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Abstract — Ruthenium extraction by tri-n-butylphosphate (TBP) from nitric acid was studied and modelled in the conditions of the PUREX
process. Experimental distribution ratios obtained for water, nitric acid and ruthenium were described with a physicochemical model based
on the application of the mass action law on each extraction equilibrium and by taking into account deviations from thermodynamic ideal
behaviour both in aqueous and organic phase using Mikulin and Sergievskii-Dannus equations. The best agreement between experimental
and calculated ruthenium extraction isotherms was obtained by considering the formation of two complexes TBP,RuNO(NO;);(H,0), and
TBP;RuNO(NO,);(H,0), in organic phase. This model was then used to simulate ruthenium behaviour in a counter-current PUREX hot test
performed in mixer-settlers.

Highlight
e  Extraction of ruthenium from nitric acid media by TBP/TPH was studied at lab-scale
o  Athermodynamic model based on Mikulin equation and Sergievskii-Dannus model was developped
e  Good agreement between experimental and calculated distribution ratios was obtained
e  Mathematical model was tested successfully during a counter-current PUREX hot test performed in mixer-settlers

Keywords — Ruthenium, Nitric acid, Uranium, TBP, Solvent extraction, Modelling.

1. Introduction the decontamination factor (DF) required for uranium and

plutonium decontamination towards ruthenium in the PUREX

Uranium and plutonium are recovered from spent nuclear fuels

process must be very high to reach uranium and plutonium
and separated from the fission products by the PUREX process

specifications versus B—y contamination especially if short
(Plutonium Uranium Refining by Extraction) using the tri-n-

cooling time fuels are reprocessed. Although ruthenium is
butylphosphate (TBP) as extractant in the organic phase. !

poorly extracted by TBP, the low quantities co-extracted with
Among the fission products formed by irradiation of the fuel in

uranium and plutonium in organic phase are then very difficult
the reactor, ruthenium is considered as one of the most

to scrub in the process. Moreover, speciation of ruthenium is
troublesome. First, it contributes significantly to the p—y

very complex in nitric acid media, mainly due to the sensitive

radioactivity of the spent fuel in the first years of cooling. As o ) ) ) )
equilibria occurring between the different ruthenium species

the half-life of ®®Ru isotope is about one year (T;, = 373.6 d), ) ) _ _
present in solution. ! Most of the Ru(lV) ions produced during
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the dissolution of the spent fuel in nitric acid are quickly
converted to Ru(lll). Ruthenium (I11) forms highly stable
RUNO®" species, resulting in the formation of a series of
extractable nitro-nitrato complexes. * 4 The improvement of
the B—y decontamination of uranium and plutonium being an
important goal for future reprocessing plants, it becomes crucial
to well understand and simulate the behaviour of this element in
the extraction cycles of the PUREX process. Thus, the purpose
of the present work is to investigate the extraction of ruthenium
by 30% TBP diluted in TPH at T=298.15 K. Batch solvent
extraction experiments of ruthenium were first carried out to
determine accurate distribution data at different nitric acid and
uranium concentrations. From these extraction isotherms, a
physico-chemical model was proposed to describe ruthenium
extraction by TBP. Simple solutions theory and Sergievskii-
Dannus model were used to take into account deviations from
thermodynamical ideal behaviour, in aqueous and organic
phase respectively. After implementation in the CEA PAREX
code Bl this model was tested to simulate the experimental
distribution ratios measured from a genuine high active solution
as well as the concentration profiles of °®Ru measured after a

PUREX hot test in mixer-settlers.

2. Experimental and modelling

2.1. Distribution data acquisitions from surrogate solutions

Reagents
TBP was purchased from Prolabo and diluted to 30 vol. % in
TPH (hydrogenated tetrapropylene, Novasep process) and
purified by successive contacts with equal volumes of 0.1 M
sodium hydroxide, 0.3 M sodium carbonate and water.
Solutions of 5x10° M RuNO were prepared at different nitric

acid concentrations from 0.1 to 6 M by dissolution of

RUNO(NOs); (provided by Alfa Aesar) in HNO3 and were used
for ruthenium extraction experiments. The ruthenium stock
solutions concentrations were checked by ICP-OES (Optima
8000 from Perkin Elmer). As low concentrations of ruthenium
are difficult to measure in organic phase, aqueous solutions
were spiked with 1%Ru (107 M) and ruthenium concentration
was determined by gamma spectrometry. On the one hand,
commercialized °Ru diluted in chlorhydric acid (provided by
Eckert and Ziegler) was used to spike Ru solutions while on the
other hand, *°®Ru was isolated by several batch extractions from
a high active solution recovered from a spent UOX fuel (burn-
up 60 GWd.t1). To equilibrate the speciation of ruthenium in
aqueous solution (especially the formation of trinitrato
complexes) prior to the solvent extraction experiments, spiked
solutions of Ru in nitric acid were heated at 90°C for one hour
with a reflux condenser to trap the volatile compound RuO,.
After preparation, the speciation of RUNO(NO3); solutions was
checked by UV-visible spectrophotometry (Cary 5, Agilent).
Solutions with nitric acid, ruthenium and uranium were
prepared from a concentrated uranium stock solution (363
gu.L ™ in 0.24 M HNO3) supplied by AREVA. Its concentration
was determined by X-Ray fluorescence (Quant’X from
ThermoScientific). The same experimental protocol was
applied for spiking and equilibrating the Ru-U aqueous
solutions. All other high grade chemical reagents (HNOj,

NaOH, EtOH, ...) were purchased from Prolabo and used

without further purification.

Solvent extraction experiments

Solvent extraction experiments were performed by contacting
equal volumes of organic phase and Ru (or Ru-U) aqueous
solutions in nitric acid for one hour at T=298.15 K (controlled

by a water bath). For experiments without uranium, organic



phases were pre-equilibrated with aimed nitric acid solutions
prior to the extraction to prevent nitric acid transfer during
experiments. After centrifugation, the two phases were
separated and aliquots were sampled for analysis. Water
concentration in the organic phase was determined by Karl-
Fischer coulometric titration (Metrohm KF 831). Nitric acid
concentrations in aqueous and organic phases were measured
by acid-base titration against 0.1 M NaOH solution, by diluting
the aliquot in water and water/ethanol mixture (50/50%.,,)
respectively or in saturated ammonium oxalate in presence of
uranium. Uranium concentration in organic phase was
determined by UV-vis. spectrophotometry. Ruthenium-106
activities in aqueous and organic phases were measured by
gamma spectrometry (Hyper pure Ge detector, CANBERRA).

The distribution ratio of ruthenium (D) is defined according to

equation (1):
D = Aru/Aru @

where A and A are the vy radioactivities of the !%Ru,
respectively in the organic and aqueous phase (expressed in
terms of decays per unit volume per second). It is assumed from
previous experiments that D-values between 0.1 and 10 exhibit
a maximum error of about 5% while the error may be up to

10% for lower (0.01-0.1) and higher (10-100) values.

2.2. Modelling

Speciation studies are usually based on a liquid-liquid

extraction method to determine the stoichiometry of organic
complexes. The solutions generally used in the actinides

separation processes are too complex and too much

concentrated to make the approximation that thermodynamical
activities are equal to concentrations. Thus, a thermodynamic
approach based on the simple solutions theory and Sergievskii-

Dannus model to take into account deviations from

thermodynamical ideal behaviour, respectively in aqueous and
organic phase, is known to be very efficient to model the
thermodynamic behaviour of electrolytes in spent nuclear fuel

solutions. 71

Theory

Ruthenium is assumed to be present as RUNO(NO3); in a
dissolution solution of spent nuclear fuel in nitric acid. ©2%
Extraction of ruthenium by TBP can thus be written according
to equilibrium (2):

iTBP + jH* + kRuNO3* + (j + 3k)NO3~ + hH,0
@

s (TBP),(HNO3),(RuNO(NO3)3)(H;0)y

where the overlined species refer to the organic phase.
According to the mass action law, the extraction constant K%,

(C = ruthenium complexes in organic phase) associated with

this equilibrium can be written as:

o K hoi
Kz = ag / agno, @RuNo(NO,), AH,09TEP 3)

where ax and ax are thermodynamic activities of species in
aqueous and organic phase, respectively. The stoichiometric
coefficients of TBP, nitric acid, Ru and water in organic

complexes are i, j, k and h, respectively.

Deviation from ideal behaviour in aqueous solutions

Simple solution theory can be used to take into account
deviation from ideal behaviour in aqueous solutions Y. The
simple solution concept can be stated by the Zdanovskii-
Stokes-Robinson relation (ZSR rule) which associates the
concentrations of the constituent electrolytes with their
concentrations in the binary solution of the same water activity

as the mixture: [



Z 77‘LX/TnXbi =1 at adp20 = cst (4)
X

where my is the molality (mol.kg™) of the electrolyte X in the
mixture, my® is the molality (mol.kg™) of the electrolyte in a
binary solution of the same water activity as the mixture and
a0 is the water activity of the mixture.

If binary data are available for the solutes and considered
mixtures satisfy the “simple” solution concept %, the ZSR
relation can be applied directly to calculate the water activity of
the mixture iteratively. Moreover, for mixtures for which this
rule can be applied, Mikulin demonstrated that the activity
coefficients of electrolytes can be expressed as a function of the
mixture composition and the compositions of binary mixtures

of the same water activity: [’
Vstx = Uxmgi)’}(ﬂ/z LxMmx (5)
X

where ysex and Y2 are the stoichiometric mean activity
coefficients of the electrolyte X, respectively in the mixture and
in the isopiestic binary solution, my and my® are the molalities
(mol.kg™) of the electrolyte, respectively in the mixture and in
the is the sum of the

isopiestic binary solution, vy

stoichiometric coefficients of the electrolyte.

Deviation from ideal behaviour in organic solutions

In the literature, water has a prominent role on deviations from
ideality in organic phase. ** *! Indeed, organic species can be
associated with water molecules in two types of interactions:
hydration water that forms hydrated complexes of well-defined
stoichiometry and solubilized water resulting from non-ordered
interactions between the species and water in the organic phase.

To take into account both types of interactions, activity

coefficients of organic species are calculated according to

Sergievskii—Dannus relationship: [

yx = yg@e(sx®-anz0) ®)

where yx® denotes the activity of species X in the organic
phase and sgx® corresponds to the solubilized water resulting
from non-stoichiometric hydration species, in the same organic
phase (same diluent and same extractant concentration) but in
equilibrium with pure water (ay0 = 1). By substituting
equation (6) in equilibrium (3), and assuming that the ratio
ye®/(y7sp®)! is constant with the extraction isotherm (i.e. for
a given concentration of extractant), it is possible to define for
each distribution equilibrium an effective constant Kg:

Ke = (yrsr®)'/ve® Kg

j (5@ —isrrs®)(1— (M
= (m(:/alHNOgalf({uNO(Nos)3all?{zomTBPl)e((S‘E istap®)(1-anz0))

The term yg® characterizes mainly the deviation from ideal
behaviour resulting from interactions between the species X
and the diluent. Considering the y&®/(y7sp®)! ratio as
constant for a given proportion of TBP/TPH is a usual
assumption when applying the Sergievskii-Dannus model
because these individual values cannot be calculated. ©
Indeed, for a constant TBP/TPH ratio, it can be assumed that

the influence of the diluent on the organic complexes and the

extractant can be neglected.

Method of modelling

Calculations for extraction isotherms modelling were
performed using the Scilab 5.4.1 software. The calculated
concentrations were determined by an iterative method based
on least-squares analysis. The following criterion was
minimized, comparing the experimental values of the molal

concentration with the one obtained by the model:



X2 = Z((mi,calc - mi,exp)/mi,exp)z (8)
X

Experimental ruthenium, water and nitric acid concentrations
were measured in both phases at equilibrium. The results were
used to calculate water, nitric acid and ruthenium
thermodynamic activities in the aqueous phase. Water activity
was calculated by an iterative method based on dichotomy
resolution of equation (4). The molal concentration of each
solvate mg and the total molal concentrations of ruthenium
(Mrunomo,), ) hitric acid (mpno;), TBP (mrpp) and water
(mm,o) in the organic phase were calculated with the Scilab

program according to the mass action law and mass balances
the extraction

associated to each component. To model

isotherms, various hypotheses were put forward about
stoichiometry of each organic complex. The stoichiometry that
was tested for each complex was chosen to be consistent with
previous published results. ! The stoichiometries used for the
model was those which gave the best agreement between
experimental and calculated concentrations, corresponding to

the minimum value of y2 The resolution method applied is

shown in Figure 1.

Aqueous and organic initial concentrations
Extraction equilibria definition
Initial equilibrium constants and Sergievskii-Dannus
parameters

|

Water activity calculation by solving the ZSR relation
Binary activity coefficients calculation
Average stroichiometric activity coefficients calculation
Electrolyte activities in aqueous phase calculation

|

Organic concentrations
calculation (free TBP and
other species)

A —

Optimisation (Box method) :
new set of equilibrium
constants and Sergievskii-

Dannus parameters

Aqueous and organic concentrations at
equilibrium
Optimized equilibrium constants and
Sergievskii-Dannus parameters

Figure 1: Flowchart showing the resolution of ruthenium solvent extraction
modelling using the Scilab software

2.3. Batch experiments from a genuine solution
Single-stage batch experiments were carried out to determine

the distribution ratios of ruthenium from a genuine dissolution
solution of spent fuel which composition is shown in Table 1.
Desired volumes of the organic and aqueous phases were
vigorously shaken and after separation, organic and aqueous
phases were sampled for analysis (see part 2.1). Uranium
concentrations and °°Ru activities were measured by X-ray
fluorescence and gamma spectrometry respectively. Operating

conditions for batch experiments are summarized in Table 2.



Table 1: Composition of the feed solution for batch and continuous counter-
current experiments

Continuous counter-

Constituent .
current experiment

Batch experiments

u/gl? 244 217
Pu / gL* 2.53 6.9
Zr [ gL? 1.08 0.6
Np / mg.L*" 214 63
Tc / mg.L* 275 105
Ru / mg.L? 510 365
HNO; / M 43 33

Table 2: Operating conditions for batch experiments

Run Organic phase Aqueous phase O/A
1 - Main TBP pre-equilibrated High active feed
extraction with 6 M HNO3 solution (see Table 1) 20
2 - FP scrub From 1 HNO;5M 2

2.4. Continuous counter-current test on a genuine solution
A flowsheet of a first PUREX process cycle was tested in
laboratory-scale mixer-settlers at Cyrano shielded cell of CEA
Fontenay-aux-Roses. MOX and UOX fuels, respectively
discharged from Beznau and Fessenheim nuclear reactors, were
dissolved in nitric acid and used as feed solution for the hot
test. The composition of the feed solution is shown in Table 1.
The flowsheet of the counter-current experiment is depicted in
Figure 2.
The test was performed in 32 stages of Cyrano type PMMA
(polymethylmethacrylate) laboratory-scale mixer-settler.
Stainless steel perforated paddle impellers were used for
mixing. All reagents were introduced by syringe pumps. Flow
rate  measurements were performed using volumetric
flowmeters.
On-line UV-visible spectrophotometric measurements were
implemented to measure uranium concentrations in the agueous
and organic phases during the test. [ Samplings were also

performed to analyse U, Pu, and H* concentrations in aqueous

outputs. At the end of the test, aliquots of both aqueous and
organic phases were sampled in each stage and analysed by
acid-base titration, ICP-AES, gamma and alpha spectrometry to

obtain experimental profiles.

Solvent

30% TBP U, Pu, Tc
£FP
MAIN FP SCRUB
EXTRACTION
r 1]z|3la]s|s|7|sla]i0 1.1|1.z|13|14|15|1s(—|
FP Nitric acid
Load 2 M HNO3g
U, Pu, FP
Solvent 3 M HNO;
30% TBP I
+ U, Pu
I—) SECONDARY Te SCRUB £FP
EXTRACTION
I 1|2|3|4|5|s|7|a|9|1.0|:.1|1.z|13|14|15|1s£I
Tc Mitric acid
Nitricacid 1.5 M HNOQg
10 M HNO;

Figure 2: PUREX flow sheet tested in mixer-settlers

3. Results

3.1. Distribution data from Ru surrogate solutions
Absorption spectrum of initial ruthenium solutions were first

acquired and compared to check the influence of the nature of
1%Ru tracer on the Ru aqueous speciation. The absorption
spectrum of an aqueous solution of ruthenium nitrosyl spiked
with '°®Ru from a genuine high active solution is identical to an
inactive aqueous solution of ruthenium nitrosyl. while
absorption spectrum is clearly different if 1Ru arose from a
commercialized source (Figure 3). Because commercialized
1%Ru is provided in 6 M HCI, the differences are attributed to
interactions between ruthenium nitrosyl and CI” ions. In some
experiments, because of the dilution factor of the *°Ru stock
solution, CI" molar concentration can reach 0.2 M. To confirm
this assumption, an aqueous solution of ruthenium nitrosyl was
prepared and spiked with HCI to reach 0.2 M. The black curve

in Figure 3 shows that ruthenium nitrosyl speciation changes

can accurately be attributed to the presence of HCI, probably



due to the formation of RUNO(NO3)s(Cl), complexes

which may impact the extraction of ruthenium in organic phase.

1.6 \ ‘ [
14 | RUNO + commercialized ' °°Ru]
HCI
1.2 i
1.0 only |
< 0.8
0.6
047
0.2 T
O L i i L "
400 450 500 550 600 650 700
A/ nm

Figure 3: Absorption spectra at 7=298.15 K. of equilibrium mixtures of RUNO
complexes in nitric acid (Cg, ~ 500 mg.L'1 and HNO; ~ 3 M. — : RuNO(NO3)3 +
commercialized Ru diluted in HCI ([HCI] ~ 0.2 M). — : RuNO(NO3); + HCI ([HCI]
~ 0.2 M). — : RUNO(NO3); + high active solution. — : RUNO(NO3)3.

Solvent extraction experiments were performed by spiking
inactive Ru solutions with various amounts of commercialized
%Ry (different dilution factor of °®Ru stock solution, i.e.
different HCI concentrations), or with *°°Ru isolated from the
high active solution ([HCI] = 0 M). Figure 4 shows that Ru
distribution ratio is strongly influenced by CI” concentration:
ruthenium extraction is significantly lower when CI
concentration increases, which is in agreement with literature
data. 71

Distribution data obtained without HCI are similar to those
reported in reference 8 which confirm that the use of °Ru
from spent fuel treatment is the best way to reproduce
ruthenium behaviour in reprocessing process. This method was

thus used for the whole distribution experiments performed in

this part.

01}, ol [HCI] =0 M
. . [HC ‘
* & , [HC =02 M
0.01 I |
) L 2 ) L 4
(] L 2
0.001 | . : :
L 2
L 2
0.0001 —
0 2 4 6 8

[HNO,] / mol.L”

Figure 4: Ruthenium experimental distribution ratios for various HCI
concentrations for H,0/HNO3/RuNO(NO3)s/TBP/TPH system at 7=298.15 K.

The variation of experimental values of Dg, is plotted on Figure
6 (and also on Figure 4) as a function of nitric acid
concentration. First, Dg, increases with HNO; concentration
probably due to the formation of trinitrato Ru species in
aqueous phase, which are highly extractable in organic phase.
Then, beyond 2 M HNO; ruthenium distribution ratio decreases
due to the competition between Ru and HNO; extraction by
TBP. Experiments were also carried out at 3 M HNO; for
different initial uranium concentrations (ranging from 0 to 220
gu.L™) in order to check the impact of uranium loading (TBP
saturation) on ruthenium extraction (see Figure 8). The results
clearly show the drastic decrease in Dg, with increasing
uranium organic concentration (or TBP saturation) explained

by a saturation effect (decrease in free TBP concentration).

3.2. Modelling results

The data given in *® were used for the modelling of water and
nitric acid extraction by TBP. The complexes and the
corresponding parameters K% and sg® associated to the
extraction equilibrium are reported in Table 3. These values
were then held fixed when modelling water, nitric acid and

ruthenium extraction isotherms. The calculated concentrations



of nitric acid and water in organic phase are plotted on Figure 5
as a function of the aqueous nitric acid concentration. A very

good agreement is obtained between calculated and

experimental values.

Table 3: Optimized parameters for H,O/HNO3/TBP/TPH system

Species K; sg®

TBP - 0.3
TBP(H,0) 2.32 107 42
TBP(HNO;) 7.58 107 0.01
"TBP,(HNO,)(H,0) 3.8110" 0.3
TBP,(HNO,), 2.8110% 0.5

As shown on Figure 6, ruthenium extraction by TBP was then

correctly represented with two organic complexes

TBP,RUNO(NO,);(H,0); and TBP;RuNO(NO;)(H,0);, in

addition to the species mentioned in Table 3. The complexes
and corresponding parameters Kfﬁ and sg® are reported in Table

4.

Table 4: Optimized parameters for H,O/HNO3/RUNO(NO3)s/TBP/TPH
system

Species K; s¢®
TBP,RuNO(NO,);(H,0), 0.016 0
TBP;RuNO(NO3);(H,0), 0.107 0

Ruthenium  speciation diagram (Figure 7) shows the

predominance of the TBP;RuNO(NO;);(H,0), complex from 0.1

to 4 M HNOgj, which is consistent with previous published

results. ©® 2 Beyond 5M HNO; TBP,RuNO(NO,),(H,0),
becomes predominant because of the decrease in free TBP
concentration.

Ruthenium distribution ratios at 3 M HNO; were also
calculated by this model for increasing concentrations of

uranium. Figure 8 compares calculated and experimental Dg,

acquired in this study and in ref. 3 plotted as a function of

uranium loading (TBP saturation by uranium extraction). Batch
experimental data obtained here are in good agreement with
Bruce’s experimental results. 2] The model fits correctly the
decrease in ruthenium extraction with uranium loading but
slightly overestimates ruthenium distribution ratio at high
uranium saturation.

Figure 9 depicts the ruthenium calculated distribution ratio as a
function of the uranium saturation of the solvent and nitric acid
concentrations in aqueous phase. This figure clearly shows that
the extraction of ruthenium is maximal around 2 M HNO; and

without uranium.

[HNO] or [H,0] / mol.L""

0 2 4 6
[HNO,] / mol.L"

Figure 5: Experimental (#) and calculated (—) nitric acid molarities and
experimental (¢) and calculated (—) water molarities versus nitric acid
concentration in aqueous phase for H,0/HNO3/RuNO(NO3)3/TBP/TPH system at
T=298.15 K.
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Figure 6: Experimental (¢) and calculated (—) ruthenium distribution ratios
versus nitric acid concentration in aqueous phase for
H,0/HNO3/RuNO(NO;)s/TBP/TPH system at T=298.15 K. 0: Natarajan’s work &
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Figure 8: Ruthenium distribution ratios versus uranium saturation of the solvent
for H,0/HNO3/RUNO(NOs)3/TBP/TPH system at [HNO3]=3 M and at T=298.15 K.
+: Experimental at [HNO3]=3 M. 0: Bruce’s work at [HNO3]=3 M. 21 . calculated
at [HNO;]=3 M.
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Figure 7: Ruthenium speciation diagram for the H,0/HNO3/RuNO(NO3)3/TBP/TPH
system at 7=298.15 K.
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Figure 9: Calculated ruthenium distribution ratio as a function of uranium
saturation of the solvent and nitric acid concentrations in aqueous phase at
equilibrium.

3.3. Batch extraction experiments from a genuine solution
The model was then implemented into the CEA PAREX code

1221 and used to calculate the Dg, Obtained in batch conditions
from a genuine solution of spent nuclear fuel in the conditions
of the PUREX process. Experimental and calculated values are
reported in Table 5 and show that calculated distribution ratios
are consistent with the experimental values. The model
however slightly overestimates ruthenium extraction as already
observed in the previous experiments from surrogate solutions

in presence of uranium (Figure 7). On the other hand,

ruthenium distribution ratios are largely under-estimated by the



PAREX code in scrubbing conditions. This difference is
explained by the retention of ruthenium in organic phase once
extracted by TBP %, which is not yet taken into account in the
model.

Table 5: Comparison between ruthenium distribution ratios calculated using

the CEA PAREX code and those obtained after batch experiments on a
genuine solution. In parenthesis: calculated with the CEA PAREX code.

Run 1 — Main extraction 2 — FP scrub
Dru exp 2.8.10* 0.19
Dru calc 5.2.10* 2.1.10%
[0] / gL? 91 (90) 81 (80)
[HNOs] / M 5.9 (5.9) 23(2.3)

3.4. Continuous counter current test on a genuine solution

The model was then used to reproduce the nitric acid, uranium
and ruthenium concentration profiles measured in aqueous and
organic phase in every stage of the main extraction and FP
scrubbing steps of the PUREX hot test. The experimental and
calculated profiles of nitric acid, uranium and ruthenium are
plotted in Figure 10 and Figure 11. The good agreement
obtained between experimental and computed profiles through
the main extraction stages confirms the validity of the model in
these conditions. Ruthenium and nitric acid concentrations in
organic phase remain stable from stage numbers 1 to 6 and
sharply decrease at stages 7 and 8 due to uranium saturation
(decrease in free TBP concentration). However, except for
stage n°9, the phenomenological model does not correctly
reproduce the profiles in the FP scrubbing step. Here again, the
lack of simulation is due to the retention of ruthenium in
organic phase, observed experimentally in batch conditions and
not modelled yet. Ruthenium being strongly extracted in
organic phase as a species that can be hardly stripped, its

extraction is thus logically under estimated in these conditions.
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Figure 10: Experimental and calculated profiles of nitric acid in mol.L™? (¢ and —),
uranium in g.L (¢ and —) and ruthenium in mg.L™* (¢ and —) in aqueous phase
at the end of the test in the main extraction and FP scrub battery

108

- 102 1102

:o! 10! 1 18;

100 1

£ 101 110}
-2 2| Y
Om 10.3 E 10-3 :’
=z 10 110¢ €
T 10 1105
5 10% 110 | 5
<. 10°% 1107 ik

5 107 310°

< 108 110°®

41010

|2 10° 110

10'& 1012

6 7 8 910111213141516
Stage n°

Figure 11: Experimental and calculated profiles of nitric acid in mol.L™" (¢ and —),
uranium in g.L'1 (¢ and —) and ruthenium in mg.L'1 (¢ and —) in organic phase
at the end of the test in the main extraction and FP scrub battery



4, Conclusions

Extraction isotherms modelling using simple solutions theory to
calculate activity coefficients in the aqueous phase via Mikulin
equation, and Sergievskii—-Dannus relationship for activity
coefficients of organic species, was performed to study water,
nitric acid and, for the first time, ruthenium nitrosyl nitrate
extraction by TBP 30%,, in TPH. The model leads to
consistent data with batch experiments for the extraction of
ruthenium, water and nitric acid. The best consistency between

experimental and calculated ruthenium distribution ratios was

obtained by considering two ruthenium complexes in the

organic phase: TBP,RuNO(NO;);(H,0), and

TBP;RUNO(NO;);(H,0),. Concentrations of ruthenium were
measured at the end of a continuous hot test in mixer settlers
using a genuine aqueous solution from spent nuclear fuel.
Results show that this model is able to accurately represent
ruthenium concentration profiles in the extraction part but the
retention in the organic solvent is not yet reproduced by the
model. In the near future, the phenomena responsible for
ruthenium retention in a loaded TBP organic solvent have to be
clearly explained to improve our understanding and simulation

of ruthenium decontamination during nuclear fuel reprocessing

operations.
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ruthenium extraction with tri-n-butylphosphate in the PUREX process » that we wish
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The paper focuses on the ruthenium extraction mechanism with TBP in the nuclear
reprocessing industry. Ruthenium extraction was first measured after liquid-liquid
extraction experiments. A thermodynamic model, based on the simple solutions and
Sergievskii-Dannus theories to take into account deviations from ideality in aqueous
and organic phase respectively, was developed. It allows a good representation of
ruthenium distribution data. Measured concentrations of ruthenium were compared
with those calculated thanks to the CEA PAREX code, at the end of a continuous hot
test in mixer settlers using a genuine aqueous solution from spent nuclear fuel. Results
show that the newly model is able to accurately represent ruthenium concentration
profiles in the extraction part. They also show that the identified mechanisms occurring
during the extraction process are not able to reproduce experimental data during
scrubbing operations. Considering this study, it is now clear that ruthenium distribution
data should now be measured after experiments in scrubbing conditions in order to
improve the developed model and to optimize operating parameters to get maximum
decontamination factor for ruthenium.
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reprocessing process. Thus, it is necessary to better understand the extraction of
ruthenium in organic phase in order to correctly model the extraction equilibriums and
simulate its behavior in the solvent extraction process. Therefore we believe that this
work brings significant new physical insights that could certainly impact a broad
audience in physical chemistry, and we hope you will find our manuscript meets the
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