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The Simple Solution Modeling I mplemented in the PAREX Codeto
Simulate Solvent Extraction Operations.

Christian SOREL Pascal BARON Binh DINH!, Xavier HERES, Marc MONTUIR,, Vincent PACARY

French Alternative Energies and Atomic Energy Commission, France

ABSTRACT: The solvent extraction systems devoted to uraniurifigation from crude ore to spent fuel involve
concentrated solutions in which deviation from ldgaan not be neglected. The Simple Solution Gmdased
on the behaviour of isopiestic solutions has bemtied to quantify the activity coefficients of raét and acids in
the aqueous phase in equilibrium with the orgaiase. This approach has been validated on variwuverd
extraction systems such as trialkylphosphates, maahides or acidic extracting agents both on batple@ments
and counter-current tests. Moreover, this concaptieen successfully used to estimate the aqueosgydwhich

is useful to quantify the variation of volume aral dssess critical parameters such as the numbeityder

nuclides.

KEYWORDS: modelling, activity coefficient, ssmple solution, actinide, solvent extraction, separation, computer

simulation.
I.INTRODUCTION

The Zdanovskii's rule was postulated in 1936, aerang
the experimental behaviour of electrolyte isopeesti
solutions (solutions having the same water aciiyify].
This empirical rule was expressed as: "Binary sohgt
(i.e. one electrolyte in water) having the same ewat
activity are mixed without any variation of this tea
activity value". The linear relation below (1) idet
mathematical expression of empirical Zdanovskiie r
expressed in the molarity scale:

C
2wt ®

According to this relation, water activity of anyixture
can be estimated by an iterative way if the contmosiof
the mixture (Cconcentrations) and the binary data of each
electrolyte (¢, a,) are known. Previous studies have
demonstrated that the deviation from ideal behaviothe
concentrated aqueous solutions could be masteeatkgh
to the water activity and the total concentratioh o
dissolved species. Therefore the "simple systemmsdry
has been successfully applied in various fieldshsas:
speciation studies [2], liquid-liquid extraction dalling
[3, 4], binary data estimation [5, 6] and density 8] or
interfacial tension evaluations [9].

The use of the “simple systems” theory will be sthated

in this paper by two examples: aqueous densitynasion
and the modelling of solvent extraction by a moniaiem

[1. Density estimation of mixtures

In 1965, Ryazanov and Vdovenko [10] demonstrated th
the calculation of thermodynamic properties of migs is

solved most simply when Zdanovskii's rule is vedfi For
example, the volume of a mixture obtained from two
binary solutions can be expressed as the relat®)n (
involving binary thermodynamic properties of the
mixture's components:

— C1 bi Cz bi
V_C_fiwll-l-c_giwzl (2)

This relation means that the mixture exhibits ncess
volume. It has similarly been demonstrated thatesgc
enthalpy of isopiestic mixtures following Zdanovskrule

is null. Therefore, thermodynamic properties of hsuc
systems also called "simple systems" are similahtse
of the "ideal systems" apart from the fact thafpiestic
binary mixtures are here taken into account instdgulire
components mixtures. The relation (2) has beenittewr
by Ryazanov and coll. to express the density ofva t
electrolyte mixture as:

o= M,.C, +M,.C, +1000
C, EElooo+ Mlcf‘J+ C, EEloom MZCQ‘J 3)

U el e

This relation can be written for a mixture of i @dl®lytes
as:

Z(Mi C,)+1000

C, (1000+M, C (4)
Zcpi P

p’

p:

The equation (4) is thermodynamically rigorous on
condition that Zdanovskii's experimental behavidar



confirmed. This behaviour is followed by many nigra
salts mixtures [11, 12] including the
HNO3/UO,(NOs),/H,O system. It must be pointed out that,
unlike empirical dilution laws, Ryazanov-Vdovenka\)
relation doesn't need any density measurement ef th
mixtures. By keeping the same form whatever thareat
and the number of the electrolyte mixtures, thiscept is
widespread.

According to the equation (3), the density estioratof

HNOs/UO,(NOs),/H,O mixtures only requires the
knowledge of the nitric acid and uranyl nitrate
concentrations in the mixture (C Cy) and the

concentrations and densities of nitric acid andnyra
nitrate in the binary solutions having the same ewat
activity as the mixture respectively noted as”(Cpn”)
and (G, p,”). The physicochemical data of binary
solutions also called "binary data" are composedhef
triplet (ay, G, p)). Therefore, each triplet is specific to an
electrolyte at a given temperature. Such binara dave
been tabulated by the National Bureau of Stand@és)
for a lot of electrolytes and most often at 25°@c®these
data have been computed, the density of electrolyte
mixtures is calculated according to the followingps:

- water activity of the mixture is estimated by\sog
Zdanovskii's rule (1) according to an iterativeqedure,

- the knowledge of the water activity enables us to
estimate the couples of data,(Cp,”) and (G°, p,”) by
interpolating binary data of nitric acid and uranittate.

1. Binary data for nitric acid and uranyl nitrate
solutions

An extensive study has been carried out to chenkrii
data of nitric acid and uranyl nitrate solutions.
Computation of the triplet {a G, p;) involves two sets of
data. The first set consists in collecting of expental
water activity determination. Concentrations of tieary
solutions often cover the entire electrolyte sdltjprange
and are usually expressed in molality scale (mbisT
couple (g, mi) is complemented by a second set of data
consisting of the density of the binary electrolgtdution.
Concentrations are here either written in molariy
molality scale which are related by the relatiohp (5

__1000m.p
' 1000+ m .M,
i

5
100QC, ©)

M “1000p-SC M,
j

Nitric acid binary data (@ mH) tabulated by Davis and
coll. [13], Redlich [14] and, later, by Hamer arallc[15]

at 25°C, exhibit large discrepancies. For this oeas
Charrin [5] has proposed revised values by ado@ingw
methodology taking into account recent experimental
results. Density data tabulated in the Internati@réical
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Tables (ITC) at 25°C [16] have been successfulckkd
and has therefore been retained.

The physicochemical data available for uranyl iéra
binary solutions were exhaustively collected by dbelrg
[17] for the NBS. Water activities evaluated aftar
rigorous critical review of experimental data haween
chosen. On the other hand, the density data cothiilthe
ITC are inaccurate and need to be updated becéuiseio
poor precision. More recent empirical relations aver
proposed by Soéhnel [18] to describe concentratind a
temperature dependences of electrolyte solutionsitikes.
Accuracy of such relations to estimate density @yl
nitrate binary solutions at 25°C is unfortunatehgred by
the multi-temperature interpolation.

To overcome these discrepancies, the experimental
densities data available for uranyl nitrate sohsiat 25°C
have been inventoried and interpolated with assumed
polynomial expressions. Four new studies [19-22}eha
been taken into account in addition to the two sesifrom
Grant [23] and Kaputinskii [24], already exploitda
Sohnel [18]. Among these four references, the nooser
data measured by Davis for liquid-liquid extractinith
TBP extractant have been ignored because of afisaymi
solubility of this extractant in aqueous solutions.
Experimental data are reported in Figure 1 and Hemen
interpolated with the relation (6) as followed:

D, = 0.99707+0.32096m,, -~ 0.02061m7  (6)

18
17k e  Kaputinskii
! v Grant
o Burger
16| o Brown
— Interpolation
92 151
o
2
> 1,4+
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3
a 13f
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Figure 1: Density data of uranyl nitrate solutidr2a°C

2. Validation of the RV relation

The validity of RV relation to estimate density of
concentrated electrolyte solutions has been testgd
comparing calculated and experimental data avail&dn
ternary solutions HN@UO,(NO3),/H,O at 25°C.
Experimental density data for these mixtures were
obtained from analytical studies [19, 20, 25, 26l as
criticality experiments [27]. Main characteristio§ these
experimental studies are reported in Table 1:



Table 1 - Experimental density data of
HNO3/UO,(NOs),/H,O mixtures at 25°C

Reference Number of [HNOj]range [U] range
data (mol.L'Y) (g.Lh
Burger [21] 9 0.15-0.6 25-480
Davis [27] 17+10 (*) 1-8 25-340
Brown [24] 32+1 (%) 1-6 25-200
Spencer  13+5 (*) 2-6 160-300
[28]
JAERI [29] 49 0.8-1 300-464

(*) Out of water activity range

For the most concentrated mixtures, water actieéy not

be estimated from Zdanovskii's rule because itsievas
out of the water activity range of uranyl nitraiedry data
file. Deviations between experimental and calculate
densities for HNQUO,(NO,),/H,O solutions at 25°C are
shown in Figure 2. Calculated data are in goodeagent
with experimental ones, the deviations are lowantd.6
per cent except for three dispersed points. Theagee
estimated error on all points is less than 0.1ceet which
confirms the validity of the RV relation to estiraathe
density of electrolytes mixtures. Deviations becdarger
and more dispersed in increasing the acidity of the
mixtures. This behaviour may be a consequence of
increased uncertainty of analytical measurementsugh
concentrated mixtures. On the other hand, it mwst b
pointed out that, unlike classical dilution lawkg tbest
performances are observed with the solutions coinigi
the largest amount of uranium [20, 27].

0,2 o om
. v o A A
oo .D 8 %a voo 4 LY
: CRL IR s alel VN
=] T o I o .
= 02 v d,°
& b v A ¢
— v a =]
5 0,4 Vom m v
<, ' o o v
U@ e Burger [21] v 8 v
=~ .06} v Davis [27]
m  Brown [24] v
& Spencer [29]
08} A JAERI[29]
——— Mean error
21,0+ <
| | | < | |
1,0 1,1 1,2 1,3 1,4 15 1,6 1,7

Measured density (g.cth

Figure 2: Comparison between experimental and
calculated densities of HNJO,(NO5),/H,0 solutions at
25°C (use of RV relation)
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[11. The GANEX 1% cycle MODELLING

The GANEX process (Group ActiNide EXtraction) was
developed by the CEA for the hydrometallurgical
reprocessing of Generation IV spent nuclear fuelshie
frame of the actinide homogenous recycling strategy
[28].The first cycle consists in selective extrantiof
uranium (VI) from the dissolution solution beforbet
actinide group separation (Np, Pu, Am, Cm), cardatin
the second cycle prior to the co-conversion st&). [Zhe
preliminary separation of uranium in the first eyds
required in order to recover the pure actinide &iah the
uranium-transuranium element ratio before the afsigo-
conversion. Moreover, this first step is usefuitanage in
the future the excess of uranium due to the repsicg of
unloaded fuels from light water and fast reactdrbe
separation of this major constituent of the spems is
finally useful to simplify the conception of prosefor the
second extraction cycle.

The selective separation of uranium is operateddbyent
extraction using a N,N-dialkylamide DEHiBA (N,N-di-
(ethyl-2-hexyl)isobutyramide), depicted in Figure. 3
DEHIBA was selected for the GANEX'Tycle because it
shows a good compromise between a quantitative
extraction of uranium and a high U(VI)/Pu(lV) seleity
(SFuwiyruavy 0 80 at 3M HNQ) [30] and a high loading
capacity for uranium [31].

e

N

5/\/\

Figure 3: DEHIBA structure

Experimental distribution ratios obtained for mitracid
and uranium(VI) were described with a physicochainic
model based on the application of the mass actiandn
each extraction equilibrium.

iE+jH* +kM™ +(j + k.n)NO; + hH,O

- (E}(HNO,) (M(NO,),),(H0), @
K. = [E) (HiN.Og),- (M(NO,),), (H,0). 9&1 o
ijkh [E]I .ajHNo3 'al“(/'(N°3)” .anzo yE.

Deviations from ideal behaviour were estimated by
calculating the thermodynamic aqueous activity athe
component in the aqueous phase. Due to a lacktafaia
the extraction of water, organic activity coefficie were
neglected. The estimation of the aqueous actiwwplives
determining the stoichiometric activity coefficisntas
expressed in the relation (9) below:

A x, = Ygt),?\rqu)xq .Ch-Cx 9)

P



The stoichiometric activity coefficient in binarylation
(MX4/H,O) can be interpolated from the experimental
data available in literature for many electrolytes wide
range of concentrations. From a practical pointiefw,
these binary data are based on the water activity
determination which often involves measurements of
vapor pressures of the solvent. Binary activityfioents

are evaluated through the Gibbs-Duhem relation
integration.

In the case of a solution of several electrolyfdsKay
[32] demonstrated that the activities of all théusss in a
mixture can be determined from only the measureroént
the solvent activity. The modified relation propddater
by Majima [33] for a mixture of two electrolytes
(MX/MX/H,0) is reported below:

m".
0,018y, n T Hwe,
M><1-|_M><1
In(aHzo) 1 ﬁm* 1 1 (10)
=— I — [E] +— - I]:iln(aHzo)
o |m anx, o M My,
ith- Vix, Vs, M
with: mD = mel + ljnsz and X, = MX, O M;(z
MX, Vux, M

Evaluation of the integral term requires the deteation

of water activity for a large number of mixtures.
Nevertheless, the McKay-Perring relation can be
dramatically simplified when “simple solution” cosgt is
valid. When the mixture of electrolytes follows the
Zdanovskii's rule, the integrand term is zero ame t
following relation between activity coefficients abtained
from the equation (10) also known as the Mikulin’s
relation [34]:

bi ., bi
_ Vux, - Mux, -Ywux,
Y mx.

o ZVMXk'rnMXk (11)
k

The activity coefficient of the two electrolytes anternary
solution HNQ/UO,(NOs),/H,0 is evaluated according to
the following steps:

- water activity of the mixture is estimated by\sog
the Zdanovskii's rule (1) according to an iterative
procedure,

- the knowledge of the water activity enables us to
estimate the couples of datafCyy”) and (G”, ") by
interpolating binary data of nitric acid and uranitrate.

1.Modelling of nitric acid extraction by DEHiBA

The experimental distribution ratios of nitric acid
previously measured by Condamines [35] were
complemented in our laboratory. These extractiota da
were obtained with a one molar solution of DEHIBA
diluted in an aliphatic diluent (HTP). The nitriccid
extraction could be well described by taking intw@unt
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the formation of the three organic complexes
(HNO3)(DEHIBA), (HNO3)(DEHIBA), and
(HNOs),(DEHIBA) as reported in Figure 4. Activity
coefficients of the nitric acid were evaluated by
interpolating binary data of Charrin [5] as meng&dn
previously. The solvate (HNXDEHIBA) is predominant

in the whole acidity range and the equilibrium dans
linked to its extraction was estimated ;¥ 0.112+ 0.04.
These results are consistent with those obtainedqursly

by Condamines [35].

1,2

1 ¢
% *
*
ooy s
[=]
E
= 0,6 *
=
e * :
I 04} [ & Experimental
© Calculated
02 | ¢
*
0

[HNO3]5q (mol.L™)

Figure 4: Modelling of the nitric acid extractiog b
DEHIBA 1M at 25°C

2.Modelling of the uranyl
DEHIBA

nitrate extraction by

The uranium extraction was measured from solutions
containing various concentrations of nitric acidl amanyl
nitrate. The acidity range was from 0.1 molar tmélars
while the total uranium concentration range wasftd to
120 grams per litre. The organic complexes formed
between nitric acid and monoamide were unchanged an
were taken into account to model the uranium etitrac
The activity coefficients of nitric acid and uraradid were
both evaluated according to the “simple solutions
concept”. Thus, the water activity of the electtely
mixture was evaluated by solving the Zdanovkii'&tien

(1) while the activity coefficients were estimatesing the
Mikulin’s relation (11).
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Figure 5: Modelling of the uranium (VI) extractiby
DEHIBA 1M at 25°C from nitric acid solutions

The uranyl nitrate extraction is well modelled by
considering the formation of a single complex: the
disolvate UQ(NOs),(DEHIBA),. This speciation is
consistent with previous experimental studies udimg
slope analysis [36, 37], the saturation techni@&d pr the

IR spectroscopy [36]: the same stoichiometry wamdb
for the extracted uranyl complex from 1 to 4 mdl.of
nitric acid in the aqueous solutions. The extractio
equilibrium constant of U(VI) for 1M DEHIBA/HTP was
calculated: K =1.51+ 0.13. At HNQ 2M and for trace
concentrations ofU, Pathalet al. [37] determined by the
slope analysis method, an equilibrium constant of
0.87+0.08 for the extraction of U(Vl) by 1M
DEHIBA/HTP but without taking into account the afty
coefficients of the constituents in the aqueouspha

3.Design of a counter-current validation test

The equilibrium constants optimized to represent th
extraction of both nitric acid and uranium(VIl) were
integrated into the process simulation software PAR
developed by CEA [38] to design a flowsheet for a
validation test. The flowsheet was calculated toover
more than 99.9% of uranium from the feed solutibhis
flowsheet, illustrated in Figure 6, was carried ouR008
with a surrogate feed solution, in a counter-currest
using laboratory scale mixer-settlers. The objectiere,
on the one hand, to validate the extraction peréowe of
DEHIBA in liquid-liquid discontinuous devices amh the
other hand to check the accuracy of the model.
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‘ Solvent Clean-up step ‘

Solvent i TS 1 i
! T

[ 1
iTsai [Ts2]
[ \T [ |

DEHIBA 1M
HTP

(o) [weon ) [aco,)

1 8[[1 8 1 8

EXTRACTION SCRUBBING STRIPPING
Raffinate Feed [ Production U } Stripping

U(VI) 200 g.Lt Low acidity
HNO, 4 M

Figure 6: Flowsheet for the uranium extraction pssc

[ Scrubbing

The uranium concentration remaining in the rafnahd

in the solvent was too low to be measured by alabsi
techniques (ICP-AES, potentiometry), Time-Resolved
Laser Induced fluorescence (TRLIF) was used to
determine the extraction and recovery yields ohuna at
the end of this test. 1.2 mg/L of uranium was meain
the raffinate, which represents an extraction yield
99.9992%, while 0.103 mg/L of uranium remainedhie t
solvent, which corresponds to a recovery yield of
99.9997%. The uranium was quantitatively extracad
well stripped from the solvent, which confirms that
DEHIBA is suitable for the selective separation of
uranium.
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Figure 7 : Aqueous and organic concentration psfdf
nitric acid and uranium

At the end of the test, the experimental profilesranium
and nitric acid concentration in organic and agseou
phases were measured and compared to the calculated
concentrations (Figure 7). The good agreement lestwe
experimental and calculated profiles confirms thadédity
of the model. Regarding the profiles of the nitecid
concentration, the model predicts the trends, heweahe
deviation of the calculated organic concentratiamT the



experimental data reaches 20% (while it is onlyuati®s
in aqueous phase). This difference could be expthby a
flooding or another problem occurred during the [glamg
or by larger analytical errors in organic phaseeq@il, the
values of distribution ratios of nitric acid calatéd from
the aqueous composition are consistent with
experimental results.

the

4. Design of the GANEX 1% cycle hot test

The model previously developed and validated t@iiles
uranium (VI) and nitric acid extraction by DEHiBAas
supplemented with modelling of the extraction ofiest
actinides (Pu(lll, 1V), Np(V, VI) and Th(lV)) andosne
fission products such as Tc and Zr. After its
implementation in the PAREX code, the flowsheetaof
high active demonstration test for the selectivanium
recovery from HLW was designed. Flow rates were
optimized and the composition of the scrubbing tsmu
was determined to achieve a recovery yield of wnani
exceeding 99.99% with the highest decontamination
factors towards the other FPs and transuranic elengBlp
and Pu in particular).

Solvent

DEHiBA 1M
HTP

12 1 8l @ [1 8

EXTRACTION @ | SCRUBBING STRIPPING

o | 1 o
Raffinate ‘ Feed ‘ ‘ Stripping ‘Produc(iunU

UOx3 feed ‘ ‘ N,H, ‘
HNO, 6 M HNO,

1

Stripping

Figure 8: Flowsheet for the GANEX'tycle hot test

The uranium separation was performed in three mesf
laboratory scale mixer-settlers corresponding te@ th
extraction, scrubbing, and stripping steps. Theateset-
up consisted of 3 banks of mixer-settlers of 123n8 8
stages, respectively. The experimental flowshesh@wvn

in Figure 8. Before introducing the genuine feed, a
surrogate solution of uranium(VI)/HN@176 g.I* at 6M
HNOs) has been used for ten hours to reach nitric acd
uranium equilibrium. The genuine solution was then
treated and the test has ran for 58 hours at stei@dy to
produce enough feed solution for the Gan®cgcle test.
The steady state was checked online with the h&la o
spectrophotometric monitor supplemented by laboyato
analyses. Uranium (and plutonium) concentrationsewe
monitored in four different flows: the aqueous phas
coming back from the scrubbing secti@h the organic
loaded solvent@, the raffinate ® and the uranium
production®. At the end of the experiment, the profiles of
uranium concentrations were measured in both phages
X-ray Fluorescence after collecting an aliquot ok t
solution from each mixer-settler. The profiles guaous
technetium concentrations were also determinedaith e
section by ICP/QMS. Neptunium and technetium
concentrations in the uranium product were measbged
ICP/SFMS and ICP/QMS to determine accurately the
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decontamination factors (DF). Gamma and alpha
spectrometries were also used to estimateothend By

decontamination factors of uranium and the remginin
activity in the spent solvent.

BANFEX 1

=i

etage

Figure 9: Experimental and calculated profiles i@nium
and technetium concentrations in aqueous and argani
phases for the three sections

Uranium concentration profiles in aqueous phaseal (an
organic phase for uranium) obtained during theiooous

hot test are shown in Figure 9 and compared with
calculated data for the three sections (extraction,
scrubbing, stripping). These predicted values rdpced
quite well the experimental concentrations, whiohfem

the validity of the model for uranium extraction by
DEHIBA (extraction constants, kinetics and speoiali

IV.Conclusion

Two examples involving concentrated mixtures ofnyta
nitrate and nitric acid were used in this papeilltstrate

the application of the “simple solutions” conceptdrder

to estimate the deviation from ideality. The outsliag
experimental behaviour of isopiestic solutions (sohs
having the same water activity) pointed out by Zuleskii,
offers very convenient and powerful methods to cwate

the difficulties derived from the use of concerdtht
solutions in hydrometallurgical applications. The
assessment of the density is useful to quantifywé@ation

of the aqueous volume and to evaluate the critical
parameters such as number density of nuclides. This
feature is implemented in simulation codes suchthas
CRISTAL code. In the same manner, the estimatiothef
aqueous activity coefficients has been implemeimealr
PAREX simulation code to master the effect of high
concentration of electrolytes on the performancds o
solvent extraction processes such as PUREX or more
innovative separation routes.

NOMENCLATURE

ay - Water activity
G : Molarity of component i in the mixture (mol*).

m : Molality of component i in the mixture (mol.Ry



C" : Molarity of component i in the binary solutioh a

the same @as the mixture (mol.t)
bi

m; : Molality of component i in the binary solutioh a
the same @as the mixture (mol.kH

\% : Mixture volume

Vi® :Volume of the binary solution at the sameaa
the mixture

P : Mixture density (g.cr))

p”  : Density of the binary solution at the sameaa the

mixture (g.cnt)

M; : Molecular weight of component i (g.nml

awpxq . Activity of M X, electrolyte

Yvmpxg - Stoichiometric activity coefficient of MpXq
electrolyte

vuxi - Number of ions solubilised by MXlectrolyte

Muxi andlyyi: Molality and activity coefficient of MXin
the binary solution at the samg as the mixture
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