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ANALYSIS OF COBALT EXTRACTION BY DI-(2-ETWLHEXYL) PHOSPHORIC ACID 
IN A CONTINUOUS FLOW STIRRED TANK WITH A LASER CAPILLARY SPECTRO- 
PHOTOMETER 

J .  H. Bae and L. L. Tavlarides M. Stamatovic 
Department of Chemical Engineering 
and Materials Science, Syracuse Nuclear and Other Mineral 
University, Syracuse, NY 1 3 2 4 4  Raw Materials, Belgrade, 

Institute for Technology of 

Yugoslavia 

ABSTRACT 

A laser capillary spectrophotometric technique is used to 
study and quantify the dispersed phase mixing effects on 
the performance of a one liter continuous flow reactor for 
the cobalt-di-(2-ethylhexyl) phosphoric acid extraction 
system. Bivariate distribution data show that, as the RPM 
increases, the drop size and drop concentrations change 
from widely to narrowly distributed, the former tending 
toward small drop sizes and the latter tending toward high- 
er concentrations. Comparisons between the Monte Carlo 
simulation model predictions and experimental results, 
using an aqueous film reaction model, indicates that the 
simulation predicts the size distribution closely, the 
Sauter mean diameter within 10% error, and the extraction 
efficiency within 15% error. 

INTRODUCTION .. -- 

Dispersed phase mixing can have a significant effect on the 
reactor s i z e  required for a given conversion or on the conversion 
and the selectivity in a given reactor in complex chemical reaction 
systems with mass transfer resistances, especially for heterogene- 
o u s  systems, Many investigators have reported the importance of 
the dispersed phase mixing [l-51 for these systems. 

in order to develop a rational design of chemical reactors 
for liquid-liquid systems, it is necessary to account for the de- 
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BAE, TAVLARIDES, AND STAMATOVIC 1454 

tails of thermodynamic equilibria, chemical kinetics, mass trans- 
fer processes, and the effects of the dispersed phase mixing. As a 
step in that direction, thermodynamic equilibria and kinetic models 
of cobalt(I1) nitrate-acetate buffer/di-(2-ethylhexyl) phosphoric 
acid (D2EHPA)-toluene system have already been developed in our 
laboratory [ 6 ,7 ] .  By employing these equilibrium and kinetic mod- 
els, reactor performance of a CFSTR was predicted by the Monte 
Carlo simulation based on the interval of quiescence method [ 7 ] .  
However, no comparison has been made to verify the simulation 
model. 

This study describes the application of the laser capillary 
spectrophotometric (LCS) technique developed by Bae and Tavlarides 
[ 8 ]  to the cobalt-DZEHPA extraction system to quantify the dis- 
persed mixing effects on the reactor performance for the goal of 
the optimum reactor design. The distribution of reactants and 
products due to the dispersed phase mixing as a result of variations 
in operating conditions are studied by generating bivariate (drop 
size and cobalt complex concentration) distribution data by the 
LCS technique. The kinetic model developed by Lee [ 6 ]  is employed 
in the Monte Carlo simulation model to analyze the experimental 
results from the continuous flow stirred reactor (CFSTR). This in- 
vestigation, thus, seeks to ascertain the impact of operation con- 
ditions on conversion and to confirm the validity of such a model 
to predict the performance of a CFSTR. 

Theory 

The reaction chemistry (stoichiometry, thermodynamic equili- 
brium, and kinetics) must be understood before a reactor model for 
two-phase liquid-liquid reaction can be synthesized. Reaction 
chemistry for the cobalt(II)/DZEHPA extraction system and the Monte 
Carlo simulation technique incorporating mass transfer with reaction 
were previously discussed by Mukkavilli et al. [ 7 ] .  In the section 
below, a brief description of this system and the Monte Carlo simu- 
lation are discussed. 

Reaction Chemistry and Interfacial Flux Extension 

Komasawa et al. 191 studied the extraction of some divalent 
metals (Co, Ni, Cu) from the nitrate medium by DZEHPA. They found 
that the extraction reaction of cobalt can be represented by the 
following stoichiometric equation as long as the conversion of 
DZEHPA is less than 24%: 

Here, the overbar represents the species existing in the organic 
phase and (HR)z represents the dimeric form of DZEHPA. 
conversion ratio is greater than 24%, the polymerization of 

If the 
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ANALYSIS OF COBALT EXTRACTION 1455 

organic metal complex would take place and Eq. (1) is no longer 
valid. 

Lee [6] studied the reaction kinetics of cobalt(II1) nitrate- 
acetate bufferID2EHPA-toluene system using a modified Lewis cell. 
The experimental ranges of the kinetic study were [Co], (0.01-0.1M), 
[ ( F R ) 2 ] f  (0.01-0.5M1, and pH (3.16-5.02) at a temperature of 298’K. 
These experiments were designed such that the maximum conversion of 
D2EHPA is always less than 24% so as to minimize the polymerization 
of the cobalt complex. Hughes and Zhu [lo] and Lee [6] proposed a 
reaction mechanism for the cobalt D2EHPA extraction based on an 
aqueous film reaction as outlined previously [?I. The model 
assumes dimerization of the chelation acid in the organic phase, 
partition of the monomer between the phases, dissociation of the 
chelation acid in the aqueous film, sequential addition of the 
anion to the cobalt ion in two steps, partition of the cobalt 
complex between phases and addition of the dimer to the cobalt 
complex in the organic phase. The rate expression derived when 
the rate determining step is the first addition of the anion to 
the cobalt ion becomes: 

where, RA is the rate of reaction of HR in the aqueous phase. 
Lee [ 6 ]  used the limiting case of a pseudo first order reaction 
as discussed by Rod [21], i.e. , Cc+?+ = Cc&+ and %+ for 
o 5 x-5 6 and derived the interfacial flux of HR as 0 follows: 

C- ‘HRiDHR HRi 
+ -  1x11- 

’HR C O R ~  C ~ ~ , P ~ ~  

7 112 

J + e  ___ ( 3 )  

Here CHR~ is the concentration of HR in the aqueous bulk phase for 
which an algebraic expression can be obtained [6]. The unknown 
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1456 BAE, TAVLARIDES, AND STAMATOVIC 

Parameters 8 1 ,  82. and P c ~ R ~  in eqn. ( 3 )  were determined by a non- 
linear least s uare analysis of experimental data [6]  and have the 
values 0.06 dm I /sec2, 0 . 0 4 3  and 78.1 respectively. 

It is noted that conflicting views as to the location of 
reaction sites and mechanisms have been proposed by various in- 
vestigators for this reaction system. The kinetic studies in our 
laboratory [61 with the stirred transfer reactor system, indicates 
that even under conditions where polymerization of the metal com- 
plex can be neglected, the extraction rates are substantially 
higher than pure mass transfer rates. This enhancement of the 
interphase transport rates is indicative of a film reaction mechan- 
ism and our justification f o r  adoption of this aqueous film model. 
Eqn. ( 3 )  is employed in the simulation model to calculate the 
interphase mass transfer in the extractor modelling. 

Reactor Model 

The Monte Carlo simulation model algorithm based on the in- 
terval of quiescence method [ll-131 is used to predict the per- 
formance of a continuous flow stirred tank reactor for cobalt(I1) 
nitrate-acetate buffer/DZEHPA-toluene system. 

I n  the simulation technique, a representative fraction of the 
drop population is chosen and these drops are subjected to the 
influence of the reactor environment. For a CFSTR, the drops in 
the sample are allowed to undergo droplet events of entry, exit, 
breakage and coalescence. The evolution of the ensemble of drops 
to the final state is marked by successive sample events separated 

This interval from each other by an interval of quiescence, t 
is computed by the Poisson arrival pattern analysis as follows: IQ 1 

where x is the uniform random number between 0 and 1, and fi is the 
long range average frequency of ith event. The long range frequen- 
cies of a drop are functions of the physical properties of the 
dispersion and the operating conditions of the CFSTR. During the 
interval of quiescence, tIQ, smooth changes in concentrations of 
species are assumed t o  occur as a consequence of the mass flux due 
to concentration gradients and chemical reaction. The success of 
the simulation algorithm in predicting the performance of the 
extractor depends upon the validity of the drop  rate models used. 
The event frequency functions which are used in this work are des- 
cribed elsewhere [ll-13,151 and listed in Table 1. The breakage 
and coalescence frequencies are functions of physico-chemical 
properties of the system, but they also involve four unknown con- 
stants, C1, C2, C3 and C4. 
have the same values as used by Bapat and Tavlarides 1121 

The four constants used in this work 
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ANALYSIS OF COBALT EXTRACTION 1457 

TABLE 1 

Drop Event F requenc ie s  [13-151 

- --- 
Name of F requenc ie s  1 Equa t ions  

Feed f f  = V d / T V f  (5 )  

E x i t  f e  = N / r  ( 6 )  

N 

i=l 
Breakage f b  = r. p h i )  ( 7 )  

Coalescence (9 )  

(10) 

C o l l i s i o n  r a t e :  

C o l l i s i o n  f r equency :  

U P €  113 ,113  
h(v,v ' )=exp[-C4 ;. :---- ( .V_---Y-----)4] ( 1 2 )  

0 (1+@)3 v1/3+"'1/3 

The LCS t echn ique  employs a p r e c i s i o n  bo re  c a p i l l a r y  of t h e  
order  of d r o p l e t  s i z e s  p r e s e n t  i n  l i q u i d - l i q u i d  d i s p e r s i o n s  o f  
i n t e r e s t .  A s a m p l e  stream of t h e  d i s p e r s i o n  i s  drawn from t h e  
mixing v e s s e l  by a vacuum pump. F i g u r e  1 shows a f low diagram of 
t h e  l a s e r  c a p i l l a r y  s p e c t r o p h o t o m e t e r .  The o p t i c a l  d e v i c e  i s  
des igned  t o  measure drop  s i z e  by t h e  d i f f e r e n c e  of l i g h t  r e f r a c t i o n  
between t h e  two phases  and  t o  measure d rop  c o n c e n t r a t i o n  by l i g h t  
abso rbance  o f  t h e  c o b a l t  complex (molar  a b s o r p t i v i t y  = 168.5f-/moI- 
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I 4 -. 
L- - - - -A  Liquid Tmp 

Optical System 

Figure 1: Laser Capillary Spectrophotometer Set-up 

cm at 626 nm) in the drop. A He-Ne laser of 632.6 nm wavelength 
and 10 mW power (Spectra physics, model 102) is chosen for this 
purpose. The light beam from the laser is split into two beams 
which pass directly through the center of the capillary. The 
emergent beams from the capillary produce two series of rectangular 
pulses by the photodiodes coupled with photodiode circuits. An 
IBM PC with a Metrabyte DASH-16 AID converter is used to sample and 
process the output signals from the photodiode circuit. These 
signals are also traced on an oscilloscope. Typical signals are 
shown in Figure 1 (insert). The width of each pulse is in propor- 
tion to the drop volume and the height of each pulse to the drop 
concentration. Details of this technique are given elsewhere [8, 
191. The reactor is also equipped to measure dispersed phase hold- 
up with an ultrasonic technique developed by Bonnet and Tavlarides 
(20). 

Chemicals 

In these studies, feed solutions of 0.01M cobalt nitrate and 
1M D2EHPA are used. This situation insures that the conversion of 
D2EHPA is less than 24%, and that the stoichiometric eqn. (1) is 
valid. The lM D2EHPA solution is obtained by diluting commercial 
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ANALYSIS OF COBALT EXTRACTION 1459 

D2EHPA, ( p u r i t y :  97%) s u p p l i e d  by A l b r i g h t  and Wi l son ,  I n c . ,  w i t h  
t o l u e n e  w i t h o u t  f u r t h e r  p u r i f i c a t i o n .  The c o b a l t  n i t r a t e  s o l u t i o n  
i s  p r e p a r e d  w i t h  Fluka A.G.  c o b a l t  n i t r a t e  c r y s t a l s  d i s s o l v e d  i n  
d i s t i l l e d  w a t e r .  Acetate b u f f e r  (NaOH-CH3COOH) s o l u t i o n  is added 
t o  a d j u s t  t h e  c o b a l t  n i t r a t e  s o l u t i o n  t o  pH = 4 .0 .  A l l  c h e m i c a l s ,  
e x c e p t  D2EHPA, which a r e  used  i n  t h i s  work a r e  of r e a g e n t  g r a d e .  

Flow System and O p e r a t i o n  

F i g u r e  2 i s  a diagram of t h e  e x p e r i m e n t a l  f low sys t em.  The 
c o n t i n u o u s  (aqueous)  and t h e  d i s p e r s e d  phase  a r e  f e d  i n t o  a 0.75e 
s t i r r e d  t a n k  w i t h  e q u a l l y  spaced  g l a s s  b a f f l e s .  The i n p u t  f l o w  
rates o f  e a c h  p h a s e  are measured w i t h  r o t a m e t e r s  (FD,FC). The two 
p h a s e s  are t h e n  mixed by t h e  Rushton t u r b i n e  a g i t a t o r  and l e a v e  
th rough  t h e  e x i t  stream t o  a n  e f f l u e n t  r e s e r v o i r  t a n k  (ER). A 
vacuum pump (VP) is p rov ided  t o  e v a c u a t e  t h e  r e a c t o r  a s  i t  i s  
f i l l e d  and  t o  f a c i l i t a t e  the w i t h d r a w a l  of samples  t h r o u g h  t h e  d i s -  
p e r s e d  phase  c o a l e s c o r  (DC). The t a n k  a g i t a t o r  is d r i v e n  by a 
motor  (SM) which i s  c o n t r o l l e d  t o  a d j u s t  t h e  i m p e l l e r  r o t a t i o n a l  
speed .  

A f t e r  s t e a d y  s ta te  is  reached  ( u s u a l l y  a round  5 - 10 m i n ) ,  
d a t a  a c q u i s i t i o n  i s  s t a r t e d .  C a p i l l a r y  s u c t i o n  v e l o c i t y  i s  con- 
t r o l l e d  by t h e  vacuum p r e s s u r e  o f  t h e  vacuum j a r  by an a i r  b l e e d  
v a l v e  as shown i n  F i g u r e  1. A c a p i l l a r y  o f  0.2mm d i a m e t e r  i s  em- 
p loyed  i n  t h i s  work. A f t e r  c o n f i r m i n g  t h e  o p e r a t i o n  o f  t h e  LCS 
t e c h n i q u e  (when two series o f  r e c t a n g u l a r  p u l s e s  are produced on 
t h e  s p l i t  s c r e e n  o s c i l l o s c o p e ) ,  d a t a  a c q u i s i t i o n  i s  s t a r t e d  by 
o p e r a t i n g  t h e  A / D  c o n v e r t e r  (DASH-16, Met raby te  Co). The c a l i -  
b r a t i o n  o f  d r o p  c o n c e n t r a t i o n  is c a r r i e d  o u t  a t  t h e  end of t h e  
expe r imen t .  Details  of t h e  o p e r a t i o n  p r o c e d u r e  are d e s c r i b e d  
e l s e w h e r e  [8,19]. 

RESULTS AND DISCUSSION 

E x E r i m e n t a l  R e s u l t s  -- -_--_I.--. 

Cobalt-D2EHPA e x t r a c t i o n  e x p e r i m e n t s  were conducted t o  d e t e r -  
mine mixing e f f e c t s  on the r e a c t o r  performance a t  
$ = 0.077 - 0.100, T = 45 - 180s, and RPM - 250 - 
0.164 m 2 / s 3  t o  0 .673 m2/ s3 ) ,  

-3 ( C 1  = 4.81  x 
2 x 108 cm-2). 

C2 = 8 x C 3  = 1.9 x 10 

c o n d i t i o n s  o f  
400 ( o r  E = 

- 3  
cm and C q  = 

are  assumed t o  be 
r e a c t o r  volume) 

The t u r b u l e n t  c h a r a c t e r i s t i c s  i n  t h e  r e a c t o r  
p o s i t i o n  i n v a r i a n t  (homogeneous o v e r  t h e  complete  
and  c h a r a c t e r i z e d  by t h e  v i s c o u s  ene rgy  d i s s i p a t i o n  p e r  u n i t  mass 
The t y p e  of a n  e v e n t  i s  d e c i d e d  by t h e  p r o b a b i l i t y  of a n  e v e n t  i 
o c c u r i n g  : 

pi = f i /Cf i  
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dl 

VP : VKuVm pump 
IJT : Utttrronk Imrducar 
WE : Wale1 b lh  
WP :Water pump 
wn :water raseno* 

Figure 2: Experimental Flow System f o r  a Continuous Flow 
Stirred Tank Reactor 

S M 

CP : Conllnuour phnw leod perlltoltlc pmlr  
cn : Conllnuous phase l M d  18sawoIr 
cs : Caplnnry rnmpllng polnl 
DO : Dlrperred ph.5. rornpllng bottle 
DC : Dlrporred ph . la  rnmpllng c o I I a ¶ c o l  
DP : ~ ~ r p o ~ r o d  phase twd pump 
LlR : Dlrporsod F h r a  lead roaanOiI 
ER: Etfluonl roswloll  
FC : Conllnuous pas .  l e d  nowmrter 
FD : Oispcrred phase Ind normlcr 
LT : Llquld lrnp 
N : t4oedla valve 
sc: Stlrrer s p e d  controller 
SK: Slnh 
SU : Sllfrar mlor 
SA : Stlrred tank n a c t o r  
TC : marmacoupla 
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1461 ANALYSIS OF COBALT EXTRACTION 

Figure  3 :  I n f l u e n c e  of t h e  Energy D i s s i p a t i o n  Rate on 
Drop S i z e  D i s t r i b u t i o n  a t  $ = 0,077 and 
'I = 4 5 s .  

Concent ra t ions  of a l l  s p e c i e s  of bo th  phases  i n c l u d i n g  t h e  
e x t r a c t a n t  and c o b a l t  complex i n  t h e  o r g a n i c  phase a r e  c a l c u l a t e d  
for  each drop by solving t h e  cor responding  s p e c i e s  material ba lance  
equat ions  : 

Here, C$:)represents t h e  c o n c e n t r a t i o n  of t h e  j t h  s p e c i e s  i n  t h e  
i t h  drop ,  J i j  is the i n t e r f a c i a l  f l u x  of s p e c i e s  j a c r o s s  t h e  
boundary of drop i, and Cis )  and C j c ) a r e  t h e  cont inuous phase feed  
and product  c o n c e n t r a t i o n s  fo r  s p e c i e s  j. The f l u x  f o r  DZEHPA is 
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Figure 4 :  Influence of Energy Dissipation Rate on Drop 
Concentration Distribution at Q, = 0.077 and 
'T = 45s 

given by eqn. (3)  and the fluxes for other species can be computed 
from eqn. (31,  the reaction mechanism and the stoichiometric 
eqn. (1). The solution of eqns. (14) and (15) were previously 
described by Mukkavilli et al. [ 7 ]  in detail. It is noted that 
Mukkavilli et al. simulated performance of a CFSTR for the cobalt- 
D2EHPA extraction by employing different drop rate constants 
(C1, C2, C3, and C4) than the ones used in this work. 
operating conditions (T = 10s) and physicochemical properties 
employed in their calculations are not appropriate for our system. 

B l s c ,  the 

EXPERIMENTAL SYSTEM 

Laser Capillary Spectrophotometer 

In order to measure bivariate drop size-concentration distri- 
bution data in reactive liquid-liquid dispersions, a laser capi- 
llary spectrophotometric (LCS) technique has been developed [ 8,9 1 .  
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to2 

Figure 5: Bivariate Drop Sizr-ConcerLLr,ttion Distribution 
at 4 = 0.077, T = 4 5 s ,  RPM = 300; D 3 2  = 0.382mm, 
Cav = 0.0536M 

This technique is a n  extension of the capillary sampling method 
w h i c h  was tested by .Janjua 1161 and BlaB and co-workers [17,18]  
f o r  measuremeot of drop size. 

'The variation of the drop size distributions at four different 
rates of energy dissipation is shown in Figure 3 .  The figure shows 
C l i , i t  as the rate of  energy dissipation increases from 0.164 m 2 / s 3  
to 0.673 m L / s 3  (or  the rotational speed impeller increases 250 RPM 
to 400 RPM), the marginal drop size distributions become narrower 
and tend toward the direction of smaller drop sizes resulting in 
decreased Sautes mean diameters. The figure indicates that the 
dispersion characteristics are dominated by breakage i n  the cobalt- 
DZEHPA extraction system at these high rates of energy dissipation 
( E  = 0.673 m2/s3). 
different rates of energy dissipation are shown in Figure 4 .  The 
figure indicates that the marginal drop concentration distributions 

D r o p  concentration distributions at f o u r  
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1464 BAE, TAVLARIDES, AND STAMATOVIC 

Figure 6: 5ivariate Drop Size-Concentration Distribution - 
at Q = 0.077, T = 45s, RPM = 400; D32 = 0.295mm, 
Cav = 0.586M 

become narrow and tend towards higher drop concentrations as the 
rate of  energy dissipation increases. In all cases, however, even 
at the largest value of RPM (or energy dissipation), there is a 
hroad distribution of cobalt complex concentration. 

Bivariate drop size-concentration distributions are shown in 
Figure 5 for 250 RPM (or 0 . 2 8 4  m2/s3) and in Figure 6 for 400 RPM 
(or 0.673 m2/s3). 
drop size and drop concentration distributions become narrow 
toward the direction of smaller drop size and larger drop concen- 
tration simultaneously as the rotational speed of the impeller 
increases. It is also noticed that the cobalt concentrations i n  
the drops are widely distributed at low residence time (300 RPM; 
Figure 5 ) ,  and perfect mixing of  drop concentrations in the dis- 
persed phase should not be assumed at this operation condition. 
Figure 7 shows the variation of Sauter mean diameter and extrac- 

These figures illustrate that the bivariate 
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F i g u r e  7 :  I n f l u e i i c e  o f  WM on  D32 and E x t r a c t i o n  
E f f i c i e n c y  i n  l M  DZEHPA - 0.01M C o b a l t  
Nitrate a t  4 = 0.100 and T = 45s 

t i o n  e f f i c i e n c y  w i t h  r o t a t i o n a l  s p e e d  o f  t h e  i m p e l l e r .  E x t r a c t i o n  
e f f i c i e n c y  is d e f i n e d  as t h e  r a t i o  o f  t h e  volume a v e r a g e  c o b a l t  
complex c o n c e n t r a t i o n  i n  t h e  o r g a n i c  phase  l e a v i n g  t h e  r e a c t o r  
t o  t h a t  v a l u e  i f  e q u i l i b r i u m  were o b t a i n e d  a t  t h e  f e e d  c o n d i t i o n s  
( f r a c t i o n a l  approach  t o  e q u i l i b r i u m ) .  A s  e x p e c t e d ,  t h e  S a u t e r  
mean d i a m e t e r  d e c r e a s e s  and  e x t r a c t i o n  e f f i c i e n c y  i n c r e a s e s  as 
t h e  r o t a t i o n a l  s p e e d  i n c r e a s e s  from 250 RPM t o  400 RPM (o r  E 

i n c r e a s e s  0 .164  m2/s3) .  

Comparison of E x p e r i m e n t a l  and P r e d i c t e d  R e s u l t s  
~__I__ __ l_--l 

The Monte C a r l o  s i m u l a t i o n  method, f e a t u r i n g  a s t o c h a s t i c  
t r e a t m e n t  o f  t h e  i n t e r d r o p  mix ing ,  c a n  p r e d i c t  S a u t e r  mean d i a -  
meter, d r o p  s i z e  d i s t r i b u t i o n  and e x t r a c t i o n  e f f i c i e n c y  when t h e  
k i n e t i c  model of Lee 161 i s  employed. 

Comparisons o f  S a u t e r  mean d i a m e t e r  between e x p e r i m e n t a l  and 
s i m u l a t e d  v a l u e s  v e r s u s  r e s i d e n c e  t i m e  are d e p i c t e d  i n  F i g u r e  8.  
The e x p e r i m e n t a l  and s i m u l a t e d  S a u t e r  mean d i a m e t e r  are  c o n s i d e r e d  
t o  be i n  r e a s o n a b l y  good agreement  s i n c e  t h e  s i m u l a t i o n  model c a n  
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Figure 8: Comparison of D32 wi th  Simulation Results 
at I$ = 0.1 and RPM = 300 

A EXPERIMENTAL (032 0.419 mm] pLza SIMULATION (032: 0.406-0.43lmm) 

3.5 

! 

Figure 9: Comparison of Drop Size Distribution 
with Simulation Results at @ = 0.1, 
RPM = 300 and T = 45s 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
0
0
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1
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Figure  10:  Comparison of Drop S i z e  D i s t r i b u t i o n  
w i t h  S imula t ion  R e s u l t s  a t  Cp = 0.10,  
RPM = 300 and T = 150s 

p r e d i c t  S a u t e r  mean d iameter  w i t h i n  10% of t h e  exper imenta l  va lues .  
The p r e d i c t e d  drop s i z e  d i s t r i b u t i o n s  and exper imenta l  v a l u e s  a r e  
compared i n  F igures  9 and 10 .  The c r o s s  hatched a r e a  r e p r e s e n t s  
t h e  i n h e r e n t  o s c i l l a t i o n s  i n  t h e  s t e a d y - s t a t e  s i m u l a t i o n  r e s u l t s  
due t o  t h e  f i n i t e  s i z e  of t h e  sample. The secondary peak a t  
l a r g e r  drop d iameters  corresponds t o  t h e  f e e d  drops.  The agree-  
ment between t h e  exper imenta l  d rop  s i z e  d i s t r i b u t i o n s  and the 
p r e d i c t e d  v a l u e s  i s  good a t  t h e s e  o p e r a t i n g  c o n d i t i o n s  ( a t  
o p e r a t i o n  of 'c = 45s and 150s) .  

Comparison of exper imenta l  e x t r a c t i o n  e f f i c i e n c y  w i t h  p r e -  
d i c t e d  v a l u e s  is shown i n  F i g u r e  11. The f i g u r e  shows t h a t  t h e  
p r e d i c t e d  e x t r a c t i o n  e f f i c i e n c y  by t h e  s i m u l a t i o n  model i n c r e a s e s  
w i t h  t h e  r e s i d e n c e  t i m e . s i m i l a r  t o  t h e  t r e n d  of  exper imenta l  d a t a ,  
and g i v e s  good comparison w i t h  measured v a l u e s ,  e s p e c i a l l y  above 
T = 60sec. 

I t  i s  noted t h a t  no a d j u s t a b l e  parameters  were employed i n  
t h e  model t o  p r e d i c t  t h e  performance of  the one l i t e r  f low r e a c t o r  
d a t a .  Two s e p a r a t e  works were combined f o r  t h e  d a t a  a n a l y s i s  
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Figure 11: Comparison of Experimental and 
Predicted Values of Extraction 
Efficiency Versus Residence Time 
at I$ = 0.1 and RPM = 300 

[ 6 , 1 2 ] ,  and the parameters of  the models were used without change. 
Accordingly, these results indirectly support the film mechanism 
employed to describe the cobalt extraction reaction for this 
system and the Monte Carlo simulation modelling of the liquid 
dispersion dynamics. Another study reported elsewhere 119,221, 
compares the film model to the interfacial reaction model f o r  
cobalt extraction in detail. 

CONCLUSION 

The laser capillary spectrophotometric (LCS) technique is 
shown to be capable of producing bivariate drop size-concentration 
distribution data t o  study dispersed phase mixing in reacting 
liquid-liquid dispersions. The extraction of cobalt ions by 
D2EHPA in toluene in a continuous flow stirred tank can be quan- 
tified by the LCS technique, and the influence of the dispersed 
phase mixing on drop size, drop concentration and extraction 
efficiency can be described, With the increase of energy dissi- 
pation (or WM), the drop size decreases and drop concentration 
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ANALYSIS OF COBALT EXTRACTION 1469 

(or extraction efficiency) increases. A l s o ,  as energy dissipation 
increases, the drop size distributions become narrow and tend to 
smaller drop sizes and the concentration distributions become 
narrow and tend to larger concentrations. 

The Monte Carlo simulation algorithm based on the interval 
of quiescence method can be used to predict Sauter mean diameter, 
drop size distributions and extraction efficiency. Sauter mean 
diameter is predicted within 10% of error range and drop size dis- 
tributions are predicted closely with measured values. The trends 
in extraction efficiency are also modeled properly with predic- 
tions within 152 of measured values. 

NOMENCLATURE 

CFSTR 

'32 

di 
DZEHPA 

Di 

fi 

I: (v ,v1) 

.I . 

LCS 

kl 

K 2  

KA 
I< ex 

P i  

'HR 

%"I{* 

constants in the breakage frequency function 

constants i n  the coalescence frequency function 

average cobalt complex concentration in the 
dispersed phase 

continuous flow stirred tank 

Sauter mean diameter 

diameter of the ith d r o p  

d i - ( 2 - e t h y 1 hex y 1 ) p ho s pho r i c a c i d 

diCIusion coefficient of species i 

long range average frequency function of 
ith event 

coalescence frequency between drops of 
volume v and v' 

breakage frequency of a drop volume v 

collision frequency between drops of 
volume v and v' 
interfacial flux of species j 

laser capil I ary spectrophotometer 

reaction rate constant, Eq.  (2) 
dissociation constant, Eq. (2) 
dissociation constant, E q .  (2) 

association constant, E q .  (1) 

equilibrium constant, E q .  ( 2 )  

probability of an event i 

distribution coefficient € o r  HK, Eq. (3)  

distribution coefficient Tor C o R 2 ,  E q .  ( 3 )  
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RA 
RPM 

t 

V 
IQ 

v C  

"f 
'd 

S u b s c r i p t  

b 

C 

e 

f 

i 

j 
0 

t 

S u p e r s c r i p t  

d o r  c 

Greek L e t t e r s  

6 

E 

0 

A(v,v') 

lJ 

P 

a 

T 

r e a c t i o n  r a t e  of HR i n  t h e  aqueous phase 

r o t a t i o n a l  speed of t h e  i m p e l l e r  

i n t e r v a l  of qu iescence ,  d e f i n e d  i n  Ed. ( 4 )  
drop volume 

cont inuous  phase volume 

d i s p e r s e d  phase volume of t h e  sample 

average  d i s p e r s e d  phase volume of  t h e  feed  drop 

breakage 

coa lescence  

e x i t  

feed  

i t h  drop o r  i n t e r f a c i a l  c o n c e n t r a t i o n  
o r  i t h  e v e n t  

j t h  s p e c i e s  

bulk c o n c e n t r a t i o n  

t o t a l  

d i s p e r s e d  o r  cont inuous  phase 

o r g a n i c  phase s p e c i e s  

t h i c k n e s s  of aqueous phase f i l m  

s p e c i f i c  power input  o r  energy d i s s i p a t i o n  

phase f r a c t i o n  holdup 

coa lescence  frequency 

v i s c o s i t y  

d e n s i t y  

i n t e r f a c i a l  t e n s i o n  

r e s i d e n c e  t i m e  
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