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Evaluation of Paekings for Use in Liquid-Liquid Extraction Columns 

A. F. SEIBERT, J. L. HUMPHREY, and J. R. FAIR 

DEPARTMENT OF CHEMICAL ENGINEERING 
THE UNIVERSITY OF TEXAS AT AUSTIN 
AUSTIN, TEXAS 78712 

ABSTRACT 

Experimental investigations of packing performance in 
extraction service were conducted in a 10.2 cm. diameter 
column. Both random and structured packing elements 
were covered in separate studies. Test systems were 
toluenefacetonelwater and n-butanol/succinic acidlwater. 
Measurements were made of dispersed phase holdup and 
mass transfer rate. A tentative correlation was de- 
veloped, based on a modification of basic tests using 
an empty column, involving an effective drop diameter. 

INTRODUCTION 

The increasing interest in liquid-liquid extraction for indus- 
trial processes has created a need for more basic design knowledge 
of extraction equipment. The objlective of the work reported here 
was to provide such information in the form of evaluated relative 
effectiveness of a number of packing materials used in extraction 
service. The packed extractor was considered to be a simple modifi- 
cation of the counterflow spray column, with the packing elements 
providing additional drop holdup, increased probability of drop break 
up, and reduced axial mixing of the flowing phases. Wettability of 
the packing surfaces was also thought to play a role in the mass 
transfer performance of the packed extraction column. 
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Packings f o r  e x t r a c t i o n  are t h e  s a m e  as t h o s e  f o r  d i s t i l l a t i o n  
and a b s o r p t i o n .  They f a l l  i n t o  two c a t e g o r i e s :  random and ordered .  
In t h e  f i r s t  ca tegory  f a l l  t h e  f a m i l i a r  r i n g  and s a d d l e  e lements .  In 
the la t te r  ca tegory  f a l l  t h e  newer s t r u c t u r e d  e lements ,  u s u a l l y  i n  
t h e  form of cor ruga ted  metal s h e e t s  arranged c a r e f u l l y  f o r  c o n t r o l l i n g  
t h e  f lows of t h e  phases .  Examples of packing elements  are shown i n  
F igure  1. A p a r t i c u l a r  o b j e c t i v e  of t h e  p r e s e n t  work was t o  a s c e r t a i n  
t h e  performance c h a r a c t e r i s t i c s  of s e v e r a l  of t h e s e  packings t h a t  have 
been developed only r e c e n t l y ,  and which have been found t o  g i v e  h i g h  
e f f i c i e n c y  i n  d i s t i l l a t i o n  s e r v i c e  b u t  which have not  y e t  been t e s t e d  
i n  e x t r a c t i o n  s e r v i c e .  

Previous  Work 

Raschig r i n g  and Berl s a d d l e  packings have been s t u d i e d  r a t h e r  
e x t e n s i v e l y  under  e x t r a c t i o n  c o n d i t i o n s ,  b u t  t h i s  i s  f a r  from t h e  c a s e  
f o r  t h e  o t h e r  packings.  The spray  column, thought t o  be a base  c a s e  
f o r  t h e  packed column, h a s  a l s o  rece ived  a g r e a t  d e a l  of a t t e n t i o n .  
I n  some c a s e s ,  spray  and packed columns have been s t u d i e d  j o i n t l y :  
Appel and E l g i n  (1) compared 0.5 i n .  (12.7 mm.) Berl s a d d l e  r e s u l t s  
w i t h  t h o s e  of a spray  column and Sherwood et a l .  ( 2 )  s t u d i e d  0.5 i n .  
(12.7 nun.) and 1 . 0  i n .  (25.4 nun.) carbon Raschig r i n g s  as  w e l l  as  0.5 
i n .  (12.7m.) B e r l  s a d d l e s  i n  comparison w i t h  spray  column o p e r a t i o n s  
under t h e  same c o n d i t i o n s .  The l a t t e r  concluded t h a t  packing h a s  a 
n e g l i g i b 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  b u t  i s  e f f e c t i v e  i n  
i n c r e a s i n g  t h e  a v a i l a b l e  i n t e r f a c i a l  area. Nemunaitis e t  a l .  (3)  and 
Ecker t  ( 4 )  l i k e w i s e  i n v e s t i g a t e d  t h e  e f f e c t  of u s i n g  packing i n s t e a d  
of t h e  empty spray  column and found t h a t  t h e  o v e r a l l  m a s s  t r a n s f e r  
e f f i c i e n c y  w a s  increased  by as  much a s  50%. These workers  used a n  18 
i n .  (0.46nun.) diameter  column and r i n g  and s a d d l e  packings i n  t h e  1.0 
i n .  (25 mm.)  nominal s i z e ,  and t h u s  provided v a l u a b l e  informat ion  f o r  
sca leup  purposes .  
t i o n  s e r v i c e  i s  shown i n  Table  1. 

A summary of prev ious  work w i t h  packings i n  e x t r a c -  

Because of i t s  s imple n a t u r e ,  t h e  spray  column h a s  a l s o  been 
s t u d i e d  e x t e n s i v e l y .  A compl ica t ing  f a c t o r ,  however, has  been t h e  ten-  
dency f o r  t h e  phases ,  e s p e c i a l l y  t h e  cont inuous  phase, t o  undergo a x i a l  
mixing and t h u s  a l t e r  t h e  e f f e c t i v e  c o n c e n t r a t i o n  d r i v i n g  f o r c e  a t  
v a r i o u s  p o i n t s  i n  t h e  column. S t e i n e r  and Har t land  (5) have presented  
a comprehensive review of t h e  hydrodynamics of spray  columns, and 
Kumar and Har t land  ( 6 )  have provided a g e n e r a l  c o r r e l a t i o n  f o r  d e t e r -  
mining average  drop s i z e s  i n  such columns. Table  2 shows sources  and 
c o n d i t i o n s  of experimental  s t u d i e s  of drop s i z e s  i n  packed columns. 

I n  h i s  1963 monograph, Treybal  ( 7 )  analyzed d a t a  f o r  spray  co l -  
umns and recommended t h e  mass t r a n s f e r  c o r r e l a t i o n s  of Handlos and 
Baron (8) f o r  t h e  d i s p e r s e d  phase and of Ruby and Elg in  ( 9 )  f o r  t h e  
cont inuous  phase. I n  a r e c e n t  i n v e s t i g a t i o n ,  Rocha e t  a l .  (10, 11) 
concluded t h a t  t h e s e  c o r r e l a t i o n s  are  r e p r e s e n t a t i v e  of l a t e r  work 
and a r e  t h u s  reasonable  f o r  u s e  i n  cont inuing  s t u d i e s  of spray  column 
performance. 
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PACKINGS FOR USE I N  L I Q U I D - L I Q U I D  EXTRACTION COLUMNS 

( a )  Ceramic Raschig r i n g s  
(b) Metal I n t a l o x  s a d d l e s  
( c )  Ceramic I n t a l o x  s a d d l e s  
(d)  Metal P a l l  r i n g s  
( e )  BX gauze  packing 
( f )  SMV s t r u c t u r e d  packing 
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F i g u r e  1. Pack ings  t e s t e d  
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Theory 

For a d i f f e r e n t i a l  c o n t a c t o r ,  t h e  h e i g h t  Z r e q u i r e d  t o  o b t a i n  
a g iven  s e p a r a t i o n  may be  c a l c u l a t e d  from: 

where (NTU),, i s  t h e  number of o v e r a l l  t r a n s f e r  u n i t s  based on t h e  
cont inuous  phase c o n c e n t r a t i o n .  T h i s  parameter may be  determined 
from equi l ibr ium d a t a  and m a t e r i a l  ba lance  ( o p e r a t i n g  l i n e )  i n f o r -  
mat ion:  

'c 1 

An a n a l y t i c a l  express ion  f o r  (NTU),,, based on d i l u t e  s o l u t e  concen- 
t r a t i o n  and plug f low of both phases ,  w a s  developed by Treybal  ( 7 ) :  

'c, feed  - C d ,  feedImdc 

[In 'c, e x i t  - 'd, feedImdc 
(NTU)oc = 

(1 - 11x1 

where A i s  t h e  e x t r a c t i o n  f a c t o r  ( = p V m d d d c / ( p c v c ) '  

Equat ion 3 may be used when a x i a l  mixing i s  p r e s e n t ,  w i t h  t h e  
c o r r e c t i o n  being t a k e n  up i n  t h e  v a l u e  of t h e  h e i g h t  of a t r a n s f e r  
u n i t  (HTU),,. T h i s  l a t t e r  t e r m  may be  def ined  as :  

where V = s u p e r f i c i a l  v e l o c i t y  of t h e  cont inuous phase 

= o v e r a l l  mass t r a n s f e r  c o e f f i c i e n t ,  based on 
cont inuous  phase c o n c e n t r a t i o n s  Koc 

a .  = i n t e r f a c i a l  a r e a  € o r  mass t r a n s f e r  

Often,  v a l u e s  of Kocai (a  vo lumetr ic  c o e f f i c i e n t )  are  repor ted  when 
d e s c r i b i n g  t h e  mass t r a n s f e r  e f f i c i e n c y  of a counterf low,  d i f f e r e n -  
t i a l  c o n t a c t o r .  The o v e r a l l  c o e f f i c i e n t  may be  determined from two- 
f i l m  theory  a s  : 

where m = d i s t r i b u t i o n  c o e f f i c i e n t ,  o r  s l o p e  of t h e  e q u i l i b r i u m  
c u r v e ,  p l o t t e d  on a c o n c e n t r a t i o n  b a s i s  and w i t h  d i s -  
persed phase c o n c e n t r a t i o n  a s  t h e  o r d i n a t e  s c a l e  

dc 
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2aa SEIBERT, HUMPHREY, AND FAIR 

kc 

kd 

= i n d i v i d u a l  f i l m  mass t r a n s f e r  c o e f f i c i e n t  o u t s i d e  t h e  
d rop  

d rop  
= i n d i v i d u a l  f i l m  mass t r a n s f e r  c o e f f i c i e n t  i n s i d e  t h e  

The i n t e r f a c i a l  a r e a  a may be c a l c u l a t e d  assuming t h e  d i s -  
pe r sed  phase t r a v e l s  as s p h e r i c a l  d rops  w i t h  a n  a v e r a g e  d i ame te r  i 

where E = v o i d  f r a c t i o n  of packing 

Gd= volume f r a c t i o n  of  t h e  d i s p e r s e d  phase moving through 
t h e  packing 

d = S a u t e r  mean (volume-surface) d rop  d i ame te r  v s  

P r e v i o u s  work on d i s p e r s e d  phase  holdup i n  packed columns i s  summa- 
r i z e d  i n  Tab le  3 .  

The Handlos and Baron c o r r e l a t i o n  f o r  t h e  i n d i v i d u a l  f i l m  mass 
t r a n s f e r  c o e f f i c i e n t  i n s i d e  t h e  d rop  i s :  

kd = 0.00375 ( ( 7 )  

where V = s l i p  v e l o c i t y  between t h e  phases ,  d e f i n e d  as:  

The Ruby and E l g i n  c o r r e l a t i o n  f o r  the i n d i v i d u a l  f i l m  mass t r a n s f e r  
c o e f f i c i e n t  o u t s i d e  t h e  d rop ,  as  mod i f i ed  by Treyba l  ( 7 ) ,  i s :  

The d i m e n s i o n l e s s  Reynolds and Schmidt g roups  i n  Equa t ion  9 are  
d e f i n e d  as:  

Rec - dvs vs pc 

pc 

uc s c c  = - 
pc Dc 
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Axial  Mixing. 

Packed e x t r a c t i o n  columns are u s u a l l y  designed on t h e  b a s i s  t h a t  
t h e r e  i s  plug f low i n  both  phases .  A s  noted e a r l i e r ,  t h e  spray  column 
h a s  been found t o  e x h i b i t  c o n s i d e r a b l e  d e p a r t u r e  from t h i s  i d e a l  flow 
s i t u a t i o n ,  e s p e c i a l l y  w i t h  regard  t o  backmixing i n  t h e  cont inuous 
phase. It i s  expected t h a t  t h e  presence  of packing elements  s e r v e s  
t o  minimize a x i a l  mixing i n  packed columns, and t h e  assumption of 
plug f low i s  a n  expedient  t h a t  h a s  some b a s i s  i n  exper imenta l  f i n d i n g s .  
Spray column mixing models have been summarized by S t e i n e r  and Hart land 
(5) ;  t h e  most n o t a b l e  model i s  due t o  Miyauchi and Vermeulen ( 1 2 ) .  
Mixing d a t a  f o r  packed e x t r a c t o r s  a r e  s c a r c e ,  and a r e  l i m i t e d  t o  
Raschig r i n g  and B e r l  s a d d l e  random packings (13 ,  1 4 ) .  

I n v e s t i g a t i o n s  of f l o o d i n g  i n  packed e x t r a c t i o n  columns have 
been c a r r i e d  o u t  i n  t h e  absence of a t r a n s f e r r i n g  s o l u t e ,  and t h u s  
c o r r e l a t i o n s  based on such  work may no t  b e  r e l i a b l e  f o r  c o n d i t i o n s  
when m a s s  t r a n s f e r  t a k e s  p l a c e .  The c o r r e l a t i o n  of D e l l  and P r a t t  
(15) i s  most o f t e n  recommended, b u t  t h o s e  of Hoff ing and Lockhart 
(16) and Crawford and Wilke ( 1 7 )  have some credence.  Ecker t  ( 4 )  has  
proposed a f l o o d i n g  p r e d i c t i o n  method t h a t  i n c o r p o r a t e s  some of h i s  
own d a t a  f o r  l a r g e r  d iameter  packed e x t r a c t o r s .  I n  a l l  c a s e s ,  t h e  
f looding  models are  l a r g e l y  e m p i r i c a l .  Sources  of f l o o d i n g  d a t a  f o r  
packed e x t r a c t i o n  columns are  shown i n  Table  4 .  

Experimental  Work 

The exper imenta l  e x t r a c t i o n  system used i n  t h e  p r e s e n t  work 
u t i l i z e d  a convent iona l  f low diagram (Figure  2 ) .  The column com- 
p r i s e d  4 i n .  (10.2 cm.) ( i . d . )  f langed  g l a s s  s e c t i o n s  capable  of con- 
t a i n i n g  up t o  5 f t .  (1.5 m.) of packing. The packing suppor t  w a s  a n  
open four-mesh screen .  The d i s t r i b u t o r ,  l o c a t e d  approximately 6 i n .  
(15.2 c n . )  from t h e  packing,  was a r i n g  sparger  w i t h  n i n e  3/16 i n .  
( 4 . 8  mm.) d iameter  h o l e s ,  uniformly spaced t o  ensure proper  f low 
d i s t r i b u t i o n .  

The packings s t u d i e d  are l i s t e d  i n  Table  5 ,  t o g e t h e r  w i t h  t h e i r  
geometr ica l  c h a r a c t e r i s t i c s .  It w i l l  be  noted t h a t  two of t h e  random 
packings ( P a l l  r i n g s ,  meta l  I n t a l o x  s a d d l e s )  and t h e  two s t r u c t u r e d  
packings (Sulzer  BX and S u l z e r  SMV) a r e  u s u a l l y  included i n  t h e  "high- 
e f f i c i e n c y "  ca tegory  when cons idered  f o r  d i s t i l l a t i o n  a p p l i c a t i o n s .  

Two tes t  systems were s e l e c t e d  on t h e  b a s i s  of recommendations 
by t h e  European Federa t ion  of Chemical Engineer ing (18). The to luene/  
ace tone lwater  system h a s  a r e l a t i v e l y  h i g h  i n t e r f a c i a l  t e n s i o n ,  thus  
producing f a i r l y  l a r g e  drops .  
system has  a very  low i n t e r f a c i a l  t e n s i o n  w i t h  corresponding s m a l l  
d rop  s i z e s .  Concent ra t ions  of t h e  s o l u t e s  ace tone  and s u c c i n i c  a c i d  
were determined by t i t r a t i o n .  P r o p e r t i e s  of t h e  t es t  systems are  
shown i n  Table  6 .  

The n-butanol / succ in ic  a c i d l w a t e r  
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Table 5 

C h a r a c t e r i s t i c s  of Packings Tested 

Packing 
Surface  
f t 2 I f t 3  

Ceramic Raschig r i n g s ,  112 inch . . .  106 

Metal P a l l  r i n g s ,  518 inch  . . . . .  87 

Ceramic In t a lox  sadd le s ,  1 1 2  inch . . 110 

Metal In t a lox  saddles ,  No, 15 . , . . 79 

BX Gauze packing . . . . . . . . . .  140 

SMV S t ruc tu red  packing . , . . , . . 104 

t ’ C  

&.. ,~ ,c 

Void Pieces 
Frac t ion  per  

cu. it. ~- 
0.64 8,400 

0.93 5,070 

0 .72  12,500 

0.94 8,100 

0.88 

0.95 

“Product of Norton Company, Akron, Ohio U .  S. A .  

”’:Product of Sulzer  Brothers ,  L t d . ,  Winterthur,  Swi tzer land;  rirarkcted 
in U. S. A. by Koch E n ~ i n c c r i n g ,  Inc., Wichita,  Kansas. 

Table 6 

Phys ica l  P rope r t i e s  of Systems Studied  (18) 

Temperature = 20 C 

Viscos i ty ,  cp  . . . . . . . . . .  
Density,  gm/cm . . . . . . . . .  
Diffus ion  c o e f f i c i e n t ,  cm2/scc. . 

3 

Continuous Phase ToluenejAcetonel n-Dutanol/Succinic 
Water” acid/Water’=: 

1.14 1.45 

0.992 0.988 

1.01(10-~) 0.55(10-5) 

Dispersed Phase 

Viscos i ty ,  cp .  . . . . . . . . . .  
Dcns i t y  . gm/cm3 . . . . . . . . . .  
Diffus ion  c o e f f i c i e n t ,  cm / s e c  . . 2 

d C ” ‘  Slope n f  equi l ibr ium curve,  m 

I n t e r f a c i a l  t ens ion ,  dyncslcm . . a 

0.57 3.41 

0.864 0.852 

2.51(10-5) 0.23( 

0.85 1.25 

23.1 1.5 

“5.0 w t - %  
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Experimental  R e s u l t s  

The r e s u l t s  o f  t h e  expe r imen ta l  work are t a b u l a t e d  i n  T a b l e  7 
and are summarized i n  F i g u r e s  3 th rough  10. Values  of  t h e  v o l u m e t r i c  
m a s s  t r a n s f e r  c o e f f i c i e n t ,  K o c a i ,  w e r e  o b t a i n e d  from Equa t ions  3 
and 4 .  
q u i c k  shu t -o f f  t echn ique .  For b o t h  K o c a i  and ho ldup ,  e f f e c t s  of  
sys t em p r o p e r t i e s ,  phase  f l o w  rates and mass t r a n s f e r  d i r e c t i o n  
are  shown f o r  each  of t h e  pack ings  t e s t e d  and f o r  t h e  empty ( sp ray )  
column. Al so ,  each  packing w a s  o p e r a t e d  up t o  i t s  f l o o d  p o i n t ,  so 
r e l a t i v e  c a p a c i t i e s  of  t h e  pack ings  may b e  o b t a i n e d  from t h e  d a t a  

Di spe r sed  phase  holdup v a l u e s  were measured d i r e c t l y  by t h e  

p l o t s .  

F i g u r e s  3 - 8 show t h a t  t h e  t r a n s f e r  c o e f f i c i e n t  v a r i e s  d i r e c t l y  
w i t h  phase  f l o w  r a t e  and i s  more i n f l u e n c e d  by t h e  d i s p e r s e d  phase 
r a t e  t h a n  by t h e  c o n t i n u o u s  phase  ra te .  Th i s  may be  a t t r i b u t e d  t o  
t h e  i n c r e a s e d  holdup a s s o c i a t e d  w i t h  t h e  i n c r e a s e d  d rop  p o p u l a t i o n  
a t  h i g h e r  d i s p e r s e d  phase  f lows ;  t h e  measured holdup d a t a  a r e  shown 
i n  F i g u r e  l o .  V i s u a l  o b s e r v a t i o n s  showed t h a t  d rop  s i z e  d i d  n o t  
change m a t e r i a l l y  w i t h  d i s p e r s e d  phase  ra te ,  excep t  a s  f l o o d i n g  w a s  
approached.  It i s  q u i t e  c l e a r  t h a t  t h e  b u t a n o l / s u c c i n i c  a c i d l w a t c r  
system, w i t h  i t s  low i n t e r f a c i a l  t e n s i o n  and c h a r a c t e r i s t i c a l l y  
small d rop  s i z e ,  h a s  s u p e r i o r  mass t r a n s f e r  e f f i c i e n c y .  More w i l l  
be  s a i d  later abou t  t h e  r e l a t i v e  s i z e s  of d r o p s  deduced f o r  t h e  
d i f f e r e n t  pack ings .  

F i g u r e s  6 ,  7 and 8 d e a l  w i t h  t h e  newer pack ings  t h a t  p r o v i d e  
h i g h  e f f i c i e n c i e s  i n  d i s t i l l a t i o n  s e r v i c e .  These pack ings  a lso g i v e  
good m a s s  t r a n s f e r  r e s u l t s  f o r  e x t r a c t i o n ,  b u t  depending on t h e i r  
dimensions can  have l i m i t e d  th roughpu t  c a p a c i t y .  For example,  t h e  
BX gauze s t r u c t u r e d  m a t e r i a l  h a s  v e r y  c l o s e  element  s p a c i n g  ( abou t  
1 0 . 2  cm.) and t h u s  c a n  accommodate r e l a t i v e l y  few of t h e  l a r g e r  
s i z e  d r o p s  t h a t  are c h a r a c t e r i s t i c  of  t h e  t o l u e n e / a c e t o n e / w a t e r  
system. The SMV s h e e t  metal and m e t a l  I n t a l o x  pack ings  show h i g h  
e f f i c i e n c i e s  and c a p a c i t i e s  r e l a t i v e  t o  t h e  o l d e r ,  c o n v e n t i o n a l  
r i n g  and s a d d l e  pack ings .  

Because of system and packing v a r i a t i o n s ,  i t  i s  d i f f i c u l t  t o  
compare t h e  r e s u l t s  of  t h e  p r e s e n t  work w i t h  t h o s e  of p r e v i o u s  
workers .  Approximate comparisons,  f o r  example w i t h  t h e  Raschig 
r i n g  d a t a  of Gay le r  and P r a t t  (19 ) ,  show q u i t e  good agreement .  

D i spe r sed  p h a s e  holdup d a t a  are p l o t t e d  i n  F i g u r e  10, w i t h  t h e  
v a r i o u s  packing m a t e r i a l s  s e e n  t o  have somewhat d i f f e r e n t  i n f l u e n c e s  
on holdup.  The v a r i a t i o n s  f o l l o w  th rough  t o  t h e  m a s s  t r a n s f e r  c o e f -  
f i c i e n t  v a r i a t i o n s  shown ear l ie r .  When s o l u t e  w a s  t r a n s f e r r e d  from 
t h e  con t inuous  t o  t h e  d i s p e r s e d  phase,  t h e r e  w a s  a tendency f o r  t h e  
mass t r a n s f e r  e f f i c i e n c y  t o  be  h i g h e r  t h a n  f o r  s o l u t e  movement i n  
t h e  r e v e r s e  d i r e c t i o n .  However, t h i s  w a s  n o t  a c o n s i s t e n t  e f f e c t  
and a t  p r e s e n t  i s  n o t  e x p l a i n e d .  It would appea r  t h a t  i n  some c a s e s  
t h e r e  was s u f f i c i e n t  s o l u t e  movement t o  c a u s e  a n  i n c r e a s e  i n  d i s p e r s e d  
phase  holdup and t h e r e f o r e  i n t e r f a c i a l  a r e a .  
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SEIBERT,  HUMPHREY, AND F A I R  

SUPERFICIAL VELOCITY OF DISPERSED PHASE VD. FTlHR 

Figure  10 (Continued) 

An e f f e c t  of packing w e t t i n g  appeared t o  be  p r e s e n t ,  bu t  d a t a  
a r e  not  s u f f i c i e n t  t o  permit  f i r m  conclus ions .  A s  a n  example, f o r  
BX gauze, t h e  aqueous phase w a s  observed t o  w e t  t h e  packing preferen-  
t i a l l y .  When t h a t  phase w a s  d i s p e r s e d ,  t h e  drops  moved a long  t h e  
packing s u r f a c e ,  l o s i n g  about  h a l f  of t h e i r  a v a i l a b l e  i n t e r f a c i a l  
area f o r  mass t r a n s f e r .  Accordingly,  t h e  ra te  of m a s s  t r a n s f e r  
w a s  about  c u t  i n  h a l f .  

C o r r e l a t i o n  of R e s u l t s  

The packed e x t r a c t i o n  column w a s  cons idered  t o  be a v a r i a n t  of 
t h e  b a s i c  spray  e x t r a c t i o n  column. The presence  of t h e  packing i s  
expected t o  d e c r e a s e  a x i a l  mixing, i n c r e a s e  d i s p e r s e d  phase holdup, 
and d e c r e a s e  e f f e c t i v e  drop s i z e  through a modest amount of coa lescence  
and re-formation.  Accordingly,  t h e  exper imenta l  spray  column d a t a  
w e r e  c o r r e c t e d  t o  a n  i d e a l i z e d ,  non-backmixed c a s e  and were modeled 
through t h e  u s e  of t h e  Handlos and Baron c o r r e l a t i o n  f o r  m a s s  t r a n s -  
f e r  o u t s i d e  t h e  drops .  Each of t h e  packings w a s  t h e n  t r e a t e d  i n  t h e  
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Table 8 

Effective drop diameters f o r  packinj i s  tested 

(Diameters in centimeters) 

Toluene/acetone/ n-Butanol/Succinic 
water acidluater 

* =  - d - c c  - c + d  

Ceramic Raschig rings, l/Z-inch . . . 0.71 0.74 0.31 - 
CeraTic Intalox saddles, 1/2-inch. . . 0.86 1.00 0.39 

Hetal Pal1 rings, 5/8-inch . . . . . 0.73 0.87 0.33 0.24 

?[eta1 Intalox saddles, No. 15 . . . . ‘2.72 6.72 0 . 3 3  - 
BX Gauze packing . . , . . . . . . . . 0.59 0.43 0.21 0.23 

SMV Structured packing . . . . . . . . 0.79 0.51 0.31 - 
(Sprzy column) . . . . . . . . . . . . 1.05 - 0.44 - 

d + c = solute t r a n s f e r  from dispersed to continuous phase 

c -f d = solute transfer from continuous to dispersed phase 

f o l l o w i n g  way. 
and holdup E were used t o  f i n d  a n  e f f e c t i v e  d rop  d i ame te r  t h a t  would 
a l s o  s a t i s f y  t h e  Handlos/Baron and Ruby/Elgin mass t r a n s f e r  r e l a t i o n -  
s h i p s .  This was a n  i t e r a t i v e  p rocedure .  The r e s u l t i n g  e f f e c t i v e  
d i a m e t e r  p r o v i d e s  a r e l a t i v e  measure o f  t h e  packing e f f e c t i v e n e s s ,  
b u t  i s  n o t  n e c e s s a r i l y  a g e n e r a l  t e r m  t h a t  i s  independent  of pack ing  
s i z e .  T a b l e  8 shows v a l u e s  of  t h e  e f f e c t i v e  d rop  d i a m e t e r s  of  t h e  
pack ings  t e s t e d ,  and F i g u r e  11 i s  a p a r i t y  p l o t  comparing measured 
c o e f f i c i e n t s  and t h o s e  c a l c u l a t e d  u s i n g  t h e  e f f e c t i v e  d i a m e t e r s  from 
Tab le  8 .  It i s  c l e a r  t h a t  much more work w i l l  be  r e q u i r e d  i n  o r d e r  
t o  d e t e r m i n e  t h e  e x t e n t  t o  which l a r g e r  packing s i z e s  i n f l u e n c e  t h e  
v a l u e  of  t h e  e f f e c t i v e  d i a m e t e r .  

The measured v a l u e s  of v o l u m e t r i c  c o e f f i c i e n t  K o c a i  

Summary and Conc lus ions  

Mass t r a n s f e r  e f f i c i e n c i e s  have  been s t u d i e d  f o r  a v a r i e t y  of 
packing materials under  l i q u i d - l i q u i d  e x t r a c t i o n  c o n d i t i o n s .  Ex t r ac -  
t i o n  d a t a  f o r  s e v e r a l  of t h e  pack ings  have n o t  p r e v i o u s l y  been r e p o r t e d .  
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Figure 11. P a r i t y  p l o t  f o r  o v e r a l l  mass t r a n s f e r  c o e f f i c i e n t  

It h a s  been found t h a t  t h e  packed column c a n  be  t r e a t e d  as a v a r i a n t  
of  t h e  s p r a y  column, so l o n g  as  t h e  e f f e c t s  of a x i a l  mixing are t a k e n  
i n t o  a c c o u n t .  A m a s s  t r a n s f e r  model was developed on t h i s  b a s i s ,  
w i t h  t h e  pr imary c o r r e l a t i n g  v a r i a b l e  b e i n g  an e f f e c t i v e  d r o p  d i a m e t e r .  
While t h e r e  i s  some i n d i c a t i o n  t h a t  t h e  model w i l l  s e r v e  f o r  l a r g e r  
pack ing  s i z e s  t h a n  cou ld  b e  t e s t e d  i n  t h e  expe r imen ta l  column, c o n f i r -  
matory work a t  l a r g e r  s c a l e s  w i l l  b e  n e c e s s a r y .  
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SYMBOLS 

2 3  I n t e r f a c i a l  area,  d e f i n e d  by Equa t ion  6 ,  L / L  

C o n c e n t r a t i o n  of s o l u t e ,  M/L 

Drop d i a m e t e r ,  L 

S a u t e r  mean d r o p  d i a m e t e r ,  L 

Molecu la r  d i f f u s i o n  c o e f f i c i e n t ,  L / t  

He igh t  o f  a n  o v e r a l l  t r a n s f e r  u n i t ,  based  on c o n t i n u o u s  
phase  c o n c e n t r a t - i o n ,  L 

O v e r a l l  mass t r a n s f e r  c o e f f i c i e n t ,  based on c o n t i n u o u s  
p h a s e  c o n c e n t r a t i o n ,  L / t  

I n d i v i d u a l  f i l m  m a s s  t r a n s f e r  c o e f f i c i e n t  o u t s i d e  t h e  
d rop ,  L / t  

I n d i v i d u a l  f i l m  mass t r a n s f e r  c o e f f i c i e n t  i n s i d e  t h e  
d r o p ,  L / t  

D i s t r i b u t i o n  c o e f f i c i e n t ,  o f  s l o p e  of t h e  e q u i l i b r i u m  
c u r v e  p l o t t e d  on a c o n c e n t r a t i o n  b a s i s  and w i t h  t h e  
d i s p e r s e d  phase  as t h e  o r d i n a t e  s c a l e  

Number of o v e r a l l  t r a n s f e r  u n i t s  based  on t h e  c o n t i n u o u s  
phase  

Reynolds number based  on  t h e  c o n t i n u o u s  phase  (Equa t ion  10) 

Schmidt number based  on t h e  c o n t i n o u s  phase  (Equa t ion  1 1 )  

S u p e r f i c i a l  v e l o c i t y  of t h e  c o n t i n u o u s  p h a s e ,  L / t  

S u p e r f i c i a l  v e l o c i t y  o f  t h e  d i s p e r s e d  phase ,  L / t  

S l i p  v e l o c i t y ,  d e f i n e d  by Equa t ion  8 ,  L / t  

C o n t a c t i n g  h e i g h t ,  L 

3 

2 

Greek Letters 

E Void f r a c t i o n  of pack ing  

X E x t r a c t i o n  f a c t o r ,  PdVdm,-Jc/(PcVc) 

!J L i q u i d  v i s c o s i t y ,  M/Lt 

p Liqu id  d e n s i t y ,  M/L3 

0 I n t e r f a c i a l  t e n s i o n ,  F / L  

@d F r a c t i o n  of d i s p e r s e d  p h a s e  holdup i n  packed s e c t i o n  

S u b s c r i p t s  

c Con t inuous  phase  

d Di spe r sed  p h a s e  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
1
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



312 S E I B E R T ,  HUMPHREY, AND F A I R  

REFERENCES 

1. F . J .  Appel and J . C .  E l g i n ,  Ind. Chem. 29, 451 (1937) .  

2 .  T.K. Sherwood, J . E .  Evans and J . V . A .  Longcor,  I n d .  Eng. Chem. 
- 31, 1144 (1939) .  

3 .  R . R .  Nemunai t is ,  J . S .  Ecker t ,  E.H.  Foote ,  and L.H.  R o l l i s o n ,  
Chem. Eng. Progr .  67 (11) 60 (1971).  

4 .  J . S .  E c k e r t ,  Hydrocarbon Process ing  55 ( 3 )  1 1 7  (1976) .  

5 .  L. S t e i n e r  and S. H a r t l a n d ,  "Hydrodynamics of Liquid-Liquid 
Spray Columns", Chapter 40 i n  Handbook of F l u i d s  i n  Motion, 
N.P. Cheremisinoff  and R. Gupta,  Eds. ,  Ann Arbor:  Ann Arbor 
Sc ience  P u b l i s h e r s ,  1983. 

6. A. Kumar and S.  H a r t l a n d ,  Chem. Eng. Commun. 31, 1983 (1984).  - -- 
7. R.E.  Treybal ,  Liquid E x t r a c t i o n ,  Second e d . ,  New York: McGraw- 

H i l l  Book Co., 1963. 

8. A.E.  Handlos and T .  Baron, AIChE J. 2, 127 (1957).  

9. C.L. Ruby and J . C .  E l g i n ,  Chem. Eng. Progr .  Symp. S e r .  5 1  
(16) 1 7  (1955) .  

10. J . A .  Rocha, J . L .  Humphrey and J . R .  F a i r ,  "Mass T r a n s f e r  E f f i c i e n c y  
f o r  S i e v e  Tray E x t r a c t o r s " ,  t o  be publ i shed  i n  Ind .  Eng. Chem., 
Proc .  Des. Devel.  ________  

11. J . A .  Rocha, "Mass T r a n s f e r  E f f i c i e n c y  of S ieve  Tray Liquid-  
Liquid E x t r a c t i o n  Columns", Ph.D. D i s s e r t a t i o n ,  The U n i v e r s i t y  
of Texas a t  Aus t in ,  1985. 

1 2 .  T .  Miyauchi and T.  Vermeulen, Ind .  Eng. Chem. Fundam. 2 ,  113 
(1963) .  

13 .  T. Vermeulen, J . S .  Moon, A. Hennico and T.  Miyauchi,  Chem. 
Eng. Progr .  62 (9)  95 (1966).  

14.  J . S .  Watson and L .E .  McNeese, Ind .  Eng. Chem., Proc .  D e s .  
Devel.  11, 120 (1972).  - _  

15. F.R. D e l l  and H . R . C .  P r a t t ,  Trans .  I n s t n .  Chem. Engrs.  29,  89 
(1951).  

16.  E.H. Hoff ing and F . J .  Lockhart ,  Chem. Eng. Progr .  50, (2)  94 
(1954).  

1 7 .  J . W .  Crawford and C.R.  Wilke,  Chem. Eng. Progr .  47 (8) 423 
(1951).  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
1
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



PACKINGS FOR USE I N  L I Q U I D - L I Q U I D  EXTRACTION COLUMNS 313 

18. 

19 .  

20 .  

21. 

22. 

23. 

24. 

25. 

26 .  

27 .  

28. 

29 .  

30. 

31. 

32 .  

33. 

34. 

35. 

36 .  

37 .  

38 .  

T .  Misek (Ed.) ,  "Recommended Systems f o r  Liquid E x t r a c t i o n  
Studies" ,  I n s t n .  Chem. Engrs . ,  Rugby, England, 1978 .  

R.  Gayler and H.R.C.  P r a t t ,  Trans.  I n s t n .  Chem. Engrs. 31, 
78 ( 1 9 5 3 ) .  

J . B .  A l l e r t o n ,  B.D.  Satrom and R . E .  Treybal ,  Trans.  AIChE 3 9 ,  
3 6 1  ( 1 9 4 3 ) .  

R. B i l l e t  and J .  Kackowiak, Chem.-1ng.-Tech. 52  ( 2 )  170  ( 1 9 8 0 ) .  

J . C .  Chu, C . C .  Taylor  and D . J .  Levy, Ind.  Eng. Chem. 4 2 ,  1157  
( 1 9 5 0 ) .  

J . B .  C l a f f e y ,  C . O .  Badger, J .J .  Skalemara and G.W.M. P h i l l i p s ,  
Ind.  Eng. Chem. 4 4 ,  274 (1952) .  

J . W .  Clegg and A.E.  Bearse, Ind.  Eng. Chem. 4 2 ,  1222  ( 1 9 5 0 ) .  

E.W. Comings and S.W. Briggs ,  Trans.  AIChE 38, 1 4 3  (1942) .  

T.E.  Degaleesan and G.S. Laddha, I n d i a n  J o u r .  Technol. 2, 137 
(1965) .  

P. E a g l e s f i e l d ,  B.K. Kel ly  and J .E.  S h o r t ,  Ind.  Chemist 29 ,  
243 (1953) .  

L. Garwin and E.C.  Barber ,  P e t r o l .  Ref iner  32  (1) 144  ( 1 9 5 3 ) .  

O.S. Knight Trans .  AIChE 3 9 ,  439  (1943) .  

I. Leibson and R.B.  Beckmann, Chem. Eng. Progr .  49  (8) 405  ( 1 9 5 3 ) .  

H.P. Meissner, C.A. S tokes ,  C.M. Hunter and G.M.  Morrow, Ind. 
Eng. Chem. 36 ,  917 (1944) .  

_I 

H.R.C.  P r a t t  and S.T. Glover ,  Trans.  I n s t n .  Chem. Engrs. 24 ,  
54  (1946) .  

R.M. Rao and C.V.  Rao, J .  Chem. Eng. Data 6 ,  201  (1961) .  

S.B. Row, J.H. K o f f o l t  and J . R .  Withrow, Trans.  AIChE 3 7 ,  559  
( 1 9 4 1 ) .  

T. Sitaramayya and G.S. Laddha, Chem. Eng. S c i .  13, 263 ( 1 9 6 1 ) .  

F.A. S t r e i f f  and S . J .  J a n c i c ,  G e r .  Chem. Eng. 7 ,  1 7 8  (1984) .  

R. Gayler and H.R.C. P r a t t ,  Trans.  I n s t n .  Chem. Engrs. 31, 69 
( 1 9 5 3 ) .  

J . A .  Hamilton and H.R.C. P r a t t ,  AIChE J. 30, 442 (1984) .  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
1
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



314 SEIBERT, HUMPHREY, AND FAIR 

3 9 .  I. Komasawa and .I. Ingham, Chem. Eng. Sci. 3 3 ,  341 (1978).  

4 0 .  J . B .  L e w i s ,  I. Jones and H.R.C. Pratt, Trans. Instn. Chem. Engrs.  
- 29, 126 ( 1 9 5 1 ) .  

4 1 .  R. G a y l e t  and H.R.C. Pratt, Trans. Instn. Chem. Engrs. 29, 109 
(1951).  

4 2 .  R. Gayler, N.W. Roberts and H.R.C. Pratt, Trans. Instn. Chem. 
Engrs. 3 1 ,  57 ( 1 9 5 3 ) .  

43 .  G .  Venkataraman and G . S .  Laddha, AIChE J. 6, 355 (1960).  

4 4 .  D.C. Sakiadis and A.I. Johnson, Ind. Eng. Chem. 4 6 ,  1229 ( 1 9 5 4 ) .  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
1
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1


