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ABSTRACT 

E lec t ros t a t i c  coalescers have been extensively used i n  sol-  
vent  extraction uni ts .  However, the multiple propert ies  of e l e c t r i -  
c a l  f i e l d s  may be applied t o  the real izat ion of l iquid-liquid 
contactors i n  which mixing and phase separation are  caused by elec- 
t r o s t a t i c  e f f ec t s .  

ted t o  various e f f e c t s  : drop dis integrat ion and promoted coales- 
cence respectively for  high and low f i e l d  i n t e n s i t i e s ,  modified 
displacements resul t ing from e l e c t r o s t a t i c  forces and change of 
the mass t r ans fe r  coeff ic ients .  

table  device : the  LEWIS c e l l  i n  which an e l e c t r i c  f i e l d  i s  applied 
perpendicular to  the interface.  Enhanced copper extract ion was 
observed, using the LIX 65N extractant .  

The study of these basic  mechanisms resul ted i n  the design 
of an e f f i c i e n t  e l e c t r o s t a t i c  extraction column. 

The hydrodynamic study confirms the f e a s i b i l i t y  of applying 
high e l e c t r i c a l  voltages t o  two-phase systems containing a signi-  
f i can t  amount of conductive dispersed phase provided t h a t  the 
electrodes a re  coated w i t h  a su i t ab le  insulat ing layer.  

Under the action of an electric f i e l d  an emulsion is submit- 

The l a s t  e f f e c t  (mass t r ans fe r )  has been studied with a sui-  
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1456 MARTIN ET AL. 

The drop s i z e  spectrum and the r e t en t ion  may be cont ro l led  
by the  f i e l d  s t rength  i n  a two phase flow column. The f i e l d  
s t rength  adjustment between t h e  e lec t rodes  i s  obtained by simple 
voltage s e t t i n g  and it i s  easy t o  a l t e r n a t e  the  dispersion and 
coalescence zones. 

Additional development is necessary before desiyniny an in- 
d u s t r i a l  contactor : examination of o ther  chemical systems, o ther  
operating conditions (higher flow r a t e ,  uneven f i e l d  on each s taye  
... ) and determining mass t r a n s f e r  r a t e s .  

INTRODUCTION 

E lec t ros t a t i c  i n d u s t r i a l  appl ica t ions  a re  more and more nu- 

merous, fo r  instance : e l e c t r o s t a t i c  pa in t ing  o r  p r in t ing ,  separa- 

t ion  processes such a s  dust p rec ip i t a t ion .  Recently, a new applica- 

t ion  has been considered i n  t h e  f i e l d  of solvent ex t r ac t ion .  

The performance of ag i t a t ed  l iqu id- l iqu id  contac tors  depends 

on t h e i r  hydrodynamics which is cont ro l led  by th ree  mechanisms : 

break-up, motion and coalescence of drops. 

An e l e c t r i c  f i e l d  influences these  th ree  mechanisms, f o r  it 

may : 

- d i s in t eg ra t e  drops by e l e c t r o s t a t i c  dispersion a t  s u f f i -  

c i e n t  i n t e n s i t i e s  ; 

- increase or decrease drop ve loc i ty  due t o  the  addi t ionnal  

e l e c t r i c a l  forces ; 

- promote coalescence, under ce r t a in  conditions by changing 

drvp in te rac t  ions.  

I t  a l so  modifies mass t r a n s f e r  coe f f i c i en t s  by induced turbu- 

lence near drop in t e r f ace .  

These d i f f e r e n t  e f f e c t s  have been sys temat ica l ly  s tud ied  

(1,2,3) ; they w i l l  be inves t iga ted  i n  the  f i r s t  p a r t  of t h i s  re- 

po r t .  We s h a l l  a l s o  describe a t yp ica l  device (LEWIS c e l l )  we have 

designed f o r  t h i s  purpose and t o  measure ex t r ac t ion  mass t r a n s f e r  

k ine t i c s  i n  e l e c t r i c  f i e l d s .  

An e l e c t r i c  f i e l d  can be applied t o  a m a s s  t r a n s f e r  opera- 

t ion  i n  several  ways. 

F i r s t  , the  e l e c t r o s t a t i c  ex t rac t ion  processes requi re  low 

conductivity continuous phases because t h e  Pield s t r eng th  must be 
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ELECTRICAL FIELD CONTACTOR 1457 

high enough t o  promote s ignif icant  phenomena (a t  l ea s t  a few tens 

of volts per an). 

In t h i s  case an e l ec t r i c  f i e ld  can be used for  emulsion di-  

sengagement ; e lec t ros ta t ic  s e t t l e r s  a re  already extensively used, 

particularly,  in  the o i l  industry. However, an e l ec t r i c  f i e ld  can 

be applied in  the contactor i t s e l f  : 

- t o  improve any function of the exis t ing contactors. For 

example, KNEULE and NEMEC ( 4 )  have added e lec t r ica l  coalescence 

stages regularly distributed in  a rotat ing disc  contactor. 

- t o  real ize  both mixing and phase separation. A few origi-  

nal  apparatus have been suggested (5, 6, 7, 8 ) .  Their chief advan- 

tages are be t te r  r e l i ab i l i t y  due t o  the abscence of moving mecha- 

nical  par ts  and rated mass t ransfer  efficiencies. A be t t e r  know- 

ledge of the basic mechanisms has lead t o  the design of a new 

model of e lec t ros ta t ic  extraction column. Some of i ts  characteris- 

t i c  hydrodynamic features w i l l  be described below. 

BREAK-UP, MOTION AND COALESCENCE OF DROPS I N  AN ELECTRICAL FIELD 

Drops dispersed i n  a continuous immiscible phase are prone t o  

take two kinds of charges : 

- polarization charges induced by a n  external e l e c t r i c  f ie ld ;  

- true charges, generated for  example by electrode contact 

charging. These charges are  dissipated by conduction with a time 

constant equal t o  the relaxation t i m e  of the continuous phase. 

Their influence on mass t ransfer  has been extensively studied by 

THORNTON and by BAILES who showed the i r  favorable e f f ec t  (5,9). 

But the relaxation time of many continuous phases used in  solvent 

extraction, par t icular ly  in  hydrometallurgy, is much less than a 

fraction of a second so tha t  t rue charges have no noticeable effect .  

Therefore we w i l l  not consider them here. 

Drop polarization has three main consequences : 

- a nonuniform e lec t ros ta t ic  pressure opposed t o  the interfa-  

c i a l  pressure a l l  over the surface causes drop deformation. When 

it overcomes the cohesion forces, the drop disintegrates : 
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1458 MARTIN ET AL. 

- a new ex te rna l  force a c t s  on t h e  drops : t h e  dielectropho- 

r e t i c  force,  which i s  given by : 

-+ - e +  -+ -f 
F = (m.grad)E (m is t he  drop d ipole  moment) 

- a dipole-dipole in t e rac t ion  between drops tends  t o  l i n e  

them up and br ing  them c loser .  

Using l i t e r a t u r e  da ta ,  w e  s h a l l  quant i fy  these  electromecha- 

n i ca l  e f f ec t s .  W e  assume t h a t  each p a r t i c l e  is a pe r fec t  conductor 

( t h i s  being the  case f o r  every l i qu id - l iqu id  system t h a t  includes 

an aqueous dispersed phase with ion ic  soluble spec ies )  immersed 

i n  a l i nea r  i so t rop ic  d i e l e c t r i c  medium. 

E lec t ros t a t i c  Dispersion 

Various s tud ie s  have been devoted t o  t h e  ana lys i s  o f  t he  

equilibrium and s t a b i l i t y  of k; i so l a t ed  neu t r a l  conducting drop 

subjected t o  an e l e c t r i c  f i e l d  (11,12). They have shown t h a t  t h e  

drop elongates i n  a nearly p ro la t e  e l l i p s o i d a l  shape. I ts  eccent r i -  

c i t y  is  an increasing function of the  WEBER e l e c t r o s t a t i c  number : 

d drop diameter 

2 Eo f i e l d  i n t e n s i t y  

y i n t e r f a c i a l  tension 

E vacuum pe rmi t t i v i ty  

E E  Eo d 

Y 
0 I l l  we = 

E 
0 

E continuous phase pe rmi t t i v i ty  

"he var ia t ion  of t h i s  deformation is  represented i n  f igure  1 ,  

according t o  ROSENKILDE (10).  The drop d i s i n t e g r a t e s  when it rea- 

ches a value which represents  t h e  i n s t a b i l i t y  point. The crit ical  

value above which i n s t a b i l i t y  occurs and t h e  maximum s t a b l e  defor- 

mation are : 

12 I We = 0.409 
E 

The corresponding c r i t i c a l  f i e l d  s t r eng th  f o r  t he  experimen- 

ted  phases a r e  given i n  T a b l e  I. 
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ELECTRICAL FIELD CONTACTOR 

critical field strength according to 

equation 12 I drop radius r=l.5~10-~rn 

1459 

E = 4.3 x lo2 kV/m 

m l n  

0 1.838 
a 1.75 
l- 
K 
v, 
X 
4 

1.5 
t 
I 
0 
I- 1.25 a 

z s 
1 

dipole force 161 to weight ratio 

ri = rz = 1.5 x lo m 
- 3  

I I I I 

_ _ _ _ _ - - - - - -  - - - - - -  - - - - - - - - - - - - -  
- 

- 

- I -  

I 

0 0.1 0.2 0 . 3  0 . 4  
0.409 

WEEER ELECTROSTATIC NUMBER W 
eE 

0.08 

FIGURE 1. Major to minor axis ratio versus the WEBER electrostatic 
number. 

dielectrophoretic force I 51 to weight 
ratio 

Av = 10 kV 

R = 3 x m ext 

int 
-2 

R = lo  m 

R = 1.5 x lo  m 
- 2  

0.70 

I 
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1460 MARTIN ET AT.,. 

Dielectrophoresis 

We assume t h a t  the f i e l d  strength (E)  is lower than i t s  c r i t i -  

c a l  value and t h a t  drops have a spheroidal shape. Their dipole 

moment i s  : 
-f + 
m = kvE 

v = drop volume 

k = po la r i zab i l i t y  

k = 3EE fo r  a conducting drop. 
0 

In a nonuniform f ie ld  they are  subject.ed t o  the dielectro-  

phoretic force : 

141 
+ -f 
F = 1/2 kv grad EZ 

The main examples of nonuniform f i e l d s  have been published 

by POHL (12)  : i n  the f i e l d  created between an inner w i r e  and an 

external coaxial cylinder electrode the force i s  r ad ia l ,  d i rected 

toward the center and has the following value : 

1 AV2 
2 0  

F = - k E  d3 R 
ex t  

R3 In2 R. 
i n t  

AV potent ia l  drop 

R. 

R distance from the considered point t o  the axis.  

Rext outside and inside r a d i i  
i n t '  

A numerical example of t h i s  force i n t e n s i t y  compared t o  the 

drop weight is given i n  Table 1 .  

Dipole Coalescence 

DAVIS calculated the forces act ing on two nearby neutral  

conductive spheres placed i n  a uniform f i e l d  (13).  The force 

components are  the following : 

FZ = EEO r', E2 (F1 cos2 + + F2 s i n 2 + )  

F = EE r 2  Eo F3 s i n  2J, 

0 

2 2  

161 

X 0 

rl, r2 r a d i i  of the spheres 

s distance between the spheres 

$J angle between E and z ax i s  (see f igure 2 ) .  
-t 

The coeff ic ients  F i = 1,3,  a r e  series l i m i t s  which depend 

only on the r e l a t ive  geometry of  the system ( r l / rz ,  s/r2). Values 

corresponding t o  the case where rl = r 2  a r e  shown i n  T a b l e  2 (13 ) .  

i' 
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4 r 2  

10.0 

1 .o 
0.1 

0.01 

0.001 

1461 

Fi F2 F3 

0. W 3 0  - O.OOO14 - 0.00014 
0.0927 - 0.0330 - 0.0391 
1.400 - 0.0945 - 0.2248 
9.554 - 0.1032 - 0.3756 
59.49 - 0.1041 - 0.4652 

t o  
0 

\ > . 
t o  

0 
\ > . 

'. 

" 
S 

'. 
z 

FIGURE 2.  Dipole forces acting on two spheroidal drops in a 
uniform electric f ie ld.  

TABLE 2 
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1462 MARTIN ET AL. 

The a t t r ac t ion  is optimum a s  the z ax i s  and the f i e l d  l i n e  

up. Its value i s  very low when s is greater  than r z  and considera- 

bly increases when the drops ge t  c loser  (see Table 2 ) .  

A l l  the f igures  given in  t h i s  table a re  consistent with our 

experimental r e s u l t s  (1) ( 2 ) .  

MASS TRANSFER I N  AN ELECTRICAL FIELD 

Literature Survey 

We saw t h a t  the normal e l e c t r i c  stress component deforms 

the drop interface.  KOMORI e t  al .  have proposed the use of an 

intermit tent  f i e l d  t o  y i e ld  periodic elongation of drops and thus 

increase t h e  overal l  mass t r ans fe r  coeff ic ient .  A s  t o  t he  tangen- 

t i a l  component it generates a c i r cu la t ing  f l u i d  motion (15) .  BERG 

e t  a l .  have shown tha t  the r e su l t i ng  renewal. of t he  boundary layer 

has the same favorable e f f e c t  (16) .  

As fo r  the extraction of a metal l ic  ion,  BAILES suggested 

t h a t  the f i e l d  induced or ientat ion of extractant  molecules a t  the 

interface could enhance the r a t e  of reaction (17 ) .  Electrophoresis 

would also have an influence by increasing diffusion of ionic  

solutes.  

AUSTIN (18), i n  h i s  experiments using a plane interface cell ,  

pointed out the rise by a 1 t o  6-10 f ac to r  of the mass t r ans fe r  

r a t e  fo r  p a r t i a l l y  miscible binary systems (18) .  

Using the same equipment, we expected t o  obtain some data 

on the r e l a t ive  importance of the d i f f e ren t  e l e c t r i c  f i e l d  e f f e c t s  

by comparing mass t r ans fe r  k ine t i c s  w i t h  o r  without applied elec- 

t r i c  f i e ld .  

Apparatus 

We selected the copper LIX 65N extract ion system (19) .  It 

includes an aqueous solution of copper chloride and an organic 

mixture of LIX 65N extractant  i n  ESCAID 100 di luent .  The phase 

agi ta t ion on each side of the interface is produced by two metal- 

l i c  paddles. A central  tef lon disc  prevents the vortex occurrence. 

The electric field is  created by application of a po ten t i a l  d i f f e -  
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ELECTRICAL FIELD CONTACTOR 1463 

rence between the agitators..Samples of t he  organic phase a re  

taken a t  regular time in t e rva l s  with a hypodermic needle. Copper 

samples were analysed by atomic absorption spectroscopy. 

Results 

Figure 3 represents t he  var ia t ions of the copper concentra- 

t ion i n  the organic phase f o r  d i f f e ren t  e l e c t r i c  voltages : 

0 kV,+ 10 kV, - 10 kV 
The e l e c t r i c  f i e l d  promotes mass t r ans fe r .  The e f f e c t  is 

more important when the f i e l d  i s  directed towards the aqueous 

I I I r I I 1 

- 
I N I T I A L  AOUEOUS 

0.1 M CuC12 

1 M NaCl 
- 
- 

A V = O  

0 A V  = - 10 k V  

0 A V  = t 10 k V  

I I I I I I L 
0 60 120 180 240 300 360 420 

TIME ( m i n )  

FIGURE 3 .  Organic phase copper concentration plot ted versus time 
fo r  the voltages 0, + 10, - 10 kV 
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1464 MARTIN ET AL. 

phase (positive voltage).  These experimental data are not suff i -  

cient t o  define a predominant e lec t ros ta t ic  mechanism. Another phe- 

nomenon, electromigration of chemical species, modifying the 

concentrations of positive or negative ions i n  t h e  boundary layer 

and thus the reaction equilibrium, intervenes i n  the extraction 

process. 

Further experiments are i n  progress. 

ELECTRICAL FIELD CONTACTP 

Literature Survey 

THORNTON and BAILES were the f i r s t  t o  study a single-stage 

e lec t r ica l  f ie ld  contactor (5,6). The dispersed phase is disinte- 

grated when forced through a horizontal perforated plate  under high 

d i rec t  voltage. The small droplets produced i n  t h i s  way travel 

through the continuous phase and coalesce at the interface a t  the 

bottom of the column equipped with a grounded grid.  The main pro- 

blem of e lectrostat ic  extraction i s  t o  avoid the short-circuit  

between the electrodes due t o  conduction paths formed by drop 

bridges the dispersed phase usually being conductive. BAILES par- 

t i a l l y  solved th i s  problem by l i f t i n g  the upper nozzle plate  out of 

the continuous phase, so as t o  maintain a vapor space between t h e  

electrode and the l iquid surface. The MURPHREE efficiency with 

a 3 kV/cm f ie ld  intensi ty  was twice that  without e l ec t r i c  f i e ld  

for the n-butyl acetate-ncetone-water system. 

KOWALSKI e t  al. , AGAIEV e t  a l .  selected a column design 

with vertical  rod electrodes (7,8) coated with a thin polyethy- 

lene layer t o  prevent short-circuits.  The e l ec t r i c  f i e ld  is  trans- 

verse, alternative and of higher than c r i t i c a l  intensity.  For 

washing out acet ic  acid from xylene or  carbon tetrachloride with 

water, the extraction ra te  i n  a 3 kV/cm f i e ld  was f ive times higher 

than without any f ie ld  ( 7 ) .  For removing aromatic hydrocarbons i n  

a fuel o i l  by furfural  extraction, the HETS i n  a 5 kV/cm f i e ld  

was half that  i n  a W H I G  ring packed column operated i n  the same 

conditions ( 8 ) .  
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ELECTRICAL FIELD CONTACTOR 1465 

Although these equipment with no moving pa r t s  are  a t t r ac -  

t i v e ,  t h e i r  behavior is  not w e l l  understood and fur ther  investiga- 

t ion is necessary. The overal l  mass t r ans fe r  eff ic iency has been 

measured but l i t t l e  at tent ion was devoted t o  the hydrodynamics. 

It is our purpose t o  develop t h i s  point.  

A laboratory column has been designed and dispersed phase 

hold-up and droplet  s i z e s  were measured. 

Apparatus 

In a countercurrent column, the drop diameter has t o  be 

greater  than the s ta t ionary one. The dielectrophoret ic  force acting 

on the drop under a nonuniform f i e l d  may add t o  the gravi ty  force 

and decrease t h i s  diameter. The droplet  s i z e  i n  a column may be 

lowered by using t h i s  force,  allowing an increase of the in t e r f a -  

c i a l  area and hence of the mass t ransfer .  Nevertheless a high gra- 

d i en t  i n  large p a r t s  of a column lead t o  technological sophistica- 

t ion and a gravity-induced countercurrent flow was prefered. 

Electrodes are made of s t a in l e s s  s t e e l  rods, 10 cm long. 

These rods a re  coated with a thin layer of tef lon t o  eliminate 

short  c i r c u i t  r i s k s .  Eight s tages  of electrodes are assembled in  

a Perspex column, 3.9 an i n  diameter and 120 cm long (see figure 4). 

An autotransformer ( 2 2 0  V-O/23OV) feeding the primary of a 

H.T. transformer (230-15OOOV) is used as  the power supply. The 

phases are  fed by two variable flow r a t e  pumps. The disper- 

sed phase is introduced a t  t he  top through a cone shaped d i f fuse r  

and a perforated p l a t e  (nine 1 mm diameter holes) 

The hold-up ( r a t i o  of dispersed phase volume t o  t o t a l  phase 

volume) is  measured by the interface displacement method : the 

flow is stopped by rapidly closing valves and the entrapped dis-  

persed phase level  is  measured a f t e r  decantation. 

Emulsion pictures  are  taken a t  d i f f e ren t  heights. 

The dispersed and continuous phases are respectively an 

aqueous acid solution and a commercial di luent .  These chemical 

phases belong t o  a high i n t e r f a c i a l  tension system (see table 3 ) .  

The dispersed aqueous flow r a t e  var ies  between 0 and 18 l /hr .  

The aqueous t o  organic flow rate r a t i o  is maintained a t  40. 
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dens i ty  ( lo3 kg I I I - ~ )  

viscos i ty  (mPa s )  
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p = 0.87 pd = 1.10 

vc = 1.11 Vd = 1.35 

t 

t D i s p e r s e d  phase  i n  

(N m-') i n t e r f a c i a l  
tension 

conductivity (a  m -1 - 1  

FIGURE 4.  Schematic diagram of t h e  column. 

y = 33.9 
- 1  0 

= 8.3 x 10 

TABLE 3 

Phase p rope r t i e s  a t  22OC 

r e l a t i v e  pe rmi t t i v i ty  I E~ = 2 . 4  
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ELECTRICAL FIELD CONTACTOR 1467 

The subscripts c and d r e fe r  respectively t o  the continuous and 

the dispersed phase. 

Results 

The same voltage i s  applied t o  the e i g h t  stages.  The f i e l d  

does not vary a l l  along the column. The man dispersed phase hold-up 

i s  plot ted versus the dispersed phase flow r a t e  fo r  several  

applied voltages (see figure 5 ) .  Three pictures  of the  emulsion 

in  the column, taken a t  0 - 3.75 - 11,25 kV voltage and 6 l / h r  

aqueous flow r a t e  a re  presented (see f igure 6 ) .  

When the voltage is  less than approximately 5 kV, the f i e l d  

a l l  over the interelectrode space is  below the cri t ical  value 

(value linked t o  the droplet  s i ze  without any f i e l d  by equation 

121 ) , hence the coalescence i s  favored. Droplet d i l a t a t i a n  may be 

observed from a 1 0 0  vo l t s  voltage. Between 2 and 5 kV, the water 

drops have completely coalesced a f t e r  a 4 0  cm f a l l  (1/3 of the  

column) and the dispersed phase flows a s  thick discs  (see f igure 

6-b-1. The l a rge r  the flow ra t e ,  the more important t he  decrease 

of the mean hold-up compared t o  the f i e l d l e s s  operation of the 

column (see curves -a- and -b- figure 5 ) .  

For voltages between 5 and 11 kV, t he  f i e l d  s t rength i s  

higher than the c r i t i c a l  value i n  pa r t  of the interelectrode space 

(close t o  the electrodes) and the droplets  a r e  p a r t l y  dis integra-  

ted : the hold-up increases s l i gh t ly .  

Above 11 kV, the f i e l d  is everywhere g r e a t e r  than the  cr i t i -  

c a l  value, drops burst  violent ly  a s  soon a s  they a re  fed in .  A s  

KOWALSKI mentioned ( 7 ) ,  droplet  recombinations and ruptures occur 

a l l  along the column and a stationnary droplet  spectrum sets up 

(see figure 6 -c-). Droplet dis integrat ions a s  w e l l  a s  continuous 

phase electroconvective motions generate bidimensional turbulence 

very favorable t o  mass t ransfer .  Pictures show t h a t  : 

- fo r  a constant aqueous flow ra t e ,  the higher t he  electri- 

c a l  f i e l d ,  the s m a l l e r  the mean droplet  diameter and the  higher 

the hold-up (see curve -c- and -d- figure 5 ) .  

- f o r  a constant voltage, the higher the flow r a t e ,  the 

larger  the drop diameter. This explains why the r e l a t i v e  increase 
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FIGURE 5. Mean dispersed phase hold-up in the column versus 
the aqueous flow rate for several interelectrode 
voltages.  
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of the hold-up compared t o  f i e l d l e s s  operation values decreases 

(see figure 5). The reason i s  t h a t  the hold--up increases with 

the flow ra t e  : droplets  are  c loser ,  dipolar  forces a re  more in- 

tense and e l e c t r i c a l  coalescence is  mre favored than rupture. 

CONCLUSICN 

The application of a sui table  in t ens i ty  e l e c t r i c a l  f i e l d  t o  

two phase l iquid-liquid systems leads t o  various phenomena of 

great i n t e r e s t  f o r  the solvent extraction operation. These pheno- 

mena have been summarized. Among them, we have considered the 

mechanical e f f e c t s  of drop rupture, displacement and coalescence, 

and the  local influence of the f i e l d  on mass t ransfer .  The value 

of the forces has been made more accurate and confirmed by the 

experiment. 

An e l e c t r o s t a t i c  extract ion column has been constructed 

and tes ted.  Thanks t o  insulated coated electrodes,  the use of 

t h i s  contactor can be extended t o  many others  multiphase systems. 

Its hydrodynamic behavior showed t h a t  the emulsion cha rac t e r i s t i c s  

could be eas i ly  controlled by mean5 of the applied voltage. 
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