
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 25 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Separation Science and Technology
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713708471

Field-Flow Fractionation: Methodological and Historical Perspectives
J. C. Giddingsa; M. N. Myersa; K. D. Caldwella

a DEPARTMENT OF CHEMISTRY, UNIVERSITY OF UTAH SALT LAKE CITY, UTAH

To cite this Article Giddings, J. C. , Myers, M. N. and Caldwell, K. D.(1981) 'Field-Flow Fractionation: Methodological and
Historical Perspectives', Separation Science and Technology, 16: 6, 549 — 575
To link to this Article: DOI: 10.1080/01496398108058117
URL: http://dx.doi.org/10.1080/01496398108058117

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713708471
http://dx.doi.org/10.1080/01496398108058117
http://www.informaworld.com/terms-and-conditions-of-access.pdf


SEPARATION SCIENCE AND TECHNOLOGY, 16(6), pp. 549-575, 1981 

Field-Flow Fractionation: Methodological and Historical 
Perspectives 

J .  C. CIDDINCS, M.  N. MYERS, and K. D. CALDWELL 
DEPARTMENT OF CHEMISTRY 
UNIVERSITY OF UTAH 
SALT LAKE CITY, UTAH 841 12 

ABSTRACT 

F i e l d - f l o w  f r a c t i o n a t i o n  (FFF) i s  b r i e f l y  i n t r o d u c e d  w i t h  
r e s p e c t  t o  i t s  working n a t u r e ,  mechanism of r e t e n t i o n ,  t y p e s  of 
a p p l i c a t i o n s ,  and r e l a t i o n s h i p s  t o  chromatography. Nine fundamen- 
t a l  character is t ics  of FFF are t h e n  o u t l i n e d .  The n i n e  character- 
i s t i c s  are used ( T a h l e  I) t o  d i s t i n g u i s h  FFF from o t h e r  s e p a r a t i o n  
methods which employ a n  e x t e r n a l  f t e l d  p e r p e n d i c u l a r  t o  t h e  f low 
a x i s .  

Three b r i e f  a c c o u n t s  of t h e  e a r l y  h i s t o r y  of  FFF are  g iven .  
These a c c o u n t s  re la te  the i n d i v i d u a l  e x p e r i e n c e s  of  t h e  three 
a u t h o r s  of t h i s  a r t ic les .  

INTRODUCTION 

F ie ld - f low f r a c t i o n a t i o n  (FFF) deve loped  r a t h e r  s l o w l y  i n  t h e  

f i r s t  decade  a f t e r  i t s  i n t r o d u c t i o n  i n  t h e  mid-1960's (1).  In re- 

c e n t  y e a r s ,  t e c h n i q u e s  have improved and areas of a p p l i c a t i o n  have 

expanded d r a m a t i c a l l y  ( 2 ) .  The r a p i d  improvements have  a t t r a c t e d  

widened a t t e n t i o n ;  a b o u t  a dozen g roups  have  now l aunched  FFF pro-  

jects  of t h e i r  own. Major r e s u l t s  from some o f  these p r o j e c t s  a re  

c o n t a i n e d  i n  t h i s  s p e c i a l  i s s u e  on FFF. These p r o j e c t s  are l i k e l y  
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550 G I D D I N G S ,  MYERS, AND CAZDWELL 

t o  have  a n  a u t o c a t a l y t i c  e f f e c t ,  s p u r r i n g  new p r o j e c t s ,  new meth- 

odology,  and a qu ickened  pace  of new a p p l i c a t i o n s .  The p o t e n t i a l  

a p p l i c a b i l i t y  of FFF t o  macromolecules  and p a r t i c l e s  a p p e a r s  t o  be 

ve ry  broad,  r e i n f o r c i n g  t h e  n o t i o n  t h a t  FFF work w i l l  expand con- 

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

The p r e s e n t  a r t i c l e  i s  des igned  t o  p r o v i d e  p e r s p e c t i v e  on 

t h i s  expanding t e c h n i q u e .  There a r e  t h r e e  s p e c i f i c  o b j e c t i v e s .  

F i r s t ,  because t h e  methodology of FFF i s  n o t  y e t  w ide ly  under- 

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

t h e  u n f a m i l i a r  r eade r .  Second, t h e  c h a r a c t e r i s t i c s  which d i s t i n -  

g u i s h  FFF from r e l a t e d  t e c h n i q u e s  w j l l  he e x p l o r e d  i n  o r d e r  t o  

more c l e a r l y  e s t a b l i s h  t h e  p l a c e  of FFF i n  t h e  f i e l d  o f  s e p a r a -  

t i o n s .  T h i r d ,  i n  view of t h e  p r e s e n t  impetus  t o  uncover  t h e  r o o t s  

of d i v e r s e  s c i e n t i f i c  d i s c i p l i n e s ,  we w i l l  s t r i v e  t o  p r e s e n t  a 

c o n c i s e  h i s t o r y  of e a r l y  developments  i n  FFF, which o r i g i n a t e d  i n  

o u r  l a h o r a t o r y .  

We u n d e r t a k e  t h e  h i s t o r i c a l  p r o j e c t  f u l l y  aware t h a t  FFF i s  

not y e t  a w ide ly  used  t echn ique .  However, w a i t i n g  f o r  s c i e n t i f i c  

m a t u r i t y  removes t h e  p r o c e s s  of w r i t i n g  even f u r t h e r  f rom t h e  

e v e n t s  t o  be d e s c r i b e d ;  t h i s  s a c r i f i c e s  f r e s h n e s s  and  accu racy .  

We p r e f e r  t a k i n g  t h e  r i s k  now t h a t  FFF w i l l  become a major  s c i e n -  

t i f i c  t o o l ,  s o  t h a t  t h e  h i s t o r y  w i l l  have been worth t h e  w r i t i n g .  

THE NATURE OF F F F  

FFF t a k e s  advan tage  of t h e  f a c t  t h a t  f l u i d  €Lowing l a m i n a r l y  

i n  a narrow c o n d u i t  assumes d i f f e r e n t  v e l o c i t i e s  a t  d i f f e r e n t  

p o i n t s  of t h e  c o n d u i t ' s  c r o s s  s e c t l o n .  Fo r  example, t h e  v e l o c i t y  

approaches  z e r o  n e a r  c o n d u i t  w a l l s  due t o  t h e  v i s c o u s  d r a g  of t h e  

wal l s ,  and i t  r e a c h e s  a maximum i n  t h e  c e n t e r  of t h e  c o n d u i t  ( s e e  

F i g u r e  1 ) .  I f  we c o u l d  p l a c e  d i f f e r e n t  k i n d s  of molecu le s  i n  d i f -  

f e r e n t  f low r e g i o n s ,  s e p a r a t i o n  would f o l l o w  a s  a consequence of 

t h e i r  d i f f e r e n t i a l  m i g r a t i o n  a l o n g  d i f f e r e n t  f l ow p a t h s .  

I n  FFF, e x t e r n a l  f i e l d s  and  g r a d i e n t s  a r e  used  t o  push 

molecules  and p a r t i c l e s  i n t o  s e l e c t e d  f low p a t h s  w i t h i n  a f l u i d  
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I - \  
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I 4 

Diffuse cloud 
of molecules 

FIGURE 1. Conduit in which a flowing fluid assumes different 
velocities (the magnitude indicated by the length of arrows) at 
different points of its cross section. In FFF, a perpendicular 
field forces specific molecules or particles into a diffuse cloud 
near the lower wall, thus forcing it into the vicinity of a given 
streamline, say 5. Clouds of othermolecules, interacting different- 
ly with the field, may have a center of gravity around streamlines 
- b or 5, etc., and thus be swept along at a velocity proportional 
to the length of arrows 
tial migration of components leads to the separation of components 
characteristic of FFF. 

or 5, and so on. The ensuing differen- 

flowing in a narrow conduit or channel. The field direction is 

perpendicular to the flow axis as shown in Figure 1. This is re- 

quired to force species laterally into the selected cross section- 

al regions in which the desired flow is taking place. 

species are forced close to one wall, as illustrated by the 

figure. 

retention of the species. 

Usually, 

The slow flow near the wall is then responsible for the 

Re tent i on 

In FFF, the degree of retention is controlled by the strength 

of the field and can be easily varied by changes in field 

strength. 

of mean thickness II against a channel w a l l .  The degree to which 

the component's velocity is retarded relative to the mean carrier 

velocity is designed by retention ratio R, related to 2 by (Z,3) 

Strong fields force a given component into a thin layer 
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When t h e  r a t i o  X = X/w i s  small (< 0.11, as i t  must be f o r  e f f e c -  

t i v e  FFF s e p a r a t i o n ,  t h e  above e q u a t t o n  approaches  t h e  s imple  

l i m i t i n g  form 

R = 6 1  ( 2 )  

S e p a r a t i o n ,  r e f l e c t e d  i n  unequa l  R v a l u e s ,  o c c u r s  by v i r t u e  

of d i f f e r e n c e s  i n  11 and t h u s  i n  X between d i f f e r e n t  compon- 

e n t s .  A d d t t i o n a l  t h e o r e t i c a l  d e t a i l  can be  found e l sewhere  ( 4 - 7 ) .  

Types of S e p a r a t i o n s  

We have used c e n t r i f u g a l ,  g r a v i t a t i o n a l ,  and e l e c t r i c a l  

f i e l d s ,  t he rma l  g r a d i e n t s ,  and c ross - f low t o  f o r c e  s p e c i e s  i n t o  

d e s i r e d  f low p a t h s  (2 ) .  We have a t t e m p t e d  t o  u s e  l a t e r a l  concen- 

t r a t i o n  g r a d i e n t s  (8). We have proposed magnet ic  f i e l d s  (1) 

and have made p r e l i m i n a r y  i n v e s t i g a t i o n s  of o t h e r  f o r c e s  f o r  t h i s  

purpose.  The f i e l d s  s o  f a r  e x p l o i t e d  have p rov ided  t h e  multicom- 

ponent s e p a r a t i o n  of i o n i c  and n o n i o n i c  components i n  aqueous and 

nonaqueous media. The components have had t h e i r  o r i g i n s  i n  b i o -  

l o g i c a l ,  env i ronmen ta l ,  ene rgy ,  and i n d u s t r i a l  m a t e r i a l s .  E x i s t -  

i n g  systems i n  o u r  l a b o r a t o r y  can s e p a r a t e  e f € e c t i v e l y  ove r  a 

1015-fold mass range--from lo3  molecu la r  weight  polymers t o  10 

p a r t i c l e s .  S e p a r a t i o n s  have been ach ieved  i n  t i m e s  as  s h o r t  a s  a 

few minutes  ( 9 ) .  

2 
p m  

FFF and Chromatography 

Exper imen ta l ly ,  FFF o p e r a t e s  much l i k e  chromatography. A 

s m a l l  sample i s  i n j e c t e d  a t  t h e  head of t h e  s e p a r a t t o n  channe l  and 

s e p a r a t i o n  t a k e s  p l a c e  a s  t h e  components a r e  c a r r i e d  a l o n g  a t  d i f -  

f e r e n t  v e l o c i t i e s  by t h e  flow. The components t h e r e f o r e  emerge a t  

d i f f e r e n t  t i m e s ,  on which o c c a s i o n  t h e y  can  be  d e t e c t e d  a n d / o r  

c o l l e c t e d  f o r  f u r t h e r  u se  o r  s tudy .  
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FI ELD-FLOW FRACTIONATION 553 

FFF, however, does not fall in the category of chromato- 

graphic methods because retention is not induced by a distribution 

between two or more phases, as required by nearly all definitions 

of chromatography. The Commission on Analytical Nomenclature, 

Analytical Chemistry Division, International Union of Pure and 

Applied Chemistry, recommends that chromatography be defined a s ,  

"A method, used primarily €or separation of the components of a 

sample, in which the components are distributed between two 

phases, one of which is stationary while the other moves" (10). 

With FFF, by contrast, retention is induced by a field forcing 

species into different flow regions within a given phase. 

However, the close dynamical similarity O E  chromatography and FFF 
has led us to use the term "one-phase chromatography" for FFF to 

emphasize the relationship (11). Lightfoot, et.al., use the term 

"polarization chromatography" for their version of FFF (1 2 ) .  

Characteristics of FFF. 

Because FFF utilizes an external field or gradient whose 

direction is perpendicular to flow, the method falls in the F(+)c 

or F(+)cd category of separations ( 1 3 , 1 4 1 .  It is thus in the same 

Family with thermogravitational (Clusius-Dickel) columns, electro- 

decantation methods (including Kirkwood's electrophoresis-convec- 

tion system), and related methodologies. Such approaches were used 

by the ancient Greeks who combined gravity and horizontal flow to 

sort out valuahle mineral constituents (15). Few of the other 

approaches, however, offer much promise for multicomponent separa- 

tions, particularly if we require any reasonable level of speed, 

convenience, and resolution. We wish, therefore, to outline some 

of the principal characteristics responsible €or the efficacy of 

FFF. These characteristics are listed below. 

1. Unidirectional flow. FFF utilizes a fluid stream passing 

essentially one way through the separation channel. This is in 

contrast to thermogravitational (16) and electrodecantation (17) 
methods for which flow is countercurrent. Countercurrent flow is 

well suited for binary separations, but adapts only with difficul- 
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554 G I D D I N G S ,  MYERS, AND CALDWELL 

t y  ( s u c h  as by t h e  s t a g i n g  of i n d i v i d u a l  u n i t s )  t o  mult icomponent  

systems.  

We n o t e  t h a t  FFF f low,  whi le  e s s e n t i a l l y  u n i d i r e c t i o n a l ,  can 

have a c o u n t e r c u r r e n t  component w i t h o u t  chang ing  i t s  h a s i c  n a t u r e  

and  c a p a b i l i t i e s .  Such i s  the  case w i t h  t h e r m o g r a v i t a t i o n a l  FFF 

(18). 
U n i d i r e c t i o n a l  f l ow a l l o w s  a c c u r a t e  pump c o n t r o l ,  which con- 

t r o l  can he independen t  of t h e  d imens ions  of t h e  channe l .  T h i s  

f e a t u r e  g r e a t l y  a i d s  o p t i m i z a t i o n .  Most c o u n t e r c u r r e n t  f l o w  i n  

t h i s  f a m i l y  is, by c o n t r a s t ,  d r i v e n  by c o n v e c t i o n  a n d  canno t  b e  

c o n t r o l l e d  i n d e p e n d e n t l y  of  o t h e r  i m p o r t a n t  sys t em pa rame te r s .  

U n i d i r e c t i o n a l  f l o w  a l s o  l e a d s  c o n v e n i e n t l y  t o  t h e  con t inuous - f low 

e l u t i o n  of s e p a r a t e d  samples ,  a i d i n g  d e t e c t i o n  and sample c o l l e c -  

t ion .  

2. Sample e l u t i o n .  In FFF, t h e  f r a c t i o n a t e d  components are 

c a r r i e d  o u t  of t h e  s e p a r a t i o n  sys t em by t h e  c o n t j n u o u s  stream of 

f l u i d .  T h i s  g r e a t l y  s i m p l i f i e s  the  d e t e c t i o n  and  c o l l e c t i o n  of 

components,  as j u s t  no ted .  

E l u t i o n  f o l l o w s  rather n a t u r a l l y  from u n i d i r e c t i o n a l  f l o w ,  

bu t  t h e  l a t t e r  does  n o t  g u a r a n t e e  the  former.  Some u n i d i r e c t i o n a l  

f l o w  sys t em ( f o r  example,  h y d r a u l i c  c l a s s i f i e r s )  leave p a r t  of 

t h e i r  c o n t e n t s  d e p o s i t e d  w i t h i n  the f l o w  chamber.  

3. E longa ted  channe l .  The l e n g t h  L of  FFF f l o w  c h a n n e l s  

(measured a l o n g  t h e  f l o w  a x i s )  is  much g r e a t e r  t h a n  the  t h i c k n e s s  

w o v e r  which t h e  f i e l d  i s  a p p l i e d :  L >> w. 

r a t i o s  of a lmos t  10 ; v a l u e s  o v e r  10 are  common. While many re- 

l a t e d  methods b e n e f i t  from l a r g e  L/w r a t i o s ,  such  r a t i o s  are  n o t  

a lways  employed ( a s  i n  e l e c t r o d e c a n t a t i o n ) ,  and  t h e y  are  o f t e n  

l i m i t e d  ( e s p e c i a l l y  w i t h  r e s p e c t  t o  w) by the weak d r i v i n g  f o r c e  

of c o n v e c t i v e  f low.  

We have employed L/w 
4 3 

Channel  e l o n g a t i o n  a l l o w s  one t o  m u l t i p l y  a weak, f i e l d -  

induced en r i chmen t  e f f e c t  a c t i n g  o v e r  t h i c k n e s s  w i n t o  comple t e  

s e p a r a t i o n .  The m u l t i p l i c a t i o n  e f f e c t  i s  l i k e  t h a t  o c c u r r i n g  i n  

chromatography ( 1 4 ) .  
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4 .  Use of c a r r i e r .  FFF g e n e r a l l y  u t i l i z e s  a c a r r i e r  f l u i d  

t o  e n t r a i n  t h e  components of i n t e r e s t  and t o  e s t a h l i s h  a d i f f e r e n -  

t i a l  f low p a t t e r n .  The components s e p a r a t e  w i t h i n  t h e  chosen 

c a r r i e r ,  a l t h o u g h  m o d i f i c a t i o n s  e x i s t  f o r  exchanging c a r r i e r  l i q -  

u i d s  and f o r  c o n c e n t r a t i n g  components w i t h i n  t h e  c a r r i e r  (19) .  

While e l e c t r o p h o r e s i s - c o n v e c t i o n  and t h e  p r e s e n t  e l e c t r o d e c a n t a -  

t i o n  method (17)  a l s o  employ a c a r r i e r  (an aqueous s o l u t i o n ) ,  

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

w i t h  b i n a r y  m i x t u r e s  (16) .  

C a r r i e r  p r o p e r t i e s  can be chosen t o  c o n t r o l  component migra- 

t i o n  and op t imize  s e p a r a t i o n .  I n  view of t h e  u n i d i r e c t i o n a l  f l ow 

of  FFF, carrier p r o p e r t i e s  (such as d e n s i t y  and pH) can  be changed 

c o n t i n u o u s l y  t o  g e n e r a t e  programmed c a r r i e r  systems t o  enhance 

s e p a r a t i o n  c h a r a c t e r i s t i c s  ( 2 0 ) .  

5. L a t e r a l  s t e a d y - s t a t e .  The major  p a r t  of FFF s e p a r a t i o n  

o c c u r s  w i t h  components d i s t r i b u t e d  approx ima te ly  i n  a s t e a d y - s t a t e  

c o n f i g u r a t i o n  o v e r  channe l  t h i c k n e s s  W. Thus, once s e p a r a t i o n  i s  

w e l l  unde r  way, any f l u x  of a component toward a w a l l  due t o  t h e  
a c t i o n  of t h e  f i e l d  i s  o f f s e t  by a n e a r l y  e q u a l  outward f l u x  due 

t o  d i f f u s i o n .  The s t e a d y - s t a t e  c o n d i t i o n  need n o t  a p p l y  i n  each  

c r o s s  s e c t i o n  hu t  a p p l i e s  t o  t h e  o v e r a l l  d i s t r i b u t i o n  of t h e  com- 

ponents  a l o n g  t h e  f i e l d  a x i s .  

I n  o r d e r  t o  a c h i e v e  s t e a d y - s t a t e ,  a l l owance  must be made f o r  

r e l a x a t i o n  t i m e  T , t h e  t i m e  r e q u i r e d  f o r  a component i n t r o d u c e d  

i n t o  t h e  FFF channe l  t o  c l o s e l y  approach i t s  s t e a d y - s t a t e  condi-  

t i o n .  Usua l ly ,  p a r t  of t h e  component must m i g r a t e  a c r o s s  most of 

t h i c k n e s s  w t o  a c h i e v e  s t e a d y - s t a t e ,  l e a d i n g  t o  T = w/U , where U 

i s  t h e  f i e ld - induced  v e l o c i t y .  S t e a d y - s t a t e  o p e r a t i o n  r e q u i r e s  

t h a t  r e t e n t i o n  t ime t he  c o n s i d e r a b l y  l a r g e r  (an o r d e r  of magni- 

t u d e  a s  a rough minimum) t h a n  o r  t h a t  f low be  s topped  

( t h e  s top-f low method) f o r  a time > T  a t  t h e  beg inn ing  of t h e  r u n  

T, t r  > T 

( 2 1 ) .  
The s t e a d y - s t a t e  c o n d i t i o n  a s s u r e s  t h e  uniform m i g r a t i o n  of 

components down t h e  channe l  a t  a r a t e  c a l c u l a b l e  from s i m p l i f i e d  

s t e a d y - s t a t e  c o n s i d e r a t i o n s .  
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556 GIDDINGS,  MYERS, AND CALDWELL 

6 .  Rapid l a te ra l  e q u i l i b r a t i o n .  S teady-s ta te  p r o f i l e s ,  once 

formed i n  a given c r o s s  s e c t i o n ,  are d i s t u r h e d  by t h e  d i f f e r e n t i a l  

flow of t h e  FFF system. 

c o n d i t i o n  d iscussed  above which does not r e q u i r e  a p p l i c a b i l i t y  in 

each cross s e c t i o n . )  E f f e c t i v e  FFF r e q u i r e s  t h a t  t h e  p r o f i l e s  

r e p a i r  themselves  r a p i d l y  v i a  t h e  ongoing l a t e ra l  t r a n s p o r t  pro- 

cesses. S p e c i f i c a l l y ,  t h e  e q u i l i b r a t i o n  t i m e  f o r  r e p a i r  r e  

should be much less ( a t  least t w o  o r d e r s  of magnitude) t h a n  the 

r e t e n t i o n  t ime,  re<< t . 
In a proper ly  f u n c t i o n i n g  FFF channel ,  t h e  e q u i l i b r a t i o n  t i m e  

in t roduced  h e r e  i s  much s h o r t e r  t h a n  t h e  r e l a x a t i o n  time d e s c r i b e d  

above. The d i f f e r e n c e  i s  due t o  t h e  small t h i c k n e s s  9. of t h e  

s t e a d y - s t a t e  l a y e r  (over  which t r a n s p o r t  f o r  " e q u i l i b r a t i o n "  

occurs )  compared t o  t h e  channel  t h i c k n e s s  w (from which t h e  stea- 

dy-state  l a y e r  i s  formed by " r e l a x a t i o n " ) .  T y p i c a l l y ,  X = k / w  

l i es  f n  t h e  range 0.1 - 0.01. However, f o r  some non-FFF t e c h n i -  

ques,  p a r t i c u l a r l y  t h o s e  employing thermal  d i f f u s i o n  w i t h  gases  o r  

low molecular  weight l i q u i d s ,  k and w a r e  of comparable magnitude 

and t h e  two " r e l a x a t i o n  times" T and T~ merge i n t o  one and become 

i n d i s t i n g u i s h a b l e .  

( T h i s  does not a l t e r  t h e  s t e a d y - s t a t e  

Rapid e q u i l i b r a t i o n  makes p o s s i b l e  sharp  component p u l s e s ,  

high r e s o l u t i o n ,  and fas t  s e p a r a t i o n .  In t h i s  r e s p e c t ,  FFF i s  

l i k e  chromatography where r a p i d  e q u i l i b r a t i o n  between phases  l e a d s  

t o  high t h e o r e t i c a l  p l a t e  counts ,  r e s o l u t i o n ,  and speed ( 2 2 ) .  

Rapid e q u i l i b r a t i o n  i s  encouraged by high f i e l d  s t r e n g t h ,  t h i n  

s t e a d y - s t a t e  l a y e r s ,  and low carrier v i s c o s i t y .  

7 .  Axial  nonsteady-state .  Component c o n c e n t r a t i o n s  cont inu-  

a l l y  vary along t h e  flow a x i s  a s  p u l s e s  of m a t e r i a l  p a s s  through 

t h e  channel. 

s e p a r a t i o n s  t y p i c a l  of e l u t i o n  techniques  such a s  chromatogra- 

phy. The p u l s e s  (or  " f r o n t s "  i n  t h e  c a s e  of f r o n t a l  a n a l y s i s )  a r e  

kept  sharp  by t h e  r a p i d  e q u i l i b r a t i o n  c o n d i t i o n  above. Only i n  

cont inuous FFF systems (23)  i s  a n  a x i a l  s t e a d y - s t a t e  r e a l i z e d .  

This  i s  c o n s i s t e n t  w i t h  time-based multicomponent 

In many F(+)cd techniques  such as  e l e c t r o p h o r e s i s - c o n v e c t i o n  

o r  thermogravi ta t ion  columns, a n  a x i a l  s t e a d y - s t a t e  i s  approached 
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FIELD-FLOW FRACTIONATION 557 

under i d e a l  c i rcumstances  near  t h e  end of t h e  run. Excessive 

times a r e  u s u a l l y  r e q u i r e d  t o  achieve  such a x i a l  s t e a d y - s t a t e  con- 

d i t i o n s .  

8. Axial Separa t ion .  Although t h e  under ly ing  enrichment 

s t e p  occurs  in t h e  f i e l d  d i r e c t i o n ,  t h e  s e p a r a t i o n  i s  f i n a l l y  rea- 

l i z e d  by v i r t u e  of d i f f e r e n t i a l  migra t ion  a long  t h e  flow a x i s .  

This a x i a l  s e p a r a t i o n  i s  then  converted i n t o  a t i m e  based separa-  

t i o n  by v i r t u e  of t h e  s teady  flow. While some of t h e  o r i g i n a l  

enrichment (and a good d e a l  of sample c o n c e n t r a t i o n )  could  be rea- 

l i z e d  by s p l i t t i n g  t h e  o u t l e t  stream i n t o  d i f f e r e n t  l a t e ra l  compo- 

nents ,  t h e  degree of l a t e r a l  s e p a r a t i o n  is t r i v i a l  compared t o  

t h a t  of a x i a l  s e p a r a t i o n .  

The magni f ica t ion  of weak l a t e r a l  enrichment i n t o  powerful 

a x i a l  s e p a r a t i o n  occurs  by v i r t u e  o f  c h a r a c t e r i s t i c  4 ( l a t e r a l  

s t e a d y - s t a t e )  a m p l i f i e d  by c h a r a c t e r i s t i c  5 ( r a p i d  l a t e ra l  e q u f l i -  

b r a t i o n ) .  Methods which r e a l i z e  s e p a r a t i o n  a long  t h e  f i e l d  coor-  

d i n a t e  by s t ream d i v i s i o n  o r  o t h e r  l a te ra l  sampling methods have 

no magni f ica t ion  by flow, and must depend on f i e l d  e f f e c t s  

a lone.  In t h i s  case flow p l a y s  no i n t e g r a l  r o l e  i n  t h e  a c t u a l  

s e p a r a t i o n ,  a l though it f a c i l i t a t e s  cont inuous o p e r a t i o n  through 

t h e  t r a n s p o r t  and c o l l e c t i o n  of samples (14). 
w i t h  cont inuous flow e l e c t r o p h o r e s i s  (17) ,  which ca tegory  i n c l u d e s  

t h e  STAFLO method of Me1 ( 2 4 ) ,  and w i t h  t h e  thermal  d i f f u s i o n  flow 

ce l l  (25,26). The l a t t e r  is not even g e n e r a l l y  used f o r  separa-  

t i o n  because t h e  thermal  d i f f u s i o n  e f f e c t  i s  so  i n t r i n s i c a l l y  

weak (14). However, FFF, us ing  flow magni f ica t ion ,  produces e f -  

f e c t i v e  ml t icomponent  polymer s e p a r a t i o n s  based on thermal  d i f f u -  

s ion  ( 2 7 ) .  

Such i s  t h e  case 

9. I n t e g r a l  flow. We n o t e  t h a t  not  a l l  t echniques  d iscussed  

h e r e  f a l l  i n  t h e  F(+)c o r  F(+)cd c a t e g o r i e s .  To he so c a t e g o r i z e d  

r e q u i r e s  t h a t  t h e  flow p lay  a n  i n t e g r a l  role i n  t h e  s e p a r a t i o n ,  as 

noted i n  t h e  d i s c u s s i o n  of magni f ica t ion  above. To tes t  f o r  i n t e -  

g r a l  flow, w e  can o f t e n  simply i n q u i r e  i f  equa l  r e s o l u t i o n  i s  ob- 

t a i n a b l e  without  t h e  flow, without  regard  t o  t h e  f i n a l  p o s i t i o n  o r  

arrangement of t h e  s e p a r a t e d  materials o r  t h e  continuous-noncon- 
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558 G I D D I N G S ,  MYERS, AND CALDWELL 

t inuous  n a t u r e  of t h e  s e p a r a t i o n .  A more complete d i s c u s s i o n  of 

i n t e g r a l  flow i s  found elsewhere ( 1 4 ) .  

I n t e g r a l  flow i s  r e l a t e d  t o  c h a r a c t e r i s t i c s  5, 6 ,  and 8 and 

t o  some e x t e n t  t o  C h a r a c t e r i s t i c s  3 and 7 ,  but I t  i s  not clear i f  

i t s  presence can be uniquely  r e l a t e d  t o  t h e s e  o t h e r  c h a r a c t e r i s -  

t i c s .  For example, a x i a l  s e p a r a t i o n  may be necessary t o  r e a l i z e  

i n t e g r a l  f low,  but i t  i s  not  s u f f i c i e n t .  The a x i a l  s e p a r a t i o n  

observed i n  h y d r a u l i c  c l a s s i f i e r s  (28) p r e s e n t s  no g r e a t e r  r e s o l -  

u t i o n  than  g r a v i t y  sed imenta t ion  a l o n e ,  a l though i t  h a s  t h e  p r a c t -  

i c a l  advantage of cont inuous  opera t ion .  

Comparison of FFF and Rela ted  Methods. 

Table I has  been c o n s t r u c t e d  t o  provide a comparison of FFF 

and r e l a t e d  techniques  revolvfng  around t h e  n i n e  FFF c h a r a c t e r i s -  

t i c s  noted above. A l l  t echniques  l t s t e d  employ a f i e l d  o r  g r a  

d i e n t  perpendicular  t o  a flow a x i s .  The l i s t  i s  not  exhaus t ive ,  

mainly because of t h e  p l e t h o r a  of r e l a t e d  methods. There are a l s o  

o c c a s i o n a l  v a r i a t i o n s  i n  t h e  s t a t e d  techniques  which r e v e r s e  t h e  

sense of one or more c h a r a c t e r i s t i c s .  For example, thermal  d i f f u -  

s i o n  flow ce l l s  are  not  designed w i t h  any p a r t i c u l a r  emphasis on 

achiev ing  l a t e r a l  s t e a d y - s t a t e  c o n d i t i o n s ,  but they can be e a s i l y  

opera ted  i n  such a mode. The t a b l e  shows only i f  t h e  g iven  

f e a t u r e  i s  c h a r a c t e r i s t i c  of and important  t o  t h e  techniques  a s  

t h e y  a r e  commonly employed. 

Table  I shows t h a t  a s u b s t a n t i a l  gulf e x i s t s  between FFF and 

t h e  o t h e r  methods. Nearly two-thirds  ( 4 0 / 6 3 )  of t h e  e n t r i e s  i n  

t h e  t a b l e  below FFF a r e  "nos". Thus, only about one- th i rd  of t h e  

important  f e a t u r e s  of FFF a r e ,  on t h e  average,  a l s o  c h a r a c t e r i s t i c  

of t h e  r e l a t e d  techniques .  The t a b l e  s u g g e s t s  t h a t  e lec t ropho-  

res i s -convec t ion  (29) i s  t h e  technique  c l o s e s t  t o  FFF, hut even 

h e r e  f o u r  of t h e  n i n e  c h a r a c t e r i s t i c s  f a i l  t o  correspond. 

Table 2 shows t h e  " s i m i l a r i t y "  of t h e  v a r i o u s  methods t o  FFF 

based on t h e  s c a l e  of n i n e  c h a r a c t e r i s t i c s .  The s c a l e  i s ,  of 

course,  somewhat a r b i t r a r y  because each c h a r a c t e r i s t i c  i s  weighted 

e q u a l l y ,  but i t  c l e a r l y  i n d i c a t e s  t h e  magnitude of t h e  gap between 
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TABLE 1. 

559 

Nine E s s e n t i a l  F e a t u r e s  of FFF. These C h a r a c t e r i s t i c s  are:  1-hi- 
d i r e c t i o n a l  Flow, 2-Sample E l u t i o n ,  3-Elongated Channel ,  4-Use of 
Carrier, 5 - L a t e r a l  S t eady  S t a t e ,  6-Rapid L a t e r a l  E q u i l i b r i u m ,  7- 
Axial Nonsteady S t a t e ,  8-Axial S e p a r a t i o n ,  9 - I n t e g r a l  Flow. The 
Tab le  shows which of t h e s e  F e a t u r e s  are  C h a r a c t e r i s t i c  of  e a c h  of 
t h e  O t h e r  L i s t e d  S e p a r a t i o n  Techn iques  which Employ a F i e l d  

P e r p e n d i c u l a r  t o  a Flow Axis.  

Method C h a r a c t e r i s t i c s  

FFF 

Thermograv- 
i t  a t  i o n a  1 
column 
(16 )  

Thermal 
D i  € f u s  i o n  
f l o w  c e l l  
(25 ,26 )  

E l e c t r o -  
d e c a n t a t i o n  
(17)  

E l e c t r o -  
p h o r e s  is- 
c o n v e c t i o n  
( 2 9 )  

Cont inuous  
f l o w  
E l e c t r o -  
p h o r e s i  s 
(17)  

Hyd rocy c l o n e  
(29 )  

H y d r a u l i c  
c l a s s i f i e r  
(28) 

y e s  y e s  y e s  y e s  y e s  y e s  y e s  y e s  y e s  

n o  n o  y e s  no y e s  no no y e s  y e s  

n o  no y e s  yes  y e s  no no no no 

no no no y e s  no no no y e s  no 

no no y e s  y e s  y e s  no no y e s  y e s  

y e s  y e s  n o  y e s  n o  n o  n o  n o  no 

y e s  no no y e s  no no no y e s  no 

y e s  no y e s  no no y e s  no no no 
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TABLE 2. 

Approximate S i m i l a r i t y  of Various R e l a t e d  Methods t o  FFF Based on 
t h e  S c a l e  of Nine C h a r a c t e r i s t i c s  from Tab le  1. 

9- FFF 
8- 

7- 

6 -  

5- electrophoresis-convect€on 

4 -  t h e r m o g r a v i t a t i o n a l  column 

3- con t inuous  f low e l e c t r o p h o r e s i s ,  t h .  d i f f .  f l ow c e l l ,  

hydrocyc lone ,  h y d r a u l i c  c l a s s i f i e r  

2- e l e c t r o d e c a n t a t i o n  

1- 

0- 

FFF and t h e  o t h e r  methods and t h u s  t h e  un€queness  of FFF among 

such  methods. 

While most of  t h e  "yes" and "no" e n t r i e s  u n d e r l y i n g  Tah les  I 

and I1 a r e  c l e a r l y  a p p r o p r i a t e ,  a few are " b o r d e r l i n e "  and r e q u i r e  

j u s t i f i c a t i o n .  Perhaps most c louded i n  t h i s  r e s p e c t  i s  t h e  hydro- 

cyc lone  (30)  which, even t o  g e t  on t h e  l i s t ,  r e q u € r e s  t h a t  t h e  

p e r p e n d i c u l a r  f i e l d  ( c e n t r i f u g a l )  be c o n s i d e r e d  as  v a l i d  f o r  t h i s  

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

a p p l i e d  from t h e  o u t s i d e .  Then t h e  f low f o l d s  i n  and r e t u r n s  

a l o n g  t h e  axis  i n  a c o u n t e r c u r r e n t  t y p e  motton, bu t  we do no t  con- 

s i d e r  t h e  f low c o u n t e r c u r r e n t  because t h e r e  i s  no s u b s t a n t i a l  ex- 

change of material between t h e  two streams. F i n a l l y ,  t h e  small 

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

p a r t i c l e s  d e p o s i t  i n  t h e  system, i t  i s  no t  c o n s i d e r e d  t o  be a n  

e l u t i o n  system. 

Some c a t e g o r i c a l  d e c i s i o n s  such as t h e  above may be r e v e r s e d  

by subsequent  workers ,  bu t  i t  i s  d o u b t f u l  i f  s u c h  changes w i l l  
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FIELD-FLOW FRACTIONATION 561 

s u b s t a n t i a l l y  a l ter  t h e  magnitude o r  t h e  s i g n i f i c a n c e  of t h e  

me thodo log ica l  gu l f  between FFF and r e l a t e d  methods. 

EARLY HISTORY OF FFF 

I n  o r d e r  t o  p r o v i d e  some h i s t o r i c a l  b r e a d t h ,  t h i s  s e c t i o n  

i n c l u d e s  s e p a r a t e  a c c o u n t s  from each o€ t h e  t h r e e  a u t h o r s  of  t h i s  

a r t ic le .  

J. C a l v i n  Giddings (JCG), Marcus N. Myers (MNM), and Kar in  D. 

Caldwe l l  (KDC) ,  r e s p e c t i v e l y .  

The t h r e e  a c c o u n t s  a p p e a r  a s  s u c c e s s i v e  s u b s e c t i o n s  by 

O r i g i n s  of FFF ( JCG) .  

The FFF concep t  f i r s t  s e r i o u s l y  occupied m e  i n  abou t  1960. 

The concept  grew ou t  of my i n t e r e s t  i n  t h e  fundamentals  of chroma- 

tog raphy  and t h e  mechanism f o r  a c h i e v i n g  r e t e n t i o n  and sepa ra -  

t i o n .  I v e r y  f r e q u e n t l y  c o n s i d e r e d  and e v a l u a t e d  a l t e r n a t e  ways 

of approach ing  chromatography i n  t h o s e  days. 

The i d e a  occur red  t o  m e  t h a t  c e n t r i f u g a l  f o r c e s  c o u l d  he  used  

t o  impel  molecu le s  i n t o  a s t a t i o n a r y  r e g i o n  of a f low system, re- 

p l a c i n g  t h e  a f f i n i t y  of t h e  s t a t i o n a r y  phase.  Th i s  a l t e r n a t e  

mechanism of r e t e n t i o n  would l e a d  t o  e l u t i o n  sequences  depending 

s p e c i f i c a l l y  on component molecu la r  weights .  I c a l l e d  t h e  method 

" c e n t r i f u g a l  chromatography". The i d e a  appea red  s u f f i c i e n t l y  pro- 

mis ing  t h a t  I developed a t h e o r e t i c a l  t r e a t m e n t  oi r e t e n t i o n  and  

zone broadening. I s t i l l  have r a t h e r  e x t e n s i v e  n o t e s  f rom t h o s e  

c a l c u l a t i o n s  i n  my posses s ion .  

I d i d  n o t  pu r sue  FFF a t  t h a t  t ime because my i n t e r e s t  w a s ,  

u n f o r t u n a t e l y ,  narrowly focused  on low molecu la r  weight  s p e c i e s .  

C e n t r i f u g a l  f o r c e s  were s imply no t  powerful  enough t o  do much w i t h  

such components. However, t h e  i d e a  occupied m e  p e r i o d i c a l l y  i n  

t h e  nex t  y e a r  o r  two, as evidenced by o t h e r  n o t e s  I compiled l i s t -  

i n g  proposed r e s e a r c h  p r o j e c t s .  Then t h e  i d e a  s l i p p e d  from c o n s i -  

d e r a t i o n  a t  t h e  consc ious  l e v e l .  

I n  t h e  nex t  few y e a r s  I developed a n  i n t e r e s t  i n  s e p a r a t i n g  

macromolecules.  Chromatography does no t  work as  w e l l  w i t h  macro- 
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562 GIDDINGS, MYERS, AND CALDWELL 

molecules  a s  i t  does w i t h  small molecu le s .  The macromolecular  

focus  set t h e  s t a g e  f o r  t h e  most impor t an t  a r e a  of FFF a p p l i c a -  

t i o n s ,  and p rov ided  t h e  m o t i v a t i o n  f o r  most FFF development 

work. However, t h e r e  was a n  i n t e r e s t i n g  s t e p :  FFF w a s  f i r s t  

launched t o  s o l v e  a problem of t h e  o t h e r  extreme of t h e  molecu la r  

weight spectrum. 

Among my many chromatographic  p r o j e c t s  i n  t h e  e a r l y  1960's 

(31) was a s t r o n g  and p e r s i s t e n t  i n t e r e s t  i n  deve lop ing  a r a p i d  

method f o r  s e p a r a t i n g  i s o t o p e s .  I s o t o p e s ,  of cour se ,  demons t r a t e  

very l i t t l e  s e l e c t i v i t y  i n  p a r t i t i o n i n g  between two phases .  Con- 

s e q u e n t l y ,  chromatography i s  no t  a very e f f e c t i v e  approach.  A 

much g r e a t e r  s e l e c t i v i t y  can be ach ieved  based  on d i f f u s i o n  r a t e s ;  

i ndeed ,  t h i s  u n d e r l i e s  t h e  s l u g g i s h  gaseous d i f f u s i o n  p r o c e s s  de- 

veloped € o r  t h e  l a r g e  s c a l e  enr ichment  of uranium-235. But I 

wanted t o  do it f a s t e r  and bypass  t h e  plumbing, something on t h e  

s c a l e  of s i m p l i c i t y  and speed e x h i b i t e d  by chromatography. To do 

s o  would r e q u i r e  d i f f u s i o n  d i s t a n c e s  a t  sub -mi l l ime te r  l e v e l s  t o  

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

s ioned.  

I a t t e m p t e d  many times i n  t h e  e a r l y  1960's  t o  t h i n k  of a way 

of muLtiplying o r  c a s c a d i n g  a s imple  d i f f u s i o n  s t e p  t o  o h t a i n  

ch romatograph ic - l ike  s e p a r a t € o n s .  The problem proved t o  be very 

d i f f i c u l t .  

In t h e  l a t t e r  p a r t  of 1965, I was v a c a t i o n i n g  i n  Wyoming and 

e l e c t e d  t o  spend t h e  n i g h t  i n  a mote l  i n  Evanston,  a cowboy 

town. It would be d r a m a t i c  t o  s a y  t h a t  s a l o o n  n o i s e s  and shoo t -  

i n g s  kep t  me awake t h a t  n i g h t ,  bu t  i n  f a c t  it was a banging r a d i a -  

t o r  t h a t  d i s t u r b e d  my n i g h t ' s  r e s t .  My t h o u g h t s  came back t o  t h e  

d i f f u s i o n  problem. I imagined u s i n g  some k i n d  of f o r c e  f i e l d  t o  

r e s t r a i n  a m i x t u r e  w i t h i n  a narrow l a y e r  w h i l e  d i f f e r e n t i a l  d i f f u -  

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

t h a n  o t h e r s .  I was t r y i n g  t o  t h i n k  of a n  a p p r o p r i a t e  f i e l d  and 

imagine how h e s t  t o  coup le  t h i s  w i t h  d i f f e r e n t i a l  f l ow when 

suddenly i t  o c c u r r e d  t o  me t h a t  t h e r m a l  d i f f u s i o n  might s o l v e  a l l  

t h e  problems a t  once.  
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FIELD-FLOW FRACTIONATION 563 

It i s  w e l l  known t h a t  a s t r o n g  t empera tu re  g r a d i e n t  w i l l  

c ause  components in a mix tu re  t o  m i g r a t e  one way o r  a n o t h e r  a l o n g  

t h e  g r a d i e n t  a x i s .  C l e a r l y ,  i f  t he rma l  d i f f u s i o n  c a u s e s  t h e  

bu i ldup  of a l a y e r  of some s p e c i e s  a g a i n s t  t h e  w a l l ,  t h a t  s p e c i e s  

w i l l  undergo d i f f u s i o n  i n  such  a d i r e c t i o n  as  t o  expand and d i l u t e  

t h a t  l a y e r .  One g e t s  a s t e a d y - s t a t e  l a y e r ,  t h e  t h i c k n e s s  of which 

w i l l  be d i f f e r e n t  f o r  d i f f e r e n t  s p e c i e s ,  depending on d i f f u s i o n  

c o e f f i c i e n t s  and t h e  s t r e n g t h  of the rma l  d i f f u s i o n  e f f e c t s .  

The unique t h i n g  ahou t  u s i n g  the rma l  d i f f u s i o n  ( a s  compared 

t o  o t h e r  f o r c e s )  i s  t h a t  t h e  a p p l i e d  t empera tu re  g r a d i e n t  c r e a t e s  

a v i s c o s i t y  g r a d i e n t .  Thus any f low p a s s i n g  through t h e  sys t em 

p e r p e n d i c u l a r  t o  t h e  t empera tu re  g r a d i e n t  would move p a r t s  of t h e  

l a y e r  t h a t  had been formed more r a p i d l y  t h a n  o t h e r  p a r t s .  It 

would, f u r t h e r m o r e ,  move some l a y e r s  f a s t e r  t h a n  o t h e r s ,  depending 

on t h e i r  t h i c k n e s s .  Consequent ly ,  s e p a r a t i o n  would be  ach ieved .  

I w a s  s o  f a s c i n a t e d  w i t h  t h e  i d e a  t h a t  I spen t  most of t h e  

remainder  of t h e  n i g h t  t h i n k i n g  about  ways t o  improve and imple- 

ment i t .  I c a l l e d  t h e  method " the rma l  d i f f u s i o n  chromatography",  

hav ing  t o t a l l y  f o r g o t t e n  abou t  my e a r l i e r  work on " c e n t r i f u g a l  

chromatography " . 
It became c l e a r  immediately t h a t  f i e l d - i n d u c e d  l a y e r i n g  cou ld  

be coupled w i t h  t h e  n a t u r a l  f low i n e q u a l i t i e s  a lways p r e s e n t  i n  

any c o n d u i t ,  whether  o r  no t  a t empera tu re  g r a d i e n t  e x i s t e d .  Th i s  

meant t h a t  t h e  method cou ld  be used w i t h  any k i n d  o f  e x t e r n a l l y  

a p p l i e d  f i e l d  o r  g r a d i e n t ,  a l l o w i n g  one t o  choose t h e  k i n d  most 

s u i t a b l e  f o r  t h e  mix tu re  a t  hand. An obvious f l e l d  t y p e  w a s  

c e n t r i f u g a l ;  I had come f u l l  c i r c l e  i n  f i v e  yea r s .  However, t h e  

concept  now had v e r s a t i l i t y  provided hy a l l  conce ivab le  f j e l d s .  

The the rma l  d i f f u s i o n  mode ( t h e r m a l  FFF) seemed t h e  most e a s y  

t o  implement, s o  I focused  most e a r l y  a t t e n t i o n  on t h i s  method. I 

b e l i e v e d  t h a t  t h e r m a l  FFF cou ld  be a p p l i e d  t o  bo th  i s o t o p e s  and 

macromolecules.  

I shou ld  add t h a t  I immediately r e a l i z e d  t h a t  t h e  method was 

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

c o e f f i c i e n t s ,  in accordance  w i t h  my o r i g i n a l  goal .  A t  t h a t  p o i n t  
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564 GIDDINGS, MYERS, AND CALDWELL 

I d i d n ' t  c a r e ;  t h e  method was novel ,  i n t r i g u i n g ,  and showed con- 

s i d e r a b l e  p r a c t i c a l  promise. A s  i t  t u r n s  o u t ,  however, t h e  sepa- 

r a t i o n  o f  polymers by thermal  f i e l d - f l o w  f r a c t i o n a t i o n  i s  based 

l a r g e l y  on d i f f e r e n t i a l  d i f € u s i v i t i e s  and t h e  r e t e n t i o n  behavior  

of another  FFF system, f low FFF, i s  based e n t i r e l y  on d i f f u s i o n  

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

That f a l l  we i n i t i a t e d  a n  exper imenta l  program i n  thermal  

FFF, t o  he descr ibed  by D r .  Marcus N. Myers i n  t h e  next  subsec-  

t i o n .  D r .  Myers, t h e n  a p o s t d o c t o r a l  wi th  c o n s i d e r a b l e  i n d u s t r i a l  

experience,  has  played a key r o l e  i n  t h e  exper imenta l  d e s i g n  of 

n e a r l y  a l l  our  FFF systems s i n c e  t h e  beginning. The next  subsec- 

t i o n ,  w r i t t e n  by D r .  Karin Caldwell ,  d e s c r i b e s  some FFF p r o j e c t s  

w i t h  which she w a s  involved i n  t h e  l a t e  1 9 6 0 ' s  and e a r l y  1970's .  

D r .  Caldwell has  helped i n i t i a t e  work on many FFF systems and has  

coord ina ted  our biochemical  work. 

F i r s t  Attempts and Successes  w i t h  FFF (MNM). 

One morning l a t e  i n  1965,  P r o f e s s o r  Giddings c a l l e d  Margo 

Hovingh, me, and one o t h e r  person t o  h i s  o f f i c e  i n  t h e  o l d  

Chemistry Bui ld ing  a t  t h e  U n i v e r s i t y  of Utah. H e  had j u s t  r e t u r n -  

ed from a r e c r e a t i o n a l  t r i p ,  and was e x c i t e d  about  a new separa-  

t i o n  method he had formulated.  lle t h e n  p r e s e n t e d  t h e  b a s i s  f o r  

f ie ld- f low f r a c t i o n a t t o n .  A few days later he  presented  a seminar  

t o  h i s  r e s e a r c h  group, r e p e a t i n g  t h i s  in format ion  and p o i n t i n g  out  

t h a t  any f i e l d  could  be used which would cause  movement of mole- 

c u l e s ,  such as  e l e c t r i c a l ,  g r a v i t a t f o n a l ,  o r  thermal  f i e l d s .  Ile 

thought t h e  thermal  f i e l d  would be p a r t i c u l a r l y  easy  t o  apply.  

The same a f t e r n o o n  t h a t  t h e  seminar was given,  L i l l i a n  

MacLaren a t tempted  t o  make a thermal  f ie ld- f low f r a c t i o n a t i o n  

column by wrapping 28 gauge ( - 1 mm O.D., 0.75 mm I.D.) u l t r a t h i n  

t e f l o n  tub ing  around a p i e c e  of 1 i n c h  copper  p ipe  through which 

hot  water o r  o i l  could  be passed t o  h e a t  one s i d e  of t h e  tub ing .  

A water  j a c k e t  was p laced  on t h e  o u t s i d e  of t h e  c o i l  f o r  

cool ing.  She made s e v e r a l  u n s u c c e s s f u l  a t t e m p t s  t o  s e p a r a t e  

gases .  A t  t h e  same time, we began t o  formula te  t h e  des ign  and 
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FIELD-FLOW FRACTIONATION 565 

c o l l e c t  materials f o r  improved columns. By t h e  end of December, 

materials had been a c q u i r e d  and c o n s t r u c t i o n  s t a r t e d .  Two systems 

of t h e  same type  were b u i l t ,  each c o n s i s t i n g  of two 2-inch t h i c k  

d i s c s  of aluminum clamped t o g e t h e r  ove r  a f l a t  c o i l  of t e f l o n  

tub ing .  The t o p  p l a t e  was h e a t e d  by Calrod h e a t e r s  such  as  are  

used  f o r  e l e c t r i c a l  s t o v e  u n i t s .  The bottom p l a t e  was coo led  by 

p a s s i n g  t a p  water th rough  channe l s  m i l l e d  i n  t h e  bottom of t h e  

p l a t e .  One u n i t  was abou t  1 4  i n c h e s  i n  d i ame te r ,  accommodating a 

c o i l e d  t u b e  n e a r l y  54 m e t e r s  long. The maximum tempera tu re  

d i f f e r e n c e  a c r o s s  t h e  t e f l o n  t u b i n g  w a s  220" when working w i t h  

hel ium as a c a r r i e r .  Both r e c t a n g u l a r  (1.3 x 2.0 mm I . D . )  and 

round t e f l o n  s p a g h e t t i  t u b i n g  (0.56 mm I.D.) were used f o r  t h e  

column. I r a n  many expe r imen t s  d u r i n g  t h e  s p r i n g  and summer of  

1966 w i t h  no ev idence  of r e t e n t i o n .  Convect ion and inadequa te  

the rma l  d i f f u s i o n  p reven ted  s u c c e s s f u l  r e s u l t s .  

Gary Thompson began u s i n g  a the rma l  f i e l d  i n  a l i q u i d  sys t em 

i n  June 1966. He a t t e m p t e d  t o  s e p a r a t e  p r o t e i n s  and dyes. He w a s  

hampered by t h e  l a c k  of a good d e t e c t o r  and r e l i a b l e  p u l s e - f r e e  

pumps. 

some e x t e n t )  t h e  d e t e c t o r  problem, w h i l e  i n g e n u i t y  p rov ided  a sta- 

b l e  f low g r a v i t y  f e e d  pumping system. He b u i l t  s e v e r a l  t y p e s  of 

systems w i t h  g l a s s  and t e f l o n  c a p i l l a r y  t u b e s ,  h e a t e d  and coo led  

i n  s e v e r a l  ways. He t h e n  worked w i t h  a n  aluminum d i s c  sys t em as  

d e s c r i b e d  above u s i n g  t h e  s p a g h e t t i  t u b i n g  i n  l e n g t h s  from 6.6 t o  

p o s s l b l y  55 meters. He f i r s t  observed r e t e n t i o n  i n  t h i s  column of 

860,000 molecu la r  weight  p o l y s t y r e n e  August 29, 1966. He devoted 

c o n s i d e r a b l e  e f f o r t  o v e r  t h e  nex t  months t o  t h e  s e p a r a t i o n  of  low 

molecu la r  weight  p o l y s t y r e n e  (10,000 and 5525, e t c . )  w i t h  l i t t l e  

success .  However, when he  a g a i n  used  molecu la r  w e i g h t s  g r e a t e r  

t h a n  100,000, r e p r o d u c i b l e  r e t e n t i o n  w a s  be ing  observed.  The 

f r a c t i o n a t i o n  of h i g h  and low molecu la r  weight polymers w a s  t h u s  

c l e a r l y  demonstrated (32 ) ,  but r e s o l u t i o n  was poor. 

The Waters R-4 R I  mon i to r  became a v a i l a b l e  and s o l v e d  ( t o  

I n  November 1967, he  s t a r t e d  t o  c o n s t r u c t  a lo - foo t  l o n g  

s t r a i g h t  column c o n s i s t i n g  of two p o l i s h e d  1 i n c h  s q u a r e  s t a i n l e s s  

s teel  t u b e s  s e p a r a t e d  by a t e f l o n  s p a c e r ,  and clamped t o g e t h e r  by 
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566 GIDDINGS, MYERS, AND CALDWELL 

"C" clamps 3 i n c h e s  a p a r t .  When completed i n  J a n u a r y  1968, i t  w a s  

a wonder t o  beho ld  ( s e e  F i g u r e  2)!  Rot o i l  was pumped t h r o u g h  t h e  

t o p  t u b e  and  t a p  water th rough  t h e  bot tom tube .  G r e a t l y  improved 

s e p a r a t i o n  w a s  o b t a i n e d  ( 3 3 ) .  

S u b s e q u e n t l y ,  g o l d  p l a t e d  and  g o l d  s h e a t h e d  coppe r  b a r s  were 

used i n  s t u d i e s  a t t e m p t i n g  t o  o b t a i n  r e t e n t i o n  in aqueous  s y s -  

tems. T h i s  work w i l l  b e  d e s c r i b e d  by D r .  K a r i n  Caldwell i n  the  

nex t  s u b s e c t i o n .  

In the  summer of 1971,  a n  18 i n c h  l o n g  column was c o n s t r u c t e d  

u s i n g  two p o l i s h e d  coppe r  b a r s  clamped t o g e t h e r  o v e r  a mylar  spa-  

cer. The t o p  b a r  w a s  h e a t e d  by c a r t r i d g e  heaters  and  t h e  bo t tom 

coo led  by p a s s i n g  t a p  water t h r o u g h  d r i l l e d  h o l e s  ( 3 4 ) .  

m a l  FFF columns b u i l t  s i n c e  t h e n  have  been  b a s i c a l l y  t h e  same 

des ign .  

A l l  t h e r -  

FIGURE 2. F i r s t  thermal FFF u n i t  t o  y i e l d  r e p r o d u c i b l e  re tent ion 
of low m o l e c u l a r  w e i g h t  p o l y m e r i c  samples .  
column was h e l d  t o g e t h e r  by C-clamps. 

The t e n - f o o t  l o n g  
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We s t a r t e d  t o  develop a s e d i m e n t a t i o n  FFF sys t em i n  t h e  

s p r i n g  of 1967. The b i g g e s t  problem w a s  t o  o b t a i n  a r o t a t i n g  seal  

w i t h  low i n t e r n a l  volume and no l eakage  t h a t  would p r o v i d e  nonmix- 

i n g  e n t e r i n g  and e x i t i n g  streams. We purchased and mod i f i ed  a B20 

c e n t r i f u g e  and s e a l  from I n t e r n a t i o n a l  Equipment Co. i n  November 

1967. 

T2 and p o l y s t y r e n e  l a t e x  beads f o r  t h e  nex t  y e a r  u s i n g  1 mm I .D.  

round and 0.75 mm I.D. s q u a r e  s t e e l  t u b e s  ( t h e  l a t t e r  24  m long) 

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

s m a l l e r  volume t h a n  a vo id  peak! The I E C  s e a l  a l s o  l e a k e d  b a d l y  

u n t i l  r edes igned .  Because of t h e s e  problems, s e d i m e n t a t i o n  FFF 

was set a s i d e  f o r  a t ime.  

E l i  Grushka a t t e m p t e d  t o  o b t a i n  r e t e n t i o n  of Bac te r iophage  

Frank Yang, t h e n  a g r a d u a t e  s t u d e n t ,  r e v i v e d  t h e  p r o j e c t  i n  

t h e  l a t e  summer of 1972. By t h e n ,  we had dec ided  t h a t  t h e  e a r l y  

e l u t i o n  w a s  due t o  secondary flow. The channe l  w a s  r e d e s i g n e d  t o  

g i v e  a t h i n  wide r e c t a n g u l a r  c r o s s  s e c t i o n .  The seal  w a s  a l s o  

r edes igned .  Immediately,  he  o b t a i n e d  r e t e n t i o n  a g r e e i n g  remark- 

a b l y  w e l l  w i t h  t h e o r y  (35), and by January I, 1973, h e  had e x p l o r -  

ed  d e n s i t y  and f i e l d  programming a l o n g  w i t h  o t h e r  s t u d i e s  i n d i c a t -  

i n g  t h e  p o t e n t i a l  v a l u e  of t h i s  t echn ique  (20,36). 

S i n c e  t h e n ,  s imple  and inexpens ive  c e n t r i f u g e s  w i t h  r e l i a b l e  

s e a l s  and channe l s  up t o  1 meter  i n  l e n g t h  have been produced i n  

o u r  l a b o r a t o r y  f o r  a l a r g e  v a r i e t y  of expe r imen t s  up t o  500 g r a v i -  

t ies .  

I n v e s t i g a t i o n  of e l e c t r i c a l  FFF began i n  t h e  s p r i n g  of 

1969. This  work w i l l  he d e s c r i b e d  by D r .  Caldwell  i n  t h e  n e x t  

s u b s e c t i o n .  

Flow ( c r o s s  f low)  as a f i e l d  was mentioned i n  o u r  group d i s -  

c u s s i o n s  by P r o f e s s o r  Giddings sometime around 1970. L i t t l e  w a s  

done t o  u t i l i z e  t h i s  f i e l d  u n t i l  t h e  s p r i n g  of 1972 when Kar in  

Caldwell  t r i e d  u s i n g  a Vi sk ing  membrane system. This work 1s  de- 

s c r i b e d  i n  t h e  nex t  subsec t ion .  

Wayne Yared c o n t i n u e d  t h e  f low FFF p r o j e c t  i n  t h e  f a l l  of 

1973 u s i n g  a n  Amicon PMlO membrane on t h e  bottom w a l l  of t h e  chan- 

n e l .  Some of t h e  e a r l y  r e s u l t s  w i t h  albumin appea red  promising,  
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568 GIDDINGS, MYEXS, AND CALDWELL 

bu t  membrane and c o n t a m i n a t i o n  prohlems a r o s e .  Hemoglobin was 

r e t a i n e d  much l o n g e r  t h a n  t h e o r y  p r e d i c t e d .  A f t e r  D r .  Yared l e f t  

i n  1974, I con t inued  some work aimed a t  f low s t a b i l i z a t i o n  and  t h e  

removal of b a c t e r i a .  

Frank Yang r e t u r n e d  in June 1975 f o r  p o s t d o c t o r a l  s t u d y ,  and 

took ove r  t h e  f low FFF work. By Autumn 1975, he  had o b t a i n e d  d a t a  

a g r e e i n g  q u i t e  w e l l  w i t h  t h e o r y  f o r  a number of p r o t e i n s .  The 

equipment used was e s s e n t i a l l y  t h e  same as  i n  p r e v i o u s  s t u d i e s ,  

w i t h  a c a s t  c e l l u l o s e  a c e t a t e  membrane on t h e  upper  w a l l  of t h e  

channe l  and a LM 20 o r  c a s t  c e l l u l o s e  membrane on t h e  bot tom of 

t h e  channel .  The method of c a s t i n g  and c u r i n g  t h e  c e l l u l o s e  ace- 

ta te  was mod i f i ed  t o  produce a s t r o n g e r  more a d h e r e n t  membrane. 

No r e t e n t i o n  s t u d i e s  were done w i t h  random c o i l  polymers ,  which 

had proven s o  d i f f i c u l t  i n  t h e  e a r l i e r  work. 

Work h a s  c o n t i n u e d  u s i n g  t h e  f low f i e l d s .  We have found t h a t  

M i l l i p o r e  PTGC membrane g i v e s  less a d s o r p t i o n  t h a n  UM20 and PMlO 

membranes. Flow e q u i l i b r a t i o n  problems have been e s s e n t i a l l y  e l i -  

minated by u s i n g  a pump t o  remove c a r r i e r  from t h e  column (an  

"unpump") a t  a s p e c i f i c  ra te ,  r a t h e r  t h a n  r e l y i n g  on v a l v e  con- 

t r o l .  

A s  FFF t e c h n i q u e s  were extended t o  l a r g e r  p a r t i c l e s ,  t h e o r e t -  

i ca l  c o n s i d e r a t i o n s  by P ro f .  Giddings l e d  t o  s te r ic  FFF. The 

b a s i c  t h e o r y  w a s  p u b l i s h e d  i n  a pape r  submi t t ed  May 20, 1977 

(37) .  

14 ,  1977. 

g r a v i t y  c o n s i s t i n g  of two 0.5 i n c h  t h i c k  g l a s s  p l a t e s  and  a Mylar 

s p a c e r  clamped t o g e t h e r  w i t h  P l e x i g l a s  b a r s  t o  p rov ide  v i s i b i l i t y  

i n  t h e  channel .  I used  some 5-40 pm g l a s s  beads and o b t a i n e d  

immediate f r a c t i o n a t i o n  ( 3 8 ) .  

The s p e c i f i c  method w a s  proposed i n  w r i t i n g  on  September 

A t  t h i s  t i m e  w e  b u i l t  a n  a p p a r a t u s  t o  u s e  t h e  e a r t h ' s  

In February 1978, while d i s c u s s i n g  steric FFF, P ro f .  Giddings 

and I r e a l i z e d  t h a t  we shou ld  be a b l e  t o  combine s te r ic  FFF and 

s e d i m e n t a t i o n  t o  produce a c o n t i n u o u s  s e p a r a t i o n  method f o r  par-  

t ic les .  Accordingly,  a c h a n n e l  was c o n s t r u c t e d  w i t h  p o r t s  f o r  

removing p a r t i c l e s  a t  v a r i o u s  d i s t a n c e s  a l o n g  one s i d e  of t h e  

channel .  The channe l  was t i l t e d  20" from t h e  v e r t i c a l  and a SUS- 
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FIELD-FLOW FRACTIONATION 569 

pens ion  of p a r t i c l e s  pumped i n  con t inuous ly .  Good s e p a r a t i o n  of  a 

mix tu re  of g l a s s  beads a c c o r d i n g  t o  s i z e  was  o b t a i n e d  ( 2 3 ) .  

Aspec t s  of Thermal, Electrical ,  and Flow FFF (KDC). 

In 1967, P ro f .  Giddings i n v i t e d  Prof .  J e r k e r  P o r a t h  of t h e  

Department of Biochemistry a t  t h e  I J n i v e r s i t y  of Uppsala,  Sweden, 

t o  send a p o s t d o c t o r a l  t o  Utah. I g radua ted  from Uppsala i n  

November of 1968 and immediately l e f t  f o r  S a l t  Lake C i t y  f o r  "a 

y e a r  of t r a i n i n g "  i n  s e p a r a t i o n  t h e o r y ,  and t o  app ly  t h e  new t h e r -  

mal FFF t echn ique  t o  t h e  s e p a r a t i o n  of p r o t e i n s .  

It was r e a l i z e d  t h a t  t h e  e a r l y  s e p a r a t i o n s  of p o l y s t y r e n e  

cou ld  be improved by p o l i s h i n g  t h e  w a l l s  of t h e  f low c h a n n e l  t o  a 

smooth m i r r o r  f i n i s h ,  such  t h a t  t h e  d e p t h  of e x i s t i n g  p i t s  and  

s c r a t c h e s  would be less t h a n  t h e  t h i c k n e s s  of t h e  f i e l d  induced  

l a y e r  of s o l u t e  n e a r  t h e  w a l l .  I s p e n t  a coup le  of months p o l i s h -  

i n g  copper  b a r s ,  which subsequen t ly  were p l a t e d  w i t h  g o l d  i n  o r d e r  

t o  p r o v i d e  a n  i n e r t  column s u r f a c e  s u i t a b l e  f o r  work i n  aqueous 

b u f f e r s .  The e a r l y  the rma l  FFF a p p a r a t u s  (F igu re  2 )  had used  com- 

p r e s s e d  t h i n - w a l l e d  t e f l o n  t u b i n g  as a s p a c e r  between t h e  h o t  and 

c o l d  w a l l .  Th i s  c o n s t r u c t i o n  l acked  r i g i d i t y  and g e o m e t r i c a l  

d e f i n i t i o n .  The "new" 1969 m o d i f i c a t i o n  used  a s p a c e r  i n  t h e  form 

of a t e f l o n  s h e e t  (0.01 i nch  t h i c k )  from which t h e  c h a n n e l  v o i d  

had been c u t  ou t .  I n  s p i t e  of s u b s t a n t i a l  t empera tu re  d i f f e r e n c e s  

between t h e  h o t  and c o l d  p l a t e s  (about 50"C), t h e r e  was no e v i -  

dence of r e t e n t i o n  of  e i t h e r  p r o t e i n s  (serum albumin MW 68,000; 

gamma-globulin MW 150,000), n u c l e i c  a c i d s  (t-RNA MW 23,000), o r  

d e x t r a n  (MW 2,000,000) i n  a n  aqueous medium. The same t e m p e r a t u r e  

drop i n  t h e  same a p p a r a t u s  gave obse rvab le  r e t e n t i o n  of a p o l y s t y -  

r e n e  sample whose molecu la r  weight  was as low as 5000 u s i n g  t o l u -  

ene a s  a carrier. A s tudy  of t h e  d e x t r a n  sample i n  carriers of 

d i f f e r e n t  r a t i o s  of DMSO and w a t e r  showed t h a t  t h e  lower  t h e  water 

c o n t e n t ,  t h e  more s i g n i f i c a n t  w a s  t h e  r e t e n t i o n  (39). 

During t h e  S p r i n g  of 1969, m c h  t i m e  was devoted t o  d e s i g n i n g  

a workable u n i t  f o r  e l e c t r i c a l  FFF. E a r l y  s u g g e s t i o n s  t o  l e t  

metal p l a t e s  s e r v e  as bo th  channe l  walls and e l e c t r o d e s  were pu t  
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570 G I D D I N G S ,  MYERS, AND CALDWELL 

a s i d e ,  s i n c e  a uniform f i e l d  cou ld  no t  be e s t a b l i s h e d  and a n  upper  

l i m i t  t o  u s e f u l  v o l t a g e s  a t  t h e  e l e c t r o l y s i s  of water would be 

imposed by gas  bubble  fo rma t ion .  I sugges t ed  t h a t  we move t h e  

e l e c t r o d e s  o u t s i d e  t h e  f low channe l  and make t h e  w a l l s  o u t  of 

semipermeable membranes. For  t h i s  purpose we i n v e s t i g a t e d  regene-  

r a t e d  c e l l u l o s e  d i a l y s i s  t u b i n g  of V i sk ing  t y p e  ( 4 "  f l a t  w i d t h ) .  

Th i s  membrane showed low r e s i s t a n c e  t o  i o n i c  t r a n s p o r t ,  was dur-  

a b l e ,  and c o u l d  be s t r e t c h e d  t o  t a u t n e s s ,  which made i t  seem de- 

s i r a b l e  t o  form a channe l  whose geometry had t o  be  w e l l  de f ined .  

The membrane s h e e t s  were assembled around a t e f l o n  s p a c e r  and 

clamped t o g e t h e r  w i t h  l u c i t e  frames. F o i l  e l e c t r o d e s  were mounted 

on l u c i t e  s h e e t s .  The whole u n i t  was immersed i n  b u f f e r .  By 

e a r l y  August 1969 t h e  system w a s  r eady  f o r  u s e ;  t h e  r e t e n t i o n  of 

a lbumin w a s  soon demonstrated.  Although a c c e p t a b l e  r e t e n t i o n  was 

r eco rded  f o r  a number of sample p r o t e i n s  unde r  d i f f e r e n t  condi-  

t i o n s  of f i e l d  s t r e n g t h  and carrier pH (401,  t h e  r e s o l u t i o n  w a s  

not  i n  any way comparable t o  t h e o r e t i c a l  p r e d i c t i o n s .  

One impor t an t  problem w i t h  t h e  e a r l y  e l e c t r i c a l  FFF c h a n n e l  

c o n s t r u c t i o n  was  a g r a d u a l  s agg ing  of t h e  membrane w a l l s .  The 

channe l  geometry w a s  a l s o  e a s i l y  a l t e r e d  hy p r e s s u r e  f l u c t u a t i o n s ,  

which i n  t u r n  d r a s t i c a l l y  a f f e c t e d  b o t h  r e t e n t i o n  and zone sp read -  

i n g  (41) .  I n  1975, t h i s  d e s i g n  was r e p l a c e d  by one w i t h  membranes 

c a s t  d i r e c t l y  o n t o  a porous r i g i d  pQlymeric f r i t  material f o r  sup- 

p o r t .  The new m o d i f i c a t i o n  was g e o m e t r i c a l l y  s t a b l e  bu t  i t s  e l e c -  

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

e f f e c t s  had t o  be d e a l t  w i t h  ( 4 2 ) .  

Experimental  work on f low FFF ( a n o t h e r  system w i t h  a semi- 

permeable-wall-channel) was i n i t i a t e d  i n  e a r l y  1972. I n  flow FFF, 

one s imply f o r c e s  a l a t e r a l  s t r e a m  of c a r r i e r  a c r o s s  t h e  c h a n n e l  

wal l s ,  which c o n c e n t r a t e s  macromolecules i n  t h e  w a l l  r eg ion .  The 

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

membranes were n e g a t i v e ,  as  t h e  l a r g e  p r e s s u r e s  needed f o r  even  

modest f l u x e s  caused s e r i o u s  de fo rma t ion  of t h e  membrane wal l s .  

On August 4 ,  1972 a new a p p a r a t u s  had been b u i l t  w i t h  porous poly- 

mer f r i t s  i n  p l a c e  of t h e  unbacked membranes. These f r i t s  were 
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FIELD-FWW FRACTIONATION 571  

c o a t e d  w i t h  a c e l l u l o s e  a c e t a t e  membrane which was c a s t  i n  o u r  

l a b o r a t o r y  from a n  acetone-formamide-water s o l u t i o n .  The membrane 

was a l lowed  t o  a i r  d r y  f o r  30 minu tes ,  and w a s  s u b s e q u e n t l y  

immersed i n  water. T h i s  s k i n  membrane gave f l u x e s  even a t  modest 

p r e s s u r e s  which were of c o r r e c t  magni tude t o  r e t a i n  p r o t e i n s  a n d  

o t h e r  macromolecules.  

was e s t i m a t e d  t o  e l u t e  a f t e r  16 m l  a t  t h e  imposed d r i f t  v e l o c i t y  

(8.25 x cm/sec) .  No peak had appea red  a t  16.7 m l ,  a f t e r  

which t h e  f i e l d  w a s  t u r n e d  o f f  and a b l u e  zone r e l e a s e d .  

Blue Dextran (MW 2x106) was i n j e c t e d  and  

In Octobe r ,  r e t e n t i o n  was reco rded  a l s o  f o r  hemoglobin,  b u t  

t h e  v a l u e  f o r  r e t e n t i o n  r a t i o  (R = 0.81) was l a r g e r  t h a n  t h a t  pre-  

d i c t e d  (R = 0.67) by t h e o r y .  On November 21, r e t e n t i o n s  were com- 

p a r e d  f o r  Blue Dex t ran  and  two s u s p e n s i o n s  of p o l y s t y r e n e  l a t e x  

beads whose d i a m e t e r s  were 0.091 pm and 0.312 Um, r e s p e c t i v e l y .  

The c r o s s  f low (8.3 x cm/sec) was h e l d  c o n s t a n t ,  and so was 

t h e  a x i a l  f l ow (12 ml/h) .  The r eco rded  r e t e n t i o n s  f o r  t h e s e  

samples  were R = 0.37, 0.51, and 0.46, r e s p e c t i v e l y ,  and i t  w a s  

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

FFF channe l .  

The problem of " i n f i n i t e "  r e t e n t i o n  of d e x t r a n  a t  h i g h  c r o s s  

f lows  s t i l l  p e r s i s t e d ,  and i n  December a more e l a b o r a t e  s t u d y  was 

made of r e t e n t i o n  of Blue Dex t ran  as a f u n c t i o n  o f  a x i a l  v e l o c i t y  

a t  c o n s t a n t  c r o s s  f low.  The r e t e n t i o n  volume a t  24 ml /h r  was 1 

column volume Vo, whereas  a t  15.5 ml/h i t  had i n c r e a s e d  t o  5 V o  
and  a t  14.4 ml/h no zone had appea red  a f t e r  12 Vo. A t  t h i s  p o i n t  

t h e  l o n g i t u d i n a l  f l ow was i n c r e a s e d  t o  24 ml/h and  t h e  zone 

appea red .  Such r e s u l t s  were p o o r l y  unde r s tood ,  and t h e  p r o j e c t  

was t e m p o r a r i l y  i n t e r r u p t e d  i n  t h e  hope t h a t  b e t t e r  membrane 

c a s t i n g  t e c h n i q u e s  might deve lop  such  t h a t  a t r u l y  un i fo rm poros-  

i t y  cou ld  be a s s u r e d .  We dec ided  no t  t o  p u b l i s h  o u r  work a t  t h a t  

t i m e  due t o  t h e  s t a t e d  problems, d e s p i t e  t h e  f a c t  t h a t  t h e  b a s i s  

of s e p a r a t i o n  had been c l e a r l y  demonstrated.  

Even today  u s i n g  commercial  membranes, t h e  nagging problem o f  

i n f i n i t e  r e t e n t i o n  p e r s i s t s  a t  h i g h  c r o s s  f lows  f o r  long c h a i n  

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

was i n  q u a l i t a t i v e  agreement  w i t h  t o d a y ' s  f l ow FFF equipment .  
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572 GIDDINGS, MYERS, AND CALDWELL 

SEDIMENTATION FLOW CONTINUOUS 
FFF FFF STERIC 

THERMAL ELECTRICAL STERIC FFF 
FFF FFF FFF 

1965 

1970 

1975 

1980 

1. 
2. 
3. 4. 

8. 7. 

5. 

6. 

9. 

- 

HIGH TEMPERATURE THERMAL F F F  (Pressurized system) 
PROGRAMMED TEMPERATURE TlfERMAL F F F  
HIGH SPEED THERMAL F F F  (Ultrathin channel) 
THERMOGRAVITATIONAL F F F  
PROGRAMMED FIELD and CARRIER DENSITY 
SEDIMENTATION FFF 
PROGRAMMED FLOW SEDIMENTATION F F F  
RIGID MEMBRANE ELECTRICAL F F F  
PRESSURE DIALYSIS FLOW FFF 
PROGRAMMED CROSS FLOW, FLOW F F F  

FIGURE 3. 
development for various FFF projects in the University o f  Utah 
laboratory (see text). 

Schematic representation of the period of experimental 

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



FIELD-FLOW FRACTIONATION 57 3 

Synopsis .  

We summarize t h e  exper imenta l  development of FFF systems a t  

Utah by means of F igure  3. The f i g u r e  shows when exper imenta l  

work was i n i t i a t e d  f o r  each of t h e  major FFF t e c h n i q u e s  ( t h e  t o p  

of t h e  a r rows)  and when f r a c t i o n a t i o n  was f i r s t  demonstrated ( t h e  

bottom of t h e  a r rows) .  Sedimentat ion FFF c l e a r l y  took t h e  l o n g e s t  

t i m e  t o  implement--over f i v e  years .  S t e r i c  FFF, by c o n t r a s t ,  w a s  

a lmost  i n s t a n t l y  s u c c e s s f u l .  

The development of some d e r i v a t i v e  t e c h n i q u e s  i n  d i f f e r e n t  

c a t e g o r i e s  i s  i d e n t i f i e d  on t h e  time scale of F igure  2 by numbered 

t r i a n g l e s .  None of t h e  d e r i v a t i v e  techniques  l i s t e d  r e q u i r e d  ex- 

t e n s i v e  development t i m e .  
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