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A model is presented which is able to predict the transient behaviour of a batch undivided electro-
chemical reactor with simultaneous in situ extraction of the product by an organic phase. The model
is based on electrochemical and physical kinetic laws including mass transfer limitations for both
anodic and cathodic processes and for the extraction step, mass balance equations in the aqueous and
organic phases for the different species involved and a charge balance equation. With the specific
example of the Ce**/Ce** system, which was investigated experimentally in Part I of this work, the
validity of this model is proved by comparison between the calculated time-variations of different
parameters (cerium concentrations, anodic current density, partition coefficient of Ce** between the
two phases) and the experimental results obtained under potentiostatic control.

Nomenclature

A,
A(E,), A'(E.)

a, b
ae
B

C
C*

electrode area (m?)

expressions defined in Equations 14
and 15

coefficients of the Tafel law (Equation
16)

specific electrode area expressed with
respect to the continuous phase (m™")
dimensionless parameter defined in
Equation 6

concentration (molm )
dimensionless concentration
(expressed with respect to Cy)
concentration of Ce** in the aqueous
phase in equilibrium with the organic
phase (molm™?)

concentration of Ce** in the organic
phase (molm™?)
molecular diffusion
(m’s™")

electrode potential (V)
standard potential of the Ce’*/Ce**
redox system (V)

Faraday constant (96485A smol™")
current intensity (A)

anodic current density (A m™?)

limiting anodic current density
(Am™)

coeflicient

cl

lc2

cathodic current density associated
with the reduction of Ce**(Am™?)
cathodic current density associated
with the reduction of H* (Am™?)
dimensionless current density (ex-
pressed with respect to the anodic
limiting current density at ¢ = 0)
equilibrium constant for the second
acidity of H,SO, (Equation 11)
equilibrium constant for the extrac-
tion mechanism (Equation 8) (mol’
m~%)

=¢/(1 — ¢

standard electrochemical rate con-
stant of the Ce’*/Ce** system (ms™")
mass transfer coefficient (ms~")
overall liquid-liquid mass transfer
coefficient (s™")

partition coefficient of tetravalent
cerium

perfect gas constant (Jmol 'K™")
defined in Equation 11
= A, [/A.,

time (s)

dimensionless  time
Equation 4)
temperature (K)
reactor volume (m?)

(defined in

* This paper is dedicated to Professor Dr Fritz Beck on the occasion of his 60th birthday.
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Greek symbols

o anodic charge transfer coefficient

p cathodic charge transfer coefficient

7Y parameters defined in Equation 6

> volumic organic phase ratio in the
dispersion

number of electrons involved in the
electrochemical process

Ar* time increment

1. Introduction

The first part of this study [1] presented the results of
an experimental analysis of the behaviour of an
undivided batch electrochemical reactor with regards
to the oxidation of Ce’* to Ce**, extracted in situ by
a dispersed phase of di-2 ethylhexylphosphoric acid in
kerosene.

The effect of several important parameters (initial
concentation of Ce’*, composition and volume per-
centage of the organic phase, electrode potential, etc)
on the performance (conversion and extraction factors
of Ce’*, current efficiency) of a reactor operated
potentiostatically was investigated.

The simulation of the corresponding batch process
based on mass and charge balances, adequate kinetic
laws and mechanisms of liquid-liquid extraction of
Ce** is the subject of the present second part of the

paper.
2. Development of the model

The model is based on the following assumptions:

e the only reaction occurring at the anode is the oxi-

dation of Ce** (no oxygen evolution);

e two reactions occur at the cathode: the reduction of
Ce** and hydrogen evolution;

o clectrochemical kinetics can be described by simple
Butler-Volmer laws for the Ce**/Ce** system (see
discussion in Part I), whereas a classical Tafel law
holds for hydrogen evolution;

e the extraction step is selective with respect to Ce**
and Ce’* is not fixed by the organic phase. The
mechanism of extraction developed in Part I of this
work is assumed to be valid.

Under these assumptions, the development of the
model is standard (sce, for example, [2], [3] and [4]
which report good reviews in cell modelling) and is
based on mass balance equations for the different
species tnvolved in both phases taking into account
electrochemical and physical kinetic laws and an over-
all charge balance equation.

2.1. Mass balance equations
Given the number of species and phases involved, five

mass balance equations have to be considered: three
for cerium present in two phases with two degrees of

Subscripts

a anodic

c cathodic

3 trivalent cerium

4 tetravalent cerium
0 at time ¢t = 0

Chemical compounds

D,EHPA = HA di-2 ethylhexylphosphoric acid
(HA), dimeric form of D,EHPA

oxidation, one for H* and one for the extraction agent
(D,EHPA).

2.1.1. Overall mass balance equation for cerium. At any
time the total amount of cerium remains constant and
equal to its initial value. Thus,

(1 = VC, + (1 — &VC, + eVC, = (1 — VG,
Q)

or in dimensionless form by expressing the concen-
trations with respect to C;,

CH+ Cr +kCF =1 2
with £ = ¢/(1 — e).

2.1.2. Mass balance equation for Ce’* in the aqueous
phase. This may be written

C, QA

d iyA
1 — V_3 cf <*ec
( ) dt + v F

v F

)

The three terms of this equation correspond, respect-
ively, to the accumulation flux, consumption flux at
the anode and production flux at the cathode (i, is the
cathodic current density associated with the reduction
of Ce**).

In dimensionless form Equation 3 becomes

s
C;% + i¥ = ri} 4

with r = Aec/Aea’ lj = ia/(iaL)O and l;r = icl/(iaL)O'
The term (i), = anodic limiting current density
corresponding to the initial Ce’* concentration at
t =0.

Hence,

D
= v FCyky, 33
4

with k4, = D,/0,, and * is a dimensionless time de-
fined by
D
t* =t (kda Ez aea>

2.1.3. Mass balance equation for Ce*" in the agqueous
phase. This may be written

dc, iy A
a — a)Vd—t“ + kaV(l — e)(C, — C) + —v'—F—

ia Aea
= UF ®)
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The second term on the left handside corresponds to
the flux of Ce** ions extracted by the organic phase;
from a kinetic point of view, this flux is directly pro-
portional to the overall liquid/liquid mass transfer
coefficient %, and to the driving force (C, — Cy),
where C; is the aqueous phase concentration in equi-
librium with the organic phase: C§ = C,/m (m is the
Ce** partition coefficient).

Introducing the dimensionless parameter

kia _ extraction rate constant
k. (D;/D)a,,  diffusional rate constant
and expression C from Equation 2, then Equation 5
takes the form

dC4
art

B =

+yCF Ay CE -y il = i (6)

with y = B(1 + 1/mk) and y’ = B/mk.

2.1.4. Mass balance equation for the exiraction agent
(D,EHPA) = (HA). In the first part of this work, it
was shown that a simplified mechanism for liquid-

liquid extraction was given by
Ce** + 2(HA), = CeA, + 4H" )

where a dimer form of D,EHPA = HA denoted
(HA), was involved.

The equilibrium constant K, depending on the con-
centration of the extraction solvent (due to the fact
that Equation 7 is only a simplified mechanism) is
given by

")

_ (CeApHYY
T (HA)

" (Cet)(HA)
where m is the partition coefficient of Ce**

From Reaction 7, it follows that the mass balance
for the extraction agent may be written

(HA),
2

®)

(m)z = - 264

or (taking Equation 2 into account)

HA), CAO

@A), = 5=

1-G-cH 0

2.1.5. Mass balance equation for H*. The mass balance
must take into account both species H* and HSO; .
Thus,

() + (HSOF) = 2H,S00 — T

! AeciCZ(t) o
x [, I de + kG,
(10)

In Equation 10, i, is the current density associated
with hydrogen evolution and the last term on the right
handside corresponds to the flux of H* from the
organic to the aqueous phase (see the equilibrium
Reaction 7).

Furthermore, the equilibrium constant for the
second dissociation of H,SO, is defined by

<yH+ vsog) (H*)S02)

k= @S0} )

(11)
YHso;
Ry
where y denote activity coefficients.
The “‘sulphate’” mass balance is written

(H,580,), = (HSO;) + (SO77) (12)

neglecting the contribution of SO;~ associated with
cerium ions (Ce,(SO,); and Ce(S0O,), are less con-
centrated compared to H,SO,).

Combinations of Equations 11 and 12 leads to the
following expression for (H*):

@) = 5 (HSO; )
Ry (H,50,), — (HSO; )

(13)

Finally, eliminating (HSO;, ) between Equations 10
and 13 leads to a second order algebraic equation in
(H*), whose solution allows calculation of the proton
concentration at any time and the partition coefficient,
m, by combining Equations 8 and 9.

2.2. Electrochemical kinetic laws

In Part I it was shown that both anodic and cathodic
processes could be described as a first approximation
by a simple Butler-Volmer equation including mass
transfer limitations through the Nernst film model.

The corresponding current densities are then given
by the following expressions:

(i) for reaction Ce’™ — Ce*™ + e~
v.F
= <k° C3 exp [ 7 (E, — Eg)]

- Koo | ~B YT (A E)D

v F

k§ D, v.F ]
o E, — E0
(1 + kdd D3 expl: RT( a 0)
0 —1
}izdd P (: 0)])

where « is a function of C;, or in dimensionless form

AENCE — AE)CE

i* =

< oxp (—(a P ES)) (14)

with the expression for A(E,) given by
_ kD 0 ]
A(Ea) k—dd D3 cXp |:
kD, v.F :‘
0 E, — E
(1 + kda D3 epr: RT( a 0)

ko v, F -
o Yl (E, - E?
B o i - m))
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(ii) for reaction Ce*™ + e — Ce’*

ol 0 = g o
v—f = <k0C4 exp[ ﬂRT(EC Eo)]

€

F
— KC, exp [a AT ES)D

kS D, v F ,
o S L (F _E
% (1 t % D, P * x7 B — £o)

kS v.F 0 ] !
+ k_dcexp [_ﬁ RT(EC - EO)
or

= —AE)C + A(E)CE

—op (-G HELE-B) ()

with the expression for 4A'(E,) given by
K D, v F ]
L= ¢ _E®
. D, P | *&kT (E. —Ep)

0
X (1 + ks Dy exp [a vl (E, — E(‘,’)]

A(E) =

(iii) for reaction: 2H" + 2~ — H,

i, = aexp(—bE)  (Tafellaw) (16)

or in dimensionless form

i :; _ -lc2
(laL )()

= f(E)

2.3. Charge balance equation

The equality of the overall anodic and cathodic
operating current intensities implies that

I = iaAea - (icl + icZ)Aec
or
i o= @} + i%)

17)
2.4. Method of solution

This is based on the system of differential or algebraic
equations composed by Equations 2,4, 6,9, 13, 14, 15,
16 and 17. No analytical solution exists and a numeri-
cal integration of the system choosing an appropriate
time increment Ar* was performed for solving the
differential Equations 4 and 6. Thus,

CFi* + Ar*) = C¥@*) — rArtii(*) @)
and
CHr* + Ar¥) = CFM — y(t9)Ar*]
+ FAFIE(1%)
= V(IHAZFCH*) + y(F)Ar*
(6"

Table 1. Flowsheet of the calculations

Entries: model parameters,
time increment As*

)

Initialization: C3¥ = 1; CF = 0
at ¢ = 0; calculations of (H*) and m

[Tterative calculations |

)

o with a correlation
i*: expression (14)
E,, i}, i} by resolution of the system
of Equations 15, 16, 17
(H*): Expressions 10-13
m: Expressions 8 and 9

l

Test on ¥
chosen precision §

_ l Yes
i3 < s
No

END

f=r* + Ar¥
Calculations of C}(t* + Ar*)

and CF(t* + Ar*): Expressions 4’ and 6’

The general flowsheet of the calculations is given in
Table 1.

The final equilibrium state being defined by i* =
ri% or i3 = 0, a test on i¥% is used at the end of the
flowsheet.

3. Validation of the model and comparison with
experimental results

The validation of the model was performed by com-
paring the experimental and calculated time variations
for:

— the Ce®* and Ce** concentrations in the aqueous
phase;

— the anodic current density i, or i¥;

— the partition coefficient m of cerium between the
two phases.

The experiments were made potentiostatically by a
procedure described in Part I of this work. The model
includes different categories of parameters, which
were, in some cases, taken from literature and for
others determined experimentally ex situ and in situ:

® operating parameters: cell volume V, electrode areas
A,, and A,., anodic potential E,, initial values of
concentrations (Ce**, H,SO, in the aqueous phase,
extraction agent in the organic phase, volume ratio
¢ of the organic phase;

® parameters deduced from literature: diffusion coef-
ficients D; and D,, equilibrium constant K, activity
cocfficients of H*, HSO, and SOJ~, equilibrium
potential E{, Tafel coefficients 2 and b for hydrogen
evolution;

® parameters determined experimentally: mass transfer
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Table 2.
Experiment I Experiment 11
Operation V=075 x 107°m’ V=075 x 107°m’
parameters A, = 0.0734m?; 4,, = 0.0496 m’ A,, = 0.0734m?; 4., = 0.0496m>
E, = .78 V/NHE E, = 1.78 V/NHE
Cy = 100molm™3 Cy = 200molm™?
(H,50,), = 0.5M (H,S0,), = I M
(D,EHPA), = 800molm™> (D,EHPA), = 2000 molm "}
s = 33% & = 33%
Parameters D, =D, =4 x 107""m?s~' D, =D, =4 x 1079m?s!
deduced from K = 0.012 at 25°C [6] K = 0.012 at 25°C [6]
literature Ry = 0.08 [7] Ry = 0.08 [7]
E{ = 1.44V/NHE E} = 1.44V/NHE
a=0lAm™ a=01Am™?
b =230V [8] b= 230V [8]
Parameters kg = 3.7 x 107°ms™! ky =37 x 107°ms™!
determined ks = 24 x 107°ms™! ki = 1.0 x 1073ms™!

K =35 x 107"ms™!
f=02a= 0.157_C3_"“"'2
K, = 271 x 10" (HA);'?

experimentally

kY =3.5x 107"ms™!
B=02%a~0225
K, = 7.07 x 108(HA); >

coeflicients ky, and kg, electrochemical kinetic par-
ameters kj, B, o, apparent equilibrium constant K,
characterizing the extraction mechanism of Ce**.
For the determination of the kinetic parameters kg,
B and «a, two independent procedures were used: (i)
the one described in Part I of this work is based on
the analysis of the current potential curves obtained
ex situ on a platinized titanium plate in a laboratory
cell or on a platinum 3 mm rotating disc electrode
using different Ce’* concentrations. (It should be
remembered that o depends slightly on the bulk
concentration of Ce** due to the formation of com-
plex compounds between Ce** and SO; ™ ions — see,
for example, Fig. 3 in Part I). From this first pro-
cedure, the values of k), f and « may be deduced,
and (ii) the second procedure is based on the analysis
of the experimental relation between #, and C; (or i
and C¥) determined in-situ during the potentiostatic
experiments. Indeed, for high anodic electrode
potentials, E,, Equation 14 reduces to if =
A(E)CE.

Consequently, the experimental time variations of
i* and C} are used to calculate A(E,) and then « and
to deduce an adequate correlation between o and C3*.

KL.a=0.001 s-1

T/ KL.a=0.01 s-1

L.a=0.5 s-1

Q 5 10 1‘5 2’0 2’5 30
t-)('
Fig. 1. Influence of the overall liquid-liquid mass transfer coefficient

k., on the calculated time-variation of C} (see Table 2). (¢) Com-
parison with the results of experiment 1.

Within experimental precision both procedures lead
to the same values of o [5].

With regards to the equilibrium constant, K, its
determination and the obtaining of the corresponding
correlation between K, and (HA), were based on the
analysis of the experimental time-variations of Ce**
and Ce** by calculating at any time C,, m, H*, (HA),
and finally K, with Equation 8.

K, which depends on the concentration of the
dimer form (HA), of the extraction agent as discussed
in Part I of this work, therefore appears as an adjust-
able parameter in the model.

A comparison between the experimental results
and the model predictions was made for two sets of
experiments, whose operating conditions are given in
Table 2. It should be noted that the two experiments
largely differ by the initial values of the concentrations
Cy, (H,S0,), and (D,EHPA),; it is therefore not
surprising that the correlations obtained for @ and K,
are different given the importance of the formation of
complex compounds.

For the operating conditions of experiment I, Fig. 1
presents the influence of the overall liquid/liquid mass
transfer coefficient k;, (which was difficult to determine

~
50

Fig. 2. Calculated time-variations (full line) of C§ and C} for the
conditions of experiment I (see Table 2). (#) Comparison with the
experimental results.
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£ *

Fig. 3. Calculated time variations (full line) of the dimensionless
anodic current density i* (conditions of experiment I) (see Table 2).
(@) Comparison with the experimental results.

experimentally) on the calculated time-variations of
Cj; for small value of k;, (for example 107> s7'), i.e.
a low extraction rate, the curve is characterized by the
existence of a maximum which can be explained by the
high concentration of Ce** attainable in the aqueous
phase and consequently the possible importance of the
cathodic consumption flux. However as k;, increases,
the extraction rate becomes sufficient for maintaining
a low Ce** concentration in the aqueous phase and
minimizing its cathodic reduction. It should be noted
that the experimental results plotted in the same figure
clearly show that the extraction of Ce** by the organic
phase is not rate-determining; the value k,, = 0.1s~!
for which the curve C} against ¢* has reached its
limiting position, was therefore chosen for the model
calculations.

The curves 2, 3, 4 for experiment I and 5, 6, 7 for

Fig. 4. Calculated time-variations (full line) of the partition coef-
ficient m (conditions of experiment I) (see Table 2). (¢) Com-
parison with the experimental results.

experiment II compare the calculated time-variations
of C¥ and Cff in the aqueous phase (Figs 2 and 5), the
anodic current densities ¥ (Figs 3 and 6) and of the
partition coefficient m (Figs 4 and 7) to the experimen-
tal values. For the two sets of experiments (and others
not present here) the agreement is satisfactory which
confirms the present model and its hypotheses.

4. Conclusion

A simple model able to predict the transient behaviour
of a batch undivided electrochemical reactor operated
potentiostatically with simultaneous in situ extraction
of the product by an organic phase has been success-
fully evolved.

For the particular case of the Ce’"/Ce*" system, all
the model parameters (mainly electrochemical kinetic

1 e
0.9 T
0.8 T
0.7+ % o
0.6 + \ 3 EXPERIMENT [1
¢* 6.5 T ’\
.4 T &
0.3 + .
0.2 1
'
0.1 T C4” T - . Fig. 5. Calculated time variations (full line) of C¥ and
o bmro=0FO—0 © o— — o ° Cj for the conditions of experiment II (see Table 2).
) ! ' ) ' ' j ' (@) and (O) Comparison with the experimental
0 s 1o 15 2:,{ 25 30 35 40 results, respectively.
0.1 1 \ EXPERIMENT 11
« *
ig 0.08
.
0.06 -
0.04 \
0.02 - * _ ) o )
e e e Fig. 6. Calculated time-variations (full line) of the
0 + : ; } ; } } ;  dimensionless anodic current density i* (conditions of
0 5 10 15 20 o5 30 35 4o e€xperiment IT) (see Table 2). (@) Comparison with

the experimental results.
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Fig. 7. Calculated time-variations (full line) of the
| partition coefficient m (conditions of experiment II)

70 1

60 T

*,
N \
EXPERIMENT 11

40 T .
m * T e—— e

30 + hd

20 T

10 T

0 | : ! ! ' ' ! —
0 5 10 15 20 25 30 35
t*

parameters, liquid-solid mass transfer coefficients, [2]
liquid-liquid equilibrium constant) may be determined
independently by ex sifu measurements. i3]

The predictions of the model are found to be in very
good agreement with the experimental results for a 4
large range of concentrations of cerium, sulphuric 5]

acid and extraction agent.
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