutonium in the UP cycle second contactor

Instead of following UPLl with the usual uranium backwash contactor, it
was considered that further useful decontamination of the uranium from
neptunium and plutonium could be achieved in a compound plutonium backwash and
uranium re-extraction contactor (Figure 2) analogous to the 1B system of the
HA cycle. Plutonium backwash is achieved by using HAN again, with a higher

temperature and a low acidity optimised experimentally to give the best balance of




removal from the uranium. The first UP cycle is completed by a third
contactor, UP3, providing a simple low acid backwash of the uranium
{Figure 2). .

4.4 Second UP cycle

The original THORP flowsheet design incorporated evaporation of the
product from the first UP cycle followed by a three contactor second UP
cycle, analogous to the first UP cycle but utilising uranium (IV) stabilised
by hydrazine in the first contactor (UP4) to maximise plutonium DF and using
HAN stabilised by hydrazine in the second contactor (UP5). A backwash

contactor {(UP6) completed the cycle.

5. EXPERIMENTAL VERIFICATION OF THE UP CYCLE FLOWSHEET

Initial testing of the flowsheet was carried out in the alpha-active
1/5000 scale facility at Sellafield using the expected quantities of
plutonium, neptunium and technetium in the UPl feed and a "splke" or small
amount of ruthenium derived from the Magnox plant. Very good DFs were
demonstrated as shown in Table 2, which compares achieved DFs with those
required to meet the specification. It can be seen that for plutonium,
neptunium and technetium tﬁe first UP cycle alone was more than capable of
meeting the product specification and with five-year cooling of fuel before

reprocessing, the ruthenium specification is also comfortably met.

TABLE 2

Decontamination factors measured in alpha active trials

Plutonium | Neptunium | Ruthenium | Techmetium

DF required 232 190 37 (2) 1
across UP 2.3 (3)

(1)

DF achieved 3 .

in UP cycle >560 >3.7x10 18 10

DF required to achieve specification

(1

DF achieved in HA cycle
(2) One-year-cooled fuel
(3) Five-year-cooled fuel
Confirmation of these findings was provided by full testing of all
cycles of the flowsheet using'the Miniature Pilot Plant and actual irradiated
oxide fuel.
A total of 50 days active operation was carried out iIn five separate

trials using different samples of AGR and LWR fuel (Table 3). The results




confirmed the findings from the alpha-active trials and demonstrated that the
uranium product specification could be met comfortably by a single
purification cycle (Table 4). It was thus possible to delete from the THORF
design the entire second UP cycle complete with the evaporator feeding it,
thus reducing very significantly the size and complexity of the plant and the
volume of effluent generated, The flowsheet adopted is shown in Figure 2 in

simplified form.

TABLE 3

Summary of miniature pilot plant campaigns

Fuel Burn-up Rating Cooling
Run -1 1 Comments
type |GWd t™T (U)| MW t "~ (U) years
HL | AGR 28.7 16 6.2 100% Technetium
extraction found in
HA/HS
H2 AGR 28.0 15.8 3.1 Technetium extraction
confirmed
H3 AGR 29.9 13.6 3.3 Methods of dealing with
technetium tested
H4 AGR 28,12 14.6 3.7 Flowsheet and equipment
‘modifications tested
H5 BWR 33.4 - 4.9 Final confirmation of
' flowsheet
TABLE &

Compositions of uranium product from miniature pilot plant
(corrected to basis of reference fuel, 40 Gwd/tU burn-up, five year-cooled)

Uranium | Pu albha ‘Np 237 Tc 99 Ru 106
product

(UP3AP) Bq/g U Bq/g U | ug/g U Bq/g U
Pilot <2 <1 <1 <200
plant

Specifi- 208 42 4 10000
cation

The original THORP flowsheet showed three aqueous waste streams

containing hydrazine (from UP2, 4 and 5) which had to be destroyed before they

could be evaporated.

This added to the cost and complexity of the plant.

Deleting the second UP cycle removed two of these streams but at this stage of




flowsheet development, the UP2 HAN feed was stabilised by hydrazine thus
giving rise to hydrazine in its aqueous waste stream. A fully active trial
was therefore carried out to determine whether the hydrazine was nécessary to
stabilise hydroxylamine in this contactor. The results showed that HAN alone
ﬁas stable and gave similar DFs to the mixed reagent thus allowing hydrazine
to be omitted and hence simplifying the waste disposal flowsheet,

Parallel flowsheet development work on the plutonium purification cycles
showed that the original provision of two cycles in this flowsheet was also
unnecessary since the product specification was met by the first of these.
This allowed the second plutonium purification cycle to be deleted to leave a

THORP chemical flowsheet consisting of three solvent extraction cycles only,

6. CONCLUSIO.NS

The chemical development work carried out for THORP has allowed a
flowsheet to be adopted using three solvent extraction cycles only. This has
éonsiderably reduced the size, complexity and cost of the plant and has reduced
the number of waste streams requiring treatment. Further assessment of the
overall process showed that the presence of hydrazine in one waste stream had 4
significant effect on the waste treatment processes. Flowsheet trials showed
that hydrazine could be omitted with no adverse consequences thus allowing the
deletion of the hydrazine treatment processes in the wastes area.

Major contributors to these simplifications of the THORP précess have been
the development of an efficient uranium purification cycle using novel
principles to obtain decontamination from neptunium and the ability to test the
whole flowsheet under fully realistic highly active conditions,. thus providing
the essential confidence in the results.

The work has demonstrated the value of integrating the research and
development closely with the design process so that each can influence the
other, leading to an efficient process and a high degree of confidence in its

performance.
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Fig 1. Thorp Chemical Separation Plant
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Fig 2. Thorp UP Cycle
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