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SURFACE PHENOMENA 
IN SEDIMENTATION FFF 

S. N. Semenov 

Institute of Biochemical Physics 
Russian Academy of Science 

117977 Moscow, Kosygin St. 4, Russia 

ABSTRACT 

The influence of the surface phenomena on the particle 
sedimentation in Sedimentation FFF is examined theoretically. It 
is shown that the tangential transport of surfactant in the particle 
surface layer, where the surfactant species are accumulated, 
causes the tangential concentration gradient of the surfactant, 
and the additional difisiosmotic flow of the carrier liquid, which 
may decrease the particle sedimentation velocity. As numerical 
evaluations show, this change of sedimentation velocity may 
reach from ten to twenty percent for the particles being the 
typical objects of sedimentation FFF if surface potential well near 
the particle surface is deep (about 5-10 kT) and wide (about 
cm) enough. 

INTRODUCTION 

Field-flow fractionation (FFF) presents the unique method. where quasi- 
equilibrium physicochemical parameters of the analyzed objects (particles. 
droplets or macromolecules) can be derived from the dynamic experiment. 
where these objects are driven by a liquid flow and certain transverse force 
(Ref. 1). 
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2670 SEMENOV 

These quasi-equilibrium parameters are available in FFF experiments due 
to Boltzmannian transverse distribution of the analyzed objects in the FFF 
channel. Since these parameters are just quasi-equilibrium, but not 
thermodynamically equilibrium ones, they should be derived theoretically using 
kinetic approaches and methods of non-equilibrium thermodynamics. If the 
values of b and D are derived or measured, where b is the generalized 
mobility of a particle, a droplet or a macromolecule (the velocity in the unit 
gradient of the transverse potential), D is the particle diffusion coefficient, it 
is possible to obtain the transverse Peclet number 

bW Pe = ~ 

D 

where W is the half of the potential drop across the FFF channel (we assume 
that the transverse particle velocity is constant over the FFF channel). Just the 
transverse Peclet number defines the retention of the FFF process Ref .  and the 
width of the layer near a channel wall, where particles are accumulated. If 
transverse Peclet number is large enough, we can write (Ref. 1) 

One can predict the parameter Pe , which defines the FFF behavior of the 
considered particles, by the procedure involving the measurement of the 
diffusion coefficient D or the derivation from Stokes expression (for the 
spherical particles, 

kT D=- 
6nyR (3) 

where 7 is the dynamic viscosity of a liquid, and R is the particle radius). by 
derivation the h value, and measurement or calculation of the transverse 
potential drop. The way considered above seems to be more complicated, but. 
in contrast to a more simple conventional way, it allows to take into account the 
contributions into the particle movement, which may be important. To 
demonstrate this, let us consider the sedimentation of particles, which is the 
basis of Sedimentation FFF. In this case, the common way to derive the 
transverse Peclet number Pe is the substitution of the gravity or sedimentation 
force acting on the particle 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
4
6
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



SURFACE PHENOMENA IN SEDIMENTATION FFF 267 1 

where Ap is the density difference between the particle and the carrier liquid. 
v is the particle volume and G is the acceleration of the centrifugal or gravity 
force, into the standard expression for the transverse Peclet number 

F-1 Pe =- 
kT 

where 1 is the half-width of the FFF channel. For the large particles. this way 
of consideration sometimes seems to be true. However, for the small particles 
being the objects of Sedimentation FFF (SdFFF), this approach may fail. since 
it does not take into account phenomena occurring in the surface layer of the 
particle. For example, in electrolytes, a so-called sedimentation electrostatic 
potential arises as a consequence of these surface phenomena (Ref. 2 ) .  This 
macroscopic sedimentation potential may change significantly the particle 
movement, and it is measurable even when the particles are so large as 0.6 mni 
diameter with the surface layer being about 0.1 micron thin. 

Thus, to have the complete picture of the particle sedimentation. one 
should derive the particle mobility taking into account the phenomena near the 
particle surface. 

The aim of this paper is to carry out the quantitative examination of the 
particle sedimentation using the hydrodynamic approach to surface phenomena. 
and to evaluate the effect of surface phenomena on the particle sedimentation. 

HOW SURFACE PHENOMENA CAN AFFECT 
THE PARTICLE MOVEMENT 

As the actual theory shows, the "surface-driven" movement may be caused 
by the flow of a carrier liquid in the surface layer, where the surfactant ions or 
(and) molecules are accumulated due to action of the surface potential. To 
simplify the further consideration, we will examine the surface accumulation of 
the single sort of surfactant species and neglect the effects due to electric fields 
generated by the concentration gradients in electrolytes. It should be possible. 
when the contribution of the electrostatic interactions to the value of the surface 
potential is small enough. The surfactant accumulation leads to the increase of 
the osmotic pressure in the surface layer. If the gradient of such an osmotic 
pressure arises, it causes a liquid flow in the surface layer. This "slipping" flow 
in a surface layer can cause either phoretic (surface-driven) movement of a 
particle or the osmotic flow of a liquid, when the particle together with its solid 
surface is fixed. Gradients of the osmotic pressure in the particle surface layer 
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2672 SEMENOV 

may be due to the macroscopic gradients of surfactant concentration or 
temperature, which can be predetermined by the "boundary conditions" in the 
FFF channel. If the particle movement is due to the "body" force like to the 
centrifugal one. a gradient of the osmotic pressure also may arise in its 
movement. This may be caused by the transport of surfactant molecules or ions 
along the particle surface, which should be compensated by the exchange of 
these molecules or ions between the surface layer and the outer liquid. As a 
consequence, the longitudinal gradient of the concentration may arise. which 
leads to the osmotic pressure gradient, and, in turn, to the "slipping" of the 
liquid in the surface layer. 

The above discussed mechanism may add the surface-driven movement to 
the "body-driven" sedimentation movement of the particle. This longitudinal 
concentration gradient in the surface layer, due to compensating surfactant 
fluxes is known as the main reason of so-called "concentration polarization" 
(Ref. 3) in electrophoresis, where these phenomena are shown to be the reason 
for the measurable changes in the electrophoretic properties of particles. 
Though in electrolytes, the inain reason of a liquid slipping in the surface layer 
is the effect of electric force on the non-compensated electric charge in the 
diffusive electric double layer. a difisio-osmotic slipping flow also arises there. 
which may contribute to the particle movement. 

FLOW VELOCITY PROFILE IN THE SURFACE LAYER 

The theon of the surface phenomena is based on thc Navier-Stokes 
equations for the liquid in the surface layer (Ref. 3 )  

where ul(y) is the tangential flow velocity profile in the surface layer at the 

distance j' from the particle surface, p o  is the pressure excess due to 
sedimentation movement of particle and the corresponding hydrodynamic 
viscous stresses. posm is the osmotic pressure, and z is the longitudinal 
coordinate on the particle surface. For a spherical particle. 

where 9 IS the angle belwccri the direction of the lector F p e n  b! 
Expression 5 and the radius kector I' 
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SURFACE PHENOMENA IN SEDIMENTATION FFF 2673 

The condition of the transverse hydrostatic equilibrium in the surface 
layer leads to the equation4 

m ap, +- aposm +c(y,z)- = o  
& &  %. 

(9) 

where c&, z) is the surfactant concentration in the surface layer. On the outer 
surface of the surface layer, the surfactant concentration is designated as 

which may differ from the surfactant concentration in a liquid far from the 
particle c, due to concentration polarization. Usually, one assumes that the 
surfactant concentration distribution in the surface layer is the Boltzmannian 
one 

which allows to solve Eqn. 9 and write its solution, the pressure distribution in 
the surface layer, as 

Let us discuss the boundary conditions to Eqn. 7. The first one is obvious: 

uz = o  at y=O (13) 

and expresses the absence of any liquid slipping on the particle surface. 

The second boundary condition is more complicated and corresponds to 
the transformation of the flow profile in the surface layer into the flow profile 
known from the Stokes problem concerning the flow around a sphere at low 
Reynolds numbers.* 

Such a transformation should occur outside the surface laver. but at 
distance "v < H from the particle surface. According to (Ref. 2). the external 
flow profile and the pressure excess can be written as 
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2674 SEMENOV 

A.COSS 
Po =2 

r 

where u," and U: are the radial and tangential flow velocity; accordingly, U 
is the velocity of the particle movement to be determined, a, b and A are the 
constants of the boundary problem, which also should be determined using the 
"external" boundary conditions near the particle surface, but outside the surface 
layer. The second boundary condition to Eqn. 7 can be written as 

Using Expression 1.5, the latter equation can be formulated as 

Now, using boundary conditions given by Expressions 13 and 18, Expression 
12 for the osmotic pressure, presenting the outer pressure in the surface layer as 

Asin9 
Po =-- 

R2 

and neglecting the terms containing the second power of y and the higher 
powers in this series, we have from Eqn. 7 
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SURFACE PHENOMENA IN SEDIMENTATION FFF 2675 

Outside the surface layer, where Expression 19 should transform into 
Expression 15, it can be written as 

which allows to write the boundary conditions to the external Stokes problem as 

ug( r  = R) = us 

where 

is the "slipping" flow velocity in the surface layer 

Expressions 21-23 allow us to determine the constants a and b from 
Expressions 14 and 15 (constant A is unimportant) and to define the force of 
the hydrodynamic friction acting on the particle, which moves with the velocity 
U S  

To derive the friction force, one should have the surfactant concentration 
distribution outside the surface layer. 

CONCENTRATION POLARIZATION OF THE MOVING PARTICLE 

As Expressions 22 and 23 show, the surface phenomena may effect the 
sedimentation of a particle only in the case when the tangential surfactant 
concentration gradient exists on the particle surface. To estimate this 
possibility, we should have the equation for the surfactant concentration. 
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2676 SEMENOV 

If the sedimentation velocity is constant and slow enough (in FFF it is 
about lo-'' c d s ) .  we can write the stationary convection-diffusion equation for 
the surfactant concentration in the form 

and assume that the solution of Eyn. 25 may be uritten in "dipole" form' 

Mc c,, = --cos9 + c, 2 r 

where M, is the concentration "dipole moment" of the particle. \\hich uill be 
defined below Eqn 25 is Lalid outside the surface layer. but the more general 
equation 

-. 
for the stationac surfactant flu\ / should be balid anyvhere 

If the surfacc laicr, \\here the surfactant molecules or ions are 
accumulated. is thin enough, I c , its width is significantly snialler than the 
particle radius. Eqii 27 can be reforrnulatcd as' 

- 
Jn = - 

is the external surfactant flus on the particle surface. 
coefficient of the surfactant. aiid 

IS thc diffusion 

(30) 

is the total excess of the surfactant transport in thc particle surface layer 
Operator dw, 111 the thin surface layer can be written as 
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SURFACE PHENOMENA IN SEDIMENTATION FFF 2677 

a 
div, = -. a. 

Writing Eqn. 30, we assume that the tangential concentration gradient in 
the surface layer is too weak to cause the concentration changes comparable to 
co . Also, Expression 11 is taken into account. Using Expressions 19, 26, 29, 
and 30, Expression 28 can be written as 

Using Eqn. 3 I ,  we can obtain the concentration dipole moment h', . However, 
to finish the derivations, a simplification is necessary. The most interesting 
situation is that, where the surface potential well is deep enough, because the 
concentration polarization should be the most significant due to the intensive 
transport of the surfactant highly accumulated in such a well. In this case, we 
can assume that 

and present the surface potential (in kT units) as 

kT (33) 

where E, is the depth of the surface potential well, and h is the characteristic 
width of this well. 

The physicochemical nature of these parameters will be discussed below. 
As the numerical evaluations show, the assumption given by Expression 32 is 
valid at 

& , 2 5 ,  (34) 
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2678 SEMENOV 

Using the approximation given by Expression 33 and Expression 4 for the 
surfactant specie with radius d , we have from Expression 3 1 

M, = 
3x 

where criterion Re1 is introduced 

(35) 

which characterizes the concentration polarization degree. Using Expressions 
23, 24 and 35, we can express the slipping velocity as 

(37) 

As Expression 37 shows, the slipping velocity is small at Re1 << 1,  and it 
reaches saturation at 

Re1 >> 3xcod-R 
E: 1 - I  

This saturation value is 

The general expression for the slipping velocity can be written compactly 
as 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
4
6
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



SURFACE PHENOMENA IN SEDIMENTATION FFF 2679 

where 

- 3nd3 cp=no- 
4 

is the volume fraction of the surfactant, and 

hR 6=- 
sod2 

is the reduced parameter characterizing the relationship between the 
h 
SO 

parameters of the surface potential well (-), the particle (R) and the 

surfactant specie (4. 

Here, 
4cp a 6 .  Re l2 

2 + Re 1 + 49 .6 .  Re l2 
f(6,cp,Rel) = (43) 

is the function characterizing the concentration polarization in the 
sedimentation process. Thls function ranges from zero (at Re1 = 0) to unity (at 
very large Re1 values, where Expression 38 is valid). Using Expressions 
40-42, and boundary conditions given by Expressions 21 and 22, we have for 
the constant a defining the particle sedimentation velocity 

Taking into account the assumptions about the thin surface layer, the deep 
surface potential well, and Expression 42, the value of parameter hf can not 

be larger than unity. The analysis of the Expressions 32 and 33 shows that the 
width of the layer, where surfactant species are accumulated, is about 

Thus, considering the realistic potential wells with h I R, we should evaluate 

& O R  

EO 

h h 1 
the parameter -f as -f I - 

&OR &OR &o 
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2680 SEMENOV 

For this reason. we can approximate 44 as 

Using Expressions 24 and 45. we can write the expression for the particle 
sedimentation 1 elocity as 

where 

is the classic value of the sedimentation velocity. Since the maximum value of 
the parameter , f is unity (see Expression 42), the maximum relative change of 

the particle sedimentation velocity at very large criterion Re1 values (See 
Expression 38) is 

h 
- 

u - u ,  
uo E R 

(47) 

Let us note that the changc of the particle velocity predicted by Expression 
47 is not linked strictlj to the sedimentation, but may be observed in an) 
particle movement where the Stokes flov profile arises around the particle Foi 
example, Expression 47 should be valid for the particle movement In F l o ~  FFF 

To ckaluate the possible changes in the particle movement due to siirface 
phenomena, me should discuss the possible mechanisms of the surfactant 
accuinulation within the surface potential well the possible \ alues of criterion 
Re/ , and the possible values of the parameters cp and 6 which define the 
concentration dependencies of the surface effects in the sedimentation at the 
moderate kalues of criterion Re1 and the conditions, where the saturation of the 
surface effects is reached 
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SURFACE PHENOMENA IN SEDIMENTATION FFF 268 1 

DISCUSSION 

Parameters of the Surface Potential Well 

According to (Ref. 6), there are several main mechanisms to accumulate 
the ions or molecules near the surface: 

a) dispersion or London - Van der Wads interaction with the potential 

d3 q (~ )  = -A- 
y -  7 

where A is Hamaker constant; 

b) Coulomb electrostatic interaction in electrolytes 1% ith the potential 
\ - 

cp(y)=-q;e (-19) 

where q is the electric charge of the surfactant ion. 4 IS the particle 

electrokinetic potential, and 2 is the Debye length: and 

c) the adsorption and structure forces, which have no analytical 
dependence of the surface potential on the distance. but have the 
parameters &, and h derived from the experimental data. These 
forces are due to structure changes in the surface layer and the 
correlation between different surfactant species. 

Strictly, we can not examine the sedimentation in electrolytes due to the 
different nature of the slipping flow, which is discussed in introduction. But. in 
the cases, where electrical fields arising in the surface layer are too weak to 
contribute significantly to the liquid flow there, we can use Expressions 46 and 
48 to analyze the surface phenomena in the particle Sedimentation in 
electrolytes. 

The results obtained should be valid, at least qualitatively. The data from 
and h .  are (Ref. 6). concerning the surface potential well parameters 

collected in Table 1.  
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Table 1 

Surface Potential Well Parameters 

Surface Potential 

L,ondon - Van der 
Waals forces 

Coulomb electrostatic 
forces 

Adsorption 
forces 

Structural 
forces 

Analytical Expressions 

for the @(y) ,  &, and h 
The Ranges of Values 

forparameters &o and h 
h h 

d S + 5 0 *  = 10'' cm 

molecular 
surfactant) 

(low- - L1 
kT 3 

45 R o +  10 lo-'+ 1 0  

- d 

Y 
- A ,  

4cm ** 
(aqueous 
electrolytes) 

- > 
-q{e kT 

none none none o +  10 = 10.'cm 

none none none O t  10 = 1 0 . ~ ' ~  

* The maximum values of Hamaker constant are characteristic for metals and 
some hydrocarbons. ** The maximum value of the Debye length is reached in 
the pure water. where only H' and OK ions exist. 

According to (Ref. 2 ) ,  the size of particle being the objects of FFF are 
ranged from cm to cm. Thus, Expression 46 predicts the observable 
contribution of surface phenomena to the particles sedimentation for all the 
types of the surface interactions excepting the Van der Waals interaction. This 
kind of interaction can not provide the significant width of the surface potential 
well, if low-molecular surfactants are used. However, for the metals having the 
extremely high values of Hamaker constants, the saturation of the surface 
effects should occur at relatively low surfactant concentrations. Also, the 
contribution of surface phenomena should be especially high if polymer 
surfactants are used, since, in such a situation, parameter h should have a value 
comparable to the thickness of the cloud consisting of random-flight fragments 
of the polymer chains, which can be very large in comparison with the h value 
from Table 1. 

As Expression 47 shows, the significant contribution of the surface 
phenomena to the sedimentation needs moderate values of the parameter &, 

defining the depth of the surface potential well. 
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Table 2 

Values of Criterion Re1 

Depth of Particle Radius R 
Surface Potential 

Well E, cm cm cm 

( 3 )  (0,03) 
5 Re1 = 30 Re1 = 3 Re1 = 0.3 

7.5 Re1 = 241 Re1 = 24.1 Re1 = 2.41 
(24.1) (2.41) (0.24) 

10 Re1 = 2200 Re1 = 220 Re1 = 22 
(220) (22) (2.2) 

On the other hand, Expression 47 becomes valid at the values of 
criterion Re1 large enough. Thus, we should estimate the possible 
values of criterion Rel to examine the role of the surface phenomena in 
the sedimentation. 

The Values of Criterion Re1 

As Table 1 shows, the typical values of parameter E, where the surface 
potential well is deep enough, are from about 5 to about 10. Moreover, the 
typical values of parameter h are ranged from about cm to about cm. 
The corresponding values of criterion Re1 are collected in Table 2. 

In Table 2, the upper Re1 values present the case where h = cm, and 
the lower ones (in parentheses) are corresponding to h = cm. As data of 
Table 2 show, the most of the particles being the object of FFF should have an 
apparent degree of polarization at go 2 5. 

To finish these estimates, we should estimate the possible values of 
parameter 6 and the volume fraction of surfactant p .  The latter one is 
estimated easily, because the molar concentration of surfactant usually is about 

+ lo-* m/L, i.e., the number of the surfactant species c, is about 10” + 
10’’ per cubic centimeter. For the surfactant molecule radius d = 3.10-8 cm, 
using Expression 4 1, we have 
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2684 SEMENOV 

The values of parameter 6 (Expression 42) at E, = 10 ranged from 10 

(at h = cm and R=lO-' cm) to lo4 (at h=1U6 cm and R=lO-' cm). Thus, the 
condition of the saturation at the concentration polarization (Expression 38) 
may be fulfilled for the wide range of particles sizes if the surface potential well 
is deep enough. For example, using these evaluations, one can see that, at E, 

= 10 and h=10" cm; all the particles examined in Table 2 should be strongly 
polarized, and Expression 46 should describe adequately the contribution of the 
surface phenomena in the particle sedimentation. As Expression 47 shows for 
such particles. the relative decreasing of the sedimentation velocity due to 
concentration polarization should be about 0 , l .  For the smaller particles, 
where the saturation may be reached even at E~ = 5, this velocity change may 
reach up to (1.2. Such a change of the sedimentation velocity must be 
measurable in the real FFF conditions. Let us remember that, in experiments 
the standards often are used, which have size dispersion of about 2-3%, which 
gives the dispersion of about 4 6 %  of the peak maximum position. 

The classical expression for the SdFFF retention gives the dependence of 
the retention on the particle radius a:, - 2. The accounting of the surface 
phenomena gives more complicated dependence given by Expression 46 or 47. 
which should be not so steep. This difference can be useful in the 
determination of the role of surface phenomena in sedimentation. In 
electrolytes, where Debye length defines the width of the surface potential well 

and decreases with thc concentration of the ionic surfactant asc,2 (see. for 
example, Refs. 2 or 4), the increase of the sedimentation velocih- with the 
surfactant concentration also may indicate the significant role of the surface 
phenomena. As Expression 43 and 46 show, at the moderate values of criterion 
Rel. the sedimentation velocity, that is, the retention of SdFFF, should depend 
on the surfactant concentration, besides the known concentration dependence of 
the liquid viscosih. 

1 -~ 

CONCLUSIONS 

The most of the particles being the objects of SdFFF cause slipping flow 
within its surface layer, where surfactant species are accumulated, in the 
sedimentation. Due to this slipping flow, a concentration gradient of surfactant 
arises. which leads to additional difhsio-osmosis in the surface layer. which 
should compensate the convective surfactant transport. These surface 
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SURFACE PHENOMENA IN SEDIMENTATION FFF 2685 

phenomena can decrease the particle sedimentation velocity up to ten - twenty 
percent if the surface potential well is deep enough (5 - 10 kT). Similar 
changes may occur also in Flow FFF, where this surface slipping of the carrier 
liquid in the particle surface layer should have the same nature and properties. 

ACKNOWLEDGMENT 

This work is supported by the Russian Foundation for Basic Research 
(Grant No. 95-03-08390a). 

REFERENCES 

1. M. Martin, P. S. Williams, “Theoretical Basis of Field-Flow Fractionation,” 
in Theoretical Advancement in Chromatography and Related 
Separation Techniques, F. Dondi, G. Guiochon, eds., Kluwer Academic 
Publishers, The Netherlands, 1992, pp 5 13-580. 

2. V. G. Levich, Physicochemical Hydrodynamics, State Publishing of 
Physical and Mathematical Literature, Moscow, 1959. [In Russian]. 

3. S. S. Dukhin, Electric Conductivity and Electrokinetic Properties of 
Disperse Systems, Naukova Dumka Publishing, Kiev, 1975 [In Russian] 

4. J. L. Anderson, Anal. Rev. of Fluid Mech., 21, 61-97 (1989). 

5. L. D. Landau, E. M. Lifshits, Mechinics of Continuous Media, State 
Publishing of Technical and Theoretical Literature, Moscow, 1954. [In 
Russian]. 

6. B. V. Derjagin, Theory of Stability of Colloids and Thin Layers, 
Publishing Nauka, Moscow, 1986. [In Russian]. 

Received January 20, 1997 
Accepted February 13, 1 997 
Manuscript 4349a 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
4
6
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1


