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FLOW RFITE DEPENDENCE OF SEPFIRFITIBN FIND 
BROFIDENING EFFECTS IN GPC 

Gao Yu-Shu, Ye Mei-Ling, Le Hui-Jian, 
Ding You-Kang, Ying Oi-Cong 

Institute of Chemistry 
FIcaderni a Si nica 

Beij ing, Peoples's Republic of China 
and 

Sang Ming-Min 

Beijing Insitute of Chemical Industry 
Beijing, People's Republic of China 

FIEGTRFICT * -------- 

' The prirnary objective of this work is an investigation 
af the separation and zone brodening effect in columns 
packed with porous and nonporous materials, and estimation 
of the accuracy of the broadening parameter, h, obtained by 
a reverse flow method. In order to study the separation and 
dispersicm phenomenon in the mobile phase, and that caused 
by a mass-transfer process, colurnns packed with smooth glass 
beads and porous silica colurnns were used. 

INTRODUCTION ------------ 

In GPC, the 

chromatogram F (v 

relat ianrhip between the experimental 

and the chromatogram after the correction 

"Presented a t  the GPC Symposium, Chinese Chemical Society, G u i l i n ,  
People's Republic o f  China, June 2 - 6 ,  1981. 
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1242 GAO ET AL. 

fcw z n n e  b r o a d e n i n g  W ( y )  is g i v e n  by t h e  T u n g ' 5  i n t e g r a l  

e q u a t  ictn ( 1) 

w h e r e  b o t h  v a n d  y r e p r e s e n t  t h e  e l u t i o n  volume,  a n d  t h e  

f u n c t i o n  G(v-y)  r e p r e s e n t s  t h e  o v e r a l l  z o n e  b r o a d e n i n g ,  

which  is t h o u g h t  tc ,  h a v e  ccme from several s o u r c e s :  (a) 

b r o a d e n i n g  c a u s e d  by m i x i n g  o u t s i d e  t h e  p a c k e d  c o l u m n s ,  ( b )  

b r o a d e n i n g  c a u s e d  by m i x i n g  ( d i f f u s i o n a l  a n d  c o n v e c t i v e )  i n  

t h e  m o b i l e  p h a s e  w i t h i n  t h e  p a c k e d  c o l u m n s ,  a n d  (c) 

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

b e t w e e n  t h e  m o b i l e  a n d  s t a t i c t n a r y  p h a s e s  i n  t h e  co lumns .  

The e f f e c t  o f  (a )  has b e e n  shown to b e  small  (2). The 

e f f e c t  of ( b )  and (c) h a v e  b e e n  shown t o  g i v e  Guassian 

b r o a d e n i n g  for  c c o w e n t  i u n a l  c h r o m a t o g r a p h y ,  

w h e r e  h 1 5  a p a r a m e t e r  d e s c r i b i n g  t h e  d e g r e e  of t h e  

b r o a d e n i n g  a n d  is r e l a t e d  t o  t h e  s t a n d a r d  d e v i a t i o n  o f  a 

Gaur,sian d i s t r - i b u t  i o n  by 

1 

=n ( 3 )  

I n  or-der  to use Tung' 5 i n t e g r a l  e q u a t i o n ,  t h e  p a r a m e t e r  h, 

as a f u n c t i o n  ctf e l u t i o n  volume,  must  f irst  b e  d e t e r m i n e d  
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FLOW RATE DEPENDENCE OF SEPARATION 1243 

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

c c m b i n a t i o n .  T h e r e  are t w o  t e c h n i q u e s  t h a t  can b e  u s e d  t o  

d e t e r m i n e  t h e  h v a l u e :  t h e  r e v e r s e  f l o w  t e c h n i q u e  (3) a n d  

t h e  r e c y c l e  t e c h n i q u e  (4-5). U s i n g  t h e  r e v e r s e  f l o w  method,  

Tung h a s  f o u n d  t h a t  t h e  p a r a m e t e r  h ,  a5 a f u n c t i o n  o f  

e l u t i o n  volume,  passes t h r o u g h  a minimum. T h i s  is t h e  

r e s u l t  of combined  e f f e c t s  of t h e  e x t e n t  and rate of 

p e r m e a t i o n .  In  t h e  p r e s e n t  work, t h e  s e p a r a t i o n  a b i l i t y  a n d  

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

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

r a t e  d e p e n d e n c e  of t h e  f u n c t i o n  h ( K ) ,  w h e r e  K is t h e  s a l u t e  

d i s t r i b u t i o n  c o e f f i c i e n t ,  were d e t e r m i n e d  by means o f  a 

r e v e r s e  f l o w  o r  r e c y c l e  method.  The  a c c u r a c y  of t h e  h v a l u e  

o b t a i n e d  by t h e  r e v e r s e  f l o w  methad  w a s  a l so  e s t i m a t e d .  

EX PERIMENTFIL ------------ 

GPC Unit,Mcldel SNJ-75-1, w i t h  a f o u r - p o r t  v a l v e  ( fo r  

r e v e r s e  f l o w  t e c h n i q u e )  a n d  t w o  s i x  p o r t  v a l v e s  (one fo r  

i n j e c t i o n  of t h e  s a m p l e  a n d  t h e  o t h e r  for  r e c y c l e  t e c h n i q u e )  

w a s  u s e d  i n  t h i s  s t u d y .  FI d i f f e r e n t i a l  refractometer a n d  a 

UV d e t e c t o r  w e r e  u s e d  tct m c m i t o r  t h e  s o l u t e  c o n c e n t r a t i o n  i n  

t h e  e l u e n t .  

F i v e  pcwcus  s i l i c a  colurflns c*f 2000, 1200, 3641, 1641 a n d  

100 a n g s t r o m  mean p o r e  s i z e s  were u s e d ,  e a c h  b e i n g  l m  l o n g  

w i t h  1 0  mw i . d .  
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1244 GAO ET AL. 

TFlELE 1 
S t a n d a r d  P o l y s t y r a n m  S a m p l e s  
S a m p l e  Mo 1 ec. W e i  g h t  -_____ ------_---___ 
PS- 1 2350 

PS-2 8500 

PS-3 3 . 5 ~ 1 8 ~  

PS-4 l.lX10 

PS-5 2.0x10 5 

PS-6 4.7X10 

PS-7 2.7X10 

PS-8 3.7X10' 

F o u r  c o l u m n s ,  1 rfl x 10mm i . d .  were p a c k e d  w i t h  

n o n p o r u u s  g l a s s  b e a d s  of 44-53 micron p a r t i c l e  s i z e .  

3) S a m p l e s  

The p o l y s t y r e n e  s t a n d a r d s  w e r e  o b t a i n e d  from Waters 

Flssociates a n d  are l i s t e d  i n  T a b l e  I. I n  a d d i t i o n  t o  t h e  

a b o v e  s a m p l e s ,  a p o l y s t y r e n e  NBS-7p16 s a m p l e ,  four  PMMR 

s a m p l e s ,  t w o  PVC f r a c t i o n s ,  a SBS TR-1101 c o p o l y m e r  a n d  

b e n z e n e  w e r e  u s e d .  

FI11 m e a s u r e m e n t s  were p e r f o r m e d  a t  room t e m p e r a t u r e ,  

THF was u s e d  as s o l v e n t ,  f l o w  rate 0.9-5.0 m l / m i n .  The  

i n j e c t i o n  volume was 1.3 m l  f o r  p o r o u s  s i l i c a  c o l u m n s  a n d  

p1.5 ml f o r  g l a s s  bead  co lumns .  
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FLOW RATE DEPENDENCE OF SEPARATION 1245 

1)  Separation ability and Zone Broadening Effect in the 

Mob1 le Phase. 

It was considered that the mobile phase caused only the 

broadening of the solute torte but did not separate solutes 

with different molecular weights. Yau 16) used columns 

packed with nonporous glass beads and found no separation 

between a styrene moncmer and a polystyrene sample, and, by 

means of this observation, indicated that separation by flow 

in the mobile phase was not an effective mechanism in GPC. 

Our experimental results for PS and PVC samples and benzene 

on nonporous glass bead columns are listed in Table 11. 

This shows that the peak elution volume, Up, depends upon 

the rnolecular weight of the samples. V p  decreases with 

increasing molecular weight, though the variation is small. 

In order to further confirm this effect, the recycle 

Emnzene 78.1 

PS-1 2350 

PS-4 1 . 1 ~ 1 0 ~  

PS-6 4.7X1a5 

6 PS-7 2.7X 10 

PVC-8 l . l8Xl& 

38.09 2.46 2.41 

38.07 2.17 2.04 

38.00 1.93 1.78 

37.87 1.89 1.79 

37.60 1.45 1.21 

38.01 1.89 1.58 
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1246 GAO ET AL. 

~ 

E l u t i o n  volume 

Figure 1. S e p a r a t i o n  of m i x t u r e  (P6-1 + P5-7) on n o n p o r o u s  
g l a s s  bead c o l u m n s  

t e c h n i q u e  was u s e d ;  t h i s  s e r v e d  t h e  same p u r p o s e  as t h e  

l e r i g t h e n i n g  o f  t h e  calurnn. F i g u r e  1 s h o w s  t h e  r e c y c l e  

c h r o m a t o g r a m  o f  a mixed p o l y s t y r e n e  s a m p l e  (PS-1 a n d  PS-71, 

n i s  t h e  nurober o f  c y c l e s .  R t  t h e  first c y c l e  t h e r e  w a s  

o n l y  a s i f l g l e  p e a k  of t h e  rliixed s a m p l e ,  b u t  a f t e r  s e v e r a l  

c y c l e s  t h e  peak  w a s  s p l i t  i n t a  t w o .  The  f i r s t  two p e a k s  

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

nurflber. Thus,  t h e  s e p a r a t i o n  a b i l i t y  o f  t h e  c o l u m n s  w a s  

w e l l  curlfirrfled. Flcaw r a t e  d e p e n d e n c e  o f  Vp is shown i n  

F igur -e  2. Vp of b o t h  s a m p l e s  i n c r e a s e  w i t h  i n c r e a s i n g  f l o w  

rate,  and  t h e  s l o p e 5  of b o t h  c u r v e s  are almost t h e  same. 

T h i s  result  c o u l d  nc& b e  e x p l a i n e d  i n  terms o f  s e p a r a t i o n  by 

f l a w  a n d  s e p a r a t i o r l  by steric e x c l u s i o n  b e c a u s e ,  i n  b o t h  

ca5e5, t h e  f l o w  r a t e  i n d e p e n d e n c e  of Vp is u s u a l l y  e x p e c t e d  

(7). Explanat iut-1 by r e s t r i c t e d  d i f f u s i o n  t h e o r y  is n o t  

p o s s i b l e  e i t h e r ;  i t  would p r e d i c t  t h a t  t h e  e l u t i o n  volume 

~ h o n l d  d e c r e a s e  w i t h  i n c r e a s i n g  f l o w  rate a n d  t h a t  t h e  
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0 
v 

540 I I I I 
0 0  t o  20 30 40 

u cml/m,n)  

Figure 2. Variation of Vp with flow rate on nonporous 
glass bead columns 
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eli.\tion vcklurtie o f  low molecular weight compounds should be 

influenced by a variation of flow rate to a lesser extent 

(8). 

FIccording to Kel ley and Bi 1 lmeyer (9) the plate height 

equation describing dispersion in the mobile phase with a 

velccity profile model is expressed by equation (4) 

2 

QDmU-' + X d p  
(4)  

2kRc Hm = 24Dm U- '  + 2Xdp + 

where Hm is the mobile phase plate height, U is the 

interstitial velocity, Dm is the diffusion coefficient for 

the solute in the mobile phase, 4 is the tortousity factor ( 4  

= 2/3), X is an eddy diffusion proportionality factor (A = 

1/11), d p  is the effective particle diameter, k is a 

velocity profile constant, and Rc is the column radius. 
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1248 GAO ET AL. 

Thus Hm is composed of molecular diffusion, eddy diffusion, 

and velocity profile terms. The molecular diffusion 

contribution to dispersion is ignored. This was supported 

by the experimental results of Copper (10). The eddy 

diffusion term is a function of particle s i z e  only, being 

independent of molecular weight of solute molecules. The 

third term, the velocity profile effect, is related to MW 

through Dm in the denominator. 

In this wor-k, the broadening parameter h (or h', the 

broadening parameter obtained from a straight-through flow 

chromatogram) is used to describe the dispersion effect. 

The relationship between Hm and h is 

(5) 
2 2 - 1  Hin = L (2Vp h ) 

where L is the column length. The values of h and h' 

obtained from reverse flow and straight through flow 

chromatograms respectively for several PS, PVC-B and benzene 

are listed in Table 2. The fact that h' decreases with 

increasing MW is qualitatively in agreement with the 

prediction of the volocity profile model. But i n  equation 

(4) there was no factor related to the MWD o f  the solute. 

c\s went iorted above, the samples could be separated according 

to their MW's in the mobile phase, so we considered that a 

factor reflecting the solute MWD should be added to equation 

(4). This deduction was supported by the data of Table 11. 

The narrow-distribution PS-4 and the broad-dietribut ion 

PVC-H (Mw/Mn - 2 . 3 )  have almost the same values of V p  artd h, 

but their h' values are obviously different from each other. 
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FLOW RATE DEPENDENCE OF SEPARATION 1249 

Here, similar h values mean that the broadening caused by 

polydispersity has been almost cancelled by the flow 

reversal, and the difference in h' simply reflects the 

effect of polydispersity of the sample. 

2) Effect of Reverse Flowing Process on Zone Broadening on 

Nonporous Glass-Packing Columns 

Rs the low MW solute benzene is monodisperse in 

molecular weight, the broadening parameters h and h* should 

have the same value. The h and h' for benzene were 

determined from reverse flow and straight-through flow 

chromatograms. Figure 3 shows the flow rate dependence of A 

Figure 3. Variation o f  A for benzene with flow rate on 
nonporous glass bead columns 
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1250 GAO ET AL. 

( A = Z ( h - h ' ) / h + h ' ) .  The f a c t  t h a t  h > h '  c o u l d  b e  e x p l a i n e d  

by t h e  f o l l c t w i n g  a s s u m p t i o n :  F lccord ing  to K e l l e y  a n d  

H i l l m e y e r ' s  v e l o c i t y  p r o f i l e  model ,  whi le ,  t h e  f l u i d  is 

f l o w i n g  i n  scme f i x e d  d i r e c t i o n  or1 t h e  co lumn,  t h e  v e l c c i t y  

p r o f i l e  is formed a n d  t h e  salute zcirie d i s p e r s e s  t o  some 

e x t e 7 1 t .  Dluring t h e  r e v e r s e  f l o w i n g  p r o c e s s ,  t h e  f l u i d  

c h a n g e s  i ts f l o w  d i r e c t i o n  i n  a v e r y  s h o r t  t i m e ;  t h u s ,  t h e  

v e l o c i t y  p r o f i l e  s h o u l d  b e  d i s t u r b e d .  R f t e r  t h i s  t i m e ,  a 

new v e l o c i t y  p r o f i l e  is e s t a b l i s h e d  a n d  t h e  s o l u t e  zcme 

f u r t h e r  d i s p e r s e d .  However, t h e  e x t e n t  of d i s p e r s i o n  of 

this r e v e r s e  f l o w i n g  e x p e r i m e n t  should be less t h a n  t h a t  o f  

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

v e l c c i t y  p r o f i l e  is n o t  d i s t u r b e d .  T h e r e f o r e ,  t h e  v a l u e  o f  

h becomes l a r g e r  t h a n  t h a t  of h ' .  I t  is e x p e c t e d  t h a t  t h e  

e x t e n t  ctf d i s t u r b a n c e  is d e p e n d e n t  upon t h e  f l o w  ra te  a5 

shawn i n  F i g u r e  3. 

3 )  Flow Rate Dependence  of  E l u t i o n  Volume o n  P o r o u s  S i l i ca  

C o  1 cimn5 

The d e p e n d e n c e  of peak  e l u t i o n  v o l u m e  o n  f l o w  r a t e  h a s  

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

Y a u  (11)  o b s e r v e d  t h a t  the e l u t i c w  v o l u m e  u f  PS h i g h  

molecular w e i g h t  d e c r e a s e d  w i t h  i n c r e a s i n g  f l o w  rate i n  t h e  

r a n g e  f rom @. 1 t o  18.8 ml/min. L i t t l e  (12) )  on t h e  o t h e r  

hand ,  f o u n d  Vp w a s  i n d e p e n d e n t  of f l o w  r a t e  i n  t h e  same 

r a n g e .  S p a t o r i c o  (13) r e p o r t e d  t h a t  a n e g l i g i b l e  d e p e n d e n c e  

a f  Vp o n  U w a s  o b t a i n e d  i n  p o r o u s  g l a s s - b e a d  p a c k i n g  

s t u d i e s ,  w h e r e a s  a small i n c r e a s e  i n  Vp w a s  o b s e r v e d  w i t h  
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FLOW RATE DEPENDENCE OF SEPARATION 1251 

increasing flow rate in the range of 0.2 to 1.0 ml/min on 

polystyrene gel studies. ReGent ly Qubert and Tirrell ( 1 4 )  

and Gudzinowicz and Fllden (15) came to the conclusion that 

the elution volume increased with increasing flow rate in a 

range caf 1.8 to 3.0 ml/min on porous silica columns, and 

offered an explanation based upon a flow-rate dependent 

equ i 1 i bri urn dist ri but ion coefficient Moreover, Bani et a1 . 
(16) reported that the observed Vp passed through a maximum 

as flow rate was increased (0.2 - e . O  ml/min). Mori (17), 

on the other hand, fclnnd an opposite result, i.e., that the 

observed elution volume passed through a minimum as flow 

rate wa5 increased on Microstyragel columns in the range of 

8.5 to 4.0 ml/min. This problem was investigated in the 

present wark with porous silica columns. Q siphon was used 

t o  collect the effluent liquid for the purpose o f  monitoring 

the flow and the elution volume. The volume of discharged 

liquid was corrected as follows. The weight per count o f  

collected liquid, Fl, at flow rate, U, was weighed. The 

relationship between Fl and U is given in Figure 4. The 

calibration curve may be expressed by a 1 inear equation. 

A = A  + a U  
0 

and the corrected elution volume Vp 

equation ( 7 )  

where (Vp) is the experimentally 

at the flow rate U. Flo and u could 
a PP 

(6) 

may be calculated using 

(7 )  

measured el ut ion volume 

be obtained from the 
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I I I t 1 I 
0 0  10 20 u (mh'min 3 0  40 SO 

Figure 4. Flow rate dependence o f  discharged efflux 

calibraticwl curve. f46 the evaporation rate in the siphon 

chamber of the solvent used (THF) was very small (less than 

0.4 ml/24 hr), its effect on elution i s  ignored. It was 

found that the corrected elution volume is independent of 

flow rate for all samples used, in the range of 8.5 to 5.0 

ml/min on purour silica columns, shown in Figure 5. 

The GPC calibration curve ia given in Figure 6, f r o m  

which the void volume is obtained (V, 5 68.5 count). The 

total permeation volume, V o  + Vi , is equal to the elution 
volume of benzene ( V ,  + V i  = 150.1 count). Thum, the pore 

volume Vi  is equal to 81.6. Using these data, the. 

distribution coefficient K for all standards were 

cal cu 1 at ed. 
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0.0 1.0 2 . 0  3 .O 4.0 5 . 0  
U (ml/min) 

Figure 5. Flow rate  dependence U p  on porous silica 
columns 

V p  (count) 

Figure 6. GPC calibration curve o f  porous silica columno 
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0’3t----u- 0.2 60 10 80 90 100 I M  PO IM 140 150 

Elution Volume 

F i g u r e  7. V a r i a t i o n  of p a r a m e t e r  h w i t h  e l u t i o n  v o l u m e  

4 )  Zone B r o a d e n i n g  E f f e c t  o n  P o r o u s  S i l i ca  Columns  

T h e  b r o a d e n i n g  p a r a m e t e r  h of seven PS s t a n d a r d s ,  f o u r  

PMMR s a m p l e s ,  t w o  PVC f r a c t i o n s ,  a b r o a d  M W D  s a m p l e  PS 

NHS-706, a SES TR-1101 c o p o l y m e r  a n d  b e n z e n e  were d e t e r m i n e d  

by u s i n g  r e v e r s e  flow method.  F i g u r e  7 s h o w s  t h e  o b s e r v e d  h 

p a r a m e t e r  a s  a f u n c t i o n  of e l u t i o n  volume.  R l l  p o i n t s  f a l l  

o n  a s i n g l e  c u r v e .  T h i s  is i n  a g r e e m e n t  w i t h  T u n g ’ s  

e x p e r i m e n t a l  r e s u l t  (3) t h a t  t h e  r e l a t i o n s h i p  b e t w e e n  h a n d  

Up is u n i v e r s a l ,  i n d e p e n d e n t  of c h e m i c a l  s t r u c t u r e  and M W D  

o f  s a m p l e s .  

The  r e l a t i o n s h i p  b e t w e e n  p a r a m e t e r  h and d i s t r i b u t i o n  

c o e f f i c i e n t  K wa5 d e t e r m i n e d  a t  d i f f e r e n t  flow rates a s  

shown irt F i g u r e  8. I t  s h o w s  t h a t  t h e  v a l u e  of h is s t r o n g l y  

d e p e n d e n t  upon flow rate. However, t h e 5 e  c u r v a i  are v e r y  
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- 

- 

- 

- 

similar  i n  s h a p e  f o r  d i f f e r e n t  f l o w  rates e x c e p t  f o r  

smallest t w o .  T h i s  means t h a t  h ( V p  1 (or h(K)  1 f u n c t i o n s  

a r e  d e f i n e d  p r i m a r i l y  by p o r e  s t r u c t u r e  of t h e  pack ing  

materials. R e c e n t l y  Wenner and Halasz r e p o r t e d  t h e  r e s u l t  

of a s t u d y  o f  t h e  r e l a t i o n s h i p  be tween t h e  zone  b roaden ing  

e f f e c t  and p o r e  s i z e  d i s t r i b u t i o n  of s t a t i o n a r y  phase.  

These  a u t h o r s  found t h a t  t h e  p l o t s  of p l a t e  h e i g h t  vs 

r e l a t i v e  molecular we igh t ,  and o f  p o r e  volume f r e q e n c y  v 5  

0-1 0.6 

0.1 I I I 1 1 I 
0.0 0.9 0.4 0.4 0.8 1.0  

K 

F i g u r e  8. Flow ra te  dependence  o f  h (K)  
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1256 GAO ET AL.  

p o r e  d i a m e t e r  showed v e r y  good a g r e e m e n t .  T h e  r e s u l t s  of 

t h a t  p a p e r  a n d  of t h e  p r e s e n t  work complement  e a c h  o t h e r .  

5 )  E f f e c t  of Reverse F l o w i n g  P r o c e s s  on Zone B r o a d e i n g  w i t h  

P o r o u s  Si l ica  Columns  

Fls d e s c r i b e d  a b o v e ,  for t h e  n o n p o r o u s  g l a s s  bead  

c a l u m n s ,  t h e  p a r m e t e r s  h a n d  h' for  b e n z e n e  o n  p o r o u s  

p i  1 ica ccllurnns w e r e  d e t e r m i n e d  from r e v e r s e  f l o w  a n d  

st r a  i g h t  t h r o u g h  f 1 o w  chrorna t  o g r a m s  o b t a i n e d  a t  d i f f w e n t  

f l o w  rates. F o r  a l l  f l o w  r a t e s  h ) h 7  arc o b t a i n e d ,  a n d  n a o  

a f u n c t i o n  of f l o w  r a t e  U is g i v e n  in F i g u r e  9. I t  r evea l s  

t h a t  t h e  d i f f e r e n c e  b e t w e e n  h a n d  h' d e c r e a s e s  w i t h  

I I I I I I 
0.0 1 0  2.0 3.0 40 5.0 

u ( m//minI 

F i g u r e  9. V a r i a t i o n  of A for  b e n z e n e  w i t h  f l o w  r a t e  on 
p o r o u s  s i l i ca  c o l u m n s  
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FLOW RATE DEPENDENCE OF SEPARATION 1257 

decreasing flow rate in agreement with the result obtained 

for nonporcms glass bead columns. Therefore the explanat ion 

based upon the assumption of velocity profile disturbance 

during the reverse flowing process is valid in this case. 

The inequality of h and h* obtained for benzene ought to be 

expected for polymer samples. The fact that h)h9 indicates 

that the use of the h value obtained from the reverse flow 

method to correct the zone broadening effect may lead to 

slight underest irflation. However, this effect may be ignored 

when experiments are run at low flow rate. 

CONCLUSION ---------- 
The experimental results show that polymer samples may 

separate in the mobile phase of GPC columns accordinq their 

molecular weights; thus, a factor reflecting a sample's 

polydispersity ought to be added to the plate height 

equation describing mobile phase dispersion. Flfter 

correcting for the 6yphon volume, the elution volume is 

independent of flow rate in the range of 0.5 to 5.8 ml/min 

on porous silica columns. The relationship between h and V 

(or K )  is universal, independent of chemical structure and 

MWD of polymers. The curves o f  h ( K )  are similar in shape 

for different flow rates. The broadening parameter, 

obtained from a reverse-low chromatogram, h, is larger than 

that obtained from a straight-through-flow chromatogram h' 

for benzene on both nonporous and porous packing columns. 

This fact indicates the use of the h value obtained from the 

reverse-flow method may lead to slight underestimation of 
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t h e  zcme b r c e d e n i n g  e f f e c t  i n  GPC. But  t h i s  i n f l u e n c e  may 

b e  igncwed when t h e  GPC e x p e r i m e n t s  are r u n  a t  low flow 

ra t e s .  
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