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SEPARATION AND DISPERSION 

FRACTIONATION 
IN SEDIMENTATION FIELD-FLOW 

Josef JanZa, Dana Plibylovii, and V6ra Jahnovi 
Institute of Analytical Chemistry 

Czechoslovak Academy of Sciences 
61 1 42 Brno, Czechoslovakia 

AB STRACT 

Contributions o f  separation and dispersion t o  the 
t o t a l  zone width o f  a polydisperse la tex  sample 
under various flow r a t e s  and re ten t ions  were studied. 
Both the d i r e c t  flow and the reverse flow techniques 
were employed and the expcrimental r e s u l t s  were com- 
pared with theo re t i ca l  re la t ionships .  The r e s u l t s  
showed a good at;reement between the theory and the 
experiment’ under d i f f e ren t  conditions. A good agree- 
ment betwoen the mean p a r t i c l e  diameters calculated 
from o u r  experimental data and those given by the 
producer was found. The width o f  the p a r t i c l e  s i z e  
d i s t r i b u t i o n  characterized by the standard deviation 
w a s  focind about t w o  f o l d  higher than that, given by 
the producer. 

INTRODUCTION 

Dispersion processes cause undesirable broadening 

i n  Lhe solute zone inevery separation. The o r ig ina l  
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168 JANCA, PRIBYLOVA, AND JAHNOVA 

mixture of low molecular weight monodisperse substances 

is separated into discrete zones and dispersion oper- 

ates against the separation processes. A s  a result, the 

zones of the separated species occur or, in an unfa- 

vourable case, the individual zones are not completely 

resolved. The latter case usually occurs when fraction- 

ating the macromolecules or particles. These substances 

are not monodisperse either from the molecular weight 

distribution or particle size distribution viewpoint, 

but the polydispersity in the distribution is typical 
for them. The individual components of such poly- 

disperse mixture of macromolecules of particles cannot 

be separated into discrete zones. Thus the result of 

separations including Field-Flow Fractionation (FFF) 

is a wide zone. Its shape and width are the result of 

both separation and dispersion processes. This zone 

passes through a detector situated at the end of thc 

separation system. The record of the detector (fracto- 
gram) contains the quantitative information on both 
o f  these processes and, implicitly, the information on 

molecular weight distribution or particle size distri- 

bution of the fractionated sample. However, the accu- 

rate and precise evaluation o f  molecular weight 

distribution o r  particle size distribution is p o s s i b l e  

only if the contribution of the dispersion causing 
the broadening of  the resulting fractogram is taken 

into account. 
This study was aimed to evaluate in detail the 

contributions of  separation and dispersion by applyin,- 

various experimental procedures as well as to compare 
the results of  these experiments with the theory. The 

Sedimentation Field-Flow Fractionation (SFFF) was 

chosen as a model system. However, the results h o l d  

in general for all the other techniques of FFF. 
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SEDIMENTATION FIELD-FLOW FRACTIONATION 769 

THEORY 

Theoretical relationships describing the retention 

ratio as a factor o f  separation and the height equiva- 

lent to a theoretical plate as a factor of  dispersion 

were used for the quantitative evaluation o f  the 

separation and dispersion in SFFF. The retention ratio R 
i s  given ( 1  ) by a relationship 

where the reduced layer thickness h i s  the ratio of 
the mean thickness of the solute zone to the thickness 

of the channel for FFF. From the experimental point 
o f  view, R expresses the ratio between the retention 

volume of the unretained solute V and the retention 

volume o f  the retained solute V thus 
0 

R ’  

R = Vo/VR 

V equals the volume o f  the fractionation channel. It 
holds (2) for hin SFFF 

0 

where k is the Boltzmann constant, T is the absolute 
temperature, d is the diameter of the spherical 

particles, g is the centrifugal acceleration, w is 
the channel thickness and A Q  is the difference between 
the density of  the particles and o f  the carrier liquid. 

The dispersion is quantitatively characterized by the 

height equivalent to a theoretical plate H ( 1 )  

P 

where D is the diffusion coefficient of the solute, 

<v> is the mean linear velocity of the carrier liquid, 
x is the dimensionless parameter, 0 is the standard 
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770 JANCA, PRIBYLOVA, AND JAHNOVA 

deviation of the eluted zone, and L is the length of 
the fractionation channel. The first term in 

Equation (4) describes the longitudinal diffusion, 
the second one nonequilibrium processes, and the 

third one describes the sum of various contributions 
such as the extrachannel zone broadening and the 

contribution of  relaxation processes. The dependence 

of the dimensionless parameter x on was derived 

by Giddings et al. ( 3 )  

where 

The diffusion coefficient D for rigid spherical 
particles can be calculated from Stokes-Einstein 

equation 

where ‘1 is the viscosity. 
The above relationships were derived for an 

idealized channel formed between two infinite 

parallel planes. The real channel has, of course, the 

finite width and thus a given ratio of the thickness 

to the width - so called “aspect ratio”. This study 
will show how reliably the real experimental system 

is described by the idealized theoretical model. 
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SEDIMENTATION FIELD-FLOW FRACTIONATION 

EXPERIMENTAL 

The r o t o r  f o r  SFFF was described i n  d e t a i l  i n  

o u r  recent paper ( b ) ,  a s  well as  the other equipment. 

The f r ac t iona t ion  charnel ins ide  the r o t o r  had the 

thickness w = 0.02 cm, the leneth L = 48.4 cm, and 

the volume Vo = 1.8 ml. 

Using the d i r e c t  flow technique, the sample i s  

in jec ted  i n t o  the channel and eluted unid i rec t iona l ly .  

Then the widLh of the fractogram i s  the r e s u l t  of 

both separation and dispersion o f  a polydispersc 

sample. When using the reverse flow technique, the 

d i r ec t ion  o f  the f l o w  ins ide  the channel i s  reversed 

a t  a given moment (before the f ron t  of the sample 

zone begins t o  leave the channel) and the sample i s  

e lu ted  from the channel i n  the reverse d i rec t ion .  

I t  means, tha t  the f a s t e s t  p a r t i c l e s  (those which 

t rave l led  the longest distance ins ide  the channel 

during the f i r s t  par t  o f  the e l u t i o n )  are again 

the f a s t e s t ,  and, since they t r ave l  the same 

distance back, they leave the channel together 

with the p a r t i c l e s  moving more s l o w l y .  The separation 

processes a re  eliminated i n  t h i s  way and the f rac to-  

gram i s  the r e s u l t  of the dispersion processes only. 

This technique i s  used f o r  s imi la r  purposes i n  s t e r i c  

exclusion l i qu id  chromatography ( 5 ) ,  few r e s u l t s  were 

obtained a l so  with SFFF ( 6 ) .  
Applying the reverse flow technique, another 

six-port  valve was inser ted  i n t o  the hydraulic c i r c u i t  

behind the six-port i n j ec t ion  valve. This second valve 

permitted t o  reverse the flow ins ide  the channel i n  

the course o f  the experiment. A diagram of the hydrau- 

l i c  c i r c u i t  with the six-port valve f o r  reversing the 

flow can be seen i n  Figure 1 .  I n  the course of reverse 

flow experiments, the flow r a t e  was reversed when the 
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112 JANCA, PRIBYLOVA, AND JAHNOVA 

FIGURE 1. Schematic representation of the separation 
system for reverse flow experiments. 
1-pump, &injection valve, 3-syringe, 4-1oop, 5-waste. 
6-valve for reversing the f l o w ,  7-rotor, %detector. 

elution volume reached one half of the value of the 

mean retention volume of standard latex sample measured 

by direct flow experiment under identical conditions. 

The resulting mean retention volume in reverse flow 
experiments was nearly the same as in direct flow 

experiments. 

0 . 1  f solution of Tween 60 surfactant (Fluka AG, 
Buchs SG, Switzerland) in distilled water was utilized 
as the carrier liquid. The solution was degassed before 
use by heating up to 90 OC and by the action of ultra- 

sound. Polystyrene standard latex (Duke Scientific, 

Palo Alto, California) was used for the study. The 
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SEDIMENTATION FIELD-FLOW FRACTIONATION 113 

producer’s data for this standard are: mean particle 

diameter = 109 nm, standard deviation of the 
distribution width - 2.5 $, and density - 1.05 g/cm . 
The volume of 30 ul of this standard latex suspension 

of  about 0.05 $ concentration was injected. Prior to 
the injection, the sample was shortly (60 sec) agitated 
with ultrasound in order to destroy the occasionally 
formed aggregates. The measurements were effectuated 

at flow rates of 100, 200, 400 and 1000 ul/min and 

under various rotation velocities of 3 9 0 0 ,  4400, 5500 

and 6000 rpm that corresponded to the accelerations 

of 1343, 1710, 2671 and 3179 gravities. The temperature 
during measurements was kept at 21 - 0.5 C. In our 
previous papers we studied the extrachannel contribu- 

tions to the zone spreading (4) and the influence of 
the relaxation processes on both the zone spreading 

and retention ( 7 ) .  We have found out that employing 
our device for SFFF, the extrachamel clcments of the 

separation system, i.e., injector, rotation passage 

and detector, contribute by less than 1 $ t o  the total 
zonc width, i.e., within the limit of experimental 

errors (4). Consequently we neglected this extra- 
channel contribution in further calculations. The 
contribution of the relaxation processes to the zone 
spreading can be minimizcd to a level comparable with 

experimental errors by a suitable mode of injection 

followed by stopping the flow. The sample is injected 

undcr a very slow flow rate of 50 ,ul/min. When all 

the sample volume is safely at the beginning of the 

channel, the flow rate is stopped at a constant 

rotation for a time permitting to reach the state 

distant by about 1 $ from the equilibrium. The stop- 
-flow period always took 1 0  minutcs. Then the flow 

rate is restarted at some of the above nominal 

values. Under these conditions and using the 

3 P 
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114 JANCA, PRIBYLOVA, AND JAHNOVA 

mentioned device f o r  SFFF i t  holds  f o r  the l a s t  

term i n  Equation ( 4 )  E H .  = 0.  
1 

A d e t a i l e d  desc r ip t ion  of the whole experi-  

mental arrangement f o r  SFFF (except the r o t o r )  can 

be found i n  o u r  previous paper ( 7 ) .  

RESULTS AND DISCUSSION 

The f i r s t  s e r i e s  of the measurements was aimed 

t o  f i n d  o u t  experimentally the dependence of the 

he ight  equivalent  t o  a t h e o r e t i c a l  p l a t e  f o r  var ious ly  

r e t a ined  s o l u t e  on the l i n e a r  ve loc i ty  o f  the  c a r r i e r  

l i q u i d .  This  dependence was compared with the theory.  

The dimensionless parameter h can t h e o r e t i c a l l y  be 

ca l cu la t ed  e i t h e r  f r o m  Equation ( 3 )  i f  the  co r rec t  

and p rec i se  values  of d and a r e  given by the 
P 

producer o f  the s tandard l a t i c e s ,  o r  i t  can be calcu- 

l a t e d  from SFFF experimental  da t a .  

We prefer red  t o  use the values  o f h  , ca lcu la t ed  

from Equation ( 1 )  by means o f  i t e r a t i o n  method, u t i -  

l i z i n g  o u r  experimental  da t a  f o r  the mean values  of  

R. The mean values  of E were ca l cu la t ed  from the 

r e  l a  t ionship  

- 

where hi a r e  the he igh t s  o f  the  fractogram i n  the 

e l u t i o n  volume V. corresponding t o  the r e t e n t i o n  

r a t i o  R . .  The mean r e t e n t i o n  volume TR i s  def ined by 
1 

1 

The experimental  values  of E were somewhat 

dependent on the f l o w  r a t e  (see Figure 2 ) .  This 

dependence can be caused by l i f t - f o r c e s  observed by 

Giddings e t  a l .  ( 8 ) .  The values  of extrapoled by 
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SEDIMENTATION FIELD-FLOW FRACTIONATION 

ii 
0.2 

0.1 

0.5 q(rnl/rnin) 
0 

FIGURE 2. Dependence of the mean r e t e n t i o n  r a t i o  
on the flow r a t e  q f o r  var ious  r o t a t i o n s .  
o 3900 rpm, 0 4400 rpm, a 5500 rpm, a 6000 rpm. 

l i n e a r  r eg res s ion  t o  the zero flow r a t e  were 

u t i l i z e d  f o r  f u r t h e r  ca l cu la t ions .  Figure 3 i l l u s -  

t r a t e s  the t h e o r e t i c a l  l i n e a r  dependences of II 

on < v >  and the experimental  va lues  of Hdf (from 

d i r e c t  flow measurements) a t  given flow r a t e s .  The 

experimental  va lues  of Hdf were ca lcu la ted  from 

equat ion 

A s  can be seen f r o m  Figure 3 ,  the experimental  

dependences of  Hdf vs. < v > ’ a r e  p a r a l e l  t o  the 

t h e o r e t i c a l  ones. However, the experimental  values  

of Hdf a r e  higher .  This  i s  caused ( a t  l e a s t  p a r t i a l l y )  

by the separa t ion  of  the  polydisperse  l a t e x  sample. 

We ca l cu la t ed  the d i f f e rences  between the experimen- 

t a l  values  o f  Hdf and the t h e o r e t i c a l  values  of H. 
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116 JANCA, PRIBYLOVA, AND JAHNOVA 

200 400 600 800 q()rl/min) 
I I I I l 

0 

0.2 0.3 0.4 <v) (cm/sec) 0 .I 

F I G U R E  3 .  Dependence of the height equivalent t o  
a theoretical plate H on the carrier fluid velocity <v> 
( o r  on the flow rate) for variously retained s o l u t e .  
Solid lines illustrate the theoretical dependence. 
Experimental points correspond to various retention 
ratios. Designation as in Figure 2. 

These differences are summarized i n  Table 1 .  The 

values o f A ~  in Table 1 are almost identical for 
various retentions within the limits of experimen- 
tal errors which proves high reproducibility and 
reliability of SFFF measurements. 

From the principal physical viewpoint it is not 
correct, to consider A H  as a polydispersity contri- 
bution to the zone spreading because of real 
separation processes. On the other hand the height 
equivalent to a theoretical plate always expresses 

the dispersion processes. However, from a formal 
viewpoint, A H  can be interpreted as measure of 
polydispersity of  the sample studied. 

In the second series of the measurements the 
reverse f l o w  technique was applied. The values 
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778 JANCA, PRIBYLOVA, AND JAHNOVA 

of Hrf obtained,  correspond only t o  the d i spe r s ion  

processes  i n s i d e  the channel,  i . e . ,  t o  the second 

term i n  Equation ( 4 ) .  These measurements were 

e f f ec tua ted  only a t  4400 and 5500 rpm and a t  flow 

r a t e s  of 200,  400 and 1000 ,ul/min. The l a t e x  sample 

was i n j e c t e d  severa l  times and the flow was reversed 

i n  var ious  moments t o  v e r i f y  whether the behavior of 

the so lu t e  under the reverse  flow experiments corre-  

sponds t o  the theory.  It means t h a t  the zones of the 

so lu t e  were a t  var ious  d i s t ances  from the i n j e c t i o n  

poin t  i n  the moment when the flow was reversed.  The 

dependence of  the fractogram width,  expressed a s  the 

square of the standard dev ia t ion  0 , on the mean 

r e t e n t i o n  volume should be l i n e a r  i f  the channel i s  

homogeneous and each of i t s  incremental  l ength  

con t r ibu te s  uniformly t o  the f i n a l  spreading. I n  an 

i d e a l  case ,  the extrachannel  cont r ibu t ions  t o  d i sper -  

s i o n  a r e  neg l ig ib l e  and t h i s  dependence should i n t e r -  

s e c t  the o r i g i n  of coordinates .  Figure 4 demonstrates 

the experimental  r e s u l t s .  Both of the l i n e a r  depend- 

ences obtained by the measurement a t  4400 and 5500 rpm 

i n t e r s e c t  the a x i s  of O 2  very c lose  t o  each o ther  and 

c lose  t o  zero.  

2 

The values  of A H ’  represent  the d i f f e rences  

df and Hrf between the d i r e c t  flow experimental  da t a  I1 

values  ca l cu la t ed  from the r e s u l t s  of the reverse  

flow experiment 

A H ’  = Hdf - Hrf 

The corresponding values  of H were ca l cu la t ed  using 

an i d e n t i c a l  r e l a t i o n s h i p  as  Equation ( 1 0 ) .  T h u s  

obtained raw Hrf values  were r eca l cu la t ed  by i n t e r -  

po la t ion  i n s i d e  the i n t e r v a l  of the experimental  

r e t e n t i o n  volumes shown i n  Figure 4, i n  order  to  

rf 
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SEDIMENTATION FIELD-FLOW FRACTIONATION 119 

u 3 
150 - 

100 - 

0 I I I I I 

20 40  60 ao iooi7, :ounts) 

n 

FIGURE 4. 
on the mean r e t en t ion  volume i n  reverse flow 
experiment f o r  various ro t a t iona l  speeds (designation 
a s  i n  Figure 2 )  and under flow r a t e  of 200 ,ul/min 
( 1  count = 0.129 ml). 

Dependence of the fractogram variance C$ 

obtain the corrected values of Hrfl 
exactly t o  the r e t en t ion  volumes i n  d i r e c t  flow 

experiment. With regard t o  the slope of the l i nea r  

dependences on Figure 4, these corrections were 

almost negligible.  

corresponding 

The calculated values of H ’  a re  a l so  given i n  

Table 1 .  Although the values of A H ’  are lower than the 

difference between the experiment and the theory, a 

s ign i f i can t  quant i ta t ive  agreement can be found. 

To characterize the p a r t i c l e  s i ze  d i s t r i b u t i o n  

the value of  the weight average p a r t i c l e  diameter 

w a s  calculated from the re la t ionship  
P ’  

where d .  i s  the value of the diameter of a p a r t i c l e  

e lu t ing  i n  i - t h  e lu t ion  volume. The width of the 

p a r t i c l e  s i z e  d i s t r i b u t i o n  was characterized by 

1 
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780 JANCA, PRIBYLOVA, AND JAHNOVA 

percent  s tandard dev ia t ion  ca l cu la t ed  from 

the r e l a t i o n s h i p  

I n  t h i s  way we obtained the va lues  of 2 
d i r e c t l y  from the o r i g i n a l  fractograrns. Further  we 

ca l cu la t ed  the values  ofAOdlrel .  The ca l cu la t ions  

were based on the  values  of A H ,  the  cont r ibu t ions  

of the d i spe r s ion  process being subt rac ted .  The 

va lues  of  the s tandard devia t ions  of the f r a c t o -  

grams i n  the r e t e n t i o n  volume u n i t s  were ca l cu la t ed  

f i r s t  

and Ud,re l  P 

and then converted t o  the r e l a t i v e  percent standard 

dev ia t ions  of the p a r t i c l e  s i z e  d i s t r i b u t i o n  

To convertAOv i n t o  Od, re l  Equation ( 2 )  
was used f i r s t  t o  c a l c u l a t e  A R  corresponding t o  A V R  

f romAav,  and then Equations ( 1 )  and ( 3 )  were used 

t o  ca l cu la t e  by i t e r a t i o n s .  All the ca l cu la t ed  

va lues  of 2 p ,  ad,rel  and A U d l r e l  a r e  given i n  Table 1 .  

From the r e s u l t s ,  a conclusion can be drawn, t h a t  the 

ca l cu la t ed  va lues  o f  a r e  i n  good agreement with 

the da ta  of the producer. Coincidental ly ,  the inf luence  

of  l i f t  f o r c e s  can be observed ( t h e  values  of ;.I 
decrease with inc reas ing  flow r a t e ) .  The va lues  o f  

‘d r e 1  
inc reas ing  flow r a t e  under the  given r o t a t i o n a l  speed 

and they decrease with inc reas ing  r e t e n t i o n  under the 

given flow r a t e ,  both i n  agreement with the theory.  

The values  o f  A 0  
experimental  e r r o r s  under a l l  r o t a t i o n s  and flow r a t e s .  

Only the value of AOd , re 

d i f f e r s  g r e a t l y .  I n  t h i s  case a not neg l ig ib l e  p a r t  

P 

P 

uncorrected f o r  d i spe r s ion  increase  with 

re remain constant  wi th in  the l i m i t s  o f  

a t  3900 rpm and 1000 ,,ul/min 
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of the sample elutes unretained at the void volume 

of the channel Vo.  The numerical calculation using 

Equation ( 1 4 )  could not be applied, but the standard 
graphical evaluation of CJ from the intersection 

of tangentials in inflexion points o f  the fractogram 

with the base line was possible. 

d,rel 

It is necessary to remark that we have neglected 
the correction for the detector response. The values 

of hi should be corrected as the response of the 
detector is a function of both the mass concentration 

and the size of the particles. However, the neglecting 

of this type of the correction was justifiable with 

respect to the narrow particle size distribution of 

the latex used for the present study. 

CONCLUSZ O N S  

1 .  The course of the experimental dependence of the 
height equivalent to a theoretical plate on the linear 
velocity of the carrier fluid flow is in good agree- 
ment with the theoretical relationships if the sepa- 

ration of the standard polydisperse latex sample is 

considered and if the extrachannel contribution and 
the contribution o f  the relaxation processes to the 

total dispersion are minimized. This agreement was 

found for various retentions of the given solute. 

2. 'Rie zone width formally characLerized by A H ,  

corresponding to the separation processes only, 

is the same within the limits of experimental errors 

if the theoretical relationships or the experimental 

data of the reverse flow experiments were used for 

the calculation. 

3 .  The standard deviation of the particle s i z e  

distribution calculated after subtracting the 
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c o n t r i b u t i o n  of t h e  d i s p e r s i o n  processes  i s  t h e  same, 

w i t h i n  the  l i m i t s  of  exper imenta l  e r r o r s ,  for v a r i o u s  

r e t e n t i o n s  and f l o w  r a t e s .  However, i t  i s  t d i c e  a s  

b i g  compared wi th  the  d a t a  g iven  by t h e  producer.  

4 .  All the  mentioned r e s u l t s  of bo th  t h e  d i r e c t  and 

r e v e r s e  f l o w  experiments proved a good agreement wi th  

the  t h e o r e t i c a l  r e l a t i o n s h i p s  and t h u s ,  i n  f a c t ,  

confirmed the  v a l i d i t y  o f  the  theory o f  b o t h  the  

r e t e n t i o n  and the  d i s p e r s i o n  i n  SFFF. 
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