
I -  I 

3 . 7 , .  .. 

Mass Transfer in Two-Phase Nondispersin 
Liquid-Liquid Contactors with a 
High-Density-Difference System 

C. H. Brown, Jr. 

'.ry,u .:,-* %:;;-:-:. d. -12 
- 5  ;Jl 
-I-. . , , .' - 2 - 6  .. 
.r;. :' I . - 
J r- \,  3 - 

-.- 
I ,  i - 

OAK RIDGE NATIONAL LABORATORY 
OPERATED BY UNION CARBIDE CORPORATION FOR THE DEPARTMENT OF ENERGY 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



Printed in the United States of America. Available from 
National Technical Information Serviee 

U.S. Department of Commerce 
5285 Port Royal Road, Springfield, Virginia 22161 

Price: Printed Copy $6.50; Microfiche $3.00 

This report was prepared as an account of work sponsored by an agency of theunited 
States Government. Neither the United States Government nor any agency thereof, nor 
any of their employees, contractors, subcontractors, or their employees, makes any 
warranty, express or implied, nor assumes any legal liability or responsibility for any 
third party's use or the results of such use of any information, apparatus, product or 
process disclosed in this report, nor represents that its use by such third party would 
not infringe privately owned rights. 



Contract  No. W-7405-eng-26 

CHEMICAL TECHNOLOGY DIVISION 

MASS TRANSFER IN  TWO-PHASE NONDISPERSING LIQUID-LIQUID 

CONTACTORS WITH A HIGH-DENSITY-DIFFERENCE SYSTEM 

C. H. Brown, J r .  

This  r e p o r t  was prepared as a t h e s i s  and submit ted t o  the  Facu l ty  o f  t h e  
Graduate School o f  The U n i v e r s i t y  o f  Tennessee i n  p a r t i a l  f u l f i l l m e n t  o f  
t he  degree of Master of Science i n  t h e  Department of Chemical, 
Metal 1 u r g i c a l  , and Polymer Engineering. 

Date Published-April 1979 

OAK RIDGE NATIONAL LABORATORY 
Oak Ridge, Tennessee 37830 

operated by 
UNION CARBIDE CORPORATION 

fo r  t he  
DEPARTMENT OF ENERGY 

- . - 

NOTICE 

spansored by the Unitcd State, Covcrnnunt. Neither the 
United States ndr the United Stater Department of 
Energy, nor any of thcir ernployecr, nor any of thcir 
contractors, rubcontracton, or their cmployecs, makes 
any warranty, expreu or implied, or assumes any legal 
liability or responlibility for the accumcy, cornpletenur 
or uofulneu of any inforpt ion,  apparatur, product or 
process d k l o ~ d ,  or repmvna that its u o  would not 
infringe privately owned righp. 

\ 

)1 : 1 

1 

t 



THIS PAGE 

WAS ]INTENTIONALLY 

LEFT BLANK 



ACKNOWLEDGMENTS 

The w r i t e r  wishes t o  thank D r .  J. S. Watson and D r .  J. R. Hightower, 

Jr .  , f o r  t h e i r  many he1 p f u l  'suggestions dur ing  both the  experimental and 

data ana lys is  phases o f  t h i s  p ro jec t .  

A group o f  students from the  M. I.T. School o f  Chemical Engineering 

Pract ice,  l e d  by J. Herranz, were inst rumental  i n  acqu i r i ng  a p o r t i o n  o f  

t h e  experimental data. Appreciat ion i s  a l so  expressed t o  James D. Hewi t t  

f o r  h i s  d i l i g e n t  and t i r e l e s s  serv ices i n  opera t ing  the  equipment and 

logg ing much o f  t h e  data. 

Special  thanks are  due Martha G. Stewart, Connie L. Begovich, 

pamela G. Val1 i a n t ,  Janice T. Shannon, and Debbie S. Brown. Ms. Stewart 

ed i ted  t h e  f i n a l  manuscript. Ms. Begovich provided essen t ia l  assistance. 

i n  icomputer programming f o r  both regression ana lys is  and prepara t ion  o,f 

most o f  t h e  f i gu res .  Ms. V a l l i a n t ,  Ms. Shannon, and Ms. Brown typed t h e  

f i n a l  and rough d r a f t s .  

D r .  C. D. Sco t t  was inst rumental  i n  "gen t l y "  prodding the  w r i t e r  t o  

f i n i s h  t h i s  thes i s .  

A f i n a l  thanks i s  due my wi fe ,  Donna, and my parents, whose support 

throughout my academic career  has been unbounded. 

This research was sponsored by t h e  U. S. Department o f 'Energy  under 

con t rac t  W-7405-eng-26 w i t h  the  Union Carbide Corporat ion. 

INTlce- 

sponsored by the United States Government. Neither the 
United Stater ndr the United Stater Department of 
Energy, nor any o f  their cmployees, nor any of thelr 
eontracton, subconuacton. or their employes, maker 
any rvarrsnly, express or implied, or m u m n  any legal 
liability or responsibility for the ascuracy,completeneu 
or wefulncu o f  any infocption,  apparatus, product or 
p r o o a  d i l o o d ,  or repascna that iu  uoc would not 

iii ,. 



WAS INTENTIONALLY 

LEFT BLANK 



ABSTRACT 

Mass t r a n s f e r  ra tes  o f  an e l e c t r o l y t e  through a  t u r b u l e n t  aqueous 

f i l m  i n  an a g i t a t e d  two-phase nondispersing l i q u i d - l i q u i d  contac tor  were 

measured us ing  an aqueous e l e c t r o l y t e  s o l u t i o n  as t h e  l i g h t  phase and 

mercury as t he  heavy phase. The mass t r a n s f e r  data were c o r r e l a t e d  by 

the  equat ion 

The mass t r a n s f e r  r a t e s  were measured po la rog raph ica l l y  v i a  t h e  

d i f f u s i o n - 1  i m i  ted, e l e c t r i c a l  l y  d r i v e n  reduc t i on  o f  qui'none a t  the  mercury 

sur face i n  the  contac tor .  Var iables tes ted  were the  a g i t a t i o n  r a t e ,  

a g i t a t o r  diameter, phase volume, c e l l  s ize,  and var ious  phys ica l  p r o p e r t i e s  

( p r i n c i p a l  l y  v i s c o s i t y )  o f  t he  aqueous phase. 

The parameters found t o  be most s i g n i f i c a n t  t o  t he  mass t r a n s f e r  r a t e  

were a g i t a t o r  speed, a g i t a t o r  diameter, and aqueous-phase v i s c o s i t y .  A 

c o r r e l a t i o n  found i n  the  l i t e r a t u r e  i s  s i m i l a r  t o  t he  c o r r e l a t i o n  developed 

here, bu t  a  new form of t he  i n t e r c e p t  term was developed which c o r r e l a t e s  

mass t r a n s f e r  da ta  over a  much wider range o f  Sherwood numbers than t h a t  

found i n  the  l i t e r a t u r e .  
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CHAPTER I 

INTRODUCTION 

Operat ion w i t h  a nondispersing device t o  prevent  contaminat ion o f  

one phase w i t h  the  o the r  i s  des i rab le  i n  some chemical processes t h a t  

r e q u i r e  two-phase contac t ing ;  on the  o the r  hand, t he re  i s  a l s o  t h e  need 

fo r  increased mass t r a n s f e r  r a t e s  a f fo rded  by energy i n p u t  t o  t h e  system 

v i a  a g i t a t i o n .  An example o f  a system us ing  t h i s  type o f  device i s  t he  

e x t r a c t i o n  o f  ra re -ea r th  f l u o r i d e s  from t h e  f l u o r i d e  f u e l  c a r r i e r  s a l t  t o  

an in te rmed ia te  bismuth stream i n  Mol ten-Sal t Breeder Reactor f u e l  proc- 

ess ing ( 1  ) . Another p o t e n t i a l  appl i c a t i o n  o f  t h e  two-phase nondispers ing 

contac tor  i s  i n  t he  e x t r a c t i o n  o f  t r i t i u m  from t h e  l i t h i u m  b lanket  ma te r i a l  

o f  a  c o n t r o l l e d  thermonuclear r e a c t o r  (2 ) .  It has been shown t h a t  t r i t i u m  

d isso lved i n  molten l i t h i u m  i s  p r e f e r e n t i a l l y  d i s t r i b u t e d  i n  t h e  s a l t  

phase when the  t r i t i u m - l a d e n  l i t h i u m  i s  contacted w i t h  a molten s a l t  such 

as LiC1-KC1 e u t e c t i c  (3 ) .  A s t i r r e d  two-phase contac tor  cou ld  be used i n  

t h i s  i n i t i a l  e x t r a c t i o n  s tep  as w e l l  as i n  t he  f o l l o w i n g  s tep  where the  

t r i t i u m  must be s t r i p p e d  from the  e u t e c t i c  s a l t  phase. There a r e  a l s o  

o the r  p o t e n t i a l  la rge-sca le  a p p l i c a t i o n s  o f  such systems i n  the  processlng 

o f  molten scrap metal t o  recover  va luab le  components ( 4 ) .  

Mass t r a n s f e r  data have been repo r ted  f o r  t he  two-phase nondispers ing 

contac tor  by several  researchers. Most o f  t he  prev ious s tud ies ,  however, 

have been made w i t h  systems i n  which t h e  phys ica l  p rope r t i es  o f  t he  two 

phases a re  very s i m i l a r  ( i .e . ,  an aqueous phase and an organic phase). 

The p o t e n t i a l  app l i ca t i ons  mentioned above would i n v o l v e  f l u i d s  w i t h  a 

l a r g e  dens i t y  d i f f e rence .  As a p r e r e q u i s i t e  f o r  r e l i a b l e  design o f  
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con tac to rs  w i t h  f l u i d  p roper t i es  which are  q u i t e  d i f f e r e n t  from those 

s tud ied  prev ious ly ,  i t  i s  necessary t o  have data descr ib ing  mass t r a n s f e r  

c h a r a c t e r i s t i c s  of h igh-dens i ty -d i f fe rence systems such as t h e  sa l t -meta l  

sys terns. 

To ob ta in  such data e f f i c i e n t l y ,  i t  was des i rab le  t o  model the  s a l t -  

metal systems by per forming an experiment t h a t  was r e l a t i v e l y  inexpensive 

and pe rm i t ted  r a p i d  data a c q u i s i t i o n .  This study used the  water-mercury 

system, which has a  d e n s i t y  r a t i o ,  p2/p1, o f  13, where p2  and pl represent 

t h e  heavy- and 1  ight-phase dens i t i es ,  respect ive ly .  Th is  dens i t y  r a t i o  

i s  c l o s e r  t o  t h a t  o f  t h e  s a l  t-metal systems, where p2/pl ranges from about 

3  t o  8, than i s  the  d e n s i t y  r a t i o  o f  aqueous-organic systems, where 

, p2/pl = 1.25. 

A conceptual drawing o f  a  t y p i c a l  nondispersing contac tor  i s  given i n  

F igure  1. The two phases'are pumped i n  a  countercurrent  fashion i n t o  and 

o u t  o f  t h e  vessel shown. Transfer of species from one phase t o  the  o ther  

takes p lace a t  t h e  l i q u i d - l i q u i d  i n t e r f a c e  and i s  promoted by a g i t a t i o n  o f  

t h e  two phases v i a  tu rb ines  wh.ich are  pos i t ioned i n  each f l u i d .  A g i t a t i o n  

i s ,  kept  below t h e  p o i n t  a t  which one phase i s  p h y s i c a l l y  dispersed i n t o  

t h e  adjacent  phase. 

It was of i n t e r e s t  t o  determine t h e  e f fec ts  o f  a g i t a t o r  diameter, 

phase volume, and c e l l  s i z e  on the  mass t r a n s f e r  c h a r a c t e r i s t i c s  o f  t h e  

c e l l ,  s i nce  these parameters are  important  fo r ,  scale-up purposes and . 

have n o t  been va r ied  s u f f i c i e n t l y  i n  previous studies.  

Using an aqueous e l e c t r o l ' y t e  as t h e  l i g h t  phase and mercury as the  

heavy phase, e l e c t r o l y t e  f i l m  mass t r a n s f e r  . c o e f f i c i e n t s  were measured 

po la rog raph ica l l y  i n  th ree  contac tor  c e l l s  o f  square cross sect ion,  each 
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with a different base dimension. The mass transfer coefficient in each 

cell was measured as a function of agitator rotational speed, agitator 

diameter, and phase volume. The physical properties of the aqueous 

phase, principally the viscosity, were varied by the addition of sucrose 

to the aqueous phase. 

The diffusion coefficient of quinone was measured as a function of 

aqueous-phase viscosity using a dropping mercury electrode (d.m. e. ) 

apparatus. The measured mass transfer rate and the 'diffusion coefficient 

data were then utilized to develop a correlation which relates the light- 

(aqueous-) phase mass transfer coefficient to the significant parameters 

that were varied in the study. 



CHAPTER I 1  

REVIEW OF LITERATURE 

Several s tud ies  have addressed the  problem o f  mass t r a n s p o r t  between 

two ag i ta ted ,  nondispersed 1  i qu ids .  I n  a1 1  cases, however, t he  research 

was concentrated on systems where there  i s  o n l y  a  smal l  dens i t y  d i f f e r e n c e  

between the  phases ( i  .e., aqueous and organic) .  Most i n v e s t i g a t o r s  a l so  

used c y l i n d r i c a l  c e l l s  and a g i t a t o r s  o f  approximately t he  same s ize.  No 

attempt was made t o  scale the  r e s u l t s  obta ined i n  small l abo ra to ry -s i ze  

contac tors  t o  l a r g e r  c e l l s  o f  p o t e n t i a l  i n d u s t r i a l  importance. 

I n  general,  mass t r a n s f e r  r a t e s  have been determined i n  t r a n s i e n t  

experiments i n v o l v i n g  mutual s o l u t i o n  o f  one phase i n t o  the  o ther .  The 

t r a n s i e n t  data were obta ined i n  those experiments by sampling each o f  

t he  phases du r ing  an experiment and r e l y i n g  on wet chemlcal o r  o the r  

secondary techniques f o r  sample ana lys is .  

Lewis ( 5 )  used c y l  i n d r i c a l  , nondispersed, two-phase, mechanical l y  

a g i t a t e d  c e l l s  t o  i n v e s t i g a t e  mass t r a n s f e r  r a t e s  f o r  several  aqueous- 

organic systems. He c o r r e l a t e d  h i s  r e s u l t s  by t h e  emp i r i ca l  r e l a t i o n  

Lewis pos tu la ted  t h a t  the  mass t r a n s f e r  r a t e  was o n l y  a  f u n c t i o n  o f  eddy 

t ranspor t  t o  and from the  i n t e r f a c e  and was independent o f  t he  molecular 

d i f f u s i v i t y  o f  t he  observed systems over the  range o f  Reynolds numbers 

considered. The range o f  l i q u i d  d e n s i t i e s  covered i n  h i s  s tudy va r ied  

from 0.8 t o  1.2 g/cm3 (800 t o  1200 kg/m3). 
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Gordon and Sherwood (6)  i nves t i ga ted  t h e  v a l i d i t y  o f  t he  a d d i t i v i t y  

o f  res is tances f o r  in terphase t rans fe r  o f  so lu te  between two l i q u i d s  

us ing  t h e  mutual s a t u r a t i o n  technique and var ious aqueous-organic pa i r s .  

The study was e s s e n t i a l l y  an i n v e s t i g a t i o n  o f  t he  v a l i d i t y  of us ing  the  

equat ion 

where- t h e  f S r s t  term represents 'the o v e r a l l  res is tance t o  mass t rans fe r  

between t h e  two phases, and the  second and t h i r d  terms represent  t h e  

i n d i v i d u a l  res is tances i n .  t h e  stagnant f i l m s  on e i t h e r  s ide  o f  t h e  i n t e r -  

face. They found good agreement between t h e i r  data and Equation (2) .  

They a l s o  observed t h a t  t he  a d d i t i o n  o f  a  sur face-ac t ive  agent t o  t h e  

l i q u i d - l i q u i d  i n t e r f a c e  had l i t t l e ,  i f  any, e f f e c t  on the  mass t r a n s f e r  

r a t e .  The r e s u l t s  obta ined i n  t h e i r  study l e d  them t o  conclude t h a t  

t h e  i n d i v i d u a l  mass t r a n s f e r  c o e f f i c i e n t s  depend on the  molecular d i f f u -  

s i v i t y  r a i s e d  t o  t h e  one-hal f  power. 

McManamey ( 7 )  c o r r e l a t e d  both h i s  data and Lewis' data by. t he  

expression 

which i s  s i m i l a r  t o  Lewis '  c o r r e l a t i o n  bu t ' i nc ludes  t h e  Schmidt number. 

The i n d i c a t e d  dependence o f  t h e  mass t r a n s f e r  c o e f f i c i e n t  on the  molecular  

d i f f u s i v i t y  i s  0.37, which l i e s  between the  zero dependence maintained 

by Lewis (corresponding t o  t u r b u l e n t  mix ing)  and the  exponent o f  one-hal f  



assumed by Gordon and Sherwood (which corresponds t o  pure molecular  

d i f f u s i o n ) .  

Mayers (8) developed 'an improved c o r r e l a t i o n  on the  basis  o f  Lewis'  

data and confirmed i t  by a d d i t i o n a l  experimental  data w i t h  new systems, 

The r e s u l t i n g  c o r r e l a t i o n  was ' 

Mayers found t h a t  t h e  dependence o f  t he  f i l m  mass t r a n s f e r  c o e f f i c i e n t  

on the  molecular d i f f u s i v i  t y  was one-s ix th,  p l a c i n g  the  process between 

t u r b u l e n t  mix ing  and molecular  d i f f u s i o n .  

Olander and Benedict (9) ,  who s tud ied  the  t r a n s f e r  o f  water i n t o  

mix tures  o f  t r i b u t y l  phosphate (TBP) and - n-hexane, found t h a t  t he  

indiv idual -phase mass t r a n s f e r  c o e f f i c i e n t  f o r  t h i s  system was c o r r e l a t e d  

w e l l  by the  r e l a t i o n  

These authors observed t h a t ,  below a  c e r t a i n  t r a n s i t i o n  speed (which was 

d i f f e r e n t  f o r  each so l  vent) ,  t he  mass t r a n s f e r  c o e f f i c i e n t  was propor- 

t i o n a l  t o .  the  a g i t a t o r  speed t o  the  0.67 power. A t  h igher  speeds, the  

exponent on the  a g i t a t o r  speed changed a b r u p t l y  t o  1.7. This  phenomenon 

i s  be l ieved t o  a r i s e  from a  change i n  the  f l o w  regime i n  t h e  v i c i n i t y  o f  

the  i n t e r f a c e .  They a l so  concluded t h a t  t h i s  change was n o t  necessar i l y  

connected w i t h  marked v i s u a l  r i p p l i n g  o f  the  i n t e r f a c e .  



01 ander (1  0) presented a  t h e o r e t i c a l  model f o r  p r e d i c t i n g  mass 

t r a n s f e r  ra tes  i n  a  s t i r r e d  contactor .  I n  t h e  model he developed, each 

phase was d i v i d e d  i n t o  two pa r t s :  t h e  core reg ion (Region I ) ,  which 

conta ined the  l i q u i d  i n  t h e  volume swept ou t  by the  s t i r r e r ;  and an 

annular  reg ion (Region 11) between the  core and the  vessel wa l ls .  The 

expressions Olander developed f o r  t he  mass t r a n s f e r  c o e f f i c i e n t  i n  each 

reg  i on were 
- 

3 2/3 1  /2 kc - (9 )li3 (1 - f~ ( )  (asC)-213 ; Region I: - - - 
v 20 " (1 - f c 2 )  

and 

ka - ("13) 1  /3 (AC/AT1 'I3 (; ji2 Region 11: - - - (N&) -2/3 
1  /3 v ( (1 - AC/AT ) . (7) 

Good agreement was obta ined w i t h  Equations (6) and (7) by Loosemore and 

Prosser ( l l ) ,  who used a  c e l l  which subs t i t u ted  a  r o t a t i n g  d i s k  above 

t h e  i n t e r f a c e  ins tead  o f  s t i r r e r  bars. To t e s t  t h e  v a l i d i t y  o f  Equations 

(6) and (7)  separate ly ,  po r t i ons  o f  t he  i n t e r f a c e  were obstructed t o  

prevent  mass t r a n s f e r .  

McManamey e t  a l .  (12) measured the  i n f l uence  o f  molecular d i f f u s i o n  

on mass t r a n s f e r  r a t e s  i n  a  s t i r r e d  contactor .  The systems s tud ied were 

hel ium and isobutane t r a n s f e r r i n g  from water t o  to luene and from water 

t o  Dekal in, respec t i ve l y .  The i r  r e s u l t s  i n d i c a t e  t h a t  t h e  mass t r a n s f e r  

c o e f f i c i e n t  i s  p ropor t i ona l  t o  the  molecular d i f f u s i o n  c o e f f i c i e n t  r a i s e d  

t o  the  one-half  power. A  t h e o r e t i c a l  model was proposed, based on the  

concept t h a t  t he  t o t a l  f l u c t u a t i o n  v e l o c i t y  i n  the  plane o f  t he  l i q u i d -  

l i q u i d  i n t e r f a c e  i s  increased when the  t u r b u l e n t  f l u c t u a t i o n s  i n  both 
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phases are synchronized (leading to faster mass transfer) and on the 

assumption that the approach of an eddy to the interface is restrained 

by interfacial tension and gravitational forces. The expression obtained 

[which is derived elsewhere (13) in dimensional form] is 

In a later study, McManamey et al. (14) confirmed that the mass 

transfer coefficient in turbulent liquid-liquid systems is proportional 

to the one-half power of the molecular diffusion coefficient. This work 

represents an improvement over the previous effort (12), where the equi- 

librium distribution coefficients were incorrectly measured. 

Bul icka and Prochazka (15) developed the following model for turbu- 

lent mass transfer in liquid-liquid contactors: 

where Y is a factor which accounts for the effects of turbulence in one 

phase (phase 2) on mass transfer rates in the other phase (phase 1). 

Equation (9) was developed on the basis that surface renewal occurs by 

turbulent disturbances and unsteady mass transfer takes place by molecular 

diffusion into the elementary vortices. 

It is apparent that a great deal of research has been performed with 

nondispersing contactors to elucidate the basic mechanisms of mass 



t r a n s f e r ' w h i c h  can be expected t o  occur. Very l i t t l e  in format ion  i s  

ava i l ab le ,  however, concerning mass t r a n s f e r  occur r ing  between f l u i d s  

w i t h  w ide ly  va ry ing  phys ica l  p roper t i es  such as the  f l u i d s  used i n  the  

processes c i t e d  e a r l i e r .  Data are a l so  l ack ing  on the  v a r i a t i o n  o f  mass 

t r a n s f e r  c o e f f i c i e n t  w i t h  parameters such as a g i t a t o r  diameter, phase 

volumes, and c e l l  s ize ,  which are important  i n  scale-up operat ions. This 

research e f f o r t  was t h e r e f o r e  d i r e c t e d  toward measuring mass t r a n s f e r  

r a t e s  as  a f u n c t i o n  o f  f l u i d  physical  properties and the  c e l l  yeo~r~etr~y 

parameters t h a t  have n o t  been s tud ied prev ious ly .  



CHAPTER I 1 1  

THEORY OF POLAROGRAPHY 

A polarographic method f o r  measuring mass t r a n s f e r  r a t e s  was adapted 

t o  the  nondispersing contactor  system. This method has several des i rab le  

c h a r a c t e r i s t i c s ,  t he  foremost o f  which i s  t h a t  t he  l o c a t i o n  o f  t h e  measured 

mass t r a n s f e r  res is tance i s  known. The technique i s  a l so  very r a p i d  and 

permi ts  a c q u i s i t i o n  o f  a  l a r g e  amount o f  data i n  the  same pe r iod  of t ime 

t h a t  would be requ i red  to .pe r fo rm one t e s t  us ing  the  mutual s o l u b i l i t y  

technique. 

The polarographic technique f o r  determining aqueous-phase mass t rans-  

f e r  c o e f f i c i e n t s  invo lves  ox ida t ion  of a  reduced species o r  reduct ion  o f  

an ox id ized species a t  an e lectrode,  which i s  a t  a  cond i t i on  o f  concentra- 

t i o n  p o l a r i z a t i o n .  Concentrat ion p o l a r i z a t i o n  i s  noted when the  concen- 

t r a t i o n  o f  the  r e a c t i n g  species decreases from the  bu lk  s o l u t i o n  value t o  

e s s e n t i a l l y  zero across a  t h i n  stagnant l a y e r  near the  e lec t rode surface. 

One system t h a t  has been s tud ied prev ious ly .  (16) i s  t h e  reduct ion  o f  

f e r r i c y a n i d e  ions a t  a  .po la r i zed  n i c k e l  e lectrode.  As fe r r i cyan ide  was 

reduced a t  t he  cathode, ferrocyanide was ox id i zed  a t  t he  anode. There was 

no n e t  consumption o f  chemicals o r  change i n  the  composition o f  t he  e lec-  

t r o l y t e  so lu t i on .  

P o l a r i z a t i o n  o f  the  cathode can be accomplished i n  one o f  two ways-- 
& 

e i t h e r  the  cathode sur face area i s  made very l a rge  w i t h  respect  t o  the  

anode sur face area, o r  t he  concentrat ion o f  t he  ox id ized species i s  made 

very small w i t h  respect  t o  the  reduced species. 

The m ig ra t i on  o f  an i o n  i n  both e l e c t r i c  and concentrat ion f i e l d s  i s  

described by the  Nernst-Planck equation 
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ZCF Q = &(vC + va) , 

where 

2 Q = flux of the ion, kg-moles/m -sec, 

2 9 = diffusion coefficient, m /sec, 

3 C = concentration of reacting ion, kg-moles/m , 

Z = valence change of the transferring ion, equiv/kg-mole, 

F = Faraday .constant, coul/kg-mole, 

R = gas constant, joules/kg-mole-K, 

T = absolute temperature, K, 

a = electric potential, V. 

The f.irst and second terms in the expression represent the cnnt r ih~ ! t ion  

of ordinary diffusion to the flux and the contribution of electromigration, 

respectively. A 1 arge concentration (re1 ative to that of the reacting 

ion) of an inert electrolyte a1 ters the dielectric properties of the solu- 

tion such that the potential will decrease smoothly across the region 

between the electrodes, while the concentration drops sharply across 'the 

thin -polarized layer near the cathode. Thus, the term containing the 

electric potential becomes relatively small, and 

The current flowing between the electrodes is therefore a measure of mass 

transfer rates'governed by ordinary molecular diffusion. For this 

reason, it is sometimes called the "diffusion current." 

The total molar flow rate of ions to the interface is given by the 

product of ,the concentration driving force, the mass transfer coefficient, 



and the  i n t e r f a c i a l  area a v a i l a b l e  f o r  mass t rans fe r :  

where 

J = mol,ar f l o w  r a t e  o f  ions, 

k  = f i l m  mass t r a n s f e r  c o e f f i c i e n t ,  

A = i n t e r f a c i a l  area, 

CB = bu lk  concentrat ion o f  ions, and 

Ci = i n t e r f a c i a l  concentrat ions o f  ions. 

Rearranging y i e l d s  

bu t  

and Ci = 0 since t h e  i n t e r f a c e  i s  the  po la r i zed  e lectrode;  there fore ,  

Equat 1 on (1 3)  becorr~es 

This r e l a t e s  the  exper imental ly  ob ta inab le  q u a n t i t i e s  I, A, and CB t o  

the  mass t r a n s f e r  c o e f f i c i e n t  through the  e l e c t r o l y t e  f i l m .  



CHAPTER I V  

APPARATUS AND PROCEDURE 

Apparatus f o r  Mass Transfer  C o e f f i c i e n t  Measurements 

A  schematic diagram o f  the  experimental apparatus i s  shown i n  Figure 

2. The con tac to r  vessels a re  P lex ig las  boxes o f  square cross sect ion,  

w i t h  a  depth/width r a t i o  o f  2. The a g i t a t o r s  are f l a t  four-bladed t u r -  

b ines w i t h  one t u r b i n e  centered i n  each phase. The anodes f o r  each c e l l  

a re  made from 1.6-rmn-thick brass-sheet  formed t o  f i t  the  inner  per imeter  

o f  t h e  c e l l  and suspended i n  the  aqueous phase. The anodes are  p l a t e d  

w i t h  go ld  o r  S i l v e r  t o  r e s i s t  chemical a t tack  by the  aqueous so lu t i on .  

The p o t e n t i a l  . o f  t h e  mercury sur face r e l a t i v e  t o  a saturated calomel 

e lec t rode  (SCE) suspended i n  the  aqueous phase i s  c o n t r o l l e d  wh i l e  cu r ren t  

i s  passed between t h e  anode-and the  cathode. A p o t e n t i o s t a t  capable o f  

au tomat i ca l l y  va ry ing  t h e  impressed vo l tage between l i m i t s  o f  +2 V (SCE) 

and -2 V (SCE) a t  r a t e s  up t o  1  V/min i s  used. The cu r ren t  through the  

c e l l  i s  p l o t t e d  versus the  mercury surface p o t e n t i a l  on a  Hewlett-  

Packard X-Y  p l o t t e r .  

Procedure f o r  Mass Transfer  C o e f f i c i e n t  Measurements 

- The composit ion o f  t he  aqueous phase f o r  t he  runs made i n  t h i s  study 

ranged f rom 0.01 t o  0.05 - M hydroquinone and from 0.0002 t o  0.001 - M 

quinone, i n  a  0.2 - M phosphate b u f f e r  s o l u t i o n  w i t h  a  pH o f  7.0. The 

mercury used f o r  t h e  heavy phase was obta ined from the  Ana ly t i ca l  Chemistry 

D i v i s i o n  a t  ORNL. 

The c e l l  was f i l l e d  w i t h  an appropr ia te  volume o f  each phase, and 

t h e  tu rb ines  were pos i t i oned  a t  the  midpo in t  o f  each phase. The aqueous 
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F igure 2. Schematic Diagram o f  Equipment Used f o r  Measuring Mass 
Transfer  C o e f f i c i e n t s  i n  the  S t i r r e d  Aqueous-Mercury C e l l .  



phase was subsequently sparged with argon to  remove dissolved a i r .  A 

small bleed of argon was maintained through the vapor space above the 

e lec t ro ly te  during each experiment to  prevent introduction of oxygen. 

The agi ta tor  drive was then s tar ted and adjusted to  the desired speed. 

The voltage between the mercury and the '  SCE was changed from 0 t o  -1.4 

V ,  and the ce l l  current and voltage were automatically recorded on the 

X-Y p lo t te r  by the potentiostat .  A t  t h i s  point, the agi ta tor  speed was 

adjusted to  another value,and the procedure was repeated until a s a t i s -  

factory range of ag i ta tor  speeds had been investigated. The en t i r e  

sequence of steps was performed under photographic-safe l igh ts  t o  prevent 

deterioration of the electrolyte  due t o  exposure t o  ul t raviolet  radiation. 

A typical current-voi tage recording i s  shown i n  Figure  3.  The cel l  

current i s  recorded over the range of 0 t o  -1.4 V versus SCE a t  different  

ag i ta tor  speeds. A t .  each speed, the cel l  current r i s e s  with increasing 

voltage a t  low voltages b u t  reaches a constant value a t  higher voltages. 

This constant-current plateau i s  the diffusion-limited current of in te res t ,  

which i s  due to  the reversible reduction of quinone a t  the mercury surface 

represented by 

The diffusion current actually osc i l la tes  about an average value because 

of turbulent fluctuation a t  the interface. This value, which can be 

obtained from the recordings, i s  the basis fo r  determination of the mass 

t ransfer  coefficient using Equation (1 5) .  
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MERCURY SURFACE POTENTIAL, V vs  SCE 

Figure 3. Typical Current-Voltage Recording for Measurement of 
Mass Transfer Coefficients in the Aqueous-Mercury Cell. 



Apparatus and Procedure f o r  Measuring Quinone Diffusion Coefficients, 

, M e a s u r e m e n t o f t h e d i f f u s i o n c o e f f i c i e n t o f q u i n o n e i n t h e e l e c t r o l y t e  

medium was desirable i n  order to  f a c i l i t a t e  correlation of the mass trans- 

f e r  coeff ic ient  data. A d.m.e. apparatus provided by the ORNL Analytical 

Chemistry Division was used for  th i s  purpose. This apparatus has been 

described in de ta i l  by Kol thoff and Lingane (1 7). 

The d.m.e. was calibrated by preparing a standard solution of known 

concentrations of both quinone and hydroquinone i n  a phosphate buffer. 

The aqueous viscosity was varied by the addition of sucrose. Composite 

cathodic-anodic. waves were then measured with the standard solutions and 

w i t h  d i lut ions of the standard solution w t t h  water. A typical cathodic- 

anodic wave, shown i n  Figure 4, i s  similar to' those presented in the 

1 i t e ra tu re  (17). The hydroquinone oxidation wave s t a r t s  a t  0.2 V versus 

SCE (abscissca of, Figure 3 )  and continues to  approximately 0.15 V versus 

SCE. In th i s  region, . the current (ordinate of Figure 4) i s  1 imited by the 

diffusion rate  of hydroquinone to  the mercury surface where i t  i s  oxi- 

dized to  quinone. The curve then increases rapidly to  a second region 

where the current increases only s l  ightiy with increasing potential. In 

t h i s  region (c 0.0 t o  -0.4 versus SCE), the current i s  limited by the 

r a t e  of diffusion of quinone to  the mercury surface where i t  i s  reduced 

t o  hydroquinone. The d i  ffusion-1 imi ted current i s  determined graphical ly 

by the intersection of a tangent l ine  through the zero-current portion of 

the wave and tangent l ines  through each of the diffusion-limited plateaus. 

The intersection points are labeled A'and B in Figure 4. The distance 

from zero on the abscissa to  point A corresponds to  the diffusion current 
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Figure 4. Composite Oxidation-Reduction Wave of 0.001 M Quinone 
and Hydroquinone in 0.001 - M Phosphate Buffer (pH = 7) at the-~ropping 
Mercury El ectrode. 
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of quinone, while the distance from point B to zero on the abscissa 

represents the diffusion current of hydroquinone. 

The measured diffusion current, the quinone bul k concentration, and 

several apparatus parameters were used to calculate the quinone diffusion 

coefficient via the following semiempirical equation (18): 

where 

I. = current averaged over the lifetime of a mercury drop, mA; 

B = number of Faradays of electricity required per mnle nf 

electrode reaction; 

2 9 = diffusion coefficient, cm /sec; 

C = b u l k  concentration of diffusing species, millimoles/liter; 

,M = .  mercury .flow rate, mg/sec; 

t = mercury drop time, sec. 

Equation (17) was used to determine the diffusion coefficient of quinone 

in each combination of aqueous quinone and sucrose concentrations. 



CHAPTER V 

EXPERIMENTAL DATA 

The experimental data can be divided into three groups: the aqueous 

film mass transfer coefficients measured as a function of the system vari- 

ables, the quinone diffusion coefficient measured as a function of the 

aqueous-phase physical properties, and measurement of the aqueous-phase 

viscosity and density. These data are presented in the following three 

sections. 

Mass Transfer Coefficient for the Electrolyte Film 

A summary of the range of experimental parameters is presented in 

Table 1. Three cells, with base dimensions of 0.102, 0.203, and 0.305 

m, respectively, were used. Three to five different agitator diameters 

ranging from 0.038 to 0.280 m were tested for each cell size. Two or 

3 three phase volumes varying between 0.0007 and 0.018 m were tested for 

each combination of cell size and agitator diameter. Three different 

aqueous-phase sucrose concentrations, 0, 34, and 45 wt %, were investi- 

gated for each combination of cell size, agitator diameter, and phase 

volume. Final ly, for each set of experimental parameters "I isted above, 

mass transfer coefficients were measured over the range of agitator 

speeds listed in Table 1. 

The mass transfer coefficients measured as a function of agitator 

rotational speed are shown in Figures 5 through 23. Figures 24 through 

29 show the variation of the mass transfer coefficient with various 

system parameters held constant. Figure 30 illustrates the effect of 

agitating each phase independently on the mass transfer coefficient. 



Tab1 e 1 . Summary of Experimental Parameters f o r  Measurement 
of Aqueous- Phase Mass Transfer  Coeff icients  

Aqueous- Phase Range. of  
Cel l  S i z e  Ag i t a to r  Diameter Phase Volumes Sucrose Concentration Ag i t a to r  Speeds 

(m x m) (m) (m3 (wt %) ( r p s )  
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LOG, AGITATOR SPEED , rps 

Figure 5. Mass Transfer Coefficient Versus Agitator Speed for Runs 
15 and 16. 
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Figure  6 .  Mass Transfer  C o e f f i c i e n t  Versus A g i t a t o r  Speed f o r  Runs 
17 and 18. 
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Figure 7. Mass Transfer Coefficient Versus Agitator Speed for Runs 
8, 7, and 6. 
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Figure 8. Mass Transfer Coefficient Versus Agitator Speed for Runs 
9, 10, and 11. 
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Figure  9 .  Mass Trans fer  Coe f f i c i en t  versus A g i t a t o r  Speed f o r  Runs 
12,. 13, and 14. 
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LOG, AGITATOR SPEED , rps 

Figure 10. Mass Transfer  C o e f f i c i e n t  Versus A g i t a t o r  Speed f o r  Runs 
19, 98, 97, 21, and 22. 





ORN L-DWG 78-4962R 

PB19POUlYe o . ~ =  
- 4 . 1  "ammmman n . o - w x  

9yyBm. Agi tator  
maul- 0 ----------.  30 

* .4 - - - .- ..r . -, 
- 0 . 5  - 0 . 4  - 0 . 3  4 . 2  - 0 . 1  0 . 0  0 . 1  0 . 2  0 . 3  0 . 4  0 . 5  

LOG, AGITATOR SPEED , rps 

Figure 12. Mass Transfer Coefficient Versus Agitator Speed for 
Runs 38, 39, 40, and 41. 
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LOG, AGITATOR SPEED , rps 

Figure  13. Mass Trans fer  C o e f f i c i e n t  Versus A g i t a t o r  Speed f o r  
Runs 46, 43, and 42. 

. . 
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Figure 14. Mass Transfer Coefficient Versus Agitator Speed for Runs 
60, 57, and 56. I 
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Figure 15. Mass Transfer Coe f f i c ien t  Versus Ag i ta to r  Speed f o r  
Runs 70, 67, and 66. 
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Figure  16. Mass Trans fer  C o e f f i c i e n t  Versus A g i t a t o r  Speed f o r  
Runs 80, 77, and 76. 
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Figure 17. Mass Transfer Coefficient Versus Agitator Speed for 
Runs 90, 87,. and 86. 



ORN L-DWG 78-4969R 

-6.~,i------ I 1 I I I I "-7 - r--.-..i 
- 0 . 5 - 0 . 4  -0.3 - 0 . 2  - 0 . 1  0 . 0  0 . 1  0 . 2  0 . 3  0 . 4  0 . 5  0 . 6  

LOGrn AGITATOR SPEED , rps 

~i$ure 18. Mass Transfer Coefficient Versus Agitator Speed for 
Runs 54, 53, and 52. 
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Figure 19. Mass ,Transfer Coefficient Versus Agitator Speed for 
Runs 55, 51 , 48, and 47. 
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Figure 2.0. Mass Transfer Coefficient Versus Agitator Speed for 
Runs 65, 6 2 ,  and 61. 
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Figure 21.  Mass Transfer  C o e f f i c i e n t  Versus A g i t a t o r  Speed for 
Runs 75,  72, and 71. 
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Figure  22. Mass Trans fer  c o e f f i c i e n t  Versus ~ g i t a t o r  Speed f o r  
Runs 85, 82, and 81.. 
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Figure 23. Mass Transfer Coefficient Versus Agitator Speed for 
Runs 95, 92, and 91. 
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F igure  24. Mass' Transfer  C o e f f i c i e n t  Versus A g i t a t o r  Speed f o r  
Runs 7, 10, and 13. 
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CELL SIZE 2 0 3 - m m  
AGITATOR DIAMETER 140-mm 
SUCROSE CONCENTRATION 3 4 . 0 - W T  % 

0 - RUN= 5 7  0.0030-m3 PHASE VOLUME 
0- R U N =  6 7  0 .0070-m3 PHASE VOLUME 

LOGlo AGITATOR SPEED, rps 

Figure  25. Mass Trans fer  C o e f f i c i e n t  Versus A g i t a t o r  Speed f o r  
Runs 57 and 67. 
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Figure  26. Mass Trans fer  C o e f f i c i e n t  Versus A g i t a t o r  Speed f o r  
Runs 62 and 72. 
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F igure 27. Mass Transfer  C o e f f i c i e n t  Versus A g i t a t o r  Speed for 
Runs 30, 38, 39, and 54. , 
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Figure  28. Mass Trans fer  C o e f f i c i e n t  Versus A g i t a t o r  Speed f o r  
Runs 7, 57, and 62. 
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F igu re  29. Mass T rans fe r  C o e f f i c i e n t  Versus A g i t a t o r  Speed f o r  
Runs 21, 77, and 82. 
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Figure  30. E f f e c t  o f  Se lec t i ve  Phase A g i t a t i o n  on Mass Trans fer  
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The data obtained w i t h  an aqueous-phase sucrose concentrat ion o f  0.0 

w t  % a re  p l o t t e d  i n  Figures 5 through 11. Figures 5 and 6 are f o r  the 

100-nun c e l l ,  Figures 6 through 9 f o r  the  200-mm c e l l ,  and Figures 10 

and 11 f o r  t he  300-mm c e l l .  Each p l o t  g ives the  measured mass t r a n s f e r  

c o e f f i c i e n t  as a f u n c t i o n  o f  t he  a g i t a t o r  speed on log - log  coordinates. 

One f i g u r e  i s  presented f o r  each d i f f e r e n t  phase volume, and separate 

curves are  shown f o r  the  var ious a g i t a t o r  diameters tested. 

The data obta ined w i t h  an aqueous sucrose concentrat ion o f  34 w t  % 

a re  presented i n  Figures 12 and 13, 14 and 15, and 16 and 17 f o r  t he  

loo-, 200-, and 300-mm c e l l s ,  respec t i ve l y .  As w i t h  the  0.0 w t  % sucrose 

data, a separate ' f i g u r e  i s  given f o r  each phase volume; separate curves 

are  shown f o r  each o f  t he  a g i t a t o r  diameters tested.  

Figures 18 throug'h 23 summarize the  mass t r a n s f e r  data measured 

w i t h  the  45 w t  % sucrose e l e c t r o l y t e .  The same format i s  used i n  these 

f i g u r e s  as was used w i t h  t h e  0.0 and 34 w t  % sucrose data. Figures 18 

and 19, 20 and 21, and 22 and 23 are  f o r  t he  loo-,  ZOO-, and 300-mm 

c e l l s ,  respec t i ve l y .  One f i g u r e  i s  presented f o r  each phase volume 

tested, and separate curves are  inc luded f o r  each a g i t a t o r  diameter 

tested.  

The v a r i a t i o n  o f  mass t r a n s f e r  c o e f f i c i e n t  w i t h  a g i t a t o r  speed and 

phase volume i s  shown i n  Figures 24 through 26. These data were measured 

i n  the  200-mm c e l l  w i t h  the  140-nun-diam a g i t a t o r .  F igure 24 presents the  

data measured w i t h  an aqueous-phase sucrose concentrat ion o f  0.0 w t  %. 

Figures 25 and 26 show the  data measured w i t h  aqueous-phase sucrose con- 

cen t ra t i ons  o f 3 4  and 45 w t  %, r espec t i ve l y .  



The measured mass t rans fe r  c o e f f i c i e n t s  are  p l o t t e d  as a func t i on  o f  

a g i t a t o r  speed and aqueous-phase sucrose concentrat ion i n  Figures 27 

through 29. F igure  27 i s  f o r  the  100-mm c e l l  w i t h  a phase volume o f  

3 0.0007 m and t h e  38-mm-diam a g i t a t o r .  One curve i s  shown f o r  each 

sucrose concen$rat i  on (0.0, 34, and 45 w t  % sucrose). F igure 28 shows 

3 data  measured i n  t h e  200-mm c e l l  w i t h  a phase volume o f  0.0030 m and 

t h e  140-mm-d?am a g i t a t o r ;  a separate curve i s  presented f o r  each sucrose 

concentrat ion.  . Data measured i n  the  3 0 0 - k  c e l l  w i t h  a 0.0090-m3 phase 

.volume, 240-mm-diam a g i t a t o r s ,  and sucrose concentrat ions o f  0.0, 34, . 

and 45 w t  % sucrose a re  p l o t t e d  i n  F igure 29. 

.The data g iven i n  F igure  30 show,the r e l a t i v e  e f f e c t  o f  a g i t a t i o n .  

i n  each phase on t h e  mass t r a n s f e r  c o e f f i c i e n t  as compared w i t h  s imul-  

taneous a g i t a t i o n  o f  both phases. These data were measured i n  the  300- 

3 mm c e l l  w i t h  190-mm-diam a g i t a t o r s  and 0.018-m phase volumes. 

A complete t a b u l a t i o n  o f  the  data obta ined i n  t h i s  study i s  inc luded 

i n  Appendix A. 

Quinone D i f f u s i o n  C o e f f i c i e n t  

The d i f f u s i o n  c o e f f i c i e n t  o f  quinone through the  aqueous e l e c t r o l y t e  

s o l u t i o n  was measured as a func t i on  o f  t he  aqueous-phase sucrose concen- 

t r a t i o n  us ing  t h e  d.m.e. apparatus discussed i n  Chapter I V .  The r e s u l t s  

o f  these measurements are  1 i s t e d  i n  Table 2. The data t h a t  were obta ined 

w i t h  the  d.m.e. apparatus and were used t o  c a l c u l a t e  t h e  d i f f u s i o n  coef-  

f i c i e n t s  l i s t e d  i n  Table 2 a re  tabu la ted i n  Appendix B. 



Table 2. Quinone Diffusion Coefficient Measured as a 
Function of Aqueous-Phase Sucrose Concentration 

Aqueous Sucrose 
Concentration 

(wt %) 

Quinone Diffusion 
Coefficient 

(mmz/sec x 104) 

Physical Properties of the Electrolyte Solution 

The physical properties of the electrolyte solution necessary to 

perform the diffusion coefficient calculations and the correlation of 

the mass transfer data were measured concurrent with the diffusion coef- 

ficient. Both the viscosity and the density of the electrolyte were 

determined as a function of sucrose concentration. The viscosity was 

measured with a Brookfield Viscometer, while the density was measured 

with a standard glass laboratory hydrometer. The results of these 

measurements and the calculated aqueous-phase Schmidt numbers are 

listed in Table 3. 

Table 3. Physical Properties of the Electrolyte Solution 

Sucrose Solution Sol ution Aqueous 
Concentration Viscosity Density Schmidt 

(wt %) (cp) (g/cm3 Number 



CHAPTER V I  

DISCUSSION OF EXPERIMENTAL DATA 

E f f e c t s  o f  A g i t a t o r  Speed and A g i t a t o r  Diameter on the  Mass Trans fer  
C o e f f i c i e n t  

The ef fects o f  t h e  a g i t a t o r  speed and a g i t a t o r  diameter on t h e  mass 

t r a n s f e r  c o e f f i c i e n t  a r e  shown i n  Figures 5 through 23 (pages 23-41). I n  

each f igure ,  t h e  l o g a r i t h m  o f  t he  measured mass t r a n s f e r  c o e f f i c i e n t  i s  

p l o t t e d  versus the  l o g a r i t h m  of the  a g i t a t o r  speed f o r  constant  values o f  

c e l l  s i ze ,  phase volume, and sucrose concentrat ion.  A  separate curve i s  

presented f o r  each a g i t a t o r  diameter tested.  Ac shown i n  F igurcs 5 through 

23, t he  mass t r a n s f e r  c o e f f i c i e n t  increased s i g n i f i c a n t l y  w i t h  increas ing  

B g l t a t o r  diameter a t  a  f i x e d  a g i t a t o r  speed. It i s  a l s o  apparent t h a t  

t h e  increase i n  mass t r a n s f e r  c o e f f i c i e n t  w i t h  i nc reas ing  a g i t a t o r  diam- 

e t e r  (ak/ad) increases as the  a g i t a t o r  speed i s  ra ised.  For a  constant 

diameter,  the curve o f  mass t rans fe r  c o e f f i c i e n t  versus a g i t a t o r  speed 

i s  non l i nea r  f o r  smal l  a g i t a t o r s  b u t  tends t o  approach 1  i n e a r i  t y  w i t h  

i nc reas ing  a g i t a t o r  diameter.  For t he  smal l  a g i t a t o r s ,  t h i s  curve 

appears t o  be l i n e a r  i n  t he  low a g i t a t o r  speed range b u t  a b r u p t l y  

changes s lope a t  a  g iven a g i t a t o r  speed. The a g i t a t o r  speed a t  which 

t h e  s lope changes decreases w i t h  increas ing  a g i t a t o r  diameter. Olander 

and Benedict (9 )  repo r ted  the  same s lope t r a n s i t i o n  w h i l e  i n v e s t i g a t i n g  

aqueous-organic systems and a t t r i b u t e s  i t  t o  a  change o f  f l ow  regime a t  

the  l i q u i d - 1  i q u i d  i n t e r f a c e .  Furthermore, the change i n  f l ow  regime i s  

n o t  necessa r i l y  accompanied by marked v i s u a l  r i p p l i n g  o f  t he  l i q u i d -  

l i q u i d  i n t e r f a c e  (which one would qua1 i t a t i v e l y  assoc ia te  w i t h  i n t e r f a c i a l  

tu rbu lence) .  
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Ef fect  o f  Phase Volume on the  Mass Transfer  C o e f f i c i e n t  

The e f f e c t  o f  phase volume on the  measured mass t r a n s f e r  c o e f f i c i e n t  

i s  shown i n  Figures 24 through 26 (pages 42-44) f o r  t he  203-mm c e l l .  These 

r e s u l t s  a re  s i m i l a r  t o  those obta ined w i t h  t h e  102- and 305-m c e l l s .  

The sucrose concentrat ions f o r  the  data shown i n  Figures 24, 25, 

and 26 are  0.0, 34.0, and 45.0 w t  %, r espec t i ve l y .  The a g i t a t o r  diam- 

e t e r  i s  140 mm i n  each case; t he  phase volumes range from 0.003 t o  0.007 

3 m . As shown i n  the  th ree  f i gu res ,  the  e f f e c t  o f  changing the  phase 

volume on the  measured mass t r a n s f e r  c o e f f i c i e n t  i s  s l i g h t .  Only w i t h  

a sucrose concent ra t ion  o f  45.0 w t  % was any change i n  mass t rans fe r  

c o e f f i c i e n t  detected w i t h  increased phase volume (see Figure 26, page 

44).  The mass t r a n s f e r  c o e f f i c i e n t s  measured w i t h  the  phase volume of 

3 3 0.003 m are  s l i g h t l y  g rea te r  than those measured w i t h  a 0.007-m phase 

volume. This  e f f e c t  can be expla ined by the  g rea te r  energy d i s s i p a t i o n  

per  u n i t  volume when smal ler  phase volumes and h ighes t  v i s c o s i t i e s  are  

used. 

E f f e c t  o f  Aqueous-Phase V i s c o s i t y  on t h e  Mass Trans fer  C o e f f i c i e n t  

The data  p l o t t e d  i n  Figures 27, 28, and 29 (pages 45-47) f o r  t he  

102-, 203-, and 305-mm c e l l s ,  respec t i ve l y ,  show t h e  e f f e c t  of the  aqueous- 

phase v i s c o s i t y  on t h e  measured mass t r a n s f e r  c o e f f i c i e n t .  Data f rom runs 

made w i t h  the  th ree  aqueous-phase sucrose concentrat ions,  0.0, 34.0, and 

45.0 w t  %, a re  p l o t t e d  i n  each f i g u r e .  The a g i t a t o r  diameter and phase 

volume were he ld  constant  du r ing  each s e t  o f  t h ree  runs. Increas ing  

t h e  sucrose concentrat ion,  o r  v i s c o s i t y ,  had a dramatic e f f e c t  on the  
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mass t r a n s f e r  c o e f f i c i e n t ;  f o r  example, inc reas ing  the  v i s c o s i t y  by a  

f a c t o r  o f  10 decreased t h e  mass t r a n s f e r  c o e f f i c i e n t  by a  f a c t o r  o f  

approximate ly  35, as shown i n  F igure 27 (page 45). 

The t r a n s i t i o n  (mentioned p rev ious l y )  t h a t  r e s u l t s  i n  a  change i n  

s lope i s  very  apparent f o r  t he  th ree  v i s c o s i t i e s  shown i n  F igure 27 f o r  

t h e  102-mm c e l l  w i t h  38-mm-diam a g i t a t o r s ;  however, w i t h  increased c e l l  

s i z e  and a g i t a t o r  d iameter  (Figures 28 and 29, pages 46 and 47), t h e  

s lope change becomes more gradual and f i n a l l y  disappears a l t o g e t h e r  For 

t h e  305-mm c e l l  w i t h  240-mm-diam a g i t a t o r s .  

E f f e c t  o f  Se lec t i ve  Phase A g i t a t i o n  on t h e  Mass -. Trans fer  ..-"-"--- CQe.fficient 

One o f  t h e  most i n t e r e s t i n g  t e s t s  performed i n  t h i s  s tudy was the  

de terminat ion  o f  t h e  r e l a t i v e  e f f e c t  o f  a g i t a t i o n  i n  each phase on t h e  

measured mass t r a n s f e r  c o e f f i c i e n t  i n  t h e  aqueous phase. 

The 305-mm c e l l  was used w i t h  190-mm-diam a g i t a t o r s  and 0.018-m 3 

phase volumes. F i r s t ,  t h e  mass t r a n s f e r  c o e f f i c i e n t  was measured as a  

f u n c t i o n  o f  a g i t a t o r  speed w i t h  an a g i t a t o r  i n  t h e  mercury phase o n l y  and 

i n  t h e  water phase on ly .  Next, a  t e s t  was performed w i t h  a g i t a t o r s  pos i -  

t i o n e d  i n  both phases. The r e s u l t s  from these t e s t s ,  shown i n  F igure  30 

(page 48), i n d i c a t e  t h a t  t h e  mass t r a n s f e r  c o e f f i c i e n t  i s  most a f f e c t e d  

by a g i t a t i o n  i n  the  water phase when t h e  a g i t a t o r  speed i s  low. How- 

ever, as t h e  a g i t a t o r  speed increases, a g i t a t i o n  i n  the  mercury begins 

t o  a f f e c t  t h e  (water-s ide)  mass t r a n s f e r  c o e f f i c i e n t  more s t r o n g l y  

than a g i t a t i o n  i n  t he  water phase alone. Moreover, the  mass t r a n s f e r  

c o e f f i c i e n t  r e s u l t i n g  from a g i t a t i o n  i n  both phases i s  n o t  a  simple 

a d d i t i v e  f u n c t i o n  o f  t h e  mass t r a n s f e r  c o e f f i c i e n t s  r e s u l t i n g  from 



a g i t a t i o n  i n  one phase only .  It i s  a lso  apparent t h a t  t he  mass t rans fe r  

c o e f f i c i e n t  r e s u l t i n g  from a g i t a t i o n  i n  the water phase alone i s  a l i n e a r  

funct ion o f  the  a g i t a t o r  speed i n  l oga r i t hm ic  coordinates, b u t  t he  mass 

t r a n s f e r  c o e f f i c i e n t  measured f o r  a g i t a t i o n  i n  the  mercury phase alone 

i s  n o t  a simple, l i n e a r  l oga r i t hm ic  f u n c t i o n  o f  t h e  a g i t a t o r  speed. The 

r e s u l t s ,  shown i n  F igure 30 (page 48), he lp  t o  p rov ide  a q u a l i t a t i v e  

explanat ion o f  t he  shape o f  t he  curves shown i n  Figures 5 through 29 

(pages 23-47); they  a l s o  a i d  i n  f o rmu la t i ng  an equat ion t o  c o r r e l a t e  a l l .  

o f  t he  mass t r a n s f e r  c o e f f i c i e n t  data measured. 

Comparison o f  Mass Trans fer  C o e f f i c i e n t  Data w i t h  L i t e r a t u r e  Values 

To add credence t o  the  mass t r a n s f e r  da ta  obta ined i n  t h i s  study, 

a comparison was made between the  experimental  r e s u l t s  f o r  t he  aqueous- 

mercury system and l i t e r a t u r e  values repor ted  f o r  aqueous-organic 

sys tems . 
Olander and Benedict (9) repo r ted  mass t r a n s f e r  c o e f f i c i e n t s  

measured i n  a 152-mm-diam unba f f l ed  c y l i n d r i c a l  c e l l  w i t h  0.001-m 3 

phase volumes and 76-mm-diam s t i r r e r  bars. The systems used i n  t h e i r  

s tudy inc luded t r a n s f e r  o f  i sobutano l  through water, t r a n s f e r  o f  water 

through 30 w t  % TBP i.n hexane , and t r a n s f e r  o f  water through i sobutanol . 
Un l ike  the  present  study, Olander and Benedict used a t r a n s i e n t  method 

i n  which one phase was so lub le  and p h y s i c a l l y  t r a n s f e r r e d  t o  t h e  o ther .  

The experimental cond i t ions  i n  t h i s  study most c l o s e l y  approxi -  

mating those o f  Olander and Benedict are t e s t s  made i n  the  102-mm c e l l  

3  us ing  0.0007-m phase vo l  umes , 89-mm-di am a g i t a t o r s  , and no sucrose. 



Figure  31 shows a comparison o f  t he  water-mercury da ta  w i t h  the  

aqueous-organic data. I n  t h i s  f igure ,  the  r e s u l t s  f o r  the  aqueous- 

o rgan ic  systems b racke t  those f o r  t h e  water-mercury system. As noted 

p rev ious l y ,  Olander and Benedict a l s o  repor ted  the  change i n  slope o f  

the  l oga r i t hm o f  t h e  mass t r a n s f e r  c o e f f i c i e n t  versus the  logar i thm o f  

t h e  a g i t a t o r  speed. 
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A - 89-mm-DIAM AGITATOR 

- 64-mm-DIAM AGITATOR 
X - 77-mm-DIAM AGITATOR (OLANDER 8 BENEDICT, 1962)  

ISOBUTANOL TRANSFERRING THROUGH H z 0  

rn - 77-mm-DIAM AGITATOR (OLANDER 8 BENEDICT, 1962) 
H 2 0  TRANSFERRING THROUGH 3 0 %  TBP-HEXANE 
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lo 
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Figure 31. Comparison o f  Aqueous-Mercury Mass Transfer  Data w i t h  
Aqpeous-Organic Mass Transfer  Data. 



CHAPTER V I I  

CORRELATION OF DATA 

Mass Transfer  Data 

The mass t r a n s f e r  data were found t o  be co r re la ted  we l l  by the  

equat ion 

where t h e  Sherwood number, NSh, which represents t h e  r a t i o  o f  convect ive 

t o  molecular mass t rans fe r  res is tance,  i s  given as a func t i on  o f  the  

Reynolds number, NRe, based on both t h e  aqueous and mercury phases and 

t h e  Schmidt number, NSc, based on aqueous-phase proper t ies .  

The numerical c o e f f i c i e n t s  i n  Equation (18) were ca l cu la ted  from t h e  

experimental da ta  repor ted  i n  Figures 5 through 23 (pages 23-41) a long 

w i t h  t h e  phys ica l  and t r a n s p o r t  p roper t i es  o f  t he  aqueous phaseSgiven i n  

Tables 2 and 3 (page 51). The I B M  370191 computer was used w i t h  the  s ta-  

t i s t i c a l  ana lys is  program SAS (19) t o  f i t  the data and t o  evaluate 

s t a t i s t i c a l l y  t h e  degree o f  f i t  o f  Equation (18) t o  the  data. F igure 32 

i s  a p a r i t y  p l o t  o f  t h e  exper imenta l ly  determined Sherwood number versus 

t h e  Sherwood number c a l c u l a t e d  from Equation (18). The c o r r e l a t i o n  coef-  

f i c i e n t  f o r  Equation (18) i s  0.98, which i s  de f ined as (20):  

C o r r e l a t i o n  - - 
c o e f f i c i e n t  n P n - (19) c (yi - i i12 B j  ('x (Xji - xj)(yi  - 7)) 

i = l  j = 1 i = l  
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Figure  32. Experimental Sherwood Number Versus Ca lcu la ted  Sherwood 
Number. 



where 

y = dependent va r iab le ,  

x = independent va r iab le ,  

6 = least-squares est imator ,  

p  = number o f  est imators,  

n  = number o f  data po in ts ,  and 

supersc r ip t s  - and A r e f e r  t o  mean value and pred ic ted value, respec t i ve l y .  

The c o r r e l a t i o n  c o e f f i c i e n t  est imates the  f r a c t i o n  of v a r i a t i o n  i n  the  

data t h a t  i s  accounted f o r  by the  co r re la t i on .  A p e r f e c t  c o r r e l a t i o n  

would have a  c o e f f i c i e n t  o f  1.0. The F - s t a t i s t i c  f o r  Equation (18) has 

a value o f  4750 and i s  defined as f n l  lnwz (20) : 

Th is  s t a t i s t f c  takes i n t o  account n o t  on l y  the  mean-squared dev ia t i on  o f  

t h e  data, bu t  a l s o  t h e  spread o r  range o f  t he  data and the  number o f  

parameters i n  t h e  model equation. The greater  the  range o f  t h e  data and 

t h e  fewer the  number o f  parameters i n  the  model, t h e  h igher  the  value o f  

t h e  F - s t a t i s t i c .  A p e r f e c t  c o r r e l a t i o n  would r e s u l t  i n  an F - s t a t i s t i c  

o f  i n f i n i t y .  

Discussion o f  C o r r e l a t i o n  

A t o t a l  o f  15 d i f f e r e n t  c o r r e l a t i n g  equations s i m i l a r  t o  Equation 

(18) were t r i e d  w i t h  var ious degrees o f  success. I n  the  development o f  
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Equation (18), one o f  t he  ob jec t i ves  was t o  f i n d  the  s imp les t  equat ion 

which would represent  t he  data accura te ly .  O f  the  equat ions tested,  the  

f i n a l  s e l e c t i o n  had both  the  h ighes t  c o r r e l a t i o n  c o e f f i c i e n t ,  0.98, and 

the  h ighes t  F-statistic, 4750, w i t h  the  number o f  parameters equal t o  o r  

l e s s  than those i n  t h e  o ther  models. The exponents o f  t he  aqueous-phase 

Reynolds and Schmidt numbers a re  a l s o  found t o  be q u i t e  reasonable, 

based on both s t a t i s t i c a l  ana lys i s  and comparison w i t h  s i m i l a r  l i t e r a t u r e  

values. 

The 95% conf idence i n t e r v a l  was ca l cu la ted  f o r  each constant  i n  

Equation (18), t o  g ive :  

The 95% .confidence i n t e r v a l  r e s u l t s  i n  about a 10% v a r i a t i o n  i n  each 

c o e f f i c i e n t  o the r  than the  i n t e r c e p t  term. The i n t e r c e p t  term has a 

r e l a t i v e l y  l a r g e  v a r i a t i o n  due t o  the  wide range over  which data were 

taken, A r e l a t i v e l y  l a r g e  change i n  t h e  i n t e r c e p t  term causes o n l y  a 

smal l  change i n  t h e  slope c o e f f i c i e n t s .  Based on the  95% conf idence 

i n t e r v a l ,  Equation (18) f i t s  the  data q u i t e  s a t i s f a c t o r i l y .  

The p a r i t y  p l o t  g i v e n , i n  F igure  32 shows q u a l i t a t i v e l y  how w e l l  

Equation (1 8)  p r e d i c t s  the  .experimental  l y  determined values o f  t he  

Sherwood number. A computer program which ca l cu la ted  t h e  mass t r a n s f e r  

c o e f f i c i e n t  us ing  Equation (1  8)  and appropr ia te  values o f  t h e  experimental  



parameters was prepared t o  evaluate f u r t h e r  the  u t i l i t y  o f  Equation (18) 

f o r  p r e d i c t i n g  i n d i v i d u a l  data po in ts .  Such comparisons can show trends 

i n  t h e  c o r r e l a t i o n  more e f f e c t i v e l y  than p a r i t y  p l o t s .  ' The r e s u l t s  o f  

, these c a l c u l a t i o n s  a re  i l l u s t r a t e d  g r a p h i c a l l y  i n  Figures 5 through 29 

(pages 23-47). A l l  of t h e  curves presented i n  these f i g u r e s  are calcu-  

l a t e d  from Equation (18).  

As expected i n  c o r r e l a t i o n s  o f  t h i s  type, Equation (18) does n o t  

f i t  every s e t  o f  data p e r f e c t l y ;  however, i t  does p r e d i c t  t he  general 

data t rends.  I n  none of t h e  cases s tud ied d i d  t h e  ca l cu la ted  curves 

vary  from the  data  by more than 40% (see run 75' i n  F igure 21 , page 39). 
. 

The terms i n  Equation (18) were a r r i v e d  a t  by observing the  data 

t rends as a  func t ion  of opera t ing  parameters, s tudying t h e  types o f  

c o r r e l a t i o n s  used p rev ious l y  f o r  s t i r r e d . c o n t a c t o r s ,  and i n t u i t i v e  

reasoning. O f  t h e  several  tested,  the  combination of dimension1 ess 

groups t h a t  worked best  i s  described below. The i n t e r c e p t  term [shown 

i n  brackets i n  Equation (18) ]  was a r r i v e d  a t  by inspect ion  o f  F igure 30 

(see page 48). The mass t r a n s f e r  coe f f i c i en t  measured when on ly  the  

mercury was a g i t a t e d  appeared t o  be an exponential  f unc t i on  o f  t h e  

a g i t a t o r  speed. The d imens ion1 .e~~  group t h a t  conta ins t h e  a g i t a t o r  

speed i s  t h e  Reynolds number based on a g i t a t o r  t i p  v e l o c i t y .  S i m i l a r l y ,  

by inspect ion  o f  F igure 30 (page 48), when o n l y  t h e  aqueous phase was 

ag i ta ted ,  t h e  mass t r a n s f e r  c o e f f i c i e n t  i s  a  l i n e a r  funct ion o f  the  

a g i t a t o r  speed. Again, t he  Reynolds number was used, t h i s  t ime based 

on t h e  aqueous-phase p roper t i es .  F i n a l l y ,  t he  importance o f  the  Schmidt 

number was suggested by work performed by several researchers (7, 8, 9, 
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10, 12, 15) who determined t h a t ,  i n  t u r b u l e n t  systems, the  mass t r a n s f e r  

coe f f i c i en t  i s  a l i n e a r  f u n c t i o n  o f  the  Schmidt number. 

McManamey e t  a l .  (12) determined conc lus i ve l y  t h a t  the  Schmidt 

number dependence o f  t he  Sherwood number was 0.5 by measuring the  

t r a n s f e r  r a t e s  o f  hel ium and to luene and o f  hel ium and butanol through 

water. The aqueous Reynolds number exponent o f  0.81 i s  t y p i c a l  o f  

forced convect ion mass t r a n s f e r  and i s  q u i t e  c lose  t o  the  exponent of 

0.75 repor ted  by Bul i c k a  and Prochazka (15). 

Equation (9 )  developed by Bu l icka  and Prochazka (15) i s  s i m i l a r  t o  

Equation (18) developed i n  t h i s  study. The on l y  s i g n i f i c a n t  d i f f e r e n c e  

between them 1 i e s  i n  t he  i n t e r c e p t  term. A p a r i t y  p l o t  (F igure  33) o f  

the  experimental Sherwood number versus the  Sherwood number p red i c ted  

by Equation (9)  was prepared t o  t e s t  Equation (9 )  w i t h  the  aqueous- 

mercury data. Equation (9)  overpred ic ts  t he  Sherwood number between 

values o f  100 and 4,000 and underpredic ts  i t  between values o f  4,000 

and 160,000. I t  i s  important  t o  no te  t h a t  the  data measured i n  t h i s  

study cover a range o f  Sherwood numbers f rom about 100 t o  about 160,000. 

Equation (9)  was determined f o r  data w i t h  Sherwood numbers rang ing  from 

on ly  500 t o  3,000. One, there fore ,  would nnt necessa r i l y  expect i t  t o  

prov ide  an accurate p r e d i c t i o n  o f  t he  Sherwood number f a r  ou ts ide  the  

range o f  data from which i t  was developed. 
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LOG,, SHERWOOD NUMBER, BULICKA 81 PROCHAZKA, I976 

Figure 33. Experimental Sherwood Number Versus Sherwood Number 
Calculated by Bu l i cka  and Prochazka. 



CHAPTER V I I I  

CONCLUSIONS AND RECOMMENDATIONS 

Concl us i ons 
I 

The o r i g i n a l  ob jec t i ves  o f  the  t h e s i s  were f u l f i l l e d :  (a )  t o  measure 

po la rog raph ica l l y  the mass t r a n s f e r  , rates o f  an e l e c t r o l y t e  through an 

aqueous f i  l m  i n  ag i ta ted ,  two-phase', nondispersing 1  i q u i d - l i q u i d  con- 

t a c t o r s ,  us ing  an aqueous e l e c t r o l y t e  s o l u t i o n  as the  l i g h t  phase and 

mercury as the  heavy phase; and (b)  t o  c o r r e l a t e  the  mass t rans fe r  data 

obta ined i n  (a ) .  The evidence support ing these ob jec t i ves  i s  g iven i n  

Chapters V, V I  , and V I I  . 
S p e c i f i c  conclusions which can be drawn from t h i s  work are: 

1. The aqueous-fi lm mass t r a n s f e r  c o e f f i c i e n t s  measured i n  t h i s  

study can be c o r r e l a t e d  w e l l  by a new and improved c o r r e l a t i o n  

con ta in ing  Reynolds numbers based on each phase and the  Schmidt 

number based on the  aqueous phase [see Equation (18) and 

F igure  32, page 59). 

2. O f  those inves t iga ted ,  t he  parameters a f f e c t i n g  the  mass 

t r a n s f e r  c o e f f i c i e n t  most s i g n i f i c a n t l y  are the  a g i t a t o r  

speed, a g i t a t o r  d i  ameter , and aqueous-phase v i s c o s i t y  . 
3 .  The phase volume has very l i t t l e  e f f e c t  on the  mass t r a n s f e r  

c o e f f i c i e n t ,  w i t h i n  the  range o f  cond i t i ons  examined. 

4. The c o r r e l a t i o n  developed i n  t h i s  study i s  s i m i l a r  t o  t h a t  

developed by Bul i cka and Prochazka (15), b u t  da ta  were 

measured over  a  much w ider  range o f  Sherwood numbers and 

the re fo re  produced a  s i g n i f i c a n t l y  b e t t e r  cor re la t ' i  on. 



Recommendations 

For f u r t h e r  expansion o f  t h i s  study, the f o l  lowing recommendations 

can be made: 

1. Develop a method f o r  measuring the mass t r ans fe r  c o e f f i c i e n t  

on the  mercury s ide o f  the aqueous-mercury in te r face .  

2 .  Develop an apparatus t o  vary independently the a g i t a t o r  speed 

i n  each phase, thereby a l lowing f u r t h e r  e luc ida t ion  of the - 
e f f e c t  o f  a g i t a t i n n  i n  one phase on IIldSS t ra t i s te r  i n  each 

' phase. 

3 .  Study bubble-induced mass t rans fe r  where bubbles o f  gas would 

int roduce turbulence instead o f  tu rb ines , thus e l im ina t ing  
* 

the need f o r  a ,mechanically dr iven ag i t a t o r .  
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APPENDIX A 

RUN CONDITIONS FOR AND RESULTS FROM MASS TRANSFER 

COEFFICIENT MEASUREMENTS 

A l i s t i n g  o f  t h e  experimental  var iab les  t e s t e d  w i t h  aqueous sucrose 

concent ra t ions  o f  0.0, 34.0, and 45.0 w t  % i s  given i n  ~ a b l e s  4, 5, and 

6, r e s p e c t i v e l y .  Each t a b l e  conta ins the c e l l  s i ze ,  phase volume, a g i -  

t a t o r  diameter , and qu i  none concent ra t ion  f o r  the  i n d i v i d u a l  runs. 

Fo l l ow ing  the quinone concent ra t ion  i s  a tabu1 a t i o n  o f  a g i t a t o r  speed, 

mepsured d i f f u s i o n  cu r ren t ,  and c a l  cu la ted  mass t r a n s f e r  c o e f f i c i e n t .  

A l l  o f  t he  o r i g i n a l  experimental  data are  recorded i n  u n c l a s s i f i e d  

notebooks numbered A-7551 -G (pages 1-92) , A-7639, and A-7640-6, which 

a re  t h e  p rope r t y  o f  t h e  Oak Ridge Nat iona l  Laboratory. 



Table. 4: Experimentil Conditions and Results Measured w i th  0.O.wt % sucrose i n  the Aqueous Phase 

Agi tator  Qui  none Agi tator  Di f fusion - Mass Transfer 
,Gel-l S ize  Phase Volume Diameter Concentration Speed Current Coef f i ' c i  en t 

Run (m x 103) (m3 K 103) (m x 103) (kg-mole/m3) (rps (A x lo3)  (m/sec x 103) 



Table 4 (Continued) 

Agi tator  Qui none Agi tator  D i f fus ion  Mass Transfer 
Ce l l  S i ze  Phase Volume Diameter Concentrat 'on Speed Current Coeffici-ent 1 Run (m x 103) (m3 x 103) (m x 103) (kg-mole,'m ) (rps) ( A x 1 0 3 )  (m/secx103 )  



Table 1 (Continued) 

Agi tator  Qui none Agi tator  Di f fusion MassTransfer 
ce l l '  Size Phase Volume Diameter Concentration Speed Current Coef f ic ien 

Run ( m x 1 0 3 )  (m3 x  103) (m x  103) ( kg-molelm3) (rps (A x  103) (mlsec x  10 5 ) 



Table 4 (.Continued) 

- - 

Agitator  Qui  none ' Agitator  Di f fusion Mass Transfer 
Ce l l  Size Phase Volume , Diameter Concentration Speed Current Coef f i c ien t  

Run (m x 103) (m3 x 103) (m x 703) (kg-mole/m3) (rps (A x 103) (m/sec x 103) 



Table 4 (Continued) 

Agi tator  Qui none Agi tator  Diffusion Mass ~ r a n s f e r  
Ce l l  S ize  Pha e Volume Diameter 5 Concentration Speed Currenf Coef f i c i  en 

Run ( m x 1 0 3 )  (m x 103) (m x 103) (kg-mole/m3) (rps ( A z x 1 O )  ( m / s e c x . l O )  5 



Table 4 (Continued) 

Ag i t a  t o r  Qui n o ~ e  Agi tator  Di f fusion Mass Transfer 
Ce l l  Size Phase Volume Diameter Concentmtion Speed Current Coef f ic ient  

Run' ( m x 1 0 3 )  (m3 x  103) (m x 103) (kg-mole/m3) (rps) ( A x 1 0 3 )  ( m l s e c x 1 0 3 )  



Table 4 (Continued) 

Agi tator  Qui  none Agi tator  Di f fusion Mass ~ r a n s f e r  
Ce l l  S i j e  Phase Volume Diameteg Concentration Speed, Curren jj Coef f i c i  en 

Run ( m x 1 0 )  (m3 x 103) (m x 10 ) (kg-mole/m3) (rps (A x 10 ) (m/sec -x 10 5 ) 



Table 5.  Experimental Conditions and Results Measured wi th  34 w t  % Sucrose i n  the Aqueous Phase 

Agi tator  Qui none Agi tator  D i f fus ion  Mass Transfer 
Ce l l  Size Phase Volume Diameter Conce'ntrati on Speed Current * Coef f ic ien t  

Run (m x  103) (m3 x  103) ( m x 1 0 3 )  (kg-mole/m3) (rps) ( A  x  103) (m/sec x  103) 



Table 5 (Continued) 
. . . . 

Agi ta to r  Qui  none Ag i ta to r  D i f fus ion  Mass Transfer  
C e l l  S i ze  Pha e Yolume Diameter 3 Concentration Speed Currenfj C o e f f i c i e n t  

Run (m r. 103) (m x 103) (m x 103) (kg-mole/m3) ( rps )  (A x 10 ) (m/sec x 103) 



Table 5 (Continued) 

Agi tator  Qui none ~~i t a t o r  Di f fusion Mass Transfer 
Cel l  Size Phase Vol me Y Diameter Concentration Speed Current Coef f i c ien t  

Run fm x 103) (m3 x 1.0 ) (m x lo3 )  (kg-mole/m3) (rps) ( A  x 103) (m/sec x 103) 



Table 5 (Continued) 

- - 

Agitator  Qui none Agi tator  Di f fusion Mass 'Transfer 
Ce l l  S i ~ e  Phase Volume Diameteg Concentration Speed Curreng , Coeff i c i e n  

Run ( m x 1 0 )  (m3 x 103) (m x 10 ) (kg-mole/m3) (rps) (A x 10 ) (m/sec x 10 5 ) 



Table  5 (Continued) 

A g i t a t o r  Qui none A g i t a t o r  D i f f u s i o n  Mass T r a n s f e r  
C e l l  S i z e  Phase Volume Diameter  Concentrat ion Speed C u r r e n j  Coef f  i c i e n  

Run (m x 103) (m3 x 103) (m x 103) (kg-mole/m3) ( r p s )  ( A x 1 0 )  ( m / s e c x 1 0 )  5 



Table 6 .  Experimental Conditions and Results .Measured w i th  45 wt % Sucrose i n  the Aqueous Phase 

Agi tator  Quinone Agi tator  Di f fusion Mass Transfer 
Ce l l  S ize  Phase Volume Diameter Concentration Speed Current Coef f i c ien t  

Run (m x 103) (m3 x 103) (m x 103) (kg-mole/m3) (rps (A x 103) (mlsec x 103) 



Table 6 (Contiaued) 

Ag i ta to r  Qui  none Ag i ta to r  D i f f u s i o n  Mass Transfer  
Ce l l  S i ze  Phase Volume Diameter Concentra~ ion Speed Current Coe f f i c i en  

Run ( m x 1 0 3 ) '  (m3 x  103) (m x l o 3 )  (kg-mole/n3) ( rps)  (A x  103) (m/sec x  10 5 ) 



Table 6 (Continued) 

Agitator Qui none Agitator Diffusion Mass Transfer 
Cell Size Pha e V31 me Diameter Concentrat'on Speed Coeff icien S Y 4 Run (m x lo3) (m x 10 ) (m x 103) (kg-mole/m ) (rps (A x 10 ) (mlsec x 10 8 ) 



Table 6 (Continued) 

Agi tator  Qu i none Agi tator  Diffusion Mass Transfer 
Ce l l  S ize  Pha e Volume Diameter Concentration Speed Current Coef f i c ien t  5 Run (m x 103) (m x 103) (m x 103) (kg-mole/m3) (rps) ( A  x 103) (m/sec x 103) 



Table  6 (Continued) . , 

A g i t a t o r  Q u i  none A g i t a t o r  D i f f u s i o n  Mass T r a n s f e r  
C e l l  S i z e  Pha e Volume Diameter Concentrat 'on Speed Current  Coef f i c i  en 5 3 Run (m x 103) (m x 103) (m x 103) (kg-mole/m ) ( r p s  (A x l o 3 )  .(m/sec x 1 0  5 ) 



APPENDIX B 

MEASUREMENT OF QUINONE DIFFUSION COEFFICIENT 

As descr ibed i n  Chapter I V ,  t he  d i f f u s i o n  c o e f f i c i e n t  o f  quinone 

through t h e  aqueous e l e c t r o l y t e  medium was measured as a func t i on  o f  

aqueous v i s c o s i t y ,  us ing  t h e  d.m.e. Table 7 l i s t s  t h e  experimental 

cond i t i ons  and r e s u l t s  which , when subs t i t u ted  i n t o ,  Equation (1 7) ,  can 

be used t o  c a l c u l a t e  t h e  d i f f u s i o n  c o e f f i c i e n t .  

Table 7 a1 so g ives t h e  sucrose concentrat ion,  measured d i f f u s i o n  

cu r ren t ,  quinone concentrat ion,  mercury f low ra te ,  and mercury drop 

t ime fnr each n f  t he  measurements. The ca 1~111 ated r i i  f f ~ ~ s i n n  c n e f f i  - 
c i e n t s  are inc luded i n  Table 2 (see page 51 ).  

Table 7. Data and Condit ions f o r  ~ u i n o n e  
D i f f u s i o n  C o e f f i c i e n t  Measu,rements 

Sucrose D i f f u s i o n  Qui  none Mercury Drop 
Concen t r a t i  on Current Concentrat i  on Flow Rate Time 

(wt %) (mA ) (m i  11 imo les / l  i t e r )  (mg/sec) (sec) 



APPENDIX C 

SAMPLE CALCULATIONS FOR A TYPICAL MASS TRANSFER RUN 

The mass t r a n s f e r  c o e f f i c i e n t s  g iven i n  Tables 4, 5, and 6  were 

ca l cu la ted  from Equat ion (15), which i s :  

The d i f f u s i o n  c u r r e n t  i s  determined from the  cu r ren t - vo l t age  curve 

f o r  each run (see Figure 3, page 1 7 ) .  The i n t e r f a c i a l  area avai  l a b l e  

f o r  mass t r a n s f e r  was assumed t o  be the  c ross-sec t iona l  area o f  t h e  

c e l l .  The quinone concent ra t ion  was ca l cu la ted  from t h e  amount o f  

quinone used t o  prepare t h e  e l e c t r o l y t e  s o l u t i o n .  The quinone concen- 

t r a t i o n  was occas iona l l y  v e r i f i e d  w i t h  the  d.m.e. apparatus. The 

c a l c u l a t e d  mass t r a n s f e r  c o e f f j c i e n t  f o r  Run 8, which was made a t  an 

a g i t a t o r  speed o f  0.53 rps ,  i s :  
1 

k = 
62.9 A 

cou 1  A-sec)(0.0412 m2)(1 .0 T )  mole (2  (96,487 (1 
m 
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