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FRACTIONATION AND SIZE DISTRIBUTION OF WATER SOLUBLE POLYMERS 
BY FLOW FIELD-FLOW FRACTIONATION 

J. Calvin Giddings, Gwo-Chung Lin and Marcus N. Myers 
Department of Chemistry 

University of Utah 
Salt Lake City, Utah 84112 

ABSTRACT 
Flow field-flow fractionation (flow FFF) is introduced as a 

The theory of the method 
chromatographic-like method with a potential for separating and 
characterizing water soluble polymers. 
is summarized, showing that one gets a size distribution curve 
based on the Stokes diameter, d. Problems in interpreting the 
elution profile in both flow FFF and gel permeation chromato- 
graphy are discussed in the light of complications arising from 
electrostatic chain expansion in polyelectrolytes. 

2.00 ml volume. Sulfonated polystyrenes of three different 
molecular weights are separated from one another with and without 
added salts. The dependence of retention on sample size is shown 
to be least in the salt solution, indicating that this is most 
suitable for analytical work, 

Distinct elution profiles are noted for two of these polydisperse 
polymers. Size distribution curves for the 2,000,000 MW sample 
curves are obtained from the elution profiles and are shown to be 
independent of experimental variations. Finally, fractions are 
collected after separation and rerun through the column, showing 
a reasonable confirmation of the expected fractionation effect. 

The experimental approach is described using a channel of 

The sodium salts of polyacrylic acid are also investigated. 

INTRODUCTION 

Water soluble polymers, already important in many areas of 
technology, have been the subject of accelerated study recently 
because of the prospect that they can substantially aid in the 
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2 GIDDINGS, LIN, AND MYERS 

recovery of petroleum from underground formations, 

even at considerable dilution to multiply the viscosity of 

aqueous solutions pumped into the formation, 

become an integral part of plans for extensive tertiary recovery 

They serve 

They have thus 

(1,2,3)* 
The optimum use of water soluble polymers requires tools 

for the measurement of their molecular weight or size distribu- 

tions. 
and aspects of potential environmental impact will hinge on the 

degradation pattern of the polymer chains, 
to develop technologies which are capable of providing the 

relevant distributions. 

Rheological properties will depend on these distributions, 

Thus it is important 

Gel permeation chromatography (GPC) provides one avenue for 
the study of size distribution. However, there have been some 
difficulties in eliminating interactions between the solid sur- 

face and the polymer. These interactions include the ion ex- 
clusion effect in which a residual charge on the gel will in- 
fluence the distribution of polymer, While progress has been 
made in reducing these interactions and thus producing good 
results ( 4 , 5 ) ,  it is felt that other potential technologies 

should be simultaneously explored for their capabilities in 
yielding size distributions. 

Field-flow fractionation, (FFF), which may also be called 

one-phase chromatography, is an alternate technology which we 

consider here for water soluble polymers. It has a number of 
advantages relative to GPC including external retention control, 
programmability, low surface area, large inherent range and peak 

capacity, and mathematically predictable elution (6 ,7) .  Perhaps 
the most important of these characteristics from the viewpoint 
of water soluble polymers is the intrinsically low surface area, 

which should act to minimize the multiplicity of interactions 

that can affect retention ( 7 ) .  The low surface area stems 
directly from the nature of the FFF process. 

The ETF methodology has been explained and described in a 
number of publications (8,9,10,11,12,13). The method is based on 
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FLOW FFF OF WATER SOLUBLE POLYMERS 3 

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

unobs t ruc ted ,  r ibbon- l ike  channel .  The f i e l d  pushes t h e  s o l u t e s  

i n t o  exponent ia l  l a y e r s  a g a i n s t  t h e  lower channel  w a l l .  The 

l a y e r  t h i c k n e s s  v a r i e s  i n  a p r e d i c t a b l e  way wi th  molecular  mass 

o r  s i z e .  P a r a b o l i c  flow down t h e  a x i s  of t h e  channel  then  sweeps 

t h e  s o l u t e s  forward s e l e c t i v e l y ,  g i v i n g  each a mean v e l o c i t y  t h a t  

can be p r e d i c t e d  r a t h e r  p r e c i s e l y  i n  terms of  l a y e r  t h i c k n e s s  and 

thus  t h e  physicochemical p r o p e r t i e s  t h a t  determine l a y e r  th ick-  

ness .  I n  o v e r a l l  c h a r a c t e r i s t i c s ,  then ,  t h e  methodology resembles  

chromatography, except  t h a t  i t  i s  executed i n  one phase w i t h  

r e t e n t i o n  induced by e x t e r n a l  f i e l d s .  

I n  t h e  work repor ted  i n  t h i s  paper w e  use  t h e  s u b c l a s s  of 

FFF c a l l e d  flow FFF. 

cross-f low of s o l v e n t  moving g r a d u a l l y  a c r o s s  t h e  wid th  of  t h e  

channel  as a r e s u l t  of p r e s s u r e  appl ied  a c r o s s  two semipermeable 

membranes which c o n s t i t u t e  t h e  channel  f a c e s .  Flow FFF h a s  been 

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

m a t e r i a l s  inc luding  p r o t e i n s  (12y14,15)y  p o l y s t y r e n e  l a t e x  beads 

(1.2,14), c o l l o i d a l  s i l i c a  (16) and v i r u s e s  (12,17). 

Here t h e  layer-forming i n f l u e n c e  i s  a 

We have employed two p o l y e l e c t r o l y t e s  i n  o r d e r  t o  s t u d y  t h e  

a p p l i c a b i l i t y  of f low FFF t o  w a t e r  s o l u b l e  polymers. F i r s t  w e  

used su l fona ted  p o l y s t y r e n e s ,  which can be  prepared as narrow 

f r a c t i o n s  of vary ing  molecular  weight  from a v a i l a b l e  p o l y s t y r e n e  

f r a c t i o n s .  These h e l p  e s t a b l i s h  t h e  p r o p e r t i e s  of  t h e  system. 

Second w e  employed salts of p o l y a c r y l i c  a c i d s  whose broad weight  

d i s t r i b u t i o n s  are more c h a r a c t e r i s t i c  of water  s o l u b l e  polymers 

encountered i n  p r a c t i c a l  s i t u a t i o n s .  

THEORY 

I n  flow FFF t h e  exper imenta l  s o l u t e  l a y e r  e s t a b l i s h e d  a t  

one w a l l  i s  of mean th ickness  

L = Dh (1) 

where D is t h e  d i f f u s i o n  c o e f f i c i e n t  and U t h e  v e l o c i t y  

of t h e  c r o s s  flow. I f  we e x p r e s s  U i n  terms of t h e  d i r e c t l y  

observable  volumetr ic  c r o s s  f low rate ,  ic, we have (14)  

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



4 GIDDINGS, L I N ,  AND MYERS 

R = D a L / t c  (2)  

where a and L a r e  channel  breadth  and l e n g t h ,  r e s p e c t i v e l y .  I t  

is u s e f u l  t o  r e c a s t  t h i s  equat ion  i n t o  dimensionless  l a y e r  th ick-  

n e s s ,  A = l / w ,  which expresses  t h e  r a t i o  of R t o  channel  width w. 

Using t h e  f a c t  t h a t  t h e  channel  vo id  volume is  Vo = awL, w e  can 

w r i t e  equat ion 2 as  

X = DVa/Gcw2 ( 3 )  

which i s  a more convenient  form. 

Dif fus ion  c o e f f i c i e n t  D i s  r e s p o n s i b l e  f o r t h e  s e l e c t i v i t y  

t h a t  e x i s t s  between s o l u t e s  of d i f f e r e n t  molecular  w e i g h t s i n  f low 

FFF. This  parameter  i s  a f u n c t i o n  of t h e  e f f e c t i v e  "s ize"  of t h e  

polymer. I t  can be  expressed by t h e  S tokes-Eins te in  equat ion  

D = hT/3lInd ( 4 )  
where h = t h e  Boltzmann c o n s t a n t ,  T = t empera ture ,  q = v i s c o s i t y  

and d = t h e  Stokes diameter  of t h e  p a r t i c l e .  The S tokes  d i a -  

meter ,  of course ,  i s  t h e  diameter  of a r i g i d  sphere  having t h e  

same f r i c t i o n  c o e f f i c i e n t  as  t h e  polymer molecule  i n  ques t ion .  

I t  i s  a diameter  t h a t  i n c r e a s e s  w i t h  c h a i n  l e n g t h  (molecular  

weight) accord ing  t o  phys ico-chemica l  laws. 

With equat ion  4 s u b s t i t u t e d  i n t o  e q u a t i o n  3 we have 

where dF i s  a parameter c o n t r o l l a b l e  by Vc and having t h e  

dimension of a l e n g t h .  

The r e t e n t i o n  volume Vr of s o l u t e  peaks i n  FFF r e l a t i v e  t o  

channel  volume Vo is a f u n c t i o n  of  A t h a t  assumes t h e  fo l lowing  

forms: 

Ihe l a t t e r  express ion  i s  an approximation v a l i d  a t  h igh  r e t e n t i o n ,  

bu t  i n  p r a c t i c e  is v a l i d  w i t h i n  6% a t  Yr = 2vo (16) .  

t i o n  of equat ion  5 i n t o  equat ion  7 y i e l d s  

The s u b s t i t u -  
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FLOW FFF OF WATER SOLUBLE POLYMERS 5 

(8) 
d - d  1 "r 

vo - 6d,[coth(d/2dF)-2dF/d] -6dF + 7 -- _ -  

The approximate form h e r e  e x h i b i t s  a l i n e a r i t y  between r e t e n t i o n  

volume Vr and t h e  Stokes diameter d of t h e  p a r t i c l e  o r  molecule .  

T h i s  i s  a convenient  r e l a t i o n s h i p  because one can i n t e r p r e t  an 

e l u t i o n  diagram a t  a l l  p o i n t s  beyond Vr = 2V0 as d i r e c t l y  repre-  

s e n t i n g  a p a r t i c l e  s i z e  d i s t r i b u t i o n  curve ,  m(d) (16).  

I t  has  been shown elsewhere t h a t  t h e  complete p a r t i c l e  s i z e  

d i s t r i b u t i o n  curve  t h a t  i s  a c c u r a t e  down t o  Vr = V o ,  b u t  no t  

a l lowing  f o r  i n s t r u m e n t a l  spreading ,  i s  g iven  by (16) 

m(d) = c (Vr) [dvr/ddI  (9) 

The theory  o u t l i n e d  above y i e l d s  polymer d i s t r i b u t i o n  

curves  i n  terms of S tokes  d iameter  d. It remains t o  re la te  

c h a i n  l e n g t h  o r  molecular  weight t o  d s o  t h a t  a molecular  weight  

d i s t r i b u t i o n  can  be  obta ined .  This  connec t ion  i s  complicated i n  

p o l y e l e c t r o l y t e s  because charge r e p u l s i o n  s i g n i f i c a n t l y  expands 

t h e  c h a i n  beyond i t s  random c o n f i g u r a t i o n .  The expansion i s  

dependent on t h e  c o n c e n t r a t i o n  of s a l t s  i n  s o l u t i o n ,  from which 

counter ions  are provided.  There are a l s o  severe  c o n c e n t r a t i o n  

dependent e f f e c t s  even a t  extreme d i l u t i o n s .  These c h a r a c t e r -  

i s t ics  are summarized by Morawetz (18). 

One should n o t e  t h a t ,  p u r e l y  a t  a c a l c u l a t i o n a l  level ,  

problems.of  equal  o r  worse s e v e r i t y  e x i s t  wi th  GPC when a p p l i e d  

t o  p o l y e l e c t r o l y t e s .  Not o n l y  does one have a l l  t h e  d i f f i c u l t i e s  

of r e l a t i n g  c h a i n  dimensions t o  molecular  weight ,  as  w i t h  FFF, 

but  one h a s  t h e  added d i f f i c u l t y  of de te rmining  which d imens iona l  

parameter  c o n t r o l s  r e t e n t i o n ,  and t h e  p r e c i s e  mathematical  

r e l a t i o n s h i p  by which it does so. Empir ica l  correlations have 

worked w e l l  i n  handl ing  t h e  l a t t e r  d i f f i c u l t y  i n  t h e  p a s t ,  b u t  

whether they  have much v a l i d i t y  w i t h  new and unusual  m a t e r i a l s  

i s  open t o  doubt. T h i s  i s  always t h e  l i m i t a t i o n  of e m p i r i c a l  

c o r r e l a t i o n s .  

More s p e c i f i c a l l y ,  i t  i s  o f t e n  assumed t h a t  t h e  hydrodynamic 

r a d i u s  of a p a r t i c l e  c o n t r o l s  i ts  r e t e n t i o n  (19,20). Yet a gen- 
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6 GIDDINGS, LIN,  AM) MYERS 

era1 theory of r e t e n t i o n  which accounts  f o r  a l l  t h e  compl ica t ions  

of pore shape i n  real  GPC systems has  never  been developed. 

theory of s imple model systems i l l u s t r a t e s  t h a t  hydrodynamic 

volume is n o t  t h e  s o l e  r e t e n t i o n  parameter (21, 22).  I n  some 

cases  a dimensional parameter t h a t  w e  have termed mean e x t e r n a l  

length  c o n t r o l s  r e t e n t i o n ,  bu t  t h i s  is not  u n i v e r s a l  e i t h e r  (21) .  

I n  s h o r t  no t r u l y  u n i v e r s a l  dimensional parameter can be i d e n t i -  

f i e d  t h a t  w i l l  work i n  a l l  model GPC systems,  l e t  a l o n e  w i t h i n  

the  complex pores  of real systems. 

The 

I n  flow FFF, by c o n t r a s t ,  r e t e n t i o n  i s  a t  least r a t h e r  

r igorous ly  r e l a t e d  t o  parameter d ,  t h e  S tokes  d iameter ,  f o r  t h e  

model system which c o n s i s t s  of a uniform channel  of f l a t  sur -  

f a c e s  which have no a t t r a c t i v e  i n t e r a c t i o n s  w i t h  t h e  polymer 

chains .  S i g n i f i c a n t  i n t e r a c t i o n s ,  of course ,  must b e  absent  both 

i n  GPC and FFF systems. Here FFF has t h e  advantage,  as  noted 

before ,  because of t h e  smaller s u r f a c e  area. 

I n  t h a t  an  unambiguous connect ion between molecular  weight 

and d does n o t  y e t  e x i s t  f o r  p o l y e l e c t r o l y t e s ,  w e  w i l l  r e p o r t  

t h e  r e s u l t s  of t h i s  paper d i r e c t l y  i n  terms of d i s t r i b u t i o n s  i n  

d. 

EXPERIMENTAL 

The c o n f i g u r a t i o n  of  t h e  f low FFF column and t h e  method of 

opera t ion  used i n  t h i s  s tudy  have been descr ibed  previous ly  (14, 

15) .  

450 m. 

t h e  e l u t i o n  of a void peak. 

d i r e c t l y ,  is c a l c u l a t e d  from t h e  void volume because some de- 

formation of t h e  membrane wal l s  can occur  i n  column assembly. 

I n  t h e  p r e s e n t  case, channel  dimensions were 10 x 0.44 x 

The channel had a void volume of 2 . 0 Q m l a s  measured by 

Width w, r a t h e r  than  being measured 

The polys tyrenes  were obta ined  from P r e s s u r e  Chemical 

Company, and had molecular  weights  of 20,000, 200,000 and 

498,000. They w e r e  converted to t h e  potassium salts  of poly- 

s t y r e n e s u l f o n i c  a c i d  by a modi f ica t ion  of t h e  method of  C a r r o l l  

and Eisenberg (23 ) .  We r e f e r  t o  them by t h e  molecular  weights  of 
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FLOW FFF OF WATER SOLUBLE POLYMERS 7 

t h e  parent  compounds as PS 20,000, PS 200,000 and PS 498,000, 

r e s p e c t i v e l y .  

The p o l y a c r y l i c  a c i d s ,  r e p o r t e d l y  of  molecular  weights  

150,000 and 2,000,000, were obta ined  from Polysc iences  Inc .  

were converted t o  t h e i r  r e s p e c t i v e  sodium sa l t s  by t i t r a t i o n  t o  

pH 8 .5  w i t h  1 N sodium hydroxide. W e  r e f e r  t o  them as PAA 150,000 

and PAA 2,000,000 r e s p e c t i v e l y .  

They 

The c o n c e n t r a t i o n s  of s u l f o n a t e d  polys tyrene  i n  each sample 

s o l u t i o n  were determined by p l a c i n g  about  500 mg of t h e  s o l u t i o n  

i n  a preweighed b o t t l e  i n  an oven a t  95°C. A f t e r  f o u r  days t h e  

b o t t l e  w a s  weighed, r e t u r n e d  t o  t h e  oven f o r  another  f o u r  days 

and then reweighed. The weight percentage  of  t h e  s u l f o n a t e d  

polymer i n  t h e  sample prepared from t h e  200,000 MW p o l y s t y r e n e  

was found t o  be 1.69% and t h a t  of t h e  sample prepared from t h e  

498,000 MW polys tyrene  w a s  1.60%. 

1.645% t o  c a l c u l a t e  ug of polymer per  i n j e c t e d  sample. 

We use  a n  average  v a l u e  of 

Two s o l v e n t s  were used i n  t h i s  s tudy .  The f i r s t  w a s  0.02 M 

t r ie thanolamine  i n  d i s t i l l e d  water ,  a d j u s t e d  t o  pH 8.5 w i t h  

n i t r i c  a c i d .  The second s o l v e n t  w a s  t h e  same as t h e  f i r s t  w i t h  

t h e  a d d i t i o n  of 0.1 M potassium c h l o r i d e .  These s o l u t i o n s  were 

f e d  i n t o  t h e  system as both c a r r i e r  and c r o s s  f low streams, us ing  

two Cheminert meter ing pumps w i t h  a d j u s t a b l e  pumping rates from 

Chromatronix. 

All experiments  were c a r r i e d  o u t  a t  ambient tempera ture  of 

22 f 1OC. Peaks were monitored w i t h  a U.V.  d e t e c t o r  from Lab- 

o r a t o r y  Data Control .  

Omniscribe r e c o r d e r  from Houston Ins t ruments .  The e l u a t e  w a s  

c o l l e c t e d  i n  f r a c t i o n s  when necessary  by a Golden R e t r i e v e r  Pup 

model 1100 from I n s t r u m e n t a t i o n  S p e c i a l t i e s .  

The f rac tograms were recorded w i t h  a n  

RESULTS AND DISCUSSION 

Sul fona ted  Polys tyrenes .  F i g u r e  1 i l l u s t r a t e s  t h e  s u c c e s s  of f low 

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

s o l u t i o n  of water conta in ing  o n l y  t h e  0.02 M t r ie thanolamine .  
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. $ J \ ,  B PS 496,000 

0 2.5 5.0 7.5 LO 12.5 15 17.5 

i 
V, (ml) 

FIGURE 1 
Separation of three sulfonated polystyrenes in 0.02 M triethanola- 
mine without added salt. Sample size was 12 pl of :ach polymer. 
The void volume Vo was2.00 m l ,  9 was 3 . 4 4  ml/h and Vc was 14.9 
mlfh. The numbers on the figure identify the polystyrene by its 
molecular weight prior to sulfonation. 

The three distinct peaks are seen to be clearly identifiable, and 
in the expected sequence of molecular weights, from low to high 

as elution proceeds. Despite the success of the fractionation, 

peak shifts were observed to occur with changes in sample size i n  

spite of the small sample ( 4  pl, -66  pg of polymer) used. In 
analytical situations these retention shifts would hinder indenti- 

fication and make impossible the acquisition of size distribution 
curves. It is well known that the strong concentration dependence 
of polyelectrolyte behavior can be ameliorated by the addition of 

salt (18). Therefore retention and fractionation were attempted 
in a salt-containing solution. 

Figure 2 illustrates a fractionation of the same three 
samples in a solution containing 0.1 M KC1, along with the 0.02 M 
triethanolamine. The overall resolution is roughly comparable 
although it is evident that relative peak shifts have improved 
the separation of the last two peaks and worsened the resolution 
of the first two. However, the two fractograms are not directly 

comparable because of different experimental flow conditions. 
is therefore instructive to look at the relative size distribu- 
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FLOW FFF OF WATER SOLUBLE POLYMERS 9 

0 2.5 5.0 7.5 10.0 12.5 l j . O  17.5 20.0 

V, (ml) 

FIGURE 2 
Separa t ion  of t h r e e  s u l f o n a t e d  p o l y s t y r e n e s  i n  0.02 M t r i e t h a n o l a -  
mine w i t h  0 .1  M potassium c h l o r i d e  added. 
of each polymer. 

Sample s i z e  w a s  15  ~1 
V was 2.90 ml/h and V, w a s  10.0 ml/h.  

t i o n  curves produced by t h e  two f rac tograms using equat ion  9.  I f  

t h e  polymer c h a i n s  i n  t h e  two cases r e t a i n e d  t h e  same dimensions,  

t h e  s i z e  d i s t r i b u t i o n  curves (with r e s p e c t  t o  Stokes d iameter  d )  

would superimpose. 

Figure 3 shows t h e  two s i z e  d i s t r i b u t i o n  curves taken  from 

f i g u r e s  1 and 2.  The f a i l u r e  of s u p e r p o s i t i o n  shows t h a t  i m -  
p o r t a n t  dimensional changes have indeed occurredwith t h e  addi-  

t i o n  of salt .  

For a n a l y t i c a l  purposes it is important  t o  e s t a b l i s h  t h e  

c o n c e n t r a t i o n  ranges i n  which t h e  cha in  dimensions s t a y  essen- 

t i a l l y  cons tan t  and t h e r e f o r e  i n  which e l u t i o n  volumes are 

roughly independent of small changes i n  concent ra t ion .  To t h i s  

end we have run both  200,000 and 498,000 MW p o l y s t y r e n e s  wi th  a 

range of d i f f e r e n t  i n j e c t e d  sample s i z e s .  Peak r e t e n t i o n  volumes 

and s h i f t s  i n  r e t e n t i o n  volumes were noted and t h e  corresponding 

Stokes diameter  w a s  c a l c u l a t e d  f o r  each peak. The r e s u l t s  are 

shown i n  f i g u r e  4 .  
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10 GIDDINGS,  LIN, AND MYERS 

d ( p m )  

FIGURE 3 
Comparison of s i z e  d i s t r i b u t i o n  curves i n  terms of Stokes diame- 
ter  d f o r  t h e  fractograms of F igures  1 and 2 .  
i d e n t i f y  wi th  Figures 1 and 2 ,  r e spec t ive ly .  

Curves 1 and 2 

Figure 4 shows t h a t  chain dimensions and e l u t i o n  charac te r -  

i s t i c s  remain near ly  s t a t i c  wi th  increas ing  sample s i z e  i n  t h e  

0.1 M K C 1  so lu t ion  over t he  l a r g e  range from 0-800 ug (-0-50 p l  

of i n j ec t ed  po lye lec t ro ly t e ) .  However, t hese  p r o p e r t i e s  change 

d r a s t i c a l l y  wi th  sample s i z e  when s a l t  is  omitted.  I n  t h i s  case  

the  Stokes diameter i s  seen t o  s h r i n k  two- t o  three-fold a s  t h e  

sample s i z e  i s  increased t o  800 ug ('50 ~ 1 ) .  

i n t o l e r a b l e  f o r  p r a c t i c a l  purposes. Working i n  salt  i s  the re fo re  

the  only reasonable approach cons i s t en t  wi th  these  r e s u l t s .  

This  change is  

The da ta  of f i g u r e  4 a r e  l a r g e l y  cons i s t en t  with t h e  known 

behavior of po lye lec t ro ly t e s .  

observed t o  reduce, the  concent ra t ion  dependence of cha in  dimen- 

s ions  a t  l o w  concentrations.  However, w e  do note  an apparent 

anomaly i n  our observa t ion  i n  t h a t  added s a l t  has  led  t o  an in- 

creased d a t  a l l  except t h e  lowest concent ra t ions .  It i s  we l l  

es tab l i shed  t h a t  t h e  add i t ion  of salt to po lye lec t ro ly t e s  re- 

The add i t ion  of salt has  been 
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FLOW FFF OF WATER SOLUBLE POLYMERS 11 

PS 498,M*) 

PS 200,wO 

PS 498,wO 

Ps 200.m 

0 7  
0 200 400 M)o 800 IwO 

SAMPLE SIZE ( p g )  

FIGURE 4 
E f f e c t  of sample s i z e  on apparent  v a l u e s  of  S tokes  d iameter  d f o r  
two d i f f e r e n t  s u l f o n a t e d  p o l y s t y r e n e s .  
e f f e c t  i n  0.02 M t r i e t h a n o l a m i n e  a l o n e  and dashed l i n e s  show the 
e f f e c t  i n  0.02 M t r i e t h a n o l a m i n e  p l u s  0 . 1  M potassium c h l o r i d e .  

S o l i d  l i n e s  show t h e  

duces t h e  cha in  expansion r e s u l t i n g  from charge  r e p u l s i o n  w i t h i n  

t h e  poly ion  (18). T h i s  is  n o t  i n  accord w i t h  our  r e s u l t s .  

Whether t h i s  unexpected r e s u l t  r e f l e c t s  a proper ty  of  p o l y e l e c t r e  

l y t e  behavior  o r  some unexpected i n t e r a c t i o n  unique t o  our  f low 

FFF system is  n o t  p r e s e n t l y  clear. More work i n  s e a r c h  of t h e  

r o o t s  of t h i s  phenomenon is  c e r t a i n l y  r e q u i r e d .  However our  

r e s u l t s  i n  t h e  salt s o l u t i o n  a r e  s e l f - c o n s i s t e n t  and show t h a t  a t  

t h e  v e r y  least an e m p i r i c a l  c a l i b r a t i o n  c u r v e  r e l a t i n g  molecular  

weight  t o  S tokes  diameter  could be  e s t a b l i s h e d  f o r  a n a l y t i c a l  

purposes  up u n t i l  such a t i m e  t h a t  t h e  theory  and under ly ing  

phenomena are b e t t e r  understood.  

A s  an added remark on t h e  e f f e c t s  of  t h e  c o n c e n t r a t i o n  

dependence of s a l t - f r e e  p o l y e l e c t r o l y t e ,  we  n o t e  t h a t  t h i s  de- 

pendence causes  a s h i f t  i n  t h e  A v e r s u s  l / G c  p l o t s  s o  t h a t  t h e  

exper imenta l  l i n e s  f a i l  t o  i n t e r c e p t  t h e  o r i g i n .  T h i s  i s  shown 

i n  f i g u r e  5. I n  t h a t  i n t e r c e p t i o n  of t h e  o r i g i n  i s  commonly 
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12 GIDDINGS, LIN, AND MYERS 

01 I I 1 I 
0 0.05 0.10 0.15 0.20 

I / =  (hr /ml)  

FIGURE 5 

The dashed po r t ions  represent  extra- 
P lo t  of X versus  l/$c f o r  two polys tyrenes  i n  tr iethanolamine 
without potassium ch lo r ide .  
polated values.  
i n  a l l  cases  and sample s i z e  was 4 p1 or  % 66 pg. 

The channel flow rate 0 was approximately 3.2 

taken as a test of proper behavior i n  flow FFF systems ( 1 4 ) ,  t h e  

o r i g i n  of t h i s  depar ture  i s  important t o  e s t ab l i sh .  It  stems, 

q u i t e  simply, from the  f a c t  t h a t  increased c ross  flow causes 

add i t iona l  compression of t he  s o l u t e  l aye r ,  concent ra t ing  i t .  

This decreases the  o v e r a l l  d,  i n  accord wi th  f i g u r e  4,  and 

accordingly increases  d i f f u s i v i t y .  

c reases  A i n  accord with equation 3. Thus X i n  f i g u r e  5 is  ex- 

pected t o  be anom,alously high (above the  o r ig in )  as tc approaches 

i n f i n i t y  and thus  as one approaches zero along t h e  l/tc a x i s  of 

the f igure .  This i s  confirmed by the  p o s i t i v e  i n t e r c e p t s  of 

f i g u r e  5 .  

The enhanced d i f f u s i v i t y  in-  
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FLOW FFF OF WATER SOLUBLE POLYMERS 13 

We should n o t e  t h a t  t h e  above c o n c e n t r a t i o n  e f f e c t s  a r e  

d i f f i c u l t  t o  i n t e r p r e t  q u a n t i t a t i v e l y  even b a r r i n g  compl ica t ions  

i n  t h e  p o l y e l e c t r o l y t e  systems themselves .  I n  a n  FFF s o l u t e  

zone, c o n c e n t r a t i o n  v a r i e s  cont inuous ly  w i t h  time as w e l l  as over  

two channel  dimensions, wid th  and l e n g t h .  Thus FFF behavior  i n  

t h e  presence of  concentrat ion-dependent  t r a n s p o r t  i s  extremely 

complicated,  and h a s  not been worked out  t h e o r e t i c a l l y .  

Despi te  t h e  above incompleteness  i n  theory ,  i t  is  u s e f u l  

t o  provide  a t  least a " c h a r a c t e r i s t i c "  c o n c e n t r a t i o n  a s s o c i a t e d  

wi th  t h e  experiments  s o  t h a t  t h e  c o n c e n t r a t i o n  e f f e c t s  can be put  

i n  b e t t e r  p e r s p e c t i v e .  We t a k e  f o r  t h i s  c h a r a c t e r i s t i c  concen- 

t r a t i o n  t h e  v a l u e  e x i s t i n g  a t  t h e  bottom of  t h e  s o l u t e  l a y e r  

(where i t  touches t h e  w a l l )  and a t  t h e  c e n t e r  of i t s  e x t e n s i o n  

a long  t h e  channel  a x i s  a t  t h e  time when t h e  peak i s  e l u t i n g  from 

t h e  channel  (11). We n o t e  t h a t  both h i g h e r  and lower concentra-  

t i o n s  e x i s t  a t  d i f f e r e n t  times and p l a c e s  i n  a zone d u r i n g  a r u n ,  

bu t  t h a t  t h i s  c h a r a c t e r i s t i c  c o n c e n t r a t i o n  i s  r e l a t i v e l y  high 

w i t h  r e s p e c t  t o  a l l  t h e  e x i s t i n g  c o n c e n t r a t i o n  l e v e l s .  

Table  1 shows v a l u e s  of t h e  c h a r a c t e r i s t i c  c o n c e n t r a t i o n ,  

l a b e l e d  cooL, i n  t h e  channel. 

These v a l u e s  have been c a l c u l a t e d  from a n  equat ion  (number 30) 

t h a t  appears  e lsewhere (11). We a l s o  show t h e  apparent  polymer 

d i f f u s i v i t y ,  D,  ob ta ined  from exper imenta l  r e t e n t i o n  v a l u e s .  

The a s s o c i a t i o n  of  D w i t h  CooL i s  not  e x a c t  because of t h e  

c o n c e n t r a t i o n  v a r i a t i o n s  noted ,  bu t  because D is  almost c o n s t a n t  

i n  t h e  s a l t - c o n t a i n i n g  s o l u t i o n ,  i t  provides  a f i r s t  approxi-  

mat ion t o  a D v e r s u s  c o n c e n t r a t i o n  dependency. 

I n  a d d i t i o n  t o  t h e  above c o n s i d e r a t i o n s ,  some degree  of 

peak d i s t o r t i o n  i s  expected from t h e  concentrat ion-dependent  

c h a i n  dimensions and r e s u l t a n t  d i f f u s i v i t y .  T h i s  i s  e s p e c i a l l y  

t r u e ,  of course ,  f o r  t h e  s a l t - f r e e  s o l u t i o n s .  I n  t h i s  c a s e  t h e  

lower d i f f u s i v i t y  and thus  t h e  lower m i g r a t i o n  v e l o c i t y  a t  t h e  

d i l u t e  f r o n t  and back edges of  t h e  zone w i l l  cause  t h e  c e n t e r  t o  

over run  t h e  f r o n t  and thereby tend t o  c r e a t e  peak t a i l i n g .  T h i s  

e x p e c t a t i o n  i s  g e n e r a l l y  borne out  by t h e  peaks shown i n  f i g u r e  1. 
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14  

TABLE 1 

GIDDINGS,  LIN, AND MYERS 

Characteristic zone concentrations, cooL, calculated by equation 
30 of reference 11, 
sulfonated polystyrenes with added KC1. 
vity D are calculated from observed retention values using equa- 
tions 7 and 3, respectively. 

PS 200,000 

for different concentrations of the two 
Values of X and diffusi- 

The data are those of figure 4. 

L 
coo sample size h <V> D 

!J1 la mm/sec (cm2/sec>xlo 7 %  - - - - -  
4 65.8 0.0838 00.195 1.44 0.054% 

8 131.6 0.0854 00.195 1.48 0.111% 

16 263.2 0.0860 00.195 1.49 0.223% 

32 526.4 0.0844 00.186 1.58 0.457% 

50 822.5 0.0928 00.186 1.66 0.651% 

PS 498,000 

8 131.6 0.0412 00.179 0.748 0.202% 

1 6  263.2 0.0395 00.191 0.714 0.502% 

32 526.4 0.0423 00.181 0.783 0.931% 

50 822.5 0.0455 00.188 0.797 1.34% 

Polyacrylic Acids. We turn now to the sodium salts of high 

molecular weight polyacrylic acid in order to investigate the 
operation of flow FFF with polydisperse materials of large chain 
length. Figure 6 illustrates the appearance of the elution 
curves for the polymers whose molecular weights prior to salt 

formation were reported as 150,000 (PAA 150,000) and 2,000,000 

(PAA 2,000,000). The higher molecular weight material, PAA 

2,000,000, extends further along the elution volume axis, as 
expected. Each principal peak is preceded by a small, sharp 

peak representing a fraction of lower molecular weight. We are 
assured that this early peak is not a foreign soluent or low 

molecular weight contaminant by the fact that the flow FFF 
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FLOW FFF OF WATER SOLUBLE POLYMERS 1 5  

n 2.5 5.0 10 1s 20 

V, ( m l )  

FIGURE 6 
Comparison of f ractograms of sodium sa l t s  of two p o l y a c r y l i c  
a c i d s  i n  0.02 M t r i e t h a n o l a m i n e  w i t h  0.1 M potassium c h l o r i d e  
added. 
!he sample s i z e  w a s  5 p l .  For PAA 2,000,000,V was 3 . 0 4  ml/h ,  
Vc w a s  6 .84  ml/h and t h e  sample s i z e  w a s  1 0  p l .  

For PAA 150,000, 9 w a s  3.10 ml/h,  QC was 6.84 ml/h and 

system a c t s  s imultaneously a s  a p r e s s u r e  d i a l y s i s  c e l l ,  sweeping 

out  through t h e  lower membrane a l l  s p e c i e s  of a molecular  weight 

below t h a t  of t h e  membrane c u t o f f  ( 2 4 ) .  

I n  t h e  theory  s e c t i o n  we noted t h a t  t h e  e l u t i o n  c u r v e s  be- 

yond about  2V" r e p r e s e n t  s i z e  d i s t r i b u t i o n  curves  w i t h i n  a scale 

f a c t o r .  I n  t h e  c a s e  of f i g u r e  6, then,  t h e  p r i n c i p a l  peaks f o r  

each polymer a r e  e f f e c t i v e l y  s i z e  d i s t r i b u t i o n  curves  whereas 

t h e  e a r l y  peaks are d i s t o r t e d  because of t h e i r  l o w  e l u t i o n  

volume. D i r e c t  i n s p e c t i o n  shows, t h e r e f o r e ,  t h a t  t h e  curve  

maximum f o r  PAA 2,000,000 corresponds t o  a Stokes  d iameter  d 

roughly 1.55 times l a r g e r  than  t h a t  f o r  PAA 150,000. Other  

similar comparisons can be made. For important  numerical  de- 

t a i l s ,  however, i t  is more u s e f u l  t o  e x h i b i t  t h e  s i z e  d i s t r i b u -  

t i o n  curves  d i r e c t l y  on a d-sca le  p l o t  us ing  l i n e a r  equat ion  8 

f o r  V>2Vo and a numerical  s o l u t i o n  of equat ion  9 f o r  V<2V0. 

F i g u r e  7 shows such curves  f o r  PAA 2,000,000. 

The o b j e c t i v e s  of f i g u r e  7 are twofold.  One purpose i s  t o  

show t h e  n a t u r e  of  t h e  d i s t r i b u t i o n  curve as made a v a i l a b l e  by 

flow FFF. Another purpose i s  t o  i l l u s t r a t e  an impor tan t  method 

f o r  checking t h e  v a l i d i t y  of t h e  r e s u l t s  i n  terms of t h e i r  i n t e r -  
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16 GIDDINGS, LIN, AND MYERS 

0 I I I I I I 1 I I 
0 0.04 0.08 0.12 0.16 

d ( p m )  

FIGURE 7 
Comparison of two size distribution curves (in Stokes diameter 
d) for PAA 2,000,000 obtained under different cross flow condi- 
tions. The experiments were run in distilled water with 0 . 0 2  M 
triethtnolamine with 0.1 M KC1 added. In case A ,  0 was 3.64 
mil?, Vc was 9 . 3 6  d!h, and the sample size was 20 pl. In case 
B, V was 2 .99  ml/h, Vc was 6.51 ml/h and the sample size was 
20 1.11. 

nal self-consistency under different experimental conditions. 
This approach is applicable with all the FFF methods. 

Briefly, self-consistency in FFF is checked by running 
elution curves under different field strength (cross flow) con- 
ditions. As the theory section makes clear, a change in cross 
flow alters the observed elution volume pattern, but it should 
leave the size distribution curve immutable. Any perturbation 
caused by adsorption or other unknown or unexpected factors will 

ordinarily create a divergence in the respective size distribu- 
tion curves, thus revealing their presence and alerting the ex- 
perimenter to take precautions. 
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FLOW FFF OF WATER SOLUBLE POLYMERS 17 

The two s i z e  d i s t r i b u t i o n  c u r v e s  i n  f i g u r e  7 were o b t a i n e d  

a t  r e s p e c t i v e  c r o s s  f lows  of  9 .36 m l / h r  ( c u r v e  A) and 6 .51  m l / h r  

( c u r v e  B ) .  The r e p r o d u c i b i l i t y  of t h e  c u r v e s  i s  e x c e l l e n t  e x c e p t  

i n  t h e  v i c i n i t y  o f  t h e  minor peaks r e p r e s e n t i n g  s p e c i e s  o f  s h o r t  

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

f o r  t h e  most p a r t  a v a l i d  one.  I d e a l l y  t h i s  test shou ld  b e  

a p p l i e d  ove r  even g r e a t e r  extremes o f  c r o s s  f low,  bu t  t h e  p r e s e n t  

r ange  i l l u s t r a t e s  how t h e  approach is a p p l i e d .  

A similar r e s u l t  was o b t a i n e d  f o r  t h e  lower molecu la r  we igh t  

m a t e r i a l ,  PAA 150,000, b u t  t h e  r e p r o d u c i b i l i t y  w a s  n o t  as good, 

p robab ly  as  a r e s u l t  of  poor  f low c o n t r o l  i n  one of  t h e  two ex- 

pe r imen t s .  

We n o t e  t h a t  t h e  accu racy  of  t h e  s i z e  d i s t r i b u t i o n  c u r v e s  

i s  expec ted  t o  b e  b e t t e r  f o r  t h e  major  peaks  t h a n  f o r  t h e  minor 

peaks c o n s i s t i n g  of t h e  small c h a i n s .  The minor peaks are  b o t h  

s h a r p e r  and c l o s e r  t o  t h e  v o i d  peak,  which impair  t h e  a c c u r a c y  

of a n a l y s i s .  Our r e s u l t s  sugges t  t h a t  t h e  minor peaks c o n s i s t  of 

components w i t h  d -0.01 u m ,  a v a l u e  t h a t  must b e  c o n s i d e r e d  

t e n t a t i v e  u n t i l  confirmed by a d d i t i o n a l  s t u d i e s .  

A f u r t h e r  a n a l y s i s  o f  f i g u r e  7 and similar d a t a  f o r  PAA 
150,000 h a s  been c a r r i e d  o u t  i n  o r d e r  t o  d e r i v e  t h e  mean d v a l u e  

f o r  each of  t h e  two polymers.  Our r e s u l t  f o r  PAA 150,000 is 

i = 0.029 um and f o r  PAA 200,000 i s  2 = 0.058 um.  

F i n a l l v ,  we have a t t e m p t e d  t o  c o l l e c t  e l u t i o n  samples  from 

v a r i o u s  p a r t s  o f  t h e  p o l y d i s p e r s e  PAA 150,000 peak and r e r u n  

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

Some d i f f i c u l t i e s  are i n h e r e n t  i n  t h i s  p r o c e s s  when s o l u t e  

p r o p e r t i e s  a r e  c o n c e n t r a t i o n  dependent  b e c a u s e  t h e  p a r e n t  sample 

must be  much l a r g e r  t h a n  t h e  d e r i v a t i v e  samples .  N o n e t h e l e s s  

r e a s o n a b l e  s u c c e s s  h a s  been ach ieved  as i l l u s t r a t e d  i n  f i g u r e  8. 

Sample A-1 s h o u l d  c o n t a i n  only t h e  small c h a i n  component of t h e  

l a r g e  p a r e n t  peak. T h i s  i s  b o r n e  o u t  by t h e  s m a l l  peak l a b e l e d  

A-1 i n  t h e  f i g u r e .  Sample A-2 shou ld  c o n t a i n  b o t h  t h e  s h o r t  

c h a i n s  and some of t h e  l a r g e r  c h a i n s  of less t h a n  a v e r a g e  l e n g t h .  
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FIGURE 8 

vo 

E l u t i o n  curve  f o r  PAA 150,000 w i t h  superimposed peaks obta ined  
from c u t s  from t h e  p a r e n t  material, 
l a b e l l e d  r e g i o n s  a t  t h e  t o p  show where the c u t s  were made from 
t h e  parent  curve. 

The A-1, A-2, and A-3 

This ,  too,  i s  borne o u t .  Sample A-3 should c o n t a i n  o n l y  long 

c h a i n s  b u t  f o r  some unexplained reason  i t  possessed a small 

short-chain peak as  w e l l .  

unc lear  by s l i g h t  b a s e l i n e  d r i f t ,  as i n d i c a t e d  by t h e  ques t ion-  

mark l i n e  shown i n  t h e  f i g u r e .  Despi te  t h e  l a t t e r  u n c e r t a i n t i e s ,  

t h e  r e s u l t s ,  taken t o g e t h e r ,  confirm our  g e n e r a l  e x p e c t a t i o n s  of 

t h e  f r a c t i o n a t i o n  process .  

The d e t a i l s  of  A-3 were made somewhat 

CONCLUSIONS 

The r e s u l t s  presented  above show c l e a r l y  t h e  e x i s t e n c e  of 

f r a c t i o n a t i o n  based on t h e  e f f e c t i v e  s i z e  (Stokes d iameter )  of 

p o l y e l e c t r o l y t e  cha ins .  T h i s  f r a c t i o n a t i o n  makes p o s s i b l e  t h e  

genera t ion  of s i z e  d i s t r i b u t i o n  curves  f o r  t h e  polymers. While 

t h e  compl ica t ions  of p o l y e l e c t r o l y t e  behavior  c loud  t h e  t r a n s -  

formation of  t h e s e  curves  i n t o  molecular  weight d i s t r i b u t i o n  

curves,  t h e  a c q u i s i t i o n  of t h e  latter is c l e a r l y  p o s s i b l e  using 

r e a l i s t i c  t h e o r e t i c a l  r e l a t i o n s h i p s  between p o l y e l e c t r o l y t e  
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FLOW FFF OF WATER SOLUBLE POLYMERS 19 

chain dimensions and molecular weight. Lacking these, empirical 
correlations would be possible as a temporary expedient. The 

acquisition of such correlations would be a useful objective for 
additional work. 

Altogether our results tend to confirm that the small sur- 
face area, the theoretical simplicity and rigor, and the precise 
external retention control of FFF make this tool one of outstand- 
ing promise in the challenging field of water soluble polymer 
analysis. 
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