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High Temperature Thermal Field-Flow Fractionation 
for the Characterization of Polyethylene 

S. L. BRIMHALL, M.  N. MYERS, K. D. CALDWELL, and J .  C. GIDDINGS 
DEPARTMENT OF CHEMISTRY 
UNIVERSITY OF UTAH 
SALT LAKE CITY, UTAH 84112 

ARSTRACT -- 
A thermal €€eld-f low f r a c t i o n a t i o n  d e v i c e  h a s  been c o n s t r u c -  

t e d  i n  which t h e  c o l d  w a l l  can be h e l d  above 100°C. The a p p a r a t u s  
i s  desc r ibed .  P r e l i m t n a r y  r e s u l t s  are g iven  which i l l u s t r a t e  t h e  
r e t e n t i o n  of p o l y e t h y l e n e  and polypropylene.  D e t a i l s  a r e  p rov ided  
of p r e l i m i n a r y  expe r imen t s  i n t ended  t o  de t e rmine  t h e  molecu la r  
weight  a v e r a g e s  and molecu la r  weight  d i s t r i h u t t o n  of a N a t i o n a l  
Rureau of S tanda rds  p o l y e t h y l e n e  sample,  SRM 1484. The l a c k  of 
monodisperse ,  w e l l - c h a r a c t e r i z e d  c a l i b r a t i o n  s t a n d a r d s  i s  consid-  
e r e d  a major  prohlem. None the le s s ,  good agreement i s  found w i t h  
p u b l i s h e d  v a l u e s  f o r  number a v e r a g e  and weight  ave rage  molecu la r  
weight .  

INTRODUCTION 

Thermal FFF i s  t h a t  sub techn ique  of FFF which u s e s  a tempera- 

t u r e  g r a d i e n t  as t h e  e € € e c t i v e  f i e l d  (1-5). The t empera tu re  g ra -  

d i e n t ,  a c t i n g  through t h e  phenomenon of t he rma l  d i f f u s i o n ,  i nduces  

components w i t h i n  a carr ier  t o  m i g r a t e  toward t h e  h o t  o r  t h e  c o l d  

w a l l  of t h e  system. 

w a l l ,  and t h e  m i g r a t i o n  r a t e  c o n t r o l l e d  by t h i s  t h i c k n e s s ,  depends 

The t h i c k n e s s  of t h e  l a y e r  formed a t  t h e  
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67 2 BRIMHALL ET AL. 

on t h e  chemica l  n a t u r e  a n d  m o l e c u l a r  weight  of t h e  component and 

on t h e  chemica l  n a t u r e  of t h e  c a r r i e r .  

Thermal d i f f u s i o n  i s  a weak e f f e c t ,  e s p e c i a l l y  when i t s  

f o r c e s  a r e  compared t o  t h o s e  of e l e c t r i c a l  o r i g i n .  However, t h e r -  

m a l  g r a d i e n t s  c a n  be e f f e c t i v e l y  used  in FFF by v i r t u e  of 1) t h e  

g e n e r a l  way i n  which FFF m a g n i f i e s  s e p a r a t i o n  e f f e c t s ,  and 2)  t h e  

p o s s i b i l i t y  of u s i n g  ve ry  h i g h  t e m p e r a t u r e  g r a d i e n t s ,  i n  some 

c a s e s  approach ing  l o 4  "C/cm. 

e f f e c t i v e  s u b t e c h n i q u e  f o r  t h e  a n a l y t i c a l  s e p a r a t i o n  and cha rac -  

t e r i z a t i o n  of s y n t h e t i c  non6o la r  polymers .  

Thermal FFF i s  p r e s e n t l y  t h e  most 

I n i t i a l l y  p o l y s t y r e n e  was s t u d i e d  by t h e r m a l  FFF because  of 

t h e  a v a i l a b i l i t y  of many w e l l  c h a r a c t e r i z e d  and  narrow m o l e c u l a r  

weight  s t a n d a r d s  ( 6 , 7 ) .  O t h e r  materials t h a t  have been s t u d i e d  

i n c l u d e  a s p h a l t e n e s  and c r u d e  o i l s  (8) ;  p o l y i s o p r e n e ,  p o l y t e t r a -  

hydro fu ran ,  and po lymethy lme thac ry la t e  (9). Work i n v o l v i n g  o t h e r  

polymers h a s  been h i n d e r e d  by t h e  l a c k  of w e l l  c h a r a c t e r i z e d  s t a n -  

d a r d s  and t h e  n e c e s s i t y  of f i n d i n g  a n  a p p r o p r i a t e  s o l v e n t  f o r  each  

p o 1 yme r . 
This p a p e r  r e p o r t s  t h e  a p p l i c a b i l i t y  of FFF t o  a more d i f f i -  

c u l t  polymer class: h i g h  m o l e c u l a r  weight  p o l y o l e f i n s .  These 

polymers  l a c k  f a v o r a b l e  s o l u b i l i t y  c h a r a c t e r i s t i c s  and  r e q u i r e  

minimum t e m p e r a t u r e s  o€ a round  100 C f o r  r e a s o n a b l e  s o l u b i l i t y  

l e v e l s .  

F o r  d i f f i c u l t  polymers  such  as t h e  p o l y o l e f i n s ,  t h e r m a l  FFF 

o f f e r s  t h e  a d v a n t a g e s  o v e r  s i z e  e x c l u s i o n  chromatogaphy (SEC) of 

l e s s  s h e a r  d e g r a d a t € o n  of t h e  sample because  of t h e  un i fo rm f low 

and l a c k  of e x t e n s i o n a l  s h e a r .  The open FFF channe l  is less  sus-  

c e p t i b l e  t o  c l o g g i n g  by g e l  fo rma t lon .  Thermal FFF a l s o  a v o i d s  

t h e  problems i n h e r e n t  i n  some packed columns of s w e l l i n g  a n d  chan- 

n e l i n g  of pack ing  caused  by t h e  h e a t i n g  a n d  c o o l i n g  c y c l e s  t h a t  

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

T h i s  pape r  i n v o l v e s  a n  extrapolation of p r e v i o u s  methodology 

i n  o r d e r  t o  c h a r a c t e r i z e  p o l y e t h y l e n e  and r e l a t e d  polymers.  A 

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

a p p a r a t u s  t o  o p e r a t e  a t  e l e v a t e d  t e m p e r a t u r e s  where p o l y e t h y l e n e  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
4
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



CHARACTERIZATION OF POLYOLEFINS 673 

0 

is t r a c t a b l e .  S ince  a s i g n i f i c a n t  temperature  drop (-25-100 C) 

must be superimposed on t h e  minimum (cold-wal l )  t empera ture  of 

approximately 100 C,  t h e  device  must o p e r a t e  a t  tempera tures  of 

f a i r l y  high magnitude. This  paper  r e p o r t s  t h e  c o n s t r u c t i o n  and 

o p e r a t i o n  of a h igh  temperature  device  f o r  t h i s  purpose. 

0 

Other  problems encountered i n c l u d e  f i n d i n g  a s u f f i c € e n t  num- 

ber  of c h a r a c t e r i z e d  samples t o  form a c a l i b r a t i o n  curve  and d e a l -  

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

samples. 

THEORY 

In FFF as in chromatography, t h e  degree of s o l u t e  r e t e n t i o n  

can be measured by t h e  r e t e n t i o n  r a t i o  R, which is def ined  as  t h e  

e l u t i o n  time ( o r  volume) of a nonre ta ined  subs tance  d iv ided  by t h e  

e l u t i o n  t i m e  ( o r  volume) of t h e  s o l u t e  of i n t e r e s t .  Parameter  R 

can  a l s o  be thought  of as t h e  v e l o c i t y  of t h e  s o l u t e  V d iv ided  by 

t h e  average v e l o c i t y  of t h e  c a r r i e r  s o l u t i o n  <v> 

R = Vo/V = V/<v> (1 1 

In t h € s  equat ion ,  Vo i s  t h e  void volume of t h e  channel  o r ,  equi-  

v a l e n t l y ,  t h e  e l u t i o n  volume of a nonre ta ined  peak and Vr  is t h e  

e l u t i o n  volume of t h e  s o l u t e  which is re ta ined .  

The express ion  f o r  R in t h e  normal s i t u a t i o n  of a p a r a b o l i c  

flow p r o f i l e  in t h e  channel  i s  

where 

coupl ing  of t h e  f i e l d  and t h e  s o l u t e .  The n a t u r e  of X in thermal  

FFF w i l l  be descr ibed  s h o r t l y .  

X is a b a s i c  r e t e n t i o n  parameter  r e l a t e d  t o  t h e  s t r e n g t h  of 

For  h ighly  r e t a i n e d  s o l u t e s ,  which migra te  w i t h  a small R ,  

Equat ion 2 approaches t h e  l i m i t i n g  form 
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R = 6X ( 3 )  

BRIMHALL ET AL. 

In thermal  FFF, t h e  assumption of a p a r a b o l i c  p r o f i l e  i s  not 

q u i t e  c o r r e c t .  The v a r i a t i o n  of t h e  tempera ture  a c r o s s  t h e  width 

of t h e  channel  causes  t h e  v i s c o s i t y  of t h e  c a r r i e r  t o  he nonuni- 

form. V i s c o s i t y  o r d i n a r i l y  decreases  w i t h  i n c r e a s i n g  temperature ,  

and i s  t h u s  g r e a t e s t  a t  t h e  co ld  w a l l .  This  a f f e c t s  t h e  f low ve- 

l o c i t y  p r o f i l e  by s h i f t i n g  t h e  maximum v e l o c i t y  from t h e  c e n t e r  t o  

a p o s i t i o n  somewhat c l o s e r  t o  t h e  h o t  w a l l  ( 1 0 , l l ) .  

I f  t h e  v i s c o s i t y  rl i s  assumed t o  depend on tempera ture  T as 

rl = rl exp (BIT), t h e n  through v a r i o u s  s i m p l i f y i n g  assumptions we  

a r r i v e  a t  t h e  fo l lowing  l i m i t i n g  e x p r e s s i o n  € o r  R when R i s  small 

R = 6X(1 - p / 6 )  ( 4 )  

2 
where f? = B T I T  

r e p l a c e s  Equat ion 3 by i t s  al lowance f o r  v i s c o s i t y  v a r i a t i o n .  

In order  t o  determine how r e t e n t i o n  depends on molecular  

and T, i s  t h e  co ld  w a l l  temperature .  Equat ion 4 

weight ,  we now examine t h e  X term. A good approximation f o r  X i n  

thermal  FFF i s  given by (11) 

where y i s  the c o e f f i c i e n t  of thermal  expansion,  T i s  t h e  

a b s o l u t e  temperature ,  and a i s  t h e  thermal  d i f f u s i o n  f a c t o r  g iven  

by 

i n  which D ’  is t h e  thermal  d i f f u s i o n  c o e € f i c i e n t  and D i s  t h e  

ord inary  d i f f u s i o n  c o e f f i c i e n t .  By i g n o r i n g  t h e  change i n  thermal 

c o n d u c t i v i t y  wi th  tempera ture ,  we have in t roduced  a small e r r o r  

i n t o  Equat ion 5 ( 1 2 ) ,  but s i n c e  AT i s  c a n s t a n t  f o r  all runs,  the 

percentage e r r o r  remains c o n s t a n t  and drops from c o n s i d e r a t i o n .  
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CHARACTERIZATION OF POLYOLEFINS 675 

Combining Equat ions 5 and 6 and n e g l e c t i n g  y ,  w e  ge t  a s imple 

express ion  f o r  t h e  r e t e n t i o n  parameter  i n  terms of d i f f u s i o n  co- 

e f f i c i e n t  and f i e l d  s t r e n g t h  AT 

x = D / D ' A T  (7 )  

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

weight average  molecular  weight ,  Mw, a s  l/(Mw)a, where 0.5 < a < 1 

(13). The change i n  t h e  thermal  d i € f u s i o n  c o e f f i c i e n t  wi th  molec- 

u l a r  weight is s m a l l  and can be assumed t o  be negligible (11,12, 
1 4 ) .  For f i x e d  o p e r a t i n g  c o n d i t i o n s ,  AT and f3 are cons tan t .  By 

s u b s t € t u t i n g  t h e  d i f f u s i o n  c o e f f i c i e n t  dependancies i n t o  Equat ion 

7 and combining a l l  t h e  cons tan t  terms i n t o  one, we a r r i v e  a t  t h e  

dependance of X on molecular  weight 

= constant /Mt (8) 

In  t h e  case of high r e t e n t i o n ,  Equat ion 8 can be s u b s t i t u t e d  

i n t o  Equat ion 4 t o  y i e l d  

where C i s  a cons tan t .  This r e l a t i o n s h i p  h a s  been w e l l  

s u b s t a n t i a t e d  f o r  po lys tyrene  (11,12) where 0.55 < a 6 0.60. From 

Equat ions 1 and 9 w e  f i n d  t h a t  e l u t i o n  volume (= Vo/R) i n c r e a s e s  

wi th  i n c r e a s i n g  molecular  weight ,  a t r e n d  o p p o s i t e  t o  that  i n  s i z e  

e x c l u s i o n  chromatography. 

EXPERIMENTAL 

The thermal  FFF a p p a r a t u s  used f o r  t h i s  work can be d i v i d e d  

i n t o  two major p a r t s  f o r  d e s c r i p t i v e  purposes: 1) t h e  b a s i c  column 

system c o n s i s t i n g  of t h e  channel  and t h e  h e a t  t r a n s f e r  b a r s  form- 

i n g  t h e  channel  wal l s  and 2 )  t h e  a u x i l i a r y  equipment r e q u i r e d  f o r  
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676 BRIMHALL ET AL. 

temperature  c o n t r o l ,  d e t e c t i o n ,  channel  p r e s s u r i z a t i o n ,  and sample 

i n j e c t i o n .  While we  have used s t a n d a r d  equipment f o r  p a r t  l), w e  

have ex tens ive ly  redes igned  p a r t  2) ,  t h e  a u x i l i a r y  equipment, i n  

o r d e r  t o  accommodate polymers l i k e  polye thylene  which r e q u i r e  h igh  

tempera tures  i n  o r d e r  t o  g e t  t h e  polymer i n t o  s o l u t i o n .  

The b a s i c  column system used h e r e  has  been descr ibed  pre- 

v ious ly  (5 ,11 ,15) .  It was made by clamping two p o l i s h e d  chrome 

p l a t e d  copper b a r s  t o g e t h e r  over  a t h i n  Mylar spacer .  The metal 

b a r s  form t h e  t o p  and bottom f a c e s  of t h e  channel. The t o p  bar  

has  a h o l e  d r i l l e d  a long  i ts  l o n g i t u d i n a l  a x i s  i n t o  which h e a t e r  

rods were i n s e r t e d  a s  a h e a t  source.  The bottom b a r  was i n t e r n a l -  

l y  chambered t o  accommodate t h e  f low of coolan t  which a c t s  a s  a 

h e a t  s ink .  

cm by 47 cm a r e a  w i t h  t a p e r e d  ends from a 0.025 cm t h i c k  Mylar 

f i lm.  The o u t l e t  and i n l e t  t u b e s  e n t e r  t h e  channel  from t h e  hot  

wal l .  The void volume of t h e  channel  was 2.55 m l .  

The s e p a r a t i o n  channel  w a s  formed by c u t t i n g  out  a 2.5 

The a n c i l l a r y  a p p a r a t u s  r e q u i r e d  a number of major modifica- 

t i o n s ,  i n  p a r t  because of t h e  low s o l u b i l i t y  of t h e  polyethy-  

lene.  The u s u a l  method of r e g u l a t i n g  t h e  tempera ture  of t h e  co ld  

w a l l  by a d j u s t i n g  t h e  flow r a t e  of t a p  water  was inadequate  f o r  

t h e  present  c a s e  i n  which t h e  co ld  w a l l ' s  t empera ture  had t o  be 

maintained near  100°C ( i n s t e a d  of t h e  usua l  2OoC)  t o  prevent  pre- 

c i p i t a t i o n  of t h e  sample. 

A c l o s e d  coolan t  c i r c u l a t i o n  system was designed where t h e  

l i q u i d  t o  vapor phase t r a n s i t i o n  was used as  t h e  h e a t  absorb ing  

mechanism t o  r e g u l a t e  t h e  tempera ture  of t h e  co ld  wal l .  The de- 

s i r e d  temperature  was s e l e c t e d  hy u s i n g  a r e g u l a t i n g  va lve  t o  con- 
t r o l  t h e  p r e s s u r e  i n s i d e  t h e  c o o l i n g  system. This r e s u l t e d  in a 

s t a b l e ,  uniform temperature  a long  t h e  l e n g t h  of t h e  channel .  

Water was used f o r  t h i s  s tudy ,  but i n  o t h e r  s t u d i e s  a l t e r n a t e  

coolan ts  have heen used t o  o b t a i n  d i f f e r e n t  c o l d  w a l l  t empera ture  

ranges. 

For t h e  p r e s e n t  s tudy ,  t h e  coolan t  was prehea ted  t o  95OC and 

t h e  c i r c u l a t i o n  r a t e  c o n t r o l l e d  so  t h a t  only a small amount of 

coolan t  w a s  vaporized. The c o o l a n t  w a s  recovered by p a s s i n g  it 
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CHARACTERIZATION OF POLYOLEFINS 677 

through a condenser which dra ined  i n t o  a r e s e r v o i r  t o  form a 

c l o s e d  loop. A diagram of t h e  system i s  shown i n  F igure  1. 

For t h i s  s tudy ,  t h e  hot  wall  temperature  was h e l d  a t  193OC 

and t h e  c o l d  w a l l  temperature  a t  107OC f o r  a " f i e l d  s t r e n g t h "  of 

86fl°C. 

S i n c e  t h e  s e p a r a t i o n  channel  had t o  be opera ted  above t h e  

b o i l i n g  point  (121OC) of t h e  c a r r i e r  ( t e t r a c h l o r o e t h y l e n e )  a t  a t -  

mospheric pressure ,  t h e  channel  was p r e s s u r i z e d  t o  15 atmospheres 

t o  s u p r e s s  b o i l i n g  by r e s t r i c t i n g  t h e  flow a t  t h e  o u t l e t  w i t h  a 

meter ing va lve  (Nupro Co.). A t r a p  which cooled t h e  c a r r i e r  so lu-  

t i o n  was placed between t h e  d e t e c t o r  and meter ing v a l v e  t o  prec ip-  

i t a t e  t h e  polymer and avoid  c logging  of t h e  valve. 

A Dupont-Wilks-Miran I I R  d e t e c t o r  (E . I .  duPont Co. )  was used  

i n  t h e s e  experiments. A new c e l l  was b u i l t  t o  wi ths tand  t h e  pres-  

s u r e  of t h e  c a r r i e r  s o l u t i o n .  The windows c o n s i s t e d  of 25 mm d ia -  

meter, 3.0 mm t h i c k  s a p p h i r e  d i s c s  which were placed on e i t h e r  

s i d e  of a 0.050 inch (0.127 mm) t h i c k  s t a i n l e s s  s t e e l  d i s c  w i t h  a 

1/16 by 1/2 inch s l o t  m i l l e d  i n t o  i t s  center .  I n l e t  and o u t l e t  

t u b e s  were s i l v e r  s o l d e r e d  i n t o  t h e  ends of t h e  s l o t  i n  t h e  s t a i n -  

l e s s  s t e e l  d i s c .  This c e l l  u n i t  ( c o n s i s t i n g  of windows, t e f l o n  

g a s k e t s ,  and s t a i n l e s s  s t e e l  d i s c )  was clamped between two t e f l o n  

pads Cn a s t a i n l e s s  s t e e l  c e l l  ho lder  which was b u i l t  t o  accommo- 

d a t e  two smal l  h e a t e r  rods and a thermocouple. The d e t e c t o r  moni- 

t o r e d  absorbance a t  3.42 Um (2925 cm-') wavelength. 

Samples were i n j e c t e d  w i t h  a s i x  p o r t  sample i n j e c t i o n  v a l v e  

(Valco Instrument  Co.) f i t t e d  wCth a 20 p 1  sample loop.  This 

i n j e c t o r  va lve ,  a s  w e l l  a s  t h e  d e t e c t o r  c e l l  and a l l  connec t ing  

t u b i n g  up  t o  t h e  t r a p  before  t h e  o u t l e t ,  w a s  maintained a t  a temp- 

e r a t u r e  between 100 and l l O ° C  by means of e l e c t r i c a l  h e a t i n g  t a p e s  

i n  order  t o  prevent  t h e  p r e c i p i t a t i o n  of t h e  samples and t h e  clog- 

g ing  of t h e  system. 

Temperatures were measured w i t h  copper-constantan thermocou- 

p l e s  wi th  a n  i c e  b a t h  re ference .  Temperatures were recorded on 

t h e  c h a r t  u s i n g  t h e  second channel  of t h e  c h a r t  recorder .  

A Elodel tI-6000A pump (Waters A s s o c i a t e s )  was used t o  move t h e  

c a r r i e r  s o l u t i o n  a t  a flow rate  of 5.0 ml/hr. A two pen 
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CHARACTERIZATION OF POLYOLEFINS 679 

Omniscribe c h a r t  r e c o r d e r  (Houston I n s t r u m e n t s )  was used  t o  r e c o r d  

t h e  f r ac tog rams  and monitor  t h e  t empera tu re .  

The c a r r i e r  s o l u t i o n  was r eagen t  g rade  t e t r a c h l o r o e t h y l e n e  

( C q C l 4 )  (MCR) w i t h  100 ppm 3 , 5 - d i - ~ - b u t y l c a t e c h o l  ( A l d r i c h )  

added a s  a n  a n t i o x i d a n t .  Polymers inc luded  two samples  of uncha- 

r a c t e r i z e d  low d e n s i t y  p o l y e t h y l e n e  (Kodak, A l d r i c h )  € o r  s e t t i n g  

expe r imen ta l  pa rame te r s .  The samples  used f o r  c a l i b r a t t o n  s t a n -  

d a r d s  are l i s t e d  i n  Tab le  1 (1-7) a l o n g  w i t h  t h e i r  numher a v e r a g e  

molecu la r  we igh t s ,  weight ave rage  molecu la r  we igh t s ,  po lyd i spe r -  

s t t i e s  and sources .  NRS SRM 1484 h igh  d e n s i t y  p o l y e t h y l e n e  was 

used t o  a s s e s s  t h e  accu racy  of t h e  t echn ique .  The samples  were 

p repa red  by add ing  0.5% (weight/volume) of t h e  p o l y e t h y l e n e  t o  t h e  

c a r r i e r  s o l u t i o n  and h e a t i n g  a t  9OoC € o r  1 t o  2 hour s  i n  c l o s e d  

c o n t a i n e r s .  

R E S U L T S  AND D I S C U S S I O N  

P r e l i m i n a r y  r u n s  w i t h  two u n c h a r a c t e r i z e d  p o l y e t h y l e n e  sam- 

p l e s  (Kodak, A l d r i c h )  were used t o  prove t h e  a p p l i c a b f l i t y  of t h e  

t e c h n i q u e  and t o  de t e rmine  optimum o p e r a t i n g  c o n d i t i o n s .  F i g u r e  2 

shows a p l o t  of r e t e n t i o n  r a t i o  R v e r s u s  t empera tu re  drop AT f o r  

t h e s e  two samples.  

i n c r e a s e d  a s  expec ted  w t t h  AT, it was decided t h a t  t h e  b e s t  re- 

t e n t t o n  and  s e l e c t i v i t y  c o u l d  he o b t a i n e d  if t h e  expe r imen t s  were 

run a t  t h e  h i g h e s t  p o s s i b l e  AT v a l u e  compatible  w t t h  t h e  polymer 

and t h e  channe l  m a t e r i a l s .  

t empera tu re  Th = 1 9 3 O C  and a c o l d  w a l l  t empera tu re  Tc = 1 0 7 O C ,  

y i e l d i n g  AT = 86 f l ° C .  Any h i g h e r  Th l e d  t o  s p a c e r  d e g r a d a t i o n  

and s o l d e r  j o i n t  f a i l u r e s  i n  t h e  channe l  and any lower Tc l e d  t o  

i n s u f f i c i e n t  sample d i s s o l u t i o n .  We n o t e  t h a t  polymers normally 

accumulate  a t  t h e  c o l d  w a l l ,  r educ ing  t h e i r  exposure t o  t h e  h i g h  

t empera tu re  n e a r  t h e  h o t  w a l l  which cou ld  l e a d  t o  e x c e s s i v e  degra-  

da t lon .  

S ince  t h e  deg ree  of r e t e n t i o n  was n o t  h i g h  b u t  

For  t h i s  purpose we used a h o t  w a l l  
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680 BRIMHALL ET AL. 

TABLE 1 

Po lye thy lene  Samples used  as C a l i b r a t i o n  S tanda rds  i n  t h i s  Study,  
I n c l u d i n g  Source,  Molecu la r  Weight Data, and P o l y d i s p e r s i t y .  

Po l y  d i s per  s i t y Sample Source  Mn lfw 

1 DuPont 18,300 53,100 2.90 

2 DuPont 25,000 89,000 3.56 

3 NBS 94,600 119,200 1.26 

4 NRS 4,500 5,500 1.22 

6 NB S - 200,000 - 
7 P r e s s u r e  20,900 41,600 1.99 

5 NBS 125,000 158,000 1.26 

Chem. Co. 

50 60 70 80 90 100 

AT (OC) 

FIGURE 2. P l o t  of r e t e n t i o n  r a t i o  R as  a f u n c t i o n  of f i e l d  
s t r e n g t h  AT f o r  t w o  u n c h a r a c t e r i z e d  l o w  d e n s i t y  p o l y e t h y l e n e  
samples.  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
4
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



CHARACTERIZATION OF POLYOLEFINS 681 

It was observed t h a t  a f t e r  a sample had been h e a t e d  € o r  4 t o  

6 h o u r s  p r i o r  t o  i n j e c t i o n ,  i t s  f r a c t o g r a m  c o n s i s t e d  of a peak 

whose v a r i a n c e  was two t o  t h r e e  times g r e a t e r  t h a n  t h e  o r i g i n a l  

va r i ance .  Th i s  w a s  a t t r i b u t e d  t o  sample deg rada t ion .  Thus, when 

t h e  v a r i a n c e  began t o  g e t  abnormally l a r g e ,  t h e  sample was d i s c a r -  

ded and a f r e s h  s o l u t i o n  p repa red .  

As p a r t  of t h e  p r e l i m i n a r y  work, two samples  of po lyp ropy lene  

(Hercu le s  Pro-Fax 6801 and 6701) were run. 

r e p o r t e d  t o  have molecu la r  we igh t s  \ of 780,000 and 635,000, res- 

p e c t i v e l y ,  w i t h  r a t h e r  l a r g e  p o l y d i s p e r s i t i e s ,  M$fn = 7.95 and 

9.58, i n  t h a t  o rde r .  With a t empera tu re  drop AT of 77OC and a 

c o l d  w a l l  t empera tu re  of 107OC, bo th  of t h e s e  samples  showed weak 

bu t  measurable  r e t e n t i o n ,  R = 0.72. The f r ac tog rams  f o r  t h e  two 

samples  were r e p r o d u c i b l e  and d i s t i n c t i v e  from each  o t h e r  d e s p i t e  

n e a r l y  i d e n t i c a l  o v e r a l l  r e t e n t i o n .  The i d e n t i c a l  r e t e n t i o n  

v a l u e s  may r e s u l t  from t h e  poor r e s o l u t i o n  of m a t e r i a l s  wCth low 

r e t e n t i o n  o r  from i n e x a c t  c h a r a c t e r i z a t i o n  and t h u s  e r r o r s  i n  t h e  

r e p o r t e d  Elw v a l u e s .  

These samples  were 

We n o t e  t h a t  t h e  po lypropy lene  samples  do n o t  e x h i b i t  r e t e n -  

t i o n  l e v e l s  as  h i g h  a s  t h o s e  of po lye thy lene .  Thus, w e  c a l c u l a t e  

t h a t  t h e  r e t e n t i o n  of po lyp ropy lene  of \ -700,000 i s  comparable 

( a d j u s t i n g  f o r  d i f f e r e n c e s  i n  AT) t o  t h a t  of po lye thy lene  h a v i n g  

a Fb of on ly  -50,000. 

The next s e r i e s  of expe r imen t s  c o n s i s t e d  of t h e  f r a c t i o n a t i o n  

of t h e  c h a r a c t e r i z e d  samples  l i s t e d r i n  Tahle  1 in o r d e r  t o  o b t a i n  

a c a l i b r a t t o n  curve.  These samples  were r u n  w i t h o u t  add ing  a vo id  

peak marker (i.e. a n o n r e t a i n e d  component) t o  a v o i d  e r r o r  due t o  

t h e  o v e r l a p  of t h e  sample peak w i t h  t h e  vo id  peak. The vo id  vol-  

ume was measured s e p a r a t e l y  b e f o r e  each  sample i n j e c t i o n  by i n j e c -  

t i n g  a blank c o n t a i n i n g  n-dodecane as a vo id  peak marker. 

F i g u r e s  3 and 4 show f r ac tog rams  f o r  sample 1 from Table  1 

(Mw = 53,100) and f o r  NBS p o l y e t h y l e n e  SRM 1484 (Q = 119,600) ,  

r e s p e c t i v e l y .  We n o t e  t h a t  t h e  peak shapes  f o r  t h e  two polymer 

samples  a r e  q u i t e  d i f f e r e n t ,  r e f l e c t i n g  d i f f e r e n t  mo lecu la r  weight  

d i s t r i b u t i o n s .  The b roadness  of t h e  peaks i s  due t o  t h e  h i g h  
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68 2 BRIMHALL ET AL. 

I 

0 - vl- 1.0 1.5 2.0 2.5 3.0 3.5 
VO 

FIGURE 3. Thermal FFF f r a c t o g r a m  € o r  p o l y e t h y l e n e  sample number 1 
from Table  1 (Mw = 53,100). 
5.0 ml/hr ,  c o l d  w a l l  t e m p e r a t u r e  = 107°C, h o t  w a l l  t e m p e r a t u r e  = 
193OC, vo id  volume Vo = 2.55 m l .  

Experimental  c o n d i t i o n s :  f low r a t e  = 

Injection 

CENTER 

GRAVITY 
I I I I I I I 

o Vr 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 - 
VO 

FIGURE 4 .  
(Mw = 119,600).  
F i g u r e  3. 

Thermal FFF f r a c t o g r a m  € o r  NBS p o l y e t h y l e n e  SRM 1484  
Exper imen ta l  c o n d i t i o n s  a r e  t h e  same a s  t h o s e  f o r  

s e l e c t i v i t y  of FFF compared t o  SEC (16,17)  and t h e  a t t e n d a n t  a b i l -  

i t y  of FFF t o  f r a c t i o n a t e  t h e  i n d i v i d u a l  components ove r  a c o n s i -  

d e r a b l e  e l u t i o n  volume range. 

S i n c e  t h e  r e l e v a n t  v i s c o s i t y  and d i f f u s i o n  pa rame te r s  a r e  

unknown f o r  t h e  p r e s e n t  sys t em of s o l v e n t  and polymer,  no a t t e m p t  

h a s  been made t o  c o n s t r u c t  a c a l i b r a t i o n  ciirve from t h e o r y .  

I n s t e a d ,  w e  have r e l i e d  on e m p i r i c a l  c a l i b r a t i o n  u s i n g  polymer 

samples from v a r i o u s  s o u r c e s  as shown i n  T a b l e  1. U n f o r t u n a t e l y ,  

t h e s e  have been c h a r a c t e r i z e d  by d i € € e r e n t  methods of v a r y i n g  

accu racy .  A l l  samples  excep t  numbers 1 and 2 a r e  polymer f r a c -  
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CHARACTERIZATION OF POLYOLEFINS 683 

t i o n s .  Furthermore,  t h e  samples  are a l l  r a t h e r  p o l y d i s p e r s e  w i t h  

a p o l y d i s p e r s i t y  ( S / M n )  r a n g i n g  from 1 .22  t o  3.56. 

In o r d e r  t o  c o n s t r u c t  t h e  c a l i b r a t i o n  c u r v e , t h e  c e n t e r  of 

g r a v i t y  of each  peak was found;  t h i s  v a l u e  was used  t o  c a l c u l a t e  

t h e  r e t e n t i o n  r a t i o  R. For  a p o l y d i s p e r s e  sample p roduc ing  a 

h road  peak, p a r t i c u l a r l y  w i t h  some m a t e r i a l  e l u t i n g  n e a r  t h e  v o i d  

peak, one would no t  expec t  t h e  c e n t e r  of g r a v i t y  of t h e  peak t o  

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

molecu la r  weight because e l u t i o n  volume is not  l i n e a r  in molecu la r  

weight.  However, t h e  c e n t e r  of g r a v i t y  w a s  choosen as  a b e t t e r  

approx ima t ion  t h a n  t h e  peak c e n t e r  o r  peak maximum. It i s  doubt-  

f u l  if more a c c u r a t e  p rocedures  a r e  p r e s e n t l y  j u s t i f i e d  c o n s i d e r -  

i n g  t h e  uneven q u a l i t y  of t h e  s t a n d a r d  m a t e r i a l s .  

C a l c u l a t i o n s  were made t o  de t e rmine  whether  Equa t ions  8 and 9 

would s e r v e  as t h e  b a s i s  f o r  a c a l i b r a t i o n  curve.  F i g u r e  5 shows 

two p l o t s  u s i n g  log-log c o o r d i n a t e s ,  t h e  lower of which would be 

I I I I 

log R 
or 

log h 

FIGURE 5. P l o t s  of l o g  R ( s o l i d  c i r c l e s )  and l o g  X (open c i r c l e s )  
a s  f u n c t i o n s  of l o g  ( l / M w ) .  XThe s t r a i g h t  l i n e  i s  t h e  l e a s t  s q u a r e  
f i t  of t h e  l o g  X d a t a  f o r  t h e  s i x  h i g h e s t  mo lecu la r  weight  
samples.  The samples  used  f o r  t h i s  p l o t  a r e  d e s c r i b e d  in Tab le  1. 
Each p o i n t  r e p r e s e n t s  one e x p e r i m e n t a l  run. 
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684 BRIMHALL ET AL. 

l i n e a r  i f  Equat ion 8 were a p p l i c a b l e  over  t h e  e n t i r e  exper imenta l  

range and t h e  upper of which would be l i n e a r  i f  e q u a t i o n  9 were 

v a l i d .  

The X v a l u e  f o r  each p o i n t  of t h e  lower p l o t  was found by 

i t e r a t i o n  u s i n g  a tempera ture  c o r r e c t e d  R v e r s u s  X e x p r e s s i o n  

appear ing  as  Equat ion 17 of a n  ear l ie r  paper (11). The B v a l u e s  

needed f o r  t h e  dependence of v i s c o s i t y  on tempera ture  were obta in-  

ed  from Reid, P r a u s n i t z ,  and Sherwood ( 1 8 ) .  

It is observed t h a t  d a t a  f o r  t h e  s i x  h i g h e s t  molecular  weight 

samples f a l l  on a f a i r l y  s t r a i g h t  l i n e  i n  t h e  l o g  X - l o g  Q 

p l o t .  The s l o p e  of 0.85 i n d i c a t e s  t h a t  t h e  b e s t  va lue  of a in 
Equation 8 equals  0.85, a va lue  cons iderably  h i g h e r  t h a n  t h o s e  in 

t h e  0.55-0.60 range c h a r a c t e r i s t i c  of po lys tyrene .  

The low molecular  weight sample does not appear  t o  f o l l o w  t h e  

t r e n d  e s t a b l i s h e d  by t h e  o t h e r  samples. However, when t h e  prob- 

a b l e  e r r o r  i s  taken  i n t o  account  f o r  t h i s  sample, t h e  d iscrepancy  

i s  understandable .  The e r r o r  f o r  t h i s  low molecular  weight m a -  

t e r i a l  has  t h r e e  major c o n t r i b u t i o n s .  F i r s t  a n  e r r o r  o f ,  say ,  10% 

i n  R i n  t h i s  low r e t e n t i o n  r e g i o n  produces a n  e r r o r  i n  X of 50%, 

whi le  t h e  r e l a t i v e  e r r o r  i n  X f o r  t h e  more r e t a i n e d  samples i s  

about  t h e  same as t h e  e r r o r  in R.  Second, t h e  u n c e r t a i n t i e s  i n  R 

are themselves l a r g e r  f o r  poorly r e t a i n e d  samples, i n  t h i s  case 

approximately 10% as opposed t o  about  3% o r  less f o r  t h e  samples 

of h igher  r e t e n t i o n .  This  e r r o r  i s  due t o  t h e  n a t u r e  oE t h e  nu- 

mer ica l  i n t e g r a t i o n  procedure used t o  determine R. 

The t h i r d  source  of u n c e r t a i n t y  l i es  i n  t h e  assumption t h a t  

t h e  c e n t e r  of g r a v i t y  of t h e  peak corresponds t o  t h e  weight aver-  

age molecular  weight. This  assumption works very poorly i n  t h e  

low molecular  weight (low r e t e n t i o n )  r e g i o n  of t h e  c a l i b r a t i o n  

curve. 

The p l o t  of l o g  R v e r s u s  l o g  (l/Mw) i s  a curved l i n e  w i t h  t h e  

low molecular  weight sample once a g a i n  abnormally low. The consi-  

d e r a b l e  curva ture  i n  t h e  l o g  R - l o g  (l/Mw) p l o t  i s  not  a l t o g e t h e r  

unexpected s i n c e  we are working w i t h  f r a c t i o n s  of on ly  moderate 

r e t e n t i o n  (R = 0.25 - 0 .8 )  whereas Equat ion 9 is based on t h e  l i m -  
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CHARACTERIZATION O F  POLYOLEFINS 685 

i t i n g  form f o r  h i g h  r e t e n t i o n .  S ince  t h i s  l i n e  i s  not  s t r a i g h t ,  

we conclude t h a t  Equa t ion  9 i s  a poor  approximation,  e s p e c i a l l y  i n  

t h e  low molecu la r  weight r e g i o n ,  and shou ld  not  be used  i n  t h e  

p r e s e n t  c a s e  t o  form a c a l i b r a t i o n  curve.  Thus, we are  l e f t  t o  

r e l y  on a n  e m p i r i c a l  c a l i b r a t i o n  curve.  The r e t e n t i o n  d a t a  shown 

on a l i n e a r  p l o t  ( s e e  F i g u r e  6)  f i t  w e l l  t o  a q u a d r a t t c  e q u a t i o n  

of t h e  form 

2 
Mw = 318,600 - 592,900 R + 264,500 R (10)  

w i t h  a s t a n d a r d  e r r o r  of 9,200. 

The major  c o n t r i b u t i o n s  t o  s c a t t e r  i n  t h e  i n d i v i d u a l  d a t a  

p o i n t s  i n  F i g u r e  6 are t empera tu re  f l u c t u a t i o n s  and e r r o r s  i n  t h e  

measurement of r e t e n t i o n  volumes. 

r i s e  t o  a change i n  R of about  f O . O 1 .  The measurement of r e t e n -  

t i o n  and v o i d  volumes and t h e  c a l c u l a t i o n a l  p rocedure  used  r e s u l t  

normally i n  a n  e r r o r  i n  R of *3%. For a t y p i c a l  sample w i t h  a 

molecu la r  weight  of -120,000 and a r e t e n t i o n  r a t i o  of 0.4, t h e  

above e f f e c t s  would g i v e  a n  e s t i m a t e d  e r r o r  of *8,500 i n  molecu la r  

weight .  

A f l u c t u a t t o n  of *IOC g i v e s  

N a t i o n a l  Bureau of S tanda rds  p o l y e t h y l e n e  SRM 1484 w a s  char-  

a c t e r i z e d  t o  test t h e  accu racy  o f  t h e  c a l i b r a t i o n  cu rve  g i v e n  by 

Equa t ion  10 and shown i n  F i g u r e  6,  and t o  t e s t  t h e  e f f i c a c y  of t h e  

FFF method. 

c a l c u l a t e d  u s i n g  t h e  formula 

The weight  ave rage  molecu la r  weight of SRM 1484 was 

and t h e  number a v e r a g e  molecu la r  weight  w a s  c a l c u l a t e d  by u s i n g  

where hi i s  t h e  d e t e c t o r  r e sponse  a t  each p o i n t  and Mi i s  t h e  mo- 

l e c u l a r  weight  from t h e  c a l i b r a t i o n  cu rve  a t  t h a t  p o i n t .  The 

r e s u l t s  of two runs ,  t o g e t h e r  w i t h  t h e  NBS v a l u e s ,  a p p e a r  i n  T a b l e  
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l0,000 50,000 lOO,000 150.000 200,000 

Mw 

FIGURE 6. P l o t  of r e t e n t i o n  r a t i o  R as a f u n c t t o n  of weight  
ave rage  molecu la r  weight  Mw o€ c a l i b r a t i o n  s t a n d a r d s  (Tab le  1). 
Each p o i n t  r e p r e s e n t s  one run. The s o l i d  l i n e  i s  t h e  c a l i b r a t € o n  
cu rve ,  Equa t ion  10, de t e rmined  by t h e  method of l e a s t  s q u a r e s .  

TARLE 2 

Weight Average and  Number Average Molecu la r  Weights  f o r  N a t i o n a l  
Rureau of S t a n d a r d s  SRM 1484 o b t a i n e d  i n  Two Thermal FFF Runs 

i n  Comparison t o  Values  Repor t ed  by NBS. 

"rl EL Method 

FFF (1) 106,000 122,000 

FFF (2 )  iio,ono 127,000 

NRS 100,500 119,600 
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CHARACTERIZATION OF POLYOLEFINS 687 

2. The d i s c r e p a n c i e s  w i t h  NBS v a l u e s  of between 2 and 10% l i e  

w i t h i n  t h e  r ange  expec ted  c o n s i d e r i n g  t h e  q u e s t i o n a b l e  c a l i b r a t i o n  

s t a n d a r d s  and some e x p e r i m e n t a l  and c a l c u l a t i o n a l  e r r o r .  The d a t a  

from t h e  f i r s t  r u n  l i s t e d  i n  Tab le  2 and shown i n  F i g u r e  4 were 

a l s o  used t o  de t e rmine  a molecu la r  weight d i s t r i b u t i o n .  Th i s  

r e s u l t  i s  shown i n  F i g u r e  7 .  

0.6 - ._ 
- 

9 0.4- .- 
c 
0 - - 
$ 0.2- 
0 - 

4.0 4.5 5.0 5.5 
log (M,) 

FIGURE 7. The cumula t ive  molecu la r  weight  d i s t r i b u t i o n  c u r v e  f o r  
NRS po lye thy lene  sample SRM 1484 determined from t h e  f r a c t o g r a m  
shown i n  F i g u r e  4.  The e x p e r i m e n t a l  r e s u l t s  f o r  t h i s  r u n  were \ 
= 122,000 and Mn = 106,000. 
Mn = 100,500. 

The NBS v a l u e s  a r e  Mw = 119,600 and  

CONCLUSIONS 

T h i s  s tudy  shows t h a t  po lye thy lene ,  and t o  a l e s s e r  deg ree  

po lypropy lene ,  a r e  s u b j e c t  t o  r e t e n t i o n ,  f r a c t i o n a t i o n ,  and  

c h a r a c t e r i z a t i o n  i n  t h e r m a l  FFF equipment modif ied f o r  h i g h  t e m -  

p e r a t u r e  use.  R e t e n t i o n  l e v e l s  ( e s p e c i a l l y  f o r  po lyp ropy lene )  a r e  

c o n s i d e r a b l y  below t h o s e  f o r  most o t h e r  polymers when compared a t  

t h e  same l e v e l s  of molecu la r  weight and t e m p e r a t u r e  drop. It i s  

u n c l e a r  whether  t h i s  s i t u a t i o n  would improve w i t h  o t h e r  c a r r i e r  

l i q u i d s .  However, s i n c e  r e t e n t i o n  (and t h u s  r e s o l u t i o n )  i n c r e a s e s  

w i t h  molecu la r  we igh t ,  and s i n c e  t h e  most d i f f i c u l t  c h a r a c t e r i z a -  
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688 BRIMHALL ET AL. 

t i o n  problems occur  € o r  h i g h  molecu la r  weight  p o l y o l e f i n s ,  it i s  

l i k e l y  t h a t  t he rma l  FFF c o u l d  be q u i c k l y  a d a p t e d  t o  p r a c t i c a l  u s e  

i n  h igh  molecu la r  weight  po lyo le f  i n  a n a l y s i s .  
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