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Abstract

Simulation for a dynamic analysis of the electrolytic preparation of U(IV) in two-phases system,
which consisted of mass transfer of U(VI} from TBP phase into HNOs solution and electrolytic re-
duction of U{(M) to U(IW at a cathode in aqueous phase, was carried out in order to establish the
most suitable operating condition and best electrode area as basic design data for the system. It was
found that maintaining an appropriate mass transfer rate was more significant rather than enlarging
the surface area of the cathode for more effective production yield of U(IV). The electrode area
and the operation time affected deeply the production composition of U(IV} in the resulting aque-
ous phase. And optimal electrode areas were evaluated to meet production criteria of U(IV) of
resulting solution in several system conditions. Though about 0.37M HNOs was preferable to pre-
pare the solution of U(IV), nitric acid concentration should be higher than 0.5M to prevent a hy-
drolysis of U(IV) in the aqueous phase.
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1. Introduction

The electrolytic technique for preparation of U(IV)
in nitric acid solution can be an important step in the
in-situ electro-partitioning for separation of several
elements, which could be used in the back-end fuel
cycle.[1—3] This procedure involves the back-extrac-
tion of a target element accompanied with the re-
duction of the target element by U(IV) generated at
the electrode. This electrolytic technique is also prom-
ising for some other applications such as hydrometal-

lurgy of uranium ores[4] and electrochemical analy-

sis. The in-situ electrolytic partitioning process for sep-

aration of some several elements may consist of two
phases ; U(V) is loaded initially in the organic phase
of 30 vol.% TBPI[5], transfered to aqueous phase, and
is reduced to U(IV) at an electrode only in the aque-
ous phase as the electrolytic reaction can not oc-
cur in organic phase[6, 7] A titanium cathode is
usually used in an electrolytic pulsed column or a
mixer-settler of process-scale[l, 2, 8] because the
material is highly resistant to corrosion in nitric acid

media. The nitric acid solution generally contains hy- -

drazine as a stabilizer for U(IV) and electron-donor
to the anode.[1, 2, 6]

In order to analyze theoretically such system as
in-situ electrolytic separation process, from which op-
timal electrode area and the most suitable operating
conditions as basic design data of the system can be
estimated, the simulation of the system phases shoul-
d be performed carefully on the basis of kinetic data
of electrolysis of U(M) together with mass transfer
model of U(VI) between two phases. Little infor-
mation, however, is avilable with respect to the kin-
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etic data for the reduction of U(V) at Ti electrode
because the measurement of clear and reproducible
voltammogram for the quantitiative wave-analysis is
difficult due to oxide film on Ti electrode.[9] Even if
any reported data about it, they might be considered
to be incorrect because they didn’t involve a correc-
tion of the oxide film effect on the reduction rate of
U(VI). But more correct kinetic data for electrolytic
reduction of U(V]) at the Ti electrode were estimated
in our previous works.[9, 10, 23]

In present study, the dynamics of components U
(V) and U(IV) in the two-phases system were simulat
ed with changes of several parameters such as elec-
trode area, mass transfer area, the ratio of the two
areas and nitric acid concentration in order to get
the system information, the electrolytic reduction rate
and the mass transfer rate of U(M) being compared
together. The rate of the electrolytic reduction and
the mass transfer of U(VI) were compared with each
other, and the electrode area which is required to
meet the system criteria was estimated on the basis
of the correct kinetic data for the reduction of U(M)
at Ti electrode.

2. Mathematical Expressions

The system shown in Fig. 1 defines a mechanism
of two-phase system with mass transfer and the
electro-reduction of U(V1). The mass transfer at the liq-
uid/liquid is according to the two film theory. Several
sound assumptions were used for simplicity as follow-
s; (1) All components in bulk solution are homo-
geneous. (2) U(IV) generated at the electrode remains
in aqueous phase because of low distribution coef-
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Fig. 1. Mechanism of the Two-Phases System with Mass
Transfer and Electro-reduction of U(VI).

ficient of U(IV).[5] (3) There is no reoxidation of U
{IV) by nitrous acid in the presence of sufficient
amount of hydrazine[1, 2, 11, 12] (4) Reactions of
both U(VI) and HNOs with TBP at the interface are
rapid and reversible so that the reactions are at equi-
libdum states.(5) There are no thermal and
Marangoni effects[24] due to the interfacial reaction
between U(M) and TBP.(6) Mass transfer in bound-
ary layers is in steady state because the layers are so
thin with a suitable mixing, and is characterized by
Fick's 1st law.(7} There is no electrolysis in the or-
ganic phase.[6, 7] (8) There is no electro-reduction
of HNOs in the presence of hydrazine.[13, 14]

The governing equations can be expressed as fol-
lows.

dCo;j
V.,_-L.dt" = VoCoj— Joj A+ j = HNO3 U(VI{1)

dCoy
Vo=g = Jas A - vuwn i j = HNOsU(VD) (2)

o
Vn_Td;'_: Ly (3)
lvyevnl vyl o (4)
n_lF = kiCalOt) = koCauwn (5)
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where,

__ kykm
ka = T km (6]

kr = aexp{-[0.111

+ 0021 In(Cyno)IF/RT (Egyp - Ea']}(9,1o) 7)

__Dauywvn
A ®
Crv = Covivn + Couvwvn + Cavind (9)
Cruno, = Canno, + Conno, (10)

hitial condition 1:t=0 : Couvivii=Cru,

Cauwn=0, Carien=0 (11)

hitial condition 2:t=0: Couno.= C (HNOy .20,

Catine, = C (HNOwat=0  (12)

The flux of U(M) and HNO:s in steady state is

Jos = 2oL, - €l j = HNOLU(VD(13)
So

Jaj - _&L[Cu _

5. Casl i J = HNO,UWVD) (14)

Coi . .
dj- 2 i j = HNOs U(VD (15)
aj

The distribution coefficients of uranium and nitric
acid can be estimated by Richardson’ model in the
SEPHIS code.[15]

The interfacial concentration corresponding to a
given bulk concentration can be estimated by Eq.(16)
derived from Eq.s {13) to (15} together with {9} and
(10} in a non-linear equation because the distri-
bution coefficient is expressed as a complicated

non-linear equation.
F(Cj,Cay,Cr)=[Crj-Caj=diCaj 1

2o D e, - ¢y 101 j=HNOs UVD (16)
a oJ



Analysis of a Two-Phases System of Mass Tranger and Electro-Reduction of --- KW. Kim, et al 219

The thicknesses of boundary layers of both phases
should be obtained first for solving Eq.s (1) to (16},
but it is difficult to measure both values simul-
taneously. Most of mass transfer coefficient data are
for the aqueous side but few data for the organic
side. In present study for the simulation of the gen-
eral characteristics of the system, the information on
the order of magnitude of mass transfer coefficient
or thickness of both sides is enough instead of the
absolute values. Thus, the relative values of the
thicknesses as follows were taken into account.
Under the identical forced-convection condition of
both phases, the ratio of mass transfer coefficients or
the boundary layer thicknesses of both phases can
be expressed by Eq.(19) on the basis of a following
relation.[16, 17]

Na = Constant N¥2 Ng2

The mass transfer coefficient can be expressed by

Eq.(18)

k = La)_ « DB oV
60.1' _ Da.l 13 Oaj 15 Haj \-1/6
0 aj (Doj) ( po.i) #o.;’)

where, j = HNOs, U(VI) (19}

The reported values of Da uw, Do, uw mee, Da u+
and Do, n*.mp are 4.5x107%, 1.5x107¢, 3.6 1075,
and 4.3x107°cm/sec?, and viscosity{) and density
(p) of IM HNOs solution and 30 vol% TBP/
n-dodecane solution with 30g/l U(M) are 10.16
mP, 1.066g/cm’, and 20.63 mP, 0.856g/cm’, re-
spectively.[18, 19]

These physicochemical data being employed, the
ratio of boundary layer thickness in the organic phas-
e to that in the aqueous phase, do;/ 8., can be cal-
culated to be 0.8079, or 0.5739 for U(VI} or nitric
acid, respectively. Therefore, if the boundary layer
thicknesses of one side of interface of the two phases
is known, the thickness of another side could be
estimated. The order of magnitude of the mass tran-
sfer coefficient in aqueous phase is known to be

about 1073cm /sec.[20] The relative boundary layer
thickness of the organic phase can be approximated
from a given mass transfer coefficient in the aqueous

phase.
3. Simulation of the System

Two processes, i.e., mass transfer of U(M) from
the organic phase to aqueous phase and electro-re-
duction of U(V) at the cathode, occur independently
in the system. Acbording]y, it is required to elucidate
how the relative magnitude of the mass transfer rate
and the electro-reduction rate affect the system beh-
avior. Here, a ratio, Ra, of the mass transfer rate to
the electro-reduction rate is defined as Eq.(20).

mass_transfer rate

Ra = electro-reduction rate
v dCauivn
LA % dt (9
i/nFF S dCo v
Va dt

If Ra is more than 1, the mass transfer rate is fas-
ter than the electro-reduction rate so that U(V) is ac-
cumulated in the aqueous phase. Increasing the elec-
tro-reduction rate is necessary. If Ra is less than 1,
the mass transfer rate is slower than the electro-re-
duction rate so that U(Vl) is reduced to U(IV) com-
pletely but the energy efficiency becomes worse. Ther-
efore, Increasing mass transfer rate is required. With
Ra of less than 1, the mass transfer rate may be ac-
celerated because the U(VI) in aqueous phase is con-
sumed. If Ra is equal to 1, the operating condition is
most suitable.

The controlled-potential electrolysis at —0.5 V vs.
SSE was selected for this simulation on the basis of
the results in the previous work.[9, 10]

3.1. Transient Concentration of the Components

Fig. 2 shows the simulation results on the changes
of the concentrations of U(V) and U(IV) in the
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Fig. 2. Simulation for Transient Changes of Cavw, Cativi , Couw and Ra with Increase of Operation
Time. A: 0.5 cm?/cm?®, S : Variable, ke : 1.8 X103 cm/sec, Couvii=0: 37.5g/1, Catnos : 1.0M, Eapp

: —0.5V vs. SSE

aqueous phase, U(VI) in the organic phase, and the
Ra as functions of operation time and electrode area
per aqueous volume, S, under the condition of con-

stant mass transfer area per unit aqueous volume, A
of 0.5cm? [ cm®.

In this simulation, the electrode potential of —0.5
V us. Ag-AgCl/sat. KCI(SSE) was adopted for the
controlled-potential electrolysis of U(M) to U(IV}, tak-
ing into account the results of the previous works.[9,
10] When the electrode area is relatively small, com-
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pared to mass transfer area per aqueous wolume, A,
most of the transferred U(VI) is accumulated in
aqueous phase from the beginning because the pro-
duction rate of U(IV) is not high enough. This is due
to small electrode area as well as low concentration
of U(VI) and can be also explained by the Eq.{4) and
(5) showing that the reduction is a function of elec-
trode area, concentration of U(VI), and nitric acid
concentration in aqueous phase. In this case, the Ra
value is large. However, as the time elapses, U(Vl) in
aqueous phase increases so that the production rate
of U(IV) increases gradually, and the Ra approaches
to 1. As the electrode area being increased i.e., the
ratio of A/S being decreased, U(IV) in the aqueous
phase increases, and U(V) in organic phase decreas-
es more rapidly because the difference of U(M) con-
centrations between at the interface and in the bulk
phase increases due to the consumption of U{M) in
aqueous phase through the electrolysis. The Ra rap-
idly approaches to 1 and then keeps the value
throughout the operation, because the electro-re-
duction of U(M) itself depends on the concentration
of U(M) in aqueous phase which is determined by
the mass transfer of U(VI) from the organic phase.
This indicates that the mass transfer rate of U(Vl) is a
determining step of the production rate of U(M) in
the two phases system examined in the present stud-
y, though the electro-reduction rate is influenced also
by the electrode area and the applied potential. It
also means that keeping a suitable mass transfer rate
of U(M) is required to meet a sufficient production
vield of U(IV) which is defined as Ca um / Co, uw.t-o.
The production composition of U(IV) in the resulting
solution, which is defined as Ca utv / (Ca. v + Ca uiw),
is good at a large electrode area.

Fig. 3 shows the results similar to Fig. 2 as func-
tions of operation time and mass transfer area per
aqueous volume with a constant electrode area per
unit aqueous volumn, S of 0.5 cm?/cm? As the
mass transfer area being increased, i.e., the ratio of A
/S being increased, U(IV) in the aqueous phase in-

crease and U(Vl) in the organic phase decreases dras
tically, because the mass transfer rate of U(M) bec-
omes faster so that the enough U(V) is supplied to
change into U(IV). Therefore, U(VI) is effectively con-
sumed in the aqueous phase so that the concen-
tration of U(M) is low. In the case of large elec
frode area, the mass transfer area does not affect the
Ra, because‘ the electrolytic reduction rate of U(VI)
depends on the concentration of U(M) transferred
from organic phase. The production yield in the
resulting solution is good at a large mass transfer
area but the production composition is not so good.

Fig. 4 shows the effect of nitric acid on the amoun-
t of U(IV} produced in aqueous phase. As mention-
ed above, the reduction rate of U(V) at the electrode
increases with increase of the nitric acid. However,
the mass transfer rate of U(Vl) decreases with in-
crease of nitric acid due to the increase of the distri-
bution coefficient. Accordingly, an optimal nitric acid
concentration should exist to attain maximum pro-
duction rate of U(IV). The produced U(IV) culmin-
ates at about 0.37M HNO:s and then decreases rap-
idly. This suggests that the production rate of U(IV)
depends more strongly on the mass transfer rather
than on the electro-reduction.

The nitric acid concentration, however, should be
higher than 0.5M to prevent a hydrolysis of U(IV) in
the aqueous phase.[21, 22] It was found from the
simulation that other parameters such as electrode
area, mass transfer area, and operation time, had no
effects on the nitric acid concentration giving the
peak production rate of U(IV)

3.2. Production Yield and Production
Composition of U{IV)

The operational parameters such as mass transfer
area, electrode area, mass transfer coefficient, oper-
ation time, and the initial U(Ml) concentration in or-
ganic phase affect the production vield and the pro-
duction composition of U(IV) in the resulting aque-
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ous phase. The final production vield and compo-
sition of U(IV) in aqueous solution should be prem-
ised according to the operational demands for the
evaluation of a suitable electrode area. For example,
in the partitioning part of the chemical reprocessing

process using electrolytic pulsed column or mixer-set-
tler, the several operational parameters are usually fix:
ed on the basis of preliminary experiments to estab-
lish a condition for the most suitable mass transfer.
The complete electrolysis of U(M) into U(IV} is not
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necessary for the separation of plutonium from uran-
ium, because the concentration of uranium is much
higher than that of the plutonium in the organic
phase and the reduction rate of Pu{lV) to Pu(lll) by
U(IV) generated at the electrode is enough rapid.
The most suitable electrode area in such case should
be determined in order to optimize the construction
cost and operation cost of the equipment satisfying
the decided operating criteria. Such a optimal elec-
trode area can be evaluated by this kind of simu-
lation.

The simulation in this work was done with two par-

ameters affecting the system significantly, i.e., mass
transfer area per wlume and operation time related
to the residence time of organic phase in the system.
Figure 5 shows the dependence of production yield
and production composition of U(IV) on the elec-
trode area with given mass transfer areas. The mass
transfer area is usually decided in advance together
with the mass transfer coefficient in the in-situ equip-
ment to meet the best mass transfer. Under a given
mass transfer condition, the electrode area needed to

100 T T T T T
90 | S . ]
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Fig. 5. Effect of Electrode Area on the Production Yield
of U(IV) and the Production Composition of U(IV)
with Various Mass Transfer Areas.
kmn : 2.0 10 %cm/ sec, Couwn=0 : 40g/1, t: 4,000
secC, Eapp : —0.5 V vs. SSE

attain the desired production yield and the pro-
duction composition of U(IV) can be determined
from these figures. The production vield does not
change greatly at the small mass transfer area, but
increases much with the increase of electrode area at
the large mass transfer area. It means also that the
production of U(IV) depends more strongly on the
mass transfer rather than the electro-reduction. The
production composition of U(IV) depends strongly
on the electrode area, but little on the mass transfer
area.

Figure 6 shows the effect of electrode area on the
production vield and the production composition of
U(IV) with various operation times. The operation
time is directly related to the residence time of or-
ganic phase in the equipment so that it strongly affec
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ts the production composition of U(IV). The resi-
dence time usually depends on drop size of organic

phase, flow rates of aqueous phase and organic phas-

e fed into the equipment.

In summation, the optimal elecirode area can be
estimated on the basis of the simulation, if the pro-
duction composition and the production vield of U
{IV) are decided to meet specific conditions for the
separation of U/Pu or other two-phases systems.

4. Conclusion

In the two-phases system with mass transfer and
electro-reduction of U(Vl), a maintenance of suitable
mass transfer rate was found to be more important
rather than enlargement of electrode area to produce
UIV) optimally. However, large electrode area and

J. Korean Nuclear Society, Vol. 27, No. 2, April 1995

operation time affects the production composition of
U(IV) in the aqueous phase after the electrolysis.
Concentration of nitric acid should be kept as low as
possible for more effective production of U(IV), but
should be more than 0.5M. Optimal electrode areas
for the system were estimated as the electrode design

criteria under various conditions.

Abbreviation and Definition

A :mass transfer area per unit aqueous volume
{em? / em®)
Cx : concentration of species k in solution at time t
M)
: diffusion coefficient of spices k (cm? / sec)

&9

: distribution coefficient of species k at interface
(-)

Ear : applied potential (V)

E°’ :formal potential (V)

F :Faraday constant (96,500 coulombs)

: current density (A /cm?)

—

& :mass flux of specie k at interface (mol/sec/
cm?)

k- :apparent heterogeneous rate constant (cm/
sec)

k : heterogeneous rate constant {cm / sec)

k= :mass transfer coefficient (cm / sec)

Nre : Reynolds number (pdN/ u} (—)

Ns :Schmit number {1/ pD) (—)

Ns» : Sherwood number (kL./D) (—)

S :electrode area per unit aqueous volume (cm?/

cm®)

- gas constant (J/ mol /K)

:ratio of mass transfer rate of U(V) to

electro-reduction rate of U(M) (—)

: operation time (sec)

b s e

: absolute temperature (K)

:volume (cm®)

: heterogeneous electro-reaction rate (mol / sec)
: transfer coefficient

®» R S g+~

: thickness of boundary layer (cm)
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p
H

: density (g / cm®)
: viscosity (g/ cm / sec)

Subscript

* - 0 P

: aqueous phase
: organic phase

: total of systemn
: interface
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