
Fabric Rltration is the surest means of removing
Rne particles. EPRI has devised the ‘Compact Hybrid
Particulate Collector’ (COHPAC). This design simply
places a baghouse after an ESP. The ESP removes
much of the particulates, easing the load on the
baghouse, hence reducing maintenance. The bag-
house reduces pollution due to rapping loss, and is
insensitive to changes in fuel.

EPRI has also developed an ‘EPRICON’ process
which can replace conventional chemical condition-
ing of Sy ash from low sulfur coals. In this process,
a portion of the gas stream is diverted to a vanadium
oxide-based catalytic unit, which efRciently converts
SO2 to SO3. Recombination of the treated stream
with the bulk results in the necessary conditioning of
the Sy ash.

See also: Particle Size Separation: Hydrocyclones for
Particle Size Separation; Sieving/Screening.
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Introduction

Field Sow fractionation (FFF) represents a class of
separation techniques, which use a force Reld perpen-
dicular to the direction of separation to control the
longitudinal velocity of particles injected into the
system. It is achieved by particle redistribution in the
Sow with a parabolic velocity proRle due to the ac-
tion of a transverse force. This transverse force may
be due to an electric Reld, a centrifugal or gravity
Reld, etc. In electric FFF (ElFFF), the transverse move-
ment of the particles is caused by an electric Reld.
The transverse particle velocity, U, is deRned by

the expression:

U"b ) E [1]

where b is the particle electrophoretic velocity, and
E is the electric Reld strength in the channel interior,
which is available both for the particles and the Sow
of the carrier liquid. The particle electrophoretic mo-
bility is related to the particle electrokinetic potential
(zeta-potential):

b" ��
4��

f �
R
�� [2]

where � is the dielectric constant of the carrier liquid,
� is the carrier liquid viscosity, � is the particle elec-
trokinetic potential, R is the particle diameter,
and � is the Debye length characterizing the screening
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of the electrostatic interaction in an electrolyte.
f (R/�) is a function changing monotonously from
1 for particles of R�� to 1.5 for small particles, when
the zeta-potentials are small. For higher zeta-
potentials, this function approaches a minimum of
less than one. Thus, the particle electrokinetic poten-
tial and electrophoretic mobility represent the para-
meters slowly changing with the particle size and
depending mainly on the surface properties of the
particle. For small objects like macromolecules and
low-molecular-weight ions, the theory of the elec-
trophoretic mobility is absent.

For the characteristic relaxation time, the Boltz-
mann transverse particle distribution is established
in the system by forcing injected particles toward
the wall of the channel and their thermal (diffusion)
motion. In ElFFF (reported as the method for protein
separation), particles of the same size with higher
electrophoretic mobility or zeta-potential will accu-
mulate more closely to the wall, while particles of
lower zeta-potential will form a more diffuse layer
that extends further into the Sow of the carrier liquid.
Proteins still represent most of the ElFFF sample
materials. For particles with about the same zeta-
potential, the thickness of this layer may also be
different, if the particles have different diffusion
coefRcients, D. Particles with higher diffusion
coefRcient (i.e., with smaller size) will accumulate
in a more extensive layer due to more intensive ther-
mal movement. Zeta-potential is an important para-
meter interrelated to the particle surface charge den-
sity, and characterizing the particle surface properties
and the possible exchange of substances between the
particle and the surrounding liquid, e.g. in cellular
processes, including transport through cell mem-
branes, antigen}antibody interactions, and hormonal
control.

ElFFF is carried out in a thin channel of rectangular
cross-section with the width to thickness ratio (aspect
ratio) about 100 (thickness about 10}100 microns). It
allows the separation to approximate to a laminar
liquid Sow between inRnite parallel plates, which is
characterized by a parabolic velocity proRle, where
the Suid velocity at the channel walls is zero and
reaches a maximum in the centre of the channel.
Thus, if a group of particles maintain an average
distance from the wall different from another group
of particles, their velocities along the channel will be
different and they will leave the channel at different
times, related to the particle zeta-potential and size,
which deRnes the particle diffusion coefRcient. In FFF
systems, the same types of Relds are used as in the
so-called ‘direct Reld methods’ (centrifugation, elec-
trophoresis, etc.), but there is no requirement of com-
plete fraction resolution in the Reld direction, and

Reld strengths may be lower. In principle, all mixtures
separated by direct electrophoresis may be effectively
analysed by ElFFF, if they have a size large enough to
form a layer of thickness smaller than the channel
thickness, even when its electrophoretic mobility is
too small for electrophoretic analysis. FFF systems
are elution methods and allow the collection of frac-
tions during a separation. Since the theory of FFF
dynamics is well developed, the separation times for
a given sample can be directly related to the physical
parameter of the particles. This parameter represents
the effective particle charge qH, which deRnes the
thickness of the Boltzmann particle distribution
+exp (qHE ) x/kT) (x is the transverse coordinate in
the channel) in the transverse electric Reld applied to
the ElFFF channel. Using the known Einstein rela-
tionship, this effective particle charge may be deRned
as the ratio of the particle electrophoretic mobility
multiplied by the thermal energy kT, to its diffusion
coefRcient:

qH"kT
b
D

[3]

In principle, this effective charge itself represents
a new separation parameter, which may be used for
particle and macromolecule characterization, if the
theory is developed. This theory should relate the
effective charge and the particle and macromolecule
physicochemical parameter important in speciRc ap-
plications, for example, the surface density of charged
groups raised in dissociation or ion adsorption. In
turn, this effective charge could be used for the elec-
trophoretic mobility or zeta-potential determination,
if the particle diffusion coefRcient is determined inde-
pendently, and the system temperature is known.
Another possibility is to separate particles with the
same surface properties (i.e. zeta-potentials) but dif-
ferent sizes, where the sample selectivity is only due to
the differences in diffusion coefRcient. Of course, the
real applications of ElFFF are deRned by speciRc
experimental conditions, opportunities and advant-
ages rather than by method theory, but, without
a clear physicochemical understanding of macro-
molecule and particle behaviour in ElFFF, the method
applications will be very limited.

A focusing (or hyperlayer) mode of operation using
isoelectric focusing in a pH gradient across the chan-
nel has been reported by a number of authors (see
Further Reading) with a channel of trapezoidal cross
section. However, the latter separation mode loses
the high resolution characteristic for the FFF family
due to high hydrodynamic dispersion interrelated to
the shape of the cross section.
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Limitations of Channel Con\guration
and Construction

Planar electrical FFF systems have been constructed,
where the walls are deRned by membranes permeable
to the carrier liquid but not to the particles to be
separated. In later versions these membranes are sup-
ported by porous or perforated plates. The mem-
branes prevent the loss of the sample while allowing
the passage of an electric current. Platinum wire
electrodes lying outside the channel provide the
transverse electric Reld. The carrier liquid represents a
buffer, and a solution of identical composition is
circulated through the chambers housing the elec-
trodes in order to remove electrolysis products and
reduce electrode polarization. Other conRgurations
such as a hollow Rbre systems and an annular porous
glass channel have been reported. Presently, graphite
or gold-plated glass channel walls are used, which
minimize these effects. In a micro-machined channel
for ElFFF, the electrode walls were of titanium and
gold.

The resolution increases with the effective voltage
drop across the channel, and increasing the applied
voltage will have a positive effect on the resolution.
Unfortunately, ElFFF is mainly carried out in aqueous
solutions, and voltages above 1.7 V applied across the
Suid-wall interface will cause signiRcant electrolysis
and bubble formation. Since the ElFFF system re-
quires a stable Sow velocity proRle, bubbles cause
serious Sow disturbances, and electrolysis must be
avoided. High Sow velocities can limit the formation
of bubbles and allow voltages above 1.7 V, but the
available voltage is still small. Thus bubble formation
in the electrochemical reactions at the wall electrodes
is the limiting factor for the applied voltage.

Another voltage-related difRculty is the potential
drop in the electric double layers near the channel
walls. An electric double layer will cause most of the
voltage drop to occur very close to the channel walls.
As a consequence, the effective Reld which may be
used for particle redistribution and separation, in the
ElFFF system, is greatly reduced. Experimental data
indicate that the effective Reld strength in the Sow
inside the channel is in the range of 0.25%}1% of the
applied Reld depending on the composition of the
buffer. Though this effect greatly reduces the perfor-
mance of the ElFFF system, it is still able to perform
separations. Due to the low electric Reld strength,
Joule heating is not expected to be a signiRcant prob-
lem in ElFFF, in contrast to electrophoresis systems.

One problem that arises in the separation in FFF
systems is the symmetric parabolic velocity proRle of
the Sow that performs the separation function. In-
deed, particles with equal and opposite zeta-potential

will elute at the same time from the channel. This can
be a problem for samples containing both positively
and negatively charged particles. Though such par-
ticles are usually prone to coagulation or aggregation,
these processes may be slowed by a steric stabiliz-
ation, for example, as in polyelectrolyte solutions or
particles with adsorbed polymers. The coagulation or
aggregation kinetics may then be studied by ElFFF.
Most samples, and especially biological samples, are
of a uniform charge type. Biological samples contain
mostly negatively charged particles (at least the par-
ticles of interest). For samples containing both types
of particle charge, the asymmetrical Sow velocity
proRle and an additional particle velocity asymmetry
may be arranged by the application of a longitudinal
electric Reld in a channel having walls with different
zeta-potentials, which can cause electroosmotic Sow
with a non-uniform velocity proRle.

The establishment of Boltzmann equilibrium distri-
bution in the channel requires a relaxation time for
a particle to migrate from one channel wall to the
other in the applied electric Reld. If the drift velocity
U is constant, the relaxation time will be found using
eqn [1]:

�r"
w
U

[4]

In conventional ElFFF systems, the relaxation time
typically is over 5 min, but in micro-machined ElFFF
systems it may be less than 3 s.

ElFFF and Related Electrophoretic
Methods

The nearest relatives of ElFFF are different elec-
trophoresis techniques in liquids. However, elec-
trophoresis systems often require very high Reld
strengths for resolution, and the high voltages are
limited by the Joule heating. Particle electrophoretic
mobilities should also be high enough to have an
acceptable resolution in common capillary lengths.
Another type of electrophoresis separation system,
free-Sow electrophoresis, utilizes an electric Reld
across a curtain of buffer between two vertical plates
(a principle very close to FFF) and allows for continu-
ous sample injection, but limits the detection and
collection systems to the certain number of fractions.
Resolution in free-Sow electrophoresis is limited
by fraction spreading in the Suid stream caused by
the parabolic Sow proRle. Other methods of separat-
ing molecules and cells are needed for applications,
where these limitations preclude the use of existing
systems. Field Sow fractionation is the solution
for some applications, where particle electro-
phoretic mobilities are too low for the conventional
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electrophoresis systems and high electric Reld
strengths are not desirable. ElFFF has all the advant-
ages of FFF systems, i.e., the ability to separate cells,
large molecules, colloids, emulsions, and structure,
which are too delicate for electrophoretic separation
such as liposomes, both in the ‘original’ condition
and after surface modiRcation. Unlike the free-Sow
electrophoresis systems, elution in FFF systems is
zonal and proceeds through one outlet port; for this
reason, it is capable of signiRcantly higher resolution.
Therefore, anticipated applications of ElFFF systems
include cell separations, characterization of emul-
sions, liposomes, and other particulate vehicles for
intravenous drug administration with respect to size,
charge, and stability, diagnostic tests for speciRc mol-
ecules in colloidal suspensions, quick and accurate
separations of molecules, environmental water
monitoring, tests for sample contamination, and fur-
ther research involving zeta-potentials. ElFFF systems
also Rnd application as sample pretreatment systems
by performing an initial separation on a sample,
which is later collected for further testing by another
analysis system.

The resolution of ElFFF is determined in the stan-
dard way for chromatography, i.e. by the comparison
of the sum of the peak dispersions for two neighbour-
ing peaks to the difference of their maxima. The
resolution of ElFFF is inversely proportional to the
separation distance of the electrodes; thus, the smaller
the distance between the channel walls, the higher the
resolution between two distinct particles, making
ElFFF an ideal application for using micro-machining
techniques. The resolution increases with the square
root of the channel length, so the longer the channel
the better the resolution, but the time required for the
improved resolution increases, which is not generally
desirable.

Combined Electric-Thermal FFF
(El-ThFFF)

An interesting combined technique represents the
application of an electric Reld across the channel
for Thermal FFF, where a temperature gradient is
used to separate the analysed particles. After a
potential drop of about 2 V is applied, the ThFFF
retention is apparently changed. This combination
allows a more exact examination of the particle sur-
face properties, since ThFFF, like electrophoresis,
represents a surface kinetic phenomenon deRned by
the surface force potential. Also, this combined FFF
method gives information on particle electrokinetic
properties in non-aqueous solution. El-ThFFF may
allow distinction between electrostatic and non-
electrostatic interactions in surface layer by

programming of the electric Reld strength during the
separation.

Conclusion

ElFFF is a method for the separation of charged par-
ticles and macromolecules according to their effective
charge. This parameter is not measured by elec-
trophoretic methods and may be obtained directly
from ElFFF experiments. The effective charge may be
used for the characterization of surface particle prop-
erties and macromolecule charged groups, when the
required theory has been developed. ElFFF has electric
Reld strength limitations due to electrochemical reac-
tions at the channel walls and potential interface drop.

See also: II /Particle Size Separation: Field Flow Frac-
tionation: Thermal; Theory and Instrumentation of Field
Flow Fractionation.
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