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ABSTRACT

A two-cycle process using OPCMPO and HDEHP as extractants to achieve an
alpha decontamination factor of HLLW greater than 103 together with a reduction
of the lanthanides/americium weight ratio by a factor of about 200 is considered.
Experimentally measured distribution ratios have been employed as input data of
a suitable computer code to define operating conditions and M/S stage numbers

of a process flow-sheet able to meet the above-mentioned objectives.

INTRODUCTION

In the frame of the closed nuclear fuel cycle operation (reprocessing
and U, Pu recycle), the separation of long-lived radionuclides [LLR =
minor actinides (MA) + long-lived fission products (LLFP)] from high
level liquid wastes (HLLW) is desirable in view of their transmutation,
specific use, or separate conditioning and disposal. LLR separation either

by groups or by single elements may consequently be required.

High alpha-decontamination factors (e.g., >10*) are required in the
HLLW partitioning process to achieve an alpha contamination value of
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the conditioned wastes low enough for their ground disposal (e.g., <370
Bg/g). Moreover, when transmutation is foreseen, the LLR fraction to be
transmuted must also be sufficiently free of other elements, specifically of
fission product lanthanides (Ln) whose separation from trivalent actinides
(Am and Cm) is notably difficult.

Therefore, the main objectives of the partitioning process examined in
this paper are 1) an alpha-decontamination factor higher than 10° and 2)
a reduction of the Ln/Am weight ratio to not less than 20, corresponding
to an Ln content in the MA separated fraction lower than that of Am.

To satisfy these constraints, a process (Fig. 1) employing two extraction
cycles has been considered. The first one involves the Truex process (1,
2) and makes use of a bifunctional extractant of the carbamoyl methyl
phosphoryl type (CMPO) to separate MA and Tc from HLLW (2.5 M
HNO:s) previously added with NaNO.. The second cycle involves the
Talspeak process (3, 4) and makes use of HDEHP (diethyl hexyl ortho-
phosphoric acid) to separate trivalent Ln from trivalent transplutonium

= ® @ i)
{NH.1,C-0,
—

i

EXTRACTION First Second 1

or Scrub Strip suip |

Second Extractant HDEHP
Strip clean-up Recycie

——————————————— ===

1
----- COND.DISP. - == === ———d TRANSMUTATION

FIG.1 Flow sheet of the two-cycle process for partitioning minor actinides (MA = Np, Pu,
trivalent transpiutonium elements), Tc, and lanthanides (Ln) from high level liquid wastes
(HLLW).



11: 45 25 January 2011

Downl oaded At:

ENHANCED ACTINIDE SEPARATION FROM WASTES 2247

TABLE 1
Composition of the Synthetic Solution Simulating the Reference HLLW
{4 m%t U; [HNO;] = 2.5 M)?

Corrosion products and

Fission products additives Actinides
Element mg/L Element mg/L. Element mg/L

Rb 63 Ni 145 U 280
Sr 133 Co 154 Np 66
Y 74 Fe 908 Pu 96
Zr 737 Na 1471 Am 56
Mo 534 P 55

Tc 20

Ru 168

Rh 47

Pd 137

Cs 576

Ba 257

Ln 1515

@ Total FP = 0.0265 mol/L; total Ln = 0.011 mol/L; total An = 0.0014 mol/L. The
reported actinide amounts refer to the radionuclide added as tracer; U has been added to
cover the difference to 0.0014 mol/L. An.

elements (Am, Cm) and from Np and part of Tc, which are stripped to-
gether from the loaded solvent of the first extraction cycle.

A synthetic waste solution (Table 1) has been employed in the experi-
mental work, simulating a HLLW (UP3 type) arising during processing
of a high burn-up UO- spent fuel by the Purex process.

Two extractants have been examined for the first cycle of the partition-
ing process: 0.2 M octyl phenyl diisobutyl CMPO (simply called O®C-
MPO) in n-dodecane 1.4 M TBP, and 0.2 M diphenyl diisobutyl CMPO
(simply called Ph;Bu;) in o-xylene 1.4 M TBP. A solution of 0.3 M
HDEHP (properly purified) in diisopropyl benzene has been used as ex-
tractant for the second cycle.

The problem of combining the two above-mentioned cycles has been
solved through the selection of suitable conditions.

EXTRACTANTS AND ANALYTICAL METHODS

OPCMPO is an SX-grade product (92-95% pure) whose content of oc-
tylphenyl phosphinic acid is less than 0.02%. Ph,Bu, is 90-95% pure and
its impurities have not been determined. HDEHP has been obtained by
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purifying it through the precipitation of its sait Ca(DEHP); (5). Diluents
and all nitrate salts required to prepare the synthetic waste solution were
reagent-grade products.

Inductively coupled plasma/atomic emission spectroscopy (ICP/AES)
was used to measure the stable istope and uranium content in the aqueous
and organic phases (after quantitative backextraction). Standard radio-
metric essay and counting procedures (gamma spectrometry, LSC, and
alpha counting) were used to measure the content of Tc, *2Eu, Np, Pu,
and Am in solutions spiked with them. Duplicate essays of each phase
were routinely performed, and the material balance of each element was
found to be satisfied within =+ 10%.

DISTRIBUTION RATIOS

Batch distribution ratios of key constituents of the reference waste solu-
tion were measured (at room temperature, 20°C) with solutions of O®C-
MPO or Ph,Bu, prepared as mentioned before and preequilibrated with
2.5 M HNOs.

The choice of these extractants has been made for the following reasons:
1) their widely proved capability in binding actinides because of the forma-
tion of stable cyclic complexes; 2) the opportunity to verify the influence
of two phenyl groups in the molecule on the extractant properties through
a possible AAS effect (anomalous aryl strengthening effect). As is known
(6), directly P-bound aromatic rings in bifunctional extractants should
allow formation of particularly stable americium complexes, contrary to
what happens with monofunctional phosphoryl-type extractants. No clear
results of this effect were found within the accuracy limits of analysis,
whereas the addition of H,C,Q, to the reference solution was necessary,
when working with Ph,Bu,, in order to prevent precipitation of insoluble
complexes. This was not the case with ODCMPO.

Resuits are reported in Table 2 for nonradioactive constituents analyzed
by ICP/AES and in Table 3 for elements traced with radioisotopes. It
appears that all examined elements are more extracted at [HNOs] = 2.5
M by O®CMPO than by Ph,Bu, except La, which has to be considered
as one of the less extractable lanthanides with O®CMPO. Moreover, dis-
tribution ratios of fission product elements with O®CMPO are more re-
markably reduced than those with PhoBu, by H,C,0,; thus, its addition
to the aqueous phase would be advisable to improve actinide separation,
particularly from Mo and Zr. Nevertheless, rare earth oxalate precipita-
tion may occur in this case, and Pu is not negligibly stripped from the
loaded O®CMPO when stripping is performed at a low HNO; concentra-
tion. For the above reasons, H,C,0O,4 has been abandoned and the use of
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TABLE 2
Mo, Zr, La, and U Distribution Ratios at [HNO3] = 2.5 M with O®CMPO (columns a)
and with Ph,Bu; (columns b) as a Function of H,C,0, Concentration®

Mo Zr La U
H,C,0, M) a b a b a b a b
0.0 2.44 1.14 7.20 2.49 4.46 6.22 83 10
0.05 0.78 n.m. 0.08 n.m. 3.80 n.m. 44 n.m.
0.10 0.18 1.01 0.01 1.48 2.92 5.71 36 11.5
0.15 0.10 n.m. 0.004 n.m. 2.60 n.m. 37 n.m.

¢ Phases have been analyzed by ICP/AES. n.m. = not measured.

OPCMPO as extractant of the first cycle has been employed. Mo and Zr
separation with O®CMPO can be reasonably improved by appropriate
process parameters, taking into account the decrease of their distribution
ratios to 1.1 and 0.7, respectively, at [HNO3] = 1 M without H,C,0,.
La, Eu, and Am distribution ratios are reported in Fig. 2 as a function
of [HNOs], whereas those of Np and Tc have been measured as a function
of the amount of NaNO, added to the referen-ce waste solution and the
time elapsed after addition. It can seen from Table 4 that 1) a nonsignificant
role is played by the time elapsed 2 hours after NaNO; addition; 2) at
[HNOs] = 0.5 M, only Np(V) is present in the aqueous phase at any
NaNO; concentration (as supported by its low distribution ratio), whereas
it is partially disproportioned at [HNOs] = 2.5 M; 3) in the 0.5-2.5 M
[HNO;] range, NaNO, addition plays an opposite role on Tc and Np
distribution ratios; and 4) the high Tc distribution ratios are probably due

TABLE 3
Tc, Eu, Np, Pu, and Am Distribution Ratios at [HNOs] = 2.5 M and [H>C,04] = 0 or 0.1 M
with O®CMPO (columns a) and with Ph;Bu; (columns b)?

Tc? Eu Np* Pu Am
H,C.0. (M) a b a b a b a b a b
0 2.26 4.5 7.8 2.6 7.6 36 >1000 220 12 4.8
0.1 n.m. n.m. 7.7 2.5 n.m. n.m. 215 <10 11.4 34

2 Phases have been analyzed by alpha counting, standard gamma spectrometry, and/or by LSC. n.m. = not
measured.
 Feed has been added with NaNO, at NaNO,/Np molar ratio = 100.
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FIG.2 Am(®), Eu(O), and La (M) distribution ratios as a function of HNO; concentration
(organic phase: 0.2 M O®CMPO, 1.4 M TBP in n-dodecane as extractant; aqueous phase:
synthetic solution of Table 1).

TABLE 4
Np and Tc Distribution Ratios with O®CMPO as a Function of HNO; Concentration,
NaNQO,/Np Molar Ratio, and Time Elapsed after NaNO, Addition®

NaNOam. /Np
0.5 M HNO; 1 M HNO3 2.5 M HNO;
DY of Np, Tc 0Oh 2h 24 h Oh 2h 24 h 0Oh 2h 24 h
0 Np 0.35 1.06 322
Tc 44.37 14.06 2.79
10 Np 0.34 0.35 1.01 0.96 4.79 4.76
Tc 29.07 28.15 12.06 13.39 2.59 2.73
50 Np 0.36 0.35 1.22 1.05 4.72 5.05
Tc¢ 24.33 25.00 9.34 11.74 2.46 2.39
100 Np 0.34% 0.37 0.35 1.51¢ 1.30 0.99 1.49° 7.04 7.66
Tc 18.53 21.45 9.12 10.29 2.27 2.26

2 Reference waste solution at [HNOs} = 0.5, 1, and 2.5 M has been traced with 2*’Np solution 0.7 M [HNOs] to
give a final Np concentration of 66 mg/L and with standard *Tc solution; 24 hours later NaNQ, was added.
4 Extraction performed 3 minutes after NaNO; addition.
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TABLE 35
Tc, Eu, and Np Distribution Ratios and HNO; Concentration Measured in Three
Subsequent Strips with 0.001 M HNO; from Loaded O®CMPO (columns a)
and from Loaded Ph,Bu; (columns b)®

H* (M) Tc Eu Np
Strip
number a b a b a b a b
1 0.95 0.93 13.63 7.1 2.24 0.60 0.98 0.46
0.40 0.44 16.20 8.5 0.84 0.44 0.49 0.25
3 0.12 0.15 9.55 7.4 0.30 0.58 n.m. 0.96

2 Column a = OpCMPO; column b = Ph,Bu,. Extractant previously equilibrated (O/A = 1) with the adjusted
feed has been stripped (O/A = 2) three times with 0.001 M HNO; and H* molarity has been measured in the strip
products. n.m. = not measured.

to nitrate group replacement by pertechnetate ions in the lanthanide-or-
ganic complexes.

Stripping tests of the loaded extractant with diluted HNGO; (0.001 M)
have been performed to obtaining distribution ratios (Table 5) which fit
well with the values found by the extraction tests. A strip product of low
HNO; concentration was required as feed to the second cycle. Actually,
it was adjusted to 1 M glycolic acid, 0.05 M DTPA (diethylenetriaminepen-
taacetic acid), and to pH values around 3 in order to complex trivalent
transplutonium elements. Distribution ratios of Eu, Np, Am, and HNO;
obtained with 0.3 M HDEHP in diisopropylbenzene are reported in Table
6. A separation factor for Am/Eu of about 80 was obtained with purified
HDEHP (but not higher than 10 with HDEHP), whereas a low separation
factor Eu/Np (about 4.5) requires appropriate strip conditions for a satis-
factory separation of Np from lanthanides. This can be achieved by a
second strip employing S M HNOs which gives an Eu distribution ratio less

TABLE 6
Eu, Np, and Am Distribution Ratios with HDEHP 0.3 M in Diisopropylbenzene at
Various pH Values (aqueous phase = first strip of the first cycle
1 M glycolic acid, 0.05 M DTPA)

pH Eu Np Am HNO;
2.22 3.52 n.m. 0.05 0.67
3.02 1.61 n.m. 0.02 0.06
3.10 2.20 0.49 n.m, n.m.

“ n.m. = not measured.
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than 10 ~2 and a Np distribution ratio of 4.9. Np can be finally recovered by
0.3 M (NH,),C,0, because its distribution ratio has been found to be 0.5.

Solvent clean-up operations by means of Na,COs solution are necessary
for both extraction cycles to prevent accumulation of elements (e.g., U,
Am, Fe) and of solvent degradation products (e.g., dibutylphosphoric
acid) (7, 8).

COLD TESTS WITH MIXER/SETTLER BATTERIES
AND CODE CALCULATIONS

Tests with bench-scale mixer/settler batteries have been performed
using the O®CMPO solution mentioned before as extractant and the syn-
thetic waste solution reported in Table 1 as the aqueous feed. U was used
to replace the expected content of all actinides.

The number of battery stages was 6 for extraction, 3 for scrubbing, and
9 for the first strip of the first cycle of the process flow sheet. The aqueous/

Organic Product
He =02iM Hf =00002M
Nd - =249mM Nd  =2.13mM
Extractant lh“; =_9‘27 . La =t0*¢"
o =233 Mo =036 “
Zr =213 " Zr =007 ©
Np =194* e
CMPO 0.2 M Te =783 Np =107«
TBP 1.4 M Am =216% Te =709 "
. 3
U+Pu=200 * Am =10 *
RF =05 RF —03 U+Pu = 1.995 * .
; F. . RF. =05 To following
D A W reextraction
p4 - é --------- . steps
EXTRACTION SCRUB Ist strip
12 STAGES 6 STAGES 14 STAGES
A/0=3.0 A/O=1.0 A/O =05
HNO, 11 M HNO; = 0.001 M
RF. =05 R.F.=0.25
Raffinate Feed Product
H+ =18IM H+ =23 M H+ =0414 M
Nd =1157mM Nd =29.82mM Nd =45.62mM
La =002 © La =466 © La =1854 ©
Mo =1174% Mo =1887 * Mo =432 “
Zr  =1332¢ Zr  =2105 « Zr =410 *
Np =002 © Np =10 “ Np =388
Te =006 “ Tc =40 “ Te =146 “
Am =z 10%« Am =1078 * Am =431 «
U+Pu = traces U+Pu=1.0 « U+Pu=0.01 *“
RF. =15 RF. =1 RF =025 | 7 ’

NaNO,/Np m.r.=100 _
Lo/Am wir. =20 Lw/Am wtr=9
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organic phase ratios were 3, 1, and 0.5, respectively. HNO; 1.1 M was
used as the scrub solution and HNO; 0.001 M for the stripping solution.
Samples were taken and analyzed each hour (corresponding to about each
of the three residence times of the organic phase).

Steady-state concentration profiles in the battery stages were then
drawn for each constituent and compared with those obtained with a com-
puter code (9, 10) using the distribution ratios experimentally measured.

The maximum difference percent found between calculated and experi-
mental concentration profiles was =+ 5% for HNOs and +20% for La and
U. Differences up to 100% have been found for other elements (e.g., Mo
and Zr) because they are less extracted than expected by the code. This
is probably due to the high lanthanide concentration in the organic phase
that reduces Mo and Zr extraction.

On the basis of the satisfactory agreement, distribution ratios experi-
mentally measured or screened from available data (particularly for

llllll!llll[llllll

1L.OE+2 Illlllllll

1.0E+1

1.0E+0 La

1.0E-1

1.0E-2

1.0E-3

1.0E-4

1.0E-5

Aqueous Am and La concentrations, mM
»
g

1.0E-6 Extraction Scrub I Strip

T1

A/O=3 A/O=1 A/O=0.5
1.0E-7 T1ITI|II|]llllllllllllllllll

10 20 30
Stage Number

FIG. 4 Aqueous Am and La concentration profiles as a function of the first cycle stage
number.
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HNO;, U, and Pu) have been used to define through the code the process
operating conditions able to reach the above-mentioned objectives.

Figure 3 shows the first cycle flow sheet by which a satisfactory alpha
decontamination of the HLLW feed can be achieved together with a reduc-
tion of the Ln/Am weight ratio by a factor of about 2. Actuaily, U, Pu,
and Am contents are reduced to trace levels in the raffinate, whereas Np
and Tc are reduced to a few percent of their content in the feed. The
extracted Mo and Zr amounts are in the range of 5 to 10% of their contents
in the feed, and they are almost completely recovered by the first strip.
Nevertheless, Am and lanthanides are not sufficiently separated from each
other, so that the second cycle of the process is required. Am and La
concentration profiles in the aqueous phase are reported in Fig. 4 as a
function of the first cycle stage number.

To the first strip product, after a suitable volume reduction, is added
glycolic acid, DTPA, and ammonium hydroxide to reach pH 3, plus 1 M
glycolic acid and 0.05 M DTPA at the same element concentration. This

Qrganic Product
Extractant Ht =006 mM
U =33x10%"
La =6.17 "
HDEHP Nd =150 "
0.3 M in DIPB Np =115 . "
Am_ =27x10""
RF. =075 RF. =0.75 To Ln
: x and Np
1' : stripping
EXTRACTION SCRUB
6 STAGES 6 STAGES
A/0 =04 A/O =0.07
A
Raffinate Feed Scrub
Ht =1 mM H+ =1 mM
=8x10% U =1x102%" H+ =1 mM
La =1.8x10%" La =185 *
Nd =59x10"" Nd =456 " RF. =0.05
Np =036 " Np =39 "
Am =335 Am =431 "
RF. =03 RF. =025
Lo/Am wtr, = 10" Lo/Am wtr.=9

FIG. 5 Second cycle flow sheet elaborated by computer code.
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solution is fed to the second cycle, whose flow sheet has been elaborated
by computer code and is reported in Fig. 5. As shown, a reduction up to
about 0.1 can be achieved for the Ln/Am weight ratio.

CONCLUSIONS

A process based on the two extraction cycles OPCMPO/HDEHP allows
alpha decontamination factors of HLLW greater than 10° to be achieved
together with a reduction of the lanthanides/Am weight ratio by a factor
of about 200. This has been obtained by defining the process operating
conditions through a computer code making use of experimentally mea-
sured distribution ratios of the HLLW constituents.

Further investigations and battery tests with fully active liquid wastes
are needed to obtain better knowledge of specific problems like that re-
lated to extractant stability, whose hydrolysis and radiolysis products can
be responsible for accumulation of elements (e.g., U, Am, Fe) in the
organic phase.
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