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ISOPYCNIC FOCUSING REVISITED

Josef Janča* and Natalia Gospodinova

Université de La Rochelle, Pôle Sciences et Technologie,
Avenue Marillac, 17042 La Rochelle

Cedex 01, France

ABSTRACT

The isopycnic focusing has for a longtime been considered as a
phenomenon occurring exclusively in a fluid which behaves as a
continuum with regard to the focused species. It has been shown
recently, both theoretically and experimentally, that such an as-
sumption is not necessary and the focusing can appear in a com-
plex fluid composed of bidisperse suspension of the colloidal par-
ticles of different but commensurable sizes or in a polydisperse
particulate suspension as well. Under such conditions, the question
arose about the nature of the driving forces acting on a discrete mi-
croscopic scale and generating the macroscopically observed fo-
cusing phenomena. In this work, the theoretical analysis is devel-
oped to determine the general conditions under which the focusing
phenomenon can emerge and to specify the effective driving forces
susceptible to contribute to the resulting focusing force. The ac-
companying experiments were carried out in order to check the
particular conclusions following from the theory. On the basis of
the general theoretical approach, a new phenomenon, the osmotic
pressure gradient focusing (OPGF) is predicted theoretically.
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INTRODUCTION

The invention of an aerostat floating in the terrestrial atmosphere1 is based
on the macroscopic physical behavior which has been “rediscovered” on the mi-
croscopic scale and exploited in generic isopycnic2 and isoelectric3,4 focusing pro-
cesses. Although the macroscopic pattern seems to be very simple, the focusing
phenomena show themselves as rather complex processes when descending to the
molecular level.

The isopycnic focusing was discovered and applied for the separation pur-
poses by Meselson, Stahl, and Vinograd2. The sedimentation (under the effect of
the gravitational or inertial centrifugal forces) of the molecules, macromolecules
or colloidal particles dissolved or suspended in a simple fluid generates the for-
mation of the concentration (density) gradient. The counteracting diffusion op-
poses the sedimentation flux until the dynamic equilibrium is reached at which the
sedimentation and the diffusion fluxes are balanced. Some of the species dis-
solved or dispersed (see remark in Appendix) in such a density gradient forming
fluid can be focused into the zones at the isopycnic positions where their density
is equal to the local density of the complex fluid.

The commonly widespread axiom was that the density gradient forming
complex fluid should behave as a continuum with regard to the focused species. It
should mean, that the molecules, macromolecules or colloidal particles which
form the density gradient should be much smaller compared with the species un-
dergoing the focusing process. On the contrary, it has been predicted theoreti-
cally5 and demonstrated experimentally6 that such an axiom is not valid and that
the focusing phenomenon can appear in bidisperse suspensions of the colloidal
particles of the low particle size ratio7. Moreover, the focusing phenomenon has
experimentally been observed not only in bidisperse suspensions of the colloidal
particles of different chemical nature but, just recently, also in a polydisperse sus-
pension of the chemically homogeneous colloidal particles8. Subsequent experi-
mental proof of the occurrence of the focusing phenomenon in bidisperse suspen-
sion of the colloidal particles of low particle size ratio sp was obtained by
applying the coupled action of two physical fields of different nature, namely the
electric and gravitational9.

As a result, it became evident that a simple difference between the density
ri of the focused species and the local density value r(x,y,z) of the density gra-
dient forming fluid combined with the action of the gravitational or centrifugal
forces cannot be the unique driving force which generates the observed focusing
phenomenon in so called isopycnic focusing. Such a simplification is not justi-
fied to explain the focusing phenomena in colloidal systems containing the
species of the commensurate sizes, some of them creating the density gradient
and the other ones being focused. Therefore, various interactions, including the
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collisions among all concerned species (molecules, macromolecules or colloidal
particles) of the gradient forming fluid as well as the individual species under-
going the focusing transport phenomena, must be taken into account. Conse-
quently, the macroscopic density gradient should not be the true effective prop-
erty when regarding the focusing processes on the microscopic scale and the
resulting phenomenon should be called more accurately the isoperichoric focus-
ing. The term isoperichoric (derived from Greek: isos5equal and peri-
choron5environment) focusing was introduced by Kolin10 who postulated that
the focusing forces are generated by the difference between the responding pa-
rameter of the focused sample component and the corresponding local effective
property of the dispersing fluid. Therefore, in Kolin’s model, a dispersing fluid
(an environment) represents, in fact, a continuum and the existence of the non-
zero effective property gradient ­P/­x Þ 0 which produces the surface forces
exerting upon the boundary of the focused species combined with the volume
force acting on the enclosed volume of the focused species is sufficient to gen-
erate the isoperichoric focusing phenomena.

In our theoretical approach, a simultaneous action of a unidirectional gra-
dient of the effective property of a dispersing fluid (an anisotropy) and of an ex-
ternal or intrinsically generated unidirectional field force is necessary for the fo-
cusing phenomenon to occur. The coupled action of the intrinsic gradient and of
the external field originates the driving force whose intensity and sign changes
with the spatial position within the system and leads to the formation of the
zones of the focused species. Each dispersed species can form an individual fo-
cused zone. The existence of the driving force whose intensity varies with the
direction of the x-axis (which is parallel to the direction of the focusing) and
vanish at the position where the particular zone is focused is therefore a funda-
mental condition for the focusing phenomena to appear. However, we will de-
velop our model further to show that a simple condition ­P/­x Þ 0 should not
be sufficient in all instances for the isoperichoric focusing phenomena to
emerge.

The isopycnic focusing centrifugation is considered as a method of choice
for the characterization of the colloidal and macromolecular systems11. Its recent
theory and practical experimental use are based on a macroscopic phenomeno-
logical model. The aim of this work is to study theoretically the macroscopic
transports and the microscopic interactions generating and accompanying the fo-
cusing phenomena in order to determine the conditions under which the isoperi-
choric focusing can occur. The experimental part is aimed basically to verify the
conclusions of the theoretical predictions and estimations. Although the primary
objective is to study in detail the isoperichoric focusing due to the gravitational or
centrifugal forces, the possible use of the coupling of other field forces and gradi-
ents is considered and discussed.
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THEORY

Dynamic Transport Model

This theoretical model represents a macroscopic approach which does not
require, in a first approximation, to look at the microscopic interactions to calcu-
late the effect of various parameters (including the size ratio s p of the focused to
the density gradient forming discrete species) on the focusing phenomena. The
density gradient forming medium is a two phase fluid consisting of uniform size
colloidal particles (modifier) dispersed in a homogeneous liquid and enclosed be-
tween two parallel plates which are large enough to make the effect of the side
walls negligible. The other advantage of such a model is that it should not, also in
a first approximation, take into account the effect of the concentration (volume
fraction) of the modifier on the transport coefficients. The local volume fraction
of the modifier determines therefore only the magnitude of the effective environ-
mental (perichoric) property of the complex fluid, the density for instance. The
initial volume fraction of the modifier is uniform over the whole system and equal
to the average volume fraction:

fm(x,y,z,t 5 0) 5 fm,ave (1)

The fluid is macroscopically isotropic at the time t50, the only fluctuations of the
volume fraction are due to the Brownian movement. For the time t.0, the dis-
persed modifier particles undergo the transport phenomena due to the imposed ef-
fective field forces and the counteracting dispersive migration. The unidirectional
concentration (volume fraction) gradient dcm /dx5r mdf m /dx of the modifier is
formed and the fluid exhibits an anisotropy of the effective property in the direc-
tion of the effective field induced flux. The total macroscopic mass flux of the
modifier moving in the direction of the x-axis (which is parallel with the direction
of the effective field forces, the origin x50 is at the accumulation wall and the pos-
itive direction toward the depletion wall) can be written as the number nm of the
particles of a uniform volume vm and of the density rm which pass across a unit
surface area s (perpendicular to the field induced flux) in a unit time t:

Jx,m 5 rm }
vm

s
­

­

n
t

m
} (2a)

and the macroscopic fluxes Jy,m and Jz,m are at any time t $ 0:

Jy,m 5 0 and Jz,m 5 0 (2b)

The term macroscopic flux is used here to describe the bulk mass transport of the
modifier due to the imposed field forces. The thermal molecular motion or Brow-
nian migration on a microscopic scale as well as secondary convective fluxes (mi-
croturbulence or the suspending liquid flux compensating the displacement of the
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modifier) due to the field induced selective transport are not taken into account in
this macroscopic dynamic transport model regardless the fact that jx,y,zm Þ 0 at
anyt $ 0. The lower-case j is used to distinguish the microscopic scale flux from
the macroscopic one J.

The flux Jx,m can be decomposed into two contributions, the effective field
induced convection Jx,m,c, and the dispersive migration Jx,m,d, as mentioned above:

Jx,m,c 5 2Um(cm)cm (3)

Jx,m,d 5 2Dm(cm) }
d
d
c
x
m
} (4)

Jx,m 5 Jx,m,c 1 Jx,m,d 5 2Um(cm)cm 2 Dm(cm) }
d
d
c
x
m
} (5)

where Um (cm ) and Dm (cm ) are the concentration (volume fraction) dependent
transport coefficients (sedimentation velocity and diffusion coefficient, respec-
tively) which must be expressed in units coherent with the concentration. It holds
at the infinite time:

lim
t→1`

Jx,m 5 0 (6)

and such a dynamic quasi-stationary state (equilibrium) is then described by:

2}
U
D

m

m

(
(
c
c

m

m

)
)

} dx 5 }
c
1
m
} dcm (7)

The position dependent driving force, Fi (x), generates the macroscopic transport
of the focused species i with the position dependent velocity, Ui (x). An effective
property gradient of the complex fluid (the density gradient in the case of isopyc-
nic focusing) is either created coincidentally with the focusing processes or pre-
formed beforehand. The dispersive processes act against the formation of the den-
sity gradient as well as against the focusing transport until the steady-state is
reached. The density gradient forming and the focusing fluxes can be described as
two independent processes. This is justified by the fact that the evolution of the fo-
cusing processes is faster than a simple settling of the transported species12. The
total flux in the direction of the x-axis, Jx, is the sum of the flux of the density mod-
ifier, Jx,m, and of the flux of the focused species, Jx,f:

Jx 5 Jx,m 1 Jx,ƒ (8)

As mentioned above, the total macroscopic fluxes in the direction of the y
and z axes are zero which allows to simplify the notation by removing the sub-
script x for all corresponding variables. The velocity of the sedimenting species,
Um , is a negative magnitude with regard to the above defined coordinate system
while the focusing force Fi (x) and, consequently, the velocity of the focused
species, Ui (x), in the direction of the x-axis must be position dependent, converg-
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ing, changing the sign at xi,max, and vanish at this focusing point:

Fi(x) 5 ƒ(x) Ui(x) 5 ƒ(x) within 0 , x , h

Fi(x) 5 0 and Ui(x) 5 0 for x 5 xi,max, 0 , xi,max , h

Fi(x) . 0 and Ui(x) . 0 for x , xi,max, (9)

Fi(x) , 0 and Ui(x) , 0 for x . xi,max,

where h is the distance between the accumulation and depletion walls which cor-
responds to the height of the column of fluid in the sedimentation cell. The xi,max

corresponds to the position at which the concentration distribution of the i-th fo-
cused species reaches its maximal value. When neglecting, as a first approxima-
tion, the dependence of the transport coefficients on the concentration, the Jm and
Jf fluxes can be written as:

Jm 5 2Dm }
­

­

c
x
m
} 2 Umcm (10)

Ji 5 2Di }
­

­

c
x
i

} 1 Ui(x)ci (11)

where Dm , Di , are the diffusion coefficients and cm, ci, are the concentrations of
the density modifier and of the i-th focused species, respectively, expressed in co-
herent units. The total flux of all focused species is:

Jƒ 5 ∑
n

i51
Ji (12)

It holds at the dynamic equilibrium on a macroscopic scale:

J 5 }
­
­
c
t
} 5 0 (13)

For Jm50, the solution of the eqn.(10) is:

cm(x) 5 cm(0) exp(2xUm/Dm) with cm(0) 5 c(xm,max) (14)

The exponential concentration distribution, eqn.(14), was already derived by Ein-
stein13 and verified experimentally by Perrin14. It holds for the average concen-
tration, cm,ave:

cm,ave 5 5 cm(0) }
h
D
U

m

m
} (1 2 exp(hUm/Dm)) (15)

The substitution into the eqn.14 leads to:

cm(x) 5 exp(2xUm/Dm) (16)
cm,avehUm

}}}
Dm (1 2 exp(2hUm/Dm))

Eh

0
cm(x)dx

}}

Eh

0
dx
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The focusing driving force Fi(x) can be written as:

Fi(x) 5 Ui(x)ƒi (17)

where fi is the friction coefficient:

ƒi 5 }
k
D
T
i

} (18)

k is Boltzmann constant and T is the absolute temperature. Then it holds:

}
­

­

c
x
i

} 5 2}
Fi

k
(x
T
)ci
} 5 2}

Ui

D
(x

i

)ci
} (19)

The eqn.(16) can be rewritten in terms of the densities instead of concentrations:

r(x) 5 rl 1 exp(2xUm/Dm) (20)

where Dr m5 r m - r l, r l is the density of the dispersing liquid, and f m,ave is the
average volume fraction of the density modifier particles. The focusing force act-
ing on a single focused species is:

Fi(x) 5 (r(x) 2 ri)vig (21)

where vi is the volume of one focused macromolecule or particle and g is the grav-
itational or centrifugal acceleration. The solution of the eqn.(19) is5,7:

ci(x) 5 ci(xi,max) exp 523 4
(22)

3 3exp(2xUm/Dm) 2 exp(2xi,maxUm /Dm ) 11 1 }
Um(xi,

D
ma

m

x 2 x)
}246

The eqn.(22) describes, in principle, the probability that a single focused
particle of the volume vi (whose density corresponds to the density of the liquid at
the position xi,max within the density gradient) appears at a given position x. Or, in
a practical sense, it describes the steady-state concentration distribution of the fo-
cused species i superposed over the established density gradient5,7. An accurate
application of the eqn.(22) is conditioned by the physical limits which cannot be
overcome. The high value of the centrifugal acceleration and/or the extremely low
(theoretically calculated) diffusion coefficient of the large size density gradient
forming species can result in excessively high values of the ratio Um /Dm. In such
a case, the theoretically calculated cm (0) can reach physically impossible high val-
ues. From the experimental point of view, such a situation can result in the for-
mation of a compact cake at the bottom of the sedimentation cell. The second
complication is that the transport coefficients Um and Dm can be dependent on the

vigfm,aveDrmh
}}}
kT(1 2 exp(2hUm /Dm))

fm,aveDrmhUm
}}}
Dm(1 2 exp(2hUm/Dm))
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concentration as mentioned above due to the increased importance of all kind of
interactions between the sedimenting species at high concentrations. This problem
was already studied by Batchelor15, Clercx and Schram16, and the authors cited
therein. We have shown recently17,18 that the electrostatic repulsions are largely
dominating over the hydrodynamic interactions in the investigated systems, rep-
resenting the most typical cases.

As concerns the focused species, we consider them, in a first approximation,
as the isolated spheres (surrounded only by the modifier species) not interacting
with each other and not interacting specifically with the modifier species. This as-
sumption will be reconsidered later when developing the kinetic model. The dy-
namic transport model does not require to consider the specific interactions of the
focused species.

The dynamic transport model predicts the focusing with no a priori imposed
size ratio sp of the focused to the density gradient forming species. A detailed
computer simulation of the effect of operational variables on the width and shape
of the focused zone was performed and described in our previous paper7. The most
important conclusions of this simulation are as follows:

1. The focused zones are larger for lower accelerations mainly due to the
weaker density gradient.

2. The width of the focused zone increases with the decreasing steepness
of the density gradient.

3. When the initial suspension of the modifier species is less concentrated,
the established density gradient is weaker and the focused zones are
larger again.

4. The density gradient is weaker for lower h values and, consequently,
the zones are relatively larger when the zone width is expressed in terms
of the dimensionless x /h-coordinate.

5. The simulation of the focusing phenomenon in bidisperse suspension of
the colloidal particles of the low size ratio s p indicated that the focused
zones became progressively larger when the size ratio decreased but the
focusing phenomenon completely disappeared only when this ratio ap-
proached to 1.

All these predictions result directly from the eqn.(22). They were partly verified
by the focusing of the polyaniline nanosize particles in a density gradient formed
by colloidal silica particles suspended in water, by applying the centrifugal field
forces6 or a combination of the electric and natural gravitational fields9. The size
ratio s p of the polyaniline to silica particles was low. The results of a more de-
tailed investigation of the validity of the previous theoretical predictions and the
extension of the computer simulation are described in this paper.
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Kinetic Model

The initial conditions in this microscopic (or mesoscopic, i.e., on particle
size scale) approach are the same as in the case of the dynamic transport model.
The system is a two component complex fluid consisting of uniform size and mass
colloidal particles dispersed in a homogeneous liquid enclosed between two par-
allel plates. The equilibrium concentration distribution of the density modifier is
established due to the action of the external (e.g., centrifugal) field forces. The mi-
croscopic fluctuations of the local volume fraction are due to the dynamic charac-
ter of the equilibrium which is permanently perturbed by the Brownian movement
resulting from the thermal molecular motion. The focused species behave as indi-
vidual spheres surrounded by the density modifier particles and by the molecules
of the suspending liquid.

The modifier particles exert frequent collisions with the focused particles
providing that the volume fraction of the modifier particles is high enough with
respect to the focused ones. The j-th modifier particle entering into the collision
with a focused particle during a period of time between t and t1t acts on the fo-
cused particle with a force Fi,j. The average force acting on the focused particle
during the period t is given by:

kFi,jl 5 }
1
t

} Et1t

t
Fi,jdt (23)

On the other hand, the focused particle reacts towards the j-th interacting modifier
particle by an opposite force Fm,j of the same magnitude:

Fm,j 5 mm }
d
d
u
t
m

} 5 2Fi,j (24)

where mm is the mass and um is the velocity of the modifier particle in the moment
of the collision. By substituting into eqn. (23) we obtain:

kFi,jl 5 2 }
1
t

} Et1t

t
mm }

d
d
u
t
m

} dt (25)

and:

kFi,jl 5 }
1
t

} (mmum,imp 2 mmum,reb) (26)

where um,imp and um,reb are the velocities of the modifier particle before the impact
and after the rebound, respectively. The sum of the collisions of all interacting
modifier particles during the time t gives the overall force:

∑
n

j51
kFi,jl 5 }

1
t

} 1∑
n

j51
mmum,imp 2 ∑

n

j51
mmum,reb2 (27)
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It holds for a large number of the modifier particles at the dynamic equilibrium
that the total momentum is zero and, therefore:

∑
n

j51
mmum,imp 5 2∑

n

j51
mmum,reb (28)

The eqn. (27) can be rewritten to obtain:

Fi 5 ∑
n

j51
kFi,jl 5 }

2
t

} ∑
n

j51
mmum (29)

where Fi is the resulting force acting on the focused particle at the dynamic
equilibrium.

By defining the pressure P i as the force per unit area s of the surface of the
focused spherical particle (see Fig.1), it holds:

Pi 5 }
t
2
s
} ∑

n

j51
mmum (30)

During the time t , the modifier particles travel, in average, the distance kum,jlt. It
means, that the fraction Xnm kum,jlt of all modifier particles whose number in unit
volume element is nm generates the pressure P i:

Pi 5 2Xnmmmkum,jl2 (31)

where the X represents a fraction of the x-axis components of all trajectories of the
moving modifier particles, s is already equal to one. The eqn.(31) is an analogy
of the Clausius’ kinetic theory equation for the gas pressure for which X51/6 and
the P i has the physical meaning of the partial osmotic pressure of the modifier
particles. The right hand side of the eqn.(31) represents the kinetic energy of the
translational movement of the concerned particles (molecules). It can be rewritten
as:

Pi 5 nmkT (32)

The number of the modifier particles nm in unit volume element varies with the
position xdue to the action of the primary (gravitational, centrifugal, or other) ex-
ternal field. The equilibrium distribution nm(x) results in a partial osmotic pressure
gradient:

}
d
d
P

x
l

} 5 kT }
­n

­
m

x
(x)
} (33)

The eqn.(33) implies that if, e.g., the nm(x) is a linear function of x, such as:

nm(x) 5 C1 1 C2x (34)
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C1 and C2 being the constants, the gradient of the partial osmotic pressure is:

}
d
d
P

x
i

} 5 kTC2 (35)

Such a gradient produces constant unidirectional force which has to be compen-
sated to satisfy the above mentioned dynamic equilibrium:

Fi 5 kTnm(x) 2 Fe (36)

Here, Fe is a compensating force generated by the primary or secondary external
field. Whenever Fe50 and no other force is effective, the focused particles are
displaced in the direction of the x-axis at the extreme limit of the system without
exhibiting a focusing phenomenon. On the other hand, the counteracting forces Fi

and Fe represent potential focusing force but, as demonstrated above, the focusing
can appear only under conditions imposed by the eqns.(9). It means that constant
gradient of the partial osmotic pressure, eqns.(34) and (35) cannot, in principle,
generate the focusing phenomenon in the absence of other x-axis dependent driv-
ing force.

Hyphenated Dynamic-Kinetic Model

We have already shown5,19 that although the constancy of the density (or os-
motic pressure) gradient within the range of the focused zone in isopycnic focus-
ing is often assumed, it is not physically substantiated and the Gaussian distribu-
tion resulting from the calculations does not approximate well the concentration
distribution of the focused species compared with the accurate distribution func-
tion given by the eqn.(22). Moreover, the eqns.(9) and (33) to (36) demonstrate
clearly that the appearance of the focusing phenomenon under the conditions of
constant gradient of the partial osmotic pressure alone is impossible. On the other
hand, the use of the physically substantiated eqn.(16) to describe the concentra-
tion distribution of the modifier particles in eqn.(36) leads to the relationship:

Fi(x) 5 kTnm(x) 2 Fe (37)

in which the driving force Fl (x) varies with the x-coordinate because the substitu-
tion for nm (x) from the eqn.(16) into the eqn.(33), after the corresponding trans-
formation of the variables cm (x) into nm (x), does not result into a constant value
of the partial osmotic pressure gradient. The conditions imposed by a series of
eqns.(9) for the focusing phenomena to appear are thus respected. For example, a
spherical particle of the radius ri situated at the position xi (see Fig.1) exerts the
action of the internal force:

Fi,s(x) 5 2pri 3E
xi

xi2ri

(Pi(x))dx 2 Exi1ri

xi

(Pi(x))dx4 (38)
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which is the difference between the integral osmotic pressures on the surface pro-
jections of the low and high (with respect to the horizontal plane at xi,max) hemi-
spheres. The substitution of the concentration distribution of the modifier particles
for the osmotic pressure distribution in eqn.(38) gives:

Fi,s(x) 5 2prikT 3E
xi

xi2ri

(nm(x))dx 2 Exi1ri

xi

(nm(x))dx4 (39)

The resulting focusing force F
'

i can be composed of three main contributing
forces, namely the internal “lift” force Fi(x), the volume force Fo generated by the
primary external field due to the bulk perichoric property of the suspending liquid
(such as the Archimedes force), and the force Fe due to the secondary external
field, according to:

F
'

i(x) 5 Fi(x) 2 Fe 1 Fo (40)

As a result, a simple action of the secondary field force is not sufficient to
produce the focusing effect. At least one of the above specified contributing forces
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Figure 1. Schematic representation of the interactions of the colloidal density modifier
particles forming the concentration (density) gradient in the direction of the x-coordinate
with the focused particle of a larger but commesurable size.
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must be position dependent. In principle, each of the three forces can be a func-
tion of the position in the direction of the x-axis.

As concerns the particular case of the “isopycnic” focusing, the force Fo,
which is due to either gravitational or centrifugal field, can be considered as inde-
pendent on the position in the direction of the x-axis due to the low compressibil-
ity of simple liquids. Nevertheless, whenever the strength of the primary (cen-
trifugal) field is high, the variation of the Fo (x) as a function of the x-coordinate
cannot be neglected

The force Fe can also vary with the x-coordinate although its constant mag-
nitude throughout the whole system is the most probable and frequent case, espe-
cially in “isopycnic” focusing.

On the other hand, the eqn.(40) shows that even if the volume force Fo is zero,
the focusing phenomenon can appear as well, e.g., when both modifier and focused
particles migrate due to the action of the external electric field under the micro-
gravity or isodensity conditions. The focusing in such a case will be due to, exclu-
sively, the existence of the osmotic pressure gradient coupled with the constant
strength field. While the osmotic pressure gradient appears only as a contributing
factor on a microscopic scale in macroscopic “isopycnic” focusing, it becomes the
principal driving force under the isodensity conditions. Correspondingly, the fo-
cusing phenomenon can rigorously be called the osmotic pressure gradient focus-
ing (OPGF) or, by sacrificing the rigor (which is already the case of the term “isopy-
cnic” focusing), simply the iso-osmotic focusing.

Although the kinetic model developed here seems not to be very compli-
cated, the mesoscopic and microscopic collision mechanisms concerning the
modifier and focused species can be quite complex. In many cases, the long range
interactions (e.g., the electrostatic repulsions) and, consequently, very “elastic”
collisions among the modifier and focused species will be effective instead of
“true and hard body-body” collisions. Moreover, the electrostatic interactions can
lead to the formation of the organized structures of the type of liquid crystals with
the consequence such as the “structuring” of the thermodynamic and kinetic equi-
librium conditions.

Regardless these potential complications, the presented kinetic model al-
lows a deep insight into the microscopic scale interactions among the active com-
ponents participating on the “isopycnic” focusing processes. It complements our
former dynamic model theory by giving the accurate physical meaning to the be-
haviors discovered previously by the computer modelling and confirmed partially
by the experiments, mainly as concerns the effect of the modifier and focused par-
ticle sizes ratio s p on the width of the focused zone.

EXPERIMENTAL

The experiments were carried out to check the theoretical approach. Some
of the experiments were already performed and their results published, neverthe-
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less, the material used and the methodology applied in this work were improved
further to achieve the highest accuracy and precision possible recently.

Materials

Commercial product Percoll (Pharmacia Fine Chemicals AB, Sweden),
consisting of colloidal silica particles coated with poly(N-vinyl pyrrolidone)
(PVP) and suspended in water was used as the density gradient forming liquid.
The original product having the density of 1.128 g/ml was diluted with deionized
water or with NaCl solutions to obtain the suitable density gradient forming liq-
uids with the known concentrations of NaCl.

Each density gradient forming liquid was treated in an ultrasonic bath to de-
stroy the casual aggregates of the silica particles. The size distributions of the par-
ticles in suspension were controlled by the quasi-elastic laser light scattering mea-
surements by using model Zetamaster (Malvern Instruments, Ltd., Malvern,
Worcestershire, U. K.) apparatus. No aggregate formation was detected in ultra-
sonically treated Percoll based liquids.

Ultra-narrow particle size distribution (PSD) composite particles of
polyaniline-polyvinylalcohol (PANI-PVA) and poly(m-toluidine)-polyvinylalco-
hol (PMTD-PVA) of various average sizes were prepared especially for this pur-
pose. Their careful synthesis and detailed characterization were subject of the sep-
arate studies whose results were published recently20,21. The PSDs of all samples
were measured by the quasi-elastic laser light scattering mentioned above. As
concerns these measurements, the special precautions were adopted and a com-
plete characterization of the samples was performed by using other methods such
as the viscometry, scanning electron microscopy (SEM), and centrifugation. All
these results are published recently21. Here we present in Fig.2 just the PSDs of
the silica particles, PANI-PVA and PMTD-PVA composite particles, and, for the
comparison, of the commercially available uniform polystyrene microspheres.
The Fig.3 shows the SEM picture of the PANI-PVA composite particles demon-
strating their spherical form.

Density marker beads, Pharmacia Fine Chemicals AB (Sweden), which are
the colored cross-linked dextran particles with defined buoyant densities were
used to determine experimentally the shape of the established quasi-equilibrium
density gradients. The densities of the marker beads vary slightly with the ionic
strength22. The manufacturer’s buoyant density values of the marker beads can be
used only for Percoll solutions diluted with 0.15 M NaCl water solutions. As our
solutions of Percoll of given densities were prepared by diluting with deionized
water or with NaCl solutions of different concentration, the true buoyant densities
were determined experimentally. The detailed experimental data as well as the de-
scription of the technique of determination of the buoyant densities of density
marker beads are given in our recent paper17.
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Figure 2. Particle size distributions of some of the applied colloidal particles of the
polyaniline, poly(m-toluidine), polystyrene, and silica. The average particle diameter of
each represented sample is given in nm.

Figure 3. Scanning electron microscopy of the PANI-PVA sample of the average parti-
cle size of 443 nm, measured by the quasi-elastic light scattering.
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Apparatuses for Thin Layer Isoperichoric Focusing

The centrifugation focusing experiments were performed in a closed glass
cell of rectangular cross-section at constant g51.962x105 cm sec22 (200 G). All
experiments were carried out at 25°C. The macrophotographs of the steady-state
focused zones of the colored PANI-PVP particles in the transparent and colorless
silica-PVP suspension were taken by using a standard camera and a black and
white film. The image was computer processed by using a suitable software to ob-
tain the experimental concentration distribution of the focused species. More ex-
perimental details can be found in our preliminary communication6.

Thin layer isoperichoric focusing (TLIF) in electrical field was carried out
by using a simple apparatus described in our previous papers9,23. The closed rect-
angular cross-section 10x10 mm in size TLIF cells made of polystyrene were
used. The distance of 10 mm between the electrodes determined the height of the
liquid in the cell. The regulated electric power was supplied from a battery
equipped with a potentiometer and a voltmeter. The pictures of the focused zones
were taken as in the centrifugation experiments.

Image Processing

The PANI-PVA and PMTD-PVA are green or blue particles whose color
varies with the pH while the silica-PVP suspension is transparent light-yellow
liquid. The amount of the colored particles in the initial mixture with Percoll for
the focusing experiments was adjusted to obtain the optimal distribution of the
color intensity within the focused zone and, consequently, the highest possible
precision of the numerical readouts. The concentrations of the particles lay
within the range of the linear relationship between the concentration and ab-
sorption. This relationship was determined by a calibration with a series of im-
ages of the homogeneous particle suspensions at different concentrations. The
experimental concentration distributions within the focused zones were deter-
mined by using the scanned macrophotographs. The digitized images were
transformed into the grayscale readouts by a suitable computer processing. The
maximal values of the grayscale readouts corresponded to the volume fraction
f 51.75x1025 of the colored particles.

A standard camera and a black and white film were chosen to take the orig-
inal pictures because of their higher optical resolution compared with the numer-
ical cameras. A yellow filter with a sharp cut-off at 500 nm was used with respect
to the absorption spectra of the colored particles and silica-PVP modifier particles.
The ratio of the PANI-PVA or PMTD-PVA to the silica-PVP absorbances for the
above mentioned volume fraction is 20 or higher at 500 nm and rapidly increases
with the wavelength. The use of the reflected polychromatic flash allowed to take

262 JANČA AND GOSPODINOVA

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
3
0
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



the pictures under suitable conditions. The experimental details were published
previously7.

RESULTS AND DISCUSSION

Various effective fields, gradients, and their combinations can, in principle,
be applied to generate the focusing effect24. The isopycnic focusing is usually due
to the action of the gravitational or centrifugal forces in a density gradient formed
by the same, primary field. Either the primary field forces establishing the isoperi-
choric gradient in a complex fluid, or the secondary field forces of different nature
coupled with the established gradient can lead to the focusing effect. In this work,
the inertial centrifugal or the electrical field forces were applied to generate the
density gradient in suspended silica-PVP particles and the focusing of PANI-PVA
or PMTD-PVA particles.

Our parallel investigations17,18 dealt with the transport phenomena under-
lying the isoperichoric focusing, starting from the kinetics of the transient state
to the dynamic equilibrium. The results of these studies allowed to define the
operational conditions under which the experiments presented in this work had
to be carried out to obtain the accurate results. The equilibrium density gradient
established under various operational conditions as well as the kinetic data de-
scribing the transient period between the initial uniform distribution of the gra-
dient forming colloidal particles and the equilibrium state allowed to determine
the effective ratio of the sedimentation velocity to the diffusion coefficient of the
modifier particles by applying the methodology described in previous pa-
pers17,18. This ratio is necessary for the calculation of the concentration distri-
bution of the focused particles.

Computer Simulation

The dynamic transport model resulting in eqn.(22) was used previously7 to
calculate ci(x ) functions for various input parameters. The intention was to
demonstrate their effect on the resulting shape of the concentration distribution of
the focused species. Although it is not useful to reproduce all previous calcula-
tions here, the results of the computer modeling of the effect of the size ratio sp of
the modifier to the focused particles is shown in Fig.4 in order to compare further
the results of the experiments with those following from the theory. The constant
input data for the calculations were: the diameter of the density gradient modifier
particles dm530 nm, the density difference Dr m51 g cm23, the centrifugal ac-
celeration g59.81x104 cm sec22 (100 G), the average volume fraction
f mave50.1, the height of the column of liquid, h51 mm, and the ratio sp of par-
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264 JANČA AND GOSPODINOVA

Figure 4. Concentration distributions of the focused particles calculated theoretically
from the eqn.(22) for two different positions xi,max in the established density gradient r
(x/w) and for different focused to modifier particle size ratios sp. (a) sp510; (b) s p53; (c)
s p51.
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ticle diameters of the modifier to the focused species, 30, 10, and 1. The acceler-
ation g is expressed explicitly in the first exponential term of the eqn.(22) but im-
plicitly is comprised in the Um /Dm ratio. The densities of the two different focused
particles are determined by the dimensionless positions ximax /h50.3 and 0.7 of the
maximal concentrations ci (ximax). These input data represent typical experiments
and are close to the real conditions used in the following experiments.

The upper curves in Fig.4 a,b,c demonstrate the shape of the density gradi-
ent r (x /w) versus the dimensionless coordinate x /w, the lower curves are the nor-
malized concentration distributions, ci (x )/ci (ximax), of two different densities but
uniform size focused particles. The focused zones are very narrow for the particle
size ratio sp530 and become larger as this ratio decreases. The focusing phe-
nomenon practically disappears and the zones are largely dispersed for the size ra-
tio 1. Further decrease of the size ratio of the focused to the modifier particles
makes the focusing completely vanish, independently of the imposed size ratio
value below 1. A weak tendency to display the focusing which can be seen in Fig.4
c for the size ratio sp 51 is probably due to the inherent precision of the numeri-
cal calculus.

Concentration Distribution of the Modifier Particles

The concentration distribution of the modifier particles (the density gradi-
ent) is one of the factors determining the width of the focused zones. As the sil-
ica-PVP modifier particles are charged, the steepness of the density gradient does
not depend on the strenght of the centrifugal field only but also on the concentra-
tion of the ions in solution. As the ionic force increases, the electrostatic charges
of the modifier particles are screened, the particle-particle electrostatic repulsions
are weaker and, consequently, the equilibrium density gradient is steeper17. The
effect of the ionic and non-ionic solutes on the equilibrium concentration distri-
bution of the silica-PVP particles was studied in detail just recently17 as well as
the repeatability of the established equilibrium distributions. The main conclu-
sions following from these previous investigations which are relevant with respect
to this study are:

-The NaCl ions influence the electrostatic repulsions and/or the effective
hydrodynamic volume of the silica-PVP up to the concentration of 50
mM/l. Further increase of the NaCl concentration has no effect. As a re-
sult, the concentration of the NaCl can be used as a factor moderating the
steepness of the equilibrium density gradient without changing the
strenght of the centrifugal field forces.
-The investigated non-ionic solute (saccharose) had no effect on the
equilibrium concentration distribution of the modifier particles even at
the concentration as high as 390 mM/l. The only effect is the change of
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the average density of the suspending liquid which must be taken into ac-
count. This is a very important finding because the PANI-PVA and
PMTD-PVA particles could contain an excess of the non-ionic free PVA
chains and aggregates21. As the volume fraction of the PANI-PVA or
PMTD-PVA particles in focusing experiments is very low, it is evident
that the concentration of the casual PVA chains and aggregates cannot
have any detectable effect.
-The repeatability of the equilibrium density gradients as well as of the
kinetics of the transient state was found very good under condition that
the silica-PVP suspensions were kept closed to avoid the absorption of
the aerial CO2 which modifies the pH of the suspensions and, conse-
quently, the z-potential of the modifier particles.

The first centrifugation experiments were thus aimed to determine the equi-
librium distribution of the modifier silica-PVP particles and the time necessary to
attain this equilibrium. Three different density marker beads added to the modi-
fier suspension were used as the markers of the evolution of the density gradient
until their steady-state equilibrium positions according to the technique proposed
previously18. The results are demonstrated in Fig.5. The Fig.5a shows the evolu-
tion of the density gradient in the suspension without the addition of the NaCl
while the Fig.5b shows the result obtained in a suspension of the same volume
fraction f 50.0594 but containing 50 mM/l NaCl. The density gradient formed
in suspension with NaCl is steeper and the equilibrium is attained faster. The
Fig.5c, concerning another centrifugation experiment carried out without the
NaCl, shows very good repeatability of the evolution and of the steady-state den-
sity gradient. In this case, seven different densities marker beads were used. The
Fig.5c demonstrates also the technique of the measurement of their equilibrium
positions by computer processing of the scanned macrophotograph.

The (Um /Dm )eff values were calculated from the eqns.(16) or (20) by using
the non-linear regression to fit the experimental data: the equilibrium positions
and densities of the density marker beads. Thus the (Um /Dm )eff50.4178 cm21 and
(Um /Dm )eff52.433 cm21 values were obtained for the suspension without the
NaCl and containing 50 mM/l NaCl, respectively.

Focusing Experiments

Based on our previous experience17,18, the centrifugation focusing experi-
ments were carried out under carefully chosen conditions, the centrifugal acceler-
ation g51.962x103 cm sec22 (200 G), the average volume fraction of the silica-
PVP suspension fm,ave50.0594, the height of the column of liquid in TLIF cell
h520 mm, the concentrations of the NaCl in density gradient forming liquids
cNaCl50 and 50 mM/l. The effect of the size ratio s p of the modifier to the fo-
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Figure 5. Evolution of the positions of the density marker beads (DMB) as a function of
the centrifugation time. (a) Density gradient forming silica-PVP suspension without NaCl.
(b) Density gradient forming silica-PVP suspension containing 50 mM/l NaCl. (c) The
same experiment as in (a) but with seven DMB (I) and showing the picture (II) taken at
167 hours (see (I)) and the concentration distribution of all focused zones obtained by the
image processing (III). The densities (g/ml) of the DMB are given for each experiment.
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cused particles and the effect of the steepness of the density gradient on the width
of the focused zone at equilibrium were studied with the use of four PANI-PVA
samples of the average particle sizes of 231, 239, 443, and 451 nm and in two sil-
ica-PVP suspensions of the identical initial volume fraction f 50.0594 but con-
taining NaCl at two different concentrations of 0 and 50 mM/l. The results are
shown in Figs.6 and 7 where the evolution of the focused zones is demonstrated
at different stages of the centrifugation. The intermediate conclusions following
from the qualitative evaluation of the results in Figs.6 and 7 are:

-As concerns the focusing in density gradient forming liquid without the
NaCl, (Fig.6), the width of the zones decreases progressively during the
centrifugation to become stable in equilibrium which is reached at the
time determined as mentioned above.
-The PANI-PVA particles of smaller average size of 231 nm (s p510)
exhibit much broader steady-state zone (Fig.6a) compared with larger
particles (Fig.6b) of the average size of 443 nm (sp519). A small differ-
ence in relative polydispersities of these samples cannot explain the ob-
served differences in the zone widths. In other words, this finding con-
firms the theoretical predictions resulting from the dynamic transport
model.
-The evolution of the focused zones in density gradient forming liquid
containing 50 mM/l NaCl shown in Fig.7 results in narrower zone in the
case of smaller average particle size (Fig.7a) of 239 nm (sp510) of
PANI-PVA as well as of larger particles (Fig.7b) of the average size of
451 nm (sp520) compared with the corresponding experiments without
the NaCl in Fig.6. This also confirms the prediction concerning the effect
of the steepness of the density gradient.
-Although the difference (Fig.7) in the widths of the focused zones of
smaller (239 nm) and larger (451 nm) particle size samples is not so big
as in the case without the addition of NaCl, still the result confirms the
theory. Moreover, the observed difference is partly reduced by the fact
that the relative polydispersity of smaller size sample was significantly
lower than that of larger size one.

We observed the formation of the secondary zones in focusing experiment
with density gradient forming liquids containing the NaCl and in a lesser extent in
experiments without the NaCl. These secondary zones can clearly be seen espe-
cially in Fig.7. They appear and their positions go up during the centrifugation and
remain stabilized when the equilibrium is attained. These secondary zones are un-
colored and look like a liquid of different refractive index compared to the bulk
liquid. We have taken few microlitres of the samples from the TLIF cell at differ-
ent positions when the focusing experiments were finished and measured the PSD
and average particle size of the micro-samples. The results are shown in Fig.8, to-
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Figure 6. Evolution of the focused zones as a function of time of the PANI-PVA in den-
sity gradient forming silica-PVP suspension without the NaCl. Average particle diameter
of the PANI-PVA: (a) 231 nm; (b) 443 nm.
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Figure 7. Evolution of the focused zones as a function of time of the PANI-PVA in den-
sity gradient forming silica-PVP suspension containing 50 mM/l NaCl. Average particle di-
ameter of the PANI-PVA: (a) 239 nm; (b) 451 nm. *Secondary zones (see the text).
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gether with the macrophotographs of the TLIF cell with the focused zones and
secondary zones under equilibrium conditions. Although the secondary zones
were uncolored, the intensity of the black on the pictures is almost comparable
with that of the focused zones. This is due to an intesive light scattering caused by
these secondary zones.
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Figure 8. Particle size distributions measured by the quasi-elastic light scattering of the
microsamples taken from the focused zones, secondary zones, zones neighborhood and
bulk density gradient liquid. Focusing experiment with PANI-PVA samples of the average
diameter: (a) 239 nm; (b) 451 nm.
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The QELS measurements in Fig.8 show that, with the exception of the mi-
crosamples taken directly from the focused zones, the average particle size of
other microsamples taken at different levels varies only slightly with the sampling
position and corresponds approximately to the average particle size of silica-PVP.
The average particle sizes of the microsamples taken from the focused zones are
close to the average particle sizes of the concerned PANI-PVA samples (239 nm
and 451 nm). The secondary zones could be some kind of the interfacial bands be-
tween differently organized stuctures of the type of liquid crystals or the transition
regions between organized and non-organized liquid. However, this problem re-
mains unresolved nowadays.

The average volume fractions of the focused particles were f 51.65x1025

in all cases shown in Figs.6 and 7. The maximal volume fraction in the focused
zone is roughly 10 to 20 times higher. Consequently, the minimal average distance
between the focused particles corresponding to the maximal attained volume frac-
tion is of the order of 17 to 10 particle diameters, calculated from:

n 5 !3 }
f§f

m§ax
}§ (41)

where n is a multiple of the average particle size and f max50.78 is the theoreti-
cally attainable maximal volume fraction for compact packing of uniform spheres
in an unlimited space. On the other hand, the average distance of the modifier par-
ticles calculated from the average initial volume fraction is roughly 2.4 particle di-
ameters. As these particles are at least 10 times smaller than the focused particles,
it is reasonable to estimate that some 40 modifier particles, in average, can be in-
terposed in a chaotic array within the mean space between two neighboring fo-
cused particles. As a result, the probability of the extensive interactions between
the focused particles is low.

Regardless the above estimation, we have checked the effect of the volume
fraction of the focused particles by decreasing further the average volume fraction
by a factor 6. Such a dilution is about on the low limit of the accurate evaluation
of the concentration distribution of the focused particles with respect to the inten-
sity of the coloration and the subsequent image processing. The results of the fo-
cusing experiments in the density gradients media without and with the addition
of the 50 mM/l of NaCl are shown in Fig.9. The widths of the focused zones of
PANI-PVA sample of the average particle size of 451 nm are comparable, within
the limits of experimental errors, with those obtained in experiments shown in
Figs.6b and 7b with the only minor differences in the positions and the widths of
the focused zones in Figs.6b and 9a which are due to minor differences in the den-
sities and polydispersities between the PANI-PVA samples of 443 nm and 451 nm
in diameter, respectively.

The last series of the centrifugation experiments was aimed to test the fo-
cusing with chemically different focused particles. The results with the use of
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Figure 9. The equilibrium focused zones of the PANI-PVA sample of the average parti-
cle size of 451 nm in the density gradient forming liquids without the NaCl (a) and con-
taining the NaCl at the concentration of 50 mM/l (b). The initial volume fraction of the
PANI-PVA is 6x lower than in the experiment shown in Figs.6 and 7.
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Figure 10. The equilibrium focused zones of the PMTD-PVA sample of the average par-
ticle size of 468 nm in the density gradient forming liquids without the NaCl (a) and con-
taining the NaCl at the concentration of 50 mM/l (b).
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the PMTD-PVA sample and a commercially available colored polystyrene mi-
crospheres of the average particle sizes of 468 nm and 655 nm, respectively, are
demonstrated in Figs.10 and 11. Once again, the experiments were performed in
density gradient media containing or not the NaCl. The focused zones in all
cases are very narrow, in agreement with the theoretical considerations due to
larger sizes of both tested samples. The narrowing of the zone focused in steeper
density gradient in Fig.10 is evident but it is less pronounced in Fig.11 probably
due to the fact that both zones (in presence and in absence of the NaCl) are al-
ready very narrow.

Comparison of Theoretical Models with Experiments

The centrifugal focusing experiments should allow to verify the conclusions
of the developed models thus checking the correctness of our theoretical ap-
proach. This has been done by comparison of the theoretically calculated concen-
tration distributions of the focused zones with the experimental ones by applying
the eqn.(22). The results are shown in Figs.12 and 13 for which the experiments
already demonstrated in Fig.6a, curve (d) and in Fig.11a, respectively, were used.

The density of the focused species should not be a priori known for the cal-
culations using the eqn.(22), however it is implicitly related to the position of the
maximal concentration xi,max which must be fixed. Thus the first statistical mo-
ments of the experimental concentration distributions were calculated and used as
the xi,max values in corresponding calculations. The theoretical curves were calcu-
lated for hypothetically uniform size focused particles of the same diameter as the
average particle diameter of the actually focused samples (curve (u) in Fig.12) and
for the polydisperse samples (curve (p) in Fig.12) by taking into account the real
PSD measured by the QELS of the corresponding samples.

The result in Fig.12 shows that the polydispersity of the concerned PANI-
PVA sample does not play an important role, both theoretical curves are close
each to other. On the other hand, the experimental concentration distribution
(curve (e) in Fig.12) is even broader than the theoretical one calculated for poly-
disperse sample. The focused zone exhibits a tailing on the side closer to menis-
cus which does not seem to be caused by the PSD of the PANI-PVA sample. Sim-
ilar comparisons were made for other focusing experiments with PANI-PVA and
PMTD-PVA particulate samples, represented in Figs.6, 7, 9, and 10, with qualita-
tively the same results.

The focused zone of the colored polystyrene sample shown in Fig.13a is
narrower due to larger size of this sample, as explained above. Its width lies well
between the curves represented in Figs.13b and 13c, calculated for uniform and
polydisperse particle populations, respectively.

The important difference between the PANI-PVA and PMTD-PVA parti-
cles, on one side, and the colored polystyrene microspheres, on the other, is that
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276 JANČA AND GOSPODINOVA

Figure 11. The equilibrium focused zones of the colored polystyrene sample of the av-
erage particle size of 655 nm in the density gradient forming liquids without the NaCl (a)
and containing the NaCl at the concentration of 50 mM/l (b).
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the first ones are covered by the “soft” PVA shell while the polystyrene particles
can be considered as hard spheres. The flexibility of the PVA chains can allow a
deformation of the soft shell due to the osmotic pressure gradient. This deforma-
tion decreases the chain entropy and creates an entropy gradient25 leading to a dis-
placement of the equilibrium position of the focused particles. The broadening
and the observed tailing of the focused zone could be a natural consequence of
such a behavior.

It must not be forgotten that the modifier particles used throughout the ex-
periments in this work are the PVP covered silica, thus the “soft” spheres. As a re-
sult, the polymer-polymer interactions between the surface layers of the modifier
and focused particles should also be taken into account. Althought the results of
another experimental work26 indicate that the NaCl causes a substantial shrinkage
of the PVA chains and, consequently, the PANI-PVA and PMTD-PVA particles,
undergoing the focusing under such conditions, approach to hard spheres, more
extensive investigation is necessary to elucidate fully the effect of a salt on the ef-
fective behavior of the focused as well as of the modifier particles covered by a
polymer.

Another driving force contributing to a displacement of the equilibrium po-
sition could be due to a reptation phenomenon. Whether or not such a phe-
nomenon could arise under conditions of the focusing might be proved by com-
paring the kinetics of the transient states of the soft and hard particles of identical
nature.
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Figure 12. The comparison of the theoretically calculated equilibrium concentration dis-
tributions of the focused particles with the experimentally measured one (e). The calculated
curves correspond to the uniform size focused particles (u) and to the polydisperse sample
(p) of the same PSD as the real sample. The experimental curve is from the focusing shown
in Fig.6a, curve d.
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278 JANČA AND GOSPODINOVA

Figure 13. The comparison of the theoretically calculated equilibrium concentration dis-
tributions of the focused particles with the experimentally measured one (a). The calculated
curves correspond to the uniform size focused particles (b) and to the polydisperse sample
(c) of the same PSD as the real sample. The experimental curve is from the focusing shown
in Fig.11a.
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On the other hand, in a bidisperse colloidal suspension, such as any sys-
tem exhibiting a focusing phenomenon, there is an attractive force between the
larger focused particles. This force arises due to the entropic excluded-volume
effect27. When the larger particles approach one another, the formerly occupied
volume becomes available to the smaller particles which results in an increase
of the entropy of the system. However, the supplementary experiments are
needed in order to elucidate whether these effects can actually occur in the
studied systems.

Focusing in Coupled Electric and Gravitational Fields

It has been postulated theoretically28 and demonstrated experimentally9,23

that the electric field instead of the centrifugal forces can be applied to form the
density gradient in a suspension of charged colloidal silica particles, and the nat-
ural gravitation could be exploited to focus the uncharged or slightly charged
larger particles. The first experiments23 were carried out to demonstrate the fo-
cusing of the density marker beads whose diameter was 10000x larger than the
diameter of the density gradient forming colloidal silica-PVP particles. The dig-
ital macrophotograph (I) of the six equilibrium focused zones of the density
marker beads is shown in Fig.14a. In this case, it has been supposed that the
dominating mechanism governing the behavior is the simple isopycnic focusing.
This supposition was justified by the above mentioned very high size ratio of the
focused to the density gradient forming modifier particles.

Later on9, the first successful isoperichoric focusing generated by coupling
the weak electric and gravitational fields and applied to the model bidisperse
mixtures of the colloidal PANI-PVA and silica-PVP particles of low size ratio
was described. A representative result of these focusing experiments is shown in
Fig.14a. The macrophotographs of the TLIF cell in Fig.14a show the homoge-
neous concentration distribution of the PANI-PVA before the separation (II) and
the equilibrium focused zone (III). The computer image processing resulted in a
graphical representation of the focused zones of the DMB which is shown in
Fig.14 b and the concentration distribution within the focused zone of the PANI-
PVA particles shown in Fig.14c. The width of the focused zone was compara-
ble with that calculated theoretically9, however, a refinement is necessary from
the experimental as well as the theoretical points of view. The main conclusion
that can be drawn from these experiments is that the isoperichoric focusing
principle exploiting the coupling of the electric and gravitational fields is reli-
able also for the effective separation of the particles whose size is not very
different compared with the size of the density gradient forming colloidal
particles.
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280 JANČA AND GOSPODINOVA

Figure 14. The isoperichoric focusing generated by the coupling of the electric and grav-
itational fields. The macrophotographs (a) of the focused large size density marker beads
(I), of the initial homogeneous bidisperse mixture of the PANI-PVP with the silica-PVP
(II) particles in the TLIF cell and of the equilibrium focused zone (III). The concentration
distribution of the focused zones of the density marker beads (b) and of the PANI-PVP
sample (c).
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CONCLUSION

The new theoretical approach, based on the kinetic model, complements the
formerly proposed dynamic transport model and both models hyphenated allow to
understand more deeply the isoperichoric focusing effect and the accompanying
transport phenomena and describe them on an accurate physical basis even when
descending on a microscopic scale. It has been demonstrated throughout this pa-
per that the theory and experiments fit quite well but we are aware that some re-
finements can still upgrade the present quantitative agreement.

The “isopycnic” focusing has for a longtime been used for the separation
and characterization of the particles and large macromolecular and/or supramolec-
ular structures. An enormous field of its practical applications concerns the parti-
cles of the biological origin such as the viruses, cells and subcellular fragments,
etc. It is estimated that approximately 99 percent of all cell separations are per-
formed in a centrifuge as a part of research experiment23. Certainly not negligible
part of them is carried out by the “isopycnic” focusing even if other centrifugation
methods and techniques are perfectly suited as well, but for other purposes30–33.
As most of these biological species are the “soft” objects, one can imagine that the
relationship between the experimental data from the “isopycnic” focusing separa-
tion and the concerned properties of the investigated matter is not so simple. The
equilibrium positions of the focused zones will not coincide with the isopycnic
layers whenever the particle-particle interactions (modifier-modifier, modifier-fo-
cused species, and focused species-focused species) will dominate the separation
and, consequently, the simplistic mechanism based on a macroscopic model of the
“isopycnic” focusing will no more be applicable.

The principal goal of this work was not “focused” on the analytical method-
ology aspects. As a result, this work does not provide an answer about a single
property of the focused particles which could be drawn from the isoperichoric fo-
cusing experimental data. In this field, quite certainly many questions arose and
extensive investigations are needed to transfer usefully some of the new physico-
chemical viewpoints discussed in this paper into a practical analytical application.

APPENDIX

There is a terminology problem concerning the common use of the term
“dispersion” and the derived terms such as: monodisperse, bidisperse, polydis-
perse. . . species; as well as of the related quasi-synonyms such as: uniform, bi-
component, poly-component. . . etc. Moreover, the “dispersion” in colloid science
is frequently used to denominate a dispersed matter such as a suspension, emul-
sion or even a consolidated porous structure. On the other hand, the term disper-
sion, etc., is used in separation science when dealing with the dispersive transport
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processes driven, in general, by an entropic tendency to disperse (dilute) some
species, concentrated somewhere within a limited space, into the whole available
volume, by the molecular diffusion, Brownian motion, repulsive forces, etc. It is
evident, that other sciences such as mathematics or computer science, etc., prob-
ably use the above terms in a completely different context. It would be a mission
principally impossible and practically useless to try to redefine all these and re-
lated terms having for objective some kind of a unified terminology, independent
of the scientific domain. As a result, we use throughout this paper the terms uni-
form, bidisperse and polydisperse matter when speaking about the size homo-
geneity or heterogeneity of the particulate matter regardless its chemical nature.
When speaking about the transport phenomena and their consequences, we use
systematically the term “dispersive processes”. In order to avoid a confusion, we
never use the term “dispersion” when speaking about a suspension.
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8. J. Janča, N. Caron, and N. Gospodinova, J. Chem. Soc., Faraday Trans.,

1998, 94, 2961.
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18. J. Janča and M. Špáirková, J. Colloid Interface Sci., 1996, 184, 181.
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