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CONCENTRATION DEPENDENCE OF DISPERSION OF POLYMER 
SOLUTIONS FLOWING I N  CAPILLARIES 

J o s e f  JanEa 

I n s t i t u t e  o f  A n a l y t i c a l  C h e m i s t r y ,  
C z e c h o s l o v a k  Academy o f  S c i e n c e s ,  

611 42 B r n o ,  C z e c h o s l o v a k i a  

ABSTRACT 

D i s p e r s i o n  o f  p o l y m e r  s o l u t i o n s  f l o w i n g  i n  
c a p i l l a r i e s  i s  a n  i m p o r t a n t  phenomenon t h e  Iknowledge 
o f  w h i c h  is n e c e s s a r y  f o r  q u a n t i t a t i v e  e v a l u a t i o n  o f  
p o l y m e r  s e p a r a t i o n s  by c h r o m a t o g r a p h i c  methods.  The 
p a p e r s  p u b l i s h e d  i n  t h i s  f i e l d  p r e s e n t  a number o f  
c o n t r a d i c t o r y  r e s u l t s .  A t  v a r i o u s  c o n c e n t r a t i o n s  and 
v a r i o u s  m o l e c u l a r  w e i g h t s  a l s o  some o t h e r  phenomena 
o c c u r  i n  t h e  case  o f  p o l y m e r s ,  s u c h  a s ,  e.g., non- 
N e w t o n i a n  b e h a v i o u r ,  which can  a f f e c t  d i s p e r s i o n .  

c u l a r  w e i g h t ,  s p e c i f i c  v i s c o s i t y  o f  t h e  p o l y m e r  
s o l u t i o n  i n j e c t e d  a s  a p u l s e  o r  a s  a s t e p  i n t o  a 
c a p i l l a r y  and i n f l u e n c e  o f  t h e  f l o w - r a t e  w e r e  
s t u d i e d .  E x p e r i m e n t a l  c o n d i t i o n s  were s e l e c t e d ,  s o  
as t o  a v o i d  p o s s i b l e  i n t e r f e r i n g  e f f e c t s .  The r e s u l t s  
c o n f i r m e d  o u r  t h e o r e t i c a l  c o n s i d e r a t i o n s  and  n u m e r i c a l  
c a l c u l a t i o n s  o f  o t h e r  a u t h o r s .  

I n  t h e  p r e s e n t  work i n f l u e n c e s  o f  p o l y m e r  mole-  

I NTR ODUCTI ON 

The f l o w  o f  p o l y m e r  s o l u t i o n s  i n  n a r r o w  c a p i l -  

l a r i e s  a l s o  o c c u r s  i n  a number o f  n a t u r a l  and  

t e c h n o l o g i c a l  p r o c e s s e s .  Among them, c h r o m a t o g r a p h i c  

s e p a r a t i o n  methods,  such  a s ,  e.g., S t e r i c - E x c l u s i o n  

1621 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
5
8
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



1622 JANCA 

Chromatog raphy  (SEC), occupy  a n  i m p o r t a n t  p l a c e .  The 

movement o f  t h e  c h r o m a t o g r a p h i c  zone t h r o u g h  a random 

s p a t i a l  p o r o u s  s t r u c t u r e  o f  t h e  co lumn p a c k i n g  i s  a 

c o m p l i c a t e d  p r o c e s s .  I n  m i c r o s c o p i c  v i e w ,  e l e m e n t a r y  

t r a n s p o r t  phenomena o c c u r  i n  s h o r t  p o r e  segments 

between p a c k i n g  p a r t i c l e s  and a r e  c o n t r o l l e d  b y  t h e  

same l a w s  a s  t h e  f l o w  i n  t h e  c a p i l l a r y ,  T h i s  i s  why 

t h e  Iknowledge o f  e l e m e n t a r y  phenomena a p p e a r i n g  d u r i n g  

t h e  f l o w  o f  p o l y m e r  s o l u t i o n s  t h r o u g h  n a r r o w  c a p i l -  

l a r i e s  makes i t  p o s s i b l e  t o  u n d e r s a n d  a l s o  more 

c o m p l i c a t e d  phenomena t h a t  o c c u r  i n  p o r o u s  m a t e r i a l s .  

A number o f  a u t h o r s  have  a l r e a d y  s t u d i e d  d i s p e r -  

s i o n  o f  p o l y m e r  s o l u t i o n s  f l o w i n g  i n  c a p i l l a r i e s  and  

i t s  consequences f o r  t h e  s e p a r a t i o n  by SEC method.  

B i l l m e y e r  and I c e l l e y  (1) o b s e r v e d  c o n s i d e r a b l e  t a i l i n g  

i n  t h e  chromatogram o f  a p o l y s t y r e n e  ( P S )  s o l u t i o n .  

They d i d  n o t  n o t i c e  t h i s  phenomenon w i t h  l o w - m o l e c u l a r  

w e i g h t  s o l u t e s .  They e x p l a i n e d  i t  b y  a worse m i x i n g  

o f  PS s o l u t i o n  w h i c h  i s  more v i s c o u s .  B e s i d e s  t h i s ,  

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

of  n e g a t i v e  peaks .  These anomalous e f f e c t s  were  sup- 

p r e s s e d  by t h e  use o f  a r e f r a c t o m e t r i c  d e t e c t o r  w i t h  

a s m a l l e r  vo lume o f  t h e  m e a s u r i n g  c e l l .  

B i e s e n b e r g e r  and Ouano ( 2 )  and Ouano and B i e s e n -  

b e r g e r  ( 3 , 4 )  c a r r i e d  o u t  i n  d e t a i l  b o t h  t h e o r e t i c a l  and 

e x p e r i m e n t a l  s t u d y  on t h e  d i s p e r s i o n  o f  p o l y m e r  solu- 
t i o n  i n  c a p i l l a r i e s .  The d i f f e r e n t i a l  mass b a l a n c e  

d e s c r i b i n g  t h e  d i s p e r s i o n  o f  t h e  s o l u t e  was t h e  

s t a r t i n g  p o i n t  f o r  t h e i r  t h e o r e t i c a l  s t u d y  

6 C  6 C  

6 t  62 
v -  - -  _ -  

c i s  t h e  c o n c e n t r a  

t u d i n a l  c o o r d i n a t e  

(1) 1 + D L -  
6 C  b 2 C  

r 6r 6r 6z2 
6 + DR - - ( r -  

i o n  o f  t h e  s o l u t e ,  z i s  t h e  l o n g i -  

t i s  t h e  t i m e ,  v i s  t h e  v e l o c i t y  
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DISPERSION OF POLYMER SOLUTIONS IN CAPILLARIES 1623 

o f  t h e  m o b i l e  phase ,  OR and  DL a r e  t h e  c o e f f i c i e n t s  o f  

t h e  r a d i a l  and l o n g i t u d i n a l  d i f f u s i o n ,  r e s p e c t i v e l y .  

S o l v i n g  t h i s  e q u a t i o n  u n d e r  t h e  g i v e n  b o u n d a r y  c o n d i -  

t i o n s ,  t h e y  o b t a i n e d  t h e  f u n c t i o n s  d e s c r i b i n g  t h e  shape 

o f  t h e  c h r o m a t o g r a p h i c  zone u n d e r  v a r i o u s  f l o w  c o n d i -  

t i o n s .  Namely f o r  t h e  case  o f  s e g r e g a t e d  f l o w  reg ime ,  

when t h e  i n f l u e n c e s  o f  b o t h  a x i a l  and r a d i a l  d i f f u s i o n  

a r e  v e r y  weak w i t h  r e s p e c t  t o  l o w  d i f f u s i o n  c o e f f i c i e n t s  

( a s  w i t h  m a c r o m o l e c u l e s )  o r  w i t h  r e s p e c t  t o  t h e  c h a r a c -  

t e r i s t i c s  o f  t h e  c a p i l l a r y  ( s h o r t  l e n g t h  o f  t h e  c a p i l -  

l a r y ,  L, o r  l a r g e  r f o r  t h e  g i v e n  mean l i n e a r  v e l o c i t y ,  

v )  and f o r  t h e  case o f  T a y l o r ' s  r e g i m e ,  when r < < L  and  

D i s  g r e a t  and hence o n l y  t h e  i n f l u e n c e  o f  a x i a l  d i f f u -  

s i o n  i s  n e g l i g i b l e .  However,  t h e  e x p e r i m e n t a l  r e s u l t s  

were n o t  i n  a c c o r d  w i t h  t h e o r e t i c a l  c o n s i d e r a t i o n s .  The 

chromatograms showed anomalous shape,  t h e y  were b i m o d a l .  

These a n o m a l i e s  were t h e  more marked t h e  l o n g e r  was t h e  

c a p i l l a r y  l e n g t h  and t h e  h i g h e r  was t h e  m o l e c u l a r  w e i g h t  

o f  t h e  used mode l  PS s t a n d a r d .  

- 

Hess and T i e r n e y  ( 5 )  p u b l i s h e d  a v e r y  i m p o r t a n t  

p a p e r  i n  w h i c h  t h e y  t r e a t e d  s o l u t i o n  o f  eqn. (1) numer- 

i c a l l y  i n  c o n n e c t i o n  w i t h  t h e  s t u d y  o f  t h e  d i s p e r s i o n  

d u r i n g  t h e  f l o w  o f  a s o l u t i o n  o f  m a c r o m o l e c u l e s  i n  a 

c a p i l l a r y .  One o f  t h e  i m p o r t a n t  f i n d i n g s  o f  t h e i r  s t u d y  

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

w h i c h  i s  t h e  more marked t h e  h i g h e r  i s  t h e  m o l e c u l a r  

w e i g h t  o f  t h e  p o l y m e r  o r  t h e  h i g h e r  i s  t h e  v i s c o s i t y  o f  

i t s  s o l u t i o n .  A n o t h e r  i m p o r t a n t  f a c t o r ,  d i s c u s s e d  i n  

t h e i r  p a p e r ,  i s  t h e  i n f l u e n c e  o f  p o s s i b l e  non -Newton ian  

b e h a v i o u r  o f  t h e  p o l y m e r  s o l u t i o n  i n  consequence o f  

w h i c h  t h e  v e l o c i t y  p r o f i l e  w i l l  a l s o  be f l a t t e n e d .  

Hess  and T i e r n e y  s t a t e d  t h a t  t h e i r  n u m e r i c a l  r e s u l t s  

i n d i c a t e  l o w e r  d e c r e a s e  i n  t h e  d i s p e r s i o n  t h a n  t h e  one 
t h a t  was o b s e r v e d  e x p e r i m e n t a l l y  b y  o t h e r  a u t h o r s  

m e n t i o n e d  above . 
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I n  t h e i r  s u b s e q u e n t  work,  Ouano and B i e s e n b e r g e r  
( 6 )  s u b s t a n t i a l l y  conf i rmed t h e i r  e a r l i e r  e x p e r i m e n t a l  
f i n d i n g s  by r e p e a t e d  e x p e r i m e n t s  of t h e i r  p r e c e d i n g  
works,  however w i t h  t h e  use  of d u a l  d e t e c t i o n  ( a  UV 

d e t e c t o r  and a d i f f e r e n t i a l  r e f r a c t o m e t e r  i n  s e r i e s ) ,  
i . e . ,  under  t h e  c o n d i t i o n s  where i t  was p o s s i b l e  t o  

e x c l u d e  assumed a r t e f a c t s .  
Mayock and coworkers  ( 7 ) ,  a s  w e l l  a s  Golay and 

Atwood ( 8 ) , d e a l t  w i t h  t h e  problems o f  t h e  d i s p e r s i o n  i n  
t h e  c a p i l l a r y  i n  t h e  i n i t i a l  s t a g e s  of t h e  f low.  They 
found ou t  by n u m e r i c a l  methods a p p l i e d  t o  t h e  s o l u t i o n  
of  eqn.  (1) t h a t  i n  t h e s e  i n i t i a l  s t a g e s ,  i . e . ,  i n  t h e  
t r a n s i e n t  range  between t h e  s e g r e g a t e d  f low regime and 
T a y l o r ' s  f low reg ime ,  b imodal  c o n c e n t r a t i o n  p r o f i l e s  o r  

bimodal  e l u t i o n  c u r v e s  may o c c u r .  
On t h e  b a s i s  of t h e  p u b l i s h e d  e x p e r i m e n t a l  d a t a  

and i n  t h e  absence  of p h y s i c a l l y  c l e a r  t h e o r y  on t h e  
m o l e c u l a r  l e v e l ,  which would d e s c r i b e  q u a n t i t a t i v e l y  
v a r i o u s  phenomena o c c u r r i n g  i n  t h e  d i s c u s s e d  t r a n s p o r t  
p r o c e s s e s ,  n e i t h e r  t h e  p o s s i b i l i t y  can  be exc luded  
t h a t ,  i n  t h e  c a s e  o f  s o l u b l e  p o l y m e r s ,  t h e  same phenom- 
ena o c c u r  a s  t h o s e  obse rved  by D a i l y  and B u g l i a r e l l o  

( 9 )  f o r  t h e  f low of p a r t i c l e s .  These a u t h o r s  obse rved  
t h e  t endency  of d i l u t e  f i b r e  s u s p e n s i o n s  t o  c o n c e n t r a t e  
d u r i n g  t h e  f l o w  i n  t h e  c e n t r e  o f  t h e  c a p i l l a r y  and t o  
e s t a b l i s h  c o n d i t i o n s  f o r  non-Newtonian b e h a v i o u r  by 
t h e i r  o r i e n t a t i o n  i n  t h e  f l o w .  S i m i l a r  o b s e r v a t i o n s  
were made by Goldsmi th  and Mason (10 ,  11). 

I n  t h e  p r e s e n t  pape r  e x p e r i m e n t a l  s t u d y  of t h e  
d i s p e r s i o n  o f  polymer s o l u t i o n s  d u r i n g  t h e  f low i n  t h e  

c a p i l l a r y  was ex tended  w i t h  t h e  aim of a p p r o a c h i n g  
a c a p i l l a r y  model t o  r e a l  f l ow c o n d i t i o n s  i n  t h e  
ch romatograph ic  column so  t h a t  t h e s e  r e s u l t s  m i g h t  be 
used i n  f u t u r e  works t o  e x p l a i n  d i s p e r s i o n  phenomena i n  
SEC o f  po lymers .  C o n c e n t r a t i o n  dependence  o f  t h e  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
5
8
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



DISPERSION OF POLYMER SOLUTIONS IN CAPILLARIES 1625 

d i s p e r s i o n  o f  p o l y m e r  s o l u t i o n s  f l o w i n g  i n  t h e  c a p i l -  

l a r y  i s  s t u d i e d  f o r  t h e  r e a s o n  t h a t  c o n s i d e r a b l e  

c o n c e n t r a t i o n  g r a d i e n t s  e x i s t  i n  t h e  c h r o m a t o g r a p h i c  

co lumn w h i c h  r e s u l t  i n  v i s c o s i t y  g r a d i e n t s  m a k i n g  

a p p r e c i a b l e  c o n t r i b u t i o n s  t o  t h e  t o t a l  zone b r o a d e n i n g .  

F u r t h e r m o r e ,  t h e  v i s c o s i t y  phenomena show c o n s i d e r a b l e  

i n f l u e n c e  o n  t h e  p o l y m e r  s e p a r a t i o n  by SEC, and  f r o m  

t h i s  p o i n t  o f  v i e w  have a l r e a d y  been e v a l u a t e d  i n  a 

number o f  p a p e r s  ( f o r  r e v i e w  see r e f .  1 2 ) .  E x p l a n a t i o n  

o f  t h e i r  n a t u r e  w i l l  r e q u i r e  a d d i t i o n a l  s t u d i e s .  

EXPERIMENTAL ---- 
A v e r y  s i m p l e  equ ipmen t  was used  f o r  t h e  measure- 

men ts ,  A c o n s t a n t  f l o w - r a t e  o f  t h e  s o l v e n t  was e f f e c -  

t u a t e d  b y  means o f  a home-made 'sy r inge  pump. S o l u t i o n s  

were i n j e c t e d  w i t h  a s i x - p o r t  v a l v e  ( W a t e r s  A s s o c . ,  

M i l f o r d ,  Mass., U.S.A.). S t a i n l e s s - s t e e l  c a p i l l a r i e s  

( I<nauer,  O b e r u r s e l ,  FGR), o f  v a r i o u s  l e n g t h s ,  1 mm i n  

t h e  i n s i d e  d i a m e t e r ,  were used ,  The e l u a t e  was d e t e c t e d  

w i t h  a d i f f e r e n t i a l  r e f r a c t o m e t e r ,  mode l  2 0 2 5 / 5 0  

( I<nauer ,  O b e r u r s e l ,  FGR) w i t h  t h e  c e l l  vo lume o f  8 u l  
i n  t h e  case  o f  t h e  p u l s e  i n j e c t i o n  e x p e r i m e n t  and w i t h  

a n  UV d e t e c t o r  a t  t h e  w a v e l e n g t h  o f  254 nm (Deve lopmen t  

Works,  Czech. Acad.  o f  S c i . ,  Prague ,  Czech.)  i n  t h e  

case  o f  s t e p  i n j e c t i o n  e x p e r i m e n t .  The UV d e t e c t o r  was 

m o d i f i e d  so  t h a t  t h e  m e a s u r i n g  c e l l  was composed of 
a q u a r t z  c a p i l l a r y  w i t h  t h e  i n s i d e  d i a m e t e r  o f  1 m m ,  

t o  w h i c h  t h e  s t a i n l e s s - s t e e l  c a p i l l a r y  was d i r e c t l y  

c o n n e c t e d .  UV r a d i a t i o n  passed  p e r p e n d i c u l a r l y  t o  t h i s  

c e l l ,  t h e  e f f e c t i v e  vo lume o f  w h i c h  was 8 ul. By t h i s  

manner t h e  f l o w  d i s t u r b a n c e  on t h e  passage f r o m  t h e  

s t a i n l e s s - s t e e l  c a p i l l a r y  t o  t h e  m e a s u r i n g  c e l l  o f  t h e  

d e t e c t o r  was e x c l u d e d .  F o r  r e g i s t r a t i o n  a L i n e a r  

/ 

/ 
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1626 JANCA 

r e c o r d e r ,  m o d e l  3 5 5  ( L i n e a r  I n s t r u m e n t s  C o r p . ,  I r v i n e ,  

Ca . ,  U . S . A . ) ,  was a p p l i e d .  The  measuremen t  o f  t h e  

e l u t i o n  v o l u m e  was d e r i v e d  f r o m  t h e  movement o f  mechan- 

i c a l  p a r t s  o f  t h e  pump a n d  t h e r e b y  i t  was f a i r l y  p r e c i s e .  

E l u t i o n  v o l u m e s  w e r e  r e c o r d e d  i n  v a r i o u s  v o l u m e t r i c  

i n t e r v a l s  - c o u n t s  - t h e  v o l u m e  of w h i c h  was 2 .5  x 10-*m1 
i n  t h e  c a s e  o f  t h e  s t e p  i n j e c t i o n  a n d  2.0 x 10-l m l  

i n  t h e  c a s e  o f  t h e  p u l s e  i n j e c t i o n .  The  i n j e c t e d  v o l u m e  

was 3 0  u l  i n  t h e  c a s e  o f  p u l s e  i n j e c t i o n .  I n  t h e  s t e p  

i n j e c t i o n  e x p e r i m e n t ,  t h e  i n j e c t i o n  l o o p  was r e p l a c e d  

w i t h  a c a p i l l a r y ,  1 m m  i n  t h e  i n s i d e  d i a m e t e r  a n d  5 m 

in t h e  t o t a l  l e n g t h ,  b e i n g  e q u a l  i n  t h e  l e n g t h  t o  t h e  

c a p i l l a r y  i n  w h i c h  d i s p e r s i o n  measuremen t  was p e r f o r m e d .  

W i t h  t h e  p u l s e  i n j e c t i o n ,  t h e  l e n g t h  o f  t h e  u s e d  

s t a i n l e s s - s t e e l  c a p i l l a r y  was 248 cm. T o l u e n e  and  

t e t r a h y d r o f u r a n  (THF) w e r e  u s e d  a s  s o l v e n t s  f o r  t h e  

p u l s e  i n j e c t i o n  and  t h e  s t e p  i n j e c t i o n  e x p e r i m e n t s ,  

r e s p e c t i v e l y .  T o l u e n e  o f  a n a l y t i c a l  g r a d e  (Lachema,  

B r n o ,  C z e c h o s l o v a k i a )  was u s e d  d i r e c t l y ,  THF was d i s -  

t i l l e d  f r o m  c u p r o u s  c h l o r i d e  a n d  p o t a s s i u m  h y d r o x i d e  

i n  n i t r o g e n  a t m o s p h e r e .  

/ 

S o l u t i o n s  o f  n a p h t h a l e n e  i n  t o l u e n e  a n d  p o l y s t y -  

r e n e  (PS) s t a n d a r d s  i n  t o l u e n e  w e r e  i n j e c t e d  i n  t h e  

p u l s e  i n j e c t i o n  e x p e r i m e n t  and  s o l u t i o n s  o f  b e n z e n e  

i n  THF a n d  PS s t a n d a r d  i n  THF i n  t h e  s t e p  i n j e c t i o n  

e x p e r i m e n t .  M o l e c u l a r  w e i g h t s  o f  t h e  u s e d  PS s t a n d a r d s  

( W a t e r s  Assoc . ,  M i l f o r d ,  Mass.,U.S.A.) a r e  l i s t e d  i n  

T a b l e  1. 

The s t a i n l e s s - s t e e l  c a p i l l a r i e s  i n  w h i c h  t h e  

e x p e r i m e n t s  w e r e  p e r f o r m e d  w e r e  s t r a i g h t ,  w i t h o u t  

a n y  c o i l i n g .  T h e y  w e r e  i n s e r t e d  i n t o  a r u b b e r  t u b i n g  

1 cm i n  t h e  i n s i d e  d i a m e t e r ,  i n  s u c h  a way t h a t t h e s e  

c a p i l l a r i e s  p a s s e d  t h r o u g h  t h e  p e r f o r a t e d  w a l l  o f  t h e  

r u b b e r  t u b i n g  c l o s e l y  b e h i n d  t h e  i n j e c t i o n  v a l v e  a n d  
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DISPERSION OF POLYMER SOLUTIONS IN CAPILLARIES 1627 

TABLE 1 

M o l e c u l a r  W e i g h t s  o f  PS S t a n d a r d s  Used f o r  t h e  S t u d y  
(Manu f ac t u r e  r ‘ s  Da t a ) 

j u s t  b e f o r e  t h e  d e t e c t o r .  Wate r ,  t h e r m o s t a t e d  t o  t h e  

t e m p e r a t u r e  o f  25 2 0.05 C ,  c i r c u l a t e d  i n  t h e  t u b i n g .  

T h e r e b y  i t  was s e c u r e d  t h a t  t h e  c o n d i t i o n s  o f  t h e  

e x p e r i m e n t  were p r e c i s e l y  d e f i n e d ,  c o n s t a n t  and w i t h o u t  

any  i n f l u e n c e s  d i s t u r b i n g  t h e  h y d r o d y n a m i c  f l o w .  

0 

RESULTS AND DISCUSSION 

The a u t h o r s  o f  t h e  r e f e r r e d  w o r k s  (2-4, 6 )  p e r -  

f o rmed  t h e i r  measurements i n  c a p i l l a r i e s ,  1 rnm i n  

t h e  i n s i d e  d i a m e t e r ,  u n d e r  t h e  f l o w - r a t e s  used  i n  

p r a c t i c a l  SEC s e p a r a t i o n s  o f  p o l y m e r s ,  i . e . ,  1 ml /m in .  

T h i s  f l o w - r a t e  c o r r e s p o n d s  t o  t h e  l i n e a r  v e l o c i t y  o f  
t h e  d i s p l a c e m e n t  of a p p r o x i m a t e l y  2 cm/sec, Columns 

f o r  SEC a r e  u s u a l l y  4-8 mm i n  d i a m e t e r s  and have  t h e  

i n t e r s t i t i a l  p o r o s i t y  = 0.35 - 0.40. I t  f o l l o w s  f r o m  

t h e s e  d a t a  t h a t  l i n e a r  v e l o c i t i e s  o f  t h e  d i s p l a c e m e n t  

i n  t h e  i n t e r s t i t i a l  vo lume a r e  5 t o  25 t i m e s  l e s s  u n d e r  

common c h r o m a t o g r a p h i c  c o n d i t i o n s  t h a n  i n  t h e  r e f e r r e d  

p a p e r s .  I n  o r d e r  t o  a p p r o a c h  t h e  c o n d i t i o n s  o f  l i n e a r  
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1628 JANCA 

v e l o c i t i e s  o f  t h e  d i s p l a c e m e n t  i n  t h e  c o l u m n  i n  t h i s  

r e s p e c t ,  when u s i n g  t h e  c a p i l l . a r y  w i t h  t h e  i n s i d e  d i a -  

m e t e r  o f  1 m m ,  we m u s t  o p e r a t e  w i t h i n  a p p r o x i m a t e  r a n g e  

o f  t h e  f l o w - r a t e s  o f  0.04 - 0.20 m l / m i n .  T h i s  i s  why 

we c a r r i e d  o u t  o u r  m e a s u r e m e n t s  a t  t h e  t w o  d i f f e r e n t  

f l o w - r a t e s ,  0.038 m l / m i n  a n d  0,334 rn l /m in .  

F o r  t h e  e v a l u a t i o n  o f  t h e  d i s p e r s i o n  r e g i m e  u n d e r  

t h e  p r e s e n t  e x p e r i m e n t a l  c o n d i t i o n s ,  P e c l e t ' s  number ,  

Pe I 

Pe = L y /  D ( 2 )  

a n d  ' T a y l o r ' s  number  ( 2 )  ~ T a ,  

2 -  T a = R  v / L D  ( 3 )  

were  u s e d ,  w h e r e  R i s  t h e  r a d i u s  o f  t h e  c a p i l l a r y .  F o r  

t h e  g i v e n  e x p e r i m e n t a l  C o n d i t i o n s  ( p a r t i c u l a r l y  L a n d  

v )  Pe i s  a l w a y s  Pe>p 1, w h i c h  means t h a t  t h e  c o n t r i b -  

u t i o n  o f  t h e  l o n g i t u d i n a l  d i f f u s i o n  i s  s m a l l .  A t  t h e  

h i g h e r  o f  t h e  b o t h  s t u d i e d  f l o w - r a t e s  Ta>> 1 f o r  

p o l y m e r  s o l u t i o n s  w h i c h  means t h a t  s e g r e g a t e d  f l o w  

r e g i m e  ( 2 )  i s  c o n c e r n e d ,  i n  w h i c h  t h e  r a d i a l  d i f f u s i o n  

i s  s m a l l .  A t  t h e  l o w e r  f l o w - r a t e  T a >  1 ( a n p r o x i m a t e l y  

Ta 4 8 ) ,  w h i c h  means t h a t  r a t h e r  a t r a n s i e n t  r a n g e  

b e t w e e n  t h e  s e g r e g a t e d  f l o w  a n d  T a y l o r  r e g i m e s  ( 2 )  i s  

c o n c e r n e d .  F o r  l o w - m o l e c u l a r  w e i g h t  s o l u t e s  ( n a p h t h a -  

l e n e ,  b e n z e n e )  Ta<< l ,  w i t h  r e s p e c t  t o  a h i g h e r  d i f f u -  

s i o n  c o e f f i c i e n t ,  i . e . ,  a t  b o t h  o f  t h e  f l o w - r a t e s  t h e  

c o n d i t i o n  o f  T a y l o r  f l o w  r e g i m e  h o l d s  t r u e .  

- 

I n  o r d e r  t o  e v a l u a t e  e x p e r i m e n t a l  d a t a  q u a n t i t a -  

t i v e l y  f r o m  t h e  v i e w p o i n t  o f  t h e  a g r e e m e n t  o r  d i s c r e p -  

a n c i e s  b e t w e e n  them and  t h e  t h e o r e t i c a l l y  assumed 

m o d e l  o f  t h e  f l o w  r e g i m e ,  s t a t i s t i c a l  moments o f  e l u t i o n  

c u r v e s  ,/u; ( t h e  f i r s t  s t a t i s t i c a l  moment w i t h  r e s p e c t  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
5
8
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



DISPERSION OF POLYMER SOLUTIONS IN CAPILLARIES 1629 

( t h e  n - t h  c e n t r a l  moment) ,  d e f i n e d  b y  
/Un 

t o  z e r o )  and 

t h e  e q u a t i o n s  

/ u1 ' = t V i  hi / x h i  ( 4 )  

/ U n  = t ( v i  - /u;'" . hi / t h i  n=2,3, . . .  ( 5 )  

were used,  where Vi i s  t h e  e l u t i o n  vo lume,  hi i s  t h e  

h e i g h t  o f  t h e  chromatogram f r o m  t h e  b a s e - l i n e .  W i t h  

t h e  a i d  o f  Eqns.  ( 4 )  and ( 5 )  i t  was p o s s i b l e  t o  

c a l c u l a t e  t h e  c o r r e s p o n d i n g  s t a t i s t i c a l  moments o f  t h e  

e l u t i o n  ch romatog rams  r e s u l t i n g  f r o m  t h e  p u l s e  

i n j e c t i o n  e x p e r i m e n t .  The s t a t i s t i c a l  moments o f  t h e  

f r o n t a l  chromatograms o b t a i n e d  b y  t h e  s t e p  i n j e c t i o n  

were c a l c u l a t e d  w i t h  t h e  use  o f  Eqns.  ( 6 )  and ( 7 )  

' = x V i  . (hi - hi..1) / H (6) 

where H i s  t h e  t o t a l  h e i g h t  o f  t h e  f r o n t a l  ch romato -  

gram f r o m  t h e  b a s e - l i n e  u p  t o  t h e  p l a t e a u  f o r  w h i c h  

i t  h o l d s  t r u e  t h a t  

Based on t h e s e  s t a t i s t i c a l  moments, t h e  c r i t e r i o n  o f  

e l u t i o n  c u r v e  asymmetry ,  A, was d e f i n e d  i n  t h e  

p r e c e d i n g  work  ( 1 3 )  

A d d i t i o n a l l y ,  for-  t h e  case o f  t h e  d i s p e r s i o n  w h i c h  

can be d e s c r i b e d  b y  Eqn. (l), t h e  r e l a t i o n s h i p  ( 1 4 )  
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b e t w e e n  t h e  number  o f  t h e o r e t i c a l  p l a t e s ,  N ,  o f  t h e  

g i v e n  s y s t e m  

- 2  N = ( u )  / 1 1 7 2  

a n d  t h e  a s y m m e t r y ,  A, 

A = 4 N-2 

was d e r i v e d .  

The  a g r e e m e n t  b e t w e e n  t h e  v a l u e s  of Aexp,  

c a l c u l a t e d  f r o m  t h e  e x p e r i m e n t a l  c h r o m a t o g r a m s  w i t h  

t h e  u s e  o f  Eqn.  ( 9 ) ,  a n d  t h e o r e t i c a l  o n e s ,  A theor ,  

c a l c u l a t e d  w i t h  t h e  a i d  o f  Eqn.  (11) f o r  t h e  v a l u e s  

o f  N f o u n d  e x p e r i m e n t a l l y  (Eqn .  (lo)), c a n  t h e n  s e r v e  

a s  a s u i t a b l e  c r i t e r i o n  f o r  t h e  e v a l u a t i o n  o f  t h e  

a c c o r d  b e t w e e n  t h e  t h e o r e t i c a l  a s s u m p t i o n  o f  t h e  d i s -  

p e r s i o n  a n d  t h e  r e a l  e x p e r i m e n t a 1 . o k e r v a t i o n s .  I n  o t h e r  

w o r d s ,  t h e  d i f f e r e n c e s  b e t w e e n  A a n d  Atheor i n d i c a t e  

t h a t  t h e  r e a l  c h a r a c t e r  o f  t h e  d i s p e r s i o n  d i f f e r s  f r o m  

t h e  one t h a t  is assumed b y  t h e  u s e d  t h e o r e t i c a l  m o d e l .  

The a b o v e  i n t e r p r e t a t i o n  was u s e d  t o  e v a l u a t e  b o t h  t h e  

p u l s e  a n d  t h e  s t e p  i n j e c t i o n  e x p e r i m e n t s .  

exP 

F o r  t h e  h e i g h t  e q u i v a l e n t  t o  a t h e o r e t i c a l  p l a t e ,  

HETP, t h e  Iknown r e l a t i o n s h i p  c a n  be  w r i t t e n  

tiETP = L / N (12) 

F o r  a c i r c u l a r  c a p i l l a r y  i t  t h e n  h o l d s  ( 1 5 )  

(13) 
2 HETP = 7 R / 24 D 

Eqn. (13) r e s u l t s  f r o m  t h e  s o l u t i o n  o f  Eqn .  (1) u n d e r  

t h e  p e r t a i n i n g  b o u n d a r y  c o n d i t i o n s  w i t h  a x i a l  d i f f u s i o n  

b e i n g  n e g l e c t e d  a n d  w i t h  t h e  a s s u m p t i o n  o f  a p a r a b o l i c  

v e l o c i t y  p r o f i l e  ( 1 6 ) .  
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DISPERSION OF POLYMER SOLUTIONS IN CAPILLARIES 163 1 

D i f f u s i o n  c o e f f i c i e n t  i s  a f u n c t i o n  o f  d i m e n s i o n s  

o r  m o l e c u l a r  w e i g h t  o f  t h e  s o l u t e  m o l e c u l e s  and t h e  

v i s c o s i t y  o f  t h e  medium a c c o r d i n g  t o  S t o k e s - E i n s t e i n  

e q u a t i o n  

D = R' T / 6 TI rlqNA 

where R' i s  t h e  gas c o n s t a n t ,  T a b s o l u t e  t e m p e r a t u r e ,  

r t h e  r a d i u s  o f  t h e  s o l u t e  m o l e c u l e ,  7 v i s c o s i t y  o f  

t h e  medium and NA Avogadro  number. I f  a s p h e r i c a l  s o l u t e  

m a c r o m o l e c u l e  and  a d i r e c t  p r o p o r t i o n  be tween  t h e  vo lume 

of  t h e  m a c r o m o l e c u l e  and i t s  m o l e c u l a r  w e i g h t  can  be 

assumed, S t o k e s - E i n s t e i n  e q u a t i o n  can  be w r i t t e n  i n  

a more g e n e r a l  f o r m  

1 

D = c o n s t  . 1 / ( qMli3) ( 1 5 1  

Some e m p i r i c a l  e x p r e s s i o n s  d e s c r i b e  t h e  r e l a t i o n s h i p  

be tween  D and M i n c r e a s e d  t o  a h i g h e r  power ( u p  t o  

M 2 l 3 ) ,  s u c h  a s ,  e.g., W i l ke /Chang  e q u a t i o n  (17 ) .  The 

above r e l a t i o n s h i p s  and e q u a t i o n s  became t h e  b a s i s  f o r  

t h e  q u a n t i t a t i v e  e v a l u a t i o n  o f  t h e  e x p e r i m e n t a l  r e s u l t s .  

R e s u l r s  o f  b o t h  p u l s e  and s t e p  i n j e c t i o n  e x p e r i -  

men ts ,  o b t a i n e d  a t  t h e  two  d i f f e r e n t  f l o w - r a t e s  f o r  

a s e r i e s  o f  samples o f  P S  s t a n d a r d s  h a v i n g  t h e  g i v e n  

i n i t i a l  v a l u e  o f  t h e  s p e c i f i c  v i s c o s i t y ,  qSpec a r e  
l i s t e d  i n  T a b l e s  2-5.  These s p e c i f i c  v i s c o s i t i e s  o f  

t h e  i n j e c t e d  s o l u t i o n s  o f  PS s t a n d a r d s  were c a l c u l a t e d  

f rom t h e  Iknown c o n c e n t r a t i o n  o f  t h e  s o l u t i o n s  o f  PS 

s t a n d a r d s  o f  t h e  g i v e n  m o l e c u l a r  w e i g h t s  w i t h  t h e  use 

o f  t h e  Mark-Houwink e q u a t i o n s  

8.81 , 

v a l i d  f o r  PS i n  t o l u e n e  a t  25 OC (18)  and  
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TABLE 2 

R e s u l t s  o f  t h e  P u l s e  I n j e c t i o n  E x p e r i m e n t  M e a s u r e d  
a t  a F l o w - R a t e  o f  0.038 m l / m i n  

/"2 P 3  
N e x p  A t h e o r  A 

N a p h t h a -  
l e n e  - 10.84 0.267 0.02 440 0.000016 0.000021 
0.0625-4% 

PS 1 9.458 15.94 20.82 67.95 12.2 0.0168 0.0269 

3.366 14.11 17.80 30.50 11.2 0.0109 0.0320 

1.342 12.38 11.45 21.69 13.4 0.0114 0.0223 

PS 3 3.366 13.46 10.20 27.29 17.8 0.0112 0.0127 

1.342 11.24 8.85 21.11 14.3 0.0149 0,0196 

0.586 12.56 9.57 25.04 16.5 0.0126 0.0147 

PS 5 3.366 12.11 5.13 9.92 28.6 0.0056 0.0049 

1.342 12.09 6.27 15.09 23.3 0.0085 0.0074 

0.586 11.92 6.37 15.26 22.3 0.0090 0.0080 

0.272 11.48 5.63 7.22 23.4 0.0048 0.0073 

[q]= 1.17 . 10-2 M0.717 

v a l i d  f o r  PS i n  THF a t  25 O C  (19 )  a n d  w i t h  t h e  u s e  o f  

t h e  H u g g i n s  e q u a t i o n  

c i n  t h e  a b o v e  e q u a t i o n s  is c o n c e n t r a t i o n ,  [ V ]  i s  t h e  

i n t r i n s i c  v i s c o s i t y ,  M is t h e  m o l e c u l a r  w e i g h t  a n d  
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DISPERSION OF POLYMER SOLUTIONS IN CAPILLARIES 1633 

TABLE 3 

R e s u l t s  o f  t h e  P u l s e  I n j e c t i o n  E x p e r i m e n t  Measured  
a t  a F l o w - R a t e  o f  0.334 m l / m i n  

P 3  
N Aexp A 

t h e o r  

Naphtha-  
l e n e  - 10.92 1.49 0.38 80.0 0.00029 0.00062 
0.0625-4% 

PS 2 9.458 25.71 107.5 882.6 6.1 0.0519 0.1058 

3.366 17.95 57.11 288.5 5.6 0.0499 0.1257 

1.342 14.50 23.60 25.5 10.6 0.0177 0.0358 

PS 3 3.366 19.00 48.94 271.0 7.4 0.0395 0.0735 

1.342 14.90 25.36 100.8 8.8 0.0305 0.0522 

0.586 13.76 24.97 97.9 7.6 0.0376 0.0696 

PS 5 3.366 16.67 25.19 71.2 11.0 0.0154 0.0329 

1.342 14.08 18.74 64.4 10.6 0.0231 0.0357 

0.586 11.40 8.12 17.8 16.0 0.0120 0.0156 

t h e  H u g g i n s  c o n s t a n t ,  I<,+ = 0.362, was measured i n  o u r  

p r e v i o u s  work (20)  f o r  THF; € o r  t o l u e n e  i t  i s  

I< = 0.34 (18) .  H 
L e t  us n o t i c e  now i n  d e t a i l  t h e  r e s u l t s  summa- 

r i z e d  i n  T a b l e s  2 and 3, i .e . ,  t h e  d i s p e r s i o n  i n  t h e  

e l u t i o n  mode i n  t h e  p u l s e  i n j e c t i o n .  A t  t h e  b o t h ,  

h i g h e r  and l o w e r  f l o w - r a t e s  a marked dependence o f  

/ u i ,  i . e . ,  o f  t h e  a v e r a g e  e l u t i o n  vo lume,  on qspec  
of t h e  i n j e c t e d  p o l y m e r  s o l u t i o n  was f o u n d .  F o r  b e t t e r  

i l l u s t r a t i o n  i t  i s  shown i n  F i g .  1. T h i s  dependence 
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1634 JANCA 

/ 0.334 mllmin 

1 
0 2 4 6 8 10 qSpec 

FIGURE 1 

Dependence of t h e  a v e r a g e  e l u t i o n  vo lume on t h e  

s p e c i f i c  v i s c o s i t y  o f  s o l u t i o n s  o f  v a r i o u s  PS 

s t a n d a r d s  i n j e c t e d  a s  p u l s e s .  

F l o w - r a t e :  0.334 m l / m i n :  0 P s  2 ,  0 PS 3, @ PS 5 

F l o w - r a t e :  0.038 ml /m in :  PS 1, PS 3, PS 5 

i s  o n l y  s l i g h t l y  i n f l u e n c e d  b y  t h e  m o l e c u l a r  w e i g h t  o f  

t h e  s o l u t e .  So f a r  s i m i l a r  o b s e r v a t i o n  i s  c o n c e r n e d  a s  

w i t h  packed  co lumns  ( 2 1 ) .  I n  c o n t r a d i c t i o n  t o  t h e  

e x p e r i m e n t s  w i t h  packed co lumns  t h e  dependence o f  ,u; 

On ‘ lspec 
I n  o r d e r  t o  d e m o n s t r a t e  i l l u s t r a t i v e l y  c i r c u m s t a n c e s  

o f  t h e  dependence o f  / u l  o n  T s p e c ,  F i g ,  2 shows t h e  

chromatograms o b t a i n e d  b y  t h e  i n j e c t i o n  o f  s o l u t i o n s  

o f  PS s t a n d a r d s  a t  d i f f e r e n t  c o n c e n t r a t i o n s  and  t h u s  

a t  d i f f e r e n t  v a l u e s  o f  qspec a t  t h e  h i g h e r  f l o w - r a t e .  

The i d e n t i c a l  f e a t u r e  o f  a s i m i l a r  f i g u r e  i n  o u r  

e a r l i e r  work (21 )  is t h e  f a c t  t h a t  t h e  f r o n t a l  p a r t  o f  

t h e  chromatogram has  a l m o s t  i d e n t i c a l  c o u r s e  a n d  o r i g i n  

f o r  a l l  o f  t h e  t h r e e  i n j e c t i o n s ,  whereas t h e  b a c k  p a r t  

i s  r e t a r d e d  more s i g n i f i c a n t l y  a s  i n c r e a s e s .  

T h e r e b y  t h e  w i d t h  o f  t h e  c h r o m a t o g r a p h i c  zone e x t e n d s  

and t a i l i n g  a p p a r e n t l y  i n c r e a s e s .  The v a l u e s  o f  A i n  

i s  m a r k e d l y  l e s s  s t e e p  a t  t h e  l o w e r  f l o w r a t e .  

spec 
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DISPERSION OF POLYMER SOLUTIONS IN CAPILLARIES 1635 

I 
0 10 20 30 LO 

Refention dume (counts) 

F I G U R E  2 

Chromatograms of PS 3 s t a n d a r d  i n j e c t e d  a s  a p u l s e  
a t  v a r i o u s  c o n c e n t r a t i o n s  a t  a f l o w - r a t e  of 0.334 m l / m i n .  
a . . .  q s p e c =  0 , 5 8 6 ,  b . . .  q s p e c  = 1 . 3 4 2 ,  = 3 .366  c * * *  q s p e c  

T a b l e s  2 and 3 ,  however ,  show ( a g a i n  w i t h  a c e r t a i n  
e x p e r i m e n t a l  v a r i a n c e )  p r a c t i c a l  i ndependence  on Q s p e c .  

T h u s  an e n l a r g e d  t a i l i n g  d e c l a r e d  by t h e  a u t h o r s  of ( 2 )  
i s  o n l y  a p p a r e n t  a s  i t  i s  a s i m p l e  consequence  of t h e  
i n c r e a s e  i n  t h e  zone w i d t h ,  c h a r a c t e r i z e d  by / u 2  w i t h  

is an i n c r e a s i n g  s p e c .  T h i s  dependence  of 

a l s o  e n t i r e l y  obv ious  i n  T a b l e s  2 and 3 i n  s p i t e  of t h e  
v a r i a n c e  of t h e  e x p e r i m e n t a l  r e s u l t s  b e i n g  g r e a t e r  i n  
consequence  of e x p e r i m e n t a l  i n a c c u r a c i e s  i n c r e a s e d  t o  
t h e  second power ( s e e  d e f i n i t i o n  E q n .  ( 5 ) ) .  

t h e  r a t i o  A t h e o r  / A e x p  i s  a p p r o x i m a t e l y  2.0 f o r  a l l  of 
t h e  i n j e c t e d  PS s t a n d a r d s  and c o n c e n t r a t i o n s ,  w i t h  non- 
- s y s t e m a t i c  v a r i a t i o n s  i n  t h e  range  from 1.3 t o  2 .5 .  

Even f o r  n a p h t h a l e n e  i n j e c t e d  i n  a wide r ange  of 
c o n c e n t r a t i o n s  t h e  r a t i o  A t h e o r / A e x p  = 2 .  The exp lana -  
t i o n  o b v i o u s l y  f o l l o w s  from t h e  f a c t  t h a t  a l t h o u g h  t h e  
i n j e c t e d  volume i s  a b o u t  1 . 5  % of t h e  t o t a l  volume of 

/'z O n  Q s p e c  

A t  t h e  h i g h e r  o f  t h e  b o t h  i n v e s t i g a t e d  f l o w - r a t e s  
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1636 JANCA 

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

be n e c e s s a r y  f o r  t h e  i d e a l  c a s e ,  w h i c h  causes  t h e  

o b s e r v e d  d i f f e r e n c e s  be tween  Atheor and Aexp. 

A t  t h e  l o w e r  f l o w - r a t e  t h e  o b s e r v e d  r a t i o s  

Atheor/Aexp a r e  l o w e r ;  o n  a v e r a g e  Atheor /Aexp = 1.4. 

The c o n t r i b u t i o n  t o  t h e  b r o a d e n i n g  caused by t h e  

i n j e c t i o n  i s  d o u b t l e s s l y  l e s s  s i g n i f i c a n t ,  r e g a r d l e s s  

t h e  f a c t  t h a t ,  w i t h  t h e  e x c e p t i o n  o f  PS 1 s t a n d a r d ,  

t h e  o t h e r  d i f f e r e n c e s  a r e  a s s e n t i a l l y  w i t h i n  t h e  

f ramework  o f  e x p e r i m e n t a l  e r r o r s .  I t  i s  o b v i o u s  f r o m  

Eqn. ( 1 1 )  t h a t  t h e  e r r o r  o f  5 % i n  t h e  r e a d i n g  o f  N 

w i l l  r e s u l t  i n  t h e  e r r o r  o f  a b o u t  10 % i n  t h e  v a l u e  o f  A. 

W i t h  r e g a r d  t o  Eqns. ( l o ) ,  (12), ( 1 3 )  and  ( 1 5 )  

i t  must  h o l d  t r u e  for t h e  g i v e n  c o n s t a n t  v i s c o s i t y  o f  

v a r i o u s  i n j e c t e d  PS s t a n d a r d s  

and f o r  t h e  i n j e c t i o n  o f  PS s t a n d a r d s  o f  t h e  g i v e n  

m o l e c u l a r  w e i g h t s  and v i s c o s i t i e s  i t  t h e n  h o l d s  

I n  c o n s i d e r a t i o n  o f  t h e  d i l u t i o n  o f  t h e  p o l y m e r  

s o l u t i o n  due t o  t h e  zone b r o a d e n i n g  i n  t h e  c o u r s e  o f  

i t s  movement a l o n g  t h e  co lumn,  a l l  o f  t h e  v i s c o s i t i e s  

i n  Eqn. ( 2 0 )  have  t h e  mean ing  o f  a v e r a g e  v a l u e s  w h i c h ,  

however ,  a r e  p r o p o r t i o n a l  t o  t h e  v a l u e s  o f  v i s c o s i t i e s  

of  t h e  i n j e c t e d  s o l u t i o n s  and t h e r e f o r e  t h e  l a t t e r  ones 

can  be used f o r  t h e  c o r r e l a t i o n .  
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DISPERSION OF POLYMER SOLUTIONS IN CAPILLARIES 1637 

The r e s u l t s  p r e s e n t e d  i n  T a b l e  2 and 3 show ( w i t h  
t h e  v a r i a n c e  g i v e n  by e x p e r i m e n t a l  e r r o r s )  b a s i c  
agreement  of e x p e r i m e n t a l  d a t a  w i t h  Eqns.  (19) and ( 2 0 ) .  

I t  means t h a t  i n  t h e  c a s e  when d i f f u s i o n  t a k e s  p l a c e  
i n  a h i g h  d e g r e e ( i n  t h e  f i r s t  p l a c e  r a d i a l  d i f f u s i o n )  
t h e  dependence  of / ' 2  O n  

dependence  of 
consequence  of t h e  p r e c e d i n g  dependence .  T h e  c o r r e l a t i o n  

O f  
(13) shows a good agreement  between t h e  t h e o r e t i c a l  
a s sumpt ion  and t h e  expe r imen t  f o r  t h e  low-molecu la r  
we igh t  s o l u t e  - n a p h t h a l e n e .  An i n c r e a s e  i n  HETP v a l u e s  
of polymer s o l u t i o n s  a t  t h e  h i g h e r  f l o w - r a t e  i s ,  
however ,  s u b s t a n t i a l l y  l e s s  t h a n  i t  c o r r e s p o n d s  t o  
E q n .  ( 1 3 ) .  These  f a c t s ,  i n  t h e  same way a s  t h e  

c h a r a c t e r  o f  t h e  c h r o m a t o g r a p h i c  c u r v e s  i n  F i g .  2 ,  

conf i rm t h a t ,  a t  l e a s t  a t  t h e  h i g h e r  of t h e  b o t h  
s t u d i e d  f l o w - r a t e s ,  s e g r e g a t e d  f low regime t a k e s  p l a c e  
i n  t h e  f i r s t  p l a c e  i n  consequence  of which c o n v e c t i v e  
c h a r a c t e r  o f  d i f f u s i o n  p r e d o m i n a t e s .  However, i t  i s  
obv ious  t h a t  o t h e r  phenomena of  hydrodynamic c h a r a c t e r ,  
such  a s  e s t a b l i s h m e n t  o f  o t h e r  t han  p a r a b o l i c  v e l o c i t y  
p r o f i l e  d u r i n g  t h e  f l o w  o f  polymer i n  t h e  c a p i l l a r y ,  
can t a k e  p l a c e .  

q s p e c  i s  p r i m a r y .  The 
i s ,  i n  t h i s  c a s e ,  o n l y  a /'I On ' l spec  

v a l u e s  measured a t  various f l o w - r a t e s  w i t h  Eqn. 

The r e s u l t s  of t h e  s t e p  i n j e c t i o n  expe r imen t  a r e  
p r e s e n t e d  i n  T a b l e s 4  and 5,  a g a i n  f o r  t h e  two above 
ment ioned  flow- r a t e s .  S i g n  " p l u s "  i n  column " S p e c i f i c  
V i s c o s i t y  S t e p "  i n d i c a t e s  t h a t  t h e  s o l u t i o n  of PS 4 
s t a n d a r d  was i n j e c t e d  i n t o  THF, t h e  change  i n  qspec  
was t h u s  p o s i t i v e  and ,  r e v e r s e l y  s i g n  " m i n u s " ,  means 
t h a t  THF was i n j e c t e d  i n t o  t h e  s o l u t i o n  of PS s t a n d a r d .  

an  a v e r a g e  h i g h e r  e l u t i o n  volume can be obse rved  i f  
t h e  s o l u t i o n  of PS s t a n d a r d  i s  i n j e c t e d  i n t o  THF when 

A t  t h e  lower  f l o w - r a t e ,  an i n e x p r e s s i v e  t endency  t o  
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1638 JANCA 

TABLE 4 

R e s u l t s  o f  t h e  S t e p  I n j e c t i o n  E x p e r i m e n t  M e a s u r e d  a t  
a F l o w - R a t e  o f  0.038 m l / m i n  

12.59 4.402 1823 0.0013 0.0012 B e n z e n e  151 .5 
i n t o  THF 

+0.392 152 .O 290.1 4847 79.6 1.38 0.63 

+0.872 154.1 285.0 4227 83.3 1.16 0.58 

+2.133 150.4 289.6 5266 78.1 1.55 0.66 

-0.239 146 .O 315.7 3226 67.5 1.04 0.88 

-0.514 144.5 309.4 4336 67.5 1.44 0.88 

-1.170 150.5 357.0 7029 63.4 2.06 0.99 

a o f  b e n z e n e  i n j e c t e d  i n t o  THF a n d  t h e  
' w i t h  t h e  i n j e c t i o n  o f  

c o m p a r e d  w i t h  
t e n d e n c y  t o  a n  a v e r a g e  lower  
THF i n t o  t h e  s o l u t i o n  o f  t h e  PS s t a n d a r d .  T h i s  may b e  a n  
i n d i c a t i o n  o f  t h e  e s t a b l i s h m e n t  o f  t h e  p l u g  v e l o c i t y  
p r o f i l e  w i t h  t h e  i n j e c t i o n  o f  PS s o l u t i o n  i n t o  THF o n  
t h e  z o n e  b o u n d a r y  a n d  " b r e a k - t h r o u g h "  o f  t h e  z o n e  
b o u n d a r y  b y  t h e  l ess  v i s c o u s  THF o n  i t s  i n j e c t i o n  i n t o  
t h e  PS s o l u t i o n ,  l e a d i n g  t o  t h e  v e l o c i t y  p r o f i l e  
e l o n g a t e d  m o r e  t h a n  t h e  p a r a b o l i c  o n e .  F l a t t e n i n g  o f  

t h e  v e l o c i t y  p r o f i l e  may b e  c a u s e d  o n  t h e  o n e  h a n d  
b y  n o n - N e w t o n i a n  b e h a v i o u r  o f  t h e  p o l y m e r  s o l u t i o n ,  w h i c h ,  

h o w e v e r ,  a p p e a r s  more m a r k e d  o n l y  a t  h i g h e r  m o l e c u l a r  
w e i g h t s  a n d  a t  h i g h e r  p o l y m e r  c o n c e n t r a t i o n s ,  a n d ,  on  
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DISPERSION OF POLYMER SOLUTIONS IN CAPILLARIES 1639 

TABLE 5 

R e s u l t s  o f  t h e  S t e p  I n j e c t i o n  E x p e r i m e n t  Measured  a t  
a F low-Ra te  o f  0,334 ml /m in  

e x p  A t h e o r  A 
N 

S p e c i f i c  
V i s c o s i t y  
S t e p  / u2 P 3  

Benzene 152 .2 
i n t o  THF 134.6 360 172 0.102 0.135 

+ O  .404 140.7 468.6 8001 42.2 2.87 2.24 
+1.319 146.6 525.6 14567 40.9 4.62 2.39 
i2.224 147.4 340.3 5487 63.8 1.71 0.98 
- 0.239 133 .O 459.4 8077 38.5 3.43 2.70 
-0.514 130.1 409.7 6442 41 a3 2.92 2.35 
-1 e l 7 0  134.2 857.2 42575 21.0 17.6 9.07 

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

c o n c e n t r a t e  i n  t h e  c e n t r e  o f  t h e  c a p i l l a r y ,  T h e r e b y  

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

i n  consequence o f  w h i c h  t h e  v e l o c i t y  i n  t h e  c a p i l l a r y  

c e n t r e  d e c r e a s e s .  T h i s  phenomenon c a n  cause "by -pass "  

o f  t h e  c l o u d  o f  t h e  p o l y m e r  s o l u t i o n  a t  h i g h e r  

c o n c e n t r a t i o n  b y  t h a t  h a v i n g  a l o w e r  c o n c e n t r a t i o n  

i n  t h e  p r o x i m i t y  o f  t h e  w a l l .  I n  a c c o r d  w i t h  t h i s  i s  

a l s o  a s t e e p e r  s l o p e  o f  t h e  dependence o f  

a t  t h e  h i g h e r  f l o w - r a t e  f o r  t h e  p u l s e  i n j e c t i o n  

e x p e r i m e n t  t h e  e x p l a n a t i o n  o f  w h i c h  was p r e s e n t e d  above  

on t h e  b a s i s  o f  Eqns.  (19) and  (20). 
The t e n d e n c y  of m a c r o m o l e c u l e s  o r  p a r t i c l e s  t o  

c o n c e n t r a t e  i n  t h e  c e n t r e  o f  t h e  c a p i l l a r y  c a n  be 

/'I On 'lspec 
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e x p l a i n e d  b y  t h e  l i f t  f o r c e s  ( 2 2 )  w h i c h  were o b s e r v e d  

e x p e r i m e n t a l l y  by s e v e r a l  a u t h o r s  (9-11, 2 3 ) ,  a s  

m e n t i o n e d  a l r e a d y  above .  

good agreement  w i t h  t h e  e x p e r i m e n t a l  v a l u e  f o r  t h e  

e l u t i o n  o f  benzene. The r a t i o  o f  o t h e r  v a l u e s  

A t  he o r I A e  x p  
g r e a t e r  t h a n  assumed b y  t h e  t h e o r e t i c a l  mode l .  

The t h e o r e t i c a l  v a l u e  o f  asymmetry  i s  in a v e r y  

i s  on a v e r a g e  ca.  0 . 5 ,  i . e . ,  t a i l i n g  i s  

Much more marked a r e  d i f f e r e n c e s  i n  /u; a t  t h e  

h i g h e r  f l o w - r a t e  when t h e  i n f l u e n c e  o f  t h e  r a d i a l  

d i f f u s i o n  o f  p o l y m e r  s o l u t e  i s  a l m o s t  n e g l e c t a b l e ,  

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

On  t h e  i n j e c t i o n  o f  t h e  s o l u t i o n  o f  PS s t a n d a r d  i n t o  

THF u *  i s  b y  5 % l o w e r  i n  c o m p a r i s o n  w i t h  

t h e  i n j e c t i o n  o f  benzene i n t o  THF. On t h e  i n j e c t i o n  

o f  THF i n t o  t h e  s o l u t i o n  o f  PS s t a n d a r d  t h e  v a l u e s  o f  
a r e  b y  13  % l o w e r  t h a n  t h e  v a l u e s  o f  f o r  

benzene.  These f a c t s  c o n f i r m  t h a t  t h e  i n f l u e n c e  o f  

t h e  r a d i a l  d i f f u s i o n  is r e a l l y  s l i g h t  and t h e r e f o r e  

t h e  zone f r o n t  moves, o w i n g  t o  a h i g h e r  l i n e a r  

v e l o c i t y  i n  t h e  c a p i l l a r y  c e n t r e ,  a t  a much h i g h e r  

speed. F u r t h e r  i t  i s  o b v i o u s  t h a t  i n  t h e  case  o f  

t h e  i n j e c t i o n  o f  THF i n t o  t h e  s o l u t i o n  of  PS s t a n d a r d ,  

o c c u r s  " b r e a k - t h r o u g h "  o f  t h e  zone o f  t h e  PS s o l u t i o n  

by much l e s s  v i s c o u s  and t h u s  more m o b i l e  THF. The 

r a t i o  Atheor / Ae,xp l i e s  i n  t h e  r a n g e  0.52  - 0.80 a n d  

i s  on a v e r a g e  b y  1 5  % h i g h e r  t h a n  a t  t h e  l o w e r  

f l o w - r a t e .  Examples o f  t h e  e l u t i o n  c u r v e s  f r o m  t h e  

s t e p  i n j e c t i o n  e x p e r i m e n t  a r e  shown i n  F i g s .  3 and  4. 

i n  t h e  b o t h  i n s t a n c e s  o f  t h e  l o w  and t h e  h i g h  

p1 On / 1  

1 .; 

S l i g h t  and n o n - s y s t e m a t i c  i n f l u e n c e  o f  qspec o n  

/ 
f l o w - r a t e s  i n d i c a t e s  t h a t  t h e  shape of t h e  v e l o c i t y  

p r o f i l e  i s  a d o m i n a n t  f a c t o r  and  hence i t  i s  c o n v e c t i o n  

t h a t  g o v e r n s  t r a n s p o r t  p r o c e s s e s  a t  t h e  b o t h  b o u n d a r i e s  
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1 .o 

0.5 

0 0.5 1 .o 1.5 "e" 

F I G U R E  3 

Normal ized  chromatograms of benzene  a n d  PS 4 s t a n d a r d  
i n j e c t e d  a s  s t e p s  a t  v a r i o u s  c o n c e n t r a t i o n s  a t  a 
f l o w - r a t e  of 0.334 m l / m i n .  
a . . . benzene ,  b . . .  

C*, Ve' norma l i zed  c o n c e n t r a t i o n  and  e l u t i o n  volume 

= +2,224, c...  = -1.170 
s p e c  ' spec 

and i n  t h e  polymer zone under  t h e  g i v e n  c o n d i t i o n s  o f  

t h e  f l ow.  
The above r e s u l t s  a r e  i n  a good ag reemen t  w i t h  

t h e  c a l c u l a t i o n s  by Hess and T i e r n e y  ( 5 )  who found o u t  
t h a t  a d e c r e a s e  i n  t h e  maximal v e l o c i t y  i n  t h e  c a p i l -  
l a r y  c e n t r e ,  caused  by t h e  f l a t t e n i n g  of t h e  o r i g i n a l l y  
p a r a b o l i c  v e l o c i t y  p r o f i l e  d u r i n g  t h e  f l o w  of polymer 
s o l u t i o n s ,  i s  o f  t h e  o r d e r  of p e r  c e n t s  ( d e p e n d i n g  on 
t h e  m o l e c u l a r  w e i g h t  and t h e  c o n c e n t r a t i o n ) .  

t h e  s h a p e  of t h e  v e l o c i t y  p r o f i l e  on t h e  s o l v e n t -  
F u r t h e r  e x p e r i m e n t a l  and t h e o r e t i c a l  s t u d i e s  of 
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C ' I  

0 0.5 1 .o 1.5 "e' 

FIGURE 4 

N o r m a l i z e d  chromatograms o f  benzene and PS 4 s t a n d a r d  

i n j e c t e d  a s  s t e p s  a t  v a r i o u s  c o n c e n t r a t i o n s  a t  

a f l o w - r a t e  o f  0.038 m l / m i n .  

a,. .benzene, b . . . 
C * ,  Ve' n o r m a l i z e d  c o n c e n t r a t i o n  and  e l u t i o n  vo lume 

= +0.872, c.. . qspec = -0.514. 
qspec  

- p o l y m e r  s o l u t i o n  o r  p o l y m e r  s o l u t i o n - s o l v e n t  b o u n d a r y  

a r e  i n  p r o g r e s s .  
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