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THEORETICAL AND EXPERIMENTAL STUDY OF 

RADIAL CONCENTRATION PROFILES ORIGINATING 

PROM A NON PUNCTUAL I N J E C T I O N  SOURCE 

Claude Eon e t  P a t r i c k  Sharrock 

Dgpartement de chimie 

U n i v e r s i t P  de Sherbrooke 

Sherbrooke, Qu6bec Canada J 1 K  2R1  

ABSTRACT 

R a d i a l  c o n c e n t r a t i o n  p r o f i l e s  o r i g i n a t i n g  from non d e l t a  plug 
flow i n j e c t i o n  f u n c t i o n s  can b e  t h e o r e t i c a l l y  accounted f o r  i n  terms 
of a Besse l  f u n c t i o n  s e r i e s .  R e s u l t s  r e l a t e d  t o  a x i a l  i n j e c t i o n s  of 
v a r i o u s  diameters  r e l a t i v e  t o  t h e  column I.D. a r e  d e s c r i b e d .  They 
a r e  i n  food agreement wi th  t h e  theory .  

INTRODUCTION 

The i n f i n i t e  diameter  concept ,  a s  in t roduced  by knox e t  a1 

( 1 , 2 ) ,  is by now f a m i l i a r  t o  anyone involved  i n  L.C. I t  s ta tes  t h a t ,  

because of t h e  packing h e t e r o g e n e i t y  a t  t h e  w a l l  v i c i n i t y ,  optimum 
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486 EON ET SHARROCK 

column performances are obtained when t h e  migra t ion  of t h e  s o l u t e  

i n t o  t h e  wal l  r e g i o n  i s  minimal. Hence b e s t  columns should have a 

l a r g e  enough 1 . D .  t o  ensure  t h a t  t h e  c e n t r a l l y  i n j e c t e d  s o l u t e  

hard ly  reaches t h e  w a l l .  When t h i s  i s  n o t  so,  t h e  s o l u t e  concen- 

t r a t i o n  b u i l d s  up a t  the  w a l l  and performance d e t e r i o r a t i o n  occurs  

t o  a degree which can  be apprec ia ted  from t h e  r a d i a l  c o n c e n t r a t i o n  

p r o f i l e  ( 3 ) .  

S t rangely  enough, r a d i a l  d i s p e r s i o n ,  u n l i k e  i t s  a x i a l  cont re -  

p a r t ,  does not  seem t o  he g r e a t l y  a f f e c t e d  by t h e  a n i s o t r o p y  of t h e  

medium; t h e r e f o r e ,  t h e  t h e o r e t i c a l  r a d i a l  c o n c e n t r a t i o n  f u n c t i o n ,  

c a l c u l a t e d  a s  i f  t h e  column were i s o t r o p i c  i s  a good i n d i c a t o r  of 

t h e  a c t u a l  s o l u t e  exposure t o  t h e  wal l  r e g i o n  and,  consequent ly ,  of 

the  column e f f i c i e n c y .  The model developed by Klinkenberg e t  a1 

( 4 )  and t e s t e d  by Eon (3) seems t o  be r e l i a b l e  f o r  a p l u g  de l t a  in-  

j e c t i o n  €unct ion .  I t  i s  however u n s u i t a b l e  f o r  p r e p s c a l e s  systems 

a s  t h e  i n j e c t i o n  then  u s u a l l y  occupies  a f i n i t e  f r a c t i o n  of t h e  co- 

lumn c r o s s  s e c t i o n .  Hence a n  e x t e n s i o n  of t h e  work of Klinkenberg 

e t  a1 ( 4 )  i s  needed s o  t h a t  i t  accounts  f o r  p r e p s c a l e  chromatogra- 

phy as w e l l .  This  i s  t h e  aim of t h e  p r e s e n t  c o n t r i b u t i o n  which i s  

purposely r e s t r i c t e d  t o  t h e  i n t r o d u c t i o n  and t e s t i n g  of a r a d i a l  

concent ra t ion  f u n c t i o n .  A t  t h i s  s t a g e  no a t tempt  w i l l  be  made t o  

under l ine  any p o s s i b l e  p r a c t i c a l  i m p l i c a t i o n s  i n  terms of column 

and i n j e c t i o n  des ign .  Those are p r e s e n t l y  be ing  i n v e s t i g a t e d  i n  

our l a b o r a t o r y .  
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RADIAL CONCENTRATION PROFILES 487 

THEORETICAL 

The system being i n v e s t i g a t e d  i s  p i c t u r e d  i n  F igure  I .  The 

column i s  supposed t o  have a l e n g t h  L ,  a n  i n t e r n a l  r a d i u s  R ,  t h e  

i n j e c t i o n  is made c e n t r a l l y  over a c i r c u l a r  s e c t i o n  of r a d i u s  r* 

by means of an a p p r o p r i a t e  device  ( i . e , :  a secondary pump). I t  

w a s  exper imenta l ly  convenient  t o  c o n s i d e r  a plug flow i n j e c t i o n  

a s  i n  f r o n t a l  chromatography; hence,  t h e  theory has  been deve- 

loped accord ingly .  Never the less ,  i t  i s  b e l i e v e d  t h a t  t h e  r a d i a l  

c o n c e n t r a t i o n  p r o f i l e s  so  def ined  a r e  a l s o  s u i t a b l e  f o r  c l a s s i c a l  

chromatography provid ing  t h a t  r e l a t i v e  c o n c e n t r a t i o n s  r a t h e r  than 

a b s o l u t e  ones are contemplated. 

A s  t h e  s o l u t e  moves downward, i t  spreads  r a d i a l l y  and a x i a l -  

l y .  To a f i r s t  degree of approximation,  t h e  r e s u l t i n g  broadening,  

can be regarded as  a d i f f u s i o n  l i k e  process  c h a r a c t e r i z e d  by two 

pseudo d i f f u s i o n  c o e f f i c i e n t s  Da and D r  which a r e  r e s p e c t i v e l y  re- 

l a t e d  t o  t h e  a x i a l  (Ha) and r a d i a l  (Hr) p l a t e  h e i g h t s  through:  

[ I 1  uHr D r  = __ 2 
uHa Da = __ 2 

where u is  t h e  c a r r i e r  l i n e a r  v e l o c i t y .  

_j 

D\ \ \ \ \ \  \ \ \ \ \  \\\\\\\ \\\\\\\\\\\\\\\\\\\\\q 

FIG.  1. Basic  set up showing t h e  d e f i n i t i o n  and symbols o f  t h e  

p e r t i n e n t  parameters .  
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488 EON ET SHARROCK 

The problem is  to  f i n d  t h e  s o l u t e  c o n c e n t r a t i o n  C ( r , l , t )  a t  

any r a d i a l  d i s t a n c e  r ,  any a b s i s s a  1 and t i m e  t a f t e r  t h e  i n j e c -  

t i o n .  Th i s  ve ry  d i f f i c u l t  task can be g r e a t l y  s i m p l i f i e d  by con- 

s i d e r i n g  on ly  a b s c i s s a e  r e l a t e d  t o  t h e  t ime through 

l = u t  [21 

where u t h e  s o l u t e  l i n e a r v e l o c i t y  i s  f u n c t i o n  of t h e  c a p a c i t y  

f a c t o r  (k'): 

S' 

The advantage of t h i s  p rocedure  i s  t h a t  i t  e l i m i n a t e s  t h e  

t ime dependence. Hence t h e  r a d i a l  c o n c e n t r a t i o n  p r o f i l e  as h a l f  

t h e  h e i g h t  of t h e  b reak  through cu rve  t a k e s  t h e  form C ( r , l ) .  

The system mass balance equation i s  

w i t h  t h e  boundary c o n d i t i o n s  : 

c41 

C(R,m,t) = bounded 

C ( r , o , t )  = Co  f o r  r r* 

= 0 f o r  r > r* 

Because of t h e  r e s t r i c t i o n  imposed by eq .  2 ,  t h e  system can  

be so lved  as  f o l l o w s .  L e t ' s  suppose t h a t  C ( r , t )  can he expres sed  
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.RADIAL CONCENTRATION PROFILES 

as t h e  product  o f  two f u n c t i o n s  @(r )  and @ ( L )  as: 

c ( r , L )  = @ ( r )  '+'i(L) 

Then eq .  4 reduces t o  

where a i s  t o  be found. 

E q .  11 has  the  form: 

@"+a@' t b  @ = 0 
r 

whose s o l u t i o n  i s  ( 5 ) :  

o r  because a = 1 

489 

[ 9 1  

where Jo  is t h e  z e r o t h  order  Bessel f u n c t i o n .  Next i s  should be  

noted t h a t  B = 0 by v i r t u e  of eq .  6 .  A s  f o r  eq. 5 ,  i t  implies 

(key J ' o ( z )  = - J l ( z ) ( 5 ) )  t h a t :  

- A J  1 [".]=(I ( D r ) 2  

hence : 

- a1 (Dr)' 
r* a -  

a1 
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490 EON ET SHARROCK 

where a1 r e p r e s e n t  the  r o o t s  o f t h e  f i r s t  Bessel f u n c t i o n .  Combi- 

ning eqs 14 and 16  l e a d s  t o  

A s  f o r  eq .  11, which a l s o  involves  a a l ,  i t  has  a s o l u t i o n  

of t h e  form 

La1 and Ma1 can be  expressed from eq.  16:  

E q ,  7 imposes K a l  t o  be zero ;  hence combining eqs 17 and 18 as i n  

9 l e a d s  t o  a s o l u t i o n  f o r  t h e  system 

where Qal i s  t o  be c a l c u l a t e d .  One way of doing s o  i s  t o  cons ider  

t h e  func t ion  C ( r ' , o )  = f ( r ' )  where r ' ,  t h e  reduced c o o r d i n a t e ,  is  

def ined  a s  r / R .  According to  eq.  8 f(r') becomes: 

f ( r ' )  = $ (Qal  Jo (a1  r')) [221 
1 

Because of t h e  o r t h o g o n a l i t y  of t h e  system t h e  c o e f f i c i e n t s  

Qal can be c a l c u l a t e d  v i a  t h e  c l a s s i c a l  procedure as: 

A' r ' f ( r ' )  J o  (alr') d r '  
Qai  = 1; r '  Jo2 ( a l r ' )  d r '  

c231 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
3
1
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



RADIAL CONCENTRATION PROFILES 49 1 

Note t h a t  t h e  normal iza t ion  i n t e g r a l  N . I .  becomes: 

Then because of eqs  8 and 2 4 ,  e q .  23 can be  r e w r i t t e n  as: 
rr*' 

This  eq. can be so lved  by making use  of t h e  c l a s s i c a l  

r e l a t i o n  s h i p  (5 ) :  

The c o e f f i c i e n t s  Qal's which r e s u l t  a r e :  

Hence by combining w i t h  eq 2 1 ,  t h e  f i n a l  r e s u l t  i s  obta ined  

where Ma1 i s  given by eq. 20. A s  p r e v i o u s l y  mentionned, a1 > 0 are 

t h e  non zero  r o o t s  of t h e  € i rs t  Bessel f u n c t i o n  (3 .8317 ,  7.01559, 

10.1734 ... ) .  It  should be noted t h a t  eq. 29 b e a r s  some resemblance 

wi th  t h a t  der ived  by Fakien and Smith (6 ) ;  i t  i s  however more a c c u r a t e  

s i n c e  Fahien and Smith Ignore a x i a l  d i s p e r s i o n .  

Because of t h e  complexity of eq. 29 i t  is  i l l u s t r a t i v e  t o  

compute some C(r,C) func t ions  r e l a t e d  t o  some t y p i c a l  c a s e s .  A s  re- 
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49 2 EON ET SHARROCK 

ported i n  (3 ) ,  i t  i s  f i r s t  convenient  t o  express  t h e  column l e n g t h  

as a m u l t i p l e  of a n  a r b i t r a r y  l e n g t h  L1 de€ined  i n  such a way t h a t  i t  

normalizes  t h e  system wi th  r e s p e c t  t o  t h e  r a d i a l  c o n c e n t r a t i o n  func- 

t i o n .  I f  L i s  t h e  length  f o r  which t h e  peak v a r i a n c e  i s  one q u a r t e r  

of t h e  column r a d i u s  then 

1 

[301 R 2  1 
L1 ' &? 1 6  (B /v )  + C ]  

wheredpis  t h e  p a r t i c l e  d iameter  and B and C t h e  r a d i a l  p l a t e  h e i g h t  

c o e f f i c i e n t s  i f  

w i t h  v, the  reduced v e l o c i t y .  Note t h a t  eq .  31 supposes k '  = 0 

f o r  t h e  sake of s i m p l i f i c a t i o n .  

F igure  I1 g i v e s  some t h e o r e t i c a l  r a d i a l  c o n c e n t r a t i o n  

p r o f i l e s  f o r  a column of l e n g h t  L as a f u n c t i o n  of r* ' .  A s  ex- 1 

pected ,  t h e  l a r g e r  r*', t h e  more t h e  s o l u t e  i s  exposed t o  t h e  w a l l .  

Also n o t e  t h a t  t h e  p r o f i l e  f o r  r* = 0 (punctua l  i n j e c t i o n )  i s  con- 

s i s t e n t  with t h e  one descr ibed  previous ly  (3) .  A s  f o r  f i g u r e  111, 

i t  d i s p l a y s  some c o n c e n t r a t i o n  p r o f i l e s  f o r  r*' = 0.5 as a f u n c t i o n  

of t h e  column l e n g t h .  

The l a r g e r  L ,  t h e  more s i g n i f i c a n t  t h e  w a l l  e f f e c t .  

S ince  t h e s e  p r o f i l e s  are t h e o r e t i c a l  an experiment has  

been designed t o  check t h e i r  a b i l i t y  t o  account  f o r  r e a l  chromatogra- 

p h i c  s y s t e m s .  This  i s  t h e  o b j e c t  of t h e  next  s e c t i o n .  
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RADIAL CONCENTRATICN PROFILES 493 

a 

FIG. 2. T h e o r e t i c a l  r a d i a l  c o n c e n t r a t i o n  p r o f i l e s  a t  t h e  reduced 

* '  * '  - * 
l e n g t h  1 (L I, ) a s  a f u n c t i o n  of r ( r  = r /R) 1 

A) r*' = 0 

B )  r*' = .33 

EXPERIMENTAL 

The b a s i c  set up is t h e  s a m e  as i n  r e f e r e n c e  (3).  A n  iner t  

probe,  p-n i t rophenol  i n  s o l u t i o n  i n  a 0 . 1  M aqueous potassium c h l o r i d e ,  

f r e e d  from oxygen, w a s  i n j e c t e d  i n t o  a carr ier  of t h e  same composi t ion 

b u t  f r e e  of n i t r o p h e n o l .  The l o c a l  c o n c e n t r a t i o n  a t  t h e  column o u t l e t  

w a s  recorded by means of a d u a l  po larographic  d e t e c t o r  as d e s c r i b e d  
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494 EON ET SHARROCK 

C 

C--i 

F I G .  3 .  T h e o r e t i c a l  r a d i a l  c o n c e n t r a t i o n  p r o f i l e s  f o r  r*' = 0.5  

as a [unc t ion  of t h e  column l e n g t h .  

A) L = 2 L1 

B) L = L1 

C)  L = 0 .5  L 

D)  L = 0.125 L1 

E) L = O  

1 

by Knox e t  a1 ( 2 ) .  Because i t  proved t o  b e  much less s e n s i t i v e  t o  

t h e  w a l l  e f f e c t  than  r e g u l a r  columns, t h e  second column s t u d i e d  i n  

r e f e r e n c e  (3) has  a l s o  been i n v e s t i g a t e d  i n  t h e  p r e s e n t  s t u d y .  I t  

c o n s i s t s  of an 1 .58  c m  I.D. t e f l o n  column, 60 c m s  i n  l e n g t h ,  d r y  

packed with g l a s s  beads of 76 urn average d iameter .  The s o f t  w a l l  

column was r a d i a l l y  compressed as i n  ( 3 ,  7 ) ;  t h e  l a t t e r a l  p r e s s u r e  

was u s u a l l y  kept  a t  l e a s t  50 b a r s  h i g h e r  than  t h e  column o p e r a t i n g  
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RADIAL CONCENTRATION PROFILES 495 

p r e s s u r e .  The only d i f f e r e n c e  between t h i s  experiment and t h e  pre-  

v i o u s  one (3) is i n  t h e  i n j e c t i o n  d e v i c e .  I n  t h i s  experiment a 

p lug  f low i n j e c t i o n  was made. By using p i e c e s  of  t h i n  tub ings  of  va- 

r i o u s  I . D ’ s ,  pludged c o n c e n t r i c a l l y  i n t o  t h e  column i n l e t ,  t h e  d i a -  

meter (r*)  over  which the  i n j e c t i o n  took p l a c e  could b e  changed a t  

w i l l .  The l i n e a r  v e l o c i t y  of t h e  i n j e c t e d  plug w a s  matched t o  t h a t  

of t h e  carrier by means of an a u x i l i a r y  pump. 

S ince  t h e  goa l  of t h e  experiment was t o  check eq. 29, i t  

w a s  exper imenta l ly  convenient  t o  c a r r y  o u t  t h e  measurements a t  r e l a -  

t i v e l l y  l a r g e  reduced v e l o c i t y  (even s o  t h e  tendency is t o  use  now 

moderate reduced v e l o c i t y  i n  L.C.). This  had t h e  advantage of mini- 

mizing t h e  r o l e  o f  molecular d i f f u s i o n  as a broadening f a c t o r  as 

w e l l  as t o  apprec iab ly  reduce t h e  d u r a t i o n  of t h e  experiment .  

The r e s u l t s  repor ted  h e r e  a r e  r e l a t e d  t o  a reduced v e l o c i t y  

of 20 ( v  = 20);  t h i s  corresponds t o  D r  = 1.45 X 

Da = 1.23  X cm2.s-1 (see  (3) f o r  more on t h e  Column’s p e r f o r -  

mance). 

cm2.s-’ and 

A t  t h i s  v e l o c i t y  t h e  column l e n g t h  expressed i n  terms of 

L1, is 1.75 (L = 1.75  L1). 

Figure  4 d i s p l a y s  t h e  r e s u l t s  f o r  v a r i o u s  r * / R  r a t i o s .  I t  

can b e  seen  t h a t  e x c e l l e n t  agreement is obta ined  between c a l c u l a t e d  

and exper imenta l  r e s u l t s  f o r  t h e  e r r o r  never  exceeded 7 % ;  t h i s  war- 

r a n t s  t h e  use of e q .  29 i n  p r e p s c a l e  L.C. c o n d i t i o n s .  Furthermore,  
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FIG.  4 .  Comparison of t h e o r e t i c a l  v e r s u s  exper imenta l  l o c a l  r a d i a l  

Concentrat ion fo r  v a r i o u s  r*' as a f u n c t i o n  o f  r ' .  

+ I*' = 0 

A r*l = . 25  

0 r*' = .6 

..... i s  t h e  p l o t  t h a t  should be obta ined  were t h e o r e t i c a l  

and exper imenta l  in p e r f e c t  agreement. 

t h e  wall e f f e c t  i s  found not  t o  a f f e c t  t h e  r a d i a l  c o n c e n t r a t i o n  pro- 

f i l e  a s  had been previous ly  r e p o r t e d .  
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CONCLUSIONS 

A priori computations of radial concentration profiles have 

proven to be feasible by means of equation 29. This is the first, 

but necessary, step toward optimisation of the injection mode prep- 

scale systems based on a compromise between injection size and wall- 

induced performance deterioration. This second phase is currently 

being investigated in our laboratory and will be reported shortly. 
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