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The effect of  in situ simultaneous extraction of  tetravalent cerium by an organic phase (di-2 
ethylhexylphosphoric acid in kerosene) on the performance of  an undivided batch electrochemical 
reactor using the Ce3+/Ce 4+ system was investigated. The influence of  the most  important  parameters 
(initial concentration of  Ce 3+, composi t ion and volume percentage of  the organic phase) were studied 
experimentally under potentiostatic control of  the anode potential. A conversion factor of  Ce 3+ and 
extraction factor larger than 90% are obtained for the best operating conditions, but  the presence of  
the organic phase and the necessity of  avoiding oxygen gas evolution considerably reduce the 
operating anodic current densities. The transient cell behaviour and the final "equil ibrium" state 
conditions are found to be in very good qualitative agreement with the conclusions of  a preliminary 
study of  the electrochemical kinetics of  the Ce3+/Ce 4+ system and extraction mechanisms of  Ce 4+ by 
the organic phase. 

N o m e n c l a t u r e  

Ae electrode area (m 2) 
C concentration (M) 
CF conversion factor of Ce 3+ 
D molecular diffusion coefficient (m 2 s- l ) 
E electrode potential (V) 
E ~ standard potential of the Ce3+/Ce 4+ redox 

system (V) 
EF extraction factor 
F Faraday constant (96 485 A s mol- i ) 
i current density (A m -2) 
I current (A) 
i0 exchange current density (A m -2) 
k0 ~ standard electrochemical rate constant of the 

Ce3+/Ce 4+ system (m S -1 ) 

k d mass transfer coefficient (measured by electro- 
chemical reduction of Ce 4+ except Fig. 5) 
(ms I) 

KM equilibrium constant of the extraction mechan- 
ism (mot 21-6) 

m partition coefficient of tetravalent cerium 

R perfect gas constant (J mol 1 K- l )  
t time (s) 
T temperature (K) 
V reactor volume (1) 

Greek symbols 

anodic charge transfer coefficient 
fl cathodic charge transfer coefficient 

volumic organic phase ratio in the dispersion 
r/ overall current efficiency or overpotential (- or V) 
v e number of electrons involved in the electro- 

chemical process (= 1) 

Subscripts 

a anodic 
c cathodic 
3 trivalent cerium 
4 tetravalent cerium 
0 at time t = 0 

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

Electrochemical processes frequently require the use 
of divided reactors, using a diaphragm or a mem- 
brane, especially when the product of a reaction 
occurring at the working electrode may be re-oxidized 
or re-reduced at the counter electrode, the result being 
decrease of the overall operation efficiency. An 
interesting means of avoiding the use of separators, 
which has been rarely considered to date [1, 6], is the 
simultaneous extraction of the product by a selective, 
electrochemically inert, organic phase, dispersed in the 
aqueous phase. The Purex process [5, 6] for the separ- 
ation of plutonium and uranium and the recent work 
of Pletcher [3, 4] related to the oxidation of aromatic 
compounds by Ce 4+ in an emulsion system are specific 
examples of such a coupling between electrolysis and 
liquid-liquid extraction. The aim of this study is to 
present the results of an experimental (Part I) and 
theoretical analysis (Part II) of the behaviour of a 
batch undivided electrochemical reactor with regards 
to the electrochemical oxidation of Ce 3+ to Ce 4+, 
extracted in situ by a dispersed phase of di-2 ethyl- 
hexylphosphoric acid D2EHPA in kerosene (see Fig. 1). 
The potential interest of this operation lies, on the one 
hand, in the possibility of recovering cerium from a 
mixture of rare earths by changing its degree of oxida- 
tion [7] and, on the other hand, in the use of the 
oxidizing character of Ce 4+ for indirect electroorganic 
synthesis [8]. 

The first part of this paper presents experimental 
results of the effect of several important parameters 
(initial concentration of Ce 3+, composition and volume 
percentage of the organic phase, electrode potential, 
etc.) on the performance (conversion factor of Ce 3+, 
extraction factor, current efficiency) of a batch reactor 
operated potentiostatically. 

A simulation of the batch process based on mass 
and charge balances, adequate kinetic laws and mech- 

anisms of liquid-liquid extraction of Ce 4+ will be the 
subject of the second part of the paper. 

2. Electrochemical kinetics of the Ce3+lCe 4+ system 
and extraction mechanisms of Ce 4+ by D2EHPA 

2.1. Electrochemical kinetics 

2.1.1. Review of the literature. The anodic reaction 
investigated is the oxidation of Ce 3+ : Ce 3+ ~ Ce 4+ q- 
e whereas two cathodic reactions are considered: the 
back reduction of Ce 4+ to Ce 3+, which should be 
minimized through selective extraction of Ce 4+ and, in 
acidic medium, hydrogen evolution (see Fig. 1). The 
chosen electrolyte was sulphuric acid (in nitric acid, 
the cathodic reduction of nitrate ions has also to he 
considered [9]). 

Analysis of the published kinetic and thermo- 
dynamic data of the Ce3+/Ce 4+ system leads to the 
following conclusions [10]: 

- -because  of complex formation, the formal redox 
potential E ~ for cerium strongly depends on the 
electrolyte considered and E0 ~ -~ 1.44V/SHE in 
0.5M H2SO 4 [11]. 

--in a sulphuric acid medium, trivalent cerium is 
present in two forms Ce 3+ and CeSO~-, while 
the main form of tetravalent cerium is Ce(SO4) ~ 
[12, 131. 

-- according to the studies of Randle and Kuhn [14], 
at least two mechanisms should be considered for 
the anodic oxidation of trivalent cerium: 

Ce 3+ -q- SO]- ' Ce(SO4) 2+ q-- e- 

Ce SO2 + SO~- , Ce(SO4) 2 -+- e- 

It should be mentioned that the high value of E0 ~ 
implies the choice of a corrosion resistant electrode 
material with a sufficiently high overvoltage for anodic 

+ n + C e  3 

on ~ Hz 
f of Ce 3+ C e 3 +  

Fig, 1. Schematic representation of the coupling between electrolysis and liquid-liquid extraction (Ce3+/Ce 4+ system). 
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Fig. 2. Example of current-potential curves obtained with Ti/Pt 
electrodes in a laboratory cell (aqueous phase alone). Curve A: 
(Ce 3+) 7.5 x 10 -3 M, (Ce 4+) 2.5 X 10 3 M, (H2804) 0.5 M; Curve 
B: (H2SO4) 0.5M alone. 

oxygen evolution, in order to minimize this unwanted 
reaction. Platinized titanium was therefore chosen for 
both cathode and anode. 

2.1.2. Experimental results. Figure 2 shows a typical 
current-potential curve obtained in a 0.5M H 2 S O  4 

medium on a Pt/Ti plate immersed in a laboratory 
cell. On the cathodic side, the reduction wave of Ce 4+ 
presents a well defined limiting currenty density with 
hydrogen evolution for higher overpotentials. The 
shape of the current-potential plot may be due to the 
existence of different forms of  tetravalent cerium. On 
the anodic side, curve B, obtained with H2SO4 0.5 M 
alone, shows that oxygen evolution is significant for 
potentials above 1.1 V/Hg-Hg2SO4 electrode. At this 
potential, which is a limit for avoiding oxygen gas 
evolution, and assuming that both anodic reactions 
occur independently, the current density for Ce 3+ oxi- 
dation (curve A) represents only 12% of the calculated 
limiting current density for  the Ce 3+ concentration 
considered. Concerning the process design, oxygen 
evolution must be strictly avoided for two reasons: 
one due to the fact that hydrogen will be generated 
cathodically and the other from the point of  view 
of the anodie current efficiency. 

The va lueof  1.1 V is therefore an upper limit for the 
anodic potential, which consequently implies a strong 
limitation of the possible operating current density 
range�9 

Based on the analysis of the current-potential curves 
obtained on a platinized titanium plate in a laboratory 
cell or on a 3 mm platinum rotating disc electrode, 
both anodic and cathodic processes may be described, 
as a first approximation, by a simple Butler-Volmer 
equation including mass transfer limitations through 
the Nernst film model [10]. The corresponding cathodic 
and anodic current densities are then given by the 
following expressions: 

veF 
exp vcF E E0~ 

-k~ (E~ - Eo~ 

x (1 + k~176 veF ) (Eo - e ~  

+ ~-~d~ ~33 exp e~-~(E~ - E; (1) 

ve---Fia = (kOC3 exp [c V~F~ (E~ - E3)] 

_ veF E E~ k~ exp [ - / ~  ~-~(  . - 

x (1 k~ (o~ v~F E~ 
+ ~-~d~ ~-~3 xp ~--~(Ea -- 

k~ - E ~  (2) + ~ exp veF -' 

For high absolute values of the cathodic or anodic 
overpotentials, these expressions may be linearized as 
follows: 

In 
I. !iCE ! [if[ ~ - veF 

[iCLI -- IiclJ -- R-T It/el + In i 0 (3) 

�9 . ve F 
Li,L -- t . j  R-T */" i0 (4) 

where the subscript 'L' refers to limiting current 
conditions. 

Consequently, a plot of ln[(iaLi,)/(i~L -- i,)] against 
~a may lead to the anodic charge transfer coefficient 
and exchange current density i0. (A similar plot involv- 
ing the cathodic current density ic gives the cathodic 
charge transfer coefficient/3). 

From the present experimental results, the mean 
value/~ = 0.2 was obtained, in good agreement with 
most published data [14, 15, 16]. Concerning the anodic 
plots, it appears that e depends slightly on the bulk 
concentration of  Ce 3+. As an example, Fig. 3 shows 
that e ( ~  0.2) is a decreasing function of (Ce 3+ ). This 
phenomenon, already mentioned by Randle and 
Kuhn, can probably be explained by the formation of 
complex compounds between Ce 3+ and SO]- ions. In 
the simple Butler-Volmer equation considered here, 
only a single electrochemical mechanism is considered, 
while two forms of  trivalent cerium are actually 
involved in the electron transfer. The participation of  
sulphate ions in both anodic and cathodic processes is 
also confirmed by the fact that ~ + fl < 1. 

Finally, the standard rate constant k ~ obtained on 
platinized titanium in 0.5 M H2SO 4 was found to be 
2.1 x 10-6ms -1 (ranging from 2 x 10 6 for the 

0"25 I 0.2 ~ I I , ~ L I , - -  ~. 
0.15 
0.1 

0,05 

10 20 3o 40 50 60 70 80 90 10(3 
Ce 3+ (tool m -3) 

Fig. 3. Influence of the concentration of Ce 3+ on the anodic charge 
transfer coefficient e (Rotating Pt disc electrode, HzSO 41 M). 
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anodic current-potential curves to 2.2 x 10-6ms -1 
for the cathodic curves). 

2.2. Extraction mechanisms of tetravalent cerium by 
D2EHPA 

Di-2 ethylhexylphosphoric acid was selected as a poss- 
ible extraction solvent in a sulphuric acid medium, 
because it is one of the most suitable compounds for 
the extraction of Ce 4+ in terms of partition coefficient, 
selectivity, kinetics, chemical and electrochemical 
resistance and low solubility in the aqueous phase. 
Diluted in kerosene, it is mainly present as the dimeric 
form, noted (D2 EHPA)2 and does not fix the sulphate 
ions [17]. Most authors consider the dimeric form 
exchanging one proton, leading to the following 
mechanism: 

Ce 4+ + 4(HA)2 ~ CeH4A~ + 4H + 

with D2EHPA = HA. (The overlined species corre- 
spond to the organic phase). 

From this equation the extraction of one tetravalent 
cerium requires 8 molecules of D2EHPA. 

However, there is experimental evidence (see, for 
example, Baes [18], Ritcey [19] and Horbez [10]) that 
this simple extraction mechanism does not exactly 
correspond to reality and that it is possible to extract 
more cerium than given by this stoichiometry; indeed 
the dimeric form may also exchange its second proton, 
leading to another possible mechanism: 

Ce 4+ q- 2(HA) 2 , CeA4 4- 4H + 

Nevertheless, consideration of these two simple mech- 
anisms cannot satisfactorily explain the experimental 
results, especially as concerns the partition coefficient 
of Ce 4+ between the two phases for various Ce 4+ and 
D 2 EHPA concentrations. With regards to the work of  
BAES for the extraction of UO~ +, we also suggest that 

Cathode area: 
0,049 rn2 

L_ 

CZl 

t~ 0 0  

D 

I 

Anode area: 
0,073 m 2 

-~,e ~ Ce[J volume: 0.75dm3 

expanded metal) 

Baffle / ---Cathode 

Fig. 4. Schemat ic  view of  the ba tch  st irred t ank  e lect rochemical  
reactor.  

there might be a progressive transition between both 
stoichiometries, explained in the case of uranyl ion by 
polymer formation, so that for a large excess of sol- 
vent the extraction would require 4D2EHPA dimers, 
while only two are needed for lower concentrations. 

In the simple approach considered in this work, the 
simplified second mechanism characterized by the 
equilibrium constant, 

(CeA4)(H+) 4 (H+) 4 
K m = = m - -  

(Ce 4+ )(H--A)~ (HA)2 z 

has been considered where m is the partition coef- 
ficient of tetravalent cerium between the phases. From 
the previous discussion, Km appears as a "hypocritical 
constant" [20], depending on the concentrations of the 
species involved in the extraction and which can be 
correlated to these concentrations. 

3. Coupling between electrolysis and liquid-liquid 
extraction in a batch undivided cell 

3_ 1. Experimental apparatus and operating conditions 

The laboratory scale batch reactor designed for this 
study was a 0.75dm 3 cylindrical glass reactor rep- 
resented schematically in Fig. 4. 

The electrodes were made of cylindrical platinized 
expanded titanium grids; the cathode was pressed 
against the wall of the cell, whereas the anode (made 
of two attached grids) was located between the central 
stirrer (standard Rushton turbine) and four baffles. 
This device was particularly well suited to maintaining 
a good dispersion of the organic phase, achieving low 
mass transfer rates at the cathode (in order to limit the 
reduction of Ce 4+) and high anodic mass transfer 
rates (in order to favour the oxidation of Ce 3+). The 
experimental variations of the mass transfer coef- 
ficients, ka, measured with the classical Fe(CN)~-/ 
Fe(CN)~- redox system, with the stirring rates are 
shown in Fig. 5, which shows that, as expected, kda is 
much higher than kac. 

Moreover, the reactor geometry gave an anodic  
area slightly higher than the cathodic area (Aea = 
0.073 m2; Aec = 0.049 m2; AJAec = 1.48), which was 
of interest for increasing the cathodic current, 

6.0 

5.0 �84 
v~ 
E 4 .0  
v 

~0 3.0 
x 

2.o 

/ / 
.4. j 

0 100 200  300  400 500 600 700  800  
Rota t ion  speed (r.p.m.) 

Fig. 5. Influence of  the st i rrer  ro ta t ion  speed on the anod ic  and  
ca thodic  mass  t ransfer  coefficient. (Tempera ture :  25 ~ aqueous  
phase: Fe(CN)~ /Fe(CN)46 - in 0.5 M NaOH). ( 0 )  Anode; (O) cathode. 
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efficiency with respect to hydrogen evolution. How- 
ever, it has been shown that this effect was only really 
significant for ratios Aea/Aec greater than 10 [21]. 

The experiments were performed under potentio- 
static control (Ea = 1.78V/sn~ to avoid oxygen 
evolution), using a mercury sulphate reference elec- 
trode located near the anode. 

The investigated parameters were the volume ratio 
of organic phase in the dispersion e, the initial 
D2 EHPA concentration in the organic phase and the 
initial Ce 3+ and H2SO 4 concentrations in the aqueous 
phase. During electrolysis, Ce 3+ was electrochemically 
oxidized to Ce 4+ which was partially extracted by the 
organic phase, while simultaneous hydrogen evol- 
ution and reduction of Ce 4+ occurred at the cathode. 
The concentrations of Ce 3+ and Ce 4+ varied in time 
until an equilibrium was reached where Ice3+ ~ce4+ = 
Ice4+ ~ce3+ and IH2 = 0. At this equilibrium, the follow- 
ing figures of  merit are defined for the process: 

- the conversion factor of Ce 3+ 

CF = 1 - (C3/C3o) (5)  

- t h e  e x t r a c t i o n  f a c t o r :  

EF = [el(1 - e)](C41C3o) (6) 

- the partition coefficient of tetravalent cerium: 

m = (Ca~C,) (7) 

- an overall current efficiency: 

: ( I  - -  e )V (C3o  - -  C3)F/F[Zdt (8)  
/ J U  

3.2. Results and discussion 

A summary of the most important experimental results 
obtained at equilibrium is presented in Table 1. The 
first line corresponds to a classical electrolysis per- 
formed in an aqueous phase (0.5M H2SO4,  C30 = 

0.1 M) without simultaneous extraction of Ce 4+ and 
the conversion factor of Ce 3+ at equilibrium is only 
23% (corresponding to C3 = 0.077M and C4 = 
0.023 M). The other results, all obtained with in situ 
extraction of tetravalent cerium by D2EHPA, show a 
significant increase in the conversion, which reached 
98% in the best operating conditions. This clearly 
demonstrates the feasibility and excellent performance 
of  the coupling between electrolysis and extraction of 
the product. 

3.2.1. Influence of the volume ratio of the organic phase. 
The influence of  the volume percentage e of the organic 
phase in the dispersion on the conversion and extrac- 
tion factors is shown in Fig. 6 for an aqueous phase 
initially containing 0.5 M H2SO 4 and 0.1 M Ce 3+ and 
for a D~EHP A concentration in the organic phase of 
0.8 M. The curve clearly shows the favourable effect of  
an increase of e up to 66%. However, it should be 
mentioned that the dispersion of such a concentrated 
emulsion is difficult, due to the sharp increase of  the 
viscosity and the risk of  phase inversion. Optimum 
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Fig. 6. Influence of the volumic percentage s of the organic phase on 
the conversion and extraction factors of cerium at equilibrium. 
Aqueous phase: (H2SO4) 0 0.5M, (Ce3+)0 0.l M; organic phase: 
(D2EHPA) 0 = 0.8.M. (~ )  Conversion factor; (0) extraction 
factor. 

values of e (also taking into account the necessity of 
maintaining a good electrical conductivity) are, 
therefore, in the range 33-50%, where the conversion 
factors range from 85 to 90%. 

3.2.2. Influence of the initial 1)2 EHPA concentration in 
the organic phase. The extraction of  high amounts of  
Ce 4+ in the case of concentrated Ce 3+ solutions 
requires significant quantities of DzEHPA. However, 
solvent concentration was limited to 2M (Pure 
DzEHPA corresponds to approximately 3 M) since a 
high viscosity of the organic phase may lead to hydro- 
dynamic problems. Figure 7 presents the effect of  the 
initial D2EDPA concentration on the conversion and 
extraction factors for the same conditions of Fig. 6 
and for e = 0.25. As can be seen, these two factors are 
increasing functions of [D2EHPA]0 at least up to 
0.8 M. For  higher concentrations, the difficulty of 
maintaining a good dispersion may explain the 
decrease of  EF and CF. 

Whereas values of EF and CF higher than 90% can 
be achieved in the best operating conditions, the very 
low values of  the current densities constitute the weak 
point of  the process, indeed, the initial anodic current 
density, as well as the equilibrium one, is always smaller 
than 70 A m 2 (obtained in the most favourable con- 
ditions). Three reasons can be proposed for explaining 
this fact: 

- the low solubility of cerous sulphate, approximately 

I o o  

80 

60 

4 0  

2 0  

0 
o 

I I 1 

0 ,5  1 1 ,5  

[D2EF{ PA] o (M) 

Fig. 7. Influence of the initial concentration of the extraction agent 
in the organic phase on the conversion and extraction factors of 
cerium at equilibrium. Aqueous phase: (H2SO4) 0 0.SM, (Ce3+)0 
0.1 M; organic phase: s = 25%. ( 0 )  Conversion factor; (O) extrac- 
tion factor. 
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Table 1. Summary of main experimental results obtained under potentiostatic control 

(Ce3+ )i H2SO 4 Organic (D2EHPA) 
(M) normality phase (M) 

[0.1 1 0 

(%) 

0.1 1 25 0.8 
0.1 1 33 0.8 
0.1 1 50 0.8 
0.1 I 66 0.8 

0.2 1 50 0.8 
0.2 I 50 1.2 
0.2 2 33 2.0 
0.2 2 50 0.8 
0.2 2 50 2.0 

Conversion Extraction Partition (Ce 4+ )org Anodic Current Current 
factor at factor at coefficient at current density at efficiency 
equilibrium equilibrium at equilibrium density at equilibrium at 
(%) (%) equilibrium ( M ) t = 0 (Am -2) equilibrium 

(Am -2) (%) 

23.C 0 

73.(3 64.0 
83.3 77.3 
90.5 88.5 
)5.~ 95.2 

91.(3 84.0 
98.(3 95.5 
93.7 88.2 
~5.5 70.0 
)5.13 92.0 

- - 44.0 ] 

20.0 0.193 34.1 16.6 40 
26.0 0.155 24.5 9.5 69 
41.4 0.081 10.9 3.7 81 

125.0 0.048 10.9 1.6 88 

11.2 0.168 38.1 14.7 63 
40.0 0.191 34.1 6.4 77 
32.0 0.353 104.0 8.2 70 

4.3 0.139 73.5 33.7 52 
38.0 0.184 35.4 6.5 75 

0.2-0.25 M at 25 ~ (the solubility decreases with 
increasing temperature). 

- the necessity of avoiding oxygen evolution limits 
the anode potential and also~ the anodic current 
density i a, strongly controlled by activation elec ~ 
trode phenomena (in most cases, ia represents less 
than 10% of the limiting current density). 

- the strong decrease of the electrochemical rate con- 
stant, k ~ under the influence of the organic phase. 
As an example, it was found that k0 ~ = 2.1 x 
10-6ms ~ with the pure aqueous phase (see 
above), and with a 33% 0.8 M D2EHPA organic 
phase, k ~ is reduced to 3.5 x 10-7ms i. Adsorp- 
tion phenomena at the anode may explain this fact. 

Due to the different mechanisms of liquid-liquid 
extraction based on cationic exchange discussed 
above, higher D2EHPA concentrations and lower 
acidities in the aqueous phase should lead to a larger 
partition coefficient, m, which is effectively confirmed 
by the experimental results at equilibrium shown in 
Table 1, for a given initial concentration of Ce 3+ 
(second part of Table 1). Finally, all experimental 
results obtained at equilibrium in the batch undivided 
electrochemical reactor are in good qualitative agree- 
ment with the conclusions deduced from the pre- 
liminary study of the electrochemical kinetics for the 
Ce3+/Ce 4+ system and extraction mechanisms with 
D z EHPA. The transient, behaviour of the cell before 
reaching equilibrium is the subject of Part II of this 
work, as well as the comparison between experimental 
and calculated results. Qualitatively, the concentra- 
tion of Ce 3+ decreases with time, until it reaches its 
equilibrium value, whereas the (Ce  4+) concentration 
in the aqueous phase increases slowly. The observed 
decrease of the current density may be explained by 
considering the general form of the Butler-Volmer 
equation and the linear influence of (Ce3+). The par- 
tition coefficient, m, also decreases during electrolysis 
as a consequence of the effects of D2 EHPA concen- 
tration and acidity of the aqueous phase; which were 
discussed above. 

4. Conclusions 

This experimental work has shown that the coupling 
between electrolysis and liquid-liquid extraction in the 
case of Ce 3+ oxidation with simultaneous extraction 
oftetrav.alent cerium, allows,a,q~uantitative conversion 
of Ce ~+ with- reliable: current efficiencies which would 
not be obtained in a classical undivided cell operated 
with a single aqueous phase. However the low operat- 
ing current densities imposed by the necessity of 
avoiding oxygen evolution and the strong decrease of 
the electrochemical rate constant due to the organic 
phase certainly constitute the weak point of a poten- 
tial process where three dimensional electrodes might 
be used in order to compensate the low current den- 
sities by high interfacial electrode areas. 
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